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ABSTRACT 

Plasma heating of electrons in both mirror machines and tokamaks, 
using mm wave gyrotron sources, have been carried out In many experiments 
in recent years. The technology for both sources and mode-preserving 
waveguide transmission systems 1s well developed at power levels of 200 kW. 
At LLNL electron heating at 28 GHz In the TMX-U tandem mirror has been used 
to create hot electrons required for a thermal barrier (potential well). 
TMX-U, and other devices operating at lower frequency and power (10 GHz, 
few kW), routinely generates electron populations with mean energies of 
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100-500 keV and densities in the low to mid 10 cm range. Radial 
pressure profiles vary from peaked-on-ax1s to hollow and are dependent on 
the mod-B resonance surfaces. 

Experiments on the axisymmetric mirror SM-1 have shown improved 
heating efficiency using multiple frequencies with narrow frequency 
separation. The importance of rf diffusion in determining electron 
confinement has been shown in CONSTANCE B. 

Fokker-Planck and particle orbit models have been useful for 
understanding (i) the Importance of cavity heating for creating runaway 
electrons, (i1) the sensitivity of hot electron production to cold plasma, 
(iii) the reduction of electron lifetime by rf diffusion, and (1v) the 
effect of multiple frequencies on heating stochastlcity. 

Potential wells generated in plasmas with large fractions of mirror-
trapped electrons have been measured in TMX-U. These offer prospects for 
enhanced confinement of highly stripped Ions. 

*Th1s work was performed under the auspices of the U.S. Department of 
Energy by Lawrence Livermore National Laboratory under contract 
No. W-7405-ENG-48. 



INTRODUCTION 

This paper describes recent experimental results achieved in 
production of hot electron populations 1n mirror machines using ECRH, both 
at LivetBiore and elsewhere. These experiments were carried out in support 
of the U.S. Magnetic Fusion Energy program Investigating plasma confinement 
in tandem mirrors. In the devices hot electrons create a thermal barrier 
(potential minimum) for Improvement of confinement. 

For production of highly stripped 1ons 1n ECRIS devices the hot 
electron characteristics shown in Table I seem desirable. The experimental 
data presented In this paper show the parameters achieved and the degree of 
control of these characteristics. 

Table I. Desirable hot electron characteristics for high Z ion production. 

Characteristic Benefit Control 

1. Hot electrons peaked Ionization peaked on-axis Mod-B surface; RF power 
on-axis for extraction profile. 

2. Hot electron energy Control of charge state 
control and optimum stripping 

efficiency 
3. High density 

4. Potential well 

Increased stripping rate; 
reduced charge exchange 
losses 

RF power and profile 
may be useful if cavity 
rf fields are weak. 
Higher power and 
frequency 

Increased ion confinement Significant hot 
electron fraction 

TMX-U EXPERIMENT 

The Tandem Mirror Experiment Upgrade (TMX-U) at LLNL is a tandem 
mirror employing ECRH to create a thermal barrier in each end cell. As 
shown 1n Fig. 1, four gyrotrons operating at 28 GHz with maximum power of 
200 kW each were used. These provided second harmonic heating 1n the 
thermal barrier and fundamental heating in the confining potential peak. 



Although both sources affected the hot electron populations, the second 
harmonic was clearly dominant in our experiments. 

The transmission systems used to deliver gyrotron power to the 
experiment with extraordinary mode polarization are shown in Fig. 2, for 
thermal barrier heating, and in Fig. 3 for the potential peak. The 
gyrotron produces its output power mainly in the T E 0 2 mode in oversize 
waveguide. Both systems retain the overmoded waveguide for low loss 
transmission. For the thermal barrier a T E Q 2 to T E Q 1 mode converter and a 
focussing twist reflector were used to produce a linearly polarized and 
focussed microwave beam (500 V-cm~ peak field) for maximum heating 

2 efficency. 
For fundamental heating both highly focussed Vlasov antenna 

illumination (1 kV-cnf peak field) and a polarizing slot radiator were 
used to illuminate the highly elliptical (10:1) resonance surface. The 
slot radiator produced an over-size beam with rf electric field up to 
150 V-cnf . Only 30-40% was directly incident on the plasma cross-section. 
The remaining power filled the surrounding cavity and could be absorbed at 
higher harmonic (g. ^ 2) resonances by the hot electrons. Measured cavity 
field varied from 20 to 80 V-cnf . 

Thermal barriers with potential depression In excess of 500 V have 
been produced as shown in F1g. 4. Potentials were inferred by measuring 
the change in energy of loss-cone injected neutrals which were ionized In 
the thermal barrier and escaped out the ends of the device. The potential 
dip 6$ was driven by second harmonic heating, as shown in the figure, and 
disappeared when ECRH was shut off. Such potential wells would provide 
very long confinement times for high Z ions. However, to produce such deep 
wells requires a large fraction of mirror trapped electrons. 

