
—

lI/AD—A 042 800 AEROSPACE CORP EL SEGUNDO CALIF SPACE SCIENCES LAB FIG ‘s/i
INDUCED PRECIPITATION OF INNER ZONE ELECTRONS. VOLUME I. OBSERV——ETC(U)
JUL 77 A L VAMPOLA, G A KUCK F014701—76—C—0077

UNCLASSIFIED TR— 0077C226O 20) —11—VOL—i SA MSO— TR—77— 13L.—VOL— 1 NL

I~~~l
AD~~~42S~~ _____________________________________________________________

END
DAn

F L~ EO

9 -77
DO C



____  ________________________

REPORT SAMSO-TR-77.134

‘
~~~~~~ Induced Prec ipitation of Inne r Zone Electrons

Volume I: Observations

Space Sciences Laboratory
The Ivan A. Getting Laboratories

The Aerospace Corporat ion
El Segundo , Calif. 90245

and
Advanced Concepts D ivision

Space and Missile Systems Organization
Air Force Systems Command

6 July 1977

Interim Report C
APPROVE D FOR PUBLIC REL EASE:

DISTRIBUT ION UNLIMITE D 1 . ’

Prepared for ‘;k:~i’ A
SPACE AND MISSILE SYSTEMS ORGANIZATION

AIR FORCE SYSTEMS COMMAND
Los Angeles Air Force Station

P.O. Box 92960, Worldway Postal Center
Los Angeles , Calif. 90009

n tJ-J
I •
, _J

C3



— - -
~~~~

This interim report was submitted by The Aerospace Corporation ,

El Segundo , CA 9 024 5, under Contract No . F04701-76-C-0077 with the

Space and Missile Systems Organization , Deputy for Advanced Space Program s,

P.O. Box 92960 , Woridway Postal Center, Los Angeles, CA 90009. It was

reviewed and approved for The Aerospace Corporation by G. A. Paulikas,

Director , Space Sciences Laboratory. Lieutenant A. G. Fernandez, SAMSO/

YAPT , was the project officer for Advanced Space Programs.

This report has been reviewed by the Information Office (01) and is

releasable to the National Technical Information Service (NTIS). At NTIS,

it will be available to the general public, including foreign nations .

This technical report has been reviewed and is approved for publication.

Publication of this report does not constitute Air Force approval of the re-

portt s finding s or conclusions. It is published only for the exchange and

stimulation of ideas .

Project OfficerJ~~
’ ~~~~~~~AF Jo~~~~~~Gassmann , Major , USAF

FOR THE COMMANDER

LEONARD E. BALTZELL , Col , USAF~ Asst.Deputy for Advanced Space Program s

—-—~



-

UN C L A S S I F I E D
S E C U R IT Y  C L A S S I F IC A T I O N  OF T I l l S PAGE (When D.,. Entered)

DEDQRT ~~~CIIUE~~rAT IA ~ PA~ 
READ INSTRUCTIONS

I I ~~~~ ~~m 1 ~ BEFORE COMPLETING FORM
I REPORT NUM B ER ‘ I  -

~~ 
GOVT ACCESSION HO. 3 R F C I P 1 E NT S C A T A L O G  NUMBER

It SA M SO - T R-7 7 -  1~~4 — /  t

~~ 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

4 TITL E ~~~ S TYPE OF REPORT ~ PERIOD COW

~iN l ) U C E D  P R E CIP I TA T I O N  OF J N NE R  ZON~~ “ In t cr ir l i / -

• E L E C T R O N S.  \T o lum I?Obst - rva t ions , / 
_________________________

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ NVMWE.N 
-

- -  - - j . ~ TR-$077(2~~6 O - 2 O ) -  I I~~~Vol-
7 AUTNQR (~ ~~~~~~ r D}IT L(t~~~~~~ANT WUM~~EW4T

A l f r t - d L. ‘ V;i nipola (At  r oS 1)~I C t ’ )  an~l / - I F~ 47 Ø 1 -7~ -C4077 ,
(~~- o r ~~ - A . ,~ R u c k  (SAMSO) ~~~~~~~~ 

.

9 PER F PMING OR’ AM ZAT ION NAME AN D A ( DRESS 10. PROGRAM ELEMENT . PROJ ECT . TASK
A R E A  & W O R K  UNIT NUMB ERS

Fhe  .\I’ rospaC c Corpo r a tio n
El S~~~undo , Cal i f .  9024 S

I I  CO ROLL~~~~ O c F ~~CE N A M E  A N O A D D R E S S  12. REPQRT DA T E  ~~~~~~~~~ - -

Spact- and Miss i l e  Sy s t e m s  O r g a n i z a t i o n  t~ 77
.- \i r  F o r ct  Sys t ems  Command ‘ 3 .  N U M P E R O F  PAGES -

Los_Ange le s ,__Calif ._ 90009 
____

IC MO NI ’ O R N G  A G E I i CY  NAME & AO DRESS( I f  differen t from Controlling Office) IS. S E C U R I T Y  C L A S S .  (of thia repo

Uric las  s i fi d
T~~. D E C L A S S I F I C A T I O N  D OW N G R A D I N G

SCHE DULE

IS D I S T R I B U T I O N  S T A T E M E N T  (
~ f thi. Report)

Approved  fo r  publ ic  release ; d i s t r i b u t i o n  un l imi ted

17 DISTRIBUTION STATEMENT (of the abetted ente red In Block 20, if different from Report)

19 SUPPLEMENTARY NOTES 
— — -

~

(9 K E Y  WORDS (Continue on rev. ’,s.. .~,,Ie Ii ~~~~~~~~~ Ood ) d r o ( I f v by b in r l ,  number) 
- -

I~lt c t r ’ If l  ccc ip it .L t i o l i
.tv c — part c It in te ra( t il 1)15

\t  ii~ o t  isp h er  ic t i c  ~t rc i  ii s

A B S T RA C T  (ContInue on ,ev.r.e d d e  If nocea.ery end identify by block number) 
-—

