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ABSTRACT 

An explanation is developed for the fornlation, near midnight at 

midlatitudes, of a broad electron-density layer extending approximately 

from 120 to 180 km and usually referred to as the intermediate E layer. 

The responsible mechanism is believed to be converging vertical ion drifts 

resulting from winds of the (2, 4) - mode of the solar semidiurnal tide. 
Numerical solutions of the continuity equation appropriate to the inter- 

mediate layer is described for particular models of ion drift, diffusion 

coefficients and ionization production. Analysis of rocket observations 

of the layers show that the ionization rate is highly correlated with the 

planetary geomagnetic index, K . Particle flux measurements support the 
P 

idea that energetic electrons are the principal source of this ionization. 

A semiconductor spectrometer experiment for investigation of the particle 

flux, spectrum, and angular properties was designed and successfully flown 

on a Nike Apache rocket. A detailed description is made of the theory, 

design and calibration of this experiment and some preliminary results 

presented. 
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1. INTRODUCTION 

This report  describes i n  d e t a i l  t he  development of  rocket-borne 

instrumentation f o r  inves t iga t ion  c.f t he  f l ux ,  spectrum, and r e l a t i v e  

d i r ec t iona l  proper t ies  of energe t ic  e lec t rons  i n  the ionosphere. The 

need f o r  these measurements der ives  from the  lack of p a r t i c l e  informa- 

t i on  a t  midlatitudes under various ioncspheric conditions.  The s i g n i f i -  

cance of p a r t i c l e  p rec ip i t a t i on  as  a source of ion iza t ion  i n  t he  E 

region, pa r t i cu l a r ly  the a l t i t u d e  range 120 t o  180 km, i s  explored i n  

Chapter 2.  

Present theories  generally assoc ia te  t he  observed ioniza t ion  t o  be 

a consequence of u l t r a v i o l e t  rad ia t ion  (pr inc ipa l ly  Lyman a, 1216 and 

Lyman 8 ,  1026 1) sca t t e r ed  from the  geocorona and t o  a minor degree of 

ga l ac t i c  or ig in .  The emphasis here i s  t h a t  energe t ic  e lec t rons  may 

play an important r o l e  i n  determining the  nighttime E-region iono- 

sphere, pa r t i cu l a r ly  a t  midnight during dis turbed conditions.  

In Chapter 3,  an explanation i s  developed f o r  the  formation ne2.r 

midnight of  a broad electron-densi ty  layer  extending approximately 

from 120 t o  180 kilometers. This layer  i s  re fer red  t o  as  t he  i n t e r -  

mediate layer;  it i s  -5ove the  region of sporadic-E layers  and below 

the F region. In the  period from midnight t o  sunr i se  the  layer  i s  

observed t o  gradually narrow and descend a t  a r a t e  of about 1.5 km min" 

u n t i l  i t  merges i n t o  the  sporadic-E layers .  The associated mechanism 

responsible f o r  t h i s  behavior is  believed t o  be converging ion winds 

(from horizontal  wind shears)  acted upon by the  t i d a l  winds of the  

(2, 4) - mode of t he  s o l a r  semidiurnal t i des .  The layer  i s  a l s o  more 

not iceable  during quie t  geomagnetic conditions than disturbed. 



The main p a r t  o f  t h i s  repor t  concerns the development of  a rocket- 

bwne s o l i d - s t a t e  p a r t i c l e  spectrometer. The design was developed f o r  

use on a Nike Apache rocket using IRIG telemetry. More e labora te  pro- 

cedures f o r  data  manipulation and reduction a r e  ava i lab le  options t o  t he  

system as f ami l i a r i t y ,  f e a s i b i l i t y ,  and s c i e n t i f i c  object ives  d i c t a t e .  

Chapter 4 i s  devoted t o  an explanation of semiconductor de tec tor  opera- 

t ion ,  s e n s i t i v i t y  t o  i n t e r n a l  and ex terna l  conditions,  and coinparison 

with o ther  p a r t i c l e  detect ion schemes. Chaptsr 5 describes the  desigri 

and fabr ica t ion  of t he  spectrometer. 

Discllssion i s  given t o  optimal design techniques and methods and 

models t o  FJc nsed f o r  i n t e r p r e t a t i ~ n  of r e s u l t s .  The ca l ib ra t ion  pro- 

cedure, invoking various experimental procedures, is explained i n  

Chapter 6. 



2. ENERGETIC ELECTRONS AS AN IONIZATION SOURCE IN THE 

NIGHTTIME E REGION 

2 . 1  Ionisation Rates CaZcuZated porn Intermediate Layer EZectroz-DensiQ 

P r o f i  les 

The intermediate layer  i s  observed near m ~ d n i t n t  i n  the  a l t i t u d e  

region from 120 t o  180 km with peak near 150 km. I t  is formed as  a  

r e s u l t  of the  neut ra l  winds, as  developed i n  thc  r.ext chapter.  Applying 

the  cont inui ty equation described i n  Section . . A  3 and in t eg ra t ing  

between the a l t i t u d e  l imi t s  z l  and z2 gives 

z, 

where q is the  production r a t e ,  a is  the recombination coe f f i c i en t ,  D i s  

the  ambipolar d i f fus ion  coe f f i c i en t  and w i s  the ion wind ve loc i ty  

function. 

Now, i f  a and z2  a re  taken t o  be the nodes of ;he electron-densi ty  
1 

p ro f i l e ,  then &/dz and w = 0 a t  z and z2 requir ing the  square 1 

brackets i n  equation (2.1) t o  be zero. Therefore 

Thus, the height- integrated ion iza t ion  r a t e  i n  the layer  may be 

obtained without assuming any model f o r  the v e r t i c a l  ion d r i f t  veloci ty .  

The proper choice of l imi t s  of in tegra t ion  has enabled the  v e r t i c a l  ion 

d r i f t  (whether caused by neu t r a l  winds and/or e l e c t r i c  f i e l d s )  and 

diffusion t o  be averaged out;  they have not been neglected. 



An average ionizat ion r a t e ,  q, i s  immediately obtained as  

The in tegra t ion  limits are  met a t  both lower and upper val leys anu 

a t  the  peak of the layer .  Thus the average ionizat ion r a t c  may be com- 

puted f o r  (1) the layer below the  peak, (2) the layer  above the peak, 

and (3) the whole layer .  

The choice of t he  recombination coef" 'c ien t ,  a ,  i s  d e a l t  with i n  

Section 3.2.2. The formulation obtained (equatidn 3.1) i s  a function 

of a l t i t u d e  and magnetic index. 

There a re  now f ive  observations,  shown i n  Figure 2.1, of the i n t e r -  

mediate layer a t  Wallops Is land near midnight: .4pril 12, IS63 

[Carfar ight ,  19631 ; J m e  2 2 ,  1965 and February 2 2 ,  1968 [Smith, 19701 ; 

and September 11, 1969 and November 1, 1372 [Smitrr e t  aZ., 19741. 

Applying the above procedure, the average ionizat ion r s t e ,  q, is  

obtained f c r  each of the f ive  casec: f o r  the lower and upper p a r t s  of 

the layer,  and f o r  the  whole layer .  These values a r e  given i n  Table 2 . 1  

which a l so  includes the a l t i t u d e s  of the val leys and the peaks used as 

l imi t s  in  the in tegra t ion  of the  cont inui ty equatioa, and the associated 

values of K The s i m i l a r i t y  of the ionizat ion r a t e s  over the  upper 
P'  

and lower portions of the layer  suggest t ha t  the production is nearly 

uniform over t h i s  region. 

The ionizat ion r a t e s  a r e  a l s o  s t rongly cor re la ted  with magnetic 

index, K as shown in  Figure 2 . 2 .  A least-squares f i t  t o  t he  data  
P ' 

gives the experimental re la t ionship  a s  follows : 
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q-= 0.176 exp(0.64 Kp) - 
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- - - - - - 
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Figure 2.2 Values of 7 and T, electron production rates in the lower 
and upper parts of the intermediate layer, respectively, as 
inferred by applying equation 2.3 to electron-density profiles 
2.la-2.le, as a function of Kp.  Saallsr dots with "-" indicate -- q , smaller dots with "+" indlcate 7, and larger dots indicate 
q over the entire layer. 



The cor re la t ion  coef f ic ien t  f o r  the  f i v e  observations is 0.96. In- 

t e r e s t ing ly ,  the  da ta  ind ica te  t h a t  the lower p r o f i l e  ioniza- icn r a t e ,  

QL* is always l a rge r  f o r  K values l e s s  than 3 while t he  upper is ,lways 
P 

g rea t e r  f o r  K g r ea t e r  than 3. The least-squares f i t  corresponding t o  
P 

QL, and QU a r e  

This reversa l  suggests t h a t  t he  p a r t i c l e  specirum and p i t ch  angle d i s t r i -  

bution is such a s  t o  ionize more of the  upper port ion of t he  layer  as  K 
P 

increases .  The grea te r  ion iza t ion  r a t e  observed a t  low K f o r  the  lower 
P 

p r o f i l e  is expected s ince  Ly 8 ionizes  t o  a  g rea t e r  ex ten t  the  lower 

E region. Similar  r e s u l t s  have been obtained by Cough and Collin [1973] 

i n  which they measured the  f lux  of  e lec t rons  (> 40 keV) a t  South Uist 

on t h i r t e e n  rocket f l i g h t s .  Their  cor re la t ion  with magnetic a c t i v i t y  by 

a  least-squares f i t  gives ?-I exponent of 0.98 K and a  cor re la t ion  
P 

coef f ic ien t  of  3.79. 

Applying the ion iza t ion  r a t e  ca lcu la t ion  again t o  f i v e  nighttime 

launches on February 22 ,  1968, a  time evolution of t he  intermediate layer  

production can be invest igated.  These r e s u l t s  a re  shown i n  Figure 2 .3  

f o r  t he  electron-densi ty  p r o f i l e s  of Figure 3.1. From midnight t o  a t  

l e a s t  0130 the  upper and lower ion iza t ion  r a t e s  a r e  s imi l a r  and qu i t e  
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small.  A t  0300 and the rea f t e r  there  i s  a subs t an t i a l  increase i n  upper 

ionizat ion r a t e  presumably from the  increasing Ly B f lux from the geo- 

corona and the  descending of the  l aye r  t o  lower alt;r.~ic'.~l:. A t  s un r i s e  

t h e  ionizat ion q u i t e  na tu ra l ly  responds rapidly.  

2 . 2  Observatior of Parti.eZe Precipitation i n  Midlatitudes 

Excerimental observations a r e  e s sen t i a l  i f  energe t ic  p a r t i c l e s  a r e  

t o  be recognized a s  a possible  midlatitude ion iza t ion  source. To 

ascer ta in  t h e  exis tence of p a r t i c l e s ,  various d i r e c t  o r  i nd i r ec t  methods 

can be applied. P a r t i c l e  de tec tors  onboard s a t e l l i t e s  o r  rockets pro- 

vide the bes t  d i r e c t  access t o  p a r t i c l e  information. Iiowever, they a re  

l imited t o  mappings over a small time sca l e  and require  extensive f a c i -  

l i t i e s  i f  simultaneous geographic measurements a r e  des i red .  Ground-based 

observationsrely on measurement of p a r t i c l e  a f t e r e f f ec t s  invoking such 

candidates as  l i g h t  emission, rad io  noise,  magnetic f i e l d  f luc tua t ions ,  

and r e l a t ed  ionospheric in te rac t ions .  

2.2.1 Rocket-borne particle observations. The most d i r e c t  measure- 

ments of energe t ic  p a r t i c l e s  can be made u t i l i z i n g  a rocket-borne 

experiment. This type of experiment i 5 capable of providing exce l len t  

height resolut ion,  spectrum, and p i t ch  angle information. Although many 

rocket measurements have been made a t  high l a t i t udes  r e l a t i v e l y  few 

have been concerned with lower l a t i t u d e  observations.  In f a c t ,  much of  

t he  present low l a t i t u d e  data  i s  der ivable  from the  r e s u l t s  of rocket- 

borne X-ray experiments which a r e  addi t iona l ly  s ens i t i ve  t o  energe t ic  

e lec t rons .  

Two p a r t i c l e  de tec tor  experiments of the  Aeronomy Laboratory were 

launched from Wallops Is land ( 3 8 " ~ ,  7 5 ' ~ ;  geomagnetic l a t i t u d e  4 9 ' ~ )  a t  



0003 EST on November 1, 1972, and a t  2330 EST on April  18, 1974. The 

f i r s t  payload was equipped with a Geiger counter s e n s i t i v e  t o  e lec t rons  

grea te r  than 70 keV while t he  second was equipped with the  s o l i d - s t a t e  

de tec tor  experiment described i n  Chapters 4, 5, and 6. Both payloads 

included t i p  mounted Langmuir probes [Smith, 19691 and a propagation 

experiment [MechtZy and Smith, 19701 f o r  e lectron-densi ty  measurements. 

The Geiger counter operation is  discussed i n  Section 4.2.4. The 

p a r t i c u l a r  Geiger counter employed used a beryllium window of a rea  

2 
0.203 cm and thickness 5.1 x lo-' cm. The geometrical f a c t o r  i s  

2 0.303 cm s t e r .  The window o f  the  counter i s  or ien ted  perpendicular t o  

the  spin axis  of t he  rocket and i s  covered, during the  launch phase, by 

a door carrying a weak radioact ive source. The door and source a re  

e jec ted  41 sec  a f t e r  launch (43 km a l t i t u d e ) .  

The count r a t e  measured during the f l i ~ h t  is shown i n  Figure 2.4. 

Each da t a  point  is the average f o r  a five-second in t e rva l .  The uncer- 

t a i n t y  i n  count r a t e  is  ind ica ted  by e r r o r  bars  a t  representa t ive  points .  

The da ta  below 60 km on the  descending t r a j ec to ry  a re  of poor qua l i t y  

and a r e  not included i n  the  f igure .  

The count r a t e  of the  de tec tor  a t  sea- level  (before launch) i s  

3.3 s e e 1 ,  of which the  source on the  door contr ibutes  3.0 sec-' and the  

cosmic-ray background 0 .3  sec-' . The dashed l i n e  i n  Figure 2.4 connects 

points  which have been corrccted f o r  the  radioact ive source car r ied  i n  

the  ea r ly  pa r t  of the f l i g h t .  The r e su l t i ng  var ia t ion  with a l t i t u d e  up 

t o  about 80 km, including the  Pfotzer-Regener maximum near 20 km, i s  

consis tent  with previous observations of cosmic-ray f luxes a t  mid- 

l a t i t udes  [Van  AZZen, 19521. In o ther  (daytime) f l i g h t s  with i d e n t i c a l  





counters t he  background count r a t e ,  due t o  cosmic rays,  has been found t o  

be about 10 sec-' a t  a l t i t u d e s  g rea t e r  than 40 km. 

The excess counts on t h i s  f l i g h t  a r e  a t t r i b u t e d  t o  e lec t rons  with 

energies g rea t e r  than 70 keV. The f lux  increases  with increasing a l t i t u d e  

i n  the  range 80 t o  140 km both on ascent and descent. The count r a t e  

reaches a maximum value of 339 t 8 sec- l ,  which, when corrected f o r  

cosmic rays,  gives an average f l u x  (> 70 keV) of 1086 t 26~m-~sec- 's ter- ' .  

Two importsnt considerations r e l a t i v e  t o  t he  count r a t e  p r o f i l e s  

a r e  (1) the  de tec tor  is predcn.inately looking a t  p a r t i c l e s  with p i t ch  

angles near 90 degrees, bu t ,  i s  modulated because of the  rocket spin 

(7.3 rps) and processional (20 sec)  per iods,  (2) t he  launch was made on 

a very dis turbed n ight ,  with K = 8. The f i r s t  consideration explains,  
P 

t o  a large degree, the apparent count r a t e  f luc tua t ion  s ince  i t  is  

observed t h a t  the number of p a r t i c l e s  per  incremental p i t c h  angle 

(angular probabi l i ty)  var ies  appreciably near 90 degrees. The second 

consideration predominately governs the  absolute magnitude of t he  count 

r a t e  curve. 

The launch on April  18, 1974, was made during a moderately dis turbed 

night  of K = 5+. Five channels were used f o r  spectrum analys is  corres-  
P 

ponding t o  energies of 12, 25, 40, 60, and 80 keV. A preliminary study 

indica tes  t h a t  the spectrum near  160 km i s  r e l a t ed  by a power law of 

exponent y = 2 and t h a t  the  p i t c h  angle d i s t r i bu t ion  va r i e s  markedly 

near p i t ch  angles of 90 degrees. Figure 2.5 shows a port ion of the  f l i g h t  

chart  record i l l u s t r a t i n g  the  typ ica l  experiment behavior. The spectrum 

is shown as the s t a i r c a s e  waveforms (16 counts per  pulse) with the  high 

count channel (top one) associated with the lowest energy. The p i t ch  



Figure 2.5 Four-inch-per-second chart record of particle data received from 
the five channel energetic electron spectrometer (staircase wave- 
forms). Also shown are the magnetometer signal (each period 
represents one rocket revolution), L'angmuir probe and time code. 
The lowest channel (No. 1) is not shown because of the higher count 
rate. The particle modulation is evident in channel two at the 
top of the chart. 



angle dependence can be ve r i f i ed  i n  t he  second channel as a modulation 

with the sp in  period. The s inusoidal  s igna l  i s  from the  magnetometer and 

indica tes  the  r e l a t i v e  pos i t ion  of the  rocket with respect  t o  t he  magnetic 

f i e l d .  

The p a r t i c l e  count r a t e  f o r  t he  f i r s t  channel (E > 12 keV) is d i s -  

played i n  Figure 2.6. The r e s u l t s  c l ea r ly  i l l u s t r a t e  (1) p a r t i c l e  f l ux  

not changing with time; (2) processional nodulation corresponding t o  

changing p i t c h  angles; and (3) a nearly l i n e a r  dependence or  count 

r a t e  with a l t i t u d e .  

These da ta  a r e  amplified by three  rocket-borne experiments designed 

primarily t o  look a t  ga l ac t i c  X-rays, bu t  a l so  sens i t i ve  t o  energe t ic  

e lectrons with energies grea te r  than 4 keV. 

HiZZ e t  aZ. I19701 used proport ional  counters aimed a t  r i g h t  angles 

t o  the  spin ax i s .  The collimation pa t t e rn  was 5' (ve r t i ca l )  and 30' 

(horizorltal) FWHM using the  standard egg-crate geometry. The counter 

2 windows were approximately 60 ug/cm Formvar. Two rockets were 

launched from Kauai, Hawaii. The f i r s t  on May 15, 1968, a t  6:41:20 UT 

( a t  apogee) and the second on May 17, 1969, a t  6:56:15 UT ( a t  apogee). 

The L a t  apogee (158 km) was 1.16. The rocket sp in  axis  was or ien ta ted  

i n  the  v e r t i c a l  causing the  counters t o  scan a band of sky centered on 

the horizon. The r e su l t an t  count r a t e  verses  the  azimuth angle f o r  

both f l i g h t s  is shown i n  Figure 2.7. The maximum r a t e  of change of 

p a r t i c l e  i n t ens i ty  occurs a t  p i t ch  angles of 90' (corresponding t o  

azimuth angles of 270' and 90') supporting the  r e s u l t s  obtained from the  

Wallops experiments. Further agreement i s  made with the l i nea r  increase 

i n  count r a t e  verses a l t i t u d e  and i s  i l l u s t r a t e d  i n  Figure 2.8 f o r  the  
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Figure 2 . 7  Count r a t e  v e r s e s  azimuth from an experiment by Hi22 t a7,. [1970] 
f o r  two rocke t  f l i g h t s  made on 15 May 1968 and 17 May 1969. So l id  
c i r c l e s  show counts carresponding t o  1-10 keV energy depos i t ed  i n t o  
counter  2nd c r o s s e s  correspond t o  energy depos i t ed  g r e a t e r  than 
10 keV. 
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May 17, 1969, and f o r  a previous f l i g h t  on November 6, 1968. A l l  f l i g h t s  

were made with values of K less than 1. 
P 

Hcqlakawa e t  at. [1973] employed two proportional counters equipped 

with polypropylene windows of 100 and 50 pg c i 2  i n  thickness and ef fec-  

2 t i v e  areas of 32 and 2t  cm , respect ively.  Thu 100 pg cm'* counter was 

perpendicular t o  t h e  ro l e  axis  and the  50 pg cm-2 counter was mgled 20° 

upward. Each X-ray event i n  the  energy range 0.1 t o  3 keV hds pulse 

height  analyzed. The e q ~ i v a l e n t  e lec t ron  energy range was deduced t o  

ext'?nd from 5 t o  10 keV. 

The launch was made a t  2100 Japanese Standard Time on September 3, 

1971, from Kagoshima Space Center, 20°N geomagnetic l a t i t ude .  The L 

value ranged from 1.17 t o  1.25 over the rocket a l t i t u d e  range from 200 

t o  800 km. The magnetic d ip  angle was 42'. The count r a t e  verses a l t i -  

tude and the  azimuthal dependence is  reproduced i n  Figure 2.8. The 

count r a t e ,  when mult ipl ied by the  appropriate angular s e n s i t i v e  f a c t o r  

of the detector ,  gives the  count r a t e  i n  u n i t s  of cm-2 sec-' s t e r .  This 

count r a t e  is comparable t o  t he  count r a t e  of H i l l  f o r  the overlapped 

a l t i t ude  range. The dashed l i n e  above 400 km represents  the  a l t i t u d e  

dependence estimated from the  trapping l i fe t ime f o r  the ion iza t ion  loss  

deduced oy Mae&, [1965]. The curve is normalized t o  the  highest  

a l t i t u d e  experimental da ta  poin t .  The lowest energy da ta  d i f f e r s  s ign i -  

f i can t ly  and is  suggested t o  be the consequence of atmospheric back- 

s ca t t e r .  The p i t ch  angle da ta  reveal a very d i f f e r en t  type of d i s t r i -  

bution than t h a t  observed by Smith o r  H i l l  a t  lower a l t i t udes .  This 

anisotropy, however, i s  i n  agreement with the  theore t ica l  d i s t r i b u t i o n  

( so l id  curve) of (sinna) dicosa) with n = 8. 

-.... ',, ,..,,, '-I. I ...-. r.. . ..... .- .--'- -...,,. '-1-.'.1"-"-- "I*.., . ..._ .--. . ...., ..... .-.---* .. . . . I . . ,. ,, .,. - - .  



Physically,  t he  e lec t rons  a r e  centered around 90 degree p i t c h  angle 

suggesting t h a t  the rad ia t ion  is trapped and is  near t he  mirroring point .  

The smaller  t he  p i tch  angle the  lower the  mirroring poin t  aqd the  

grea te r  t he  s u s c e p t i b i l i t y  t a  atmospheric in te rac t ion .  'he 200 t o  500 km 

p i t ch  angle d i s t r i bu t ions  ind ica tes  a nearly i so t rop ic  dependence s ince  

the  higher a l t i t u d e  p a r t i c l s s  with p i t ch  angles near 90 degrees have 

been f i l t e r e d  out reducing the  overa l l  count r a t e .  Continuing below 

200 km the  d i s t r i bu t ions  by Smith and H i l l  show a gradual increase and 

narrowing of  t he  d i s t r i b u t i o n  f o r  p a r t i c l e s  with p i t ch  angles l e s s  than 

90 degrees. This i s  a t t r i b u t e d  t o  t he  increased absorption of p a r t i c l e s  

as  t h e i r  p i t ch  angle becomes 90 degrees. The time expended pe r  u n i t  

height  i n t e r v a l  is  increased as  the  p a r t i c l e  approaches the 90 deg,ree 

p i t ch  angle i n  i ts  downward t r a j ec to ry ,  thereby, increasing the  l i k e l i -  

hood of  an ionizat ion event and p a r t i c l e  absorption. 

The t h i r d  X-ray f l i g h t  which addi t iona l ly  revealed the  presence of 

energe t ic  e lec t rons  is  reported by Tuohy and Harries [1973], f o r  t h e i r  

experiment launched from Woomera, South Austral ia ,  ( L  = 1.75), a t  

0030 hours UT on Ju ly  10, 1970. The K magnetic index was 7-. The 
P 

detec tor  was sens i t i ve  t o  25 keV e lec t rons  and recorded a f l ux  of 5 

e lec t rons  cm-2 sec-' key-' s te re '  when a t  90 degree p i t ch  angle. The 

p i tch  angle d i s t r i bu t ion  is peaked a t  90 degrees with a FWH! spread of 

30 degrees. 

The da t a  from the  above experiments i n t u i t i v e l y  agree with ex- 

pected behavior. Su f f i c i en t  information e x i s t s  t o  deduce ionizat ion r a t e s  



given the  p i t c h  a : e  d i s t r i bu t ion ,  energy spectrum and p a r t i c l e  f l u .  

These r e s u l t s  suggest t h a t  t he  observed midlat i tude f l u x  of energe t ic  

e lec t rons  a r e  a  primary source of nighttime ioniza t ion  and w i l l  be ex- 

plored i n  more d e t a i l  i n  Section 2.5. 

2.2.2 SateZZite particle observations. S a t e l l i t e  da t a  compiled 

by Potemra and Zmzuiia [I9701 a r e  shown i n  Figure 2.9. The average inten-  

s i t i e s  of e lec t rons  were made f o r  energies g rea t e r  than 40 keV and 

during o r  near  a  solar-minimum epoch. Although the  maximum i n t e n s i t i e s  

occur a t  auroral  l a t i t u d e s  it i s  apparent t h a t  there  is  s i g n i f i c a n t  

midlatitude (35' t o  5 S 0 )  f l u x  and overa l l  f l u x  v a r i a b i l i t y  f o r  a l l  

l a t i t udes .  

2.2.3 Indirect measurements of energetic electron precipitation. 

The ind i r ec t  measurements of p rec ip i t a t i ng  e lec t rons  a r e  of unquestion- 

ab le  importance s ince  they not only suppc.t,t the  exis tence of p a r t i c l e s  

but  ve r i fy  the degree of  i n t e r ac t ion  with the  atmosphere. This i n t e r -  

act ion r e s u l t s  i n  such processes as ioniza t ion ,  heat ing,  chemical reac- 

t ions ,  and photon exc i ta t ions .  

Ionizat ion processes culminate i n  enhanced e lec t ron  dens i t i e s .  

Therefore, by monitoring t h e  e lec t ron  densi ty  by e i t h e r  rocket-borne o r  

ground-based techniques, it is  possible  t o  a sce r t a in  the  source magni- 

tude and a l t i t u d e  dependence. For example, i f  p a r t i z l e  ion iza t ion  is  

observed predominately a t  a l t i t u d e s  of 180 kilometers,  then conclusions 

can be made about the  energy spectrum a:, cons is t ing  of 1 t o  10 keV 

p a r t i c l e s  and/or t he  p a r t i c l e  p i t ch  angle d i s t r i b u t i o n  i s  maximized 

around 90 degrees. 



U 

I I. I 
40 

1 
SO 60 70 w 

HIVARIANT LATITUDE A, & w e *  

Figure 2.9 Averaged intensities at ~1100 km altitude of precipitated electrons 
240 keV assimilated by Potemra and Zmuda [1970], satellite obser- 
vations are as follows: (1) Injun 1 during June-September 1961 
[O'Brien, 19621. (2) Injun 3, January 1963 [OIBrien, 19641. (3) 
Injun 3, February-October 1963 [Fritz, 1967, 1968, and personal 
communication] . (4) Explorer 12, August-September 1961 [0 'Brien 
and LaughZin, 19631. (5) Alouette, October 1962 to January 1963 
[McDiarmid et al., 19631. 



