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This report will include a summary description of experimental results 

obtained during the period of June, July and August, Sept. 15, 1983 and 

details of major hardware changes to the Phaedrus experimental facility. 

Approximately, one-third of the time was used to optimize conditions for 

neutral beam buildup. The remainder of the time was used to advance our 

understanding of the RF heated and fueled tandem mirror experiments. 

1. RF Stabilization of Axisymmetric Field Configuration: 

(Key Person: J. Ferron) - 13 running days. 

For this mode of operation the central cell is operated as an axisymme-

tric single cell mirror. The magnetic field strength of the central cell is 

set so that the beta depressed ion cyclotron frequency at the center of the 

central cell is slightly greater than the RF frequency. Experimental results 

during this period include detailed measurement of end loss contours, radial 

floating potentials, and the mode structure of the unstable fluctuation when 

the unstable conditions are imposed. Also, two different running conditions 

were tried; 1) deuterium operation and 2) use of a l/4 turn instead of the 

more usual 1/2 turn single loop antenna. 

The end loss contours of ions measured during the axisymmetric operation 

were found to have a decidedly non-axisymmetric character. The shape of the 

end loss contours coincided qualitatively with radial drift caused by 

azimuthal ponderomotive forces. The shape of end loss is dependent on the 

shape of the cental cell antenna. To further understand the consequences of 

this RF imposed radial diffusion, the ability to excite both a l/4 wave and 
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full turn antenna have been built into the central cell RF syste.m. The 

present 1 oop is 1/2 turn. 

produces a stable plasma. 

The 1/4 turn antenna has just been tried and 

Radial floating potential profiles yielded a large floating potential on 

axis + 40 Volts) and a rapid dip to zero volts at rp(15 em). Previously, 

measurements determined that the bulk electron temperature is constant radial

ly. These two results suggest that there is electron tail heating at the 

outer radii • 

The mode structure of the unstable fluctuations near the boundary of the 

unstab 1 e reqi me ( RF < ci) were found t.n hP m = 1 f 1 ute I 1 ke modes. As c1 

(the magnetic field) is increased further away from RF' the spectrum becomes 

turbulent and the mode structure of the fluctuations can not be identified. 

The central cell SftM mode was run with deuterium and the same resonant 

condition for stability was observed as had previously been reported for hy

drogen. The resonant field was .iust shifted by thP. mnss rnt.io. 

2. Surface Stabilization: 

(Key people: J. Pew, D. Sing, N. HeshkuwiLL, G. Vandegrift (Univ. Calit. 

- Irvine)) - 10 days running time. 

In cooperation with the University of Cnlifnrnia at Irvine group, an 

electron emitting surface was designed, built and tested at the University of 

Wisconsin to pro vi de surface 1 i ne tying in the Phaedrus Tandem Mirror. The 

final design was a 2 em wide .7 em thick tantalium ring with an average diame

ter of 25 em. The ring was heated directly by passing D.C. current through 

it. The heating power supply was turned off before the plasma pulse to elimi-

nate any extraneous potential differences around the ring. The ring had 

enough thermal inertia to remain emitting for 100 msec after the heating power 

supply was turned off. This was tested in a separate vacuum system. In order 
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to insert the emitting surface, the west gun plate (gun, end loss analyzer 

etc!) was replaced by a plate with the mounted emitting surface. Since this 

curtailed other experiments, an entire 10 day time slot was put aside for this 

experiment. This included two up-to-airs: one to insert the emitting surface 

and the second one to remove it. It was found that the presence of a hot end 

ring enhanced the M4D stability. The central cell was adjusted so that the 

plasma interchange became unstable during a shot without the heated end 

ring. It was found that the time for the plasma to go unstable was increased 

by approximately 5 msec in the end ring heated. The quantitative measure of 

that effect is still being analyzed. 

3. Potential Measurements and Radial Potential Modification: (Key People: 

N. Hershkowitz, B. Nelson, J. Pew, G. Severn) - 8 running days 

Radial potential gradients have been altered by selectively biasing end 

rings at both ends of the device. Reported here are results from biasing a 2 

em wide ring which lies just inside the plasma e-folding distance (10 em < 

rring < 12 em, R(e- 1) = 12 em). All other rings were grounded. Radi a 1 

floating potential profiles were measured in the central cell. Biasing the 

ring positive caused all the flux surfaces inside the ring to uniformly rise 

in potential. Radially outside the ring the potential gradient increased. 

