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Frontispiece 

Composite Photograph taken with Prairie Network Meteor Cameras. 

The very br ight  object at r igh t  center is a short ,  br ight  meteor 
photographed at t h e  Carroll, Iowa, s t a t ion .  S t a r  t ra i l s  display 
points of increased brightness each 10 minutes. These f i d u c i a l  
points are used i n  the data  reduction procedure. 

The long meteor, centered on the f i l m ,  w a s  photographed through 
an overcast sky at t h e  Reliance, 6011th Dakota s t a t i o n  and has 
been superimposed on t h i s  picture t o  i l l u s t r a t e  t h e  e f f ec t s  
produced by the coding shut ter .  

The dashed l i n e  at t h e  lower r ight  is  a passing-car on the horizon. 



TKE PRAIRIE METEORITE " W O d  

by 

Richard E. McCrosky' and Harold Boeschenstein, Jr. 3 

Observations of the  meteor phenomena i n  recent years by photographic 

and radar  techniques have yielded a n  abundance of da t a  relevant t o  a 

number of astronomical, geophysical, and technological problems. More 

important aspects of these include such diverse  top ics  as t h e  e a r l i e s t  

measures of  upper atmospheric dens i t ies  and winds; development of fo r -  

w a r d  s c a t t e r  communication techniques; a descr ip t ion  of t h e  meteoric hazard 

f o r  spacecraft;  beginnings of an understanding of ab la t ion  and l i g h t -  

production phenomena of bodies enter ing t h e  atmosphere a t  extreme ve loc i t i e s ;  

some measure of t he  s t ruc ture  o f  cometary meteoroids and thus of t h e  comets 

from which they were derived; and--most important from t h e  astronomer's 

viewpoint--a l a rge  volume of da t a  on meteor o r b i t s  t h a t  contains, i n t r i n -  

s i c a l l y  at  l e a s t ,  information r e l a t ing  t o  t h e  o r ig in  and h i s to ry  of t he  small 

bodies of t he  s o l a r  system--comets, as teroids ,  and meteors. 

A successful op t i ca l  observation of a meteor cons is t s  of two photographs 

of t h e  same meteor taken by cameras separated by 20 km o r  more. Also, t h e  

meteor t ra i l  must be interrupted per iodical ly  t o  introduce a time sca le  i n  

the  measures. 

photography i n  1936), successful observations were made only a few times a 

year. 

i n t ens i ty ,  the  bulimic meteor astronomer sought every possible  increase i n  

s e n s i t i v i t y  of the  op t i ca l  system or  f i l m .  

stopped routine p a t r o l  work, meteor photographs w e r e  being obtained with the  

Baker Super-Schmidt meteor cameras and t h e  f a s t e s t  emulsions P t  a r a t e  of 

one p a i r  of photographs every 16 minutes. 

