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FOREWORD 

T h i s   r e p o r t   p r e s e n t s   t h e   r e s u l t s  of the   Cryogenic   Dens i tometer   Cal ibra t ion  

performed  by  Northrop-Huntsvi l le ,   Huntsvi l le ,   Alabama,   while   under   contract   to  

the  Aero-Astrodynamics  Laboratory of Marsha l l   Space   F l igh t   Cen te r  (NAS8-20082). 

The t a s k  was conducted i n   r e s p o n s e   t o   t h e   r e q u i r e m e n t s  of App.endix A-1, 

Schedule  Order KO. 32. 

The  work was pe r fo rmed   w i th   t he   t echn ica l   coo rd ina t ion  of Mr. Robert  E .  

Smith of the  Aerospace  Environment  Division,  Aero-Astrodynamics  Laboratory,  

MSFC. 
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Sectign I 
INTRODUCTION 

The Cryogenic  Densitometer is an   i n s t rumen t   des igned   t o   p rov ide   un ique  

mass dens i ty   measurements   o f   the   upper   a tmosphere ,   The   par t jcu lar   ins t rument  

t h a t  i s  t h e   s u b j e c t   o f   t h i s   r e p o r t  was des igned   t o   be   u sed  as p a r t  of .a sounding 

r o c k e t   e x p e r i m e n t   i n   t h e   a p p r o x i m a t e   a l t i t u d e   r a n g e  of 140 km t o  180 km. Orig- 

i n a l l y   d e s i g n e d   a n d   c o n s t r u c t e d   b y   t h e  Celestial Research   Corpora t ion  of South 

Pasadena ,   Ca l i fo rn ia ,   t he   i n s t rumen t  was c a l i b r a t e d  by Nor throp   Corpora t ion ,  

H u n t s v i l l e ,  Alabama (Northrop-Huntsvi l le  is p r e s e n t l y   p r e p a r i n g   t h e   i n s t r u m e n t  

f o r   f l i g h t   q u a l i f i c a t i o n )  . Upon complet ion of f l i g h t   q u a l i f i c a t i o n ,   t h e   i n s t r u -  

ment i s  scheduled   to   be   l aunched  as a p a r t  of t h e  MUMP 10   (Marsha l l ,   Un ive r s i ty  

of Michigan  Measurement  Probe)  instrument  payload  during  Winter  1970  from 

Wal lops   I s land ,   Vi rg in ia ,  as p a r t  of a j o i n t   s t u d y  of t he   Un ive r s i ty   o f  

Michigan  Space  Physics   Research  Laboratory  and  the  Aerospace  Environment  

Div is ion   of   the   Marsha l l   Space   F l igh t  Center .  

The sensing  e lement  of the  Cryogenic  Densitometer i s  a t h i n ,   h a l f - i n c h  

diameter q u a r t z   c r y s t a l  (AT c u t  39" 4 5 ' ) .  By c r y o g e n i c a l l y   c o o l i n g   t h e   c r y s t a l  

t o   n e a r   l i q u i d   h e l i u m  (LHe) t e m p e r a t u r e ,   t h e   c r y s t a l  acts  as a m i n i a t u r e  con- 

d e n s e r   ( c r y o p u m p )   f r e e z i n g   o u t   t h e   a t m o s p h e r i c   c o n s t i t u e n t s   a r r i v i n g  a t  i t s  

s u r f a c e .  An o s c i l l a t o r   c i r c u i t   f o r c e s   t h e   c r y s t a l   t o   r e s o n a t e   i n  i ts  t h i c k n e s s  

s h e a r  mode. The measurement of t h e  mass of t he   a tmosphe r i c   cons t i t uen t s   con -  

d e n s i n g   o n   t h e   o s c i l l a t i n g   c r y s t a l  is  based   on   t he   l i nea r   r e sponse  of such  a 

device a c c o r d i n g   t o   t h e   r e l a t i o n s h i p ,  

" Af - c - f r  A 2  

AC 
A t  

where: - A f  - - Response of t h e   c r y s t a l   p e r   u n i t  time, Hzlsec A t  

C = C r y s t a l   c o n s t a n t  

m = Rate of mass bu i ldup   on   c rys t a l ,   gms / sec  

(1-1) 

A = C r y s t a l  area, c m  

f = Resonant   f requency,  Hz. 

L 
C 

r 
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The va lue   o f  C i n   e q u a t i o n  (1-1) is genera l ly   about   2 .26  x f o r   t h e   t y p e   o f  

c r y s t a l   u s e d   i n   t h e   C r y o g e n i c   D e n s i t o m e t e r   ( r e f .  1). Thus,   one  could  theoret-  

i c a l l y   u s e   e q u a t i o n  (1-1) d i r e c t l y   t o   r e d u c e   t h e   f r e q u e n c y   r e s p o n s e   d a t a   t o  

de te rmine  m ( a f t e r   a c c o u n t i n g   f o r   t h e   t r a n s m i s s i o n   p r o b a b i l i t y  of t h e   e n t r a n c e  

a p e r t u r e ) .  However, t h i s  w o u l d   n o t   p r o v i d e   s a t i s f a c t o r y   c o n f i d e n c e   i n   t h e   d a t a  

s i n c e   e a c h   c r y s t a l  may have a s l i g h t l y   d i f f e r e n t   c o n s t a n t ,  C,  a n d   d i f f i c u l t y  

w o u l d   b e   e x p e r i e n c e d   i n   p r e d i c t i n g   t h e   e f f e c t i v e   c r y s t a l  area, Ac. The re fo re ,  

a c a l i b r a t i o n  was r e q u i r e d   t o   d e t e r m i n e   e x p e r i m e n t a l l y   t h e   c r y s t a l ' s   r e s p o n s e  

t o   e i t h e r  a known mass o f   condensab le   gases   o r   t o  a known s t a t i c  pressure   and  

tempera ture .  The choice   o f   the   ca l ibra t ion   method is d i s c u s s e d   i n   S e c t i o n  11. 

The c o n f i g u r a t i o n  of the  Cryogenic   Densi tometer  i s  shown s c h e m a t i c a l l y   i n  

F igu re  1-1. The m e c h a n i c a l   p o r t i o n   o f   t h e   i n s t r u m e n t   c o n s i s t s  of t h r e e   d i s -  

t i n c t   r e g i o n s :   ( 1 )   t h e   s e n s o r   c h a m b e r ,   ( 2 )   t h e   r a d i a t i o n   g u a r d   r e s e r v o i r ,   a n d  

( 3 )  t h e  vacuum i n s u l a t i o n   s p a c e .   T h e s e   t h r e e   r e g i o n s  are d e s c r i b e d   b r i e f l y  

i n   t h e   f o l l o w i n g   p a r a g r a p h s :  

Sensor  Chamber:  The sensor  chamber is t h e   i n n e r m o s t   c a v i t y  of t h e  

Cryogen ic   Dens i tome te r   and   con ta ins   on ly   t he   qua r t z   c rys t a l   and  i ts  h e a t   s i n k .  

The q u a r t z   c r y s t a l  is mounted  by s t a i n l e s s  s tee l  c l i p s  on a small, l e a d - f i l l e d  

s t a i n l e s s  s tee l  cy l inde r   wh ich   s e rves  as t h e   c r y s t a l ' s   h e a t   s i n k   ( t h e   c r y s t a l  

and i t s  h e a t   s i n k  are c o o l e d   t o   a p p r o x i m a t e l y  1 0 ° K ) .  The c r y s t a l   h e a t   s i n k  

i s  suspended  from i t s  e n c l o s u r e   b y   s i x  small diameter   nylon  cords .   The  sensor  

chamber is c o m p l e t e l y   s e a l e d   e x c e p t   f o r   a n   o r i f i c e   a n d   d r i f t   t u b e   w h i c h  com- 

munica te   the   sensor   chamber   wi th   the   a tmosphere .   In   the   f l igh t   conf igura t ion ,  

t h e   o r i f i c e   a n d   d r i f t   t u b e  are l i k e w i s e   s e a l e d   o f f   w i t h  a spr ing- loaded   cap .  

The i n t e r i o r  of the  sensor   chamber  is  p a i n t e d  a f l a t   b l a c k   t o   m i n i m i z e  

r a d i a t i o n   t u n n e l i n g .  

Rad ia t ion   Guard   Rese rvo i r :   The   r ad ia t ion   gua rd   r e se rvo i r  i s  s imply  an 

i c e - f i l l e d   ( d i s t i l l e d   w a t e r )  dewar  designed to sur round  the   sensor   chamber  

e x c e p t   f o r   t h e   o r i f i c e - d r i f t   t u b e  and a small f l a n g e   w h i c h   s u p p o r t s   t h e   c r y s t a l  

h e a t   s i n k   h o u s i n g .  The guard   reservoi r   conta ins   approximate ly   1640 cm3 of 

water which, when coo led   t o   l i qu id -n i t rogen   t empera tu re  (- 78°K) , prov ides  

some four  ho'urs  of time b e f o r e   t h e   r e s e r v o i r  warms up  beyond  the  temperature  

1- 2 
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a t  which i t  ceases t o   b e  an e f f e c t i v e   r a d i a t i o n   b a r r i e r .  Water was chosen as 

a h e a t   s i n k  material f o r  i ts  h i g h   s p e c i f i c   h e a t ;   h o w e v e r ,  a c o n s i d e r a b l e  amount 

of s i m p l i c i t y   i n   d e s i g n  w a s  l o s t   i n   c h o o s i n g  water ove r  metal as a h e a t   s i n k  

material. Dur ing   the   cooldown  procedure   o f   the   ins t rument ,   the  water ( i c e  

b lock )  is a c t u a l l y   c o o l e d  as low as p o s s i b l e  (- 10°K) us ing  LHe from a c o m e r -  

cia1 dewar. Cooldown o f   t h e   c r y s t a l   a n d  i ts  h e a t   s i n k  i s  accomplished by  con- 

d u c t i o n   h e a t   t r a n s f e r   ( b y   i n t r o d u c i n g   g a s e o u s   h e l i u m  (GHe) i n t o   t h e   s e n s o r  

chamber t o  a pressure   o f   about  1 0 0 ~  Hg). Upon c o m p l e t i o n   o f   t h e   c r y s t a l   h e a t  

s i n k  cooldown t h e   g u a r d   r e s e r v o i r  is  s lowly  warmed t o   a b o u t  60'K. 

Vacuum Insu la t ion   Space :  The o u t e r  wal l  of t h e   g u a r d   r e s e r v o i r   a n d   t h e  

o u t e r   s h e l l  of the   en t i re   Cryogenic   Dens i tometer   form a cavi ty   which  i s  evacu- 

a t e d   p r i o r   t o   a n y   c r y o g e n i c   c o n d i t i o n i n g .  A l l  s u r f a c e s  of t h i s   c a v i t y  are 

c o v e r e d   w i t h   r e f l e c t i v e  material (po l i shed  aluminum f o i l )  a n d   s e v e r a l   s q u a r e  

c e n t i m e t e r s  of s u r f a c e   a r e a   o n   t h e   g u a r d   r e s e r v o i r  are c o a t e d   w i t h   a c t i v a t e d  

c h a r c o a l   t o  serve as a c r y o s o r p t i o n  pump. Th i s   r eg ion  serves, t h e r e f o r e ,  as 

a vacuum insu la t ion   be tween   t he   gua rd   r e se rvo i r   and   t he   ou te r   su r f ace  of t h e  

Cryogenic  Densitometer.  Its s p e c i f i c   p u r p o s e  is to   main ta in   the   guard   dewar  

a t  a t e m p e r a t u r e   i n   t h e  60'K t o  85'K range as long  as p r a c t i c a b l e .  

Details of t he   des ign   and   cons t ruc t ion  of th i s   Cryogenic   Dens i tometer  are 

g i v e n   i n  a f i n a l   r e p o r t  by Celestial Research   Corpora t ion   ( re f .  2 ) .  No f u r t h e r  

d i s c u s s i o n  of t h e   i n s t r u m e n t ' s   d e s i g n   a n d   c o n s t r u c t i o n  w i l l  be   g iven  i n  t h i s  

repor t   except   where  some d i f f i c u l t y  was exper ienced   and/or  a mod i f i ca t ion  was 

made. Sec t ion  I1 discusses   the  method of ca l ib ra t ion   u sed   and   compares  i t  w i t h  

t h e   o r i g i n a l   c a l i b r a t i o n   p e r f o r m e d  by Celestial Research   Corpora t ion .   Sec t ion  

I11 d e s c r i b e s   t h e   c a l i b r a t i o n   e q u i p m e n t   u s e d   a n d   o u t l i n e s   t h e   p r o c e d u r e s .  The 

r e s u l t s   o f   t h e   c a l i b r a t i o n  are p r e s e n t e d   i n   S e c t i o n  I V .  Comments are made i n  

S e c t i o n  V relevant t o   t h e   a n t i c i p a t e d   f l i g h t   m e a s u r e m e n t s .   S e c t i o n  V I  p r e s e n t s  

the  conclusions  and  recommendat ions  and  Sect ion V I 1  l ists  t h e   r e f e r e n c e s .  

1-4 



Section II 

METHOD OF CALIBRATION 

T h i s   s e c t i o n   d i s c u s s e s  two methods of ca l ib ra t ing   t he   Cryogen ic   Dens i -  

tometer :   (1)   the  known mass method  (used  by Celestial Research  Corporat ion)  

and ( 2 )  t he   cons t an t   p re s su re   me thod   u sed   by   Nor th rop-Hun t sv i l l e   i n   t he  

p r e s e n t   c a l i b r a t i o n .  

