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CHAPTERR I 

Introduction n 

1.11 TIME VARIATIONS 

Timee variation in cosmic ray intensity, also called modulation, can be divided into various 
topics:: 11-year-, 27-day- and daily variations, Forbush Decreases and solar flare increases. 

Thee 11-year variation (for a comprehensive review see Moraal. 1976) is governed by the 
solarr activity cycle, best represented by the Zurich sunspot number (Solar and Geophysical 
Data,, published monthly by WDC-A, Boulder). This cycle lasts about 11 years with the 
maximumm in sunspot numbers falling about 3-4 years after the sunspot minimum. The number 
thenn declines during the rest of the cycle to another minimum. By the agency of the solar 
wind,, a continuous outflow of plasma from the sun, with an average velocity of 3.5.10s 

m/secc and a density of 107 n rJ, together with plasma streams from active regions, a magnetic 
barrierr is built up at a distance where the energy density of the plasma flow equals the energy 
densityy of the galactic magnetic field. In this way a cavity around the sun is formed. The radius 
off  this cavity is thought to vary from about 5 A.U. during solar minimum to about 50 A.U. 
duringg solar maximum (Wang, 1970). 1 A.U. is the mean sun — earth distance = 1,5.10' ' m. 
Thiss barrier screens the solar cavity from the low-energy part of the galactic cosmic rays. 

Thee 27-day variation is produced by the solar rotation, and is due to the passage of a region 
onn the solar surface of long-lasting activity. From this region a continuous, enhanced plasma 
floww blows into interplanetary space, its magnetic roots remaining attached to the sun. The 
volumee of the interplanetary space occupied by this plasma stream is screened from low-energy 
cosmicc rays by frozen-in magnetic fields (for a review see Lockwood, 1971). 

Thee daily variation is due to that low-energy part of the galactic cosmic rays, that is 
capturedd in the interplanetary magnetic field, thus corotating with the sun. It is a rather small 
variationn with an amplitude of about 0,4%. The maximum is normally reached at about 1800 
hourss Local Time (L.T.), the minimum at about 0600 hours L.T. (for a review see Pomerantz 
andd Duggal, 1971). This delay with respect to solar culmination is due to the fact that in inter-
planetaryy space the magnetic field lines are spiral-shaped, as a consequence of the solar 
rotationn ('garden-hose effect'). 

Forbushh Decreases, first discovered by the cosmic ray pioneer whose name they bear, arc 
depressionss in the galactic cosmic ray intensity, following a solar flare (chromospheric 
eruption).. They are due to a dense plasma cloud with a velocity between 5.10s-2.106 m/sec 
ejectedd during the Hare. These dense clouds carry a frozen-in magnetic field with them. When 
thee earth is immersed in this cloud again a screening of part of the galactic cosmic rays results 
(forr a comprehensive review see Lockwood, 1971). 

Finally,, solar flare increases may follow a large chromospheric eruption during which 
relativisticc particles are ejected from the sun. They manifest themselves through an increase in 
cosmicc ray intensity measured on earth and in interplanetary space. The most prominent event 
off  this kind occurred in February 1956 when an increase of about 2400% was measured at 
highh latitude stations. (Recent advances in solar flare particle research can be found in the 
Proceedingss of the International Cosmic Ray Conferences.) 
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1.22 COSMIC RAY MEASUREMENTS 

Cosmicc ray intensity is continuously measured on earth with three standard instruments: 
Thee IGY and IQSY Neutron Monitor and the standard cubical Meson Telescope. 

Att different stations all these instruments have a standard construction thanks to an 
internationall  agreement between cosmic ray scientists. A complete description of these 
instrumentss is given for the International Geophysical Year (IGY) monitor in Simpson et ah 
(1953),, and for the International Quiet Sun Year (IQSY) monitor and Meson Telescope in the 
IQSYY Instruction Manual No. 7 by Carmichael (1964). 

Thee neutron monitor is best suited to measure the low-energy band 1-50 GeV of the galactic 
cosmicc rays, whereas the meson telescope is applied to the higher energy band 20-100 GeV. 
Itt is not easy to make absolute measurements with these instruments. In cosmic ray research 
onee generally only measures relative variations in the radiation. 

Onee of the main problems in interpreting the results is the way in which the measured 
variationss are correlated with the real variations in the primary cosmic ray intensity. Through 
nuclearr interactions in the atmosphere, beginning at an altitude of about 5.104 m, the primary 
radiationn is completely transformed into secondary radiation before reaching the earth. The 
linkk between them is made with yield- or coupling functions which can be determined either 
experimentallyy (e.g. Quenby and Webber, 1959) or theoretically (e.g. Debrunner and 
Flückiger,, 1971). Unfortunately, neither of the methods are precise enough to cope with the 
problemm very accurately. 

Duee to the geomagnetic field, operating as a magnetic spectrometer, the measured cosmic ray 
intensityy varies as a function of the location on earth. Going from the equator to higher 
latitudess the intensity is increasing steadily up to the so-called knee latitude region from where 
onn the intensity remains constant. 

