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riieiins i o r  allitucie mcasurement  above the lunar  sur face ,  for  the range of 

I, t o  5ci f t .  Doth d i rec t  ( sou rces  ejccted and located on  the su r face  during 
4 

measuremen t )  and indirect  ( source  aboard  the vehicle) sys t ems  w e r e  

Indlrect  system., may u5e charged par t ic le  p r i m a r y  radiation 

(eiectrcln beams ,  alpha and beta par t ic les ) ,  neu t r a l  par t ic le  beam:; 

(iIeutrons), o r  electromagnetic (x and gamma r a y s )  radiation. Return 

radiation i r o m  the sur face  ia measured. 

w e r e  rejected because  of attenuation effects in the rocket exhaust gas ,  

while neut lon s y s t e m s  were  rejected because of the l a r g e  amount  of 

hardware  required.  .’ gamma backscat ter  sys t em,  using photons of 

modera te  energy ( 6 0  kev) w a s  found to be ve ry  prornising s ince the sou rce  

s t rength requi rement  (-lL cu r i e s )  is pract ical  and &he weight of the source 

and detector  could be  smal l  ( - e 5  lbs. ), The alt i tude indication would be 

dependent on lunar  surfaL e coiriL)o;ition ( p o J  s i l l y  with a n  uncertainty of 

?25%)if alt i tude is based s u l e l , f  sn detector  response.  

Indirect  charged par t ic le  sys t ems  

However: i f  in ior-  

mat ion frorr, aqolher altiiiit-tcr ,yatem(a; f rom h e  r ada r  a l t imeter  a t  s a y  

50 ft. ) is used,  com2ositio:: Jcpendeiice can  be  avoided a s  thcl appropr ia te  

sca le  fac tor  wou ld  be  ,)rovided a t  a Knowr, s tar t ing aititude, 

ieahible,  t ; iorcfore,  to maKe a g a m m a  backscat ter  s y J t e m  that will be 

It  appea r s  

inde2eiiucL-.; a i  l u n a r  composition and accu ra t e  enough to  niret the 

5 p ec 1 ilc ‘1 i I on s i) r o v id ed by  hGC.  
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Go.mn,~i . , uu rce . ,  l\’<*i,* ;.tiJ c o i i . , ~ i l ,  r ~ . t i  l o r  d i r ec t  systems.  It was 

ioL,nd tiiciL tht- d i rec t  ,:amma s y s t e m  r e q u i r e s  m o r e  sou rce  s t rendth than 

tile gdmmn bacKbcdtter s y s t c m ,  and considerably more  hardware.  

It imJ beei ,  concluded that t h e  gamma bacKscntier s y s t e m  i s  the bes t  

sclectio, , ,  that p rospec ts  of successful applicatio,i a r e  promising. A 

fu r the r  ,)rod r a m  of r e s e a r c n  and development has accordingly been 

r t- c om n-1 c nd e d. 



I. Introuuction 

Tlic purpose of this study w a s  to  de te rmine  the feasibil i ty of utilizing 

radioisotope and nuclear radiation techniques for  low l eve l  alt i tudc d e t e r -  

mination durin;: a lunar  landing. Two s y s t e m s  w e r e  suggested by MSC as  

;>ossiLle approaches:  a directional de tec tor  sys t em in which the direct ion 

arid dis tance of s eve ra l  jettisoiled radioactive s0urce.r. re la t ive to tne  

vehicle  w e r e  used  to compute altitude, anti a gamma backsca t te r  s y s t e m  in  

which both source  and detector  a r e  located on the vehicle and the sca t t e red  

radiation due to  the proximity L 

siiitude. 

t ion f r o m  the sou rce  is  utilized, while thc second rnethoci correspondingly 

may be  r e f e r r e d  to a s  "indirect" s ince the measu red  rauiation c o m e s  from 

interact ion with the lunar  siirfacc. 

t h e  landing sur face  is used to  m e a s u r e  

The f irsi  s y s t e m  may be t e rmed  as  "dircct" i n  tliat d i r ec t  ratl is-  

Both d i rec t  and indirect systems have been studied, and radioactive 

s o u r c e s  as  well  a s  e lec t r ica l  gcneratioii sys t ems  w e r e  considered. 

w a s  the  constant purpose of the study to e l iminate  as  quickly a s  possible  

(of c o u r s e  o n  technically j u s t i f i a b l e  grounds)  sys t ems  which would have 

I t  

g r e a t  diificulty in tjucccedind, 3r which Nere obviously a t  a decided d i s -  

advantage coni?ared to  other  cnnuidates,  

m o r e  rea l  p r o g r e s s  an wcrkable ideas,  

In this  wav it was  hoped tc make 

W ~ i k .  ;his 11; mind, it wil l  b e  seen  that the !argest e f f G r t  was  devoted 

to ga~rixxa backscdt ter  and d i rec t  g;a.mma systew.s; and f e r the r  that  once 

the  l a t t e r  was shown to have no advantages,  a detai led look a t  the 



associated ; lardware f o r  til;s sy.;LCnIn w a s  not attempted. 

r.-n;her spent i n  delineating as  far a s  2ossible  the likely physical f o r m  of 

the gamma backscat ter  system. 

The t i m e  was  

Liber ty  w a s  taken to  simplify the suggested d i rec t  s y s t e m  before 

znalysis ,  so  that  the most  favorable f o r m  of such a cievice could be examined  

I i  was  shown, fo r  example,  that  the anl;ular locator  sys t em is actually un- 

necessary .  This  would not only  make the s y s t e m  m o r e  pract ical  i n  t e r m s  

of i iardware and reliabil i ty,  but incideiltly simplified the approach t o  the 

ana lys i s  as  well. 

s ca t t e r  sys i em,  it is  believed that our tr iangulation ana lys i s  and postulated 

principle o l  operation represents  a unique and novel approach to the 

p r ob1 c m . 

IVhile this  sys t em appea r s  less suitable than the back- 

The  obvious objection t o  the backscat ter  approach,  that  of lunar  

su r face  composition dependence, probably can be quite successful ly  

avoided by use  of a rat io  techniqiic. T h u s ,  altitude i s  de te rmined  f rom 

the ra t io  of counting r a t e  at any altitude to the counting rate at a known 

star t ing alt i tude ( say  50 ft. ). IL 1s shown that t h e  composition dependent 

t e r m s  will  cancel  out. Thic so;utior: should no t  be objectionable s ince  it 

is understood that a low altltude r a d a r  s y s t e m  will be abozrd  anyway;  and 

i t s  inherent  accu racy  of 

analysis .  

! ft, a t  50 it-, has  been included :n the e r ro r  

- 
I : i t  sc;?ite-lng for,xuiation mentioned above is of :ne single sca t te r ing  

i y p e  anU A >  basic. T h e r e  i s  no doubt about its c o r r c c t c e s s  s ince all the  

2 



;jrirlci?lcs a r e  well known. 

the a u t i ~ o r s *  in tile past  have given excellent agreenrent between theoret ical  

and observed values of "reflection" coefficients for a wide variety of ta rge t  

mater ia l s .  

mentioned above deal solely with single scat ter ing,  whereas  i n  fact  some  

muliiple s ca t t e r  b y  tile sur face  will occur. 

sma l i e r ,  and it i s  believed that even the multiple s ca t t e r  component wilA 

manifest  a t  l eas t  a f i r s t  o r d e r  cancellation of composition dependence. 

This  must  be sllown by a very  carcfully executed experimental  p rog ram,  

mentioned in the Section VI, Recoinmendations. I t  would requi re  too l a r g e  

a n  effort to have been included i n  the present  work, for  i t  dea ls  with the 

exact  descr ipt ion of a sma l l  effect. I t  is  obviously important,  however, 

that  this st:p be taken. A l l  other pr inciples  considered in this  work a r e  

wel l  known so that  basic  experimental  verification i s  unnecessary. The 

next effort ,  if such is to  be pursued, mus t  by cont ras t  include considerable  

Single scatterin,; expcriments  per iormed by 

It  i s  emphasized that this ana lys i s ,  and the experimental  work 

This  contribution will be much 

experimental  w o r k  

Stat is t ical ,  t ime  constant,  and radiation background analysis  are 

vital  to  the measu remen t  of a n v  t ime  varying phenomena by radiation 

means ,  

in the context of the prcseni  application, 

These f ac to r s  have therefore  been given appropriate  emphasie 

* Report  on Tile L:easuiement o i  X - R a y  Scattcring Coefficients for  
Selected F'rimLry E n C r g i e b  sild Targe t  ,Materials, by  L. Bird ,  
J. ~UcCue,  and C. Zicglcrw Trace r l ab  Technical  Report ,  December 
22, 1959" 

3 



- .  - A i  l ea s t  t l irce ;Lreci.. 31 , i ~ i o : : ~ i a t ~ c ~ i ~  rcci7Jircd ior this s t l i d y  are v e r y  

lunar  sur face  composition, dust  conditions, and radiation back- 

i t  i s  no doubt t rue  that t:icse f ac to r s  will be clar i f ied considerably 

s lce~chy:  

~ L - O U ~  

as the r e su l t  of future  unmanned lunar  probe research .  

becomes available i t  will  be  very  uscful in ca r ry ing  out fur ther  work  on 

th i s  device. 

of n nuclear  radiation al t i ineter  w i l l  be known in adequate time to proper ly  

des ign  such a device for manned spacecraf t  use. 

P 6 this  information 

One would expect that all f ac to r s  of significance to the operation 

It has  been found that the  gamma backsca t te r  s y s t e m  shows consid- 

e r a b l e  p romise ,  aiid a fu r the r  p rogram of work has, therefore ,  been 

recommended. 

m XI. Inui rec t  Sys tems 

A. Genera l  Considerations 

Indirect  sys t ems  by  definition ernploy the principle of measu r ing  

r e t u r n  radiation f r o m  the object  whose  location is  to  be found - i n  this  case 

the  lunar  surface.  

oi the  p r i m a r y  radiation, o r  it may L e  different in  kind. 

e lec t rons  can cause  x - r ay  production a t  the t a rge t  and these  x - r ays  might 

be  detecicci, 

The detectcri radiation may be  a sca t te red  "version" 

F o r  example,  

-4 first  s tep  ir, weedirtg out pote3tiai candidate sys t ems  is t~ 

e 5 t i m a ~ ~  ;fie atieriuation i n  the rocket exhaust cloud, 

L e  present  s ince the rocket is expected t o  be on until coiitact with tlre 

This  cloud will a lways 

4 
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the candidate s y s i e r n  may be rejected a t  once. 

t o  quic'dy r e s t r i c t  the field of s tudy .  

that  the most  2romising approach could be examined in g r e a t e r  detail. 

'rhlls, i f  t h c  c x ~ l c . a ~ ;  AAlic: i c i c d  w ; t h  p rupzr  a l t ime te r  operation, 

In this  way i t  is possible 

This approach has  been pursued so 

By the s a m e  philoso;>hy, l i t t le  t ime  was devoted to the  

"niachinery" of e lec t r ica l  generator  s y s t e m s  when i t  became c l e a r  that  

small  volume radioactive sources of reasonable  s t rength  could be used. 

To do  otherwise would have meant a dilution of the effor t  on the mos t  

promising ap2roac h. 

Some considerat ion of the possible effect of a dus t  cloud w a s  

given i n  the context of the gamma backsca t te r  sys t em,  even though MSC 

re?resenta'.ives do not cur ren t ly  think such a cloud will  exist. 

work  may be useful if fu r ther  data on the cloud becomes  avai lable  at a 

l a t t e r  date. 

This ear ly  

B. Attenuation In The Gas Exhaust Cloud 

It must  be the  c a s e  for any scat ter ing s y s t e m  that the attenuation 

by the  exhaust cloud, golng dowri t 3  the surface a n d  back agdin,  is neg- 

ligibly small, Data was  provided by MSC concerning! the exhabst gas 

p r e s s u r e  a n d  t empera tu re  at various a r e a  ratios.  

r a t io s  of the  c r o s s  sectional a r e a  of the exhaust clouci to  the cross sect ional  

a r e a  of the to;, end of the nozzle.  

provided.  

by the extension of the  s ides  of the conically shaped nozzle as shown in 

These  r a t io s  a r e  the  

Averaga molecular  weight was  a l s o  

It was assumed  that the shape of the  exhaust gas cloud is given 

5 



panding to thz designated a r e a  ratios w e r e  calculated,  and us ing  the  ideal  

g a s  l aw the dcnsity associated wi th  each dis tance was determined. 

density-distance profile thus derived i e  also indicated in F igu re  1. 

