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The charge spectrum of cosmic rays, i.e., the elemental and iso-
toplc composition of the "standard" component as well as that of the so called
"anomalous" component may be determined at the level of their sources, during
their propagation out of the source environments, or even at both levels by
several procegses that may act in favouring the enhancement of some species
and the depletion of others relative tc local abundances® or simply in conserving
the composition of the site where they are accelerated. At the source level
these processes may take place prior to acceleration, during acceleration, or
after acceleration while the traversal, confinement and escape from the dense
source environment, For instance in the case that the particle composition is
determined by nucleosynthetic processes, these are supposed to have taken
place before the acceleration ({during normal stellar stages of evolution),during
rcceleration in connection for instance with spallation reactions or explosive
nucleosynthesis, or even between two acceleration stages, injection and final
acceleration, as well as outside of the sources during propagation, as is usually
evoked in relation with the production of some light elements which are absent at the
sgurces. However, as an alternative to nucleosynthesis process geveral
other kind of processes may be involved in the determination of cosmic ray
composition at the level of sources, as for instance, prior to the acceleration,
in situ, by chemical or plasma processes, during acceleration by intrinsic
features of the acceleration mechanism itself or after acceleration by effects
of magnetic rigidity, etc,

In particular, I will discuss here an interesting alternative to deter-
mine the cosmic ray composition at the level of the sources which is able to
explain some deviations of cosmic ray composition relative to local abundances,
based on the effects of coulombian energy losses during the acceleration stage.
It may be recalled that the necessicity of selectivity effects during acceleration
has been often evoked to explain some features of the cosmic ray compo-
sition that cannot be explained by nucleosynthesis. It will be shown here that
this kind of complementary process may or may not alter nucleosynthetic
composition at the level of the spurces, depending on whether the coulombian
losses are important or not during acceleraticn.

Let us begin by displaying an overview concerning coulombian
energy losses. No general expression is available to describe coulembian
losses through all energy ranges where they take place, in terms of the degree
of lonization of the target medium and with explicit dependence and the tempera-
ture of the same. The well-known formuia of Bethe-Block has been developed

*Comparisons are conventionally made relative to the s¢ called "universal"
abundances or the "solar system' abundances (SS). When the effect of propoga-
tion on the particles are subiracted, a compesition of particles is obtained

at the instant of injection, which is known as cosmic ray source composition
{CRSC). The ratio CRSC /SS shows that even prior to the propagation, the
accelerated particles do not entirely match the observational stellar abundances ;
some heavy nuclei tend to be overabundant, while light elements seem to be un-
derabundant. For solar particles, comparison is directly made with solar atmo-
spheric abundances and although the composition varies from event to event there
is also a general tendency of enhancement ¢f some heavy nuclei.
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for neutral media and then adopted to a fully icnized medium { e.g. Ginsburg
and Syrovatsky (1964)) but even then the formulation is essentially
independent of the temperature, In addition this formulation applies fur losses
in the high energy range, what is called the "cold gas approximation' or ioniza-
{ion losses, [n the low energy range, i.e. in the domain of nuclear stopping
and electronic stopping, what is called the "hot gas approximation” a lot of
work has been done in order to take intv accourt these kind of losses in atomic
media, without congidering the temperature of the medium. However, we know
that the parameter of temperature plays a very important role in astrophysical
conditions. It may be mentioned that some efforts have been made in the pasi to
take into account either the degree of ionization. or the parameter tempera-
ture of the medium, but oniy for the high energy range, i,e. lonization losses
{(e.g. Hayakava and Kitao, 1956, Spitzer, 1962, etc.). Nevertheless an interest-
ing formulation to describe energy losses through the entire energy range in
terms of the temperature of the medium has been derived by Buttler and
Buckingham, 1962, and Hayakawa & Aono, 1965. However, this only.
applies for a fully ionized gas independent of the degree of fonization of
the target, We are also able to study coulombian energy losses through the
entire energy range in atomic media by adding the contributions of nuclear
stopping and electronic stopping as given by Lindhard et al,, 1961, 1963 to the
ienization losses in atomic media, as described by the Bethe-Block formula,
although without any explicite dependence on the temperature, In the case of a
fully jonized plasma of hydrogen, the energy losses may be described according
to Buttler & Buckingham as {ollows :
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where the first and second term represent respectively the contribution of the
target electrons and target protons to the energy loss of ions. T and N are the
temperature and density of the medium; P , q and A are the velocity, charge
and atomic mass of particles respectively,
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Now, in erder to study how the selectivity effects on the cosmic ray composition
may appear during the acceleration stage, we proceed ag follows : instead of
analysing intrinsic features of a "hypothetical' acceleration me-hanisms (which
we do not know with accuracy, its efficiency and ite dependence on
charge and mass of particles), we reason on basis of more general grounds,
whatever the acceleration mechanism  involved, the fact is that acceleration
is competing with deceleration by coulombian interaction in the high density
media of the source : the effect of coulombian losses on particles of different