1 \ , t r r o w  p r e c i p i tat i on  sp ikcs  of t -ne t ’ 1~t- t t t  ( -l ec t r’Irl s t ) i ) s c r \ I d  ill ii1(’ ilIfli t’ .‘, f l t

d r i f t  l o s s — c m du r i n g  the  t ) t ~~, —  1970 p er iod  b y in st r ttIltcIitaiiIIIl i) l1 t h e  O\ 1 — 1 4
id OV 1 — 19 I4at ( ’ I l i t t -  s a ct shown ii i  h . t v e  (-ha r ac te  r i  st ic s wh i c  Ii t N’ ci )I1 I-) i s t( 111

w i t  p i t c h  — tu g  le s( . l t t t -  r i n g  p rod N ed th roug h ct 5 ‘n a n I I nt e  r u t  ion ii h
u r o u n i l — i t s e d  VLF ’ t r a n s m i s s ion s .  Ana l y s i s  II  t i l t  p i t c h — a n g le ( 1151 r i l ) ) I t i l I l s
if l ( l i ~~ t t t 5  ili..tt fo r  v i r t u a l l y al l  of t h e  t - v e n t s , t h e  e l e c t  r o n s  l ,L 5i  i n t ( ’r a c t t - d
w ith the  . it rnosp h e r e  il l t he  v i c in i t y  ( I f  ~~ A t~ 

t )~ A Ea s t  LiIIlgiikIdt’ . I h e  L —
dependency of the  sp i kes  as .t LttnCtiIiII I) !  (-I1t -rg y is cut~ s h i lt w i L l )  sea t  I t  r i n g .  fr

~~ 
FO RM •A ~~~ 

.
~ - -

UU 
- ~ 

- t \ ( ~ !.A~c.’- l 1 H - ; l )  -
. 

~~
-

SEC URITY CA~ ASSI  F t C  A T I O N  OF THIS P A GE (Wh en tIara Entete,fl

-— /./(~~
l 

~/ L~~
_’

~~~---
.-

~~~~~
- -

~~~~
—-

~~~~~~~~~-‘- ,—,— -—~~~~~~~~~—-- - - —,



- 
~~~~~~~~~~~~~~~~ 

-• -
~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ -~ -- - - -~- — ~~~~. . .  . ~~~~~~~~~~~~~~~~~~~~ .

UNCLASSIFIED
S E C U R I T Y  C L A S S I F I CATION or THIS PA GC(Wh ~~i D.ta £nt.r.d)
(9. K EY W O R D S  (Co:ltint,.d)

20 A BS T R A C T  (C~ntInu.d)
- 

~~~~
. 

~~
, by a monochromat i c  wave . The presumption is that UMS, located at 44~ E.

and ope ra t ing  at a f r eq u e n c y  of 16. 2 kI-Iz dur ing  this period , was respon-
sible for  these precipitation events .

~ tIIt* ~~~~~

ODC hIt ~eCt%ø 0

WUIINOUII~~ 
.. . 

eOtIE$

UNCLASSIFIED
SECU~~I1’ Y CLA SSIFICA TIOPC OP THIS PAQE(WIi .t, Data fnf.r d) 

-- - -~~ .—- -—-.- - - - -~~~~~-, - .- ~~~~~~~~~~~-- --~~~~~~
-- - -



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~ - . ,-.------ j -~~~~~
—

PREFACE

The au thors  wish to e3cpress t he i r  g ra t i tude  to Dr .  Bruce  Ed gar for  the

r ay - t r ac ing  calculations and to both Dr .  Edgar and Dr.  H. C. Koons for

many f r u i t f u l  d i scuss ions .



CONTENTS

PREFACE 

INTRODUCTION 

INSTRUMENTATION 7

OBSERVATIONS 9

DISCUSSION 25

SUMMARY 31

R E FEREN CES 33

- 3 -

- — — . - 

1
PR~C~DIrG PA~~ ~LAMC..NoT ~IIM~D .—~~~. .— -. -a-

- ~~~~~~~~ - - . . -•



- - - :-:-~~ . 
-. 

-
. - .  — ----

F I G U R E S

I . Enc’ r g y  spec t r a  obta ined  by I n aL’t I t - t i c  c i t - c t  r on
sp e ct r o m e ter s  ( i l l  the  OV 1 — 1 4  sa te l l i te  in 1~ in
the  d r i f t  loss — C I ) n t -  lear  L I . t,~~ 10

F l u x  v s .  t i f l l t  p lots of ( l . ~t a su n i l .~ r L i  t h o s e  w h i c h
p ru du c ed the  n a r r o w  i-ne r~~y (l i st r ib u tion s  of Fii~u r c  1 11

3. Data s l i l l i l a r to t h O S e  (I f F i g u re  .~~, b(l t I )b t a in & d b y
the OV 1 — 1  sa te l l i te  in I 9n ’~ 12

4.  S c hem a t ic  p r e s c-n t a t i o n  of the d r i f t  loss — c o n e  and t i le
loca l  b ounce  loss — cone  as a f u n c t i o n  of East  Lou gi tu d e
f o r  L 1. -

~~~~ 
14

-
~~. Scat ter  p lot  of p r ec ip i t a t i o n  even t s  o b ser v e d

b y the  OVI  — 1 9  as  a f un c t i o n  of Eas t  L o ngi t u d e
L f l ( l t i t h e 1( 1

C Ii1p~t r i s )n of p itch — a n g le data f r o m  one C \ ’ e I I t  w i t h
the  ins t  r u t i i c  nta l  r csp  in se to a h ypothe t ica l  ( l i s t  r ib ut i o n
\vi ) ich is  i sot rop ic b etween  &0 0 and ~ U 0 and z e r o
t I S C \ \ ii i- I ’ t 18

7 . \ p lot ( I f  the e q u a t o r i a l  p i tch  — a n g l e  of the  u h s c  rved
local loss — c o n e  v s .  L f o r  the data of F igur e  3 20

A ni appin 2 ~f ob st - r ve ( l  p r e c ip i ta t ion  e v e n t s  back to
t i iei  r p c c SU f l i e ( l  o r i g i n  u s i n g  the  method  ou t l ined
in the  t ex t

9. L (i i ’p e n d enc c  of t h e  loca t ion  of the  peak at each
i-ne  r gy  f o r  the  ev e n t s of F igu r e  8 23 

-_______ -- —.—--- ,-.— , -----------—



. _i ‘- .-- 
— 

— -..------ —,- - -- .--- •- -—-—
~
-.----- ,-- -—---— — ~~~ ~~~~~~~~~~~~~~~~~~~ ‘

IN T R OD ~~ CT 1ON

The p o ss i b i l i t y  of i n t e ra c t i o n s  be tween ve r y - l o w - f r e q u e n c y  electro-

magne t i c  waves  and e n e r g e t ic  e lec t ron s  in the earth’ s magne tosphere  has

lor .~ bee n r e c o g n i ze d . Dowden ( 1 9 6 2 )  p roposed tha t  whis t l e r s  could be

gene ra ted  t h r o ug h a Dopp l e r - s h i f t e d  resonanc e with sing le ele c t r o n s  or

e l e c t r o n  bun ches  near  the equa tor .  B rice (19 63)  out l ined a method fo r  such

an i n t e r a c t i o n  with a gene r al population of ene rge t i c  e lec t rons , s ince  the

r e q u i r e d  e l e c tr o n  packet  was an improbable  initial condition. B r i ce  also

pointed out that this i n t e r a c t io n , a c y c l o t r o n  or t r a n s v e r s e  r e s on a n c e ,

would resu l t  in the lower ing  of the p i tch-ang le of the e lec t rons .  Hell well

( 1 Q 6 7 )  l a te r  genera l i zed  this resul t  to permit  exp lanation of r i s ing  tone s

throug h o f f - e q u a t or i a l  i n t e r a c t i o n  reg ions.

