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1.- Introduction. The analysis of the spectral distributicn of
leads to obtain information about the physical constraints that
their generation process and the source parameters. Regarding
rrocess,is at present widely accepted that this is & process

ter,as ccllisionless magnetohydrodinamic turbulence,thus,ve con
istical type mechamism,since several spectral shapes may be obtail

kind of process,depending upcn the different assumptions regardi €

rate of acceleraticn and the characteristic confinement time in the accelera
region (Wentzel, 1965). The case to be discussed here is for a mearn confinement
time,T,and for a rate of energy gein which is proportional tc the energy and de-

pendent on the velocity of particles, as

d‘J z ¢ 22N =
(55 =0 f=alws(1?) %)Y (1)
¥
vhere fis the velocity of particles in units of the light velocity,o is the pare-
rmeter of acceleration efficiency,which in the case of the solar source may be con-

sidsred as roughly constant through the main part of the process (Pérez-Peraza,
1975)5Me? and W are respectively the rest energy and the total energy of particlies.
In the perticular case of soler protons,Heristchi and Trottet (1971) have sho
that the best representation through the whole energy domair explored experimen-—
tally at present is given by a rower law in kinetic energy with a high energy cut
off Epjmoreover from the studies of solar proton events of Bryant et al.(1965),it
follows that the observed differential intensity and the source spectrum inferred
a2z 2 power law ir energy,are both velocity-dependent. Therefore,we have chosen the
sceeleration rate (1) because it furnishes the velocity-dependence and the inverse
power law in energy such as suggested by these experimental results. We shall com
pare nere the experimental spectra of proton events with the source spectra, in
crder tc make inferences about the physical parameters and the generation process
of solar particles at the source. For simplicity we shall assume that modulating
effects in interplanetary space do not introduce an important modification in the
source spectrum during their propagation to the earth.

2.- The source spectrum.Following Fermi (1949) assumptions,we made the following
hypotheses: we assume that Ng particles with cimilar energy are present in the
regiorn where the Fermi-mechanism is operating and a fraction of them are accel-
ersted at the rate (1) while escaping with a mean probabtility 1-'per second fror
this region; furthermore,by snalogy with radioactive decay the energy distribution
is assumed as an exponential distribution in age as follows:

H(W)aw=N(t)at= gn-exp (-t/T)at (2)




ir such @ way that neglecting energy loss processes during acceleration ané trans-
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1ing the time dependence into an energy dependence,we immediately ottain from
%) and (2) the following differential energy spectrum

(W)= _Q_(M 2)1/0LT(1-;6) l/m ~{ielfor]

0( 2v2/at {We(Wi-(Me? )yh}l/ar .
Mc ) fwz (Mcz 4}1/4 (D/

zquation (3) thus represents the acceleraticn spectrum of protons when the veloc-
Ity dependence is explicity taken into account in the time-energy :ransf¢rmut‘cn.
When the parameter F is considered cutside of the integrating equations, a scme-
“qat different expression for the differential spectrum is obtained (Ramudarai and
Ziswas 1971)

B(W)= o (e?)H/ Ty (11/afD) (1)

ie have performed calculatlons (Pérez-Feraza and Galindo Trejo,1975) with both
pectra (3) and (L) for several different combinations of the product ot and shown
nat the best approach to the experimental curve of the January 28,1967 event is
ystematically obtained with expression (3). Transforming (3) to kinetic energy and

integrating up to the maximum energy of the accelerated protons,we obtain the in-
tegral acceleration spectrum

FE) =, ()Y VT [ mratc 2+ (B2 +2Mc?E) Y21~/ 0T[5 e (24002, ) Y] “1/0T) (5

now if acceleration is performed in a high density and high temperature medium,
charged particles may probably lose a considerable amount of energy even during
the short time-sczle of the solar particle acceleration. In order to go deeper in-
tc the kind of phenomena which may occur in the solar source, we have investigated
+the main energy loss processes occurring in astrophysical plasmas,which can strong
1y affect protons in the energy range of our concern (10%- g eV)

