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Preface

This is the fifth in a set of reports presenting, in tabular form, the resuits
of utilizing high speed digital computers to calculate, by the trajectory-tracing
method, the motion of charged partic'es in A mathemarical simulation of the
internal geomagnetic fieid. The pri ipal results of thes2 ertensive calculations,
which have been made over the past 15 vears, have beer the determination of the
: geomagnetic cutoff rigidity for specific locations on the earth and the dete~mina-
A tion of the asymptotic directions of the cosmic rays arriving at these locations
‘ frem specific directions,

It is the intent of the authors tc assemble these values in a group of reports
so that they will be available to the scientific community both for analysis of
scientific data and for comparison with other similar values that may become
available by more sophisticated methods, The first four reports in this set
presented various tables of asymptotic directiona and cutoff rigidities for Epochs

s

1955 and 1960, This report contains *~bles of trajectory-derived asymptotic
directions and vertical cutoff rigidities for a world grid as calculated employing
a geomagnetic field model formed by the International Geomagnetic Reference
Field coefficients with time deri. «tives appropriate for Epoch 1975.0.

AIR FORCE (1) JUNE 13, 1975--87%
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Tables of Asymptotic Directions and Vertical Cutoff
Rigidities for a Five Degree by Fifteen Degree
World Grid as Caolculated Using the International
Geomognetic Reference Field for Epoch 1975.0

1. INTRCDUCTION

The knowledge of the asvmptotic direction of a cosinic-ray particle and *he
cutoff rigidity of an observation point on the earth is often nzcessary and some-
times essential for a meaningful analyvsis of various problems in cosmic-ray
physics. Thre asymptotic direction of & particle having a specific rigidity is the
direction in interplanetary gpace from which the particle comes prior to its inter-
action with the earth's magnetic fields, and is a primary means of relating cosmic-
ray intensity variations at the ea.th with the direction of these particles in inter-
planetary space.l The cutoff rigiditv of a specific location on the earth is the
rigidity below which cosmic rays are inaczegsidle to that lot:a'cion.?"3

Since both the asyinptotic directiorns and the cutoff rigidities are a function of
geographic location, zenith and azimuthal angleg. and the calculation of these
values involves considerable computational time, it is impractical to determine

{Received for publication 2 April 1275)

1. MecCracken, K.G. (1362 The cosmic-ray flare effect. 1. Some new methowds
of analygis, J.Geophys, Res. 67:423.

S5

Stormer, C. (1930) Periodische Elektronenbahen im Felde eines Elementar-
magneteua und iire Anwendung auf Briiches Modellversucre und auf Eschen-
hagens Elementarwellen des Erdmagnetismus, Z.Astrophys. 1:237-274,

3. Rossi, B, (1940} System of units for nuclear and cosmic-ray phenomena,
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! Pririn_ e st HERSY SRR Pobastal s onoputers has allowed a
4 Hrvate s nur e of thewe alealations to hee moade, waith rroost of these caleoniations
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hetns oA de Tor Stecifie ansleses and for spec R je-ray ftations,
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13-20

ant e asertty of Calues fave heen unilize d nricarily i various analvses,

‘ 3 T et T work we have noaintained a con posite listing of all locations for
Wit b owe v 3 et calevlations, The purpose of this set of nublications
R soresent, nabulzre Tores, listings of asvimptotic directions and cutoff rigid-

ities calculated using the trae tarv-tracing method, The first four publications

s IS et SRR C neqdd tne resultz ol the extensive cutoff rividity calculations
A * ade using the Finch ant Leatan”™ ' (Epock 1555, 0) internal zeomagnetic field

1 25

roenjel, u= well a¢ a sraller set of results obtainesd usino the Jensen and Cain™
Fooch 1+60,0) fiels enefficients, Tnis repary comains the asvn ptotic directions,

1 oeantense d orrt, Tor a warid gsrid with orid points 3 clegrees in latitude and 15