A number  of observat ions of naturally o c c ur r i n g  V LF waves , gene r ally

lig h t n i n g - g e n e r a t ed  whis t lers  or plasmapause hiss , have bee n re por t ed as

being cor re la ted  with e l ec tron  prec ipitation. Rosenbe rg  et al. ( 1 9 7 1 )  and

Fos te r  and Rosenberg  (1 976 ) ,  f o r  instance, repor t  c o r r e l a t io n s  between

VLF wave s and x - r ays  observed by bal loon-borne d e t e c t o r s .  The actual

particles have also been observed on satell i tes.  Hoizer  et al. ( 19 7 4 )

presented  cor re la t ions  between chorus observed near  the outer ed ge of the

stable trapp ing reg ion and p rec i pitation of >45 keV electrons on OC-O 6.

A ttempts have been made to stu dy propagat ion and amplification of

VLF wave s throug h genera t ion  and radiation of test  sig nal s f rom var ious

places.  A s igni f icant  e ffor t  has cen te red  around the Siple Stat ion , ~A n t a r t ica ,

t ransmiss ions  and receptions at Roberval , Canada (Helliwell  and K a t su f r a l c i s ,

1974). These e f f or t s  have led to si gnif icant  resul ts , but up to now no one

has reported d i rec t  evidence (i. e. , part ic les  or x - r a y s )  of actual  p i t ch -ang le 
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sca t t e r ing  of the e lec t rons  in an in te rac t ion  with the waves. A se ond

major  e f for t  of this type , which involved VLF t ransmiss ions  f rom A l a s  a

(see Koons et al. , 1976),  also appeared to produce  no observable e l ec t ron

precipitation. In this  la t ter  projec t , some evidence of proton preci pi ta t ion

cor re lated with t r ansmis s ions  was observed (Koons , 1975) ,  although it is

unc l ea r  how pro tons  could be affected by the waves themselves.  Bell ( 1 9 7 6)

has proposed gener a t ion  of ULF wave s f r o m  VLF wave s through an in termediate

in t e r ac t i on  with e n e r g e t i c  e lec t rons .  The periodicity in amplif icat ion of VLF

signals repor ted  by Helliwell and Katsuf rak is  (1974 )  might be an indicat ion

that the Bell sugges t ion  is valid . No ground station magne t i c  field data were

a’ ‘e to de termine  whether the modulated amplificatio n was accompanied

~ves,  If such waves are genera ted , they might be responsible for

o~~~~a precipitation . if it occurs .

Other s t rong coherent  sources  of VLF waves are available and are

routinely ope r ating , although for  the purposes of communication and naviga-

tion. No d i rec t  observation of particle precipitation due to these sources

has been repor ted  previously, although there  is some evidence of enhanced

E - r e g i o n  ionization result ing fro m hig h power HF tran smissions (Wr i g ht ,

1975). A possibility adva nced by Wri ght was the establishment of a duct with

the high power HF t ransmiss ion, natural genera t ion  of VLF waves within

the duct , and resul tan t  preci pitation of energe t ic  e lect rons  to produce the

e nhanced E- layer  ionization. In the p resen t  pape r , we report  the observa-

tion of r e c ur r e n t  energetic  electron prec ipitation with a number of uni que

pa rame te r s  which we feel positively identifies it as being caused by the

Russ ian  VLF communications station , UMS .
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I N S T R U M E N T A T I O N

The data presented he re  were obtained b y sets of 180 0 focuss ing

magnet ic  spec t romete r s  on two d i f f e ren t  satel l i tes dur ing  the 1968-1970

time peri od . The bulk of the data was obtained f rom the O VI - l 9  ( l 9 6 9 - 2 5 C )

magnet ic  e lec t ron  sp e c t r o m e t e r s  which hav e been d i s cus sed  previously

(Vampola , 197 1 ). But the initial, and in some ways  th e best , ob serva tions

were  made by a pair of magnet ic  s p e c t r o m e t e r s  flown on the O VI -  14

( 19 6 8 -2 6 B )  d u r i n g  A pril , 1968. The OV 1- 14 was a U.S.  A i r  Force Office

of Ae rospace  R e s e a r c h  satellite launched into a 100 ° incl inat ion elliptical

orbit  on A pril 6 , 1968. A pogee and peri gee were 9970 km and 550 km ,

respectively.  The vehicle was spin-stabilized at about 10 RPM with the spin

also being used to provide a scanning funct ion for  the sc ient i f ic pay load. An

on-board magnetometer  was used to obtain magnetic aspect  for  the par t ic le

ins t rumentat ion.  Several days after launch , a fai lure in the spacecraf t  power

system bat te ry  cha rging circuit  caused overcharg ing  and rup tu re  of the

battery,  which resulted in p remature  te rminat ion  of the mission. An on-

board tape r eco rde r  s tored  up to four hours  of data; seven tape dumps were

achieved over a four-day period prio r to te rmination of the mission.

