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RESULTS AND ANALYSIS OF THE TMX ELECTRf'tVBEAM 
INJECTION EXPERIMENTS \ 

\ 
ABSTRACT 

Electron beams (e-beams) were injected into the Tandem Mirror'-Experiment 
(THX) plasma in order to investigate the effect on tha ion cyclotroni, 
fluctuations of the plasma. The power level of the e-beams was comparable to 
that of the injected neutral beams. It was found that injection of the 
e-beams produced no significant effect on the ion cyclotron fluctuations, the 
measured plasma parameters, or the particle and power flow Of the plasma. The 
increase in bulk electron temperature and the production of mirror-confined 
electrons found in previous experiments in which e-beams were injected into a 
mirror-confined plasma were not observed in this experiment. Analysis of the 
regions and frequencies of wave creation and absorption within tne plasma 
shows that the plasma density and magnetic field profiles through the plasma 
stror.gly affect the resonances encountered by the waves. The steep axial 
density profiles produced by neutral-beam injection in the TMX experiment are 
not conducive to efficient coupling of the e-beam energy to the plasma. It 
appears that efficient heating can be achieved if the fundamental electron 
cyclotron resonance is ioc.'ted in a high-density region within the mirror. 
Plasma density profiles satisfying this requirement can be produced in neutral-
beam-sustained plasmas• 

1. INTRODUCTION 

The ion cyclotron fluctuation in the end plugs of the Tandem Mirror 
Experiment (TMX) confinement device at Lawrence Livermore National Laboratory 
(LLNL) is presently stabilized by plasma streaming from the central cell 
through the plugs. As the level of the fluctuation increases, the axial 
confinement in the central cell decreases as a consequence of the streaming-
plasma requirements of the end plugs. Previous experiments at the 
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Massachusetts Institute of Technology (HIT) and I.LNL ' had indicated 
that the injection of electron beams (e-beams) into the plasma was a possible 
method of reducing the ion cyclotron fluctuations and thus of improving the 
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ci.-vtral-ceIt confinement. We therefore decided to investigate the injection 
of e-beams into the TMX plasma. 

The experiment showed that injection of the e-beams did not in general 
affect the fluctuation level and the plasma parameters. However, at low plasma 
densities in the end plugs (to < ro at B . ) and low fluctuation levels, 

p c inin 
instances of rf reduction and electron bulk heating were found. 

Analysis of the interaction of an e-beam with the TMX plasna showed that 
the efficiency and mechanism by which the energy of the high-frequency f25 to 
50 GHz) waves was absorbed by the plasma depended on the axial profiles of 
density and magnetic field. In particular, the neutral-beara-driven plasmas 
employed in the LLNL mirror confinement experiments to date possess steep axial 
density gradients and high densities (u > as ). The configuration of these 

p ~- c 
plasmas does not allow efficient absorption at the fundamental electron cyclo
tron frequency; it is this feature whi-h distinguishes the interaction of 
e-beams with the present neutral-beam-driven plasmas from the interaction with 
streaming-plasma-gun plasmas or self-generated plasmas. 

The experiments conducted with the object of reducing ion cyclotron 
fluctuations in mirror-confined plasmas are summarised in Table 1 and in the 
following para£,riphs. 

In the experiments at MIT and on the 2XIIB device at LLNL, the data 
showed that plasma parameters existed for which injection of an e-beam into 
the mirror-confined plasma would decr:-...se or eliminate the ion cyclotron in
stabilities in the plasma. In the MIT experiment, the plasma was injected 
into the mirror by a Ti-washer streaming-plasma gun. At low neutral densities 
(<10 cm ) aud injection durations less than 0.5 ms, an instability would he 
observed during the decay of the plasma. If an e-beam were injected simulta
neously with the streaming plasma, both having a duration of 0.4 ms, the in
stability would be suppressed for e-beam powers in excess of 41 kW. Injection 
of the e-beam and the streaming plasma for shorter durations such that the peak 

12 -3 plasma density was less than —5 x 10 cm did not result in quiescent 5 
decay of the plasma. 

The LLNI. experiments with the 2X1 IB plasma were conducted in two parts. 
In the first, a single e-beam, similar to that employed at MIT, was injected 
into the 2X1IB plasma. At high densities and turbulence levels, injection of 

12 -3 the e-beam had no measurable effect; at densities less than 6 x 10 cm , 
during the decay of the plasma, injection of the e-beam would sustain the line 
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TABLE 1, Sunmary of experiments using e-beam i n j e c t i o n to reduce ion cyclotron 
f luctuat ions in inirror-confined plasmas. 

Experiment 
MITb: 
I gun 

2XIIB! 
1 gun; i n j e c 

t ion outs ide 
mirror 

10 /HI 
pi c 

Effect or. at 
f luctuat ion Bmin a 

Hard 
(>50 keV) 
x ray? 

Bulk 
e-beam e l ec t ron 
power heat ing 

Reduced0 0 to 6 

(a) Reduced 1 

(b) None 2 to 5 

Ves 

Ho 

Ho 

>40 kW Yes; 10 eV to 
20 eV 

20 to 300 kW 
Not 

measured 

4 guns; 2 
guns located 
outside mirror 

None to 5 0.5 to 2 MW No 

4 guns; 2 
guns located 
at mirror 
points 

Reduc edd 2 to 5 Ho 0.5 to 2 MW T e <ave> 
decreased 
from 68 eV 
to 59 eV 

TMX: 
Fan injection 

Axial injec
tion outside 
mirror points 

Axial injec
tion at 
mirror points 

None (except 1 to 2 
as noted in 
text) 

Hone 

Reduced** 

1 to 2 

I to 2 

Not measured 

No 

No 

None (bulk 
heating in 
single plug) 

0.2 to 1 No 
MW 

0.5 MW 
decreased 

a Where o p £ s the plasma frequency and c is the electron cyclotron 
frequency. 

D In the MIT experiment, the plasma was fueled by a streaming-plasma gun. 
In all other experiments listed here, the source was perpendicular neutral-
beam injection. 

c Plasma fluctuations were reduced only for certain ranges of e-beam power 
and injection duration. 
^ Results obscured because e-beara struck material surfaces. 
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density of the plasma for the duration of the e-beam pulse, while a t t n e s a m e 
time eliminating the plasma turbulence. 

After finding this corresponded with the results of the Mil experiments 
four e-beams were injected into the 2XIIB plasma; it was found that the results 
obtained were the same as those obtained with the injection of a jingle e-beam. 
Placing an electron-beam gun (e-gun) at each mirror point and ir.j^ c ti ng t ^ e 

e-beam did affect the plasma at high densities (~3 x 10 cm ). The turbu
lence level, while not eliminated, was reduced significantly, and t n e i i n e 

density was maintained for the duration of the e-beam pulse. Diaihagnetic loops 
signals did not show an enhancement in ion energy confinement tim^, j.n contra
diction with the expected behavior at reduced turbulence levels, it £ s prob
able that the results from this experit-ent were affected by the impact of one 
e-beam onto the surface of an opposing gun. 