3 feorees in sty 0 a3 cateulate  atilizing the Imternational (Geomagnetic Refer-
b -
er: P17 IGR ) wath e jerivatives audlied 30 that the coefficients for the

fie'd mwonel are aporopriate for 2 1775, 0 Epoch, These asvmptotic directions

are siven in Appeniix A, witk a sun.mary of the vertical cutof? rigidities for each

of the worid grid locatiors siven in Appendix B,

20 COSMICRAY ASYMPTOTIC DIRECTIONS

[n the variou- studies of cosmic radiation, 1t is often necessary to know the
direction of particle motion in the interplanetary magnetic field near the eamh
in or.dder v relate the intensity observations at a specific location, azimuth, and
zenitl 9-1le onthe exrth 1o an interplanetrary fiux. With this purposeinmind, the
concept ¢ asvmptotic directions of approachhas beendeveloped over the years hy

28 249,30 31 and

researcrers such as Malminrs, Brunterg, Brunberg and Dattner,

~ . 1 oo . . . ne . .
MeCracken. © The asvmototic directinn of approach defines the direction of a
veloeity vector in geocentric coordinates such that the direction of this vector is
maralle! 1o a radial from the earth's center. A :curate numerical calculations of

286,32,33

the asvmptrtic directions of approach have long been advocated, however,

the earlier work was lumited to dipcoiar field models because of the complexity

ue to the large number of references in the above text, refer to the list of
references at the end of this report for specific information on references 4 thru
33,




30,334,345 - R
of the prohien:, ™ 777 I'he a‘brent of hiy h-speed digital conputers made it

e

onssible 1o consty t relatively acrurate ' athenr-atica! m.ndels nf the genmagnetic

field ani to inteyrate the equation of charved particle mation in these magnetic

field r.odels, The standard method for representing the rmaunetic field is to

define a rmagent: s potential function ! in tern:s »of a spherical harr.onic expansion,
In =nericid oo iin

S,

-y «— . .. . . an- 1
UVir,9,6) - a 2 ks (: cas mo - R osin n‘.o) P (cos 9)(-—)
n=Q m-0 n n n )

- - . m
where ¢ and "n are the (;auss cnefficients, Pn

{cos 8) are the pastially nor-
malized Lecendre functions, and a is the average radius of the earth, This

methn:] ig lescribed adeqgquatelv by Chaprran and Bartles 36 ani 15 the n.ethod
comrmonly used fnr cnnstructing models of the geomagnetic field., The magnetic

field vector, W, mayv be compimed at any point where the potential function is valid

by obtaining the derivatives of the patential function:

E - - U ir, 8, 0

T cr

.1 :U«r,8,0)
8 " T ¥ T8

g . _-l 3¢ (r, 8, é)
4 rsn¥® EY

The equation for charged particle motion in a ma etic fieH, in vector {orm,
1 & b >
is

ﬁ:i B «B.

In spherical coordinates this equation expands to the following differential
equations:

34, Jory. F.x=, #1955 =elected cosmic-rav orbits in the earth’s magnetic field,
Phys, Rev. 103:106¢8,
35. Lust, R. 1195T

impac’ zones for solar cosmic-ray particles, Phys. Rev, 103:
1827.

36. Chapman, S., and Bartels,
Press, London.

. {1851 Geomagnetism Vol, 2, Oxford Univ.
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in thege pquations we use the following notatinn:

k- R position vector of a cosmic-rav particle
r radial distance from the center of the earth
] co-latitude
é longitude measured eastward from the Greenwich meridian
v magnitude of particle velocity
VerVge Vg velocity components in r, 8, and é directions
c velocity of light 1
3 A
4 N < N . v
; m inertial mass of cosmic-ray particle, m=m ({l -—] *
where RO is the rest mass c”
3 B vector magnetic induction in Gauss
B e cosmic-rayv charge in esu.

