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- Abstract 7 - P

- - Lew energy proton observations over the- polar cep and in-the inter- R B

pla.netary and magnet.usheath regions are canpared during May 26, 1967. f: S
~ The results indicate th.at at ..his time the entry of low energy solar protons
) ;into the mgnetosphere was conu'olled by a diﬁ'usion proeess. It also 2 N
_appears “that the protons had access to the entire ﬁgure-B current patterd
1n the geomgnetic tail and diffused into the two approximtely f-ircular
s 3 fcylinders confaining the tield lines frcn the ncrthern and scuthern polar
apags. A first apprmdmtiou value of 10 5 =10 6cmzsec is ‘cbtained fo&r . .
thefradlal dirmsien coefﬁcient, Dri" in the ta:.l Xo value cen be derived »
for ..he dif‘f\nsion coefficient along the field line, Dzz’ with the present

- aata’. Cmsequezrtly, in the present case, only a rough uppér limit of:'

» L < (kao-ahoo)RE is obtained for the distance to the region where low energy

p“otons are diffused into the tail,




We present evidence in this note that diffusion effects can play a

major role in the entry of low energy protons into the magnetosphere.

T..:se results also indicate that the entire figure-8 pattern of the geo-

magnetic tail current system [Axford etral., 1965; Dessler and Juday,
19657 is rapidly expos;ed té any available solar proton fluxes.
The data of interest are simultanéms proton observations in the
: ihterﬁlanetar; medium and over the northern polar cap during the solar
pl;oton event of May 23, 1967. The interplanetary measurements are from

the Explorer 34 satellite and give the intensities of 1-10 Mev protons.

The polar cap measurements are from satellite 1963 38C and present

B " the intensities of 1.2-8.5 Mev protons at 1100 kn altitule. The Local
time orientation of both satellites 1s shown in Figure 1. Data is
presented ronly for times when Explorer 34 was near épogee and statistically
significant count rates were observed over the polar cap. This period
is indicated by the solid partion of the Explorer 34 orbit in Figure 1.

The time period to be discussed is shown in Figure 2 where toth tﬁe
interplanetary and polar cap rroton intensitiegs are plotted. Explorer 3
data are averaged over 15 minutes. The 13 polar cap passes obtained

during this period are shown as polar cap averages for invariant latitudes,

A, grester than 700. Local times for Vthese passes are also indicated
and the passes to be discussed in detail. are numbered from one to ten.

For reference a plot of DST values is included in the figure.
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In addition we have summarized in Figure 2 the magnetic field con-
figuration external to the magnetosphere at inis time. These magﬁetic
field data are from Explorer 33 at ~ 0248 hours local time and at €5 Ry
and from Explorer 34 {Fairfield, Behannon, Ness, personal éémmunication;
Behannon =t sl., 1968]. During this time the magnetosphere was imbedded
inra relatively steady field which changed from strongly southward
(e » -45%) to strongly northward (@ » 60°) at ~ 1330 hours.

In spite of an unfortunate gap in the dats, Figure 2 indicates that a
small increase in therintensity of low energy interplanetary protons began
at ~ 0230 hours on May 26, The sequence of five polar cap passes spanning
this increase (numbers 1-5) ere shown in Figure 3a. The latitude profiles
over the polar region are shown along with simultaneous and unnormalized
intéfplanetary fluxes. Figure 3b presents similar data for passas six
through 10.

Similarities ana discrepancies have been observed previously in
comparing the polar cap and interplanetary time histories of low energy

proton intensities [Williams and Bostrcm, 1967; Krimigis et al.,

19677. The absolute unnormalized fluxes shown in Figure 2 point out

that while general similarities exist vetween these two regions, significant
differences in the respective time histories do occur. In perticular it is
seen that, a) the ratio of polar cap to interplanetary fluxes varies by a

factor of ~ 3 during the period shown, and b) the significant decrease in
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thé interplanetary fluxes occurring at ~ 1120 hours (Figure 2) is not
observable over tlhe polaé ap except gossibly as a slower steady decrease.
These features do ho§ support the existenée at these times of a readily
accessible polar cap regibn as in an open megnetospheric configuration. )
They are qualitatively consistent with low energy proton access to the
polar cap being controlled by a diffusion préceés.

