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ABSTRACT 

A real-time solar-proton monitoring system with ground-based sensors 

i s  located i n  Alaska and other pa r t s  of t he  United S ta tes ,  Greenland, and 

Canada. A computer i n  Anchorage, Alaska, in terrogates  t h e  sensors, pro- 

cesses t he  data,  and transmits t he  information v i a  t e le type  t o  t h e  

Solar Forecast Center i n  Boulder, Colorado. This report  describes t h e  

physics of t h e  system, i . e . ,  t h e  charac te r i s t i cs  of t he  events (PCA'S ,  

auroras, SID's, REP'S, and so la r  noise bu r s t s ) ,  how the  sensors (riometers, 

VLJ? phase and amplitude, forward s ca t t e r ,  neutron monitors, and magneto- 

meters) respond t o  these events, how these  charac te r i s t i cs  a re  programmed 

t o  de tec t  t h e  d i f f e r en t  events, and how t h e  sensor readings are  used t o  

obtain information about so la r  protons. A second report  w i l l  give 

d e t a i l s  on a s e t  of rocket experiments t o  be f i r e d  i n to  PCA events. 

Key Words: Aurora, computers, event description,  forward s c a t t e r ,  

neutron monitor, PCA event, radia t ion,  real-time detect ion,  

REP, riometer, SID, so la r  noise burs t ,  VLF. 



SOLAR PROTON MONITORING SYSTEM 

G. W. Adams and L. R ,  Megill 

Recent developments i n  man's use of t h e  upper atmosphere and space 

have made it desi rable  t o  be able t o  monitor various types of space 

disturbances. A t  t h e  present time, nearly a l l  of t h e  disturbances of 

current  i n t e r e s t  involve so l a r  a c t i v i t y .  The most d isrupt ive  na tura l  

event known i s  t he  so l a r  proton event, which i n  i t s  manifestation as  

observed by radio  absorption techniques i s  known as a polar cap absorp- 

t i o n  (PCA) event. 

The i d e a l  way t o  observe these  phenomena i s  by sa te l l i t e -based  

techniques, and eventually a system f o r  such observations w i l l  probably 

be b u i l t .  I n  t he  meantime, cost  and t h e  need f o r  nearly real-time 

communications from t h e  detect ion systems have prompted t h e  assembly 

of a ground-based system t h a t  w i l l  de tec t ,  iden t i fy ,  and monitor various 

types of geophysical events i n  terms of t he  e f f ec t s  of changes i n  t h e  

ionosphere on radio  waves. 

The philosophy which has been followed i s  one i n  which changes i n  

t he  s t a t e  of t h e  ionosphere are  observed by ground-based techniques, 



most of which involve the  e f f ec t s  on radio  waves. In most cases, new 

sensors have not  been i n s t a l l e d  f o r  the  purpose of building t h i s  

system. Instead, ex i s t ing  research f a c i l i t i e s  have been monitored on 

a noninterference ba s i s .  The main e f f o r t s  have therefore  gone i n t o  

obtaining communication l inks  and i n to  the  development of software f o r  

event detect ion i n  an on-line cordputer t h a t  receives t he  input da ta .  

For t he  in te rpre ta t ion  of the  response of t he  ionosphere t o  ioniz ing 

radia t ion,  a good dea l  of information i s  needed on t he  e f f ec t i ve  l o s s  

r a t e  of electrons i n  the  atmosphere. Although our understanding i s  f a r  

b e t t e r  than it has been, much remains t o  be learned i f  information 

coll-ected by t he  ground-based system is  t o  be accurately in terpre ted.  

For t h i s  reason, a number of rocket shots have been planned, which a r e  

designed t o  be "cal ibra t ion"  shots during PCA s.  

This repor t  i s  divided i n to  two pa r t s .  The f i r s t  volume of t he  

report  describes the  ground-based system, the  def in i t ions  used f o r  

various geophysical events, c r i t e r i a  f o r  so r t ing  out these  events, 

and, b r i e f l y ,  the  use of the  da ta .  The authors a r e  wel l  aware t h a t  

many of the  following def in i t ions  could be open t o  controversy; we 

present  them merely a s  descr ip t ions  of what we (and therefore  t he  system) 

mean by repor t ing these  events, not  a s  unique physical  de f i n i t i ons .  

A de ta i l ed  descr ip t ion of the  software system used in  manipulating 

t he  data e x i s t s  as a working memo. This is  meant t o  be a "repair  manual'' 

f o r  the  software. The system has two bas ic  pa r t s ;  one uses the  system 

a s  a data-handling system, the  second uses the  data  i n  r e a l  time f o r  

monitoring and a l e r t  systems. 



A second repor t  ( t o  be published l a t e r )  i s  a descr ip t ion of t h e  

rocket package which w i l l  be used i n  the  "ca l ib ra t ion"  port ion of t h i s  

work. 

This i s  a developing project ,  and t h i s  report  i s  therefore  primari ly 

a progress repor t .  Much remains t o  be done, including refinement of the  

software system i n  order t o  make it more ve r s a t i l e ,  and c r i t e r i a  f o r  

ident i fy ing various types of events.  This l a t t e r  port ion i n  pa r t i cu l a r  

w i l l  require considerable study i n  t h e  future .  This repor t  w i l l  t he re -  

fore  probably be rapidly  outdated bu t  w i l l  hopefully serve a s  an adequate 

base f o r  fu tu re  work. The descr ip t ion i s  l a rge ly  r e s t r i c t e d  t o  what 

now e x i s t s  or  i s  so  near i n  the  fu tu re  t h a t  we f e e l  reasonably sure  t h a t  

it w i l l  e x i s t  before t h i s  descr ip t ion needs rewrit ing.  