I n  the  ea r ly  years ( the  Harvard Meteor Project  began two-station 

Since the  number of meteors increases very rap id ly  with decreasing 

By 1958, when the  Harvard group 

~~~ ~~ 

'The network w a s  es tabl ished under National Aeronautics and Space Administra- 

\ 
2As t ronome r, Smiths onian Astrophysical Observatory. 

t i o n  grant  number NsG 291-62. 

'Senior Research Assistant,  Harvard College Observatory. 



Meteors have t h e i r  or igin i n  two d i f fe ren t  sources--comets and 

as te ro ids .  These two parent groups have no known generic re la t ionship 

but when e i the r  a fragment of a comet o r  a t i n y  as te ro ida l  pa r t i c l e  

happens t o  col l ide with the  earth,  a meteor i s  produced. It takes far 

more than a casual inspection of t he  photographic data  t o  determine whether 

o r  not a given meteor w a s  produced by a cometary or an a s t e ro ida l  p a r t i c l e  

(see, e.g., Cook, Jacchia, and McCrosky). 

charac te r i s t ics  of these bodies are d i s t i n c t l y  d i f f e ren t .  

mater ia l  i s  so l id  and frequently of r e l a t i v e l y  high t e n s i l e  strength.  

Cometary mater ia l  is extremely f r ag i l e ,  of l o w  density, presumably porous, 

and generally incapable of surviving i n t a c t  even a small p a r t  of t h e  way 

through t h e  atmosphere. 

t r a t e d  the  ea r th ' s  atmosphere, are never of cometary or igin.  Furthermore, 

w e  know qual i ta t ive ly  t h a t  t he  f r ac t ion  of meteors of a s t e ro ida l  o r ig in  i s  

smaller f o r  f a in t  meteors than f o r  br ight  ones. 

more data  i n  recent decades we have heavily biased our sample against  aster- 

o ida l  par t ic les .  

are  demonstrably a s t e ro ida l  i n  or igin.  

t h a t  may be as te ro ida l  are rare phenomena, one can hope t o  get  appreciable 

data  only by waiting a long time or by observing a very la rge  area of t h e  

ea r th ' s  atmosphere where t h e  meteor phenomena occur. 

observing system--two s t a t ions  with a few moderately wide-field instruments-- 

a "long time" turns  out t o  be a lifetime. 

of our program t o  observe over a very la rge  area, we w i l l  d igress  b r i e f l y  t o  

describe t h e  aim of t h e  program on which, of course, instrumentation m u s t  be 

based. 

Y e t  w e  know now t h a t  t he  physical 

The a s t e ro ida l  

Meteorites, t he  remains of a l a rge r  body t h a t  pene- 

Thus, i n  our pursu i t  f o r  

Fewer than one percent of the  6000 meteors i n  our co l lec t ion  

Since t h e  i n t r i n s i c a l l y  br ight  objects  

With t h e  usual  meteor- 

Before continuing with a discussion 

The observations define t h e  (near ly)  s t r a igh t - l i ne  t r a j e c t o r y  of t h e  

meteor as the  in te rsec t ion  of two planes, each plane being establ ished by 

one s t a t i o n  and t h e  projected view of t h e  t r a j e c t o r y  as seen against  t h e  

star background from t h a t  s t a t ion .  Time in t e rva l s  along the  t r a j e c t o r y  are 
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' marked by the  shu t t e r  interrupt ions i n  t h e  meteor t ra i l .  Veloci t ies  

along the  t r a j e c t o r y  a re  measured t o  an accuracy of b e t t e r  than one percent. 

If t h e  d i r ec t ion  of approach of the  meteor with respect t o  t h e  f ixed stars 

(and thus with the  sun) i s  knmn, the observed ve loc i ty  of t h e  meteor and 

the  pos i t ion  of t h e  ear th  a re  suf f ic ien t  t o  der ive a he l iocent r ic  o r b i t  of 

considerable precis ion.  

For long-enduring objects (times g rea t e r  than  one sec)  decelerat ions a re  

generally accurate enough t o  determine a mass/area r a t i o  by t h e  drag equation. 

It is  then possible  t o  extrapolate  the t r a j e c t o r y  t o  impact f o r  those bodies 

of su f f i c i en t  s i z e  t o  y ie ld  meteorites. 

The t r a j e c t o r y  i t s e l f ,  i t s  extrapolat ion backward t o  an o rb i t ,  and i ts  

extrapolat ion forward t o  an impact point serve w e l l  t o  i s o l a t e  t h e  th ree  

kinds of problems w e  dea l  with. 

Impact Point and Fresh Meteorites 

Two groups of invest igators  have spec i f i c  requirements for newly f a l l e n  

meteorites.  F i r s t ,  phys ic i s t s  have made intensive s tudies  of t h e  cosmic-ray 

induced rad ioac t iv i ty  i n  meteorites both as a means f o r  inves t iga t ing  t h e  

short-  and intermittent-term cosmic-ray h i s to ry  i n  the  near-solar  neighbor- 

hood and as a means of studying the  meteorites themselves. 

of t h i s ,  t he  quant i ty  of A37--a spa l la t ion  product of i ron-- is  a measure of 

recent cosmic-ray a c i i v i t j i .  ~ ~ i x e  tk2 ~ - 3 7  ~s Frndl iced  i n  miniscule amounts 

and has a h a l f - l i f e  of only 34 days, sensible  measurements can be made only  

i f  t h e  object i s  i n  hand a month or  two a f t e r  t h e  fa l l .  

A s  an example 

The second group, t h e  biochemists, now have the  problem of determining 

t h e  o r ig in  of complex organic molecules found i n  some types of meteorites.  

If these  compounds a re  not ea r th ly  contaminants, an exc i t ing  new f i e ld  of 

inves t iga t ion  i s  a t  hand. Although it i s  d i f f i c u l t  t o  eliminate e n t i r e l y  

t h e  p o s s i b i l i t y  of contamination, one can a t  l e a s t  hope t o  minimize it by 

co l lec t ing  the  meteorite as soon after f a l l  as possible.  
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A s  ye t  we have no firm da ta  on how of ten  impact w i l l  occur, how well  

w e  can predict  t he  point  of impact, o r  how long it w i l l  be before recovery. 

W e  do know tha t  our system w i l l  be severa l  orders of magnitude b e t t e r  than 

t h e  bes t  visual  observations t h a t  a r e  sometimes used and w i l l  be a far 

more systematic approach than has been possible  before. 

o r  two impacts a year of bodies l a r g e r  than one kg; we believe t h a t  impacts 

can be predicted t o  about 100-meter accuracy i n  the very best  cases; and we 

w i l l  attempt t o  recover these within two t o  s i x  weeks of f a l l .  And, as a 

very important bonus, we w i l l  know a great  dea l  about t h e  h i s to ry  of any 

recovered object, r e l a t ive  both t o  i t s  o r b i t  i n  the  s o l a r  system and t o  

the  changes suffered i n  passing through the  atmosphere. 

We estimate one 

Trajectory Data 