T h e  

For 

p u r p s e s  of calculation this  prof i le  was fitted with a n  exponential function, 

(note the dashed l ine)  the resul t  being 

grams/cm3 where  x is  the distance in feet  from the end of the nozzle. 

p (x) z 2. 5 x exp(-. 278 x)  

The 

two-way radiation t ransmiss ion  T through this  cloud is at l ea s t  

T z exp -60. 96a'. p(x)dx where  a is the mass absorpt ion 

coefficient ior the radiation baing used in units of cm /gram and h is the  

11 
r. 

J 

2 
J 0 

alt i tude i n  feet. The wors t  ca8e is for h z 50 ft. Integration for th i s  h 

gives  T : exp ,-5. 5 x I Values of a and T are tabulated 

below for  various radiation sources.  

d '  L 

T 2 
Radiation 

Source  Type E n c r g y  a ( c m  / g r a m )  

Pm-  147 beta E, : 123 Xev 370 . 8 1 5  

- 

S r - 9 0  E, = 610 kev 6 C  Y 977 
4 *  beta 

Y-90 j E ,  = 2.2 m e v  14 . 9 9 2  

Am-241 garnrr.a I? 2 6 C  Kev :, 183 . 9999c 

* ir, secular equiiibriurr, 

i t  is c-Jident that for  a backscat ter  systerr. a aoft beta emiiter 

l ike  Pm- 147 would not be sui table  due  t o  attenuation in  the exk.aust gas ,  

l n e  backsca t te r  sign31 would depend upon exhaust g a s  density as  w e l l  a6 

altitude. 

- 1  

Even with a n  energetic beta source such as Sr-Y-90 the effect  is 

6 



c 

siiil AO': c lear ly  negl ig ib l t  

by exhaust gas  striking the lunar sur face)  additional attenuation would 

occur  and this  would be objectionable. 

is  probably not a safe  choice. 

scat ter ing sys t em can  be eliminated s ince  absorpt ion coefficients a r e  

general ly  g r e a t e r  than for beta particlos. 

Fti;.th< r ,  i l  a dust cloud w e r e  p re sen t  (caused 

Therefore ,  a beta backsca t te r  sys t em 

By the  s a m e  token an  alpha par t ic le  back- 

It is fu r the rmore  c l e a r  that a sys t em in which electrons a r e  generated 

e lec t r ica l ly  and directed t o  the surface,  where  they may be sca t t e red  and 

may a l s o  i)roduce bremsstrahlung x - ray  photons (ei ther  of which could be 

detected a t  the vehicle) would require  e lec t ron  energ ies  of s e v e r a l  Mev to 

be ce r t a in  that unwanted attenuation effects a r e  avoided. 

reGuired fo r  such a genera tor  would great ly  exceed the volume and weight 

needed for a gamma backscat ter  s y s t e m  

d i r e c t  sys t ems  a r e  not considered fur ther ,  and we shall concentrate  on 

t he  gamma backsca t te r  approach. 

The ha rdware  

Therefore ,  t hese  types of in- 

c. Geometry of Backscat ter  Configuration 

The essent ia l  features  of the  backscat ter  geometry may be 

der ived  by considering a point source,. and a detec tor  located v e r y  near to 

it  (but shielded from it) ,  This development i8  independent of the radiation 

type s ince i t  dea l s  purely with geom-etry, Consider  a differential  a r e a  dA 

a t  the scat ter ing sur face  defined a13 in F igu re  2, The  a r e a  of the c i r cu la r  

ribbor. is 

dA z Zur2 8inedd 

7 



c 

Tile fract ion f of the emanations wilAch ieavc the source  and a r e  impingent 

on dA i 6  d A / 4 ? r r 2 ,  s ince 4 a r 2  r ep resen t s  the  su r face  area of a complete  

s p h e r e  with the sou rce  at i t s  center. Thus,  

f = i s i n O d Q  

If t h e  probabili ty per unit solid a n g l e  of backsca t te r  i s  denoted by y 

and s ince  the detector  subtends a solid angle w = TT R / r  * where  R is t he  

de tec tor  rad ius ,  the  counting r a t e  due to sca t te r ing  f r o m  dA is 

2 2  

where  q is the emanation rate of the source. 

r = h/cosO. Hence, Eq. ( A )  may be  rewr i t ten  

r is re la ted  to h and 8 by 

2 
cos'0 s i n 3 d 0  

T 
dS - 7 9  - ,  

2 \ h i  

Integrat ion ove r  the  whole r a n g e  of 0 f r o m  0 to  Omax g ives  the counting 

rate due to the en t i re  i r radiat ion surface.  The r e su l t  is 

* Thib ap?lics fo r  r ? 3 h .  This  conclitior: i s  satisfied even f o r  the vchicle 
a f t e r  landing s ince both source  and detector  w o d d  have to  be mounted 
above the plane of the landing surface for protectiori against  darnagc due 
t o  possible sur face  i r r e s d a r i i i e s L  3 typical de tec tor  might have a rad ius  
X of 3 in. o r  l e s s  s o  that  the corresponding r for which the value of w 
given above applies is 9 in. or morc. I t  is likely that both eource  and 
de tec tor  would be mounted a t  an  even g r e a t e r  dis tance above the plane 
defined by Liie landing l a d s ,  80 that  the w above is ent i re ly  adequate. 

8 



It  is to  be noted tiiat the basic  dependence on d t i t u d e  is s imple  inve r se  

square.  This  is becausc of the fact that  the number of emanations im- 

pingent on the su r face  is a constant indc2endent of alt i tude,  viz., a l l  the 

emanat ions in thc angular  range of 20max defined by the sou rce  collimation. 

The  a r e a  being i r rad ia ted  changes,  of cour se ,  but not the total  r a t e  of 

incidence on this  a rea .  

dis t r ibuted)  of secondary radiation producing the usua l  i nve r se  squa re  

geometry  dependence. 

This a r e a  then a c t s  as a constant sou rce  (though 

It has  been a s s u m e d  that the detector  has  a wide field of vision 

so that  coll imation a t  the detector  is such that none of the  i r r ad ia t ed  area 

is obscure? ,  

The detector  response  i n c r e a s e s  with increasing i r rad ia t ion  

A plot of 1 - cos  3 Qmax VS. q3max is shown in  F i g u r e  3 and half angle. 

indicates  the value of using a relatively l a r g e  f ie ld of i r radiat ion.  

improvement  is, however, effected by u s e  of i r rad ia t ion  half angles  l a r g e r  

than  70'. 

Litt le 

0 

It L S  of :literect to note that  the response  p e r  cnit  of sur face  

a r e a  is g r e a t e r t  a t  the rer, ter of the i r rad ia ted  a r e a  and diminishes  for  

points off center ,  Tile fa l i  off can  be l a r g e  at the outer  per iphery  of the 

i r r a d i a t e d  area f G r  l a rge  values  of omax. The rad ius  of the c i r c l e  of 

i r rad ia t ion  is obviously rlTlaX : h tar.omax, but s ince  all p a r t s  of t h i s  

c i r c u l a r  a r e a  do not contr ibute  equally to  the de tec tor  response ,  a n  

9 



ef iect ivc circle of radiatic,i , V ~ L ; I  rLIJibs  

which will s e r v e  as a n  index of the s i ze  of the a r e a  upon which alt i tude 

information is  based. 

such that i f  the raciiation flux iricident upon i t  were  uniform, and if all p a r t s  

of th i s  area a r e  considered to be the same dis tance h f r o m  the de tec tor ,  

then the response would be identical to that obtained in the r e a l  case.  

this  hypothetical i r rad ia t ion  field response  pe r  unit area is uniform,  thus 

re:f < rmax may be defined 

Let a hypothetical c i r c l e  on the su r face  be defined 

F o r  

(45r hL)  

-. 
and this  is t o  be equated to  S 1Eq. ( 2 )  :. When this is done, the resul t ing 

This  gives  eff' equation may be solved for r 

A plot of r e f f / h  is  shown as a function of gmaX in F i g u r e  4. 

i r r ad ia t ion  half angles  (0  max -- 

For l a r g e  

90°), reff  approaches 0. 816 h. 

This type of geometry is  advantageous :n s e v e r a l  respec ts .  

F i r s t ,  the requi red  source  strength will be much  less than anv szat ter ing 

s y s t e m  in  which triangulation is  used t c  determine  alt i tude,  r a the r  than 

g r o s s  response ,  s ince such sys tems r equ i r e  a high degree  of both source  
\ 

a n d  de tec tor  coll imation and since these  sys t ems  must  incorpora te  

"searchin;:" ( sou rce  ar detec tc r  motion) which iltilizes a ma jo r  pa r t  of the 

available measuremen t  time. At the higher  alt i tude end of the intended 

!O 
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r a n g e  of operat ion a l a r g e  i i-es ( large 1' efi) contr ibutes  to the alt i tude 

measu remen t ,  t h u s  giving a bet ter  ave rage  than could be obtained with a 

s y s t e m  based  on computation of average  alt i tude f r o m  a few par t icu lar  

points on the surface.  

a few source-detector  pa i r s ,  perhaps one pa i r  assoc ia ted  with each landing 

pad. 

be available. 

At low alt i tude reff is small, suggesting the  u s e  of 

In this  way p r e c i s e  information concerning landing conditions might 

D. Derivation of Reflection Coefficient fo r  X and Gamma Rays  

For l a r g e  scat ter ing angles  (backsca t te r )  the pr inciple  type of 

sca t te r ing  will be due to  Compton in te rac t ions  i n  which p r i m a r y  photons 

are sca t t e red  by the atomic electrons of the "target" atoms. 

photon enei'gy is shared  by the sca t te red  photon and the recoil electron. 

T h e  energy of the  sca t te red  photon is given by 

The  p r i m a r y  

where  E is the pr imary  photor, energy, mccL is the  energy equivalent of the 

electror,  Trass (511 kev) and R is the  sca t te r ing  angle, The differential. 

c r o 6 s  sectior. f o r  Compton interaction is given by  the well  known Klein- 

Xi shina for inula 

.. 
11 



The probability of scat ter ing i n  thd direct ion e per  unit solid angle  in th i s  

direct ion,  pe r  unit of path length t r a v e r s e d  in a medium is given by 

dP - d o  
dx d o  
- - -  

where  No is Avagadros number (6.025 x 10 23 ), 

( g r a m s / c m  ), Z ,  is  the a tomic  number of the ith type of a tom in the medium, 

Ai is the assoc ia ted  atomic weight, ' I  a is the f rac t ion  by weight compr ised  

by the ith type element, and where the summation is taken over a l l  the 

e lements  of the  medium. 

r e p r e s e n t s  the  number of atomic e lec t rons  pe r  unit volume of the medium. 

P is the m a s s  density 

3 

I t  wil l  be  recognized that No (qi Zi/Ai)  

, 
This  resu l t  may be  applied to  the problem of determining the 

sca t te r ing  probability, o r  "reflection" coefficient for a plane sur face  of 

large thickness  a s  follows. See  F igu re  5. Let an x or y r a y  photon im- 

pinge on the sur face  at an angle 4 , to the normal  of the surface.  Tho 

probabili ty that it will a r r i v e  at a differential  l ayer  a dis tance x beneath 

the su r face  i e  exp(-apx secd, 1). w h e r e  a is the mass absorpt ion coefficient 
- 

of t h e  medium for  the p r imary  plroton energy, Combining this fact  with 

Eq. (S) ,  and remember ing  that the path length throudh the different ia l  l aye r  

is s e c o  b d x ,  the probabili ty of scat ter ing by the different ia l  layer in the  

d i r ec t ion8  , per unit solid angle is 

12 



. 

htiultiplying this relation by the t ransmission over  the slant pa th  length 

x sec  92, viz., exp(-a’px sec$ 2), gives  the combined probability of 

scat ter ing f r o m  the layer  and subsequent emergence  from the surface. 