2 .  THh' GROUND-BASED r n W O R K  

Table 1 l i s t s  the  sensors current ly  i n  the  so l a r  proton-monitoring 

system (SPMS), along with per t inen t  information. 

3. EVEIVT DESCRIPTIONS 

Sudden Ionospheric Disturbance (SD) - This i s  t he  general name 

f o r  a l l  ionospheric disturbances caused by x-rays from so l a r  f l a r e s .  

Since x-rays t r a v e l  i n  s t r a i g h t  l i ne s ,  only s u n l i t  port ions of  t h e  

ionosphere a r e  a f fec ted .  Ionization e f f ec t s  from x-rays normally get  

l a rge r  a s  t h e  sun ge t s  higher i n  t he  sky; t h i s  i s  t r u e  f o r  most SID 

e f f ec t s  . 
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A sensor a t  which t h e  sun i s  lo above t h e  horizon may not see any S I D  

0 effect ,  while a s imi la r  sensor with t he  sun 20 above t he  horizon may 

be strongly affected.  

Auroral Absorption - Auroral absorption can be defined as radio- 

wave absorption caused by t he  re lease  of non re l a t i v i s t i c  trapped par t -  

i c l e s  from t h e  e a r t h ' s  magnetic f i e l d  i n t o  t he  ea r th ' s  atmosphere. 

Auroral absorption occurs i n  a wide r ing  roughly centered around a 

point ( t he  magnetic pole) close t o  Resolute Bay, Canada. The center of 

the  zone passes through t he  middle of Alaska, so  most of t he  auroral -  

sensi t ive  sensors i n  Alaska (mainly riometers, nighttime forward s c a t t e r  

c i r cu i t s ,  and magnetometers) w i l l  be affected some f rac t ion  of t h e  time. 

The energies of t he  dumped pa r t i c l e s  are  such t h a t  t he  ionizat ion 

i s  a t  considerably higher a l t i t udes  than t he  PCA ionizat ion.  The day- 

to-night var ia t ion  i n  t he  chemistry of t h e  lower ionosphere causes many 

changes i n  t h e  appearance of the  d i f f e r en t  phenomena. However, s ince  

these changes occur mainly below 80 km, day-night var ia t ions  a r e  ev i -  

dence of low-alt i tude ionization.  As a resu l t ,  the re  a r e  often only 

minor differences between daytime and nighttime auroral  absorption. 

Re l a t i v i s t i c  Electron Precipi ta t ion Events (REP'S) - An %P i s  

bas ica l ly  an auroral  absorption caused by high-energy electrons,  appar- 

ent ly  occurring only during daytime. These events have been studied 

only b r i e f l y ,  and l i t t l e  d e t a i l  i s  known. Tentatively they may be 

described a s  having l e s s  s t ruc ture  and a l a rge r  day-night r a t i o  than 

normal auroral  absorption, and they are  therefore  more d i f f i c u l t  t o  



dis t inqu ish  from PCA's. They a l s o  a f f ec t  daytime forward s c a t t e r  

c i r c u i t s ,  which a l so  makes REP's d i f f i c u l t  t o  d i s t ingu ish  from PCA's, 

REP's a re  s t i l l  confined t o  t he  aurora l  zone, however, although l e s s  

local ized than most auroras. 

- PCA' s a r e  caused by s o l a r  

cosmic rays (pr imar i ly  protons and a p a r t i c l e s )  impinging on t he  e a r t h ' s  

atmosphere. The p a r t i c l e s  enter  around t h e  poles because they a r e  

guided the re  by t he  e a r t h ' s  magnetic f i e l d .  The p a r t i c l e s  begin t o  

a r r i ve  from 20 min t o  severa l  hours a f t e r  a  v i s i b l e  f l a r e  ( for  those  

events which can be associated with a  v i s i b l e  f l a r e ) .  Except a t  very 

low energies (5 10 M ~ V )  , s t ruc tu re  with a  time constant of l e s s  than 

severa l  minutes i s  r a r e l y  present .  Since many of t he  pa r t i c l e s  have 

energies su f f i c i en t  t o  penetrate t o  a l t i t udes  below 75 km, dayl ight  and 

darkness have markedly d i f f e r en t  e f f ec t s  on t h e  ionizat ion.  

4. SENSOR RESPONSES 

4.1  Riometers 

Riometers i n  t h e  5-100 MHz region measure t h e  s i gna l  s t rength  of 

cosmic radio  noise passing through t he  e a r t h ' s  ionosphere. The s i g n a l  

s t rength  at any time, ST, i s  re fe r red  t o  t he  average, o r  quie t  time, 

s igna l  s t rength ,  S  The absorption of t h e  s igna l  i s  measured i n  decibels  
Q ' 

(dB) ,  where A ( ~ B )  = -10 loglO ( S  /S ) .  A decrease i n  s igna l  s t rength  i s  
T Q 

therefore  given as a  pos i t ive  number, and a  decrease by a  f a c to r  of 2 

from the  average i s  an absorption of +3 dB. Unless the re  i s  ac tua l l y  

radio  in terference present  ( e i t h e r  man-made or  na tu r a l ) ,  the re  can only 



be s igna l  decreases (pos i t ive  absorption).  

