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ABSTRACT 

Compression of low temperature spheromajc plasmas has been studied with 
the aid of a 0-D two-fluid computer code. It is found that in a plasma which 
is radiation dominated, the electron temperature can be increased by up to a 
factor of seven for a compression of a factor of two, provided the temperature is 
above some critical vahie(~ 25eV) and the electron density particle confinement 
time product rt;r,,£l x 10's/cm 3 . If the energy balance is dominated by particle 
confinement losses rather than radiation losses, the effect of compression is to 
raise the temperature as Te ~ C 6 ' 5 , for constant T P. 
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1. INTRODUCTION 
The spheromak [1.2] is a small aspect ratio toroidal plasma with toroidal and poloidal 
field strengths comparable. The magnetic fields are internally generated, with the size of 
the plasma determined by an externally imposed equilibrium field. This configuration, 
with no hardwaie(i.e,, toroidal field coils) on the symmetry axis, lends itself to the use of 
compression for auxiliary heatiug[3,4]. 

Spheromak compression has been examined by Katsurai and Yamada [4], and by 
Jardin[5j. Both papers argued that the spheromak should compress self-similarly, and 
hence follow the scaling laws for 'Type-A' compression of Furth and Yoshikawa[6j. Kat
surai and Yamada assumed that the compression would be adiabatic. Jardin suggested 
that compression could be used to burn through the low-Z radiation barrier(5]. For toka-
mak discharges, the possibilities for compression with radiation losses were discussed by 
Furth[7] and Green et al.[8]. With radiation included, the compression is no longer adia
batic. 

The power balance of currently operating spheromaks has been examined [9,10], and for 
these plasmas the dominant loss terms appear to be impurity radiation and the losses due 
to finite particle confinement time. These processes are coupled because the confinement 
time strongly affects the equilibrium cooling rate of the impurities[11]. If the replacement 
time is short, the impurity never 'burns through' to the less radiative He-like, H-like, and 
fully ionized charge states, as the particle losses are offset by the repopulation of the more 
radiative charge states. The resulting equilibrium cooling rate can thus be many times 
that found in coronal equilibrium. There is also additional ionization energy, which must 
be supplied by the plasma. 

This letter examines the effect of impurity radiation and finite particle confinement 
time on the changes in the plasma temperature due to compression. The precompression 
values of T, and ntTp are found to be important in determining the effectiveness of the 
compression in raising the plasma temperature. 

2. COMPRESSION SCALING 
If plasma compression is carried out on a time scale short compared to the resistive mag
netic diffusion time, magnetic flux is conserved. In addition, if any particles which are lost 
are assumed to be replaced {perfect recycling), the seeding laws for 'Type-A' compression 
[6], with R,a ~ 1/(7, shown in Table I, hold. The stored magnetic energy scales as C(not 
as C2 in Ref. 6). These scalings hold even if nonadiabatic terms are included in the 
evolution of the plasma kinetic energy. 

The evolution of the plasma temperature is determined by both adiabatic and nona
diabatic terms. If the adiabatic equation of state is assumed (conservation of entropy), 
p p - j = Constant-, with p = nT the plasma pressure and p the mass density, the tempera
ture sca'es as 

T~C2. (1) 
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The two adiabatic processes included in the energy balance are the compressional work 
done on the plasma by the external magnetic field and the loss of electron energy through 
the ionization of particles. The latter term is adiabatic in the sense that in the system of 
ions, electrons, and neutrals, energy is conserved as long as all the particles remain within 
the system. The additional degrees of freedom associated with the ionization can change 
7, the ratio of the specific heats, if the number of ionizations occurring is large[12]. In 
practice, this is not a large effect, if one assumes that the initial hydrogen plasma is fully 
ionized, and there are only a few percent impurities. 

The nonadiabatic contributions to the plasma power balance include ohmic heating, 
resulting from the decay of the magnetic fields, impurity radiation, and the losses due to 
finite particle confinement time. 

When it is assumed that the radiation losses in the plasma are insignificant, the ohmic 
heating must balance the loss due to the finite particle confinement time. Thus, for fixed 
rpi the electron temperature scales under compression as 

r e~Ci. {2) 

Because scaling of the observed particle confinement times are unknown[9), it will be 
assumed that the confinement time remains constant during compression, consistent with 
the scaling of the classical particle confinement time under adiabatic compression. 

In a plasma with impurity radiation as the dominant loss term, the increased density 
due to compression has two major effects on the power balance of the plasma. Initially, the 
radiated power density increases, P r o j ~ nj ~ C*, compared to the scaling of the ohmic 
heating power, P 0j, ~ C3 for adiabatic compression and P„h ~ C* for constant temperature 
compression. Thus, a plasma with an initial balance between ohmic heating and radiation 
losses might have co electron temperature increase due to compression. 