Unt i l  f a i r l y  recent ly  the  aerodynamicist and the  meteor phys ic i s t  had 
l i t t l e  i n  common apar t  from the  complaint from each t h a t  t he  other  w a s  

using erroneous theor ies  i n  deal ing with the  meteor problem. 

both r igh t .  ) 
known mass, shape, density,  and composition a t  r e l a t i v e l y  low ve loc i t ies - -  

w a s  not, we f e l t ,  r e a l i s t i c  i n  applying h i s  r e su l t s  t o  small, i r regular ,  

crumbling bodies of unknown mass, density,  and composition moving a t  extreme 

ve loc i t i e s .  

wel l  i n t o  t h e  meteor region. If w e  can eliminate a t  l e a s t  one of t he  

var iables  i n  our meteor observations, w e  w i l l  benef i t  immensely from h i s  

resu l t s .  Hopefully, too, we can assist the  aerodynamicist by supplying 

observations of s izable  bodies enter ing the  atmosphere at ve loc i t i e s  a t t a i n -  

able  now only by nature. 

(They were 

The aerodynamicist--accustomed t o  dealing with bodies of 

But now the  aerodynamicist has pushed h i s  area of i n t e r e s t  

The unknown we hope t o  eliminate i s  the  bulk dens i ty  of t h e  body. I n  

the  rare  case of a recovered meteorite,  it w i l l  be known with accuracy. I n  

t he  other  hundred cases of la rge  bodies t h a t  a r e  observed but not recovered 

because of t h e  small terminal mass, we  w i l l  be able  t o  make a reasonable 

guess of t h e  density i f  w e  can prove they are a s t e ro ida l  and not cometary. 

We bel ieve t h a t  t h i s  w i l l  be possible  i n  many cases. 
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' Orbital  Data 

I n  relegat ing a l l  meteors t o  the two c lasses  ' tasteroidal ' l  and "cometary, If 

we have ignored an important question. Is it possible  t h a t  some meteorites 

are derived not from the a s t e ro ida l  b e l t  d i r e c t l y  but  r a the r  as secondary 

e j e c t a  resu l t ing  from a co l l i s ion  of an a s t e ro ida l  p a r t i c l e  and t h e  moon? 

Lunar fragments may f a l l  d i r e c t l y  on the  ea r th  or may escape the  ear th-  

moon system e n t i r e l y  f o r  a time and la ter  co l l i de  with the  ear th .  

o r b i t s  of these l a t t e r  bodies may not be e a s i l y  dis t inguished from aster- 

oids t h a t  cross the  ea r th ' s  o rb i t ,  but one hopes t h a t  a g rea t e r  abundance 

of da ta  than i s  present ly  avai lable  w i l l  be he lp fu l  i n  assessing both the  

quant i ty  of material of lunar  or ig in  and the  h i s t o r y  of both these  bodies 

and the  primary a s t e ro ida l  fragments. It w i l l  be more da t a  t o  add t o  t h e  

present astronomical and meteori t ical  information on t h e  formation and 

d i spe r sa l  of the  asteroids ,  which i s  i t s e l f  another s t e p  toward an under- 

standing of t h e  formation of the  so la r  system. 

The 

P r a i r i e  Meteorite Network 

To acquire the  d a t a  needed f o r  the so lu t ion  or' these problems, we have 
establ ished a network of camera s ta t ions  la rge  enough t o  observe br ight  

meteors i n  abundance, thus implementing f o r  the f i r s t  t i m e  a program t h a t  

D r .  Fred L.  Whipple suggested more than 20 years ago. The Midwest was 
chosen f o r  the network because of i ts  f l a t ,  accessible ,  and r e l a t i v e l y  

rock-free terrain--an immense a i d  in any recovery e f f o r t  t h a t  OvercOmeS 

the disadvantages of the  r e l a t ive ly  poor observing conditions i n  t h a t  

par t  of the country. 

Taking as a goal " the most data on t h e  most b r igh t  meteors" and some 

f inanc ia l  limit as t h e  so l e  boundary conditions, one would be hard pressed 

t o  optimize the  network. 

t y  w a s  t h e  foca l  length of t h e  instrument t o  be used. 

instrumental  l imi ta t ions  on the  impact point  predict ions exceed t h e  e r ro r s  

expected because of unknown stratospheric  winds. Short foca l  length  cameras 

are not adequate. 

conditions w a s  imposed when the  A i r  Force made ava i lab le  t o  us a number of 

The only parameter t h a t  could be fixed with cer ta in-  

If F 2 100 m, the  

Fortunately, a whole new s e r i e s  of a t t r a c t i v e  boundary 
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wide-field T-11 aerial mapping cameras with an f/6.3, F = 150 m, 

Metrogon lens. 

spec i f i c  cameras i s  a f i n i t e  problem. W e  put our pro jec t  goal i n  t h e  

following semiquantitative terms which, although subject  t o  controversy, 

did permit an objective descr ipt ion of a pa r t i cu la r  s t a t i o n  array.  

An accurate determination of t r a j ec to ry  from two s t a t ions  and an 

i n i t i a l  veloci ty  f o r  t he  determination of t he  o rb i t  are required. These 

photographs are most e a s i l y  obtained a t  high a l t i t u d e s  before t h e  meteor 

has become disastrously br ight  and when it can be viewed a t  reasonable 

zenith angles from s t a t ions  separated by la rge  distances.  

which t h i s  condition w a s  satisfied w a s  defined as the  sum of the  areas,  

covered by a t  l e a s t  two cameras, a t  a l t i t udes  of 40, 50, 60, 70, and 80 km. 

Determining,the optimum dispersa l  of a given number of 

1) 

The degree with 

2) Decelerations are required i n  order t o  make estimates of body s i ze .  

For la rge  meteorites, decelerations w i l l  be determined most accurately a t  

low a l t i t udes .  Given the  above double-station observations, s ing le-s ta t ion  

observations are  su f f i c i en t  f o r  t h i s  purpose. 

a t  least one camera at a l t i t u d e s  of 10, 20, 30, and 40 km w a s  therefore  

considered i n  the optimization. 

The t o t a l  a rea  observed by 

3) A large number of meteorites explode i n  mid-atmosphere, follow 

qui te  separate t r a j e c t o r i e s  t o  the  ground, and are  sometimes dispersed over 

several  m i l e s .  To determine the  d i f f e r e n t i a l  t r a j e c t o r i e s  of t h e  fragments 

w e  would require double-station photographs a t  r e l a t i v e l y  low a l t i t udes ,  

but  t h i s  i s  possible only with closely spaced s t a t ions .  Emphasis on t h i s  

condition would ser iously a f f e c t  t he  other  requirements f o r  widely spaced 

s ta t ions .  Therefore t h i s  condition w a s  discarded i n  the  formal  optimization, 

although i n  several  instances parameters were adjusted a r b i t r a r i l y  t o  increase 

the  coverage of low-altitude events. 