2.1 THE KNOWN MASS METHOD 

I n   t h e  known mass method,  an  accurately  measured  volume of t h e  test gas  

( N 2 )  is  a l l o w e d   t o   b e   s l o w l y   a d m i t t e d   t o   t h e   v i c i n i t y   o f   t h e   c r y o g e n i c a l l y  

c o o l e d   q u a r t z   c r y s t a l .  If the   p ressure   and   tempera ture   o f   the  known volume 

are l ikewise   accu ra t e ly   measu red ,   t hen   t he  amount  of mass i n t r o d u c e d   t o   t h e  

c r y s t a l  is  known. Celes t ia l  Resea rch   Corpora t ion   pe r fo rmed   t h i s   ca l ib ra t ion  

on t h e   c r y s t a l  i n  two d i f f e r e n t   c o n f i g u r a t i o n s   ( r e f .  3 ) .  The f i r s t   c o n f i g u r a -  

t i o n   p l a c e d   t h e   c r y s t a l  i n  an   i nc remen ta l  mass c a l i b r a t i o n   s y s t e m   ( t h e   C e l e s c o  

Digivac)  mounted so t h a t   t h e   f l i g h t  mounting  would  be  duplicated as c l o s e l y  as 

p o s s i b l e .  The r e s u l t s  of t h i s  tes t  appea r   t o   be   qu i t e   cons i s t en t   and   bo th   t he  

c o n d e n s a t i o n   s t i c k i n g   c o e f f i c i e n t   a n d   t h e   c r y s t a l   s e n s i t i v i t y  were determined.  

The n u m e r i c a l   v a l u e s   f o r   t h e   s t i c k i n g   c o e f f i c i e n t ,  u ,  a n d   t h e   c r y s t a l   s e n s i -  

t i v i t y ,  H ,  were determined as 0.81  and 1.65 x 10 Hz/gm, r e s p e c t i v e l y .  The 

r e a d e r  is r e f e r r e d   t o   r e f e r e n c e  3 f o r   d e t a i l s  of t h i s   c a l i b r a t i o n .  

8 

Fo l lowing   t he   above   D ig ivac   ca l ib ra t ion ,  CELESCO i n s t a l l e d   t h e   c r y s t a l   i n  

the   Dens i tometer   package   ( in  i t s  b a s i c   f l i g h t   c o n f i g u r a t i o n ) .  The c a l i b r a t i o n  

again  proceeded  using a known mass of gas .   Eight   good  runs were averaged 

g iv ing  a mean s e n s i t i v i t y  of H = 1.38 x 10 Hz/gm. However, t h e r e  w a s  a con- 

s i d e r a b l e  amount  of scat ter  i n   t h e   r e s u l t s ,   f r o m  a low  of 0.5 p e r c e n t   d e v i a t i o n  

f rom  the  mean t o  a high  of 15.5 pe rcen t   dev ia t ion   f rom  the  mean. No e x p l a n a t i o n  

was g i v e n   f o r   t h e  scat ter  i n   t h e   r e s u l t s   f o r   t h i s   c a l i b r a t i o n .   S i n c e   t h e  

c a l i b r a t i o n  was per formed  wi th   the   Dens i tometer   in  i t s  f l i g h t   c o n f i g u r a t i o n ,  

t h e   s e n s i t i v i t y   d e r i v e d   f r o m   t h i s   c a l i b r a t i o n  is t h e   o n e   t h a t   s h o u l d   l o g i c a l l y  

b e   a s s o c i a t e d   w i t h   t h e   c r y s t a l .  However, i t  wou ld   have   been   des i r ab le   fo r   t he re  

to   have   been   more   exhaus t ive   t es t ing   wi th  less scatter i n   t h e   d a t a .  

8 
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2.2 THE CONSTANT  PRESSURE METHOD 

Northrop-Huntsville  was  asked  to  participate  in  an  additional  calibration 

of  the  Densitometer  prior  to  its  launch.  A  high  and  ultrahigh  vacuum  calibra- 

tion  system  was  immediately  available  at  the  MSFC  Aerophysics  Division's 

Experimental  Physics  Section (%E-AERO-AEP). This  facility,  under  the  direc- 

tion  of  James  A.  Carter,  provided  all  the  necessary  supplies  and  instrumentation 

for  the  calibration. 

The  basis  for  this  calibration  is  the  High  Vacuqm  Calibration  System (HVCS) 

designed  and  built  by  the  Geophysics  Corporation of America,  Inc.  This  system 
(Figure  2-1)  is  designed  to  permit  calibration of most  vacuum  gauges  against 

McLeod  Gauges  over a vacuum  range  of  a few  Torr  to  approximately 10 Torr. 

Since  this  range  adequately  covers  the  pressure  environment  expected  to  be 

experienced  by  the  Densitometer  in  flight,  it  was  decided  to  compare  the  cry- 

stal's  response  to a  known  pressure  rather  than  using  the  known  mass  technique 

of  CELESCO. The  Densitometer  is  simply  connected  to  a  large  calibration  chamber 

on  the  HVCS  which  may  be  evacuated  to  about lo-' Torr  (with  an  adequate  bakeout). 

This  Calibration  chamber  is  also  communicated  to  the  McLeod  gauges.  Thus,  both 

the  Densitometer  and  the  McLeod  gauges  are  exposed  to  the  same  pressure  simul- 

taneously.  The  calibration  chamber is large  enough  that  the  small  amount of 

flow  caused  by  the  cryopumping of the  Densitometer  crystal  is  negligible  when 

compared  to  the HVCS pumping  system. 

-8 

It  is  necessary to introduce  some of  the  Densitometer's  geometry  into  the 

crystal  sensitivity  determination  when  using  this  known  pressure  calibration. 

This  is  because  the  instrument  is  "conduction  limited"  by  the  geometry of  its 

entrance  orifice  and  drift  tube.  As shown in  Figure  2-2,  the  geometry of the 

calibration  equipment  is  such  that  the  free-molecular-flow  conduction  limita- 

tion  from  the  calibration  chamber  to  the  sensor  crystal i s  due  mainly  to  the 

orifice  and  drift  tube  of  the  Densitometer  itself.  Thus,  the  transmission. 
probability, K, of  the  entering  and  escaping  molecules  must  be  determined  for 
this  geometry. 
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The output of the Densitometer instrumentation is frequency response, 

af/At, for any desired pressure. The results of the  calibration and the deter- 

mination of the crystal sensitivity are both given in Section IV. 

2-4 



Section 111 

CALIBRATION EQUIPMENT AND PROCEDURE 

T h i s   s e c t i o n   d e s c r i b e s   b r i e f l y   t h e   i n s t r u m e n t a t i o n   a n d   o t h e r   h a r d w a r e   a n d  

s u p p l i e s   u s e d   i n   t h e   c a l i b r a t i o n  of the  Cryogenic   Densi tometer .  A v e r y   b r i e f  

c a l i b r a t i o n   p r o c e d u r e  is a l s o   p r e s e n t e d .  

3.1 CALIBRATION EQUIPMENT 

Figure  3-1 is a schemat i c   l ayou t  of t h e   v a r i o u s  items of hardware  used. 

The major  items are as fo l lows :  

e 

e 

e 

e 

e 

e 

e 

e 

e 

Of 

High Vacuum Cal ibra t ion   Sys tem (HVCS) 

Aux i l i a ry   h igh  vacuum system 

Gaseous  helium  supply 

Gaseous  ni t rogen  supply 

L iqu id   n i t rogen   supp ly  

Liquid  hel ium  supply 

28-vol t   dc   regulated  power  supply 

D i g i t a l   f r e q u e n c y   c o u n t e r   c a p a b l e  of d i s p l a y i n g  10 MHz 

Temperature  measurements  from room t e m p e r a t u r e   t o   n e a r  20°K. 

the  above items, the   gaseous   he l ium  supply ,   the   gaseous   n i t rogen   supply ,  

the   28-vol t   dc   power   supply ,   and   the   d ig i ta l   f requency   counter  are a l l  common 

l a b o r a t o r y  items and w i l l  no t  be, d i s c u s s e d   i n   d e t a i l   h e r e .  All of t h e   g a s e s  

and  cryogens  used were of commercial  grade  and were r e a d i l y   a v a i l a b l e .   O n l y  

t h e   l i q u i d   h e l i u m  (LHe) h a d   n o t   b e e n   u s e d   b y   t h i s   l a b o r a t o r y   p r i o r t o   t h i s  test  

program.  Thus, a source  of  LHe had t o   b e   e s t a b l i s h e d   t h r o u g h  MSFC supply  chan- 

n e l s .   I n   a d d i t i o n ,  a LHe t r a n s f e r   l i n e   h a d  t o  be   l oca t ed   and   p l aced   i n   ope ra -  

t i on .   Th i s   r equ i r ed  some t r a i n i n g  as none of the   Expe r imen ta l   Phys i c s   Sec t ion  

personnel   had ever used LHe dewars. 

The major   sys tems  l i s ted   above  are d e s c r i b e d  i n  more d e t a i l  in t h e  

f o l l o w i n g   s u b s e c t i o n s .  

3-1 



TO AUXILIARY  ELECTRONIC PACKAGE 
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3.1.1 High  Vacuum  Colibration  System 

The High Vacuum Cal ibra t ion   Sys tem (HVCS) is the   key   p i ece  of equipment 

used i n   t h e   c a l i b r a t i o n   p r o c e d u r e .  The  system  (shown i n  F i g u r e  2-1) was b u i l t  

by  the  Geophysics   Corporat ion  of  America (Mass.) to c a l i b r a t e  vacuum gauges 

over   the   range   of   100   Torr   to   approximate ly  1 x 10’’ Tor r .  A l l  c a l i b r a t i o n  i s  

made i n  a c y l i n d r i c a l   s t a i n l e s s  steel chamber ( t h e   c a l i b r a t i o n  chamber)  against  

s t a n d a r d  McLeod gauges .   Pressures  down to   approx ima te ly  5 x 10   Tor r  may be 

compared d i r e c t l y   a g a i n s t   t h e  CVC t ype  GM 110 YcLeod g a u g e   f o r   t h e   h i g h  vacuum 

range   and   aga ins t   t he  , W C  t ype  GM 100 McLeod g a u g e   f p r   t h e  vacuum range.   Pres-  

s u r e s   b e l o w   t h i s  level are compirred a g a i n s t   t h e  CVC t ype  GM 110 McLeod gauge 

th rough   an   o r i f i ce   f l ow  t echn ique .   S ince   ‘ t he  major. p r e s s u r e   r a n g e  of i n t e r e s t  

t o   t h e   D e n s i t o m e t e r  is from  approximately  10  Torr  t o  5 x T o r r ,   t h e  

o r i f i c e   f l o w   t e c h n i q u e  was not   used .  

-7  
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The Densi tometer  was mounted  onto  the HVCS by means of t h e   1 . 5   i n c h   s t a i n -  
less s teel  elbow shown i n   F i g u r e s  2-2 and 3-1. The elbow was f i t t e d   w i t h   r o t a t -  

a b l e   C o n f l a t   f l a n g e s  on   bo th   ends .   S t anda rd   ro t a t ab le   Conf l a t   f i t t i ngs  were 

u s e d   e x c e p t   t h a t   t h e   b o l t  c i rc le  of t h e   f l a n g e   w h i c h   a t t a c h e s   t o   t h e   D e n s i t o m e t e r  

i s  2 .5   inches .   Also ,  a 2-inch,  high vacuum g a t e  valve was f i t t e d   i n t o   t h e   h o r i -  

z o n t a l   l e g  of  the  elbow. The purpose o f  t h i s   i m p o r t a n t  valve is t h r e e f o l d :  

(1)  i t  provides   an   easy  means f o r   t h e   D e n s i t o m e t e r   t o   b e   b a c k f i l l e d   w i t h  GHe 

w i t h o u t   i n t e r f e r r i n g   w i t h   t h e  vacuum i n   t h e  HVCS, (2)  i t  a l lows   t he   Dens i tome te r  

t o   b e  removed  from  the HVCS w i t h o u t   t h e   n e c e s s i t y   f o r   b r i n g i n g   t h e   s y s t e m   t o  

atmosphere,  and  (3) i t  provides   an   easy  means f o r   i s o l a t i n g   t h e   D e n s i t o m e t e r  

f rom  the HVCS dur ing   t r ans i t i on   f rom  one  test p r e s s u r e   l e v e l   t o   a n o t h e r .  

3.1.2 Auxiliary  High  Vacuum  System 

An a u x i l i a r y   h i g h  vacuum s y s t e m   h a d   t o   b e   u s e d   t o   m a i n t a i n   t h e   p r e s s u r e  

i n   t h e  vacuum i n s u l a t i o n   s p a c e   b e l o w   a b o u t  1 x 1 0   T o r r .   I d e a l l y ,   t h e   p r e s -  

s u r e s   i n   t h e  vacuum i n s u l a t i o n   s p a c e   s h o u l d   b e   h e l d  well  below 1 pHg t o   p r e v e n t  

excessive  cryopumping  during  cooldown  with LHe. I t  t h i s  were not p o s s i b l e ,   t h e  

release of some of t h e  LHe cryopumped  gasgs  might  cause  the vacuum i n s u l a t i o n  

s p a c e   p r e s s u r e   t o  rise unnecessa r i ly   h igh .   Th i s   h ighe r   t han   des i r ed   p re s su re  

w o u l d   c o n t r i b u t e   t o   i n c r e a s e d   h e a t   t r a n s f e r   b e t w e e n   t h e   r a d i a t i o n   g u a r d  reser- 

v o i r   a n d   t h e  w a r m  o u t e r  w a l l  of t h e   i n s t r u m e n t ,   t h u s   l i m i t i n g   t h e   h o l d  t i m e .  
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The a u x i l i a r y   h i g h  vacuum system  used i n  t h i s   c a l i b r a t i o n  was a VEECO u n i t  

capable   o f   main ta in ing  a p r e s s u r e  of about  1 x 1 0   T o r r   w i t h o u t   t h e   u s e  of an 

LN, cold t r a p .  A 0 . 7 5   i n c h   s t a i n l e s s  s teel  tube  w a s  uscd t o  c o n ~ l c c ~ :  t h e  VICUIIIII 

i n s u l a t i o n   s p a c e   t o   t h e  VEECO sys t em  (F igu re  3-1) .  The p r e s s u r e   i n   t h e   D e n s i -  

tometer  vacuum i n s u l a t i o n   s p a c e  was monitored  by  an  ionizat ion  gauge  mounted  on 

t h e   b e l l  jar  of t h e  VEECO s y s t e m .   T h u s ,   t h e   p r e s s u r e   i n   t h e  vacuum i n s u l a t i o n  

s p a c e   h a d   t o   b e   i n f e r r e d   f r o m   t h e  VEECO b e l l  jar  p r e s s u r e .  