The magnetic spec t romete rs  on the OVl- 14  were  similar to others

previously (and since) flown on other Air  Fo rce  satelli tes.  One was identi-

cal to the low energy  uni t on OVl-19 except for the magnetic  field (380 guass

on the O Vl - 14 )  and the acceptance ang le of the aper ture .  The o ther  uni t

was the 0V3-3 ( l 9 6 6 - 7 0 A )  backup ins t rument  (Vampola , 1969) wi th  a modified

collimator. The field in this ins t rument  was 1790 gauss .  Each in s t rumen t

conta ined a back ground detecto r to measure  b r e m s s t r a hlu n g  and pene t r a t ing

par~ic1e responses.  Table 1 gives the cen te r  ene rg ies  and g e o m e t r i c - e n e r g y

f a c t o r s  for  the channels in both units.
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T A B L E  1

Low E n e r g y  Sp e c t r o m e t e r  Hi g h E n e r g y  Spe c t r o m e t e r

C h a n n e l  C e n t e r  E n e r g y  G e o m e t r i c - E n e r g y  C e n t e r  Ene rgy G e o m e t r i c - E n e r g y
M e V )  Facto r ( M e V )  F a c t o r

(cm 2 - s t e r - k e V)  (cm 2 - s t e r - keV )

1 . 0 35  1.42 .5 3 1  15.8

. O e Z  1. 60 . 8 0 9  14. 9

3 . 095  1.70 1. 10 13.7

4 . 132 1. 75 1. 40 1 2 . 6

5 . 1 7 4  l~ 72 1 .70 11.6

. 2 1 9  1 .63  2 . 0 0  10. 3

7 .2 6 7  1. 53 2 . 3 0  9.18

3 . 3 13  1.43 2 .60  8.29
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I
O B S E R V A T I O N S

I
The time per iod of the OV 1- 14  data  was  the r e c o ver v p& .- r i o i fol1’~v . ing

a m o d e r a t e  m a g n e t i c  s torm on Ap r i l  5 , 19u ~~. H ig hl y m o n o e n e r g e t i c  pr e c i p i-

t a t ion  sp ikes  w e r e  seen in the e l e c t r o n  d i s tr i b u t i o n s  ove r a n a r r o w  r a nr e  of

L va lues  f o r  all low a l t i tude  p a s s e s  over  c e n t r a l  and w e s t e r n  Asia .  Examples

o f these spikes are  shown in F i g u r e  1. The highl y m o n o e n e r g e t ic n a t ur e  of

t he se  d i s t r i b u t i o n s  sugges t ed  a r e s o n a n t  i n t e r a c t i o n  with a m o n o c h r o m a t i c

wave. The tota l  p r e c ipi ta t ion event , in ear ,  i n s t a n c e , extended over  about

15 L , but  the obse rvab le  flux enhanc ement s at a g iven e n e r g y  w e r e  rr~ .~ch

n a r r o w e r .  Fig. 2 i l l u s t r a t e s  the r e l a t i o n s h i p  of p r ec i p i ta ted  flux v e r s u s  L

at fixed e n e r g ies and also the d i spers ion  in L as a fu nc tion of e n e r g y  fo r  the

flax peak. The relat ively hi gh spin ra te  coupled ~~- h  a long t ime cons tan t

for  count ra te  m e t e r s  at low count ra tes  se r ious ’.; de graded the a c c u r a c y

with which pi t ch -ang le dis t r ibut ions could be de te rmined .  The limited

amount of data available from the  O VI - 1 4  sate l l i te  p rec luded  a de f ini t ive

stud y of the mechan i sm involved in this  phenomenon  although our or i ginal

c o n j e c t u r e s  appear to be c o r r e c t .

Recen t ly, a l a r g e  amount of data f r o m  the OV 1 -19 became  avai lable

for  analys i s .  Because  of a low e f f i c i ency  f a c t o r  in the lowest  e n e r g y  channe l

and an ear l y in-f l i g ht f a i l u r e  of the detecto r in the next lowest  ene rgy  channe l ,

the  OV1- 19 data set is not ideal fo r  a complete stud y of the e n e r g y  dependence

of these p r e c ipi ta t ions .  However , since it is an extensive data set , a s e a r c h

was made for  events of the type seen in the OV 1-14 data set. Fi g u r e  3 is

a typical example of the same phenomenon as observed by the 0V1 19 ins t ru -

n-ientat ion.  Note tha t  the same c h a r a c te r i s t i c s  a r e  p r e s e n t :  n a r r o w  dis t r ibu-

tion in L at any g iven energy ; d e c r e a s i n g  L location with i n c r e a s i n g  e n e r gy :

L value between about 1.6 and 1.85.
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Fi gure 1 Energy spectra  obtained by magnetic electron spec t rometers
on the OV1- 14 satellite in 1968 in the drift  loss -cone  near
L = 1. 68. The nar row energy distributions indicate a r e sonan t
interaction is responsible for their appearanc e in the l o s s - cone .
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Figure  3 D ata similar to tho se of F igure  2 , but obtained b y the OV 1- 19
satellite in 1969.
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For the purposes  of this investigatio n, use was made of the fact

that e l e c t r o n s  with small equatorial pi tch-angles will be lost into the

earth’ s atmosphere , as they drif t  eas tward due to geomagnetic gradient

effects , at a locat ion determined by their pi tch-angle and the local magneto-

sph & r i L  L op O gr aphy. .A thoroug h discussion of this effect is available

elsewhere  ( R o e d e r e r , 1970), but a brief  discussion will be presented  here

since it is centra l  to the identification of the source of these p rec i pitation

events .  F igure  4 dep icts the relationship between the equatorial  pitch-

ang le of a particle on the L 1. 75 shell and its destiny as a funct ion of

east longitude. For the purposes of Fig u r e  4 , it is assumed that a par t ic le

that has a local mi r ro r  point at or below 100 km will be immediately lost

into the a tmosphere;  i. e .,  it is in the bounce loss-cone.  A par t ic le  which

has an equatorial pi tch-angle between that of the local bounce loss-cone

and the maximum bounce loss -cone  (which in thi s case occurs  at about

330 ° E. L .)  is d efined as being in the drif t  loss -cone, since at some point

in its d r i f t , it will encounter  a 100 km mir ror  altitud e and be lost into the

atmosphere.  Part icles with equatorial  pi tch-angles g rea te r than this

maximum bounce loss -cone  ang le a re  considered stab ly trapped. By

limiting observations to that par t ic le  population which is cu r ren t l y in the

dr i f t  loss cone , one can identif y particles that have been pi tch-angle

scat tered dur ing  the immediately preceeding drif t  period (or a por t ion of

it) .  To put it picturesqu ely, for  the example in Fi gure  4 , the geomagnet ic

configurat io n at 33Q 0 E. L. has wiped the slate clean for equatorial pitch-

ang les up to 27. 60. Any p e r t u r b a t i o n  at any longitude which l ower s  the

pitch-angle of a par t ic le  to below 27. 6° will cause the part icle to ei ther

be locally p rec ipitated or to res ide  in the dr if t  l o s s -cone  until it encoun te r s

the atmosphere  in its eastward dr i f t .