The locations of heating, magnetic field lines, and mod-B magnetic 
surfaces in an end cell are shown In Fig. 5. The field has a quadruprle 
mln-B with a radial well depth of about 2%. The axial mirror ratio is 4. 

In TMX-U it was desirable to produce a mean hot electron temperature 
of 50 keV, with a trapped electron fraction exceeding 0.8. To achieve 
control of the electron energy, the scheme illustrated In Fig. 6 was tried. 
Using a microwave beam with the power profile spatially limited to the 
vicinity of the cold electron resonance (w a 2w ), electron heating should 
become weak for electrons whose relativistically shifted resonance moves to 



the edge of the microwave beam. Large cavity rf fields (existing at all 
values of B) or doppler broadening of the resonance can cause harmonic 
overlap and can lead to electron runaway. 

In TMX-U we were unsuccessful in reducing cavity fields to low enough 
levels to avoid an electron population with a hot runaway tail. In fact, a 
major result for nearly all experiments with strong heating (rf diffusion 
dominating collisions) 1s the generation of a runaway population. A 
typical x-ray bremsstrahlung spectrum measured in TMX-U is shown in Fig. 7. 
Using a two temperature fit to the data, a runaway temperature of 192 keV 
was measured. However, a lower energy "warm" component with 17 keV 
temperature, but 5 times higher density, was also determined from the fit. 
The temperature of the warm component was consistent with that expected 
from the spatial extent of the microwave beam. 

For TMX-U the hot electrons were not at steady-state because of the 
short rf pulse (̂  70 ms). Typical time traces for hot electron parameters 
are shown in Fig. 8. Stored hot electron energy (from dlamagnetism) and 
runaway tail temperature are still increasing at the end of the rf pulse. 
Strong absorption correlated with plasma density and changes In 
dlamagnetlsm are shown by measured beam transmission In the thermal 
barrier. Bursts of rf emission in the 35 GHz radiometer channel show the 
presence of micro-Instabilities. These instabilities, observed near the 
electron cyclotron harmonics, were Important under some plasma conditions. 
However, they did not appear to dominate the power balance in our 
experiments. 

Data showing scaling of warm and hot electron components with the 
central cell density are plotted 1n Fig. 9. Central cell electrons pass 
Into the end cells, serving as a source from which electrons can be rf 
trapped and heated. The data show maxima 1n the runaway temperature, total 
density and trapped electron fraction, and warm to hot density ratio at the 
lowest density. The weakened heating at higher density 1s consistent with 
Fokker-Planck calculations described in a later section. At higher density 
colHsional losses become relatively stronger compared to rf diffusion. 
The data point labelled -10% in the figure was for conditions with the 
magnetic field carefully adjusted to place the cold plasma resonance 
(w = 2 ui ) at the peak rf field in the beam, whereas the -4% point was at 
a weaker rf field. The higher density achieved at the maximum rf field 



shows the importance of directed beam heating compared to heating only with 
weak cavity fields. 

Measurements of the initial rate of rise of stored perpendicular 
energy as a function of power and density are plotted in Fig. 10. The data 
show: a) a strong density scaling similar to the x-ray data of Fig. 9, b) a 
strong power scaling with thermal barrier power, and c) net efficiency 
(dWi/dt)/P(2 uiro) « 0.25 of rf power conversion to stored energy. Note 
that at lower power the density must be lower for the same efficiency. 

Radial measurements of the hot electron radial profile have been 
measured using two methods, a pinhole x-ray camera and radially moveable 
scraper probes. The pinhole camera data in F1g. 11 show a peaked-on-axis 
line density profile which is broader for longer rf pulses. Recent 
scraper probe measurements under different conditions have shown profiles 
which appear hollow. In our experiments significant hot electron betas 
(>20%) have been produced. The self-magnetic fields of such plasmas 
dominate the vacuum field gradients and push the second harmonic resonance 
surfaces to larger radii. Since the resonance surfaces determine the 
location of rf trapping and heating of the electrons, a hollowed-out 
profile would be expected. 

FOKKER-PLANCK MODEL 

A Fokker-Planck model has been used to calculate the time dependent 
evolution of the mirror-trapped electrons. The code solves the 
relativistic, bounce-averaged, Fokker-Planck equation in 2-D velocity 
space. The code treats rf diffusion at multiple harmonic resonances and 
coulomb collisions in magnetic and potential wells. With the code rf 
trapping and heating of electrons from a colder population have been 
calculated, with the effects of spatially limited heating and cavity fields 
included. 