Experimentallyy derived yield functions are obtained from measurements with a mobile 
monitorr during latitude surveys. The best results are from a latitude survey along one single 
meridiann circle. A latitude curve is a plot of the measured intensity versus the magnetic cutoff 
rigidity,, which will be defined later. By plotting the slope of this curve versus the magnetic 
cutofff  rigidity the differential response curve is obtained. With the known primary galactic 
cosmicc ray spectrum, measured for instance with balloon-borne instruments at the top of the 
atmospheree or with satellites, the yield function can be calculated. 

Thee counting rate of a cosmic ray intensity recording instrument can be written as: 

N(h,RL )" /°°S(R).^(R)dR R 

wheree h is the altitude of the recording station, Rc the effective magnetic cutoff rigidity. S(R) 
thee specific yield function and \p (R) the differential galactic cosmic ray spectrum. As protons 
aree the main constituent of the primary radiation ^ (R) is approximated by the primary 
differentiall  proton spectrum ^ (R). If the counting rate is differentiated with respect to R, 
thee differential response curve is obtained: 

( T ' ] R tt -s<R«>.*pfR«,. 

Withh the known function ^p (R) the yield function S(R) is calculated. 
Theoreticall  yield functions are computed by Monte Carlo methods. In these calculations 

onee uses for the atmospheric nuclear interactions data obtained from accelerator experiments. 
Thesee calculations were performed by several authors, and the agreement between the 
theoreticallyy and the experimentally derived yield functions is rather good. 
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1.33 GEOMAGNETIC STORMS 

Onee of the cosmic ray modulations, the Forbush Decrease, generally coincides with a geo-
magneticc storm. Such a storm manifests itself through a worldwide disturbance in the geomag-
neticc field. For a comparison of the storm effects between the different magnetic observatories 
onee generally uses the horizontal component H of the geomagnetic field. 

Threee phases may be distinguished during a magnetic storm: the sudden commencement, 
thee main phase and the recovery phase. 

Duee to the action of the solar wind the magnetic field of the earth is confined to a cavity, 
thee so-called magnetosphere, which extends to a few earth radii, r{. , in the solar direction and 
hass a very long tail stretching beyond the orbit of the moon in the anti-solar direction. Because 
thee solar wind is blowing with a large velocity the earth magnetic field will be an obstacle in 
thee plasma flow around which a bow shock will form. Through this shock layer the solar wind 
plasmaa is deflected, slowed down and heated such that it can flow around the above 
mentionedd cavity. The region between the bow shock and the magnetosphere proper is called 
thee magnetosheath; here the plasma is in general in a turbulent state. Between the magneto-
sheathh and the magnetosphere is the magnetopause, where the magnetic field becomes ordered 
andd begins to dominate the motions of the charged particles. 

Thee storm sudden commencement, which manifests itself in a small increase of the 
horizontall  component H, is due to a compression of the magnetosphere by the high-velocity 
plasmaa stream. 

AA short time, the initial phase, after this sudden commencement the main phase of the geo-
magneticc storm sets in. During this phase an equatorial ring current builds up around the earth 
att a distance of about 3-5 ri : resulting in a steep and often large decrease in the horizontal 
component.. The ring current is mainly produced by protons in the energy range 10-100 keV 
(Frank,, 1967), drifting westwards due to the inhomogeneity of the geomagnetic field. These 
protonss are injected from the magnetotail during a succession of substorms occurring during 
thee initial phase (e.g. Akasofu, 1968). 

Inn general the building up of the ring current is asymmetric beginning in the afternoon-mid-
nightt sector due to the westwards drifting protons. The largest decrease in H is measured at the 
magneticc observatories located in this sector (Akasofu and Chapman, 1964). With the help of 
satellitess the existence of this asymmetric or also called partial ring current, closing via field-
alignedd and eastward ionospheric currents, has been proven (Frank, 1970). 

Thee recovery phase of the storm in which the horizontal component gradually returns to its 
pre-stormm value may last several days. In this phase the ring current decays through different 
physicall  processes as for instance charge exchange and pitch angle diffusion. 

1.44 MAGNETIC CUTOFF RIGIDITIES 

Thee latitude effect, mentioned before, by which the corpuscular character of the cosmic 
radiationn was discovered (Clay, 1934) can be explained by studying the motion of charged 
particless in magnetic fields. Stormer, in an attempt to explain auroras, was the first to perform 
thesee calculations approximating the earth magnetic field by a dipole field. With this method, 
inn which a particle of opposite charge is assumed to be ejected from the earth and the orbit is 
calculated,, the Stormer cutoff can be determined as a function of latitude. This cutoff is 
definedd as the rigidity below which no allowed orbits are found. 

Thee main cone cutoff rigidity for a cosmic ray observing station is the rigidity above which 
noo forbidden trajectories are found. 

Betweenn these two cones of acceptance some orbits are allowed while others are not. This 
regionn is called the penumbra. 
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Thee effective magnetic cutoff rigidity is defined as 

R cc = R m ! / k m d R ! 