Since the general equation of particle motion in a magnetic field does not
have a solution in closed form, it is necessary t¢ emplov numerical methods to
detcrmine the trajectorv of a charged particle in the geomagnetic field. With
the advent of high-speed digital computers, it became .possible to obtain an

10




d O urate sorLtoel to tas arabien o a specified field mociel, rigidity, and

g

Gttt e, e e tee v (0l T maddification o the Runge Kutta iterating

.. 4 -
Haoa latte b JOed raoen, hecarme the standar:d method of tracing

Sove cenmmagnetic fieldl Inthis process, a know -
le e of the onstion an i velo oty enordinates of one point on the trajectory is

uge i ar g e with the Gfferential egquations, to give the coordinates of a

subse et it o he rrace. fory, Reneatedd annlication rives sufficient points
LI PLEYER IS tee oty LIRS (o
et ot Drecoess we utifize the fastthat the orhit of a nega-

(& e ns outward fror. the earth frore a specific location
anl hrecnes 0 Cieetioal te the arbit of a pasitive particle of equal rigidity

anorodacnin s Toe et b ultirately arriving at the sane location in the same

on, b1 2 oanci moethoris that use the differential eguatiorn >f motinn to
ne T : vonarce { paricie 1o the geomagnetic Nteld by using the

e ha

15 ¢ heen nuhlished several times and will not
T, 28-40

be repeated] here,
In prarfice we wish 10 integrate the traectory utilizing the minimum number

A% caleulations, This involves a compromise between choosing the largest step

si1ze to rianirmize coniputer time anu the necessity of using a small step size in

vhe Runge-mutta nrocess 4o Keep the errnr within aceeptable linits, For these

caloulations of tne 1975 world grid, we replace:d the library of step s1zes provid-
- - . 38 . . .

ed in the nriginal McCracken prograrm with a computed step size that is between

1:25 and 1720 of the distance truveled during ore gyrration. In a unifoerm field

the time required ‘or one gviation is

33.33 P (27‘.‘}.
B Bc

3. inli, <, {19531 A process for the step-byv-step integration of differential
equations in an zutomatic digital computing machine, Proc. Cambridge
P}, ~oc, 47:08,

38. Ne(racken, K.G., Rao, L. R., and =hea, dM.A, {1962° The trajectories of
cosmic ravs in a high degree simulation of the geomagnetic field, M. L T.
Tech. Rept No.77, NYO-2670,

32, shea, M. A., Smart, D.F., and McCracken, K. G, (1965 A study of verti-
cally incident cosmic-ray traiectories using sixth-degree simulations of
the geomagnetic field, AFCRI1. Environmental Research Fapers No. 141,
AFCRL-55-705,

40, Shea, M. AL, Smart, D.F., AMceCracken, K. G., and Rao, ', R, {1958) Sup-
piement to [QSY Instruction Manual No, 10, cosmic ray tables - asvmp-

totic directions, viariational coefficients and cutoff rigidities, AFCRL
Spec. Reports No. 71, AFCRIL.-68-0030.
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anere P oas in umts of GV, &~ 1< inounits of ke 'sec, and 8 1s the ratio hetween the

parti:

e velncity ant the spee-t of lipght,  §f the {istance traveled lurinra pvra-
t1on 18 chivided 1nto 20 steps, tnern the step s1ze, H, in units of tine, is approxi-
atels

Ly I p

14 A A

Since the earth = 1 oarnetie fiel

s not unifarn,, we reconr . outeqd the steo length
‘ar each Runge Kutta iteratinn step, At each sten the velocity of the particle
was checked  and i¢ the current value of g differed fror the initial value by nore

1

than 1« 1077, the intevratlinn was feclared unac eptable and the trajectory re-

cartote | wits tne previnus sten size, H, div

din half,
R .33 . . P N )
In the original work, hefore the existence of the {nternlanetarv magnetic

-

el wag verified, the nrhit o 3 rharyed pzticie was traced through the geo-

moagnetic fleld o a distanc

v far {top the earth (selected as 25 earth
raiii by MeCracken) that e effects of the gearagnetic fieli on the orbit became
essentially insiznificant. At this point the direction of motion of the particle was
calculate } in terms of the sewcentric coordinate system as illustrated in Figure 1,