-6 
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3.1.3 Temperature  Measurements 

The o r i g i n a l   d e s i g n e r s  of the   Cryogenic   Dens i tometer   had   hoped   to   moni tor  

t h e   t e m p e r a t u r e  of b o t h   t h e  i ce  dewar ( t h e   r a d i a t i o n   g v a r d   r e s e r v o i r )   a n d   t h e  

l e a d   b l o c k   ( t h e   c r y s t a l ' s   h e a t   s i n k ) .   U n f o r t u n a t e l y ,  i t  became i m p o s s i b l e   t o  

measu re   t he   l ead   b lock   t empera tu re   d i r ec t ly   because   o f   t he   excess ive   hea t   sho r t  

c r e a t e d  by t h e   a d d i t i o n  of any  thermocouple wires. 

Accurate  measurement of t h e  ice  deyar   t empera ture  was eas i ly   accompl ished  

by inser t ing   copper -cons tan tan   thermocouples   in to   the   dewar ' s   unf rozen  water. 

Two such  thermocouples were used ,   one   be ing   p laced   near   the   bo t tom of t h e  dewar 

and t h e   o t h e r   b e i n g   p l a c e d   n e a r   t h e   c e n t e r   r e g i o n  of t h e  dewar  ( f rom  top  to  

bottom).  These two thermocouples were used i n  an e f f o r t   t o   c r y o g e n i c a l l y   c o o l  

t h e  dewar  uniformly,  as experience  had shown tha t   se r ious   and   damaging  stresses 

r e s u l t e d   i n   t h e  dewar walls from  non-uniform  cooling.  Temperatures  throughout 

the   range   f rom room tempera ture   to   approximate ly  25OK were read i ly   mon i to red  

u s i n g  a po ten t iome te r .  The emf r ead ings  were c o n v e r t e d   t o   t e m p e r a t u r e  by u s e  

of a set of   thermocouple   tables   publ ished by the   Nat iona l   Bureau  of S tanda rds  

( r e f .  4 ) .  Temperatures  below 25'K were monitored  only as a r e f e r e n c e ,   s i n c e  

accura te ,   quant i ta t ive   t empera ture   measurements   be low 25°K are n o t   p o s s i b l e  

wi th   s imp le ,   unca l ib ra t ed   t he rmocoup les .  However, even  thqugh  direct   measure-  

ments of t h e   l e a d   b l o c k   h e a t   s i n k   t e m p e r a t u r e  were n o t   p o s s i b l e ,  no  drawbacks 

were observed.  It was f o u n d   t h a t   t h e  i ce  dewar's  thermocouple  measurements 

were r e l a t i v e l y   c o n s i s t e n t  i n  ind ica t ing   t he   l owes t   t empera tu res   r eached   by   t he  

dewar .   In   add i t ion ,  i t  was o b s e r v e d   t h a t   t h e   c r y s t a l   i t s e l f  was a n   e x c e l l e n t  

i n d i c a t o r  of tempera ture .   This  w i l l  be   exp la ined   and   d i scussed   i n  more d e t a i l  

i n   t h e   n e x t   s e c t i o n .  
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3.2 CALIBRATION  PROCEDURE 

A d e t a i l e d   o u t l i n e  o f   t h e   a c t u a l   c a l i b r a t i o n   p r o c e d u r e   ( w i t h   p e r t i n e n t  

comments) i s  g i v e n   i n  Appendix A. A v e r y   b r i e f   d e s c r i p t i o n  of t h e   c a l i b r a t i o n  

is g i v e n   i n   t h i s   s e c t i o n .  

The Densi tometer  i s  mounted  on t h e  High Vacuum Cal ibra t ion   Sys tem (HVCS) 

as shown i n   F i g u r e s  2-2, 3-1, and 3-2. T h i s   p l a c e s  the  e n t r a n c e   o r i f i c e  down 

and   the   e lec t ronic   package   up .   Both   the  vacuum i n s u l a t i o n   s p a c e   a n d   t h e   s e n s o r  

chamber   ( th rough  the   o r i f ice   and   dr i . f t   tube)   a re   h ighly   evacuated .  I t  is sug- 

g e s t e d   t h a t   t h e   s e n s o r   c h a m b e r ,   i n   p a r t i c u l a r ,   b e   e v a c u a t e d   u n d e r  a hard  vacuum 

f o r  a pe r iod  of t h r e e   o r  more  days. 

A t  any time dur ing   the   above  vacuum c o n d i t i o n i n g ,   t h e  i ce  dewar ( r a d i a t i o n  

gua rd   r e se rvo i r )  may b e   f i l l e d   w i t h   d i s t i l l e d  water (approximately 1640 ml). 

It  is i m p o r t a n t   t h a t  no more than  1640 m l  of water be  used  or  problems may be 

exper ienced   wi th  stresses caused  by  the i ce  as i t  freezes   and  expands.  

Cryogenic  cooldown  of  the i ce  dewar can  begin a t  t h e   c o n c l u s i o n  of t h e  

vacuum cond i t ion ing .  A t  t h i s  time the   r egu la t ed   28 -vo l t   dc  power  supply  and 

f requency   counter  may be   connec ted .   Coo l ing   beg ins ,   na tu ra l ly ,   w i th   t he   l i qu id  

n i t r o g e n  (LN ) s u p p l y   a n d   p r o c e e d s   s l o w l y   u n t i l   t h e   i c e  is  f r o z e n   a n d   u n t i l   t h e  

LN tempera ture  ( - 7 8 ° K )  is  a t t a i n e d .  From t h i s   p o i n t ,   t h e  cooldown  proceeds  with 

l i qu id   he l ium (LHe) and is  c o n t i n u e d   u n t i l   t h e  i ce  dewar  and t h e   l e a d   h e a t   s i n k  

have   been   thoroughly   ch i l led  a t  t h e   l o w e s t   t e m p e r a t u r e   a t t a i n a b l e  ( - 1 O O K ) .  

During  the  cryogenic   condi t ioning,   the   sensor   chamber  i s  b a c k f i l l e d   w i t h   g a s e o u s  

h e l i u m   t o  a p r e s s u r e  of approximately 200 pHg ( a s   i n d i c a t e d   b y  a conven t iona l  

thermocouple vacuum gauge) .  The b a c k f i l l i n g   g a s   s e r v e s  as the   ma jo r  mode of 

h e a t   t r a n s f e r   t o   c h i l l   t h e   l e a d   b l o c k   h e a t   s i n k .  Heat removed  from  the  lead 

b lock  is t r a n s f e r r e d   d i r e c t l y   t o   t h e  ice  dewar   and   con t inues   un t i l   t he   un i t  i s  

t h o r o u g h l y   c h i l l e d .   C h i l l i n g   c o n t i n u e s   u n t i l   t h e   l e a d   b l o c k   h e a t   s i n k   a n d   t h e  

s e n s o r   c r y s t a l  are i n   t h e r m a l   e q u i l i b r i u m   w i t h   t h e  ice dewar. 

2 

2 

Upon complet ion of t h e   c r y o g e n i c   c o n d i t i o n i n g ,   t h e   b a c k f i l l   g a s  (GHe) i s  

pumped out   rap id ly   and   immedia te ly   a f te rwards   the  f low of LHe t o   t h e  ice dewar 

is ceased .  A t  t h i s  t i m e  t h e   c r y s t a l   f r e q u e n c y   s h o u l d   b e   v e r y   s t a b l e   a n d   t h e  
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Figure 3-2. MOUNTING OF DENSITOMETER  ON  HIGH  VACUUM  CALIBRATION  SYSTEM 
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vacuum i n   t h e  HVCS shou ld   have   r ecove red   t o  a p r e s s u r e  as low as 1 x 10   Torr  

or   lower .  The tempera ture   o f   the  ice dewar is ,  o r   c o u r s e ,  s t i l l  c l o s e   t o   t h e  

minimum t e m p e r a t u r e   a t t a i n e d  by the  cooldown.  Thus,   the ice  dewar  has t o   b e  

s lowly  warmed u n t i l  i t s  tempera ture  is  approximately 60-70°K. If i ts  tempera- 

t u r e  is ma in ta ined   any   l ower   t han   t h i s ,  i t  is  p o s s i b l e   t h a t  some of t h e  Cali-. 

b r a t i o n   g a s  may condense  on  the walls of t he   s enso r   chamber .   I f   t he  ice  dewar 

tempera ture  is a l l o w e d   t o   i n c r e a s e   t o  a v a l u e   s i g n i f i c a n t l y   a b o v e  80"K, unwanted 

warming  of t h e   c r y s t a l   a n d  i ts  l e a d   b l o c k   h e a t   s i n k   w o u l d   r e s u l t .  
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Cal ib ra t ion   can   beg in   immedia t e ly   a f t e r   t he   above   s t eps ,   bu t   mus t   be  

completed i n   t h r e e   t o   f o u r   h o u r s .   T h i s  is s imply   because   the   Dens i tometer  i s  

d e s i g n e d   t o   m a i n t a i n  i t s  hea t   s ink   t empera tu res   fo r   no   l onge r   t han   fou r   hour s  

a t   b e s t .   T h u s ,   b o t h   t h e   c o n d i t i o n s  of ca l ibrq t ion   and   launch   mus t   be   comple ted  

w i t h i n   t h e s e   c o n s t r a i n t s .  

C a l i b r a t i o n  is t h e   s i m p l e s t   p a r t  of t h e   t o t a l   p r o c e s s   a n d  is f a r   s i m p l e r  

t h a n   t h e   c r y o g e n i c   c o n d i t i o n i n g .  The Densi tometer  i s  i s o l a t e d   f r o m   t h e  HVCS 

by the   2 - inch   ga t e   va lve   wh i l e   t he  HVCS is  be ing   b rough t   t o  some cons t an t  ca l i -  

b r a t i o n   p r e s s u r e .  The c a l i b r a t i o n   g a s   u s e d  is ni t rogen  (commercial   grade)  

a l though a i r  may be  used  with l i t t l e  e r r o r .  The p r e s s u r e   i n   t h e  HVCS may be  

s a t i s f a c t o r i l y   m o n i t o r e d   b y   a n   i o n i z a t i o n   g a u g e   d u r i n g   t h i s   p o r t i o n  of t h e  

p r o c e s s .   I d e a l l y ,   t h e   i n i t i a l   c a l i b r a t i o n   p r e s s u r e s   s h o u l d  s ta r t  with  lower 

v a l u e s   f i r s t ,  and  then  work up t o   t h e   h i g h e r   p r e s s u r e s   o v e r   t h e   r a n g e  of 

5 x T o r r   t o  1 x Tor r  (1 UHg). A f t e r   t h e  HVCS i s  b r o u g h t   t o  some 

v a l u e ,   t h e   p r e s s u r e  i s  al lowed t o  s t a b i l i z e   f o r  two o r   t h ree   minu te s .   Af t e r  

t h e   p r e s s u r e  i s  s t a b i l i z e d ,   t h e   2 - i n c h   g a t e   v a l v e  is  opened  and  the  sensor  

chamber  and c r y s t a l   o f   t h e   D e n s i t o m e t e r  are exposed t o   t h e  HVSC c a l i b r a t i o n  

chamber. The HVCS McLeod gauge  has  been  exposed t o  t h e   c a l i b r a t i o n  chamber 

t h r o u g h o u t   t h i s   p r o c e s s   a n d   m a i n t a i n s   e q u i l i b r i u m   w i t h   t h e   c a l i b r a t i o n   g a s .  

No d a t a  i s  t aken   immedia t e ly   a f t e r   t he   Dens i tome te r   and   t he  HVCS c a l i b r a -  

t i o n  chamber are communicated s i n c e  some t i m e  is r e q u i r e d   f o r   t h e   s e n s o r  

chamber to   r each   equ i l ib r ium.   The re  i s ,  of course ,  a small mass flow  between 

t h e  two c h a m b e r s   s i n c e   t h e   s e n s o r   c r y s t a l  of t he   Dens i tome te r  is "cryopumping" 

(condens ing   or   f reez ing)   mos t  of the   molecules  of t h e   c a l i b r a t i o n   g a s   t h a t  
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arrive a t  i t s  s u r f a c e .   T h i s  mass f low i s ,  however ,   neg l ig ib l e  when  compared 

t o   t h e  mass f l o w   i n t o   t h e  HVCS d i f f u s i o n  pumping system.  Thus,   the   Densi tometer  

and t h e  McLeod gauge are e s s e n t i a l l y   e x p o s e d   t o   t h e  same s t a t i c  p r e s s u r e .  

