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ARE COSMIC RAYS EFFECTIVE FOR IONIZATION OF THE SOLAR NEBULA? A. Z. Dolginov 
and T. F. Stepinski, Lunar and Planetary Institute, 3600 Bay Area Blvd., Houston, TX 77058 

Most models of the presolar nebula predict that beyond a certain maximum radius R,, - 1 A.U. the 
gas temperature is too low to cause thermal ionization of any important gas constituent. In the nebular 
regions beyond R,, significant levels of electrical conductivity require some nonthermal ionization sources. 
Two such sources have been identified and considered in the literature; these are cosmic rays [I] and ra- 
dioactive nuclei 26A1 and 40K [2]. The effectiveness of those nonthermal ionization sources is crucial for our 
understanding of the hydromagnetic state of the nebula. It has been shown [3] that dynamically significant 
nebular magnetic fields cannot arise as the result of the compression of interstellar magnetic field during 
the nebula collapse, but have to be contemporaneously regenerated by the dynamo mechanism. Models 
of nebular dynamos [3,4] showed that ionization levels due to in situ radioactive nuclei alone are generally 
too low for a nebular dynamo to operate. The ionization rate (per H atom) due to cosmic rays is given 
by xcr = 10-l7 exp{-l/lo), where 1 pS is the column density of mass traversed by cosmic rays from the 
nebular surface to the given point inside the nebula, lo = 100 g ~ m - ~  is a characteristic attenuation length, 
and S is the length of the path traveled by cosmic rays. Nebular disk surfaces are defined at f h from the 
midplane, where h is the disk half-thickness. Thus, in the parts of the nebula that are too cool for thermal 
ionization to occur, directly penetrating cosmic rays may provide levels of ionization that are sufficient for 
maintaining a nebular dynamo, provided that the surface density at those regions is not much larger than 
l o .  

In this paper we argue that the effectiveness of cosmic rays to ionize the bulk of the nebular gas may 
be further impaired by the infhence of the magnetic field on the propagation of cosmic rays. When cosmic 
rays enter the nebutar disk they ionize the gas zmd make the dynamo generation of magnetic fields possible. 
However, once magnetic fields are embedded in the nebular gas, the upcoming cosmic rays can no longer 
penetrate directly into the nebular disk because they start to interact with the magnetic field and lose 
their energy before propagating significantly toward the midplane. That, in turn, undercuts the ionization 
source within t b  bulk of the gas stopping the dynamo action. Nebular dynamo models [3,4] ignored this 
back reactiw oil magnetic fields on cosmic rays. We calculate this back reaction effect, but for the sake of 
mathemtical simpllclty we ignore the effect of magnetic field weakening due to diminishing ionization by 
cosmic. ray* 

Itr gemral, cosmic rays cannot penetrate across the region pervaded by magnetic fields if the Larmor 
radius dlr, = EJeB of cosmic ray particles is less than the characteristic size of the magnetic field structure. 
Bere Ep is the energy of a particle, e is the charge of an electron, and B is the strength of magnetic 
field measured in Gauss, On the basis of evidence from carbonaceous chondrites [5] ,  as well as theoretical 
consi&ratioIls v] ,  we may assume that dynamo-generated magnetic fields in the solar nebula attained a 
magnitude of about 1 Gauss at the midplane of the region of present-day terrestrial planets. The structure 
of the nebular magnetic field is unknown, but it is conceivable that field lines extend beyond the surfaces of 
the nebular disk and form a magnetosphere. The characteristic size of such a magnetosphere is expected to 
be of the order of h, or about 1012 cm for the nebular regions under consideration. Thus a magnetospheric 
field of only about Gauss is needed to prevent cosmic rays with energies up to 1 GeV from penetrating 
direct& into the nebula. Nebular magnetospheric fields of such small magnitude are quite conceivable; 
however, the detailed assessment of their role in cosmic rays screening must await the development of models 
that can predict the actual structure of nebular magnetic fields. 

Because a magnetic field inside a nebular disk is maintained by a turbulent dynamo process, a large- 
scale field, B ,  is inevitably accompanied by a small-scale, random component, b, that has a zero mean value 
but a nonvanishing < b2 >. In the nebular regions capable of maintaining a magnetic field, fluctuations 
at least as strong as the mean field occur [4] and we may assume < b2 > ' I 2  - B = 1 Gauss. Cosmic rays 
that pass through the disk's magnetosphere and enter the nebular disk must now pass through the medium 
permeated by a magnetic field that fluctuates in space and time. For the overwhelming majority of cosmic 
rays (those with energies of about 1 GeV) the Larmor radius RL is much smaller than the characteristic 
length of magnetic inhomogeneities Lo, and particles rotate around and travel along lines of force. In a 
turbulent nebula those lines are highly tangled and loose the "memory" about their previous direction after 
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distance approximately equal to the correlation length of turbulent streamline Lo. We may assume that Lo 
is of the order of the size of the largest turbulent eddy, which in a turbulent nebula is estimated to be of the 
order of &h, where a is the dimensionless measure of the strength of turbulent viscosity. 

Thus cosmic rays are scattered on magnetic inhomogeneities and their motion inside the nebula more 
closely resembles diffusion than direct passage. If the distribution of scatter centers (which one can visualize 
as "nodes" of tangled magnetic field lines) is inhomogeneous enough, the particle would follow the random 
walk with the mean free path, A, given by [6] 

In this expression NM is the number of scattering centers per unit volume, which, within the order of 
magnitude, is equal to the number of turbulent cells per unit volume, or N x Lo3. The scattering cross 
section u(Ep, 0) is, in the first approximation, independent of energy and scattering angle 8, and proportional 
to L;. Using all these estimations we find that A F* 1 0 - ~ a ' / ~ h ,  or assuming a = 0.01, A = 10' cm. The 
cosmic ray diffusion coefficient D,, = cA is about 1019 cm2/sec. 

In the absence of a magnetic field, cosmic rays penetrate without any scattering into the nebula, but 
are unavailable for ionization after passing the veriical distance ddi, = llo/p. For the nebular region under 
consideration p x 10-lo g/cm3 and ddir = h, and the bulk of the gas can be ionized by directly penetrating 
cosmic rays. However, cosmic rays that undergo a random walk are unavailable for ionization after traveling 
the path S = cdiifl/4Dc,, where ddlR is the veriical distance penetrated by cosmic rays. Comparing those 
penetration depths we obtain 

For conditions characteristic for the regions of the nebula under consideration the ratio ddiff/ddir is about 
0.1 - 0.01. Therefore, in the presence of magnetic fields, cosmic rays can, a t  best, penetrate only a very 
small fraction of nebular thickness before becoming unavailable for ionization. In the presence of a nebular 
magnetosphere even more effective screening is possible. This result underscores the necessity of taking into 
account the back reaction of a magnetic field on cosmic rays when studying the nebular dynamo. A self- 
consistent, nonlinear model has to be constructed, in which resistive diffusivity of nebular gas is a function 
of magnetic field B in the fashion described here. We expect that, if this effect is incorporated, only the 
surface layers of the nebula would have a degree of ionization high enough to couple a magnetic field to  the 
gas. The dynamo can, in principle, still work, but the character of the generated magnetic field would be 
very different from the one we currently envision. 
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