The "asvmprouc latitude’, 5, g given by

-vasin® - v _cos 8
-} r

-

W

ol
1l

r - 12
L\’é e (\9 [afe3-] a = ‘-'r sin e)z}

Asymptotic
Velocity
vector

Greenech
Meridign

Station Meridign

Stat:on

Tegjectory

Station Letitude

Staotion Longitude

Figure 1, Nlustration of the Definition of the Asymptotic
Direc*ion of Approach
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In light o the current knnwledpe of the ragnetosphere an the ragnetosnheric

and the "asvmptotic longitude', &, by

tail, the orizinal definition of the asvmptotic direction of approach has heen some -

what modified to mean the directinn (in gencentric coordinates) of the velocity
vector of the cosmic ray when it peneétrates the magnetopause or at some arbitrary
distance down the mavnetospheric tail, For cosmic-ray trajectories with rigid-
ities far above the cutnff rigidity, the computed asymptotic directions of approach
at the position of the maynetopause ohtained using a magretospheric field model

an} those calculated using onlv an internal field are very ::milar, For cosmic-

ray trajectories having rigidities 2 to 3 GV above the cutoff rigidity (or ~ 5 GV for
the very high polar latitudes), significant differences occur between the asymptctic
directions computed using only internal fields and those computed using magneto-

spheric models containing both the magnetic fields of internal origin and those due

R o 41 :
to currents on the magnetopause and the magnetospheric tail. Near the cosmic -

ray cutoff ricidity, the asyn:ptotic directions of approach of cosmic rays with
rigidities of only a few GV computed with an internal field, have relatively little
correspondence to those calculated using magnetospheric models,

The asvimptotic directions contained in Appendix A of this report are intended

as a reference standard for Epoch 1975.0, These calculations were made using

il
the International Geomagnetic Reference Field“7 model of the quiescent internal
gzeomagnetic field with the time derivatives applied such that the coefficients were

appropriate for describing the geomaventic field for Evoch 1975,0. The calcula-

tions were initiated at 20 km ahove the surface of an ohlate earth where the radius
of the earth T(initia]) 1S given by

2 2 }"/2

|1 , !
Flinitial) © |7 b[l - ¢2 cas?a - 20,0 .

In this equation b is the minimum {(polar) radius of the earth (6356, 9 km), € is the

eccentricity (62 = 6.725 X 10'3) and a is the average radius of the earth (6271, 2 km).

Calculations were continued to a distance of 25 earth radii, at which time the

asymptotic directions of approach were computed, For a numbter of cosmic-ray

41. Gall, Huth, Jimenez, .J.

I., an zco, A, (1969 Directions of approach of
cosmie rave far high latitude stations, J, Geop

, 4. hys. Res, 74:3528,
L Eid <AL
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stusdles these asvmptotic directions are guite useful in ascertaining the amount
of veon:agnetic hending cosiic ravs underpo before arriving at a specific location
on the earth, ‘lThese tables are lin:ited to the vertical direction with 20 GV as the
higzhest rigidity contained, kxcept {or locations near the equator, higher rigi-
dities have asyvimptotic directions for vertically incident particles that approach
the vector rasfial,

H

I our research atilizing asvooototic directions of aoprouch for cosiic-rav

studies, we find that the asyvinptoaic -hrections f vertically ineident particles
are a reasonable approxination to the entire asviptotic cone of acceptance ex-

cept Tur rigidities 210 GV above the cosrmic-ray cutoff rigidity of a specific

)

location, At rigidities where the vyvro radius of the particle is small compared
to the ra-dius of the earth, the trajectories of all other azimuths and zeniths
angles are similar to the vertical trajectory with a phase angle displacerent
which accounts for the initial pitch angle. This {s sometimes referrerd to as the
farus’ o gffect of the reomagnetic field,