Computations were first made f o r  a 13-stat ion network of th ree  nest ing 

hexagons, assuming t h a t  t h e  sky w a s  covered a t  each s t a t i o n  from t h e  zenith 

down t o  some l imit ing elevat ion angle, hlb. The sum of the  double-station 

areas a t  a l t i t udes  from 40 t o  80 km plus the  sum of t h e  s ing le-s ta t ion  areas 

a t  a l t i t u d e s  from 10  t o  40 km w a s  taken as a f igure  of merit f o r  these nets.  

The f igure  of merit i s  a maximum f o r  s t a t i o n  separations of 325 km, i f  photo- 

graphy can be carried out t o  h = loo ,  but only 225 km f o r  hlim = 15". l im 

, 
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I n i t i a l l y ,  a s t a t i o n  separation of 225 km w a s  proposed, i . e . ,  e f f ec t ive  

photography t o  e levat ion angles o f  15'. 
place s t a t ions  i n  the  center of the  three hexagons, thus converting the  net-  

work t o  a system of adjacent equi la te ra l  t r i ang le s ,  i n  order t o  provide 

b e t t e r  double-station coverage a t  low elevat ions.  A t  the  same time, t h i s  

advantage was p a r t i a l l y  nu l l i f i ed  by increasing the  s t a t i o n  separat ion t o  

250 km because the  shor te r  average baseline i n  the  e q u i l a t e r a l  t r i a n g l e  

a r ray  resul ted i n  too  much redundant th ree-s ta t ion  coverage at  high elevat ions.  

Later, however, it w a s  decided t o  

These first gross geomt r i ca l  considerations had been carr ied out on 
the assumption t h a t  the e n t i r e  sky t o  sorne e levat ion would be covered by 

a t  l e a s t  one camera. I n  f a c t ,  complete coverage of the sky w i t h  a numDer 

of cameras of usual (i .e . ,  square) format r e s u l t s  i n  a very large amount 

of double coverage from each s t a t ion  and is  highly uneconomical i n  terms of 

instrument u t i l i z a t i o n .  

arrangement of the  l imited nuniber of cameras a t  the  p a r t i c u l a r  s t a t ions .  

The optimum arrangement here involves four  parameters: (1) the  number of 

cameras per  s t a t ion ;  (2)  t he  zenith dis tance of t he  camera center; (3) the  

or ien ta t ion  of t he  azimuth of the  canera centers a t  one s t a t i o n  with respect 

t o  those a t  adjoining s t a t ions ;  and (4) t he  or ien ta t ion  of t he  format w i t h  

respect t o  the  horizon. A de ta i led  study of t h e  coverage ac tua l ly  obtained 

showed t h a t  it would be most economical t o  use four  cameras a t  each s t a t i o n  

w i t h  t he  camera centers a t  an eiev&tioii of 35" z z d  v i t h  t.he iiiaeonal of t he  

format perpendicular t o  the  horizon. Also, t he re  i s  no advantage i n  having 

a d i f f e r e n t  azimuthal or ien ta t ion  for neighboring s t a t ions .  With t h i s  a r r ay  

of cameras, a region about 20° i n  diameter around t h e  zenith i s  not photo- 

graphed, but since the  volume o f  the meteor region overhead is  small, the  

lo s s  i s  more apparent than rea l .  There a re  also blind spots i n  each s t a t i o n  

a t  t h e  45' points  at  elevations below 30°, and about 10 percent of t he  

format i s  wasted on each camera because it i s  photographing below the horizon. 

Thus the  next problem of concern w a s  the  optimal 

One can e a s i l y  define some figures of merit  f o r  e f f i c i enc ie s  f o r  t h i s  

network, but then one looks i n  vain f o r  something t o  compare them with. I n  

s p i t e  of t he  obvious d i s s imi l a r i t i e s ,  our previous ex-perience w i t h  a two- 

s t a t i o n  "network" and Super-Schmidt cameras is  perhaps the  bes t  comparison 

avai lable .  

-7- 



Sens i t i v i ty  

The efficiency of an op t i ca l  system fo r  photography of moving-point 

sources i s  given by A /F, where A i s  t h e  aperture of t he  system of F i t s  

foca l  length. For the f/0.8, F = 200 mm Super-Schmidt, t he  f igure of 

merit  i s  about 320 m, o r  75 times grea te r  than t h a t  of t he  Metrogon. 

t h e  network operation t h e  meteors w i l l  be on the  average almost twice as 

far f romthe  camera; thus we lose  an addi t ional  f ac to r  of four i n  s e n s i t i v i t y  

from the  inverse-square l a w ,  but  half  of t h i s  loss is  regained because 

the  angular velocity of t he  meteor is decreased by two. 

two l o s s  can be a t t r ibu ted  t o  the  atmaspheric absorption resu l t ing  from the  

increased path length a t  our low elevations and the  generally i n f e r i o r  

sky. 

o r  about s i x  magnitudes. For the  Super-Schmidt, the l imi t ing  photographic 

magnitude f o r  meteors i s  about M = 3; it w i l l  be M = -3 at  the  f i e l d  

center f o r  t h e  T-11 cameras. Because of severe vignet t ing i n  the  T-11, 
magnitude -5 i s  a reasonable estimate f o r  t he  e f fec t ive  s e n s i t i v i t y  near 

t h e  edge of the  f i e l d .  

2 

I n  

Another f a c t o r  of 

The t o t a l  difference between the  two systems i s  then a f ac to r  of 300, 

Pg Pg 

Sky Coverage 

The Super-Schmidts used near t he  zenith pa t ro l led  an area i n  the  meteor 

region of 6 x 10 lon at 80 lan. The double-station coverage provided by t h e  

P r a i r i e  Network i s  very close t o  100 times t h i s  f igure if the  network area 

i s  decreased by 20 percent t o  account f o r  t he  b l ind  spots  a t  t h e  s ta t ions .  

3 2  

If we use the bes t  avai lable  data  on the  rate of occurrence of br ight  

meteors, t he  sens i t i v i ty  and coverage f igures  lead t o  a da ta  acquis i t ion  

rate of one meteor p a i r  per 12 .5  horns of exposure by the  e n t i r e  network o r ,  

i n  terms of a single camera, one meteor photograph f o r  each 800 hours of 

exposure. These numbers a re  subject t o  revis ion when more da ta  are avai lable .  

Meteorite Recovery Efficiency 

One can define a "gain" of t he  recovery system as t h e  r a t i o  of t he  area 

of t h e  ea r th  covered by t h e  network divided by t h e  area t h a t  must be searched 

t o  f ind t h e  meteorite, i .e.,  t he  e r r o r  imposed by our impact predictions.  

Neither quantity i s  pa r t i cu la r ly  wel l  defined, but some limits are possible.  

The area of the  network is  of t he  order of 7.5 X 10 km . The chance of 5 2  
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6 
recovery outside t h i s  area--up t o  a t o t a l  area of 2 x 10 

negligible,  but  t he  impact e r rors  w i l l  ce r ta in ly  increase 

