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PREFACE

This volume contains invited talks of the 11th European Cosmic Ray Symposium
(ECRS) held, under the auspices of the Cosmic Ray Commission of IUPAP, the Section
of Mathematics and Physics of the Hungarian Academy of Sciences, and the Hungarian
Astronautical Society, in Balutonfilred, Hungary from 21 to 27 August, 1988. The
Symposium was organized by the Space Physics Department of the Central Research
Institute of Physics, Budapest, Hungary.

Traditionally, the theme of the biannual ECRS includes all aspects of cosmic ray
research. The scientific programme was organized under three main headings:

SH — Cosmic rays in the heliosphere;
OG — Cosmic rays in the interstellar and extragalactic space;
HE — Properties of high-energy interactions as studied by cosmic rays.

105 scientists from 16 countries participated at the Symposium. In addition to the
7 invited talks presented, 114 contributed papers were submitted (49, 33 and 32 in
headings SH, OG and HE, respectively).

Authors of invited talks are gratefully thanked for preparing their manuscripts.
The organizers also greatly appreciate the help of the member of the International
Program Advisory Board with shaping the style and structure of the Symposium.

Budapest, February 1989

The Editors
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GAMMA RAYS AND COSMIC RAY ORIGIN

1 2 1
J. Szabelski , D.J. van der Walt , J. Wdowczyk
and A.W. Wolfendale3

1 Institute of Nuclear Science & Technology, Lodz,
2 Department of Physics, Potchefstroom University, S.A.
3 Department of Physics, Durham University, U.K.

ABSTRACT

An analysis is made of the information on cosmic ray origin to be

gleaned from studies of cosmic Y-rays. It seems very likely that

supernova remnants provide some of the cosmic ray energy input and

recent studies of spectral variations give support to the idea.

However, these same spectral variations have led us to reasses the

role of Inverse Compton interactions-; we conclude that these inter-

actions may be much more significant than previously assumed. If

this is the case then much more work will need to be done before the

origin problem can be regarded as solved.

INTRODUCTION

It is over 70 years since cosmic rays were discovered and many

advances have been made in elucidating their behaviour. However,

their origin is still subject to debate and it is as a contribution

to the debate that the present review is given.

Cosmic y-rays provide an ideal tool in principle for studying the

manner in which the parent cosmic ray particles are distributed in

the Galaxy and thereby giving a pointer to the origin of the particles.

However, in practice the method is not completely clear cut. A

(* This paper is a repeat of one accepted for publication by

COSPAR: Helsinki meeting, August, 1988).
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number of factors contribute:

(i) the somewhat uncertain division between electrons and protons

as initiators, these particles interacting with the gas in the ISM.

(ii) the uncertain amount of molecular (as distinct from atomic)

gas, the uncertainty being greatest in the important Inner Galaxy

region.

(iii) uncertainty in the role of Inverse Compton interactions of

electrons on the ambient radiation fields.

(iv) the poor angular resolution of the y-ray detectors which have

been used so far.

Thus, despite the cosmic y -ray method probbaly being the best

approach, at least for proton energies below several tens of GeV,

there is still scope for argument.

In what follows we examine the evidence which makes us believe that

cosmic rays (of energies below tens of GeV, at least) are Galactic

in origin and that supernova remnants play a role in their acceleration.

This is followed by an analysis of recent work on spectral dif-

ferences in the y-ray flux and alternative explanations for these

differences. >riwo major alternatives are followed by a description

of some very recent work which may indicate that Inverse Compton

interactions of electrons may be much more important than had been

previously thought. The consequence of this 'ICM' (Inverse Compton

Model) will then be considered.

THE NON-CONSTANCY OF THE COSMIC RAY INTENSITY

Only recently has the idea been accepted that the cosmic ray intensity

is not constant in either time or space and thus not of Universal

origin. The early work was interpreted by Eddington and others in
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terms of CR being essentially isotropic in time and space and this

idea took a lot of changing. The clear and consistent recent measure-

ments of anisotropies of arrival directions have led to the view

that for their energies in question at least, E > 3 x 10 eV, there

is a large scale drift with a flow that is increasingly anisotrapic

as the energy rises. Such an observation implies that the particles

in question (mainly protons) are Galactic in origin but gives no

clue as to their sites of acceleration or mode of propagation insofar

as the Larmor radius of the particles is very small by astronomical

standards for most of the energy range (lpc at 3 x 10 eV, lOOpc

at 3 x 10 eV etc., for protons).

Concerning spatial anisotropies, we were for some years, alone in

the belief that y-ray astronomy indicated that there was a large

scale cosmic ray gradient in the Galaxy (e.g. Issa et al., 1981)

and that this gradient is present for the proton component as well

as for electrons. However, there now appears to be a a measure of

concensus (see, for example the Rapporteur paper at the 1987 Moscow

Conference; Cesarsky, 1987). Figure 1 shows the cosmic ray emissivity

(proportional to the CR intensity) as a function of Galactocentric

distance, R,derived by Bhat et al. (1986); also shown for the highest

energy band, where protons are almost certainly the main progenitors,

is the latest COS B result of Strong et al. C1988). It is true that

there is still some argument about the magnitude of the surface density

of gas in the Inner Galaxy - a necessary prerequisite for gradient

arguments - but the conclusion that there jls a gradient is reasonably

robust for both p and e.

It follows that the CR sources are more plentiful in the Inner Galaxy

than in the Outer and thus models involving very large scale
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acceleration processes in the Galactic halo can probably be ruled

out for the particles of the comparatively low energies of relevance

here, at least (protons in the GeV range and electrons of 100's of

MeV). A consistent model can be produced whereby protons {nuclei)

and electrons come from similar sources and propagate similarly in

an energy-dependent way (Figure 2).

Turning to the likelihood of shocks in general and SNR in particular

it is clearly useful to look at specific SNR and search for possible

CR enhancements within. We have done this, with the results described

in the next section.

COSMIC RAY ENHANCEMENTS IN SNR

Figure 3 shows the identified local SNR and Figures 4 and 5 the

evidence for an enhancement in CR intensity in the important Loop

I SNR (expected to be most easily detected). There seems little

doubt (Figure 4, upper part) that CR electrons are in excess in

Loop I and there is evidence from Figure 5 that there is an excess

of protons too. There is probably agreement in the community about

the electrons but not about protons. The problem with the latter

can be seen in figure 5 - viz that the emisuivity does not follow

the radio signal well over the whole range and that the enhancement

appears to be superimposed on quite a steep 'high latitude* gradient.

The two q/4ir values at cos i ~ 0 (270°) and 0.3 in particular are

high with respect to the radio fluxes; however, we would argue that

the radio signal gives a poorer indication pf the particle (electron)

intensity than do the yrays because I (radio) « B j(Ee) and the

magnetic field is very uncertain. In fact, the 'high' points are

within the confines of the Loop, as defined by the perimeters shown

in Figure 3. We remain reasonably convinced.
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Rogers and Wolfendale (1987) have analysed Loop II and the SNR round

Vela with the result shown in Figure 6. This analysis was difficult

and somewhat uncertain but at least the derived CR energies (W )
CR

appear consistent; viz they all correspond to w being some 30-50%

of expectation from one recent theory (Blandford and Cowie, 1982).

It is interesting to note - and perhaps significant - that the

energetics are such that the bulk of the cosmic ray energy could

be generated by SNR with the 'efficiencies' indicated in Figure

6 (although we are mindful of the fact that the maximum individual
13 14

particle energy in SNR is probably limited to 10 - 10 eV and

some other mechanism is needed at higher energies).

Is there further evidence favouring SNR acceleration? There may

be, from studies of variations in the spectral index of y-rays over

the Galaxy, as described in the next section.

SPECTRAL INDEX VARIATIONS

An interesting very recent development has been the observation

(Bloemen, 1987, Bloemen et al., 1987; Rogers et al., 1988) that

the Y~ray spectrum becomes flatter as one proceeds to higher latitudes

in the Outer Galaxy. Figures 7 and 8 indicate the situation.

Bloemen et al. (1987) interpret the result in terms of a Galactic

wind blowing out of the Plane whereas we (Rogers et al.) incline

to the view that it is a spiral arm effect. Our argument is that

we are situated on the inside edge of a spiral arm (the Orion arm)

and as one increases the latitude the fraction of the y-rays from

interactions with the ISM in the arm itself increases. In view

of the likelihood of the gas density in the arms being higher than

that in the interarms, the increased fraction can be quite large.
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Clearly, since SNR are produced mainly in the arms (Loop I being

a notable exception!) and since the spectrum of particles accelerated

in SNR shocks is commonly asserted to have an integra.! exponent

of y = If to be compared with the ambient CR spectrum, which has

exponent Y ̂  1.6, we expect a change in exponent of AY = 0.6 when

comparing arm and interarm in this no doubt over simplified model.

We note that the Y-ray spectra have smaller exponents until 300

MeV or so is reached because of curvature in the ir"-produced y-ray

spectrum at lower energies.

The above arguments are clearly not proof positive for SNR acceler-

ation but they do give some measure of support.

Even more recently (van der Walt and Wolfendale, 1988, to be

published) we have gone further and endeavoured to search for spectral

differences iri the Galactic Plane which can be attributed to SNR

effects. The identificaiton cf arm and itnerarm directions is not

easy but an attempt has been made.

Two methods have been adopted for identifying interarm and arm

regions:

(i) HI surface density contours have been examined and interarm

directions identified (at I = 60° - 70°, 295° - 305° and 315° -

325°).

(ii) The plots of CO column densities versus longitude (and thereby

N(H ) versus I) have been examined and longitude bands have been

chosen where N(H ) is 'high', 'low' or 'medium' by comparison with

their neighbours. For 'high' regions, presumably, since most of

the H mass is contained in spiral arms (e.g. Dame, 1984) the fraction

of the signal coming from the arms is enhariced. Conversely the low
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regions will have a bigger contribution frpm interann regions. It

can be remarked here that the important mechanism of Stephens (1987),

whereby supernovae produced in or near GMC will shock-accelerate

CR into the GMC, is in the spirit of our search.

Finally, one can examine local, individual GMC and see how their

Y-ray spectra, and thereby the spectra of the initiating CR, compare

with elsewhere.

Figures 9 and 10 show the results. In Figure 9 it will be noted

that, despite the poor statistical accuracy, there is evidence for

spiral arm regions being populated by particles with flatter spectra.

The observed dip in cosmic ray emissivity in the interann regions

is also very important and in the spirit of the SNR acceleration

model. Figure 10 (from van der Walt and Wolfendale, 1988) gives

similar evidence although care must be taken with the interpretation

as indicated in the caption to the Figure.

THE INVERSE COMPTON MODEL

Although in the last few years the role of Inverse Compton (IC)

interactiais has been considered to be minimal (see the detailed

discussion by Bloemen, 1987) we feel that this may not be the case

and that IC could well be very important. A detailed analysis has

been made by us (Szabelski et al., 1988) in which this topic is

addressed in detail. A brief description will be given here.

It has been shown in Figures 7 and 8 that at latitudes above 10°

there is both a steeper y-ray spectrum and higher q-values in the

Inner Galaxy compared with the Outer Galaxy. Clearly such a result

is in the sense expected from IC in that the photon energy densities

(e) and probably the electron intensities are higher in the Inner

Galaxy than in the Outer and that, because of the higher photon
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energy density and magnetic field in the Inner Galaxy in those

regions where the electrons are produced, their spectra in the

Inner 'halo' will be steeper than in the Outer.

In order to set an upper limit to the IC flux a procedure has

been devised in which it is assumed that the electrons are confined

to a box of height z (E ) with an intensity multiplied by e varying

as (Galactocentric distance R)" ; their contribution to the recorded

Y-ray intensity will then be given by I Tr(E) =
 A y

Yf 1 + R(E )cosfc

The IC contribution for a particlar i,b is found by subtracting

from the measured intensity the expected contribution from ir°-

production in CR-ISM collisions. For this We use the recent cal-

culations of Dermer (1986) and it is important to note that these

give lower yields of y-rays than those (e.g. Badhwar and Stephens,

19 77) used previously.

Considering the range |b| = 10°-20°, where the statistical accuracy

is reasonable and (COS B) background problems should not be too

severe, we find rather good fits to the expression. It is necessary

to point out that in this 'upper limit' calculation, the effect

of Loop I is neglected, viz the high q-values seen in that direction

contribute to the large gradients (and large values of R(E)) derived.

However, as can be seen from Figure 5, taking out the Loop I excess

would only reduce the slope of I vs cos A by about 30%.

The results are shown in Figure 11. It will be noted that, apart

from SAS II data for E >100 MeV, th« results, show a smooth trend

of R(E ) falling with increasing E . Such a behaviour would be

expected for IC interactions; the scale height should fall with

increasing energy, and the CR gradient falls with energy
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Small R(E) may also be indicative of a small IC contribution.

Taking these results at their face value we have the predicted

(upper limit) IC fractions for E > 300 MeV shown in Figure 12. The

results of similar calculations for smaller latitude ranges are

also shown as are estimates of the same quantity given by other

workers. It will be noted that the new estimates are remarkably

high and even allowing for a 30% reduction for Loop I this

situation is still true.

The calculation of the expected IC flux depends, naturally, on

assumptions about the radiation fields, e, and the characteristics

of the electron intensity, j(E ), both as a function of position in

the Galaxy. We have made a new estimate of e(R,z), R being the

Galactocentric distance and z the distance above the Plane and our

resulting e-values are higher than the most recent values of

Bloemen (1985) and not far from those of Kniffen and Fichtel (1981)

(we cannot understand why Bloemen's e (z) is so steep). More important,

however, is the question of j(E ) and here there is considerable
e R, z

scope for disagreement. The problem of determining j(E ) is, of

course, that it has only been measured locally and must be inferred

from synchrotron radiation data (100's - 1000's MHz) which give

not j(E ) but, approximately, B (E ). The form of B(R,z) is not

known a priori and thus j(E ) cannot be determined unequivocally.

What is known is that the local synchrotron emissivity is low (by

t< 3) compared with the average over several Jcpc in both Inner and

Outer Galaxy (e.g. Phillipps et al., 1981) and that there is

enhancement in the spiral arms in the Galactic Plane. It is likely

(Osborne, private communication) that the scale height of GeV

electrons is several kpc and that the undoubted rapid initial fall-



- 16 -

off in emissivity with z is due to the reduction in magnetic field.

Adopting a j(z < 2 kpc, R) * j(z « 0, R « 10 kpc) together with

our e(R,z) easily yields the required IC intensity in the Inner

Galaxy in the b-range under consideration. An alternative/ in which

2
there is proportionality between j(E ) and B , and in which the

G

sun is situated in an interarm region, gives a similar result. In

both cases the 1/R dependence of IC emissivity appears in an approximate

fashion.

Bearing in mind the likelihood of unresolved sources in the Galactic

Plane (|b| * 4°) to the extent of about 20% of the total flux and

including the 30% reduction associated with Loop I the 'tentative

IC estimate* is as indicated in Figure 11. It will be noted that

the contribution for |b| : 10° - 20° is still large.

As remarked already, the difference in shape of the y-toy spectra

for jb| : 10°-20* in the Inner and Outer Galaxy can be explained

in principle by the Inner Cala::y electron spectrum being steeper

at the 'high' z (1-2 kpc) of relevance than at the equivalent

positions in the Outer Galaxy, where e and H are smaller and

diffusion is certainly faster. The flatter electron spectrum in

the Outer Galaxy will also cause the contribution from IC on the

2.7K background radiation to be increasingly important.

A number of comments axe necessary about the IC contribution, as
follows:

(i) The increasing contribution with latitude causes difficulty

with the COS B analysis insofar as some IC y-rays will have been

removed in the 'background' subtraction.

(ii) The so-called extragalactic flux found in the SAS II experiment

above 100 HeV may be significantly (and perhaps dramatically) con-
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taminated by Galactic IC y-rays. The analysis by Strong and Worrall

(1976), in which they made the case for the bulk of the Y-rays

detected at large latitudes above 100 HeV being Galactic, nay not

be far from the truth.

(iii) The derivation of the expected distribution of IC y'e is

difficult because of uncertainty in the distribution of electrons,

(iv) Although the effect on the arguments about the electron and

proton gradients in the Galactic Plane seems not too serious,

particularly in the Anti-Centre region, it is evident that greater

care than hitherto needs to be exercised.

CONCLUSIONS

Despite the doubts raised in the last section concerning the

possibly significant role played by Inverse Compton y-rays, the

hypothesis that supernova remnants accelerate cosmic rays remains

reasonably secure. Similarly secure is the conclusion that there

are cosmic ray gradients in the Galaxy indicative, again, of a

Galactic origin for the particles, protons as well as electrons.

Less secure is our previous hypothesis that the flattering of the

•y-ray spectrum in the Anti Centre direction is due to a local spiral

arm effect; an Inverse Compton origin cannot be ruled out. Notwith-

standing this result, the observations in the Plane indicating

flatter spectra in spiral arms do strongly suggest the presence

of accelerating mechanisms (SNR ...) preferentially within such

arms.
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Captions for Figures

Figure 1 Cosmic ray emissivity (proportional to the comic ray

intensity) as a function of Galactocentric distance (after Bhat

et al., 1986). COS B y-ray observations were used and the distrib-

ution of molecular hydrogen was taken from the analysis of the

Durham group.

The dotted line in the highest energy plot is from the latest COS

B analysis (Strong et al., 1987).

Figure 2 The cosmic ray gradient parameter/ L, in the expression

ICR •* exp(-R/L) derived from Figure 1. 'e' and 'p' indicate the

regions studied in the Y~ray analysis.

Figure 3 Radio loops as identified by Berkhuisen et al. (1971).

Figure 4 Loop I excesses of Y-rays as determined by Bhat et al.

(1985) based on the SAS II data. The solid line represents an

approximate estimate of what would be expected if the cosmic rcy

intensity were constant wichin the remnant.

Figure 5 Gamma ray emissivity for E >300 MeV, for the latitude

range 10°<b<20°, as a function of longitude. The crosses are for

positions outside Loop I. It will be noted that the loop I excess

(shown shaded) appears to be superimposed on a pre-existing gradient.

The 408 MHz brightness temperature is indicated by the dashed line.

This strongest indication for an excess of cosmic ray protons in

a supernova remnant comes from this plot.

Figure 6 Total cosmic ray energy as a function of radius of SNR.

The open circles are from the analysis of .'Rogers and Molfendale

(1987) and the solid square represents a redetermination for Loop

I by van der Halt and Wolfendale (1988).

The line marked •theory1 is the prediction by Blandford and Cowie
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(1982) for an initial SN energy of 1051ergs.

Figure 7 Latitude dependence of the ratio I (800 - 6000 MeV)/I

(300 - 800 MeV) as given by Bloemen et al. (1987). The flattening

of the psectrum in the Outer Galaxy with increasing latitude is

quite marked.

Figure 8 Latitude dependence of the integral y-ray exponents derived

by Rogers et al. (1988). The COS B results refer to the ratio I

O300 MeV)/I O800 MeV) and for SAS II, I (>35 MeV)/I (>100 MeV).

GC denotes 310°<JU50°, AC : 90°<t<270°, SA the Spiral Arm direction,

60°<JU90°.

The dashed lines represent prediction from the model of Rogers et

al. in which the proton spectrum is flatter in the local spiral

arm (Orion).

Figure 9 Differences in the y-ray spectral exponents between the

inter arms and nearby arms for various y-ray energy bands. There

is seen to be a somewhat steeper spectrum in the interarm regions.

Also shown is the apparent reduction in y-ray emissivity in interarms

compared with nearby arms, for E >150 MeV (after van der Walt and

Wolfendale, 1988).

Figure 10 Differences in y-ray exponents between regions of low,

medium and high CO column densities, the terms referring to

magnitude with respect to the surroundings. High CO column density

regions are biased towards spiral arm regions.

(a) relates to the main CO region, 306°<£<36°.

(b) open circles refer to 2CG sources; those under 'low' are

presumably discrete sources but the others are probably due to

cosmic ray-irradiated molecular gas; squares refer to the £,b bins

containing the GMC indicated (GMC data from Szabelski et al., 1988).
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The y-values are differences from the average y-value for the Galactic

Plane.

All the above indicates that spiral arms (and GMC) contain flatter

proton spectra.

Figure 11 R-value in the expression I __(EJ = A ( E T >

as a function of E . The slow fall off can be understood in terms

of a smaller scale height or reduced radial gradient for the electrons

giving rise to the IC y-rays. The flatter electron spectrum in

the Outer Galaxy coupled with the increasing importance of the 2.7K

radiation will play an important role (after Szabelski et al., 1988).

Figure 12 Inverse Compton contributions to the total y-ray intensity

as a function of Galactic latitude for E >300 MeV. The upper limit

and the preferred 'tentative IC estimate', which allows for e. 20%

unresolved discrete source contribution, are also shown.

The low values refer to previous estimates of the IC contribution.

Key: RW : Riley and Wolfendale (1984)

FK : Fichtel and Kniffen (1984)

B : Bloemen (1985).
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G
ULTRA-HIGH ENERGY INTERACTION ON ACCELERATORS

AND IN COSMIC RAYS

S.I.Nikolsky

Theoretically predicted "big desert" in the energy region

above SPS-collider which is being studied now by means of cosmic

raya, as in the case with the scaling character of hadron multi-

production, gave rise to physicists' pessimism, investigating had-

ron interactions in cosmic rays. Such an attitude was intensified

due to success in collider development as well as the outcome of

research in accelerator experiments, though the collider program

demonstrated that theoretical predictions regarding the "big de-

sert" should be experimentally proved. Besides, colliders rapidly

overlaping energy intervals don't give any information about had-

ron-nucleus or nucleus-nucleus interaction, which are being inves-

tigated in cosmic rays. That is why up to the close of the current

century accelerator studies on fixed targets were restricted to

energy ~20 TeV.

In this respect, we shall touch upon violations of Feinraan

scaling, accelerator data concerning multiproduction hadron sca-

ling and relations between the real and the imaginary part of the

forward elastic scattering amplitude in PP collisions (the ener-

gies being fs' = 546 GeV). The third controversial problem knotes

cosmic ray data concerning a number of energy - threshold pheno-

mena and a whole range of strange and unexpected results.

Historically scaling properties research in cosmic rays

started as energy dependence research of the inelacity coefficient

and the spectrum of pions in the fragmetation region. At first in-

dependence of the mentioned characteristic on the energy of inte-
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proton-nucleus interaction at the proton energy ~100 GeV.
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Pig. 2. Inclusive spectra of pions and nucleons in the interaction
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of protons and nitrogen nuclei at the energy 10 GeV and
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10' GeV in the quark-gluon string model' ' and the quasi-
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nuclear quark model' .
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racting hadron was indicated. The more exact measurements which

followed revealed scaling violation. Now scaling last its heuris-

tic meaning due to the fact that the well-developed quantum chro-

modynamic theory makes it possible to prove the more detailed

theoretical models of hadron multiproduction. Such models can be

called "quasiscaling models". For example model of the quark-

gluon string' ' and quasinuclear quark model' '. Pig. 1(a) shows

the conformity of these models with experimental data the proton

at the energy of ~100 GeV. Pig. 2 displays the quasiscaling pro-

porties of this model. And yet even such quasiscaling model

doesn't soften enough the spectrum of 5T°-mesons, it diverge with
3

the experimental data at the energy 1Cr TeV. Experimental data

concerning the multiproduction s7°-mesons in the fragmentation re-

gion was obtained by the "Pamir" collaboration'^". The comparison

is desplayed in fig. 3. The value n1 reflecting multiplisity

of 9r° in fragmentation part is determined as the number of gamma-

quanta, the energy of which is greater than O.O4£Ey, where the

summing up of energies is obtained by all n1 gamma-quanta of the

family. The shown dependence of the average radius R of family

on the nucleus mass allows to conclude that the coincidence of the

experimental data and the models can not be obtained by means of

change of the primary cosmic ray composition.

