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ABSTRACT

The geomagnetic cut-off rigidities for cosmic ray particles arriving
at the top of the atmosphere over Hyderabad, India (geographic latitude
17-6°N. and longitude 78-5°E.), as a function of zenith and azimuthal
angles and the vertical cut-off rigidities for a few neighbouring locations,
have been made using the sixth degree simulation of the geomagnetic field
by the C.D.C. 3600 Computer,

1. INTRODUCTION

PIoNEER calculations of the effect of the earth’s magnetic field on the motion
of charged particles have been made by Stormer? in his study of aurorae
using a dipole field. Later by taking into account the eccentricity of the
earth’s magnetic centre, Vallarta® has studied the longitudinal variation of
cosmic ray intensity. The minimum energy needed for a charged particle
to arrive at a given geomagnetic latitude (the cut-off rigidity) has been studied
extensively by Alpher® for various zenith and azimuthal angles using only
the dipole terms of the magnetic field. Dipole simulation of the geomagnetic
field is rather a poor approximation to the actual situation and hence higher
degree simulations of the field have been used by Quenby and Webber* to
calculate the vertical cut-off rigidities ; later these calculations were modified
by Quenby and WenkS® in 1962. The cut-off rigidities given by the above
authors have been widely used till now. McCracken et al.® have calculated
the asymptotic directions of cosmic rays far removed from the earth using
sixth degree expansion of the geomagnetic field. These calculations simplify
the computation of cut-off rigidities for various arrival directions of cosmic
ray particles at the top of the atmosphere usmg higher order simulation of
the earth’s magnetic field.

During recent years an extensive balloon launching facility has been set
up by the Tata Institute of Fundamental Research at Hyderabad (geographic
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latitude 17-4°N. and longitude 78-5°E.). In addition to the Tata Insti-
tute, scientists from many other countries have also taken advantage of this
facility to make balloon launches for cosmic ray and upper atmosphere experi-
ments. Therefore we have made here calculations of the cut-off rigidities
as a function of azimuthal and zenith angles over Hyderabad using the latest
information on the geomagnetic field. Since the balloons at the ceiling
altitudes could drift a few degrees in latitude and Jongitude, vertical cut-off
calculations have also been made in the neighbourhood of Hydcrabad. These
calculations have been made using the sixth degree simulation of the geo-
magnetic field by the C.D.C. 3600 computer of the Tata Institute of Funda-
mental Research.

2. GEOMAGNETIC THEORY AND EARTH'S MAGNETIC FILLD

The motion of a cosmic ray particle in the carth’s magnetic field s
described by the Lorentz equation

PR Ze fdR _ »
@ Ll dx
m 'a"'tz* mam P ( i X H) (”

where H is the magnetic field; m and Ze are the relativistic mass and charge
of the particle; and C s the velocity of light. Equation (1) can be written
in terms of spherical co-ordinates as
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where vr, vy, g are the components of the particle velocity along the radial,
co-ladtude and east longitude directions and are given in terms of zenith
and azimuthal angles by (3).

v,mrggm——vsinz.cos!& a
v¢==rsin9;h~_mvsinz.8inA (3)
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where azimuthal angle A is measured east of north and r is measured from the
centre of carth and is given by (4),

re=pH(l — e?cosA) - r. 4)

Here 6 and € are the polar radius and eccentricity of the earth; and A and
r’ are the geographic latitude and the vertical distance from the surface of
the carth.

One needs to know the components of magnetic field Hy, Hy and Hg to
solve the sets of simultancous lincar differentjal equations (2) and (3). For
points outside the earth, the geomagnetic potential V due to sources of mag-
netism inside the carth may be written as

L] »
41
V =g E E (f) Pa™ (cos 8) (gn™ cos me -+ hg™ sin mep)

g -y ( 5)

where « is the average radius of the earth; Pp™ (cos 6) are the partially
normalised associated Legendre functions and go™ and A,™ are the gauss
coeflicients. The components of earth’s magnetic field along the r, 0, ¢
directions are obtained from the equation (5) through

et Kb - # e l 3
Hr e 2) " H‘ o ; vav N
and
ot ST vum! 0 a g )
H L rsin ¢ folh ) (6)

Bxperiments in studying the magnetic field, connected with possible
external source and with upper-air magnetic properties (in general, using
satellites) have been conducted primarily by using magnetometers measuring
only the magnitude of the intensity and not its direction.  So the gauss co-
efficients can be calculated using the method of scalar magnetic intensity.?
Table 1 gives the value of the gauss coefficients calculated by Jensen and
Cain® from the measurements of magnetic intensity since 1940, using sixth
degree expansion of the equation (5).