The asvmptotic directions of approach presented 1n Appendix A are at stand-
ardized intervals of 1 GV from a mapnetic rigidity of either 10 or 20 GV (depen-
dent upon location) down to near the main cone cutoff rigidity. Approximately
0.5 G\ above the ain cone cutoff ripidity, the ceomngnetic bending is more
extensive and asvmiptotic directions are given in 0.1 G\ intervals., Very near
the main cone cutoff rigidity, asymptotic d:rections are given at 0,01 GV intervals,
This report does not include the asvimptotic directions of the allowed trajectories
in the penum:bra; however, the results of the trajectory calculations at 0. 01 GV
intervals through the penumbra, irctuding the asympiotic directions for the
allowed rigidities, are contained on magnetic tape available through the World
Data Centers.

3. VERTICAL CUTOFF RIGIDITHES

Cosmic ray cutoff rigidities are obtained by determining the ''fate' (whether
an individual rigidity has a trajectory accessible from infinity or is forbidden)
of cosmic-rat trajectories over tne entire rigidity spectrum. Starting at a
rigidity hig' 2bove the hirhest possihle cutoff, cosmic-ray trajectories are cal-
culated at discrete intervals, decreasing in rigidity until we are satisfi=d that
the cutnff has been reache:d, As the calculations progress down through the
rigiditvy spectrum, the results change from the easily allowed orbits to a complex
structure of allowed, forbidden, and quasi-trapped orbits (loosely called penumbra)l,
and finally to a set of rigidities where the trajectories all intersect the solid

earth, A3 a2 result of these tvpe of trajectory calculations, we can define three

14



distinct rigidities: the main cone cutoff, P (M), above which all rigidities are
allowed, the Stormer cutoff, P(S), below whick all rigidities are forbidden, and

an effective cutoff rigidity, PC, which we have defined as

P (N}
PC = PG - (‘ 4P ,
B &) allow e

thus allowiag for the apacity of the penwnbra. A :letaile't definition of these
effective cutoffs has been published, 8 and the effect of different spectral slopes
and coupling functions has been investigated by Dorman et al. 2 In the penumbral
region of allowed and forbidden orhits, calculations were made at discrete 0.01
GV intervals in an effort tn define the structure within this reyion.

There is an inherent hazard in using the trajectory-tracing method to deter-

nine the structure within the penumbra in that some of the allowed rigidities

may not be found due to a svstematic lin.itation resulting from performing the
trajectory calculations at :discrete intervals. In our work we have made the
specific assumption that if a trajectory is accessible (or forbidden) at a rigidity
Pi' then this result is anplicable over the intervals between Pi + AP/2 where AP
is the size of the rigidity interval, However, we recog-ize that the penumbra
consists of a very complex structure of allowed and forbidden hands, and this
structure is most certainly finer than the 0,01 GV intervals employed, Consequently,
calculations down the rigidity spectrum at finite discrete intervals might miss
some of the allowed rigidities for a specific location and direction,

{t is.difficult to be assured that the lowest possible rigidity which may be
allowed for a given loc.ution in a specific direction (that is, the Stormer cutoff
value)} has been precisely determined. We have found that for complex penumbra,
extending the calculaticns to lower rigidities at smaller rigidity intervals, often
results in an additional allowed rigidity considerably below the previous last
allowed rigidity. This problem: and the degree of confidence to which we feel
we have located the lowest possible allowed rigidity is discussed in detail by
Shea and Smart, 43

42. Dorman, I..1., Gushchina, R. T., Shea, M.A., and Smart, D, F. (1972)
Cosmic Ravs Effective Cutoff Rigidities, Publishing House 'Nauka ',
Moscow, USSR,

43, Shea, M. A,, and Smart, D, F, (1974) Tables of asymptotic directions, cut-
off rigidities, and reentrant albedo calculations for Palestine, Dallas,
and Midland, Texas, AFCRIL Special Reports No. 175, AFCRL-TR-74-
0159,