On the 20 ICRC a discution took place connected with the

preliminary analysis of the measurementes of the gamma-quanta

energies in the fragmentation region of proton-antiproton collisi-

ons at the energy \[£T o 630 GeV (~2*101^ eV for the motianless

target). Prom this measurementes one coulde draw the conclusion

that the scaling at the energies ~10 ' eV ("Pamir" experiment) is

not violated''". D.Adamov and A.Erlykin carried out a more comp-
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lete analysis of the experimental data used in the Muraki

tooking into account the flux of gamma-quanta at all angles. The

result shows the violation of scaling: the partial coefficient KM

at the energy 2*10 J is 0.193 ± 0.004 as compared to KJ.;O0.16 at
11 12energies 10 -10 eV and on the contrary the energy of gamma-quan

ta decreases in the fragmentation region (~255& for

Another violation of the ordinary extrapolation of properties

observated at low energies of colliding protons to the higher

energies the outcome of measurements which allowed to determine

the value of the relation between the real and imaginary partes

of the amplitude of the elastic scattering of protons by antipro-

tons in the forward direction at the energy tf£T = 546 GeV' . The

obtained value of the relation P= 0.24 ± 0.04 exceeds double the

value expected from the dispersion theory if one resorts to suppo-

sitions that there is a standart energy dependence of the total

cross section of protons and antiprotons. A possible explaination

of this result is connected with an irregular dependence of the

total cross section on the energy of the colliding particles. This

irregular dependence can be stimulated by new threshold processes

at a corresponding energy. The supposition that energy-threshold

processes at such high energy seems unexpected ("big desert" re-

gion). Therefore this supposition should be experimentally groun-

ded. However the cosmic ray data gives us phenomena which are

difficult to understand without a supposition concerning an ener-

gy threshold of a change in hadron-nucleus collisions*

Analysis of the previous Tien-Shan experiment data was car-

ried out by A.Chubenko et al. to study the hadron flux with a li-

mited size of the accompaning extensive air showers at the obser-

vation level. The condition that the primary energy of the accom-
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paning shower E does not exceed the threfold energy of the

hadron EL observed in the calorimeter selectes hadrons produced

by primary protons with the energy E o • E + E^. Pig. 4 shows

that the differential energy spectrum of such protons is not si-

milar to primaries and has a remarkable threshold irregularity

(3T20 TeV). It is impossible to have such a primary proton spec-

trum, moreover other experimental data indicate an excess of

muons in the same energy interval where one observates a lack in

the spectrum of fig. 4« The energy spectrum of the mion flux was

/I/

obtained by means of X-ray film chambers' " . As it can be see

from fig. 5 the muono flux increases relative to the ordinary

extrapolation at the energy of 3?15 TeV and this can not be explai-

ned by the increase of the cross section for the charm product!-

on'7'.

We have to remember that the irregularity in the relation

among hadron, electron-photon and muon components of the exten-

sive air shower in the energy interval of primary cosmic ray par-

ticles 10-100 TeV waa observed' ' long ago (fig. 6).

Thus additional energy losses by the primary protons goes

to the gamma-quanta and leptons. The same energy-threshold process

softens the inclusive spectrum of secondary hadrons in the frag-

tation region.

The cross-section of the process can be estimated by the dec-

rease of the hadron flux generated by primary protons with energy

E° * Eh + Es t a k i n6 into account the conditions TSB& 3E. . The

decrease of hadron flux by ~3O55 corresponds to the value 0.05-0.10

of total inelastic cross-section for the threshold decrease of

the secondary nucleon production in the fragmentation region

O.SEo). The question why this energy-threshold change of the
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hadron multiproduction was not registered during collider experi-

mentes has only one satisfactory answer. This treshold change at

the energy 20-30 TeV takes place during of the nucleon-nucleus

collision, because the energy threshold is connected with space-

time scale of the quark hadronization.

Let us play about with numbers. The characteristic length

of the structure of the nucleus-target for the scattering nucle-

on with the energy of ~20 TeV is 10 fy - 5 10 cm and the

time of hadronization •«'2»10~ s. The threshold-energy of an ele-

mentary process in the nucleon-nucleon collisions, which corres-

ponds this estimations of space-time scales of the quark-hadroni-

zation, corresponds the energy of tevatron and UMK. Perhaps the

increase of the relation between the real and imaginary partes ol

the elastic pp-scattering amplitude indicates in fact the new

energy-threshold processes at the energy near of $3* = 546 GeV.

Since the energy region above 2»10 •* eV is being investiga-

ted by means of cosmic rays, we should aak ourselves which experi-

mental data in the cosmic rays at the energy region 10 -10 eV

is not explained or even exotic. Such phenomena are halo observed

often together with gamma-ray families in X-ray film chamber.

Halo as diffuse spots of high optical density on X-ray films are

not exotic. The development of the electron-photon cascades in
1 & 17

the atmosphere at the primary energy 10-10 eV, the great num-

ber of electrons and photons or hadrons with the energy below

the threshold of the X-ray sensitivity in the families - all this

can form such halo. Moreover if one takes into account the ordi-

nary composition of primary cosmic rays and the quasiscaling mo-

del of the hadron interactions, the expected intensity of the
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halo-events is more than 3 times of the observed number of such

events. It conformes the more soft incluaiv energy spectrum of

pions than the quasiscaling model predicted.

Now let pay attention to the latteraJ distribution of elec-

trons, which make the optical diffuse apots. Fi&. 7 shows the

comparison the represented selection from the experimental obser-

ved halo-events and a simulation of hadron-electron-photon cas-

cades and electron-photon cascades without hudron multiproduc-

tion. As one can see the most part of the es|<jrnnental halo-events

is not similar to hadron-electron caacados predicted by the pri-

mary protons. On the contrary it is possible to select some pure

electron-photon cascades, which are similar to the experimental

distribution. The physical reason of the difference between pro-

ton-electron and pure electron-photon cascades is connected with

the influence of the transvers momenta o* the hadron multiproduc-

tion* The transvers momenta of the secondary hadrons do the late-

ral dependence of the electron density rnor<; slow j.n the central

part of the cascades. This difference between simulated proton-

-electron cascades for the quasiscaling model and the observated
/Q/

halo allowed N.M.Amato et al. ^ to suppose, that central part

of halo is formed by "Giant-Mini-Claster" with the extremely

small transverse momenta of the secondary particles (~30 MeV/c).

The formation of halo-events has place in high energy inte-

raction and increases with the primary energy. It shows the size

spectrum of halo-events which is harder than spectra of gamma-

-families and the primary cosmic rays. The spectral index of halo-

-events is less by one compared to the another called spectra in

the wide (£.100) energy interval. The electron-photon property of

the halo can be shown in two exotic events, obtained by Eremenko
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et al. in the Thien-Shan experiment' '. The X-ray chamber in

this experiment was placed above the ionization calorimeter.

X-ray film was used together with nuclear emulsion where the nuc-

lear emulsions with X-ray films were placed without lead above

the X-ray chamber below and from above the rubber filter* The

thickness of the filter is 7 g/cm . The events under discussion

with halo had the primary energy over 4,4*10 * eV and 3,3* 101** eV.

The energy of the hadron component was estimated by the calorime-

ter data as £5% and £>Q,A% of the summary energy of the halo par-

ticles. Besides, the energy of the electron-photon cascades with

the energy more 1 TeV constitutes less than 10% of the halo ener-

gy too. The principal results, which was stated by authors of

this research is the very fast great increase in the number of

the charget particles in the rubber. The number of particles in-

cleases in the thin rubber filter (~O.16 radiation unity) from

4-6 times. The preference explanation has to be connected with

the photons in the halo-jets, that believe authors from Alma-Ata

Institute. It is impossible at present to explain the exotic corn-

planar cascades, which are observed in the most part of the halo-

events when the number of halo is three or more' '.

The extensive air shower cores which can be set forward as

some similitude of halo-events were investigated by A.Chubenko et

/a/

al. in the calorimeter experiments' '. Thus analysed the showers,

which are accompanied by the hadron jets of various energies. The

average lateral distributions of electrons in such EAS are simi-

lar to the ordinary showers excluding the showers which accompany

the hadron jets with energy greater than 160 TeV (fig. 8). The

distribution of the NKG parameter S showers has an exoess of the

young showers with S30.4 (fig* 9)* This excess reaches 25% as
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compared with 3% in the group showers which accompanied the had-

ron jets of the less energy (80-160 TeV). Here we can say about

the primary energy and the energy-threshold of this process with

the more certitude than for the halo-events in the X-ray film

chambers. It one uses the observatid energy of the eleotron-pho-

ton component of the extensive air shower cores, the primary

energy is estimated as ̂ 5*10 eV. The measured energy of the

shower at the observation level is about 2*10 * eV. Moreover ~70

per cent of this energy is contained by the electron-photon com-

ponent of the extensive air shower cores.

Nucleus-nucleus collisions which represent attempts to find

manifestations of the new state of the matter - quark-gluon plas-

ma became the topical research field attracted the attention of

scientists* Such collisions are observed in stratosphere experi-

ments of primary cosmic ray interactions with nuclei of target

and in interactions of accelerated nuclei with the different nuc-

leus targets or in photoemulsion. Experimental data concerning

the high inultiplisity of secondary hadrons, the big value of

transverse energy, the fluctuations of the pseudorapidity distri*

bution (fig. 10) have increased the interest in nucleus-nucleus

collisious research. The distinct evidence of the quark-gluon

plasma formation is not obtained in spite of the exceeded energy

density 2-3 GeY/fm , at which one can predict the formation of

the such new matter state. Experimental complications are oonnec-

ted with the fragmentation of nuclei and the selection of the

central collisions. Of course the before discussed value of the

space-time scale of quark hadronization is connected with the es-

timation of the threshold energy density for guark-gluon plasma

production.
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In this way the cosmic ray experimental data indicates the

existance of some new energy-threshold processes of the multipro-

duction of photons and leptons in hadron interaction at ultra-

high energies. The energy-*threshold of these processes corres-

ponds 20-30 TeV for nucleon-nucleus collisions and to ~10^ TeV

for nucleon-nucleon collisions in the system of the motionless

target. It in possible that this property of hadron interaction

is connected with the space-time scale of quark hadronization.

If the time has come to study more thoroughly the nature

of halo-like events in cosmic rays. A possibility of the frag-

mentation region investigation in collider experiments at the

energy ^9^2 TeV is very important too.
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1. INTRODUCTION

It . is the purpose of this review to summarize and discuss some recent

results on the propagation of solar energetic particles in the interplanetary

medium and their relation to the structure of the magnetic field. We start

with the elements of theoretical treatment in section 2, followed by deter-

minations of the mean free path in section 3, in particular its variation with

rigidity and radial distance from the sun. Section 4 discusses how the pitch

angle diffusion coefficient varies with pitch angle. This will also raise the

question whether or not the diffusion coefficient is symmetric parallel and

antiparallel to the magnetic field. In section 5 we try to summarize some of

the open points and list some suggestions for further studies.

2. ELEMENTS OF THEORETICAL TREATMENT

2.1. Transport models

The interplanetary magnetic field is generally described as a smooth average

field, represented by an Archimedian spiral, with superimposed Irregularities.

As a consequence, particle motion consists of two components, adiabatic motion

along the smooth field and pitch angle scattering. A quantitative model of

the evolution of the particle intensity j(z,u,t) or their phase space density
2

f(z,u,t) (they are related by j = p f) in space z, time t and pitch angle
cosine u is given by the partial differential equation (Roelof, 1969)

3 f " 9 f o i \ /1 \

The particle velocity v remains constant in this model in which the magnetic

field is assumed to be static and the electric field to be zero. The sys-

tematic forces are characterized by a focusing length L(z) = B(z)/(-aB/3z),

while the stochastic forces are described by a pitch diffusion coefficient

K(Z,VI). In the case of solar flare particles a source is assumed in the high

corona. Effects of adiabatic deceleration are neglected in this equation

which means that it should only be applied to particles with sufficiently high

velocities (see discussion below).

The nature of particle propagation varies considerably with the relative

strength of focusing and scattering forces. Several idealized situations are
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sketched in Figure 1. (a) If pitch angle scattering is strong then focusing
plays a minor role and the propagation mode can be adequately described by
spatial diffusion with a small mean free path, (b) The case of scatter-free
propagation occurs in a sufficiently smooth magnetic field up to some outer
boundary which may have reflecting properties, (c) In an intermediate range
both focusing and pitch angle scattering must be considered, a situation which
has been termed "focused transport" by Earl (1976). Let us discuss the various
cases illustrated in Figure 1 by proceeding from scatter-free transport (case
(b)) over focused transport (case (c)) to strong scattering or "ordinary" dif-
fusion (case (a)).

Scatter-free transport.

Scatter-free propagation is given by K(Z,U) = 0. In this case (1) reduces
to Liouvilie's equation which states that the phase space density along the
motion of an individual particle remains constant. The particle motion is
then governed by the constancy of the first adiabatic invariant (which 1s
identical with the magnetic moment in the non-relativistic limit)

T P = const. (m = rest mass) (2)
o

This means that the pitch angle a decreases when a particle moves Into a
weaker magnetic field, i.e. the particle motion becomes more focused into the
field direction. In the idealized case of a monopolar magnetic field, ap-
proximately given in the inner heliosphere, the field strength B(r) varies as
r"2. Particles injected isotropically at zQ = 0.05 AU would appear to an ob-
server at 0.5 AU as coming from the solar direction 1n a narrow cone only 6.4°
wide. In this case an interplanetary intensity pulse is nearly identical with
the particle injection at the Sun and would be obtained by simply shifting the
solar injection forward in time b.v the direct travel time of energetic par-
ticles along the smooth Interplanetary magnetic field. This situation 1s only
rarely observed, but an Instructive example has been found by Neustock et al.
(1985) when HELIOS 1 was 1n an extremely quiet solar wind stream at about
0.5 AU distance from the Sun. In the case depicted 1n Figure lb the scatter-
free regime is restricted to a certain distance from the Sun, and is
supplemented by a region of Increased scattering beyond that distance. Based
on ideas of Roelof and Nolte (Nolte, 1974; Molte and Roelof, 1975), Green
(1984) has studied the situation that pitch scattering 1s concentrated at a
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certain solar distance in an otherwise scatterfree medium. In this case one
can still find analytical solutions of (1).

We mention for later applications that the anisotropy which is a measure of
the net streaming of particles into a certain direction can be obtained from
the distribution function by

= 3<uf(t,u)>/<f(t,u)> (3)

where the average of any quantity X over all pitch angles is defined here as

<X> = /X(u)du/2 .

The definition (3) is identical to the often used definition for the
anisotropy 5 = 3S/vU with the streaming S and density U.

Focused transport.

If pitch angle scattering is finite, but small, the focusing effect still
plays a dominant role for particle transport, but now particles start to dif-
fuse in pitch angle space. In this case they arrive 1n a wide cone of pitch
angles from the solar direction and may eventually be scattered by more than
90°, so that they are also seen from the anti-solar direction. Analytical ap-
proximations for this case have been developed by Earl (1976, 1981) based on
an eigenfunction method and by Kunstmann (1979) 1n a perturbation expansion.
The distribution function f is split into an 1 sot?op1c and an anisotropic

j>
part, f = f + f,, where U = 4nfQp /V 1s the particle density. The anisotropic
part fj and the type of conclusions one can draw from it will be extensively
discussed in section 4. The evolution of the omnidirectional average f can
be approximately described by the equation of coherent transport

5 F + Vcoh 5 T = d i v<°* *r*d fo>

The solution for an impulsive solar Injection 1s a particle pulk moving along
the magnetic field with the "coherent" velocity V C Q h and widening at a rate
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* *
given by a diffusion coeficient D . In general, V h and D are complicated

functions of K(U)/L, but simple solutions can be obtained if this ratio 1s in-

dependent of distance z (Earl, 1976; Bieber, 1977; Kunstmann, 1979).

The first attempt to compare theoretical predictions of equation (1) with

observed solar particle data was performed by Bieber et al. (1980). Their ap-

proach was limited by the fact that the mean free path X and the focusing

length L had to be kept spatially constant - the latter case corresponds to

the rather unrealistic situation that the magnetic flux tube area Increases

exponentially with distance from the Sun - and that only specific forms of the

pitch diffusion coefficient K(U) could be used. These problems could be over-

come by numerical solutions of (1) (Ng and Wong, 1979).

Figure 2 based on the work of Wong (1982) shows an instructive example of the

rigorous numerical solutions of (1) for 9 MeV protons and a fairly large mean

free path of 0.5 AU. The two omnidirectional intensities at the right (left)

correspond to an observer at 1 All (0.5 AU). The main feature of these solu-

tions is the strong "coherent peak" discussed above followed by a "diffusive

wake". For comparison, solutions of the simple diffusion equation (see below)

are given as dashed lines. They have been adjusted to give the same time-to-

maximum as the full numerical solutions (solid lines). This example shows the

drastic deviation of the diffusion model from the correct solution 1n case of

large mean free paths.

The terminology describing the focused transport has been introduced by Earl

(1974a) and is a characteristic feature of the scatter-free electron events

(Lin, 1970) for electrons in the >40 keV range. A coherent peak 1s observed

only for a sufficiently short solar injection. A long lasting solar Injection

leads to a wide intensity profile even in the case of little interplanetary

scattering, and such an interplanetary intensity time profile would be Indis-

tinguishable from one in the case of diffusive transport. A careful analysis

of the anisotropy and the angular distributions is required to determine the

correct mode of propagation (see section 3 below).

Diffusive transport.

For strong scattering pitch angles may easily be changed by more than 90
which reverses the velocity parallel to the field and leads to a stochastic
motion back and forth along the average field. The transport equation (1) can
then be reduced to the simpler diffusion equation for the omnidirectional in-
tensity <j> or, equivalentyl, the spatial particle density U. In this case the
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coherent velocity V C Q h in (4) goes to zero and the coefficient D approaches

the (spatial) diffusion coefficient D(l parallel to the average field. . We

write the diffusion equation here in a form given by Green (1984) and Beeck

and Wibberenz, 1986)

3U - I £
3t A dz

for the spatial particle density U(z). A(z) is the cross-sectional area of a

flux tube which is related to the focusing length L by L(z)=A(z)/(3A/8z). In

this approximation the spatial diffusion coefficient D,,(z) is related to the

pitch diffusion coefficient K(Z,U) by

< eG>
vL •" G -

<e >

The function G which also plays an important role in the discussion of angular

distributions (see below) is defined by

(7)

For a nearly homogeneous magnetic field (L », A ( Z ) =< A ) we can use a

linear approximation of the exponential functions in eqation (6). This reduces

the relation between pitch angle scattering and the spatial diffusion

coefficient Dn parallel to the average field to

as given by Jokipii (1966) and Hasselmann and Wibberenz (1968, 1970). The

parallel mean free path X,, which is related to D,, by D,, = A,,v/3 is then ob-

tained as

A careful discussion of the situations in which spatial diffusion is an ade-
quate description is given by Earl (1974b). We shall use the mean free path \
as given by (9) as a parameter to characterize the strength of scattering, not
only because of its figurative meaning, but also because \ can be shown to
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have a fundamental dependence on a single particle parameter only, namely on
magnetic rigidity.

The diffusion coefficient O1P given in (6) and (8) relates to particle motion
parallel to the average field. For diffusion from one radial shell to the
other the diffusion equation can be gained from equation (4) as

at

with an "effective" radial diffusion coefficient

Dr = D,,cos
21> (11)

where i|> is the spiral angle between the radial and the magnetic field direc-
tion. A somewhat different derivation of (10) has been given by Ng and
Gleeson (1975). For typical solar wind conditions we can write DM « (1+r )D
(r in AU), so that at 1 All we have D,, * 2Dr<

For sufficiently small mean free paths we have to complement diffusion by
the effects of convection and adiabatic deleration (see e.g. F1sk and Axford,
1968). These effects shift the intensity maximum to earlier times and may
steepen the decay of the event considerably. In all fits of solar particle
events to theoretical models one has to be careful to take these effects Into
account. They are of particlular importance at distances beyond 1 AU from the
Sun (see Hamilton, 1977).

2.2. Quasi-linear theory (QLT) or: the resonant gap and how to fill it

The standard model

The transport equation (1) and its various approximations were fundamental
for understanding the propagation of solar energetic particles. It 1s equally
important, however, to derive the transport parameters from properties of the
interplanetary magnetic field. This will be treated 1n this section. The
elementary process of pitch angle scattering 1s related to the irregular na-
ture of the IMF. A closed expression has become possible in the so-called
quasi-linear theory (QLT), which was applied to cosmic ray problems first by
Jokipii (1966, 1968) and Hasselmann and Wibberenz (1968). For an introduction
into the theoretical framework the reader 1s referred to Fisk (1979). QLT is
valid when the fluctuations superimposed on the average field are sufficiently
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small, implying that the changes in pitch angle during a single gyration are

small and several gyrations are required to accumulate a certain amount of

scattering. In this case particles are therefore scattered essentially by ir-

regularities with spatial scales in resonance with the particle gyration- The

relation between the nature of the magnetic field fluctuations, expressed by

the power spectral tensor, and the pitch angle diffusion coefficient is rather

complicated (Hasselmann and Wibberen2, 1968). A particularly simple case

which can be solved analytically in closed form is given when the fluctuating

part of the field only contains axially symmetric transverse components with

wave vectors parallel to the average field. This case is generally referred

to as the "slab model" and is used in many applications to experimental

results. We shall refer to this combination of QLT with the slab model as the

"standard model".

Let us assume that the power spectrum of the fluctuating field can be ex-

pressed by a power law,

f(k,,) = C k ^ , (12)

where k,, is the wavenumber parallel to the magnetic field. The resonance con-

dition tells us that particles resonate with this part of the spectrum when

they travel a distance v,,T = 2n/k,, along the field during one gyration time

T . The resulting pitch angle diffusion coefficient can be written as

K(M) = A|ji|q"1(l-u2) (13)

where the scattering constant A is proportional to the level C of field fluc-

tuations in (12) and the exponent q controls the variation of K with u and of

X with P. In the diffusive limit, the integral (9) leads to a finite mean

free path as long as q < 2 with the result

X.. = G P2'q (14)

The relation between the functional forms of the power spectrum f(k,,), the

pitch diffusion coefficient K ( U ) , and the mean free path A,,(P) for the stan-

dard model is sketched in Figure 3. We have inserted in Figure 3 spectral

slopes q quoted in the literature (see below). The case q = 1 corresponds to

isotropic scattering, K(U) « (1-u2). Conversion to pitch angle a instead of

u = cos a shows that this form corresponds indeed to scattering Independent of

pitch angle. For q a 2 the gap near u = 0 becomes so large that particles are
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not scattered at all through 90° pitch angle. This leads to totally coherent

propagation where particle transport in the two pitch angle hemispheres is

decoupled. It is treated theoretically by Earl (1974a) and Kunstmann and

Alpers (1977). The sign of the parallel component of the particle velocity

remains unchanged, but its magnitude varies between 0 and v. This mode of

transport is similar to the strongly focused transport adequately described

by (3). Wibberenz et al. (1977) have found a situation where particles seem to

travel cohertntly between 0.3 and 1.0 AU (see discussion by Fisk, 1977).

Measured magnetic field spectra (Coleman, 1966; Sari and Ness, 1979;

Hedgecock,' 1975; Denskat and Neubauer, 1982) give spectral slopes in the

range q = 1.3...1.9, with an often quoted average value of q = 1.63

(Hedgecock, 1975). The determination of the magnetic field spectral tensor

from observed field components is an extremely difficult task since the solar

wind carries the frozen-in magnetic field across an observer, and the cor-

responding time series has to be converted Into three-dimensional spatial

structures. It is found that the power of the relative fluctuations 1n the

field strength is considerably smaller than those in the field direction.

This has generally been taken as evidence that the slab model is a good repre-

sentation of the magnetic field structure.

An often quoted result of the standard model (for an early summary of

results see Jokipii, 1971) uses the magnetic field power spectrum by Jokipii

and Coleman (1968). It was first noted by Wibberenz et al. (1970) that the

mean free paths from solar particle events and the prediction from theory dif-

fer by about an order of magnitude (see also the discussion by Quenby, 1983).

The failure of the standard model to correctly reproduce the observed mean

free paths has led to a large number of corrections, improvements, and some

unconventional ideas, which will now be briefly sketched.

Modifications of the slab model and non-linear corrections

The quasi-linear theory leads to the situation that particles resonate only

with a small band of waves which satisfy the resonance condition. This re-

quires two conditions (see the discussion in Hasselmann and Wibberenz, 1968).

(1) The fluctuations on the field must be sufficiently small, so that the

change in pitch angle during one gyration remains small. (2) The variation of

the power spectrum of the field close to the resonance frequency must be suf-

ficiently small. Condition (1) naturally requires that the field be not too

turbulent, so that the superimposed irregularities can be regarded as a per-

turbation. Condition (2) is particularly severe for large- pitch angles

(u • 0). In higher order treatments the difference between the global average
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and the momentary value of the magnetic field becomes important and implies

that particles find a larger range of wavenumbers to resonate with (resonance

broadening, see e.g. volk, 1973). Several non-linear corrections have been

developed (see Volk, 1975, and F1sk, 1979, for an introduction into the

problem). The corrections to QLT are generally small at large values of u,

but the scattering at values of u close to zero is considerably enhanced, in

particular for a large relative strength of fluctuations (see Goldstein, 1976,

Jones et al., 1978). As one can see from (9) the mean free path depends

critically on the value of K(U) near u = 0. This means that increased scat-

tering near u = 0 reduces the theoretical mean free path further and enhances

the discrepancy as pointed out by Goldstein (1976). This led Wibberenz (1976)

to suggest that one should modify the assumptions about the nature of the mag-

netic field fluctuations. We shall immediately see the crucial importance of

these modifications for types of field fluctuations different from the slab

model.

