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ABSTRACT 
Magnetic fields give rise to several phenomena that can significantly affect ionization 

balance in a plasma. Theoretical models commonly used to determine the char, oe state 
distribution (viz., <Z>) of ions in non-magnetized plasmas are reviewed first, for both 
equilibrium and non-equilibrium situations. Then, after a brief survey of laboratory and 
cosmic plasmas with strong fields, B > lo6 Gauss, some of the ways such magnetic 
fields influence <z> are highlighted. Most key problems have yet to be tackled. 

1. Introduction 

The effects of strong magnetic fields on quantum phenomena continues to be a topic 
of much interest to physicists and astronomers investigating a wide array of topics - the 
formation and evolution of high-energy-density plasmas in pulsed power experiments, the 
structure and radiative opacity of neutron star crusts, transport coefficients of matter 
irradiated by sub-picosecond lasers, the quantum Hall effect, the spectroscopy of magnetic 
white dwarf stars, etc. Although a new monograph1 by Ruder et al. provides ample 
evidence of many developments in this active research field, overall the passage of time 
seems to find more questions in this subject being raised than being answered. 

One pervasive plasma problem is that of ionization balance: What is the distribution 
of charge states { Zi } of the various atomdmolecular species in a plasma? Of course, the 
spectroscopic emission from a plasma depends sensitively on ionization balance, Erst and 
foremost through the abundances of different radiating species, and second through the 
Stark broadening of lines, since the plasma microfield distribution Ts quite sensitive to ion- 
ion repulsion. However, the broader relevance of ths issue is illustrated by Table 1, which 
gives charge-state dependences2.3 of a few, key quantities in a plasma of fixed nucleon 
number density N. (These simple scalings for the transport coefficients strictly apply when 
just the electrons have a non-equilibrium distribution.) 

In this paper, we first review concepts and methods pertaining to the determination 
of ionization balance in plasmas without magnetic fields, and then outline some of the 
complications introduced by the presence of a strong B field. 

Table 1. Some Plasma Quantities That Depend on <Z> 

Quantity 2-scaling for fixed nucleon number density 

(ideal) gas pressure P-(<z> +1) 
electrical resistivity q - a 2 > / < z >  

ionic viscosity pii - 1 / a 2 9  
bremsstrahlung E -<z><z2> 
thermal conductivity K - <z> / <z2> 
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2. Ionization Balance in Plasma 
2.1 Equilibrium Plasmas 

With ut Magnetic Fields 

Thomas-Fermi and related statistical models4~5~6 have often been used to determine 
thermodynamic properties of the very dense plasmas common to stellar interiors and inertial 
confinement fusion (ICF) experiments. With considerable, but sometimes rather ad hoc 
elaboration, such approaches can yield a fairly accurate mean charge <Za> for each 
element a in an equilibrium mixture of specified temperature 0 and total nucleon density N 
= c N,. The basic idea is that a spherical density of electrons Ne(r) surrounds every 
nucleus 2,; integration of this density (determined, e-g., by the Thomas-Fermi equation) 
over the volume accorded any particular nucleus (r 5 R,) yields Zcr electrons. The density 
of electrons at the surface, Ne(&), defines the mean charge, 

and, since the thermal equilibrium values of Ne(Ra) must be the same for all species. the 
overall mean 

is straightforward to compute. 
An important limitation of these statistical models is that no information is available 

regarding the actual distribution of ionic charge states about the mean value. For plasmas 
that are neither degenerate nor relativistic one can use the Saha-Boltzrnann equation7 to 
determine the relative abundances of successive ionization stages of a given plasma species. 
Nz and NZ+l, whose ground stztes are separated by an energy I,, 

In this equation, the quantities Q are internal partition functions; for the electrons Qe = 2, 
and for each ion there is a sum over bound states V, viz. 

The Saha-Boltzmann equation has been widely used in astrophysics for stellar atmosphere 
modelling.8 It has even been used in Big Bang cosmology to track the degree of ionization 
of the primeval H/He plasma as the universe expands and cools.9 

For a plasma with several atoms or molecules, the degree of ionization of the 
different species is connected only through the electron density but, even so, the 
determination of mean values <Za> from a set of Saha-Boltzmann formulae requires the 
solution of many coupled, non-linear, algebraic equations. Zeldovich and Raizer7 describe 
a useful approximation scheme for this problem. 