Coincident with their observation, the frequency of the latent m = 1 

oscillation on the periphery of the plasma were observed to increase. Since 

these oscillations are dominated in ·real frequency by the density averaged l_ X 

B rotational drift velocity of the entire plasma column. the observed 

frequency increase is consistent with an increase in radial electric field. 

As the bias potential is increased the central cell diamagnetism and line 

density increase. Further biasing the ring causes early termination of the 

plasma. Negative bias on the ring reduces the observed m = 1 frequency and 
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does not discupt the plasma although the central cell diamagnetism _does de

crease slightly. 

4. Start-up Experiments: 

(Key People: R. Goulding, S. Golovato, N Hershkowitz) - 6 running days 

Experiments have been performed using ECH launched in the central cell to 

create a plasma in Phaedrus without the use of stream guns. ECH power levels 

(at 2.8 GHZ) up to 30 kW have been used. The solely ECH achieved density 

levels are limited to approximately lOll cm-3 or less. Higher power levels 

cause increased electron heating on the outside of the plasma but no increase 

in density. It is estimated from diamagnetic siqnals and density measurements 

that electron temperatures of lkeV have been achieved. This will be verified 

by soft x-ray measurements in the near future. Central cell ion cyclotron 

heating and a second gas puff is applied to the ECH plasma to reach the 

nominal Phaedrus operating condition of 5 x 1012cm-3. Below 4kW of ECH power, 

increasing amounts of ICRH are needed. Above 4kW just en.ough lCRH power to 

maintain a plasma without ECRF is satisfactory. 

sensitive to vacuum conditions. 

Results appear to be 

5. MHO Experiments: (Key People: R. Breun, S. Kidwell, K. Cronin)- 4 run

ning days. 

The reca 1 i brat ion of the diamagnetic 1 oops was finished and ca 1 i brat ion 

codes were redone to allow an experimenter to put in arbitrary axial and ra

dial pressure profiles in a simple manner. 

6. RF Antennas and Coupling Experimentsa; (Key People: S.N. Golovato, J. 

Pew, P. Nonn) - 2 running days. 

Three different RF coil configurations have been tried or are under pre

paration for trial at this time. The central cell l/4 turn antenna configu

ration results are described in Section 1. A full turn configuration has yet 
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to.be tried although it is available. M outboard antenna for the west plug 

was constructed and installed. The initiative for this antenna design was to 

eliminate the asymmetric behavior presently observed between each end plug. 

This behavior is blamed on the asymmetric antenna location between the plugs 

since the east plug has an outboard antenna and the west an inboard one. The 

first attempt at operating the west outboard antenna failed (arced) at low 

voltages with a plasma .present. A second plasma shielding system was designed 

for this antenna and installed the second week of September. Meanwhile, to 

complete the cycle, an inboard antenna for the east plug is being designed and 

plans are to have it installed before the end of the calendar year. 

A 200 kW, 3 stage, class C amplifier is being constructed to excite one 

of the central cell antennas. This is to allow one of the antennas to be used 

as the RF stabi 1 i zing and ion heating antenna and the other antenna, for 

·electron heating. 

7. Plug ECH: (Key People: D. Sing, N. Hershkowitz, S.N. Golvato)- 4 run

ning days. 

A second microwave source was added to the west plug. Subsequently, it 

was found that the west plug plasma did not heat as effectively as the east 

plug and increased potential confinement of the central cell was not observed. 

One possible cause is antenna location. The west plug ECH antenna is located 

on the outboard fan while the east plug antenna (where significant heating has 

been observed) 1s located on the inboard fan. Further experiments will 

include trying to understand this asymmetry as well as the details of the 

heating mechanism and the potential formation. Increased potential 

confinemen~ of the central cell plasma as well as increased electron 

temperature is the ultimate goal. 

8. Plug Gas Puffing Experiments: (Key People: C. Chan, N. Hershkowitz, B. 
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Nelson) - 2 running days. 