Lee and Volk (1975) and Morfill (1975) considered scattering by waves

oblique to the magnetic field. This leads to a marked reduction of pitch

angle scattering near 90° pitch angle. The scattering gap for small pHch

cosines is filled by non-resonant interactions, e.g. reflections by compres-

sional waves. The resulting mean free'path is considerably larger than in the

standard model (Morfill, 1975; Morfill et al., 1976). In a different approach,

Fisk et al. (1974) start from the assumption of isotropic magnetic field fluc-

tuations. They show that at small y the values of K(U) as obtained by the

slab model have to be multiplied by |u| (see also Fisk, 1979). This has the

interesting consequence that the scattering at u = 0 now becomes so small that

for spectral slopes with q 2 1 spatial diffusion does not exist, the same

situation as discussed above for q z 2 in case of the slab model. This region

of reduced pitch angle scattering has been termed the "resonant gap" (see e.g.

Oavila and Scott, 1984). Numerical results for different types of magnetic

field fluctuations have been provided by Kunstmann (1977). He has also cor-

rected an error contained in the averaging procedure by Hasselmann and

Wibberenz (1968). He assumes that individual components of the spectral ten-

sor can still be described by power laws, but that the fluctuations are

composed from waves with a distribution of wave vectors which is not

monodirectional along the average field direction as in case of the slab-

model. Typical results of QLT are shown in Figure 4. Here for a given

spectral shape of the spectrum (12) with q = 1.5 the shape of the pitch dif-

fusion coefficient K(U) is compared for the three cases of the slab-model (a),

isotropic fluctuations (b), and Alfven waves with a homogeneous distribution
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of wave vectors (c). It should be noted that the case of isotropic scattering

(b) contains a delta-function at the origin (Fisk et al., 1974). As shown by

Alpers et al. (1978) this implies only a singular breakdown of the weak inter-

action theory and has no influence on pitch angle scattering across 90°.

Curve (a) varies proportional to |u| near \i = 0 (see equation (13)),

while curve (b) varies proportional to |u| (see the discussion of Isotropic

fluctuations above), and the scattering or resonant gap near u = 0 1s still

more pronounced in case (c). Simple spatial diffusion is no longer applicable

in this limit in cases (b) and (c). This makes the discussion of higher order

effects very important. It was already pointed out that in higher orders of

the perturbation treatment K ( U = 0 ) is non-zero. Figure 5 shows an example for

non-linear corrections, based on the "partially averaged field approach" by

Jones et al. (1978). The pitch diffusion coefficient K(\I) is calculated for a

spectral slope of q = 2 and the "oblique slab model", i.e. Alfven waves moving

into a fixed direction in space only inclined by 30° with respect to the mag-

netic field direction. In contrast to the QLT-prediction the gap at u = 0 1s

filled up by non-linear effects (curve P.A.F.). The amount of correction

depends on the relative strength of magnetic field fluctuations. This 1s

demonstrated in Figure 6. Here Jones et al. (1978) have applied non-linear

corrections to the slab model, and one can see how the gap is filled more and
2 1/2

more with an increasing relative level of fluctuations n = <6B > ' . Similar

results are found by Kaiser et al. (1978) in their method of particle orbit

simulations. A qualitatively similar result is obtained by the resonance

broadening concept (Volk, 1973). Here the value of K(U) is replaced by K ( U )

for all values of u below a critical value u_. This approach is also applied

by Morfill (1975). Particle scattering is due to oblique Alfven waves, and

the QLT result is modified for |u| * y_. The critical value u increases with

the amount of magnetic field fluctuations, so that we obtain the same

principal effect as in Figure 6: the resonant gap is filled up more and more

with increasing turbulence in the field.

The results in Figures 5 and 6 should be taken as representative examples.

The correct treatment of the non-linear corrections of the pitch angle scat-

tering theory is not yet totally clear, see e.g. the extensive discussion by

Goldstein (1976). In addition, non-linear corrections are not the only way to

bridge the resonant gap. An important effect is mirroring due e.g. to mag-

netosonic waves. Goldstein (1980) argues that the mean free path is only

determined by a small amount (5-10%) of compressive fluctuations, whereas

large-scale Alfven waves do not produce particle scattering through 90° pitch

angle. For average conditions this would lead to a constant mean free path of

the order of X,, = 0.3 AU for rigidities below a few GV.
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Davila and Scott (1984) reduce the scattering near 90° pitch angle by col-

lisionless damping of waves with high wavenumbers. This has the interesting

consequence that the width of the resonant gap (see Figure 5) varies with par-

ticle rigidity, and that below a limiting rigidity we would observe the

transition to scatter-free propagation. These predictions will be compared

with experimental results below. Davila and Scott (1984) also add mirroring

due to field compressions. They obtain a typical mean free path of 0.04 AU for

protons between 5 MeV and 2 Gev, roughly independent of energy.

A different approach 1s taken by Schlickeiser (1988). He modifies the slab

model by not having the magnetic field fluctuations frozen in the solar wind,

but allowing for Alfven waves to move parallel and antiparallel to the mag-

netic field. This is afundamentally new result. It increases the small values

of K ( U ) near y = 0, and in case of magnetic field spectra with q ^ 2 still

leads to finite values of the mean free path. Spectral indices q in the range

between 2.1 and 2.2 lead to good agreement with mean free paths observed from

proton events and are in principle suited to remove the factor of 10 dis-

crepancy obtained from the standard model. This is an interesting possibility

when magnetic field spectra occasionally ere as steep as required (q > 2); in

general, however, this is not the case.

One important consequence of these modifications is that the relation between

the functional shapes of f(k,,)t K ( U ) , and X(P) as given in Figure 3 which was

so characteristic for the standard model is now totally decoupled. In par-

ticular, we might consider a situation where the shape of the spectrum f(kn)

remains constant, but the overall level fluctuates. In this case, we would

expect not only a variation in the overall level of scattering, but also a

steady filling up of the resonant gap with increased turbulence of the field.

For a low level of field fluctuations we would have a pronounced dip in K ( U )

near u = 0, whereas for a high level we might end up with a situation which is

close to isotropic scattering (see curve q = 1 in Figure 3(b)).

2.3. Particle orbit simulation

Instead of computing the pitch angle scattering in the QLT-approach and the

various modifications one has performed particle trajectory simulations in a

model based upon the power spectral representation of the field (e.g. Kaiser

et al., 1978) or by using actual satellite magnetic field and plasma data for

a realistic model of the interplanetary medium (e.g. Moussas et al., 1982 -

Zitat 1982a in Liste Valdes et al., 1988). The computer simulation of particle

orbits allows to study the diffusion process directly, Independent of any
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theoretical assumptions in QLT or its modifications. This also means that we

can decouple the assumptions about the interplanetary magnetic field structure

and the theoretical computations of the energetic particle behavior. In the

particular case considered by Kaiser at al. (1978) the agreement with the non-

linear corrections considered by Jones et al. (1978) is rather good. We shall

come back to this point in section 4 when we discuss new results by Valdes-

Galicia et al. (1988).

3. DETERMINATION OF THE MEAN FREE PATH

3.1. Introductory remarks

Solutions of the transport equations (1) and (10) have been widely used for

comparison with observations in order to obtain the mean free path from best

fits to observed intensity profile of solar particles. Let us briefly mention

a few of the difficulties in performing such analyses. 1) The radial depend-

ence of the mean free path X(r) is not known, and the injection I(t) at the

Sun is not necessarily a delta function in time. This leads to a variety of

possibilities generating the same theoretical intensity profile. This problem

has been partly overcome by a simultaneous analysis of intensity and

anisotropy (see Palmer et al., 1975; Schulze et al., 1977). (2) During a

solar event a spacecraft does not stay in the same magnetic flux tube because

the flux tubes corotate across it. Therefore, what we see are samples taken

from different flux tubes in which particle distributions may have evolved in-

dependently and differently. The analysis of solar events in a stream

structured solar wind is discussed by Scholer et al. (1979). According to a

study by Morfill et al. (1979) the mean free path should vary by as much as a

factor five from the leading to the trailing edge of a ^ ar wind stream.

Transition to a solar wind regime with different propagation characteristics

can in principle be detected by analyzing pitch angle distributions (Green and

Schluter, 1989). We shall see below that the variations in the absolute value

of the mean free path are Indeed considerable. (3) Simultaneously with the

ejection of MeV particles a flare region often generates a shock wave which

travels through'the solar wind with speeds up to the order of 1000 km/s. This

is considerably slower than the energetic solar particles, but the shock may

accelerate particles either from thermal solar wind energies or from the back-

ground of solar particles which arrived their earlier. Thus, a shock would

appear as a moving source of energetic particles which are superimposed on the

intensities of particles of prompt solar origin. At first glance a compound

time profile of this kind could give the impression of a double or multiple
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injection on the Sun. A careful analysis of the related magnetic field and

plasma properties is required to diagnose the arrival of the shock, and the

shock accelerated particles have to be separated from the prompt particles of

solar origin by studying the spectral characteristics, chemical composition,

and angular distributions.

An extensive summary of results on the parallel mean free path X,, is given

by Palmer (1982). Part of the results are shown in Figure 7. We want to use

this figure here as an input for the subsequent discussion and summarize a few

of the essential results.

a) In order to obtain reliable results one has to take effects of the solar

injection into account which means that the temporal variation of the

anisotrop.v should also be considered.

b) Under these conditions one can specify a "consensus range" for the mean

free path of 0.08 AU < X,, < 0.3 AU over a large range of rigidities.

c) Near 100 MV rigidity the discrepancy with the "standard model" (as indi-

cated by the letter J in Figure 7) amounts to about a factor of 10.

d) The bulk of data suggests a small variation of X with rigidity P, it would

be consistent with X(P) = const. This has inspired a number of theoretical

predictions, see the curves marked G (Goldstein, 1980) and SM (Scholer and

Morfill, 1980).

e) The radial variation of X is not yet well determined. . It is generally

described by a parameter b contained in the radial variation of the

"radial" mean free path (see equ. (11)), Xr(r) « r . One way to determine

b is from fits to individual events; it was found that the intensity

decays faster than predicted from a radially constant Xr (b = 0), and this

led to values of b s 1 in several cases. Another method used spaceprobes

at different radial distances, in particular from comparisons of Pioneer

10/11 with near-earth data. Zwickl and Webber (1977) obtained

b = 0.0 + 0.2, Hamilton (1977) b = 0.4 + 0.2. In general then, we should

expect a slight increase of Xr with distance beyond 1 AU, with b somewhere

in the range 0...1.

f) An interesting question is the possible existence of minima in the group of

points in Figure 7. It would be related with rigidity regions with a nega-

tive slope of X vs. P.

Let us discuss the last point a bit more in detail. Figure 8 is a summary
of X vs. P results taken from Wibberenz (1977) complemented by results from
Witte et al. (1979) and Mason et al. (1983) for the event of 22 November 1977.
They had used the method to study temporal variations in the intensity ratio
of different species of the same energy/nucleon. As shown by Wibberenz and
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Witte (1970) variations of this ratio are coupled with the sign of 3X/3P. The

negative slope of X(P) in Figure 8 is not only suggested by single events, but

also from a comparison of the bulk of data around 200 MV (10 tO 60 MeV

protons) with the so-called scatter-free protons (> 0.3 MeV) postulated by

Roelof and Krimigis (1973).

3.2. Rigidity dependence

The variation of the mean free path with particle rigidity can give us im-

portant insights into the correct theoretical description. It was shown in

Figure 7 that the variation X(P) is small, in contrast to predictions from the

standard model, and some of the theoretical interpretations discussed in that

context aimed at explaining the result X,,(P) = constant. We had even sum-

marized a few results in Figure 8 which suggest a negative slope, aX/aP < 0,

over a limited range of rigidities below about 200 MV. A relative minimum in X

is difficult to explain in the context of most existing theories. It should be

mentioned that in most treatments it is tacitly assumed that the nature of the

magnetic field fluctuations does not vary with wavenumber. Scholer and Morfill

(1980) considered the superposition of small-scale fluctuations - which are in

resonance with the particle motion - on medium-scale variations. In the con-

text of particle scattering by ensembles of Alfven waves this would lead to a

distribution of wave vectors with respect to the average field which varies

with particle rigidity. This could lead to a constant mean free path (see

curve labeled "SM" in Figure 7), but also to a negative slope.

Beeck et al. (1987) discuss the variation of X with P based on the study of

various instruments on different spaceprobes covering a large range of par-

ticle species. They show that the negative slope found earlier for the event

of 22 November 1977 for certain rigidity ranges (see Fiogure 8) Is not con-

firmed. The intensity profiles for this event have to be explained by

different solar injection profiles for different particles species. As a

result, the variation X(P) is obtained as X(P) s P0'45 for rigidities between

30 and 600 MV. A positive slope for X(P) is also found for the event of

27 December 1977. The results from two totally different types of study are

shown in Figure 9. Beeck et al. (1987) use data from three spaceprobes at dif-

ferent radial distances from the sun and find X(P) .r P for the rigidity

range between 30 and 250 MV. Wibberenz et al. (1988) use data from three

spaceprobes at different helilongitudes to describe the influence of coronal

propagation to the observed Intensity profiles correctly. Their result for

13-27 MeV protons (black triangle) agrees well with the nucleon results of
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Beeck et al. (1987). They also have analyzed = 0.5 MeV electrons, and the

electron mean free path is slightly smaller than that of nucleons, giving a

monotonous continuation of the X(P) results from higher rigidities (Figure 9).

Let us summarize in Figure 10 some more results for the "effective radial mean

free path", Xr = 3D /v, where D is related to the parallel diffusion coeffi-

cient D,, by equation (11). It is the value of Xr which results from many fits

to solar particle events, and at 1 AU we have X « X,,/2 (see above). The

results in Figure 10 are not totally comparable with each other because the

data were collected at different distances from the Sun. The results for the

events of 22 November and 27 December 1977 refer to the local value of X at

1 AU. The event of 28 March 1976 was studied carefully with respect to the

radial variation of X (Ng et al., 1983; 1988), and the value in Figure 10 also

refers to 1 AU. Helios was at about 0.5 AU radial distance for the events of

8 April 1978 and 11 April 1978. In case of the 8 April event (X = 1 AU, Beeck

and Wibberenz, 1936) only a local value was obtained with no information about

the radial variation. The value for the 11 April 1978 event was obtained lo-

cally at 0.5 AU (Valdes-Galicia et al., 1988). Figure 10 contains a number of

remarkable results:

- It demonstrates the high variability in the scattering efficiency of

the interplanetary medium. The two limiting values differ by about two

orders of magnitude, and the two solar events occurred only three days

apart from each other.

- It demonstrates the high correlation in the behavior of relativistic

electrons and tens of MeV protons. The mean free path is either high or

low simultaneously for both particle groups.

- For nucleons above 30 MV there is a definite monotonic increase of the

mean free path with rigidity for the three events of 22 November 1977,

27 December 1977, and 11 April 1978. If we compare the first two events

only we find that for the event which shows the stronger variation of X

with P the mean free path is generally smaller. This may or may not be

accidental. It would be quite interesting to see if the case

X(P) = constant is approached when the general level of scattering is

still reduced further, i.e. the mean free path is increased.

- Whenever the propagation of relativistic electrons is studied simul-

taneously with that of the protons we find that their mean free is the

same or slightly smaller than that of the protons. This means we do not

find the transition to scatter-free transport as suggested by Davila

and Scott (1984).
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We have inserted in Figure 10 three theoretical curves based on average con-

ditions of the interplanetary medium. The curve "J" represents the standard

model discussed above (after Jokipii, 1971). The curve "G" is from Goldstein

(1980) where the constancy of the mean free path results from considering mir-

roring effects only. The curve "DS" is based on Davila and Scott (1984) with a

certain mixture of resonant and non-resonant interactions. We had already dis-

cussed that the turnup at low rigidities marking a transition to scatter-free

propagation is in contradiction to observations. It is obvious from the large

variations in the mean free path from one event to the other that a comparison

with average interplanetary conditions is not meaningful. We need more cases

where during the same event the mean free path is obtained over a large

rigidity range and where the magnetic field structure at the time of the event

is used as an input for the theory of particle transport. A recent attempt 1n

this direction has been made by Valdes-Galicia et al. (1988). We shall come

back to their results in section 4.

3.3. The radial variation of the mean free path

The two methods to determine the radial variation of the mean free path were

briefly mentioned in section 3.1., namely the detailed analysis of single

events and observations from paceprobes at different solar distances.

Figure 11 shows an example for the first method. In contrast to the examples

discussed above a negative value of b = -1 is required here to obtain a good

fit for the intensity profile (Valdes-Galicia et al., 1988). The fast decay of

the anisotropy shows that the event of 11 April 1978 is characterized by a

short injection, so that the intensity profile must be essentially due to in-

terplanetary diffusion. The result is an unusually low value of the mean free

path (see the collection of events presented in Figure 10), observed when

Helios 2 was at a position of 0.49 AU from the sun. The value b = -1 means

that the mean free path increases in this case when we move closer to the sun.

A similar result though for a considerably smaller degree of scattering is ob-

served for the event of 28 March 1976. This event has been very carefully

studied by Ng et al. (1983, 1988). The event is characterized by very weak

scattering within about 0.5 AU from the sun, but scattering increases further

away and can in case of 4-13 MeV protons be characterized by a "shell" of in-

creased scattering centered somewhere around 1 AU.

In Figure 12 we collect results from four solar events which we had already
discussed. The difficulty to get an overall picture is easily demonstrated by
the large variations in the absolute value of the mean free path between the
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individual events. The multi-spacecraft studies of Beeck et al. (1987) leads

to values of b = 0.7 for the event of 22 November 1977, b = 0.5 for the event

of 27 December 1977. The latter value is in excellent agreement with the

result b = 0.6 + 0.1 of a totally independent study, based on a different

method (Wibberenz et al.,1988). This constancy or increase of X with r refers

to values in the vicinity of 1 AU and beyond. It does not necessarily tell us

how the situation is close to the Sun. Extrapolation of X(r) « rb to r = 0 in

case of b > 0 is in general not justified because the positive values of b

refer to the decay phase of solar events which are essentially determined by

the scattering behavior beyond the observer, or to the situation between two

observers located at some distance from the sun. The two other cases in Figure

12 indicate a tendency that mean free path increases again if we go closer to

the Sun. The increase of X at small distances is supported by the fact that a

number of events with weak or no scattering have meanwhile been found close to

or within 0.5 AU, as the events of 3 March 1975 at 0.3 AU (Wibberenz et al.,

1977; see also Fisk, 1977), 8 April 1978 at 0.52 AU (Beeck and Wibberenz,

1986), 7 June 1980 (Neustock et al., 1985), 8 June 1980 (Kallenrode, 1987).

It is interesting that a radial variation of the general nature sketched in

Figure 12 is also predicted by Morfill et al. (1979). Their result is shown as

an insert in the upper right of Figure 12. They discuss a propagation model

where particle scattering is due to Alfven waves. The radial development of

the amplitudes and wave vectors of Alfven waves produced at the ?un leads to a

certain variation of the mean free path with distance. The type of radial

variation depends on the phase in a solar wind stream. At a fixed distance the

mean free path may vary up to a factor of 4 which might explain part of the

variations shown in Figure 10. The small degree of scattering closer to the

sun in an qualitative agreement with our suggestion based on Figure 12.

4. DETERMINATION OF THE PITCH DIFFUSION COEFFICIENT

4.1. Higher harmonics of the angular distribution

Let us turn now to the analysis of angular distributions. If the focusing
forces are neglected it can be seen from the explicit expressions by
Hasselmann and Wibberenz (1968) that the anisotropic part of the distribution
function reacts to the shape of the pitch diffusion coefficient K ( U ) . What
happens if focusing forces act in addition? Earl (1981) has shown that under
steady state conditions and for a radially constant ratio of scattering to
focusing forces the anisotropic part can be expressed as an exponential func-
tion of pitch angle, the so-called "exponential anisotropy" exp(G(p)). We have
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defined the function G(u) already in equation (7). This stationary solution of

Earl (1981) has been applied by Bieber et al. (1986) to solar energetic par-

ticles, by Bieber and Pomerantz (1983, 1985) to angular distributions of

galactic cosmic rays. Based on a different approach by Kunstmann (1977) is was

shown meanwhile by Green (1984) and Beeck and Wibberenz (1986) that the an-

gular distribution is essentially determined by the local propagation

properties of the interplanetary medium. This means that in the so-called dif-

fusive approximation the full solution of the transport equation is of the

form*

f(z,p,t) = fo(z,t) - ^ L (-5g- - 1) . (15)

The u-dependence -js determined by L(z) and K(Z,U) via G(z,u) from

equation (7). The anisotropic part of the distribution function f - f as ob-

tained from (15) is of fundamental importance to determine local properties of

the interplanetary medium from observed angular distributions. It has been

shown by Green and Schluter (1989) and Beeck and Wibberenz (1986) that after

proper normalisation the shape of the anisotropic part of the distribution

function f - f remains constant throughout solar particle events with suffi-

ciently long-lasting injection and that in this case is not restricted by the

condition X « L. It allows to obtain information about the ratio of scatter-

ing to focusing forces as well as about the shape of the pitch diffusion

coefficient K ( U ) . It should be noted that the angular distributions from ener-

getic particle instruments in space are obtained as a finite number of sector

counting rates. An adequate method for comparison with theory is the repre-

sentation of observations by a truncated Fourier or Legendre expansion (Green,

1984). The Legendre coefficients allow a particularly simple interpretation.

In general, the second Legendre coefficient is a good measure for the ratio of

scattering to focusing forces, whereas the third Legendre coefficient reacts

sensitively on the extension of the resonant gap (see Beeck and Wibberenz,

1986).

The nature of the results is indicated in the subsequent two figures. In

what follows the pitch diffusion coefficient is parametrized in the form

•C(M) = A d p l ^ 1 + H)(l-u2) (16)

(see also Earl, 1974b). The exponent I? is a parameter to charaterize the dip
at JJ = 0 and should not be confused with the power spectrum exponent q. We had



- 70 -

seen in the discussion in section 2 that the relation between the two

depends on the nature of magnetic field fluctuations. We had § = q in case of

the slab model, $ - q+1 in ca^s of isotropic fluctuations. The value of H

determines how far the dip is filled up due to non-linear or mirroring effects

(see e.g. Figure 5). Figure 13 treats the case of vanishing focusing (L = » ) .

The upper panel shows the shape of K(U) for various combinations (q\ H), and

the scattering dip increases from left to right. The result for the normalized

distribution function is given in the lower panel, showing a linear curve in

case of § = 1, whereas in case of an increasing dip the distribution function

approaches more and more an S-shape.

In the particular case § = 1 we see the combined effects of scattering and

focusing in Figure 14. Calculations are for a position at R = 0.6 AU from the

sun where for an Archimedean spiral the focusing length is L = 0.4 AU. The

mean free path \ increases from left to right corresponding to a more

prominent role of focusing. This is reflected in the steepening of the angular

distributions. The combination of the two effects demonstrated in Figures 13

and 14 is extensively discussed by Green (1984), Beeck and Wibberenz (1986),

and Green and Schliiter (1988).

4.2. Observational results

The first attempt to determine the ratio of focusing to scattering forces

and the nature of K(M) was made by Bieber et al. (1980) for the solar event of

28 March 1976, based on the analytical approximations by Earl (1976) and

Bieber (1977). They were restricted by several assumptions, namely a radially

constant mean free path \, a radially constant focusing length L, and a form

of K(\I) as given by H = 0 in equation (15). The constancy of L coresponds to

an exponential increase of the flux tube cross-section, and it leads to a

finite late anisotropy, in contrast to observations. The restriction in the

choice of K(U) did not allow to determine the strong depression of scattering

close to 90° pitch angle (see below).

The restrictions can be dropped when equation (1) is solved numcerically. (Ng
and Wong, 1979). Ng et al. (1983,1988) provide a result for the same event of
28 March 1976 as Bieber et al. (1980). The mean interplanetary magnetic field
is modeled as an Archimeden spiral corresponding to the quiet solar wind con-
ditions observed during that day. The variation of the pitch diffusion
coefficient distance z along the field and pitch angle cosine u is assumed to
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be separable, K(Z,U) = K 1 ( Z ) K 2 ( M ) - We show in Figure 15 the result of the nor-
malised pitch distributions for 4-13 MeV protons obtained during this event.
These results can be equally well described by the three choices of <(u)
presented in Figure 16. The open circles connected by straight lines are the
results for protons taken from the earlier analysis of Ng et al. (1983). The
other two curves in Figure 16 from Ng et al. (1988) are given in the analyti-
cal form of equation (15) with ij = 3, H = 0.02 (solid curve) and § = 5,
H = 0.02 (dashed curve), respectively. All three choices of K(U) lead to
results for the angular distributions of Figure 15 within the one-sigma
tolerance (see Ng et al., 1988, for discussion). We conclude then that for all
these possible choices of K(U) there is a pronounced reduction of pitch angle
scattering close to u = 0,- but it is not possible to distinguish between
various theoretical predictions which all provide for the 90° resonant gap
plus filling up of the gap by non-resonant interactions.