- 13 -
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Figure 4 Schematic pre se~itation of the drif t  loss-cone and the local bounce
loss-cone as a function of East Longitude for  L = 1. 75. The
bounce loss -cone  is defined as the larger  of eithe r the nor th
or south latitude 100 km bounce loss-cones.  The c ross -ha tched
portion between 180 ° and 260 ° East Long itude indicates a
separ~ te drift  loss-cone determined by the magnet ic  field geometry
at 180 E. L.
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The portion of the OV1- 19 data set that was available for  this investi-

gation was examined for the presence of events similar to those of Figs. 2

and 3 , that is , of particles in the drift loss cone for  the L interval 1. 5 to

2.0. Of the eighty-eight periods of observation in thi s d r i f t  loss -cone

reg ion , thirty precipitation spike s were observed. The data set is shown

graphically in Fig. 5 with time and east longitude as the pa rame te r s .

Three symbols are  used to depict: a) observation of a precipitat ion spike;

b )  no spike present  althoug h the spacecraft  was in a locatio n where  o thers

had been obse rved; c)  no spike present but the spacecraf t was below the

drift  shell defined by the atmosphere at 50 0 east longitude. (The actual

minimum equatorial pitch-angle of thi s drif t  shell is a function of the L

value. ) The reason for the specification of the 50° E. dr i f t  shell will be

made clear later. We can fur ther  divide the data set of Fig. 5 , consider ing

only those points which are defined in a) and b) above. We then find that

of the 35 observation points prior to Day 262 , 27 (or  77%) exhibited pre cipi-

tation spikes. Of the remaining 22 poi nts after Day 262 , three (or  14°’o

had spikes. Since the OV1- 19 orbit covered only a nar row range of local

time (it was nearly sun-synchronous) ,  possible correlat ions of the points

of observation of spike events with local time could not be ascer ta ined.

There was no correlation with magnetic activity.

For the bi gger event s , sufficient intensity was available for accurate

determination of the local pitch-angle distribution. The instrumentat ion

contained count-rate meters which have sufficiently long time-constants at

low count-rates that accurate determination of local loss-cone  ang les was

not possible for  most of the events. A peak coun t - ra te  of at least  200 counts !

sec was required. For these larger events , on e can cons t ru ct an envel ope

- Is—
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Fi gure 5 Scatter plot of precipitation eve nt s (and lack t h e r e o f )  observed
by the OV 1-l9 as a function of East  Longitude and time. Circles
indicate satellite passes in which the altitude was below the
dr i f t - loss-cone defi ned by the mag netic field geometry  at 50 °
E. L. An abrupt chang e in the f requency of o c c u r r e n c e  of events
is evident about Day 26 0.
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of the maxima in a sp ike at a g iven e n e r g y .  Then , us ing  L as a p ar a m e t e r ,

one can normalize all the data point s in the event at that e n e r g y  to the coun t -

rate  at the central  L value , e. g.

N N ~exp [~L - L /kJ }-norrnaltzed observed ‘ center

where L is the ins tantaneous  L value and k is derived f rom the envelope.

In this manner , a fa i r ly accura te , to about 2 degrees , d e t e r m i n a t i o n  of

the local loss -cone  ang le could be made. The procedure  also involved

obtaining the convolution of the instrument  response  funct ion  with an

assumed loss-cone ang le. Figure 6 gives a typical r e s u l t  fo r  an assumed

loss-cone ang le of 60 0 convoluted with  the actual angular r e sponse  functio n

for  the channel f rom which the data points of Fig. 6 were  obtained.

The data points are normalized data points. Note that  the data must  be

almost two o rde r s  of magnitude above background  before  the t ime-cons tan t

effect in the rate-meters becomes negli gible. For the data of Fig. 6 , the

maximum normalization facto r was about 6.

Having obtained a reasonab ly accurate  measurement  of the local

loss-cone ang le, the equatorial pi tch-angle of the observed loss -cone  is

easily determined using the local B value and assuming adiabatic motio n.

This ang le then can be used to determine the location of the ori gin of the
-1

spike (see  Luhmann and Vampola, 1977 for details). If one assumes that

the size of the loss-cone is determined by the size of the local bounce loss-

cone at the point of orig in , one can trace back each event along its d r if t

shell to the east longitude at which the instrumentally determined equato rial

pi tch-angle of the loss cone coincides with the local bounce loss cone

-1 7-
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Figure 6 A compa rison of pitch-ang le data f rom one  event with the instru-
mental res~ onse to a hypothetical distribution which is i so trop ic

4 between 60 and 9Q 0 and zero elsewhere. The data points have
been normalized. The “loop ing ’ which is apparent  in the data
at the low flu.xes is due to the relatively long t ime-cons t an t s  of
the count-rate meter used in this ins t rument .
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equatorial p i tch-ang le. We cannot show that the p i tch-angle d i f fus ion

experienced by the part icle  af ter  its initial pe r turb ation is neg ligible , but

we believe the data indicates that this is so.

F igure  7 p resen t s  the data of Figur e 3 as an “L”  vs “Equa tor ia l  Loss

Cone Ang le” plot. For  thi s disp lay , the p rocedure  outlined above was used

for  each of the energ ies. For the 139 keV , 312 keV , and 380 keV channels ,

a local loss -cone  ang le of 900 was assumed , since the pi t ch-ang le convolu-

tion p rocedure  resul ts  w er e  cons i s ten t  with thi s value , a l thoug h f o r  the

312 keV channel 87 0 or 880 was also cons i s t en t . The other  two channe ls

had local l o s s - cones  of 840 and 85 0. These are si gnif icant l y l a r g e r  local

l o s s - cones  thin were  gene r ally observed in the data because  of the relatively

low a l t i t ude  of the observa tion .  For most  of the events , local l o s s - c on e s

of 50 0 to 75 0 were  obse rved. However , the e r r o r  in determinatio n of — , the

equatorial loss -cone  ang le , is considerab ly less  for  a l a rge  local loss -cone

angle. For ins tance , at 39 0
, a 1

0 e r r o r  in de terminat io n of the local l o s s -

cone ang le resu l t s  in an er r o r  of only 0. 01 0 in the equatorial  l o ss - cone  ang le

while at 59 0 local loss -cone  ang le , a 10 e r r o r  resu l t s  in an equator ia l  loss-

cone angle e r r o r  of almost ~ • 5
O~ A 0 . 5

0 equatorial  ang le varia t ion t r ans la t e s

to a 5
0 east  long itude variatio n for  values around 60 0 east  longitude , as

shown by F igu re  4. For higher altitude data , the e r r o r  would not be as

extreme as this. Figure 7 also includes a curve showing the equatorial

pi tch-angle of particles which mir ro r  at 100 km in the south and pass t hr o u g h

the equatorial  region at 60 0 east long itude. Typical m ir r o r  longi tudes  fo r

these particles on these L—shells are 66 0 to 68 ° in the south and 59° ir~ the

north.
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km in the southern hemisphere.  Part icles  m i r r o r i n g  at 100 -~r~ in  t h e
nor the rn  hemisphere  hav e smaller pi t ch -angles.

