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STUDY OF NEW  METHODS TO MEASURE LOW PRESSURE 
By  Richard Hecht 

Norton Exploratory  Research  Division 
National  Research Corporation- 

SUMMARY 

The ob~ective of this  program  (NAS1-5347,  Task 3 )  as orig- 
inally defined, was the discovery of new methods for  the  measure- 
ment of gas pressure or density, through  a  systematic review of 
the  physical  properties  of  gases at low pressures. In the course 
of  this study, a  particularly  promising  area  for  investigation 
presented  itself, namely, the  improvement  in  sensitivity of absolute 
pressure  measurements. In the  present  state-of-the-art, even 
modest  improvements in absolute  pressure  measurement  would  lead 
to much  greater  accuracy in the calibration of low-pressure  instru- 
ments such  as  ionization  gauges.  Accordingly, we requested  and 
received  authorization to concentrate  our  efforts on a  theoretical 
and experimental  evaluation of the  performance of absolute  pres- 
sure  sensors. This final  report  presents  the  results so obtained. 
This is the  Summary  Technical  Report  covering  the  work  performed 
by National  Research  Corporation  under  Contract  NAS1-5347,Task  3 
during  the  period  November 10, 1965  to  November 30, 1966. 



STUDY OF NEW  METHODS T0,MEASURE LOW PRESSURE 

By  Richard Hecht 

INTRODUCTION 

If the outcome of a  measurement will be  the  same  for all 
ideal  gases at the  same  pressure,  and if the  pressure can be 
inferred  directly  or  indirectly  from  the measurement, the 
measurement is sald to be an absolute  pressure  measurement. 
Thls definitlon, of course, includes  the direct measurement 
of force  per  unit area, say  by  the observations of the de- 
flections of a  mercury  column or an  elastlc  membrane.  How- 
ever, the  McLeod gauge ls also  an  absolute  pressure gauge, 
although  it  actually  measures compressibility, since all 
ideal  gases  maintain  the  same  fixed  relation  between  pres- 
sure and compressibility, The Knudsen gauge, which  measures 
momentum  transport  between  surfaces of unequal  temperature, 
is  an  absolute  pressure  gauge  when  operated  under  conditions 
where  inter-molecula1 collisions are  negllglbly  infrequent, 
and where full thermal  accomodatlon of molecules at the 
surfaces  may  be  assumed.  On  the  other hand, measurements 
made  with  ionization gauges, friction gauges, and  the  thermo- 
couple  gauges  are  not  absolute,  since  their  outcome  depends 
strongly on gas composition. If non-absolute  gauges  are 
to  be  calibrated,  the  primary  standard  should  clearly  be 
an  absolute  gauge.  It  must be realized, however, that  the 
overlap  range  between  typical  ionization gauges and  the 
standard  McLeod  gauge 1 s  quite meager, and  since  the  ion- 
ization  gauges  are  non-linear in this  overlap range, the 
extrapolation of such  callbration 1 s  uncertain.  It is, 
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therefore, of great practical  importance to seek to extend 
the range of absolute  pressure  measurement: it  is hoped 
that  the gauges to be  discussed  will operate reliably at 
pressures of lom6 Torr 'and  below. 

Even though  a  pressure  measurement  may  be  absolute, 
its outcome must still  be  interpreted with regard to the 
actual  experimental  conditions.  For example, the  directly 
measured  force  per unit area, expressed in dynes/cm , can 
be  converted to internal gas pressure,  expressed in  Torr, 
through  the  relation 1 Torr = 1.33 x lo3 dynes/cm2,  provided 
that  the gas is in thermodynamic  equilibrium  with  respect 
to the  sensing  surface. By this we mean that  the gas 
1eavlng.the sensing  surface  has  the same density  and  vel- 
ocity  distribution as the  arriving gas, a  condition  which 
is ordinarily  satisfied in static  measurements.  However, 
if the gas should  have  some  net  mass  motion  with  respect 
to  the  sensing  surface, or should  have  a  different  tempera- 
ture  than  the  sensing  surface, or if there  should  be  a riet 
adsorption  or  desorption of gas at the surface, corrections 
will  be  necessary  in  order to infer  the  true  internal gas 

pressure. 

2 

We will, however, not  be concerned  with  the  corrections 
of this  sort'  in  dlscussing,  in  the  foilowing section, the 
physical  limitations of absolute  pressure  measurements. 
Rather, we  will  seek  to  establlsh expressions for  the  min- 
imum detectable  pressure under  ideal conditions and, in 
subsequent sections, to  discuss  experlmental  arrangements 
which  might  be  expected to approach  these  limits. The 
topics to be  consldered  aLe  the  dlrect  measurement of 
static  pressure,  the  measurement of momentum  transport, 
and  the measurement of  energy  tra.nsport. One of these, 
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static  pressure measurement, has  been  the  subject of a 
theoretical  and  experimental  study in depth. In this 
study, a gauge has been  developed which will be referred 
to  as  an  "electrostatically-tuned  capacitance-manometer". 
A description of the  gauge  will  take  up  the  bulk of this 
report. Less consideration  has  been given to  momentum 
transport  measurements  and to energy  transport  measure- 
ments, but  possibilities  for  two  other gauges will  be 
discussed. These will be  referred  to as the  "supercon- 
ducting-bolometer gauge" and  the "modulated  gas-tempera- 
ture  gauge". Finally, recommendations for further  study 
will be  made. 
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LIST OF SYMBOLS 

a: 
A: 
C: 

C: 

d: 
f: 
J: 
Jo : 
J1 : 
k: 

ko : 

kv : 

K: 

L: 

M: 

P: 
P: 

'rad: 

"rad: 

Pn : 
P*: 

diaphragm  radius 
area of mechanical  sensor 
velocity  of  light 
differential-capacitance, 
also, heat  capacity 
electrode-diaphragm  separation 
frequency 
current density 
zeroth  order  Bessel  function  of  first  kind 
first order  Bessel  function of first  kind 
Boltzmann's constant, 
also, a wave-number of the  vibrating  dia- 
phragm (k2 = pw2/T) 
a  wave-number of the  vibrating  diaphragm 

a  wave-number of the  vibrating  diaphragm 
(kv2 = V2/28d 3 T) 
mechanical  stiffness of sensor, 
also, thermal  conductivity 
length 
sensor mass, 
also, molecular welght 
pressure 
pressure 
pressure at whlch  molecular and  radiant 
energy  fluxes  are  equal 
pressure  at  which  molecular  and  radiant 
momentum  fluxes  are  equal 
noise  power 
pressure  erzor  arlsing  from  uncertainty  in 
work  functlon 
heat i l u x  
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. . .. 
I 