" masses and charges is fairly well-known. Therefore, this allows us to introduce
some criteria for particle selectivity provided the acceleration process
initiates from thermal energies with an acceleration efficiency which is not
extremely high to completely ignore the energy losses. Under these circumstances,



a given kind of ion is preferentially accelerated or depleted, depending on
whether the acceleration rate is higher or lower than the energy loss rate at

the beginning of the acceleration of thermal material. Reasoning on the basis
of a graph (Fig.14), this means, that given nuclei will be depleted or pre-
ferentially accelerated, depending on whether the acceleration rate curve
intersects or not,its corresponding energy loss curve : nuclear species which
undergo such intersections will be effectively accelerated only if they have
energy higher than the energy of intersection, in such a way, that probably

only those of the extremely hot tails of their thermal distributions are effectively
accelerated. These ions will appear depleted in relation to those that are free
accelerated because their energy loss curves do not intersect the acceleration
rate at the beginning of the acceleration process and therefore, any charged
particle is susceptible to being accelerated. If the curves do not undergoe
intersection at low energies, they will not join at higher energies because as
the energy increases the curves gradually move apart from each other, since
the acceleration rate grows faster with energy than the energy loss rate. For
the sakeof illustration, shown in Fig.}. are three arbitrary acceleration rates
which in a log-log scale may be represented by lines of slopes one half, one
and zero, and may be, for instance, associated respectively to a second order
Fermi acceleration, to a Betatronor adiabatic heating and to some kind of shock
wave acceleration or electrostatic acceleration : W is the total energy per
nucleon, g the velocity of particles in units of the velocity of light and o is
the acceleration efficiency. In Fig. 1~ the energy loss rate of protons in
ionized hydrogen and the mentioned acceleration rate are illustrated : the points
of intersection determine the threshold in energy (E¢, Eg and E;:') for effective
acceleration. It should be mentioned that this kind of selectivity criterion have
been previously suggested by Korchack and Syrovatsky, 1958, although in those
days the behaviour of energy losses with temperature in the low energy range
was not well-known, and therefore, the criteria of selectivity were developed
at the maximum of ionization losses, because o the lack of knowledge of the
patterns of the low energy loss curves, In addition, they assumed a situation
in which all nuclear species in the source at a given temperature have the same
charge state and that this does not change during acceleration within the dense
local material. As we will discuss later this is not what is in general expected
in cosmic ray sources.

Now, let us talk about the charge state of the ions at the beginning of
the acceleration, which constitutes one of the main factors in determining the
selectivity of particles during acceleration. In fact, the main effect of the
temperature on the energy losses of particles at the beginning of the accelera-
tion is through the charge state of ions. According to equation (1) stripped
jons loose much more energy than, for instance, singly ionized ions. Therefore,
in order to study the effect of energy losses on particle during acceleration,
thiree main assumptions on the charge state may be analysed.

First : To consider the idealised suggestion of Korchack and Syrovatsky
that all elements have practically the same charge state in the material of cosmic
ray source and that it remains basically constant during acceleration,

Second : That all elements are initially fully stripped, for instance,
because the local plasma temperature is very high, or because particles are
injected into the acceleration region with relatively high energies, proceeding
from a preliminary acceleration stage.