These results are further supported when the individualrpolar cap
passes are coﬁsidered in detail as in Figurej&awhere7we éhow a time sequence
of five passes (%-5 in Figure 2) obtained during a period in which a slight
increase occurrediin the interplanetary iantensities. Here is élearly seen
a ti&a history of polar cap protons which frogresses from pass 1 whewe the
interisities tend to increase toward the Sglaf cap, to passes 2, 3,‘and i
which show a profile peaked near the aurorsl regions and having & minimum
at the highest latitudes, to pass 5 which shows a distribution much more

uniform over all latitudes sampled. Figure 3% continues this polar cap

time history (passes 6-10)—throggh an additional small interplsnetary

increase occurring at ~ 1520 hours (Figure 2).

These data are consistent with diffusion into the geomagnetic
tail being the primary mode of entry of low energy protons into
the magnetosphere at this tiﬁe. Such a process has bLeen discussed originaily
by Michei [1965] in considering cosmic ray cutoffs and by Michel and Dessler

[1965] in considering poulor cap sbsorption inhomogeneities. The geueral

features of the polar cap observations can be explained by the magnetotail

configuration shown in Figure ba,b. A figure-8 tail current sysgg#‘datii
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rotation of the earth contain the field lines connecting to the low latitude
edge of the narthern and southern polar caps [VDessler and Juday, 1965;
Axford et al,, 1965]. Diffusion into the tail region should produce polar
cap profiles which are initislly pesked in the auroral regions and which
gradually £111 in the high latitude polar csp region in mich the seme
manner as shown in Figure 3. Such profiles are not rare and ha:\'fe
been reported previously [Bostrom et al., 1967; Zmuda et el., 1J67; Blake
et al., 1968]. |

On the nightside hemisfhere the mgnétope.ﬁse field 11;1es .forr the
configuration sketched in Figure 4a connect to the auroral oval, The
situation is less clear on the dayside hemisphere particularly near the
noon meridian. During éveragé geomagnetic conditions, field lines from
the dayside auroral oval do seem to be those passing through the magneto-
peuse neutral regfion and on back to the tail [.?airfielﬂ, 1968]. However,
it is difficult to move the latitude of the neutral point to the low
latitudes vhere aurara and low energy solar protons are observed during
zagnetically active periods. The exposure of these low latitude
regions to the tall does ‘seem possible in the nightside henﬁsphere

(Williams and Ness, 1966; Williams, 1967].

A rough estimate of the magnitude of the diffusion coefficient may
te cbtained by considering diffusion into a long cylinder of radius a,
(Figure ka), which has an initial internal density of zero ana in which
diffusion is purely radial. Pigurelc presents the solution to this problem
by showing the radial density profile for several different times following

the application of an external and steady source of strength n o (Crank, 19577.
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The similarity of the radisl profiles in Figure 4 to the polar capv profiles
of Figure 3 is readily apparent, (Note that r/a = O corresponds i
roughly to A = n/2 ard r/a = 1 to the nightside auroral oval.) The ratio
of poler cap to awrcral ovel intensities will be assumed to yield n/no,
the ratio of internal to external densities, at r/a = 0, - Pigure kc thim}
yields the appropriate value of Dt/a® from which D can be cbtained.

Pass 4 in Figure 3 gives a polar cep to auroral regioa ratio of

n/n ~ 0.%. From Figurekc we obtain a value of Dt';/a2 ~0.15. Due to the

gap in the Explorer 34 intensities, the appropriate value of t can oniy

be estimated from Figure 2 as t = 1.5~5 hours., Using a = 20 RE gives
D = 1.k (].O)]'5 - 4,0 (10)]'5 cm2/sec. This range of values represent;’, an
upper limit to the diffusion coefficient as the polar cap to auroral region
ratic contzins an unknown background intensity from protons present at
the time of fhe interplanetary increase. -

Simple diffusion theory givés the following relation between the diffusion
coefficient, the mean free path 4, and the partlcle velocity v,