Figure 12, taken from Ref. 3, shows the sensitivity of the trapped 
electron density in TMX-U to rf power and the density and temperature of a 
cold plasma source. The rf electric field, cold plasma density, and rf 

9 
frequency enter through the parameter x = E /n f. For TMX-U x varies over 
a wide range, 10 < # < 500, so that large variations in trapped electron 

o parameters are predicted. The dashed curve w , = uJh9 where A0 is the 



pitch angle between the turning point resonance and the loss cone, shows 
the boundary between rf diffusion and coulomb collision dominated regimes. 
A detailed comparison between theory and experiment is difficult because of 
the sensitivity to electric field and plasma potentials, which are 
imprecisely known or are not measured in the experiment. 

The importance of cavity fields in driving the runaway electron tail 
in TMX-U is demonstrated by the calculations shown in Fig. 13, which are 
compared with a measured x-ray spectrum. RF electric fields similar to 
those calculated or measured in the experiment give good agreement between 
theory and experiment. Energy limiting is shown for the case of zero 
cavity field. 

MULTI-FREQUENCY ECRH 

Experiments at TRW 1n the axlsymmetric mirror SM-1 demonstrate that 
multi-frequency ECRH, where the frequency separation is much less than the 

D 
resonance frequency, can Improve heating efficiency. The results, plotted 
In Fig. 14, show the dramatic result that stored hot electron energy 
Increases by a large factor at constant power. With only two frequencies, 
Fig. 15, the sensitivity to frequency separation at constant power is seen. 
For this data the hot electron density increased since the runaway 
temperature did not change. 

An understanding of these effects can be found by considering the 
limits on stochastic heating through onset of super-adiabaticity. Multi -
frequency heating increases the energy for stochastic heating 1f the 
frequency separation is an odd multiple of the electron bounce frequency. 
The data of Fig. 15 shows that electrons of energy 5-10 keV, the hot 
electron warm feed population, are most affected. 

To summarize: 
• Superadiabaticity can limit stochastic heating for energy above 

E b = K[L(1 + s^/L 2)]!/ 4 s / ' 2 E 3 ' 4 ~ P 3/ f
8 . 

E. « 10 keV for SM-1 for fundamental heating and fueling of hot electrons 
is reduced. 

• Interlacing of bounce resonances by multi-frequency ECRH reduces the 
energy separation between resonances and restores stochastic heating 
above E. . 



The minimum separation occurs for Aw = w. - w~ = (2m + 1)WL. 
• These effects are most important for small machines at low frequency and 

low r f f ie lds. 
• Coulomb collisions (and r f source bandwidth) increase the stochastic 

heating l imi t due to phase de-correlation. This implies that higher 
density and high z ions can increase E .̂ 

Whether superadiabatic effects are important 1s strongly dependent on 
machine size, r f power and frequency and plasma col l is ional i ty . I t was not 
important for TMX-U. Two points of view may be taken. Where collisions 
are insufficient to ensure stochastic heating, superadiabatic effects may 
be beneficial for energy l imit ing, although lower efficiency may result. 
On the other hand, i f very high electron energies are required for high Z 
stripping of massive ions, multi-frequencies may be beneficial. 

CONSTANCE B 

Detailed studies of ECRH at the fundamental resonance in a quadrupole 
mirror have been carried out in the CONSTANCE B experiment at MIT. The 
experiment has an axial mirror ratio of about 2 and a deep radial well. 
One of many interesting results shows the importance of the mod-B surfaces 
in controlling the hot electron spatial profile. Figure 16 shows visable 
light photographs of the hot electrons in the afterglow plasma after 
shutoff of rf power. The hot electron profile is extremely hollow and has 
the shape of the stiching seam of a baseball. With such a structure the 
hot electrons are not optimized for on-axis extraction of high Z Ions. 
Consideration of electron drift orbits (Fig. 17) suggests that the deeply 
trapped electrons drifting tangent to the mod-B resonance surface are most 
strongly heated and therefore determine the hot electron structure. Here 
again, the effect on a warm fueling population appears of major Importance. 

DEVICE COMPARISON 

Table II summarizes the hot electron parameters for four experiments 
operating at frequencies from 10 to 28 GHz in both minimum B and 
axisymmetnc mirrors. ECRH power densities varied from 0.2 to 2 W-cm . 
The total density of mirror trapped electrons including a warm component, 



12 -3 varied up to ~ 10 cm . The radial hot electron profiles varied from 
peaked-on-axis to very hcilow, and all hot electron temperatures were 100's 
of keV. Energy confinement time, iv, for hot electrons was a few x 10 ms, 
much less than coulomb colli sional scattering loss times. The reduced 
confinement time seems to arise from rf diffusion of trapped electrons Into 
the loss cone. 

Table II: HOT, WARM AND COLD ELECTRON PARAMETERS ACHIEVED IN RECENT ECRH EXPERIMENTS 

Bo 
Axial 

Mirror / PR? 