A similar result has been found for the event of 8 April 1978 by Beeck and
Wibberenz (1986). They have discussed the angular distributions in terms of
the Legendre expansion mentioned above. The resulting K(U) is shown in
Figure 17. The two full lines give the theoretical fits to the angular dis-
tributions within statistical accuracy when the analytical form (15) 1s used
for K(JJ). We see that the "90° dip" is not quite as pronounced as for the
event of 28 March 1976 (Figure 15). The dotted line in Figure 17 is a
theoretical prediction within QLT, supplemented by a finite degree of pitch
angle scattering around u = 0. This curve can be obtained by two different
forms of the field fluctuations. It would require a slope q = 1 for isotropic
fluctuations, q = 2 for the slab model. It is interesting that the latter case
would agree well with the prediction of Schlickeiser (1988). His assumption
about Alfven waves traveling back and forth along the average magnetic field
would provide for a finite value of K near u = 0. However, this is not the
only possible explanation. Beeck and Wibberenz (1986) argue that some admix-
ture of isotropic fluctuations to the slab model would provide a similar
result. In this case one could use a spectral slope q = 1.5 which is closer to
the average conditions for observed magnetic field spectra. One should note
however that this event also represents conditions of weak overall scattering.
The mean free path is of the order of 1 AU (Beeck and Wibberenz, 1986). In
this case the magnetic field power spectrum might well be steeper than
average.

Both events which were observed near 0.5 AU distance from the sun are
characterized by weak overall scattering. The local mean free path for the
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March 28 event is of the order 2 AU (Ng et al., 1988), for the 11 April event

of the order 1 AU (Beeck and Wibberenz, 1986). In both cases we find a small

degree of scattering near p = 0 (the "90° dip") and can exclude the validity

of the standard nodel. The shape of the curves K(U) if described by (15) is

characterized by values tf ̂  2 and a finite value H of the scattering near

\x = 0. The analysis of the angular distributions suggests that both modifica-

tions discussed above have to be considered, namely a form of the magnetic

field fluctuations different from the slab model (see Figure 4) and a small

positive value of pitch angle scattering near u = 0 (see e.g. Figure 5).

For both events the best fits of K(P) have beeen studied for electrons as

well. It is found that within observational uncertainties they are identical

with the proton results (see Beeck and Wibberenz, 1986; Ng et al., 1988 for

details). This is an extremely interesting result because it tells us that the

mechanisms of pitch angle scattering for these two particle types which differ

in their Larmor radii by more than two orders of magnitude ought to be the

same. A similar conclusion was already drawn by Bieber et al. (1980) and can

also be confirmed by a general study of pitch angle distributions from the

Helios data: the shape of the angular distributions varies greatly from one

event to the other, but is always very similar for electrons and protons. One

possibility to explain this observation is the existence of non-resonant in-

teractions in the form of mirroring effects. The existence of compressional

fluctuations in the interplanetary magnetic field could lead to reflections of

particles with Larmor radii below a certain limiting value. If such an effect

existed it could formally be taken into account in the general pitch angle

scattering coefficient K ( U ) , simply to bridge the resonant gap near u = 0. But

is should be clear that in this case the whole concept represented by the

transport equation (1) might have to be modified, adding a finite number of

positions along the particle trajectory where large angle scatterings or even

reflections would occur, thus returning partly to the old concept of

"scattering centers" (see Parker, 1965). It is perhaps too early to consider

this necessity seriously. But we shall see in section 4.3. that we might still

be in a position where we have not yet understood interplenetary propagation

correctly.

It is obvious that one of the reasons why we cannot decide which model for

the field fluctuations and which theoretical treatment is correct is the lack

of knowledge about magnetic field structure at the time of the solar event. A

recent attempt in this direction has been made by Valdes-Galicia et al.

(1988). In this work three different methods to study the strength and nature
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of particle scattering are compared. One of these methods uses the computer

simulation of particle orbits in turbulent magnetic fields with suitably

chosen statistical properties (Kaiser et al., 1978) or in a magnetic field

model derived from spacecraft data (Moussas and Quenby, 1978). The result of

Valdes-Galicia et al. (1987) for the solar event of 11 April 1978 concerning

the shape of K(U) for 100 MeV protons is reproduced in Figure 18. The impor-

tant difference from the results in Figures 15 and 16 is the lack of the "90°

dip". The result denoted as "particle" is based on a fit of the particle data

to a diffusion-convection model and on inspection of the angular distribu-

tions. They did not allow a direct determination of the parameters in (15),

but they were consistent with isotropic scattering (i§ = 1, H = 0). Beeck and

Wibberenz (1986) have shown that electrons during the same event

similarly do not show a "90° dip", with a value of q* = 1.2 + 0.2. The "field"

result in Figure 18 is based on the particle trajectory simulation. The close

agreement with the direct particle observations is very encouraging. The

remaining difference of about a factor of 2 could be explained by tangential

discontinuities which are measured by the magnetometer, but not experienced by

charged particles traveling along the magnetic field. The curve denoted by

"QLT" is based on the magnetic field power spectrum observed during the event

and application of the standard model. What is interesting here is the rela-

tively flat power spectrum with a spectral exponent q = 1.1. Application of

the standard model leads leads to a very narrow dip at u = 0, in good agree-

ment with the other two determinations of K ( U ) . However, the absolute value of

this theoretical prediction leads to a degree of scattering considerably

larger than in the other two cases.

The same results can also be converted to a mean free path as shown in

Figure 19. The "particle" results are given here for four proton channels and

one electron channel. This result which represents an unusually small mean

free path was already discussed in connection with Figure 10. Possible reasons

for the discrepancy between the "particle" and "field" results were already

discussed above. It is interesting that the "QLT" curve based on actual mag-

netic field data and the standard model shows roughly the same discrepancy

(see section 2,2.) of about an order of magnitude with the "particle" results.

However, the result from the standard model is also about a factor of 4

smaller than the "field" result obtained from the particle orbit simulation.

In this case one possibility for the discrepancy is the large degree of tur-

bulence superimpsoed on the field. This leads to a breakdown of the quasi-

linear treatment v.hich requires small fluctuations (see Valdes-Galicia et al.,

1988, for furhter discussion).
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We see one interesting difference between Figure 18 and the previous results

in Figures 16 and 17. These differences could in priciple be understood' in

terms of the total degree of scattering. The mean free path for the event of

11 April 1978 is of the order of 0.03 AU and is almost two orders of magnitude

smaller than in the other two cases. With other words, the turbulence superim-

posed on the average magnetic field is much larger. This is in good

qualitative agreement with the prediction of Jones et al. (1978) part of which

was presented in Figure 6: for a given structure of the magnetic field the

"90° dip" is filled up more and more with an increased relative strength of

turbulence n = «6B > ' /<B>. This means we find a strong dip in the 90° scat-

tering in case of the events with small turbulence (large mean free path),

whereas we approach the isotropic scattering in case of large turbulence

(small mean free path). We draw the preliminary conclusion that the shape of

the pitch diffusion coefficient K is not universal, but seems to vary with the

degree of turbulence. This result would have to be confirmed by a systematic

study of a much larger number of solar particle events.

A.3. Internal consistency check: discovery of helicity effects?

We have discussed two different methods to determine the mean free path from

solar particle data, namely the fit of transport models to the intensity and

anisotropy as a function of time (section 3.1.) and the analysis of angular

distributions which also contain an information about the ratio X/L

(section 1.1.). The results of Ng et al. (1988) show that both methods lead to

consistent results for the local value of the mean free path in case of the

28 March 1976 event which is characterized by a small degree of scattering.

The study of a larger number of solar events by Beeck and Wibberenz (1987) has

led to a surprise. They found for a number of solar events that the shape of

the angular distributions for these events indicated a value of the mean free

path which is considerably larger than the "consensus value" of the order of

0.08 to 0.3 AU (see our discussion in section 3.1.), In particular,

analysis of the 22 November 1977 by Beeck et al. (1987) had led to a mean free

path of the order of 0.1 AU, in total contradiction to the shape of the an-

gular distributions found by Beeck and Wibberenz (1987). In continuation of

their work Beeck and Wibberenz (1988) discuss the possibility that the

helicity of the interplanetary magnetic field can explain the discrepancy.

Helicity measures the departure of a turbulent magnetic field from mirror sym-

metry (see Matthaeus and Goldstein, 1982), and the helicity density is

equivalent to the polarisation parameter o for spatially homogeneous fluctu-

tions (Hasselmann and Wibberenz, 1968). Polarisation in the field causes an
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asymmetry of K ( U ) , i.e. particles moving in opposite directions with respect

to the polarity of the magnetic field encounter different amounts of pitch

angle scattering. In case of the slab model this effect can easily be written

as (see Hasselmann and Wibberenz, 1968)

•c(u) = A U u l ^ l - sgn(u)a)}(l - u2) (17)

The effect of the polarisation o on the higher harmonics of the angular dis-

tribution is discussed by Beeck and Wibberenz (1986, 1988). It is possible to

determine the three parameters X/L, §, and o from the three normalised

Legendre coefficients Mp, M,, and M.. An analysis of a number of solar event

shows that the values for the mean free paths for nucleons are considerably

reduced as compared to the situation when polarisation is not taken into ac-

count. The resulting values for q and a for nine solar events which were

observed on Helios 1 and 2 at different distances from the sun are shown in

Figure 20. Apart from three events the results group around tj = 1.35 ± 0.05,

around a = 0.36 ± 0.09.

This value of the magnetic field polarisation roughly corresponds to an

asymmetry in the expression (17) of about a factor of 2 for energetic par-

ticles moving into opposite directions. The sign of o implies that the

scattering is stronger for nucleons in the backward hemisphere (u < 0), i.e.

moving towards the sun. Could this be related to polarised waves? Alfven waves

are known to move predominantly away from the sun and would be polarised in

the same sense as proton-cyclotron waves. They would lead to a more efficient

scattering of nucleons when they move away from the sun, in contradiction to

what is observed. Matthaeus et al. (1982) have studied magnetic helicities

based on Voyager 2 data near 2.8 AU. At the largest scales observed, the mag-

netic field shows a significant twist of one sign only. However, at smaller

scales between about 10 and 10 Hz large clumps of positive and negative

helicities are found, with an average value of the polarisation of ± 0-4. The

authors also report that the general results at 1 AU are similar, namely os-

cillations of the helicity between positive and negative values at smaller

scales, and these are the scales where resonance with energetic nucleons oc-

curs, so that they are relevant for comparison with the particle data

discussed above. In the particle data, however, the sign of the helicity is

always positive for a collection of nine different solar events.

Beeck and Wibberenz (1988) suggest that magnetic helicity is not the cause

of the observed asymmetry in the pitch angle scattering. It should be noted
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that a non-zero value of a in (17) indicates an asymmetry of particle scatter-

ing and does not necessarily mean that the field is polarized. The authors

also find that the angular distributions of electrons and protons are always

very similar. This indicates similar scattering properties of both particles

types. This would not be expected for a well defined twist in the field of one

sign only over a large range of wavenumbers as indicated from the nucleon

data. One way to explain the observations would be the existence of non-

resonant effects where the scattering, e.g. via mirroring, does not depend on

particle charge, but on the preferential propagation direction, either away

from the sun or towards it.

5. SUGARY, OPEN QUESTIONS, AND SUGGESTIONS FOR FURTHER STUDIES.

Mathematical tools are available to solve the transport equations for both

weak and strong scattering. Effects of long-lasting solar injection and the

a priori unknown radial variation of the mean free path require particular

care to determine the transport parameters from the solutions. Modifications

of the "standard model" (consisting of QLT combined with the slab model) are

required in various directions: one has to assume structures of the inter-

planetary magnetic field different from the slab model, e.g. isotropic or

Alfvenic fluctuations, as well as non-linear corrections and non-resonant in-

teractions, e.g. by mirroring effects. The method of particle orbit

simulations can help to distinguish between effects due to the field structure

and effects due to inadequate theoretical treatment. In spite of the

"consensus range" for the mean free path between 0.08 AU and 0.3 AU the varia-

tions from event to event are considerable. Weak scattering seems to occur

preferentially at small solar distances (< 0.5 AU). For "diffusive" events

careful determination of X(P) shows that the mean free path is not constant,

but increases monotonously with rigidity!; the variation is flatter than

predicted by the standard model. The radial variation of the mean free path

(along a fixed field line bundle) is very difficult to determine. There are

preliminary indications for a shell of increased scattering around 1 AU, with

a marked increase of the mean free path towards the sun.

Angular distributions can be used to determine the variation of pitch angle

scattering with pitch angle and to determine locally the ratio between focus-

ing and scattering forces. In two cases of weak scattering one finds a marked

dip in scattering near 90° pitch angle. The interpretation is in terms of

field fluctuations different from the slab model and a small amount of non-

resonant interactions. In one case of strong scattering one finds that the dip

near 90° pitch angle has been filled up. A tentative interpretation consists
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in a systematic filling up of the resonant gap when the level of field fluc-

tuations increases. A systematic study of angular distributions for a larger

amount of solar events shows that pitch angle scattering is asymmetric with

respect to the average magnetic field direction. Interpretation of this asym-

metry in terms of helicity effects appears rather unlikely.

Observationally, one should attempt to determine the mean free path over a

large range of rigidities by studying various particle species, including in

particular electrons, and use multi-spaceprobe observations to separate lon-

gitudinal and radial effects. A systematic analysis of angular distribtuions

should be intensified, in particular with respect to possible effects of

helicity or other mechanisms to explain the asymmetry in pitch angle scatter-

ing. The spectral tensor of the magnetic field fluctuations should be

determined at the time of solar energetic particle observations, with the aim

to determine the nature of the magnetic field structure directly. For this

field structure, particle orbit simulations should be continued, and the pitch

angle scattering coefficient be computed theoretically, based on a mixture of

resonant and non-resonant interactions.
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IDEALIZED PROPAGATION MODELS
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(WITH REFLECTING
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C) FOCUSSED TRANSPORT
( FOCUSING AND PITCH
ANGLE SCATTERING)

Figure 1: Propagation schemes for various degrees of turbulence superimposed
on the average archimedean spiral.
A) Spatial diffusion occuring in sufficiently large turbulence

(X << L),
B) scatterfree propagation in a smooth field (X >> L),
C) focused transport in weakly turbulent fields (X = L).

FOCUSED TRANSPORT MODEL
WITH K • -2 .4 / j i / 0 ! (1 - | i I )

\ =0 5AU

DIFFUSION MODEL

TIME I . HOURS

Figure 2: Comparison of simple diffusion model (dashed line) with full
numerical solution of the transport equation (full line), Wong
(1982). Mean free path X = 0.5 AU. Observer at 0.5 AU (left) and
1 AU (right). Mean free path X.,.- Is adjusted to give the same
time-to-maximum In the solutions of the diffusion model (from Wong,
1982).
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Predictions of the standard
model. The magnetic field fluc-
tuation spectrum is given by a
power law (see part (a)),
b) Shape of the pitch angle dif-
fusion coefficient K ( U ) ,
equation (13). c) Mean free
path X as a function of magnetic
rigidity P, equation ( 4
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Figure 1:
Examples for the influence
of different magnetic field
structures on the shape of
the pitch diffusion coeffi-
cient K ( U ) . A spectral
exponent q = 1.5 is assumed
in all three cases.
Case (a) corresponds to the
slab model (see equation
(15)). The cases for
isotropic fluctuations (b)
and Alfven waves with an
isotropic distribution of
wave vectors (c) are taken
from Kunstmann (1977).
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Figure 5: Pitch diffusion coefficient K ( U ) for Alfven waves moving inclined
by 30° with respect to the average field in the quasi~linear result
(Q.L.) and in the partically averaged field approach (P.A.F.). The
relative strength of fluctuations amounts to W% (from Jones et
al., 1978).
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Figure 6: Shape of the pitch diffusion coefficient K ( U ) for the slab model of
field fluctuations and a spectral slope q' = 2. The QLT result la
marked accordingly. The gap near u s 0 is filled up with increasing
levels of field fluctuations, expressed by n = <6B2>I2/<B> (after
Jonea •it ̂ 1 • , 1978).
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197B

Figure 11: Example for the fit of a solar particle event with strong scatter-
ing by the diffusion-convection model. HELIOS-2 was at a position
of r = 0.49 All. The mean free path which supplied the fit was
given as X(r) - 0.021 (r/r ) (AU) (from Valdes-Galicia et al.,
1987). °
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Figure 12: Radial variation of the (radial) mean free path X for 4-13 MeV
protons from fits of different solar events. They eannot be com-
bined into an overall variation X (r) because of the different
degree of scattering during each individual event. For comparison,
the insert (from Horfill et al., 1979) shows the predicted varia-
tion of the radial diffusion coefficient Dr(r) in different solar
wind regions.
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Figure 13: Relation between the shape of the pitch diffusion coefficient K ( U )
and the normalized angular distribution. A more prominent dip in
K ( U ) is modelled by increasing values of q. The value of H
simulates mirroring or non-linear effects (after Green and
Sehliiter, 1986).
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Figure 14: Normalized angular distributions In case of isotropic scattering
(q = 1) for different ratios between scattering and focusing
forces. The focusing length L = 0.1 AU is kept constant, the mean
free path X increases from left to right {after Beeclc and
Wibberenz, 1986).
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Figure 15: Normalized angular distributions of 4-13 MeV protons during tht
event of March 28, 1976. The two dashed lines represent the one-
sigma tolerances of a sequence of 18 pitch distributions. The
theoretical predictions from the three choices of K ( U ) shown in
Figure 7.3.15 are all within this band. As an example we show as
the solid line the result for q = 3, H = 0.02 (after Ng et al.,
1988).
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Figure 16: The u-dependent part of the pitch diffusion coefficient. All curves
give a good fit to the angular distributions in Figure 15. The
open circles connected by straight lines are taken from Ng et al.
(1983). The two other curves are analytical curves as given by
equation (16), with q = 3, H = 0.02 (solid curve), q = 5, H = 0.02
(dashed curve) (from Ng et al., 1988).
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Figure 17:
Shape of the pitch diffusion
coefficient tc(\i) determined
for the solar event of
8 April 1978. The full lines
give the limits based on
statistical uncertainties if
the form of K ( U ) is given by
equation (18). The dotted
curve is the prediction from
QLT with two different types
of magnetic field fluctua-
tions, supplemented by
corrections near u = 0 (after
Beeck and Wibberenz, 1986).
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Figure 18: Pitch angle diffusion coefficients K ( U ) of 100 MeV protons derived
for the solar particle event of 11 April 1978. The result from the
standard model based on measured magnetic field spectra is denoted
by QLT. Results from simulation of particle trajectories In the
measured magnetic field are marked "FIELD". The curve "PARTICLE"
corresponds to isotropic scattering for a mean free path of
0.029 All as derived from the solar particle data (from Valdes-
CiLlola »t al. , 1988).
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Figure 20:
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The ancient cosmic rays

G.Cini Castsgnoii
Istituto di Cosmogeofisica-CNR

Istituto Fisica Genora!c Universita
Torino, Italy

1 .Introduction.

The possibility to test the cosmic rays (C.R.) behaviour in
the past rests on three facts: the first one is that they
produce permanent and detectable effects in matter, the
second is that nature offers the archives to store their
records in sequence and the third is that we know
approximate relations between the C.R. and the solar
activity in modern times so that the present information
can be used for the reconstruction of the past temporal
changes.

The interaction between the solar output and the C.R. can
in turn be very useful to understand the behaviour of the
Sun, as a variable star. For instance if the 11 yr solar
cycles could be detected in terrestrial archives by
measuring cosmogenic effects over 200 cycles we would
then be able to understand the solar behaviour more
accurately than from the sunspot record available only
since 1700 A.D.

C.R. produce different Kinds of effects in matter exposed
to them. Nuclear interactions of energetic protons and
alfa particles produce many radioactive and stable
isotopes, not present or rare in the target material. If the
material is crystalline, then the heavy nuclei, such as iron
group nuclei in C.R., produce tracks which are revealed by
chemical treatement. The electrons, X-rays and protons
produced in the nuclear interactions of primary particles
produce thermoluminescence. The low energy ions present
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in the Solar wind also produce radiative damage on
crystalline surfaces. In addition direct implantation of
ions from the C.R. beam can also be sometimes detected by
very sensitive techniques developed recently. These
effects have been measured on earth, lunar material and
meteorites.

An extensive review on these subjects was given by
P.Povinec (1987) in the last International Cosmic Ray
Conference in Moscow, showing the great difficulties
which must be overcome in order to extract from the
archives useful information regarding the C.R. fluxes in
the past over different time scales.
Even inferring from the present day flux (measured in the
last four solar cycles) the flux in the last three centuries,
for which the sunspot record exists, is ambiguous and
offers a challenging opportunity to discover aspects still
unknown of the solar variability.
I will report here only the latest results which I think
may add information to the present knowledge of the C.R.
modulation:

a) on the amplitude and shape of the 11 yr cycle in
cosmogenic isotopes and historical aurorae in view
of deducing a possible 22yr cycle in the past C.R.
flux.

b) on the 200yr cycle in ice cores, tree rings and
sediments and its possible relation to a Solar
secular variability, not established from the
Sunspot record.

c) on the use of meteorites studies for relating
modern to remote C.R. fluxes.

I will discuss experiments in different archives: 1 4 C in
tree rings, 1 0 B e i n ice cores, thermoluminescence in
sediments and C.R. effects in extraterrestrial materials.
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The record of the historical aurorae was used as a test of
the solar output between 1180 A.D. and 1700, before the
sunspot record started.

2. The 11yr cycle in terrestrial archives

We have high accuracy observations of the galactic CR
flux during the last 40 years.
The most basic feature of the solar modulation is that the
CR flux varies on an 11yr cycle in opposite phase to the
solar activity, (monitored for example by the Rz Sunspot

relative number), with a time delay o f ^ 1y. This can be
easily seen by plotting as a function of time (Figure 1) the
Climax intensity of neutrons, (remnants of nuclear
cascades in the atmosphere initiated by C.R. nuclei with
momentum > 3 Gev/c) and superposed to it the relative
sunspot number Rz on an inverted scale, shifted by 1 year

(see for example Simpson 1987).
By a linear regression of the data of Figure 1 an
approximate relation between Rz and the counting rate can

be established so that a C.R. intensity can be figured out
for the period in which the sunspot record is available;
however we must keep in mind that the 11 yr solar
modulation changes with the energy of the C.R. particles,
and different parts of the spectrum must be used for
calculating different C.R. induced processes. Cosmogenic
isotopes for instance are produced by nuclear processes,
reaction and/or spallation, occurring in the interactions
of the C.R. with targets like the atmosphere and the
meteorites, which will be considered in this paper. In both
these cases the flux of particles at energies >1 Gev are
required in order to calculate expected production rates.
In particular for the case of cosmogenic isotopes produced
in the atmosphere, considering the integral flux In
different energy intervals, the effectiveness of these
particles in producing isotopes and the fractional area of
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the Earth where the particle enter, it was found that the
the modulation of particles from 1 to 15 Gev/n
essentially contributes to temporal changes in production
rates (see for example Castagnoli and Lai 1980 and
revised calculations by Lai, 1988) . It is therefore
convenient to plot (see Figure 2) the intensity of Climax
neutron monitor as a function of the integral 4JI proton
flux (G.C.R.) for particles with energy >1 Gev as measured
in a discontinous way from proton spectra obtained in
different balloon and satellite-born detectors at
different times of the solar cycles as reported for
instance during solar cycle 20 by Potdar and Bhandari
(1979).

A response function of N, the annual neutron monitor
counting rate at Climax normalized to 1965 (4291.7 = 1)
to a flux JQ of galactic GCR protons/cm2 s 4^sr (>1Gev)
may be given as: JQ = (8.13 N - 5.845).

At energies >1 Gev a G.C.R. flux in modern times of 1.8 ±.
0.3 p/cm^sec 4rcsr with an amplitude of 30% for the 11yr
solar cycle is compatible with the experimental values. By
using the relations between Rz, Climax data and G.C.R. it
is possible to evaluate an approximate G.C.R. fiux for the
past times, for which Rz is available, see Figure 3.

Wolf started systematic observations of sunspots in 1848
A.D. and earlier annual data reaching back to 1700 A.D.
have been reconstructed. However for this period yearly
values of cosmogenic isotopes produced in the atmosphere
are not yet available with sufficient precision so to be
able to compare their production rates to the GCR
calculated fluxes. It was only possible to test the
presence of an 11 yr cycle in the cosmogenic isotopes
concentration of dated samples, with approximately the
right amplitude averaged over a few centuries by using a
time series of long duration (aboutiOOOy) and sampled at
about 3 yr intervals.