One p a r t i c u l a r l y  i n t e r e s t i n g  observation is the  r e l a t i onsh ip  of t h e  

average ion iza t ion  produced i n  t he  upper E region (120 t o  180 km) f o r  d i f -  

f e r en t  values of magnetic index, K This index is a logarithmic s c a l e  
P 

(from 0 t h r u  9) of  t he  averaged magnetic f i e l d  f luc tua t ions .  Furthermore, 

t h i s  K var ia t ion  is  d i r e c t l y  cor re la ted  with p a r t i c l e  p rec ip i t a t i on  
P 

s ince  the  p a r t i c l e  t r a j ec to ry  is perturbed by the  changing magnetic f i e l d .  

Consequently, Figure 2.2 i l i u s t r a t e s  t h e  high co r re l a t ion  (0.91) of E- 

region ionizat ion and p a r t i c l e  prec ip i ta t ion .  

Another technique which has been cor re la ted  with e lec t ron  p rec ip i t a -  

t i on  is  VLF (3  t o  30 kHz) electromagnetic wave r e f l e c t i o n  o f f  the  D 

+ 
upper bound of the  N2 i n t e n s i t y  is 60 Rayleighs. An exce l len t  take-  

o f f  t o  t h i s  experiment which would provide subs t an t i a l  ion iza t ion  

region [ P o t e m  and Rosenberg, 19731. This method is  based on measuring 

the  phase change o f  a VLF electromagnetic wave as it i s  transmitted, 

r e f l ec t ed  o f f  the  E region, and received at a d i s t a n t  point .  The e f fec-  

t i v e  a l t i t u d e  of r e f l e c t i o n  and thus, the  phase i s  d i r e c t l y  r e l a t e d  t o  

the  D-region ionizat ion.  The cor re la t ion  is  then made of r e f l e c t i o n  

a l t i t u d e  verses  magnetograms showing t h a t  enhanced p a r t i c l e  p rec ip i t a -  

t i on  (E > 40 keV), causing a magnetogram f luc tua t ion ,  ionized a g rea t e r  

port ion of the  D region thereby changing the  r e f l ec t ion  height .  

Airglow measurements i n  midlat i tudes have been s t rongly cor re la ted  

with magnetic a c t i v i t y  [Himo e t  aZ., 19653 and hence provide an 

exce l len t  p a r t i c l e  f lux  ind ica tor .  The p a r t i c l e s  predominately e x c i t e  

+ 
the  f i r s t  negative system of  N2 re leas ing  photons of 3914 1 over t he  

a l t i t u d e  range 130 t o  300 km. DaZgarno [I9641 has found the  upper l i m i t  

-2  -1 of  t he  p a r t i c l e  f l u x  t o  be 3 x lo-* ergs cm sec  assuming t h a t  t h e  



information is t o  measure the  airglow in tens i ty  over an extended period 

of time and t o  r e l a t e  it with d i rec t  p a r t i c l e  data from a simultaneous 

rocket-borne experiment. 

The use of balloons t o  measure X-ray fluxes is another way t o  obtain 

an indi rec t  p a r t i c l e  measurement. Energetic pa r t i c l e s  col l id ing with 

neutral  constituents crea te  bremsstrahlung X-rays which a r e  able t o  pene- 

t r a t e  t o  low balloon a l t i tudes  (30 t o  50 km). 

2.3 Charged Particle Dynamics i n  a Magnetic field 

In order t o  properly understand tne  defining re la t ions  and r o l e  

of charged pa r t i c l e s  as  an ionization source, a t tent ion  must be given t o  

the governing equations of motion of a p a r t i c l e  i n  a nonuniform e lec t ro-  

magnetic f i e ld .  Conclusions may then be reached about p a r t i c l e  fluxes 

and the  energy spectrum; the  variat ion of both with a l t i t u d e  and f i n a l l y  

the  ionization tha t  is produced. A summary w i l l  be given of charged 

par t ic le  motion i n  a uniform and variable s t a t i c  magnetic f i e l d .  The 

study of the variable magnetic f i e l d  w i l l  lead t o  the  fundamental adia- 

b a t i c  invariant  with pa r t i cu la r  emphasis on the  magnetic dipole f i e l d  

approximation t o  the  ear th ' s  f i e l d  and the  associated implications. 

2.3.1 Charged particle motion i n  a uniform magnetic field. The 

general equation of motion f o r  a p a r t i c l e  of charge Ze, according t o  

Newton's laws, may be s t a t ed  as the  sum of forces due t o  #, f, and non- 

electromagnetic forces qZ, These forces act ing on the p a r t i c l e  must 

equal the time derivat ive of momentum P 



For the  case of a uniform s t a t i c  magbetic f i e l d  with zero E and Fez, 

the  energy of the  p a r t i c l e  must be constant.  Hence 

where 

w d  ym i s  the  r e l a t i v i s t i c  mass and wg is the  angular p a r t i c l e  ve loc i ty .  

By choosing t h e  reference frame such t h a t  t h e  u n i t  vec tor  Z 3  poin ts  i n  

t he  d i r ec t ion  of the  B f i e l d  the  f i r s t  o rder  matrix equation (2.7) may be 

simply solved, giving 

where vl, U2,  and vll (pa ra l l e l  veloci ty)  a r e  t he  in tegra t ion  constants.  

v1 and v2 can be ca lcu la ted  by specifying a c i r c u l a r  motion i n  t h e  

and E 2  plane. Hence 

where a is the  o r b i t  radius .  v ( t )  may be  v e r i f i e d  t o  be a so lu t ion  of 

2.7. For physical meaning the  r e a l  p a r t  o f  v ( t )  is chosen. 



Integration of equation (2.9) yields the  t ra jec tory  information 

where Xo is  the posi t ion vector of the p a r t i c l e  a t  time zero. The path 

mapped by g( t )  is a he l ix  of radius a and with pi tch angle or, defined t o  

be the angle between the f i e l d  l i n e  and the  veloci ty vector of the  

pa r t i c l e .  Hence 

vl 1 tan a = - 
w ~ a  

A useful r e l a t ion  is fur ther  obtained from equation ( 2 . 8 )  by sub- 

+ -+ 
s t i t u t i o n  f o r  y 

rn *B = i f x r =  p a C 3 .  
I 

where R i s  ca l led  the magnetic r ig id i ty .  

2 . 3 . 2  Charged particle motion i n  a uniform magnetic and external 

force field. The next case of i n t e r e s t  is  charged p a r t i c l e  motion i n  a 

combined s t a t i c  external and magnetic force. Equation ( 2 . 6 )  applies with 

3 s e t  equal t o  ZeZ + Fez, yielding two component par ts :  

where 8 i s  i n  the reference direct ion.  



The f i r s t  equation is the  conventional acce lera t ion  o f  t he  charged 

p a r t i c l e  i n  the  Pll d i rec t ion .  The second equation can f u r t h e r  be de- 

composed i n t o  two component p a r t s  giving 

Px = Ze Bay 

P = Fit - ZeBp 
Y 

The motion executed by the  p a r t i c l e s  i n  equation (2.14) i s  a cycloid 

i n  t he  plane perpendicular t o  d. The motion is f u r t h e r  i l l u s t r a t e d  i n  

Figure 2.10 showing a uniform d r i f t ,  VF, perpendicular t o  10 and 8 

(sometimes ca l led  an 2& d r i f t ) .  The ve loc i ty  VF may be obtained by 

taking an average o f  equation (2.9) r e su l t i ng  i n  P = 0 and 
Y 

Posi t ive  and negative p a r t i c l e s  d r i f t  i n  opposite d i r ec t ions  f o r  

$st = 0 and i n  the same d i r ec t ion  f o r  ZL f i n i t e .  For the case i n  which 

PI > ZeB, the 3 f i e l d  i s  not  ab le  t o  compensate t he  s t rong  FL f i e l d  

and the  p a r t i c l e  is accelerated i n  t he  F d i rec t ion .  
I 

I f  the ex terna l  force is  a function of s p a t i a l  coordinates,  

equation (2.6) s t i l l  appl ies .  The d r i f t  ve loc i ty  i n  t h i s  case follows 

the  equipotent ial  l i n e  s ince  p = -vU where U is  the  po ten t i a l  energy. 

Thip is fu r the r  i l l u s t r a t e d  i n  Figure 2.10 f o r  a p a r t i c l e  with 90' 

p i t ch  angle i n  a uniform 3 f i e l d .  The uiderlying approximwtion assumed 

here i n  t he  averaging is t h a t  the  radius of curvature of the  equipoten- 

t i a l  l i n e  i s  much l a rge r  than the p a r t i c l e s  gyroradius. 



7 x T Drift 

(or 08) 

Figure 2.10 Perpendicular motion of a charged particle in a un'form 
static magnetic field with an applied force field h .  The 
upper figure show2 that+the averaged particle notion is 
perpendicular to B and F. The lower figure illustrates the 
motion in a nonuniform potential force field. 



2 .3 .3  Charged parttote motion i n  a nonuniform magnetio f t e td .  The 

s p a t i a l  gradients i n  a magnetic f i e l d  can be divided i n t o  compone~~t form 

as VB = VllB + VLB r e l a t ive  t o  the  magnetic f i e l d  8. From HuJre l l t s  

equations, ad = 0 and %& = 0, it follows t h a t  i f  VLB # 0 then vl18 is  

a lso  nonzero. The VLcontribution w i l l  be examined f i r s t .  Since the  B 

f i e l d  i s  constant i n  time, no energy is transferred t o  the p a r t i c l e  so  

tha t  vl remains constant. The gyroradius. a = (m* )I(@) where B is the  1 
average f i e l d  enclosed by an o rb i t ,  remains constant. The force exper- 

ienced by the p a r t i c l e  i n  the  y direct ion does not  average out over one 

revolution because of the f i e l d  inhomogeneity and contributes t o  a y 

directed force as previously discussed. F I i s  directed opposite t o  V B I 
and i s  given by the instantaneous y component as 

where 8 i s  the angle of o r b i t  curvature re la ted  t o  the pos i t ive  y direc- 

t ion.  To obtain the  average y directed force over one cycl:, the  jnte- 

gral  i s  performed over 0 from 0 t o  2n. 

2 n 1 
fu de = qvL V,, Ba 

0 

The associated gradient d r i f t  velocity, VC, is  computed from equa- 

t ion  (2.15) giving 



The motion executed is  the  same as shown i n  Figure 2.10. Again 

the  imp l i c i t  assumption made is t h a t  V Ba << B o r  the  o r b i t  curvature 
I 

= R  must be smaller  than the  f i e l d  l i n e  curvaturc,  - V,R c' 
A 

Additionally,  i f  the  p a r a l l e l  ve loc i ty ,  v l l ,  is  nonzero (p i tch  

angle not 90' )  the p a r a l l e l  curvature of the  f i e l d  l i ne  cont r ibu tes  t o  

a curvature d r i f t  where the cent r i fuga l  force is d i rec ted  perpendicular 

t o  the  9 f i e l d  l i ne .  

and the  curvature d r i f t  is given by equation (2.15) as 

The vector  combination of these d r i f t s  PC + 7 = 7 i s  
9 cg 

-m 2 - 2 
- 2eZ RcB (2 - s i n  a )  xa 

where n i s  a un i t  vector  i n  the  opposite d i rec t ion  of the center  of curva- 

tu re .  Reference t o  the  upper diagram in  Figure 2.11 depicts  the curved B 

behavior. 



Figure 2.11 The upper figure shows the outward drift 02 3 charged particle 
as it traverses in a curved magnetic field. The drift velocity 
is denoted by Vc. The lower figure illustrates the principle 
of reflection of a charged partCcle in a converging magnetic 
field. This is the reason for why charge particles can be 
trapped in the earth's magnetic dipole field. 



2.3.4 Adiabatic invariance i n  a nonu~z~!'j'~t;j~m magnetic field. The 

e v 
magnetic moment, D, i s  defined t o  be the prod\~ct  of a  current  (-) 2 nr 

enclosing an area nr2 and hence 

where r is  giveq by equation (2.8) so t h a t  IJ becomes 

where W is  t he  kii ie t ic  energy of the c i r c u l a r  p a r t i c l e  motion. 
1 

Now i i i  a  noiillniform magnetic f i e l d  the force exerted due t o  the 

+ 
nonuniformity i s  F = pVB. This force tends t o  slow down an energe t ic  

e lec t ron  as i t  mo-~es downward i n  the  e a r t h ' s  corlverging n~agnetic f i e l d .  

I f  the magnetic f i e l d  g r a d i m t  i s  s u f f i c i e n t ,  the f i e l d  l i n e  force i s  

capable o f  completely stopping the  p a r t i c l e  longi tudinal  motion and 

re turn  the p a r t i c l e  back up the f i e l d  i i ne  as shown in  F i p r e  2.11. 

Since the e a r t h ' s  magnetic f i e l d  l i nes  a r e  convergent on both s ides  of 

the dipole the  p a r t i c l e s  a r e  trapped i n  the geomagnetic f i e l d  by con- 

t i nua l ly  being re f lec ted  back and for th .  More prec ise ly ,  t h i s  r e f l ec -  

t i on  point o r  mirror point occurs a t  an a l t i t u d e  L, where B = B so  
1 

t h a t  the t o t a l  change i n  longi tudinal  energy i s  

and from equation (2.21) 



the p i tch  angle a is  given by equation (2.11) requir ing 

If the  p i t ch  angle has a magnitude a0 a t  Z = 0, where B = Bob the  

mirror point  w i l l  occur when 

Bo B1 = - 2 (2.24) 
s i n  a. 

The adiaba t ic  invar ian t  can be derived i n  the  following way. Invok- 

ing Faradayts Law, the  E.M.F. generated i n  one o r b i t  of a p a r t i c l e  is 

AM 
E.M.F. = - = nr e 

The time f o r  one revolut ion is 2nr/v and i f  AB is  the  associated 

change i n  B as the  p a r t i c l e  proceeds downward i n  t h i s  time the  time 

derivat ive i s  

requiring 



Differen t ia t ing  equation (2.21) gives 

and i s  zero by (2.25) . 
The adiaba t ic  invar ian t  a r e  obtained by use of equation (2.21) 

p = constant 

2 P / B  = constant 

2 
B r  = constant 

2.4 Particle Spectrum and Pitch Angle Distribution 

The a l t i t u d e  region i n  which energe t ic  p a r t i c l e s  ionize the most 

neu t r a l s  is determined by the energy spectrum and by the  p i t c h  angle d i s t r i -  

butions. Figure 2.12 i l l u s t r a t e s  the s e n s i t i v i t y  of the  exponent i n  the  

expo,~ent ial  spectrum. Also shown i s  the  at tenuat ion p r o f i l e s  f o r  mono- 

energe t ic  beams of e lec t rons .  

The power law and exponential spectrums a re  p lo t t ed  i n  Figure 2 .12  

f o r  energies from 1 t o  10 keV. The energies from 1 t o  10 keV a r e  the ?re- 

dominant energies f o r  upper E-region ionizat ion and dramatically show the  

s e n s i t i v i t y  of t he  exponent f ac to r s  Eo and X .  The spectrums, J, a r e  

based on the  number of p a r t i c l e s  with energies g rea t e r  than the  energy E. 

The power law spectrum is given by 
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and the  ex;onentii;l spectrum by 

The E-region p a r t i c l e  da t a  have shown power-law spectrums with X 

usual ly between 1.5 and 2.5.  This supports the  f a c t  t h a t  p a r t i c l e  ioni-  

zation is nearly the same i n  the  upper port ion of the E region (150 t o  

180 km) a s  it is i n  the  lower (120 t o  150). This is a  consequence of  the 

ionizat ion of the  upper E region by predominately 1 t o  4 keV e lec t rons  

and the large increase i n  1 t o  4 keV p a r t i c l e s  associated with the  power 

law spectrum. 

Consideration must a l s o  be given t o  t h e  f a c t  t h a t  t he  p a r t i c l e  spec- 

trum can vary with p i t ch  angle and consequently with the  a l t i t u d e .  The 

process of obtaining a  spectrum by averaging over a  wide p i t ch  angle 

spread must be j u s t i f i e d .  The incent ive  f o r  the  exponential spectrum 

is t h a t  it is Maxwellian i n  nature suggesting i n t e r n a l  equilibrium. A 

p lo t  of  the  d i f f e r e n t i a l  number f l ux  divided by t h e  associated energy 

and p lo t t ed  against  energy w i l l  give a  s t r a i g h t  l i n e  f o r  a  Maxwellian 

spectrum. 

The p a r t i c l e  data show the  f lux  t o  cont inual ly increase with a l t i -  

tude i n  a  l i n e a r  fashion a t  midlat i tudes f o r  p a r t i c l e s  with energies of 

a t  l e a s t  10 t o  80 keV. The only v iab le  explanation is  t h a t  equal energy 

p a r t i c l e s  a r e  being r e f l ec t ed  a t  d i f f e r i n g  a l t i t u d e s  because of t he  

mirroring point  va r i a t i on  (equation 2 .24) .  In o ther  words, t he  p i t ch  

angle d i s t r i bu t ion  i s  such as  t o  cause p a r t i c l e s  of a  p a r t i c u l a r  energy 

t o  have a  l i nea r  var ia t ion  i n  mirroring a l t i t u d e .  Since the p a r a l l e l  

ve loc i ty  i s  zero a t  the  mirror po in t ,  equation (2.22) becomes 



2 2 B ( r ,  0) 
OO = 0 Bo 

v 
13 and s ince  the  p i t ch  angle is  r e l a t ed  t o  t he  ve loc i t i e s  as sinao= 

0 

the  previous equation is expressed a s  

Bo 
B ( r , O ) =  2 

s i n  a 
0 

Now s ince  an equal number of p a r t i c l e s  a r e  r e f l ec t ed  i n  each height  

i n t e rva l  over t he  concerned region, t he  so lu t ion  of  equation (2.31) f o r  

a. w i l l  y i e ld  t he  predicted p i t ch  angle d i s t r i bu t ion  f o r  any t r a j e c t o r y  

point  invokink the  ea r th ' s  magnetic f i e l d  var ia t ion .  

2.5 Ionizu t ion  Rates CaZcuZated from Flux and Spectrum Information 

The p a r t i c l e  ion iza t ion  r a t e s  may be ca lcu la ted  from knowledge of 

energet ic  p a r t i c l e  f lux ,  spectrum, and p i t ch  angle together  with infor-  

mation on the  quantum eff ic iency of neu t r a l  cons t i tuent  in te rac t ion .  

Rees [1963], Berger e t  aZ. [1970], and WuZff [I9731 have invest igated 

t h i s  problem f o r  cases p a r t i c u l a r l y  associated with the  higher  l a t i t u d e  

ionosphere. Important differences i n  p a r t i c l e  p i t ch  angle and ionosphere 

composition a t  n ight  warrant f u r t h e r  inves t iga t ions .  

The techniques developed a r e  modifications of t h e  methods employed 

by the above. The computer program developed f o r  t h i s  ca lcu la t ion  is  

given i n  Appendix I . Ut i l i z ing  t h e  method of Wulff, t h e  ion iza t ion  

curves shown i n  Figure 2.13 were obtained f o r  an i s o t r o p i c  p i t c h  angle 

d i s t r i bu t ion .  The r e s u l t s  i l l u s t r a t e  t he  sharp a t tenuat ion  of  p a r t i c l e s  

with a l t i t u d e .  The curves a r e  s ign i f i can t ly  a l t e r e d  by d i f f e r e n t  p i t c h  
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angle distributions with greater dependence as the energy i s  decreased. 

This i s  exanplified by calculations from Prasad and Singh [I9721 in 

which they deduced pitch angle dependence (Figure 2.14) of energetic 

particles attenuated in the earth's atmosphere. 



ENERGY (keV) 

Figure 2.14 Pitch angle variation in  ionization curves for monoenergetic 
electrons of  4 and 40 keV. Data replotted from Prasad and 
Singh [1972]. 



3. DYNAMICS INVOLVED IN THE FORMATION OF THE 

E REGION INTERMEDIATE LAYER 

3.1 Morphology of the I n t e m d i a t e  Layer 

Experimental measurements of e l ec t ron  dens i t i e s  i nd ica t e  t he  pre-  

sence of a l aye r  i n  t he  upper E reg ion  near  midnight. The layer  usual ly 

extends from 120 t o  180 km and has a peak near 150 km. The time evolu- 

t i o n  of t he  layer  is observed t o  narrow and descend a t  approximately 

1.5 km min-' u n t i l  it eventually appears as  a morning sporadic-E layer .  

Figure 3.1 presents  f i v e  rocket observation [Smith, 19701 made from 

Wallops Is land (38 '~ ,  7S0W; geomagnetic l a t i t u d e  49'N) which d e t a i l  t h i s  

des cent.  

Five rocket observations made a t  midnight (Figure 2.1) of the  

intermediate layer ,  suggest a s t rong  r e l a t ionsh ip  with K The layer,  
P ' 

a t  low valdes of K i s  q u i t e  sharply peaked a s  compared t o  the  almost 
P ' 

uniform p r o f i l e s  a t  high K values.  
P 

Geographically, t he  intermediate layer  i s  observed a t  middle l a t i -  

tudes. Extensive s tud ie s  concerning the global cha rac t e r i s t i c s  of t he  

intermediate layer  a r e  inves t iga ted  by Wakai md Smada [1964]. 

The c r i t i c a l  frequency of t h e  intermediate l aye r  increases  pole- 

wards from l a t i t u d e s  0' t o  50' and decreases thereaf te r .  Additionally,  

the  c r i t i c a l  frequency of  t he  l aye r  has a pos i t i ve  co r r e l a t ion  with K 
P 

[Berkner and Seaton, 19491 ; [Watts and Brm, 19541 . 
3.2 Continuity Equation as AppZ:'?d t o  Vertical Ion Transports 

3.2.1 Wind shear theory as ut i l iaed t o  e p l a i n  the intermediate 

layer. Explanation f o r  the  ion iza t ion  bunching i n  the  v i c i n i t y  of 

150 km must res ide  i n  some dynamical forcing function s ince  nighttime 



Figure 3.1 Electron-density profiles from the probes on rockets launched 
from Wallops Island on 2, February 1968, [sni th,  19701. The 
profiles are each displaced by one decade. The electron-density 
scales for the first and last profiles are given. The part of 
the profiles below 90 km should be regarded as indicating the 
structure, rather than as absolute values. 



production and recombination a r e  bel ieved uniform. Previous invest iga-  i 

f 
t i ons  suggest t h a t  the  v e r t i c a l  r ed i s t r i bu t ion  of ion iza t ion  is  a conse- 

quence of  t he  neu t r a l  winds [Conetantinides and Bedinger, 1971; I 

Fy j i taka  e t  aZ., 19711. Basically,  t he  predominant hcr izonta l  winds flow , 

i n  opposite d i r ec t i cns ,  one above the  other ,  causing a shear  i n  t h e  

v i c i n i t y  of 150 km. Now, the  motion of ion iza t ion  is subjec t  not  only t o  

the  force of t h e  wind but  a l s o  t o  t he  magnetic f i e l d .  The product 

gives a n e t  upward f lux  and downward f lux  component dependent on the  

wind d i rec t ion .  For midlat i tudes t he  wind system is such as t o  cause 

ionizat ion t o  migrate towards the  neu t r a l  wind shear  region. Ionizat ion 

is therefore t ransported t o  the  peak from a lower and higher  region 

surrounding the  peak. An extensive ana lys is  of v e r t i c a l  ion d r i f t  

ve loc i ty  from neu t r a l  winds i s  formulated by MacLeod [1966]. E l e c t r i c  

f i e l d s  may a l s o  cont r ibu te  t o  t he  v e r t i c a l  ion d r i f t  veloci ty;  the  

following analysis  is independent of the  mechanism producing the  v e r t i -  

c a l  ion d r i f t ,  however. 

3.2.2 Production and recombination. The source of ion iza t ion  has 

been presumed t o  be s o l a r  W rad ia t ion  resonantly s ca t t e r eo  by the  geo- 

corona, p r inc ipa l ly  Lyman-a (1216A), which ion izes  n i t r i c  oxide [Swider, 

19651 and Lyman-@ (10261)~  which ionizes  molecular oxygen [Oguwa and 

Tohmatsu, 19661. These UV sources a r e  bel ieved t o  be of  secondary 

importance a s  compared t o  t h a t  of energe t ic  e lec t rons  f o r  the  reasons 

enunciated i n  Chapter 2. Also, it has been folllld [Meier, 19741 t h a t  

rad ia t ion  is  a t  a minimum near midnight, 

The a l t i t u d e  va r i a t i on  of production f o r  input i n t o  t h e  cont inui ty 

equation was i n i t i a l l y  taken t o  be constant.  This WLS based on the  



material presented i n  Section 2.4. Here ionizat ion ra t e s  were deduced 

f o r  the  peak t o  upper node and f o r  the  peak t o  lower node irom the  in te r -  

mediate layer  electron-density p r o f i l e  and appropriate recombination 

coefficient .  The jus t i f i ca t ion  fo r  using a constant production r a t e  

over the  concerned a l t i tude  is  the r e su l t  of the  close agreement between 

upper and lower ionization ra t e s .  Further refinements w i l l  take i n t o  

account variable production as da ta  becomes available. The developed 

program f o r  solving the  continuity equation is  compatible fo r  such 

variat ions.  

The recombination coefficient  is calculated based on the  pa r t i cu la r  

ions present and t h e i r  temperature. A t  night ,  i n  the  a l t i t u d e  range of 

i n t e r e s t ,  the  principal  ion is  NO' [ H o h e  e t  ol., 1965). The loss  

process i s  presumed t o  be d issocia t ive  recombination of NO'; the  coeff i -  

cient  (a) being given by Biondi [I9691 t o  be 

The electron temperature (T ) above 120 km, however, var ies  with geo- e 

magnetic ac t iv i ty .  For purposes of calculation the  data frem Evans [1973] 

a t  Millstone H i l l  a re  employed such tha t  the  nighttime (2100-0300 EST) 

electron temperature a t  200 km can be well represented by (112K + 586) O K  

P 
f o r  eight  occasio-5 i n  1966 and 1967 with .I range of values of K of 1- 

P 
t o  5-. The correlat ion coeff ic ient  is  0.90. Following Evans the  elec-  

t ron temperature a t  120 km is  a: sumed t o  be Te = 355'~. A l inea r  in te r -  

polation f o r  a l t i tudes  between 120 and 200 kilometers gives 



Using Biondits  formula f o r  a and allowing the  ex t rapola t ion  of e lec t ron  

temperature t o  K = 8 the  recombination r a t e  i.s obtained as  a  function 
P 

of a l t i t u d e  and geomagnetic index. 

3.2.3 S c ~ u t i o n  t o  the continuity equation and s m s i t i v i t y  ana lp i s .  

The cont inui ty equation f o r  e lec t ron  densi ty  is fundamental t o  an under- 

standing of ionospheric va r i a t i ons .  The bas ic  conservation p r inc ip l e  

gives t he  temporal change i n  e lec t ron  densi ty  a t  each heigh: as  

where the three  right-hand terms represent  the ion iza t ion  production 

r a t e ,  t he  ionizat ion loss  r a t e ,  and the  e f f e c t  of t ranspor t ,  respect ively.  

The t ranspor t  term is made up of movements such as d i f fus ion ,  e l ec t ro -  

magnetic d r i f t s ,  and thermal expansions. 

For the s teady-s ta te  case with no t ransport  RatcZiffe [I9561 has 

formuiated the loss  term t o  be 

where a  and X are, respectively, the  r a t e  coe f f i c i en t s  of  d i s soc i a t ive  

recombination and ion-atom interchange react ions.  The brackets  denote 

the  number densi ty  of  species  X. The associated [XI, a ,  A ,  and Ne f o r  

the E region is  such t h a t  N << X[X] f o r  t he  involved react ions.  The e 
2 

recombination term is  consequently of the form aN . 