Final ly ,  integration over all differential  scat ter ing l a y e r s  must be p e r -  

formed to  obtain the reflection coefficient,y fo r  the thick eca t t e re r .  

y = 5 P d x  which gives 

Thus 
00 

0 

where  
00 

I = j’ exp [ - p x ( a s e a o  t a’ sec cix 
1 2 1 

0 

and a’ is the absorpt ion coefficient of the medium for  the energy of 

the sca t t e red  photon. F o r  a medium consisting of s e v e r a l  e lemente 

where the a.’8 are the m a s s  abeorpt ioc coefficients for the consti tuent 
1 

elemente,  Integration of Eq. ( 6 )  gives  

13 



L A: 

It  i s  of in te res t  to note that the reflection coefficient is independent of 

densi ty ,  but is composition dependent. 

that  this resu l t  may be applied direct ly  f o r  the purpose of calculating 

backsca t te r  counting r a t e s  only for the c a s e  where the surface-to-detector 

d i s tance  is l a rge  conipared to 1 / P (  a + a’) ,  for  in th i s  c a s e  the scat ter ing 

s o u r c e  is in  effect “thin“, and the s a m e  solid angle (back t o  the de tec tor )  

appl ies  f o r  a l l  differential  l a y e r s  of scat ter ing mater ia l .  F o r  0 z 180°, 

and E : 60 kev fo r  example,  and assuming p = 3.34 g r a m s / c m 3 ,  

1 / P  ( 0  -t 0’  ) 

the  condition above is eas i ly  satisfied. 

Fu r the r  i t  should be pointed out 

.38 cm. Hence, a t  this  energy, and at l e s s e r  energies ,  

Eq. (7) may be simplified f o r  c a s e  of 0 x 180° (d i rec t  back- 

s c a t t e r ,  appropr ia te  fo r  source-to-detector separat ion small compared  to  

source- to-sur face  dis tance)  by noting that in  this  c a s e  $1 = ,$2, eo that  

F igu re  6 shows a plot of Eq. (3). This  data was used in ca l -  

culating Com;,ton c r o s  sect ions a s  a function of p r i m a r y  photon energy 

(Eq. (4)) and this  resu l t  is shown in F igu re  7. It is  s e e n  that  the var ia t ion  

14 



i n  do /dw (a t  0 = 180O) wi-h  enerGy is ie la?ively mild in the range  C O A -  

s idered.  On the other  hand the absorpt ion coefficients fo r  l ikely e lements  

in  the  lunar  su r face  va ry  quite rapidly with eiiergy a6 shown i n  F i g u r e  8. 

Th i s  will be the  dominant effect in determining the  energy dependence of y. 

Assuming a lunar  sur face  composition of 4770 oxygen, 28% sil icon, 11% 

magnesium, 9% i ron,  and 5vo aluminum, the ref lect ion coefficient f o r  

6 z 180° was  calculated f r o m  Ed. (8), and the  r e su l t  is shown in F i g u r e  9. - 
E. E r r o r  Analysis fo r  Gamma Backsca t te r  Sys tem and  

Source  Strength Requirements  

A s  shown previously the counting r a t e  will va ry  inverse ly  as  

the  squa re  of the altitude. 

ref lect ion coefficient which in  turn  is composition dependent. 

The  constant of proportionali ty involves the  

Since the  

composition is not known it is not possible  to  accura te ly  m e a s u r e  alt i tude 

on the  basis of counting rate alone. 

in i t ia l  s ta r t ing  alt i tude (h,) is accurately known, as from low alt i tude 

radar* ,  th i s  information may be coupled with backsca t te r  counting rate t o  

de t e rmine  altitude. 

h counting s a t e  provides a measu re  of t he  backsca t te r  coefficient, 

coefficient then may 'be used a t  l e s s e r  a l t i tudes to de r ive  al t i tude f r o m  

counting r a t e  data,  

I t  is, however,  apparent  that  i f  a n  

This  is  possible conceptually eince at the  known alt i tude 

Th i s  
0 

In prac t ice  i t  would not be n e c e s s a r y  to p e r f o r m  the  computation 

of the  ref lect ion coefficient but. al t i tude could be der ived  f r o m  the r a t i o  of 

* Accuracy  is eaid t o  be  f 1 ft. at a n  al t i tude of 50 ft. and  d e t e r i o r a t e s  at 
l e  s 8 e r  alt i tude sr 
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the counting r a t e  a t  any hi.i:ade to the  co11nt;iiig r a t e  a t  h 

below, and the e r ror  analysis  appropr ia te  to such  a system is evolved. 

This  is  shown 
0. 

Let 

S : counting r a t e  a t  alt i tude h 

= counting rate a t  alt i tude h, 

Then 

i i  2 
h = h, ( S o / S )  (9) 

Basical ly ,  t he  e r ror  in the determined value of h will be the r e su l t  of 

the sepa ra t e  e r r o r s  in  ho, S o ,  and S. The counting r a t e s  will  have a 

c e r t a i n  s ta t i s t ica l  uncertainty determined by the number of counts  accu-  

mulated i n  a n  integration t i m e  T 

effect which r e su l t s  from the use of a n  integrating t ime constant. The  

e r r o r  in  h, will be cons idered  to have s ta t i s t ica l  significance so that  it 

adds  s ta t is t ical ly  with the random fluctuations of So and S o  The t ime  l a g  

e r r o r  is not random but systematic  so that i t  will  s imply be added tc the 

to ta l  s ta t i s t ica l  e r r o r "  

the  t ime lag e r r o r  in  h f the total s ta t i s t ica l  error  in  h. 

of the  over -a l l  e r r o r  will  then not exceed the s u m  of the  two types of e r r o r s ,  

except a t  those  t i m e s  when the counting rates exceed some acceptab le  

and will  a l s o  be in  e r r o r  due t o  a t i m e  lag 

- 
The over-all e r r o r  therr should be s ta ted  a s  bejng 

'The magnitude 



number of standard deviations froin tiieir p roper  average  values. 

obviously necessa ry  that the acceptance level  be specified. 

if w e  accept  one s igma l imi t s ,  the der ived value of h will be outside th i s  

l imi t  347'0 of the t ime,  where  as for two s igma l imi t s  the der ived value 

of h will be outside the l imi t  only 5% of the t ime. 

sigma l imit  probably does not represent  a n  adequate confidence leve l  fo r  

t h i s  application, and that  on the other hand 9 5 %  confidence l imi t s  (2 s igma)  

a r e  probably unnecessar i ly  high. It wi l l  be a s sumed  that  1. 5 s igma limits, 

corresponding t o  86.670 confidence a r e  acceptable. 

I t  is 

F o r  example,  

It is suggested that a one 

The over-al l  e r r o r  w i l l  be der ived and f rom this expression,  

and  the known acceptable over-al l  e r r o r ,  values  of t he  integrating t i m e  'I' 

and the required k will  be determined. 

s t rength  and counting r a t e  requirements.  

The l a t t e r  wil l  then lead to source  

The r. m. S. (one sigma) s ta t i s t ica l  error in h m a y  be found in  

the usual  manner  f r o m  

where  

in  the counting ra tes ,  This may be evaluated from. Eq. (9)* The r e s u l t  i s  

Aho is the e r r o r  in  h, ( 2  1 f t )  and the O S ' S  a r e  the derivations 
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Since sS,/S, 1 1/&d‘1’ and oS/S z l / f i T , E q .  (10) may be 

wri t ten 
2 

1 Ah  
2 h2 

(3 h = - 4 [ \” -f) t - k T  (h2 o + h2)] 

The fract ional  s ta t i s t ica l  e r r o r  associated with a one s igma e r r o r  in  h is 

dhS 2 (3h/h, and for 1. 5 s igma confidence l imi t s  611s = 1. 5 Oh/h. Hence, 

The t ime lag e r r o r  w i l l  now be found. It will be a s sumed  that  

the descent  velocity v is  constant. ,The ”memory” contains information 

having varying degrees  of outdatedness. The newest counting r a t e  

information is c o r r e c t ,  the  oldest a t ime T old. 

information is, therefore ,  T/2. 

dis tance vT/2.  

memory  a t  any t ime the alt i tude e r r o r  due to  t ime  lag would then be 

v T / 2  and the f rac t iona l  e r r o r  would be vT/Zh*, 

ca6e l  alt i tude is determined f rom both S ,  and S and s ince  S 

there is no t ime  la, e r r o r  a t  h,. 

The ave rage  age  of the  

Xn a time T / 2  the vehicle t r ave l s  a 

If altitude were  der ived from the number of counts in the  

However, in  the present  

So a t  h ho 

The t ime  lag e r r o r  a t  any h Is therefore  

- ~~- 

* It  may be shown that this is a n  approximation t o  the exact value which 

VT 1 VT 
g+-) + 

- 1. S e r i e s  expansion qives- - vT 1!2 is giver, by ( 1  + -) 
h 2h 

I v T  3 
-(---) - . . Hence, i f  v <<  h, the r e su l t  above is valid. 46 h 
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The total  e r r o r  6 hTOT is given by 

P.s may be seen  f r o m  Eqs. ( 1  1) and (12 )  the total  e r r o r  a t  any alt i tude h i s  

a function of the p r i m a r y  var iables  k and T , Aho/ho i s  fixed a t  1/50,  and 

v may be taken a s  the maximum ver t ica l  velocity (10 f t /  sec).  

m e t e r s  k and 'I' are  to  be chosen such that the total  e r r o r  will l ie within 

the acceptable  e r r o r  co r r ido r  over the alt i tude range of 0 to 50 ft. Th i s  

The para- 

may be done by solving the two simultaneous equations ,of the type of 

Eq. (13)j which resu l t  by letting the total  f rac t iona l  e r r o r  be 0. 05 a t  

h = 20 ft. and a t  h = 50 ft ,  The choice of h = 50 ft. is c l e a r  s ince this  

L 

r ep resen t s  the alt i tude a t  which the g rea t e s t  e r r o r  occurs.  

the acceptable e r r o r  is constant,  viz. f 1 ft., while the actual  measu remen t  

Below 20 ft. 

e r r o r  will diminish. Thus,  if the acceptable  e r r o r  at 20 ft. and 50 f t ,  

is achieved, the total  e r r o r  over the  whole al t i tude region of in t e re s t  will 

be  acceptable,  When this procedure is  followed it is found that T = 048 

7 2 seconds and k - 3.64 x 10 !photons!sec)(ft )o Use of these  ccnditions 

wil l  lead to  the minimum source  s t rength requirements .  Assuming these  

values  of k and T the alt i tude error has been calculated fo r  the c a s e  of a 

ve r t i ca l  velocity of v : 10 ft /aec,  The result i e  shown i n  F igu re  low 

Source s t rength requirements  m a y  be found f r o m  the value of k 

specif ied above. Since k = ( n / b ) ? q A 2 [  1 - c o s  



. 

Assuming Y z 1. 91 x p e r  s teradian (60 kev photons), 8 max I 70°, 

and a de tec tor  whose radius  R is  2. 5 inches,  i t  is found that q = 

8. 73 x lo1' photons/sec.  Since 1 c u r i e  gives  3. 7 x l o l o  dis integrat ions 

pe r  second, t h e  requi red  source  s t rength  (assuming one photoiddisjnte- 

grat ion)  is about 2. 36 curies .  This also a s s u m e s  negligible sou rce  self 

absorpt ion and a detector  efficiency of 100%. 

t o  be  inc reased  somewhat depending upon these  f ac to r s  f o r  a n  ac tua l  

device. 

Source  s t rength would have 

This will  be d iscussed  in Part  H of this  Section of the report .  

Utilizing the value of k found previously i t  is also possible  to  

2 specify coLnting r a t e  requi rements ,  s ince  S = k / h  . 
r a t e  as  a function of alt i tude is shown in F i g u r e  11. 