Q: 
Q, : 

0, : 

r: 
R: 

RT : 

Rv : 

Rcond : 

Rgas : 
Rrad: 
s tV) : 

T: 

To : 
Ts : 
V: 

V: 

thermoelectrx power 
energy f l u x  from  source  whose  temperature is 
modulated  with amplitude t 
energy  flux  from  source  whose  velocity is 
modulated  with  amplitude v 
radlal Coordinate 
ratio of static  voltages  applied to the  two 
electrodes, 
also, electrical reslstance 
momentum f l u x  from  source  whose  temperature 
is msdulated  with  amplitude T 
momentum flux fzom  source  whose  velocity is 
modulated w i t h  amplitude v 
thermal  reslstance  assoclated  with  conduction 
to heat  sink 
thermal  reslstance  associated  with  evaporation 
thermal  reslstance  associated with radiation 
capacitance  manometer  output as a  function of 
electrode  voltage V 
absolute temperature, 
also, diaphragm  tension 
absolute  temperature of heat  sfnk 
absolute  temperature of source 
source ; l e loc i ty  
static  voltage  appiied to capacitance  manometer 
electrodes 
displacement of mechanlcal sensor 
components of dzaphragm  displacement 
error (in pressure) due to unequal spacing of 
capacitance  manometer  electrodes 
lumped  constant in concave  electrode  problem 
emissivity 
bolometer  emlssivlty 
source  emisslvlty 
mass per  unlt  area 
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mass per  unit  volume 
Stefan-Boltzmann  constant 
capacitance  manometer  sensitivity  as  a  function 
of  electrode  voltage V 
amplitude of temperature  modulation 
work  function 
angular  frequency 



LOWER LIMITS OF ABSGLUTE PRESSURE MEASUREMENT 

Direct Pressure Measurement ' 

We  are  concerned  here  wlth  measuring  the  displacement 
of a  solid  sensor  In  response to a  pressure  dlfferentlal 
across  the  sensor. The sensor might be a piston, a  dia- 
phragm  with  sealed edges, a  freely  suspended  flap  between 
two chambers, etc. For the purposes of dlscussion, we 
shall  assume  that  the  sensor can be characterized by a 
mass M, an  area A and a  mechanical  stiffness K, although 
these quantities may  not, in actuality, be  sharply  defined. 
We will further  suppose  that  there is a perfect  vacuum 
behind  the sensor, so that PA = Ky, where P is the  pres- 
sure  to  be measured, and y is the  displacement. 

We  note  first  that  random  thermal  motlon of the  sen- 
sor imposes  a  theoretical  lower  limit on the  detectable 
displacement, and  hence on the  detectabie  pressure. 
According to the thermodynamlc principle of eyulparti- 
tion of energy, the mean-square  value  of  the  random dis- 
placement is given b y T =  kT/K. Since  the  rundamental 
frequency of oscillation for the  sensor is glven by o2 = 

K/M,  we  may express the  t.herma1-nolse  llmlt for pressure 
detection, in cgs units, as 

= dynes/cm 2 
'noise A 

Of course, we can only  hope  to  measure  pressures  ap- 
proaching  this  limit if the corresponding  displacements 
are  observable  in  practice. As an illustration, let  us 
consider  a  typlcal  mechanical manometer, incorporatTng  a 
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t i t anrum  d iaphragm 5cm i n  diameter, .001 c m  t h l ck ,   and   unde r  a 
t e n s i o n  of 5 x 1 0  dynes,cm, so t h a t  t h e  fundamental   Lesonant  
f requency  w i l l  be  about 2 0 0 0  c p s . *  Under p r e s s u r e ,   t h e   d i s p l a c e -  
ment of the   d iaphragm will be about  4 x cm/Torr .* 

5 

A t  room tempefa tu re ,   t he rma l   no i se  will: limlt t h e   d e t e c t a b l e  
p r e s s u r e   t o   a b o u t  4 x 10 Torl. Hawever, for  t h i s   i n s t r u m e n t ,  
t h e  thermal n o i s e  limit i s  i r r e l e v a n t ,   s i n c e   t h e   c o r r e s p o n d l n g  
d l sp lacemen t  of 6 x 10 - lo  c m  i s  anobservably small; a s  a p z a c t i c a l  
matter, d i sp i acemen t s  of less t h a n  c m  are quite d i f f i c u l t  
t o  measure. 

-8 

C i e a r l y ,  lf an  InstLumerlt fs Lotally l c s e n s l t l v e  to thermal 
noise ,   one   mlght   sure ly   hope  ta improve  both rts s e n s i t l v l t y  and 
i t s  s i g n a l . - t o - n a l s e   r a t l a .  Suppose t h a t  w e  tlx t h e  mass M, t h e  
a r e a  A ,  and   the   mln lmum.detec tab le   d l sp lacement  xmin of a s t a t l c  
p r e s s u r e   s e n s o r ,   t h e n  Pmin - pu x ~ . ~ ,  

2 whefe p = M I A ,  and  where 
u 2  = K/M. Now Pmin decreases a s  G! , while  Pnoise d e c r e a s e s   a s  o. 
T h e r e f o r e ,  it will aiways be p o s s i b l e  i n  p r l n c l p l e   t o  reach t h e  
t h e r m a l   n o l s e  limit b y  r e d a c i n g   t h e   r e s o n a n t   f r e q u e n c y  of t h e  
s e n s i s r   s u f f l c l e n t l y .  The CLUX of t h e  matte: i s  t h a t  i f  s t a t i c  
p r e s s u r e s  are  LO be mea.sured, &ne b l n ? p i y  has  n3 need of a bruad- 
band pressure s e n s d f ,  and  S L L C ~  bandwidth  has  been  l n t r o d u c e d  
a t  t h e  cGst of S e n s l t L v l t y ,  o n e  - shadld - - . -. ._ seek t o  Leduce   the   resonant  
f requency  oi t h e  Ins t rumen t .  Nod thefe  a r e  p r a c t i c a l   l i m i t a t i o n s  
on t h e  maxlmurrt F ~ K ~ C ,  m . ~ n ~ m U m  wel.ght arid I T I I . I ~ L I T I U ~  de r - ec t ab ie  d l s -  

placement tor s t a t l c  p ~ e s s u r e  s e n s o r s ,  so  that i f  t he  t h e o r e t l c a l  
n o i s e  k l m i t  of d e t e c t a b l e   p r e s s u r e  L S  tij be tipproached,  one must  
seek  t o  reduce  t h e  s t l f t n e s s  K, 