Third : A more general description. by considering that particles have

initially their individual charge states according to the specific temperature of
the source, and that their charge is changing with the increase in energy according
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to the processes of charge interchange. This implies that the particle charge
varies from the local initial value to a value lower or equal than the atomic
number, according to the following expression :

2
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where W1, = local charge state _
Z = atomic number 0. 66
Zeff = Zn [1 -exp (-129B /2y - )} = effective charge
Zth = Z;ffth = effective charge evaluated at the thermal velocity,

It will be shown that for a given degree of ionization of the target
medium, the last alternative will allow for a great variety of selectivity effects
according to the local temperature and the kind of acceleration rate involved.

Before analysing the last three assumptions, it must be mentioned
that whatever the initial charge state of particles, and independent of the
degree of ionisation of the medium, the criteria of selectivity are defined at
different energy levels, depending on the kind of acceleration rate consi~
dered. As canbe seen from Fig.l« for a rate of the kind dE /dt = & 32 W
the selectively criteria will be defined at the level of nuclear stopping, where
as for a mechanism with a rate dE /dt = o 3 'V it would be defined at the level
of electronic stopping. and for a rate of the form dE /dt = W |, this would
occur at the maximum of losses, where the ionisation begins to be predo-~
minant, Now concerning the first assumption on the charge state of particles,
if an overall charge state for all nuclear species during the acceleration is
assumed, it is obtained, at all energies, just what was predicted by Korchak and
Syrovatsky : the lighter the elements, the stronger the energy losses are, in
such a way that whatever the acceleration rate is, light elements may become
depleted in relation to heavy elements. In Fig.1b, is illustrated this idealised
case for an acceleration rate of the kind of the Fermi second order mechanism,
andan overall charge state of two (protons are plotted only as a frame of refe-
rence). However, if under this assumption it is easy to explain heavy element
enhancements we cannot consider it seriously because of the three following
main objections : first because at least for the case of solar particle sources
(solar flare regions) it is well-known from the works of Jordan 1969 and others,
that for a given temperature the charge state of different elements display very
different values, Secondly, because in high density sources the effective charge
states do not remain constant but increase during acceleration as the coulombian
electronic losses become dominant over the electronic capture (pickup) and
finally, because the predicted enhancement is a monotonic one with atomic
number, i.e, no light element may eventually be enhanced relatively to a heavier
one. In fact, it is observed in galactic cosmic rays as well as in solar particles,
that the general tendency of heavy nuclei enrichment is not precisely a mono-
tonic one : this statement may be appreciated in the well-known plot of the
ratio of CRSC /SS against atomic number, in the case of cosmic rays, (Fig. 1
of Prof. Biswas's lecture) and in plots of the over abundance factor of solar
particles as is shown in Fig.l¢, taken from the work of Cook et al,, 1979,
Concerning the second assumption, when particles are fully stripped, we can
see in Fig.1d, that the sequence of energy losses at all energies, is such that
the heavy elements are systematically depleted in relation with the lighter ones
(this is true whatever the degree of ionisation of the medium). This is pre-
cisely in bpposition to the general tendency of enrichment of the cosmic ray and
solar particle in heavy nuclei. Therefore, at least from the point of view of
selectivity effects from coulombian interactions, we can assume that very hot

278



reglons are not likely sources of cosmic rays, which is in agreement with 46
what Prof. Reeves has stated in an earlier lecture, that a temperature of 10

may be relevant in cosmic ray sources. On the other hand high energy partl—
cles that could eventually arrive at the acceleration region from a previous
acceleration step, would not contribute significantly to the enrichment of heavy
nuclei because this additional component would be depleted in heavy elements by
jonisation. The observed enhancements of heavy nuclei is therefore a strong
argument to support the fact that the main cosmic ray component is accelerated
from thermal material. In relation with the third assumption on the initial
charge state, it is found that the sequences of energy losses is highly assorted
depending on the local temperature, because under these conditions the energy
loss tendencies at the level of nuclear stopping are different from those at the
level of electronic stopping. and such are the patterns, at the level of ionization
logses. This is translated in a great amount of possibilities of particle enhance-
ments and depletions according to the temperature of the source and the kind of
acceleration process operating therein. These pruperties allow a certain amount of
flexibility to explain enhancements or depletion which do not behave munotomcally

with the atomic numbers.