Uss ) allowed 
wheree Rm is the main cone cutoff rigidity and Rs the Stormer cone cutoff rigidity (Shea et al.. 
11 965). All cosmic ray intensity measurements are based on this effective cutoff rigidity for the 
differentt observatories. 

Iff  the field outside the earth is curl free, a magnetic potential may be defined unambigu-
ouslyy and can be expanded in spherical harmonics: 

oooo o 

A(r.. ©. 0 ) = a Ï X (gm cos m $ + hm sin m^ ) Pm (cos 0) (-) n + 

nn ti n r 
nFOm=0 0 

wheree g™ and \\ are the Gauss coefficients, P™ (cos 0) the partly normalized Legendre 
functionss and a the average radius of the earth (Chapman and Bartels, 1951). 

Forr the calculation of the effective cutoff rigidity such a field expansion is used up to the 
sixthh harmonic. Different field models may be used (Finch and Leaton, 1957; Jensen and Cain, 
1962).. Thanks to the modem computers these sophisticated calculations can be performed to 
aa high degree of accuracy. 

Forr the 1QSY a handbook of effective cutoff rigidities for all operating cosmic ray stations 
wass issued (MeCracken et al., 1965). These values may also be called the quiet-time cutoff 
rigiditiesrigidities as they were calculated for an undisturbed earth magnetic field. 

1.55 RING CURRENTS AND MAGNETIC CUTOFF RIGIDITIES 

Ringg currents can in various ways change the intensities of cosmic rays measured on earth 
(Treiman,, 1953; Ray. 1956; for a comprehensive review of geomagnetic effects see Dorman, 
1974).. Outside the ring current, reckoned from the geomagnetic axis, its magnetic field is 
parallell  to the geomagnetic field. As a Forbush decrease often coincides with a magnetic storm 
(Yoshidaa and Akasofu, 1966) the first explanation of the mechanism of this decrease was 
soughtt in the increased strength of the geomagnetic field outside of the ring current. However, 
trajectoryy calculations showed that the field-strength near the earth plays the most important 
rolee for the orbit of charged particles and therefore, ring currents would lead to an increase 
ratherr than a decrease of the cosmic ray intensities. Furthermore, since the satellite era it has 
beenn definitely established that a Forbush decrease is an interplanetary effect whereas a 
magneticc storm is a planetary phenomenon. 

AA decrease in magnetic cutoff rigidity manifests itself in a simultaneous increase in cosmic 
rayy intensity measured on earth. During some magnetic storms a lowering of the effective 
cutofff  rigidity has been observed at balloon altitudes. During the main phase of a geomagnetic 
stormm balloon measurements over Minneapolis (Rc = 1,2 GV) showed an anomalous increase 
inn particle intensity suggesting a lowering of the cutoff rigidity to less than 0,5 GV (Kellogg 
andd Winckler, 1961a). Particularly Kellogg and Winckler reported comprehensively at the 
Kyotoo Conference on Cosmic Rays and Farth Storms (1961b) on reductions of the cutoff 
rigidityy at Minneapolis during the main phase of several magnetic storms. On eleven occasions 
thee particle intensity increased at balloon altitudes. 

Withh riometers at relatively low-latitude stations an increase in cosmic noise absorption was 
alsoo measured during the main phase of a geomagnetic storm due to an enhanced influx of low 
energyy protons (20-200 MeV)(Reid and Leinbach, 1959). 

Withh satellites orbiting near the earth decreases in cutoff rigidities have been measured 
duringg magnetic storms (Pieper et al.. 1962). 
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Att ground level several cutoff rigidity changes have been measured in the past (Kondo et al., 
1959;; Hatton and Marsden, 1962; Wada, 1967; Wol f son et a l. 1967; Nobles and Wolfson, 
1968;; Yoshida et al.. 1968; Akasofu ct al., 1969; Louis, 1972; Aldagorova et al.. 1973; 
Agrawaletal... 1974; Flückiger et al., 1975). 

Hattonn and Marsden (1962) were the first ones to point out the asymmetry in cutoff 
rigidityrigidity  changes during the November I960 solar proton event and associated storms. 

1.66 OUTLINE OF THE THESIS 

Thee purpose of this thesis is to study the effects of the asymmetric or partial ring current on 
thee cosmic ray intensities on earth, in particular at the mountain station Jungfraujoch, Swit-
zerland. . 

Inn chapter II the ring current theory is reviewed. Possible influences on cosmic ray 
intensitiess will be studied. 

Chapterr III is devoted to the method of analysis of the various events together with the 
estimatedd accuracies. 

Chapterr IV is a reprint of a paper presented at the 14th International Cosmic Ray 
Conferencee held in Munich, 1975, on theoretically derived cutoff variations during the 
Septemberr 1974 magnetic storm. This paper was written in cooperation with the staff 
memberss of the cosmic ray groups at the Universities of Bern and Kiel. 

Inn chapter V a description of the individual events is given. 
Chapterr VI is devoted to the interpretation of the results with special emphasis on the 

Decemberr 1971 event. 
Finally,, chapter VII contains the conclusions obtained during this research. 
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