If we consider v to be the actual particle velocity, we obtain for a 1 Mev
1
)

proton (vp ~ 1.3 (10)9cm sec” ") with the above values of D,

¢ = 3(10)% - 9(10)° en

This value is approximately 100 times smaller than the gyroradius, p, of a

1 Mev proton in a 20 y field (p ~ 7(10)8cm).

i
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Tﬁe 'a‘c_we_ value of ¢t is fnisléading in the seuse that it physically ’
applies to radial diffusion ({.e., motlon across the field lines) and .
does not teke into acccuit the particlc-'_s’( motion down the field line. -

¥ wever, this emall value for the mean free path does indicate the

difficiﬂ.ty of motion across field lines’ fqr.theée 1ow energr protons in

the tail. This can be sesn directly in ;igire 3 where a polar

cap equiliﬁrium ﬁiétributicn is approached only after several hours following

an inber%r,lénétm distu:r‘bancg.

An altermative and equivalent description of this diffusion process

- 3in the tail is obtained by assuming for effective scattering from magnetic

irregula:ities s é.vé.lue of 4 approximately equal to the gyroradius [Parker,
1951;"2.7 This yields an effective radial velocity, V.~ .01 o and again
indicates that these partic:f.es travel along the field lines much easier
than across field lines.

While these results show the importance of diffusion in the geomagnetic
tail, & more accurate description requiresthe use of a tensor rather then
a scalar diffusion coefficient, However, the prineipal axes of diffusicn
are defined by the approximate cylindrical geometry of the tail and only
the components Drr and DZz should have to be considered., The present
data indicate that as a first approximation Do~ 1015 - 1016 cm2/sec
in the region where diffusion is a major transport meché.nism. The relative
magnitude of Dzz depends on the assunmptlons ewployed in estimating pitch

angle scattering effects.




As the sbove analysis gives no information a‘boxrb D,,s it can give

- no accurate estimate on the "length” of the tail, i.e., the distanoe to

the region where particles begin to b° diffused into the mgnetosphere
However, an order of magnitude upper linﬁ.t my be obtaimd by assun:ing
rrectilinear motion of the protons down the "lengbh" of the tail to the
auroral regions vhere they first appear. Passes 8 and 10 in Figure 3
occur after proton intensity increases are o‘hserved at Exﬁlorer 3'1;. Tae
am'oral region date of passes 8 and 10 were cbtained ~ wmes and

7 mimrbés respgctivély from the attainment of maximme fluxes at

’Exvplmr 34. Pass 8 shows a I;ea.k intensity in the awraral region and: thus

has responded‘ to the interplanetary increagse. Pass 10 shows no such

~ response. Consequently, aséuming rectilinear propagation for 1 Mev protons,

we obtain an upper limit for the tail length, L, of

L < (420 ~ 2"00)33

Evidence Tor the exibtence of a geomagnetic tail has been obtained in

this range iKess et al, 1967; Wolfe et al, 1967; Mariani and Ness, 19697,
However, the region of entry for low energy solar protons into the tail
may be closer to the earth and in the present case depends on the umknown
megnitude of D . |

The cbservation by W [1969] that low energy solar
proton fluxes are much more isotropic within the magnetotail than those
outside the magnetopause élso supports the existence of a diffusive process

acting within the geomegnetic tail., The polar cap proton fliwxes shown




:dimxsive processes. -

in FPigures 2 and 3, and reported polar csp electron fluxes [Vampolsa,
- 19697 are also isotropie outside of the loss icoé:e and are ipdicative of

Delayed access of low energy solar prortons to the geomegnetic ta:l.l

has been reported [Kane et al 1968, chtgomry and Singer, 1969]. The

o Iack of a strong energy dependence 1n the observed delay t].:IES [Mﬁw

«and Si y 1969‘] may be. ev:.denee aga:.nst ‘diffusion effects. However, it
ris not- clem unat the radial dlfft:sion coefficient should exhibit a
: pronounced energy dependence in the energy range where the proton gyro-

:raﬂius is much smaller than the radius of the tail (for exanrple, if z

~ constant D_ .~ /E)-

__a_s_nm__ [1969] has recent}.y reported observations of energetic
electrons over the- po.x.ar regions H_hICh\q:: characterized by a featureless
polar cap profile. Tt is difficult to interpret the electron data at ' -
rthis time in terms rofra uﬁgnetospheric conriguration due 1;.0 e lack of
‘suPficient simultaneous electron data in the interplanetary medium.

| Structural effects might be eesi].y missed if electron diffusion could
proceed much more rapidly than proten aipPusion. Note.that the proton
profiles become flat and featureless (Passes 5 and 6, Figure 3)‘as
eq_uili’erium is apbro&ched.