As a continuation of these experiments, two seta of e-beam experiments 
were conducted on TMX. In the first, e-beams were injected into tjje IMX plasma 
from guns placed on the vacuum wall in the end fan of the east plug. At high 

1 3 - 3 " 
densities in the end plugs (n > 2 x 10 cm ), injection of the e-beams 
had no measurable effect on the plastra parameters or the turbulence level. At 

13 —3 low density levels (n < 10 cm ) in the end plugs, we found that conditions 
existed for which the power in the fundamental frequency band and tj,e f£ r st two 
harmonics could be reduced. At the same time, rf power appeared at frequencies 
other than the fundamental and its first two harmonics. The eiect r o n tempera
ture did not increase or decrease during the experiments, nor did other plasma 
parameters vary. Operation of a single end plug, the east, with n 0 g a s fee<3 to 
the central cell cr neutral-beam current to the west plug, produced evidence of 
bulk heating of the plasma electrons when the e-beam was injected into a low-
density (n < 10 cm "J plasma. The plasma electron temperature increased 
from approximately 90 eV to 140 eV. 

In a second set of experiments, we placed an e-gun at each outside mirror 
point of the TMX machine, and e-beams were injected into the plasm a. After an 
initial burst of rf, the turbulence levsl in the machine subsided. However, 
the electron temperature also decreased with a resulting decrease j n potential 
confinement. We found after the experiment that the e-beam from the e-gun in 
the west plug had struck the surface of the e-gun in the east plug; w e specu
late that the electron temperature was reduced by inelastic scattering a n (j 
enhanced heat conduction resulting from the interaction of the pla^ m 3 
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electrons with the gas and impurities from the surface of the east e-gun. The 
decrease in electron temperature and plug plasma potential could account for 
the observed decrease in turbulence level, according to quasi-linear theory. 

13 —3 
Injection of e-beams into a turbulent; dense (n > 2 x 10 cm ), mirror-

confined plasma has thus been shown to be ineffective in suppressing plasma 
turbulence. The theory of e-beam/plasma interaction shows the conditions for 
which effective coupling between the e-beam and the plasma occurs. The 
coupling depends upon the spatial variation and magnitude of the plasma density 
and the magnetic field. The frequencies of the plasma waves that are generated 
by the e-beam will in most cases of interest lie between the plasma frequency 
and the upper hybrid frequency. If the confining magnetic field is of such a 
magnitude that the fundamental electron cyclotron resonance corresponding to 
the excited frequency is within the confinement region and accessible to the 
waves, the coupling of the beam energy to the trapped plasma will be effective. 
If not, the coupling is not effective, and the beam will not strongly perturb 
the plasma parametprs. A comparison between theory and the MIT, 2XIIB, and TMX 
experiments shows that in the experiments where the e-beams directly affected 
the plasma parameters, the coupling corresponded to absorption of the plasma 
waves at the electron cyclotron resonance located in a high-density region 
within the magnetic mirror. In the experiments on 2XIIB and TMX for which the 

2 2 
density was high enough that to » co , we found that absorption at the funda
mental electron cyclotron resonance is not favored, and that instead the waves 
are either absorbed at the plasma resonance or they leave the confinement 
region. Under these conditions, the injected e-beam does not appear to affect 
the plasma parameters. 

The TMX end-fan injection experiments are described in Sec. 2, the TMX 
axial-injecLion experiments in Sec. 3, and the theory in Sec. A. The results 
of the MIT, 2XIIB, and TMX experiments are examined and cocpared in Sec. 5. 
The last section also contains a brief discussion of the manner in which 
e-beam injection can complement or replace electron cyclotron resonant heating 
(ECRU) in future experiments. 

2. TMX END-FAN INJECTION EXPERIMENTS 

For the first e-beam experiment on TMX, e-guns were mounted on the flange 
at the east end of TMX, The e-beams were injected along the flux tube into 
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the TMX plasma. The guns mapped to r = 4.5 in the center plasma ot the east 
plug. The arrangement is shown tn Fig. 1. The e-gun assembly is shown sche
matically in Fig. 2 and discussed in Ref. 4. 

The magnetic field for the experiments consisted of a magnetic field on 
each end of a solenoidal field as shown in Fig. 3. The mirror fields were 
1.8-T maximum, 0.9-T minimum, and the magnetic field was 0.2 T in t n e sole
noidal section. 

The experiment, the greater part of which was conducted on mveaber 28, 
1979, was in two parts. In the first part, the e-beams were injetfted into the 
normal tandem mirror plasma configuration. The experiment was coiiducted over 
a range of power levels, both of the e-beams and of the neutral b e a m a ' the 
power level of the e-beams ranged from 0.2 to 2 MWj the neutral-bean> current 
ranged Tram "5 to 1T5 A in each plug, with trapped beam power of 20 t o 100 kW 
per plug. In the second part of this experiment, the neutral beail>B o n **e 

west end of the machine - re not operated, and a low (~50 A) curre n t of neutral 
atoms was injected into the east plug. The trapped beam power was 20 to 30 kW. 
The e-beams were again injected :nto the machine, and the plasma properties 
were measured. 

The experiments and the resilts are discussed below, primarily l n terms 
of the effect of the e-beams on the turbulence level and on the e l e c t r o n tem
perature of the plasma. Evidence for the propagation of the beam( s' through 
the length of the machine is givm. 

INJECTION OF ELECTRON-BEAMS INTO THE TANDEM MIRROR CONFIGURATION 

with approximately 100 A of neotjal deuterium gas injected into e a c h pl uS 
produced a typical tandem mirror plasma with a representative turbulence level, 
e.g., 0.2 V peak-to-peak in the «st plug an measured on the "total rf probe. 
The e-beams were injected into tie turbulent, steady-state plasma ?t a power 
level of several hundred kilowatts per beam. No effect on any m e a £ u r e d plasma 
property was found. The measured quantities included density in e £ c n section 
of the machine, iHamagnetism, and electron temperature. There was n o observ
able effect on the turbulence of the plasma. 

The neutral-beam current injected into the machine was then lowered to 50 
to 70 A per plug. The experiment was repeated with increasing levels of power 
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Solenoid coils 

Gas box 

Octupole coil 
Plasma flux tube 

Neutral-beam 
injectors 

Startup 
plasma guns 

FIG. 1. Schematic of TMX indicating e-gun posi t ions. Points marked are (a) 
positions of guns for end-fan experiments, (b) positions of guns for f i r s t 
axial- inject ion experiment, and (c) positions of guns for second axia l -
injection experiment. 
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Ground loop insulator 

Plasma shield 

Rear-focus electrode 

Dispenser cathode 

Front focus electrode 

Anode 

Drift tube 

-Gettering shutter 

FIG. 2. Schematic oE e-gun assembly. 
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FIG. 3. Axial v a r i a t i o n of the c e n t e r l i n e magnetic f i e ld in TMX. 



from the e-beams, eventually reaching approximately 2 MW of injected power 
(~30 kV, ~30 A per beam). Operation at the relatively low injected neui->.al-
beam current resulted in densities of 1 to 2 x 10 cm in the east plug. 
The rf level in the plug was correspondingly low. Again, injection of the 
e-beams had no effect on the gross plasma parameters- of the machine (density, 
energy content, flow rates, etc.); this time, however, a burst of rf was noted 
on the probes in the central cell and the east plug. Ho rf probes were avail
able in the west plug. For all shots where the e-beam was fired, the rf level, 
as measured by an rf probe located radially 30 cm from the center of the ea = t 
plug, increase-' significantly for the duration of the three-beam pulse (the 
pulse length varied between 0 and 10 ms). Shot 19 (e-besm off) and shot 22 
(e-beam on) are represantative and can be compared. The neutral-beam currents 
and densities for the two shots were nearly identical, as can be Seer, by the 
secondary emission detector (SED) signals and tie beam sunt measurement in 
Fig. 4. In spite of the large signal on the unfiltered total rf probe (see 
Fig. 5), which has a response up to ~50 MHz, a decrease in power in the funda
mental and its harmonics was found with e-beams as shown in Figs. 6(a) and 
6(b). The number of shots in this sequence for which the time interval of 
recording high-frequency daia overlapped the e-beam pulse was limited; shot 22 
mentioned above, shot 23, ani_ shot 24 exnibited a decrease in the power in the 
fundamental and the first two harmonics; no shot out of more uhan 10 in the 
same density range in whfch the e-beara was not puls<;d showed an abnormally low 
level of rf power in the fundamental and its observed harmonics. One shot 
during which the e-beams did not fire and which had 3 501 lower plug density 
did exhibit low rf of a similar nature. 

