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THE EFFECTS OF GEOMAGNETIC FIELD ALIGNED POTENTIAL
DIFFERENCES ON PRECIPITATING MAGNETOSPHERIC PARTICLES

I. INTRODUCTION

The occurrence and proper modeling of the auroral plasma requires a source of energetic
particles and a mechanism for their precipitation. The source of this auroral plasma is the mag-
netosphere, a large reservoir of energetic ions and electrons. Moreover, the effects of the mir-
roring of these particles between the magnetosphere and the ionosphere could be one possible
mechanism for their precipitation. Therefore it is of interest to consider the mapping of certain
magnetospheric regions into their corresponding ionospheric regions.by tracing the geomagnet-
ic field lines. Accordingly, the plasma sheet region of the magnetosphere maps into the high
latitude region of the diffuse aurora while the Van Allen radiation belts map into the lower lati-

tude ionosphere.

The plasma sheet is a regiovn of ions and electrons having aﬁ isotropic Maxwellian veloci-
ty distribution at an energy of a few Kev’s [1]. Particles are continually leaking out of this re-
gion to form the diffuse aurora [2,3]. Such fluxes arise from the transmission of the particles
through the ends of the geomagnetic mirror that exists between the plasma sheet and the high
latitude ionosphere. The Van Allen belts are another group of particles having a loss cone
~ velocity distribution at a higher energy of a few tens of Kev's to a few Mev’s [4]. Under the
proper conditions, a fraction of the particles in this region can also reach the ionosphere by be-

ing transmitted through the ends of its corresponding geomagnetic mirror. Characterizing end

Manuscript submitted July 20, 1977.




losses from a magnetic mirror is a familiar problem not only in auroral studies, but also in the

investigation of machines for controlled thermonuclear fusion.

This paper considers the increased trapping or detrapping of particles in the ionsphere-
magnetosphere mirror system caused by an electric potential difference along the geomagnetic
field. This potential difference enhances or diminishes the number of precipitating particles
depending on its sign and the charge of the particles. Such potential differences can arise due
to the resistivity along the magnetic field to field aligned currents. These currents have been
calculated in our auroral models and lead to potential differences on the order of Kev's [S5].
The occurrence of a potential difference not only modulates the precipitating fluxes, but also
modifies the auroral precipitation patterns and the auroral particle energies; all of which can

lead to changes in the model results.

II. END LOSSES FOR A MAGNETIC MIRROR WITH A

FIELD ALIGNED POTENTIAL

Conservation of energy for a particle of mass m and charge g in a magnetic mirroring sys-

tem B(z) with a potential distribution & (z) requires that:

1/2mV3 (z) + uB(z) + g (z) = constant

1)
where u, the magnetic moment, is an adiabatic invariant.
1/2mv2 ()

£ B(z) @)

If we take = = 0 to be the center of a step magnetic mirror and allow for a step potential weH
at the mirror boundary z = M, we have the two possible configurations shown in Figure 1.

For these configurations equation (1) can be written in the form:

(9]




12mv2 ) + m2 0) L 4 4o ) = 12m120)

where we have utilized the invariance of w. For a particle to be transmitted through the mirror

requires that:

1/2mvi (M) > 0.
4

Applying equation (4) to equation (3) then yields the condition on the velocities at z = 0 for

transmission

1 ) < —BOUBUD_,2 ) _ 20600

Since we are only considering the +: side of the magnetic step we need only consider the re-
gion where ¥, (0) > 0. Figure 2 displays the region of velocities at z = 0 that are transmit-

ted through the mirror for the two configurations of Figure 1.

Assume a Maxwellian velocity distribution interior to the mirror

! n 3 lf ' ‘Izl
-——J—/Z_e’(p _? __2_.-
2 Ve 6
l?‘n’ V%- : )

in cylindrical coordinates where n is the particle density and Vr is the thermal velocity. First
consider the detrapping case where g¢ (M) < 0. The flux at z =0 transmitted through the

mirror is then:

1, (0) 3,‘ nV, (0) 3 LV|2 ©0) + vZ 0)
J{') 7 exp ....2- dV‘L (O)qu )