Verification of details brought up while writing the final report on this 

experiment was accomplished at this time. 

9. Deuterium Operation: (Key People: R. Breun, D. Brouchous, J. Conrad, S. 

Horne, H. Persing, L. Peranich, S. Ross, S. Golovato) - 28 running days 

(with Neutral Beams) 

In order to give the neutral beams the best chance for buildup, a proper

ly prepared plasma target is all important. Computer simulation of RF trap

ping indicated a factor of two increase in line density could be obtained by 

switchinq from hydrogen to deuterium operation. The deuterium her~ms wo11lrl 

have a bigger target plasma, the slower room temperature gas from the beam 

neutralizer could be shielded more effectively, ionization of the hot neutrals 

would be better, etc. The main difficulty with deuterium in Phaedrus is that 

deuterium ions have a large gyroradius with respect to the plasma size. A 

4KeV deuterium ion has a gyroradius of 4.3 em in the 3kG midplane field of 

Phaedrus. The plasma radius has typically been quoted at 5 em using flux map

ping from the central cell. (No unperturbinq measurement of the radial hot 

ion density profile had previously been done on Phaedrus.) The computer simu

lation took finite gyroradius effects into account and developed consistent 

plasma density and cold neutral gas density radial profiles using a streaming 

plasma source from the central cell. With all these effects taken into ac

count, the simulation showed that deuterium beams into a deuterium target was 

the best combination for attempting beam buildup. 

The plug oscillators were retuned from 4.3 MHZ to 2.28 MHZ for deuterium 

operation. This took two weeks. Plug coil operation was set up in the so

called "Boost" mode. This mode uses the large transition boost coil to push 

the field lines in the central cell to plug transition region away from the 

' ~ ..... 
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vacuum walls • For normal coil settings the plug midplane radius of the outer-., 

most fie 1 d 1 i ne that does not intercept the vacuum wa 11 s is 8. 4cm. In boost 

operation, this increases to 10 .4cm. Previous running with hydrogen showed 

that 1.5 times the normal plug line density could be achieved with this 

configuration. In the central cell the magnetic fields were simply doubled to 

accomodate the deuterium plasmas and achieve the same resonance condition that 

were previously used for the hydrogen.plasmas. 

Experimentally it was found that the macroscopic parameters of the RF 

sustained plasma with deuterium were a definite improvement over hydrogen 

operation. Typical line densities achieved in the east (west) plug were 12-14 

x 1013cm-3 {8-10 x 1013cm-,~) compared to 5 x 1013 (4 x 1013 )cm- 3 in hydrogen 

operation. Thomson scattering showed Te typically in the range of 15-18eV 

similar to hydrogen operation. The neutral gas outside the plug plasma was 

estimated to be 1o11cm-3 again similar to hydrogen operation. The average ion 

energy of the trapped plug ions is still to be determined from the neutral 

energy analyzer data but diamagnetic loop data indicate the average energy is 

again similar to hydrogen operation. Non-perturbing radial measurements of 

the confined hot plug ions by beam attenuation and neutral energy analyzer 

were first made for this deuterium operation. Thess data are still being 

analyzed and will be reporLed on at a later date. 

10. Neutral Beams: {Key People: J. Conrad, R.A. Breun, D. Brouchous, G. 

Butz, S. Horne, H. Persing, L. Peranich, D. Pirkle, S. Ross) - 36 running 

days - (with deuterium operation - 28 days) 

Neutral beams were given a four week continuous time slot to condition 

beams, set up deuterium operation and in general, optimize conditions for 

density buildup. 

Since the beam grids were gapped for hydrogen, all the beam grids had to 
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be regapped for deuterium. Five source and grid assemblies were available. 