The divergence term is responsive t o  t he  f lux  motion. Of p a r t i c u l a r  

i n t e r e s t  i s  the  f lux  motion due t o  a forcing f , a i t t i on  giving the  e lec-  

t rons  a ve loc i ty  ? and t h e  motlon r e su l t an t  of  t he  gradient  concentration, 

(d i f fus ion) .  The d i f f ~ i s i o n  f l u x  term from elementary deduction i s  given 

a s  

The general time dependent cont inui ty  equation f o r  e lec t rons  i n  the  

E region, therefore,  i s  given by 

dlY This equation is s impl i f ied  by omitting the  term (s ince obser- 

vat ions suggest t h e  time variance t o  be small)  along with the  terms 

a r i s i n g  from t h e  horizontal  p a r t  of t he  gradient  Qperator.  Permitting 

o t o  be the  v e r t i c a l  ion d r i f t  ve loc i ty ,  and z t he  a l t i t u d e ,  

equation (3.6) -educes t o  

For the case of i n t e r e s t ,  t he  ion wind system as  presented i n  

Section 3.2.1 i s  convergent towards t h e  intermediate layer  peak. To 

ascer ta in  t he  behavior of equation (3.7) s s in i~so ida l  wind approxima- 

t i o n  is made. The ac tua l  winds measured, i n  f a c t ,  e r e  i n  qu i t e  good 

agreement with t h i s  approximation. O f  course, many such s incwave 



B 
s o l u t i o ~ s  could be solved f o r  and added i n  a Fourier s e r i e s  f o r  general .$ 

behavior. The wind system, therefore ,  representa t ive  of t he  i n t ~ r m e d i a t e  

E layer  is  taken t o  be 

Here, t h e  amplitude is taken a s  20 m sec-' with t he  l aye r  peak a t  150 km 

and upper and lower val leys a t  120 and 180 kilometers,respectively. 

Appendix I1 describes the  so lu t ion  of  t h i s  equation f o r  t h e  case 

D = 0 with the  assumed sinusoidal  v e r t i c a l  ion d r i f t .  r-.t to the  

numerical s e n s i t i v i t y  of t h i s  equation towards i n s t a b i l i t y  a prec is ion  

predictor-corrector  Euler-Romberg method was used f o r  analysis .  Addi- 

t i ona l ly ,  a complicated ana ly t i c  s e r i e s  so lu t ion  was derived f o r  t he  

D = 0 case. The no-diffusion cont inui ty equation may be transformed a s  

t he  Riccat i  equation. Using various subs t i t u t ions ,  a second order  

l i nea r  d i f f e r e n t i a l  equation is  obtained. Transformation again r e s u l t s  

i n  a form applicable t o  thz  WKB method of solut ion.  

To solve the  var iab le  d i f fus ion  cont inui ty equation (Appendix 111) 

a Runge-Kutta method was ~ p p l i e d  with 0.2 km s teps .  Further,  s ince  t h e  

i n i t i a l  conditions cannot be spec i f ied  a t  one poin t ,  as  required by t h i s  

i t e r a t i v e  scheme, a convergence procedure is  required. The two known 

boundary conditions of tile second order  equation a re  zero s lope (zero 

f lux)  a t  the peak and val leys of the p r o f i l e .  Thus, by s t a r t i n g  a t  t he  

peak of the  p r o f i l e  and assuming a t!;ical e lec t ron  densi ty  ( i . e .  a 

value between the  D = 0 value and the  photoequilibrium value) a 



convergence towards t h e  ac tua l  po in t  w i l l  occur, i f  one monitors t h e  

f i n a l  s lope of t h e  va l ley  and co r rec t s  accordingly. 

Solut ions with and without d i f fus ion  a r e  shown i n  Figure 3.2 f o r  

f i v e  values of Q. The th ick  p r o f i l e s  represent  a d i f fus ion  coe f f i c i en t ,  

8 D, o f  1 x 10 and the  dot ted p r o f i l e s  f o r  D = 0 ,  t he  r e s u l t s  c l e a r l y  

ind ica te  t h a t  d i f fus ion  is  s i g n i f i c a n t  f o r  low production r a t e s .  

Results i l l u s t r a t e  t h a t  t h e  modeled nighttime intermediate  l aye r  is i n  

c lose  agreement with observation (Figure 2.1) and is therefore  a p laus i -  

b l e  explanation. 

-3  - Pro f i l e  1 (4 = 0.4 cm s l )  gives r e s u l t s  looking q u i t e  s imi l a r  t o  

t h e  intermediate l aye r  a t  midnight under qu ie t  conditions.  As t he  ion i -  

zat ion r a t e  increases  (eg. K increases  according t o  Figure 2.2) t h e  
P 

peak broadens and becomes l e s s  pronounced. Figure 3.3 i l l u s t r a t e s  the  

intermediate layer  dependence on K using the  r e l a t i o n  developed i n  
P 

equation (2.4). The peak of t h e  l aye r  i s  s imi l a r ly  r e l a t e d  t o  K as 
P 

i l l u s t r a t e d  i n  Figure 3.4 f o r  d i f fus ion  coef f ic ien t .  of 0, 0.5 x lo-' 
2 and cm sec. 

The s e n s i t i v i t y  of equation (3.7) t o  v e r t i c a l  ion wind va r i a t i ons  

i n  amplitude is i l l u s t r a t e d  i n  Figure 3.5. The computations a r e  ca r r i ed  

out  f o r  values of amplitude, A ,  of 0, 10, 20, and 50 n sec-l .  N;rh 

ion iza t ion  r ed i s t r i bu t ion  is  seen t o  occur a t  r e h t i v e  l m  valu-ls of 

the  ion iza t ion  d r i f t  veloci ty .  However, t h i s  r ed i s t r i bd t ion  does not 

a f f e c t  the  electron-densi ty  p r o f i l e  i n  a proport ional  manner. For 

e , q l e ,  doubling A from 10 t o  20 is  seen t o  increase the  peak value of 

3 3 3 e lec t ron  densi ty  from about 5.1 x 10 t o  7.5 x 10 cm , an increase 

of about SO%, while increasing A from 20 t o  50 gives an increase of 

only 20%. 
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KP INDEX 
Figure 3.4 Variation i n  the peak e lectmn density of the intermediate 

b layer for various K values. 
P 





3.3 Winds Derived from E Zectron-Density Profi Zes 

The electron-densi ty  p r o f i l e s  of t he  intermediate E-region l aye r  may 

be used t o  deduce information of ion and therefore  neu t r a l  winds. For 

t h i s  pu,-pose the  cont inui ty equation is  employed using the  deduced ion i -  

zat ion r a t e s  ca lcu la ted  f o r  t he  upper and lower p a r t  of layer  

(equation 2.3:. Referring t o  t h e  cont inui ty equation (3.7) and .I aking 

d2v 
t he  lower in tegra t ion  l i m i t  z l  t o  be t h e  a l t i t u d e  where w = 5 = 0 and 

rearranging, becomes 

where $ i s  evaluated as  i n  Section 2.1.  This expression gives t he  

v e r t i c a l  ion wind ve loc i ty  i n  a i-eadily ava i lab le  form as  a Fmction of 

production, recombination, d i  ffusion, and e lec t ron  densi ty .  The program 

used t o  ca l cu la t e  the average ion iza t ion  r a t e ,  q ,  and the  v e r t i c a l  ion 

wind is presented i n  Appendix I V .  The program requi res  e lec t ron  den- 

s i t i e s  every 0.5 kilometers.  The recombination (Section 3.2.2) and 

d i f fus ion  coe f f i c i en t  a r e  taken t o  be variable .  

3.3.1 Winds caZcuZated for various disturbed conditions. Solving 

equation (3.9) f o r  the  intermediate layers  (Figure 2.1) measured during 

K values of 0+,  1, 2 + ,  and 3+ yie lds  the  associated wind pa t t e rns  of 
P 

Figure 3.6. The s inusoidal  wind pa t t e rn  i s  apparent. No s t rong  cor re la -  

t i nns  e x i s t ;  however, some j u s t i f i c a t i o n  can be made f o r  a pos i t i ve  

cor re la t ion  of the wind root-mean-squared-amplitude verses  K No 
P ' 

reasonable hypothesis f o r  t h i s  dependence i s  evident.  
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The lower amplitude deduced f o r  t he  upper ion wind has not been 

f u l l y  evaluated. Assuming the  approximations made a r e  i nd ica t ive  of t h i s  

region, t he  s t raightforward conclusion is  made t h a t  t he  ve loc i ty  of t he  

upper wind system i s  slower than t h e  lower. A high co r re l a t ion  e x i s t s  

between the  r a t i o  of t he  upper and lower amplitudes. 

The p r o f i l e  f o r  K = 8 is  not  shown because of t h e  la rge  amplitude 
P 

var ia t ion .  During high values of  K t he  ion iza t ion  r a t e  i s  not bel ieved 
P' 

t o  be uniform as f o r  lower values.  Consequently, e r r a t i c  behavior is 

apparent i n  t he  electron-densi ty  F r o f i l e  f o r  t h i s  case. The f u r t h e r  

incent ive f o r  not  including la rge  wind amplitudes is  due t o  t h e i r  inhe- 

ren t  lower s e n s i t i v i t y  t o  electron-densi ty  p r o f i l e s  as  ind ica ted  i n  

Section 3.2.3. 

3.3.2 Winds caZcuZated from a nightttme ser i e s  of  prof i les .  On 

February 22, 1968, f i v e  rockets were launched a t  1.5 hour i n t e rva l s  

beginning a t  0009 EST. The electron-densi ty  r e s ~ ~ l t s  (Figure 3.1) 

c l ea r ly  show the  intermediate layer  descending a t  approximately 1.5 km 

per  minute. The winds derived from these p r o f i l e s  a r e  shown i n  

Figure 3.7. The assymetry of t he  ion wind p r o f i l e s  changes immediately 

a s  the  layer  begins t o  descend suggesting t h a t  the  r e l a t i v e  wind 

ve loc i ty  reverses.  

The descending layer  can be associated with a t i d a l  wind f luc tua t ion .  

The apparent v e r t i c a l  wavelength (about 50 km) and node1 descent r a t e  

imply a wave period of about 14 hours. This is  not too d i f f e r e n t  from 

the  parameters of the  (2,4)-mode of t he  s o l a r  bemidiurnal t i d e s ,  t he  ver- 

t i c a l  wavelength being around 50 km and the  period being 1 2  hours. This 

conclusion has l ikewise been reached by Fujitaka and Tohmatsu [1973]. A 





theore t ica l  prediction of an enhanced (2,4)-solar semidiurnal t i d e  above 

100 km has been put fo r th  by Lindaen and Hmg [1974]. 

The e r r a t i c  behavior of the K = 8 electron-density p r o f i l e  and the  
P 

U602 ea r ly  morning p r o f i l e  are  used t o  derive the  wind system shown i n  

Figures 3.8 and 3.9. Both p ro f i l e s  are  subs tant ia l ly  outside of the  

limits of the  or ig inal  assumptions requiring tha t  fur ther  jus t i f i ca t ion  

be made. The e r r a t i c  behavior of the  K = 8 p r o f i l e  leads t o  the  e r r a t i c  
P 

derived wind system of Figure 3.8 i f  a dynamical explanation of wind 

shears is assumed. Irregular  ionizat ion is  a lso  a possible candidate 

due t o  e r r a t i c  spectrum and pi tch  angle variat ions.  The low (0602) 

p ro f i l e  needs t o  be re-evaluated f o r  the  appropriate recombinations 

coefficients  associated with the  lower E region. The rapid shear 

i l l u s t r a t e d  i n  the  f igure suggestsan unnatural wind system and therefore 

additional forcing functions ( i .e .  e l e c t r i c  f i e lds )  must be likewise 

investigated. 







4 .  THEORY OF SOLID-STATE PARTICLE DETEaORS 

4 . 1  @ant< iusive Theoretical consideration 

Energetic charged p a r t i c l e s  propagating within a s o l i d  lose  t h e i r  

k i n e t i c  energy throuih l a t t i c e  I- teract ions.  These in t e rac t ions  may be 

approximte ly  thought c f  as  s imi l a r  t o  ion iza t ion  of  a gas i n  a Geiger 

counter except t h a t  the  gas is i n  a condensed form, a s o l i d .  In a gas, 

t he  decaying energe t ic  p a r t i c l e  kroduces electron-ion p a i r s  which a r e  

subsequently swept out by an e l e c t r i c  f ~ e l d .  Acccrdinyiy, they 

increase t h e i r  energy, y i e l d  multiplying secondaries,  and together  con- 

t r i b u t e  t o  a current  pul ce. 

The c o ~ . r e c t  treatment f o r  a c r y s t a l  l a t t i c e ,  s ince there  a r c  i n t e r -  

act ion f i e l d s ,  is t o  formulate a many-body wave-function of the  

Hartree-Fock type, and then t o  apply an energet ic  p a r t i c l e  wave as a 

p e r t u r b a t i c ~ ,  i n  the  Quantum Mechanical descr ipt ion.  For i n t e rac t ions  

which a rc  associated with p a r t i c l e  detect ion it su f f i ce s  t h a t  t he  "con- 

densed gas" model appl ies  u t i l i z i n g  Fermi-Dirac s t a t i s  t i c s .  liere, the  

allowed energy s t a t e s  (ca l led  an energy band f o r  a s e r i e s  of adjacent 

s t a t ~ s )  depend OII the  nature and s p a t i a l  configuration c f  t he  molecules. 

The probabi l i ty  t h a t  a p a r t i c u l a r  energy s t a t e  ( leve l )  w i l l  be f i l l e d  i s  

~ i v e n  by the  Fermi equation and is  a fun(.tion of energy, temperature, a l ~ d  

impurity concentration. For a semi.conductor c r y s t a l  t h e  energy s t a t e s  

(from the  Hartree-Fock equation) f a l l  il!to twc. primary hmds  (Y a1cr)ce 

and conduction) separated by a forbidden energy band gap. Energetic 

p a r t i c l e s ,  impinging on the de tec tor ,  supply energy t o  t he  l a t t i c e  e lcc-  

t rons  l i f t i n g  them from the  nonmobile f i l l e d  valence bands i n t o  the  

e s s e n t i a l i y  empty conduction band. 



Applying a gradient  po ten t i a l  within the  mater ial ,  an electron-hole 

current  is  establ ished.  The hole  current  i s  the  name f o r  t he  process of 

sequent ial  exchange of  valence e lec t rons  between adjacent l a t t i c e  s i t e s .  

The energy l o s t  i n  ion-electron p a i r  formation i n  a gas is approxi- 

mately 35 eV whereas f o r  s i l i c o n  and germanium hole-electron formation 

is 3.5 eV and 2.9 eV, respect ively.  The ac tua l  band gaps f o r  s i l i c o n  

and germanium a r e  1.1 eV and 0.67 eV. The d i f f e r e n t i a l  energy d iscre-  

pancy between the  band gap and average p a i r  genzration energy is  recon- 

c i l e d  by coupling of e lec t rons  i n t o  l a t t i c e  v ibra t ions .  This is analo- 

gous t o  the  p a i r  production within a gas where surplus energy is  taken up 

i n  exc i t a t i on  and d issoc ia t ion  processes. 

Vayii IS o ther  c r y s t a l l i n e  so l id s  have been used successful ly .  

Diamond and cadmium s a l f i d e  have b e e *  used a t  room temperatures while 

ha l ides  of  s i . lver  and thal l ium a r e  s u i t a b l e  a t  low temperatures where 

t h e i r  ion ic  conductivity is  minimal. Typical charge separat ion energy 

f o r  these s o l i d  d i e l e c t r i c s  is 10 eV. Material  impuri t ies  cont r ibu te  t o  

nonuniform col lec t ion  of  e lectron-holes  p a i r s  and, consequently, l i m i t  

the  use of s o l i d  d i e l e c t r i c s .  This inhomogeneity i s  ca l l ed  "trapping" 

s ince  the  e lec t rons  o r  holes may be at tached t o  high charge (polar iza-  

t ion)  centers .  ?emiconductors a r e  l e s s  s ens i t i ve  t o  l l trappingll  because 

electrons and holes have longer l i fe t imes  and g rea t e r  'nobi l i t ies .  

4.2 Corparison of Particle Detectors 

4.2.1 Advantages and disadvantages of a solid-state detector. The 

pr inc ip le  advantages of  s o l i d  - s t a t e  p a r t i c l e  de tec tors  over gaseous 

devices a r e  summarized a s  f o l  lows : 



(a) Bet ter  s t a t i s t i c s  and reso lu t ion  r e s u l t  s ince  many more charge 

c a r r i e r s  a r e  released f o r  a p a r t i c u l a r  inc ident  energe t ic  

p a r t i c l e .  

(b) Very sho r t  deadtimes on the  order  of  a few nanoseconds a r e  

possible  because of the  small co l lec t ion  dis tances and large 

c a r r i e r  mobil i t ies .  The co l lec ted  charge is  independent of 

the  locat ion of the  ion iza t j  on event. 

(c) Increased experimental ce r t a in ty  's possible .  Problems 

associated with the  gas pu r i ty  and time s t a b i l i t y  a r e  e l i -  

minated a s  negl ig ib le  contr ibut ions.  

(d) Detectors a r e  rugged, compact, and su i t ed  f o r  easy mounting. 

(e) Lower b i a s  (about 100 vo l t s )  ; requires  no e labora te  corona- 

breakdown sh ie ld ing  precautions. 

( f )  Bet ter  cont ro l  i s  possible  of de tec tor  s e n s i t i v e  depth, xrea 

and geometry. 

(g) Lower energy p a r t i c l e s  can be detected. Furthermore, t he  

separat ion charge energy is  independent of t he  incident  

p a r t i c l e  type (electrons,  protons, a p a r t i c l e s ,  and heavier  

ions) which r e s u l t s  i n  a l i n e a r  function of i n i t i a l  energy. 

(h) High stopping e f f i c i enc i e s  of  p a r t i c l e s  within a small region 

a re  possible .  The t o t a l  absorption peak ef f ic iency  i s  

approximately 0.7 times the  geometrical e f f ic iency .  

A so l id - s t a t e  de tec tor  s u i t a b l e  f o r  rocket payload appl icat ions j s  

shown i n  Figure 4.1. Two primary problems with s o l i d - s t a t e  de tec tors  

a r e  channeling of energe t ic  p a r t i c l e s  between c rys t a l  planes,  and the  

r e l a t i ve ly  weak s igna l s  requir ing extremely s e n s i t i v e  e l ec t ron ic s .  
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Figu re  4 . 1  Or t cc  ruggedized  s u r f a c c  b a r r i e r  detecto;.  The 
s e n s i t i v e  a r e a  i s  50 mm2, d e p l e t i o n  d e p t h  o f  100 urn 
o p e r a t i n s  a t  n r e v e r s e d  b ias  o f  120 v o l t s  and a 
n o i s e  wid th  o f  6 keV a t  25°C. The f l a t ,  m i r r o r ,  
s u r f a c e  on t h e  r i g h t  i s  t h e  s e n s i t i v e  m a t e r i a l .  
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These f ac to r s  a r e  discussed i n  l a t e r  sect ions.  The energy range of t1.s 

so l id - s t a t e  de tec tor  i s  compared i n  Figure 4.2 with o ther  detect ion 

schemes. Some cha rac t e r i s t i c s  of the  o ther  pr inc ipa l  rocket-borne p a r t i -  

c l e  detectors  a r e  summarized below. 

4.2.2 Channeltron particle detectors. The channel mu l t ip l i e r  is 

the most a t t r a c t i v e  instrument f o r  overa l l  low energy coverage as  i nd i -  

cated i n  Figure 4.2. The geometrical construct ion of the  l i n e a r  and 

he l ix  channel mu l t ip l i e r  a r e  displayed i n  Figure 4.3. Figure 4.4.shows 

a curved channel t ron  in te r faced  t o  an e l e c t r i c - f i e l d  scanning energy 

analyzer (black sect ion)  and collimator.  Operationally,  energe t ic  

p a r t i c l e s  impinging upon the  ins ide  surface of the  channeltron tube 

opening co l l i de  with the  r e s i s t i v e  wall  c rea t ing  secondaries which a re  

subsequently made t o  acce lera te  a x i a l l y  along t h e  tube by an applied 

e l e c t r i c  f i e l d .  Further mul t ip l ica t ion  a r i s e s  a s  the  accelerated secon- 

dar ies  co l l i de  with the walls i n i t i a t i n g  t e r t i a r i e s ,  e t c .  Typical gains 

9 8 are of 10 i n  l i n e a r  and 10 i n  curved channeltrons. 

Complications i n  the appi lca t ion  of channel mul t ip l ie rs  a r e  1) t he  

gain is pressure s ens i t i ve  due t o  t he  ion iza t ion  of t he  neu t r a l  res idua l  

gas ( i on ic  feedback), 2)  necess i ty  t o  vacuum s e a l  the  tube t o  prevent 

outgassing, 3) high voltages required t o  induce the e l e c t r i c  f i e l d ,  

5 
and 4)  ea r ly  sa tura t ion  begins a t  10 pps because of f i e l d  d i s t o r t i o n  

and space charge e f f ec t s .  The chief  reason f o r  implementing a curved o r  

s p i r a l  channeltron i s  t o  reduce ion ic  feedback. Further reference can 

be made t o  the fcllowing publ icat ions by Adwns and ManZey [1966], 

Reed e t  aZ. [1969], and Sacerlotzky and BeZanger 119721. 
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Figure  4 . 5  'nlc l i n e a r  c l ~ n n n c l t r o n  i n  t l ~ c  t o p  pho to  \,:is usc'3 f o r  tali- 
b r n t i o n  o f  t h c  s o l i d - s t a t c  d c t c c t o r  ~li .~ctrs.spcl i r i  ( ':Laptcr ( > .  

I ' n r t i c l e s  p a s s i n g  'c l \ rou~lr  t he  g r i d  ccrll iclc wit11 t l l *  h a l l s  
an3 c s p c r i c n c c  an ; ~ p p :  icd  ; ls i ; i l  c l c c t r i c  f j  c l d  c a w  in<  f~ i r -  
t h c r  c o l l i s i o n s  and m u l t i p l i c a t i o n .  '[?lc bottom . l o to  i 1111s- 
t r s t c s  n rocket-l)ornc 11cl is ; l l  c11:uinc ltrc~n usCcl t o  rcduc'c 
1Jrct;surC s c ' n ~ i t i v i  t)- ailJ o y c r : ~ ]  1 ~ l i  rncnsiorl. 'rile h o r i  ~011t:il  
1  iI:CS ; i re  0. SC, cm njr;irt. 

- - 



Fi,urc 3 . 4  'I'hc curved c h ; ~ n ~ ~ c l t r o ~ l ,  coatccl i n  epoxy, i s  att:ichctl t o  311 

e l e c t r i c  f i e l d  scanning clcctroclc. uscd f o r  spcct  run J c t c r n i n a -  
t i o ~ l .  'I'hc cnt rnncc and co1lirn;ltor s e c t i o n  proccdc tile e l e c t r i c  
f ielcl all:ll).:cr nnJ providc t h c  proper par? i c l  r a n ~ u l n r  ] l ; ~ t t i * r n .  
I'rol'crly c,ll i l l rated and ~ ~ s c d  ill con j r~nc t  ion \(I  t h  a 50. i ;- s t . i t c  
d c t c c t o r ,  c o r q ~ l c t c ,  a c c u r a t e  and high rcso lu t  ion p a r t  i c ~ c ,  ~.o\ ,cl-  
;~j:c i s  o i j t ;~  iriccl . 



4.2.3 Sc in t i l la tor  particle detectors. Energeti  c  p a r t i c l e s  

c o l l i d i n g  i n t o  a  s u i t a b l e  s o l i d  o r  l i q u i d  m a t e r i a l  decay e x c i t i n g  c l c c -  

t r o n s  which i n  t u r n  r e l e a s e  photons ( s c i n t i l l a t i o n s ) .  The l i g h t  is 

de tec ted  i n  a  pho tomul t ip l i e r  which is  c a l i b r a t e d  t o  g ive  t h e  propel- 

p a r t i c l e  energy.  Primary advantages o f  t h e  s c i n t i l l a t o r  a r e  i t s  sim- 

p l i c i t y ,  l a r g e  s e n s i t i v e  volume, and complete spectrum readout  capa- 

b i l i t y  ig a count ing i n t e r v a l  u n l i k e  t h a t  of a  sweep magnetic spec t ro -  

meter. The s c i n t i l l a t o r  is a p p l i c a b l e  t o  energ ies  down t o  appro xi mat^ 1 y 

2 keV; however, t h e  main drawback is  t h a t  t h e r e  is poor energy reso lu -  

t i o n .  The s c i n t i l l a t o r  response t o  monoenergetic e l e c t r o n s  is  essen- 

t i a l l y  a  gaussian peak whose width v a ~ i e s  i n v e r s e l y  wi th  t h e  square  

roo t  o f  photocathode and m u l t i p l i c a t i o n  e l e c t r o n s  i n  t h e  pho tomul t ip l i e r .  

4.2.4 Gaseous ionizatior~ detectors. The gas d e t e c t o r  is  c l a s s i -  

f i e d  i n t o  t h r e e  modes o f  operat ion:  i o n i z a t i o n ,  p r o p o r t i o n a l ,  and 

Geiger opera t ion .  Figure 4.5 is a  c loseup view through t h e  window of  a  

Geiger counter  used t o  d e t e c t  X-rays and e n e r g e t i c  e l e c t r o n s .  Counting 

d a t a  a r e  shown i n  Figure 2 . 4 ,  f o r  t h i s  u n i t .  The c o l l e c t i o n  scheme i s  

based on t h e  p r i n c i p l e  of t h e  i o n i z a t i o n  of a  gas by a charged p a r t i c l c  

whereby t h e  ions  a r e  a c c e l e r a t e d  i n  an e l e c t r i c  f i e l d  y i e l d i n g  a  current. 

pu l se .  I f  no secondar ies  a r e  formed (low e l e c t r i c  f i e l d )  t h e  output  

pu l se  i s  simply t h e  very small  chsrge r e l e a s e d  by t h e  decaying p a r t i c l e  

and i s  p ropor t iona l  t o  i t s  i n i t j a l  energy. When used i n  an i n t e g r a t i n g  

mcde t h i s  i s  an i o n i z a t i o n  chamber. The p ropor t iona l  counter  u t i l i z e s  

tk.e m u l t i p l i c a t i o n  of secondar ies  by applying a  h igher  e l e c t r i c  f i e l d  

sG:rength. Increas ing t h e  f i e l d  s t i l l  f u r t h e r  g ives  colnplete breakdown 

of  t h e  gas in  t h e  chamber and i s  termed t h e  "Geiger region". Although 



Figu re  .I. 5 Pi sp l aycJ  i s ;I  propo r t  i o n n l  cnul l tc r  chnr;lIjcr. 
I .nergrt  i c  p; t r t  i c l c s  pass ti~rt>ug!l t h e  riinclou tcl 

i o n i z c  1l;c c n c l o s c ~ l  gas. ' fhc  npyjlicd e l e c t r i c  
f i c !  tl ;iccc l c r n t c s  t h e  i o n i  zCcl c1i;irgr cauqinc 
f u r t h e r  i on i  :at i o  15 :tnJ incrc.l . ;c~l c u r r e n t  f l o h .  



a simple experiment, t h e  gas d e t e c t o r s  s u f f e r  because of 1) gas p u r i t y ,  

2) p o s i t i o n  s e n s i t i v e n e s s  wi th  r e s p e c t  t o  hhere t h e  i o n i z a t i o n  t r a c k  

t akes  p l a c e  wi th in  t h e  gas ,  and 3) assoc ia ted  deadtimes due t o  slow ion 

m o b i l i t i e s .  