SINGiJE-PLUG INJECTION 

For the secor.d series of end-fan injection experiments, the neutral be«.os 
that power the west plug of TMX were turned off, and e relatively low current 
(50 A) of neutral atoms was injected into the east plug. The purpose of oper
ating with only one plug was to allow comparison with the experiments performed 
on 2XIIB. As discussed previously, th* effects observed in those experiments 
were more subst' ntiiil than the results just described for injection into the 
normal tandem mirror configuration. 
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FIG. 6. Frequency spectrum for shots 19 (a) and 22 (b), showing a reduction 
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injection. 
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The plasma for this .- sries of tests was characterized by low density 
13 _3 

(n » 0.? to 1.3 * 10* cm ). The rf turbulence world in general turn off 
when the streaming-plasma guns were turned off, and the plasma would begin to 
decay. The injected neutral-beam current would not adequately sustain the 
plasma against inherent losses. Shot 41, shown in Fig. 7(a), (b) and (c), is 
typical. The central-cell dei.iity would typically increase for an additional 
2 ms, until t = 12 ms; at that time, both the central-cell plasma and the plug 
plasma would dec.*>y within 0 to 2 ms. 

This behavior does not correspond to that of 2XIIB. As the stresming-
plasma guns were turned off in that machine, the plasma would decay rapidly 
(T = 0.5 ms) and become highly turbulent. Ir, TMX, the plasma would often 
become quiescent or operate at a low turbulence level. The differences be
tween the two machines are the amount of neutral current injected (50 A in 
this experiment, 300 to 400 A in 2XIIB) and the presence of the central cell 
in TMX. The central cell could well serve 68 a source of warm ions that would 
stabilize the machine for the small beam current that was injected. 

V7PI found that injection of the e-beams at t = Il.C ms produced no effect 
on Lhe observed power in the fundamental and first two harmonics of the ob
served frequencies, in contradiction with the results described abo-e for TM>. 
Again, however, a high level of rf appeared on the "total" rf prob». The low-
level rf would be present for some shots and not for others; no correlation 
with the e-beams existed. 

The electron temperature was measured during the decay of the plasma (at 
11.5 ms), and an increase in electron temperature was found for the shots in 
which the e-beams ware fired (again at t = U.O ms), A set of 9 shots, four 
with e-beams and five without, showed that the electron temperature increased 
from 94 +20 eV to 142 +18 eV when the e-beams were injected into the plasma. 

PROPAGATION OF THE ELECTRON-BEAM 

In view of the sparse results obtained when the e-beaas were injected 
into the tandem mirror configuration, it is reasonable to ask how well the 
beams propagate through the TMX plasma. Several relevant diagnostics were not 
available on November 28, 1979, when most of the end-fan injection experiments 
were performed. Operation of the e-beam on December 11, 1979, with the machine 
in a typical tandem configuration yielded evidence of propagation. The data 
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consisted of the signal on the west end-loss analyzer (ELA) and the soft x-ray 
diagnostics on the west plug. In Figs. 8 and 9, the signals obtained during 
shot 41 are shown. As shown in Fig. 9, the e-beam pulse begins at t = 15 ms 
and is sustained at a continuously decreasing level for 10 ms. During this 
time, the ELA signal is driven negative, indicative of an electron current, 
and the soft x-ray detector (Be filter, plastic scintillator, and photomulti-
plier tube) shows an enhanced x-ray signal. It is clear from other shots that 
the x-ray signal that corresponds to the e—beam pulse is not solely a function 
of plasma density in the machine. At least part of the signal results from 
the interaction of the e-beam with material surfaces. It can be shown from 
the theory that instabilities will develop and grow as the e-beam propagates 
from its origin at the end wall into the end plug along the fanning magnetic 
field lines. However, the data show that part of the e-beam does propagate 
through the length of the TMX plasma. The end-loss analyzers map to a radial 
position of 1.5 cm in the plug center. Hence the analyzer signal is evidence 
of either beam/plasma interaction or magnet misalignment. If we assumed that 
the beam spreads in a uniform manner, we can obtain a coarse estimate of Lhe 
transmitted e-beam current from the ELA signal. The signal obtained would be 
the result of an incident electron current density of—0.4 A/cm , normalized 
to the plug midplane. If se assume a uniform current density distribution over 
3 radius of 5 cm, the observed signal implies an e-beam current of ~30 A, in 
rough agreement with the injected current. The upper limit tD tlif energy that 
can be deposited is limited to roughly one-half the injected energy. This 
limit is due to the decrease in the positive slope of the velocity distribution 
function as the beam loses energy. It is also apparent that the actual 
energy deposited is much less; otherwise the e-beams, which can inject —2 MW 
into the plasma, would significantly affect the energy flow in the "MX machine 
and hence its gross parameters• 

SUMMARY OF END-FAN INJECTION EXPERIMENTS 

Injection of e-beams through the end fan of the east plug does not appear 
to affect the measured plasma properties of TMX at all if the neutral-beam cur
rent injected per plug is in excess of 100 A. The ion cyclotron fluctuations 
show no indication of either increasing or decreasing. 
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TIC, 9, (a) Soft x-ray signal, and (b) e-bearo voltages showing correlation of 
x-rays signal from the west plug with e-beams injected from the east plug (shot 
41, December 11, 1979). 
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If TMX i s operated with low power and low t u r b u l e n c e , i n j e c t i o n of the 

e-beams i s ind ica ted by an i nc rea se in the s i g n a l from an u n f i l t e r e d r f probe 

located near the plasma. There is no e f f e c t on gross plasma parameters such as 

l i n e dens i t y or energy. The fundamental and the f i r s t harmonic of tht~ exc i t ed 

f requencies were not monitored r e l i a b l y for these sho t s because of a mismatch 

between f requencies and the band-pass f i l t e r s employed, t o i the only t h r ee 

sho t s for which h igh-f requency da ta were acquired dur ing an e-beara p u l s e , the 

power in the fundamental and the f i r s t two harmonics was unusua l ly low. That 

did not happen for sho ts having eqeal d e n s i t i e s in which the e-beams were not 

f i r e d . I t was apparent tha t the e-bearas did a f f ec t the frequency spectrum. 

Operation of TUX with neutral-beam i n j e c t i o n i n t o the eas t plug only 

showed no s i m i l a r behav ior . So c o r r e l a t i o n between the observed ior- cyc lo t -on 

f l u c t u a t i o n spectrum and the e-beams was found. We note tha t the f l u c t u a t i o n 

l e v e l of TKX when i t i s operated a t low beam power i s weak and i n t e r m i t t e n t , 

and t h a t a small p e r t u r b a t i o n of the plasma can cause e i t h e r the appearance or 

d isappearance of the f l u c t u a t i o n s . At low l e v e l , the f l u c t u a t i o n s do not have 

a measurable e f f ec t on the gross plasma pa rame te r s . I n j ec t i on of the e-beams 

in to the plug und^r the above condi t ions i nc r ea se s the e l e c t r o n temperature 

from 94 +20 eV to 142 +_18 eV. High-energy x-ray d i a g n o s t i c s were not a v a i l a b l e 

for these t e s t s . 