Four operational sources are needed on Phaedrus, two in each plug. The fHth 

source was used as a spare and is designed for use as an immediate replacement 

for any of the four source positions on Phaedrus. Three sources needed to be 

refi 1 amented from previous hydrogen running. At the end of the four week run

ning period three sources were operational on Phaedrus giving consistent 

{peak) beam currents with deuterium of 30 {34), 25 (27), 22 {25) amps focused 

( 3 x 18 em half widths) on target. The remaining source on Phaedru s was 

breaking down in the grid region and was not operational. The fifth source 

was on the test stand at 10 Anps- too low to effectively replace the failed 

source. All indications are that this source could have been brought up to 30 

Amps in three days. Fifty em long expansion tubes were added to each beam 

line to lessen the cold gas influx from the neutralizer. Ducting was added to 

the neutralizers and the baffles were opened slightly to allow for beam aiming 

below the axis. The direction of axial magnetic field was such that a beam 

generated ion born below the axis would rotate up into the plasma and remain 

shielded from the neutral gas. Correct a1m1ny uf Lhe sources {3cm below the 

axis) was calculated to increase buildup by a factor of two over on-axis aim

ing. The east plug midplane diamagnetic loop was removed to eliminate beam 

scrap off. The west plug off midplane interferometer horns were pulled out to 

reduce scrap off also. 

The addition of the extension tubes and ducting all but eliminated cold 

neutral beam gas from limiting the hot beam ion 11fet1me. TI1e charge exchange 

losses were dominated by the resident neutrals present from RF sustained 

operation. That wns found to be true both for hydrogen and deuteri urn 

operation. 

Injection of deuterium beams into a deuterium RF sustained plasma was a 

', ..... 
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disappoi~tment. Diamagnetic loop increases on the west plug were less that 10 

- 20% of the background RF sustained plasma. Line density increases ( 7.5%) 

were seen only on the east plug (at 30 Amps) and then only on one day and not 

reproduced in the next seven running days. Verifying diamagnetic loop data to 

go with the density increase was not available since the midplane loop needed 

to be removed to prevent interception of the beam. (This was not so on the 

west plug so diamagnetic loop data was available for that plug.) 

Injection of hydrogen beams into deuterium RF sustained plasma was 

slightly more successful. No 1 i ne densi 1 ty increases were measured on the 

east plug up to 40 Jlmps injected. Diamagnetic loop data from the west plug 

showed 50% increases but no line density increase. Aiming the sources, 

changing the beam energy, altering the RF sustained operating paramaters etc. 

did not appreciabley enhance these results. 

Initial analysis of measurements of the plug hot ion plasma size gave a 

much smaller plasma radius ( 2-3cm) than had originally been anticipated. 

Data is currently being thoroughly analyzed and a report will be made at a 

1 ater date. 

11. Hardware and Diagnostic Improvements: 

The west plug Thomson scattering system has reached the stage of fi na 1 

testing of the last optical components. Initial operation of this system has. 

been delayed due to failure of the power supplies for the laser flash lamps 

and other miscellaneous items. As soon as replacement parts arrive and 

qualifying exams for the responsible graduate student are over, the west plug 

Thomson scattering system should be fully operational. 

An array of secondary electron detectors (SED) which view the midplane of 

the plug at different angles to the axis, have been installed and are working 

in the west plug. The SED's measure the angular distribution of the trapped 
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hot ion species in the p 1 ug. They have a 1 ready been used to show _that the 

pitch angle of the hot ions in the plug is very dependent on the axial loca

tion of ion cyclotron resonance. 

An array of beam attenuation detectors of the Livermore design has been 

installed in the west plug. They, in concert with the neutral beams, have 

given the first nonperturbing measure of the radial density profile in the 

Phaedrus plugs. 

The west plug neutral energy analyzer has been f1tted w1th a movable 

table and bellows system to allow radial and axial measurements of the hot ion 

distribution function. It has already been used to measure the radial extent 

of the hot ion distribution at one axial position in the end plug. 

The west plug midplane interferometer has been upgraded to use a solid 

state source. This significantly reduces our maintenance and power supply 

requirements for this interferometer. Both the central cell and east plug 

wi 11 be updated in the near future. At present the east p 1 ug interferometer 

makes use of a klystron borrowed from the Physics department. Our experience 

is that klystrons have a lifetime of two years in service for Phaedrus. Since 

klystrons have doubled in price over the now available solid state devices, 

the move to solid state seemed advisable. 

A new experimental station (racks and camac bin) was added with access to 

the west plug to accomodate the new diagnostics just installed. 

The new video termi na 1 s have been instal I ed and are working. The VAX 

computer system is slowly but steadi ly being integrated 1 nto our data handl ·i ny 

system. 