(a) Ionization losses in a highly ionized medium, as determined by the following
expression (e.g. Ginzburg, 1969)

SV .62 x 10-°
.%im= &E_l__ 5 Lerfe) (6)

where n is the concentration ¢ hydrogen ions{and electrons simultaneously) and
L is a factor so weakly (logerithmically) dependent on vge pth1c1§ energy, that
we have approximated it by its mean value, L= 26 for n=10

(b) Energy degradation by p-t collisions. For those cases in which rapid protons
interact without absorption of the projectil, the average energy lcss by nuclear
interactions is, according to Ginzburg (1969): (dw/d*)nuc— -3 ppcn BW (eV/sec)
where 0 ;¢ in the case of proton-proton collisions is composed oA Tipt Oel. As
the inelastic cross section is weakly dependent on energy, it may be apnroxzmatnd
to its mean value g S 26mb, in the energy range covering mecst of solar protons.
Concerning elastic collisions,a reasonable fit of the differential experimental
cross-section by &n analytical expression has been given by Ramudaral and Biswas
(1974). As the isotropic dlSuleUthn occurs meinly around 6 = %0° ,their expres-
sion may be rewritten as Oel-kE' +JE"1(1f F<il0 MeV) and o l-*W“2+‘ (if E >110

j¥e ]

MeV) where h=96.09 mb-MeV?,3=5.L07x10° mb-MeV and £=46.L49 mb; we have thus

. | aw =2 5 G i "
= = + : < M = - 1E24+0) R <E<285 MeV)
(dt e c_n(hE JE')RW (if E<110 MeV); (dt)p_p en(RE?+£) B (if 110<E<285 MeV)
W . . . =
and (Ep—pz - [n+en(nE?+r)] eW (if> 285 MeV) wheren= cn % (1)

(c) Adiabatic deceleration of the accelerzted protons by & plausible cxpansion
of the source, assumed in certain models of the flare phenomencn as an expanding
magnetic bottle (e.g. Sakurai 1965:;Schatzman 1967). In such & case the energy
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with a= o(if E< 285 Me¥), a= a-n (if 285
E>11C MeV). The critical energy resulting fro 11), when (dW/dt)=0, is
ty solving a cubic eguation, which depends on O when the medium concen
is fixed. Proceeding similarly to the previous case,we obtain the fcllowing in-
tegral spectrum -9 Q
2ay%-1) (B2+2Mc2B) P epa B+ote 2 (ay-1) f
J(>E)=Noexp£t(Ei s [(EZ+2McZE)‘f2+E+Mcf] E+Mc?(1-a;)
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where §=[(Mc2)2/q1](a181+a280+ ashs) 82 = [(Mc2)2/0T]A: (22 -1.)1/2,é3=(r!;c2)Z/Qr,and
<sh,A2,483,21,82, a3 are constants depending on a,b;},h,; and f which emerge from

the integration by .srtial fractions and take different l*es throughcut the
: H s
three different enerzy ranges considered. Spectrum (12) reduces to {10) when
nuclear interactions are neglected. {3rd), we have included in (11) adisbatic de-
celeration of protons such that
dw

—_ = a‘Ew -

at - en{hE? +jE—l+f)€W »pi?W (2V/sec) (12)

™o

he complex form of expression (13) prevents an e integration, sc for -simrplic-
! we have solved it by numerical integration, &nd then evaluated the integral
srecirum by integrating (2) up to En.8s in the previous cases.



.nhegral spectrum of solar protons.. The lack of simultaneous measures of pro-
ton fluxes through all the energy dom covered by sclar protonc sl
event, leads us to create experimental Qvectra fer some events,from the