3 . AXIAL-INJECTION EXPERIMENTS 

For the s e r i e s of a x i a l - i n j e c t i o n exper imen t s , ^ne e-beam gun was placed 
or the machine c e n t e r l i n e on each end of t'ie machine. In the f i r s t such ex
per iment , the guns were pos i t i oned ou t s ide each extreme mi r ro r po in t at a plac«. 
where the magnetic f i e l d was 4 kG (30 cm from the extreme mirr - p o i n t ) . In 
the second s e t of exper imen t s , the guns were moved up to wi th in 5 cm of t he 
mi r ro r p o i n t , and again the e-beams were in j ec t ed i n t o the machine. Some of 
these experiments were employed to genera te a s t a r t u p plasma by i n j e c t i n g an 
e-beam i n t o n e u t r a l g a s . The r e s u l t s of these experiments a re de sc r ibed in 
more d e t a i l in the fol lowing pa rag raphs . 
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ELECTRON-BEAM INJECTION AT 4-kG POSITION 

For this experiment, the guns were located ~30 cm from each out§ r mirror 
point at B = 4 kG, and e-bearns were injected along the centerline oi the 

13 -3 machine. The plug densities for these experiments were ~10 cm with a 
12 -3 central-cell plasma density of a few 10 cm . Data were obtained over a 

range of machine parameters (beam power, gas feed) and e-beam voltages, cur
rents, and pulse duration. Shot 42 has been chosen as being representative for 
this set of experiments. Some of the reduced data for that sho: are included 
in Fig. 10. 

The data showed that the e-beams did not affect the density) turbulence 
leveL, liiamagnetism, and end flows in the machine. Electron temperature meas
urements were not available during this sequence ot tests. However, none of 
the quantities that depend in part on the electron temperature near the machine 
center line, such as end-loss flow rate, plug potential as measured by the ELA, 
turbulence level in the east plug, and ultraviolet (uv) emission from 0 VI, 
showed changes that could be attributed to a change in electron temperatures 
due to interaction with the injected e-beams. It is interesting that the in
crease in rf as measured on the unfiltered rf probe located at the boundary of 
the east-plug plasma did not appear in this set of experiments as it did in the 
end-fan injection experiments. If the t-bearas were pulsed through the machine 
with no plasma present, the rf probes in the central cell and in the east plug 
would pick up rf oscillations from the beam located on the west end of the 
machine. No rf diagnostics were employed on the west plug, 

ELECTRON-BEAM INJECTION 5 cm FROM OUTSIDE MIRRORS 

Next, the e-guns were moved as far toward the mirror point as was physi
cally possible: the mirror point was 5 cm from the front of the e-gua. The 
cathode of the east gun had been poisoned during a TMX vacuum loss, and only 
the west e-gun was operational. 

Operation of the guns in this position did produce a marked effect on the 
13 -3 plasma. With densities of 1 to 2 X 10 cm in the plugs, results showed 

that the e-beam from the west plug would cause an increase in the east plug 
density ar.d a small increase in the radius of the central-cell plasma. The 
litte density through the center of the west plug either did not change or 
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decreased slightly. The electron temperature in the east plug decreased from 
80 to 90 eV to 20 to 40 eV, in contradiction With the heating that would be 
expected from the e-beam injection. Examination of the data showed that the 
density increased 0,5 to 1 ms after injection of the e-beam; no effect was 
noted for the first few hundred microseconds after the beginning of the beam 
pulsii. 

In gsneral, the secondary ewispion detector (SED) located in the central 
cell showed that an enhanced signal occurred with a time delay vith respect to 
the beginning of the beam pilse. The change in magnitude of the SED signal did 
not correspond to a chari>-..\ in the measured line density, indicating that the 
source of the enhanced signal could be either uv radiation or a sharpening of 
the perpendicit'ar velocity distribution of the plasma ions. The single-channel 
uv spectrometer did not operate when these data were taken; however, measure
ments with the normal-incidence spectrometer showed levt-is of aluminum and 
oxygen that were higher than normal. A possible source of these impurities 
could be the insulators of the streaming-plasma guns; we round after the exper
iment that the streaming-plasma guns had intercepted part of the electron flux 
from the beams. The east e-gun had also intercepted part of the e-beam from 
the west e-gun. Both the east e-gun and the east streaming-plasma guns 
featured an eroded area, a horizontal groov; a few ram wide, caused by the 
incident beam. Again, tha question of e-beam propagation through the plasma 
is relevant; the e-beams were pulsed regularly with no plasma in the machine 
and it's possible that the marks w?re made under those conditions. Shots 16 
through 20 of April 9, 1980, showed from soft x-ray detectors on the east plug 
that the beamj did propagate through the machine with Che plasms present. In 
addition, shots from April 10, 1980, when the x-ray detectors failed, showed 
that the west e-beam would propagate through the machine to the east £LA (shots 
28, 30). 

The shuts on April 10, 1980, were with a range of plasma densities in the 
east and west plugs; we found that the severity of the influence of the e-beams 
on the pijg plasmas depended on the plasma density of the plugs. Thus, when 

13 —3 the east plug was operated at n « 2 X 10 cm , the effect of the west e-beam 
would be to lower T from 80 to 90 eV to 30 to 40 e," in 1 ms or less and to e 
lower the diamagnetism of the central cell by 0 to 50%. The rf level of the 
east plug would largely retna in'jtant for shots having an east-plug density 

13 -3 n » 2 X 10 cm . The end loss in the east plug would increase for some 
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shots, but not markedly. The effect on the density and end loss in the west 
plug was not in general noticeable. Though the east SEP and beam-attenuation 
detector both showed greater signals when the e-beam was pulsed, it is not 
clear that those increases resulted from an increased plasma density. An in
crease in uv level or a sharpening of the perpendicular velocity distribution 
would also increase the signal on each of these diagnostics. Shot 28 is rep
resentative, and a iunmary plot is shown in Fig. 11. 

As shown in Fig. 12 for shot 30, decreasing the plasma density in tl 2 
machine caused the effect of the e-beam to be more evident. The temperature 
would again decrease to 20 to 40 eV, the end loss would double, and the rf 
level, after an initial burst at the beginning of the e-beam pulse, would 
subside. It is plausible that, because of the low electron temprerature in 
the east plug, the potential of the east plug decreased with respect to that 
of the west, and the enhanced end-loss current resulted from a loss of confine
ment of central-cell ions. We note that for these shots, the beam-attenuation 
signals and the SED signals from the east plug decreased with time after the 
e-bcam pulse was initiated, indicating a loss of density in the east plug. 

In suimiary, injection of an on-axis e-beam into TMX did not reduce the 
turbulence level in the TMX plasma except when the guns were located at the 
mirror throats. In that position, injection of the e-beams would lower the 
electron temperature in the machine. The probable cause for the cooling of 
the plasma electron in that case was the generation of gas and impurities as 
the west beam struck a solid surface such as the east e-gun. 