Because t he  riometer measures a property of t h e  lower ionosphere, 

and because par t  of t he  lower ionosphere changes d r a s t i c a l l y  from day- 

to-night,  a riometer i n  daylight can have a response qui te  d i f f e r en t  

from t h a t  of a riometer a t  night .  The responses are  as follows: 

Sudden Cosmic Noise Absorption (SCNA) - An SCNA, t he  SID as seen 

by a riometer, can be as high as several  dB, and i s  characterized by 

a rapid onset, a slow decay, and a duration of several  minutes t o  an 

hour. Since the  SCNA i s  caused by so l a r  x-rays, t he  s i ze  of t he  absorp- 

t i on  w i l l  depend on how high the  sun i s  i n  t he  sky, a s  wel l  as  on the  

x-ray f lux .  However, i f  t he  sun i s  high enough t o  be i n  t h e  antenna 

pa t te rn  of the  riometer, then t he  SCNA w i l l  of ten be masked by t h e  radio  

noise generated by t he  f l a r e .  Neither t he  SCNA nor the  radio noise  w i l l  

be seen by a riometer a t  night .  

Auroral Absorption - Auroral Absorption is  caused by t h e  re lease  of 

magnetically trapped radia t ion i n t o  t h e  atmosphere. I f  the  riometer i s  

i n  the  auroral  zone, then auroral  absorption w i l l  be common. The 

magnitude of t he  absorption i s  e s sen t i a l l y  unlimited, of ten going t o  

15 dB, which i s  near t h e  accuracy l i m i t  of t h e  riometer. The d i s t i n -  

guishing charac te r i s t i cs  of auroral  absorption are  (1) the  lack of a 

s izeable  decrease a t  night  (s ince  t h e  ionizat ion i s  normally too high 

t o  be affected by t he  low-altitude chemistry changes t h a t  give t h e  

strong day-night e f f ec t s  seen i n  polar cap absorption); (2 )  the  l a rge  

amount of s t ruc ture  normally present i n  t he  s i gna l  strength ( aurora l  

absorption has l a rge  var ia t ions  which a re  as  rapid as t he  time constants 



of t he  equipment and t h e  ionosphere w i l l  allow, while PCA's r a r e ly  

have s ign i f ican t  var ia t ions  on a  scale  of less tha,n 15 min; (3) t he  

loca l iza t ion  of t he  e f f ec t  t o  the  auroral  zones; and (4)  t he  lack of 

deta i led agreement between two riometers separated by several  hundred 

kilometers or  more. 

Re l a t i v i s t i c  Electron Prec ip i ta t ion  (REP) - An REP i s  caused by t h e  

re lease  of trapped e lect rons  with energies g rea te r  than -400 KeV i n t o  t he  

atmosphere. Since t h e  RFP i s  jus t  a  high-energy auroral  absorption, most 

charac te r i s t i cs  on t h e  riometer remain unchanged. The major di f ference 

i s  t h a t  the  REP has l e s s  f i n e  s t ruc ture  than auroral  absorption and i n  

t h a t  respect  i s  d i f f i c u l t  t o  dis t inguish from a  PCA. 

Polar Cap Absorption (PCA) - A PCA i s  caused by t he  d i r ec t  en t ry  

of so la r  cosmic ray  pa r t i c l e s  (primarily protons and a pa r t i c l e s )  i n t o  

t h e  atmosphere. I t s  main charac te r i s t i cs  a re  (1 )  complete coverage of 

both polar caps, (2 )  a  l ack  of f i n e  s t ruc ture ,  and (3) a marked change 

from day-to-night.  h he r a t i o  of day-to-night absorption f o r  a  given 

par t  of an event w i l l  vary from 3 t o  10, with t h e  l a rge  values coming 

a t  t he  s t a r t  of an event. For convenience t h i s  r a t i o  i s  often given as 5.)  

The e f fec t  of a  PCA on a  riometer i s  t h e  most studied and bes t  under- 

stood of the  phenomena discussed here,  p a r t l y  because it i s  t he  ea s i e s t  

t o  understand. As a  r e s u l t ,  many d e t a i l s  a re  known about t he  way a  

riometer responds t o  d i f f e r en t  energies and i n t e n s i t i e s  of p a r t i c l e s .  

I n  b r i e f ,  a  riometer responds i n  daytime t o  protons with energies from 

5 t o  80 MeV. The absorption var ies  as t he  square root of t he  i n t e n s i t y  

of t he  pa r t i c l e s  and i s  a l so  a  weaker function of t h e i r  energy spectrum. 



A t  n ight ,  it responds t o  energies from 5 t o  25 MeV, with no simple 

dependence on t h e  i n t ens i t y ,  P lo t s  of so l a r  i l lumination as a function 

of time of day and day of year a re  given i n  t h e  next sect ion f o r  a l l  

t h e  riometer s t a t i ons  now i n  use. 

4.2 Neutron Monitors 

Neutron monitors measure, ind i rec t ly ,  protons with energies g rea te r  

than about 200-1000 MeV. The measured quant i ty  i s  t h e  counting r a t e  

which, because of a number of poorly known quant i t i es ,  i s  r a r e ly  converted 

t o  an absolute f lux .  During quie t  times, t h e  counting r a t e  "background" 

comes from cosmic radia t ion.  The background var ies  d iu rna l ly  (plus  t e rn s  

with longer periods),  but these  var ia t ions  are  small. It a l so  var ies  

exponentially with atmospheric pressure, but  t h i s  i s  normally accounted 

f o r  when t h e  counting r a t e  i s  given. Counting r a t e s  f o r  disturbed times 

a re  then given as  t he  difference i n  count r a t e s  as a percentage of t h e  

background ( e  .g. ,  as "a 6 percent increase i n  counting ra te" ) .  