Two long-lived isotopes are produced from N and O: 1 4 C
(T-|/2 = 5730 y) and 10Be (T1/2 = 1.5 My), generated
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respectively by neutrons in the reaction 14N(n,p)14C, and
by protons in the interaction of fast particles (p,n)
knocking off many nucleons or small fragments (d, 4He)
from the target nucleus in a so called spallation reaction.
The best undisturbed reservoirs for 14C are dated tree
rings and for 10Be ice cores.
However after production the two radioisotopes are
subjected to different mixing and transport processes.
1 4 C is oxidized to 1 4 C O 2 and exchanges between
atmosphere, ocean and biosphere. The c-sobal carbon
exchange system acts as a low-pass filter for the 1 4 C
production variations. 1 0 Be is removed by wet
precipitations because it remains attached to areosois.
Lai and Peters (1967) have shown that 70% of the
production of 10Be takes place in the stratosphere and
therefore its residence time is 1-2 years. Passages from
stratosphere into troposphere is regulated by the
tropopause brakes. The role of atmospheric transport is
not clear yet, but, under climatic stable conditions,
periodicities >1y in the production should be observable
if transport and deposition effects average out. The
possible coupling between the solar activity and tho
atmospheric transport regime which is now becoming
more and more evident may however modify the
modulation of the production.

The values of the global production rates of the nuclear
disintegrations in which cosmogenic isotopes are formed
averaged over the earth (n/cm2s) for the present day earth
dipole field as well as the corresponding values of $, the
force field parameter representation of the solar
modulation, are plotted in Figure 2 in correspondence of
the G.C.R. fluxes measured at the Earth from 1965 to 1977.
The production of different isotopes at different times of
the solar cycles may be evaluated considering any of these
parameters. In Table I the global production rates of 10Be
and of 1 4C are calculated 'for different numbers of nuclear
disintegrations n/cm2s.
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Table I

n/cm2s 2.32 2.15 1.87 1.78 1.48 1.31 1.21

1 0 Bex10 2 5.63 5.22 4.54 4.32 3.6 3.18 2.94

14C 4.03 3.62 3.04 2.72 2.26 1.99 1.81

The global production rates of 10Be and 1 4C averaged over
latitude calculated for values of the global nuclear disintegration

("n" / cm2s) pertaining to different solar cycle phases.

We notice that 1 4 C relative variations due to C.R.
modulation are almost of the same amount than those of
10 Be but the damping produced by the reservoirs on the
1 4 C solar cycle variations is so drastic that the variation
of 1 ^c is a factor 100 smaller than for 1°Be. We see from
Table li, given by Povinec, that a small signal of the order
of a few per mil A 1 4 C was obtained with very accurate
measurements during solar cycles 14 -17.

Table II

Solar cycles 14

1903-13

AC-14 4.0

per mil

2.8

+ 1.1

+ 1.1

15

1913-23

4.6 + 1.1

1.5 + 0.5

2.5 + 0.9

16

1923-33

5.6 •

2.1 H

2.9 H

h 1.2

h 0.5

v 1.0

17

1933

3.3 +

2.0 +

3.1 •

-44

1.1

0.5

1.1

Tfbdfsi Wines

Seattle Trees

Bratislava "

AC-14 amplitudes In solar cycles

In order to calculate 1 0Be variations in a very simple way
the number of nuclear disintegrations must be multiplied
by the yield value 2.5 x 10 ~2 given by Lai and Peters,
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1967. This gives the global production rate 4.5 x 10" 2

10|3e at /cm2s in very good agreement with the measured
fall out mean value of 5 x 10 - 2 at/cm2s. (Somayajulu et
al, 1984 and Monaghan et al, 1985/86).
We discuss now the experimental values obtained in
Milcent and in Dye 3 ice cores by the Bern-Zurich group.
Milcent results are shown in Figure 4 (J.Beer et al, 1988).
The accumulation rate in Milcent ice core of 50 cm/y
multiplied by the mean fall out of 1.38 x 106 at /cm2y
gives 2.76 x 104 at/cm3 for a mean concentration in ice.
However we must note that the fall out at 70° is smaller
compared to the global average, of about 30%, so that the
experimental average value in Milcent core of 1.1 x 10^
at/g appears in agreement with the expected one.
The variations with the solar cycle are expected to be not
larger than 30% as can easily be seen from the flux
variations of Figure 2. The search for the imprint of the
11 yr solar cycle in the Milcent and in the Dye 3 core has
given clear results. We show for example the analysis
performed by us (Attolini et al., 1988) on the 1 0 B e
concentration in the Milcent core.

If 10Be record (Figure 5a) contains a wave of 11y period,
this oscillation can be determined by using the deviations
of the original single data from the trend, represented by
the 3rd order polynomial best fit to a running time
interval of 50 years over the whole 10Be series (Figure
5b) and computing for them the phase cyclograms at
periods around 11 years.
The phase cyclogram at t » 11.4 (Figure 6) appears rather
smooth and gets most stretched for the portion from 1180
to 1450 AD. After 1450 AD the 11.4 year cyclogram shows
an abrupt change of phase and then, after 1500 AD, the
curve turns slowly to the right indicating a shortening of
the period. After 1630 AD the wandering of the cyclogram
indicates repeated changes of phase and periodicity during
the Maunder minimum. The time interval 1450-1550 AD
corresponds to another period of a minimum in solar
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activity, the "Sporer minimum". These long term 200 yr
fluctuations will be discussed in the next paragraph.
If for the time interval 1180-1450 AD, we perform an
epoch superposition of the same deviation values from the
before mentioned interpolating curve, we obtain them
redistributed as in Figure 7. If we bin them into 6 equal
intervals, and finally take their mean and their standard
deviations, we obtain a sequence of values that for the
folding period 11.4y seems to follow a sinusoid, whereas
for the periods 11.Oy and 11.8y the same points appear
randomly distributed.
The chi-square statistic significance levels of the six
mean values with respect to a random sequence,
correspond to 9.7, 0.22 and 0.88 Gaussian standard
deviations (s.d.) respectively. The amplitude of the wave
is found to be about 20% of the mean 10|3e concentration
which is comparable with a similar amplitude of the
variation found for recent times in 1 0Be measurements by
Beer et al. (1983) in the Dye 3 core and which corresponds
to the expected variations based on the modern measured
G.C.R. flux modulation.
For the time interval 1450-1800 AD, epoch superposition
does not give appreciable results because, as the
cyclogram shows, even though oscillations are of
remarkable amplitudes and nearby periods are
significantly present through the whole time interval,
their phases are often changing abruptly.
On the whole, nevertheless, one finds in the power
spectrum a significant peak around 10.75 years (Cini
Castagnoli et al., 1984) besides the one at 11.4 y, which is
the average value found in the modern sunspot record,
between 1810 and 1903 AD (Attolini et al, 1985).

We discuss now the possible 22yr cycle. When in a series,
a regular oscillation of period x is known to exist, the
point epoch superposition over this time interval will give
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its mean shape. The Fourier components of period x , x 12,
T/3 , etc. of the mean shape so computed, will equal the
corresponding terms of the Fourier transform. The result
of similar calculations for a number of period lengths in
the range 10-24 years gives another significant maximum
for the period 22.8y. The corresponding smoothed average
shape shows, but with a modest significance level of 1.7
standard deviations, two waves with unequal amplitude
and shape (Figure 8) that might be related to the
alternated amplitudes of maxima of the Hale magnetic
cycle observed in modern times in sunspots.
The origin of the 22yr cycle in cosmogenic isotopes may
be related to the direction and intensity of the large scale
high latitude solar magnetic fields which varies with the
period of 22 years and determines the shape of the
interplanetary magnetic field during the solar cycles.
The solar magnetic dipole moment A and its projection
along the rotation axis of the Sun as well as its direction
with respect to the galactic field controls the input of the
Galactic C.R. intensity inside the heliosphere. The
magnetic drift effects due to the solar rotation (Jokipii
et al,1977) determine the fact that most of the C.R.
registered near the Earth enter the heliosphere near the
Poles when qA>0 and near the equator for qA<0 and these
effects increase as the particle energy decreases. During
the Solar Minimum 1976 A.D. positive particles would
drift down from the polar regions and radially outward
along the neutral sheet while the reversed field polarity
during the next Minimum 1986 A.D. would make positive
particles drift radially inward along the current sheet and
from low to high latitudes. The low energy G.C.R. penetrate
in the heliosphere and their intensity decreases due to the
convection, diffusion and deceleration effects due to the
solar wind. In which part of the heliosphere this
predominantly happens may depend on the value qA£ 0,
giving rise to a possible 22yr cycle of C.R. The intensity
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of the sun polar fieid may be of great importance because
it determines the area in which the inflow of particles
can take place.
There are tests for the effects on G.C.R. due to Solar polar
field reversals. Some are negative, like radial gradient
does not change, the time-intensity profile over solar
magnetic cycle registered with the neutron monitor at
Climax (>3 GV) is not deviating largerly by the inverse
correlation to Sunspots number etc but other facts are
positive, like the change in sign of the latitude gradient
between the years of Minimum 1976 and 1986 A.O. etc.
(see for example McKibben 1986, Stone 1987, Me Donald
1988, ). However the results on the shape of the 22yr
solar cycle modulation of the 10Be are not clearly
indicating the presence of an asymmetry in consecutive
11yr cycles, like one could expect from the shapes of the
last two cycles in the neutron monitor data or from drift
model prediction.
The solar wind shows a constant behaviour of the average
velocity for extended intervals of time with steps, and it
increases with latitude at Solar Minimum. It increases
from >250 Km/s near the heliographic equator to a 600
Km/s at latitudes 30°-40°.
All the large scale characteristics of the high latitude
solar wind variations may play an important role in
determining the long term variations of G.C.R. High levels
of geomagnetic activity are related to low-latitude
auroral apperances. The geomagnetic activity is
associated with solar wind velocity and with the
southward component of the interplanetary magnetic field
and it varies in phase with the 11yr solar activity in
first approximation; therefore it is interesting to test the
simultaneous presence of the 11 yr cycle in both series of
10Be and historical aurorae. This was done by means of
the cross-cyclograms computation for the interval 1180-
1720 AD. The result is shown in Figure 9 where the cross-
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cyclogram representation for x - 11.2 and 11.4y are
plotted. The significance level computed according to
Attolini et al. (1964) with respect to an independent
behaviour of the two series for the interval 1180-1450
and the two test periods, correspond respectively to 2.2
and 1.4 standard deviations; for the remaining interval the
analogous significance level falls down to 0.3 and 0.4 s.d.
respectively.

The average time shift of 1^Be with respect to aurora
occurrence is in the range 120°-140° corresponding to
2.5-3 years. This time delay is what one could expect
from theretical model predictions between ^ B e
production and fall out.

3) The 200 vr fluctuations

We proceed now to examine the possibility of testing the
existence of longer cycles in the cosmogenic isotopes
production related to variations of the solar output,
appearing also for example in the sunspot record as a
secular modulation of the 11 yr cycle amplitude or to
changes in the Heliosphere connected to the Solar wind
and the interplanetary field behaviours.
In a recent paper by J.Beer et al, 1988, the comparison of
the 5000 years B.P. record of 10Be in the ice core with the
1 4C record in tree-rings (Stuiver M. and Kra, editors 1986)
demonstrates that the variations are in very good
quantitative agreement. The 1 4 C fluctuations of 200 yr
duration and peak-to-peak ampiitude of 2%, called Suess
wiggles, (Suess 1986) are seen contemporary on a similar
timescale with much larger amplitude, tipically 40% in
the 10Be record.

A model generated 14C record, with the 10Be as input
function for describing the C.R. flux, has a correlation
coefficient to the measured A14C variation record which
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shows a clear maximum for a shift near zero and a value
of 0,58, with a good significance (P>0.999).
The fact that the resulting curves for different isotopes
in so different reservoirs are very similar (as we can see
in Figure 10b and 10c) strongly supports a common origin,
as it could be a solar secular modulation of the production
rates.
Moreover the Be10 record is not clearly correlated to the
8180 record in the same core (except during the Maunder
Minimum) suggesting that the 1 0Be fluctuations are
mainly caused by changes of the production rate and not by
climatic effect:..
The mean 10Be concentration of 1.2 104 at g 1 during the
period 7000 BC to the present time for the Camp Century
core, is slightly lower than for the Milcent core, but
accumulation rates are not known so that the fallouts
cannot be compared.

If the variations are of solar origin, it is very interesting
to study if they are keeping in phase. In a recent study
(Cini Castagnoli et al. 1939) of the 4500 yr record of
decadal atmospheric 1 4C, after removal of the long-term
trend (as given by Stuiver and Braziunas 1987), we have
shown that the power spectrum of the series has a
predominant peak at 207 yr (Figure 11). In order to further
study the dominant periodicity the technique of
superposition of the epochs was used. The time series was
partitioned into consecutive segments of fixed lenght T
which were then superposed on a single interval. The
basic interval of period T was divided into 20
subdivisions and the mean and the standard deviation of
the experimental data falling in each subdivision were
computed. The least-square fit of the superposed data to a
sinusoidal wave with period T was evaluated and the
amplitude and phase of the best-fit wave were determined
together with its correlation coefficient to the
superposed data. Considering at the same time the
indications of the power spectrum, of the correlation
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coefficients and of the amplitudes of the best-fit wave to
the experimental data in the superposition of epochs, the
wave with T - 206 yr, amplitude 2.2% appears as the
predominant wave. It is shown in Figure 10a on top of
A 1 4 C experimental data. All the important fluctuations
reported in Figure 10b and 10c are in phase with the wave
so determined .

If we assume that such persistent wave is still present
after 1700 A.D. it is very usefull to compare it with the
Sunspot record. This is shown in Figure 12. We can
observe that during Sunspot secular minima around 1810
A.D. and 1913 A.D. the A1 4C wave has minimum or
maximum values alternatively. During one secular cycle
A 1 4 C concentration decreases and during the next it
increases.
This may be important from the point of view of the
modulation theory, because smaller sunspot cycles should
always be coupled with higher radiocarbon concentration.
I will now compare the radiocarbon periodicity with those
found in a new series of data obtained by measuring the
relative Thermoluminescence (TL) in the adjacent layers
of a sea sediment core, spanning the last two Millennia.
This new physical method has been deviced because the
natural TL of polyminerals forming the sediment is
sensitive to light and ionizing agents and a natural
equilibrium dictated by the Solar output level was thought
to be responsible for the TL level of the great number of
grains statistically collected in each sample.
When the material of the sedimentary core is heated, the
trapped charges are released and generate the
thermoluminescence signal by a radiative process.
The procedure for the natural TL measurements is based
on the treatment of adjacent layers of the core. The TL
analysis is performed if in the core (uniform mud,
deposited in undisturbed sites, negligibly bioturbated) a
constant sedimentation rate is measured.
In a recent paper {Cini Castagnoli, Bonino and Provenzale,
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1988) we studied the thermoluminescence (TL) profile of
the GT14 recent sea sedimentary core drilled in the Ionian
Sea (lat.39o45'552N, long.17°53'30"E) in 1979. This core
is a very monotonous sediment with uniform texture and
microfossils associations, and the only markers of
stratification surfaces are the preferred alignement of
mica flakes and/or the long axes of bioclastic. The core
contains information on more than eighteen centuries
spanning the period from 170 A.D. to 1979 A.D. The TL
profile of the sediment was studied using several
techniques of time series analysis, all of which indicated
the existence of both secular and decennial periodic
variations in the TL intensity. These periodicities may be
related to the fundamental cycles of solar variability.
The power spectrum of the data was computed through a
standard discrete Fourier transform routine from the
detrended time series. Two strong peaks corresponding to
periods of 137.7yr and 59yr emerge in the low-frequency
range. Other two peaks are evident in the high-frequency
range for periods of 12.06 and 10.8yr. By the method of
superposition of epochs the amplitudes and phases of the
waves were determined.

The detrended data and the sum of the fundamental waves
are shown in Figure 13a and 13b respectively. The
concordance of the model with the experimental record is
quite good: in fact the summation of the basic waves
accounts for more than 50% of the standard deviation of
the TL record.
The existence of the high-frequency peaks, at 12.06yr and
10.8yr corresponding to typical frequencies of the solar
cycles, suggests a connection between the TL signal and
the solar activity. The carrier period of the beat of these
two high-frequency waves is, in fact, 11.4yr, a period
which appears in the. sunspot record as the average value
between 1824 A.D. and 1903 A.D. and in the 1 0Be. as
discussed above, in section 2.
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Likewise interesting is the fact that the sum of these
waves produce a modulated wave train whose amplitude
has a period of approximately 206y, which is the same
period of the 14C wave. This modulation seems to
describe, both in period and phase, at least some aspects
of the secular variations of the sunspots as recorded in
the past three centuries. In particular, the modulation
nodes correspond to cycles with minimal sunspot number
(Figure 14).
In Figure 15 we show superposed to the TL wave train the
1 4C 206yr wave. We notice that the 1 4C wave is phase-
shifted by n/2 with respect to the 206 yr amplitude
modulation of the TL wave train, as we would expect if
the mechanism responsible for the modulation of the ^^C
signal would be driven by the difference of the two
decennial oscillations and not by their sum, like the TL
signal.
Denoting by v1== (1/12.06) y r 1 and v2= (1/10.8) yr^ the

principal TL high frequencies we have A = (v t - v2)/2 =
0.004837yr1 = (1/206.74) y H . It is interesting to note
that the low frequency TL waves are related to A in the
simple way: 3A/2=(1/137.8) yH;7A/2= (1/59) y r 1 .
The low frequency waves are not new basic frequencies,
but are produced by the two fundamental high frequency
oscillations with similar decennial periods.
Work is in progress to understand the origin of the TL
signal, and its relation to the solar output. However it
seems that v , and v2 have a predominat role in solar-
terrestrial relationships.

4. Records in meteorites.

Meteorites preserve the cosmic ray records in the
simplest manner. There are however two complications:
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The first is that to the records on asteroidat
surface, which may include multiple exposure
fragmentation during a time interval AT,, as on the lunar
surface, are added the records in the interplanetary space,
during a time interval AT2.
More often than not, the effects during AT, are small
compared to those during AT2, because the fragments
which reach the Earth come largely from the interior of
big bodies. Moreover the production of radioactive
isotopes during AT,, is erased from the memory due to
radioactive decay and for all pratical purposes AT,
can be ignored. In interplanetary space, too, fragmentation
can occur and this must be either excluded or proper
corrections have to be made.

The second complication occurs due to ablation in
the earth atmosphere where an undefined amount of
material is lost, altering the geometry of exposure in
space. Fortunately cosmic ray effects themselves can be
used to determine the exposure on asteroidal surface,
fragmentation, multiple exposure in interplanetary space
and ablation in the earth atmosphere.

We therefore first describe the procedure which
should be adopted to determine these effects or to
ascertain if the meteorite has undergone a simple, one
stage exposure history, or when fragmentation occurred.
Once this is ascertained and the preatmospheric size of
the meteorite determined, meteorites can be used to study
the prehistory of cosmic rays.
In order to establish the suitability of meteorites for
cosmic ray studies three parameters must be measured
and considered:

1) the track profile
2) the isotope depth profile
3) the Ne22/Ne21 (NeR) ratio

which have different slopes in a meteorite body.
The track density have an e-fold length, roughly
proportional to the depth as shown in Fig. 16. The isotope
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depth profile is relatively fiat, the concentration first
increasing with depth, with the development of nuclear
cascade and then decreasing with e~fold length of 150
g/cm 2 , following the nuclear attenuation.
The NeR decreases first rapidiy with depth and then
slowly between 1.25 to 1.06. Meteorites with multiple
exposure have NeR<1.06.
Concordance of all these three information on the history
of the meteorite establishes whether the meteorite can
lead to some understanding of the C.R. flux in the past.
Those meteorites who have had a simpie one stage
exposure history lie on the calculated (Bhandari, 198S)
curves of Figure 17, in which the track density and NeR
are compared giving a definite size. OR these meteorites
the exposure ages calculated using different isotopes
pairs He on a constant flux line, as in Figure 18, where
2 1 N - 2 6 A I ages are plotted against 2 1 Ne- 5 3 Mn ages. If the

line is that labeled by <J>T2 = ( ^ > T i t n i s indicates that
over the mean life of 26^| and 5 3 y n the cosmic ray flux
irradiating the meteorite has been constant.
The record of the last two 11yr solar cycles 20 and 21 and
of the starting of the actual cycle can be found by the
cosmogenic isotopes studies in meteorites, which fell
since 1965 and of which the radioactivity was
immediately measured after fall, in fact the half life of
the measurable radioisotopes span the interval from days
(5 2Mn, 5.6 d) up to a few years (60Co, 5.26y and 2 2Na, 2.6
y) and their concentrations, according to the equilibrium
between production and decay depend on the phase of the
solar cycle just before the fall.

The long lived isotopes 2 6 AI (0.73 My) and 1(>Be (1.5 My)
will be close to saturation levels like the short lived
isotopes because the exposure ages of the meteorites are
generally sufficiently longer, but 53Mn (3My) and 129| (17
My) are not frequently found saturated. To find the
effects of the actual solar cycle in the meteorites is a
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good test for using them to infer the G.C.R .fluxes in the
remote past.
The modern 11yr solar cycle C.R. modulation shows up in
the irradiation of meteorites by considering
radionuclides of short life time as 22Na, 46Sc and 5 4Mn.
The calculed solar cycle effects on the expected
activities in H group chondrites are shown in Figure 19 as
a function of the date of fall for these three isotopes
together with the experimental data for the 24 meteorites
which fell since 1965. We notice that normalizing the
concentrations of short lived isotopes to 2 6 A I
concentration (which acts like a test of the long term
irradiation level) in different meteorites we have a
particularly good agreement of 2 2Na /2 6AI to the solar
cycle variation. This is because 2^AI e 22Na are produced
in the same type of reactions and therefore their ratio is
nearly independent of size and depth in the different
meteorites.
Deviations from the theoretical curve arise because the
meteorites like Dajala have an out of ecliptic orbit, and
latitudinal gradient may play a major role in the C.R. flux.
In fact opposite effects should be found during the minima
of 1976 and that of 1987 for out-of-the-eliptic orbit
meteorites.
The results on the cosmogenic isotope production in the
Torino-Aeritalia meteorite (fall on 18 may 1988)
measured by our group of the Istituto di Cosmogeofisica in
the underground Monte dei Cappuccini low-level counting
Laboratory (Bhandari et al. 1988) are reported in Table
III.
The flux JG calculated as described in the previous section
2, from the neutron monitor counting rates from January
1965 to May 1988 were fed into the model of Bhandari
(1981) for the production of the different isotopes.
The observed activities are close to the expected values
for most of the radioisotopes and compare well with other
meteorites which fell at similar phases of the solar
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cycle, indicating that this meteorite
irradiation during the past 2Ma.

had normal

T a b l e I I I : Activity levels of various radionuclides1 in Torino-Aeritalia
(fragment A)

Radio - Half life Y energy y intensity y count count rate2 Activity1

isotope used (Kev) eff (cpm) (dpm/kg)

°*Mn

48 V

5 1 C r
7Be

5 8Co
5 6Co
4 6 Sc
5 7Co
5 4 M
2 2 Na
60Co

4 4 T i

2 3 A I

5.6 d

16 d

27.7 d

53.6 d

70.78 d

77.3 d

83.9 d

271.65

303 d

2.6 y

5.6 y

48 y

7.3x105 y

744.2
935.5

1434.3

983.5
1311.6

320.07

477.56

810.75

846.75

889.26

122.07

834.31

1274.54

1173.23
1332.51

1157(44Sc)

1809

0.9
0.945
1.0

1.0
0.975

0.102

0.1035

0.9944

0.9995

1.0

0.8564

1.0
0.9993

0.9986
0.9998

1.0

0.9976

0.74
0.638
0.47

0.61
0.52

1.30

1.05

0.72

0.69

0.66

1.53

0.70
0.52

0.56
0.52

0.56

0.39

0.047±,.008
0.056±..0077
0.033±,0055

0.061 + .0057
0.041^0046

0.045^.008

0.0236±.006

0.039^.005

0.0345±,005

0.031^0044

0.092±..00i

0.386±.006
0.192^.004

0.0053±J0025
0.0041;t.002

0.0057^0015

0.099±..003

20.3±1.8

20.8±1.5
76±.7

59±6

11±.7

7.7±..75

10.4^2
16.3±1

121±2

80±1

2.8^.3

2.2i.4

54±1.1

1 At the time of fall
2 The mean date for the count rate given here refers to 23 rd May 1988 for
5 2 Mn, 4 8 V, 51Cr, 7Be and to 23 rd June 1988 for the other radioisotopes. The
count rates have been corrected for decay to the time of fall.

The Ne isotopes are found in Torino-Aeritalia to be purely
cosmogenic and 2 1 Ne gives an exposure age of 51±3 Ma.
This indicates that this meteorite is amongst the stones
with highest exposure ages. The measurements of the long
lived isotopes 5 3 M n and 1 2 9 I are therefore very
interesting in this meteorite because they would be
satured. However the low value of 2 2 N e / 2 1 N e - 1.06
compared to the expected value of 1.08 suggests a
complex exposure history of this meteorite of at least
two stages. The preatmospheric size was estimated, by
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track measurements and activity levels of 60Co and 2 6 AI ,
to be 20 cm.
As a conclusion of these brief considerations on the use of
meteorites for ancient cosmic rays studies, it can be
pointed out that the measurement of different
radioisotopes may lead to some understanding of spatial
and temporal variations of C.R. in the interplanetary space
particularly in conjuction with information obtainable by
other advanced techniques.
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Abstract

SNI987A, In the Large Magellanic cloud, was the closest supernova

since the 1604 event observed by Kepler. It provided a unique

opportunity to verify our theories and comfort our beliefs in

quite a variety of domains: Astrophysics (Stellar evolution,

conditions prevailing at the star's explosion). Nuclear Physics

(Neutron star formation, Equation of state under extreme

conditions, Nucleosynthesis), Particle physics (Neutrino

properties). All these observations strongly confirm our previous

ideas on the physical conditions prevailing during the supernova

explosions, although the SNI987A event was not exempt of

surprises.