In Fig.1e, is shown a typical solar flare situation where the charge
state of particles correspond to a temperature of 10° ®°K, It can be appre-
ciated that the sequence of the patterns of energy losses of some nuclei varies
from one energy range to another. As discussed before,in the domain of jonisa-
tion losses, the tendencies are systematically such that the heavier the nuclei,
the stronger the energy losses are, and this is what cannonically has been
considered in cosmic ray physics. For the illustrated acceleration rate and
efficiency values assumed, N, O and Fe are preferentially accelerated over C,
4He, 3He and H. However, at lower energies, in the domains of nuclear and
electronic stopping, where particles are not still completely stripped, the
sequence of losses depends on the charge state of particles according to the
temperature of the region.

In Fig.1f, is shown the specific case of the pattern of the Iron and
Oxygen energy losses for a temperature of T = 8 x 103 K and N = 1012 ¢m=3,
It can be seen that for an acceleration rate of the kind, dE /dt = B W | the
iron will be preferentially accelerated with respect to the oxygen if the accelera-
tion efficiency fortuitously falls in the range 2.71 $=1 03,4551 : for a value
lower than 2,71 S-1 both ions would be depleted and for an efficiency higher
than 3.45 S"l both nuclei would be preferentially accelerated. On the other
hand, if the acceleration rate were of the kind dE /dt = o p“w , then the select-
ivity would be defined at the level of nuclear stopping, and therefore, the
situation would be just the opposite, the oxygen could be preferentially
accelerated relative to the iron(because the iron has a lower thermal energy
than the oxygen, for some specific values of the acceleration efficiency the
acceleration rate curve could intersect the energy loss curve of the iron
without crossing the energy loss curve of the oxygen at the beginning of the
acceleration), Owing to the high variety of possibilities for selectivity effects
from the competition of acceleration and deceleration at the beginning of the
acceleration, it is possible to explain, in the case of solar particles (Perez-
Peraza and Lara, 1979) the so called, for instance, high -Z- rich events, the
iron-rich events, events enriched in M elements (C,N.Q) relative to Iron,
with their different nuances, according to the temperature of the source and the
acceleration mechanism involved., The charge spectrum of cosmic rays at the
level of sources (C R S C ) should be adequately reproduced if an
appropriate knowledge of the charge state of elements at different temperature
is available (as it is for solar flares) for the most plausible sources of cosmic
rays. A promising candidate are supernovae since the material is thermalized
during the lapse time between nucleosynthesis and acceleration ( ~ 1 to ~ 10 yrs. ).
Also it should be expected that this kind of selectivity effects, under a specific
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scenario may help in explaining sume features of the composition of the ano-
malous component mentioned by Prof. Biswas in his lecture ; more helium
than protons, more N. Ne and O than C, whereas Mg, Si, S and Ar are depleted,

It is interesting to mention that in the particular case of solar particles,
these kind of selectivity criteria allows to establish bounds in the acceleration
efficiency, and in turn to draw some astrophysical implications about the physical
parameters of the source and the hydromagictic conditions prevailing therein : given
a gpecific charge spectrum from a particular solar event, it is possible to find
the adeqguate temperature and acceleration rate that explains the observational
composition, such that by probing several densities, one may deduce the value
of acceleration efficiency that fits better the time scales of the flare pheno-
menon. In Table 1, are illustrated some general examples of the charge spectra
expected in solar particles, under different conditions of density and temperature,
if the acceleration efficiency causally ranges within the indicated values.