A plot cf counting 

F. Tolerable  Thickness  of Dust Cloud F o r  Gamma 
Backsca t te r  Sys tem 

F o r  a gamma backscat ter  s y s t e m  to be affected negligibly due 

t o  attenuation in  the  dust  cloud i t  is necessa ry  that the two-way t r a n s -  

m i s s i o n  through the cloud be l e s s  than m i t y  by a n  amount  which is small 

compared  to the s ta t i s t ica l  uncertainty of the counting ra te ,  

r a t e  as  a function of alt i tude is S = k /h2 ,  where  h is the  alt i tude in  feet ,  

and  k was de termiced  to  be 3,64 x lo7 (photons/sec)(ft2).  

s ta t i s t ica l  e r ro r  in counting r a t e  for 1. 5 s igma confidence l i m i t s  is 

bS = 1. 5/dL7F where T is the time constant,  which was  found to  be 

The counting 

The  f rac t iona l  
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.048 seconds. Hence, C \ ;  : 1. 5h/d\/-kT : 1. 13 :c h. The two-way 

t r ansmiss ion  T is given by T = expl  r -(  a+a') $" p ( h ) d h ]  where 

a and a' are  respect ively the mass  absorpt ion coefficients of the dust  

for the p r i m a r y  and secondary gamma ray energ ies ,  and where  p(h) is 

the density of the dust  cloud a t  altitude h. 

number so that  T must be close to  unity. 

must be small. For sma l l  exponents e-x k 1 - X. W e  may, therefore ,  

t ake  T = A -'(ata') Jo p (t)dh. 

is sa t i s f ied  if  1 - T < 

Now 1 - T must be a small 

There fo re ,  (a t a') p(h)dh  
h 

JO 

h 
The  requi rement  of negligible attenuation 

The maximum to le rab le  thickness  (in t e r m s  . 16s. 
of weight p e r  unit area for a given l inear  thickness  h)  may  then be  found 

by solving the equation 

1 - T = 1. 13 x loo4 h 

fo r  the in tegra l  

i. e. that  A - '3.' : (a t a') & p(h)dD 

p (h)  dh, Substitution of the approximation f o r  T, 

l eads  to the  r e su l t  that  
I" 

1. 13 x 10-"h 
(a  t a') 

If a probable dust  cloud model could be postulated it would then be possible  

t o  pe r fo rm the integration, and the minimum acceptable  p r i m a r y  photon 

energy  would be the energy a t  which 1. 13 x 10m4h/  ( a + a') is jus t  equal 

to the integral ,  i. e, the actual total  dust  cloud weight per unit a r e a  for the 

al t i tude of interest .  This  type of descr ipt ion of the  tolerable  dust cloud 

thicicness ( integrated weight per unit area) is necessa ry  s ince p undoubtedly 

would be a function of h. Some immediate  impress ion  of tolerable  dust 

2 1  



cloud density may be obtained if a uniform (with h)  density is assumed.  

Then p d h  = p h ,  and f r o m  Eq. (14)  
h 

Jo 
3 

p = [ 1. 13 x 10'4(ft 1/30.48 ( f t / c m )  /(a -t a') gram/c rn  . 1 
This  resu l t  is shown i n  F igu re  12. T h e  dust composition a s sumed  is the 

same  as that previously assumed for  the lunar  sur face  composition. If 

w e  fu r the r  a s s u m e  that the dust cloud i s  a hemisphere  of 50 f t  r ad ius ,  then 

i t  may be shown that 37 lbs  of dust would give the to le rab le  densi ty  of 

4.7 p grarns/crn3 for  a 60 kev p r i m a r y  gamma ray  system. If the l una r  

su r face  dust  has a density of 3.34 g r a m s / c m 3 ,  then 37 lbs of dust  would 

co r re spond  to volume of 0.565 f t 3  of dust  removed f r o m  the surface.  If 

t he  removed l aye r  was  only 1 / 8  inch thick, the involved sur face  area would 

b e  54. 24 ft', which in  tu rn  could correspond to  a c i r c l e  whose d iameter  is 

8.31 ft. It does not s e e m  unreasonable to  expect that  th i s  much dust  would 

be removed due to exhaust gas  impact ,  but in the absence of specific dust  

cloud data positive s ta tements  about the suitability of a 60 kev ( o r  l e s s e r )  

p r i m a r y  gamma energy can  not be made. About all tha t  can  be concluded 

is that a higher energy should be considered if dus t  cloud data becomes 

avai lable  and the 60 kev system is found inadequate on th i s  account. * 
I t  is emphasized, howevero that due to the l a r g e r  shielding weight r e -  