2.2 Non-equilibrium Plasmas 
Plasmas can be out of equilibrium for many reasons. For instance, particle energy 

distributions may be non-thermal, or different particle species may have different 
temperatures; in these regards, photons are also "particles." Alternatively, a plasma may be 
optically thick only at certain wavelengths (i.e., at the centers of strong lines), in which 
case the coupling of matter and radiation is regulated by competition among numerous 
atomic processes. Timescales for conditions to change in most cosmic plasmas are long 
enough that they can usually be assumed to evolve through some sequence of quasi-steady 
states. Stellar interiors provide an excellent example of plasmas in "local thermodynamic 
equilibrium," wherein there is a well defined temperature 0 = O(r) that varies only slowly 
with radius. On the other hand, because laboratory plasmas are produced by external heat 
sources, and generally are small and short-lived, their non-equilibrium characteristics may 
be strongly time- and/or space-dependent. 

The steady-state coronal model10 is appropriate for low-density plasmas in which 
the radiation field is unimportant. (It is perhaps surprising that this model was originally 
devised for the analysis of X-ray lines from the solar corona.) In particular, one assumes 
[ 13 that particle distributions are Maxwellian; [2] that excited states, however they are 
produced, decay radiatively; and [3] that essentially all ions are in their ground states. 
Ionization occurs only by electron impact. Recombination occurs by radiative and 
dielectronic processes, but not by three-body interactions. Altogether, these conditions 
yield a time-independent ionization balance for each species that is a function only of the 
plasma temperature. Besides its utility in the study of solar and stellar coronae, this model 
has found wide applicability in the analysis of magnetic confinement fusion (MCF) plasmas 
in tokamaks and mirror machines. 

The steady-state nebular model1 1 is appropriate far certain low-density plasmas in 
whch the radiation field is important. Here, one again assumes that particle distributions 
are Maxwellian, and that densities are too low for three-body recombinations to be 
important or for there to be significant excited-state populations. However, now, 
ionization occurs only by photoabsorption, and the radiation field need not be Planckian. 
Consequently, the nebular ionization balance for each species depends on the radiation's 
spectral characteristics, as well as on the density and temperature of the gas. Most 
applications of the nebular model have been to astrophysical plasmas surrounding or 
adjacent to strong radiation fields; examples include12 circumstellar nebulae (the so-called 
Stromgren spheres), diffuse interstellar clouds, and the extragalactic gas that produces 
quasar absorption lines. 

Time-dependent coronal situations can be examined if the temperature 0 = @(t) 
does not change too quickly. Time-dependent nebular situations can be treated if N, 0 and 
the radiation field all vary only slowly with time. One can also apply the nebular and 
coronal models to plasmas having spatial gradients in these quantities, if these variations 
have characteristic lengths much larger than the relevant particle mean free paths. The l/r2 
geometric dilution of stellar radiation as it propagates into the surrounding gas is a common 
example. 

The collisional-radiative (CR) rn0de11~9~~ represents a generalization of the above 
ideas to dense plasmas, in which three-body recombinations and collisional transitions 



between excited states cannot be ignored. The importance of the radiation fieid need not be 
specified a priori. Now, the number density Ncc,z,v of ions in any particular state is 
governed by a rate equation of the general form 

diu'cr,z,v /dt = Fcr,z,v - Dcr.Z,V ( 5 )  

The destruction rate D is proportional to Na,Z,v and includes all important radiative and 
collisional transitions out of the ion's state v. The formation rate F includes all the 
important radiative and collisional transitions into this state, each term in the sum being 
proportional to the density of ions in a particular initial state. 

As originally described by Bates and co-workers, the CR model incorporates the 
following simplifications: 

(i) All excited states are assumed to have populations independent of time and 
fixed by the instantaneous conditions in the plasma, viz., for them dNa,z.v /dt = 0. (The 
argument here is that rates for transitions between excited states tend to be much faster than 
rates of ionization or recombination.) This makes it possible to express each excited-state 
population as Ncr,z,v = [ av Na,z,gnd + bv Na,z+l,gnd ] and then to cast the time-evolution 
equation for each ground-state density in the form 

with R and S being effective (two-body) rate coefficients for recombination and ionization 
that are implicit functions of N and 0 and the ambient radiation field. 

