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Satellite Ionizat ion Gauge
Measurements o f Atmosp her k Density

1. INTRODUCTION

Ionization gauge measurements performed onboard the Air  Force Satellite
(S3- 1) launched in October 1974 have been processed and reduced into a tmospher ic
dens~~y results .  Representat ive results obtained during the period f r o m  November
1974 to January 1975 covering the f i rs t  1000 revolutions , were previously reported ’
together wi th  a descript ion of the satel l i te  and exper iment  operations as wel l  as
data reduction procedures and processing techni ques . This report supp lements
the informat ion given in reference 1 and serves to complete the compila t ion of
flight results.  Representa t ive  samples of fli ght resul ts  obtained af ter  revolut ion
1000 and up to sa te l l i te  reentry  are included in the  appendices . These results  were
acquired during the period from J a n u a ry  1975 to May 1975 . A summary  of the total
number of processed revolutions provided in t e rms  of a monthl y breakdown is shown
in Table 1. In order to make this report more comprehensive and comp lete , a
certain amount of the mate r ia l  given in reference 1 has been repeated here.  How-
ever , the reader would find th is  report to be more usefu l if taken together  w i t h  that

(Received for publ ica t ion  15 August 1978)
1. Mclssac , J. P. , Champion , K. S. ‘N . , Mclnerney,  R . E. , and Delorey, D.

(197 6)  Ion iza t ion  Gauge M e a s u reme n t s  of A t m o sph e r i c  Densi ty From a Low
Alt i tude  Satell i te ,  AF OL Report  No. T R - 7 6 - O l l 3 .



reference, as thei-e is m a t e r i a l  contained in tha t  report , w h i c h  is not repeated
here . Al l  the data included in the appendices are new and unpubl i shed . I pon the
publication of these results , the compi la t ion  stage of the 53-1 ioniza t ion  gauge
fl ight  data processing w i l l  be completed. With  the complet ion of that  t a s k , compi led
results along w i t h  model and geophysical parameters  (magnetic indices , solar f lux
values , etc) are packed on magnet ic  tapes for use in la te r  corre la t ion and anal ysis
studies , as well  as s ta t i s t ica l  invest i gations usefu l in the development  and improve-
ment of a tmospheric  models .

Table 1. 53-1 Satellite Density Data Base

Total  Number  of N u m b e r  of Acquis i t ions
Month Data Acquisi t ions in Appendix t h i s  report

November 1974 220 0
December 1974 229 0

January 1975 233 18

February 197 5 213 33
March 1975 267 37

April 1975 278 42

May 197 5 218 28

Totals 1658 158

2. EXPERI~tE.N T

The flight apparatus consisted of two units referred to as the sensor and elec-

tronics units. The sensor unit housed a cold-cathode ionization gauge, its magnet
and physical mechanism required to open the gauge once it was placed into orbit.
Contained in the electronics unit were the operating circuits. Included were ampli-
fie rs , signal cond it ione rs, f ilters, sw itches , t imers, and high and low voltage
power supplies. Figure 1 shows the exper iment .  On the left  in the f igure is the
ionizat ion gauge sensor wi th  i t s  cover removed. The cover also serves as a mag-
net ic  sh ie ld  conf in ing  s t r a y  field lines wi th in  the box per imeter .  To the right in
Figure 1 is  the  auxil iary e lectronics  box conta ining the c i rcui ts  described above .
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Figure 1. Ioni zat ion Gauge Fl ight System . Shown to the  le f t  is the sensor uni t
wi*h its magnetic shield cover removed