Detection schemes which have been employed t o  a minor e x t e n t  a r e  

photographic f i lm,  spark chambers, s p a c e c r a f t  charging [DeForest, 19721 

and t r a c k s  l e f t  i n  p l a s t i c ,  g l a s s ,  o r  micasheets.  A review of  t h e  

var ious  d e t e c t i o n  methods may b e  found by 0 'KeZZey [1962]. 

4.3 Diode Geome t2n; and Construct ion of S o l i d - s t a t e  De tecto2.s 

S igna l s  in t roduced by an e n e r g e t i c  p a r t i c l e  a r e  u s u a l l y  very smal l  

(10-l5 coulomb) r e q u i r i n g  every precaut ion t o  i n s u r e  maxinun s i g n a l - t o -  

no i se  r a t i o .  The reverse  c u r r e n t  flow with t h e  app l ied  e l e c t r i c  f i e l d  

appears as  no i se  a t  t h e  output .  I t  i s  minimized by i n c r e a s i n g  t h e  

e f f e c t i v e  r e s i s t i v i t y .  One o f  t h e  most a t t r a c t i v e  procedures t o  

accomplish t h i s  is t h e  p-n semiconductor diode junc t ion  i n  which l a r g e  

e l e c t r i c  f i e l d s  can coex i s t  wi th  low r e v e r s e  leakage c u r r e n t s .  A 

q u a l i t a t i v e  a n a l y s i s  w i l l  be given i n  Sec t ion  4 .4  o f  diode behavior.  

Other techniques used t o  i n c r s a s e  r e s i s t i v i t y  a r e  t h e  implanta t lon o f  

gold impur i t i e s  a t  low temperatures [Davis, 19581 and high temperature 

imperfect ions  in t roduced by temporar i ly  h e a t i n g  c r y s t a l s  t o  1 0 0 0 ~ ~ .  Two 

p r i n c i p a l  p r o b l e m  a s s o c i a t e d  w i t h  t h e s e  methods a r e  induced "trapping:'  

center:, and necef-s i ty  f o r  lo& temperature hardware, which mh' .! tkerr. 

unsuitablt: f o r  space a p p l i c a t i o n s .  

Figure 4.6 i l l u s t r a t e s  t h e  b a s i c  geometry o f  t h r e e  types o f  semi- 

conductor d e t e c t o r s ;  t h ?  d i f f u s e d  ( type I ) ,  s u r f a c e  b a r r i e r  ( type . I ) ,  

and t h e  l i th ium d r i f t  ( type 1 '1 ) .  ' I l e  type I . l n s i t i v e  s u r f a c e  c o n s i s t s  





o f  a t h i n  h igh ly  doped n+ donor impur i ty  whi le  t h e  tyge I 1  c a s e  i s  a 

m e t a l l i c  s u r f a c e  e .g .  gold  i n  con tac t  wi th  t h e  n m a t e r i a l .  Two q u a l i -  

f i c a t i o n s  p laced on t h e  diode a r e  t h a t  1) it must be  f a b r i c a t e d  such t h a t  

t h e  dep le t ion  region extends over  a range somewhat l a r g e r  than  t h e  i n c i -  

dent  p a r t i c l e  decay path  i f  energy spectrum iriformation i s  d e s i r e d  and; 

2 )  energy l o s t  i n  t h e  t h i n  s u r f a c e  region (dead zone) b e f o r e  e n t e r i n g  

t h e  d e p l e t i o n  region i s  optimized t o  i t s  s m a l l e s t  reasonable  va lve  s i n c e  

. ?  does not  c o n t r i b u t e  t o  t h e  output  s i g n a l .  In t h e  d e p l e t i o n  region 

an e l e c t r i c  f i e l d  e x i s t s  r e s u l t i n g  from t h e  r e d i s t r i b u t i o n  ( d i f f u s i v e  

process)  between ad jacen t  m a t e r i a l s  of t h e  unequal number d e n s i t y  of  

conducting band e l e c t r o n s  and f r e e  h o l e s  (maximum entropy occupancy o f  

energy and space s t a t e s ) .  

For l a r g e  e n e r g i e s  r e q u i r i n g  wide d e p l e t i o n  regions  t h e  Lithium ion 

d r i f t  ( type  11:) technique was in t roduced by Pel i  [1960]. Layers 

approximately 15 rnm long a r e  p o s s i b l e  wi th  n e a r l y  i n t r i n s i c  r e s i s t i v i t y  

a t  low b i a s  vo l t ages  o f  130 V.  F i r s t  I f ,  t h i s  method, l i k e  normal junc- 

t i o n  f a b r i c a t i o n ,  al lows d i f f u s i o n  o f  donor ( l i t ' l ium) atoms i n t o  t h e  

c r y s t a l  by pass ing  a high concen t ra t ion  of donor atoms a t  e l e v a t e d  tem- 

pe ra tu res  over  t h e  s u r f a c e  of  a l o w - r e s i s t i v e  !)-type c r y s t a l .  A junc- 

t i o n  i s  formed a t  t h e  p o i n t  where t h e  concen t ra t ion  o f  - acceptors  

equals  t h a t  o f  n donors.  Secondly, t o  sp read  t h e  d e p l e t i o n  widtk Pel1  

app l i ed  a reverse  b i a s  t o  t h e  jurlction a t  con t j  ~uec! c l e v a t e d  tempera- 

t u r e s  causing l i th ium ions  t o  l rift i n t o  t h e  p- type base  under t h e  a c t i o n  

of  t h e  e l e c t r i c  f i e l d .  The charge-compensating e f f e c t  f t h e  Lithium 

donor movement i n  t h e  e l e c t r i c  f i e l d  o f f s e t s  t h e  accep to r  i m p u r i t i e s  t o  

give a uniform reg ion ,  the  i l a y e r ,  o f  i n t r i n s i c  r e s i s t i v e  mate- 1. 



4.4 Qualitative Consid~ratioris o f  Part ic le  Impingeme~lt i n  Type  I and 11 

Diodes 

To pr~perly interpret the retrieved data from a solid-state detector 

it is of fundamental importance that discussion be made of the basic theory 

of operation and the sensitivity of the detector to external conditions. 

This section is intended to develop an intermediate working language of 

the detector operation with enphasis on the pertinent factors involved in 

the rocket-borne design of Chapter 5 .  Advanced and detailed treatments are 

in the publications by Deme [1971], Berto l in i  and Coche [1968], and 

Taylor [I9631 . 
4 -4.1 Energy deposition in so l id - s ta t e  detectors .  Figure 4.7 shows 

dE - relationships for electrons replotted from Sterrnheimer [I9591 and f o r  d3: 

protons 2nd alpha from [WiZZiomson et aZ., 19621. Channeling of ions between 

crystal planes can cause deviations from the data. The energy loss is 

primarily due to Coulomb interaction of the incident charged )article with 

excitations of the absorber electrons. The fun2tional dependent, has been 

deduced by Livingston and Be?;he [I9371 to be 

where E is tle kinetic energy of the incident ion, x is the particle track, 

e is the unit charge, z is the charge o f  the particle, and 2 is the atomic 

number of the absorber material, N is the absorber density (~rn-~), m is 

the electroa mass, v is the particle velocity and I is the average 

ionization potential of the absorber. 



Let t ing  M be t h e  mass o f  t h e  p a r t i c l e ,  (4.1 1 becomes 

2  
4 ~ ~ 5 ~ .  ' ( tn v2 + cons t )  7 z M  [ tn  + cons t 
d?: v2 1 

Thercf ore  

According1 y, equat ion (4.3) shows t h a t  p a r t i c l e  i d e n t i f i c a t i o n  i s  

dE p o s s i b l e  i f  simultaneous measurements a r e  made of 5 (Figure 4.7) and 

t o t a l  energy E. i h e i r  product may be formed i n  a  mul t ip lying c i r c u i t  

2 y i e i d i n g  d i sc r imina t ion  o f  z m. A working arrangement employed i s  t o  have 

t o  d e t e c t o r s ,  a  t h i n  t o t a ? ? y  deple ted d e t e c t o r  o f  l eng th  dx d i r e c t l y  above 

an absorbing d e t e c t o r  f o r  f i n ~ l  energy measurement. 

The range i n  s i l i c o n ,  R ,  i s  foulld by in tegra t*ng  t h e  s p e c i f i c  

energy l o s s ,  equat ion (4.1 ) 

where Eo and 1) a r e  t h e  i t . i t i a 1  energy and v e l o c i t y  o f  t h e  p a i t i c l e .  The 
0 

range i n  s i l i c o n  f o r  e l e c t r o i , j ,  $rot  ons, and a lpha p a r t i c l e s  i s  p l o t t e d  

i n  Figure 4.8 from d a t a  by WiZl~rn,osn st a t .  119661. 

4.4.2 Char~e  signal generated zn o s I:J-c$;t.; &tr , -$~; - .  The 

shape of t h e  e l e c t r i c  f i e l d  depends 3ri t h e  d i o d i  type and compoc '.ti:%. 



Figure 4.7 Specific energy loss for electrons, protons, and alpha 
particles in silicon. (Data replotted from Stemnheirner 
[I9591 and WiZZiarnson e t  aZ. [1962]). 
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RANGE IN MICRONS OF SILICON 

Figure 4.8 Range-energy curves for electrons, protons, and alpha 
particles in silicon. (Data replotted from WiZZiamson 
et a t .  [1966]). 



Using diffused and surface b a r r i e r  de tec tors ,  t he  e l e c t r i c  f i e l d s  a r e  

nearly l i n e a r  a s  shown i n  FSgure 4.6. 

where VT is  the  voltage required t o  t o t a l l y  deple te  (L=d) t he  de tec tor .  

dF 
Given information on t h e  e l e c t r i c  f i e l d  (equation 4.5), energy 

loss  (Figure 4.7) and mobi l i t i es ,  p ( ~ , t )  (Figure 4.9) i t  is  poss ib le  t o  

ca lcu la te  t he  charge t r a n s i t  time which together  with the "plasma time" 

specify the  output charge s igna l  Q ( t ) .  

To develop t h i s  r e l a t i onsh ip  neces s i t a t e s  t he  use of a fundamental 

theorem f i r s t  enunciated by Ramo [1939]. The theorem s t a t e s  t h a t  t he  

induced charge A& derived from a c a r r i e r  charge q t  t r a n s i t  i n  a region 

AX (normal component) between two p a r a l l e l  plane electrodes separated 

by a dis tance L is: 

Now f o r  charges generated along a t rack  of length R, the  above 

theorem suggests t h a t  the  charge produced i n  each segment AX can be 

summed t o  y i e l d  the  t o t a l  induced charge Q(t) .  Since two c a r r i e r s  a r e  

present ,  holes and e lec t rons ,  t he  t o t a l  charge Q ( t )  1s composed of  two 

pa r t s ;  hence, 



Figure 3.9 The upper and lower f igures  ind ica te  ~ n e  d r i f t  ve loc i ty  i n  
s i l i c o n  f o r  e lec t rons  and holes ,  respect ively.  The temper- 
a tures  i n  t he  upper f igure  a r e  i n  Kelvin and the  lower p r o f i l e  
i s  a t  room temperature. The upper f i gu re  i s  by Tauch, [I9581 
and the  lower f i gu re  by Dodge, e t  aZ., [I9641 . 



Now summing, as indica ted  above, gives 

where Xoi is the  locat ion where t h e  ith ionized charge is  generated, Xi 

is the  pos i t ion  i n  which t h e  charge moves away from Xoi and 

- 19 where q is  the  charge   nit (1.6 x 10 coulomb) and E i s  the  average 
C 

energy required f o r  ion iza t ion  of  a hole-electron p a i r .  Hence i n  t h e  

l i m i t ,  

Final ly ,  X(t) may be obtained from Figure 4.9 by solving the  d i f -  

f e r e n t i a l  equation 

with i n i t i a l  condition X(o) = L. 

Similar  expressions hold f o r  Qn using e lec t ron  associated mobi l i t i es ,  

a minus s ign f o r  t he  negative charge ar.d t h e  X(t) i n i t i a l  condition 

dx = 0 a t  x = 0. The two charge components have been ca lcu la ted  by 

Quaranta e t  aZ. [I9651 a d  a re  reproduced i n  Figure 4.10 as  a function 
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of  time f o r  a type I1 detec tor .  The ca lcu la t ions  were made using u- 

p a r t i c l e s  with donor concentration (Nd) equal t o  3.2 x 1018 m" and 

L = 290 um a t  a 200 v o l t  b i a s .  

The numbering of curves can ind ica te  e i t h e r  various inc ident  ener- 

g ies  o r  angles of  incidence. Curve numbers 1, 2, 3, 4, and 5 a r e  

associated with energies  25, 24.7, 23.8, 22.5, and 20.6 MeV, respec t ive ly  

f o r  perpendicular r zd i a t ion  o r  impact angles of o O ,  lSO, 3S0, and 

4S0, respec t ive ly  f o r  25 MeV rad ia t ion .  

4.4.3 Dead zone region. Two pr inc ipa l  f ac to r s  inf luence the above 

r e s u l t s ;  t he  dead zone layer  and the  co l lec t ion  eff ic iency.  F i r s t ,  t he  

e f f ec t ive  dead zone may be determined as  follows. By assuming t h a t  t he  

+ 
dead zone is  a s lab  contained withi9 t h e  gold o r  n @+) sur face ,  

[&?ing ,  19621 d i f f e ren t  t r a v e l  dis tances a r e  expected through the  dead 

zone depending on t h e  p a r t i c u l a r  angle af incidence [ W i Z Z i a m s  and 

Webb, 19621. 

I f  the  s lab  (window) thickness is  w (Figure 4.6) then the  maximum 

energy deposited (rYIED) is  proport ional  t o  the  i n i t i a l  p a r t i c l e  energy 

minus t h a t  which i s  l o s t  i n  t he  window; hence 

dl3 
0 MED = E o - w z  

By varying the  angle of  incidence 8,  it becomes 

1 dEo MED = Eo - - 
cose dx 

where 0 i s  measured from t h e  normal (Figure 4.6). 



The d i f f e r e n t i a l  energy f o r  angles compared t o  t h e  perpendicular 

then becomes 

1 AE = w -g[-- cos e 1) 

Therefore, by i l luminat ing a collimated monoenergetic beam of 
dE 

0 p a r t i c l e s  upon the  surface,  t h e  value of w can be found by measuring 

the  angular dependence ( a  slope) of  t he  peak pulse  height  s ince  it is 

proport ional  t o  MED. 

Rag s d  Barnett [I9691 u t i l i z i n g  t h i s  technique have determined 

an energy loss  of 2.59 keV f o r  a 10 keV prcton beam inc ident  upon a 

40ugm cm-* gold surface b a r r i e r  de tec tor .  

4.4.4 CoZZection efficiency. The second l o s s  mechanism is a t t r i -  

buted t o  the  f a c t  t h a t  not a l l  of the  l i be ra t ed  charge from an ioniza- 

t i o n  source i s  capable of continued motion i n  the  e l e c t r i c  f i e l d  across 

the  deplet ion region f o r  some recombines. The co l l ec t ion  e f f ic iency ,  n, 

i s  defined t o  be equal t o  Qc, the co l lec ted  charge, divided by QL, t b  

charge l i be ra t ed  within t h e  deplet ion region. An upper l i m i t  t o  t he  

charge co l lec t ion  time may be es tab l i shed  i f  the  deplet ion width L an3 

the  appropriate c a r r i e r  ve loc i ty  (Figure 4.9) a r e  known. The recombina- 

t i on  is  e s s e n t i a l l y  of t h ree  mechanisms: 1) recombination v i a  exc i ta -  

t ions ;  2)  d i r e c t  r ad i a t ive  recombination [Chynoweth and McXay, 19561 ; 

and 3) recombination centers  "trapping" [ShockZey and Read, 19521. 

An ana ly t i ca l  form f o r  co l l ec t ion  e f f i c i ency  f o r  p a r t i c l e s  with 

range dis tances sho r t  compared t.; deplet ion depth L i s  given by 

Miller e t  aZ. [I9621 as 



where pi and .ri a r e  the  hole  o r  e lec t ron  mobil i ty  and l i f e t ime ,  respec- 

t i v e l y ,  and E is the  maximum e l e c t r i c  f i e l d .  From t h i s ,  one deduces m 

t h a t ,  f i r s t ,  t he  dis tance,  "trapping length1', ~ 1 . 1 ~ ~  should be long com- 

pared t o  d and, second, t h a t  "trapping" losses  a r e  independent of 

applied b ias .  

Since "trapping" is  a nonuniform process,  a d i s t o r t i o n  e f f ec t  is 

introduced y ie ld ing  poor reso lu t ion  and the  so-cal led " m l t i p l e  peaking" 

[Miller e t  aZ., 19621 which is the  occurrence of two adjacent energy 

peaks observed from a monoenergetic beam. Additionally,  mult iple  peak- 

ing call be produced by charge mul t ip l ica t ion  caused by c a r r i e r  i n j ec t ion  

a t  the  device contacts .  Figure 4.11 i l l u s t r a t e s  t h i s  mult iple  peaking 

behavior f o r  the  de tec tor  displayed i n  Figure 4.1. Both photographs 

a re  taken from the  multichannel pulse height  analyzer f o r  60 keV ener- 

g e t i c  e lec t rons  with t h e  e lec t ronics  described i n  Chapter 5. The lower 

photograph is the  logarithm of t he  top l i n e a r  p lo t .  The peak t o  the  

f a r  l e f t  i s  the noise.  

In summary, t h e  deplet ion region e l e c t r i c  f i e l d  i s ,  on the average, 

l i n e a r  i n  type I and I1 detec tors  (Figure 4.6); however, because of fab- 

r i c a t i o n  inhomogeneities, per turbat ions e x i s t  causing the  ionized c a r r i e r s  

t o  t raverse  a somewhat l a rge r  path and, consequently, have l e s s  chance of 

surv iva l  f o r  a f ixed l i fe t ime,  T. The f r ac t iona l  loss  of c a r r i e r s  by 

trapping i s  given by Shockley and Read [I9521 t o  be 

6% t 
- z  - 2 
n T 

(4.10) 

where T i s  the recombination l i fe t ime and t i s  the plasma time. 
P 





4.4.5 PZasma time and r i s e  time. The plasma time i s  defined t o  be 

the  period t h a t  the p a r t i c l e  t rack i; held together  by i t s  own e l ec t ro -  

s t a t i c  forces .  I f  the  e l e c t r i c  f i e l d  i s  s u f f i c i e n t l y  lob it i s  ?able t o  

f u l l y  penetrate  the  high densi ty  plasma track.  Hence, the. charge co l lec-  

t i on  time is lengthened. 

Tore and Se ib t  [I9671 have resolved the  following funct ional  r e l a -  

t ionship f o r  t i n  a coaxial detector .  
P 

where 

q i s  the  e l ec t ron ic  charge (1.6 x coulomb) 

E i s  the  r e l a t i v e  d i e l e c t r i c  constant (12 f o r  s i l i c o n )  

c i s  the vacuum d i e l e c t r i c  constant ( c  = 8.85 10-l2 ~m-') 
0 0 

rt i s  the  radius of the o r ig ina l  t rack 

r i s  the radius over which the t rack charge i s  d i s t r i bu ted  
U 

by u n i t  t r a n s i t  time 

Meyer and Langmar [I9651 have resolved the following experimental 

re la t ionship  f o r  a -pa r t i c l e s  i n  a surface b a r r i e r  de tec tor .  

- 2 2 
where a = 1.9 x 10 15% V s ec  cm-2 and E = 300 V cm-l. 

The time required f o r  the  co l lec ted  charge t o  go from 0.1 t o  0.9 of 

i t s  maximum value i s  ca l led  the r i s e  time, tp. Figure 4.12 
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[Quamxta e t  aZ., 19651 compares r i s e  time as a function of impact angle 

R 
8 o r  - r a t i o  f o r  d i f f e r i n g  impurity concentrations N i n  a surface L d' 

b a r r i e r  detector .  An i n t u i t i v e  understanding f o r  why the  r i s e  time f a l l s  

rapidly f o r  increasing angles o r  small r a t i o s  i s  t h a t  t h e  ion iza t ion  i s  5; 

deposited c loser  t o  t he  boundaries of t he  depletion region. Since the re  

is l e s s  dis tance t o  t r a v e r s t  (R s ine  f o r  nonperpendicular rad ia t ion)  the  

collect.ion time would be l e s s  giving a f a s t e r  r i s e  time. More funda- 

mentally, the r i s e  time i s  composed of th ree  components i n  2 time f i e l d  

yielding 

where tp = r i s e  time of the charge pulse due t o  t r a n s i t  time only. 

t = plasma time. 
F 
td = r i s e  time associated with capacitance and res i s tance  of the 

de tec tor  equivalenr c i r c u i t .  

4.4.6 Chcvmeling. Crystallographic symmetry with respect  t o  the 

incoming rad ia t ion ,  causes d i f f e r i n g  quantum e f f i c i enc i e s  of ionizat ion 

dE: r e su l t i ng  i n  a nonuniform - deposition r a t e .  The most symmetrical cut  dx 
of a c rys t a l  i s  normal t o  t he  axis  of the  c rys t a l  growth, the  [111] d i rec-  

t i o n ,  thus giving the highest percentage of chanl~eling. Gibson [I9661 

has transmitted 4.9 MeV protons through 35 lunSi c rys t a l  a t  d i rec t ions  

p a r a l l e l  t o  the  [ I l l ] ,  [110], and "no symmetry" d i rec t ions  (Figure 4.13). 

Deurnaky [I9641 has determined t h a t  wa:ers s h o ~ ~ l d  be cut  a t  10 t o  20 

degrees from the (1111 plane i n  order t o  m l n i ~ i  ze symmetry (chinneling) . 



Figure 4.13 Channeling an important f ac to r  i n  the  o r i en t a t ion  of a  
de tec tor  c rys t a l  and p a r t i c l e  ca l ib ra t ions  f o r  wide angle 
appl icat ions.  The above curves show the  s t rong dependence 
on the  r e l a t i v e  angle of incident  rad ia t ion .  Data taken 
from Gibson [1966]. 



4 . 4 . 7  Detector equivaZe?rt circuit. The output charge generated i n  

t he  depletion region i s  modified by t h e  surrounding conductors, contact 

points  and i n t e r n a l  e l e c t r i c a l  semiconductor proper t ies ,  i . e .  po lar iza-  

t ion .  Simplifying, t he  equivalent c i r c u i t  may be thought of as  containing 

four  impedance components associated with t h e  four  d i s t i n c t  regions of  

the  de tec tor ;  t he  depletion region, undepleted semiconductor region,  con- 

t a c t  points ,  and the  external  connectors and shielding.  A more rigorous 

treatment may be made employing transmission l i n e  equations, espec ia l ly  

f o r  the  high frequency case. Each sec t ion ,  because it i s  capable of 

charge s torage across  a po ten t i a l ,  cons t i t u t e s  a capacitance along with 

the  ohmic loss .  Figure 4.14 i l l u s t r a t e s  the  equivalent c i r c u i t  where 

Co and C a r e  evaluated in  the  same way as t h a t  of a plane p a r a l l e l  
s 

capaci tor .  

E E ~ A  
C = -  

L the depletion layer  capacitance 
P 

D- L 
R s = P A  undepleted zone res i s tance  

PEE0 c = -  undepleted zone capacitance 
Rs 

where P i s  the semiconductor r e s i s t i v i t y .  The deplet ion region res i s tance  

i s  negl igibly small f o r  a reverse biased diode. The impedance, z (contact 

po in t ) ,  can considerably influence the pulse and shows considerable 

d i s to r t i on  a t  iower temperatures. The connectors a r e  pr imari ly  capaci- 

t i v e  i n  nature.  Techniques developed t o  measure c i r c u i t  parameters a r e  
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discussed by Quaranta e t  aZ. [I9661 and Quaranta [1969]. A nomogram is 

reproduced i n  Figure 4.15 t o  f a c i l i t a t e  understanding of deplet ion region 

thickness ,  capacitance, r e s i s t i v i t y ,  and impurity concentrations with 

applied b i a s .  Figure 4.16 i l l u s t r a t e s  the  contr ibut ion of e lec t rons  

(a) and holes (b) t o  the  f i n a l  current  pulse f o r  a  400 pm th ick  sur face  

b a r r i e r  de tec tor  using 6000 51 cm n-type s i l i c o n  [Quarmta e t  aZ., 19671. 

Figure 4.17 is a  t yp ica l  output current  pulse from a surface b a r r i e r  

de tec tor  f o r  th ree  b i a s  voltages (90, 150, and 250 vo l t s )  with amplifi-  

cat ion u t i l i z i n g  a  3 ns r i s e  time ampl i f ie r .  

4.4.8 S e n s i t i v i t y  of  detector operation t o  external  factors.  Ex- 

t e r n a l  e f f e c t s  of  i n t e r e s t  include 1) rad ia t ion  damage, ?) l i g h t  sens i -  

t i v i t y ,  3) temperature, 4) humidity and contaminants, 5) pressure changes, 

6) mechanical shock, and 7) magnetic f i e l d s .  

Radiation, i f  extreme, i s  harmfui t o  de tec tors  s ince  nuclear  modi- 

f i ca t ion  r e s u l t s  and crys ta l  s t r u c t u r e  is perturbed by movement of atoms 

i n t o  i n t e r s i t i t a l  pos i t ions .  In rocket-borne de tec tors  ionospheric 

rad ia t ion  conditions a r e  moderate and shor t ;  operation p x i o d s  r e s u i t  

i n  negl ig ib le  degradation. Year long s a t e l l i t e  programs through the  

rad ia t ion  b e l t s  record only minor performance loss  becau:e of rad ia t ion  

damage. 

Light quanta with energies grea te r  than the  forbfdden band gap of 

s i l i c o n  arc  capable of exc i t ing  charge c a r r i e r s  ~P.I thereby increase the  

reverse current  of the diode and ul t imately the  noise.  Figure 4.18 shows 

the  noise introduced by a l i g h t  source on the  de tec tor  near the  breakdown 

region. Surface b a r r i e r  de tec tors  are  the  most s ens i t i ve  t o  l i g h t  

because of the  th in  gold layer;  the  thickez the layer  t he  l e s s  l i g h t  



Figure 4.15 Solid-state detector nomogram for silicon. The solid line 
represents the detector displayed in Figure 4.1. Data taken 
from Ortec instruction manual. 
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Figure 4.18 Preampl i f i e r  output  i l l u s t r a t i n g  t h e  breakdown phenomenon 
r e s u l t i n g  from a  b r i g h t  l i g h t  source  ( e ~ .  t h e  sun). The 
v e r t i c a l  s c a l e  is 0 .1  v o l t s / d i v i s i o n  and t h e  h o r i z o n t a l  
i s  2 msec/divis ion.  



s e n s i t i v e .  Spec ia l  coat ings  can be placed over  t b e  gold t o  reduce l i g h t  

passage.  Grea te r  b i a s  vo l tages  can a l s o  be  app l ied  t o  a  d e t e c t o r  i n  t h e  

dark.  Figure 4.19 i s  a  p l o t  o f  no i se  ve rses  l i g h t  i n t e n s i t y  f o r  t h e  

d e t e c t o r  shown i n  Figure 4.1. 

Temperature e f f e c t s  w i l l  be discussed i n  Chapter 5 i n  g r e a t e r  d e t a i l .  