(ii) The total density of excited-state ions is assumed to be much less than the 
ground state density, for every ionization stage; therefore the nucl.eon density of any 
species is just the sum of ground-state terms Na,z.,ond. 

The CR model has been used extensively to analyze population kinetics in laser- 
produced plasmas. Spectra from TCF experiments are usually interpreted by comparing the 
data to relative line intensities computed for a grid of temperature and density points.15 An 
even more sensitive application of the model has been its use in the design of laboratory X- 
ray lasers.16717 These plasmas have transient (< 1 nanosec) population inversions between 
excited states of highly ionized atoms, and literally thousands of transitions between 
hundreds of levels spread over many ionization stages must be considered. 

The extremely time-dependent plasmas created by ultrashort-pulse (< 1 picosec) 
laser irradiation of solid surfaces represent yet another exotic environment that is beginning 
to be analyzed within the context of the CR model.I* Here, though, both of the 
simplifying assumptions mentioned above may be questionable. 19 First, the plasma 
temperature may be rising on a timescale that is too short for an effective ionization 
coefficient S(N,O) to have meaning: one needs 0 to be practically constant for times of 
order (Ne S)- l .  And, second, as the temperature rises the plasma evolves through a 
succession of ionization stages by populating excited levels and then ionizing them; hence, 
there will be times during which a large fraction of the ions are excited. Unpublished 
calculations by Jones and the author19 exhibit both of these effects. Not surprisingly, they 
also demonstrate that the ionization balance is far from what equilibrium models predict. 



5 
L. 
m 
u 

v) 

0 

v) 
t 
3 
(I) 

c. 

n 

Figure 1. Laboratory and Cosmic Plasmas with Large B Fields 

Plasma processing of materials is a new area of application of the CR model.20 
Molecular ions often are involved, for which there is much less information on energy 
levels and collisional and radiative transitions. Moreover, the non-Maxwellian particle 
distributions that are generated not only influence plasma-surface interactions, but also 
affect the rates of collisional processes and chemical reactions in the plasma itself. 

3. Plasmas With Large Magnetic Fields 
Ever since the pioneering work of Zeeman, Hale and others nearly a century ago, 

the behavior of matter in magnetic fields has been an important astrophysics topic. Most 
early investigations - terrestrial as well as astronomical - dealt with the weak-field regime 
(say B << 1MG) and low-lying states, in which cases magnetic interactions could be 
adequately treated as perturbations of field-free atoms and ions. In recent decades the focus 
of research has evolved to include high-lying (Rydberg) states as well as strong fields (B 
>> 1 MG). Fig. 1 shows the very large field strengths typical of certain plasmas. 

It was first argued in the mid-1960's that pulsars are rapidly rotating neutron stars 
with surface fields of order 1012G. There now exists a considerable body of work, both 
observational and theoretical, to support this view, and the physics of these most intense 
fields has received a lot of attention.21 One novel aspect of this regime is that the 
wavefunctions of "free" electrons correspond to quantized, Landau states, and a good 
approximation for the wavefunctions of bound electrons is that of Landau states perturbed 
by the Coulomb field of the nucleus. It should be noted that statistical atomic models have 
been developed for this regime.22723 

The intermediate range of field strengths, lo7 G < B < 109 G, presents a major 
challenge to theory, because here traditional perturbation methods fail. This range of 
"strong" B-vaIues includes the magnetic white dwarf stars, of which about 30 are known, 
and the laboratory plasmas generated by short-pulse laser irradiation or explosively driven 
flux compression (i.e., pinch) devices. (References 1 and 24 cite several relevant papers.) 
These stellar plasmas are fairly uniform and in steady-state, while these laboratory plasmas 
have large spatial and temporal gradients. Thus, there is a need to understand both 
equilibrium and non-equilibrium ionization balance in strongly magnetized plasmas. 



4. Ionization Balance in Plasmas With Strong Magnetic Fields 

4.1 Eqrrilibviurn Plasmas 
Consider again the Saha-Boltzmann formula. Eqn. (3). A magnetic field shifts the 

atomic energy levels EZ,v and removes degeneracies associated with the Coulomb 
interaction. If the field is weak then, in a manner described by Peierls,25 perturbation 
theory can be used to find the change in the atomic partition functions. But, if she field is 
strong, the quantities Qz must be constructed directly from an eigenspectrum that can only 
be determined numerically (e.g., as in Ref. 1 for hydrogen). 