— ._~ () —

-

~ 

~~~ --- ~~-- - - - ---“- --



_ _ _ i
~~~~~~~~~~~~ ~~~~~~~~~~

- --—-
~~~~~

— ——-  

-

~~~~~~~~

Fi~z~~re  8 shows the 192 keV data for sixteen eve nts mapped back

f rom t h e i r  points  of observat ion to their  points  of o r ig in  as defined above.

All but one of them map back to the regio n 54° to 62 ° E. with half of those

bein g b etwee n 54 0 and 56 0. A r t  e r r o r  in determinat io n of the local loss

cone an gle of 10 lead s to an e r r o r  of about 0 .8 ° in east longi tude  for  these

da ta.

For this  mapp ing,  we assumed the loss -cone  ang le was produced  by

a minimum alt i tude point  in the southern  hemisphere.  We then d e t e r m i n e d

the east  long itude of the f ie ld- l ine  which had the appropr ia te  b o u n c e - l o s s

cone equatorial  pi t ch-ang le , and mapped back to the equator ia l  c ros s ing

along the field line. The field model used was the POGO ( 8 / 6 9 )  model (Ca in

and Sweeney, 1970) .

The data of Figu re  7 indicate that par t ic les  of var ious  ene rg ie s  a r e

being precip itated at the same longitude but not at the same L shell. The

data of Fi gures  2 and 3 indicate both regular i ty  and rnonoto nicity in the

dis t r ibut ion  of the var ious  energy  peaks as a funct ion of L. To invest igate

th i s  possible cor re la t io n, the events used in Fi gu re  8 to map back in

longitude were  also plotted on an ENERGY vs. L diagram , shown as

Figure  9. For thi s plot , the L value of the peak in tens i ty  for  each e n e r g y

channel was used , with an accuracy of about ± .01 L. The energy  assi g ned

to each channel was the ceritroid of the energy r e sponse  for  a flat  spectrum

( which should be fa i r l y well approximated at the peak of each p rec ipitat io n

spike , as shown by F igure  1) . Calculat ions of the expected r e s o n a n t  ene rgy

at the equato r as a funct ion of L for a 16. 2 kHz wave (non-ducted ) for

two typical cold electron densities are also shown. These calculations

w e r e  done b y the method of r a y - t r a c i ng  u s i n g  a d i f fus ive  equi l ibr ium

_ _ _ _ _
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Figure 8 A mapping of observed precipitatio n events back to their pre-
sumed ori gin using the method outlined in the text. These a r e
all OV 1-l9 data from the 192 keV channel. The la rge  variat ion in
equatorial loss-cone angle m apping back to approxim ately the
same East Long itude is due to a relatively la rge  variat ion in L
from event to event for the peak in precipitation.
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model for  the  magn e tosp her ic  e lec t ron  densi ty  model of Angerami  and

Thomas (1964 ) .  The model pa ramete r s  consis ted of a cons t an t  base

electron density at 1000 km and H+ /O + ion mixture of 9 0 % /b ob at a tempera-

tu re  of l600 °l<. A t  1000 km for  an L of 1 .97 du :ing the spring of 1965 ,

Brace  et al. ( 1 9 6 7 )  r epor ted  var iat ions fr om 1.3  x 10~ cn-i 3 at a local

p time of 1300 hrs to 2.5 x l0~ cm 3 at 0100 h r s  LT. These  numbers  a re

quite similar to the values  u sed in Fi gu re  9.
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DISCUSSION

The data of F igures  1-3 indicate a nar row-band  re sonance  is in-

volved in the precipitation of these electrons in the inner  zone. While

the possibility of such a narrow resonanc e being caused by a natura l

instability cannot be ruled out on fundamental grounds , no such n a r r o w

resonance  has been observed in wave data f rom satell i tes.  (We are

not considering the various cold proton and e lec t ron  gyro resonances  as

possibilities here; nor are we going to consider anomalous amplification

of VLF signals as being a natural source.

If one make s the assumption that the precipitations are  due to

artificially genera ted  VLF waves , the f i r s t  task is to identi fy the s o u r c e

of those waves. The mapping procedure  which resul ted in F igure  3

indicates that the source of all the precipitations examined was west  of

0 0• 80 E. L. and, for all but  one event , was west of 61 E. L. Figure 4

indicates that by the time the electron population has drifted f rom 330 ° E.

to 60 0 E .,  the L 1.75 bounce loss-cone angle decreases from about

28° to 22 ° (equatorial pi tch-angle). The hi ghly asymmetric pi t c h - a n g le

distrib ution created by the South Atlantic Anomaly seems to be a prime

candidate for a Kennel-Petschek (1966)  instability. The empty port ion of

the drift loss cone would serve as an excellent background against which

to see such an instability precipitate a port ion of the asymmetric distri-

bution. However , we can rule that out as a source for  these prec i pitation s

on a number of grounds.

First of all, such a process would not be energy selective, since

the asymmetric dis t r ibut ion occurs at all energ ies. Figure  1 shows our

-‘~~~~ - 
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proces s  IS energy  selective. Second , the p rocess  would not be hi ghly

selective in L. Figures  2 and 3 again show that ours  is. Third , the

dat a of F igure  5 show an ab rupt change in the f r equency  of o c c u r r e n c e

of these events after  Day 260. This is also incompatible wi th  a ~~-P

instability as the source.  Finally, t he re  ‘vas no c o r r e l a t i o n  betweer .

these events and mag netic activity . Since the low e n e r g y  p ar ~ic1e ~c~~u -

lat ion at :hese L values is enhanced dur ing  at - id followi ng n~a o r  magne t ic

sto r ms (B o s t r o m  et al., 1970; Vampola , 1 9 7 2) , t h e a~ vrn r n e t ry  east  or

the anomal y is g re a t e r  fol lowing such  st orn ~s t han b e f o r e .  ~_ a r ~~e s t cr m s

o c c u r r e d  around Day 13~ and Day 270 , but  these  had no ef fec t  on t h e

f r equency  of obse rvance  of event s or on the amount of p r e c i pi ta tion occ- : r-

r in g  in a sing le event.