'2 

-~ 

As an  example, l e t  u s  consider a s t a t l c   p ~ e s s u r e   s e n s o r   f o r  

m i  11 whlch M := .I gm, A = lOcm , and x A io0 2. By reduclng  K t o  
about 5 x LO-' dyrles/cm , we f i n d  that d t  fooni t empera tu re ,  

L 

2 
'noise 

* For a c i r c u l a r  membL;ine of rhdius a ,  t e n s l o n  T ,  and  mass/uni t  
area p ,  t h e  fundamental  resor lan t  freyclency i is  y l v e n  by Lsraf = 

2 . 4 0 5  T I P .  Und.er pressuLe P ,  the   d i sp idcement  y a t  et r a d i c a l   d i s -  
t a n c e  r 1s gJ .ve r ! .  hy y = P (a2-r /4T. 2 
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Pmin23 x 10 -12 Torr. The period  of vibration for the  sensor w i l l  
then  be  about 10 see. Such  a  sensor might consist of a flap sus- 
pended  by a very  light  torsion fibre, similar to'that employed 
in  the  Knudsen  gauge. Its theoretical  sensitivity  would  be  higher 
than  that of the  Knudsen  gauge  because it would  not  be  llmited  by 
radiation  pressure  background,  but it would  presumably  suffer  the 
same  disadvantages of delicacy and sensitivity to vibrations, 
For  absolute  pressure  measurements over a  more  modest range, say 
lo'* Torr to Torr, it would  be  -preferable to Improve  the 
inherently  simple  and  sturdy  diaphragm  gauge as follows: 

Consider a metal  diaphragm  whose rest positlon is midway 
between  a  pair  of  electrodes. If a common voltage is applled 
to the  electrodes,  the  electrostatic  energy of the  diaphragm 
will be a  maximum at the rest positlon,  while  the  elastic 
energy  will  be  a  minimum. Hence, the  applled  voltage  reduces 
the  energy gradlent in  the  neighborhood of the rest position, 
l,,e.,  reduces  the  available  restoring  force on the  diaphragm. 
If  pressure  is  applied to one side of the diaphragm, the dia- 
phragm  will  move  further,  but  more  sluggishly,  than  in  the 
absence of voltage.  Thus  the  sensitivlty of the diaphragm is 
increased,  very  much  as If  the tension  in  the  diaphragm had 
been  reduced.  However,  the  zesroring  force on the  diaphragm 
1 s  here  provlded by the  difference  between two energy gradients, 
each  of which  will  have  inevitabie  uncertalntles, so that  the 
relatlve  uncertainty  in  sensitivity  will  increase In direct 
proportion  to  the  sensitivity  itself. To avoid  this  self- 
defeating process, it will  be  necessary  to  monitor  the  aensl- 
tlvity. A convenient method, which does not interfere  wlth  the 
continuous  measurement of pressure, is to  induce  and  observe 
mechanlcal  resonance of the  diaphragm; It wlll  be  shown In a 
subsequent  sectlon  that the  sensltlvity can be  precisely ln- 
ferred  from  the  values of the mechirnical resonant frequency, 
the  dimensions of the  diaphragm  and  the  electrodes,  and  the  mass 
of the  diaphragm.  The  importance of such  a  result is that it 
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guarantees ". that  the  gauge ~~ sensitivity can be  calculated  from 

e known  invariant "" quantities, ~ .. . rather  than  from  uncertain  quanti- 
ties  such as the  electrostatic  fields  and  the  diaphraam  tension. 
Furthermore, if one chooses  to  calibrate  the  gauge at high  pres- 
sure  against  a  lcw-sensitivity  standard  such as the  McLeod gauge, 
the  gauge  sensitivity can-be subsequently  increased  by  tuning it 
electrostatically to a  lower  frequency,  and  the  original  calibra- 
tion  will  remain  valid. 

Energy  and  Momentum  Transport 

At  pressures low enough so that  gas  molecules  collide  only 
with  the  surfaces of the  vacuum  system,  and  assuming  for  simpli- 
city  that  there is full  thermai  accomodation of molecules  at 
these  surfaces,  the  kinetic  energy of a  gas  molecule can depend 
only  on  the  temperature  and  velocity of the  last  surface  struck. 
Energy  and  momenturn  transport  between surfaces  can  be  then  accurately 
controlled by modifying  the  surface  temperatures  and  velocities, 
and  this  has  historically  provided  the  basis  for  many  types of 
pressure  gauges.  Clearly,  there are f o u r  general  physical  arrange- 
ments to be consideled, v i z . ,  the  measurement  of  energy or momentum 
transport  between  surfaces of unequal  temperature,  and  the  measure- 
ment of energy or momentum  txansport:  between  surfaces of unequal 
velcclty. We shali  see  that  two of these, v ~ z . ,  energy  transport 
between  surfaces of unequal  velocity,  and  momentum  transport  be- 
tween  surfaces of unequal  temperature,  are  independent of gas com- 
position,  and  hence provide a basis for  absolute  pressure  measure- 
ments. In what  follows, w e  shall  consider  the  physical  limlta- 
tions of such  measurements, 

Temperature  Modulation 

The  soucce  and  detector  are  here  considered  to  be  two  parallel 
infinite  planes. The source is maintained at a  temperature T + 
r cos ut, where TCcT . There is llttle loss of generality  in 
chooslng  this  form of temperature  variation,  since  we  shali in any 

S 

S 
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case make llnear approxlmations in the discussions below. Fur- 
thermore, .& can be  taken to be zero,  in which case, our dlscussion 
would  be appropriate to the Knudsen gauge. 