The no i se  i s  gauss ian and v a r i e s  as  t h e  e x p o t e n t i a l  of t h e  i n v e r s e  o f  

temperature.  

Humidity and vapors o f  organic  s o l v e n t s  a r e  a b l e  t o  r e a c t  with t h e  

s i l i c o n  (e.g.  s i l i c o n  hydr ide)  o r  gold s u r f a c e  producing harmful e f f e c t s .  

S i l i c o n  d e t e c t o r s  should be  s t o r e d  with some drying agent i n  a s e a l e d  a i r -  

t i g h t  con ta ine r .  \$ i l t i .  d e t e c t o r s  a r e  pumped down jn vacuum systems, mer- 

cury d i f f u s i o n  pumps should be avoided s i n c e  mercury r e a c t s  wi th  gold .  

Surface leakage c u r r e n t s  can be a  dominant n o i s e  source  a s  compared 

t o  space-charge generated c u r r e n t s  i n  t h e  presence of water  vapor o r  o t h e r  

contaminants. Figure 4.20 shows t h e  marked e f f e c t s  of dry oxygen and wet 

+ 
ni t rogen  on t h e  s u r f a c e  leakage cur ren t  o f  a  d i f f u s e d  n p junct ion 

[Buck, 19611. Accumulation of moisture and/or i o n i z a b l e  impur i t i e s  n e a r  

t h e  s u r f a c e  can break down t h e  i n t e n s e  e l e c t r i c  f i e l d  region i n  micro- 

plasma. I f  a d e t e c t o r  i s  s t o r e d  over  a  pe r iod  o f  time o r  is  exposed t o  a  

contaminant the  b i a s  vo l tage  should be r a i s e d  slowly allowing t h e  con- 

taminants t o  d r i f t  out  of t h e  f i e l d  region.  Figure 4.21 i l l u s t r a t e s  t h e  

i n t e r m i t t e n t  behavior o f  microplasma breakdown. l71e bottom t r a c e  i s  t h e  

preamp output  showing s a t u r a t i o n  of t h e  s i g n a l  over  most of t h e  t r a c e .  

The top  t r a c e  i s  t h e  pos tampl i f i e r  output  again showing s i m i l a r  

behavior .  



Figure 4.19 Noise counts recorded in the first channel of the voltage 
discriminator described in Chapter 5 for an 80-watt light- 
bulb source. 
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Figure 4 .20  Reverse c u r r e n t  ve r sus  reversed  b i a s  v o l t a g e  showing t h e  
s t r o n g  dependence upon t h e  e x t e r n a l  a i r  environment. Data 
taken by Buck [1961]. 



Figure 4.21 Microplasma breakdown i s  shown i n  t h e  a l t e r n a t e  t r a c e  of 
t h e  p reaq-  output  :to? t r a c e  is  a t  two vol ts /box)  and 
p o s t a m p l i f i e r  output  (bottom t r a c e  a t  5 vol ts /box)  . 
During s h o r t  time i n t e r v a l s  t h e  d e t e c t o r  is seen t o  recover  
from s a t u r a t i o n  noise t o  i t s  normal opera t ion.  



Mechanically t he  detectors  a r e  qu i t e  rugged and show ins ign i f i can t  

pressure dependence. Their mechanical s t a b i l i t y  i s  s imi l a r  t o  

t r ans i s to r s .  

The s o l i d - s t a t e  de tec tor  i s  independent of mngnetic; f i e l d s  of sev- 

e r a l  thousand gauss because of the in tense  e l e c t r i c  f i : l d  s t rength  d i s -  

t r i bu ted  over the  very small deplet ion region. 



5 .  DESIGN OF A SOLID-STATE PARTICLE DETECTOR 

The approach w i l l  be taken,  as  i n  t h c  a c t u a l  des ign,  o f  f l  rst  s e t t i n g  

down some o f  t h e  e s s e n t i a l  r u l e s  and des ign philosophy f o r  an o v e r a l l  

low no i se  system moving then  i n t o  t h e  working block diagram of  t h e  de tec -  

t i o n  process .  A s impl i fy ing  FORTRAN computer program (NOIbE) may be 

emplcyed a t  t h i s  p o i n t  t o  a i d  i n  t h e  des ign fo; a  p a r t i c u l a r  d e t e c t o r ,  

preamp, f i l t e r ,  and postamp o p e r a t i o n .  A f t e r  e s t a b l i s h i n g  t h e  d e s i r e d  

paraReters ,  a  d e s c r i p t i o n  w i l l  be  given ,.,: t h e  chosen des ign.  F i n a l l y ,  

some a t t e n t i o n  w i l l  be given t o  f u t u r e  imk.,ovement. 

5 .1  fioise Gnerat ion  and Reduction i n  Semisonducto~ De tac tors  

An outs tand ing  problem i n  low energy p a r t i c , e  d e t e c t i o n  i s  t h e  

reduct ion o f  no i se .  Not only does minimizing n o i s e  enhance t h e  low 

energy th resho ld  o f  t h e  d e t e c t o r  b u t  it i n c r e a s e s  t h e  o v e r a l l  r e s o l v i n g  

power f o r  a l l  e n e r g i e s .  

5 .1 .1  Thermal, shot ,  cnd leakage noise.  Eefe r r ing  t o  t h e  d e t e c t o r  

equ iva len t  c i r c u i t  of Fi y r e  4.14. t h e r e  a r e  e s s e n t i a l l y  t h r e e  genera to r s  

of  no i se :  t h e  thermal n o i s e  o f  t h e  l e s i s t o r s  R and Rs, s h o t  n o i s e  
D 

(a150 c a l l e d  space charge no i se )  and n o i s e  a s s o c i a t e d  with t h e  leakage 

c u r r e n t  1 The r e s i s t a n c e ,  R i s  u s u a l l y  very l a r g e  and i t s  thermal 
L' P ' 

noise  c o n t r i b u t i o n  can be  neg lec ted  f o r  t h e  fo l lowing reason.  

From b a s i c  s t a t i s t i c a l  arguments, t h e  mean squared n o i s e  vo l t age  i s  

given by t h e  r e l a t i o n  



where k is t h e  Boltzmann cons tan t ,  T i s  t h e  a b s o l u t e  temperature ,  R t h e  

r e s i s t a n c e ,  and Af t h e  frequency range over  which t h e  measurement is  

made. Now, applying Ki rchof f t s  vo l t age  law t o  a r e s i s t o r  (with equiva- 

l e n t  s e r i e s  no i se  genera tor)  shunted ac ross  a capaci tance ,  C, t h e  va lue  
- 

7 

of vLNR across  t h e  p a r a i l e l  combination is given by 

and t h e  t o t a l  mean square  thermal n o i s e  is obta ined by i n t e g r a t i n g  equa- 

t i o n  (5.2) over  a l l  frequency i n t e r v a l s .  

L 
Equation (5.2) c l e a r l y  shows t h a t  as  R i n c r e a s e s  - decreases  N 

providing C i s  not  t o o  smal l .  

The s e r i e s  r e s i s t a n c e  RS is  l ikewise  shunted ac ross  a capaci tance  - 
2 

and t h e  no i se ,  V :d ,  i s  u s u a l l y  n e g l i g i b l e  even tho~.gh RL7 i s  much s m a l l e r  

2 2 
than Rp. The reason why t h e  V is  comparable o r  l a r g e r  than t h e  V 

f o r  t h e  p a r a l l e l  branch i s  t h a t  t h e  s e r i e s  capaci tance  is  much s m a l l e r .  

Severa l  components c o n t r i b u t e  t o  t h e  leakage c u r r e n t .  F i r s t ,  

leakage around t h e  per iphery  of  t h e  d e t e c t o r  i n  r h e  high e l e c t r i c  f i e l d  

region produces an inc reased  l e v e l  o f  low frequency n o i s e .  Imposing 

a guard-ring and s u i t a b l e  epoxy around t h e  edges w i l l  cons ide rab ly  reduce 

t h i s  leakage.  No adequate model has been developed t o  exp la in  t h i s  source .  

The second major c o n t r i b u t o r  t o  t h e  leakage c u r r e n t  i s  s h o t  no i se  

(Icrived frc.m random f l u c t u a t i o n s  i n  t h e  number o f  charged c a r r i e r s  emi t t ed  



.from a  s u r f a c e .  By applying s t a t i s t i c a l  mechanics again ,  t h e  f u n c t i o n a l  

dependence i s  obta ined 

where I is  t h e  d e t e c t o r  leakage c u r r e n t  and Af i s  t h e  frequency i n t e r v a l  
L 

i n  which t h e  measurements a r e  made. 

By s i m i l a r  a n a l y s i s  a s  made f o r  equat ion (5.2) employing Kirchoffs  

vo l t age  law t h e  v2 across  t h e  p a r a l l e l  combination o f  t h e  no i sy  c u r r e n t  A's 
source  and equ iva len t  capaci tance is 

and t h e  t o t a l  mean square thermal no i se  i s  obta ined by i n t e g r a t i n g  

equat ion (5.5) over t h e  appropr ia te  frequency i n t e r v a l s .  

F1 

Figure 5 .1  gives  t h e  no i sy  equ iva len t  c i r c u i t .  F igure  4.19 shows 

t h e  leakage con t r ibu t ions  o f  sho t  no i se  and p e r i p h e r a l  leakage due t o  

contaminants. 

5.1.2 Detector bias repZa t ion .  Over t h e  l i f e  of t h e  d e t e c t o r  t h e  

leakage cur ren t  i s  expected t o  vary and thus  precaut ionary measures 

should be made t o  r e g u l a t e  t h e  app l ied  b i a s  vo l tage .  Figure  5.2 i s  a 
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de ta i l ed  c i r c u i t  diagram employed by Bakke e t  a l .  [I9691 t o  regula te  a 

surface b a r r i e r  de tec tor  and would be an exce l len t  improveme lt over the  

present  system, t o  be described l a t e r .  

The deplet ion region width (and therefore  capacitance) is  d i r e c t l y  

r e l a t ed  t o  the  applied b i a s  (equation 4.16) and consequently t o  t he  

thermal noise.  Figure 5.3 is  a p l o t  of no ise  versus applied ulas , a l i a g e  

f o r  the  Ortec de tec tor  displayed i n  Figcre 4.1 

To measure the  b i a s  voltage accurat??\l ,  w. extremely high input 

impedance meter must be employed s ince  the  de tec tor  res i s tance  is 

approximately 5 x lo8 ohms. The c i r c u i t  (Figure 5.4) uses an operat ional  

amplif ier  with an input r e s i s t o r  of 2 x l o l o  ohms. 

5.1.3 Mathematical treatment of noise and i ts  terrperai-we varia- 

t i on .  The most s ign i f i can t  f a c t o r  i n  reducing noise i s  t o  lower the tem- 

perature.  To f a c i l i t a t e  a fundamental understanding . f the  arguments 

involved, an inves t iga t ion  w i l l  be made of t he  spectrum cha rac t e r i s t i c s  

of noise.  

Since noise i n  a material  o r ig ina tes  from the  unequal balance of 

random mutuaily-exclusive charge-carr ier  events,  the  guassian d i s t r i bu -  

t i on  appl ies .  I t  i s  expressed i n  mathematical form as  

1 P ( Y ) ~ B  = - exp 1 - -1 d~ 
,.T.rro 

where P(E) i s  t he  probabi l i ty  t h a t  i n  an energy i n t e r v a l  E t o  E + dE 
N. 
2 there  e x i s t s  charge movements across the  band gap E N .  i s  t he  charge 
0 9' 2 

movements i n  the  ith in te rva l  and N i s  the  maximum charge movements made 
0 



Bias Voltage (Volts) 

Figure 5.3 Surface barrier detector total noise versus bias 
voltage. Designed bias is 130 volts. 



Figu re  5 .  1 Show1 i s  t h c  h i g h  i n p u t  in~ l i c t lnnc -c  c i r c u i t  11qc~l t o  mc:iq~~r'c 
thc t i n 5  vo1t:igc :lcro.;s t h c  ~ l c t c c t o r  d i o J c .  



i n  the  in t e rva l ,  a is the  standard deviation, and p is the  o f f s e t  of the 

gaussian peak due t o  unequal p r o b a b i l i t i e s  of generating (g )  and recom- 

binat ion (r) of charge c a r r i e r s .  The d i s t r i bu t ion  is  depicted i n  

Figure 5.5 along with the defining parameters and may be compared t o  the  

ac tua l  d i s t r i bu t ion  taken from the  de tec tor  u t i l i z i n g  a pulse height 

analyzer. 

The e s sen t i a l  s t a t i s t i c a l  expressions f o r  p and a a re  given by 

Here E is the  mean energy required t o  generate one e lec t ron  hole  pa i r .  
9 

For pure noise,  i . e .  random noise,  g = r and therefore  u = 0 and 

where q is  the  elementary charge un i t  1.6 x 10-l' coulomb and QU is 

equivalent noise generated a t  the  amplif ier  input .  The second equal i ty  

i n t u i t i v e l y  comes from the  f a c t  t h a t  the  number of ca r r i e s  which jump 

the energy gap E ( a  capacitance, Cd) have a dependence on energy 
9 

2 
equal t o  4 N/2Cd The next two important re la t ionships  f o r  o follows 

d i r e c t l y  from t h e i r  def ining propert ies .  

E FWHM ~ = Q c  = -  
q eqv rms 2.35 
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Solving f o r  u2 one obtains  approximately 19 mV which agrees close NO 

with 19.5 mV measured. The small e r r o r  is  due t o  incomplete spec i f i ca t ion  

of the  complex input impedance. 

Now the f i r s t  channel discr iminator  i s  s e t  near the  t a i l  of t he  

gaussian d i s t r i bu t ion  and therefore  a i s  of cons ide rwle  importance, 

espec ia l ly  s ince  a = f ( T ) .  To s t a r t  with, the  probabi l i ty  of an event 

occurring grea te r  than some threshold energy, E of the  de tec tor  must be T' 

determined. The r e s u l t  i s  obtained by in t eg ra t ing  over P ( E ) &  d i s t r i bu -  

t i on  from ET t o  o r  

2 

where 



The in t eg ra l  values f o r  the  ~ ( z )  a re  tabulated and found i n  any 

mathematical handbook. For the designed de tec tor ,  the threshold energy 

was s e t  a t  11.6 keV hence 2 = 11.613.6 = 3 .23  yie ld ing  from t h e  t ab l e s  

Q(3.23) = 0.99936 o r  P ( >  ET) = 6.4 x 10'~.  Therefore, the t o t a l  number 

of counts from equation (5.9) i s  9.4 x lo6 requir ing the  number of 

counts grea te r  than ET t o  be NT = 6000 counts per  second. This agrees 

with the experimental r e s u l t s  displayed i n  Figure 5.6 f o r  a temperature 

of 30"~. 

f l  vs. channel one count ra te .  To deduce theo re t i ca l ly  the 

equations (5.9), (5.10), and (5.14) must be used. For a change i n  the  

root  mean squared voltage, there  i s  a corresponding l i n e a r  charge i n  

the standard deviat ion (equation 5.10). The number of counts fo r  

energies grea te r  thar, E N( E ) ,  is  thus given by T' T 

Subs t i tu t ing  f o r  a from equation (5.9) and (5.12) gives 
7 

Now using urns = 14 mV, equation (5.16) gives a count r a t e  of 60 

counts per  second which agrees beau t i fu l ly  with the  experimental curve. 

The temperature dependent curve of Figure 5.6 i s  l ikewise re la ted  

t o  the number of counts above ET by equation (5.15); however, u i s  now a 

function of temperature. The p a r t i c u l a r  funct ional  form w i l l  be 



NOISE mV rms 
12 14 16 18 20 22 24 26 

I 1 1 I I 1 

10,000 7 
Channel 9 1 - - Noise Counts - - - - - 

- 0.83 Volts - - - 
- 
- 
- - - - - - - - - - - - 

- - 
- 
- - - - - - 
- 
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15 20 25 
TEMP ( O C )  

Figure  5.6 T o t a l  n o i s e  counts  recorded above t h e  lowest channel t h r e s h o l d  
v o l t a g e ,  0.83 v o l t s  f o r  va r ious  temperatures  and r o o t  mean 
square  v o l t a g e s .  



invest igated a f t e r  a study i s  made of t he  preamplif ier  noise contribu- 

t i on .  From Figure 5.6 it i s  apparent t h c t  a (T) must be some function 

which i s  l e s s  s ens i t i ve  t o  T than the  l i nea r  dependence of equation (5.10). 

Referrin , t o  equations (5.18), (5 .9) ,  and (5.15) the general temperature 

dependence of the  channel counts above a 'hresnold energy can be 

formulated. 

5.2 Precnplifier Noise and Detector Postamp ZCfier Interface 

J .  2 . 1  System amplification philosophy. A complete block diagram of  

the  detect ion and amplifying c i r c u i t s  i s  represented i n  Figure 5 . 7 .  l'he 

current  introduced i n t o  the preamp from an energe t ic  p a r t i c l e  i s  i n t e -  

grated in  the  f i r s t  s tage by applying capaci t ive ieedback. The r e s u l t -  

ing charge pulse is s h q e d  and amplified in  succeeding s tages.  The 

p r e ~ m p l i f i e r  i s  a double d i f f e r en t i a t i on  and dnuble in tegra t ion  pulse 

shaping network with a low noise high input impedance f i e l d  e f f e c t  

t r a n s i s t c r  employed i n  the f i r s t  s tage.  Postamplification is made f o r  

f i n a l  7ul.se height discrimination. The Norton equivalent c i r c u i t  j s 

subs t i t u t ed  f o r  the  detector .  

Experiments show t h a t  the  Norton admittance i s  primarily capaci t ive 

in  nature where upon simple ana lys is  y ie lds  the f i r s t  s tage  output.  By 

making a Thevenin equivalent t o  the  l e f t  of the  f i r s t  s tage  and assuming 

tne  coupling capacitance and r e s i s t i v e  feedback a re  chosen t o  have migor 

influence on the output,  the  bas i c  r e l a t i o n  f o r  operat ional  amplif iers  

appl ies;  namely 





where E and RT are  the  Thevenin equivalents,  given by T 

This can be reduced t o  t he  following r e l a t ion  

The col lected charge produces a voltage s igna l  of magnitude &/C f '  
This is independent of the  de tec tor  capacitance and thus applied b i a s  

giving impoved overa l l  s t a b i l i t y .  The ava i lab le  s igna l  energy supplied 

2 
from the de tec tor  i s  Q / 2 C N  requir ing Cfl  t o  be minimized f o r  increased 

signal-to-noise r a t i o .  

5.2.2 Eqt?ivaZent preanpli f ier  noise generator. The f i e l d  e f f e c t  

t r a n s i s t o r  (FET) used a s  the f i r s t  s tage  of the  preamplif ier  was chosen 

f o r  i ts  inherent low noise performance, s impl ic i ty ,  ruggedness, and 

a b i l i t y  f o r  subs t an t i a l l y  reducing noise upon cooling. Later improve- 

ments would have the  FET mounted adjacent t o  the ae tec tor  and both 

cooled, f o r  excmple by dry i ce .  On an energy bas i s  the  s e n s i t i v i t y  

could be improved by a f ac to r  of two. The present  design u t i l i z e s  a 

detector  designed spec i f i ca l ly  f o r  rocket-borne appl icat ions by 

Nucleometrics and i s  p ic tured  i n  Figure 5.8 and i n  schematic form i n  

Figure 5.9. Table 5.1 l ist  t h e  preamplif ier  spec i f ica t ion .  

The proper in te r face  of the de tec tor  with the preamplif ier  rzqui res  

optimization of  he preamplifiers s e n s i t i v i t y ,  time constants,  and input  
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Table 5 . 1  

Charge S e n s i t i v e  Amplifier  

S p e c i f i c a t i o n s  

S e n s i t i v i t y :  22 t o  110 v/pC 

Time cons tan t :  0.5 t o  2 micro-sec 

Load r e s i s t o r :  100 meg ohm 

Dynamic input  capaci tance:  5000 pf  

Temperature s t a b i l i t y  -40°c t o  +60°c: 51% 

Gain v a r i a t i o n  with supply vo l tages  : l % / v  

Dynamic output  impedance: <20 ohm 

I n t e g r a l  l i n e a r i t y  t o  5 .0  v output :  +0.2% 

t o  2.5 v output :  20.05% 

Overload recover  x 10 : 30 micro-sec 

x 100 : 50 micro-sec 

x 1000: 100 micro-sec 

For 40 pf input  capaci tance:  Noise: <5 keV FWHM (Si l i con)  

Rise t ime: <20 nano-sec 

With 100 neg ohm load r e s i s t o r :  Noise: < 2  kev FWHM (Si l i con)  

Power requ i red :  P o s i t i v e :  +S t o  +12 v ,  8 ma 

Negative: -9 t o  -12 v ,  2 ma 

Detector b i a s :  250 v (max) 

Input/output p o l a r i t y :  Detector  inpu t :  nega t ive  

Tes t  p u l s e  i n p u t :  nega t ive  

Amplifier  i n p u t :  p o s i t i v e  

Dimensions: 4.375 x 2.375 x 0.820 i n  

Weight: <6 oz.  

Connectors: Input /output  (each) :  Microdot S-93 screw r e c e p t a c l e  

Power/Test/3ias: Cannon DEM-9P 

Environment: Appropriate f o r  use  i n  Nike Apache rocke t  payloads.  



impedance. A rigorous ana lys is  requi res  the  a i d  of compdter program 

rout ines  and w i l l  be discussed i n  Section 5.2.4. Brief ly,  t he  mean 

equivalent input noise charge, QN, charac te r iz ing  the  preamplif ier  

de tec tor  is  the  aggregate lloise of the  component systems. The two p r i -  

mary types of noise sources have been introduced i n  previous sec t ions  

and a re  represented by equations (5. I ) ,  (5.2), and (5.5). The t o t a l  

noise is  then the  sum of the  energy contr ibut ions of each of the  p a r t s  

being r e l a t ed  t o  t he  voltages as The t o t a l  noise is  consequently 

the square root  of the  sum of the  squares of the  individual  SN, hence 

- r 4kT *eqv 4 k ~  -C + 

2q(IL+I 

QN - ceqv 1 
+ 

T 2 2 + I "* (5.18) 

R ~ C  eqv C 
eqv 

Furthermore, by making the  reasonable approximation t h a t  the  f l i c k e r  

noise and the RB noise a r e  minor the  following s impl i f ica t ions  r e s u l t  

a t  a temperature of 2 7 3 " ~ .  

The optimum time constant,  T f o r  minimizing the  nois.:, i s  obtained 
opt' 

by d i f f e r e n t i a t i n g  equation (5.19) with respect  t o  T and s e t t i n g  the  

der iva t ive  t o  zero. The equivalent input noise f o r  optimum time constant 

i s  thus 



Again i t  is  mnarent  t h a t  decreasing the input  capacitance and 

leakage current  i s  des i rab le  along with increasing the  transconductance, 

g,  s ince  R = 0.7/9 [Bilger, 19661 f o r  a FET. The optimum input  noise 
eqv 

l eve l  is consequently 

The p a r t i c u l a r  equivalent no ise  input  f o r  the  preamplif ier  f o r  

various input  capacitance and time constants 0.5, 1.0, and 2.0 usec a r e  

shown i n  Figure 5.10. The e lec t ronics  nc ise  contr ibut ion can be ex- 

pressed i n  charge un i t s  s ince  t h i s  i s  what the  amplif ier  i s  designed t o  

measure. E i ther  the un i t s  a r e  expressed i n  equivalent e lec t ron  charge 

(coulombs) o r  i n  terms of t h e i r  spread i n  a gaussian d i s t r i bu t ion  

associated with the  probabi l i ty  t h a t  a monoenergetic p a r t i c l e  w i l l  pro- 

duce c a r r i e r s .  The l a t t e r  method uses the  f u l l  spec t r a l  width a t  h a l f  

the maximum (FWHM) of the  d i s t r i b u t i o n .  The output noise can a l t e r -  

na t ive ly  be recorded as a root  mean square voltage o r  current  and is  

r e l a t ed  t o  the  equivalent charge by equations (5.9) and (5.10). Since 

E i s  a function of  the mater ial  used the  FWHM must a l so  be associated 
9 

with a mater ial  e.g., FWHM ( s i l i c o n ) .  

Two methods employed t o  experimentally measure the FWHM a r e  by 

d i r ec t  measurement of  the  spec t r a l  width from a multichannel pulse 

height analyzer o r  i n d i r e c t l y  using the  root  mean square voltmeter 

method. The l a t t e r  method i s  based on applying a generator voltage 

pulse of amplitude 7 through an in j ec t ion  capaci tor  C, t o  the  
9en 



INPUT CAPAClTANCT fCICOFAR4DI 

Figure 5.10 Amplifier noise versus input capacitance for preamplifier 
time constants of 0.5, 1.C, and 2.0 psec. From Nucleometrics 
specification sheet. 



detec tor  preamp input.  The s igna l  input  charge t o  the FET is  the  s e r i e s  

combination of C1 and C 
eqv 

C C 'gen 1 eqv 
'8is * c + c1 

eqv 

and i f  C, is chosen small with respect  t o  C the  above equation becomes 
eqv 

I f  Q i s  the equivalent noise charge a t  the ampl i f ie r  input required N 

t o  produce Vm8 noise voltage a t  t he  output than f o r  an overa l l  ca l ibra-  

t i on  gain Gc the following expression is v a l i d  

and the  f i n a l  r e s u l t  obtained is  

Referring t o  t he  schematic diagram of Figure 5.9, the time constants 

a r e  governed by C30, CS1, C32, C33, and RS3. Table 5.2 gives the  

suggested values f o r  se lec ted  time constants of  0.5, 1, and 2 msec. 

For the Ortec ruggedized sur face  b a r r i e r  p a r t i a l l y  depleted detec- 

t o r  (Figure 4.1) t he  capacitance is  52 p f ,  the  noise is 5 keV FWHM and 

reverse current  0.23 uamps, The R of the de tec tor  preamplif ier  is  
eqv 

approximately equal t o  o r  l e s s  than ohms. Subs t i tu t ing  these para- 

meters i n t o  equation (5.20) y i e lds  a design time constant of 0.5 vsec. 



Table 5 . 2  

Amplifier time constant adjustment. 

Time Constant (psec) C30 C g l  C3* CS3 Rg3 

0 . 5  100 3 . 0  100 3 . 0  5 . 1  Meg 

1 200 6 . 0  200 6 . 0  2 . 4  Meg 

2 390 13 390 13 1 . 3  Meg 

The gain r e s i s t o r s  



5.2.3 AzZse shaping netuork 

The s t e p  response t o  a pos i t i ve  10 mV t e s t  ca l ib ra t ion  pulse produces 

the  output response shown i n  Figure 5.11 f o r  a sweep r a t e  of 0.5 msec 

per  cm and v e r t i c a l  s e n s i t i v i t y  of 0.2V cm. The vm output noise r-1s 

measured t o  be 0.19 v o l t s  y ie ld ing  an equivalent input noise of 

5 x 10-l6 coulombs by appl icat ion of equation (5.22). For comparison 

purposes, a 10 keV p a r t i c l e  loses  approximately 3.5 eV per  released 

charge c a r r i e r  (as previous l y  discussed) contr ibut ing a t o t a l  charge of 

4.7 x 10-l6 coulombs, comparable with the noise as ant icipated.  

The approximation made i n  equation (5.18) t h a t  the  bandwidth i s  Aw 

is  about 1 / ~  where T i s  the time constant of the  shaping c i r c u i t s  can be 

more fundamentally formulated i n  terms of the  system frequency response. 