Because a charged pa r t i c l e  i n t e r ac t s  with t h e  ea r th ' s  magnetic f i e l d  

a given point  on t he  earth can receive protons only from pa r t i cu l a r  d i rec -  

t ions  i n  space. As a r e su l t ,  a neutron monitor, a t  any time, i s  looking 

i n  a pa r t i cu l a r  d i rec t ion  or  s e t  of d i rec t ions .  These d i rec t ions  a r e  t h e  

so-called acceptance cones f o r  t h e  neutron monitors, and they have been 

calculated f o r  a l l  t he  exis t ing monitors. With t h i s  as background, t h e  

responses a re  as follows: 

SID's, Auroral Absorption, and REP'S have no e f fec t  on a neutron 

monitor. 



PCA - I f  t h e  PCA has a suf f ic ien t  f l ux  of high energy protons and -. 

i f  the  neutron monitor i s  looking i n  t he  proper d i rec t ion  i n  space, then 

there  w i l l  be a counting r a t e  increase of as  much as several  hundred 

percent. The absence of a counting r a t e  increase indicates  t h a t  

high-energy protons a r e  lacking and/or t ha t  t h e  look direct ion i s  wrong, 

not the  absence of a PCA. The presence of a counting r a t e  increase i s  

probably the  bes t  s ing le  indicator  t ha t  a PCA i s  ocurring. 

Forbush Decrease - The sudden commencement as  seen by a neutron 

monitor. The magnetic storm, aurora, e t c . ,  which normally accompany a 

PCA and follow the  s t a r t  of it by 24-48 hours a re  caused by t he  a r r i v a l  

of a "cloud" of low energy pa r t i c l e s  and magnetic f i e l d s .  This cloud i s  

su f f ic ien t  t o  shield t h e  ea r th  from par t  of t he  ga l ac t i c  cosmic radia t ion,  

resu l t ing  i n  a decrease i n  t h e  counting r a t e .  This decrease i s  approx- 

imately coincident with t h e  magnetic storm sudden commencement. 

4.3 Vr;F Measurements 

The phase and amplitude of very low frequency (10-50 kHz) radio  

waves are  measured primarily as  a source of a good frequency standard, 

since V I Z  i s  very s tab le  compared with HF. Nevertheless, there  a r e  

measureable e f f ec t s  on t he  s igna l  which give information about the  

lower ionosphere. The physics of t he  phase var ia t ions  i s  poorly under- 

stood, and a quant i ta t ive  understanding of t h e  amplitude measurements 

i s  nonexistent . 
Phase changes a re  normally measured e i t he r  i n  degrees or  as t h e  

corresponding s h i f t  i n  time of t he  signal .  The re la t ionship  between 



t h e  two i s  

For a frequency of 16 kHz (f  = 16,000) , lo of phase corresponds t o  

5.76 1-1s. The amplitude i s  measured i n  dB r e l a t i ve  t o  t he  quiet-time 

s igna l ,  as  i n  the  case of t h e  riometer. 

Sudden Phase Anomaly (SPA) - An SPA i s  t h e  SID as seen by t h e  VIJ? 

phase measurement ( the re  i s  no corresponding term f o r  t he  amplikde 

e f f e c t ) .  The phase advance can be as high as 200' and i s  characterized 

by a time p r o f i l e  s imilar  t o  a SCNA on a riometer. The amplitude on a 

long path general ly  shows an enhancement, although the  proper modal 

in terference can r e s u l t  i n  %n amplitude decrease instead.  

Aurora - Auroras have only small e f fec t s  on long-path VLl?. 

REP - - An REP has no e f f ec t  on daytime VLl? phase and amplitude, but  

a nighttime phase advance with no accompanying amplitude var ia t ion  i s  

observed. 

P a  - A PCA event i s  accompanied by both a phase advance and an 

amplitude decrease. The phase w i l i  follow the  proton f l ux  i n  some fashion 

( a s  yet  undetermined) u n t i l  t he  amplitude decreases t o  t he  point where t h e  

s igna l  i s  no longer usable fo r  phase measurements. A t  t h a t  point t h e  

s igna l  i s  l o s t ,  and no fu r ther  information i s  obtained f romthe  V W .  

However, a long distance polar-cap path can r e t a in  a s igna l  throughout 

a small PCA event - 5 February 1965, f o r  example. 

Because t he  VI;F path i s  long, and because it me.asures an in tegrated 

e f f ec t  along the  path, V W  tends t o  be unresponsive t o  phenomena which 



a r e  confined geographically. This i s  t he  advantage of the  technique f o r  

PCA iden t i f i ca t ion .  A phase advance of more than 30' should be considered 

s ign i f i can t ;  a  l a rge  PCA can d r ive  t h e  phase through several  hundred 

degrees. 

The VL;F response t o  PCA events i s  a f fec ted  by day-night va r ia t ions ,  

but  t o  a l e s s e r  extent  than riometers. Percentage i l lumination p lo t s  

f o r  the  two important paths current ly  i n  use a r e  at tached.  

4.4 Forward Sca t te r  

I n  forward s c a t t e r ,  a  VHF s igna l  i s  t ransmitted i n t o  the  lower 

ionosphere, where some f r ac t i on  of t h e  s i gna l  i s  scat tered from nonuni- 

formit ies  i n  t he  e lec t ron  densi ty .  The sca t t e red  component of t h e  

s igna l  i s  received and t h e  s igna l  s t rength  is  measured. Since t h e  

s ca t t e r i ng  region i s  around 75 km i n  the  daytime, the  scat tered s i gna l  

i s  e s s en t i a l l y  a low-alt i tude monitor. Reflected s igna l s  from high 

a l t i t udes ,  primari ly re f l ec ted  from sporadic E and meteor t r a i l s ,  a re  

a l so  present occasionally. 