The alternating component Q, of energy flux from the source 
is given by 

Q, = (T 9PV 

while  the  alternating component RT of momentum flux from  the  source 
is given by 

where v is the  molecular  thermal velocity, u = 5.67 x  10 -12 watts/ 
cm2-OK4 is the  Stefan-Boltzmann constant, is the  source  emissi- 
vity, and c = 3 x LO1' cm/sec is the  velocity of light, and  p 
is in  dynes/cm . 2 

We  note first that the  molecular contribution to  the  energy 
flux Q, is proportlonal to the  thermal  veioclty c ,  and  hence is 
composition-dependent, whereas  the  momentum  flux RZ is composltion- 
independent. Furthermore, we  see  that  a  detector  senslng Q, will 
be unsuitabie for pressure  measurements if the radiant contrlbu- 
tlon to Q, should  exceed  the  molecular  contrlbution. The cross- 
over pressure, at which  these  two contributions are equal, 
is glven by 

'rad' 

C 2 x 1 0  -11 'rad E,MT S 
' Torr (4) 

where M 1 s  the  molecular  welght  in  amu. On the  other hand, the 
molecular  contributfon to the  momentum  flux R equals the  radiant 
contribution at a  far  lower  crossover pressure, PIrad given by 

-T 

"rad  10-l' =sTs Torr 
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At 300°K, Eq. (4) predicts Prad E Torr, whereas Eq. (5) pre- 

being  roughly  the  limits of sensitivity  of  the  theqnocouple 
gauge  and  Knudsen  gauge  respectively.  Obviously,  one  should ex- 
pect  still  higher  sensitivities  at  lower  temperatures,  and  the 
ultimate  limit  of  sensitivity  will  depend  on  detector  character- 
istics  rather  than  the  radiant  background. 

dicts  PIrad t 10'' Torr;  these  results  might  have  been  expected, 

The  measurement  of  momentum  flux from  a  temperature- 
modulated  source  is  thus  seen  to be preferable, on  two counts, to. 
the  measurement of energy  flux  from the  same source. First,  the 
momentum  flux  is  independent of gas  composition, so that  the 
measurement  is,  in  principle,  absolute;  second,  the  radiant  back- 
ground  contribution is smaller by a  factor J/c. We  are  still 
faced with  the  choice  of  the  most  appropriate  operating fre- 
quency. As discussed on page 9 above,  the  sensitivity of mechan- 
ical  detectors  will  certainly  decrease  as  the  frequency  increases. 
Furthermore; it is  readily  shown  that, for  fixed  source  power, 
the  alternating  temperature  will  also  decrease  in  amplitude  as 
the frequency  increases. Thus it would  appear  advantageous to 
choose  as  low  an  operating  frequency  as  possible;  at  zero-fre- 
quency,  we  would  simply  have  a  Knudsen gauge. On  the  other hand, 
there  are  definite  practical  advantages to working  at  some  low 
audio  frequency, e.g., amplifiers  are  more  stable,  and  narrow 
band detection  can be employed. We shall  consider  the  use  of 
such  techniques  in  a  later  section,  where  the  feasibility  of 
constructing  a  "modulated  gas-temperature  gaugg  will  be  dis- 
cussed. 

Velocity  Modulation 

Again  the  source and  detector  are  considered  to be two 
parallel  infinite  planes, but the  source  is  now  at fixed  temp- 
erature,  and  is moving back  and  forth  toward the  detector  with 
velocity  v cos ut. In-this case  the  alternating  component  of 
energy  flux  from the  source is given by 
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Qv = pv cos Ut 

whereas  the  alternating  component of momentum  flux is given by 

In this case, it is the  alternating component of the  energy  flux 
.that is composltion-independent. We  note  further that, just as 
one can also  establish  a  fixed  velocity difference, i.e., o can 
be  zero. A simple  arrangement  would  be to attach the  detector 
to  the  end of a  rotating arm, with the  detector-plane  parallel 
to the axis of rotation.  Better still, one might hold  the  arm 
stationary  and  rotate  a  surrounding  cylindrical  shell. In any 
case, whether  the  additional  velocity  impressed on the gas is 
steady or alternating, there is no  radiant  background to the 
energy or momentum flux, so that  the  minimum  detectable  pressure 
is determined  by  the  detector  sensitivity.  We  shall  consider 
a  possible  experimental  arrangement  for  detecting  the  energy 
flux  from  a  modulated-veloclty  source in a later section, where 
the "superconducting-bolometer gauge" is discussed. 
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ELECTROSTATICALLY-TUNED  CAPACITANCE-MANOMETER 

Theoretical  Sensitivity 
of  an Electrostatically-Tuned  Diaphragm 

In this section, we shall evaluate  the  theoretical 
pressure  sensitivity of a  diaphragm  which  has  been  "soft- 
ened" by the  application of electrostatic fields. It will 
be  assumed  that  the  diaphragm  displacement  is  detected 
through  the  change in capacitance  between  the  diaphragm  and 
the  same  electrodes  which  produce  the field, although  our 
conclusions  would  not  be  significantly  altered  if  some 
other means of detection  were to be  employed. Thus, the 
sensitivity will be  expressed as a change in capacitance 
with  respect  to  a  pressure  difference  across  the  diaphragm. 
It will be  of  equal  importance  to  us to discover  the  rela- 
tionship  between  the  sensitivity of the  softened  diaphragm 
and its mechanical  resonant  frequency,  since  the  sensitivity 
becomes  increasingly  uncertain  as  the  diaphragm  softens. 
To avoid  such  uncertainty,  the  sensitivity can be  inferred 
from  the  resonant frequency, which  in  fact  can be convenient- 
ly  monitored without  affecting  the  performance of the  dia- 
phragm  as  a  pressure  sensor.  Specifically,  the  resonant 
frequenky can be  ascertained  from  the  response of the  dia- 
phragm  to  a  weak  alternating  force: at resonance,  the dia- 
phragm  motion  will  be in phase-quadrature  with  the  driving 
force. As will be seen in the discussion of the  experimen- 
tal  arrangement,  the  diaphragm can actually  be  tuned  and 
locked  to  a  chosen  resonant  frequency,  through a feedback 
adjustment of the electrode  voltages. 
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Plane-Parallel Electrodes 