2 Vi vV} (7a)
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where

i) = —BQUBUN_,; o _ 20800) d;;m]. B
Performing the integration leads to:
PR L -[1 _ _BO) ]expl B(©)/B(M) q¢(M)”
N B(M) |1 —=BO)/B(M) ~ KT 8a)
where
it s (8b)

Now consider the trapping case where go (M) > 0. Here the flux at z = 0 transmitted through

the mirror is:

:., RO a2x b, ©0) 3| ¥2) + 2 0) ;
o FT = \7“',";”, - ) ——_2 372 exp -? V2 dV,_ (O)di” (0) .

which yields after integration:

"Vt B(0) _ 96 (M)
r = 0x B kT |

(10)
Similarly the total flux at z = 0 travelling toward the mirror is
nV.
F= Js—r'
i an)
AA D

Utilizing equations (8a), (10), and (11) we can define a transmission coefficient

(T = F;/F) for the two cases. For the detrapping case

__B(0) ]°""l1 B(0)/B(M) _ gé (M)

Toeiapping = ! '[' B(M) - BO)/B(M) kT (120
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q¢ (M) <0

k¥ (12b)
and for the trapping case
B(0) qé (M)
Travping = B(agy | =7 7 (13a)
q¢ (M) > 0
kT d
(13b)

In the potential free case[ ¢k(7M) = (| both equations (12a) and (13a) reduce to the familiar

result

r = B0O)

B(M) (14)

For certain applications it is of interest to expand equation (12a) in the limit of large mir-

ror ratio BB((I(‘)")) >°> 1| and/or a small potential difference | — 1 < < ¢k(71‘.l) < 0). Such

an expansion yields

7 _ _B0) o e gd (M)
Dutregping " BCM) kT |

(15)

Since for this case d’k(lﬁ'“ < 0, the potential produces an enhancement to the transmission

coefficient for a simple magnetic mirror given by equation (14). Similarly expanding equation

0 < W _

(13a) in the limit of a small potential difference T

leads to:

T ~-BO) |, _ g¢ M)
Trapping = B(M) kT |

(16)

Since for this case d’k(;f” > 0, the potential produces a decrease in the transmission

coefficient of equation (14).




III. DISCUSSION

The two most important equations from the preceding section are the systems (12) and
(13) which prescribe the transmission coefficients for the two possible charge states and poten-
tial differences. It is important to observe that the quantity gé (M) determines whether trap-
ping or detrapping of particles occurs. For electrons a positive potential difference along the
geomagnetic field (i.e. the ionosphere charged positive relative to the magnetosphere) produces
an enhanced precipitation, while for ions a corresponding negative potential difference has the
same effect. It is also relevant to note that in the absence of a field aligned potential difference
more electrons will precipitate from a given charge neutral system of Maxwellian electrons and
ions having equal temperatures, since the flux, equation (11), varies directly with the thermal
velocity. The thermal velocities of equal temperature electrons and ions are in inverse propor-

tion to the square root of their respective masses.

We will now present some examples of these effects for plasmas in the earth’s magnetos-
phere. The geomagnetic mirror ratio B(0)/B(M) between the plasma sheet and the high lati-
tude ionosphere ranges between 2x 10 ~2and § x 10 ~* [4]. The ambient plasma sheet den-
sity is approximately 1 particle/cm > with a temperature of a few Kev’s [1,4]. Therefore, in the
absence of any potential difference along the magnetic field, there is a flux of precipitating elec-
trons on the order of 5 x 103 electrons/cm? -sec and a corresponding flux of ions on the ord-
er of 107 ions/cm 2-sec. Recent satellite observations of diffuse aurora have shown precipitat-
ing fluxes of these magnitudes (6]. Such a difference. in the precipitating fluxes would usually
lead to charge build up and a subsequent equalization of the fluxes. This does not occur in the
ionosphere due to the presence of highly mobile ambient cold electrons, which can flow out of

the ionosphere in order to neutralize the charge build up created by the high energy electron




flux. Since the plasma sheet remains essentially an isotropic Maxwellian distribution of parti-
cles, either equation (12) or (13), depending on the sign of g¢é (M), will govern the precipita-
tion in the presence of a potential difference. Our auroral models have shown that potential
differences on the order of Kev's are likely to exist along the geomagnetic field lines [5].
Therefore the precipitation from the plasma sheet can vary from more that twice to less than

one-half that of the potential free state.