outer  f r inges.  If w e  take as our impact e r r o r  100 meters 

W2--is not 

rapidly i n  these 

f o r  t h e  bes t -  

determined objects (s teep en t ry  angle and moderately l a rge  s ize) ,  t h e  gain 

i s  of t he  order of 10 . 7 It is  d i f f i c u l t  t o  imagine any acceptable obser- 
vations giving a gain of less than 10 5 . 
Instrumentation 

The 16 s t a t ions  of t h e  P r a i r i e  Meteorite Network extend from South 

Dakota t o  Oklahoma and from I l l i n o i s  t o  Nebraska. The s t a t i o n  sites were 

chosen fo r  reasonable access ib i l i t y  and i so l a t ion  from excessively br ight  

l i gh t s .  

The s ta t ions  have been surveyed by the USGS. 

i n  Table 1, and t h e i r  posit ions on an area map are  shown i n  Figure 1. 

The sites are generally within a m i l e  of a measured geodetic point.  

Their coordinates a re  given 

The s ta t ions ,  which a r e  designed fo r  automatic operation, i n  pr inc ip le  

require a t t en t ion  only every three  t o  six weeks when t h e  f i lm supply i s  ex- 

hausted. 

s i t e  t o  make routine inspection every f e w  days. 

I n  pract ice ,  we have assigned a l o c a l  s t a t i o n  at tendant  at  each 

The at tendants  a re  a l so  res- 
ponsible f o r  changing film, which is  then sen t  t o  our f i e l d  headquarters i n  

Lincoln, Nebraska, for processing and inspection. 

The s t a t ion  building i s  a 6 '  x 6 '  concrete block s t ruc ture  with an 

insulated galvanized roof i n  t he  fo rm of a truncated pyramid (Figure 2 ) .  

The four T-11  cameras face the  cardinal points,  looking out t o  the  sky 

through 18" x 18" plate-glass windows (Figure 3) .  
contain various photometers, a programmer t o  control  the  operation of 

the  s t a t ion ,  a ba t te ry  bank, a vacuum system, and hea ters  and c i rcu la t ing  fans.  

The s t a t ions  a l s o  

The T-11 camera u t i l i z e s  a 9" X 9" format. The maximum f i lm  supply i s  

a 390-ft. roll. The f i lm  i s  held t o  the  f i l m  back by vacuum. 

Instruments i n  a data chamber are photographed on each exposure along 

with a number of a r t i f i c i a l  f i duc ia l  points.  The camera records the  expo- 

sure number, the  Ju l ian  date,  and the  time of t he  beginning of the exposure 

wi th in  one-see accuracy. It a l so  records a considerable amount of wr i t t en  

information, such as the  f i lm  type and program sequence being used. 
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The cameras have been grea t ly  modified by additions t o  t h e i r  o r ig ina l  

form, but most of t he  major cha rac t e r i s t i c s  a re  unchanged. For example, 

the  a l t imeter  i n  the  camera was of no use t o  us, but t he  housing of t h i s  

instrument was i d e a l  as a case f o r  e l e c t r i c  clocks we assembled. The cameras 

were completely rewired t o  control  the  addi t iona l  functions t h a t  had been 

added. 

The major dismemberment of the  o r ig ina l  T-11 was the  removal of the  

e n t i r e  Rapidyn shu t t e r  assembly. This excel lent  mechanism w a s  useless  f o r  

our application. 

Shut ter  

Meteor cameras generally u t i l i z e  a ro t a t ing  shu t t e r  t o  occult  t he  

opt ics  a t  a regular and known ra te .  For most opt ics ,  where the aperture  is  

smaller than the format, it i s  convenient t o  use an objective shut te r .  I n  

other cases, the Super-Schmidt Meteor Camera f o r  example, ro ta t ing  focal-  

plane shut te rs  have been used. The focal-plane shu t t e r  has an advantage 

over t he  objective shu t t e r  i n  t h a t  it introduces extremely sharp breaks i n  

the  trail; thus the  determination of the  time i n t e r v a l  from one break t o  

the  next depends only on t h e  geometry of t he  meteor t ra i l  with respect t o  

the  center of ro ta t ion  of the  shu t t e r  and consequently can be e a s i l y  and 

accurately computed. 

empirical re la t ionship between the  d i r ec t ion  of the  meteor's motion, i t s  

pos i t ion  r e l a t ive  t o  the  ro t a t ion  center of t he  shut ter ,  the  pos i t ion  of t he  

meteor with respect t o  the  op t i ca l  axis, t he  period of the  ro ta t ion  of t he  

shut te r ,  and--the quant i ty  needed--the i n t e r v a l  of time between breaks. 

For object ive shut te rs  there  e x i s t s  a t  bes t  a complex 

For the  meteorite cameras we have departed from t h e  usual meteor shut-  

t e r  i n  two respects and f o r  t he  following reasons. 

of the camera is small, the wide f ie ld  would require  an inordinately l a rge  

objective shut ter .  ( 2 )  We require of t he  s h u t t e r  not only t h a t  it chop the  

meteor a t  knmn ins t an t s  of time but a l so  t h a t  it chop it with a controlled 

i r r e g u l a r i t y  t h a t  w i l l  permit us t o  determine t h e  in s t an t  of the  meteor's 

appearance (see Shut ter  Coder). 

(1) Although the  aperture  
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. To overcome the  faults inherent i n  an object ive shu t t e r  f o r  t h i s  

appl icat ion,  we decided t o  put t he  shut te r  i n  the  same plane t h a t  t he  

Kapidyn shu t t e r  occupied--midway between the  front  and r ea r  elements of 

t h e  lens .  There is  an a i r  space of about 3/16" between the two s e t s  of  

elements t h a t  make up the  Metrogon lens.  The camera body i s  constructed 

i n  such a way t h a t  it would not be feas ib le  t o  operate a ro ta t ing  shu t t e r  

i n  t h i s  area.  We have designed and developed a new type of shut te r ,  based 

on pr inc ip les  employed i n  ce r t a in  magnetic la tching relays,  which we c a l l  

a "switching shutter." 

The e n t i r e  shut te r  mechanism (Figure 4) consis ts  of an ~ L L ~ ~ ~ C O  permanent 

magnet, a p a i r  or" pole pieces, an electromagnetic c o i l ,  a sor't i ron c o i l  

core constrained by a shaf t  and b a l l  bearings t o  ro t a t e  about an axis 

perpendicular t o  the permanent magnetic f i e l d ,  and a t h i n  blade--the shut te r  

i t s e l f - -  attached t o  t h i s  core. With no power i n  the c o i l ,  the  core i s  s tab le  

i n  e i t h e r  extreme posi t ion.  When voltage of the proper polar i ty  i s  applied 

t o  the c o i l ,  the  core i s  magnetized, both of i t s  ends a r e  repelled by the 

pole pieces or" the permanent f i e l d ,  and the  shut te r  switches t o  the opposite 

posi t ion.  With reverse polar i ty  i n  the c o i l ,  it returns  t o  the i n i t i a l  