Employing egs units  throughout,  we will consider  the  dia- 
phragm  to be.a stretched  mecal membrane, of tension T, and a 
mass per unit area p ,  whose  clamped  edge  forms  a  circle  of 
radius a. The diaphragm 1s faced on each  side by a flat elec- 
trode, also of  radlus a,.at a  dlstance d. A static  potential V 
is applied  to one electrode and a  potential V t v cos at, where 
'v<<V, is applied to the  other.* Then for a  pressure  difference  P 
across  the diaphragm, the  equation of motion  for  the  diaphragm 
displacement y, at the  radial  position r, is given by 

where  we  have  for convenience incroduced  a  small  damping  term 
p s .  On  separating  y  Into  statlc  and tlme-varymg parts, y = 

yo(r) + y1 (r)cos ut + y 2  (rlsin ut, we  obtain €or the  static dis- 
placement yo tr) 

* It is highly desirable that  the electrostatic fields  in  the 
two gaps be  equal  when  the  diaphragm  is at its  normal rest posi- 
tion;  otherwise  the rest position of the  dlaphragm  will  change 
with  the  electrode  voltage.  In particular, if the electrodes 
are at unequal  dlstances  from  the  diaphragm, a compensating 
Voltage  should be applied  to  one  electrode.  Such  considera- 
tions  are  of great practical importance, but do n o t  signlficantly 
affect  the  results of the calculstions  presented here, and  will 
temporarily  be  ignored. A discusslon of the  limitations  intro- 
duced by such  effects  will be  presented later, 

16 



T 

with the  solution 

yo (rl = - - 
kv2T 

where, Jo (x i  is the  lowest-order  Bessel  function of the  first 
kind, and where kv2 = V /2nd T. As a  result  of  this  displace- 
ment yo(r9, the  capacitances  between  the  diaphragm  and  the two 
electrodes wlll no longer  be  equal:  the difference 6C of these 
Capacitances, will,  in the  limit  yo-ccd,  be given by 

2 3 

Returning now to Eq.i8), we  solve for the  alternating com- 
ponents of displacement, yl(r)cos ut and  y2(r)sin  ut,  through 
the substitution Y(r) = yl(r) t iyz(r),  obtaining 

1 d  (5 r d r  
2 vv + - - + k  

wlth  the solution 
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where 

and where 8 = e. T 

We now introduce the requirement that the driving  fre- 
quency, w/27r, should be the mechanical resonant frequency 
of the  electrostatlcalky  softened  diaphragm. This require- 
ment is  automatically  fulfilled In the  actual  control  cir- 
cuit through  a  feedback  adjustment of the  electrode  poten- 
tial V. The resonance  condition is that yl(r)  should 
vanish, i.e.,  Re(Y(r)) = 0, and  by 
we see  that  this in turn  requires 
one of the roots Xn of Jo(x). Only  the  lowest root, X, - - 
2 . 4 0 5 ,  need  be considered, €or  unless  the  operating  vol- 
tages  are  grossly  inappropriate to the  selected  driving 
frequency,  the  admixture of higher-order modes should  be 
negligible. Thus, at resonance, 

where u0/27 is the  natural  resonant  frequency of the  un- 
softened  diaphragm. 

On substituting  the  value of kv, given by  Eq. ( 1 2 ) ,  

into Eq. (lo), we obtaln  an  exact  expression  for  6C  in 
terms of P, w ,  and  the physical  parameters  of  the  diaphragm 
and  electrodes.  Since 8C is seen to be  directly  propor- 
tional to P for  sufficiently  small displacements, we may 
then  express  the  sensitivity dC as 
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To make  sense of this  .complicated  expression fo r  the 
sensitivity,  let  us  consider  the  limits  obtained  in  the 
extreme  cases u+ul and d + O .  We then  find  that 0 

2 2.l -,A 
w 2  = .361 %[l - .072  - 0 

w dP t * * * )  , w-UJ 
cld 0 0 

The quantity u2 is  thus  seen  to  be  fairly constant, 
varying  by  less  then 5 %  over  the  entire  range of frequency 
from w=O to u=uO. Furthermore, u2 1 s  seen  to  depend  in 
first-order  only on the quantitles 1, a, and d, which  are 
quite  unlikely  to  change  appreciably  during  the  lifetime 
of  the  gauge. As noted earller, the  importance  of  such  a 
result is that  it  guarantees  that the  gauge  sensltlvity 
can be  calculated  from known invariant quantlties, rather 
than  from  uncertain  quantities  such  as  the  electrostatic 
fields  and  diaphragm  tension.  Furthermore, ~f one chooses 
to  calibrate  the  gauge at high  pressure  agalnst  a  low- 
sensitivity  standard  such  as  the  McLeod gauge, the  gauge 
sensitivity can be  subsequently  increased by tuning it 
electrostatically to a  lower  frequency, and  the original 
-calibration will  remaln valid. 



Concave Electrodes 

In the commercial diaphragm gauge used in.these ex- 
periments, .the  electrodes  have  been  shaped so as to permit 
large  displacements of the dlaphragm, and  a  correspondingly 
large  dynamic range, whlle st111 maintaining  a  high  elec- 
trode-diaphragm capacitance, and a  correspondingly  high 
sensitivlty. Specifically, the  electrodes  have  been  hol- 
lowed so as to conform to the  shape of the  fully  extended 
diaphragm, as shown  in  Fig. 1, with the  curvature  greatly 
exaggerated. Indeed, it can be  shown that the  capacitance 
variations will be more  linear with pressure  for  this 
geometry  than  for  plane-parallel electrodes, providing 
only that ro.,.9a. However, our  experlmental results def- 
initely  indicate  that  this  curvature  has  disadvantages 
in our  particular applicatlon, and  that  it wlll be  well 
to specify flat electrodes  in  future  deslgns. 