data available at low energles,by smosthing them with the energy spectra
energle% given by Heristeni et al.(1975). mhe f;uxe: utilized in tev
tic ri ity car then be described as follows: in the case of the Jaru
1567 we have considered the integral spectrun given by Heristcni and Trot-
tet (1971) ez ~B~,with an ugper cutc®? at Bp=5.3 oY, Tor the other five events
we have summarized the fluxes used in Table 1. The correspondent upper cutoff
perameters (Heristchi et 21.1975) are listed in Taebie 2, in terms of kinetic an-
ergy. By transforming the proton fluxes to a kinetic energy scale, we have cone-
UABLE 1. Experimental solar proton fluxes. tTHCte“ the ?Xp??lme“ra% sp?cir?
illustrated in fig. 1{a) and (b}.
Event O.EGV<R<O.6GV 1.02GV<R<Bp *
18.11.1968 N ReF F R 4, Resul The medium density b
25. 2.1969 A RS X g3 been g tc the ty“"cal value
20. 3.1969 o 2deh R-2% n=10" ecx-3 according to Pérez-Perazs
2, 1.1972 v gt # v (1975). We have norma.ized theor-
1. 9.1971 v g4 E etical and the experimental fl :
* Heristchi et al.{1975) ¥ West et al.(1977) at the minimum snergy for which
Loockwood et al.(lQTL) * ¥ing (197L) experimental deta are available.ws

have listed these normalization -i-
ergies B, 4p,in Table 2. As our expressions directly furnish not the scurce ints-
gral spectra,but J\>E//h°,we have deduced from this norr ion,a factor Ko which
is proportional to the flux Ny appearing in our equations (X =q\o). In order to
compare,under the same conditicns,each of the theoretical spectra with an cxperi-
mental curve,we could proceed to fix in advance the value of the acceler 2t
taremeters o and T,which implies making & priori inferences about the il
tities involveéd in the acceleration parameters. This wouwld result in
very variatle conclusions asbout the thysical processes in the source
the valiues assumed for caand Titherefore we proceeded converselv v
appropriate parameters of the source,from the factor at{or alwhich g
experimental curve better. Thus we have determined for each source spectrum the
optimum factor at (or d)b§ imposing the following conditions: J(>ufscu;u(> )
at the normalization energy,and J(>E)Z0 at the upper cutof. Table 2 shows the
results obtained in this way. The critical energy for accelerstion has been deter-
mined from the appropriate value of ot(or 6)in each case. We have taken T=1l,through
out the source spectra in order to be congruent with (5) in drawin g conclusions
about the source parameters. The critical energy found is,in all cases considered

the ranrge Ei=2.5-10.6 MeV, vhen n=10% cm‘a;the velues of Ei cbtained from{1”)
are nearly identical to those obtained from (11). The theoretical spectra calcu-
lated from (5)(10)(12) and (13) are illustrated in figs. 1{a) and 1(b). Under th=
assumption that theoretical spectra apprcaching near the experimental ¢ ves de-
scribe better the phenomena occurring at the source,we deduce from fig. 1 thaz
acceleration and ad*a%atlc
losses act stren

IS
o

Tgble 2. The Optimum acceleration parameters at(or o)

high energy cutoff,B, and energy of normalize on,Enor. of fig 1{a) than in thoze

T Bosw aT o a a of fig 1(v),while icniz-
{MeV) (GeV) Eq(5) Ea(10) Eq{12) Eq(3) ti f

28. 1.1967 10 k.3 0.1& ©0.19 0.25 6 p- .

18.11.1968 20 4.8 0.20 0.21 0.26 larly in all events. The

25. 2.1969 30 L.7 0.40  o.k1  0.46 2Oh;ce pa”fmftcri_thaf san

30, 3.1969 50 L 0.71 0.75 % Zniexped Jpen The of

oL .1871 Eo §.? o.%B 0. %5 o.%g e ort
1..9.1971 3¢ GB 0,21 D22 0.7
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.Fig 1. Theoretical source spectra and experimental spectra for: 1l(a) 28.1.1967,
8.11.1968 and 1.9.1971 events,and 1{b) 24.1.1971, 25.2.1969 and 30.3.1969 events.