The source  of these  p rec ipitation events ro ta tes  ~v i t h  the earth , as

shown by the fact  that 15 of the l~ events mapped in Fi g u r e  3 or i2 i n a t e d

bet wee n 54 0 and 62 0 E. Figure 7 , for  ins tance , shows that  all energ ies ,

a l th ough  at d i f fe ren t  L values and with d i f fe ren t  equ?to r ia l  loss  cone

ang les , last  in te rac ted  s t rong ly with the atmosphere  at about oO ° E. S in ce

the equatorial  l o s s -cone  ang le is decreas ing  with ea s twa rd  d r i f t  at that

location , we can assume that all energies  were  preci pi ta ted the re  - Of

course , particles could also have been preci pitated at long itudes f a r t h e r

west , but those particle s would hav e a l a rge r  los s -con e  ang le. The f a c t

that events observed half-way around the world to the eas t  f r o m  w h e r e  they

last in te rac ted  with the atmosphere show similar  lo s s -cone  ang le s  i :.di-

cates that the p i tch-ang le d i f fus ion  due to non-a tmosph e r i c  causes is v er y

we ak. Otherwise, t he r e  woul d be a tendency fo r  even t s  observed  :h rther

east to have smaller loss-cones. The slightly sma l l e r  l o s s - c o n e s  ob~~- r~~’~i 
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at lower energy in Figure 7 may be due eithe r to slow pitch-angle

diffusion which is more effective at low energy or may be indicative

that the precipitation mechanism continues to operate fa r ther to the

east for lower energy particles. A precipitation cause which rotate s

with the ear th is strong ly suggestive of a ground -based VLF t ransmit ter .

The radiation pa t te rn  f rom the transmitter diminishes in intensity with

distance and he nce mi ght be effe ctive only on the lowest ene rgy electrons

at grea ter  distances.

0In the neighborhood of 60 E., there were at least two VLF sta-

dons: a relatively low power transmitter at Algazy , USSR, at 770 11’ E . ,

43° 50’ N. that operated at 16. 1 kHz (Akseno v et al., 1970), and a high

power (3 15 kw) transmitter at Gorky, USSR , at 44° E . ,  46. 2° N. ,  t hat

has operated as TJMS on 17. 1 kHz and as RPS at 16.2 kHz (Watt, 1967;

Anion and Dowden , 1976).

The plot of the energy dependence of the locatio n of the peaks as

a function of L shown in Figure 9 indicates that a single frequency with a

sing le electron density for the unducted calculations gives reasonable

agreement. The slope is similar to that repor ted  by Imhof et al. ( l9 ?4 a )

for L-dependent peaks in 1971.1972. Frequencies of 8 to 15 kHz were

indicated as being compatible with those observations . For those data ,

Irnhof et al. concluded that the peaked spe ctra precipitations occur red

preferent ially in the early dawn hours. In our data , we consider the

variations as being due to a local - time va riatio n in the e lec t ron  dens i ty

with a constant  per tu rb ing  f requency ra ther  than a variable perturbing

frequency. Detailed wave-tracing studies on this data set are in progress. 
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The sudden chang e in the f requency  of o c c u r r e n c e  of these  p rec i pi tat ion

spikes which occu r red  a f t e r  Day 260 is cur ren t ly unexplained.  If a t rans-

mi t te r  at Gorky is assumed , precipitation sp ike s should be observable

whenever the satellite is in the d r i f t  loss-cone  above an altitude de termined

by the bounc e loss -cone  at the point f a r thes t  to the east  that the p rec i pita-

tion mechanism is effect ive.  Since most of the events mapped back to

55 0
~~60 0 a conservat ive limit of 50 0 was set for  the determinat ion of the

presence  or absence of an eve nt. Previou s studies of t r i g g e r e d  emi s sions

indicate that  a CW si gnal of about 125 msec is r equ i r ed  to t r i g g e r  the

instability that  leads to wave growth (and presumably par t ic le  pi tch-angle

scat ter ing) .  If a single dash in a transmiss ion  f rom Gorky can produce

precipitation to as far  as 60
0 

E. L. ,  a reg ion of tens of degrees  in long i tude

presumabl y is filled with d r i f t  loss -cone  electrons.  Since the dr i f t  rate

of these electrons is of the order  of 20 per minute , it would take on the

order  of ten minutes for  the effects  of a sing le dash to dr i f t  through the

plane of the satellite’ s orbit. Hence, relativ ely infrequent communica-

i ions  t ransmiss ions  would be sufficient  to produce effectivel y steady-

state precipitation effects .  Howeve r , it is known that the t r ansmiss ions

from Gorky were  not alway s CW. Frequency Shift Keying, which was also

used , probably would not produc e precipitation. The du r ation of t r ansmis s ion

of a given frequ ency in FSK is probably too short  to p roduce  t r i g g e r e d

emissions. An additional piece of evidence of the efficacy of p r oduc ing

particle preci pitation by FSK is g iven indirectly by Bullough et al. 1 10 7 6 1

in which GBR si gnals  at 16 kHz received aboard .Ariel III were  cha rac t e r -

istically an order  of magnitude s t r o n g e r  in CW than in FSK . Hence , the

change in f r equency  of obse rva t i on  of prec ipi ta t ion  even t s  wh ich  o c c u r r e d
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during 1969 may reflect a change in the operating mode of the transmitter.

A comp le te s tudy of this effect would require a detailed operating log from

the transmitter. Such a log would permit quantitative analysis of the

effe :ts , including the drif t  periods and the local pitch-angle. It would

also permit identification of the area over which the t ransmissions were

able to produce precipitation. -

In addition to the events included in thi s stud y, other precip itation

spikes with different characteristics were also observed. Several were

“multiple peak” events , with two or more peaks, at different L, for each

energy. Possible explanations are: a) multiple t ransmit t ing frequencies,

perhaps as much as 10 minutes apart in time; b) transmitters at different

sites (and therefore at different local times, providing different base

electron densities); c) a non-uniform ionosphere. Also, a sing le “du cted’

event was observed in which all channels up to and including the 531 keV

channel were observing precipitation at the same L shell. The observed

loss-cone coincided with the local loss-cone. Hence, either the duct was

local (at 2880 E. L. or could have been located anywhere east of about

40° E. L. All these events are being analyzed.

The practical and ge ophysical implications of artifically induced

pre cip itation of radiation belt electrons are far-reaching . Bullough et al.