SID - Daytime forward s c a t t e r  w i l l  not respond t o  SID's except i n  
-, 

ra re  cases where t h e  x-rays a re  abnormally energetic,  when the  s i g n a l  

w i l l  show absorption. 

Aurora - Forward s c a t t e r  does not respond t o  daytime auroras, but 

often shows a s i gna l  enhancement a t  n ight .  

REP - Forward s c a t t e r  w i l l  respond t o  a daytime REP i f  the  p a r t i c l e s  - 
a r e  being dumped near t he  midpoint of t h e  path. Daytime forward s c a t t e r  

shows absorption, s ince  the re  i s  enough ionizat ion created below t h e  



sca t t e r i ng  layer  t o  absorb t he  s igna l  s ign i f ican t ly ,  i n  s p i t e  of t h e  

ex t r a  ionizat ion being created simultaneously a t  t he  sca t te r ing  l e v e l .  

PCA - - Forward s c a t t e r  responds t o  PCA events i n  much t he  same way 

t h a t  it does t o  REP'S; t he  only major difference i s  t h a t  t he  nighttime 

enhancement i s  usually small compared with the  REP enhancement. For 

daytime conditions, connection can be made between the  forward s c a t t e r  

and t h e  riometer measurements. With difference i n  path langth, path 

geometry, frequency, e t c . ,  taken i n t o  account, it has been found t h a t  t he  

absorption measured on t he  Goose Bay-Sondre Stromfjord 32.2 MHz forward 
T 

s c a t t e r  c i r c u i t  i s  e ight  times t h e  absoprtion t h a t  would be measured by a 

30 MHz riometer. Similar fac to rs  can be determined f o r  other paths and 

frequencies. L i t t l e  i s  known about the  nighttime enhancements. 
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5. SOLAR I D M I N A T I O N  PLOTS 

The p lo t s  i n  t h i s  sect ion give the  per t inent  so l a r  i l lumination 

information f o r  some of t h e  sensor locations or paths which a re  affected 

by day-night var ia t ions .  For a l l  of these  p lo t s  t he  abscissas a r e  t h e  

day of t h e  year and t h e  ordinates a re  i n  universal  time. 

Figure 1 and 2 give the  contours of t he  percent of t he  VW paths 

which a re  illuminated a t  60 km, i n  s teps  of 25 percent. Seventy-five 

percent means t ha t  75 percent of t he  path i s  i n  daylight;  t h e  r e s t  of 

t h e  path i s  i n  darkness. These p lo t s  a re  predicated on t he  assumption 

t h a t  l a t e r  analysis  w i l l  show a dependance of t h e  VW response on t h e  

f r ac t i on  of t he  path illuminated. 

Figures 3 t o  11 give t he  i l lumination conditions f o r  t he  riometer 

s t a t i ons .  Because of t he  e f f ec t  of sunlight  on riometers, t h e  graph 

t e l l s  only i f  there  i s  daylight, darkness, o r  twi l igh t  above t h e  

t h e  riometer. Here daylight  i s  defined t o  be when t h e  sun i s  above t h e  

horizon, thus illuminating t h e  e n t i r e  ionosphere. Nighttime i s  defined 

by t h e  absence of sunlight  below 100 km, and twi l igh t  i s  when t he  

shadow of the  earth i s  somewhere between 0 and 100 km a l t i t ude .  



6. COMPUTER PROGRAMMING 

A t  present,  t h e  programing f o r  t h e  Anchorage computer i s  changing 

continuously. It w i l l  probably be another year or two before t h e  

system becomes even remotely s t a t i c .  A s  a r e su l t ,  t h i s  sect ion must 

describe both t he  way t h e  computer i s  programmed now and t h e  way we 
* 
i 

th ink  it w i l l  be programmed eventually. The problem with t h i s  approach 

i s  t h a t  very l i t t l e  i s  known about t h e  behavior of most sensors during 

t he  i n i t i a l  phases of d i f f e r en t  types of events, so t h a t  much of t h e  

programming w i l l  undoubtedly change before it i s  f inished.  

The general  plan f o r  event detect ion i s  t o  have a simple s e t  of 

c r i t e r i a  f o r  t he  sensors which would de tec t  a possible event very 

rapidly,  put t ing t h e  system i n t o  "Alert" s t a tu s .  Once t he  system goes 

in to  Aler t ,  15 min of data w i l l  be collected and analyzed with a 

more complex s e t  of c r i t e r i a .  If the  complex c r i t e r i a  are  s a t i s f i e d ,  

then an  vent" w i l l  be declared, t h e  type of event and t he  p robabi l i ty  

t h a t  it i s  r e a l  w i l l  be given, and t he  per t inent  information pr inted 

out i n  Boulder. With t h i s  s o r t  of scheme, t he  neutron monitors have 

t o  be considered separately,  s ince ,  f o r  those events with enough high- 

energy protons t o  show up on neutron monitors, they may show a counting 

r a t e  increase wel l  before the  other sensors indicate  anything. Since 

t he  system w i l l  put out  tatus us" messages hourly when there  i s  no 

a c t i v i t y ,  the re  are  :f ive types of messages w i l l  come out of the  system 

f o r  event detect ion:  Status,  Alert ,  Event, Neutron Monitor Aler t ,  



and Neutron Monitor Event. 