We  begin by computlng  the  static  dlsplacement  y(r) 
of the  diaphragm  under  a  pressure P and a  tension T, given 
that  a  voltage V is applied  to  the  concave  electrodes 
shown  above.  For  small  dlsplacements,  the  appropriate 
equation  for  ylr) is 

Unlike its counterpart Eq. (sa), which is appropriate 
to flat electrodes, Eq. (15) cannot be  integrated  in  terms 
of  tabulated  functions. It seems deslrable, then, to at- 
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tempt an expansion of y(r)  in  even powers of V. ~ c c o r -  
dingly, we s e t  y(r.1 = yoirj + V yl(r) + v y2(rj ,+ * "  

where y,(r) IS the  solutlon of Eq. (15) for V-0, namely, 
yoCr) = P(a2-r  )/4T. It follows that 

2 4 

2 

and 

0 ; r <rsa 
0 c 6 

3 2 2 3  
Yn-la 

21rTdo (a - r  ) 

0 

Invoklng  the  continuity 
and  lntroducing  the  boundary 

(dYl/dr) r = O  = 0,  we obtaln by 

dyl of both y1 and - dr 
conditions y l ( a )  = 

dlrect  integratlon 

1% I 

I 17b) 

at r 
0 and 
of E?. (16) 

0' 

7 

4 kzr- r 0 In - a 2 
2 

2 

32rT do3 a "r r 
0 

At thls polnt, w e  could  substitute  our  solutlon f o r  
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yl (r) into Eq, (11) to obtain y2 (r) , then by successive  integrations, 
compute y ( r i  to any  desired  order  In V . However, we can simplify 
matters  considerably by noting  that as ro approaches a, the  right- 
hand  side ot Eq.ilO) w i l l  peak  sharply at r. and that further, 

2 

0' 

Thus we obtain, thrauyh  the  same  integration  which  yielded Eq.. 1181, 
the  1i.miting  result 

n=1,2, . . .  
2 2  

d -X 

2 2  2 2  r I n  a / r o  a -r 
In (201 

0 0 

so that finally, we may express y {r) as 

a r  l n a  / z  

8 n T d o  ( a  - r  ) 

4 2 . 2  

3 2 2 2  
where B = --____I- c) 0 

0 

a r  l n a  / z  

8 n T d o  ( a  - r  ) 

4 2 . 2  

3 2 2 2  
where B = --____I- c) 0 

0 

What is actuiliy measured, of cuurse, 1 s  the  dlfference  be- 
tween  the capacitances formed by the diaphragm and  the two elec- 
trodes.  For small displacements of the diaphragm, thls  difference 
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y ( r j  is given by Eq. (21 The integration is stralghtforward, 
and since y(r) is linear in P,  we obtain for the theoreticgl 
sensitlvlty 

dC a 4 2 2  lna /(a -To2) 2(l-ln a 2 /Io2) 

dP 2 2 2 2  2 
- =  

8Tdo 
- 

/ro21n a /a -ro 

2 2  

2 2 
0 

The quantities appearing in this  expresslon  for dC/dP are all 
known to wlthln l or 2 % ,  both  from  the  manufacturer's  specifi- 
cations  and  from  the  measured  values  of  total capacltance, of 
natural sensitivity, and  of  natural resonant frequency, which 
have  all been found to be  mutually  consistent. On substituting 
these  numbers into Eq.(15), we obtain for the sensitlvity  of 
the gauge employed in these  experlments 

- = 1.11 x 10 dC - 2  (1 + . 8 9  V in  volts, 0 3 )  
dP 

\ C in Picofarads, 
and P fn  mfcrobars 

In order  now to relate  the  sensitivity to the  resonant  fre- 
quency, we should  compute  the  resonant  frequency  as  a  function of 
electrode voltage. An exact  treatment  would be lengthy, and  for 
our purposes,  unnecessary,  since our experimental  lnvestfgation 
has  been  confined to frequencies  fairly close to  the  natural 
resonant  frequency.  We wlll therefore  treat  the  applied  elec- 
trostatic  field as a  perturbation on the  freely  vlbrating  dia- 
phragm. The equation of motion  which  must be solved for w is 
then 
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For small V, first-order  perturbation  theory gives 

where w0 is the  natural  resonant  frequency, where ko = p u  2  2 
0 /TI 

where y(r) approaches Jo(kor)  as V approaches zero, and where the 
parameters  of  the  actual  experimental  gauge  have  been  introduced 
in order to obtain  the  right-hand  equality. As a  check on this 
result, let us assume, by analogy wlth Eq.(14) obtained for flat 
electrodes, that  the  quantity u2 is  very nearly constant for 
the  concave  electrode  geometry. (Intuitively, this  assumption 
appears  entlrely  reasonable.) Then it  would  be  the case that 
the  bracketed  term in Eq. (23) would  very  nearly  equal ( W  / w )  , 2 

so that by comparison  to Eq.(17) , we  would  have 
0 

2 2  
UJ "w 

0 c n 8 9 ( V / 1 2 6 0 ) 2  
2 1 - . l l ( V / 1 2 6 0 )  2 

# A I  

0 

FOK small  values of V, this result is within 3% of  that given by 
Eq.(25). Furthermore, the  observed  values of resonant  frequency 
as  a function of voltage  are  in  good  agreement with both Eq.(25) 
and  Eq.(26), although  the  frequency  range  covered is not really 
wide enough to provide  positive  confirmation  for  the  theory. These 
observed  values of resonant  frequency,  along  with  the  theoretical 
values given by  Eq.  (25)  and  Eq.C26), are  shown in Fig.2. As for  
the gauge sensitivity, Eq.(23) might well be expected to hold even 
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for  values of V approachlng the limiting  value of 1260  volts, be- 
cause  the  only  approximation  made  In  deriving Eq.(23) was  the 
substitution  indicated by Eq.(19); this  approximation  can be 
shown to be very nearly  exact, given  the act.ual values of ro 
and  a for the  gauge  employed In  our measurements.  Actually, the 
experimental  results  do not support Eq..(23) very well,  but we 
suspect  that the  cause of the  discrepancy is quite  extraneous 
to  the theory. We  shall  reserve  discussion of these  results 
until  the  experiment  itself  has  been described. 
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Asymmetrlcal  Electrodes 

As noted  earller In thls repoLt, any  lack of symmetry 
In the  placement of rhe  two electrodes wlth respect to 
the  diaphragm wlli lead to an unbalanced  electrostatic 
force on the dlaphragm, and a consequent voitage-depen- 
dent shlft  in  the rest positlon of the  dlaphragm. Now 
as we  shall  see In the  discussion of the  experimental 
arrangement, the dlaphragm can readlly  be restored  to 
its orlglnal  re5t  posltlon by applying  unequal  static 
voltages t3 the  electrodes. The questlon to which we 
address  ourseives  here is simpiy  thls: For what class 
of asymmetries will a slngle ratlo of electrode  vol- 
tages  sufflce  to  piesent  zero-shlfts at all voltages? 
If  the asymmetrles  could be restrlcted co this class 
alone, the  problem of correctmg zero-shifts wlll  be 
far  slmpler  than In the  more general case, where the 
requlred  voltage ratio wlll  vary wlth  voltage. The 
deslred class of asymmetrles may  be  found as follows: 