Cuired for high energy eourcesp  the lower energy eource  is pre fe r r ed ,  
m 

Hence, the high energy sys tem should be considered only a s  the  r e su l t  

of nec e s sity. 
~~~ 

* Xote: I t  has been repor ted  that the l a t e s t  "official" NASA opinion is that  

The rea f t e r ,  a duet cloud 
the suziace is covered with only a v e r y  thin l aye r  of dust  and that this 
will  be c lcdred  away by the f i r s t  rocket  blast. 
wil l  not exisf,  
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G .  The U s e  of Iiigh Z n e r g y  Gamma Radiation 

For the sake  of completeness  some attenuation calculat ions 

w e r e  made f o r  highor photon energies.  

i t  is avai lable  at high specific activity, and is inexpensive. 

of 30 y e a r s  is m o r e  than adequate f o r  this  application. 

s c a t t e r  the  energy of the secondary (Compton) photon is 184 kev. 

absorpt ion coefficient a for the  p r i m a r y  energy  is  about 0.077 c m 2 / g r a m  

while t he  coefficient a' for the secondary gamma is 0. 128 cm2/gram, 

whence a t a' = 0.205 cm2/gram. For the  Am-241 (60 kev) sys t em,  

a t a' = 0.786 cm2/g ram.  Therefore ,  for the Cs-A37 s y s t e m  the 

maximum to le rab le  dust cloud density is 0.786/0.205 = 3.83 times that  

which appl ies  for the Am-241 system, viz. -18 p g r a m / c m 3  as suming  the  

same dus t  cloud conditions previously used f o r  illustration. 

Cesium-137 (662 kev) is ideal  s ince  

I t s  half-life 

For 180° back- 

The  

While a distinct improvement  is effected, it is not ' eo  l a r g e  

that i t  can  c l ea r ly  be said that dust cloud attenuation may be neglected, 

As before,  firm conclusions can  only be made if specif ic  duet cloud 

conditions c a n  be named. 

It is c l e a r  that  going to  s t i l l  higher energy,  e. g. CO-60 

(1. 17 and 1.33 Mev), will  sender  only a mi ld  additional improvement  eince 

the  energy of t h e  backsca t te red  photons are  210 kev and 214 kev - not 

much higner  than the  A84 kev photon energy  for the  Cs-137 backsca t t e r  

6 y stem, 
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The reflection coafficicnt f u r  Cs-13'7 photons i s  similar to 

that  which appl ies  f o r  Am-241 photons so that the sou rce  s t rength re- 

5ui rements  a r e  a l s o  similar. 

H. Source  Selection and Shielding Requi rements  

The des i r ab le  features  of the gamma emi t t e r  for  this  appli-  

cation a r e  that the  energy of the photons be s m a l l  enough so that  the  

n e c e s s a r y  shielding is lightweight, but l a r g e  enough so that  the ref lect ion 

coefficient is favorable  and  dust and g a s  cloud attenuation is negligible. 

If the  dust  cloud problem does  not ex is t  as indicated by MSC, the re- 

qui remente  a r e  satisfied by the isotope Americium-241. Decay is by 

emiss ion  of al?ha par t ic les ,  but gamma r a y s  of s e v e r a l  energ ies  accompany 

t h e  proceee. The intensi t ies  in  t e r m s  of g a m m a  r a y s  p e r  dis integrat ion 

a r e  given below. * 
?hoton Energy (Kev) 

26. 'i 

33 .2  

43. 4 

59" 6 

3? 

103  

L x-raye  ! 1,9 to  22" 1. 

Intensity (70) 

2. 5 

0. 11 

0. 073 

3 5 , 9  

0, (323 

3. Of9 

37-6 

* Xntcnsities of X-Ray and y Rays in  b m - 2 4 1  Alpha Decay, L. B. 
Magnueson, Phys ica l  Review, Vol. 107, No. 1, Ju ly  1, 1957, p. 161. 
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The alpha parLs1cs of c o u r s e  would not be detected s ince they 

would not penetrate  sturdy source and detector  windows. 

significant x and gamma rays  a r e  the 59.6 icev l ine and the L x-rays. The 

l a t t e r ,  however, will be  m o r e  easily absorbed  in sou rce  and de tec tor  win- 

dows, and will i n  addition have a lower reflection coefficient. 

application, therefore ,  we may regard  Am-241 as a pure  59.6 kev gamma 

ray emi t t e r ,  where  35. 9% of the  dis integrat ions give rise t o  photons of 

th i s  energy. 

The  only 

For th i s  

The half-life of th i s  isotope is  458 years.  It is present ly  - 
available in  the  f o r m  of !. m24102 at a specific activity of 2.8 c u r i e s  p e r  

gram. 

powder i e  $1500 pe r  gram. 

The present  limit p e r  l icense is 10 g r a m s ,  and the cos t  of the  oxide 

Am-241 sources  in  cur ie  s t rength  have never  been fabricated,  

so far a e  we can  de termine ,  probably because the re  has  never  been any 

need for them. 

by evaporation f r o m  a hot filament, and mil l icur ie  e t rength 80urcee made 

f r o m  the powder can  be purchased.* k’-pparently technique6 for making 

l a r g e  s o u r c e s  e i ther  a r e  available o r  can  be worked out, W e  checked with 

one company jus t  to  see if they might be willing to undertake fabricat ion of 

a eeve ra l  c u r i e  sou rce  of Am-241, and received an aff i rmat ive reply. 

Very s m a l l  6ources  of the pure  element have been made 

* F o r  example from Weotarn Radiation Labora toryp  LOB -4ngele8, 
Calif o r  nia. 
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The useful outi.at of the sou rce  wi l l  be  l e s s  than 35. 9% of the 

dis integrat ion r a t e  due to source self-absorption, and source  window 

absorption. 

to the ideal ( 1  photon per  disintegration) point sou rce  requi rement  of 

2.36 cur i e s  wi l l  be made. 

data  f o r  the density and absorption coefficient of Americ ium could not be 

found. A plot of m a s s  absorption coefficient VS. 2 (atomic number)  f o r  

the elements  Tungsten (2 = 74), Plat inum (2 : 78), Thallium (2 t 81), 

Lead (Z = 82), and Uranium ( Z  t 92) was  made and extrapolation to  

Amer ic ium ( 2  = 95) gave 11. 4 cm2/g ram,  

is a s sumed  to  be equal  to that of Uranium (18.7 g r a m s / c m 3 )  then the 

l i nea r  absorpt ion coefficient p is 11.4 x 18. 7 = 213 cm' . 
ehaped source  whose thickness i s  s m a l l  compared  to  its d i ame te r  the 

efficiency, a e  compared  to an ideal windowlees point sou rce  which emi te  

one photon pe r  disintegration, is  given by 

An est imate  of activity contained i n  thz sou rce  to  be equivalent 

This  must  be  regarded  only as a n  e s t ima te  s ince  

If the density of the  element  

1 For a d isk  

where  i is the intensity (photons per  dis integrat ion = 3 5 9  f o r  59.6 Acev 

photons f r o m  Am-241), t is the thickness  of the act ive material, and w h e r e  

p 

window mater ia l ,  

s turdy  s ta in less  s t ee l  window (pw : 8.7 cm-') 10 mils thick it is found 

tha t  Eif = A94 o r  19.470. The ac tua l  quantity of radioactivity r equ i r ed  

and tw a r e  the l inear  absorption coefficient and the thickness  of the 

If we as sume  a 2 mil thick deposit of Amer ic ium and a 

would then be 2.36/. 194 = 12.2 curies .  Th i s  in tu rn  would r equ i r e  
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4. 35 g r a m s  of act ive m a L e ~ . L l  aL La 8 cu r i e s  p e r  gram. 

densi ty  of 18.7 g r a m s / c m 3 ,  the volume would be 0. 232 cm3. 

2 thick l aye r  t he  area is 45,7 cm . 
Thus,  the physical  s i ze  of the source  a p p e a r s  reasonable.  

Assuming a 

For a 2 mil 

The source  d i ame te r  then is about 3 in. 

Since the sou rce  will be mounted next to  the detector ,  a shield 

m u s t  be used between the two units to  prevent  direct detector i r radiat ion.  

The t ransmi t ted  gamma rays must  cause  a contribution to the de tec tor  

r e sponse  which is small compared to  one s tandard  deviation of the sma l l e s t  

net signal counting rate. 

wil l  do this ,  

thick is used (with the  source  exposed a t  the  lower side,  but sl ightly 

r e c e s s e d  from the  bottom of the d isk)  adequate  shielding will be  achieved 

a t  t he  s ides  and  top of the  disk. 

one pound. 

It  may be  shown that a 1/4 inch thick lead shield 

Thus,  if a lead disk 3-1/2 inches in  d i ame te r  and 1/4 inch 

The weight of such a shield would be about 

While this  shield is deeigned to prevent  d i r e c t  i r rad ia t ion  of the  

de tec tor ,  it would also provide m o r e  than adequate  ehielding for vehicle  

occupants provided that  the unit actually is mounted in  such a posit ion 

as to be located between the source  and the occupants, 

It i e  worthwhile to es t imate  the shielding requi red  to  pro tec t  

The MSC personnel  not favorably poeitioned with r e spec t  t o  this  shield, 

requi remont  was  s ta ted  as 2 m r / h r  at 10 ft, Actually the vehicle wall  

i-iself would provide some shielding, but t h i s  will be ignored. 

self-absorpt ion will  a l ao  be ignored, It may be shown that  the dose r a t e  
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i n  m r / h r  a t  a dis tance of x cm from a point s o u r c e  of N photons pe r  second 

of energy E kev, with a shield thickness ts between source  and obse rve r  ie  

given by 

where  a is the m a s s  absorption coefficient of air at photon energy E, a 

and ps is the l inear  absorption coefficient of the  shielding ma te r i a l  at 

energy  E. Using Eq. (15) it may be shown that l /  16 inch is adequate. 

t h i s  thickness  ,is used a s  a eource cover  it would add 25% to source  shield 

a l r eady  i l lus t ra ted  s ince it would have the same area and 1/4 the thickness. 

Hence, total  shielding requi rements  would be about 1-1/4 lbs. 

If 

X. Background Considerations 

Any radiation technique of measuremen t  is subject to  some  

d e g r e e  to  the influence of natural  o r  other  backgrounds. 

component8 of the detec tor  reeponee must  e i ther  be rendered  ineignificant 

as compared  to the signal, o r  provision mus t  be made t o  m e a s u r e  theme 

components with adequate precis ion s o  that  background cor rec t ion  is 

meaningful, 

Theee unwanted 

The sources  of background radiation i n  the present  application 

a r e  of t h r e e  types: 

(2)  secondary radiation caused by activation of the lunar  c rue t ,  and (3) 

natural ly  occurr ing  radioactive elements  i n  the  sur face  material. 

(1) p r i m a r y  cosmic  and s o l a r  corpuscular  radiation, 
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VJkile much remains  to  be detefmincd concerning each of t hese  sources ,  

sufficient information ex is t s  to es tabl ish whether o r  not the background 

influence will be a ma jo r  probiem. 

l i m i t  on the  possible  background counting ra te ,  and then compare  th i s  t o  

requi red  signal r a t e s  to  determine i t s  significance. 

We shal l  endeavor t o  eet  a n  upper  

The p r imary  cosmic  radiation r e f e r s  to  energet ic  radiation 

originating a t  regions remote  f rom the  Solar sys tem,  consis t ing f o r  the 

most  p a r t  of s t r ipped nuclei which have been injected into intergalact ic  

space. 

is essent ia l ly  constant i n  time. 

t imes ,  the experiment  of Pioneer  IV perhaps  being bes t  known. 

interplanetary cosmic  r a y  intensity is about 2 / c m 2  sec. 

radiation (excluding the low energy protons of the  normal "solar  wind" 

which would not be detected) is included in  this f igure,  although the con- 

t r ibut ion f r o m  the sun may inc rease  tremendouely during l a r g e  so l a r  f lares.  

Landings at such t imes ,  of course, would not be planned. 

may  be  grose ly  insensit ive to thia energet ic  radiation so that  ac tua l  count 

r a t e s  cannot easi ly  be calculated,  but it i e  c l e a r  that  an upper limit is 

2 2 / c m  sec. 

wil l  not be detected since the i r  energy is l e s s  than 2 kev, and a r e  eas i ly  

shielded wi th  a ve ry  thin window. 

measu red  in  a plane para l le l  t o  the sur face  may be used f o r  count rate 

es t imates ,  

tioned f o r  the  gamma backscat ter  a l t ime te r ,  the c r o s s  eectional a r e a  

This  radiation is essent ia l ly  isotropic  in space  and its magnitude 

The intensity has  been measu red  s e v e r a l  

The  

Solar  corpuscular  

Now the  de tec tor  

T h e r e  w i l l  a l s o  be an  x - r ay  flux f r o m  the s u n  but theee photons 

The c r o s s  eectional a r e a  of the  detector  

Assuming a detector of 5 inch d iameter ,  a a  previouely men- 
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a 

2 would be .-.I27 cm . 
than 254 counts per  second. 

Cias; (1)  radiation then could not contribute m o r e  

C l a s s  (2 )  radiation wi l l  be chiefly gamma r a y s  which w e r e  

caused  by n , y  

of cosmic  par t ic le  bombardment. 

made  by Barton*, and is 0. 6 / cm2  s e c  a t  the lunar  surface.  

t h i s  es t imate ,  s ince  all possible interact ions could not possibly be con- 

s idered ,  a resul tant  count r a t e  of 152 counts pe r  second is found. 

t h i s  response  is probably high since the energy of most  of these  gamma 

r a y s  would be g r e a t e r  than 1 mev, and the  detector  could be  made  quite 

inefficient at these  energ ies  simply by choosing an appropr ia te  thickness. 

reac t ions  i n  the c rus t ,  where  the neutrons are the r e su l t  

An es t imate  of th i s  gamma f lux  has  been 

If we double 

Again 

Finally,  the natural  background f r o m  radioactivity in  the c r u s t  
m 

mus t  be considered. 

l e s s  than the E a r t h ’ s  natural  background, so that  the l a t t e r  may be used  

as a n  upper limit. 

l a rge ly  f r o m  uranium (U-235 and U-238), thorium, i n  equi l ibr ium with 

t h e i r  daughter products,  and potassium-40. Experience with unshielded 

scinti l lat ion packages approximating the de tec tor  a s sumed  h e r e  leads  to 

an es t ima te  Qn the E a r t h 6 s  surface,  and hence a lso on the moong of not 

g r e a t e r  than 120 counts per  second (for integrated response  above 40 kev). 

A l l  es t imates  of th i s  contributor a r e  equal t o  o r  

I t  would be expected that the activity would c o m e  

* “An Es t ima te  of the Nuclear Radiation at the  Lunar  Scr face ,  ‘ *  
John A. Bar ton ,  P resen ted  at the 6th National Annual Meeting of the  