posi t ion.  I n  one posit ion the shut te r  occults the opt ics ;  i n  the other 

posi t ion the aperture i s  c l ea r .  The t r ans fe r  time or" the shu t t e r  f r o m  one 

posi t ion t o  the other i s  of the order of f ive  msec, during which time the 

c3?li rpyi i i res  about ten watts. The mechanism has been tes ted  a t  40 c p s  by 

increasing the c o i l  current .  It i s  used at  20 cps i n  our appl icat ion.  One 

shu t t e r ,  run f o r  l i f e  t e s t s ,  switched 5 Y 10 times without signs oI" 

appreciable wear. 

8 

Since the  end of t he  shu t t e r  blade i s  about 2 1/2" from the  pivot point,  

some care must be taken t o  minimize t h e  bounce of t he  core when it is  driven 

against  t he  pole piece.  

the  core provides excel lent  damping. 

shu t t e r  i s  switched. The bounce a t  t he  end of the  s t roke i s  less than 1/20 

of t h i s ;  thus the  v id th  of the  blade need be only very s l i g h t l y  l a rge r  than 

the  aperture  s top  it occul ts .  The bounce i s  near ly  independent of the  shu t t e r  

t r a n s f e r  time, s ince the  locking force of t he  magnetic f i e l d  i s  increased 

when the  t r ans fe r  time i s  increased. 

We f ind tha t  1/8" w a l l  Tygon tubing slipped over 

The core ro t a t e s  about 7O when the  
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Oscil la t ions of t he  shu t t e r  normal t o  i t s  switching plane a re  a 

far more serious problem. 

the  shu t t e r  must be kept very l i g h t .  I n  any case, i t s  thickness i s  con- 

t r o l l e d  by the  0.1 inch ava i lab le  between t h e  lens elements. There i s  

no external v e r t i c a l  constraint  on the  blade ( u n t i l  it vibra tes  enough 

t o  h i t  the  optics!) ,  and osc i l l a t ions  of 0.2" amplitude a re  discouragingly 

To accomplish the  r a the r  rapid transfer times, 

easy t o  produce with many of the  blade materials t r i e d .  

blade t h a t  it (a)  be as l i g h t  as possible--a few grams a t  most; (b)  have a 

su f f i c i en t ly  high stiffness-to-weight r a t i o  t o  prevent it from drooping by 

more than about 0.1" over 2 1/2"; ( e )  have a su f f i c i en t  strength-to-weight 

r a t i o  along the  long axis t o  withstand t h e  impact a t  t h e  end of t h e  stroke; 

and (d )  possess a degree of i n t e r n a l  damping, o r  "deadness," t o  minimize 

t h e  o s c i l l a t i o n  i n  the  v e r t i c a l  mode. 

specif ied and eas i ly  m e t .  
empirical  tes ts  f o r  mater ia ls  t h a t  s a t i s f y  (d) .  

s t ruc tures  and a number of molded p l a s t i c s  were found t o  be bare ly  adequate. 

The f i n a l  solution--probably t o o  b i za r r e  t o  t r y  immediately--was a balsa 

wood blade, a material unqualifiedly superior  i n  a l l  important respects.  

The blades, blanked out of  standard 1/8" X 3/4" model a i rp lane  stock and 

tapered t o  the  appropriate thickness on a d r i l l  press  with a sanding wheel 

and a simple j i g ,  a r e  attached t o  a 3/8" metal s tub  extending from the  core 

with an epoxy. 

W e  require  of a 

Of these,  (b)  and ( e )  can be rigorously 

Most of the  design problems revolved around 

Certain ribbed metal 

Shut ter  Coder 

W e  need t o  know the  in s t an t  of appearance of t he  meteors w e  photograph 

t o  within several  seconds' accuracy so t h a t  t he  radiants ,  and thus the  o rb i t s ,  

may be determined. To obtain these  data,  t he  shu t t e r  breaks introduced i n t o  

the  meteor t ra i l  by the  switching shu t t e r  a r e  coded i n  such a way t h a t  t h e  

meteor t ra i l  w i l l  record i t s  own t i m e  as it leaves i t s  t r ack  on t h e  f i l m .  

The time in t e rva l  between the beginning of the  exposure and the  appear- 

ance or" the  meteor 

absence of a par t icu lar  break (Front ispiece) .  

meteor t r a i l  represented by exposure on the  f i l m ,  and a break i s  t h a t  portion 

represented by no exposure.) 

i s  locked open f o r  one break, thus causing the two adjoining dashes t o  be 

i s  indicated by the  absence of ce r t a in  dashes and the  

( A  dash i s  t h a t  par t  of the  

Every 26th break i s  omitted; i . e . ,  the  shu t t e r  

- 

-12- 



connected. The dash following t h i s  excluded 

0, t he  next number 1, etc . ,  s e r i a l l y  t o  24. 

shu t t e r  cycles (1 through 24) the  shut te r  i s  

break i s  designated as dash 

For th ree  of these  remaining 

locked closed according t o  a 

prearranged program. 

see, and t h e  numbers of the  missing dashes, as determined by inspecting 

the  f i l m  and counting from dash 1, is  a measure of t he  number of 10.4-sec 

in t e rva l s  t h a t  have passed s ince the beginning of the  exposure. 

W e  el iminate from the  code a l l  numbers where a "d ig i t "  i s  equal t o  or 

The sequence of missing dashes i s  changed every 10.4 

smaller than any d i g i t  t o  i t s  le f t .  Thus, t he  number 1, 5, 13, can never 

be confused with the  number 5, 1, 13, because the  l a t t e r  number is  excluded 

from the  counting system. 

With such a system it i s  necessary t o  eliminate th ree  dashes of each 

24 i n  order t o  have enough unique combinations t o  permit a four-hour exposure 

with a f 10-sec accuracy i n  the  time determination of the  meteor. It i s  

desirable--and not d i f f i c u l t - - t o  prevent la rge  s ingle  sect ions of t he  meteor 

from being void of breaks. 

t o  the  l e f t  t o  be l e s s  than t w o  greater  than a d i g i t  t o  i ts  r i g h t .  

t h e  number 1 3  5 i s  the  f irst  number i n  the  counting system; t h i s  i s  followed 

by 1 3 6, 1 3 7 ... 1 3 24, 1 4  6, 1 4 7 ... 1 22 24, 2 4 6 ... 20 22 24. 

This r e l a t i v e l y  complex code is  generated by th ree  standard stepping 

switches and a half  dozen relays,  a s impl ic i ty  made possible  by design of 

a code whose log ic  was  compatible with avai lable  devices r a the r  than  the  more 

usual--and far more expensive--technique of designing devices. The condition 

of t h e  coding c i r c u i t  is  read out of a 26-point commutator, which i s  geared 

d i r e c t l y  from the  synchronous motor t h a t  generates t he  shu t t e r  pulses.  

F i l t e r ,  Capping Shut ter ,  and Diaphragm 

This is accomplished by forbidding any d i g i t  

Thus, 

A neutral-density f i l t e r  ( D  = 0.75) and a capping shu t t e r  a r e  mounted 

objec t ive ly  and controlled by rotary solenoids. 