INTRODUCTION

Historical supernovae stand as landmarks in our way of

understanding the reality of our universe. The 1572 event observed by

Tycho-Brahe and the 1604 supernova of Kepler force the Western

cultures to accept that the stars were not made once for ever, but

were part of a changing world (the Eastern civilisations knew that

thousand years before!). The 1885 explosion in the Andromeda Nebula

was such a puzzle to the contemporary astronomers, that it inspired

the view (Clerke 1890), very unorthodox, at the epoch that Andromeda

could be an external galaxy. Clerke correctly estimated its distance

3*1 years before Hubble undoubtedly established its extragalactic

nature. The two other close galaxies that are visible with the naked

eye are the Magellanic clouds, where SNI987A occurred (Pig.l), at a

distance of 50kpc, comparable to the 30kpc diameter of our own Galaxy.

Such close an event, at a time where all the modern techniques of

observations are available brought a long series of new results and a

growing list of unusual (but not unexpected) features belonging to

quite different domains of Science. Astrophysics had undoubtedbly a

large share: classification of the various supernova types since the

SNI987A light curve was atypical, stellar evolution since for the

first time the progenitor star had been observed before the explosion
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Fig. 1

Large Magellanic Cloud (ESO photograph) on February 22, 1987

(upper) and on February 2k, 19&7 (lower). Between the main part of the

Cloud and Doradus (botton right one can distinctly see (black arrow)

SN1987A, that is as luminous as the whole cloud.
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and was neither a white dwarf nor a red giant, nucleosynthesis since

the radioactive decay of 56Co could be observed on-line. Particle

physics, however, was as much -if not more- in honor: the observation

for the first time of an intense neutrino emission due to SNI987A

leads to several bonds on neutrino properties that are difficult to

obtained in terrestrial experiments: stability, number of species,

mass, magnetic moment. Properties of other weakly interacting

particles such as Axions and Majorons can also be constrained. This

neutrino emission is the signature of the formation of a neutron star.

The emitted flux, the average neutrino energy, and more simply the

occurrence of the event provide useful constraints on the Nuclear

equation of state that prevails under these extreme conditions. In the

future, the direct observation of the neutron star, especially the

measurement of its surface redshift and temperature may provide clues

for the possible existence of free quarks or any other condensed phase

in its deep interior.

I. ASTROPHYSICS AFTER SNI987A

THE NATURE OF SUPERNOVAE

Type I supernovae originate from M < 8M0 stars that

eventually become ~1M0 white dwarfs, some of which may undergo a

thermonuclear explosion. Type II supernovae are due to the

gravitational collapse of 8 - IOMQ stars that leads to the formation

of a IMQ neutron star and to the shock ejection of the remaining

envelope. It has been gradually realized that the more massive stars

loose part of their envelope prior to explosion (Maeder 1981) and

explode while they are blue stars, or even Wolf-Rayet stars (Maeder

and Lequeux 1982). This leads to specific properties (Table I) that

makes this latter category easily recognizable (Chevalier 1976, Cahen

et al. 1986, Schaeffer et al. 1987), in particular these supernovae

are dominated by 56Ni decay although they explode via gravitational

collapse as SNII do. They thus look like an SNI, and the subcategory

SNIb (Wheeler and Levrault 1985, Schaeffer, Casse and Cahen

1987) could actually be due to these massive, but small, stripped

stars. The identification of the progenitor, Sk-69-202, a compact and

massive star, as well as the properties (Fig.2) of the light curve

(fainter, cooler than usual) makes SNI987A another member of this

class (Arnett 1987, Schaeffer, Casse, Mochkovich and Cahen 1987.

Shigeyama et al. 1987, Woosley et al. 1987, Woosley 1988). It however

still contains hydrogen, since it was not fully stripped. It has thus

be classified as SNIIb.SN1987A is the first unambiguously established

of this new type of supernovae due to compact and massive stars

that all have common properties. The existence and the pecularities of

the massive star explosions are now recognized.
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Supernova
type

Initial Bass

Final mass
(Ho)

Radius (cm)

Nature

Cause of
explosion

Remnant

Composition

Energy source
of light curve

SNI"»

<8

1

1*

white
dwarf

thermonuclear

-

no Hydrogen
Oxygen
dominated

Ni, Co decay

SNIIV

8-15

8-10

101*

red
giant

gravitational
collapse

Neutron star
(neutrino emission)

Hydrogen

shock due
to collapse

Massive
progenitors1" >

15-507

10-20

stripped
star.

Wolf Rayet

gravitational
collapse

Neutron star
(neutrino emission)

little or
no Hydrogen
Helium,
Oxygen

Ni. Co decay
recombination
of electrons

SN1987A

15-20

10-12

3 1012

blue,
stripped

star

gravitational
collapse

Neutrino
emission

hydrogen.
Helium
Oxygen

Ni, Co decay

Luminosity

(ergs"1)

10t4-10iJ

Photospheric hot
temperature (10.000K)
at maximum

hot
(10.000K)

cold
(5.000K)

10*J

cold
(5000K)

a) From V.Trimble (1982)
b) From Schaeffer. Casse and Cohen (1987)

Table I

Salient properties of the various supernova type9. Massive stars

explode as the standard SN1I does, but the progenitor as well as the

light curve are different.
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Fig. 2:
From Schaeffer , Casse, Mochkovich, Cahen (1987). Magnitude

(a) and photospheric temperature (b) of SNI987A during the first days.
SNI987A was typically fainter as ordinary SNI and Still, and cooler. It
is much closer to the light curve and temperature calculated
(Schaeffer. Casse., Cahen 1987) for a stripped, massive, Wolf-Rayet
star (dashed curve) before the occurence of SN1987A. At maximum, the
WR curve is dominated by the decay of 0-3^ of Ni. The SN1987A at
maximum is also dominated by Ni decay, but the amount necessary to
reproduce the observations is much smaller: O.O7M0 (Woosley 1987). As
for WR stars, the progenitor of SN1987A is a compact massive star,
that however contains still some hydrogen (whereas WR stars do not}.
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Theoretical calculation (Woosley 1988) reproducing the

observed light curve of SN1987A. Fro« the observed luminosity of the

progenitor, its main sequence aass can be estimated. In order to

reproduce the data, a mass loss of about to^ (other aodels aay lead to
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Fig. 4:

Evolutionary tracks in the HR diagram (Maeder 1987). A nassive

(~20HQ) star leaves the main sequence at the onset of He burning and

becomes a red giant. For moderately small mass loss (<8M^) it explodes

in the latter stage. For a higher rate of mass loss (~10̂ ,) its radius

becomes so small that it explodes as a Blue Supergiant. For extremely

strong mass loss (>10!^) it ends its life as an 8HQ Wolf-Rayet star

(log Teff~5-5).
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Observation by the SHM mission (Hatz et al. 1987) of the 847

keV and 1238 keV T-ray lines due to Co decay in the SNI987A expanding

remnant. These lines were absent in the observation of the sane part

of the sky in 1985.



- 129 -

STELLAR EVOLUTION

This has obvious implications For stellar evolution (Maeder

1981, 1987)- Moderately massive stars become red giants, but

subsequently, due to mass loss, their radius decreases and they evolve

towards the blue. Very massive stars may directly become blue

supergiants and possibly Wolf-Rayet stars. There has been the

suggestion that, for the low metallicity prevailing in the LMC,

massive stars never become red giants, but directly evolve towards the

blue and explode (Arnett 1987, Hillebrandt et al 1987). This, however,

fails to explain the presence in the LMC of red giants with luminosity

comparable to Sk-69202.

GALACTIC EVOLUTION

As had been realized for the SNIb (Wheeler and Levrault 1985,

Schaeffer, Casse and Cahen 1987), SNI987A is another example of the

explosion of a massive star that does not look as a standard SNI1. It

is thus very likely that the explosion of massive stars had been

misclassified, the red giant explosion representing not all the

supernovae due to stars with M > 8MQ. This has implication on the

yields of various elements and on the explosion frequency, and leads

to revise the chemical history of our Galaxy {Rocca-Volmerange and

Schaeffer 1988).

THE -Y-RAYS FROM Co DECAY

Needless to say, the observation (Matz et al. 1988) of the

"r-ray lines due to the nuclear decay of 56Co provides for the first

time the proof that indeed the powering of the supernova light curve

is the Ni -1C0 -+Fe radioactivity. Both Co lines and hard X-ray emission

(Dotani et al. 1987, Sunyaev et al. 1987) were observed by Ginga,

Kvant and SMM much earlier than expected. Convective effects are

needed (Itoh et al. 1987, Pinto and Woosley 1988) to explain these

unexpected features.

THE NEUTRINO BURST(S?) FROM SNI987A

Core-collapse supernovae are expected to form a neutron star,

that emits its 1053erg gravitational energy in the form of neutrinos

(Colgate and White I960, Arnett 1966, 1967. Mazurek 1976, Bethe et al.

1979, NadSzhin and Ostroshenko 1980, Burrows and Mazurek 1983, Woosley

et al. 1986, Mayle et al. 1987). Together with the announcement by

Shelton, on February 2k, of the appearance of a supernova in the LMC,

the neutrino detector under the Mt Blanc was reported (Aglietta et al.

1987) to have seen a large neutrino flux on February 23 at 2:52. A few

days later, the Kamioka (Hirata et al. 1987), the 1MB (Bionta et al.

1987, 1988) as well as -marginally- the Baksan (Alexeyev et al. 1987,

1988) groups showed evidence for a neutrino detection on February 23,

but at 7:35-
The Mt Blanc and Baksan detectors (Table 2) are quite snail
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(~100t), and were optimized for a supernova in our Galaxie rather than

in the LMC. Despite the rather efficient detection of the Mt Blanc,

and the larger mass of the Baksan detector, one event was barely

expected for a supernova at 50 kpc distance. This means that the

announced ~5 events are somewhat uncertain due to small number

statistics. The most efficient (large detector mass, and not too high

at threshold) is obviously the Kamioka detector.

Although the uncertainty of the absolute arrival time was

quite large in the beginning, they could now be traced back within ±2

seconds for Kamioka and - 5^ s for Baksan (Alexeyev et al. 1988), and

much less for the two other experiments. The relative times are known

within miliseconds. At the time of the Mt Blanc detection, only one

event is recorded by the Baksan detector (Fig.7). this is consistent

with the difference in detection threshold, but of course could also

be due to backgroung. Three events are seen by Kamioka at a time close

to, but different from the Mt Blanc events (De Rujula, 1987). Taking

into account the difference in efficiency, about 70 events are

expected (Krauss, 1987) in this detector if the Mt Blanc detection is

due to neutrinos from SNI987A. A much more optimistic analysis (De

Rujula, 1987) claims the 5 events of the Mt Blanc and the 3 of Kamioka

can be made consistent, but this requires the modification of the

detector efficiency parameters given by the Kamioka experimentalists.

There is now a general agreement that the Mt Blanc and Kamioka

detections at 2:52 are incompatible.

M ETH Expected Reported
( t o n ) (Mev) <Ev~ 1 0 M e V)

Mt Blanc 90 7 0.4 5

Baksan 200 11 1 5

Kamioka 2140 8 8 11

1MB 5000 30 8 9

Table II

Main characterisrtics of the various detectors aiming at the

observation of neutrinos due to supernovae: mass, 50# efficiency

threshold, number of events expected from SNI987A and number seen in

the burst observed on February 23, I987.

Let us now consider the 7:35 event. The Kamioka and 1MB

detections are consistent within one standard derivation (Bahcall et

al 1987, Ellis and Olive 1987, Kahana et al. 1987; Krauss 1987.

Lattimer and Yahil 1987, Schaeffer, Declais and Jullian 1987). From

their observed flux, L- ~ 6 1052erg, about one event is expected in
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Fig. 6

Neutrinos observed on February 23 at 2:52 by the large underground

particle detectors. The times are expected to have been traced back

within ±2s (exept for the Baksan detector). The numbers in brackets

are sensitivity factors (a black-body spectrum integrated over the

detector efficiency and multiplied by the detector mass) indicating in

which proportions the various detectors should be sensitive to a

T=3MeV flux. For 5 events observed by the Mt Blanc more than 50 should

be seen by Kamioka.



- 132 -

10

10

10 -

7:35 NEUTRINOS
1 1 r

KAMIOKA (101

• • •

1MB (7)

-+-
BAKSAN (1.0)

10

30(_ M' BLANC (0.5)

40 50 00 10 20 Msec)

Pig. 7

Neutrinos observed on February 23, 1987 at 7:35 by the large

underground particle detectors. The time measurements of Kamioka and

Baksan are not very accurate. The former could trace back the
+ 2

observation time within ±2s, the latter give an error of -$\ s. The
numbers in brackets are sensitivity factors (a black-body spectrum

integrated over the detector efficiency and multiplied by the detector

mass) indicating in which proportions the various detectors should be

sensitive to a T=4HeV flux.
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the Baksan detector. However, including the 5 events seen in the

latter raises the observed neutrino flux up to L- ~ 8 1052erg (Piran
V
e

and Spergel 1988) leading to an expected number of 1.6 plus 0.6 for

background, making the Baksan detection marginally consistent with the

observed flux.

The most likely conclusion thus is that the Kamioka and 1MB

events were true detections of the neutrino from SN1987A, with a

possible detection by Baksan. The Mt Blanc event having not been seen

by the more sensitive Kamioka detector may not be due to SNI987A.

TIMING OF THE OPTICAL AND NEUTRINO SIGNALS

Only one, short, neutrino signal is expected at the formation

of a neutron star. If the latter is to hold, one of the detections

must not correspond to SNI987A.

Optical records of the LMC on February 23 were carefully examined. A

satellite traking camera in Australia found SNI987A had a magnitude ~6

on february 23, 10:30. This is the earliest known optical signal.

A.Jones who was observing this area obtained only an upper limit of

~7-5 magnitudes at 9^30 the same day. This sets rather stringent

limits on the collapse time. Arnett (I988) and Woosley (I988) who made

an extensive study of the timing problem find that the collapse could

only have taken place at 7:35- The time of the Mt Blanc detection

(2:52) is too remote.

A few hours delay between the collapse and the onset of the

optical signal is astonishingly short as compared to the one that is

believed to hold for usual type II supernovae in external galaxies,

where, although not observed, this delay is believed to be of a few

days. It is however consistent with the outcome of the sophisticated

numerical simulations and corresponds to the time needed for the shock

to reach the star's surface. Simply from the difference in radii

(Table I) which are in a ratio 10lZ>cm/3 1012cm ~ 30, the naive

expectation of the propagation time in this compact star is reduced by

the same factor, an of the order of a few hours rather than days.

Feb 24.23 (5-30) Shelton discovers SN SN seen

Feb. 23.44 (10.30) Me Naugh observation SN seen

Feb. 23.39 (9.20) Jones' upper limit not seen

Feb. 23.32 (7-35) Kamioka, 1MB, (Baksan) v signal

Feb. 23.12 (2.52) Mt Blanc v signal

Table III

SNI987A prior to its discovery by Shelton. There was an

optical signal from the SN on Feb. 23 at 10.30, but none at 9.20. The

Kamioka-IMB-Baksan neutrino burst was observed at 7-35-

Ad hoc models have been devised to account for the Mt Blanc

signal. They involve a two step formation of a black hole (De Rujula

1987, Hillebrandt et al 1987)• Such an explanation, however, implies
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SN1987A light curve during the first few days. (Woosley 1988)

compared to various theoretical calculations using an exagerately

Large range of parameters, and assuming that either the

[HB/Kanioka/Baksan detections trace the time of collapse (a), or that

the Mt Blanc observation is at the time of collapse (b). Only the

former is seen to provide consistency between the optical and neutrino

timing, despite the short delay (2 hours) this implies.
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that the onset of the explosion is at the Mt Blanc time. This seems

rather difficult to reconcile with Kamioka as well as with the optical

observations.

II. NUCLEAR PHYSICS AFTER SNI987A

ENERGY BALANCE IN SN EXPLOSIONS

The assumption that massive stars explode via core-collapse

and neutron star formation leads to a severe energy balance problem.

The observed neutron stars are rather cold, and have a binding energy

of ~3 1053erg. The star before collapse, in these units, has a

negligible binding. The energy used up in the luminous emission and in

the kinetic energy of the ejected matter is barely above 1051erg. The

energy in gravitational waves is not expected to be much larger. The

bulk of the available energy, indeed is expected to be emitted in the

form of neutrinos of all known species (e,u.,-r). So, if a neutron star

is formed, the observed neutrinos should make up for nearly all the

available energy. It is remarkable -as for instance emphasized in the

context of SNI987A by Schaeffer (1987) and Schaeffer, Declais and

Jullian (1987)- how the spread of the theoretical estimates for this

energy is narrow. Unless extreme equations of state are used, these

estimates range between 2.5 and 3-5 lO53erg for a I.^MQ star, with a

maximum of 6 1053erg for stars having the largest possible mass, at

the edge of gravitational instability. This is due to the fact that

nuclear matter is rather incompressible, leading to similar star radii

whatever equation of state is used. The binding energy ~GM2/R being of

gravitational origin is then rather model independent.

Many groups calculated the energy implied by the observed ve
neutrinos, that are expected (Mayle et al. 1987}, because there are 3

species (6 different neutrinos), to represent about 1/7 of the total

emitted energy (the ve flux contains a somewhat larger fraction of the

total energy because of the initial i>e excess due to the

e" + p -• n + vc neutronization). Their findings are compiled in

fig.10. The Kamioka and 1MB observations give consistent results, and

lead to energies that are just in the range needed L- ~ 6 1052erg to

insure the energy balance. They, however, are not precise enough to

constrain the theoretical models. The Baksan measurement predicts an

energy that is larger by about a factor of 4 (when the neutrino

black-body temperature of Kamioka and Baksan are taken to be the

same). When added to the Kamioka and 1MB signal, it raises he observed

luminosity significantly, so that E- > 4.4 1052erg at the 95%

significance level. This would exclude all of the realistic equations

of state for neutron stars (fig.10) unless one is willing to question

the energy equipartition found in the realistic (Mayle et al. 1987)

calculations of the neutrino emission. This simply reflects the early

statement (Schaeffer 1987, Schaeffer et al. 1987) on the very large
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Energy of the emitted ve flux, as obtained from the

observations by various authors. There is a general agreement that the

Kamioka and 1MB detections are consistent at the la level, whereas the

Baksan detection implies an appreciably larger flux, and the Mt Blanc

signal, if due to SNI987A, would necessite excessive energy

requirements. The bars denote la enors, whereas the double bars

corresponds to a 95% confidence limit (2.5a). The predicted energies

(Haensel 1988) for a l.̂ JM̂  neutron stars or for the maximum possible

mass are given for various equation of state: MFT, BJI, BJI+BW, PN

(Haensel and Proszynski I982), FP (Haensel and Schaeffer 1982) and Q

(Haensel, Zdunik and Schaeffer 1986). The brackets indicate extreme

equation of state that do not reproduce all the properties of nuclei.
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Average energy of the neutrinos emitted by SNI987A. The

inclusion of the 1MB counts is seen to increase systematically this

energy, that is in the 10-15MeV range. The triangles are the

theoretical predictions made before the event.
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energy that would be required to account for the Baksan observation.

The Mt Blanc signal, if real, also implies an uncomfortably

large energy flux emitted in the form of i> 's, L - ~ 6 10 53erg, that
ve

by no means can be provided by a stable neutron star.

NEUTRINO ENERGY AND COOLING TINE

The average neutrino energy and cooling time depend on the

detailed energy transport in the neutron star. The neutrino mean free

path in the interior determines the emitted energy flux. The weak

Interactions involved are well-known, but the degree at which nuclear

matter can be excited is also an important parameter.There is a

relation between the cooling time T and the temperature T at which the

neutrinos are emitted, since the neutrino luminosity is

Li —

T
For E t o t = 3 10

53/7 erg and R= 10 km, this gives
( T

E,, KV UOsJ
MeV.

Realistic calculations give Ev ~ lOMeV, T ~ 10s (Burrows and Mazurek

1983), Ev= l8MeV T= 10-20 s (Mayle et al. 1987). The temperature and

duration are difficult to extract from 1MB measurement since only the

very high (>20MeV) energy events were recorded. The interpretation of

the Kamioka results differs among various authors which obtain average

energies that vary from 7 to 19MeV (8 to 14 if we retain the most

careful analysis), with a duration of ~10s.

NUCLEAR INCOMPRESSIBILITY

Since the work of Bethe et al. (1979) and Brown et al. (1981)

the mechanism of iron core collapse and shock ejection of the envelope

has been accepted as the standard explanation for the SNII explosion

of ~8MQ stars.Subsequent numerical simulations showed that these ideas

were qualitatively correct, but run into quantitative problems since

the outgoing shock was not energetic enough to expell the outer

layers, the problem becoming worse for increasing mass. Explosion

could finally be achieved (Baron et al 1985) by using better

calculations of the progenitor composition, by the inclusion of

general relativity and by a modification of the nuclear

incompressibility down to Ksl'IO MeV, rather low as compared to the

value obtained by Blaizot (1980) from nuclei, KN= 2lO±3OMeV,even once

the latter is corrected to K = 160 ± 20 MeV because of the different

proton to neutron ratio in nuclei and supernovae. This difference is

not very large but the adiabatic index of realistic equations of state

for nuclear matter, with the charge per nucleon ~0.3 to be used for

supernovae, is rather close to 3 at the relevant densities that is

twice the nuclear matter density. The gradient of the pressure under
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these conditions used for supernovae thus is lower by a factor of 2

than what is implied by realistic equations of state that reproduce

all the properties of nuclei. The whole procedure, thus, has been

criticized (see e.g. Glendenning 1986), cpacislly :>n the basis of

other determinations of KK ~ 240 from pion emission in nuclear

collision (Stock et al. 1982). In the latter determination, however,

important corrections were left out (Bertsch et al 1984, Kapusta

1984). This is very likely also the case of the interpretation of the

particle distribution (Molitoris and Stacker 1935) in nuclear

collision that lead to even larger values of K(~'JOO). On the other

hand, values of the order of K=100 have been obtained using sum rules

(Brown and Osnes 1985). and would support tho equation of state

employed for supernova explosions. men value . however, may be

exagerately low (Pines et al 1988).

The present status is that with the pro; . r Delusion (Nomoto

and Hashimoto 1986, Woosley and Weaver 1987) of Coulomb lattice

corrections, 8 M Q stars would explode v.ith quite larger values of K

than 140. With the latter value stars as large as SK-69-202 can be

blown out.

Another possibility, the late r^vi/al of the shock by the

emitted neutrinos has been shown (Bethe and Wilson I985) to lead to

successful explosions. The shock energy implied by the SNI987A light

curve is of the order of LlO^'erg or sluhtly above (Arnett 1987.

Schaeffer et al. 1987, Shigeyama et al. !98?: Woosley et al. 19&7,

Woosley et al 1988), on the upper edge of the possiM? energies that

can be obtained by this mechanism.

This long history of the difficulties in getting supernovae to

explode and the (often bitter) discussions it generated led to the

feeling that supernova theory was not in a good shape, and that may be

a totally different explosion mechanism 13 to bo invented. It is thus

gratifying to note that a neutron star was very likely made in this

event and that the bolometric light curve (Fig.3) shows unambiguous

evidence for the emergence of a shock st the onset of the optical

emission, comforting the original Bethe-Brown scenario: neutron star

formation and shock heating of the envelope has i.Lus seen to exist.

III. PARTICLE PHYSICS AFTER SNI987A

Most of the constraints obtained from SN1Q87A are relative to

neutrinos, and more specifically to the electron-ant-.ineutrino. Some

constraints can be derived for other weak interacting particles. The

fact that the two first events observed by Kamioka were forward peaked

led some authors to assume they were due to i'e-e scattering. Even if,

on the average, one such event is expected, this assumption is too

strong to lead to neutrino properties that could be safely used. Also,

properties that involve the time structure (three separate bursts) of

the Kamioka observations are unreliable since 1 his structure is quite

consistent with fluctuations due to small number statistics.
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It has been known for many years that the observation of the

neutrino emission of a supernova would lead to a limit on the neutrino

lifetime and on its mass (Zatsepin 1968)

Also, various physical processes were proposed, that could

prevent the solar neutrinos to come to earth still in the state of

i>e
 f s. The fact that the ve' s from the LMC were seen can be used to

eliminate, or at least to put some constraints on these processes.