Two o r   t h r e e   m i n u t e s   a f t e r   t h e   D e n s i t o m e t e r  is  e x p o s e d   t o   t h e   c a l i b r a t i o n  

chamber ,   data  may be  recorded.   Data  were taken   v i sua l ly   f rom  the   f requency  

coun te r   eve ry   10   s econds   fo r  a t  least a 2-minute  run. A t  least  t h r e e   r u n s  

were t aken  a t  e v e r y   c a l i b r a t i o n   p r e s s u r e .  Also ,  a t  l e a s t  two McLeod gauge 

r e a d i n g s  were t a k e n   d u r i n g   t h e   t h r e e   r u n s ,   g e n e r a l l y   n e a r   t h e   b e g i n n i n g   a n d  

near   the   end  of t h e   r u n s .   I f   t h e  two McLeod r e a d i n g s   a g r e e d   c l o s e l y ,   t h e n   t h e  

p re s su re   p robab ly   d id   r ema in   r e l a t ive ly   s t ab le   t h roughou t  a r u n .   I f ,   h o w e v e r ,  

t h e  two McLeod r e a d i n g s   d i d   n o t   c l o s e l y   a g r e e ,   t h e n   t h e   p r e s s u r e   e i t h e r   d r i f t e d  

d u r i n g   t h e  test  r u n s   o r   t h e  McLeod r ead ings  were f a u l t y .  A new s e t  of t e s t  

runs were made whenever   there  was d o u b t   a b o u t   t h e   v a l i d i t y  of the  measured 

p r e s s u r e .  

A f t e r  a s a t i s f a c t o r y  set  of t e s t  runs  were made a t  a n y   p a r t i c u l a r   p r e s s u r e  

l eve l ,   t he   2 - inch   ga t e   va lve   wou ld   aga in   be   c losed   and  a new p r e s s u r e   l e v e l  

would  be  es tabl ished.   The  2- inch  gate   valve was c l o s e d   t o   m i n i m i z e   t h e  amount 

of mass condensed   on   t he   c rys t a l  a t  times o t h e r   t h a n   d u r i n g   a n   a c t u a l   c a l i b r a -  

t i o n .   T h i s   p r o c e s s  w a s  r e p e a t e d   f o r  as many c a l i b r a t i o n s  as p o s s i b l e   w i t h i n  

t h e   c o n s t r a i n t s  of the  “hold- t ime” of t h e   i n s t r u m e n t .   A l s o ,   s i n c e   t h e   c r y s t a l  

l oaded   r ap id ly   w i th  mass a t   t h e   h i g h e r   p r e s s u r e s   ( a b o v e  1 x 10 T o r r ) ,   t h e  

amount of c a l i b r a t i o n  time w a s  s e v e r e l y   l i m i t e d .   C a l i b r a t i o n  was g e n e r a l l y  

r e s t r i c t e d   t o   f r e q u e n c y   s h i f t s   f r o m   a b o u t  7 7  kHz t o  5 kHz. Th i s  is  because 

e x ~ e r i e n c e   h a s  shown t h a t   t h e   r e s p o n s e   o f   t h e   c r y s t a l  becomes  somewhat  non- 

l i n e a r  o f o r   f r e q u e n c y   s h i f t s   g r e a t e r   t h a n   o n e   p e r c e n t   o f   t h e   r e s o n a n t   f r e q u e n c y .  

However, a l i m i t e d  number of ca l ib ra t ions   pe r fo rmed  on t h e   D e n s i t o m e t e r   a f t e r  

t he   i n s t rumen t   pas sed   t h rough   t he   ze ro   bea t   f r equency  showed no s i g n i f i c a n t  

n o n l i n e a r i t i e s   f o r   f r e q u e n c y   s h i f t s  as h igh  as two p e r c e n t  of r e s o n a n t  

f requency.  
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Section IV 

RESULTS 

This   s ec t ion   p re sen t s   t he   da t a   p roduced   by   t he   Cryogen ic   Dens i tome te r  

du r ing  i t s  c a l i b r a t i o n .  A s  d i s c u s s e d   i n   S e c t i o n  11, the   purpose  of t h e  cali- 

b r a t i o n  w a s  t o   d e t e r m i n e   t h e   s e n s i t i v i t y ,  H ,  i n  Hz/gm of t h e   D e n s i t o m e t e r ' s  

s e n s o r   c r y s t a l .  The v a l u e  w i l l  be  a c r i t i ca l  p a r t  of t h e   f l i g h t   d a t a  

r e d u c t i o n .  

4.1 STATIC  CALIBRATION  DATA 

The raw c a l i b r a t i o n   d a t a  were recorded  manual ly ,   general ly  a t  5 o r   1 0  

s e c o n d   i n t e r v a l s ,   o v e r   t o t a l   r u n  times of 1 t o  2 minutes .  A t y p i c a l   s a m p l e  of 

raw da ta   r eco rded   i n   t h i s   manner  is  g iven   i n   Tab le  4-1. A long   w i th   t he   f r e -  

quency   r e sponse   da t a ,   t he  time, i c e  dewar  temperature  and  average McLeod gauge 

p r e s s u r e s  were recorded .   The   da ta  were p l o t t e d  on   r ec t angu la r   coo rd ina te  

pape r   w i th   t he   f r equency ,   Af ,   p lo t t ed   ve r sus  time, A t .  A sample of t h i s  i s  

shown i n   F i g u r e  4-1 f o r   t h e   d a t a  of Table  4-1. As d i s c u s s e d   i n   S e c t i o n  111, 

i f   t h e   p r e s s u r e   i n   t h e  HVCS c a l i b r a t i o n  chamber remains r e l a t i v e l y   c o n s t a n t  

du r ing  a g i v e n   r u n ,   t h e n   t h e   p l o t  of t he   da t a   shou ld   p roduce  a s t r a i g h t   l i n e .  

This  is t h e  case o f   t h e   d a t a   f o r  Run 1 B  g i v e n   i n   F i g u r e  4-1. However, Run 1 A  

i n   F i g u r e  4-1 shows a d e f i n i t e   n o n l i n e a r i t y   i n d i c a t i v e  of a d r i f t i n g   c a l i b r a -  

t i o n  chamber p r e s s u r e .   T h i s   w a s , v e r i f i e d  by a d d i t i o n a l  McLeod gauge  checks 

which showed t h a t   t h e   p r e s s u r e   i n   t h e   c a l i b r a t i o n  chamber w a s  r e l a t i v e l y  

c o n s t a n t  by t h e  time Run 1B was s t a r t e d .  

An a d d i t i o n a l   c o n s i d e r a t i o n   m u s t   b e   g i v e n  t o  t h i s   f r e q u e n c y   r e s p o n s e   d a t a .  

It was o b s e r v e d   t h a t   t h e r e  was a small b u t   m e a s u r a b l e   d r i f t   i n   t h e   b e a t   f r e -  

quency   even   wi th   the   2 - inch   ga te   va lve   c losed .  This s h i f t   i n   t h e   b e a t   f r e -  

quency i s  assumed t o   b e  a r e s u l t  of t he   minor   gas   l oads   (ou tgass ing   and   v i r tua l  

l e a k s )   f r o m   w i t h i n   t h e   s e n s o r   c h a m b e r   i t s e l f .   I f   t h i s  i s  t h e  case, chen i t  i s  

r easonab le   t o   a s sume   t ha t   t hese   l oads   wou ld  become n e g l i g i b l e   a f t e r  a s u f f i -  

c i e n t l y   l o n g   h o l d  time. Thus, i n   e a c h   c a l i b r a t i o n   r u n  made, t h e   d r i f t   b e a t  

f requency  i s  a c c o u n t e d   f o r   i n   t h e   c a l i b r a t i o n   d a t a .  The d r i f t   b e a t   f r e q u e n c y  

measured  preceding  Runs 1 A  and 1 B  is shown i n   F i g u r e  4-1. The s l o p e   o f   t h i s  
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Table 4-1. SAMPLE OF CALIBRATION  TEST DATA (TEST " " ""'^ " - "' 

0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 

DRIFT  TEST^ 
BEAT  FREQUENCY 

Af (Hz) 

69.651 
69.648 
69.645 
69.643 
69.642 
69.642 
69.642 
69.641 
69.639 
69.637 
69.635 
69.635 
69.632 
69.630 
69.629 
69.629 
69.626 

CALIBRATION"TESJ 
BEAT FREQUENCY, A f  (Hz) 
RUN 1 A  @ 
69.457 
69.445 
69.437 
69.429 
69.423 
69.475 
69.409 
69.403 
69.397 
69.392 
69.387 

. . ." 
RUN 7B - 

69.346 
69.340 
69.335 
69.330 
69.324 
69.37 9 
69.31  3 
69.308 
69.303 
69.297 
69.290 

IU-Z-by, KUN3 I A  Iri IB) 

~~ 

AVERAGE  CALIBRATION 
PRESSURE, PC @ 

(Torr) 

2.0 x 

~~ 

2.0 x Jo -6  
2.0 x 

2.0 x 

2.0 x 
2.0 x 

2.0 x 70-6 
2.0 x 
2.0 x 
2.0 x 
2.0 x lo-6 

@Cal i   b ra t ion   pressure  was observed  to  d r i f t  
during run 1A. T h u s ,  run 1A was d iscarded   as  
a c a l i b r a t i o n   p o i n t .  

@ P  , t h e  c a l i b r a t i o n  pressure, was monitored i n  
t h e   c a l i b r a t i o n  chamber by means of the high 
vacuum McLeod gauge. 

NOTE: The average dewar temperature was 58°K. 
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NOTES:  FOR  RUN 16, 
A f / A t  1.10  Hz/sec - DRIFT 

= 1 .l,O Hz/sec . -  0.28  Hz/sec 

I A f / A t  = 0.82  Hz/sec I 
P, 2 2 .O x torr 

69.660 - A DRIFT FREQUENCY 
,, . 

69.640 - - 1 

A f / A t  = 0.28  Hz/rec 
. 

rn 

69.620 - 
\ 

N 
E 
c 
d 

69.460; z 
Ll 

5 6 9 . 4 4 0 -  
Ll 
Y 
L 

- 69.420- 
n 
1: 
IJ 

69.360 

69.340 ! 1 I I 

0 10 20 30 40 50 I 
TIME, t( sec) 

io 

69.371 

69.351 

69.33 

69.311 

68.291 

68.271 

Figure 4-1. PLOT OF CALIBRATION DATA  FOR  TEST 1 (RUNS 1A & 1B) 
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d r i f t   f r e q u e n c y   l i n e  is s u b t r a c t e d   f r o m   t h e   s l o p e   o f   t h e  Run 1 B  s l o p e ,  _. 

r e s u l t i n g   i n   t h e   r e s p o n s e   o f   t h e   D e n s i t o m e t e r ,  Af/4t1 ( i n   H e / s e c ) ,   f o r   t h e  

c a l i b r a t i o n   p r e s s u r e .  

Gene ra l ly ,  two o r   t h r e e   s u c h   r u n s  were made f o r   e a c h . c a l i b r a t i o n   p r e s s u r e .  

Approximately  19  good  runs were made as g i v e n   i n   T a b l e  4-2 a n d   p l o t t e d   i n   t h e  

ve ry   impor t an t   fo rma t  of F i g u r e  4-2. The d a t a  of Figure  4-2 d e f i n e s   t h e   p r e s -  

su re   r e sponse  of the   ins t rument .   In   pure ly   f ree-molecular - f low,   the  rate of 

mass flow  through  an  opening is d i r e c t l y   p r o p o r t i o n a l  to t h e   u p s t r e a m   p r e s s u r e ,  

i . e . ,  

& a P  (4-1) 

f o r   c o n s t a n t   t e m p e r a t u r e .  From equat ion   (1-1) ,   the   f requency   response  of a 

q u a r t z   c r y s t a l   o s c i l l a t i n g   i n  i ts t h i c k n e s s   s h e a r  mode is 

Af/At a m f ' *  2 
r 

There fo re ,  i t  f o l l o w s   t h a t  

Af/At a P ( 4-3) 

o r  

Af/At = C P ( 4 - 4 )  

assuming a l l  o t h e r   q u a n t i t i e s   ( t e m p e r a t u r e ,   g e o m e t r y ,   e t c . )  are h e l d   c o n s t a n t .  

I t  was g r a t i f y i n g   t o   f i n d   t h a t   t h e   c a l i b r a t i o n   d a t a   d i d   f a l l   v e r y   c l o s e  

t o  a s t r a i g h t   l i n e .  The e q u a t i o n   o f   t h i s   s t r a i g h t   l i n e  was determined  by 

f i t t i n g   t h e   b e s t   l i n e   t h r o u g h   t h e   d a t a   t h a t   a l s o   s a t i s f i e s   e q u a t i o n  ( 4 - 3 ) .  

When t h i s  was done, i t  was f o u n d   t h a t   t h e   v a l u e  of C i n   e q u a t i o n  ( 4 - 4 )  is 

3.65 x 10 ( w i t h i n   t h e  limits of expe r imen ta l   t e s t ing )   fo r   an   ambien t   t empera -  

tu re   o f   about  300°K. That i s ,  

5 

Af/At 2 3.65 x 10 P 5 
( 4 - 5 )  

where P is measured i n   T o r r  and  Af/At is  i n  Hz/sec. 

Equat ion  (4-5)   const i tutes   the  complete  s t a t i c  c a l i b r a t i o n  of the  Densi-  

tometer  a t  room tempera ture .   This   ln format ion  may  now be   u sed   t o   de t e rmine  
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Table 4-2. CALIBRATION  RESULTS FOR ALL  TESTS 

TEST' AND RUN 
NO. 

1. RUN 1B 

RUN 2B 
RUN 2C 
RUN 3A 
RUN 3C 

2. RUN 1A 
RUN 16 
RUN 1C 

3. RUN 1C 
RUN 26 

RUN 2C 
RUN 2D 
RUN 3A 
RUN 3B 

4 .  RUN 1 A  

RUN 1B 

RUN 2 

5. RUN 1A 
RUN 1B 

AVERAGE 
DEWAR TEMP. 