Let dl (11 and d2 (r) be  the sepsratlons  between  the 
diaphragm  and  the  two  electrodes  respectlvely, in the 
absence of applied  voltage  or  pressure.  We  seek to 
discover what restrlctlons on di(rj  and  d2(rj must 
exlsc  ln  order  that  a  slngle  voltage ratlo, R=Vl/’V2, 
will  ensure  that  there  wlll be no voltage-induced  zero- 
shlft, i.e. that  In  the  absence of pressure, the cap- 
acitance difference 6C=C -C wlli  be lndependent of 1 2  
voltage. Phl s  condltlan on 6C may  be  expressed by the 
relatl3n: 
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where  the  displacement yv(r) is the  solutlon to the 
equation. 

By inspection, Eq. (27) can be  satisfied  for all values 
of V only  if yv has  the  functional  form  y,(rs=f~Vpg(r). 
It then  follows that Eq. (28)  can  be  satlsfied  only  if  the 
bracketed  term on the  right  vanishes for all V and  r. It 
can  then  be seen that  a  single  voltage ratio, R-V /V 
will  suffice  to  prevent  zero-shifts  only I€ dl(r) = Rd2(r), 
in which case the  displacement yvCrt w ~ l l  vanish  identi- 
cally. Put another way, voltage-induced  zero-shifts can 
only  be  avoided  if  the  electrostatic forces, exerted on 
the diaphragm by the  two  electrodes,  cancel one another 
at  every  point on the  diaphragm. Now if the  electrodes 
have  been  machined  to  exactly e q u a l  curvature, this re- 
striction on dl(rl  and d2tr) can be  satisfied either if 
dl(r) = d2 tr) , which 1 s  practically impossible to  guaran- 

1 2' 

tee,  or  if  the  electrodes  are  flat  and  parallel to the 
diaphragm, in which  case R is  simply  the  ratio  of  their 
separations. T h u s ,  the  problem of mlnimizlng  voltage- 
induced  zero-shifts is considerably  slmpllfled if flat 
electrodes  are  employed. 
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Electrostatically-Tuned  Capacitance-Manometer Circuit 

General Description 

Figure 3 1 s  a  schematlc of the circuit used in testing 
the concept, presented above, of both  increasing  and  moni- 
toring the sensitlvlty of a conventional capacitance-mano- 
meter electrostatically. The diaphragm  and adjacent elec- 
trodes  form two arms of a cw rf bridge; the other two arms 
are fixed  capacltances.  Static  and audio voltages are 
applled to the electrodes through  isolating rf  chokes. 
The dlaphragm 1 s  kept in continuous vibration by  the audio 
voltage, so that rf amplitude  at  the electrodes is slightly 
modulated at the audio frequency. If a differential pres- 
sure 1 s  now established across the dlaphragm, the  con- 
sequent displacement  will  ralse  the  peak  rf  amplitude on 
the low pressure  side. Thus, the output of the rf detec- 
tor wlll be the  sum  of an audlo voltage, proportional 
in amplitude  and  synchronous In phase with the  diaphragm 
vibration, and a  steady  voltage  proportional to the 
pressure  dlfferential. This steady  voltage is simply 
extrac-by fllterlng, and  then  presented to a  volt- 
meter or recorder.  In addltlon, the rf detector output 
serves  to control certain feedback  sub-circuits. The 
functions of these  clrcuits  are  summarized  below;  a 
detailed  dlscussion of the  entire  system  follows: 

Phase Detector 
The phase  detector  automatically adlusts the  statlc 

voltage  applled to the electrodes, so as to tune  the 
diaphragm to mechanical  resonance at a chosen audio fre- 
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quency.  Thls 1s accompllshed by a comparison of the 
phase  of  the  dlaphragm  vlbratlon  wlth  the  phase of the 
electrostatlc  drlvlng force; moLe  preclsely, the phase 
of the  rf  detector  output 1 s  compared  with  the  phase of 
a master  audlo-oscillator,  whose  amplified  output  pro- 
duces  the  drlvlng  force. The resonance  condltlon is 
that  the  phase of the  dlaphragm  vlbratlon  should  lag 
that of the  drlvlng  force by 90°; any  devlatlon  from 
thls  condltlon  produces  an  error  slgnal  which  alters  the 
statlc  voltages so as to restore  the  diaphragm  to  re- 
sonance.  Havlng  establlshed a chosen  resonant  frequency 
for  the  dlaphragm,  the  sensltlvlty of the  gauge  may  be 
computed  from  the  relatlonshlps  developed  in  the  pre- 
ceding sectlon. 

Amplltude  Control 
The  amplltude  control  adlusts  the  magnltude  of  the 

electrostatlc  drlvlng  force so as  to  malntaln a constant 
amplltude of dlaphragm  vlbration.  Thls  slmpllfles  the 
task of the  phase  detector  descrlbed  above, f o r  If the 
drlvlng  force  were  constant  In  magnltude,  any  drlft  away 
from  the  resonance  peak  would  result In a decrease  in 
vlbratlon  amplitude,  and a consequent  decrease  in  phase 
detector  error  slgnal.  Indeed,  the  resonance 1s  only 
a few  cycles  wlde, so that a small change  In  electrode 
voltage,  arlslng  say from a llne-voltage fluctuation, 
could  result ln a complete loss of error  slgnal If 
the  drlvlng  force  were  not  substantlally  lncreased  above 
that  requlred  at  resonance.  The  amplitude  control 1s  

fully  effectlve  over a frequency  band  whlch  extends  sev- 
eral  Ilne-widths  to  elther  slde of resonance. 
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Overload  Protection 
The  overload  protection  clrcult  prevents  the  dia- 

phragm  from  making  contact  wlth an electrode at high 
voltage,  since  this  could  cause  plttlng, OK even  weld- 
ing,  at  the  point of contact. The clrcult 1s trlygered 
when  the  diaphragm  displacement, In elther  dlrection, 
exceeds  some  small  fraction of the  maxlmum displace- 
ment. Once  triggered,  the  clrcult fLrst  reduces  the 
electrode  voltage,  thus  stiffenlng  the  dlaphragm,  and 
then  disconnects  the  high-voltage  supply by means of a 
latching  relay. 