A total of seven gauges were f ab r i ca t ed , t e s t ed  and ca l i b r a t ed  by GCPI Cor-
porat ion, Bedford, MA. The gauges are a m odified version of the R-5 ga1~ge,
cold-cathode magne t ron, developed for NASA by GCA . 2 The pr inc ipa l  m o d i f i e s .  inn
performed on the R - 5  gauge was to r e s t ruc tu re  the gauge envelope in order to
accommodate an additional second tubulation . Figure 2 shows a schematic view of
the gauge and i l lus t ra tes  the  internal a r r angement  of the gauge electrodes as well
as the configuration of the two tubulations. The fli ght sampl ing  tubulat ion is shown
on the right in the figure , and the test tubulat ion is shown on the left . Each tubula-
t i on , or connection , serves a particular designed function. The test tubulat ion
wi th  It s  demountable flange f i t t ing  is used for tes t , ca l ib ra t ion  and evacua t ion  pur-
poses where by n a t u r e  of the r equ i r emen t  a n o n - p e r m a n e n t , rep laceable connect ion
would be employed , With  such a connect ion o ther  func t ions , as well , can be per -
formed. As the gauge has been evacuated  and sealed before d e l i v e ry  to t h e  space-
craf t  contractor , the need for a vacuum pump s ta t ion to evacuate the gauge dur ing
satel l i te  payload opera t ing  tests has been el iminated.  Here the test  tubu lat ion

2 . Kreisman , ‘N . (19 6 4 )  Development of Cold Cathode  Ion iza t ion  Gauges for  Space
Vehicles , GCA Corpora t ion  Report  No. 64~~l 7 -N , Par t  I and No. 64-19-N ,
Part II.
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Fi gure 2 . Simplif ied Schematic  Diagram of Ion iza t ion  Gauge Envelope and
In terna l  Elect rode Conf igura t ion

provides a backup capabili ty by suppl ying the means for recondi t ioning  the  gauge
in the event the gauge loses its vacuum , or , due to the long durat ion of sa te l l it e
test  and in tegra t ion  programs , increases to an unacceptable  opera t ing level. This
buildup of in t e rnal  gauge pressure  can be a t t r i bu ted  to a var ie ty  of causes individ-
uall y or collect ively, as , for examp le, outgassing,  desorpt ion , spu t t e r ing  and
accuniu la ted  leakage f rom long periods of non-opera t ion  and storage . In the case
where internal  pressure does reach a hi gh unacceptab le  level , the tes t  t u bu l a t  ion
togethe r wi th  a s i mp le portable vacuum system provides the capabi l ity  for quick
and e f f i c i e n t  evacua t ion , t es t  and resealing .  On the othe r hand , the fli ght tuhu la t ion
I.-, S hard sealed (once broken cannot  he resealed)  connect ion tha t  i s  i n s t a l l ed  du r ing
gauge fabrication and remains intact until the gauge is placed into orbit. When
orb i t  I s ob ta ined , the head sealed connection is exp losivel y rup tu red  t h e r e b y  open-
ing and exposing the gauge to the ambien t  a tmosphere . The uncapp ing or opening
process breaks the tubul a t ion at a p r e d e t e r m i n e d  i n t e r fa c e  th u .~ a ssu r i n g  th a t  the
i n - o r b i t  samp ling geomet ry  ( lengt h and radius)  is prec ise l y defined and known.
This is accomp l ished by machining a “b reak-oft’ groove around the sampling tube s
c i r c u m f e r en c e  reduc ing  the  t ube ~v n h l  t h i ck n e s s  at th e  groove to 0 .005 in. The
break loca t ion , t he re fo re , is conf ined  to the  g r o o ve . As elsewhere, the  wall  th ick-
ness is 0. 1250 in .

_ _ _ _  -- .,- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘..
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Typ ical ca l ib ra t ions  for n i t rogen  and he l ium gase s  ai -e  shown in Fi gure 3 .
A t t e m p t s  to ca l ibra te  w ith ox v u e I l  proved to he t roub le some  and resul ts  for the  1 ,

most par t  were u n s a t i s f a c t o r y .  Some success , howeve r, was obta ined  us ing a

• spec ia l ly  fabr ica ted  gauge c o n t a i n i n g  gold ( d a t e d  e lectrodes and i n t e r n a l  su r f ace s.
f lesul ts  obtained p rom th is  ~iuge produced ca l ib ra t ions  for  both N 1 and 