t he  exposure time during periods of b r igh t  sky and, together  with the  

diaphragm, t o  extend the  dynamic range of t he  op t i ca l  system f o r  extremely 

b r igh t  meteors. 

The f i l t e r  is  used t o  extend 
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The diaphragm, with two posi t ions,  has been i n s t a l l e d  i n  t h e  a i r  

space between the  f ront  and r ea r  lens  element adjacent t o  the  switching 

shut te r .  It i s  solenoid operated. I n  the  normal pos i t ion  the  lens  i s  

a t  f/6.3; when the  solenoid i s  ac t iva ted  the  system i s  about f/20. 

Sky Photometer 

The sky photometers consis t  of photoelectr ic  detectors--one mounted 

on each camera--and the  assoc ia te  e lec t ronics .  The photomultipliers a r e  

protected by the capping shu t t e r  during the  day. The photometers de tec t  

gross l i g h t  levels--integrated,  steady s t a t e ,  and t rans ien t - - in  the  night 

sky and perform ce r t a in  switch closures when de tec t ion  i s  made. 

The detectors  are 93lA photomultipliers exposed d i r e c t l y  t o  the  sky. 

No opt ics  a r e  used. This photomultiplier employed i n  t h i s  fashion has a 

f i e l d  of view and vignett ing propert ies  comparable t o  t h a t  of  t he  camera 

it w i l l  monitor. 

Each photometer performs four  functions.  

(1) Exposure meter. The photometers serve, together,  as an exposure 

meter f o r  t h e  s t a t ion  t o  prevent overexposure of t he  f i l m .  A measurement 

of the  luminous energy reaching t h e  photocathode i s  assumed t o  be propor- 

t i o n a l  t o  t h e  luminous energy reaching the  f i l m  of t he  cameras. Whenever 

any photometer has received a ce r t a in  uni t  of luminous energy (approximately 

2 min exposure on a dark sky), it transmits a pulse t o  a counter common t o  

a l l  the  photometers. When the  counter has received a predetermined number 

of pulses,  t he  exposure i s  terminated on a l l  four  cameras and a new exposure 

i s  commenced. 

Although i n  ce r t a in  condi t ions--par t icular ly  with a b r igh t  moon--one 

camera may be overeaosed before the  t o t a l  l i g h t  received by a l l  four  photo- 

meters i s  su f f i c i en t  t o  close the  s ta t ion ,  it would be needlessly complex 

and cos t ly  t o  operate each of the  cameras on a separate  program. 

( 2 )  Bright Sky. The measurement of t he  steady s t a t e  anode current of 

each photomultiplier i s  made t o  determine t h e  brightness of t he  sky as seen 

by each camera. When a ce r t a in  l e v e l  i s  exceeded, t he  f i l t e r  i s  introduced 

i n  f ront  of t h a t  pa r t i cu la r  camera and i t s  photomultiplier,  thus extending 

the  exposure time f o r  a l l  of t he  cameras at t h e  s t a t ion .  



. 
To guard against  t he  poss ib i l i t y  of a false "Bright Sky" reading 

caused by some t r ans i en t  l i g h t ,  t he  f i l t e r  i s  removed f o r  t en  sec every 

10 min t o  permit t he  photometer t o  make a new decis ion on the  state of 

t h e  sky. 

t he  photometer may de tec t  Bright Sky through t h e  f i l t e r .  

t he  10 sec review of t he  sky i s  omitted t o  pro tec t  t he  photomultiplier 

from a damaging overload. 

(3) Low pulse. 

However, i f  t he  sky i s  extremely b r igh t  (full moon on f i e l d ) ,  

I n  such cases, 

I n  order t o  record the  time of passage of b r igh t  

meteors (magnitude -4 o r  br ighter ) ,  t he  AC component of t he  output of 

each photometer i s  detected and used t o  pulse the  da ta  chamber l i g h t s  i n  

t h a t  p a r t i c u l a r  camera a second time ( the  first time being a t  t h e  beginning 

of t he  exposure). 

These da ta  can be readi ly  deciphered by re fer r ing  t o  t h e  clock reading made 

a t  t h e  beginning of t he  exposure of one of t h e  other  t h ree  cameras a t  t h a t  

stat ion. 

The clock i n  t h i s  camera w i l l  then have a double exposure. 

(4) High pulse. The very br ight  meteors t h a t  are of g rea t e s t  i n t e r e s t  

t o  us cannot only exceed the  dynamic range of our op t i ca l  system wi th  regard 

t o  accurate photometry but  can i n  f a c t  be b r igh t  enough t o  ser iously fog 

the  film. To guard against  t h i s ,  the photometers are a l s o  used t o  de tec t  

very br ight  (M < -15) l i g h t  pulses, a t  which t i m e  t he  f i l t e r  i s  inser ted  and 

the  diaphragm changed t o  f/20 f o r  the durat ion of t he  meteor. 

F iduc ia l  Points 

F iduc ia l  points a r e  inser ted in to  the t r a i l e d  star images by increasing 

the  aperture  f o r  t e n  sec of every ten min (Front ispiece) .  

shu t t e r  i s  locked i n  an open posit ion except f o r  the three  code marks each 1 .3  
seconds, and the  f i l t e r ,  i f  it i s  i n  place, i s  removed. The enhanced images or" 

the  star trails  at  these points serve as f i d u c i a l  marks f o r  measurement of 

the meteor t ra i l .  Such a system i s  superior t o  the  usual  technique of closing 

the aperture f o r  timed star breaks i n  t h a t  the  former system eliminates a 

considerable part of the  needless star background, allowing f o r  longer 

exposures, and makes it possible t o  u t i l i z e  stars f o r  f i d u c i a l  points a t  very 

high decl inat ion.  

The switching 

Cloud Detector 

Since our s t a t ions  are unmanned, it has been worthwhile t o  spend consid- 

e rab le  e f f o r t  i n  devising a system t h a t  w i l l  permit t he  s t a t i o n  t o  make some 

judgment on the  state of the  sky. To keep t h e  system reasonably simple, w e  
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make t h i s  judgment on the presence o r  absence of l i g h t  from the star Polar i s .  

If  Po la r i s  i s  v is ib le  t o  the  de tec tor  e i t h e r  f a i n t l y  or occasionally, t he  

s t a t i o n  w i l l  operate as normal, but i f  Polar i s  i s  occulted continuously by 

dense clouds, we a r e  wi l l ing  t o  conclude t h a t  t he  e n t i r e  sky i s  unsa t i s fac tory  

f o r  photography of even extremely b r igh t  objects .  

The detector  consis ts  of a two-inch aperture  telescope with op t i ca l  ax is  

directed a t  the  c e l e s t i a l  pole, a focal-plane shut te r ,  and a 931A photo- 

mul t ip l i e r  and amplifier.  The shu t t e r  i s  dr iven a t  25 RPM. The axis of the  

shu t t e r  i s  on the op t i ca l  axis of t he  telescope. Four s l o t s  of 45' each are 