3. METHOD AND PROCEDURE

The method employed in the present calculations is similar to that of
McCracken et a/,®* who have calculated the asymptotic direction of cosmic




278 R. R. DaAnNmL AND S. A. STEPHENS

rays at a distance far removed from the carth’s surface for various arrival
directions at the top of the atmosphere.  The sub-routine given by the above
authors to determine the components of geomagnetic field, using sixth degree
cxpansion of the geomagnetic potential, is used in the present computer
programme.

TaBLe |

z)ues n/ t]w qauss' coc’f/’zz mm.s g:vvn by Jmm n and Cam

R 11t i b v b A e s e

nm  gm» x108 hm x108  n m g2 x10° ;= 108

I 0 30411 -2 0 50 1625-6 0 g
I} 21474 -5798-0 5 1 --3440-7 - 79-6 g
2 0 2403-5 0 5 2 1944 -7 -200-0
2 1 51253 3312-4 5 3 - 60-§ 459-7
2 2 «1338-1 - 157-9 5 4 277-5 242-1
3 0 --3151-8 0 5 5 69-7 1218
301 62130 1487:0 6 0  --1952:3 T 0
3 2 --2489.8 - 4075 6 1 -~ 485:3 -~ 5758
3 3 - 6496 21-0 6 2 3212 8738
4 0 --4179:4 0 6 3 2141-3 w3406
4 1 45298 11828 6 4 105-1 e 1T R
4 2 217945 10006 6 5 22:7 11146
4 3 7008 43-0 6 6 111-5 e 3245
4 4 - 204-4 138-5
The main approach to the problem is to calculate the minimum 3

momentum needed for a proton Lo reach the eartk in a given arrival direction
from infinity. Since the magnetic jaw as defined by Quenby and Wenk®
oceurs at a distance 2/003”7\0 earth radii from the centre of apure geomag-
netic dipole where A¢ is the geomagnetic latitude, it is sufficient to trace the E
particle up to 10 earth radii near the geomagnetic equator. The trajectory ;
of the particles can be traced by solving the sets of linear differential
equations (2) and (3). These equations are solved by using the Gill modifi- |
cation of the Runge-Kutta integration process.® ?

The initial point on the trajectory is fixed by equations (4) and (7)

=7 —A and ¢ =n, (7) E
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The initial value of »” in cquation (4) is taken t¢ be 35km. in the present
calculations since most of the cxperiments involving the measurement of
primary fluxcs arc conducted at an altitude ~35km. from sca-level. The
imitial components of the velocity of the particle is fixed by the momentum
and the given zenith and azimuthal angles. Suitable step-lengths for the
integration process are given for various momenta and at various regions
of the trajectory, so as to enable the calculations to be accurate as well av
fust.

At cach step of the integration process the position and the radial veloeity
of the particle are examined. TIf the particle intercepts the carth, the inttial
momentum of the particle is increased by steps of 2-0 GeVie. till the particle
successfully traces its trajectory up to 10 earth radii.  Once the particle crosses
this limiting point, the momentum is reduced by half the value of the initial
step and the integration is repeated from the initial point. 1If the particle
again crosses the limiting point successfully with the new momentum, the
value of the momentum is reduced, or is increased if the particle intercepls
the earth, by half the value of the carlicr step, and the integration is repeated
again. This process is continued till an accuracy of 0-01 GeV/e. in the
momentum is achicved. The final value of the momentum of the particle
gives the cut-off rigidity for protons, for a given zenith and azimuthal angle.

To cheek for forbidden bands, a wide momentum region around the cut-ofl
rigidity has been scanned with a momentum interval of 0-05 GeV/e. Tt is
found that the penumbral bands at this latitude are negligible.

The above calculations are done for various zenith and azimuthal angles
by changing the components of the initial velocity given by equation (3).
The vertical cut-off rigidities around Hyderabad have been computed by
changing the initial point on the trajectory given by the equations (4)

and (7).
For negatively charged particles, equation (1) can be re-written in the
form
Iﬂﬁ Z dﬁ
m dt” - (dt X H). ; (8)

Using this, we have computed the cut-off rigidities for negatively charged
particles in the cast-west plane over Hyderabad.
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RESULTS

The computed values of the cut-off rigidities for various arrival directions
of cosmic ray particles at the top of the atmosphere over Hyderabad are
presented in Table II. The vertical cut-off rigidities in the neighbourhood
of Hyderabad are listed in Table III. It is also found that the variation
of cut-off rigidities with zenith and azimuthal angles around Hyderabad is

TABLE IT

Cut-off rigidities in GV for various zenith and arimuthal angles for
positively charged particles over Hyderabad, India (Geog. Lat.
17-6° N. and Ilong. 78-5° E.)