( C K )  

58 

61 
61 
64 
64 

55 
55 
56 

58 
59 
59 
59 
61 
61 

61 
61 
61 

60 
60 

AVERAGE CALIBRATION 
PRESSURE, PC 

(TORR) 

2.0 x 
2.0 x  IO-^ 
2.0 x 
3.5 x  IO-^ 
3.5 x 

2.4 x 
2.4 x 

1 .O x 
6.1 x 
6.1 x 
6.1 x 

6.2 x 
6.2 x 

1.65 x 

1.65 x 

7.0 x 

5.95 x 
5.95 x 

2.4 x 

INSTRUMENT 
RESPONSE 

A f / A t  (Hz/sec) 

0.82 

7.55 

12.68 

81.3 

4.03 

21.2 

21 3.0 

57.5 
214.0 

209.8 

( 1 )  The d r i f t   b e a t   f r e q u e n c y  has  been  accounted f o r  i n  a l l  o f  t h e   l i s t e d  
responses. 

(2 )  Each b racke ted   g roup   o f   da ta  was taken a t  a s ing le   p ressu re .  The 
instrument  responses  were  averaged  and  plot ted i n   F i g u r e  4-2. 
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- 
V 

v) 
W 

\ 
N 
I 
v l o o 0 - L  100.0 .. . - - . " . 
c, a 

a f 2 

0.1 L 

NOTE:  THE L I N E  PLOTTED THROUGH THE 
DATA WAS CONSTRAINED  BY  THE 
RELATIONSHIP Af/4t = P .  
THUS,  THE  RESULTING  RELATION- 
S H I P   I S  1 

lo-* 1 o - ~  1 o - ~  1 o-6 10-7 
CALIBRATION CHAMBER PRESSURE , PC (torr) 

Figure 4-2. CRYOGENIC  DENSITOMETER RESPONSE VERSUS CALIBRATION PRESSURE 
. ~. 
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t h e   s e n s i t i v i t y  of t h e   i n s t r u m e n t   i f   t h e   p r o p e r   c o n s i d e r a t i o n s  are g i v e n   t o  

i ts  geometry.   Absolute   accuracy  of   the  instrument  was de te rmined   t o   be  

approximately f 5 percen t .  

4.2 DETERMINATION OF DENSITOMETER SENSITIVITY, H 

The ambient mass reach ing   t he   i n s t rumen t   s enso r  chamber  must  be  related 

t o   t h a t   w h i c h  is accommodated (captured)  by the   i n s t rumen t   and   t ha t   wh ich  i s  

l o s t  by migra t ion   back   ou t   o f   the   ins t rument .  

Following  the  development of r e f e r e n c e  2 (p. 7 ) ,  

m = m  + A  + &  e c o l l   e c   e a  (4-6 

where: m = t o t a l   m o l e c u l a r  mass e n t e r i n g   t h e   s e n s o r  chamber p e r   u n i t  e t i m e  , gm/sec 

m = t o t a l  mass c o l l e c t e d  on t h e   s e n s o r   c r y s t a l   p e r   u n i t  time, c o l l  gm/sec 

m = t o t a l  mass l o s t   b a c k   o u t   o f   t h e   o r i f i c e   d u r i n g   t h e   d i f f u s e  ec condensa t ion   p rocess ,   pe r   un i t  time, gm/sec 

m = t o t a l  mass l o s t   b a c k   o u t  of t h e   o r i f i c e  p e r  u n i t  time d u e   t o  
one   o r   more   co l l i s ions  of a molecule   be ing   necessary   before  
the  molecular   energy i s  below  the c r i t i ca l  v a l u e   f o r  
condensat ion.  

ea 

Equat ion ( 4 - 6 )  may b e   r e w r i t t e n  as 

r .  1 
m m 

m = m  ec 

c o l l   c o l l  

1+-+* 
m 

where  the  nondimensional ized terms may be  formulated as fo l lows:  

and 

m 
"-= ec *d Kd i f f  

m c o l l  Ac (5 

( 4 - 7 )  
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where : = d r i f t   t u b e   c r o s s   s e c t i o n a l  area, 0.733 am 

= t r a n s m i s s i o n   p r o b a b i l i t y   f o r   m p l e c u l e s   l e a v i n g   c o l l e c t o r  

Ad 
2 

Kdif d i f f u s e l y ,   0 . 1 7 0 1  

= e f f e c t i v e   c r y s t a l   a r e a ,   3 . 9 5  cp 2 
AC 

0 = s t i c k i n g   c o e f f i c i e n t  o f   mo lecu le s   on   c rys t a l ,   0 .81  

u = number  of co l l i s ions   r equ i r ed   t o   r educe   mo lecu la r   ene rgy   be low 
c r i t i ca l  v a l u e   f o r   c o n d e n s a t i o n  

= c o l l e c t o r  wal l  area, -97.1 cm 2 

The v a l u e   f o r  K was approximated  f rom  the  dimensions  in   Figure 4-3 d i f  f 
a n d   s i m p l e   t r a n s m i s s i o n   p r o b a b i l i t y   t h e o r y   ( r e f .  6 ) .  

0.380 I N .  

Figure 4-3. D R I R  TUBE  DIMENSIONS 

A s  e x p l a i n e d   i n   s u b s e c t i o n   2 . 1 ,   t h e   s t i c k i n g   c o e f f i c i e n t ,  0, was determined 

exper imenta l ly   by  CELESCO ( r e f .  2 )  as = 0.81. Thus,   the   numerical   value  of  

equa t ion  (4-8) is 

m 
" 

ec 

c o l l  

- 0.0389 
m 

(4-10) 

S i n c e   t h e   v e l o c i t y  of the  rocket   launched  instrument   package is  not   h igh  

( i . e . ,  i t  is not   hyper thermal ) ,  i t  is expec ted  t h a t  the  energy  of   tho  incoming 

molecules  w i l l  be   low  enough  tha t   no   more   than   one   co l l i s ion   wi th   the   cool  

i n n e r  wall of   the   sensor   chamber  w i l l  be   requi red   before   be ing   condensed   on  

t h e   c r y s t a l .   T h u s ,   t h e   v a l u e  of u i n   e q u a t i o n  (4-9) may be   t aken  as ze ro ,  o r  
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no  more  than  unity a t  the  most.  Assuming u t o   b e   u n i t y  as a v e r y   c o n s e r v a t i v e  

estimate, the   numer i ca l   va lue   o f   equa t ion  (4-9) becomes 

m 
- z  ea 

c o l l  

0.00128 .( 4-11)  
m 

o r  a .loss c o n t r i b u t i o n  of only   about  0.128 percent .   Thus ,   equa t ion  (4-7) 
becomes 

m = m  1.04018 e c o l l  (4-12) 

Now, t h e   r e s p o n s e  of a n   o s c . i l l a t i n g   q u a r t z   c r y s t a l  i s  d i r e c t l y   p r o p o r t i o n a l   t o  

t h e  mass depos i t ed  on i ts  s u r f a c e   a n d   t o   t h e   s q u a r e   o f  i t s  resonant   f requency .  

S i n c e ,   f o r  a g i v e n   c r y s t a l ,  i ts  re sonan t   f r equency   and   e f f ec t ive   su r f ace  area 

a r e   c o n s t a n t ,   t h e   f o l l o w i n g   e x p e r e s s i o n  may b e   w r i t t e n  

Af / A t  = H A c o l l  ( 4 - 1 3 )  

where H is  t h e   c r y s t a l   c o n s t a n t   ( o r   s e n s i t i v i t y )   i n  Hz/gm. I n   o r d e r  to e v a l u a t e  

H ,  a r e l a t i o n s h i p   m u s t   b e   w r i t t e n   b e t w e e n   t h e   i n s t r u m e n t ' s   f r e q u e n c y   r e s p o n s e  

and   t he   k ine t i c   t heo ry   equa t ion   fo r   mo lecu le s   en t e r ing   t he   s enso r   chamber .  

T h i s   r e l a t i o n s h i p  is de r ived  i n  Appendix B as 

HP UAo 
Af / A t  = - f ( S o  cosa)  K ( S o ,  a )  

(1.04018) 2 6 
( 4 - 1 4 )  

If the   va lues   o f  p and U are s u b s t i t u t e d   f r o m   k i n e t i c   t h e o r y ,  

P == P m  

and 

then   equat ion  ( 4 - 1 4 )  becomes 

- A f ( S o   COS^) K (So, CC) ( 4 - 1 5 )  
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From F i g u r e  4-4,  K (So, a )  is  about  0.393 f o r  S and a = 0. Also, assuming  the 

m o l e c u l a r   s p e c i e s   u n d e r   c o n s i d e r a t i o n   t o   b e   n i t r o g e n   a n d   t , h e   o r i f i c e  area, 

t o  L e  0.317 em2,  e q u a t i o n  (4-15) becomes 

0 

AO * 

Af/At = (0 .038445)  - P 
1.04018 (4-16)  

fi 
w h e r e   t h e   p r o p e r   c o n v e r s i o n   f a c t o r   h a s   b e e n   i n t r o d u c e d   f o r   t h e   p r e s s u r e   i n   T o r r  

and t empera tu re  i n  O K .  

By combining  equat ions ( 4 - 5 )  and ( 4 - 1 6 ) ,  o b t a i n  

3.635 x 10 P = 
5 (0.038445)  - P 

1.04018 fi 
o r  

H = 1.703 x 10 Hz/gm 8 

(4-17)  

(4-18)  

f o r  T = 300°K. T h u s ,   t h e   s e n s i t i v i t y  of the   Dens i tometer ,  H, i s  1.703 x 10 

Hz/gm. The r e l a t ionsh ip   be tween   t he   Dens i tome te r ' s   f r equency   r e sponse   and   t he  

f l u x   o f   m o l e c u l e s   e n t e r i n g  i t s  d r i f t   t u b e   o r i f i c e  i s  

8 

1.703 x 10 
1.0402 

8 P U A o  
Af/At = f (So cosa)  K (So, a) 

2 J ; ;  
(4-19)  

The s p e c i e s   s u b s c r i p t s  (a) have  been  dropped i n   e q u a t i o n  (4-19)  where i t  i s  

unde r s tood   t ha t  p i s  t h e   t o t a l   a m b i e n t   d e n s i t y   a n d  U and S (E V/U) are 

w e i g h t e d   f o r   t h e   e x p e c t e d   s p e c i e s   c o n c e n t r a t i o n s .  
0 
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Section V 

COMMENTS ON FLIGHT MEASUREMENTS 

The Cryogenic  Densitometer is d e s i g n e d   t o   o p e r a t e   i n   t h e   a l t i t u d e   r a n g e  of 

1 4 0   t o  180 km. Under the   p re sen t   p l ans ,   t he   i n s t rumen t  is s c h e d u l e d   t o  b e  

launched  f rom  Wallops  Is land,   Virginia ,   aboard a Nike-Tomahawk l aunch   veh ic l e .  

The sensor  chamber of the   i n s t rumen t  w i l l  be  exposed to the   a tmosphere a t  

about   140 km by  means of a spr ing-loaded  cap  and  the  instrument   package w i l l  

be  tumbled a t  a rate c l o s e   t o  1 cps .  The o n l y   d a t a   t h a t  w i l l  be   t e l eme te red  

from  the  Cryogenic   Densi tometer   experiment  w i l l  b e   t h e   b e a t   f r e q u e n c y   ( t h e  

senso r   c rys t a l   r e sponse )   and  a the rmis to r   t empera tu re  of the  middle   deck  on 

the   e l ec t ron ic   package .  The bea t   f requency  is  expec ted   t o   be  a t  a level of 

about  65 t o  75 kHz when opened t o   t h e   a t m o s p h e r e   a n d   s h o u l d   s h i f t   t o   a p p r o x i -  

mately 40 kHz by t h e  time the  instrument   package  reaches  180 km. The i n s t r u -  

ment i s  a l so   expec ted   t o   r e spond   t o   t he   a tmosphe re  on t h e  downleg  of t h e   f l i g h t  

and   should   have   sh i f ted   to   approximate ly  5 t o  10 kHz by t h e  time i t  r e t u r n s   t o  

t h e  140 km a l t i t u d e  level. These estimates of t h e   a n t i c i p a t e d   t o t a l   b e a t  

f r e q u e n c y   s h i f t  were made by a s imple  computer   analysis   which  used a s t anda rd  

atmosphere as t h e   i n p u t   ( r e f .  6 ) .  

The r a t e  of   change   of   the   f requency   sh i f t  w i l l  b e  cons t an t ly   va ry ing   due  

to   the   passage   o f   the   ins t rument   th rough  the   a tmosphere   and   due   to   the   in ten-  

t ional   tumbling  motion.   Thus,  a r e p r e s e n t a t i v e   p o r t i o n  of t h e   f l i g h t   d a t a  may 

be   expec ted   to   appear  as shown i n   F i g u r e  5-1. 

The r educ t ion  of t h e   f l i g h t   d a t a  w i l l  b e   p e r f o r m e d   i n i t i a l l y  as fo l lows :  

- Step  1. 

S tep  2 .  

The s l o p e  of t h e   f r e q u e n c y   r e s p o n s e   d a t a ,  Af / A t ,  w i l l  be   ob ta ined  
f r o m   t h e   p l o t s  similar t o   t h o s e  of F igu re  5-1 f o r   v a r i o u s   v a l u e s  
o f   f l i g h t  time, t'. Independent  measurements w i l l  have  been made 
o f   t he   i n s t rumen t   package ' s   a t t i t ude   and   t r a j ec to ry   f rom  wh ich  
t h e   v e l o c i t y  V ,  a l t i t u d e   h ,  and  angle-of-at tack may be   der ived .  
A fur ther   independent   measurement  is  expec ted   t o   a l l ow  de t e rmina -  
t i o n  of the  ambient   temperature  T of t h e   n e u t r a l   c o n s t i t u e n t s  
of  the  atmosphere.  