For the Van Allen belts the geomagnetic mirror ratio is generally less than .02 and the
ambient density is less than .1 particle/cm? [4]. Since the ambient particles have a loss cone
distribution at tens of Kev’s to a few Mev’s, there is negligible precipitation in the absence of a
large potential difference or a strong pitch angle scattering mechanism. In fact only equation
(15) from the preceding section has any practical application for this region, but it needs to be
modified to reflect the fact that there are no particles within the loss tone,

V2 (0) <« _B0©)/B(M)
Vi (0) 1 —B0)/B(M)’

Considering this the transmission coefficient for the Van Allen belts, in the limit of a small po-

tential difference, is given as:

: _ _BO) @G -
Detrapping = B(M) kT (17a)
a
il & 2 g0 (M) <0
kT . (17b)

From equations (11) and (17a) the precipitating flux can be calculated for any given potential

difference. Such a flux is likely to be small except during very large geomagnetic disturbances.

From the preceding results, we can draw the following conclusions:

1. Enhanced or diminished particle precipitation due to field aligned potential differences

is likely to be quite important to the proper modeling of the high latitude auroral plasma since




potential drops due to the strong geomagnetic field aligned currents can be sizable fractions of

the electron and ion energies in the plasma sheet. As we have shown potential differences of

this magnitude can lead to a large modulation of the auroral precipitation fluxes.

2. Conversely, for the high energy Van Allen belts such a mechanism is not likely to be

significant since except for highly disturbed times it is very difficult to get field aligned poten-

tial differences much greater than a few Kev’s; therefore the potential difference will only be a

very small fraction of the particles’ ambient energy.
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B(M) 1
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a¢ (M) 1 —— TRAPPING q¢
Z
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qe¢ (M) +
(c)
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Fig. 1 — (a) A trapping step magnetic well configuration; (b) A trapping step potential well configuration where
qo(M) > 0: and (¢) A detrapping step potential well configuration where go(M) < 0.

tan 6| A/ 2q¢(M)

m

-tan 6,./2a¢ (M) |

m

Vv, (0)
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\
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Fig. 2 = The region of velocity space at z = 0 that is transmitted through the mirroring system for the two potential con-
figurations of Figure 1. The region to the right of the respective curves represents the transmitted velocity space.
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01CY ATTN YAT CAPT L. BLACKWELDER

SAMSO/SK
P. 0. BOX 92960
WORLDWAY POSTAL CENTER
LOS ANGELES, CA 90009
01CY ATTN SKA LT MARIA A. CLAVIN

8




=

SAMSO/MN
NORTON AF8, CA 92419
(MINUTEMAN)

01CY ATTN MNNL LTC KENNEDY

COMMANDER
ROME AIR DEVELOPMENT CENTER, AFSC
HANSCOM AFB, MA 01733

01CY ATTN ETEI A. LORENTZEN




U.S. ENERGY RSCH AND DEV ADMIN

EG&G, INC.
LOS ALAMQOS DIVISION
P. 0. BOX 809
LOS ALAMOS, NM 85544
01CY ATTN JAMES R. BREEDLOVE

UNIVERSITY OF CALIFORNIA

LAWRENCE LIVERMORE LABORATORY

P. 0. BOX 808

LIVERMORE, CA 94550
01CY ATTN TECH INFO DEPT L-3
01CY ATTN RONALD L. OTT L-531
01CY ATTN DONALD R. DUNN L-156
01CY ATTN RASPH S. HAGER L-31

LOS ALAMOS SCIENTIFIC LABORATORY
P. 0. BOX 1663
LOS ALAMOS, NM 87545
0lCY ATTN DOC CON FOR ERIC LINDMAN
01CY ATTN DOC CON FOR R. F. TASCHEK
01CY ATTN DOC CON FOR ERIC JONES
01CY ATTN DOC CON FOR JOHN S. MALIK
01CY ATTN DOC CON FOR MARTIN TIERNEY J-10
01CY ATTN DOC CON FOR JOHN ZINN

SANDIA LABORATORIES

P. 0. BOX 5800

ALBUQUERQUE, NM 87115
01CY ATTN DOC CON FOR
01CY ATTN DOC CON FOR

J MARTIN ORG 1732

W.
01CY ATTN DOC CON FOR A.

i

D

P
D. BROWN ORG 1353
DEAN THORNBROUGH ORG 1245
01CY ATTN DOC CON FOR W
01CY ATTN DOC CON FOR A
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OTHER GOVERNMENT