Hot El ectrans 
Device Bo 

Axial 
Mirror / PR? H \ TV, 1 1 1 , flb V'h <h Oh JW/Vh fE 

(kG) Ratio (GHs) kW U) (keV) (10» 
cm" 3 ) 

Ch) (cm) (cm) W 
cm'' 

(™) 

TMX-U' 5 4 28 200 >2500 100 2-4 > 0.2 150 120 20 1-2 > 10 
Min-B t = 1,2 -400 (not) -400 -25 (not) 
Qund ( . . « • ) (,..) 
(2% Rml Warm: T . = 20 keV. n . , a few * »h 
well) Cold: 7V « 50 - 100 eV, n c = 2 - 20 x 10'1 cm" 8 

Consignee 3 2 10.5 2-5 ~ ior. 400 2-1 0.3 6 •J 
II! 

t= 1 

Warm: No measurement, 
Cold: T c = a 5 0 - 100 eV, 

amall density 
n c « 2 - J « 10" i (cm" s) 

SM-l/STM* 

Ajrjsymmetric 

1.6 2 8-10 1-2 
1= 1, 2 

Warm: no measurement 
T c =3 10 - 50 eV, n c a 2 • 

< 25 350 
-400 

- 10 x 10" (cm" 3; 

0.6 

1 

0.4 5 

< 10 D.3-0.8 

Radial profiles: TMX-U (peaked cr. sxis or 2:1 hollow), Constance-B (hollow baseball seam shape), 

SM-l/STM (ring, ring-disc) 

POTENTIAL WELL FOR ENHANCED CONFINEMENT 

The existence of potential wells in plasmas with a significant 
fraction of mirror trapped electrons has been demonstrated in TMX-U. Such 
wells should provide enhanced confinement of high Z ions and might increase 
high Z ion production in ECRIS devices. An achieveable well depth ty/T. ~ 
1 is predicted by the simple model of Fig. 18. The confinement time for 
highly collision ions, X - < Z. , must be worked out. For the less 
colllslonal Pastukhov rer; me, X - 5> H , where t Is the axial well length, 
confinement times can be very long due to a factor exp (Z5^/T.). An 
important problem is determination of the self-consistent change filling 
factor e, which reduces the well depth. Selective ion heating to enhance 
loss rates using ion cyclotion resonance could be a solution. 



SUMMARY 

The following points summarize important results from a number of 
experiments. For experiments where rf heating dominates collisional 
processes, Fokker-Planck modelling is an important tool to understand the 
plasma behavior. 
• The technology for high power sources (gyrotrons at 200 kW output) and 
mode-controlled transmission systems is well developed at frequencies 
exceeding 60 GHz. 

• Runaway hot electrons are produced at 100's of keV energy in most 
machines. The mechanism(s) which limit the temperature are not well 
understood—loss of adiabaticity (pJL /> 0.06) may be important. 

• Spatially limited heating to control runaway was unsuccessful 1n TMX-U, 
probably because of beta-shifted resonances and cavity heating. 

• The radial structure of the hot electrons can vary from paaked-on-axis to 
hollow, depending on the mod-B resonance surfaces. 

• Multi-frequency ECRH can increase hot electron production efficiency if 
superadiabatidty is important. 

• Fokker-Planck and particle crbit models can predict some aspects of ECRH: 
- The role of cavity heating In hot electron runaway, 
- The sensitivity of hot electron production to cold plasma, 
- The importance of strong rf diffusion in determining hot electron 

lifetime, 
- The stochasticity of rf diffusion with multi-frequency heating. 

• Potential wells are produced in plasmas with a large fraction of hot 
electrons. 
- Such wells should aid high-Z ion confinement. 
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Microwave absorption characteristics 

• Large single-pass absorption 

• Specialty limited power 

• Resonance condition 
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Figure 6. Scheme for controlling hot electron energy In TMX-U by spatially 
limited heating. 
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VISIBLE LIGHT - ECRH OFF 

Figure 16. Visible light emission in after glow in CONSTANCE B showing 
baseball seam structure of hot electron plasma (MIT). 
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Figure 17. Important phenomena associated with baseball seam hot electron 
structure in CONSTANCE B. 



POTENTIAL WELL MODEL USING QUASI-NEUTRALITY 
Assume: Maxwellian cold electrons (T ) and ions (T.) and energetic mirror-
trapped electrons with axial shape factor T;(Z). 

Q. = Q 

n o i exp 4M + ZA noA e X P 
^ Ml)] 

n o e exp[-*^]+ n o e 7(z) 

ZA noA e x P 
-A 54 

Solution for x = 5^/T.: 

noi e x p[ffj charge filling factor 

exp "Ti 

" o + e x p l r x 

= i 1 + E exp 
(1 + E) exp 

-yH 
xj 

'Hot electron -tract)'* )-fh | ' 

Figure 18. Model for potential well produced by mirror trapped electrons 
with axial shape factor i) and Maxwellian cold electron and ions. 