Vertical cut-off rigidity = 16-92 GV

Zenith
10 20°  30°  40°  s50°  eg° 700 - 80°

Azimuth

0°  17°45 18-20 19-20 20-52 22-17 24.22 26-67 30-39
10° 1770 18-77 20-08 21-78 23-92 26-61 29-95 34.9
20°  17-95 19-27 20:92 23-02 25-67 29.05 33:36 39-61
30° 18:17 19-73 21-70 2420 27-34 31-41 36.70 44-20
40° 1836 20-14 22:39 25.23 28.86 33.58 39.77 4g.36
S0°  18:52 20447 22:95 26-09 30-11 35-39 42.36 51.g9
60°  18-61 20-70 2334 2672 3105 36-73 44-33 s54.77 o

707 18-66 20-83 23-58 27-08 31-59 37-55 45.58 sg.50 &
80°  18:66 20-84 23-59 27-14 31-72 37.78 45.95 57-28
90°  18+61 20:73 23:42 26-89 31-41 37-39 45.4 56-77
100°  18-51 20-52 23-08 2636 30-66 36-39 44.14 5497
110°  18-36 20-20 22-53 25-58 29.52 34.78 41.95 52.02 |
120° 1816 1977 21-84 24-53 28-03 32.70 39.03 4795
130°  17-95 19-28 21-03 23-33 26-30 30-22 35.5% 43-09
140° 1770 18:73 20-14 2198 24-39 27.55 31.77 37-66
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TABLE 11 (Contd.)

Zenith
10° 20° 30° 40° 50° 60° 70° 80"

Azimuth

150° 17-42 18-17 19-20 20-61 22-45 24-83 27-91 32-14
160° 17-14 17-58 18-27 19-23 20-52 22-20 24-33 27-02
170° 16-86 17-02 17-36 17-92 18-73 19-80 21-14 22-77
180° 16-59 16-45 16-52 16-73 17-14 17-72 18-45 19:33
195¢ 16-23 15-73 15-39 15-22 15-16 15-22 15-39 15-58
210° 15-92 15-14 14-53 14-08 13-73 13-52 13-34 1327
225° 15-70 14-72 13-92 13-30 12-83 12-45 12-16 11-97
240° 15-58 14-47 13-59 12-89 12-34 11-92 11-64 11:45
255° 15-53 14-41 13-53 12-83 12-30 11-91 11-64 1152
270° 15-59 14-53 13-72 13-09 12-64 12-33 12-14 12:09
285° 15-77 14-84 14-16 13-66 13-33 13-14 13-11 13-20
300° 15-98 15-30 14-83 14-52 14-39 14-41 14-58 14-86
315° 16-30 15-91 15-70 15-67 15-83 16-14 16-58 17-11
330° 16-67 16-64 16-77 17-11 17-66 18-36 19-22 1995
345° 17-08 17-42 17-98 18-80 19-84 21-14 22-64 24-73

Admsramin < 3 SR iy i

TasLe TIT

Vertical cut-off rigidities in GV for various geographic latitudes
and longitudes around Hyderabad

Longitude
Latitude :
73° 75° 77° 79° 81° 83°
15° 16-94 17-00 17:05 17-10 17-14 17-18

16° 16-88  16-94  17.00  17-05  17-09 1713
17° 16-81  16-87  16-93  16-98  17-03  17-06
18° 1672 16-79  16-84 1689 1694  16-97
19° 16-61 16-68  16:74 1679  16-84  16-88
20° 16-49  16-56 16-62 16-68 1672 1676
21° 16-35 1642 1648  16-54 1659  16-63
22° 16-19 16-26 1633  16+38  16-43  16-48
23° 16-01  16-09 16-16  16:21  16-27 1630
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similar to that at Hyderabad. The cut-off rigidities for negatively charged
particles in the east-west planc over Hyderabad for various zenith angles
are presented in Table IV.

TaBLE IV

Cut-off rigidities in GV for various zenith angles in the east-west plane for
negatively charged particle over Hyderabad, India

Vertical cut-off rigidity = 16-10 GV

Cut-off rigidities

Zenith angle
East West
5° 15-45 16-82
10° 14-87 17-63
15° 14-35 18-54
20° 13-89 19-56
25° 13-48 20-71
30° 13-11 22-00
35¢° 12-79 23-43
40° 1252 2511
45° 1228 26-99
50° 12-07 29-13
55° 11-89 31-59
60° 11-75 34-43
65° 11-64 3772
70° 11-57 41-56
75¢ 11-51 46-08
80° 11-49 51-44
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