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An empirical scaling for the potential difference between the plug potential Q, and the 
floating potential <p, of an endplate is obtained in terms of end-loss electron temperatures. 
Results from the GAMMA 10 tandem mirror [Phys. Rev. Lett. 55, 939 (1985)] 
indicate that A@ = ap- @‘Ep scales much better with an effective temperature 
T,,E ( 1 -P) TeL+PTeH than with a single temperature TeL or T,,, where T,, and TeH are 
temperatures of the bulk and the high-energy tail components of the end-loss electrons 
and /3 denotes the flux fraction of the T,,, component. Moreover, the observed scaling is 
consistent with a recently developed theoretical model [K. Kurihara et al., J. Phys. 
Sot. Jpn. 61, 3153 (1992)]. 

I. INTRODUCTION 

The basis for plasma confinement in a tandem mirror is 
a properly tailored potential profile along magnetic field 
lines, and extensive studies have been performed in order 
to understand the mechanism of potential formation, Ma- 
jor efforts have been placed on the studies of internal struc- 
ture, depth of the thermal barrieriv2 and ion-confining 
potential,3’4 etc. However, the potential difference AQ, be- 
tween the confinement region and the end wall is also an 
important factor for complete understanding of the tandem 
mirror potential. In this paper an empirical scaling study of 
A@ is described based on a data set accumulated on the 
GAMMA 10 tandem mirror.5 

Fundamental electron cyclotron resonance heating 
(ECRH) is used for formation of the confining potential in 
current tandem mirrors and it induces an intense end-loss 
flux of warm electrons.6*7 The warm electron flux gives rise 
to two important features in the process of AQ, formation. 
First, A@ becomes much larger than that expected from 
the ambipolar condition between confined electrons and 
ionsEt and, moreover, A@ sensitively depends on the en- 
ergy spectrum of the end-loss electrons. Second, secondary 
electrons emitted from the end wall affect the simple am- 
bipolar condition. lo 

There have been a few basic experiments and simula- 
tion studies on the effects of an electron-emissive end 
wall.“-‘3 A scaling study on tandem mirror potentials has 
also been carried out,14 but the main subject of this study is 
statistical correlations between the potentials and other pa- 
rameters, i.e., the electron densities and the ECRH power. 
This paper provides the first explicit discussions on the 
elements of the potential difference A@. In particular, it 
deals with measurement of end-loss electrons and applica- 
tion of a recently developed theoretical model, which in- 
cludes effects of the energy spectrum of the end-loss elec- 
trons, the secondary electrons emitted from the endplate, 
and the variation of the magnetic field strength along a 
field line. This study gives a clue for a more complete 
understanding of the tandem mirror potential. 

Section II gives a brief description of the experimental 
setup. Also presented in Sec. II is the empirical scaling of 
potential in the end region of GAMMA 10 in terms of 
end-loss electron measurement. Section III is devoted to 
explanation of the main point of the models; then, compar- 
ison of the scaling with the model is made. Finally, Sec. IV 
summarizes the present study. 

II. SCALING OF POTENTIAL IN THE END REGION 

Both the plug and the thermal barrier potentials are 
formed in an axisymmetric end mirror cell by using 
ECRH.’ The end region extends from the mirror throat of 
the end cell to an endplate as shown in Fig. 1. The endplate 
is installed for reduction of the nonambipolar diffusioni 
The magnetic field strength varies from 3.0 T at the mirror 
throat to about 0.01 T on the endplate. The endplate is 
made of stainless steel and radially divided into five con- 
centric plates. Each plate is connected to the vacuum vessel 
through a high resistance and hence it is virtually floating. 

Characteristics of the end-loss electrons are diagnosed 
with a multigrid energy analyzer called LED (loss electron 
diagnostics),’ installed behind the endplate. Loss electrons 
are measured through a small hole in the plate. Two LED’s 
are used and the radial positions of LED’s correspond to 
2.8 and 6.4 cm in radius at the plug position along the 
magnetic field line. The plug potential Qp is measured by 
an end-loss analyzer (ELA). I6 Potentials at the central cell 
and the barrier midplane are measured by beam probes17 
and those in front of the endplate are measured by a Lang- 
muir probe. 

Upon application of the fundamental ECRH to the 
plasma in the end mirror cell (which is produced mainly 
by second harmonic ECRH), a high ion confining poten- 
tial is formed as shown in Fig. 1. Consequently, the ion 
end-loss flux is strongly suppressed.‘6 In this paper we dis- 
cuss the difference A@ between the plug potential @‘p 
( > 0) and the floating potential (PEp( < 0) of the endplate. 
The formation of the high plasma potentials is accompa- 
nied by an axial flow of warm electrons.6 
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FIG. 1. An example of the axial potential profile when the fundamental 
ECRH is turned on. The potential profile from the central cell midplane 
to the endplate is shown. Potentials on the same magnetic tleld line are 
measured by the beam probes (O), the ELA (@), and the Langmuir 
probe (0). The potential of the vacuum vessel is referred to zero. Nor- 
malized potentials 4, and &  appearing in the theoretical model are also 
indicated. They are measured from the potential at the mirror throat. The 
magnetic field profile in the end region is plotted by the dashed line. 