Amer ican  Astronaut ical  Society, January  1960. 
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The total  c o m t i  i o  5 2 6  counts per  second. With a n  integrating 

t i m e  of . 048 seconds,  ap2ropriate  for the backsca t te r  gauge, th i s  comes  

t o  25. 2 counts. The minimum count r a t e  requi rement  f o r  this  sys t em 

(a t  an  altitude of 50 ft. ) is yv 1. 5 x 10 4 per  second, which would give a 

count accumulation of 720. 

G O  f 26. 8 counts. Hence, at wors t ,  the background effect is com- 

parable  to  one s tandard deviation of the leas t  signal t o  be expected. A t  

One s tandard deviation of th i s  number is 

wors t ,  therefore ,  some  s imple  means of background reduction may be 

required. At best ,  none will be needed. While it a p p e a r s  that  a m o r e  

detai led look is necessa ry  to establish whether or not the background 

influence can  be completely ignored, it is c l e a r  that  this  "noise" definitely 

will  not render  the sys t em unfeasible. 

J. Detector Selection 

The selection to  be made h e r e  is not intended to be final,  fo r  

I t  is  only in- a more detailed engineering study could lead to revisions. 

tended t o  show that i t  is possible to  make a selection which appea r s  

feasible.  A natural  choice for  t h e  gamma r a y  energy of i n t e re s t  h e r e  is 

the scinti l lat ion detector  s ince high efficiencies are  readi ly  obtained. * 
A thin sodium iodide or ces ium iodide c rys t a l ,  coupled with a low noise 

ruggedized mult ipl ier  phototube could consti tute a workable arrangement .  

The  c r y s t a l  could be thin t o  produce a d rop  in its efficiency a t  higher 

* G a s  fi l led de tec tors  could be used if fi l led t o  v e r y  high p r e s s u r e ,  
although euch de tec tors  would have to be special ly  developed. 



e n c r d i e s ,  which would aid in background reduction. An aluminum window 

of appropr ia te  thickness  would produce a low energy cut  off, say a t  5 kev, 

which would make the device irlsensitive to low energy solar x-rays.  

The photon efficiency distribution for a n  example window-crystal  com- 

bination is  shown in F igu re  13. 

I t  would not be n e c e s s a r y  that  the c r y s t a l  (5  in. d i ame te r  has  

previously been a s sumed)  be a single piece,  but the  a r e a  could be achieved 

with a mosaic  of smaller pieces  with only a modera t e  reduction in  light 

output. 

T h e  phototube should not be  a problem with r e spec t  to en- 

vironmental  specifications. 

h a s  the fohowing specs:  

The Model 543A ASCOP tube, for example,  

Shock: 50 g, 11 mil l iseconds duration 

Vibration: 20 g ,  up to 3000 cps. 

Max. Temperature:  75OC 

If Ea1 or  C s l  c rys t a l s  a r e  dsed,  pulse counting techniques 

probably a re  not feasible  s ince maximum requi red  counting r a t e s  a r e  in  

6 excess  of 10 

a r e  0.25 microsecond and 1- 1 microseconds,  

var ia t ion in the counting r a t e  about i t s  ave rage  value, ' * p i l e  ap'* would occuro 

T w o  a l te rna t ives  -may be suzgested, 

nanoseconds) couid be employed so that pulse counting 1s possible ,  o r  

r e sponse  cGUid be obtained by measur ing  phototube anode cu r ren t ,  I t  is 

Der second and t h e  respect ive flash t i m e s  of these  phosphors 

BecaEsr  of the random 

P plast ic  scint i l la tor  ( f lash t ime ,  5 
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‘1 eas i ly  calculatcd,  for exai;,plc, tnat 1J counts per  second of 60  kev photons 

f o r  a N a I  c r y s t a l  and the tube above would give a photocathode c u r r e n t  of 

about 2 x amperes .  With a multiplier gain of 10 (which would 6 

r e q u i r e  a high voltage of about 2100 vol ts)  the anode c u r r e n t  would be 

2 x 

would give .02  volts. 

amps. This  cu r ren t  flowing in a 100,000 ohm anode r e s i s t o r  

7 P t t he  highest requi red  counting r a t e s  (-10 / sec ) ,  

the  signal would be 20  volts. The tube has  its own d a r k  c u r r e n t  which m u s t  

be  considered. The photocathode da rk  c u r r e n t  is quoted a6 being 5 x 

a m p e r e s ,  only 2. 5% of the minimum signal. 

subt rac ted  out. 

s tabi l i t ies  of l e s s  than 570 variation over  48 hours with a 

This  could, of cour se ,  be 

Gain stabil i ty of this  tube is sa id  to be excellent. Typical  

a m p  anode 

c u r r e n t  have been observed,  according to the manufacturer .  Long t e r m  

stabi l i ty  is not requi red  s ince the whole measur ing  t ime  is a few seconds 

to  a few minutes. The r a t io  technique of alt i tude der ivat ion would 

automatical ly  take care of gain variation on a long t e r m  basis.  

The de tec tor  unit, including a lightweight housing, probably 

would weigh about 4 lbs ,  so that  the 6ource and de tec tor  together  could 

weigh about 5- 1 / 4  Ibs. The weight of the assoc ia ted  e lec t ronics  probably 

c a n  b e  made commensura t e  with the weight of the measu remen t  head. 
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III. Direct  System 

A. Genera l  Considcration 

'The t i t le  above r e fe r s  to sys tems where  d i r ec t  radiation f r o m  a 

source ,  r a the r  than secondary radiation f r o m  the lunar  sur face ,  i s  used 

as  the means  for  alt i tude sensing. A system. was suggested by MSC and 

doscr ibed i n  detail  as  r ega rds  operational concepts. 

to  briefly r e s t a t e  these concepts. 

a t  an  alt i tude of about 100 ft. and allowed to f r e e  fall to the surface.  The 

sources  would emit photons of differing energy making i t  passible to  d is -  

tinguish them on a pulse height basis with the usual  gamma spec t romet ry  

techniques. 

Counting r a t e  information f r o m  t h e  cen t r a l  detector  of each a r r a y  wouid be 

used to de te rmine  source-detector  a r r a y  slant distance. Seve ra l  highly 

coll imated de tec tors  surrounding each cen t r a l  detector  would be used as 

"directional locator"  s e n s o r s ,  and a n  assoc ia ted  s e r v o  sys t em using 

s ignals  f r o m  these  s e n s o r s  would keep the a r r a y  properly a i m e d  

with s lant  dis tance and angle f rom the ver t ical ,  maintained by a gyro-  

stabil izing unit, i t  would be Dosfible to  calculate alt i tude fo r  a single 

source-de tec tor  a r r a y  con?bination, 

provide seve ra l  alt i tude indications which could be  averaged. 

c a n  be thought of as  the radiation analog of an automatic apt ical  t racking 

system. The success  of the latter does not, however,  es tabl ish the 

feasibi l i ty  of i t s  radiation counterpar t  because of very  important  funda- 

menta l  differences.  

I t  will be appropr ia te  

Seve ra l  gamma sources  would be ejected 

A detector  a r r a y  would be associated with each source.  

Thus,  

The use af s e v e r a l  s o u r c e s  would 

The s y s t e m  

P r i m a r i l y  the accuracy  of a radiation s y s t e m  is 
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Governed by cons idera t ion ,o i  photon counting r a t e  s ta t i s t ics ,  whereas  i n  

near ly  all optical s y s t e m s  light levels a r e  sufficiently la rge  that the  

number of photons in  any prac;ical response  t ime  is a huge number. 

s ta t i s t ica l  e r r o r s  a r e  negligible compared  to  all others.  

Hence, 

It is tempting to 

suppose that the s ta t i s t ica l  e r r o r  in  alt i tude determinat ion fo r  t h e  radiation 

s y s t e m  above is assoc ia ted  only with the  randor .  fluctuations in  counting 
.L 

rate of the cen t r a l  de tec tor  (which measures s lan t  distance). A more 

c r i t i ca l  si tuation, however, exis ts  with r e g a r d  to the  angular loca tor  system. 

When the positioning is c o r r e c t  the pe r iphe ra l  de tec tors  r ece ive  no s ignal  

a t  all, and co r rec t ive  action is to occur  when this starts to  depa r t  from 

z e r o  by a sma l l  amount,  i. e. when the sou rce  ju s t  s t a r t s  t o  become 

vis ible  a t  the edge of the de tec torss  field of vision. Now th is  posit ion is 

exceedingiy unfavorable since the geometr ic  efficiency dis t r ibut ion ( a r  a 

function of position) is ze ro  at the edge of the de tec tor  field of vision and 

then does  not abrupt ly  inc rease  to  maximum value but r a the r  steadily 

i n c r e a s e s  in that direction, The significance of this  fact  is that  i n  o r d e r  

t o  g e t  good angular  information a very l a r g e  sou rce  s t rength i s  required.  

A t  f i r s t  glance,  it would appear  that  the d i r e c t  s y s t e m  necessa r i ly  r e q u i r e s  

far less sou rce  s t rength than the backsca t te r  sys t em,  but th i s  ie not the 

case since to  assume this is t o  ignore the s ta t i s t ics  of the  a n g d a r  

location probl  e mG 

Actual sou rce  s t rength requi rements  will  be worked out i n  some 

detai l  below so that a comparison can  be made with the backsca t te r  system. 

Befo re  proceeding to  do this,  however,  some  fu r the r  a s p e c t s  of the 
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tha t  the physical s i ze ,  weight, and conlplcxity of the  d i r ec t  sys t em exceed 

those of the  gamma backscat ter  device, Advantages for the d i r ec t  system, 

i f  any, mus t ,  therefore ,  de r ive  froin the fact that i t  would ei ther  be more 

re l iab le  or  would requi re  significantly less source  strength. As pre -  

viously indicated, thc 2otential problem of composition dependence for the  

backsca t te r  gauge c a n  probably be avoided quite successful ly  by use  of a 

r a t io  technique where  in  counting r a t e  information at a known alt i tude 

(from low alt i tude r ada r  a t  50 ft.) es tab l i shes  the p rope r  s ca l e  factor.  

If t h i s  technique is indeed adequate, both d i r ec t  and  ind i rec t  s y s t e m s  

have equal validity with r e g a r d  to  principle. Concerning functional 

re l iabi l i ty  it is c l e a r  that  the much s imple r  backsca t te r  s y s t e m  would 

have a dis t inct  advantage. This  leaves  the s o u r c e  s t rength  compar ison  

as the  remaining factor.  It is emphasized, however,  that  the sou rce  

s t rength  requi rements  for  the backscat ter  s y s t e m  are  not objectionable 

in  t e r m s  of e i ther  weight or volume. Consequently, t h s  aspec t  of the 

compar ison  i s  significant only if the  d i r e c t  s y s t e m  actual ly  r equ i r e s  m o r e  

s o u r c e  s t rength,  and in  this  ca se  all factors would weigh in favor of the 

backsca t te r  approach, 
- 

33, Sys tem Simplificatioc azd  Geometry  

S e f o r e  per forming  e r r o r  ana lys i s  it is weil to  simplify the 

s y s t e m  conceptually a s  far as possible, 

m o r e  s t ra ightward,  but a l s o  would reduce  the number of working p a r t s  - 
which of c o u r s e  is desirable .  

Th i s  rict only makes  the analysis 
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e 
At the outset  lct it o e  recognized that  the angular location 

system i s  unnecessary f r o m  the viewpoint of minimum information 

requirements .  Thus, consider  t h ree  nondircctional de tec tors  located in 

a plane para l le l  to  the landing surface at a d is tance  h, a e  shown in  

F i g u r e  14. F o r  convenience let the or igin of the  r e fe rence  frame be t aken  

on the sur face  at a point directly below the cen te r  of t h e  vehicle on which 

the detectore  a r e  mounted. 

the  X-Y plane. 

while the location of the th ree  de tec tors  may be given as (XI ,  )f1# h), 

Let the landing surface be coincident with 

The source  m a y  be located at the gene ra l  position ( x B y ,  0 )  

h). Each of the th ree  de tec tore  i e  a different 
y3 (xz# yz# h), and ( x 3 B  

(usually) dis tance f r o m  the source. 

and L3. 

Let  the dis tances  be labeled L1, Lz, 

The t h r e e  detector  counting rates may be wr i t ten  

where  the k'e  a r e  given by 

c i  being the dete ctor efficiency, -4; the detec tor  area, and q the eource - 
s t r eng th  ir: t e r m s  of e m n a t i o r s  pe r  IJnit time. Since 
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the  th ree  response  equations consti tute a complete  se t  with only th ree  

unknowns (x, y,  and h). 

conceptually a basic  triangulation s y s t e m  exis t s  and the angular  loca tor  

s y s t e m  is evidently unnecessary.  It i s  necessary ,  of cour se ,  that  the 

d is tance  between de tec tors  is a reasonable  f ract ion of h so that adequate 

sensi t ivi ty  to source  position can be achieved. 

would have to  be solved continuously by a computer. 

note that  t h ree  detectors  a r e  required t o  be  ab le  to de te rmine  the location 

of a single  eource. In  the original s y s t e m  (employing the angular  loca tor )  

a s ingle  a r r a y  was requi red  for th i s  purpose. 

r e q u i r e  a cen t r a l  detector  and at least t h r e e  auxiliary de tec to r s  to keep  

the  angle  proper ly  adjusted and measured.  

de te rmina t ion  f o r  the or iginal  sys tem would therefore  be influenced by 

the  statistical fluctuations of a t  l ea s t  four count r a t e s ,  a s  opposed t o  t h r e e  

f o r  the simplified system. 

coll imatior.  employed in the original angular locator sys tem,  these  

de t ec to r s  a r e  very  inefficiently used, I t  is, therefore ,  reasonable  to 

expect  that  the simplified sys tem would, i n  addition to the advantages 

a l r e a d y  named, r equ i r e  l e s s  source  s t r e n g t h  

They .may be solved - in par t icu lar  for h, Thus,  

In prac t ice ,  the equat ions 

I t  is of i n t e re s t  to 

This  a r r a y ,  however,  would 

T h e  s ta t i s t ics  of alt i tude - 

Moreover ,  because  of the high degree  of 
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Evaluation leads to 

. . I -  

, : 
a h  t 