cut i n t o  the  shut te r  on the  circumference on which the  d ' g e  of Polar i s  

fa l ls .  

and amplified. This system can de tec t  Po la r i s  when the  ex t inc t ion  is  three 

magnitudes. 

re lay  with a 1-min time constant. The cha rac t e r i s t i c s  of t he  delay re lay  

a r e  such t h a t  it w i l l  a l s o  operate i f  Polar i s  i s  v i s i b l e  f o r  approximately 

50 percent of the time over a two min period. Furthermore, the re lay  w i l l  

remain closed for  about one min i f  the  s igna l  i s  removed. This e l e c t r i c a l  

i n e r t i a  i s  b u i l t  i n t o  the  system so  t h a t  t he  cloud de tec tor  w i l l  permit 

operation during a scat tered cloud condition. 

The 100-cycle s igna l  generated by Polar i s  and the  shu t t e r  is  detected 

The output of t he  amplif ier  i s  fed through a thermal delay 

The cloud detector  operates continuously u n t i l  Polar i s  i s  detected and 

The de tec tor  i s  then shut o f f  u n t i l  t e n  min before the  exposure commences. 

t he  next exposure i s  supposed t o  begin. 

Since the  cloud de tec tor  has a primary control  on the  s t a t ion ,  w e  have 

made provisions f o r  i t s  possible  f a i l u r e .  I n  the  same focal-plane s h u t t e r  

t h a t  chops the  l i g h t  from Polar is ,  16 equally spaced holes have been made i n  

the  outer  circumference. 

t h a t  i s  chopped by the  shu t t e r  a t  400 cycles. 

phototube t h a t  detects  Polar is .  

100-cycle s igna l  by f i l t e r i n g  and i s  amplified separately.  If Po la r i s  i s  

not v i s ib l e ,  we then interrogate--by elementary log ic  and c i rcu i t ry- - the  cloud 

de tec tor  concerning i t s  400-cycle s ignal .  

t h a t  t he  cloud detector  i s  not functioning and exposures are car r ied  out 

whether it i s  clear  o r  cloudy. 

Behind t h i s  region i s  a small incandescent lamp 

This l i g h t  i s  seen by the  same 

The 400-cycle s igna l  i s  separated from t h e  

If t h i s  i s  not observed, we conclude 
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. 
Programmer 

The programmer i s  a switching and log ic  c i r c u i t  t h a t  (a )  generates 

timing pulses;  (b)  accepts, as input, s igna ls  from the  various command 

systems; and ( e )  supplies,  as output, s igna ls  t o  a l l  of the  camera 

functions.  

The s t a t i o n  i s  turned on a t  night by the  ac t ion  of a 24-hour t imer  

and a p a i r  of commercial photometers designed t o  t u r n  on s t r e e t  l i g h t s  

a t  dusk. These night l i gh te r s ,  as they a r e  cal led,  a r e  used pr imari ly  

t o  pro tec t  t he  other  photometers i n  case of  a f a i l u r e  of t he  2h-hour 

t imer.  Since i n  t h e i r  usual appl icat ion t h e  night l i g h t e r s  are considered 

t o  have f a i l e d  safe when they indicate  darkness, we use two of these u n i t s  

i n  s e r i e s .  By facing one of them east  and t h e  other  west, we achieve 

added s e n s i t i v i t y  f o r  both twi l igh ts .  

The relays i n  the  night l i gh te r s  a r e  constructed t o  be slow operating 

so  t h a t  they w i l l  not be t r iggered by l igh tn ing  f lashes .  However, we have 

cases on record of similar night l i gh te r s  being act ivated by a very br ight  

meteor. To prevent t h e  s t a t i o n  from being closed a t  the  moment of g rea t e s t  

i n t e r e s t ,  the  night l i g h t e r s  are used t o  control  two time-delay relays which 

require power f o r  approximately ten see before they close and w i l l  remain 

closed f o r  approximately 20 see a f t e r  power i s  removed. 

Two classes  of exposure a re  controlled by the programmer : "twil ight"  

and t'nighttime't exposures. The twil ight  exposures a re  made each night ,  

regardless of the weather. In  the ea r ly  evening hours, when the bolide 

frequency i s  high, it w i l l  be d a r k  enough t o  take short  exposures but 

too  br ight  t o  tu rn  on the photometers and cloud detectors .  The twi l igh t  

exposures a re  made during t h i s  period. The duration or" these exposures 

can be var ied.  A t  the  end of the twi l igh t  s e r i e s  the nighttime exposures 

begin.  These exposures s t a r t  only when the cloud detector  indicates  a 

c l ea r  sky; they a re  stopped e i the r  by ac t ion  of a preset timer 

exposures a re  usual)  o r  by the exposure meter. 

(two-hour 
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The prototype s t a t i o n  has operated i n  Havana, I l l i n o i s ,  s ince March 

1963. 
16th was  ins ta l led  i n  ea r ly  May 1964. 
were operating w i t h  good r e l i a b i l i t y ;  since then we have considered 

ourselves an operating network. 

Other s t a t ions  were added t o  the network a f t e r  October 1963; the 

By March 1, 1964, t e n  s t a t ions  
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Figure 2.--The prototype camera s t a t i o n  at  Havana, I l l i n o i s ,  which has been 

i n  operation s ince March 1963. 
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Figure 3.--A bird 's-eye view of' the  scale model camera house, with the roof 

removed t o  show the Your .modified T-11 cameras. 

-21 - 



BEA 

POLE P 

TYGON 

I 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

I APERTU 
I 

I BLADE 

\ 
\ 

-COIL 

RE 

ALNICO 
PERMANENT 
MAGNET 

Figure 4 . - -A  schematic of the specially designed switching shutter. 

-22 - 

L 



. . 

Table 1. --Station coordinates 

S t a t  ion 
Number 

1 

2 

3 
4 
5 
6 
7 
8 
9 
10 

11 

12 

13 
14 
15 
16 

S i t e  

Havana, I l l i n o i s  

Milan, Missouri 

Vichy, Missouri 

Vinton, Iowa 

Carroll ,  Iowa 

S t e inaue r , Nebraska 

Pleasanton, Kansas 

Republican City, Nebraska 

Ne l igh ,  Nebraska 

Flandreau, South Dakota 

Reliance, South Dakota 

Mullen, Nebraska 

McPhe rson, Kansas 

Garden City, Kansas 

Woodward, Oklahoma 

Hominy, Oklahoma 

Latitude 

40" 13' 12'!27 
40" 14' 14'!28 
38" 08' 09!'23 

42" 02' 13'.'06 
42' 11' 43!'94 

40" 12' 02!'64 
38" 07' 32!'37 
40" 05' 17'!64 
42" 07' 04'156 
44" 00 ' 25'! 140 
43" 57' 56'!01 

38' 20' 19!'12 

36" 26' i2'.'535 
36" 28' 18'!99 

42' 02' 04'!99 

37' 59' 34'97 

Longitude 

90" 01' 13~10 

91" 45' 55V89 
93" 06' 46'!01 

92" 06' 48'.'63 
94" 53' 00!'71 
96" 12' 13'!33 
94" 44' 35'!00 
99' 12' 36'!38 
98' 02' 35'!'34 
96' 35' 14'!837 
99" 35' 06'!22 

i o i o  02' 27!'69 
97" 40' 02'!74 
100" 48' 42'!33 
99" 31' 02'!498 
96" 22' 57'182 
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