DEPARTMENT OF COMMERCE
OFFICE OF TELECOMMUNICATIONS
INSTITUTE FOR TELECOM SCIENCE
30ULDER, CO 80302
01CY ATTN WILLIAM F. UTLAUT
01CY ATTN G. REED

NATIONAL OCEANIC § ATMOSPHERIC ADMIN
ENVIRONMENTAL RESEARCH LABORATORIES
DEPARTMENT OF COMMERCE
BOULDER, CO 80302

01CY ATTN JOSEPH H. POPE

01CY ATTN RICHARD GRU3B

01CY ATTN C. L. RUFFNACH

NASA
_GODDARD SPACE FLIGHT CENTER
GREENBELT, MD 20771

01CY ATTN ATS-6 OFC P. CORRIGAN
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DEPARTMENT OF DEFENSE CONTRACTORS

AEROSPACE CORPORATION
P. 0. BOX 92957
LOS ANGELES, CA 90009
01CY ATTN IRVING M. GARFUNKEL

01CY ATTN T. M. SALMI

0l1CY ATTN V. JOSEPHSON

01CY ATTN S. P. BOWER

0ICY ATTN N. D. STOCKWELL

01CY ATTN P. P. OLSEN 120 RM 2224E
0l1CY ATTN F. E. BOND RM 5003

01CY ATTN J. E. CARTER 120 RM 2209
01CY ATTN F. A. MORSE A6 RM 2407

ANALYTICAL SYSTEMS ENGINEERING CORP
5 OLD CONCORD ROAD
BURLINGTON, MA 01803

01CY ATTN RADIO SCIENCES

BOEING COMPANY, THE

P. 0. BOX 3707

SEATTLE, WA 98124
01CY ATTN GLEN KEISTER
01CY ATTN D. MURRAY

CALIFORNIA AT SAN DIEGO, UNIV OF
3175 MIRAMAR ROAD
LA JOLLA, CA 92037

01CY ATTN HENRY G. BOOKER

BROWN ENGINEERING COMPANY, INC.
CUMMINGS RESEARCH PARK
HUNTSVILLE, AL 35807

01CY ATTN ROMEO A. DELIBERIS

CHARLES STARK ORAPER LABORATORY, INC.
555 TECHNOLOGY SQUARE
CAMBRIDGE, MA 02139

01CY ATTN D. B. COX

01CY ATTN J. P. GILMORE MS 63
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COMPUTER SCIENCES CORPORATION
P. 0. BOX 530
5565 ARLINGTON BLVD
FALLS CHURCH, VA 22046
01CY ATTN H. BLANK
01CY ATTN JOHN SPOOR

COMSAT LABORATORIES
LINTHICUM ROAD
CLARKSBURG, MD 20734

01CY ATTN R. R. TAUR

CORNELL UNIVERSITY
DEPARTMENT OF ELECTRICAL ENGINEERING
[THACA, NY 14850

01CY ATTN DO. T. FARLEY JR

FSL INC.

495 JAVA DRIVE

SUNNYVALE, CA 94086
0l1CY ATTN R. K. STEVENS
01CY ATTN J. ROBERTS
01CY ATTN JAMES MARSHALL
01CY ATTN V. L. MOWER
01CY ATTN C. W. PRETTIE

FORD AERQOSPACE & COMMUNICATIONS CORP

3939 FABIAN WAY

PALO ALTO, CA 94303 5
01CY ATTN J. T. MATTINGLEY MS X22

GENERAL ELECTRIC CCMPANY
SPACE DIVISION
VALLEY FORGE SPACE CENTER
GODDARD BLVD KING OF PRUSSIA
P. 0. BOX 8555
PHILADELPHIA, PA 19101
01CY ATTN M. H. BORTNER SPACE SCI LAB
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GENERAL ELECTRIC COMPANY
TEMPO-CENTER FOR ADVANCED STUDIES
816 STATE STREET (P.O. DRAWER QQ)
SANTA BARSARA, CA 93102