Proceeding with equation (5.17) with the s t i p u l a t i o n  t h a t  the f l i c k e r  

noise component is  of minor s ignif icance the t r ans l a t ed  equal i ty  

becomes 

where 

and 



7 - 
7 

1 ? G  

T 
( 

Figure 5.11 Prcnmpl i f i e r  s t e p  rcspol?sc ( top  tract) f o r  a p o s ~ t l v e  
10 m\' t e s t  calibrate input pu l sc  (hottom t r n c c ) .  Thc 
h o r i z o n t a l  sweep r n t c  i s  0.5 bscc p c r  main d i v i s i o n  
and t h c  v c r t i c n l  s e n s i t i v i t y  i s  U.2 v o l t s  per main 
d i v i s i o n .  



To o b t a i n  the  o v e r a l l  s p e c t r a l  n o i s e  c h a r a c t e r i s t i c s  an i n t e g r a t i o n  

must be perfonled over a l l  frequency i n t e r v a l s  Aw of  t h e  product o f  t h e  

rloise c o n t r i b u t i o n  times t h e  a t t e n u a t i o n  index,  f (w)/F(o) ,  f o r  t h e  f r e -  

quency w wherz f(w) i s  t h e  frequency response o f  t h e  system and F(o)  i s  

t h e  normal iza t ion f a c t o r  equal  t o  t h e  maxinlum value  of  f(w) o r  equiva- 

l e n t l y  t h e  maximum amplitude of  t h e  system s t e p  response (Figure  5 .10) .  

L i s t ed  i n  Table 5 .3  [Tsukuda, 19641 a r e  the  s i g n i f i c a n t  p u l s e  

shaping networks and t h e i r  a s s o c i a t e d  parameters .  The optimum equ. va- 

l e n t  noise  charge,  ( E N C ) ,  i s  t h e  QNT div ided  by t h e  u n i t  charge 1.6 x 

coulomb. Here it is  seen t h a t  t h e  delay l i n e  c l i p p i n g  (DL) networks p e r -  

form b e t t e r  than t h e  RC types ;  however, t o  c o n s t r u c t  f i l l e r s  possess';.g 

v a r i a b l e  t ime c o n s t ~ ~ i t s ,  as  is  mandatory i n  delay l i n e  c l i p p i n g ,  i s  not  a 
/ 

simple u n d e r t a k i ~ ~ g .  Improvements h e r e  could reduce no i se  by a s  much a s  

40% and f u t u - e  designs should  incorpora te  t h e  delay l i n e  c l i p p i n g  methods / 
a s  they become a v a i l a b l e .  

For t h e  system designed,  a RC f i l t e r  was chosen us ing double d i f -  

f e r e n t i a t i o n  and double i n t e g r a t i o n  s t a g e s .  Rs fe r r ing  t o  t h e  schemat ic  

Figure 5.9 t h e  f i r s t  and second d i f f e r e n t i a t i o n  is  governed by R 32' 

CS0, and R35, R36, R3,, C32, and the  f i r s t  and second i n t e g r a t i o n  by R 34' 

'31 and R38' C33' r e s p e c t i v e l y .  The inpu t  po le  zero c a n c e l l a t i o n  by 

R 4 2 ~  '32. 

The frequency response f(w),  is  obta ined from b a s i c  c i r c u i t  analy- 

s i s  al though very t ed ious  i n  procedure f o r  a complete a n a l y s i s  (NOISE 





computer solul:ion, Sec t ion  5.2.4) t h e  primdry response mzy be made 

r e f e r r i n g  t o  t h e  s i m p l i f i e d  c i r z u i t  i l l u s t r a t e d  i n  Figure 5 . 7 .  Ttbns- 

forming i n t o  t h e  Laplace t ransform spaze ,  t h e  ou tpu t  response  is quj ce 

simply t h e  system t r a n s f e r  func t ion ,  H ( s ) ,  multiplied by t h e  inpu' 

e x c i t a t i o n .  

The frequency response i s  obta ined from t h e  complex Four ie r  t r a n s -  

form space which may be  obta ined by s u b s t i t u t i o n  o f  jw f o r  6 i n  

equat ion ( 5 . 2 5 )  . 
The magnitude, I ~ ( j w )  1 = H(w) , i s  t h e  ccrresponding f r e q u e n ~ y  r e -  

s ronse  and " 1 1  ang le  0 o f  t h e  complex p o i n t  H ( j w )  i s  Lhe phase change OF 

the  output  t o  t h e  i n p u t  e x c i t a t i r -  

1 The s t e p  [Vi = -) response of  t h e  p r e a m p l i f i e r  is shown i n  Figure  
8 

5.10 and may be used t o  g r e p h i c a l l y  eva lua te  X ( 2 )  = I j w  Vo ( j w )  / where 

V ( 8 )  is  determined from t h e  Laplace t ransform d e f i n i t i o n .  
0 

To gain an understanding o f  t h e  func t ion  , l  dependence of t h e  f r e -  

quency response an a n a l y t i c a l  expressiori m i j .  be obta ined u t i l i z i n g  t h e  

s i m p l i f i e d  c i r c u i t  of  Figure 5.7. Here t h e  t r a n s f e r  func t ion  i s  t1.e 20- 

duct, cif t h e  t r a n s f e r  func t ion  o f  cach o f  t h e  s i m i l a r  p u l s e  shaping n e t -  

works. For an o p e r a t i o n a l  a m p l i f i e r  w i + h  feedback, Z and i n p u t ,  Zi, 
f'  



impedance the  gain and thus t h e  s ing le  t r a n s f e r  function is  given by 

-zf/zi and the two s tage  complex t r a n s f e r  function is the  product 

aflzf2'zi1zi2 

where r = l/(Rlf Clf) is the  time ccr.stant of the  f i r s t  s t age  feedback, fl 
e t c .  For s t a b i l i t j  reasons the  two feedback and input  time constants 

a r e  made iden t i ca l  giving a frequency response of 

2 This i s  compar~ble with t h e  (RC) - ( R C ) ~  shaping network suggested 

from Table 5.2. The frecuency response i s  p lo t t ed  i n  Figure 5.12. 

Subs t i tu t ing  equations (5.18) i n t o  (5.24) and evaluating, the  equivalent 

noise charge may be acquired. As before,  d i f f e r en t i a t i on  of QNT with 

respect  t o  the  time constants and s e t t i n g  the  expression t o  zero w i l l  give 

a minimum QNTOpt f o r  t he  optimal time constants,  
'i 'f. Further 

addi t ion of in tegra t ion  s tages  improves yerformance with the theo re t i ca l  

l i m i t  as  n + of a signal-to-noise r a t i o  of 1.12 as compared t o  1.00 

f o r  the  cus? response f i l t e r .  Emphasis i s  thus madz t o  u t i l i z e  the  post- 

amplification s tage as an addi t iona l  i n t eg ra to r  t o  enhance ove ra l l  noise 

performance. The s t ep  response of the  postamplif ier  is i l l u s t r a t e d  i n  

Figure 5.13 f o r  a 0.1 vo l t ,  1 psec, negative going pulse.  The r i s e  time 

observed i s  0.45 psec as  compared t o  the  0.5 microsecond r i s c  time of 
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Figure 5.12 T m i c a l  frequency r e s p m s e  f o r  a double i n t e g r a t i o n  
double d i f f e r e n t i a t i o n  pu l se  shaping network r e -  
p r e s e n t i v e  o f  equat ion (5.28) . 
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Figure 5.13 Pos tampi i f i e r  s t e p  response ( t o p  t r : ~ c c )  f u r  :I i l cpo t i ve  
0 .1  v o l t  inpu t  pu l se  (bottom t r a c e ) .  The h o r i z o n t a l  
qwccn r a t e  i s  0.2 psec pe r  main d i v i s i o n  and v e r t i c a l  - - - ,  
s e n s i t i v i t y  is  1 v o l t  p e r  main d i v i s i o n .  



the preamplifier.  Future optimization is  poss ib le  by employing capac i t ive  

feedback i n  an in tegra t ion  mode. 

The f i n a l  item of i n t e r e s t  i s  t he  funct ional  time dependence of 

the  output s igna l .  T i i s  is  resolved immediately s ince  t h e  t r a n s f e r  

function, f (s) , is  already ava i lab le  i n  equation (5.27). For a s t e p  input  

the output s igna l  i s  

evaluation of t h i s  equation using the  method of p a r t i a l  f r ac t ions  leads 

t o  a time dependence of 

-t/y - t / ~ ~  - t / T f  - t / T i  

v O = A e  + B e  + Cte + Dte 

where A ,  B, C, and D a re  functions of t he  c i r c u i t  passive elements. This 

equation expresses the observed output response depicted i n  Figure 5.9. 

5 . 2 . 4  NOISE computer program. To f a c i l i t a t e  a comprehensiv Sva- 

luat ion of a sensor-amplifier shaping-circui t  e l ec t ron ic  system a des- 

c r ip t ion  of a general noise analysis  program developed by Mctchenbacher 

md Fi tcher  [I9731 i s  here  invest igated with p a r t i c u l a r  emphasis on the  

so l id - s t a t e  de tec tor  design. Quick, accurate,  low cos t  and low noise 

desigr? i s  obtained along with a b e t t e r  understar~ding of the  processes 

involved. The program i s  ab le  t o  simulate t he  amplif ier  network by 

e i t h e r  individual  camponent interconnections o r  by overa l l  amplif ier  

response curves. The s i x  ava i lab le  outputs a r e  l i s t e d  i n  Table 5.4. 



Table 5 . 4  

Available outputs i n  computer program NOISE. 

1 .  Total equivalent input noise  over a band. 

2 .  Irlput nctwork frequency response. 

3 .  Input noise at  any one frequency. 

4 .  Input noise versus frequency. 

5. Total noise  at  the output. 

6 .  Total system gain response. 



The source model f o r  the  s o l i d - s t a t e  de tec tor  appl icable  t o  t he  

computer program i s  represented i n  the  f i r s t  sec t ion  of Figure 5.1.4 and 

the p a r t i c u l a r  element values a r e  l i s t e d  i n  Table 5.5. 

The f i r s t  s tage  ampl i f ie r  model (Figure 5.14, Table 5.5) ca l led  

NOSMOD represents  the  most c ruc i a l  gain s tage.  The noise  spectrum of 

EN and IN can be approximated by the  piecewise l i n e a r  re la t ionship  

shown i n  Figure 5.16. 

The f i n a l  model (Figure 5.15), AMPLGN, i s  the  main amplif ier  and 

pulse  shaping networks. Any arrangement of the  curves shown i n  Figure 

5.16 is va l id  t o  represent  the  p a r t i c u l a r  pulse shaping frequency 

response. For example, N8 is  the  r a t e -o f - r i s e  i n  6 dB/octave s t eps  of  

the  response curve. For N8 = 2 t he  r i s e  i s  1 2  dB/octave, e t c .  The end 

poin ts  f o r  each segment must a l s o  be spec i f ied .  The derived frequency 

response curve i s  i l l u s t r a t e d  i n  Figure 5.12 and provides typ ica l  i?put 

t o  AMLLGN fo r  analysis  permit t ing one of the  parameters t o  vary i n  

equation (5.27) thereby recovering the  most optimum configuration. 

Further references should be made t o  Motchenbacher and Fitcher [1973] 

f o r  a generalized treatment of noise systems. 

5.3 Pulse Vo Ztage Discrimination and Cowzting Circui t s  

The design approach f o r  i n t e r f ac ing  the  s o l i d - s t a t e  detector-  

preamplif ier  output pulse with t h e  telemetry i s  based on a conventional 

Geiger counter system design i n  addi t ion t o  a pulse height  discr iminator  

c i r c u i t .  The system, as  designed, was intended t o  be kept as elementary 

a s  possible  f u l f i l l i n g  the experiment requirements. The two primary 

requirements r e f e r r ed  t o  i n  C l ap te r  2 a r e  t o  ascer ta in  the  p a r t i c l e  f l ux  

and energy spectrum of energe t ic  e lec t rons  so t h a t  p a r t i c l e  ion iza t ion  





Table 5.5 

Symbol equivalents used in computer program NOISE. 

RI 
= R1 = amplifier input resistance 

RB = R2 = real part of senso; leakage resistance 

RL = R3 = load resistance 

CI = C1 = amplifier input capacitance 

CS 
= C2 = cell capacitance 

CY 
= C3 = wiring capacitance 

Lp = L1 = shunt inductance 

FL 
= F6 = 1/f excess-noise corner 

Idc = 12 = sensor leakage current 

I ~ B  and Int = (44 TA~/R)~'* = thermal noise of RB and RL 

Ish = (2q Idc A?) = shot noise of cell current 

E and In = E and I = amplifier equivalent noise mechanisms n 



NOSMOD 

Log frequency 

AMPLGN 

frequency + 

Figure 5.15 Frequency response modeis f o r  use i n  subprograms NOSMOD 
and AMPLGN . 
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r a t e s  coula be establ ished.  To most simply accomplish these  inves t iga-  

t i ons  a s i x  channel energy analyzer c i r c u i t  was decided upon s ince  pre- 

vious ind ica t ions  [ P o t e m ,  19731 suggested t h a t  t he  spectrum followed a 

monotonically decreasing coimt r a t e  verses  increasing energy. More 

e labora te  procedures f o r  da ta  manipulation and reduction a r e  ava i lab le  

options t o  the  system as  f ami l i a r i t y ,  f e a s i b i l i t y ,  and s c i e n t i f i c  

object ives  d i c t a t e .  

Further concern of the  design includes; 1) shock and v ib ra t ioc  

protect ion,  2 )  sh ie ld ing  from i n t e r f e r r i n g  payload equipment and high 

power radar ,  3) ease of replacing and checking un i t s ,  4) operation under 

low pressures ,  5) temperature i n s e n s i t i v i t y ,  and 6) no ise  immunity. 

A descr ip t ion  w i l l  be given of t he  method and hardware implemented 

t o  apply the above design approach. To properly a id  i n  understanding 

t h i s  mater ial  an e f f o r t  is made t o  include an ample number of photos; 

i l l u s t r a t j  on, and osc i l l i s cope  displays.  

F i r s t ,  t he  e lec t ronics  w i l l  be examined as t o  system operat ion,  

noise immunity, design, construction, and fu tu re  improvements. 

Secondly, the  mechanical construction w i l l  be discussed i n  Section 

5.4 and reference should be made here  as  t o  component locat ion.  

5.3.1 Counting c i r s u i t s  operation. The fundamental operation of 

t he  s o l i d s t a t e  energe t ic  p a r t i c l e  experiment i s  system represented i n  

Figure 5.16. Incident p a r t i c l e s  impinging on the  semiconductor de tec tor  

c rea te  e lec t ron  hole  p a i r s  proport ional  t o  t h e  p a r t i c l e  energy. A 

spec ia l ly  designed charge preamp described i n  Section 5.2 senses t h i s  

current  pulse and amplifies it acccrdingly. The s igna l  i s  height  d i s -  

criminated, r e s to r ing  the  p a r t i c l e  energy information f o r  subsequent 

p a r t i c l e  count and da t a  transmission. 



The pulse height  c i r c u i t  uses s i x  series-connected voltage comparators 

a s  a window discr iminator .  Each s i p a l  is then shaped and accumulated i n  

a s e l f - r e s e t t i n g  16-count 4-b i t  binary counter. This information is  then 

converted t o  analog form f o r  i n t e r f ace  with telemetry VCO. 

5.3.2 Noise C m i * y .  One of t h e  most challenging problems 

encountered i n  the desigR is el iminat ion of unwanted spurious pickup. 

The three primary noise sources a r e  in te r fe rences  from the  high voltage 

power supply (30 V t o  300 V converter) ,  ground loop modulation, and power 

lead picku?. The f i n a l  consequence of noise exhibi ted i n  t h e  c i r c u i t  i s  

extraneous pulse counts, thereby reducing overa l l  s e n s i t i v i t y  and 

accuracy. 

Power supply noise can most simply be reduced by using decoupling 

capaci tors .  A 0.1  uf disk ceramic capaci tor  is  mandatory f o r  RF f r e -  

quency bypassing and a large e l e c t r o l y t i c  czpac i tor  f o r  t r ans i en t  

suppression. Further,  noise suppression is  obtained by bypassing each IC 

with a 0.01 uf disk ceramic capaci tor  placed as  near  as possible  t o  t he  

I C .  Direct rad ia t ion  pickup from power supply wiring i s  reduced by 

separat ing s igna l  and power supply wires and enclosing the  power supply 

i n  a grounded metal sh ie ld .  

Ground loops r e s u l t  from the  f i n i t e  res i s tance  of conductors and 

conseq!ient l y  may experience a vol tage difference.  Possible  mechanism 

capable of generating vol tage f luc tua t ions  a r e  mutual capacitance 

between a l l  bodies, s t a t i c  po ten t i a l s ,  changing magnetic f l ux  linkages, 

p i e z e l e c t r i c  e f f e c t s ,  and varying refersnce plane currents .  To minimize 

current  loops a ground plane should be used on each c i r c u i t  board and a l l  

system grounds t i e d  t o  a s ing le  ground point .  For the sensor,  preamplif ier  



and e lec t ronics  t he  sh ie ld ing  technique should be used as i l l u s t r a t e d  

t o  Figure 5.17. 

5.3.3 Counting circuits deeign. The de tec tor  a i d  associated c i r -  

c u i t s  a r e  arranged i n  the payload on two decks, a s  shown i n  Figure 5.18. 

These decks a re  in te r faced  through a p in  connector t o  the  main payload 

wiring channel, shown i n  Figure 5.18, f o r  da t a  t r a n s f e r  and low voltage 

(+30V and -30V) ba t t e ry  power sources. 

The upper deck (Figure 5.19) cons is t  of the s o l i d - s t a t e  de tec tor ,  

charge preamplif ier ,  high voltage power supply and vol tage dividing 

network. The power converter chops the 30 Volt dc ba t t e ry  pack power a t  

a frequency of 5 kHz and s teps  up the  vol tage t o  300 VDC. The numbers 

i n  t he  right-hand v e r t i c a l  box designate the pin connector number. TP1 

and TY2 r e f e r  t o  b i a s  power converter t e s t  point  and the  c a l : ' ~ r a t e  t e s t  

point of the  preamplif ier ,  respect ively.  

The pcstamplif ier  design was placed on the  lower deck f o r  space 

and power compatibi l i ty  reasons. Future designs should include the  

postamplif ier  near t o  t he  preamplif ier .  Also, separat ion should be made 

of the power convertzr and regula tor  on the  reverse s i d e  of the  metal 

deck f r ~ m  the  de tec tor  and amplif'er e l ec t ron ic s .  

The lower deck (Figure 5.20) contains three  stacked c i r c u i t  boards. 

The lowest c i r c u i t  board is  used f o r  t he  power suppl ies  and f o r  the counting 

c i r c u i t s  because the  regula tors  can use the  metal deck as  a heat  s ink .  

Three suppl ies  were required; a + 5 Volt f o r  the  I C  log ic ,  a t 15 V supply 

f o r  ,the operational amplifiers and the  digi ta l- to-analog converters and 

a + 15 V reference supply f o r  the  vol tage discr iminators .  The power 

supply board a l s o  contains the  postamplif ier  c i r c u i t .  The postamplif ier  





[ : ignrc 5.1,h ' i i lc,  ;lI'r:!Il;;c'i:i~'i~t ( 3 f -  :,i~: L . I I < . : . : L : I .  t ! c L . L v . , ) ! l .  . . : : ~ ~ ~ : l ~ ~ ) ~ . * ~ t ~ : ~ .  71lC 

p ; i ~ , l o ; l ~ l  ot. :I S i L C  ~ . ; ~ : I L - ~ I L ~  ~*t:c!.ct . .I 11r ~ 1 j ) p c ~  L!CICL C I ~ I I ~ J  i : I <  t i ~ c  
~ l c t e c t ( > r ,  p r c : i l~p l  i f i c r  : ~ n < l  ! i  i 211 I - L ~ I  t:!?,~., 511]>]71! -  c ~ ~ r : ! p l c : ~ . ~ ~ i ~ ~  111:: 

the lower ~ l r c l ,  c o u n t i ~ , ~  c l c c t t - n n i c s  and In:: \.olt;!!:c ;),v;t>r 
.;uppl i cs .  l \ o t l ~  L ~ C C \  .: :Lrc i i l t c~ . f* ; ic~Ll  t;1r01:;:1, ~ O I I ~ ~ ~ : C ~ ~ ~ I . S  
:r, t l lc mnin w i r i n g  ihnrlnc\l silown ~ \ n  t i l t >  c x t l - ~ ~ r c ,  Ict':. 



C
H

A
S

S
 I

S
 G

N
D

 

S
O

L
A

R
 O

U
T

 
. 

SO
L

A
R

 +
3

0
V

 
S

O
L

A
R

 G
N

D
 

F
ig

u
re

 5
.1

9
 

S
c

h
~

:.
,a

~
ic

 
le

p
r

e
se

n
ta

ti
o

n
 f

o
r

 c
om

p
on

en
ts

 
on

 
th

e 
u

p
p

er
 d

ec
k

. 
T

he
 h

ig
h

 v
o

lt
a

g
e

 p
ow

er
 

su
p

p
ly

 o
~

t
 

A
t 

(a
b

ou
t 

30
0 

V
) 

is
 r

e
si

st
iv

e
ly

 d
iv

id
ed

 t
o

 a
p

p
ro

x
im

a
te

ly
 1

2
5

 v
o

lt
s 

fo
r 

I- A
 
7
 

d
e

te
c

to
r

 L
ia

s.
 

V
I 





employs a Fairchi ld pA715 operat ional  amplif ier ,  used i n  the  inver t ing  

mode. The RC feedback was used f o r  pulse in tegra t ion  i n  addi t ion  t o  

pulse gain. Gain response was measured t o  be l i n e a r  t o  14.5 Volts before 

sa tura t ion  was reached. Two compensation capaci tors  were used t o  pre-  

vent o s c i l l a t i o n s ,  t o  modify the  time constant and t o  increase s t a b i l i t y .  

The bas ic  c i r c u i t  parameters a r e  discussed i n  reference mater ials .  

The upper two c i r c u i t  boards a r e  i den t i ca l ,  each contaming three  

complete channels of counting c i r c u i t s .  Further c i r c u i t  boards may be 

eas i ly  added f o r  increasing the  t o t a l  number of  pulse height measure- 

ments. The input pulse t o  the  pulse height analyzer c i r c u i t s  i s  essen- 

t i a l l y  the inverse of the  preamplif ier  pulse displayed i n  Figure 5.11. 

Some modification within the  negative port ion of t he  postamplif ier  output 

occurs (Figure 5.21) due t o  coupling from the ADC, and shaping c i r c u i t s .  

This coupling i s  associated with i n s t a b i l i t i e s  i n  the  negative port ion 

of the t r ans fe r  function. However, it i s  not of concern s ince  the  pulse 

height i s  not affected.  No amendable su lu t ion  was found which d id  not 

modify the o r ig ina l  pulse.  

For voltage discrimination a s t ,  ' -3 ar ray  of voltage comparators 

were employed. Each comparator was r e .  renced a t  a d i f f e r e n t  vol tage 

from a r e s i s t i v e  voltage divider  network. To save space, a quad com- 

para tor  in tegra t ion  c i r c u i t  was used on each counting c i r c u i t  board. 

Hysteresis was added t o  reduce the  s e n s i t i v i t y  of t - . l ~ c s  t r a n s i t i o n  region 

t o  approximately 3 mV. The typ ica l  output from a comparator is i l l n s -  

t r a t e d  in  the top t r ace  of Figure 5.22 f o r  the  input pulse i n  t h e  bottom 

t race .  The comparator output is  observed t o  be delayed approximately 

1 2  psec from input pulse t r i gge r .  



Figure 5.21 Output signal (upper trace) from the postamplificr for 
a 10 mnL test ca1il)ratc signal (lower trncc) supplicd to 
the preamplifier. Thc horizontal sweep rntc is at onc 
microsecond pcr main di\?ision. The oscillations apparcnt 
in the negative portion of the pulse are tile result of 
coupling from the XDC 2nd shaping circuits. 



Figure 5.22 Output from the voltage discriminator (upper tracc) for 
the input signal displayed in t h e  lower tracc. The hori- 
zontal sweep rate is 5 usec per  m n i ~  division. 



The next s t a g e  i s  used f o r  t r i g g e r i n g  and predetermining t h e  dead- 

times s p e c i f i e d  f o r  each channel. When a negative-going s i g n a l  i s  

received from t h e  comparator t h e  one-shot locks on f o r  a s e t  time and i s  

not  a f fec ted  by subsequent pu l ses  dur ing t h e  dead-time per iod.  This 

e l imina tes  e f f e c t s  from m u l t i p l e  t r i g g e r i n g  a s  we l l  as d e f i n i n g  t h e  p u l s e  

shape, and d r ives  t h e  succeeding counter  s t a g e .  The va lue  o f  dead-rime 

chosen i s  determined from t h e  d a t a  c a p a b i l i t y  of t h e  t e lemet ry  bandwidth 

when s a t u r a t i o n  begins .  For IRIG t e l emet ry  channel 20, approximately 

3  2 x 10 counts p e r  second can be t r a n s f e r r e d  ?.ccurately. Since  t h e  counts 

a r e  grouped i n t o  ramps o f  16 counts,  t h e  maximum reso lv ing  power i s  

3  16 x 2 x 10 o r  approximately 3.2 x lo4  counts p e r  second. This  d i c t a t e s  

a dead-time of ( 3 . 2  x lo4)-'  seconds = 30 psec.  

For counting r a t e s  approaching 3 . 2  x l o4  s t a t i s t i c a l  a n a l y s i s  pre-  

d i c t s  t h e  cor rec t ion  f a c t o r  f o r  p a r t i c l e s  which a r e  wi th in  t h e  b u i l t - i n  

dead-time. Figure 5 . 2 3  i l l u s t r a t e s  t h i s  behavior .  The formulas may be 

referenced i n  s t a t i s t i c a l  handbooks. The c o r r e c t i o n  f a c t o r  f o r  a 

dead-time, rd ,  a c t u a l  count r a t e  o f  Nact and observed counting r a t e  of 

Nabs 

Nabs - 
C.F. = - - 1 

N a c t  1 + - r N  
d a c t  

Because of t h e  n a t u r e  of t h e  p a r t i c l e  spectrum, h igher  energy 

channels a r e  no t  expected t o  s a t u r a t e ;  t h e r e f o r e ,  reducing t h e  need f o r  

longer dead-times f o r  t h e  s m a l l e r  bandwidth channels.  The dead-times a r e  

a l s o  s taggered t o  reduce simultaneous surges  i n  t h e  ADC and counters  





causing d i s t o r t i o n  e f f e c t s  eluded t o  i n  Figure  5.21. Figure  5.24 i l l u s -  

t r a t e s  t h e  dead-times a s s o c i a t e d  wi th  t h e  f o u r  h igh count channels .  The 

sweep r a t e  i s  5 psec p e r  main d i v i s i o n  where t h e  t c ~  t r a c e  is  t h e  h i g h e s t  

count channel. 

The shaped p u l s e s  a r e  next  counted i n  a  4 - b i t  b i n a r y  counter  and 

p a r a l l e l e d  ac ross  t o  t h e  ADC. For h igh count ing r a t e s  an improvement 

can b e  made t o  enhance t h e  count ing c a p a b i l i t y  16 t imes by employing an 

8 -b i t  ( o r  a t  l e a s t  g r e a t e r  than 4 - b i t )  b ina ry  counter  and r e s o l v i n g  only 

t h e  most s i g n i f i c a n t  f o u r  b i t s  t o  t h e  ADC. Each ramp is  t h e r e f o r e  repre -  

s e n t a t i v e  o f  256 counts g iv ing  an o v e r a l l  count r a t e  f o r  channel 20 of 

5  2 K X 256 = 5.12 x 10 s e c - l .  