- The rapid access of low energy protons to the entire figure-s current
pattern and reselting di’ffusionrintc .ne cylinders (arrows in Figure 4b) can
7qualritatively account for the rap;.:: arance of peak proton intensities in the
aurorsl regions and the latitude spread (~ 10°) of this pesk. However, it

should be noted that such a configuration is unable to guantitatively account

for observed low energy proton cutoffs » particularly on the dayside hemisphere.

o py
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The ready access of low energ::,r solar protons to 6.6 RE [Lanzerotti,
- 1983} ﬁybe directly related to their arpearance in the-neutral sheet. : T 4

‘The diffusion e’ fects discussed by m [1968] may in this case

bt 1

be related to diffusion through the "cusp" reg:.on and not to radial - - ; 3

diffusion through the tail.

In su.mna.ry we have presented data. for a time perlod in which the

’ entry of low energy protons into the geomgnetlc tail and 'bhelr appearance

ov'er tke nolar regions was. governed by a dlf:ms:.on process. However, as -

discgssed previously (Williams and Bostrmn 19683, the access of these

L1

low energy solar protons'to tﬁe(geomgzeﬁic tail and polar cap regions 7 o
depends strongly upon the mgnetospheric conﬁguratlon, vhlch in turn
depends upon the external bmndary condltlons 1mposed by the 1n1:erplzmetar3r

nedlum. We thus expect to observe strong varlations in the manner ir.

;E;.
E
o
§
9
=
-
3
=
<3
=
Eé—,;

which low energy sola.r protons enter the mgnetosphere. Immedlate access,
delayed access, and even a mixed mode [Montg_og_rxaand Singer, 1969] are
possible at different times. ‘

Of interest is the fact that the present evidence for dlffusive

ef*’ects occuz-red durlng a period when a strong southward interplanetary
field was present (Figure 2). Tt thus seems that a southward interplanetary
field may not be sufficient cause for immediate access of solar protons

into the magnetosphere. :
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- Figure Captions -

Figwe 1:  Explorer 3h and 1963 36C arbital data for May 25-27, 1967.
- " Solar ecliptic coordim‘bes ‘shown for Explorer 3h orbit.
o Period of interest indicated by heavy line..

 Figure 2: 'Time histary of 1-10 Mev protons chserved at high altitudes
~© " (228.2 Rg) and 1.2-8.5 Mev protons cbserved at 1100 m
. over the northern po];ar cap. The high altitude date are
- plotted as ls-minute averages ‘and the polar cap data are
averages for irvariant latitudes > 70 The data showm are
- . sbsolute and unnarmalized fluxes. Orientation of the inter-
plapetary magnetic ﬁeld with respect to the ecliptic plana
is ‘indicated. Numbered polar cap passes are-those discussed
in detail. B : -

it

ﬁgm—e 3: High latitude proton :mtensity proﬁ..:.es from 1963 38c for
(a) passes 1-5 and (b) passes 6-10 from Figure 2.
Similtaneous Explorer 34 data shoun where availsble. Flux
values sre unnormalized. Explover 34 sltitude > 32 Rg.
. Error bars show statistical uncertainties.

 Figure &: (a) Sketch of magnetospheric configuration; (b) The current
' " pattern in the tail region (after Axford et afl., 1965, and

- Dessler and Juday, 1965). BHeevy arrows indicate current
flow and light arrows indicate proton diffusion; (c) Resulting
radigl diffusion pattern in a lmg cylinder of radius a, with
initial internal density of zero, following application of
an external density, ny,. The internal density distribution,
n/n,, is shown as a function of r/a for various walues of
Dt/a2 vhere D = diffusion coefficient and t = time folldwing
application of the external density, o From (a) it can be
seen that these radial profiles transform to polar cap
latitude profiles in the following approximate way: rfa = O
corresponds tc A = x/2 and r/a = 1 corresponds to the auroral
region. '
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