We have first measured the characteristics of the end- 
loss electrons with the LED. The end-loss electron flux to 
the LED is plotted in Fig. 2 as a function of the bias 
voltage - V,, ( V,, > 0) applied to the electron retarding 
grid of the LED. Here, V ER is measured from the vacuum 
vessel. The loss flux is well approximated by 

Ie=IL exp[ - (‘?J-T”)] +I,enp[ - ( V’>TT6p)] 

for VER> - aEp as shown by the dashed lines in Fig. 2, 
which is characterized by three parameters, namely, the 
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FIG. 2. Energy spectra of the end-loss electrons measured by an LED. 
The ordinate is the normalized loss electron tlux as a function of the 
electron retarding voltage V,, of the LED. The dashed lines stand for the 
flux created from the best-tit two component Maxwellian. Two typical 
cases are shown, i.e., the high-p case (0 ): GE,,=0.7S kV, T,~==0.52 keV, 
Tea=%1 keV, @=0.18, T,,=O.80 keV; and the low-p case (0): 
Q-=0.3 kV, T,.,=O.58 keV, T,,=6.4 keV, p=O.O034, T,p=O.60 keV. 
The parameters r,, T,,, I, and IH are determined by using least-square 
fitting. Then 0 is defined as IH/(I,+Ix). 
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FIG. 3. Scaling plots of the potential difference A@. (a) A @  as a function 
of the end-loss electron temperature T,, of the bulk component; (b) A @  
as a function of the effective temperature T,, The closed circles represent 
data with Ten< 1.4T,,. 

temperature of the bulk component TeL, that of the higher 
energy tail component T, and the flux fraction of the T, 
component fi= I&( I, + IH) , where IL and IH are fluxes of 
the two components, respectively. These parameters vary 
depending on the ECRH power, the densities at the central 
cell and the end mirror cell, the radial position, etc. Figure 
2 represents two typical examples of the end-loss electron 
flux with nearly the same T,, but with different 8: a high-p 
case and a low-p case. 

Most of the loss flux belongs to the bulk component 
even for the high+ case, and the value of Aa = Qp- @ , is 
typically three to four times T,,. As the first step, it may 
be considered that AQ> is solely determined by T,, . Figure 
3 (a) plots A @  as a function of T,,. A positive correlation 
is certainly seen. However, plotted points still scatter con- 
siderably and each TeL does not uniquely correspond to 
ACP. This implies that there are other important parame- 
ters which are not taken into account in Fig. 3 (a). 
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As shown in Fig. 2, the TeH component does not al- 
ways have the same fraction fi for the same T,,. A recently 
developed theoretical model suggests that the T, compo- 
nent cannot be neglected in determining A@ and even a 
small fraction of this component affects A+.t8 Therefore, it 
is necessary to include the T, component as the second 
step. We define an effective temperature 
Te,+ ( 1 -PI T,t+PTefi Closed circles in Fig. 3 (a) stand 
for data with T,, < 1.4T,t corresponding to low /I roughly 
less than 0.1. This indicates that the major cause of scat- 
tering of the plotted points is /?. Figure 3(b) shows Aa as 
a function of T,, It is seen that AQ, is much better repre- 
sented by T,, than by TeL. The temperature of the higher 
energy component T, is typically four to seven times TeL, 
but /3 varies considerably, from less than 1% to more than 
20% depending on the experimental conditions. The value 
of TeE is twice as much as TeL for /3 of 0.2. The systematic 
deviation between the open circles and the closed circles 
for the same T,, in Fig. 3(a) is thereby removed by the 
introduction of Tee 

111. COMPARISON OF THE SCALING WITH A MODEL 
AND DlSCUSSlON 

Figure 3(b) indicates that T,, should better represent 
physical reality. We examined the data referring to the 
theoretical model18 which can be directly applied to the 
present situation. Here, we describe the main point of the 
model. It considers the axial potential profile between the 
outer mirror throat B=B, (3.0 T) and the endplate 
B= B, (0.01 T) (see Fig. 1). The potential 4 at the mirror 
throat is defined as the reference to be zero. The floating 
endplate potential is $,. Particle species included in the 
model are end-loss electrons composed of two components, 
loss ions and secondary electrons emitted from the end 
wall. All of those are assumed to have truncated Maxwell- 
ian distributions, and collisions are neglected. Since the 
potential peak is presumably created inside the mirror 
throat, the ions have a drift energy Ed at the mirror throat 
due to acceleration by the potential drop between the plug 
to the mirror throat. 