The b ina ry  count r ece ived  from t h e  counter  i s  t ransformed i n t o  an 

equivalent  analog r e p r e s e n t a t i o n  by use  of  a  MC1508L-8 ADC and a quad 

opera t iona l  a m p l i f i e r .  The o p e r a t i o n a l  a m p l i f i e r  i s  necessary  t o  con- 

v e r t  t h e  cur ren t  s i g n a l  from t h e  ADC t o  a  v o l t a g e  s i g n a l  o f  s u f f i c i e n t  

magnituce f o r  i n t e r f a c e  wi th  t e l emet ry  vo l t age  c o n t r o l l e d  o s c i l l a t o r s  

(VCO). Typical  output  from t h e  e l e c t r o n i c s  f o r  a random inpu t  f l u x  i s  

d isplayed i n  Figure 5 . 2 5 .  The c i r c u i t  board layout  i s  p i c t u r e d  i n  

Figure 5.26 f o r  t h e  power supply board and cour l t i l~g e l e c t r o n i c s .  

5.3.4 Future improvements of comting c ircui ts .  The p r e s e n t  des ign,  

although s a t i s f a c t o r y ,  has  two l i m i t a t i o n s :  

1) Each spectrum i n t e r v a l  r e q u i r e s  one IRIG te lemet ry  

channel (consequently t h e  t o t a l  number o f  channels 

a v a i l a b l e  t o  t h e  d e t e c t o r  experiment i s  l i m i t e d ) .  

Addi t iona l ly  i n e f f i c i e n t  use i s  made of  t e l emet ry  

space.  k ine  s t r u c t u r e  may a l s o  p l a y  an important  



Figure 3 . 2 4  Thc abovc four  pu l ses  show t h e  s t a g g e r i n g  utilized i n  
t h c  pulse  shaping c i r c u i t s .  Thc upper pu l sc  corresponds 
t o  t h e  h i g h  count r a t e  channel and 1s s e t  f o r  the  maxi- 
mum bandwidth f o r  IRIG channc 1 30. I-lorizontal swcep 
r a t e  i s  5 psec p e r  majn d i v i s i o n .  



Figure 5.25 Output s i g n a l  supp l i ed  t o  t e l emet ry  f o r  t h e  h igh count 
r a t e  channel. Each ramp repres,onts 16 counts .  The 
counts shown here  a r e  the  r e s u l t  of n o i s e  pu l ses  g r e a t e r  
than t h e  channel threshold. The h o r i z o n t a l  swcep r a t e  i s  
10 m sec /  Box y i e l d i n g  a count r a t e  of  approximately 
55 counts p e r  second. The temperature i s  1 0 " ~  and t h e  
rms no i se  is  14.2 mV. 





r o l e  i n  d e t e r x i n a t i o n  o f  i o n i z a t i o n  r a t e s  r e q u i r i n g  

a  d e t a i l e d  spectrum and ample channels .  

2) P i t ch  angle  d a t a  r educ t ion  is  a  q u i t e  complicated 

procedure with t h e  p r e s e n t  d a t a  format.  

These problems a r e  e l imina ted  i n  an advanced design o u t l i n e d  i n  

Figure 5 .27 which i s  capable  of  64 spectrum channel coverage. A i l  o f  

t h i s  information can be i n t e g r a t e d  on one IRIG channel of  an FM t e l e -  

metry system. The p rov i s ion  is  a d d i t i o n a l l y  n!ad~ t o  have the  counted 

d a t a  synchronized wi th  t h e  aspec t  magnetometer f o r  simple p i tc i i  c ~ ~ ~ g i t v  

a n a l y s i s .  

The p r i n c i p l e  o f  opera t ion  is  s i m i l a r  t o  t ' le  system desc r ibed  i n  

Sec t ion  5.3.1 wi th  the  fo l lowing important  changes and a d d i t i o n s .  The 

inpu t  pu l se  supp l i ed  from t h e  p o s t a m p l i f i e r  is  t r acked  and made to  

lock on t o  t h e  peak o f  t h e  pu l se .  An a n a l o g - t o - d i g i t a l  conver te r  r e a l s  

t h e  s t eady-s taee  peak amplitude and r e s e t s  t h e  peak d e t e c t o r .  The d i g i -  

t a l  e.i.uivalent o f  t h e  neasured peak can then be t r a n s f e r r e d  t o  a  PCb1 

t e l e ~ i s t r y  network, i f  ~ i v a i l a b l ~ .  However, te lemetry  space can be s i g n i -  

f i c a n t l y  reduced i f  spectrum is i n t e r n a l l y  analyzed.  To accomplish t h i s ,  

:.he 6 - S i t  b ina ry  signa! i s  converted i n t o  one o f  64 b i n s  corresponding t o  

t!le mag:,l.tude of  t h e  b ina ry  word. Each p u l s e  t r a n s f e r r e d  t o  a b in  i s  

i r id iviuu.~i ly  counted. The f i r s t  and second most s i g n i f i c a n t  group cf 

4 b i t s  i s  then converted i n t o  two analog vo l t ages ,  r e s r e c t i v e l y .  The two 

analog , igna l s  comprise a  two d i g i t  hexadecimal number r e s u l t j i ~ g  jn 

128 anr~log output  s i g n a l s .  These 125 s i g n a l s  a r e  mul t ip lexed a t  a  r a t e  

of 2000 samples p e r  second, t h e  bandwidth f o r  IRIG channel 20. Each 

counter  i s  r e s e t  s e q u e n t i a l l y  i n  s t e p  t o  g ive  a  counting pe r iod  and 





scan period of 128 divided by 2000 = 63 msec. The rocket spin r a t e  i s  

approximately 5 rps  o r  200 msec giving approximatt!ly t h ree  counter scans 

per  rocket ro t a t ion .  To improve the  pos i t ion  sa.;rpling the  multiplexing 

r a t e  must be increased ( i . e .  use twa IRIG channels), t he  spectrum infor -  

mation reduced o r ,  t o  simply reduce the  counting period. If the  period 

is halved the  pos i t ion  information is  doubled, e t c .  The d iv ider  network 

is e a s i l y  a d ~ p t e d  t o  t h i s  operation. The bas ic  reasoging i n  the l a t t e r  

approach i s  t h a t  not every p a r t i c l e  penetrat ing iile d2tector  need be 

counted but  only per iodic  samples during each revolution. The f i n a l  

output would therefore  have th ree  pos i t ion  maasurements per  secona over 

a reduced scanning in t e rva l .  For spectrun scans of 32 energy channels, 

there  would. , h i r t y  p,;itions measurements per  second f o r  p i t c h  angle 

information and 32 spectrum scans per  second a l l  of which could be 

t ransferred as IRIS channel 20. 

The pulse-height analyzer c i r c u i t  is a non-inverting peak de tec tor  

based on a voltage-followirlg pr inc ip le .  Referring t o  'le circu, La-  

gram (Figure 5.20) diodes D l  and D2 a r e  used f o r  t r ans i en t  pro tec t ion  

and f o r  compensating non l inea r i t i e s  introduced by D3. Capacitors C 1  and 

C2 a r e  used to compensate the  loop f o r  f a s t  t racking appl icat ions i n  

which overshoot is  present .  The respcilse speed is  a l s o  dependent on 

C the  holding o r  s torage capaci tor .  Since speed is  important and H 8 

storage i s  only needed f o r  a few microseconds, CH i s  correspondingly low. 

Reset of CH t o  zero voltage i s  i n i t i a t e d  by the  FETsaturating a f t e r  a 

predetermined time in t e rva l  governed by one shot 1. The second one shot 

i s  s e t  s l i g h t i y  l e s s  than the  first one shot so t h a t  the  ADC can read 

the s tored  voltage. 



The binary t o  decimal converter i s  fabr ica te2  a s  a complete u n i t  

inteprated c i r c u i t .  The counters and AC a r e  operated i n  t he  same manner 

as  discussed i n  Section 5.3.4. The multiplexer is  again a s tandard o f f  

the  she l f  item and must be capable of sequent ia l ly  reading twice t h e  

number of spectrum channel. The clock is a c rys t a l  cont ro l led  o s c i l l a -  

t o r  with an attached counter f o r  dividing down the  clock r a t e  s o  the  

accumulators can be r e se t .  

5.4 MechmicaZ Layotrt of  Detector System 

The mechanical design required i r+cgrar ion  of the  various compo- 

nents i n  such a way t h a t  (1) e l e c t r i c a l  in te r fe rence  was minimized, 

(2) f l e x i b i l i t y  of replacing un i t s  an3 easy subsystems checkout zould 

5e made, (3) t h a t  precautionary measures e x i s t  t o  r e s i s t  shock and v i -  

b ra t ion  and (4) t h a t  temperature and pressure charges a r e  ins igni f fcant .  

For a v e r s a t i l e  design, the  conclusion i s  reached t h a t  t he  system 

should be constructed on two decks; the  upper deck t o  contain the  dmpli- 

f i e r  and de tec tor  s tages and the  lower deck t o  contain t h e  counting and 

height discrimination e lec t ronics .  T?.e option f o r  interchanging elec-  

t ron ics  packages could then be made as  design improved o r  s c i e n t i f i c  

object ives  d ic ta ted .  Both packages communicate by use of pin connectors 

t o  the main rocket wire t r a y  a s  previously discussed. The upper and 

lower decks a re  pictured i n  Figures 5.28 and 5.29 

To guard against  v ibra t ion ,  shock, and pressure each csinpartment 

i s  encapsulated. Th2 foam used, Eccofoam FP, i s  a i r t i g h t  t o  maintain 

operation during sudden pressure changes. Furthermore, the  foam i n  

i ts  s o l i d i f i e d  s t a t e  r i g id ly  bonds a l l  the  individual  components t o  

prevent v ibra t iona l  fa t igue  and absorb shock impulses. 
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To pro tec t  the  payload and, most importantly, t h e  s e n s i t i v e  sur face  

of t he  de tec tor  during i n i t i a l  f l i g h t  two doors a r e  s i t u a t e d  on the  rocket 

s h e l l .  A t  an a l t i t u d e  of  approximately 40 km the  doors a r e  e jec ted ,  

exposing the  detector .  Figure 5.30 i l l u s t r a t e s  t he  locat ion of t he  

de tec tor  r e l a t i v e  t o  the door opening. The de tec tor  mount is  shown i n  

Figure 5.31. 

To f u r t h e r  increase tEe resolving power and d i r ec t iona l  capabi l i -  

t i e s  of the  de tec tor  fu tu re  improvements should include provision f o r  

cooling the  de tec tor  and adoption f o r  col l imator  tubes.  The low energy 

threshold and resolving power could be halved, t o  about 6 keV, i f  t he  

de tec tor  were t o  be cooled by dry ice .  The bas i c  problem here  i s  not 

the d i f f i c u l t y  of cooling thc  de tec tor  bu t  more s o  the  appl ica t ion  of a 

s e a l  t o  prevent condensation, a harmful contaminant, t o  t h e  de tec tor  

surface. A possible  so lu t ion  f o r  s ea l ing  i s  t o  mount the  de tec tor  i n  

an evacuated cyl inder ,  hiving the  same diameter a s  tile de tec tor .  

Immediately a f t e r  door e j ec t ion  the  f r o n t  corner of the  de tec tor  could be 

removed by solenoid dction. The chamber i s  thermally insu la ted  from 

the  mounting platform while thermal contact is made with a dry i c e  

reservoi r  surrounding the  pe r i f e ry  of the  cylinder.  

Varidus collimator systens have been devised. Basical ly ,  aper- 

tu res  should be posi t ioned a; shown i n  Figure 4 . 3  t o  reduce s c a t t e r i n g  

of f  the walls .  Brass has been used t o  construct  these apertures  

because of the  g rea t e r  l ikel ihood of p a r t i c l e  absorption. Further adap- 

t ions  include magnets of approximately 1000 gauss t o  discr iminate  between 

protons and e lec t ron  p a r t i c l e  content.  
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where 

v rms 

C i s  t h e  t o t a l  equ iva len t  capaci tance r e f e r r e d  t o  t h e  inpu t  and 
eqv 

is  t h e  equ iva len t  no i se ,  c, genera to r  r e f e r r e d  t o  t h e  inpu t .  

m:M i s  t h e  f u l l  width a t  h a l f  t h e  maximum of  t h e  d i s t r i b u t i o n .  The f i n a l  

r e l a t i o n s h i p  f o r  o w i l l  be  der ived l a t e r ;  however, i t  is  advantageous t o  

s t a t e  it now as 

where Jz is  t h e  rms output  no i se ,  C is  t h e  s e r i e s  capaci tance through 1 

which a c a l i b r a t e d  s i g n a l  V is app l ied  (Figure  5.9) t o  t h e  p r e a m p l i f i e r  ge r 

input  producing an output  s i s a l ,  TLig. 
For t h e  designed a m p l i f i e r  t h e  FWHM was measured t o  be (Figure 5.5) 

8.4 i:eV EWHM ( s i l i c o n )  a t  a temperature of 3 0 ' ~ .  The output  rms n o i s e ,  

& of t h e  p r e a m p l i f i e r  a t  t h i s  tercperature is  20 mV rms. The c a l i -  

b r a t i o n  gain,  / V  was measured t o  be 34.5 (Figure 5.11) and C1, 
'eig g e r '  

i s ,  from t h e  schematic (Figure  5 .9 ) ,  1 pf .  This information l eads  t o  

t h e  conclusions from t h e  above equat ions  t h a t ,  1) t h e  s t andard  dev ia t ion  

is  3.6, from equat ion (5.10) o r  from equat ion (5 .11) ;  2) t h e  number o f  

6 -1 
movemant events i s  9 .4  x 10 s e c  from equat ion (5.9) ; 2nd 3) Ceqvvms 

- 16 is  equal t o  QN which i s  5 . 2  x 10 coulombs. 

From conclusion t h r e e  and Fi gures 5.11 and 4.15 f o r  T = 0.5 sec ,  

-6 
C is  90 p f  y i e l d i n g  v = 5.8 x 10 v o l t s  and t3us t h e  o v e r a l l  
equ rm 

ampl i f i e r  vo l t age  gain  is 3500. This car1 be cross-checked by observing 

t i ~ a t  t h e  c a l i b r a t e d  s i g n a l  is vo l tage  divided down through C1 and Ceqv, 

hence : 



6 .  CALIBRATION OF THE SOLID-STATE DETECTOR 

The c a l i b r a t i o n  procedure involves  c o n s i d e r a t i o n  of  t h e  d e t e c t o r  

s e n s i t i v i t y  t o  va r ious  k inds  of  p a r t i c l e s  wi th  r e s p e c t  t o  t h e  energy 

and t o  t h e  p a r t i c u l a r  d i r e c t i o n  a t  which t h e  p a r t i c l e s  e n t e r  t h e  semi- 

conductor.  The primary t h e o r e t i c a l  d i s c u s s i c n s  f o r  t h e  above v a r i a t i o n  

have been d e a l t  wi th  i n  Chapter 4 .  The purpose o f  t h i s  chap te r  i s  t o  

v e r i f y  t h i s  m a t e r i a l  wi th  experimental  r e s u l t s  and o b t a i n  t h e  d i r e c t  

r e l a t i o n s h i p  between t h e  inpu t  e x c i t a t i o n  and t h e  output  response  wi th-  

out  r e fe rence  t o  t h e  system phys ica l  makeup. The f i r s t  s e c t i o n  i s  

concerned with t h e  d i r e c t i o n a l  p r o p e r t i e s  o f  t h e  d e t e c t o r  and how t h e  

modeled angular  dependence c a l c u l a t i o n  agrees  wi th  t h e  experimentally 

determined dependence. The second s e c t i o n  develops methods f o r  energy 

c a l i b r a t i o n s  u s i r ~ g  r a d i o a c t i v e  conversion e l e c t r o n  sources  wi th  known 

energy emissions.  The f i n a l  s e c t i o n  p r e s e n t s  c a l i b r a t i o n  r e s u l t s  

obta ined from an e l e c t r o n  and proton a c c e l e r a t o r .  

6 . 1  Petector Geometrical Facto~. 2nd Angular ResoZution 

One of  t h e  most important  c a l i b r a t i o n  measurements i s  t o  a s c e r t a i n  

the  angular  reGyonse of t h e  d e t e c t o r  + ?  i n c i d e n t  p a r t i c l e s .  Experimental 

r e s u l t s  i n d i c a t e  t h a t  :he angular  p a t t e r n  i s  s i g n i f i c a n t l y  d i f f e r e n ;  from 

t h e  t h e o r e t i c a l  c a l c u l a t i o n s  f o r  e l e c t r o n  e n e r g i e s  g r e a t e r  than  20 keV. 

The a s s o c i a t e d  reason f o r  t h i s  d iscrepancy i s  reconc i l ed  due t o  s c a t t e r -  

ing o f  t h e  h igher  energy p a r t i c l e s  o f f  02 t h e  c o l l i m a t o r w a l l s .  

The geometrical  f a c t o r  i s  a  use fu l  q u a n t i t y  which r e l a t e s  t h e  count ing 

r a t e  of  a  d e t e c t o r  t o  t h e  f l u x ,  assumed i s o t r o p i c ,  t o  which i t  i s  exposed. 

Thus 
I; G.F. 5 - 
@ 



where 

where N i s  t h e  d e t e c t o r  count ing r a t e  and 4 i s  t h e  number o f  p a r t i c l e s  

p e r  square  cen t ime te r  p e r  second p e r  s t e r a d i a n .  Figure  6 . 1  i l l u s t r a t e s  

t h e  d e t e c t o r  geometry wi th  t h e  d e t e c t o r  mounted i n  t h e  rocke t  payload.  

Assuming t h a t  a l l  e l e c t r o r , ~  c o l r i d i n g  i n t o  t h e  wa l l  a r e  absorbed,  an 

a n a l y t i c a l  express ion may be de r ived  f o r  t h e  geometr ica l  f a c t o r .  

P r o j e c t i o n  o f  t h e  c i r c u l a r  a p e r t u r e  o f  t h e  c o l l i m a t o r  on t h e  p lane  

o f  t h e  d e t e c t o r  c i r c u l a r  a r e a  f o r  a p a r t i c u l a r  ang le  8 d i s p l a c e s  t h e  

c i r c l e s  c e n t e r s  by t t a n  8 a s  shown i n  t h e  lower i iagram o f  Figure  6 .1 .  

For 8 < O c r i t  t h e r e  i s  no v i g n e t t i n g  whereby t h e  exposed s e n s i t i v e  a r e a  

2  
is nr cos0,  t h e  e f f e c t i v e  a r e a  o f  a  d i s k  viewed from t h e  angle  8 .  I f  

0 > 8  
c r i t  t h e  exposed a r e a  i s  A cos0 where A i s  t h e  i n t e r s e c t i o n  of  t h e  

two c i r c l e s  i l l u s t r a t e d  i n  Figure  6 .1  by t h e  s e c t i o n  l i n i n g .  To determine 

A t h e  fo l lowing r e l a t i o n s h i p s  a r e  v a l i d  

Sec to r  a + Sec to r  B = T r i a n g l e  aB + 1/2  A 

TR' a R' a 
Sec to r  a = - = , - 2  ll L 

R' B Sec to r  0 = - 2 

2  T r i a n g l e  a @  = 1/2  R cosu s i n a  + 1/2  r2 cosB sinB 

Solving f o r  A g i v e s  

2  L 
s i n  a A = R  ( a - -  

2  s i n L  ti 
2 ) + r  ( B - -  2  

us ing t h e  law o f  cos ines  y i e l d s  rr, and B a s  



(0-0 cos 9) 1 Area = 2a2 (9 - sin + cos 9) 

Figure 6 . 1  The upper f i g u r e  i l l u a t r s t e s  t h e  c r l l i m a t o r  geoiiletry and 
mounting hardware f o r  t h e  s o l , J - s t a r e  d e t e c t o r .  Tkn  
lower f i g u r e  shcws t h e  c o n s t r u c t i o ~  f o r  c a l c u l a t i o n  of  
t h e  geonlctr ical  f a c t o r .  



C O S ~  = R' - r + t i tanL 0 
2Rt t an  0 

cosf3 = 
- ( R ~  - rZ) + t 2 t a n 2  D 

2Rt t a n  0 

The gr'ornetrical f a c t o r  i n  s t e r - '  i s  r e l a t e d  t o  t h e  e f f e c t i v e  a r e a ,  

G.F. = 
C O S ~  dn 

(6.4) 
A.  

s i n c e  t h e  number of  p a r t i c l e s  counted i s  t h e  i n t e g r a l  o f  t h e  f l u x  over  

epcll element o f  s o l i d  angle  dR = 2n s i n 0  do weighted by t h e  e f f e c t i v e  

a rea  A .  In keeping with equat ion 6 .1  t h e  d i v i s i o n  hy A is  requ i red  t o  
0 

accc;unt f o r  t h e  f l u x ,  4 ,  when t h e  v i g n e t t i n g  i s  zero .  For 9 < O c r i t  

e lacr i t  A cose dn = n  r2 case 2n s i n e  db = n 2 r 2  s i n  2  
a c r i t  ( 6  5) 

J 0 0 

and f o r  0 > O c r i t  t h e  a p p r o p r i a t e  express ion i s  

0 
coso = 2  do s i n e  2  

) + r  ( Y  -y) 
c r i t  

0 

Solving t h e  l a s t  i n t e g r a l  numerical ly  and s u b s t i t u t i o n  f o r  t h e  

a p p r o p r i a t e  parameters i n t o  equat ion (6 .4 )  r e s u l t s  i n  t h e  determinat ion 

o f  t h e  geometrical  f a c t o r .  For  t h e  case  presented i n  Figure  6 . 1  t h e  

- 1 
geometrical  f a c t o r  i s  1.49 s t e r  . 

The m g u l a r  dependence o f  t h e  d e t e c t o r  i s  c a l c u l a t e d  from t h e  normal- 

ized e f f e c t i v e  a r e a  A. Figure  6 . 2  i l l u s t r a t e s  t h i ;  angular  dependence 

f o r  two c o l l i m a t o r  geometries.  The curve f o r  t h e  beam width of 64 degrees  

r e p r e s e n t s  t h e  geometry of  Figure 6 . 1 .  Also shown i s  t h e  ,?xperi!nentally 

measured curve (BW = 82 degrees)  us ing  115;.eV c l ~ c t r o n s .  The r e s u l t s  
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c l e a r l y  i l l u s t r a t e  t h e  inc reased  s e n s i t i v i t y  due t o  s c a t t e r i n g  o f  high 

energy p a r t i c l e s  o f f  t h e  w a l l s .  

The experimental  appara tus  used i n  making t h e  f i r s t  measurement 

i s  por t rayed i n  Figure 6 .1 .  A r a d i o a c t i v e  source  (Cobalt  57) coated 

by nylon i s  used t o  e x c i t e  e l e c ' r o n s .  The e l e c t r o n  sonrce  i s  shieldr?d 

except for  an opening having a  d iameter  o f  3 mm. The vacuum chamber is 

necessary  t o  keep t h e  e l e c t r o n s  from being s c a t t e r e d  and absorbed ic 

t h e  ambient a i r .  The conversion e l e c t r o n  source  is  d i r e c t e d  a t  t h e  

s o l i d - s t a t e  d e t e c t o r  and r o t a t e d  about t h e  d e t e c t o r  on a  r a d i u s  o f  

13 cm. The d e t e c t o r  i s  connected t o  count ing c i r c u i t s  e x t e r n a l  t o  t h e  

system. The beam width deduced i n  t h i s  manner is  82 degrees .  The 

discrepancy between t h i s  va lue  and t h e  c a l c u l a t e d  va lue  of  64 degrees  

is  discussed l a t e r  i n  t h i s  ~ s c t i o r ~ .  

Subsequently t h e  f a c i l i t i e s  o f  t h e  Goddard Space F l i g h t  Center  

were u t i l i z e d ,  The d e s c r i p t i o n  of e l e c t r o n  a c c e l e r a t o r  system 

i s  discussed i n  Sec t ion  6.3.1. For d i scuss ion  he re  it i s  s u f f i c i e n t  

t o  no te  t h a t  p u l s e  he igh t  ana lyze r  spsctrums were made f o r  va r ious  a n g l e s ,  

0 ,  o f  a c o n t r ~ l l a b l e  e l e c t r o n  beam. The p u l s e  he igh t  spectrum obta ined 

f o r  20 and 40 keV e l e c t r o n s  i s  shown i n  Figure 6.4.  The 23 keV spectrum 

t o  t h e  l e f t  i s  resul t t i i i t  c4' 0 equal t o  0,  20, 30, 40, 50,  and 60 degrees .  

The t h e o r e t i c a l  c u t o f f  a n ~ i e  i s  42 degrees  sugges t ing  t h a t  s c a t t e r i n g  

o f f  t h e  wa l l s  i s  t h e  only  t r i d t l e  e x ~ l c l n a t i o n  f o r  t h e  40 keV p a r t i c l e  

col-lrlting a t  angles  o f  50 and 60 degrees .  A t  20 keV t h e  t h e o l e t i c a l  

c u t o f f  i s  observed.  To b e t t e r  q u a l i f y  t h i s  w b l l  s c a t t e r i n g  energy de- 

pendence, t h e  experimental  resi l l  ts a r e  p l c t  ted i n  r i g u r e  6 .5 .  Suppression 

of  wal l  s c a t t e r i n g  e f f e c t s  may be accomplished by i n s e r t i i i g  b a f f l s s  i n t o  

t h e  c o l l i m a t o r  s e c t i o n ,  a s  i l l u s t r a t e d  i n  Figure  4.4.  
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6 . 2  Conversion Electron bources 

I 
One simple method which can be used t o  c a l i b r a t e  t he  output voltage 

s ignal  i s  t o  introduce a radioact ive source of  known energy and measure 

the  r e su l t an t  averaged pulss  height o r  even b e t t e r  ye t  the  analyzed spec- 

trum. The radioact ive source employed uses Cobalt-57 i n  contact with a 

mylar surface.  Gamma rad ia t ion  i n t e r a c t s  with the  mylar and r e l eases  

energet ic  e lec t rons  of nearly i den t i ca l  energy (minus approximately 5 t o  

6 keV, l o s t  i n  overcoming the  work funct ion) .  For Cobalt-57 the  gamma 

energies a r e  122  and 137 keV producing e lec t rons  of 116 and 130 keV, respec- 1 
t i ve ly .  The output pulse f o r  t h i s  case i s  portrayed i n  Figure 6.6.  The 

two top peaks can be associated with the above-mentioned decay energies .  

Assuming t h a t  t he  dead zone region absorbs 2 t o  3 keV and the  detec- 
/ 

t o r  i s  l i nea r ,  the  ca l ib ra t ion  curve shown i n  Figure 6.15 is  suggested. I 
The method i s  capable of resolving energies within 9%. I 

The e r r o r  may be halved by employin2 a pulse height  analyzer which ; 1 

averages over a time in t e rva l  t o  give a most probable peak. Figure 6 .7  

shows the  double peak produced by Cobalt-57. Again, the  ca l ib ra t ion  

curve i s  der ivable  from t h i s  information, assuming l i n e a r  behavior. 