where  the symbols in the squa re  bracke ts  a r e  defined by 

~ 

' ' k1(A2+ E') k2(AB t E F )  k3(AC +EG)i 
1-2  \Ti t t I +A(D-x 

f . ? -  

N2 

f -  

? ( 3 ;  - - 2  TI k 1 (AC+ E G )  K ~ ( B C + F G )  k 3 ( C 2 + G j ,  
, t C(D-x ) + G ( H - y l )  , A 

C ? '  \ 1 t + 
_I  

( L  N 1  N t  N 3  

In  o r d e r  to make quantitative predictions source  and detector  

locations will be assumed, -4t 2 giver- altitude, and fo r  a giver, detector  

a r r angemen t ,  tile zount ing  r a t e s  and accuracy  wi l l  dimiriish a s  the source 

is moved fa r ther  and f a r the r  f rom the origin. -4 socrce- to-or igin d is tance  

of 25 ft .  w a s  suggested by MSC. -4 distance of 2 1  ft is somewhat more 
0 
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favorable  and wi l l  be assumed here.  

wiX also vary  somewhat with the angular location (in the X-Y plane) of 

the source. 

The  de tec tors  w d l  be placed on a c i r c l e  of 14 f t  d i ame te r ,  with equal 

angular  separation. 

Then le t  a = rad ius  of the detector c i rc le .  

t ho  eource  and detector  are  then given by: 

With this dis tance f u e d ,  accu racy  

I t  will be assumed that the source  is positioned on the X axis. 

Detector # 1  will  be located d i rec t ly  above the X axis. 

The position co-ordinates of 

Detector # 1  

Detector #2 

Detector # 3  

S w r c e  

= a = 7 f t .  
x1 

Y1. 0 

Z 1 =  h 

x2 a -a12 : - 3 . 5  ft. 

:: +('63/2)a a + 6 . 0 6  ft. 
y2 

Z2= h 

x3 xz -a12 = -3.5ft. 

Y3 'Y2 - - -(<3/2)a : -6. 06 ft. 

It m a y  then be verif ied that 

A = -31J3a2 
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In order to get several altitude measurements  which could be 

averaged, the same approach must be pursued in both c a s e s ,  i. e. several  

sources  would be used, each with a different photon energy. 

C. Error Analysis and Source Strength Requirements 

The number of counts accumulated by any of the detectors in 
2 time T is N = ST = k T / L  . It follows that 

2 2 - -  k l  - (x - xl) + (y - yl)'+ h 
% 

The solution to these simultaneoue equations i e  
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r 

The statistical uncertainty (one sigma) in  the derived value of h i s  a 

function of the separate statistical uncertainties in  NZ., and N,. 

This function mav be evaluated from the relation that 

o h  = 



A = -1/3a 

B = +1/6a 

C = + 1 / 6 a  

D = O  

and that 

AB +EF = -5 /9a i  BC t FG = - ~ / 9 a '  

AC t EC = t 1/9a 2 C 2 t  G2 - t 1 / 9 a 2  

Further assuming that all detector a r e a s  and efficienciee a r e  

equal so that kl k2 = k3 k,  it  i s  found that 

\ 

[ 2 ]  = +;(y[;- - 2 
t - I t - '  3 

2 j  N3- N2 

From the relations that 

the square bracKet quantities are evaluated to give 
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r -. 

Remembering that 1.5 (7 r a t h e r  than lo confidence l imi t s  a r e  des i red ,  

substitution into Eq. (16) yields 
.- 

where A r' h/a.  

e r r o r  for  any se t  of conditione imposed. It should be r emembered  that 

x 0 3a has  a l ready  been !'built into'' the r e su l t  above so that one can not 

AOW vary  'la1' while leaving x fixed. 

to give a des i r ed  accuracy  and determine count r a t e  and e r r o r  a8  a function 

of altitude. 

This expression may be used to evaluate the s ta t is t ical  

One may de termine  eource s t rength 

Before proceeding the t ime constant wi l l  be optimized. The 

counting r a t e  data wi l l  always be behind by a t ime T/2 so that the assoc ia ted  

t ime  lag e r r o r  is vT/2, 

speed v i s  constant, 

lag,  does not exceed ar, acceptable value, say A h  

coefficient af I K  T )- 1'2 ir, the right hand member  of Eq, ( 1 7 )  by p the 

combined e r ro r  is  

This  wil l  be constant independent of alt i tude i f  the 

O n e  des i res  that  the total e r r o r ,  s ta t is t ical  plus t ime 

Denoting the complete 

I) A h  v T  + - -  
2 

P 

(kT 1 1'2 
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. '  

Solving for k gives 

T ( 2 a h  - v T ) '  

Since source  s t rength is direct ly  proportional t o  k, we d e s i r e  k to  be 

minimized. Solution of the equation 

g ives  the optimum T viz. 

- 2 A h  - 
3 v  Topt - 

Note that this optimum is independent of altitude. 

broad as  shown in F igu re  15. 

l a r g e s t  ve r t i ca l  velocity which may occur ,  i. e. 10 f t / sec .  

low alt i tude end) t h e  total  tolerable e r r o r  ( Ah) i e  one foot, 

8 e L  

constant with alt i tude if v is constant, 

for s ta t i s t ics  is therefore  1!3 f t ,  

The optimum is quite 

The value of T should be selected for  the 

Since (a t  the 

'I' opt = 1/15 

The assoc ia ted  t ime lag e r r o r D  v T / 2 ,  is 1/3 ft. This  e r r o r  will be 

The par t  of the total  e r r o r  avai lable  

In the  alt i tude range of i n t e re s t  the l a r g e s t  s ta t i s t ica l  e r r o r  is 

a t  h = 0 so that k must  be selected at h 0 to  make 1. 5oh 2 + 2 / 3  ft. Et is 

evident f r o m  Eq, ( 17) that 1. Soh approaches infinity as 1= approaches zero. 

This  i o  because of the fac t  that  the detector  counting rates approach 
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7 2 -  constant values  (S 1 = K/4aL, and S 2  = S 3  = K /  13a ) in such a w a y  that  the 

s lopes  of the S's  (dS/dh) approach z e r o  a t  h = 0. Altitude sensi t ivi ty  is, 

therefore ,  poor at low altitude. To improve the si tuation, the de tec tor  

plane should be  as  far above the vehicle a s  possible. 

the vehicle is touching the surface the detector  plane is a distance ho above 

In this  way, when 
a 

t h e  sur face ,  and dS/dh C: 0. The indicated alt i tude h '  is then always given 

by h i  

of the  vehicle. 

h t ho, where  h is the t rue  alt i tude measu red  from the bottom 

The operat ion h = h i  - ho must  be per formed as the  last 

s t e p  in  the automatic computation process .  Since ho is a known constant 

the  error  in h is equal t o  the  e r r o r  in hi .  

qu i r ed  values  of k a t  z e r o  altitude a s  a function of ho such that 1. 50 h = 

One may  de te rmine  the r e -  

2/ 3 ft. This  is done by sett ing the right hand m e m b e r  of Eq. (17) equal 

to 2 / 3  and solving f o r  k, where  the substi tutions a r e  made  that h : ho, 

A 8 h,/a, a 7 f t . ,  a n d  T - 1/15 sec. The a s soc ia t ed  source  s t rength  

r equ i r emen t s  in  terms of photons p e r  second may then b e  found from the  

r d a t i o n  that q This r e su l t  m a y  be t rans la ted  into c u r i e s  

by dividing by 3.7 x lo io ,  assuming the "ideal" case of one photon pe r  

4nK/ EiAi. 

dis integrat ion and no source  self-absorption. 

E 1 = € 2  = E ?  : 1, and J,, z A 2  : A3 .A82 ft? This  area w a s  

This  has  been done assu,ming 

- 
se lec ted  such that the total  a r e a  of the  t h r e e  de t ec to r s  is  jus t  equal t o  the 

area of the single detector  assumed in i l lustrat ing the backsca t te r  system. 

The  result ing source  s t rength requi rements  a t  z e r c  al t i tude are  shown 

as  a function of ho in  F i g u r e  16, Assuming that  the maximum feasible  
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value of ho i s  16 f t .* ,  i t  is  seen that the required source  s t rength is 

3.36 curies .  This  i s  to be compared to the (a l so  "idealized") value of 

2. 36 cu r i e s  for  an ideal point source and no self-absorption calculated for  

the backsca t te r  system. 

vir tual ly  identical. Little, if any,  6ource s t rength advantage is assoc ia ted  

with the d i r ec t  system. 

Source strength requirements  a r e ,  therefore ,  

Assuming this value of source  s t rength,  counting r a t e s  as a 

function of alt i tude (measured  from the  bottom of the vehicle) were  ca l -  

culated and theee r e su l t s  a r e  shown i n  F igu re  17. 

calculated f r o m  Eq. (17) i s  plotted i n  F igu re  18. 

The assoc ia ted  e r r o r  

IV. Comparison of Direct and Indirect Gamma Systems 

It has  been shown that source s t rength requi rements  for  both d i r ec t  

and indirect  sys tems a r e  s imi la r  when a comparison i s  made on the  bas i s  

of equal detector  a reas .  This resul t  appl ies  to the simplified d i r ec t  sys t em 

which opera tes  on the bas i s  of simultaneous and continuous solution of 

t h r e e  response  equations to  determine altitude. A l a r g e r  source  strengt!. 

would be required f o r  a d i r ec t  system in which an  angular  locator  system- 

i s  employed, The la t ter  system would a l so  requi re  m o r e  bulk due to  the 

f a c t  that a l a r g e r  number of detectors  arid co l l imators  a r e  necessary .  and 

that  provision must be made for a se rvo  coc t ro l  sys t em to  maifitair, p roper  

angular  positioning, I t  is c lea r  that the simplified d i r ec t  sys t em is a 

bet te r  choice. It  i s  a l so  clear that the indirect  sys tem requ i r e s  l e s s  bulk 

* As advised by G. Brandon of IMSC. 
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than the simplified d i r ec t  system. This  i 5  because of the fact  that  only one 

de tec tor  is required,  r a the r  than th ree ,  and s ince  the assoc ia ted  computer  

would be a g r e a t  dea l  l e s s  complex. 

I t  should be pointed out that t h e r e  a re  additional disadvantages t o  

the  d i r ec t  system. 

component of velocity has been ignored in  the calculations. 

mean  that the vehicle may be moving la te ra l ly  with respec t  t o  the s o u r c e  

aftor the source  has  landed. 

separa t ion  and in  turn  would de te r iora te  accuracy ,  or would r equ i r e  s t i l l  

m o r e  sou rce  strength. A s imi la r  si tuation does not exis t  fo r  the  ind i rec t  

approach. Also,  the d i r ec t  sys tem would r equ i r e  a source  eject ion 

mechanism,  whereas  the indirect  s y s t e m  does  not. In  addition, the  

s o u r c e  for the  ind i rec t  s y s t e m  may be "turned off" af te r  landing s imply  by 

rotating a lightweight shield into place. F o r  the d i r e c t  s y s t e m  vehicle 

occupants would b e  exposed to  source  radiation until the  sou rces  w e r e  

covered ,  a n  operat ion which would have to be done manually, and  in  any  

c a s e  would have the  t a s k  of gathering the sourcee and returning them t'o the  

vehicle. 

F i r s t ,  the  fact that  the vehicle may have a horizontal  

This  would 

This would i n c r e a s e  the source-de tec tor  

F u r t h e r ,  i t  .may well b e  necessLry ,  in the  c a s e  of the d i r e c t  s y s t e m ,  

t o  utilize s e v e r a l  redundant detectors  t o  avoid the possibil i ty of the  vehic le  

obscuring some of them, This wsuld ectad the \;se af additacnal au tomat ion  

t o  se lec t  the appropr ia te  detectcrs,  

the indirect  approach. 

The same situation does not ex is t  for 
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The indirect  systcin w l l l  d . s ~  have adirantages with r ega rd  to pitch 

and spin. The variat ion of altitude e r r o r  with pitch should be l e s s  for  the 

s c a t t e r  approach so that the instrument ver t ica l  does  not r equ i r e  as  r igid 

a control  a s  would be the c a s e  f o r  the d i r ec t  system. 

nominally ze ro ,  even a sma l l  amount of spin would r equ i r e  a reduced t ime  

constant and hence g rea t e r  source s t rength for  the d i r e c t  system. 

obviously does not affect source  etrength requi rements  for  the  indirect  

system. 

While spin is 

Spin 

It, therefore ,  appea r s  that the advantages assoc ia ted  with the ind i rec t  

(backsca t te r )  gamma sys t em recommend it ,  above all o thers ,  a s  being the 

mos t  promising system. 

s ta r t ing  alt i tude,  as f r o m  low altitude r a d a r  at 50 ft., will be necessa ry  to  

avoid the su r face  composition problem; but s i n c e  such a device will be 

aboard  anyway, and s ince i t s  accuracy i s  acceptable  (in t e rm8  of induced 

e r r o r  a t  lower alt i tudes) this should not be objectionable. 

It i s  t rue  that auxi l iary information at some  

I t  is recognized that i n  overall  sys t ems  design it is bet ter  not t o  have 

the  c o r r e c t  operation of one sys tem depend on that of another. 

even if the  appropr ia te  s tar t ing altitude is not avai lable  due t o  fa i lure  of 

the racrar a l t ime te r ,  the gamma backscat ter  a l t ime te r  will provide usable  

a l t i tude data although the e r r o r  may be l a rge r ,  

of lunar  sur face  composition a r e  not  yet  known but wi l l  probably be 

available before the  manned landing, Our guesses  as to  composition 

var iabi l i ty  indicate that if the radar  a l t ime te r  data is unavailable t h e  

However, 

The expected var ia t ions 
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backsca t te r  a l t imeter  e r r o r  will be l e s s  than 25%. 

V. Conclusions 

I t  has been found that the mos t  suitable radiation system. fo r  low 

alt i tude measurement  above the lunar  sur face  i s  a gamma backscat ter  

gauge. 

and i e  easily shielded, provided that the gamma energy is not too high. 

Americium-241, 59.6 kcv gamma emi t te r ,  appea r s  to  be a n  excellent 

choice of source.  

employing a ruggedized low noise multiplier photo tube. 

high counting r a t e s  i t  is probably m o r e  prac t ica l  t o  m e a s u r e  the anode 

c u r r e n t  than to use pulse counting techniques. 

detector  package could weigh about five pounds. 

r equ i r e  about five watts of power. 

The  required source  strength (-12 c u r i e s )  i s  pract ical ly  achievable,  

The  detector  might possibly be a ecintillation device 

Because  of the 

The combined source  and 

The  de tec tor  unit might 

I t  is es t imated that altitude e r r o r  due to lunar  sur face  composition 

var ia t ion might be of the o r d e r  of f 25%. 

shows that  the compoeition and geometry dependent t e r m s  are separable  