A competing effect of increased density due to compression is that the collisional ion
ization rate per ion increases and can lead the impurities to evolve to less radiative charge 
states. An examination of the paper by Carolan and Piotrowicz[ll] (hereafter referred to 
as CP) suggests when this effect allows compression to be effective in radiation-dominated 
plasmas. In CP, the radiation rate coefficients(vV-cm3) for oxygen and carbon are plotted 
versus temperature for various values of ntrp, with ntrp = 1.0 X 10 1 2 s/cm 3 close to coronal 
equilibrium. Above some critical temperature, roughly 25 eV for oxygen and 20 eV for car
bon, the radiated power function decreases with increasing nerp, from nerp ~ 1.0 x 10 9 s/cm 3 

to neTp ~ 1.0 X 10 w s /cns 3 . The amount of decrease is such that it keeps the power radiated 
per ion roughly constant as the electron density is changing, if the particle confinement 
time and electron temperature remain constant. In this condition, the radiated power den
sity scales as Prai ~ C 3 , which allows the temperature to scale as T, ~ C 2 . This increase 
in the temperature reduces the radiated power, and the increase in ntrp also raises Zef/ 
so that the temperature can rise further. Below the critical temperature, an increase in 
neTp does not change the radiated power function. Thus, in a case where radiative power 
loss is the dominant lo3s mechanism, these estimates suggest that if ntrp £ 1.0 x 10 9s/cm 3 

and the uncompressed electron temperature is greater than 25 eV for oxygen or 20 eV for 
carbon, compression can raise the electron temperature significantly. 
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To study the interaction among the various terms in the plasms, power balance, a 
zero-dimensional, two-fluid computer code has been written. The most important effects 
neglected in this treatment are those associated with the plasma profile. The extension to 
a one- or one and one half-dimensional calculation would be much more complicated, and 
would require many more assumptions. The 0-D calculation can be thought of as a rough 
average over the central region of the plasma. 

The power loss terms included in the 0-D code are impurity radiation, the loss due to 
finite particle confinement time(including the power to ionize the replacement particles), 
and the power lost through the ionization of the impurity ions. Other processes could also 
be included, i.e., thermal conduction, but their scalings are unknown and the basic physics 
can be shown with the above terms. 

The compressional work done on the electrons, ions, is 

P c e i ~ P e ' V dt ' 
where ptj is the electron, ion pressure, and V is the plasma volume. It is assumed that 
the compression will be driven by a capacitor bank into an inductive vertical field coil. If 
resistive effects are neglected, the current in the coil will have the form I„ ~ J 0 sin wt, with 
w = 7T/2TC. The size of the plasma is assumed to be determined by 

The effect of an increase of the size of the plasma is C2 ~ Bv(t)/B^, Thus, the time 
evolution of the plasma volume due to compression is 

\_dV_ _ 3 ( C g - l V c o s u t 
V dt ~ 2 ( l + ( C 2 - l ) s i n u > t ) ' 

The tim*: evolution of the current density includes the compressional effect as well as the 
resistive decay. 

The radiated power is calculated through a time dependent nonequilibrium coronal 
calculation of the fraction of the impurity density in the various charge states. The impu
rity ionization, recombination, and radiated pover coefficients are calculated using a set of 
subroutines described in Refs. 13-15. In addition, the important effects of a finite impurity 
confinement time are included. Atomic processes included are collisional ionization, radia
tive and dielectronic recombination, and charge exchange recombination. For the latter, an 
estimate of the neutral density is obtained from r p . For an equilibrium density, the particle 
source and loss rates must be equal, «jy/r p = non e(ov),- o n, where «o is the neutral density, 
and {av)im is the collisional ionization rate of hydrogen. Charge exchange recombination 
is found to have a negligible effect on the impurity ionization state balance for the cases 
studied. 

The fraction of impurities in various charge states, 

f — " " P 
J+n — <r*z +5 r 
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can be solved for through a coupled set of rate equations, 

| k =* / , . , / , . , + R^J^t - (J f + R,)ff ~^+S, (4) 

for 0 < q < Z, with Z the atomic number of the impurity. Iq,R^ are the ionization and 
recombination rate coefficients per ion. 

The complete 0-D problem is described by two sets of coupled equations, one describing 
the evolution of the impurity fractions, another describing the evolution of the other plasma 
parameters. These two sets are solved on alternate time steps. This allows the rate 
coefficients to be calculated once for each step advancing the impurity fractions. All of 
the computational parameters, for example the time step for the implicit techniques and 
the interpolation range of the rate coefficients, were varied to minimis the computational 
time while leaving the results unchanged. 

3. NUMERICAL RESULTS 
The efiect of compression on the electron temperature is discussed here for two extreme 
cases, one with the dominant power loss due to finite particle confinement time, and the 
other where impurity radiation is the dominant los3. The effectiveness of the compression 
is measured by I\ the ratio of the peak electron temperature of the compressed plasma to 
that in the uncompressed plasma, r = 4 for adiabatic compression with C = 2. 