6.3 FaciZities Employed t o  Obtain Final Spectrwn and Energy Information 

6.3.1 Electron and proton accelerator system. Final ca l ib ra t ions  

were made using an electron-proton acce lera tor  a t  the  Goddard Space F l ight  

Center i n  Maryland. The acce lera tor  fea tures  a high voltage DC power 

supply and is designed t o  produce e lec t rons  o r  protons a t  cont ro l led  par- 

t i c l e  i n t e n s i t i e s  with energy var iab le  from thermal t o  160 keV. The 

generated beam i s  d i rec ted  t o  a vacuunl chamber shown i n  Figure 6.8 i n  

which ca l ibra t ion  experiments a r e  performed. The posi t ioning of the 



Figure 6.6 Output pulse from a Cobalt - 5-  radio nctivc source. The two 
p u l s e  heights correspond to the Jccay energies of 116 and 
130 kcV elcctrons. ,I quick calibration mcasurcment can 
therefore be mndc. 



Figu re  6.7 tmploying n p u l s c  h c i g h t  a n a l y z e r  t o  t l l c  ou tpu t  produced 
by a Coba l t  s o u r c e  n doublc  pcnh is  produced co r r c spond ing  
t o  e n e r g i e s  of 116 and 130 kc\ ' .  .4 c a l i b r a t i o n  cu rve  can 
t h e r e h y  be  produccd.  





detector  i s  i n  l i n e  of t he  beam and located d i r e c t l y  above the  ro t a t ion  

axis  of the attached platform. The monitor i s  posi t ioned adjacent t o  the  

extreme pa r t  and may be ro t a t ed  i n  f ron t  of the  beam f o r  comparison pur- 

poses. A l l  necessary e l e c t r i c a l  connections a r e  fed through vacuum sea l s  

t o  monitors outs ide the  vacuum chamber. 

Figure 6.9 displays the  e lec t ronics  used f o r  ca l ib ra t ion .  Signals 

from the  monitor de tec tor  ( so l id  s t a t e  o r  channeltron) a r e  preamplified 

a t  the ex t e r io r  feedthrough of the  vacuum chamber and t r ans fe r r ed  t o  t he  

main amplif ier  shaping e lec t ronics  located on the  top of the moveable 

rack. Tht illonitor pulses a r e  then counted and averaged over a f i v e  

second in t e rva l  period (monitor counter i s  under t ~ p  s h e l f ) .  The sol id-  

s t a t e  monitor i s  responsilre t o  e lec t ron  energies down t o  20 keV. For 

energies l e s s  than t h i s  a l i n e a r  channeltron shown i n  Figure 4 . 3  i s  used. 

The bac:iground counts ( ion ic  feedback) due t o  the  res idua l  gas contribu- 

t e s  160 counts per  second. 

The preamplified s ignal  from the  de tec tor  beirlg ca l ib ra t ed  is  

s imi la r ly  fed through the vacuum chamber wall t o  the  counti,ig c i r c u i t s  

and t o  a unity gain invert ing amplif ier  located on the   to^ s h e l f .  Signals 

from each channel a r e  connected t o  a counter and paper-tape punch located 

beneath the m ~ n i t o r  counter. The inverted preamp s igna l  has joined t o  an 

HP noise voltmeter (next t o  counter) ,  o sc i l l i s cope ,  and pulse height 

analyzer (comprising the foreground e lec t ronics  rack) .  Signals t o  the 

pulse height analyzer a r e  fed i n t o  the  peak de tec tor  and converted i n t o  

d i g i t a l  form (fourth panel from top) .  The d i g i t a l  representat ion i s  

s tored i n  a 4000 channel memory ( t h i r d  panel from top) and interfaced with 

the osc i l l i s cope  v i a  the d i s ~ l a y  controlpanel .  Provisions a r e  addi t iona l ly  





made for digital printout of channel contents (lowest panel) and polaruid 

photographs of displayed information. The instrument placed on top of 

the PHA is a standardized signal for checking the performance of the 

monitor. 

6.3.2 Cha;znel passband calibration. The data retrieved from the 

detector counting circuits are dependent upon the efficiency of each 

channel to discriminate and pass voltage pulses. The foundation of 

the problem rest in the distortion of a constant pulse height due to 

superposition of random noise fluctuations. Analytically this can be 

represented by the gaussian distribution (equation 5.7) translated such 

that p represents the energy of the initial incident particle. The 

probability, P(E) , that the final output pulse will be in an energy 

interval dE is again 

Now, cince the voltage comparators are sensitive to voltages greater 

than a set threshold value, 1:~e passe.1 counts will be all those pulses 

whose probability is greater than ET. This is the integral of equation 

(6.7) from ET to infinity. Representation of this is expressed analytically 

in equation (5.15). snd experimentally derived by measuring channel counts 

for incident particle beams every 2 keV (Figure 6.10). 

The major concern is that variation in a resulting from variation 

in temperature, changes the measured efficiency of counting. Figure 6.11 

shows this sensitivity. Accurate determination of the channel efficiency 

curves can be made if the temperatare, rms noise voltage, or channel one 

noise count rate is monitored and knowledge is available on the dependence. 
, 
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The a c t u a l  method employed i s  t o  record  t h e  n o i s e  count r a t e  3 e f o r e  

rocke t  launch and dur ing  descent  when t h e  rocke t  i s  o u t  of  t h e  p a r t i c l c  

region and i n t e r p o l a t e  between t h e s e .  For most cases  t h e  no i se  change i s  

small and a f f o r d s  only a secondary c o r r e c t i o n .  

The nex t  important  cons ide ra t ion  i s  t h e  e f f e c t i v e  c u t o f f  th resho ld  

de f ined  a s  t h e  energy where h a l f  \c maximum number of  p a r t i c l e s  are 

passed p e r  energy i n t e r v a l .  C l e a r l y  f o r  a continuous energy spectrum 

t h e  e f f e c t i v e  energy t h r e s h o l d  i s  i n  t h e  c e n t e r  of t h e  e f f i c i e n c y  curve  

I n  g e n e r a l ,  t h e  spectrum i s  not  cons tan t  over t h e  t h r e s h o l d  region and 

t h e  e f f e c t i v e  th resho ld  energy i s  determined by t h e  product of  t h e  e f f i -  

c iency curve,  C(E), and p a r t i c l e  spectrum P(E) .  

ff p a r t i c l e s  p e r  energy 
i n t e r v a l  d E  passed by = C(E) P ( E )  dE (6.8) 
t h e  d i s c r i m i n c t o r  

Now assl~ming t h e  spectrum t o  be a power law of t h e  form E-" where z 

i s  a p o s i t i v e  c o n s t m t  and t h e  e f f i c i e n c y  curve i s  l i n e a r  over t h e  t r a n s -  

1 
i t i o n  range,  C(E) = -i;j (E-El), equa t ion  (6.81 becomes equal  t o  

where o is  t h e  n o i s e  s t andard  d e v i a t i o n  and i s  approximately t h e  energy 

;pan between El and E 2 .  The parameters  a r e  f u r t h e r  i l l u s t r a t e d  i n  

Figure 6.12.  

E is  t h e  energy where t h e  s lope  of  t h e  product curve i s  zero  and 
8 

may be obta ined by d i f f e r e n t i a t i n g  equat ion (6.9: 
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ET is  t h e  e f f e c t i v e  ene=gy t h r e s h o l d  o f  t h e  channel and is  def ined  
E- 
- Z t o  be h a l f  o f  t h e  v a l u e  o f  t h e  product curve  a t  E f o r  X > - 

S 
, O r  a t  

E, E2-E1 
E f o r  x 2 -,f, 2 , hence 

E2-E, 

The equat ion i s  solved f o r  E Given El = 20, E2 = 30, and x = 1 T' 

t h e  va lue  of  t h e  product  f u n c t i o n  a t  E i s  h a l f  t h e  va lue  a t  E o r  T 2 

giving E = 24 keV. S ince  t h e  c e n t e r  energy,  E equa l s  25 keV Lhe 
T c * 

c o r r e c t i o n  is  1 keV a t  x = 1. For x = 2 t h e  c o r r e c t i o n  i s  2.1 keV. 

The spectrum i s  a c t u a l l y  unknown t o  begin wi th ,  r e q u i r i n g  t h a t  t h e  

value of  x be determined.  For i n i t i a l  a n a l y s i s  t h e  t h r e s h o l d ,  E f o r  
T' 

each channel,  is t aken  t o  be t h e  c e n t e r  energy,  Ec. The x o f  t h e  spectrum 

i s  then der ived and used t o  compute t h e  new ET. Relaxat ion i n  t h i s  manner 

converges t o  t h e  p roper  z i n  about two i t t e r a t i o n s .  

Another important  cons ide ra t ion  is  t h e  l i n e a r i t y  of  t h e  d e t e c t o r  t o  

d i f f e r e n t  f l u x  i n t e n s i t i e s .  One of  t h e  predominant problems i s  t h e  

p i l e - u p  o f  ou tpu t  p u l s e s ,  which simply means t h e  s u p e r p o s i t i o n  of  two o r  

more co inc iden t  p a r t i c l e s  g iv ing  an e r r o n e m s  energy count .  Each p u l s e  

is  s t r e t c h e d  t o  approximately 5 psec dura t ion .  The p r o b a b i l i t y  then t h a t  

a  second p u l s e  d i s t o r t s  t h e  f i rs t  i n  a  random genera t ion  i n  a  one second 

+ 5 - 5 i n t e r v a l  i s  1 d iv ided  by 10 s e c  = 10 . This  occurs  because any succeed- 

ing p a r t i c l e  w i t h i n  p l u s  o r  minus 5 Usec apprec iab ly  d i s t o r t s  t h e  o r i g i -  



na l  p u l s e .  Allowing t h r e e  p u l s e s  t o  o r i g i n a t e  wi th in  a  one second i n t e r -  

- 5 
v a l  g ives  a  p r o b a b i l i t y  o f  2 timts 10 f o r  t h e  l a s t  two pu l ses  t o  land 

- 5 
on t h e  f i r s t  pnd lo-' f o r  t h e  t h i r d  t o  land on t h e  second t o t a l i n g  3x10 . 

- 5 - 5 
Continuing i n  t h i s  manner f o r  f o u r  pu l ses  r e v e a l s  ( 3  + 2 + 1)10 = 6x10 

chances o f  d i s t o r t i n g  and s o  f d r t h .  For N p u l s e s  

where P i s  t h e  p r o b a b i l i t y  t h a t  a t  l e a s t  o r e  of t h e  N p u l s e s  i s  c o i n c i -  

dent .  By equat ing t h e  oppos i t e  terms o f  t h e  s e r i e s ,  t h e  above equat ion 

reduces t o  

For P = 1/2 t h e  number o f  p a r t i c l e s  need on ly  be 320 f o r  a t  l e a s t  one 

of t h e  N pu l ses  t o  be d i s t o r t e d  h a l f  of t h e  time. 

Figure 6.13 i l l u s t r a t e s  t h e  d e t e c t o r  l i n e a r i t y  f o r  channels one 

through four  a t  70 keV and channels one through t h r e e  a t  20 keV. The 

c e n t e r  energ ies  o f  t h e  th resho lds  a r e  12 keV, 18 keV, 26 keV, and 55 keV 

f o r  channels one through f i v e ,  r e s p e c t i v e l y .  Channel 1 shows t h e  no i se  

c o n t r i b u t i o n  of 65 ramps p e r  second added t o  t h e  monitor counts .  Also, 

t h e  count r a t e  o f  channel one i s  observed t o  decrease  a t  high r a t e s  

because of t h e  b u i l t - i n  deadtime of 25 psec. The experimental  d a t a  

i n d i c a t e  t h a t  t h e  ins t rument  is extremely l i n e a r .  

6 . 3 . 3  Pulse height analyzer cal ibrat ion.  Two methods were employed 

t o  o b t a i n  p u l s e  he igh t  measurements from t h e  a c c e l e r a t o r  e l e c t r o n s .  The 
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Figure 6.13 Illustrated is the detector linearity curves (experimentally 
derived) for channels one through four at 70 keV and channels 
are through three at 20 keV. Channel 1 shows the noise contri- 
bution of 65 ramps per second added to the monitor counts. 



first method is the simplest and requires only the measurement of an 

oscilloscope photograph output pulse. The second method used the inte- 

gration of many pulses into pulse height channels. The channel counts 

can be displayed giving the spectrum of the pulses. The peak of the 

spectrum is the desired electron energy. 

The first method is directly accomplished by placing a line 

centrally through the zero line of the noise and another parallel to 

the first through the maximum intensity point of the peak. The difference 

between the lines is the voltage calibration desired for the known electron 

energy. Figure 6.14 is a reproduction of recorded wave shapes for various 

energetic electrons. The final calibration curve relating the voltage 

peak associated with a particular energetic electron is shown in Figure 

6.15. 

The second method requires the use of a pulse height analyzer. A 

sequence of height spectrums are made for particular particle energy 

inputs. Three such spectrums are illustrated in Figure 6.16 for input 

energies of 20, 30, and 40keV electrons. Again, results can be used to 

determine the final calibration curve for the output voltage peak 

verses incident radiation. 

6.3.4 Sensi t iv i ty  of the detector t o  protons. Protons are attenua- 

ted to a large degree because of their inherent mass difference and 

quantum interaction efficiency. The dead zone region consequently reduces 

the proton energy approximately lOkeV before contribution is made to the 

dE current pulse. For calculations of the proton range, -;E and depletion 

ecyLvalent energy depth for silicon reference should be made to Figures 

4.7, 4.8 and 4.15, respectively. 
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Figu re  6.16 Pulse height analyzer spectrums for 2 0 ,  40 and 60 he\' 
electrons. The pulse a t  the l e f t  is d u c  to ~ioisc 
hui l dup .  



7 .  CONCLUSION 

Energet ic  e l e c t r o n s  play a  s i g n i f i c a n t  r o l e  i n  t h e  upper E-region 

i o n i z a t i o n  a s  shown by d i r e c t  p a r t i c l e  measurements and o t h e r  i r d i r e c t  

i n d i c a t o r s .  Analysis  of e l e c t r o n - d e n s i t y  p r o f i l e s  ir, t h e  upper E region 

near  midnight a t  Wallops I s l and  i n d i c a t e  t h a t  t h e  i o n i z a t i o n  r a t e  i s  very 

s t r o n g l y  c o r r e l a t e d  wi th  geomagnetic a c t i v i t y .  No a d d i t i o n a l  source  of 

i o n i z a t i o n  from s c a t t e r e d  s o l a r  W r a d i a t i o n  is  needed t o  account f o r  

t h e  i o n i z a t i o n  r a t e s  a t  Wallops I s l and .  In f a c t ,  t h e  p resen t  d a t a  i n d i -  

c a t e  t h a t  an upper l i m i t  f o r  i o n i z a t i o n  sources  o t h e r  than e n e r g e t i c  

-1 - 3  - 1 e l e c t r o n s  i s  10 cm s e c  i n  t h e  upper E region near  midnight. The 

p i t c h  angle  d i s t r i b u t i o n  o f  p a r t i c l e s  and t h e  l i n e a r  p a r t i c l e  count 

r a t e  with a l t i t u d e  suggest  t h a t  t h e r e  i s  a  s t r o n g  concen t ra t ion  of 

p a r t i c l e s  near  and somewhat g r e a t e r  than 90 degrees .  This  accounts 

f o r  increased i o n i z a t i o n  i n  t h e  upper E region give  a  p a r t i c u l a r  energy 

spectrum s i n c e  p a r t i c l e s  a r e  n o t  a b l e  t o  p e n e t r a t e  a s  low i n  a l t i t u d e .  

The spectrums a r e  r e l a t e d  by power laws with exponent approximately between 

1 and 4 .  

The in te rmedia te  l a y e r ,  observed a t  n i g h t ,  i s  expla ined i n  terms of 

i o n i z a t i o n  r e d i s t r i b u t i o n  caused from h o r i z o n t a l  n e u t r a l  winds. These 

winds induce a  converging v e r t i c a l  ion  d r i f t  which b u i l d s  up i o n i z a t i o n  

a t  t h e  wind shear  ( r e v e r s a l )  i n t e r f a c e .  Using a  t y p i c a l  wind p a t t e r n  

t h e  c o n t i n u i t y  equat ion is  solved numerically y i e l d i n g  t h e  modeled l a y e r .  

The l a y e r ,  us ing appropr ia te  product ion,  recombination and d i f f u s i o n  

c o e f f i c i e n t s ,  i s  i n  good agreement with observed measurements. Th i s  

a n a l y s i s  provides  an explanat ion f o r  why t h e  in te rmedia te  l a y e r  is more 



noticeable  during quie t  geomagnetic conditions than under dis turbed con- 

d i t i ons .  A wind s e n s i t i v i t y  ana lys is  shows t h a t  small values of ve r t i ca l  

ion d r i f t  (&Lout 10 m s - l )  a r e  s u f f i c i e n t  t o  give r i s e  t o  a marked i n t e r -  

mediate layer .  Applying the  cont inui ty equation, given a p a r t i c u l a r  e lec-  

t ron-densi ty  p r o f i l e ,  an averaged production r a t e  can be deduced inde- 

pendent of d i f fus ion  and of the p a r t i c u l a r  wind system configuration. The 

cont inui ty equztion may likewise be solved t o  determine the winds given 

the intermediate electron-densi ty  layer ,  recombination, and production 

var ia t ion .  The wind system i s  observed t o  descend approximately 1 .5  km 

- 1 
minute during the  night  and can be associated with the  t i d a l  winds of 

the  ( 2 ,  4)-mode of the s o l a r  semidiurnal t i d e s .  

The design of a rocket-borne s o l i d - s t a t e  p a r t i c l e  spectrometer was 

undertaken t o  fu r the r  enhance the information on the  r o l e  of energe t ic  

e lectrons i n  the  midlat i tude ionosphere. The theory,  design, ca l ib ra t ion  

and operation of t h i s  experiment a r e  described i n  d e t a i l .  The experiment 

has successful ly  been flown on four  Nike Apache f l i g h t s ,  one on 18 ~ p r i l  

1974, and th ree  on 29-30 June 1974, praviding p l e n t i f u l  p a r t i c l e  data.  

Some of t he  preliminary r e s u l t s  of 18 April  1974 a r e  i l l u s t r a t e d  i n  Figures 

2.5 and 2.6. Complete ana lys is  of the  above f l i g h t s  will be re fer red  t o  a 

l a t e r  repor t ,  su f f i ce  it t o  say t h a t  f l i g h t  char t  records ind ica te  s imi l a r  

behavior t o  t h a t  an t ic ipa ted  i n  the  developed theory of Chapters 2 and 3 .  

Future ana lys is  w i l l  inves t iga te  the  ion iza t ion  re la t ionship  i n  mid- 

l a t i t udes  t o  t he  anisotropic  p i t ch  angle d i s t r i b u t i o n  and p a r t i c l e  spec- 

trums. A un i f ied  theory needs t o  be developed r e l a t i n g  the  = a t e l l i t e  

obscrvations with rocket a l t i t u d e  da ta  and atmospheric i n t e rac t ions .  

Furthermore, the  in t e rac t ion  responsible  f o r  per turbing the  rad ia t ion  



belts and continually replenished then with trapped particles needs 

to be established. Questions relating to geographic variation can be 

assimulated as better interpretations of satellite data are made to 

cohere with an ionization model. This material must be supplemented 

with further rocket investigations to verify the completeness of the 

developed theories. 



APPENDIX I 

COMPUTER PROGRAM USED TO :ALCULATE IONIZATION RATES 

FROM PARTICLE FLUX AND SPECTRUM INFORMATION 

The program used to compute electron ionization altitude profiles 

of Figure 2.12 was based upon the methods enunicated by WuZff and 

Gledhitt [1373]. The pitch angle distribution, employed in this develop- 

ment, is assumed to be isotropic over the downward hemisphere. Although 

this approximation is not necessarily valid the resulting attenuation 

curves are extremely helpful in determining overall sensitivity of 

profiles to spectrum and interaction coefficients. This program was, in 

the main, developed by Monro [1974]. The height profiles are 

calculated for exponential spectrums with exponents of 1.0 thru 7 in 

half interval steps. The relevant ionization of each m a J x  constituent 

+ + +  
(o*, O2 , N2 , N ) is printed verses the altitude. The input data from 

Table 1 of kruZff and GZedhiZZ 119731 is read into array A(20). The 

number densities are read into AN (4, 20). 



1 6  F O ~ ~ ~ T ~ ~ X , ~ C I ~ E I G I ~ T ~ ~ Z , ~ ~ ~ J O * ~ ~ X ~ ~ ~ ~ O Z * ~ ~ ~ ~  
14WQha+n9% , ~ H Q N + , ~ x , ~ c ) u T o ~ )  
DO 12 f s l , N , i  
Q ( S ) ~ O *  
EM=1 0 

1 0  R P = 4 . 1 7 ~ - 6 * E k + * 1 . 7 4  
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21 U ~ = l * + ~ e 1 5 * ( ~ N ( ~ ~ I ) ~ ~ ~ ( 1 ~ l ) / 2 ~ ) / A N ( 3 ~ I ~  
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1 2  P R I N T  1 7 r ~ l T ( I ) r ( Q ( ~ ) : ~ z l p ~ ,  
1 7  F 3 ~ ~ A T ( 2 X , F 7 t 2 , 2 % ~ 5 : ~ 2 ~ 3 )  

E ~ = E V + D E O  
1 2 ( ~ L - E ~ ~ ~ ~ ) 1 8 p l i n 1 4  
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GO t b  13 
14 C A L L E X I T  

END 
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APPENDIX I1 

SOLUTION OF TIME-INDEPENDENT CONTINUITY EQUATION WITIKIUT DIFFUSION 

Two methods of solution were persued; 1) an analytical representatim 

and 2) a numerical computer algorithm. The appropriate continuity equation 

to be solved is 

where w is the vertical ion wind taken to be sinusoidal (equation 3.8) 

and q and a are the production and recombination coefficients assumed to 

be constant for the analytical representation. The equatir.1, in general, 

is nonlinear with variable coeffici-nts. 

AnaZyticaZ solution. Equation (A2.1) is classified as a form 

of the Riccati equation give2 as 

1 
For the special case of q = 0 the substitution of y = ;tral~sforms the 

equation into a first order linear equation which can be directly solved. 

The nonlinear first order equation (A2.2) can be transformed Into a 

second order linear differential equation 

dLu 
R - - (R' du - QR) ;H - PR'U = o 

dz 

where y is given by 

1 dl; 
Y'RuZ 



For t h e  case  o f  i n t e r e s t  a and q a r e  cons tan t  and &/dz is  given by 

I 
a - 2 2 TI w = -  a a (20 sin- n) = - n cos- a 

2 2 30 3 3 0 

proceeds a s  fo l lows.  The a p p r o p r i a t e  R, Q, and P a r e  

a a R = - = - -  C S C Z  n 
w 20 30 

I aw 71 Q = - - =  a - c t n  - n u az 30 30 

Blaking t h e s e  s u b s t i t u t i c n s  i n t o  equat ion (A2.3) and rea r rang ing  g i v e s  I 

Z z - ---Aa 
+ [c tn  + c t n  - i) D 

3 0 2 j " = O  
400 s i n  - 

30 

where D i s  t h e  d i f f s r e n t i a l  o p e r a t o r .  

COSTIZ Now l e t t i n g  X = - 
30 , t h e  reduced equat ion i s  formulated as 

where 

Equation (A2.7) i s  a l i n e a r  second o r d e r  d i f f e r e n t i a l  equa t ion .  The 

s t a t e  space 1 matr ix  i s  given a s  



which is applicable to standard analysis methods. Also equation (A2.7) 

may be solved using the WKB method of solution. 

Numerical Solution. The equation (A2.1) was found to be 

quite sensitive requiring every precaution to insure stability. A 

predictor-corrector method of the Euler-Romberg type was found to operate 

satisfactorily. Further reference to the theory of this method is found 

in McCaZZa [1967]. The program used to solve the continuity equation, 

employing this technique, is provided on the following pages. 
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APPENDIX I11 

COMPUTER PROGRAM USED TO SOLVE THE TIME-INDEPENDENT 

CONTINUITY EQUATION WITH DIFFUSION 

The steady-state continuity equation can be written as 

d 2 2 d d N  - (w!!) = q - aN + sin I az az (Dz) 
where z is the altitude, w is the ion verticai wind velocii,, ~d is the 

electron density, q is the ionization rate, a is the recombination coeffi- 

cient, I is the dip angle and D is the plasma (or ar5ipolar) diffusion 

coefficient. The particular wind model employed for the converging ion 

wind is a sinusoid 

w = 20 sin lr(1SO - 2) 
3 0 

For initial analysis D, q, and a were taken to be reali~tic constants 

appropriate to 150 kilometers. 

The equation is very sensitive and prone towards instability if 

slight errors are encountered. Difference equation methods for solving 

the equation resulted in ;zr+zS: . ~ t y  in every case tried, even for 

implanted damping factors. 

An iterative integration method was employed which gave promising 

solutions; however, required much computer time for analysis. This 

method seems to be applicable to a much more generalized analysis and 

therefore out1;ned. Integration of equation (A3.1) from 0 to z yields 

a first order differential equation where w = 0 at z = 0, namely z = 



Now, any first o r d e r  equat ion has a  s o l u t i o n  o f  t h e  form 

W where P(z) is  -D and Q(z)  is  2 (q - aN ) d z .  

The procedure i s  t o  assume an N d i s t r i b u t i o n  and thereby determine 

Q(z) and then N(z) by a p p l i c a t i o n  o f  (A3.4). Th i s  va lue  of N(z) i s  again 

used t o  c a l c u l a t e  a  new &(z)  and N(z).  Relaxat ion converges upon t h e  

des i red  p r o f i l e  i f  s u f f i c i e n t  accuracy i s  taken.  

The b e s t  method found f o r  so lv ing  equat ion (A3.1) i s  t o  employ t h e  

f o u r t h  o rder  Runge-Kutta method us ing  0 .5  km s t e p s .  The procedure r e q u i r e s  

s p e c i f i c a t i o n  o f  an i n i t i a l  s lope  and magnitude a s  a  s t a r t i n g  boundary con- 

d i t i o n ,  however, t h e  a c t u a l  boundary cond i t ions  known a r e  zero  s lope  a t  

t h e  peak and v a l l e y s  o f  t h e  p r o f i l e .  To make t h e s e  boundary cond i t ions  

compatible wi th  those  demanded by t h e  Runge-Kutta method a  r e l a x a t i o n  

process was employed. The i n i t i a l  s lope  was s e t  a t  zero and a  zero 

d i f f u s i o n  value  was i n i t i a l l y  picked a s  t h e  s t a r t i n g  value .  The marching 

s o l u t i o n  then diverged e i t h e r  p o s i t i v e l y  o r  n e g a t i v e l y .  I f  p o s i t i v e  tho  

i n i t i a l  value was reduced and v i c e  ;crqa u n t i l  t h e  cond i t ion  o f  zero 

s lope  was rendered a t  t h e  peak and v a l l e y .  Usually f i v e  t o  twelve i t e r a t i o n s  

a r e  requ i red  f o r  t h e  f i n a l  s o l u t i o n  t o  l i e  wi th in  t h e  chosen limits. This  

prccedure i s  reproduced on t h e  fol lowing pages.  
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APPENDIX IV 

COMPUTER PROGRAM USED TO DERIVE WINDS FROM AN ELECTRON-DENSITY PROFILE 

To calculate the winds, w ( z ) ,  from an electron-density profile, 
I 

M (a ) ,  the derived equation (3.9) applies 

2 dh' ( z  - z  - J aN(21 ;E I w ( z )  = - 
N(2)  z 2 

where the appropriate ;j is used for the lower and upper portion of the 

profile. The average ionization q is first calculated in the program by 
use of Simpson's rule. 

The recombination coefficient a is taken to be variable as discussed 

in Section 3.2.2. 
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