STARTUP EXPERIMENTS 

12 -3 The TMX machine requires a plasma having a density of 5 to 10 X 10 cm 
in each end plug in order to start up using neutral-beam injection of 100-A 
equivalent current per plug. This plasma density is normally produced by a 
5-ms-duration stream from one or two streaming-plasma guns. These guns, 
though highly effective in generating plasma, are a source of various high-Z 
impurities, primarily titanium. If startup on an e-beam-generated plasma were 
possible, and could be shown to be reliable, the e-beams would provide an at
tractive alternative to the streaming-plasma guns. The ZXIIB plasma had pre
viously been started on an e-beam-generated plasma. We therefore designed 
an experiment whose primary purpose was to start the plasma with the e-beams; 
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if the plasma did not start up, the secondary aim was to assess the require
ments for startup with the e-beams. 

In the experiment described here, only the east-plug magnetic field and 
neutral beams were operated. The e-beam was injected from a gun positioned as 
near to the magnetic mirror point as was possible, with 5 cm between the tip of 
the gun and the mirror point. 

To show that the presence of the central-cell plasma was not essential for 
buildup and maintenance of a stable plug plasma with the neutral-beam current 
available for these tests, the east plug was first started on a plasma from a 
streatning-pla.'iod gun. The results were positive, as shown in Fig. 13(a). 

Electron-beam-ger-erated plasmas were then prodjced by injecting the e-beaia 
into the neutral deuterium gas flowing from a gas source located at 2.4 T out
side the mirror point on the opposite side from where the beam was injected. 
We found thai: the density of the beam-generated plasmi was a function of the 
flow of neutral gas from the gas source. Increasing the gas flow to the maxi
mum available, an estimated 200 Torr.litre/s at the I.4-T point, produced a 

12 -3 plasma density of approximately 1 to 3 X 10 cm , below that required for 
startup. The results are shown in Fig. 13(b). An increase in plasma density 
by a factor of two to five would be adequate for startup in TMX, in accordance 
with the experience acquired frotr. startup with streaming-plasma gun plasmas. 
Such an increase could be attained by increasing the neutral gas density in 
the region of the magnetic field minimum, for example, by direct injection of 
gas into that rcgicn. 

A possibly significant difference between the TMX and the 2XIIB e-beara 
startup experiments is in the location of the gas source. In the 2XIIB exper
iment, the gas source was located at a mirror point. In the TMX experiment, 
the source was outside the mirror. The location of the gas source relative to 
the mirror affects the flow of plasma and neutrals into the confinement region. 

4. SUMMARY OF THE THEORY OF ELECTRON-BEAM/PLASMA INTERACTION 

The interaction of an e-beam with a plasma has received extensive 
7 8 

theoretical treatment in the linear approximation. ' Within this approxima
tion, the modes of the instabilities can be identified and the growth rates can 
be computed. Since many modes exist, comparison with experimental results can 
be difficult; however, '"' has been the experience that the mode having the 
greatest linear growth will be the mode observed in an experiment. 
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a Using this observation, Seidl has computed the frequency, growth rate, 
al>d wave number of the most unstable waves as a function of beam and plasma 
Parameters. The general features of the eold-beam/cold-plasma interaction are 
r*presentative of the experiments discussed here. Inclusion of fini(.e plasma 
temperature does not greatly alter the results. The e-beam is assumed to be 
ejected along the magnetic field lines for the discussion below; thi_s assump
tion corresponds to the experimental situation. The discussion does n o t apply 
t o helical beams, i.e., beams having a perpendicular velocity distribution 
w*th a positive slops. 

It is an experimental observation and consistent with theory that the 
r esonances of the cold-beam/plasma interactions satisfy the synchroni S B 1 

Edition 

c z 

<!uite well. Here iu is the frequency of the excited waves, w is th e electro*. 
c v <:lotron frequency, m is a mode number, k is the wave number in the direction 
°f the magnetic field, and V is the beam velocity. Solving the plasma disper
sion relation with the synchronism condition results in a relation b e t w c e n t h e 

e x (:ited frequency (u and the growth rate \a., the plasma parameter <o />jt (where 
^p is the plasma frequency), the mode number m, and a parameter g = k y/(,> . 
heVe k, is the wave number perpendicular to the direction of the magnetic 
^*&ld. For the cold—be-3m/plasma interaction, it is found that only tj,e wave 
numbers m = 0 and m = -1 result in the growth of unstable wavps. 

It is generally the case that the waves having the smallest possible wave 
nun,ber w i H dominate. For small values of kj (kj /to « 1>, the m = 0 mode will 
hav e the greatest growth rate; the m = -1 mode reaches its greatest growth rate 
tor large k^ (k^V/w C 5). It is an experimental observation' that t!̂ e growth 
rat;e 0 f tlte instability is generally smaller for the low-frequency L Waves 
.(ii <• w ) than for the H waves (UP > to ), and it is usually the H waves that are 
oba e rved in an experiment. 

The value of k^, and therefore of g = k^V/w , is subject to uncertainty 
d u e to the variations in plasma cross section as a function of axial d.tgtance. 
A typical value of g is, for k, * 0.1 cm , V = 10 cm/s, and u = 3Q Qy E a t 

1 1, 

g * 0.03 at B « 1 T . 
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Thus, g is generally small relative to unity. 
The dependence of the excited frequency w and the growth rate w. can 

be shown graphically as a function of the mode number m and the beam and plasma 
parameters g = k^V/ui and w /<o . The graphs for m = 0 and m " -1 are shown in 
Fig. 14(a) and (b). 

An important feature of both graphs is the dependence of the excited 
frequency '•'• of the H waves on the plasma parameter w /w . For all values of 
^ /<" , the excited frequency '•> exceeds the larger of "-• and •» . The upper 

r / 2 2\l/2 
litr.it to the excited frequency is the upper hybrid frequency (.; = (oj + tu J . 
Since a primary mechanism for efficient energy transfer between the excited 
waves and the plasma electrons is electron cyclotron damping, the axial posi
tion within a given magnetic field configuration where resonant absorption can 
take place depends upon the wave frequency. 

The generation and absorption of waves generated within a magnetic field 
configuration and ir, plnsma having various density distribution can best be 
discussed by reference to plots of the axial distribution of the frequencies 
w , u! , and •>•• . It is the main conclusion of this discussion that the results 
of the interaction of a-i e-beam with a mirror-trapped plasma changes in a 
qualitative fashion as the density of plasma increases and the axial density 
gradients became greater. 

Tn the limiting case where Che plasma density is uniform throughout the 
magnetic mirror, we can find the range of frequencies created oy the 
beam/pistma interaction. The high-frequency H waves have a group velocity 
that op) oses that of the beam velocity ; i.e., the energy propagates in a 
direction opposite to that of the beam unless the waves are reflected. 

2 2 
The relevant freq»encies generated in a low-density (u> « w ), mirror-

is .pped plasma are shown in Fig. 15 as a function of axial position. The fre
quency and direction of the generated waves are indicated by an arrow. It is 
seen that for a low-density plasma, the waves generated within the magnetic 
mirror will be absorbed at the fundamental electron cyclotron resonance. This 
absorption mechanism is in general very efficient and can generate very high 
energy electrons having energies of up to an order of magnitude greater than 
the energy of the beam electrons. Even where the density is sufficient to make 
w * in , the mechanism of absorption within the mirror can be electron cy
clotron resonance, as shown in Fig. 15(b). The limiting condition for resonant 
fundamental electron cyclotron absorption within a magnetic mirror is 
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FIG. 14. Frequencies and growt'.- rates for cold-beam/cold-plasma instabilities 
(from Ref. 9): (a) dependence of the excited frequency :i>r on the plasma 
density Wp and of growth rate a>£ on (̂ r for the cold-plasma/cold-parallel-beam 
interaction at the ra = 0 node, and (b) cold-plasms/cold-parallel-beam inter
action at the m • I mode. 
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FIG. 15. Plots of axial variation in the relevant frequencies within the 
plasma wc> u p, anduiy = (w§ + ink)'-'!. The figures illustrate the resonances 
and cutoffs encountered in plasmas having flat density profiles. The arrows 
(»*) indicate the frequency and propagation direction of the generated waves. 
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if the density profile is flat. For high plasma densities, the frequencies 
that are generated are too great to be absorbed by resonant electron cyclotron 
absorption of the fundamental mode. This situation is shown in Fig. 15(c). 
The waves therefore either propagate out of the mirror, or t'.iey are absorbed 
by the less efficient harmonic resonances. 