S u f f i c i e n t   i n f o r m a t i o n  i s  now a v a i l a b l e   t o   p e r m i t   c a l c u l a t i o n  
of   the   ambient   dens i ty ,  p ,  f rom  equat ion ( 4 - 1 9 )  

a 
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1.703 8 10  p UAo 

2 (1.0402) 

8 

Af/At = f (So cosa )  K (So, u) (4-19) 

All of t h e   q u a n t i t i e s   i n   e q u a t i o n  (4-19)   have  been  ident i f ied 
b e f o r e .  The c o n s t a n t s   a n d   f l i g h t   d a t a  may b e   l i s t e d  as fo l lows :  

F l i g h t  Data: h = 

T =  

v =  

Cons tan ts :  A. E . .  

a l t i t u d e ,  km 
ambient   temperature   of   local   a tmosphere, ,  O K  

v e l o c i t y  of ins t rument   package   wi th   respec t  
to   the   ambient   envi ronment ,  cm/sec 

angle-of -a t tack   be tween  the   normal   to   the  
e n t r a n c e   o r i f  ice and t h e   v e l o c i t y   v e c t o r .  

E n t r a n c e   o r i f i c e  area, 0.317 cm 2 

m e / m c o l l  = 1.0402,  (equation  4-12) 
j3 

H = C r y s t a l   s e n s i t i v i t y   ( e q u a t i o n   4 - 1 8 ) ,   1 . 7 0 3  x 10 
Hz /gm 

m = Mean mass of  ambient  molecule, gm 

k = Boltzmann's   constant ,   1 .3803 x 10 e rg /deg  -16 

The va lue   o f  U is  ca l cu la t ed   f rom 

U = ( 2  kT/m) 112  

and So is d e f i n e d  as 

s e - .  V 
o u  

N o w ,  t he   conven t iona l  method  of   wri t ing  the  product  f ( S  COSCX) K (So, a )  
0 

i n   e q u a t i o n  (4-19) may b e   r e p l a c e d  by a numer i ca l ly   ca l cu la t ed   va lue ,  
I 

('0' a ) c o r r e c t .  Th i s   va lue  is determined  from q(So, a )  f(So) where q(So, a )  

is a c o r r e c t i o n   t o   s i m p l e   t r a n s m i s s i o n   c o e f f i c i e n t   t h e o r y   o b t a i n e d   f r o m   c u r v e s  

similar t o   F i g u r e  4-4 and f ( S  ) is simply 
0 

-S 
2 

f ( s o )  = e O + J;; s (1 + e r f  so) 
0 

5-3 



Thus, equation (4-19) becomes 

1.703 x 10 p u A. , 8 

2 (1.0402) J;f 
A f l A t  = 

('0' "'correct. 

Equation (5-1) may now be solved by substituting instantaneous  values of 

A f l A t  as a  function of time in flight and plotting the results versus altitude. 
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Section VI 

CONCLUSIONS AND RECOMMENDATIONS 

The l a b o r a t o r y   c a l i b r a t i o n  of the  Cryogenic   Densi tometer  was completed 

s u c c e s s f u l l y   a f t e r  a series of mechanica l   and   e lec t ronic   p roblems were so lved .  

The f o l l o w i n g   p o i n t s   s u m m a r i z e   t h e   r e s u l t s   o f   t h e   c a l i b r a t i o n .  

The Cryogenic .Dens i tometer  is  q u i t e   a c c u r a t e   a n d   r e p e a t a b l e  over t h e  
s t a t i c  p r e s s u r e   r a n g e  of approximately 1 x T o r r   t o  1 x Torr .  

The s e n s i t i v i t y  of t h e   u n i t   f o r   d r y   n i t r o g e n   g a s  was determined 
e x p e r i m e n t a l l y   t o   b e  1.703 x 108 Hz/gm. 

The e x p e r i m e n t a l l y   d e t e r m i n e d   r e l a t i o n s h i p   b e t w e e n   t h e   u n i t ' s  
f r equency   r e sponse   and   ca l ib ra t ion   p re s su re  w a s  found t o   b e   a p p r o x i -  
mate ly  Af / A t  = 3.65 x lo5  P. 

The bea t   f requency  of t h e   u n i t  w a s  e x t r e m e l y   s t a b l e   d u r i n g   c a l i b r a t i o n .  

A "dead-band'' ex i s t s   i n   t he   f r equency   r e sponse   f rom  approx ima te ly  
+5 kHz t o  -5 kHz. This  is  i n h e r e n t   i n   t h e   u n i t ' s   e l e c t r o n i c s  and 
p roh ib i t s   measu remen t s   f rom  be ing   t aken   i n   t h i s   f r equency   r ange .  

Absolute   accuracy of t h e   u n i t  was de termined   to   be   approximate ly  
+5 percen t .  - 

The series o f   m e c h a n i c a l   f a i l u r e s   e x p e r i e n c e d   d u r i n g   c a l i b r a t i o n  casts 

s e r i o u s   d o u b t   o n   t h e   a b i l i t y   o f   t h i s   p r o t o t y p e   c r y o g e n i c   D e n s i t o m e t e r   t o  

p e r f o r m   r e l i a b l y  as a thermospher ic   p robe .  I t  i s  h i g h l y  recommended t h a t   t h e  

u n i t  b e  r e d e s i g n e d   t o   i n c r e a s e  i t s  mechan ica l   i n t eg r i ty   and  t o  permit  more 

a c c e s s i b l e   e n t r y   f o r   a d j u s t m e n t s   a n d   r e p a i r s .  The f o l l o w i n g   s p e c i f i c  recom- 

mendat ions  should  be  considered:  

a E l i m i n a t e   t h e   e f f i c i e n t   b u t   t r o u b l e s o m e  water h e a t   s i n k   i n   f a v o r  of 
a m e t a l l i c   h e a t   s i n k   f o r   t h e   s e n s o r  chamber walls. 

E l imina te  a l l  s o f t   s o l d e r   j o i n t s   i n   f a v o r   o f   h e l i a r c  we lded  j o i n t s   i n  
any  region  experiencing  extremely  low  cryogenic   temperatures .  

a Provide   an  optimum  number of   h igh  vacuum f l a n g e s   t o   p e r m i t  easier 
access t o   t h e   i n t e r i o r  of t h e   u n i t .  

a R e d e s i g n   t h e   s e n s o r   c r y s t a l  mount t o   i s o l a t e  i t  from  the  extremely 
h igh   shock   loadings   induced   by   the   sensor   c rys ta l   hea t   s ink   dur ing  
launch.  

a Provide  a r e l i a b l e  vacuum v a l v e   t o   t h e  vacuum i n s u l a t i o n   s p a c e .  

a I n v e s t i g a t e   t h e   u s e   o f  materials o the r   t han   ny lon   ( e .g . ,   r ayon)   fo r  
u se  as t h e   s e n s o r   c r y s t a l   h e a t   s i n k   s u p p o r t   c o r d s .  
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Appendix  A 

DETAILED  CALIBRATION  PROCEDURE 

This  appendix w a s  written t o   o u t l i n e   t h e   t o t a l   c a l i b r a t i o n   p r o c e d u r e  of 

t he   Cryogen ic   Dens i tome te r   i nc lud ing   p re l imina ry  vacuum  and cryogenic   condi -  

t i o n i n g .  The procedure is g iven   s tep-by-s tep   to   enable   one  t o  avo id  many p i t -  

f a l l s  which were learned   th rough  exper ience .  

1. VACUUM C O N D I T I O N I N G  

1.1 

1 . 2  

1.3 

1.4 

1.5 

The Densitometer  and i ts  auxi l ia ry   equipment   should   be   se tup  as shown 

i n   F i g u r e  3-1,   except   that   the   l iquid-hel ium  dewar w i l l  no t   be  con- 

n e c t e d   i n i t i a l l y .  

Rough pump t h e   s e n s o r  chamber  and t h e  vacuum i n s u l a t i o n  space w i t h   t h e  

mechanical vacuum pumps of t h e  High Vacuum Cal ibra t ion   Sys tem (HVCS) 

and t h e   A u x i l i a r y  High Vacuum System (AHVS) r e s p e c t i v e l y .   D u r i n g   t h i s  

time, the  2- inch  gate   valve  between  the  Densi tometer  and t h e  HVCS 

c a l i b r a t i o n  chamber i s  open. 

I f   no   l eaks  are a p p a r e n t ,  pump b o t h   t h e   s e n s o r  chamber  and t h e  vacuum 

i n s u l a t i o n   s p a c e   w i t h   t h e i r   r e s p e c t i v e   d i f f u s i o n  pumps. I d e a l l y ,   t h e  

vacuum i n   t h e  vacuum i n s u l a t i o n   s p a c e   s h o u l d   b e  5 1 x 10 T o r r  as 

read by an   i on iza t ion   gauge   l oca t ed   a s   c lo se   t o   t he   Dens i tome te r   a s  

r easonab le .  The  vacuum i n   t h e   s e n s o r  chamber  and t h e  HVCS c a l i b r a t i o n  

chamber  should  be a ha rd  vacuum, p r e f e r a b l y   i n t o   t h e  10 Torr   range .  

-4 

-8 

Continue  the vacuum c leanup  for   approximate ly  72 h o u r s   p r i o r   t o  

i n i t i a t i n g   t h e   c r y o g e n i c   c o n d i t i o n i n g .   I n s p e c t   t h e   s y s t e m   p e r i o d i c a l l y  

fo r   minu te  vacuum l e a k s .  

Dur ing   the  vacuum c o n d i t i o n i n g   p r o c e s s ,  a power s u p p l y   a n d   d i g i t a l  

f requency   counter  may b e   c o n n e c t e d   t o   t h e   D e n s i t o m e t e r ' s   e l e c t r o n i c  

package. The connec t ions  are shown o n   t h e   e l e c t r o n i c   c i r c u i t   d i a g r a m  

(F igure  A-1). The  power supply   should   be  a we l l - r egu la t ed   28 -vo l t   dc  

supply   capable  of f u r n i s h i n g   u p   t o   1 . 5  amps con t inuous ly .  The f re- 

quency  counter   should  be  capable  of d i s p l g y i n g  up t o  99.999  kHz. 
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2. CRYOGENIC COOLING (LN2L 

The f o l l o w i n g   s t e p s  relate the   c ryogen ic , cond i t ion ing   o f   t he  i c e  dewar  with 

l i q u i d   n i t r o g e n  (LN2).  The LN is u s e d   i n i t i a l l y   t o   c o n s e r v e  On t h e  C O S t  

of l i q u i d   h e l i u m  (LHe). 
2 

2 . 1   F i l l   t h e   g u a r d   r e s e r v o i r   w i t h  1640 m l  of d i s t i l l e d  water. It is 

i m p o r t a n t   t o   a v o i d   o v e r f i l l i n g  of t h e   i c e . d e w a r   b e c a u s e  of t h e  mechan- 

i c a l  stresses resu l t ing , f rom  the   expans ion  of t h e   f r o z e n  water. The 

d i s t i l l e d  water may b e   e a s i l y   p o u r e d   i n t o   t h e  small o p e n i n g   i n   t h e   t o p  

of t h e  i c e  dewar  by u s i n g  a 100 m l  g radua ted   f l a sk .  

2 . 2   I n s e r t  two copper /cons tan tan   thermocouples ,  T1 and T 2 ,  i n t o   t h e  i ce  

dewar,   one  near   the  bot tom of t h e  dewar  and t h e   o t h e r   n e a r   t h e  mid- 

s ec t ion   o f   t he   dewar .  An LN r e f e r e n c e   j u n c t i o n   s h o u l d   b e   u s e d   f o r  

t h e   g r e a t e s t   a c c u r a c y ,   b u t   i n   t h e   c a l i b r a t i o n   r e p o r t e d   h e r e   a n  i c e  

b a t h   r e f e r e n c e   j u n c t i o n  was u s e d   s a t i s f a c t o r i l y .  

2 

NOTE: A special  manifold was bui l t   to   al low  the  cryogenic   exhaust  
gases to   be   d i rec ted  away from the  upper  surface  of  the  Densitometer. 
This  manifold  (Figures 2-1 and 3-2)  passes  the  liquid  cryogen fron the 
suppZy dewar through  the  center of the  exhaust  gas  portion of the 
manifoZd and i n t o   t h e   i c e  dewar. This  manifold was found t o  be 
extremely  use f u l  in preventing unwanted fr~eezing and resul tant   leaks  
in   t e fZon   s ea l s  on top  of the  Densitometer. 

2.3 The LN dewar may be   connec ted   t o   t he   Dens i tome te r ' s   c ryogen ic   f eed  2 
l i n e s  by  means of an  l /B-inch I D  T e f l o n   t u b e .   T y p i c a l l y ,   a n   a d a p t e r  

w i l l  have   to   be  made f o r  t h e  LN dewar. 2 

2.4  Cooldown may  now beg in  by opening  the LN s u p p l y   v a l u e .   T h e   i n i t i a l  2 
f r e e z i n g   o f   t h e  i ce  b lock   should   be   per formed  wi th   g rea t  care t o   a v o i d  

the   l a rge   mechan ica l  stresses re su l t i ng   f rom  a symmet r i ca l   f r eez ing .  