(1976) suggested that harmonics of the extensive 50-60 Hz power grids

in North American and Europe are effective in precipitating electrons

and may be respo nsible , in part, for the existence of the slot at 2 < L < 3.

lmhof et al. (1974b ) observed what they called “ reso nance pr ecipitation ’

of electrons in the slot reg ion which was consistent with plas rnasp he ric

_ _ _ _ _ _ _ _ _ _ _  _ _ _
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hiss observed in the slot. The hiss may be the result  of amplification of

hig h. order harmonics of powe r grids.  LI other man-made sources of

ELF/VLF are effective in the precipitation of electrons, and there are a

number of very powerful transmitters around the world used for naviga-

tion and communications, the possibility exists that the gross morphol ogy

of the radiation belts may be the re sul t of man ’s transmissions. Perhaps

weak pitch-angle diffusion observed in the outer belt (e. g., Williams et al . ,

1968) is entirely due to such emissions. A significant and unambi guous

co nfirma tion that thi s mechanism is operative could be mad e, of course ,

by turning off all sources of man-made E L F / V L F / L F, including power

grids. A realistic method would be to produce time-averaged intensity

plo ts of particles in the bounce loss-cone as a function of longitude and

latitude. If only a small number of d iscre te  sources  of precipi tat ion exist ,

they would be readily observable. The effect  of the p~.wer  gr ids  ove r

North America should be discernable if sufficient resolution in both energy

and latitude is available.
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SIJ ’VLMARY

Hi ghly monoenerget i c spike s of energet ic  e lect rons  were observed

in the dr i f t  loss-cone at L-value s of 1.6 to 1.85 dur ing the 1968-1970

period by magnetic spectrometers on the OVl-l4 and OV1-19 satellites.

Using the locally observed loss-cone angles , these spike s were determined

to have last interacted with the atmosphere in the region of 55 0 
to East

Lo ngitude, indicating that the cause of the precipitation was corotating

with the earth. The energy dependence of the position in L of the precipi-

tation was shown to agree with the predicted int e raction reg ion for  unducted

waves with a frequency similar to the Russian communications VLF trans-

mitter which was located near the observed source of the prec i pi tat ions .

Although the geomagnetic topography over eastern Europe makes this an

ideal location for observing effects of VLF transmissions on the trapped

particle population, since in this reg ion the South Atlanti c A nomaly has

produced a large empty loss-cone , it sho uld be possible to s ee simil ar

effects from other powerful VLF transmitters by carefully studying the

local bounce loss-cone on a worldwide basis. The identification of direct

pr ecipitation of electrons by ground-based VLF stations add s furthe r

support to the idea advanced by Bullo ugh et al. (1976) that significant fea-

tures in the electron belts may be due to man-made t r ansmiss ions .

~
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THE I V A N  A . GETTING LABORATORIES

The Labora to ry  Operat ions of The Aerospace  Corpo ra t i on  is  conducting

exper imen ta l  and theore t i ca l  i n v e s t i g a t i o n s  necessary for the evaluation and

app l ica t ion  of s c i e n t i f i c  a dvances to new mi lit a ry  concepts  and s y s t e m s .  Ver-

s a t i l i ty  and f l e x i b i l i t y  have been developed  to a hi gh deg ree  by the laboratory

p e r s o n n e l  in deal ing w i t h  the many problems encoun te red  in the nation ’ s ra p i d l y

deve lop ing  space and m i ss i l e  syst ems . Exper t i se  in the la tes t  sc ien t i f i c devel-

opments i s  v i t a l  to the accomp l i shmen t  of t a sk s  related to t h e s e  problems . The

l a b o r a t o r i e s  that c o n t r i b u t e  to t h i s  r esearch  are:

Aero p~~ys ic s  Lab oratory :  Launch and r een t ry  aerod ynamics , heat t r an s .
icr , r een t ry  ph y s i c s , chemica l  k i n e t i c s , s t r uc tu r a l  mechan ics , flight dynamwa ,

• atmosp heric pollution , and hig h-power  gas l a s e r s .

C h e m i s t r y  and Ph~~~ics  Laboratory :  Atmosp h e r i c  reac ti ons and atmos-
ph e r i c  opt ics , chemical r eac t ions  in polluted atmosp h e r e s , chemi c al reac t ions
of e x c i t e d  spec ie s  in rocket  plumes , chemical thermod y n a m i c s , p lasma and

• l a s e r - i n d u c e d  reac t ions , laser c h e m i s t r y ,  propuls ion  c h e m i s t r y ,  space vacuum
and radiat ion e f f e c t s  on mater ia l s , lubr ica t ion  and sur face  phenomena , photo-
sens i t i ve  mate r i a l s  and sensors , high p re c i s ion  lase r  ranging ,  and the appli-
cation of phy si c s  and chemis t ry  to problems of law enforcement  and b iomedic ine .

E lec t ro n ics  Resea rch  Laboratory : E lec t romagnet ic  theory ,  dev ices , and
propagation phenomena , including p lasma elec t romagne t ic s ;  quantum elec t ron ics .
la se r s , and e le c t r o - o p t i c s ;  communication s c i e n c e s , applied e l ec t ron ics , semi -
conduct ing,  superconduct ing ,  and c rys ta l  device  ph y s i c s , opt ical  and acoust ica l
imag ing ;  atmosp her ic  pollution; mil limeter  wave and f a r - i n f r a r e d  technology.

Mater ia ls  Sc iences  La bor ~~ g~~y: Development of new mater ia ls ;  metal
matr ix composites and new forms of carbon;  tes t  and eva lua t ion  of gra phite
and c e r a m i c s  in r e e n t r y ;  spacec ra f t  mater ia l s  and e l e c t r o n i c  components in
nuc lear  weapons env i ronment ; app l ica t ion  of f r ac tu re  mechanics  to s t r e s s  cor -
ros ion and f a t i g u e - i n d u c e d  f rac tures  in s t ruc tura l  me ta l s .

Space Sciences La borato r y : Atmo spher ic  ~nd ionosp heric phys ics , radi a-
tio n from the atmosp here , density and composit ion of the atmosp here, aurora e
and a i rg iow;  ru agnetosp her ic  phys ics , cosmic rays , gene ra t ion  and propagation
of p lasma waves  in the magnetosp here ;  solar ph y si c s , s tud ies  of solar magnet ic
f i e l d s ;  space astronomy, x - r a y  as t ronomy;  the e f f e c t s  of nuclear  explos ions ,
m a g n e t i c  s torms , and solar  a c t i v i t y  on the earth’ s atmosp here , ionosp h er v , and
magnetosp here ;  the e f f e c t s  of optica l , e l ec t romagne t i c , and parti culate radia-
t ions in space on space sys tems .
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