8 0  that  i f  al t i tude is der ived f rom the r a t i c  of r e spon je  a t  any alt i tude to 

the response  a t  a known star t ing alt i tude,  composition effects will cancel  

out, 

a l t i tude r ada r  (which has  an accaracy  of 2 1 f t )  the g a m a  backecat ter  

gauge will then meet  the accuraev specifications supplied by MSC. 

However, single sca t t e r  theory 

If a Known star t ing alt i tude is provided a t  50 f t  by conventional l o w  

The effects of multiple eca t te r  will have to be examined closely from 



the experimental  point of view to s e e  whether the cancellation is still 

adequate. 

commended. 

Since the outlook is  promising, a follow-up p r o g r a m  is r e -  

VI. Recommendations 

Since the study indicat ed that the gamma backscat ter  sys t em offers  

many advantages a s  compared to other  possible approaches,  it is r ecom-  

mended that this  sys tem be examined in  g r e a t e r  detail ,  both theoret ical ly  

and experimentally. 

those f ac to r s  necessary  to a r r i v e  at optimum dceign fea tures ,  and to 

provide a thorough evaluation of the method. 

only provide this necessary  information, but also a n  experimental  model 

incorporating the bas ic  design fea tures  indicated by the study. 

This  effort should be d i rec ted  towards determining 

The program should not 

SpecificaUy areas of study should include: 

(1) Variation of reflection coefficient with composition, and 

with manner  of sampling the scat tered s p e c t r u m  Selection of pa r t  of the  

sca t t e red  spec t rum via pulse height analysie ,  and f i l t e r s  at  the detec tor  

would be  considered. 

(2) Data generated in ( 1 )  can  be evaluated to determine  the  

deg ree  t o  which the multiple sca t te r  component can  be included Ira the 

measuremen t ,  and the optimum means of achieving composition inde- 

pendence can  be selected, 
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(3)  Candidate detectors  should rece ive  fu r the r  study to de t e rmine  

In particular,  the pract ical i ty  of a high p r e s s u r e  ionization optimum choice. 

chamber  should be examined, and the question of anode c u r r e n t  measu remen t  

vs. counting techniques should be resolved f o r  the scinti l lat ion detector.  

In addition solid s t a t e  de tec tors  operated in  the doc .  mode (as ionization 

c u r r e n t  devices)  should be considered. 

(4) F u r t h e r  information should be extracted f r o m  possible  

sou rce  suppl ie rs  on the bes t  means of fabricating the Am-241 source. 

Bas ic  data  on source  self-absorption would be desired.  

(5) An effort  should be made t o  specify the most  appropr ia te  

approach t o  the problem of electronic der ivat ion of alt i tude f r o m  response  

data. This will depend upon the detector  selected. 

(6) The effect on accuracy  caused  by var ia t ion of de tec tor  

operat ing conditions should be studied with the  purposes  of being able  t o  

es tabl ish specifications such a s  requi red  high voltage stabil i ty,  ampl i f i e r  

gain stabil i ty,  etc, 

(7) An experimental  model using the selected de tec tor ,  but 

employing labora tory  electronics (except as otherwise convenient) should 

be constructed and tes ted,  The source  etrength may be scaled down :G a 

convenient level, 

It is anticipated that  a considerable amount of experimental  work 

m y  be requi red  in  a low p res su re  (vacuum) chamber ,  due to  the fac t  that  
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experiments in the normal atmosphere will give unwanted effects  from air 

scatter and attenuation. 

wall scattering i s  a problem. 

keep the extrapolation to real geomctry (infinite plane surface and 

hoiindlesa vacuum) as  accurate as  possible. 

In the case  of vacuum chamber experiments,  

ExpEriments will  be planned such a s  to 
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L P J E N j 3 1 X  

NEUTRON SYSTEM 

One indirect  method of altitude measu remen t  not mentioned in  the  

t a t ,  would be that of direct ing a neutron beam down to  the su r face  and 

detecting the re turn  radiation. The r e tu rn  radiat ion may cons is t  of 

sca t t e red  neutrons,  or induced emiss ion  of protons,  alpha and beta 

pa r t i c l e s ,  and gamma rays.  Detection of the sca t t e red  neutrons is not 

favorable  because of very  low detector  efficiencies f o r  neutrons,  while the 

low range of the charged  par t ic les  i n  the lunar  su r face  material would give 

rise to  a poor re turn  yield. The bes t  approach is t o  m e a s u r e  the  g a m m a  

production s ince the production c r o s s  sect ions a re  favorable ,  t he  g a m m a s  

are  relat ively penetrating in the s u r f a c e  ma te r i a l s ,  and  s ince v e r y  good 

g a m m a  countin, efficiencies a r e  possible. A small amount  of gamma r a y s  

a re  produced by d i r e c t  n , y  react ions with t a rge t  nuclei, but these  c r o s s  

sect ions a re  quite low for the  elements  of in t e re s t  h e r e  (d. 5 mill ibarn).  

Near ly  all of the  g a m m a  r a y s  would be the resu l t  of inelast ic  s ca t t e r ing  

events  in which the product nucleus is left in a n  exci ted s ta te ,  f r o m  which 

i t  decays  by emiss ion  of one or =.ore gamma rays ,  

Since the most  abundant e lement  in  the lunar  su r face  is undoubtedly 

oxygen, the p r i m a r y  neutron beam should be energe t ic  enough c a u s e  

production of gam.ma rays f r o m  this  element, 

been observed a re  6. 1, 6.9, and 7. 1 mev. The  threshold  eriergy for 

production 1s slightly l a r g e r  than the  gamma energy  8 0  that  a neutron 

G a m m a  energ ies  which have 
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e n e r g y  g r e a t e r  than 7. 5 m k v  is desired.  

to  15 mev  range. Aluminum in the su r face  ma te r i a l  will  produce g a m m a  

energ ies  of ,847, 1.025, and 2.23 mev. 

will be 1.4 mev,  and f o r  i ron  about . 85 mev. 

found but gamma energ ies  would be expected to  be in  the  s a m e  r a n g e  a s  

A good choice would be the  10 

Gamma energy  f r o m  magnes ium 

Data f o r  si l icon was  not 

those  for aluminum. 

An es t ima te  of the  gamma re tu rn  may be made if  the  total  absorpt ion 

c r o s s  sect ion for neutrons and the gamma production c r o s s  sect ions a r e  

known. 

to ta l  absorpt ion cross sect ions are  about 1. 7 barns  ( 1  barn  = cm2) ,  

while g a m m a  production c r o s s  sections fo r  inelast ic  sca t te r ing  a r e  about 

. 6 barns.  

with the  ref lect ion coefficient y previously der ived  for gamma scattering. 

Absorption of the g a m m a  r a y s  i n  the su r face  ma te r i a l  w i l l  not be  taken 

into account. 

For the elements  and neutron energy of in t e re s t  (10 t o  15 mev)  

We shal l  der ive  a "return coefficient" y, which may  be compared  

The  calculation will then give a n  ove res t ima te  of y , 
n 

Cons ider  the case of normal  incidence on the  surface.  Theprobabili ty 

that a n  incident par t ic le  will reach  a different ia l  l aye r  located beneath 

the  su r face  a d is tance  x is exp(- N O T  XI where  N is the  number of nuclei  

p e r  unit volume, and uT is  tots! absorpt ion cross section, 

abi l i ty  tha t  a gamma r a y  will be produced in  the  differential  l a y e r  of 

The psob- 

th ickness  dx is N o  dx where  CT 
Y ? 

is  the cross sect ion for production of 

gamma rays  by inelast ic  scattering. These  gamma r a y s  a re  emit ted in  

all di rec t icns  so that  the probability of g a m m a  production i n  the differential  
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layer p e r  unit solid angle i s  ( 1 / 4 ~  )NO dx. 

l a y e r s  is 

The combined result of a l l  
Y 

00 

-1 (3 

= -  1 N~ l ( e x p  - NOTx)dx = s te rad ian  
yla 411 Y 4naT 

0 

, 

. 

Using o 

steradian 

coefficient of 1.970 for 60 kev gamma rays .  

= . 6 barns  and o 

-1  

= 1. 7 barns  it is found that y = . 028 
Y T n 

o r  2. 8'70 per  s teradian.  This  may be compared  to  a reflection 

Since y ie a n  overes t imate ,  n 

i t  appea r s  that the two coefficients are approximately equal. Consequently, 

for equal  detector  efficiencies (to be d iscussed  subsequently) a neutron 

source  of about the same  s t rength as the Am-241 source  ie  requi red ,  viz., 

2. 36 cur ieb  ( ideal  point sou rce  equivalent). 

We now examine the question of providing an  adequate neutron source.  

Radium-beryl l ium sources  are the most commonly u s e d  because  they are  

easi ly  fabr icated and have a long half life (-1600 years) .  Alpha pa r t i c l e s  

from the decay of radium a r e  used t o  bombard beryl l ium and the react ion 

occurs .  

energet ic  gamma rays which would r equ i r e  heavy shielding. 

is, t he re fo re ,  nat a good choice. 

is assoc ia ted  with a polonium-beryllium source ,  and s ince  the neutron 

yield is only moderately lessv this sou rce  would be  m o r e  favorable. 

However, the decay products of radium yield copious amoilnts of 

This  s o u r c e  

Since a much lower gamma ray  emiss ion  

The  
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half l ife i s  138 days. 

t r i p  to  the moon may  take about 100 hours.  

polonium-beryll ium sources  is about 1.8 x 106 neutrons/  sec p e r  c u r i e  

This is not necessa r i ly  objectionable because  the 

The yield of conventional 

of polonium. 

= 8.73 x 1O1O, the  number of 'cur ies  of polonium requi red  is 8.73 x lo''/ 

1.8 x lo6 = 4.85 x lo4. 

of polonium. 

achievement.  

e lec t r ica l ly  operated neutron generator.  

Since the number of neu t rons l sec  needed is 2.36 x 3.7 x 10 10 

T h e  source  would, therefore ,  r equ i r e  48,500 c u r i e s  

Such a l a r g e  sou rce  does  not lie within the  realm of prac t ica l  
a 

The requi red  neutron f l u x  could only be supplied by a n  

Genera to r s  may be c l a s s d i e d  in  two ca tegor ies ,  according to  whether  

t he  par t ic le  beam used f o r  bombardment i s  positively or negatively 

charged. The  most usable  positive par t ic le  reac t ions  are: 

Be 9 (d ,n)BI0:  

H2(d, n) He3: 

Li7(p, n) Be3: 

usua l  bombarding energy 1 to 2 mev,  
neutron spec t rum 0.5 t o  6 mev. 

optimum bombarding energy 
neutron spec t rum A0 t o  16 mev. 

. 5 mev, 

threshold at I. ' j  rnev, yield i n c r e a s e s  rapidly 
above threshold  with increas ing  bombarding 
energy; neutron energy 1 m e v  at 2.5 mev 
bombarding energy and 3 rnev at 5 mev born- 
5arding energy, 

threshold at 1. 2 mev, yield i n c r e a s e s  rapidly 
above threshold with increasing bombarding 
energy; neutron energy 0.7 rnev at 1. 5 mev 
bombarding energy and 3 rnev at 4 m e v  bom- 
barding anergy, 

Since a neutron energy of g r e a t e r  than 7. 5 mev would be  des i r ab le ,  

only the second react ion above would be useful, Yields for this reac t ion  
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using a 2. 5 m g / c m 2  thick T i - I i  3 t a rge t  with 0. 5 mev bombarding energy 

a r e  about 10 8 neutrons/  sec. /pamp. Thus,  to  achieve the r equ i r ed  

neutrono/sec.  a 1 mill iamp beam c u r r e n t  would be required.  At 

9. 5 mev the power supply would have to del iver  500 watts of paver. 

Alternately if  a .1 mev supply is used, where  the  yield is lo7 neutrons1 

s e c / p a m p  the beam c u r r e n t  would have to be about 10 mill iamps. 

beam power would be 1 lrw. 

The 

However, t a r g e t s  which will withstand these  

power leve ls  have not yet been developed. 
Y 

The negative par t ic le  o r  e lectron bombardment devices  use  e lec t rons  

t o  produce high energy x-ray bremsstrahlung.  The  x - rays  in  t u r n  cause 

photodisintegration react ions with the ta rge t  nuclei  t o  yield neutrons. 

The m o s t  useful react ions a re :  

threebol'd energy  - 1. 66 mev 

threshold ene rgy  - 2. 2 mev 

9 8 Be ( y , n ) B e  : 

2 1 
H ( y , n ) H  : 

Unat (y,n) U: \ 
threshold energy  - 9 mev. 

u235(y, f )  u:  ) 
11 

Yielde are highest for  the rJ(y,f)  reac t ion ,  being about 10 

p a m p  of beam cur ren t  at an e lec t ron  energy  of 5 0  mev.  

n e u t r o n s j s e c l  
I 1  

Thue. 10 

neu t rons / sec  a r e  produced with only 50 watts  of power. 

spec t rum peaks a t  1 to 2 m.ev and is down to  a few percent  of peak value 

The  neutror. 
m 

at 8 rnev, Consequently, much of the spec t rum would not be useful for 

gamma production a t  the lunar  surface,  In  addition the l a r g e  amounts  of 

high energy x - r a y s  produced would r equ i r e  very  heavy shieiding f o r  the 

de tec tor ,  and relat ively heavy shielding fo r  personnels 
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While an  appropr ia te  (and adequate) select ion of neutron gene ra to r s  

would requi re  fur ther  study, it can at  l ea s t  be said that  such equipment 

would be very  bulky and power consuming. 

be compared with the 1-1/4 pound Am-241 source  mount needed for  the 

gamma backsca t te r  s y s t e m  

the neutron sys t em would have t o  be much heavier  than for  the 60 kev 

g a m m a  ~ y s t e m ,  s ince  gamma ray photons of seve ra l  mev must  be detected. 

This  "machinery" can not even 

I t  is fu r the rmore  t r u e  that the de tec tor  for  

The  neutron method would, of cour se ,  be composition dependent. 
--- \ 

The technique euggested f o r  the'gamma c--- backsca t te r  sys t em might be 

applied, but the composition cancellation should be l e e s  eat isfactory s ince 

the high energy g a m m a  r ays  will give r i s e  to  coneiderable  multiple 

Compton sca t te r ing  i n  the  surface mater ia l .  

I t  may be concluded that the neutron-gamma sys t em would r equ i r e  

a considerabAe amount of hardware, and is, therefore ,  ve ry  unat t ract ive 

as a means  f o r  measuring altitude above the lunar  aurface.  
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