Obse rva t ion   o f   t he  two thermocouples,  T and T2,  w i l l  p r even t   t oo  

r a p i d   c o o l i n g .   A f t e r   t h e  water i n  t h e  ice  dewar   has   been   carefu l ly  

f r o z e n ,   t h e   c o o l i n g  rate may be   i nc reased  some. I f  T and T2  s t a y  

1 

1 
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w i t h i n   a b o u t  5 ° K  of e a c h   o t h e r ,   t h e n  the c o o l i n g  rate may be  assumed 

s a t i s f a c t o r y .  

2.5 A s  t h e   t e m p e r a t u r e  of t h e  ice  dewar  approaches  that   of  LN2, t h e   s e n s o r  

chamber   should   be   back- f i l l ed   wi th   gaseous ,he l ium (GHe) t o  a p r e s s u r e  

of  between 100 uHg and  200 VHg as ind ica t ed   by  a thermocouple   p ressure  

gauge .   Th i s   back f i l l i ng   p rocess   can   be   ea s i ly   accompl i shed  by a G H e  

supply   such  as is shown i n   F i g u r e s  2-1  and 3-1. The  system  of   valves  

i n   t h e  G H e  supp ly   sys t em  a l lows   t he   sys t em  to   be   adequa te ly   pu rged  

a n d   e v a c u a t e d   p r i o r   t o   t h e   a c t u a l   b a c k f i l l i n g   p r o c e s s .  The 2-inch 

ga te   va lve   be tween  the   Dens i tometer   and   the  HVCS c a l i b r a t i o n  chamber 

i s  c losed .  Then t h e  GHe s u p p l y   b o t t l e  is opened t o   t h e  GHe supply 

s y s t e m   w i t h   t h e   f o r e  pump o p e r a t i n g .   T h i s   a l l o w s   t h e   p r e s s u r e   i n   t h e  

s u p p l y   l i n e   t o   b e   e s t a b l i s h e d  a t  about  200 uHg ( a s   i n d i c a t e d  by a 

t h e r m o c o u p l e   g a u g e   l o c a t e d   i n   t h e   l i n e )   p r i o r   t o   a d m i t t i n g   t h e  G H e  t o  

the  Densi tometer   sensor   chamber .  The small va lve   be tween  the   supply  

l i n e  and t h e   s e n s o r  chamber is  then   opened   and   the   p ressure  is  a d j u s t e d  

u n t i l   t h e   s u p p l y   l i n e   a g a i n   e q u a l i z e s  a t  between 100 UHg and 200 PHg. 

The v a l v e   t o   t h e   s e n s o r  chamber i s  a g a i n   c l o s e d   i s o l a t i n g   t h e   c h a r g e  

of GHe i n   t h e   s e n s o r  chamber. 

2 .6   Coo l ing   con t inues   un t i l   t he  i ce  dewar  reaches LN t empera tu re  ( -  7 8 ° K ) .  2 
A f t e r   t h i s   t e m p e r a t u r e  i s  r e a c h e d ,   t h e  LN2 f low i s  r e d u c e d   u n t i l   t h e  

i ce  dewar   t empera tu re   j u s t   ma in ta ins  - 7 8 ° K .  T h i s   c o n d i t i o n   s h o u l d  

b e   h e l d   f o r   a t  least a h a l f   h o u r   t o   e n s u r e   t h o r o u g h   c h i l l i n g   o f   t h e  

e n t i r e  i ce  dewar. The e x a c t  amount  of LN used   in   one   cooldown  cyc le  

has   no t   been   p rec i se ly   measu red ,   bu t  i s  approximately 20 t o  25 l i ters.  
2 

3 .  CRYOGENIC COOLING (LHe) 

Approximately 25 t o  30 l i t e rs  o f   l i qu id   he l ium i s  r e q u i r e d   f o r   t h e   c o o l -  

down from - 7 8 ° K .  A Linde  100-l i ter   dewar was u s e d   i n   t h e  tests r e p o r t e d  

here .   Depending   on   the   ac tua l   quant i ty  of LHe i n i t i a l l y   i n   t h e   s u p p l y   d e w a r ,  

t h r e e   o r   f o u r  cooldowns   can   be   accompl ished   wi th   one   " fu l l "   100- l i te r   supply  

dewar. A vacuum i n s u l a t e d   t r a n s f e r   l i n e  is r e q u i r e d   t o   t o p   t h e   s u p p l y   d e w a r .  
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G e n e r a l l y ,   a n   a d a p t e r   h a s   t o   b e  made f o r   t h e   d i s c h a r g e   e n d   o f   t h e   t r a n s f e r  

l i n e   t o   a l l o w   a n  1/8th inch   Tef lon   coupl ing  to t i e  t h e   t r a n s f e r   l i n e   t o  

t h e   c r y o g e n i c   f e e d   l i n e  of t he   Dens i tome te r .   The   man i f   o ld   desc r ibed   i n  

S t e p   2 . 2   h a s   a n   a d d i t i o n a l   f e a t u r e   t h a t  is e x t r e m e l y   u s e f u l  when con t inu ing  

the  cooldown  with LHe. There is a tee immedia te ly   above   the   mani fo ld   wi th  

a small valve e x h a u s t i n g   t o   t h e   a t m o s p h e r e .   S i n c e   t h e r e  may be  no  valve 

i n   t h e   t r a n s f e r   l i n e ,   t h e   a d d i t i o n  of t h i s  small v a l v e   a l l o w s  some  of t h e  

LHe t o   b e   i n i t i a l l y   d i v e r t e d   f r o m   t h e   D e n s i t o m e t e r ,   r e s u l t i n g   i n  some con- 

t r o l   i n   t h e   f l o w r a t e .   T h e r e  is a n   a d d i t i o n a l   f e a t u r e  of t h i s  tee and   va lve  

whic.h w i l l  be   d i scussed  l a t e r  i n   t h i s   p r o c e d u r e .  

3 .1  I n s e r t   t h e  LHe t r a n s f e r  l i n e  i n   t h e  LHe supply   dewar   and   a t tach   the  

d i s c h a r g e   e n d   t o   t h e   m a n i f o l d   w i t h  a t i g h t   f i t t i n g   T e f l o n   c o u p l i n g .  

This   has   to   be   accompl ished   wi th  some f i n e s s e   s i n c e ,   i d e a l l y ,   t h e  

c r y o g e n i c   f l u i d   i n t r o d u c e d   t o   t h e   D e n s i t o m e t e r   c r y o g e n i c   f e e d   l i n e s  

shou ld   c lose ly   ma tch   i n   t empera tu re   t he  i ce  d e w a r .   I n   p r a c t i c e ,   t h i s  

s i t u a t i o n   c a n n o t   b e  m e t  e x a c t l y .  However,  by l e t t i n g   t h e  LHe t r a n s f e r  

l i n e   p u r g e   i t s e l f   p a r t i a l l y   b e f o r e   a t t a c h i n g  i t s  d i s c h a r g e   e n d   t o   t h e  

mani fo ld ,   the   t empera tures   can   be   more   c lose ly  m e t .  

3 .2  The coo l ing  ra te  of t h e  LHe cooldown may b e   a d j u s t e d   t o  some e x t e n t  

through  by-passing a p o r t i o n  of t h e  LHe f low  through  the   mani fo ld  

tee. The l o w e s t   t e m p e r a t u r e   a t t a i n a b l e   w i t h   t h e  LHe should   be  

accomplished i n   a b o u t  45 minutes .   Al though  the  copper/constantan 

thermocouples are not   cons idered   accura te   be low  about  25'K, they  can 

g i v e   a n   i n d i c a t i o n  of t h e   l o w e s t   t e m p e r a t u r e   a t t a i n a b l e   i n   t h e  i ce  

dewar.   Experience  has shown t h a t   t h i s   i n d i c a t e d   t e m p e r a t u r e  is 

approximately 9 t o  10'K. 

3 . 3  The flow  of LHe m u s t   c o n t i n u e   u n t i l   t h e   s e n s o r   c r y s t a l   a n d   l e a d   b l o c k  

h e a t   s i n k  are tho rough ly   ch i l l ed   and  are i n   t h e r m a l   e q u i l i b r i u m   w i t h  

t h e  ice  dewar.   This   normally  requires   approximately 45 t o  55 minutes  

a f t e r   t h e  ice dewar a t t a i n s  i t s  lowes t   t empera ture .   The   pressure  of 

t h e  G H e  b a c k f i l l   g a s   i n   t h e   s e n s o r  chamber   shold   be   per iodica l ly  

checked t o  make c e r t a i n   t h a t  i s  main ta ined  at  approximately 100 to 

200 pHg as d i s c u s s e d   i n   S t e p   2 . 5 .  
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3 . 4  As t he  LHe cooldown p rogres ses  ,. t h e   p r e s s u r e   i n .   t h e   1 0 0 - l i t e r   s u p p l y  

dewar w i l l  s l o w l y   d r o p   o f f   r e s u l t i n g   i n  a flow rate t h a t  may b e   t o o  

low t o   m a i n t a i n   t h e  cooldown rate. This  can  be  overcome by p res su r -  

i z i n g   t h e  LHe dewar  with a s u p p l y   l i n e  of GHe.  The  normal   operat ing 

p r e s s u r e  of the   L inde  100-liter LHe dewar is  18 p s i a  and  should  not 

be   exceeded .   P re s su r i za t ion  of these  dewars   should  be  performed  only 

by   pe r sonne l   i n t ima te ly   f ami l i a r   w i th   such   p rocedures .  

3 .5   In   the  absence  of   any  direct   measurement  of t h e   s e n s o r   c r y s t a l  

t empera ture ,   thermal   equi l ibr ium of t h e   s e n s o r   c r y s t a l   h e a t   s i n k   a t  

t h e   l o w e s t   a t t a i n a b l e   t e m p e r a t u r e  of t h e  i c e  dewar may be  determined 

by   the   fo l lowing   observa t ions :  (1) A s  t h e  cooldown p r o g r e s s e s ,   t h e  

bea t   f requency  w i l l  f o l l o w  a t r end   such  as t h a t  shown i n   F i g u r e  A-2. 

The s e n s o r   c r y s t a l  w i l l  show less and less of a temperature   dependence 

below  about .25'K. Thus, when t h e   b e a t   f r e q u e n c y   s t a b i l i z e s ,   t h e  

s e n s o r   c r y s t a l  is e s s e n t i a l l y  i n  t h e r m a l   e q u i l i b r i u m   w i t h   t h e   i c e  

dewar.   (2)   Since  the mass of t h e   l e a d   b l o c k  is  many times t h a t  of 

t h e   s e n s o r   c r y s t a l ,   t h e   l e a d   b l o c k  may not   be   thoroughly   ch i l led   even  

though t h e   s e n s o r   c r y s t a l   h a s   a p p e a r e d   t o   s t a b i l i z e .   T h i s   c a n   b e  

checked   eas i ly   th rough  rap id   removal  of t h e  G H e  b a c k f i l l   g a s   f r o m   t h e  

senso r  chamber   by   opening   the   2 - inch   ga te   va lve   to   the  HVCS c a l i b r a -  

t i o n  chamber. I f   t h e   b e a t   f r e q u e n c y  rises ve ry  slowly some 50 t o  150 

Hz and t h e n   s t a b i l i z e s ,   t h e   h e a t   s i n k  may be  assumed t o   b e   a d e q u a t e l y  

c h i l l e d .  However, i f   t h e   b e a t   f r e q u e n c y   c o n t i n u e s  to s h i f t   s i g n i f i -  

can t ly   ove r  150 Hz, t h e   c o o l i n g  is  not   complete   and  must   be  cont inued.  

This  is accompl ished   by   rec los ing   the   2 - inch   ga te   va lve   and   aga in  

s l o w l y   b a c k f i l l i n g   t h e   s e n s o r  chamber w i t h  G H e .  A l l  d u r i n g   t h i s  time 

t h e   f l o w r a t e   o f  LHe i s  cont inued   cons tan t .  

3 .6   Af t e r   t he   s enso r   c rys t a l   and   t he   l ead   b lock   hea t   s ink   have   been  

t h o r o u g h l y   c h i l l e d   a c c o r d i n g   t o   t h e  c r i te r ia  i n   S t e p   3 . 5 ,   t h e  G H e  

b a c k f i l l   g a s   i n   t h e   s e n s o r  chamber may be   r ap id ly  removed by opening 

the   2 - inch   ga t e   va lve .  The LHe f l o w  may be   t e rmina ted  as soon   a s   t he  

senso r  chamber is  adequate ly   evacuated .  N o  more  than  about two minutes  

are r e q u i r e d   f o r   t h i s  pumpdown as t h e  G H e  w i l l  d i f f u s e   o u t   q u i c k l y .  If 
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i t  is known t h a t   t h e  Llle dewar is nearly  empty,   the   f low  of  LHe may b e  

con t inued   un t i l   t he   dewar  is empty  and t h e  warmer Glie p r e s s u r i z a t i o n  

gas is admi t t ed   t o   t he   Dens i tome te r   c ryogen ic   f eed   l i nes :  The ice  

dewar  must  be  slowly warmed u n t i l  i t s  t empera tu re  is approximately 55 
t o  65°K. I f   t h e  LHe dewar is n o t   n e a r l y   e m p t y ,   t h e   t r a n s f e r   l i n e  must 

b e   c a r e f u l l y  removed  and r ep laced   w i th  a l i n e  of GHe.  Th i s   has   t o   be  

a c c o m p l i s h e d   c a r e f u l l y   o r   t h e  LHe cooled  Densi tometer   cryogenic   feed 

l i n e s  w i l l  cryopump room a i r  and m o i s t u r e  and   can   very   eas i ly   " f reeze-  

up" comple t e ly .   Th i s   can   be   ea s i ly   avo ided   by   a t t ach ing   t he  G H e  supply 

l i n e   t o   o n e   s i d e  of the   mani fo ld  tee  before   removing   the  LHe t r a n s f e r  

l i n e .  By i n i t i a t i n g  a small flow  of G H e  and  then  removing  the  trans- 

f e r   l i n e  and  capping its connect ion  point   on  the  manifold t ee ,  no 

room a i r  i s  p e r m i t t e d   i n t o   t h e   c r y o g e n i c   f e e d   l i n e s .  