Electron-beam experiments other than those conducted at LLNL have 
consisted of either injecting the beam into a neutral gas (and hence forming a 
beam-generated plasma) or injecting into a mirror-trapped plasma created by, 
for example, a streaming-plasma gun. "Ihese plasmas would be expected to have 
relatively flat density profiles along the magnetic field, and would therefore 
exhibit a behavior consistent with the discussion above. An overview of pre
vious experimental results supports this interpretation. From the summary of 
Table 1 of Ref. 7, it can be seen that if hot electron? are measured, the 
limiting condition above is satisfied. 

Injection of e-beams into a plasma that is driven by neutral-beam 
injection can produce results differing from those just described. Because of 
anisotropic ion energy distribution and limited injection area, the scale 
length of the density variations I. = n/(dn/dz) may be a great deal less 
than the corresponding scale lengths for the magnetic field variation 
1>_ = B/(dB/dz). The large density variations can be the cause of several 
B 

effects that are not found in experiments that have uniform density 
distributions. Thus: 

• A mixture of absorption mechanisms may be at work, with absorption 
at the plasma frequency in one part of the plasma and absorption at the 
electron cyclotron resonances in other parts; 

• The gradients in the density and/or the magnetic field may be too 
great to allow wave growth; or, 

• Wave growth may be inhibited by nonlinear processes. 
The variety of situations that may occur will be considered next. 
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The frequency plots for intermediate density, ID * M at B . , and a J r p c rain' 
peaked plasma profile, L < L_, are shown in Fig. 16(a). As noted above, the 
wave will propagate against the beam direction. The waves generated on the 
side of the plasma where the beam is injected [denoted by (1)], or waves with 
ID > 10 , will propagate to the left and meet the electron cyclotron resonance. 
It is important to note that for peaked density distributions, the resonance 
occurs in a region of relatively low density; the efficiency with which the 
wave energy is coupled to the electrons can be low, since it is a function cf 
the density and the scale length of the magnetic field. A large fraction of 
che. power can propagate out of the plasma. The waves that are generated on the 
right side of the plasma, with to < 01 [denoted by (2) in the sketch], will 
propagate toward the plasma; whether they are absorbed by the plasma or not 
depends upon the excited frequency w relative Co the peak plasma frequency 
1,1 . For '"/'J> * 1, the wave9 are absorbed at the plasma resonance; for 
D/ O > 1, the waves pass through the plasma, are attenuated al the electron 
cyclotron resonance, and leave the plasma. It is seen that efficient 
absorption of energy at the electron cyclotron resonance is strongly limited 
by spatial variation:- in the plasma profile, and one would not expect the 
efficient generation of hot electrons and x rays that is a signature of elec
tron cyclotro-i resonant absorption. As was seen in the discussions of the 
results of the experiments conducted on the beam-driven LLSL plasma-confinement 

devices, high-energy x rays were not found. 
2 2 An interesting condition occurs for ui' » <u at 8 . , and a peaked p c rain 

plasma density profile, as indicated in Fig, 16(b). In this case, the waves 
generated on the side of the plasma where the e-beam was injected will en
counter the upper hybrid cutoff before they are able to leave the machine or be 
absorbed at the electrton cyclotron resonance. In the cold-plasma, infinite-
medium approximation, these waves would reflect and then be absorbed in the 
plasma by plasma resonance. The leftward traveling waves from the right side 
of the plasma would be absorbed in the plasma. Waves that are generated within 
the peaked plasma are therefore trapped by the upper hybrid cutoff. Inasmuch 
as this trapping is effective, and the wave generation is not limited by the 
amplitude of the waves in the plasma, the plasma electrons would be heated by 
this mechanism. 

Wave generation within an inhomogeneous plasma is limited by gradients in 
the magnetic field and in the plasma density. The spatial growth rate is given 
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plasTia resonance. Heating 
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FIG, 16. Plot of axial variation in the relevant frequencies within the plasma 
^c, i"p, and <'>n » (aif + OI§)1'2, •jfie figures illustrate the resonances and 
cutoff? encountered in plasmas having peafccf density profiles. The arrows (• 
indicate the freuqency and propagation direction of the generated waves. 
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b' k., with a corresponding length L, = 1/k.; <-he scale length cf ti.e 
inhomogeneity, i.e., the distance over which the wave number changes, is given 
by L = k/(dk/dz). Tn order that wave growth not be inhibited by the inhorao-
gpnnily in the plasma and the magnetic Field, the scale length of the inliomo-
geneity must be grcafer than the scale length for wave growth, or 

Tdk7d77 ~ IT f o r s r o w t l 1 ' 

If this condition is not sa t i s f ied , the synchronism condition is not sat isfied 
for the t i r e required for wave growth. An experimental verif icat ion of this 
relat ion h.is been obtained by injecting an e-beam into a density gradient and 

12 observing the wave growth. 
The spat ial growth rate is computed from the temporal growth rate by the 

, . U relat ion 

V £h 
V 

whore V /V is the ratio of the phase velocity to the group velocitv. The ph gr J ° 
frequency ratio '..•./•, may be obtained from Fig. li. For the m = 0 mode, the 
axial wave numbers for the 2XTIB and the TMX experiments typically vary from 2 

-1 -^ 
to 10 cm . The temporal growth rate 'n./u' is on the order of 10 from Figs. 
14(a) and (b). The spatial scale length for growth, 1- = 1/k., is therefore 
1 to *> cm. 

The scale length of the plasma inhomogencities is 

L * 
c 

c dz 
dm 

Ue find that the scale length due to the variation of the magnetic field alone 
is sufficiently large that wave growth will not be inhibited in the LLNL mirror 
machines. The spatial density scale length is on the order of 20 cm in both 
TUX and 2XIIB. It is possible, therefore, that wave growth in the beam-driven 
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mirror machines would be impeded by the presence of axial density gradients, 
especially if the actual beam density were less than the one used in the 
present estimate (10 ra ). 

5. SUMMARY OF MIT, 2XTIB, AND TMX ELECT^N-BEAM INJECTION EXPERIMENTS 

The e-heam injection experiments on TMX showed that injection, of the 
c-beam was not effective in decreasing the turbulence level of the confined 
plasma. This result is at variance with the results of the MIT and previous 
LLNI, 'xperiments. In addition, hard x rays were not observed in the TMX exper
iments, whereas they had heen observed in the MIT experiment, Irt general, vhat 
should be observed en the basis of previous experiments, namely, bulk electron 
heat inn and iho appearance of hard x rays due to a population of energetic 
(~10 r, ) electrons, was not observed in either the 2XIIB or the TMX exper-

hoam 
iment-;. T!ie exception con = isted of isolated instances of bulk heating. It is 

2 a hypothesis that the interaction of fnergetic electrons has a stabilizing 
rTfpct upon the drirt-wnve instabilities of mirror-confined plasmas. Hence, 
the fact that hard x rays were not observed is fundamental and will he 
discussed first. 