That, i n  b r i e f ,  i s  t he  way t h e  system i s  planned t o  operate eventu- 

a l l y .  A t  present ,  the  operation i s  somewhat d i f f e r en t  from t h i s .  The 

neutron monitors are  not yet  connected i n to  t h e  system. Arrangements 

have been made t o  connect t h e  neutron monitors a t  Swarthmore, Pennsylvania; 

Durham, New Hampshire; and Deep River, Ontario, Canada, v i a  the  USAF 

SOFNET te le type  system t o  Boulder, i n t o  an SCC-650 computer, and up t o  

Anchorage on the  exis t ing te le type  l i n e .  A t  present only Deep River 

i s  on t h e  SOFNET c i r cu i t s ,  and it cannot be used because the  U.S. A i r  

Force connections t o  t h e  computer i n  Boulder have not been supplied. 

Also, only t he  simple s e t  of c r i t e r i a  ( the  s e t  planned t o  t r i g g e r  t h e  

Aler t  messages) has been programmed, so  t ha t  both Alert  and Event 

detection a r e  operating from the  same s e t  of c r i t e r i a .  I f  t h e  system 

s tays  i n  Alert  f o r  15 min, an Event i s  declared. 

The c r i t e r i a  current ly  being used by t he  system consist  of a s e t  of 

f l ags  - four f o r  each sensor (one f o r  each type of event) - whose values 

a re  determined by t he  computer according t o  which sensor it i s ,  what t he  

current  da ta  value i s  (compared with quiet-day-curve (QDc) value),  and 

what t h e  sunlight  conditions a re  (daylight ,  tw i l i gh t ,  or darkness, f o r  

those sensors which are  sunlight  sens i t ive ) .  

The f l ags  are  s e t  by t he  computer every minute, summed, and t h e  sum 

i s  normalized t o  a - l t o  +1 sca le .  Any value of t h i s  indicator  g r ea t e r  

than zero w i l l  t r i gge r  t h e  Aler t  indicator .  Since t h e  l a rge s t  and small- 

e s t  values t h a t  a par t i cu la r  f l a g  can h8ve a re  equal and opposite, 

normalization i s  accomplished by dividing t he  sum of t he  f l ags  by t h e  



l a r g e s t  possible sum f o r  t h a t  time. 

The d e t a i l s  of t he  f l a g  values a re  given i n  t he  working memo. 

Only t he  bas ic  logic  w i l l  be discussed here.  

The riometer f l ags  a r e  t r iva lued ,  one value each f o r  t he  r iometer 's  

received s igna l  strength more than an amount 6 above t he  Q,DC, t h e  s i gna l  

s t rength  within 6 of the  QDC, and t h e  s igna l  strength more than 6 below 

the  QDC. VLF amplitude and forward s c a t t e r  f l ag s  are  a l so  t r iva lued ,  

while t h e  VLF phase i s  bivalued - e i t he r  close t o  t he  Q,DC or  not .  

I n  addit ion t o  the  four  types of events, t he  system a l so  uses t h e  

riometers t o  detect  so la r  noise burs t s  by looking f o r  simultaneous 

increases i n  t he  s ignal  s t rength .  

The more complex c r i t e r i a  planned f o r  t h e  Event detection,  as opposed 

t o  Aler t ,  require not only t h a t  t he  riometer reading, f o r  example, be 

below t h e  QDC, but a l so  t h a t  t he  trend of t h e  da t a  over t h e  past  

15 min be toward increasing absorption. Several simultaneity checks 

a re  a l so  made: separate f l ags  a r e  assigned t o  the  simultaneity, 

or  l ack  thereof,  between absorption on t h e  Thule riometers and t h e  

northern Alaskan riometers; t h e  l a t i t u d e  p ro f i l e  of absorption ( r i o -  

meter absorption vs magnetic l a t i t u d e )  i s  examined f o r  cha rac t e r i s t i c s  

of t h e  d i f fe ren t  kinds of events; t he  neutron monitors are  examined f o r  

counting r a t e  increases i n  t h e  preceding 12 hours; e tc .  Undoubtedly 

these  c r i t e r i a  w i l l  change and more w i l l  be added as more i s  learned 

about event charac te r i s t i cs .  



7,  QUANTITATITE USES OF TKF, DATA 

Idea l ly ,  one would l i k e  t o  use t he  data  i n  r e a l  time during PCA 

events t o  determine t h e  i n t ens i t y  and energy spectrum of t he  so l a r  

protons, and t o  construct  an accurate extrapolation of t he  event so 

t h a t  the  fu ture  time h i s to ry  of t he  in tens i ty ,  energy spectrum, and 

hence t h e  radia t ion dosage f o r  t he  event could be determined. A t  

present,  none of t h i s  appears t o  be possible:; it i s  possible,  however, 

 d dams and Juday, 1969) t o  s t a r t  with daytime riometer absorption as 

a function of time, calcula te  t he  i n t ens i t y  of protons with energies 

greater  than 11 MeV versus time, calcula te  hard-spectrum and s o f t -  

spectrum l im i t s  t o  t h e  proton energy spectrum versus time, and,finally,  

determine upper and lower l i m i t s  t o  t he  radia t ion dosage f o r  t he  events. 