3 .7  The i o n i z a t i o n   g a u g e   p r e s s u r e   i n   t h e   c a l i b r a t i o n  chamber  should  be 

observed  during  the  s low warm-up of t h e  i ce  dewar.   Small   pressure 

b u r s t s  of r e s i d u a l  amounts  of N 2 ,  0 2 ,  and H 0 w i l l  be   no t i ced  as warm- 

up progresses .   Obvious ly ,  some o f   t hese   gases  w i l l  d e p o s i t  on t h e  

s e n s o r   c r y s t a l  and w i l l  cause a s i g n i f i c a n t   s h i f t   i n   t h e   b e a t   f r e q u e n c y .  

This  is of n o   c o n c e r n   i f   t h e   s h i f t   d o e s   n o t   e x c e e d   o v e r  5 t o  10 kHz. 

Warm-up of   the   i ce-dewar   should   t ake   approximate ly  30 minutes .  

2 

The above  sequence of s t eps   comple t e s  a t y p i c a l  cooldown p rocess .  

I n   g e n e r a l ,   t h e  amounts of e l a p s e d  time invo lved  i s  approximately as 

fo l lows  : 

LN cooldown - 2 . 5   t o  3.0 hours  

LHe cooldown - 1.5 hour s  

Ice Dewar Warmup - 0.5 hours  

2 

4 .  CALIBRATION 

Ca l ib ra t ion   o r   t e s t ing   o f   t he   i n s t rumen t   mus t   be   comple t ed   w i th in  3 t o  4 

hours  from  completion of t h e   f o r e g o i n g  cooldown process .   This   assumes   tha t  

no s i g n i f i c a n t   l e a k s   e x i s t   i n   e i t h e r   t h e   s e n s o r  chamber o r   t h e  vacuum i n -  

s u l a t i o n   s p a c e .  A b r i e f   o u t l i n e  of t h e   c a l i b r a t i o n   p r o c e d u r e  is g i v e n   i n  

s u b s e c t i o n  3 . 2 .  
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4.1  

4.2 

4.3 

4.4  

4 . 5  

The HVCS McLeod gauge (CVC GM110) is assumed to   be   c l ean   and   r eady   fo r  

o p e r a t i o n  a t  the   . conc lus ion   of   the   c ryogenic   condi t ion ing   process .  

There is ample t i m e  t o   p r e p a r e   t h e  McLeod gauge   dur ing   the   c ryogenic  

cooldown  of the   Dens i tometer .  

The 2- inch   ga te  valve is c l o s e d   i s o l a t i n g   t h e   D e n s i t o m e t e r   s e n s o r  

chamber  from  the HVCS c a l i b r a t i o n  chamber. If t h e r e  are n o   l e a k s   i n  

the   2 - inch   ga te  valve o r   i n   t h e  elbow  on  which  the  Densitometer is 

mounted,   then  there   should  be  only a v e r y   m i n o r   d r i f t   i n   t h e   b e a t  

f r e q u e n c y   ( s e e   F i g u r e   4 - 1 ) .   T h i s   d r i f t   r e f l e c t s   m i n o r   l e a k s   a n d   o u t -  

gass ing   of   the   sys tem  up   to   the   2 - inch   ga te   va lve .  

The d r i f t   bea t   f r equency   shou ld   be   mon i to red   and   r eco rded   p r io r   t o  

each   ca l ib ra t ion   run   wh i l e   t he   2 - inch   ga t e   va lve  is c losed   and   the  

sensor  chamber is i so l a t ed   f rom  the  HVCS ca l ib ra t ion   chamber .  Moni- 

t o r i n g  of t h e   d r i f t   b e a t   f r e q u e n c y  may be   eas i ly   accompl ished  by 

r e c o r d i n g   t h e   d i s p l a y e d   b e a t   f r e q u e n c y   e v e r y   f i v e   o r   t e n   s e c o n d s .  

The d i g i t a l   c o u n t e r   u s e d   i n   t h e   p r e s e n t   c a l i b r a t i o n  was capable  of 

d i sp lay ing   up   to   99 .999  kHz a l l o w i n g   s u f f i c i e n t l y   a c c u r a t e   r e a d i n g s  

o f   t h e   d r i f t   b e a t   f r e q u e n c y .  

While   the  2- inch  gate   valve i s  closed,   commercial   grade  ni t rogen  gas  

(GN2) is  c a r e f u l l y   a d m i t t e d   t o   t h e  HVCS ca l ib ra t ion   chamber .   Th i s  

can b e  accompl ished   very   eas i ly  by  means  of  an  arrangement  similar 

t o   t h a t  shown i n   F i g u r e  3-1. Cont ro l  of t h e  

p l i shed   by  means  of a p r e c i s i o n   l e a k   v a l v e .  

c a l i b r a t i o n  chamber i s  monitored  by means  of 

t h i s   p r o c e s s .  When t h e   p r e s s u r e   i n   t h e  HVCS -. 

GN f l o w r a t e  is accom- 

The p r e s s u r e   i n   t h e  HVCS 

an   ion iza t ion   gauge   dur ing  

c a l i b r a t i o n  chamber  has 

2 

r i s e n   t o   a p p r o x i m a t e l y  5 x 10” T o r r ,   t h e  GN2 is r e g u l a t e d   t o   m a i n t a i n  

t h a t   p r e s s u r e .   T h i s  is as suming   t ha t   t he   base   p re s su re   o f   t he   ca l i -  

brat ion  chamber  was well below 1 x 10  Torr .  -7 

A f t e r   t h e  HVCS c a l i b r a t i o n  chamber   p ressure   has   s tab i l ized ,   the   2 - inch  

g a t e   v a l v e  is opened  exposing  the  Densi tometer   sensor   chamber   to   the 

c a l i b r a t i o n  chamber.  About two o r   t h r e e   m i n u t e s  are r e q u i r e d   f o r   t h e  

p r e s s u r e   t o   a g a i n   s t a b i l i z e .  
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4.6 

4.7 

The f r equency   r e sponse   da t a  may  now b e   r e c o r d e d   f o r   t h e   p r e s s u r e   i n  

t h e  HVCS c a l i b r a t i o n  chamber.  The d a t a  may b e   m o n i t o r e d   i n   t h e  same 

manner as- f o r   t h e   d r i f t   b e a t   f r e q u e n c y ,  i . e . ,  b y   r e c o r d i n g   t h e   d i s -  

p l a y e d   b e a t   f r e q u e n c y   e v e r y   f i v e   o r   t e n   s e c o n d s  as d e s i r e d .   I n   t h e  

p r e s e n t  tests it  was found   t ha t   r eco rd ing   t he   bea t   f r equency   eve ry   t en  

s e c o n d s   f o r  a run t i m e  o f   o n e   m i n u t e   p r o v i d e d   s u f f i c i e n t l y   a c c u r a t e  

c a l i b r a t i o n   d a t a .  A t  least two,   and   preferab ly   th ree ,   runs   should  b e  

made a t  a g i v e n   c a l i b r a t i o n   p r e s s u r e .  

The 2 - inch .ga te  valve is a g a i n   c l o s e d ,   i s o l a t i n g   t h e   D e n s i t o m e t e r  

sensor  chamber.  A new HVCS ca l ib ra t ion   chamber .   p re s su re  is  a d j u s t e d  

(S tep  4 . 4 )  a n d   t h e   d r i f t   b e a t   f r e q u e n c y  is  aga in   moni tored   (S tep  4 . 3 ) .  

Steps  4.5 and 4.6 are t h e n   r e p e a t e d   f o r   t h e  new p r e s s u r e .   I d e a l l y ,  

t h e   s y s t e m   s h o u l d   p e r m i t   c a l i b r a t i o n s  a t  t h e   f o l l o w i n g   p r e s s u r e s :  

5 x Torr  

1 x Torr  

5 x Torr  

1 x Tor r  

5 x Tor r  

1 x Torr  

5 x Tor r  

1 x Tor r  

As mentioned ear l ier ,  ca l ib ra t ion   mus t   be   comple t ed   i n  3 to ,4 hours  

immedia te ly   fo l lowing   c ryogenic   condi t ion ing  of t h e   u n i t .  A s  t h e  

D e n s i t o m e t e r ' s   s e n s o r   c r y s t a l   a n d   h e a t   s i n k   b e g i n s   t o  warm u p ,   t h e  

bea t   f requency  w i l l  no   l onge r   r e spond   l i nea r ly   t o   p re s su re .   U l t ima te ly  

the   gases   condensed   on   t he   s enso r   c rys t a l  w i l l  b e g i n   t o   e v a p o r a t e ,  

l e a v i n g   t h e   c r y s t a l   a n d   r e s u l t i n g   i n  a s h i f t   i n   t h e   b e a t   f r e q u e n c y  

o p p o s i t e   t o   t h a t   d u r i n g   c a l i b r a t i o n .  

NOTE: No ea  Zibration shouZd be  performed when the  beat  frequency i s  
wi th in  + - 5.0 kHz of zero.  This i s  due t o  an ezectronie  rrIoekiny-uprr 
of the   ose i  2 l a tor   c i r cu i t   near  + 5 kHz. A s  the  frequency  passes on 

through  zero  the  beat  frequency w i  I 1  again  appear  near -5 kHz. 
- 
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Appendix B 

DERIVATION OF RELATIONSHIP BETWEEN  DENSITOMETER 

MOLECULES ARRIVING AT ENTRANCE  ORIFICE 
FREQUENCYRESPONSEAND  FREE-MOLECULAR-FLUXOF 

The  number o f   m o l e c u l e s   p e r   u n i t  time a r r i v i n g  a t  t h e   e n t r a n c e   a p e r t u r e  of 

t he   Dens i tome te r   i n   f r ee -molecu la r   f l ow may b e   w r i t t e n  as (ref. 7 ,  p.   403).  

- - na 'a A. 
Na 2 G -  

f (S cosa)  
0 

where 

n = ambient  number  density of c o n s t i t u e n t  a ,  molecules/cm 3 
a 

'a = (2k Ta/ma)1'2, most   probable   thermal   speed of a n   a m b i e n t   p a r t i c l e  

(assuming a Maxwel l i an   d i s t r ibu t ion  of v e l o c i t i e s ) ,  cm/sec 

k = Eoltzmann's   constant ,   1 .380 x 10  erg/"K -16 

Ta = Ambient  temperature  of  free-stream  molecules,  O K  

m = mass of  ambient  molecule,  gm a 

A = Ent rance   ape r tu re   c ros s - sec t iona l  area, c m  L 

0 

F ( S  cosa)  = exp ( - s  cos a) + G so coscl [I + e r f  ( S  cosa )  1 2 
0 0 0 

So = Molecu la r   speed   r a t io ,  V / U a  

V = Ins t rumen t   package   ve loc i ty ,  cm/sec 

a = Angle  between a n o r m a l   t o   t h e   s e n s o r  chamber e n t r a n c e   o r i f i c e  and 
the   i n s t rumen t   package   ve loc i ty   vec to r .  

The  number of m o l e c u l e s   a r r i v i n g   p e r   u n i t  time a t  t h e   s e n s o r  chamber a f t e r  

p a s s i n g   t h r o u g h   t h e   e n t r a n c e   a , p e r t u r e   a n d   t h e   i n s t r u m e n t   d r i f t   t u b e  may be 

ob ta ined  by modifying  equat ion (B-1) w i th   t he   f r ee -molecu la r - f low  t r ansmiss ion  

p r o b a b i l i t y ,  K(So, a). Equat ion (E-1)  becomes 

na 'a *o - f (So cosa)  K (So, a) Nas 
- 

2J;; 
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Mul t ip ly   bo th   s ides   o f   equa t ion  (B-2)  by m to o b t a i n  a 

P a  ‘a *o 

2 6  
m =  e f ( S  cosa)  K (S a )  

0 0’ 

where m i s  t h e   t o t a l  mass of t he   ambien t   mo lecu le s   a r r iv ing  a t  t h e   e n t r a n c e  

a p e r t u r e   p e r   u n i t  t i m e  and p is t h e  mass d e n s i t y   i n  gm/cm3 of the  ambient  

molecu la r   f l ux .  

e 

a 

A re lat ionship  between  the  molecules   enter ing  the  sensor   chamber   and  those 

escaping   wi thout   be ing   cap tured  by t h e   s e n s o r   c r y s t a l  w a s  de r ived   i n   sub -  

s e c t i o n  4.2 as 

m = m  1.04018 e c o l l  (4-12) 

where m i s  t h e   t o t a l  mass c o l l e c t e d  on t h e   s e n s o r   c r y s t a l   p e r   u n i t  time i n  

g m / s e c .   F u r t h e r ,   t h e   r e l a t i o n s h i p   b e t w e e n   t h e   i n s t r u m e n t ’ s   f r e q u e n c y   r e s p o n s e ,  

AflAt,  and mcoll was wr i t t en  as 

c o l l  

Af/At = H mcoll ( 4 - 1 3 )  

where H is t h e   c r y s t a l   s e n s i t i v i t y   i n  Hz/gm. 

Equat ions (B-3 )  , (4-lZ) , and ( 4 - 1 3 )  may be  combined t o   r e s u l t   i n   t h e  

r e q u i r e d   r e l a t i o n s h i p  

H p a  ‘a A. 

(1.04018) 2 v 7  
AflAt = f (So cosa) K (So, a )  
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