Madison Gas and Electric Co. has agreed to and is now installing a refur

bished 3.75 MVA, tap-changing, 13.2 to 4.16 KV transformer that will put Phae-

drus directly on the high voltage distribution lines. This will allow 
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Pha.edrus" to double its volt-ampere load on the power lines. A lot of work 

still remains within the Phaedrus facility to switch around power supplies and 

coil systems and check over the coil support system to obtain the desired 3.8 

KG plug midplane field which is scheduled for September operation. 
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Magnet Power 
Controls 
t4 a g n e t C o i 1 & S u p p o r t 
Guns 
Vacuum System 
RF Heating 
Diagnostics 
Neutral Beams 

1011177 - 1131183 

BUDGET 

44,000.00 
10,500.00 

175,000.00 
22,000.00 
47,000.00 

130,500.CO 
97,000.(0 

170,700.(0 
4 8 0 ' 8 9 2 • (' 0 

18,200.00 
71,400.00 
61,000.00 
17,675.00 
94,550.00 

1,556,805.00 
240,863.00 

1,042,920.00 
37,687.00 

4,318,692.00 

Ba·lance 

93,000.00 
5,500.00 

0.00 
0.00 

77,400.00 
70,000.00 

397,600.00 

CUMMULATIVE OL TSTANDING 
DISBURSEMENTS COMMITMENTS 

4,208.01 
3,351.01 

181,924.04 
2,159.71 

77,921.63 
50,546.53 
68,928.08 
139~980.89 
767~620.38 
22,800.60 
51,443.23 
39,299.28 

5,939.73 
98~335.41 

1,543.,944.03 
226,865.19 

1,028,823.40 
31,304.21 

4,345,395.36 

(29,644.82) 

93,476.10 
7,645.10 

0.00 
o.oo 

52,492.56 
55,196.90 

419,333.09 

o.oo 
o.oo 
0.00 
0.00 
0.00 
o.oo 
o.oo 
o.oo 

2,941.46 
0.00 
o.oo 
o.oo 
0.00 
0.00 
0.00 
o.oo 
0.00 
o.oo 

~,914.46 

10,376.52 
o.oo 
0.00 
0. 00 
o.oo 
0.00 

I. Electrical Miscellaneous 
11,500.00 
25,000.00 

17,440.87 
19,917.65 

1,175.00 
0.00 

4,365.00 

680,000.00 

Balance 

665,502.27 15,916.52 

(1,418.79) 

ffective 711/82 
stimate 43% O.H. on T.D.C. - (T.R. + Equipment) 
·uition Remission 21% on Sal. of R.P .. 's 

2/1183 - 9130183 

CUMMULATIVE OUTSTANDING 
BUDGET DISBURSEMENTS COMMITMENTS 

0.00 
o.oo 
0.00 
0.00 

10,0GO.OO 
2,000.00 
5,000.00 
5,0:10.00 

92,0115.00 
1,0()0.00 
5,000.00 

o.oo 
1,000.00 

20,750.00 
341,890.00 
55,725.00 

231,945.00 
13,645.00 

0.00 
0.00 
0.00 
0.00 

~.4,724.08 
1,349.42 
4,086.91 

887.97 
69,011.47 

743.63 
471.08 

0.00 
0.00 

11,608.25 
300,805.26 
44,831.83 
1~7,501.70 
1~:,763.8:3 

785,000.00 659,785.4:3 

Balance 

40,000.00 
0.00 
0.00 
0.00 

20,0JO.OO 
50,000.00 
25,000.00 

0.00 
15,000.00 

150,000.00 

Balance 

5,430.91 

O.Oll 
0.00 
0.00 
o.oo 
o.oo 
0.00 

32,534.69 
1,081.11 

0.00 

33,615.80 

8,171.22 

0.00 
o.oo 
0.00 
0.00 

795.00 
899.87 

1,180.16 
137.16 

21,079;61 
210.26 

0.00 
o.oo 

1,805.00 
8,184.18 

43,091.67 
6,389.78 

33,719.40 
2,291.52 

119,783.61 

34,758.38 
o.oo 
0.00 
o. o·o 

570.00 
0.00 

70,384.60 
2,500.00 

0.00 

108,212.98 
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