For a constant spectrum, t he  riometer absorption var ies  approx- 

imately as  t h e  square root  of t h e  proton in tens i ty .  A use fu l  parameter 

(van Allen e t  a l .  , 1964) i s  

H(E ,  po) = J(>E)/A2, ( 1 )  

where J(>E) i s  t he  i n t eg ra l  i n t ens i t y  of protons above energy E,  A i s  

t he  30 MHz riometer absorption, and po i s  t he  e-folding magnetic r i g i d i t y  

of an exponential r i g i d i t y  spectrum given by 

In  ( 2 ) ,  Jo i s  t he  t o t a l  i n t ens i t y  of protons, and p i s  t h e  r i g i d i t y  of a 

proton with energy E.  For t h e  energies of concern t o  riometer work, 



r e l a t i v i s t i c  e f f ec t s  are  negl igible ,  so  t h a t  energy and r i g i d i t y  are  

re la ted  simply by 

1 

p(MV) = [1876 E ( M ~ v ) ] ~  . (3) 

H as  defined i n  ( I )  i s  a function of po. What we w i l l  show now i s  t h a t  

the re  i s  an energy ( t he  " l ea s t  sens i t ive  energy") f o r  which H i s  essen- 

t i a l l y  independent of p . H(E,  po) can be calculated f o r  various E 1 s  
0 

and p o l s  d i r e c t l y  from (1) and (2 )  and from the  r e s u l t s  of Adams and 

Masley 1966 . H(E, po) versus p i s  shown f o r  several  values of E i n  
0 

f igure  12. Examination of these  curves shows t h a t  ~(11 MeV, po) var ies  

by l e s s  than 10 percent over t he  range 30s p 5 300 MV, with an average 
0 

value of 47 protons/cm2-sec-ster-d~2, or  (assuming 2 Ti-isotropy i n  t h e  

2 2 
atmosphere) 295 protons/cm -see-dB . Thus we have 

2 
independent of t he  value of p where J i s  i n  protons/cm -sec and A i s  

0 ' 
t h e  30 MHz riometer absorption i n  dB. It must be pointed out t h a t  t h i s  

r e l a t i on  i s  va l id  only f o r  daytime polar-cap riometer readings. The 

assumption of exponential r i g i d i t y  spectra  i s  apparently not c r i t i c a l .  

A t e s t  of ( 4 )  has been made f o r  several  spectra  which a re  severe 

departures from exponential r i g i d i t y  spectra.  (The d e t a i l s  of these  

spectra  a r e  given by Adams and Masley (1965, t ab l e  l).) A comparison 

of t he  measured values of ~ ( > l l  MeV) and t h e  values determined from (4 )  

i s  shown i n  t a b l e  3, which shows t h a t  the  maximum e r ro r  i s  approximately 

6 percent.  

The physical  ( i . e . ,  nonbiological) measure of radia t ion dose i s  t h e  



rad,  defined as t h e  deposit ion of 100 ergs per  gram of mater ia l  at  t h e  

dose point .  This can be expressed as 

1 Me~/g = 1.6 x lom8 rad 

or ,  i n  terms of stopping power, 

dE -8 ~ f r a d s )  = N - /1.6 x 10  , 
dx ( 6  

where D i s  %he dose i n  rads,  N i s  t he  number of monoenergetic p a r t i c l e s  

per  square centimeter, 1.6 x los8 i s  t h e  conversion f ac to r  i n  ~ e ~ / ( r a d - g ) ,  

2 and t h e  stopping power, dE/dx, i s  i n  Me~ / (~ / cm ). For pa r t i c l e s  i n  an 

2 energy spectrum given by d ~ /dEd  and a nonisotropic solid-angle d i s t r i -  

bution of shie lding and p a r t i c l e  f lux ,  (6)  becomes 

where t h e  calcula t ion i s  performed a t  t he  dose point .  I n  analogy t o  t he  

parameter H(E, p ) r e l a t i ng  proton i n t e n s i t i e s  and riometer absorption, 
0 

t he  function K(E, po) i s  defined as 

Here again, we want a value of E(=E t h e  " leas t  sens i t ive  energy") f o r  
LS ' 

which K does not vary with po. This value w i l l  depend on t he  shielding 

thickness f o r  any r e a l i s t i c  problem. Jus t  as f o r  the  riometer, it i s  

possible t o  f i nd  an ELS f o r  Which K i s  e s sen t i a l l y  independent of po. 

The l e a s t  s ens i t i ve  energies (E ) and t he  corresponding values of 
LS 

K ~ ~ ( E ~ ~ )  have been calculated as a function of thickness f o r  a spher ical  

shie ld .  The r e s u l t s  a re  shown i n  f igure  13. Also shown i n  t h i s  f igure  



i s  t he  cutoff energy f o r  t h e  sh ie ld .  Notice t h a t  the  E curve follows 
LS 

t h e  cutoff energy cu-rve, s ince  t h e  Bragg peak i n  t he  stopping power 

curve always puts t h e  most damaging energy near t he  cutoff  energy. 

For a more complex shielding geometry, one merely sums over t h e  

shielding thicknesses i n  a l l  d i rec t ions .  Alternatively,  one can def ine  

an equivalent E and KLS f o r  a pa r t i cu l a r  shielding geometry. This has 
LS 

been done, f o r  example, f o r  t h e  Apollo Command Module, f o r  both skin  and 

blood-forming organ (BFO) doses.  h he BFO dose i s  f o r  an addi t ional  

shielding of 5 cm of body t i s s u e . )  Figure 14 shows K Po ) and 

K = ~ ~ ( E ,  p ).  As can be seen i n  t h i s  f igure ,  ( E L S ) s ~ i n  = 50 MeV and 
0 

7 
( E ~ s ) ~ ~ o  

= 130 MeV, while KLSS 1.75 x 10 f o r  both cases. 