~~2 ’ each
of which  disp layed hys t e re s i s  e f f ec t s , a l though un t rea ted  gauges , those  w i t h o u t
gold surfaces , disp layed insi g n i f i c a n t  hy st e r e s i s  e f f ec t s  when cal ibrated wi th
nitrogen gas. The hys te res is effect  is def i ned as the  d i fferen ces in response that
can occur in cal ibrat ion depending upon in wh ich  d i r ec t ion  the  -, t e a d v  s tate , cal i-
brat ion , pressure levels are reached;  that  is , w h e t h e r  they are reached by increas-
ing calibration system pressure as opposed to decreas ing s y s t e m  pressure . It
was noted that h ysteresis  e f fec t s  were  largest  at the lowest sys tem pressures sug-
gesting tha t , at least , pa rt of the effect  was due to gas losses in the vacuum sta-
t ion.  Differences in response between the two gases , ni trogen and oxygen , for the
most part  were wi th in  ± 1-5  percent  of each other . If the hys te res i s  effect  for each
gas is rem oved , that is, each individual gas calibration is formed by averaging the

N
He

-5
10

3-

4

-6

10 io 8 o~ io 6 io~TORR

Fi gure 3. Laboratory Cal ibra t ion  Curves Obtained for Nitrogen and
Helium Gases
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r - - ~ porr.—; e.-~ obtained during the  increasing s v . s t e r i i  p I-e~~ -~ L i r - ( -  i v l e s  - ‘ . it I 1 l~~~~- I —
t a m ed du r ing  the dec reas ing  pressure  cycles , t he n the dii t 1 001 k - s  for
gases, N 1 and 09, becomes less th en Ii port ent . }~(i I f l h i l l ZI I ion for  .~~. -. g~ ’n ,n i v

— h  - - Acovered the range from 1 N 10 to  1 ~ 10 t o r r  so t h a t  t he  a l i l \ e diseus- ; i .1 1 5
relevant onl y to th at range of values. The above ( 11) 1 irid 0 - a r e  t 1 1 t  I l l ’ 0,1 I I
small  observed d i f f e r e n c e s , serious e r ro r s  a d - I -  not  introdu ced l i t  t i l l -  a ce l i a -  —

t ion  results  if one assumes equal .~ en.s i t i v i t  ie., for  n i t r ogen  and O X V I I ti  as has
done here and e lsewhere, C l u ng.

3. DA T .~ RFI ) I  ( T10\ m;IINJQ( ~

The r e l a t i onsh i p used for data reduction is:

Pg 
- (T g T ) 1 2 

~a R ( S , D, ,) 6 + r out ( 1 )

where

Pg~ ~a = gauge in te rna l  pre . sure and ambient  pressure  l-e~ pvefit - elv .

Tg~ Ta = absolute gauge wall  t e n ip e r a t u r e  and a m b i e n t  gas re sp ect  iv ~~t’ .

R ( S , D, a) gauge sampling tube fac tor , a f u n c t i o n  of t i - a u i . ,  I i s sion ;)l- ii } .al t ilif ( 5  -

S speed ratio U ‘v0 .

U - satellite veloci ty.

vm most  probable veloci ty  of the  a m b i en t  gas.

D d iameter  to length rat io  of the gauge sa m p l ing  tube .

a = a t t a c k  angle .

6 = recombinat ion fac tor , for no r e c o n ib i n a t i o n  6 equals  u n i t  and for
total  recombinat ion  equals ~~~~~.

rout res idua l  gauge pressure.

Tabulated values and the theory  for the  R(S, D, a) funct ion have been published
by Hug hes. A more detailed descri pt ion and discussion of Eq. ( 1) above i.s con-
ta ined  in r e fe rence  1. Once ambient  pressure has been determined , ambient  d e n s i ty
is obtained using the ideal gas law :

3 . Ching,  B. K. , and Palmer , J. (1974) Upper  A t m o sp her ic  Den si ty  In fe r red
From Magn e t ron  Data, Aerospace Corpora t ion  R epor t  No. Ti~-0074
(42 60 - 10 ) -? ,

4 . Hughes , P. C. (1965) The~~yjp~~th~ Free J \ Io l e c ul a r  Impacf Probe a~ anA r b i t r a r y  Ang le of A t t ack ,  Un i v e r s i ty  of To ron to  1T[A S R e p o r t  No. 103 .