Rraza and Galindo Trejo 1975):T=0.L4-2.5 sec and a=0.4 sec-! corresponding to a
tuwrbulence scale of vl km and hydromagnetic velocities with H=500G and n=10“-101<3;ﬁ3_

5. Discussion. Physical processes occurring in a dense medium,as the Sun‘s atmos-
Ihere,are undoubtedly very diverse,and we do not claim to have included all loss
mocesses for charged particles,but only perhaps the more important occurring dur-
ing their acceleration durability. In fact,although Cerenkov losses are included

in (6)we have ignored other losses from collective effects;however,loss energy by
plasmaperturbations seems to be negligible for protons of E>23MeV (Friedman 1969).
fso we have not considered energy losses appearing for instance by viscosity and
Joule dissipation as suggested by Syrovatskii(1961).Moreover we have not examined
kere local modulation of protons at the source by energy losses processes after ac-
cleration,either during a post-acceleration step in a closed magnetic structure
(Pérez-Peraza 1972)or while traversing the dense medium of the atmosphere to attain
the interplanetary medium (Syrovatskii and Shmeleva 1972),which seems to be a fun-
Gmental assumption in explaining non-thermal electromagnetic radiastion from flares.
Nevertheless,we think that this research permits us to fix ideas about the proces -
ses of solar particles generation:that is, in order to evaluate the importance of
each of the four processes considered,we could have compared at different energy
values,the rates (1){6)(7)and(8) and have drawn general conclusions sbout the behav-
ior of our theoretical spectra. But contrary to this assumption we have seen in
sec L,that no general conclusions of this kind can be drawn,but our source spectra
of fig 1(a) behaves differently from those of fig 1(b). Nevertheless,our results
may be well interpreted on the basis of the parameter temperature: that is, we
argue that there exist two mein temperature regimens in solar flare conditions;a
high and a low one. Therefore in those events occurring in low-temperature regions,
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On the Overabundance of Heavy Nuclei in the
Generation Process of Solar Cosmic Rays

J. Pérez-Peraza and J. Galindo Trejo
(Instituto de Astronomia,U.N.A.M., México 20,D.F.)

The feature of non-thermodynamic equilibrium of solar flare regions
is used to explain the enhancement of heavy nuclei in some solar cos-
mic ray events. Particle acceleration occuring in low temperature re-
gions (T=10%-105°K) is associated with heavy nuclei enhancements. The
enhacement factor decreases while increasing temperature, in such a
way that non-enhancement is predicted when acceleration occurs in
high temperature regions(T=107-10°°K). In low-T-regions, energy loss-
es are negligible, so that acceleration conditions from thermal ener-
gies are more easlily satisfied for high-Z-nuclei. The enhancement
factor Q by rapport to local abundances is determined as:

Q(E,z)=F (aB8eT: ). F(ebhpe ) F( f

such that the energy and charge dependence of the overabundance of

heavy nuclei observed in the 17.4.1972 and 4.8.1972 events is well

explained by this expression,when:

1) The acceleration spectrum, which depends on the medium concentra-
tion, the temperature, the mean confinement time,t,and the high
energy cutoff,E , is calculated with either (T=10°°K;n=10%%cm %)

or (T=10%°K;n=10%m"%),7=0.1-0.5 sec ‘and E_=the high energy for
m

which experimental fluxes are available.

2) A thin geometry in the source is assumed in the preferential es-
cape function.

3) The charge interchange function is proportional to the ratio of
electron capture to electron loss, with the Coulombian and radi-
ative capture given respectively as (oc«ZSV “%orazsv‘s} and Cou-

lombian electron loss as(o,=2%3%v~3%).Photoionization is negleted.
4) Particles are decelerated %y ionization and energy degradation
from nuclear interactions when the acceleration has ceased,before
escape into the interplanetary space.
5) A solar wind model of interplanetary modulation is assumed.

Eventhough Q is weakly sensible to the two last functions, the pre-
sence of a state of ionization, at low energies, higher than that
predicted by a Z*-effective state, may be explained from the post-
acceleration step of ionization. Also, secondary isotope production
may be explained by nuclear interactions of the high-energy acceler-
ated nuclei with nuclei of the medium.Furthermore, the fact that
Q(E,Z) is 1little affected by these functions, may be interpretated
as meaning that modulation acts roughly the same on different low-
energy nuclel in the range 2<Z £26.
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