15



The effect of the currents in the ragnetosphere and the magnetospheric tail
were not consi-dered in these calculations. The work of Galletal, a4 Smartetal, 45
and Siart and .‘1&10:146 have shown that the inclusion of these currents and the
magnetospheric tail results in a significant lowering of the cutoff values at loca-
tions for whichthe internal fiel:d vertical cutoff rigidity would be €0.5 GV, and
theref re, care should he taken when using these tables for these locations, The
effert- of these external sources would result in slight decreases (~0.1 GV for
lorations where the vertical cutof! rigidity calculated with the internal geomag-
netic fiel-! inodel is between 0.5 and 2.0 GV, Little if any effect is found for
locations where the vertictl cutoff rigidity is higher than 2.0 (}\'.47

Vertical ¢ off rividities for each of the world grid locations are given in
Appendix I . Hach zrid po:nt is identified by the geographic coordinates, together
with the L v:ziue caluulated using the same field model utilized in the trajectory~
tracing progran: tthat is, the IGRF 2T model), All L values were calculated for
an altitude ¢{ 20 xm, consistent with the initializing of the trajectorv-tracing
technique. The various cutoff rigidity data for each location are in order of main
cone cutoff rigiditv, P (M), the Stormer cutoff rigidity, P (S), the width of the
penumbra, and the effective cutoff rimdity, PC. ¥ All rigidities are in GV,

44, Lialdl, R, J'ménez. 2o, and Carucho, 1., (1968 Arrival of low-energy cos-
mic ravs via the magnetospheric tsil, 1. Geophvs. Res. 13:1393,

45. Smart, D.F., Shea, M. A., and Gall, Ruth {1969 The dailv variation of
trajectorv-derived high-latitude cutoff rigidities in a model magneto-

sphere, .‘.Geoghvs. Res. 'Li:-iTSl.
46, Smart, D.F., znd Shea, M. A, (1972} Daily variation of electron and proton

geomagnetic cutoffs calculated for Fort Churchill, Canada, J,Geophys.
Res. 77:4595.

47. Shea, M.A., and Smart, D.F., (1971) Calculation of the magnitude of the
daily variation of vertical cutoff rigidities and associated changes in the
neutron monitor response for selected North American neutron monitors,
12th International Conf. on Cosmic Ravs, Hobart, Conference Papers
Tniversity of Tasmanial 3:854.

* The abbreviations for the main cone cutoff rigidity, the Stormer cutoff rigidity,
and the effective cutoff rigidity in this paper have heen changed slightly to permit
computerized headings in the tables, Earlier wor:y used the abbreviations Pm,

Pg, and P, for the main cone, Stérmer, and effective culoff rigidities respectively.
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a.

Appendix A

Table of Asymptotic Directions for the World Grnid as Calcuiated
WUtilizing the International Geomagnetic Reference Field for Epoch 1975.0

Table Al lists the asymptotic directions for world grid locations with grid
points cach 5 degrees in latitude and 15 degrees in longitude, The listings are
arranged by latitude with six longitudes tu a page, starting with the northern
polar regions and decreasing in latitude to the southern polar regions,

The geographic cocrdinates are given across the top of each page with the

appropriate rizidity and asymptotic directions given underneath the cocrdinates,
Each listing continues with decreasing rigidity values until the first forbidden
orbit is reached, These forbidden orbits are designated by either an "'R" or an
"F', representing reeantrant or failed-to-reach-a-solution respectively. The
rigidities are in GV, and the asymptotic directions given in geocentric coordi-
nates to the nearest degree with positive latitude in the northern hemisphere,

b negative latitude in the southern hemisphere, and longitudes measured east from
the Greenwich meridian. Negative asymptotic longitudes indicate that the grid
‘ point is in the Western Hemisphere and the cosmic~ray trajectory did not cross
the Greenwich meridian during its orbit from the interplanetary medium to its
detection point. Asvmptotic longitudes greater than 360° are indicative of the

E number of times the cosmic-ray particle crossed the Greenwich meridian during

its trajectory as it circumscribed the earth,
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