The distribution functions of the ions and electrons 
satisfy the Vlasov equation. Thus we can express the dis- 
tribution functions with the constants of motion, the en- 
ergy E, and the magnetic moment p. The energy of an ion 
is E= (1/2)M(uf +ui ) +e#, where Mis the ion mass, e is 
the unit charge (e> 0), and uL and ulI are the perpendic- 
ular and parallel components of velocity. The magnetic 
moment is ,u= (1/2)M$ /B. The distribution function of 
ions coming out of the mirror throat is given by 

Ji(e)=Na(&)“‘exp( -‘;-I”)). (1) 

End-loss ions are bounded in the hatched region of the E-P 
space as shown in Fig. 4(a). The electron and secondary 
electron distribution functions are similarly given as 

fete) =Ndl (&)“‘w( -k), (2) 

4 
0 

-e@, 

FIG. 4. Energy-magnetic moment space of the ions (a), th primary elec- 
trons (b), and the secondary electrons (c). Here, E and /.L are the energy 
and the magnetic moment. Particles in the hatched region pass through 
the model region and those in the checkered region are reflected, where 
PO<&* 

fse(E) =Nseo ( s)3’2exp( -$ (3) 

where ~tz is the electron mass and the electron energy is 
E= (1/2)m(u: +z$ ) -ed. The subscripts i, e, and se de- 
note ions, electrons, and secondary electrons, respectively. 
Here, Na, N,, and N,, are densities of the full Maxwell- 
ian sources of each species. The regions in which the pri- 
mary electrons and the secondary electrons exist are 
bounded in the hatched and checkered regions in Fig. 4(b) 
and 4(c). Though only the expressions for a single- 
temperature electron distribution are given here for the 
sake of simplicity, it is easy to extend to the case of two 
electron temperature components. 

Integration of each distribution function yields the cor- 
responding density as a function of the normalized poten- 
tial r/ and the magnetic field B as given in the Appendix. 
The following nondimensional variables are used: 
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+=eqVTeL, r= TJT,Lp U= TJT,L, Sheath 

Here, I, and I, are the net fluxes of the higher and lower 
temperature electrons which reach the endplate. The flux 
of ions flowing into the endplate per the magnetic flux tube 
is given as 

Plasma Region Region 
< 3 

I I I I I I 1 

\G ----- 

SrrB, m 
1°F o dP s s Gi 

(4) 

It is constant throughout the region. The fluxes of the 
electrons and secondary electrons are similarly given as 

and 

I,=N,( 2) “2axp( $). (6) 

The fluxes of the electrons are related by Is,= - yl,, 
where y is the secondary electron emission coefficient. The 
floating condition of the endplate is Ii=Ie+Ise, which re- 
lates the endplate potential ZCI, with the density ratios 
NJNa and N&ND By imposing the charge neutrality 
condition at the mirror throat, qC is determined. 

The end region is divided into the plasma region out of 
the mirror throat and the sheath region in front of the 
endplate. In the plasma region between the outer mirror 
throat and the sheath region, the charge neutrality equa- 
tion 

Nit B,$) -Ne( BP+) -Nxe( B,$) =O (7) 

is employed for calculation of the potential profile. Here, 
the space charge is neglected but the effect of the magnetic 
field variation is taken into consideration because the mag- 
netic field decreases from 3.0 T to 0.014 T while the scale 
length of the spatial variation is much larger than the local 
Debye length. The solution at B= B,- AB near the mirror 
throat does not always connect smoothly to t/1=0 as AB/B 
goes to zero and a stepwise potential drop appears. How- 
ever, there is a unique value of the ion-drift energy $d 
which leads to a smooth solution at B= B,. The potential 
can be connected in a few Debye lengths when we solve 
Poisson’s equation. This indicates that if we do not con- 
sider a correct amount of the ion drift, we have to intro- 
duce a source sheath, where the charge neutrality is not 
satisfied. In this model $d is regarded as the potential drop 
from the plug to the mirror throat. 

Near the endplate, the axial scale length of the poten- 
tial is comparable with the Debye length (typically a few 
cm). Thus, the potential is calculated from the one- 
dimensional Poisson equation in the sheath region, 

d2$ e2 
;i;r=-EOTeLINi(Bt~)-N,(B,~)--N,(B,~)l. (8) 
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FIG. 5. An example of the calculated potential profile (solid line) for 
yL=0.65, yH=0.5, o=O.Ol, N*= 1 X 10” cm~’ 3. The potential $ is nor- 
malized as e+/T,,. The open circles stand for the potential measured by 
the Langmuir probe. The magnetic field profile is also plotted with the 
dashed line. The origin of the z axis is located at the mirror throat, which 
is different from that of Fig. 1. 