The basic difference between the beam-driven 2XIIB and TMX plasmas and the 
plasmas that ore srlf-genrrat?d by e-bramr. or injected from streaming-plasma 
Runs is the large axial variation in density in the plasma from mirror to 
mirror. The localised density within the mirror results from the injection 
pattern of the neutral beams and the highly anisotropic velocity distribution. 
The hot electrons appc-ir to be due to absorption nf thr generated wave powfr at 
an electron cyclotron resonance within the mirror. Hence, if the waves are not 
absorbed within the mirror, or if th? absorption process is not effective, the 
hot electrons will not appear. In accordance with the discussion of Sec. 4, 
the relevant frequencies within the mirror can be plotted for the TMX config-
•ation. The generated frequencies and the regions of absorption can then be 

13 -3 found. The results for a plug density n = 1 X 10 cm are shown in 
Fig. 17. The electron cyclotron resonance occjrs at a density in the range 

12 -3 1 to U 10 cm . If hot electrons, were present, their density was below 
1 1 - 3 ~10 cm , the estimated limit of detecting hard (>50 keV) x rays. 

If the e-beams are injected into the plug plasma immediately after the 
streaming-plasma guns have heen turned off, the absorption of the excited waves 
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FIG. 17. The frequency plot (a) indicates the axial position of the fundamen
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would be expected to be more efficient; in this case, the axial density profile 
would be flatter, and absorption would take place at a higher density. An 
example is shown in Fig. 13. tn this case, since the density is assumed 
uniform throughout the confinement region, the absorption occurs at a density 

13 -3 
n * 10 cm This raay explain, in whole or in part, the observation 
that injection into a fully developed tandem configuration did not produce 
significant heating, whereas injection into a single plug immediately after the 
streaming-plasma gun had been turned off did produce heating. Other effects 
may be significant in this comparison, for example, energy transfer to the 
central cell in the tandem configuration, inhibiting effect on growth due to 
the axial gradients, and so on. 

If an e-beam is injected into a high-density plasma having a highly peaked 
axial dist;-iKition, as shown in Fig. 19, the mechanism for the absorption of 
the excited vaves is different from that described above. The waves that are 
generated are trapped within the upper hybrid cut-off and absorbed by the 
plasma resonance, ;f at all. This type of process will not produce hot elec
trons and x rays. The effectiveness of the trapping and absorption mechanism 
is not well understood at present. Though effective heating seems possible in 
principle, the field gradients in the absorption region are in the direction 
of the magnetic field (k, /k « 1); it is possible, therefore, that electrons 
that gain energy will leave the plasma unless prevented from doing so by the 
ambipolar potential and scattering. The configuration shown in Fig. 19 would 
occur in TMX for densities in excess of 2 X 10* cm in the end plugs. 

DISCUSSION OF THE MIT EXPEfilMENT 

A schematic of the MIT experiment is shown in Fig. 20; the magnetic field 
configuration consists of a guide field and a mirror trap. A streaming-plasma 
gun injects plasma along the guide field, and an e-beam is injected into the 
magnetic mirror along the axial field lines. The density of plasma produced 
and its stability properties depend on the duration of the plasma injection as 
well as on the current of the injected e-beam. If the duration of the 
streaming-plasma injection exceeds 0.5 ms, the subsequent decay in density of 
the plasms is stable; if the duration of injection is less than 0.5 ms, the 
decaying plasma is turbulent with a fundamental frequency equal to the ion 
cyclotron frequency corresponding to the field in the magnetic well. If the 
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e-beam is injected simultaneously with the streaming plasma for a duration o£ 
0.4 ms, x rays are produced, the plasma diamagnetism increases, and the subse
quent decay of plasma is stable. The maximum plasma density was greater than 

1 3 - 3 5 
2 x 10 cm It is observed that strong heating of the electrons occurs 
(from T s 10 eV to T == 20 eV) and that stabilization does not, if an electron 

1 2 - 3 beam is injected into a plasma having a density less than 5 X 10 cm 
According to the theory of Sec. 4, the range of densities for which hot 

electrons and x rays will be generated is limited by the maximum frequency of 
the electron cyclotron resonance in the mirror. The magnetic field at the mir
ror point is 6 kG, corresponding to a frequency of 17 GHz. Since we know that 
the frequencies excited by the beam/plasraa instability lie between the plasma 
frequency and the upper hybrid frequency near the midplane of the mirror, we 
also know that the maximum density for production for good coupling of beam 

12 -3 energy to the plasma is n = 3 X 10 cm . This density is substantially less 
13 than the maximum density, which exceeds 2 X 10 , and efficient deposition of 

energy would be expected only at the beginning of the pulse when the density is 
low. This is confirmed by Fig. 21 from Ref. 2, which shows the x-ray signal 
rise sharply in —100 ys at the beginning of the streaming-plasma pulse, and 
then subside as the density of the plasma continues to increase. 

The decay of the trapped plasma is unstable only for limited ranges in 
the operating parameters. That is: 

• The plasma diameter is on the order of the ion Larmor radius, thus 
imposing a charge-exchange-induced, high-energy cut-off on the wave diffusion; 

• The boundary in perpendicular velocity space is not well defined due 
to the finite transit time of the ions expelled from the plasma; and 

• The connection of plasma into the guide field provides good thermal 
conductivity for the electrons and a consequent limit on the potential 
gradients in the machine. 

13 -3 
All these effects favor stability. Low density (n < 10 cm ), experi

ments in TMX have shown that the plasmas often are not turbulent. 
It is plausible, based upon onese considerations, that the e-beam or the 

associated hot electrons did not directly stabilize the TMX plasma by a mech
anism that is not understood, and that instead the injection of the e-beams 
perturbed the plasma density or the boundary conditions sufficiently that the 
plasma parameters were outside the limited region for which unstable decay 
occurred. The hypothesis that the hot electrons created a local potential 

-44-



z 
_ l 

or 

Hii 

5i» 

I PLASMA INJECTION 

lE BE AW INJECTfON 

(a) 

I 0 msec 

• -I PLASMA INJECTION 

i- IEBEAM INJECTION 

10 msec 

FIG. 2 1 . Evidence of e-heam plasma i n t e r a c t i o n : (a) x-ray s igna l recorded 
o u t s i d e the s t a i n t e s s - s t ^ e l vacuum chamber; (b) diamagnet ic s igna l recorded by 
loop a t mi r ro r midplane. (From Ref. 2.) 

- 4 5 -



isi.iiini;ra, thus creating a stable configuration in the manner of the P&-6 
13 experiment, can be shown to be invalid due to lack of localization of Che 

absorbed wave power. 

DISCUSSION OF THE 2X1IB ELECTRON-BEAM INJECTION EXPERIMENTS 

In the 2XIIB experiments conducted in June 1978, it was found that 
turbulence would disappear when an e-beam was injected inco a plasma that had 
decayed to a density n «= 6 X 10 cm . Again, the plasma was not highly 
turbulent at this density, atid experience with the TMX end plug has shown that 
the presence or absence of turbulence is a senaitive function of the plasma 
parameters at low density. Thus, injection of the e-beam could aid i n main-
taining the plasma and could produce a cold, stabilizing plasma. At a density 
of n " 6 X 10 cm , the frequencies generated in the confinement region lie 
between 22 and 26 GHz (i.e., between the plasma frequency and the upper hybrid 
frequency). As a consequence, the e-beam would effectively maintain the plasma 
density by absorption of the excited waves at the electron cyclotron resonances 
located within the mirror. At higher densities, no fundamental resonance 
P°ints are found within the mirror, and the waves are not absorbed. For higher 
plasma densities, the coupling of energy between the trapped plasma a nd the 
e-beam would not be effective, and the beam would not significantly perturb the 
Plasma. In agreement wich theory, it was found experimentally cnat injection 
at higher densities produced no measurable effect on the plasma parameters or 
i cs t'irbulence level. 