Table 1
If it were expected:

Acceleration Region
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of Fe, °He, %He over H, C, N, O Fe-rich
low P /ot ratios

2 x 104 jol1 -0.27-0.52 (s}
1012 =26 - 11.6 (s-1)
of Fe, N, C,O over 3He, H, 4He heavy-Z-rich
4 x 104 1010 = (0.049 - 0,08 (s~1)
1011 = 0,28 - 0.58(5°1)
1012 =42 - 6.4 (s-1)
of Fe over lighter nuclei Fe-rich
8 x 104 1010 = 0,096 - 0,053 5-1)
1011 =0.23 - 0,53 (s-1)
1012 =2.71 - 3.45 (s-1)
of Fe, 4He over C., 3He. N,O0.H Fe-rich
Low P /o ratios
105 109 = 4.2x10°3 - 6,3 x 10-3 (5-1)
1010 = 0,038 - 0.051 (5-1)
1011 =0.34-0.31 (s°1)

e S Lk L e e L L

Examples of preferential acceleration of some nuclei over others under different
conditions of the source provided that the acceleration efficiency is fortuitelly
comprised within the displayed ranges.

it has been discussed in this Workshop,the importance of the isotopic
composition of Ne; in particular the observed value of ““Ne /“YNe ~ 7 in solar
flare particles, as measured by the group of Chicago. To illustrate how the
effect of coulombian interactions may be involved in the determination of cosmic
cosmic ray abundances, we have here 2 very "economical' medel, that must
be taken only as a tcol of exemplification . It is well~known that the flare plasma
is a very inhomogeneous one from the point of view of temperature, ranging from
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~ 104 ~ 108 VK ; suppose that due to some kind of chemical process of isotopic

separation or any other process, 22Ne is rather concentrated in the hot plasma
of the flare, where its charge state becomes of the order of ~ 10, whereas

- 20Ne has been predominantly concentrated in cooler regions where its charge

state is ~ 4 : therefore, if the acceleration efficiency of the invulved process is

relatively low, such that none of them is preferrentially accelerated, but they

are subjected to depletion by Coulumbian energy losses ( with rate roughly

2/A). Therefore, the accelerated abundances would be in the order of

'f(q‘i/A)] 22Ne / [(q2/A) 20Ne)] ~ 1.

Though beyond the scope of the present topic, it is interesting to mention some
other astrophysical implications different from the selectivity effects during
acceleration, in relation with the dependence of coulombian energy losses on the
temperature of the target media ,

It should be noted that within the frame of the autogenic hypothesis of
Li, Be and B production by low energy particles, that is from 1-20 MeV /n, the
canonical calculations have been derived taking into account the deceleration of
particles with the Bethe-Block formulation, that is, quite independent of the
temperature of the spallation volumes, This is npot a bad approximation as far
as the spallation vplume is relatively cold, but for hot regions the energy losses
of particles of some MeV /n fall within the range of electronic stopping, that is,
qualitatively the energy loss rate is different, since instead of a shape of the
kind dE /dx « E~1 we have in this case dt /dx « g+l , and even if we adopt the
popular scenario of the production by high energy particles ( 2. 100 MeV /n),
that is, if we are in the range of ionisation losses, their effect is not the
same in a hot source as in a cold source; therefore, the flux and the spectral
shape of the primaries turns out to be different in order to explain the same
value of the relative ratio of secondaries. Another interesting feature is to
estimate the minimal energy of low energy particles that are able to leave
their sources according to the different temperatures prevailing therein and to
travel through the interstellar space, (independent of hydromagnetic effects)
taking into account the inhomogenity of this medium from the point of view of
temperature and density. This is interesting, since the energy losses have been
over-estimated very often in this regard by means of the Bethe-Block formula-
tion. An implication of the last one. in the possibility of heating some regions
of the interstellar medium without producing a high degree of ionisation of the
medium, since particles at the level of electronic and nuclear stopping are not
able to ionise the target medium, but only to pick up the electrons of valence bond.
In the domain of high energy particles it is interesting to take into account these
effects of temperature, when the demodulation of the observed abundances in
the interstellar medium is studied, in order to deduce the cosmic ray abundances
of the sources (CRSC). It should be expected that a more adequate consideration
of the temperature and density in the different regions of the interstellar medium
traversed by particles, and in particular, in the plausible sites for spallations,
may perhaps lead to some slight changes in the cosmic ray source abundances.
In other words, if we place in the frame of the galactogenic hypothesis of
H. Reeves for the production of Li, Be and B, the situation may be different
if the spallation takes place in the hot galactic corona from that of the cold
molecular clouds.
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