Here, e. is the dielectric constant in the vacuum. Because 
the variation of the magnetic field is from 0.014 T to 0.01 
T, we neglect the effect of the divergent magnetic field. 

The velocity distributions of ions, electrons, and sec- 
ondary electrons should change continuously at the tran- 
sition from the plasma region to the sheath region. Thus 
the potential and the densities should be continuously con- 
nected at the transition. The position of the transition is 
determined so that the potential drop in the plasma region 
plus the sheath potential is equal to 1cI,. The electric field 
and the densities calculated in the plasma region are used 
as the initial values of the differential equation. 

A detailed analysis of the model is provided in Ref. 18. 
Thus we show a typical example of the potential profile 
calculated with the model. ‘Figure 5 plots the normalized 
potential profile in the end region, which is similar to the 
experimentally observed potential distribution. There is a 
steep potential drop in front of the endplate, which is ob- 
served by using the Langmuir probe. Since +d is considered 
to be equal to e&$/TcL, where SC$ is the potential drop from 
the plug to the mirror throat, we compare the theoretically 
obtained potential drop $d-$C with the experimental re- 
sult eA@/TeL (see Fig. 1). 

Figure 6 shows a comparison of the experimental value 
with the calculated value. Here, $d and $= are evaluated by 
using measured parameters: TeL, TeH, fi, and the end-loss 
ion temperature. The effect of secondary electrons is also 
included in the calculation. The normalized value 
A$= A@/( #dd-$,) T,, is plotted as a function of T,,/T,,. 
The value of A@ lies around unity for various values of 
TedTc~, which points out that the calculated potential 
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FIG. 6. Comparison between experimental data and the theoretical cal- 
culations. Both values are normalized by T,,. 

f gd-- q$) T,, properly reproduces the measured A@. The 
satisfactory agreement means that the physical picture of 
the theoretical model developed in Ref. 18 represents the 
essential factors of the potential in the end region of a 
tandem mirror in which strong electron heating is em- 
ployed. Namely, AQ, is composed of the three major parts, 
i.e., the potential difference between the plug and the mir- 
ror throat, the potential drop due to the magnetic field 
variation outside the mirror throat, and the sheath poten- 
tial in front of the floating endplate. They are correctly 
evaluated by considering the energy spectrum of the end- 
loss electrons and the secondary electron emission. 

The energy spectrum of the end-loss electrons has been 
measured in a wide energy range up to 20 keV. Another 
component with a temperature higher than TeH occasion- 
ally appears. However, since the fraction of the component 

is very small (less than 1% at the highest ), this component 
has little effect on the potential. This has been confirmed 
with the model including three components of end-loss 
electrons. The energy spectrum itself is also an interesting 
subject which reflects the diffusion process in velocity 
space, 1912’ but discussions on it are beyond the scope of this 
paper. 

We have studied A@ along a magnetic field line. As a 
matter of fact, AQ, at two different radial positions corre- 
sponding to the two LED’s fits to the same scaling. This 
implies that the first consideration determining 
A@( =QP-QEP) is the charge balance on each magnetic 
field line. Experimentally, QP is positive and it has a radial 
profile peaking on axis. On the other hand Cp, is negative 
and it is minimum on axis. Thus the next problem is the 
examination of major factors which determine the radial 
profiles of @P and Cp, measured from the vacuum vessel. 
Up to now this has been partly studied from several view- 
points, i.e., the nonambipolar difl’usion’6 and the profile of 
electron heating.6 However, more comprehensive under- 
standing of the radial potential profile still remains as a 
future work. 

IV. SUMMARY 

A scaling for the difference between the plug potential 
and the floating potential of the endplate is obtained. The 
difference is nearly proportional to the effective tempera- 
ture of the end-loss electrons. The significance of the higher 
temperature component of the end-loss electrons on the 
potential formation is experimentally pointed out and it is 
theoretically confirmed. 
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APPENDIX: EXPRESSIONS OF THE ION AND ELECTRON DENSITIES 

Expressions of the ion density h’i, the electron density N,, and the secondary electron density N,, are given as follows: 

-exP(g?$&[ J&(~lli+iU)]J 
-{Fexp(&)(*+erf/s)), for p.5&-Lpc&!$, 
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B-B, 

J- 
--y-exp(&-$)D 

c 

C-42) 

:,( D[ /m]+ev(&c)D[ J~~$+~)])), for p,<k 

=i Nsd exp ; erfc (“)I /F+JFexp(&z) 

+\j-~exp(~)D[ /ml], for pcl,>pL,, L43) 

where erf and erfc are the error function and the complementary error function, respectively, and D(x) stands for the 
Dawson integral function:21 

s 

x 
exp(tl)& 
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