In the cases where finite particle confinement time is the dominant loss term, Eq. (2) 
gives F = 2.3 for a compression with C = 2. This figure is obtained as well in the numerical 
results. 

The more interesting case is when impurity radiatica power is the dominant loss mech
anism. For definiteness, it is assumed that oxygen is the only impurity species, and the 
results presented are for C = 2. 

Figures la and lb show the evolution of the electron temperature and electron power 
balance for plasma where the power lost through impurity radiation, P„ui, dominates that 
due to finite particle confinement time Fj e . The initial conditions are j — 125 A/cm 2 , 
rti = 4 x 1 0 1 3 c m - 3 , TP = 1.0 X 10~3sec, and Z% oxygen. Figures l c and Id show the effect 
of compression from 0.5 to 0.6 msec on the electron temperature and power balance. P« 
is the compression^ input energy, and Pu is the power lost by the electrons to the ions. 
In this case T = 6.4, so that the electron temperature has increased more than would 
be expected in adiabatic compression. The precompression temperature is 28 eV so it is 
expected from an examination of CP that tne compression should be effective in raising 
the electron temperature in this case. 

A series of simulations were run, keeping nerp =. 4 x 10 l 0 sec/cm 3 and with 5% oxygen, 
with the precompression electron temperature varied by changing the current density. The 
effectiveness of compression(r) is plotted in Fig. 2 versus precompression temperature. It 
can be seen that, as expected from CP, the compression is effective if the precompression 
temperature exceeds ~ 25 eV. 
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The effect of the precompression n^ on T is shown in Fig. 3. In this case, the ohmic 
heating per particle was kept roughly constant, and the impurity fraction was varied JO 
that the uncompressed plasmas would be dominated by radiation losses and have precom
pression electron temperature of roughly 30 eV. As expected from CP, the compression 
was not effective if the density confinement time product was less than 3 x 10 9sec/cm 3. A 
similar set of runs was made with the precompression temperature roughly 20 eV, and for 
all values of n e r p , the compressed electron temperature remained at 20 eV. 

Simulations were also performed with carbon as the impurity species, and the results 
were found to agree with the expectations obtained from CP. If the precompression temper
ature is above 20 eV in a carbon radiation-doa'inated discharge and ntrp£, 1.0 x 10 9sec/cm J, 
the compression is effective in significantly raising the electron temperature. 

The radiated power functions of higher Z elements, such as iron, show less dramatic but 
still useful decreases in the radiated power function with increasing ntrp[ll]. Simulations 
were run with iron, and again the discharges with PTad ^> Pic showed large increases in the 
electron temperature, reaching F > 4, 

For cases with a balance of losses due to impurity radiation and finite particle confine
ment time, the increase in electron temperature is found to be between that of either of 
the two extremes. 

4. CONCLUSION 
The compression of low temperature spheromak plasmas has been examined and simulated 
for a wide range of parameters with a time-dependent power balance computer model. It 
was found that the most important effect of the compression is to increase the current 
density and electron density, which allows higher temperature states to be achieved. The 
greatest improvement occurs for states where the radiation power dominates the power 
loss due to particle recycling. An examination of Carolan and Piotrowicz[llJ allows an es
timate of required plasma parameters for compression to be effective in raising the eiectron 
temperature. A radiation-dominated plasma with oxygen as the dominant impurity must 
have a central electron temperature greater than 25 eV, while if carbon is the dominant 
impurity species, the temperature must be greater then 20 eV. In both cases, the electron 
density recycling time product, neTf, must be greater than 1.0 x 10 9s/cm 3 . Once the ef
fects governing the particle confinement can be better estimated, a one- or one and one 
half-dimeuional simulation of spheromak compression could be used to provide a more 
detailed examination of the compression physics. 
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Adiabatic Scalings 
Plasma Current / ~ C 
Current Density j~C3 

Plasma Density n,~C3 

Magnetic Field Bt~Bp~ C2 

Table 1: Scalings of various plasma quantities under a compression of a factor C, where 
R ~ l/C. 



FIG- 1. Evolution of the electron temperature and power balance for an un
compressed plasma (a.b), and for the same plasma undergoing a factor of 2 
compression, beginning at 5 x 10~*aec and ending at 6 X lQ~43ec. (c,d). 

FIG. 2. Ratio of the compressed to uncompressed electron temperature(r) 
for a factor of two compression for a series of uncompressed temperatures. 
These cases have nerp = 4.0 x 10 I 03/cm 3 and 5% oxygen. The uncompressed 
temperature was varied by varying the current, density. 

FIG. 3. Post-compression electron temperature versus nerp for a series of sim
ulations, where the ohmic heating per electrn was held fixed, the impurity 
fraction was varied to give initial temperatures cf ~ 30eV, and roughly 70% of 
the input power lost through impurity radiation. 
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