01CY ATTN DASIAC

0l1CY ATTN DON CHANDLER

01CY ATTN TOM BARRETT

01CY ATTN TIM STEPHENS

0ICY ATTN WARREN S. KNAPP

01CY ATTN WILLIAM MCNAMERA

01CY ATTN B. GAMBILL

01CY ATTN MACK STANTON

GENERAL RESEARCH CORPORATION
P. 0. BOX 3587
SANTA BARBARA, CA 93105
01CY ATTN JOHN ISE JR
01CY ATTN JOEL GARBARINO

GEOPHYSICAL INSTITUTE
UNIVERSITY OF ALASKA
FAIRBANKS, AK 99701
(ALL CLASS ATTN: SECURITY OFFICER)
QlCY ATTN T. N. DAVIS (UNCL ONLY)
01CY ATTN NEAL BROWN CUNCL ONLY)
01CY ATTN TECHNICAL LIBRARY

GTE SYLVANIA, INC.
ELECTRONICS SYSTEMS GRP-EASTERN DIV
77 A STREET
NEEDHAM, MA 02194
01CY ATTN MARSHAL CROSS

INSTITUTE FOR DEFENSE ANALYSES

400 ARMY-NAVY DRIVE

ARLINGTON, VA 22202
01CY ATTN J. M. AEIN
01CY ATTN ERNEST BAUER
01CY ATTN HANS WOLFHARD
01CY ATTN JOEL BENGSTEN

HARRIS CORP, E.S.D.
P, 0. BOX 37
MELBOURNE, FL 32901
01CY ATTN ADV PROG DEPT DR. CARL DAVIS
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4SS, INC.
2 ALFRED CIRCLE
BEDFORD, MA 01730

GLCH ATTN DONALD HANSEN

INTL TEL & TELEGRAPH CORPORATION
500 WASHINGTON AVENUE
NUTLEY, NJ 07110

01CY ATTN TECHNICAL LIBRARY

JAYCOR
1401 CAMINO DEL MAR
JEL MAR, CA 92014
01CY ATTN S. R. GOLDMAN

JOHNS HOPKINS UNIVERSITY

APPLIED PHYSICS LABORATORY

JOHNS HOPKINS ROQAD

LAUREL, MD 20810
01CY ATTN DOCUMENT LIBRARIAN
01CY ATTN THOMAS POTEMRA
01CY ATTN JOHMN DASSOULAS

LOCKHEED MISSILES & SPACE CO INC
P. 0. BOX 504
SUNNYVALE, CA 94088

01CY ATTN DEPT 60-12

01CY ATTN D. R. CHURCHILL

LOCKHEED MISSILES AND SPACE CO INC

3251 HANOVER STREET

PALO ALTO, CA 94304
01CY ATTN MARTIN WALT DEPT 52-10
01CY ATTN RICHARD G. JOHNSON DEPT 52-12
01CY ATTN BILLY M. MCCORMAC DEPT 52-54

KAMAN SCIENCES CORP

P. 0. BOX 7463

COLORADQ SPRINGS, CO 80933
01CY ATTN 8. J. BITTNER

LINKABIT CORP
10453 ROSELLE
SAN DIEGO, CA 92121
01CY ATTN IRWIN JACOBS

15




M.I.T. LINCOLN LABORATORY
P. @, BOX 75
LEXINGTON, MA 02173
01CY ATTN LIB A-082 FOR DAVID M. TOWLE
01CY ATTN MR. WALDEN X113
01CY ATTN JAMES H. PANNELL L-246
01CY ATTN D. CLARK

MCDONNELL DOUGLAS CORPORATION

5301 BOLSA AVENUE

HUNTINGTON BEACH, CA 92647
01CY ATTN N. HARRIS
01CY ATTN J. MOULE
01CY ATTN GEORGE MROZ
01CY ATTN BILL OLSON

MISSION RESEARCH CORPORATION
735 STATE STEREET
SANTA BARBARA, CA G310l
0l1CY ATTN P. FISCHER
01CY ATTN W. F. CREVIER
01CY ATTN STEVEN L. GUTSCHE
01CY ATTN D. SAPPENFIELD
0l1CY ATTN R. BOGUSCH
01CY ATTN R. HENDRICK
01CY ATTN RALPH KILB
01CY ATTN DAVE SOWLE
0ICY ATTN F. FAJEN
0lCY ATTN M. SCHEIBE
01CY ATTN CONRAD L. LONGMIRE
01CY ATTN WARREN A. SCHLUETER