10
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SI I 
-= ii T ~a (~~ )

where

~~~ ~~i ’ ~ a = anib ien t  dens ity, pr es  sure and absolute t e m p e r a t u r e  respect iV e l \ .

SI mean t -i io lecular  mass of ambient  gas.

R u = Universal gas constant .
Data reduction involved the  p rocess ing  of the i o n i z a t i o n  gauge m e a s u r e m e n ts

to ob ta in  i n t e r n a l  gauge pressures (P g
) as a function of attack ang le over each

sa te l l i t e  sp in cy cle .  T h e  gauge dependence upon a t t ack  ang les is contained in the
R funct ion;  hence a l inear  least squares fi t  of the fol lowing form was per formed
over each half of tile spin cycle:

Pg = 5 t ~~~~
I) 0) 4

~~ (3)

Figure 4 shows an example of the fi t  ob t a ined  in the manner  descr ibed above .
From such fi t s  th e value of a and b are obtained , The slope of the least squares
fi t  involving Pg and B is:

a = (T
g:Ta

)’ 
.12 

~a 
6 . (4 )

As all the parameters in the above equation can be asce r t a ined , one can solve for
the  ambient  pressure .  Son-ic a s sumpt ions  have to be made conce rn ing  Ta and 6 and
values for these parameters  are obtained under  the a p p r op r i a t e  c o n d i t i o n s  f rom

atmospheric  models. For this data the Jacchia  1971 model 5 has been used.  It
should be noted , however , that  the dependence of p

5 upon the above t w o  p a r a m e t e rs

is at i ts  greatest , a square root dependence. For- each spin cycle two ambient

pressure  values are de te rmined  one f rom da t a  obta ined  as the gauge approaches
ram and the second as it moves away f rom ram . The two  ambient pressure values
a re averaged producing a single value for each sp in cycle w h i c h  is ass ign ed  the
alt i tude at which  the m i n i m u m  a t t ack  angle for tha t  spin cycle occui- .s. The pressure

is converted to density by applicat ion of t h e  ideal gas law , E q. (2) .  A comp lete
o rb i t a l  acquis i t ion , is processed in the above manner  so t h a t  the  f inal  output  in
t e rms  of processed data per sa te l l i t e  acqu i s i t i on  is one dens i ty  d e t e r m i n a t i o n  per

5. Ja cch ia , E. G. ( 1 h7 1)  Revised Stat ic  Models of Thermosphere  and Exosphere
Wi th  E m p i r i c a l  T e m p e r a t u r e  Prof i les , Smi thson ian  A s t rop hy s.  ()b~ .
Repor t  332.
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Figure 4. Least Squares Fit to Satellite Data
Taken Over a Spin Cycle at 166. 7 km Al t i tude

sp in cycle. An orbital data acquisition, which for this fl ight was a nominal 20 m iii
recording centered at perigee , would total about 100 spin cycles. Hence , 100
density determinations (one per spin cycle) with varying altitudinal resolution, less
than 0. 5 km around perigee and 10 km at 400 km alti tude were obtained. The
reader is again referred to reference 1 for a more detailed description and exp lana-
t ion of the parameters, theory of measurement  and flight operations .

4. DATA RESULTS

Measurements  are presented in the two appendices as a l t i t ude/ dens i ty  plots
and al t i tude/universal  t ime  plots . The data given are not all inclusive but ra ther
representat ive samples taken over the satellite T s life du r ing  the  four month period
from 24 January  1975 to 24 May 1975. Al though the appendices are lengt hy, the

12
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data shown in them represents slightly less than 10 percent of the total  data  base
accrued from the satel l i te  flight. Taken together wi th  the data published in ref-
erence 1, their  combined total  still represents only 25 percent of the data base.

Table 1 provides a tabulation on a monthly bas is of both the data obtained over
the entire flight as well as the data given in the attached appendices. Figure 5 is
a graph of satellite positional data. This fi gure defines satel l i te  location in terms
of peri gee location , wi th  local t ime , latitude and altitude of the satellite ’s perigee
given as a function of date and revolution number. In Appendix A plots of dens ity