NEUTRINO LIFETIME

In case neutrino has zero mass, it is stable. With finite mass,

its lifetime (using D>Mkpc) is constrained by

T- >1.5 105 Ev/mv years
6

Assuming this lifetime holds also for the electron-neutrino

eliminates a possible ve decay as the explanation of the solar

neutrino problem (Schramm 1987)

NEUTRINO MASS

Finite mass particles have different travel times according to

their energy:

6 f 1 0 M e V
( JE

v

D

50kpc

The larger the mass, the larger the dispersion of the signal. So, from

the width of the observed neutrino signal, one gets an upper limit on

the neutrino mass. From the requirement that the dispersion due to

possible finite mass of the neutrino is smaller than the 12s duration

of the signal, one gets the conservative limit

mv< 30eV.

Schramm (1987) and Kolb et al. (1987) argue that this is the only

sensible value to be extracted from the data. More specific

assumptions on the initial structure of the emission may lead to lower

limits, ranging from lleV (Bahcall and Glashow 1987) up to the value

given above. This is to be compared to the 95# limit {Fritshi et al.

1986)

mv<l8eV

obtained from accelerator experiments.

NUMBER OF FLAVORS

It is quite clear that the observe Pe flux is just consx-itent

with the binding energy of a standard 1.4KQ star. Would there be «ore
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than three species of low mass (<10MeV) neutrinos, the necessity of

sharing the energy among 2NV different types of particles would

rapidly lead to severe energy problems. Due to the small number of

events that were observed, the error bars ore fairly large and

although Nv~3 is the most likely value to be retained, upper bounds at

the 95# level, once derived under similar assumption all give

Nv<5 or 6 (Scharam 19&7, Ellis and Olive 19&7, Schaeffer, Declais,

Jullian 1987)1 with the assumption of equipartition of energy, and of

a neutron star that has no more than 3-5 •'•"> ̂ nrL>r binding energy. This

limit is comparable to the one obtained from accelerator experiments

but less severe than the limit NV<U from primordial nucleosynthesis

(Yang et al. 1983)

A similar limit can be obtained by req'iir 'ng for any kind of

particles not to take out of the star more V- • . the neutron star

binding energy. For instance limits (Ellis an;' ,ive 1987, Turner

I987, Mayle et al. 1987) on the axion coupling constant can be

obtained this way.

NEUTRINO OSCILLATIONS

Neutrino oscillations, either in v.icui:;n, c.r in the presence of

matter (Mikheyev, Smirnov 1986, Wolfenstein i978) have also be invoked

to solve the solar neutrino problem.

Vacuum oscillations result in the transformation of ve into v^

and i>T. Provided the oscillations length is short enough, only ~i/3 of

the original ve's are left at arrival on earth. Little is to be

expected from SNI987A since all species are emitted in about equal

proportions. Mutual transformation would not alter the i>e flux. It

would slightly increase its energy, since the v^ and i>e are more

energetic, but this is unobservable.

The MSW effect has recieved somewhat more attention (Lagage et

al. 1987, Walker and Schramm 1987). The solution of the solar neutrino

problem, however, requires that the ve , v^(vT) mix. Then the e's

don't. Since we refrain from using the conclusions based on the too

risky assumption that the two first Kamioka events are due to ve's,

there is no connection between the solar neutrino problem and the MSW

effect. Considering a possible mixing between antineutrinos alters the

vg energy distribution. Again, this was not observable for SNI987A.vg

NEUTRINO MAGNETIC MOMENT

In case the neutrino would hav.» 1 magnetic moment, its

helicity could flip in the sun's magnetic fiold. and the left-handed

i>e's produced in the sun could partly n:-rive at earth as being

right-handed, and not interact with 37C1. Thus for

u. ~ 10"X1 - 10" ̂ M B , where ̂  is the Bohr magneton, the solar neutrino

problem would be solved (Okin et al 1986). Theoretical predictions

(Cisnero 1971) from standard weak interaction theory are much lower:

10"l8(mv/10eV) u.,j and the present experimental limits are
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p. < 4 10"10p7J. A limit can be obtained from the fact that the SN1937A

observation implies that most, if not all, of the emitted vs's arrived

at earth being left-handed. Magnetic fields being larger in neutron

stars than in the sun, the limits are lower. They are \t < 10' '''n,,

(Nussinov and Raphaeli 1987) or n < 10' 12n,, (Lattimer and Cooperstein

1987). the difference being in the assumed magentic field. Both limits

rule out a moment large enough to account for the solar neutrino

problem.

TESTS OF REL/iTIVITY

Photons and neutrinos are very different particles, they have

different spins and different internal quantum numbers.

The weak equivalence principle states that any uncharged body

will follow the same geodesic independently of its internal structure.

The fact that the time-delay between the neutrino and optical signal

was only a few hours, provides for a test of this principle.

In empty space, the velocity c of light and the velocity cv of

neutrinos emitted by SNI987A was identical to (Longo 1987)

< 2 10"9

Previous accelerator test (Kalbfleish et al. 1979) gave a much less

stringent limit: H 10"5

Also, there is a ~6 month time delay in the signal due to the

gravitational field of our galaxy, half due to the modification of the

geodesies, half to gravitational redshift. The short delay between the

two signals thus provides also a test of the weak equivalence

principle in the gravitational field of our galaxy (Longo 1987, Krauss

and Tremaine 1987). since the time delay for both particles was the

same within a fraction of a percent.

FUTURE PHYSICS FROM I987A

Most of the new physical bounds obtained from SNI987A rely on

the existence of a neutron star with the standard binding energy. The

direct observation would obviously be of tremendous value, and confirm

nearly all of the conclusions drawn previously.

The surface redshift z ~ GM/Rc2, that could be measured from

the e*e~ annihilation line, is a sensitive function of the star

binding energy. The energy equipartition among neutrinos, the emission

of any other kind of particles may be constrained this way. The

surface temperature could also be measured soon after the star's

birth. The cooling rate a year or more after formation is very

sensitive to the equation of state at ultra-high densities: quark

matter, or other possible new phases of nuclear matter, would alter

significantly the cooling rate. This may possibly bring some evidence

for the existence of quark matter that is searched so actively in

accelerator experiments.
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CONCLUSION

A wealth of new results have been obtained from SN1987A about

supernovae, stellar evolution, neutrino and neutron star physics.

For the first time, the progenitor of the supernova had been

observed before the explosion. Photometric measurements provide

evidence for a shock in the outer layers of the star and the

associated UV flash and pin down its arrival at the surface of the

star with an accuracy of an hour. The neutrino emission detected by

Kamioka and 1MB has been seen for the first time, providing a for

check of the energy balance in a core-collapse + shock ejection

supernova.

The SNI987A event sheds some new light on fjxplosion scenarii

that before were considered as marginal possibilities: SNI987A was

optically dominated by ^ Ni decay, exploded by forming a neutron star,

and had a blue progenitor! Unorthodox possibilities have been put

forward by several authors, and maybe in our obscurantism are we still

missing major facts that would oblige us to totally revise our

beliefs. For the moment, however, the gratifying surprises provided to

us by SNI987A can be incorporated into our standard views, and should

be considered as backing our previous ideas on the matter.

I would like to thank M. Casse, P. Haensel and R.Mochkovich

for discussions.
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OF ULTRA-HIGH ENERGY COSMIC RAYS
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A B S T R A C T

The recent experimental and theoretical investigations

of the energy spectrum of the primary cosmic radiation

in connection with its mass composition were analysed

mainly in the region of ultra-high energies. It is

shown, that the primary mass composition remains approxi-

mately constant up to energies 10 eV and the irregulari-

ty of the energy spectrum at energies ^10 eV is related

with high probability to the photodisintegration processes

near the cosmic ray sources.

INTRODUCTION

The primary cosmic ray particle energies are distributed
9 20in the energy interval 10-10 eV. Up to now satisfactory

theory of the origin, acceleration and propagation of cosmic

rays does not exist for this wide energy interval 11,2!. At

energies E > 10 eV/nucleon the modulation processes in the

Heliosphere could be neglected and the cosmic ray spectrum,

observed near the Earth, becomes identical with the spectrum

in this Galactic region. In this case the cosmic ray sources and

their spread in the Galactic play an important role by the

formation of the primary spectrum and the mass composition of

the observed cosmic particle flux.
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The energy spectrum of the primary cosmic radiation is

falling rapidly down with the particle energy. The relatively

low intensities of the flux at energies 10 eV limit the direct

measurements, carried out with help of spectrometric apparatus on

the board of satelites and balloons. In this connection the role

of indirect methods of primary energy spectrum and mass composi-

tion investigation increases rapidly with the energy and by this

way become the extensive air showers (EAS) the only information

source about the characteristics of the primary cosmic radiation.

The needed physical knowledge, however,could be obtained by care-

ful EAS analysis only solving quite complicated inverse problems

and usually supposing the super-position hypothesis.

ENERGY SPECTRUM OF THE PRIMARY COSMIC RADIATION ABOVE

1014 EV

The basic possibility to apply EAS for primary energy

spectrum estimation is based on the fact, that the generation

and interactions of secondaries in the hadron cascades lead to

transfer of the bigger primary particle energy part in the

electron-photon component of the shower. This energy is finally

lost by the ionization of the medium, where the cascade is

developed.

A/ Calorimetric method of primary energy spectrum

investigation

The calorimetric method is based on the measurement of the

total energy losses of the shower in the atmosphere neglecting

the details of the hadron inelastic interactions. The main

supposition is, that all energetic important components of EAS

are well known and the total energy of the initiating primary

particle is spended for their generation. The calorimetric method,

developed more than 20 years ago, provides exceptional information

about the primary energy spectrum only by the comparison of the

relative flux intensities of showers with different sizes. This

method requires the complex study of the different phenomenolo -

gical EAS characteristics in a wide size interval, in particular

of the lateral and energy characteristics of the hadron flux in

the showers.

The comparison of the primary flux intensities for 4
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energy chosen thresholds gives the possibility to obtain the

energy spectrum of the primary cosmic radiation in the energy
12 19

interval 10 - 10 eV /3,4/, supposing that this spectrum

could be approximated with a power low function F(>E0) <~E .

The primary flux intensity at energies 10 - 10 eV

was estimated in several direct experiments /5 - 8/ with help of

spectrometric apparatus. The estimated average flux is

F (>10 1 2 eV) = 0.16 M~2S"1SR"1.

The other intensity values were obtained by the analysis

of EAS data.

The old Pamir calorimetric measurements /9/ gave a primary

energy estimation (6+j;;4,) ,1014 eV for EAS rate 5.3. 10" 6M" 2S" 1SR~ 1

at observation level 650 g.cm . By this energy estimation there

were taken into account the Cerenkov radiation energy losses above

the observation level, the energy of the electron-photon component

and the energy content of shower muons and neutriuos.Analogical

measurements /10-12/, but more precise and detailed were carried

out with help of Tien Shan array at the observation level 700 g.

cm t The primary energy Eo = (1.14± 0.08).10
15 eV was estimated

for the EAS rate 2.5.10~8 M" 2S~ 1SR" 1.

The next energy estimation is given with help of Yakutsk

installation for shower flux intensity F(>EO) = 5.4.10 M~ S SR~

at sea level. The estimated primary energy is : Eo=(2.40-Q.24).
1810 eV/3,4/. This value is given after critical analysis of two

sets of measurements /13,14/ and /15,16/ carried out with help of

Yakutsk installation. The difference between two sets of results

is not bigger than \€"and exists as a consequence of differences

by the incalculation of high absorbtioa and dispersion in the

atmoshpere. The additional study of Cerenkov light in EAS with

smaller energy (1015-1016 eV) with help of Yakutsk array has

shown, that the average light absorbtion in the atmosphere near

Yakutsk is relatively big <~ 40% /17/.

Comparing these 4 flux intensities at the estimated energy

thresholds the primary energy spectrum was obtained as follows :

F ( > E O ) = 5 . I 0 Y — ^ - •>YyM"2s"1SR"1 ; Eo /TeV/
2.5.10"

for E o < 2 . 5 . 1 0 1 5 eV , f= 1.62+ 0.05 and for E o > 2 . 5 . 1 0 1 5

eV - f = 2.00 ± 0 . 05 .
2.
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B/ Method of electron and muon number EAS spectra

The method of EAS size spectrum measurement is the most

powerful method for estimation of primary particle energy

spectrum in energy interval 10 - 10 eV. The basic defect of

this method is connected with the necessity to apply different

model suppositions about the hadron interactions in attempt to

to recompute the observed spectral distributions F{>N ) to the

energy spectrum F(>E ) of primary particles. However, the survey

of EAS size spectra (Fig.l) contents very important additional

Fig.l The EAS size spectra,
obtained at different
observation levels :
Ch /18/, TS /19/, A /20/,
MSU-/21/.

10s 10* 1Q? iQ8 A4

information about the nature of processes, which form the primary

energy spectrum in the region 5*1015 eV.Particularly, as it is

seen from Fig.l, the "knee" of size spectra occur at N e « 10

independent of the observation level. On the other hand, the

region of the slope change is relatively narrow (N^/N^) -£1.5

where N" and N* are the limits of this region. According to the
e e

cascade theory, it follows, that the obtained flux intensities at

the place of spectrum irregularity depend on the observation level

where the correspondent EAS size spectrum was measured. This fact

only is enough to reject the supposition, that the primary cosmic

radiation consists of only one particle type.

Taking into account the basic suppositions about the

generation of EAS by primary protons and nucleis, there is a

possibility to admit, that nuclei generated shower become older

at given observation level than EAS initiated by primary protons.

By this way deep in the atmosphere at sea level EAS with constant

size are in advantage generated by primary protons. From here
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there could be expected, that the irregularity in primary proton

spectrum has to be in the energy region ~ 5.10 eV. The

quantitative analysis /22/ of Hillas has shown,that the irregula-

rity in the primary proton spectrum has to be expected really at

energies near 5.10 eV and the analogous "knee" in the iron

nuclei spectrum has to be observed at little lower energies.

If we consider the irregularity of the primary energy

spectrum at energies > 10 eV as result of a superposition of

similar energy spectra of the basic primary nuclei groups, the

region of spectrum change becomes very short /2-6/.10 eV, what

is in good agreement with the recent experimental data /18-20,27/.

Fig.2 Energy spectrum of the primary cosmic radiation in the
energy interval 1012 - 1019 eV. Experimental data : 1 - survey
of balloon and satelite data /5-8/ and high energy muons /23-26/,
points - 6-/20/, 6-/27/, 8-/15/, 10-/29/, 11-/14/, A, B, C -
different model predictions /22,30,31/.

According to the results, obtained at the observation

level of Chacaltaya /18,28/, Tien Shan /19/ and Akeno /20/, the

change of slope of primary energy spectrum in the region ** 10 eV

could be characterised with a relatively small change of the

spectral index f in F(>EQ) ~ EQ
J with A|f = 0.3 - 0.4.

The problem of "knee sharpness" in the primary energy

spectrum in the energy region (2-5).10 eV is up to now discussed

/32/, mainly because earlier EAS size spectrum measurements

/21,31/ carried out at sea level, and the EAS Cerenkov light
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spectrum investigations /33,34/f which show a stronger

change of primary energy spectrum. However, this statement is

in contradiction not only with the recent EAS spectra results

/18-20,27/, but also with the calorimetric method results /34/,

which exclude fully the influence of hadron interaction model

indefinities. Opposite to the calorimetric results, there exist

here essential uncertainties by the transition from EAS size

spectra obtained at sea level to the primary energy energy
14 15spectrum in the energy range 10 - 10 eV because big high

X >a 450 g.cm of development maximum and relative wide fluctua-

tions in the shower size - primary energy relation. In the case

of Cerenkov light measurements this connection is stronger,

however, methodical difficulties begin to play essential role,

what is mainly related to the shape change of the Cerenkov light

distributions with the primary energy.

In the energy interval 10 -3J.0 eV there are some

evidences /32/ for the existence of a dip (Fig.3) in primary

energy spectrum as predicted by Schram, Berezinsky and Grigorieva

/35/ due to the interactions of cosmic rays with the relict

radiation.

A T
l-nrk 8<O*

Akdno Fig.3 Primary energy
spectrum in the
inforval i n 1 7 - Iftinterval 10J eV.

17 >9

B(«V)

BorodDolry i
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In this case now we can only conclude, that taking into

account the present experimental accuracies, the existance of the

predicted dip in the energy interval 1018 - 1019 eV may be is

possible. The recent Akeno, Yakutsk and Fly's Eye data don't

contradict to such hypothesis about relict cut off in the primary

energy spectrum at ultra-high energies.

Taking into account results of the primary energy

spectrum experimental investigations, carried out on the basis of

direct measurements on ballons and satelites, EAS electron size

and muon spectra and calorimetric methods, now it is possible to

affirm, that generally the energy spectrum of all primary
18particles could be described up to energies /v 10 eV good enough

with a power low F(>E Q)~E o
1 with jf-values : *f. - 1.60-1.65

for EQ<2.5.10 TeV and f2 = 1.95-2.00 at higher energies

E Q > 2.5.10
3 TeV.

MASS COMPOSITION OF THE ULTRA-HIGH ENERGY COSMIC

RADIATION

The study of the mass composition of primary cosmic rays
14with energies above 10 eV could be carried out only by the

analysis of EAS and with the use of certain shower characteristics

related to the nature of the initiating primary particles. The

mainsuppositions of this method is, that the EAS structure depends

on the nucleon number and energy of the primary particle, that the

heavy nucleis initiate showers with smaller fluctuations than the

protons and that the EAS development depends on the energy,

carried by one nucleon of the initiating primary particle.

A/ Analysis of the average EAS characteristics

1) Method of surviving protons

Using the method of surviving protons /36/ :

I ( > E) £ Ih(> E)exp{-r°-'6'p_A) » where (XQ/A) = const, for
2

given observation level, and the Tien Shan 36 m calorimeter, the

energy spectrum of the primary protons was obtained in the inte-

resting and long time discussed interval (2 - 45)TeV. The accuracy

of hadron spectrum I.(>E) estimation without shower accompaniment

/37/ and the reliability of our knowledge about the inelastic

proton-air cross-section define the significance of the spectrum

estimation. The comparison of this result (Fig.4) with the

analogous spectra, estimated in direct balloon experiments /5,8/,

shows generally good agreement.



- 154 -

Fig.4 Energy spectrum of
primary protons
points - result of the
method of surviving protons
/37/,circles-balloon measure-
ments /8/;line-approximation
/30/,dotted line - /38/.

so

The main conclusion remains, that there are no irregularities in

the investigated primary proton energy spectrum in the energy

interval (1-10)TeV, what was firstly obtained in "Proton" -

satelite experiments 111 and recently confirmed /39/ by HSU-

balloon group. Similar conclusions follow from the analysis of

the hadron energy spectra for given (Eo/
EiJ values /40/. The

corresponding measurements were carried out with help of Tien

Shan array for hadron energies in the range 5 4> E^ £, 200 TeV.

Taking into account scaling inclusive spectra for secondary

hadrons and increasing cross-section according & = ^(l+0.11gEQ)

the energy spectrum of primary protons was estimated without any

irregularities and with spectral index ( *£+1) = 2.68±0.10 /40/.

2/ Hadron energy spectra in EAS

The hadron energy spectra in EAS are sensitive to the

primary mass composition, what was developed /41,42/ by Nesterova

N. et al to a method of mass composition investigation for the

energy interval 10 - 10 eV. The main point is, that the EAS

hadron energy shape depends on the a omic number of the EAS

initiating particle. This sensitivity of the spectra is seen

only in the region (Eh/EQ) > 10~
2, also where the hadrons carry

more than 1% of the primary energy. The model calculations of

Dunajevski et al /41/ have shown that the optimal sensitivity of

the method has to be expected in the region (Eh/EQ)=(l-3).10

The experimental data /41,42/ obtained with help of Tien Shan

array for EAS with sizes (1.5-3.6).105 at the observation level

700 g.cm'2 (Fig.5) show, that the best fit could be obtained
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Fig.5 Hadron
energy spectra
for EAS with
Ne = const.

Points-Tien Shan
enperiment /42/,
curves-calcula-
tion results /41/
for different
/A,D/ mixed compo
sitions :
B(Wp =

C(Wp =

P

0,35),
0,10),
0,0).

10—2 VE< 10-1

= 0.20, W^ 0,17, 0,16,for comparison L : ST = 0,35, W^ = 0.20, Wu = 0,17, Wu

p *** M H

W V H = 0,12. However, the extension of the studied interval to

higher energies is connected with serious difficulties because of

the troubles by hadron indentification in calorimeter.

3/Energv dependence of EAS maximum position

The expected dependence of shower maximum position on the

atomic number of the initiating primary particle is based on the

supposition, that the Lorentz factor of the primary nuclei with

given energy becomes much smaller than of the primary proton

and the expected maximum position is situated higher above the

observation level. Taking into account and giving advance of the

recent Samarkand IMI and Tien Shan /43/ Cerenkov light data, it

is possible to conclude, that the maximum depth energy dependence

is consistent with the Constance of the usual mixed primary compo-

sition (Fig.6) in the energy interval 10 - l017eV. This conclu-

sion becomes opposite if we take into account the results /46/

of Thornton and Clay and we are obliged to suppose very rapid

change of the mass composition in energy interval 10 -3.10 eV

from heavy dominance (vnA = 4±2) to pure proton primary flux

(0WA = 0.0 ± 0.06) /48/. According to our opinion, it is difficult

to explain on the base of the usual astrophysical picture such

rapid change of the mass composition. In this case it is clear

the necessity of a critical comparative analysis of the data,

obtained in different experiments and with help of different

methods in attempt to obtain significant estimations of the



- 156 -

BOO

700

boo

500

WO

ZOO

Fig.6 Energy dependence of
the EAS maximum depth
X /g.cm"2/, curves -

IllCtA .

predicted X m a x < V for
different primary mass
compositions : points -
experimental results :
S /47/,TS/43/,l /45/,2 /46/f
3 /28/, A /47/.

10IT FJ'BI
possible systematical errors in maximum position evaluations.

B/ Analysis of EAS fluctuations

1/ Hadron arrival time distributions

The experimental data about hadrons, which are delaying

in respect to the shower front /49/, compared with 4-dimensional

model calculations, supported the conclusion about the predominant

role (Wp = 30-40%) of iron nuclei in cosmic rays at energies
3

E >10 TeV. In this case it was supposed not only scaling conserva-

tion in the fragmentation region, but also in the secondary

multiple production in the pionization region in hadron-nuclei

and nuclei-nuclei interactions. The analysis of experimental

data /49,50,51/, obtained at two different observation levels

gave the estimated shapes of primary proton and iron nuclei

energy spectra with indexes : Op +1 = 2,70-0.06 and

1+jC = 2,36±0.06. It is easy to understand, that the calculated

4-dimensional shower charactristics are strong model depended.

In this connection we should remark, that according "Pamir"

experimental results the scaling is violated at these energies

both in fragmentation and in pionization regions. In addition,we

have to put attention to the fact of the big difference between

the registration effectivities for hadrons in showers, generated

by primary protons and iron nucleis /49/.
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2/Second momenta dependences of EAS fluctuation

distributions

Usually there were analysed the dependences of the second

momenta of different fluctuation distributions on other EAS

parameters.Such analysis of the second momenta dependences (Fig.7)

ff,2

0,C2

T T I
I I Jf^D7 7

1 1 . _

Fig.7 Comparison of Tien Shan
experimental data about muon
densities dispersion D at different
distances from the exis with the
model predictions supposing protons
()(p) and Fe~nucleis only,

ee
Shaded areas - model "noises

/30,52,53/ give usually the possibility only to show, that the

primary composition cannot consist only of one type nuclei and

secondly they have to be presented two types of nuclei with very

different atomic numbers (A=l and 56). This information becomes

more smooth because the influence of different interaction models.

The analysis of Cerenkov pulses width distribution ]^f { X. )

/54/ is generally close to the method of second momenta dependences

of EAS fluctuation distributions and gives possibilities for an

average atomic number estimation. The model dependence of such

estimations is studied not carefully enough now /55/. In any case

it is already shown, that W ( U ) = f( X ,L,x . ) /56/ and the

analysis of the experimental data on the basis of CKP and HMM

interaction models leads the authors of /54/ to the conclusion

about the pure proton composition at energies «*10 eV.

The analysis of recent Fly's Eye shower maximum depth

x distributions
in 3.x

) /57/ for energies around 10 eV

obtained the best fit for composition : 50% P and 50% Fe,supposing

scaling violation in central region and constant inelasticity 0.37.

Taking into account Kin(E),100%P could not be excluded. Similar

experimental data, obtained from MSU and Yakutsk groups at

energies 1016 eV and analysed on the basis of QGS-model, are in

agreement /32/ with mixed primary composition as by Simon et al/6/.
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The usually analysed second momenta dependences :

^ ) = f^Ne) /58-60/ and ( &s / S ) = \i^o) /61/ lead to

similar conclusions and cannot resolve the relative contributions

of the different primary nuclei groups. However, these results

do not contradict with the conclusion, that the primary mass

composition remains approximately constant in the energy interval

1015-1016 ev.