We now have a way t o  get  from riometer measurements t o  J(> 11 M ~ v ) ,  

a way t o  determine the  l e a s t  sens i t ive  energy f o r  a pa r t i cu l a r  shie lding 

geometry, and a way t o  get  from J(>E ) t o  t he  radia t ion dosage without 
LS 

having t o  know the  shape of t h e  energy spectrum. I f  we could determine 

J(>ELS) from J(>11 MeV) without knowing t he  spectrum, t h e  riometer could 

be used t o  determine radia t ion dosage d i r ec t l y .  This, of course, i s  not 

possible.  We can, however, specify  reasonable upper and lower l i m i t s  f o r  

The r e l a t i on  between J ( > l l  MeV) and J(>ELS) can be obtained d i r e c t l y  

from ( 2 )  as 

J(>ELS) = ~ ( > l l  MeV) exp - 

where po var ies  with time during a PCA event. I n  the  absence of any 

other information, t he  var ia t ion  of po with time can be given as follows. 

A mass p lo t  of p versus time a f t e r  t he  s t a r t  of an event i s  made f o r  
0 



many PCA events. Upper and lower envelopes and a curve through t h e  

middle of t h e  d i s t r i bu t i on  are  drawn. A t  any given time, these  th ree  

curves give a hard spectrum ( la rge  po) l i m i t ,  a so f t  spectrum l i m i t ,  and 

a "typical" value. Such a p lo t  i s  shown i n  f igure  15, along with th ree  

curves given by 

where i=l f o r  t he  hard l i m i t ,  i=2 fo r  t he  "typical" case, i=3  f o r  t h e  

s o f t  l i m i t ,  and t i s  given i n  hours. The values of Ci and Bi are:  

The re la t ions  can now be assembled t o  calcula te  radia t ion doses 

from an absorption-versus-time plot  from a 30 MHz s u n l i t  polar-cap 

riometer. The r e s u l t s  f o r  t he  Apollo Command Module, f o r  example, a re  

skin  Dose ( rads)  = 2.06 x 
-145 

)'" [Ci exp ( - t /23)  + Bi] dt (11) 

BFO Dose ( rads )  = 2.06 x -332 
exp (- t i231 + Bi] d t  . (12) 

These equations a re  conveniently handled on computers or desk ca lcu la to rs ,  

or  they can be evaluated graphically.  

We have shown t h a t  (1) 30 MHz polar-cap riometer measurements can be 

used t o  determine t h e  i n t eg ra l  proton i n t ens i t y  above 11 MeV ( H  (E,  po) 

i s  reasonably independent of E ,  so t h a t  comparisons of i n t e n s i t y  measure- 



ments with riometer measurements w i l l  show l i t t l e  spec t ra l  s e n s i t i v i t y  

f o r  any value of E i n  t he  range 8 t o  15  M ~ v ) ;  ( 2 )  a  spher ical  shie ld  

of any thickness has a  l eas t - sens i t ive  energy such t h a t  t he  dose a t  t he  

center can be determined from the  proton i n t ens i t y  without knowing t he  

spectrum; (3) the  dose ins ide  any shielding geometry can be determined 

e i t h e r  by summing t h e  spher ical  shield r e su l t s  over a l l  d i rect ions  o r  

by calcula t ing the  l eas t - sens i t ive  energy and t he  corresponding K f o r  
LS 

t h a t  pa r t i cu la r  case; and ( 4 )  t h e  var ia t ion of p  with time (and hence 
0 

t he  r a t i o  of ~ ( > l l  M ~ V )  t o  J f o r  any other energy) can be described i n  

terms of upper and lower l im i t s  t o  the previous pa t te rn  of so l a r  cosmic 

ray events. The main v i r t ue  of these r e su l t s  i s  t h a t  they allow the  ca l -  

cula t ion of several  quan t i t i es  of i n t e r e s t  with a  minimum of input data .  



Table 3. Comparison of J( > 11 MeV) From S a t e l l i t e  Data and J (9  11 MeV) 
Derived From (4) f o r  Several  spec t ra  Which Are Severe 
Departures From Exponential Rigidi ty  Spectra. 

18 July 1300 Jo 220 220 220 80 76 

P, 235 23 5 23 5 

20 ~ u l y  0100 J, 1300 27 195 62 60 

Po 52 180 98 

148 20 J U ~ Y  0300 J, 1300 2 5 38 36 

Po 47 1-73 100 

21 J U ~ Y  0200 J, 820 10 98 20 20 

Po 47 195 95 

21 J U ~ Y  1000 J, 620 10 22 17 16 

p o 42 130 100 

21 J U ~ Y  1400 J, 610 7 15 17 16 

Po 40 121 100 
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Po, MV 

2 
Figure  12.  H(E,  po) ,  def ined  a s  J(>E)/A , f o r  a  daytime, po lar -cap ,  

30 MHz r iometer .  Note t h e  constancy of t h e  11 MeV curve.  

11 MeV i s  t h e r e f o r e  ELS, t h e  l ea , s t  s e n s i t i v e  energy. 

-40- 



Spherical Shield Thickness, gm/cm2 

Figure 13. Top curve - K~~ (defined as J(>E)/D evaluated at ELS, the 
least sensitive energy) as a function of shield thickness 

for a spherical aluminum shield. Bottom curves - the 
cutoff energy, E and the least sensitive energy, 

c ' E ~ ~ '  
for a spherical aluminum shield. 



Po, MV 

Figure 14. K(E, po) for skin and BFO doses for the particular 

shielding geometry of the Apollo Command Module. The 

least sensitive energies are therefore 50 and 130 MeV. 
-42 - 
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