(gm/cc)  vs universal t ime are shown. The circle values are values of a tmosp heric
density obtained from gauge measurements, and the crosses are the appropriate
Jacchia 71 model values computed for the sam e conditions of the measurements .
In the upper portion of the same plots , the crosses now denote the ratios of the
measured gauge determined dens ities to the J7 1 model values. It should be noted
here that the scale on the upper portion ratio plots does not remain  the same
throughout the appendix. In some data the scale for the ra t io  plots was expanded
to range from 0. 25 to 1. 75. The sunshade nomenclature shown in the right hand
legend gives the t ime (U. T . )  when the satell i te was in sunl ight  and darkness ,
respectively. Other desi gnations shown in ordinates , abscissa and legend are
self-explanatory with the possible exception o f ” Geom . Lat .” which  is geomagnet ic
latitude .

In the altitude plots of Appendix B, both t h e  circle and cross symbols denote
gauge measurements;  the circles are measurements performed during the downieg
portion of the acquisition , that is , as the sa te l l i te  descended in altitude towards
peri gee and the crosses are for upleg measurements  when the satel l i te  was ascend-
ing in al t i tude away from perigee. The solid lines shown are least  squares f it s
through the data points. Some al t i tude plots as for example the one shown in Fig-
ure 6, required further processing in the form of noise editing. Fi gure 6 shows a
“before” and “ af ter” sample of the effect of noise data point deletion upon the least
squares fit of the upleg and downleg profiles. As the least squares fit  coeff ic ients
are incorporated into the computer data base files , it is especially impor tan t  that
meaningful and valid fits be performed.

At hi gher alti tudes the downleg (circles)  and upleg (crosses) profiles of a large
number of the A ppendix B plots exhibi t  a divergence . A major portion of this diver-
gence is due to the spat ial  separation of the measurements. For example , i n i t i a l ly
perigee was located in the northern sunl i t  hemisphere and precessing nor thward
towards the pole. In this  case the downleg measurements  are per formed  at high
nor thern latitudes , whereas the upleg measurements  are performed at midd le  and
equatorial latitudes nearer  to the sub-solar point.  Continued precession of
perigee produces downleg measurements at hi gh no r the rn  lat i tude~, dur ing  nig h - it ,
and upleg measurements at hi gh nor thern  lati tudes during the  day .  In the f i r s t
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l -a s d -  alt  VO , the divergence would ref lec t  h igher -  upleg dens it ie that  would he
associated with the l i u g l o .- - I e rnper a tur e . s  due to the ~r o x i r u i  I t i  of t i l l -  solar  bul ge.
In the  second case- , downleg i u u e a su i - em e - nt s  reflect lower n i g h t t i m e  t e mp e r a t u r e s
as opposed to up leg day l igh t  r i i e a su r e n ie n t s .
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3. St M M A R ’i

In t h i s  r -eport the comp i la t ion  of the  S3-l satellite ionization gauge measure-

uui ents is completed, Representative samples, totalling 158 acquisitions , of neu t r al

density measurements perfor-med over an altitude r-ange, in some cases, as low as

135 km up to 325 km are given in the appendices . The t ime  period over which  these

measurements were - btained extended from January 1975 into May 1975. Results

were obtained over both the southern and northern hem ispheres; dur ing the winter

season in the southern hemisphere and during spring in the northern hemisphere.

Details on the experiment , cal ibrat ion procedures , measurement  technique and

data reduct ion method are described. The total  data set generated as a result of

th i s  fli ght exceeds 1650 orbi tal  acquisi t ions . The t ime durat ion of an average

orbi ta l  acquisi t ion was approximat el y 20 ru in .
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