3/ Method of the EAS fluctuation distribution shape

analysis

The EAS fluctuation distribution shapes have an essential

sensitivity /30,53/ to the relative contributions WftJ of the five

primary nuclei groups : P , at , M , H and VH in the cosmic

radiation with ultrahigh energy. A good example for this is the

analysis /62/ of Akeno experimental muon fluctuation distributions

in EAG with constant sizes on the basis of different interaction

models, which has qualitatively shown /Fig.8/, that the best

solution of the cosmic ray composition at 10 eV is the mixture

from proton to iron. The mass composition without protons is

almost excluded.

Fig.8 Akeno muon
fluctuation distribu
tions,analyzed by
Tanahashi /62/.

HUOH SIZE (N(i)
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The information about the primary composition could be

derived too from the fluctuation distributions but with help of

the careful analysis of a complicated "noise" system. The corres-

pondent fluctuation distributions Vvj were treated as an

inverse problem /63/, solving the equation W. s
» i

towards to obtain the relative contribution estimations W.T of
AJ

the five main primary nuclei groups, where W. is the experimental

derived V M K ^ ) , K ^ = N^, / N^, or each other similar fluctuation

distribution. The matrix Mj. describes for each j-nuclei group

the corresponding muon and electron distribution, expected at the

observation level x for a definite interaction model and already

distored by the processes of the registration, of the selection

and the statistical data treatment.

The analysis of the pseudoexperimental fluctuation distri-

butions W(K M ) /64/, generated for a big number of hadron inter -

action models and treated with help of the statistical method /65/

of inverse problem solution, shows, that the estimations W . are

model independent if : | Cs ê - 0^cal| 1̂ 0.05 and {S^/fj ) < 0.5(Fig.9).
e
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Fig.9 Accuracy and sta -
bility of inverse problem
solution /30,64/ as
function of the shower
parameters :

and relative experimental
- relativeerrors w

contributions of P ,»»a
the same but for p ana
nucleis (dashed).

w,. -

These conditions are satisfied for a big class of inter -

action models, which describe even though the main phenomenologi-

cal EAS characteristics, particularly, the muon size dependence

V ~ N f ' Where °̂ cal = 0 V # T (Nj* •« Ej^ and Ne~EQ
flT) is

parameter in the calculated N^~ Ne
 eat relation and c/exp the

correspondent value obtained experimentally.
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The value ( ©7/7 )_ depends on the interaction model

amd is connected with the shower maximum position over the

observation level and is a principal limit for the method of

analysis.

Fig.10_Energy dependence of
( Q'//yu)p for given EAS
size at different observation
levels x const.

From Fig.10 it is seen, that an optimal observation level

exists for each energy interval, where the method of the fluctu -

ation distribution shape analysis gives the best estimations W .

for the primary mass composition /30,64/.

The Tien Shan array is good to be used in the energy

interval (10 - 10 ) eV, the optimal energy range for Akeno is
16 18

shifted to higher energies (10 -10 ) eV and Chacaltaya has to
14 15be directed to the very interesting energy region 10 -10 eV,

where the calibration of the method becomes possible, taking into

account the recent direct measurement results /8/ of JACEE.

The fluctuation distributions W(K~ ) remain informative

enough, if ( &/J7U L = 0,2-0,4 but the niveau of noises,

characterized by the reception fluctuation values

%= < 6 7 X ) R £ 0,3-0,4 (Fig.9).

The relative primary nuclei group contributions WftJ

obtained by the solution of the given inverse problem equation

\AI, SS T| /*!«•. W • are, however, distored by two factors :

1/ the method of the inverse problem solution ;

2/ the efficiency of registration of EAS, initiated by

primaries with different atomic numbers A in the selection of

showers with fixed size N = const and fixed muon number

Ni» = const.

These two distortions are described with the corresponding
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distortion functions C(A.) and E(A.) (Fig.11) /66/,

Fig.11 Distortion C(A.) and
efficiency E(A.) functions for
observation level 700 g.cm"2 and
eneraies 1015-1016 ev.energies 10J

11 li SI

The efficiency function E(A.) reflects the fact, that the

fraction of EAS from different primary selected for N =const.

or Nu = const, does not generally correspond to the composition

of the primary flux. The efficiency function depends on the

observation level x , the studied energy interval and shower

selection conditions. The function E(A.) remains (Fig.11) very

weak for showers at observation levels not too far (100-150 g.cm'f

from the development maximum position.

The method of the fluctuation distribution shape analysis

of the muon fluxes : W(K.^) K = ( P/<jO>), ̂  = 35 m or

for showers with constant sizes 5.10 < N < 10 at observation

leved x = 700 g.cm" , taking into account the Tien Shan data

for muons with E^>5 GeV, was applied /30,67/, using the statisti-

cal method /63,64/ of inverse problem solution. By this way were

treated the Akeno fluctuation distributions W(K^ ), N = const

The obtained results about the

relative contributions W-_ of the five main primary nuclei groups:

P, OC, M, H, VH correspondingly corrected for systematical shifts

C(A.) and different selection efficiencies E(A.) were shown on

Fig.12 for the energy interval 10 - 10 eV /30,67,68/.

The obtained results are in open contradiction with the

predictions of models /70/, based on rigidity hypothesis.

According to these models, the relative primary proton contribu-
15 17

tion must decrease (full line) in the energy interval 10 -10 eV.

However, this dependence is excluded from the energy dependence

of W estimations, based on the Tien Shan and Akeno EAS muon
P

/62,68,69/ K,. =(nM /<NL>) for muons with E M > 1 GeV and obser-

vation level x = 930 g.cm'
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Fig.12 Energy dependences of Wft /%/ -
experimental data : points - Tien Shan
/67/, circles - Akeno /68/ ;
model predictions : curves according to
rigidity hypothesis /70/ (full) ;
according to /71/ (dotted).

10'

fluctuation data. On the other hand, the expected dependence

WVH(EQ) for primary nucleis of VH group on the primary energy is

information poor because of the relative big errors of the

obtained estimations W y H ((6^/^ ̂ •5*25-30%).

The alternative dependences of the primary proton

Ot-particle and VH-nuclei relative contributions (dotted line)

were obtained according to the assumption 1111, that the main

reason for the irregularity of the primary energy spectrum in

the range 10 eV is the photodisintegration of nucleis near the

cosmic ray sources. Since the muon photogeneration threshold by

protons is 10-20 times higher than the nuclei photogeneration and

the irregularirites of other nuclei energy spectra take place by

smaller energies as in proton spectrum. This model /71/ predicts

a low increase of the relative contribution in the energy interval

1 0 - 1 0 eV, what is in good agreement with the obtained esti -

mation energy dependence W (EQ) (Pig.12). The predictions of

these /70,71/ alternative models are insignificant in the range

of a single standard deviation of the obtained experimental esti-

mations W^, (E ) and W.rtl(E >. There is no evidence essentially
Ot' O VH O

to increase the accuracy of these estimations, obtained on the

basis of the EAS fluctuation distribution shape analysis beacuse

of the relative high level of "noises" occurred by shower develop-

ment in the atmosphere. Recently quantitative model calculation

/72/ was performed on the basis of photodisintegration process,

which occurs near the cosmic ray sources and considering the
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photomeson production. The propagation and fragmentation of

primary nucleis, the generation of secondary protons and photo -

meson production process have been analysed and were taken into

account.

• "e ?

_ 1

Proton '<
ft !ir?n c .hun

__ lolal

— - - p A " ! < v w '
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Fig.13 Energy spectrum of the primary cosmic radiation

As it is seen on the Fij.13 the expected primary energy

spectrum agrees very well with the experimental data, obtained at

Tien Shan, Akeno,Haverah park and Yakutsk arrays.

CONCLUSIONS

The recent experimental investigations of the primary

energy spectrum, carried out in the wide energy interval
12 18

10 -10 eV with help of direct and different indirect methods,

lead to the conclusion, that the energy spectrum of all primary
_ y»

particles could be described with the function F(>E ) ru E with
1 _ o o

j -values : ]f = 1,60-1,65 for EQ < 2.5.10 eV and }ffc =1,95-2,00

for EQ > 2.5.1015eV with a relative short region (2-5).1015eV of

the spectrum irregularity.

The investigations of the high energy cosmic ray mass

composition on the basis ofEAS studies, have shown the stabile

predominance ( «-\* 40%) of protons in the primary cosmic radiation
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in the energy interval 1013-1016eV. The analysis of EAS muon

flux fluctuations, observed at Tien Shan and Akeno,confirm this

conclusion up to energies 10 eV and give basis for the favorisa-

tion of the hypothesis, that the main reason for the irregularity

of the primary energy spectrum in the region r-» 1015eV is the

photodisintegration of nucleis near cosmic ray sources.

ACKNOWLEDGEMENTS

This work was supported by the Bulgarian Ministry of

Culture,Education and Science under grant No.1054.

REFERENCES

/I/ Ginzburg V.L.,Syrovatsky S.I."Origin of cosmic rays",

Moscow, AN SSSR,1963

121 Berezinsky V.S. Bulanov S.V.,Ginzburg.V.L.et al.

"Astrophysics of cosmic rays",Moscow,"Nauka",1984

/3/ Nikolsky S.I.,Proc.ISCR,507,Tokyo,1984

/4/ Nikolsky S.I. "Problems of cosmic ray physics",169

"Nauka",Moscow,1987

/5/ Rajan M.J.,Ormes J.F.,Balasubrahmanyan V.K.,Phys.Rev.Lett.

v.28,15,985-988,1972

/6/ Simon M.,Spigelhauer H.,Schmidt W.K.et al.

Proc.16 ICCR,Kyoto,v.l,352-357,1979

111 Grigorov N.L. Mamontova N.A.,Rapoport et al. Proc.12 ICCR,

Hobart,v.5,1746-1759,1971

181 Burnett T.H.,Dake S.,Derrickson J.N. et al.Proc.19 ICCR,

La Jolla, v.2,48,1985

191 Nikolsky S.I.,UPhN,v.78,356-410,1962

1101 Aseikin V.S.,Nesterova N.M.et al.,Izv.AN SSR,ser.phys.

v.40,1012,1976

/ll/ Aseikin V.S.,Kirov I.N.,Nesterova N.M. et al.

Preprint FIAN No.142,1976

/12/ Afanasiev B.N.,Vasiljuk Y.M.,Nesterova N.M. et al.

Proc.18 ICCR,Bangalore,v.6,200,1983

/13/ Diminstein O.S.et al.;Proc.l4 ICCR,Munchen,v.12,4318,1975

/14/ Diminstein O.S. et al.,Yakutsk reports,9,1982

/15/ Krasilnikov D.D.,Dyakonov M.N.,Egorov T.A.et al

Proc.15 ICCR,Plovdiv,v.8,159,1977

/16/ Krasilnikov D.D.et al.,Yakutsk reports,3,1982

/17/ Sokurov B.F.,Sorukova G.V.,Yakutsk reports,29,1987



- 165 -

/18/ Ohta K.,Machida M.,Matano T et al. Proc.16 ICCR,

Kyoto,v.13,177,1979

/19/Kirov I.N.,Stamenov J.N.,Ushev S.Z.et al.,Proc.l7 ICCR,

Paris,v.2,109,1987

/20/ Nagano M.,Hara T.,Hayashida N.et al.Jorn.Phys.G, 10

1295-1310,1984

/21/ Vernov S.N., {Christiansen G.B.et al.Canad.Jörn.Phys.,v.16,

10,197,1968

/22/Hillas A.M.,Morriond Symp.on Astrophysics,1984

/23/ Khalchukov F.F.,Korolkova E.V.,Kudrjavtsev V.A. et al.;

Proc.19 ICCR,La Jolla,v.8,12,1985

/24/ Kawashima Y.,Kitamura T., Matsuno S. et ai.

Proc.17 ICCR,Paris,v.7,16,1987

/25/ Allkofer O.C.,Carstensen K.Bella G.et al.

Proc.17 ICCR, Paris,v.10,321,1987

/26/ Battisoni G.,Belloti E.,Bloise C.et al.Proc.19 ICCR,

La Jolla,v.2,158,1985

/27/ Mijake S.,Ito N.,Kawakami S., et al,Proc.16,Kyoto,

v.13, 171, 1979

/28/ Suga K.,Kakimoto F.,Mizumoto Y. et al,

Proc.16 ICCR, Kyoto, v.13, 142,1979

/29/ Brooke G.,Gunningham G., Pollack A.M.T. et al.

Proc.16 ICCR, Kyoto, v.8,13,1979

/30/ Nikolsky S.I., Stamenov J.N.,Ushev S.Z.Sovjet JETP 60(1),

10-21, 1984

/31/ Fomin Y.A.Christiansen G.B.,Proc.7ESCR, Leningrad,77,1980

/32/ Khristiansen G.B.;Proc.20 ICCR,Moscow,v.8,54,1987

/33/ Efimov N.M.Sokurov V.F.;Proc.l6 ICCR,Kyoto,v.8, 1979

/34/ Alimov T.A.,Aliev N.A. et al; Izv.AN SSR, Ser.phys.,

v.49,7,1347, 1985

/35/ Berezinsky V.S.,Grigorieva S.A., Proc.20 ICCR,OG 5.3-9,1987

/36/ Grigorov N.L.,Rapoport I.D.Shestoperov V.J."High energy

particles in cosmic rays","Nauka",Moscow,1973

/37/ Nam R.A.,Nikolsky S.I.,Chubenko A.P.,Yakovlev V.l.

Proc.18 ICCR, Bangalore, v.5, 336, 1983

/38/ Mandritskaja K.V.,Sazhina G.P.,Sokolskaya N.V. et al;

Proc.19 ICCR, La Jolla, v.5,228, 1985

/39/ Kanevsky B.L., Sazhina G.P.,Sokolskaja N.V. et al

Proc.20 ICCR, Moscow, v.1,371,1987

/40/ Chubenko A.P.,Krutikova N.P.,Nikolsky S.I.,Yakovleva T.I.,

Proc.20 ICCR,v.l,377,1987



- 166 -

/41/ Dubovy A.G.,Dunaevsky A.M.,Nesterova N.M. et al.,

Proc.17 ICCR, Paris,v.6,199,1981

/42/ Dubovy A.G.,Nesterova N.M.,Proc.l8 ICCR,

Bangalore,v.5,82, 1983

/43/ Kvashnin A.N.,Rubtsov V.I.,Smirnov A.Y. et al,

Proc.18 ICCR, Bangalore,v.11, 394, 1983

/44/ Alimov T.A.,Aliev N.A. et al; Izv. AN SSSR,

Ser.phys.,v.49,7,1345, 1985

/45/ Kalmykov N.N.,Nechin Yn.A.,Prosin V.V. et al,

Proc.16 ICCR, Kyoto,v.9,73,1979

/46/ Thornton G., Clay R.,Phys.Rev.Lett.,7.43,21,1622, 1979

/47/ Antonov R.A.,Ivanenko I.P.,Kuzmin V.A.Izv.AN SSSR,

Ser.phys.,v.44,3,547» 1980

/48/ Linsley J.,Watson A.,Proc.17 ICCR,Paris,v.6,238,1981

/49/ Goodman J.A.»Ellsworth R.W.,Ito A.S. et al,

Phys.Rev.Lett. 42,854-862, 1979

/50/ Goodman J.A.,Ellsworth R.W.,Ito A.S. et al,

Phys.Rev. D 26,1243, 1982

/51/ Mincer A.I.»Freudenreich H.T.,Goodman J.A. et al,

Proc.19 ICCR, La Jolla,v.2,201,1985

/52/ Nikolsky S.I.,Kirov I.N.,Ushev S.Z.,et al,

Proc.16 ICCR, Kyoto,v.8,335, 1979

/53/ Kirov I.N,Nikolsky S.I.,Nikolskaja N.M.,et al,

Proc.7 ESCR, Leningrad, 360, 1980

/54/ Khristiansen G.B.,Kalmykov N.N.,Kulikov G.V.et al,

Izv.AN SSSR, Ser.phys.,v.40,5,987, 1976

/55/ Inoue N.,Sugawa S.,Tanura T.,et al,

Proc.18 ICCR, Bangalore, v.ll, 402, 1983

/56/ Kalmykov N.N.,Prosin V.V.Christiansen G.B.et al,

Proc.14 ICCR, München, v.8,3034, 1975

/57/ Baltrusaitis R.M., Cassiday G.L.»Cooper R. et al,

Proc.20 ICCR, Moscow, v.1,394, 1987

/58/ Khristiansen G.B.,Kulikov G.V., Lebedev A.P.,et al,

Proc.15 ICCR, Plovdiv, v.8, 148, 1977

/59/ Hara T.,Hatano Y.Hayashida et al, Proc.17 ICCR,

Paris, v.6, EA 1-2, 1979

/60/ WdowczykJ.,Gawin J.,Grochalska B.,et al, Izv. AN SSR,

Ser.Phys.,v.44,3,529, 1980

/61/ Karakula S.,Proc.4 ESCR, Lodz, 17,1984

/62/ Tanahashi G.» Proc. ISCR,480, Tokyo, 1984



- 16 7 ";

/63/ Nikolsky S.I., Pavljuchenko V.P.,Stamenov J.N.,P.N.Lebedev,

Inst.short reports, 8, 49, 1987

/64/ Nikolsky S.I., Stamenov J.N.,Proc.l8 ICCR, Bangalore,

v.2,119,1983

/65/ Pavljuchenko V.P.,VANT, 1(13),39, 1983

/66/ Stamenov J.N-, Janminchev V.D., Proc.19 ICCR,

La Jolla, v.l,210, 1985

/67/ Stamenov J.N.,Ushev S.Z.,Janminchev V.D. et al,

Proc. 18 ICCR, Bangalore, v.2,111, 1983

/68/ Nikolsky S.I., Stamenov J.N., Proc. 18 ICCR, Bangalore,

v.2, 115, 1983

/69/ Jogo N., Ph.D. Theses, Tokyo, 1981

/70/ Fomin Yu.A. , Khristiansen G.B.,JETP, 64,1?. 2141, 1964

/71/ Hillas A.M., Proc.16 ICCR, Kyoto, v.8,7,1979

/72/ Karakula S.,Nikolsky S.I., Stamenov J.N.,Tkaczyk W.,

Proc. of Volcano Workshop, 1988.



- 169 -

Further Investigations on Energy Deficits at Pair Creation

and Additional Studies on Compton Electrons

Erich R. Bagge, Institut fur Reine und Angewandte Kernphysik,
University of Kiel, Otto-Hahn-Platz 1, 2300 Kiel, if.-Germany

Ahmed Abu El-Ela, Faculty of Science, Physics Dpt., Mansoura
University, Mansoura, Egypt, and

Soad Hassan, Faculty of Science, Physics Dpt., Mansoura Univer-
sity, Mansoura, Egypt

At the 1985 International Conference on Cosmic Rays at la. Jolla (USA) we

referred to experiments with a He-filled Wilson-cloud-chamber in a homo-

geneous magnetic field of 703 Gauss to study the energies of positrons and

electrons in pair creation produced by y-rays of 6.14 MeV. (Precision of

particle energies about 20 - 50 keV).

The thickness of the y-ray target of gold was 25 y corresponding to a

mean energy loss within the target of about 50 keV for the particles.

The evaulation of the particle pathes on about 4000 pictures was done

by determining the coordinates of about 15 points for each path by a

Pulfrich Stereokamporator and calculating the mcmenta of the particles by

a computer. Every 12th picture was showing a pair suitable for evaluation.

The main results have been the following:

1) The energy-sums of positrons and electrons produced by Y-rays of

6.14 MeV were found to be at a mean value of 5.48 MeV. There is a ^lear

energy deficit of about 1O.7 % for this energy-region.

2) The energy-spectra of positrons and electrons are definitely very

different from each other: There are mainly particles of lower energies in

the positron-spectrum and correspondingly mainly particles of higher ener-

gies in the electron-spectrum. There is no indication at all for a simi-

larity or even an equality of the two spectra (Figure 1).
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6 U M.V
107 Par.

Figure 1. "Ehe energy-distributions of the positrons and the

electrons in pair creation by Y~C[uanta of 6.15 MeV. E is the

negative energy of the Dirac-sea viiere the electrons are coming

from. The new theory is operating with conservation laws for

the energies and the momenta of the y-quantum and the two pro-

duced particles but including also the same properties of the

Dirac-sea electron. (Original La Jolla picture for 107 evaluated

pairs without Compton-electron corrections.)

This is in a strict contradiction to the famous predictions of Bethe-

Heitler's theory ' for the pair creation operating on the basis of the

assumption:

hv = E+ + ET (E* = m oc
2 + E ±

(1)

(hv, E +, E~ : Energies of y-quantum, positron and electron.)
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The results reported at the La Jolla Conference on the contrary were in
2)

relatively good agreement with a modified theory based on the following

essentially different assumption:

hv = E + + E~ - E Q

and (2)

j™. = P + + p" - p
c p l *o

There are E , the absolute value of the negative energy of the Dirac-

sea electron and p , its corresponding momentum. (p+ and p~ are the mo-

menta of positron and electron.)

This assumption means that the four-vectors of all particles engaged in

this process have to be taken into account. In Bethe-Heitler's theory on

the contrary the physical state (energy and roanentum) of the Dirac-sea

electron has been fully dropped. In a certain sense this is theoretically

very convenient and it facilitates the calculations of cross-sections very

much. But our experimental results show that its assumption does not fully

cover the physical reality of this process.

At this point it should be remarked that at the time of the La Jolla

Conference there was still a certain problem concerning the exact accordance

between the new theory and the experiment. Looking to finer details of the

two energy-spectra of positrons and electrons one finds a smaller difference

between the corresponding results at higher energies. What was the reason

for it?

To clarify this situation we doubled for the same material the number of

investigated pairs and further on we measured the energies of all single

electrons caning fran the target. Two different reasons could be respons-

ible for their origin:
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Figure 2. Right above the energy-distributions of the single

electrons found in two separate runs. On the left side the

comprised result of the two runs. The two peaks are at =5.1 MeV

for the pair-electrons and at =5.7 MeV for the Ccmpton-electrons.

Ihe daslied curve shows the theoretical distribution of the Klein-

Nishina-formula. By this way the electrons of different origin

can be discriminated statistically. Ihe hatched part of the

distribution nust be attributed to the widowed electrons of

pairs. There are also sane y's of lower intensity in the Y~ray

source namely at 6.91, 7.11 and 8.87 MeV which are responsible

for the electrons above 6.14 eV. (Out of interest for the pre-

sent context.)
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1. The Oanpton-electron of the target received in an almost head-on

collision nearly the full energy of the y-quantum: in fact the energies

have been in the mean about 400 keV lower than the maximum possible value:

6.14 MeV. (A deviation less than 10° from a straight-on way between the

Y-quantum and the electron was admitted.)

2. A single electron was the partner of a pair in which case a posi-

tron of low kinetic energy had been stopped already within the target.

Therefore the energy of the electron should be a little lower than

(6.14 - 0.511) MaV = 5.63 MeV.

Two separate runs of measurements have been made and the results are re-

presented in Figure 2. The energy-distributions show in both cases the se-

parated peaks at =5.1 and =5.7 MeV in a satisfactory conformity with the

theoretical expectation. In this way Ccmpton-electrons given by the Klein-

Nishina formula and the widowed electrons of pairs can be discriminated

statistically very well.

When the corresponding numbers of pairs with positrons of very low ener-

gies are now added in the right way to the pairs which could be analysed

individually then one gets for all these couples of particles together the

corrected distributions of the energies for the positrons and electrons in

practically full conformity with the newer theory (Figure 3).

This means that Dirac's original picture of our world in which all pos-

sible states of negative energies are fully occupied by electrons according

to Pauli's principle has the character of a quasi reality. In other words

it is necessary to take into account all physical properties (energies and

also the momenta) of all these particles in world and antiworld as if they

really exist if one likes to describe the processes of particle creation

or annihilation in a convincing agreement with observation.
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Figure 3. The separated and corrected spectra of the positrons

and electrons produced in a 25y gold foil by y~^ays of 6.41 fleV

are here in full agreement with the theory of pair creation

obeying the generalized conservation-laws for a quasi really

coexisting world of positive and fully occupied negative ener-

gy-states of electrons. The discrepancies of Figure 1 at higher

energies disappeared completely. Ihis was possible by the help

of the statistical discrimination of single electrons between

Campton-electrons and widowed pair electrons.
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EDITORS' NOTE

Professor Bagge's paper Further Investigations on Energy Deficits at Pair

Creation and Additional Studies on Compton Electrons was, originally, not

among the invited ones. However, in view of the great interest and lively

discussions it had arisen during the Symposium, the Organizing Committee

decided to adopt it as an invited paper.

The Organizing Committee wish to thank Professor Bagge for preparing the

manuscript of his paper and submitting it for publication in this Volume.