When B much exceeds the atomic unit of field strength, Bo = 2.35 x IO9 G. it has 
been found that hydrogen has one very deeply bound state. yielding an ionization potential 

I[B] = (IH /3) ln2(B/Bo). (7) 

Energies of the other bound states are much less drastically changed. Thus, if one can 
neglect excited-state contributions to QH, this expression can simply be substituted for IH in 
Eqn. (3). 

As noted above, "free" electrons are now under the influence of the magnetic field. 
Their complete partition function must represent unquantized (thermal) motion parallel to 
B, and quantized motion (viz., Landau orbitals) perpendicular to B.  A straightforward 
calculation26 gives the result that the spin statistical weight factor Qe = 2 in Eqn. (3) must 
be replaced by the function 

where the argument 5 = [(2B/Bo)(I~ /e)]. The function Q&) drops smoothly from 2 to 0 
as log j increases from -1 io +I. 

Two crude calculations illustrate how much large B fields may alter ionization 
balance in equilibrium plasmas. One example is that of an old neutron star, whose surface 
temperature has cooled to 0 = ~OIH, and whose magnetic field has weakened to B = 10Bo. 
In this case, the left hand side of the Saha-Boltzmann formula for hydrogen, that is. the 
quantity [ N e 2 / N ~ ] ,  is reduced to about 25% of its field-free value; this is mostly a 
consequence of the large increase in binding energy, as approximated by Eqn. (7). A 
second example is given by a magnetic white dwarf star with representative parameters 0 = 
2 eV and B = Bo /5. Here, the ratio [Ne2 /NH] is reduced to less than 10% of its field-free 
value; this time, the reduction is mostly due to a smaller effective partition function for the 
free electrons, as specified by Eqn. (8). 

To this point our discussion has ignored one important phenomenon, namely, an 
atom or ion with velocity v in a region with field B experiences a motional electric field 
Em = [(v/c) x €31 in its rest frame. This electric field augments the plasma's own 
microfield and therefore should modify the extent of continuum lowering in the plasma. In 
fact, in magnetic white dwarfs the two fields can be comparable, and this may explain why 
so few Balmer lines are present in some spectra.27 Just how the motional field changes 
atomic partition functions is not clear. Pavlov and Meszaros28 recently analyzed the 



problem via perturbation theory, but the high-lying Rydberg states are too strongly affected 
for this approach to be valid. Moreover, detailed spectroscopic information on this issue 
may be difficult to interpret: the motional field enhances Stark widths but it also introduces 
correlations between the Doppler and Stark broadenins mechanisms. 

4.2 Nmi-equilibrium Plasmas 
Very little can be stated about the influence of B fields on plasmas not in thermal 

equilibrium because there are virtually no published rates for electron-impact excitation or 
ionization of ions in strong magnetic fields, B - Bo. The theoretical challenge is 
considerable, as one can glean from the review paper by McDowell and Zarcone.29 There 
has been success in calculating various radiative rates (bound-bound and bound-free) for 
€3- and also He-like systems, and some of this work is summarized in Ref. 1. One cannot, 
therefore, perform realistic calculations for B # 0 coronal or nebular models, much less CR 
models. 

In non-equilibrium situations the motional field introduces yet another complication. 
related to its modification of plasma continuum lowering: bound electrons whose energies 
are near the top of the local maximum of the effective potential (&ff /r + rern ) can rapidly 
ionize by tunneling through the barrier, and this process of Lorentz ionization competes 
with other radiative and collisional depopulation mechanisms. 

4.3 Relared Issues 
Most plasmas that have strong magnetic fields are also hot and dense - they are 

high-energy-density plasmas. So, in many instances one will have to deal not only with 
large B-field effects but also the modifications to atomic and plasma phenomena brought 
about by high densities. Non-ideal plasma equations of state, radiative opacities, and 
transport coefficients (such as the quantities listed in Table 1) all need to be generalized to 
include strong B fields, too. Work with D. Geller is in progress to study how the highly 
distorted atomic charge distributions which arise when B 2 Bo modify the elementary 
(elastic) scattering process that controls electrical and thermal conductivities. 

All these problems are likely to become even more important in the years ahead, as 
a new generation of ICF facilities start operating, as technology allows short-pulse lasers to 
operate in the femtosec range, and as the quality of astrophysical data continues to improve. 
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