Eh a seconrf set of erperinrerttF on ZXIES, faac e-beaass ware *n-jec£e<f into 
thfe mirror-confined plasma after the streaming-plasma guns were turned off. 
Tb-S e-gun was located 75 cm outside the mirror poin: !, three e-beans vere in 
ont; end fan, and one e-gun, together wi':h two streaming-olasma guiis, \>ere in 
thfe other end fan. It is noteworthy that injection of four e-beams instead of 
om- did not alter the results obtained with one e-gun; the frequencies gener
ated by the e-beam/plasma instability exceeded the electron cyclotron frequency 

13 -3 within the magnetic mirror for plasma densities exceeding ~10 cm . 
In the last set of e-beam experiments on 2XIIB, two e-guns on th^ machine 

cetlterlir.i' were moved so that the e-beams were injected at the mirror points. 
In these experiments, firing the e-beams immediately after the streaming-plasma 
guT(S turned off, i.e.* at a plasma density of 3 to 4 X 10 , the beams 
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appeared to maintain the plasma density. If the e-beams were not fired, c'm 

plasma would decay rapidly with a time constant less than 0.5 ms. The exponen
tiating time for decay of the plasma line density for a corresponding shot in 
which the e-beams were fired was in excess of 0.7 ms. The turbulence level of 
the plasma was significant!,, increased during and after the e-beam pulse, in 
comparison to shots in which the e-beam was not fired. 

Though it is possible that the injection of e-beams has a stabilizing 
effect on a plasma by mechanisms that are not presently recognized, a plausible 
explanation for the observed effects can be found. Within the presently Icnown 
instability theory, the lessening oE the turbulence level and the decay rate 
can be due either to a lowering of the electron temperature or to an increased 
population of particles having velocities less than or near to the phase ve
locity of the drift wave. The e—gun at one mirror point of the machine was 
directly in the path of the beam from the corresponding e-gun located at the 
other mirror point. The generation of gas and impurities occasioned by the 
deposition of beam energy on the material surface of the opposing e-gun could 
cause a significant drainage of electron energy through inelasfic collisions 
and conduction. The electron temperature would therefore decrease, with a 
consequent decrease in the turbulence level . A decrease of the average temper
ature from 68 eV to 59 eV over several shots was in fact observed. It is a 
significant observation that the turbulence level does not increase to the 
level that would exist without the e-Deams once these are turned off, that is, 
the same density does not correspond to the same turbulence level for the two 
cases. This is an indication that one or more of the plasma parameters has 
changed, and that it is not the beam electrons that directly cause the 
stabilization. 

CONCLUSION 

It has been found that axial density gradients in mirror-confined plasmas 
can significantly affect the instability growth rate, the range of frequencies 
generated, and the mechanism and the efficiency with which the waves are ab
sorbed within the plasma. The absorption mechanism that produces high-energy 
electrons and hard x rays appears to be absorption at the fundamental electron 
cyclotron resonance within the confinement region. In plasmas having uniform 
axial density profiles, this mechanism prevails unless the frequencies 
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generated are high enough that no fundamental resonance can be found within the 
mirror. In plasmas having a highly localized density profile, as in the case 
of the L1*P- ""utral-beara-sustained plasmas, electron cyclotron resonance 
absorption is dominant only for w <_ w at B • ; if the scale length of the 
density gradient is much less than that of the confining magnetic field, the 
efficiency of the absorption is lessened due to the resonance being located in 

2 2 a relatively low-density region. For densities such that u> >> to at the 
center of the plasma, Che dominant absorption is at the plasma resonance; this 
process does not yield high-energy electrons by resonant acceleration since the 
electric field is directed nearly along the magnetic field lines (k, /k « 1). 
It appears possible that these electrons, having gained energy parallel to the 
magnetic field, are quickly lost from the machine. The electrons, in order to 
escape from the machine in a transit time, must gain energy on the order of the 
arabipolar potential and have a mean free path greater than the machine length. 
Both conditions can be satisfied in the LLNL experiments. 

These observations, therefore, appear to explain both the lack of hard 
x rays that would be associated with the mirror-confined, energetic (MO E, ) 7 ' " beam 
electrons and the absence of bulk heating over a large range of machine param
eters (to > <J> at B_. ). 

p c m m 
It remains to be established whether it is a lack of mirror-confined 

electrons which is the cause of the failure of the e-bearas to stabilize the 
TMX plasma or whether in fact no mechanism exists. It has been shown that 
absorption at the electron cyclotron resonancet the mechanism for generating 
hot electrons, will dominate at low plasma densities (<» 1 w at B . ) 

p c rain 
and small axial gradients. This situation was found during the tests on 
November 29, 1979, with e-beata injection into a single plug. For these 
conditions, the e-beams did not stabilize the plasma, indicating that a direct 
mechanism does not exist. 

These e-beam injection experiments and analysis have shown, therefore, 
that the regimes for which the energy from an e-beam can be coupled to a plasma 
is limited by peaked density profiles, that the results of previous e-beam 
stabilization experiments can be explained in terms of known theory, and that 
injection of e-beams into TMX did not stabilize a turbulent, mirror-confined 
plasma. 
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APPLICATION OF ELECTRON-BEAMS TO FUTURE EXPERIMENTS 

I t has been found that the ef fect iveness with which the power froU1 an 
injected e-beam is deposited in the plasma e lec trons i s a function of the 
axi^l p r o f i l e s of magnetic f i e l d intensity and plasma d e n s i t y . It i s » 
conclusion of th i s study that the hi#i-frequency e l e c t r o s t a t i c waves generated 
by che e-beam/plasma interact ion must be absorbed at a fundamental e l e c t r o n 

C y C jo tron resonance located within the confinement region in order to transfer 
the energy with maximum e f f i c i e n c y , i t the same time, the dens i ty and magnetic 
f i e ld gradient must be appropriate for e f f i c i e n t absorption; i . e . , the dens i ty 
i n (he region or absorption must "be comparable to the dens i ty in the r ^ m a i n i n g 
part of the plasma, and k B/(dB/dz) mist great ly exceed un i ty . 

If these requirements are s a t i s f i e d , an injected e-beam can heat plasma 
e lec trons and may complement or replace ECRH. Operating in a complementary 
mani+er> as an example, e-beam inject ion could be employed to pre-heat e l e c t rons 
f o r subsequent ECRH. Since the efficienc> of ECRH depends on e lectron tempera
ture) e-beam injec t ion would reduce tie time required to reach a given e l ec tron 
energy leve l with ECRH. A choice betveen ECRH or e-beam heating depend 5 on the 
d e t a i l s of C n e heating requirements aid the d i s t r i b u t i o n of plasma dens l t : y and 
magnetic f i e l d . Thus, although the e i fec t s in TMX were not s ign i f i cant* w e can 
not rule out the p o s s i b i l i t y of e lect ion beams in other machines such a s TMX 
Upgrade and the tandem configuration if the Mirror Fusion Test F a c i l i t y 
( H J T F - B ) , which have lower end-plug densi t ies and larger axial sca le l e n £ t h s . 
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