MITRE CORPORATION, THE
P. O. BOX 208
BEDFORD, MA 01730
01CY ATTN J. C. KEENAN
01CY ATTN G. HARDING
0L1CY ATTN CHIEF SCIENTIST W. SEN
01CY ATTN S. A MORIN
01CY ATTN C. E. CALLAHAN

PACIFIC~-SIERRA RESEARCH CORP
1456 CLOVERFIELD BLVD.
SANTA MONICA, CA 90404

VICY ATIN F. C. FIELD JR
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PHOTOMETRICS, INC.
442 MARRETT ROAD
LEXINGTON, MA 02173

01CY ATTN IRVING L. KOFSKY

PHYSICAL DYNAMICS INC.
P. 0. BOX 21589
SEATTLE, WA 98111
01CY ATTN E. J. FREMOUW

PHYSICAL DYNAMICS INC.
P. 0. BOX 1069
BERKELEY, CA 94701
01CY ATTN A. THOMPSON
01CY ATTN JOSEPH B. WORKMAN

R & D ASSOCIATES

P. 0. BOX 9635

MARINA DEL REY, CA 90291
01CY ATTN RICHARD LATTER
01CY ATTN FORREST GILMORE
01CY ATTN BRYAN GABBARD
01CY ATTN WILLIAM 8. WRIGHT JR
01CY ATTN ROBERT F. LELEVIER
01CY ATTN WILLIAM J. KARZAS

RAND CORPORATION, THE

1700 MAIN STREET

SANTA MONICA, CA 90406
01CY ATTN CULLEN CRAIN
01CY ATTN ED BEDROZIAN

SCIENCE APPLICATIONS, INC.

P. 0. BOX 2351

LA JOLLA, CA 92038
01CY ATTN LEWIS M. LINSON
01CY ATTN DANIEL A. HAMLIN
01CY ATTN D. SACHS
01CY ATTN E. A. STRAKER
01CY ATTN CURTIS A. SMITH
01CY ATTN JACK MCDOUGAL

RAYTHEON CO.
528 S0STON POST ROAD
SUDBURY, MA 01776
01CY ATTN BARBARA ADAMS
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SCIENCE APP
HUNTSVILLE
2109 W. CLI
SUITE 700
HUNTSVILLE,
01CY

SCIENCE APP

8400 WESTPA

MCLEAN, VA
01CY

STANFORD RE

333 RAVENSW

MENLO PARK,
01CY
01CY
01CY
gLEY
GLCY
01lCYy
01CY
01CyY
01CY
0lCYy

SYSTEM DEVE

4130 LINDEN
DAYTON, OH
0lcY

TECHNOLOGY

75 WIGGINS

BEDFORD, MA
01CY

TRW DEFENSE
ONE SPACE P

LICATIONS, INC.
CIVISION
NTON AVENUE

ALS ©3i53105
ATTN DALE H. DIVIS

LICATIONS, INCORPORATED
RX DRIVE

22101
ATTN B. ADAMS

SEARCH INSTITUTE
00D AVENUE

CA 94025

ATTN DONALD NEILSON
ATTN ALAN BURNS

ATTN G. SMITH
ATTN L. L. COBB

ATTN DAVID A. JOHNSON
ATTN WALTER G. CHESNUT
ATTN CHARLES L. RINO
ATTN WALTER JAYE

ATTN M. BARON

ATTN RAY L. LEADABRAND

LOPMENT CORPORATION
AVENUE

L5432
ATTN F. G. MEYER

INTERNATIONAL CORP
AVENUE

01730
ATTN W. P. BOQUIST

& SPACE SYS GROUP
ARK

REDONDO BEACH, CA 90278

01CY
0iCY

VISIDYNE, I

ATTN R. K. PLEBUCH R1-2078
ATTN ROBERT M. WEBB R1-1150

NC.

19 THIRD AVENUE

NORTH WEST

BURLINGTON,
01CY
01CY

INDUSTRIAL PARK

MA 01803

ATTN CHARLES HUMPHREY

ATTN J. W. CARPENTER
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