Voltage-Ratlo  Control 
The  voltage ratlo control  does  not  utlllze  the rf 

detector  output,  but is fed  dlrectly from the  output 
of  the  high-voltage  source.  The  functlon of thls  clr- 
cuit 1s to  maintain  a  flxed  ratlo of the  statlc  voltages 
at  the  electrodes,  regardless of the  magnltude of these 
voltages.  In  thls way, voltage-dependent sh,fts in 
the  rest  position of the  dlaphragm can be mlnimlzed. 
If  the  static  voltages  applled to the  electrodes  were 
identical,  such  shlfts  would  naturally d~lse from slight 
inequalities In the  electrode-diaphragm  sepdcatlons, 
since  the  electrostatic  flelds on the  diaphragm  would 
not  be  balanced. It can  be  seen  that lt t h e  eiectrodes 
are  flat,  and  are  parallel  to  the  diaphragm,  but  are 
at  slightly  different  dlstances  from  Lhe  dlaphragm,  a 
single  setting  of  tne  voltage  ratlo wl,l ensure  that 
the  diaphragm  rest  posltlon  is  unatfected by voltage. 
For  more  complex  lrregularltles,  the  requlred  voltage 
ratio  will  vary  somewhat  wlth  voltage,  but In any case, 
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the shifts can be  minimized. This  has been discussed 
above in the section  dealing with the effects of the 
electrode  asymmetry. 

Details of  Circuit  Operation 
Figure 4 shows  the circult, exclusive of power 

supplies, in detail. The individual  sections of the 
circuit are  discussed  below: 

1. Capacitance  Bridge 
The G.R. 1330A  bridge  oscillator is normally  oper- 

ated at a  frequency of about 1.5 Mc, the output amplitude 
being 20 volts  CW.  Since  the  bridge  impedances  are  al- 
most entirely  capacitative,  the  bridge  balance is fairly 
insensitive  to  the  oscillator  frequency. Thus, varying 
the oscillator  frequency  serves  as  a  fine control on the 
balance;  coarse  control 1s provlded  by  the ganged  pair 
of 100 pf  air-capacitors. It  will  be  noted  that  there 
is no coupling of  the  statlc electrode voltages, and 
very  little  coupling of  the  audio electrode voltage, 
through  the  bridge.  Thus  the  gains of  the  6CB5  pen- 
todes, which  serve  as  electrode  voltage sources, are 
not degenerated.  Although  the  pentodes  are  decoupled 
so far  as  rapid  varlations  in  voltage  are concerned, 
their  independent drift, and  any consequent drift in 
the rest position  of  the diaphragm, is prevented  by 
the  voltage ratio control  circuit. 

2 .  RF Detector 
The rf detector  circuit  serves to rectify  the  rf 

voltages  appearing  at  the  electrodes,  and to feed  the 
rectified  voltages  to a dlfferential  amplifier  (Nexus 
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SQ10a) e The .001  uf capacitors at the detector input 
serve to block  the  static  electrode voltages, the .Olh 
chokes  serve to attenuate  the audio electrode voltage, 
while  the  51K resistors'maintain the  detector  impedance 
independent of the  bridge  oscillator  frequency.  Matched 
1N914 diodes are employed;  these  have  been  wrapped  to- 
gether in aluminum  foil  to  prevent  independent  thermal 
drlft, Each  diode  output  is  rf  filtered by  the combina- 
tion  of  the  .001  uf capacitor, the 51.1K resistor, and 
the 1M resistor.  With  this  particular  choice  of  resis- 
tors,  the  amplifier  has  a gain of 20. 

The capacitance  bridge,  the  isolating  chokes  con- 
necting  the  electrodes to the  pentode plates, and  the 
rf detector, with the  exception of the  differential 
amplifier and  1M  resistors,  are  'all  housed in a  common 
electrostatic  shield. The rf detector  has  been  tested 
by  substituting 100 pf  fixed  capacitors  for  the dia- 
phragm-electrode capacitance, and  the detector  noise 
level  has  been  found  in  this  way to be  equivalent  to  a 
change  in  either fixed Capacitance of .001  pf. This 
noise  level  is  well  below  that  observed  in  actual  pres- 
sure  measurements, so that  the  shielding is certainly 
adequate. However, in an earlier  version of this de- 
tector, we had chosen to install  the  diodes  with 
opposing  polarities, so that  the  diode  outputs  could  be 
summed at one  terminal of the amplifrer, the  other 
terminal  being  grounded.  This was done to avoid  the 
posslbility  of a  change  in  amplifier  gain  wlth  signal 
level  (the  common-mode  effect)  inherent  in  the  present 
design. However, thls  earlier  version was sensitive 
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to asymmetries in the rf waveform, since one diode only 
passed  positive  peaks,  while  the  other  only  passed  neg- 
ative  peaks. The present  design  is  certainly superior, 
since it is the case that the  common-mode  rejection ratio 
of this  amplifier is fairly high. 

3 .  Phase Detector 
The heart of the phase  detector  is  the  transistor 

pair, 2N3640 and 2N3646. The operation of these  trans- 
istors may be  understood by referring  to Figure 5. An 
audio sine-wave of about 10 volts cw is impressed on each 
10K base-resistor;  the  base-voltage,  of course, is clipped 
whenever  the  base-collector  junction is forward-biased. 
In the  absence of base-voltage, the  emltter-voltage 
would  also be sinusoidal, with an  amplitude of about 10 
volts cw, as shown by  the dashed  line;  this  voltage  is 
induced in the  secondary  winding of the  Triad HS56 trans- 
former by  the  audio  output  of  the  rf  detector. However, 
whenever  the  base-emitter  junction is forward-biased, 
the  emitter will follow  the base. The voltage at the 
secondary  center-tap is then  proportional to the sum of 
the  emitter voltages, as shown in Figure 5. Thls des- 
cription is to some extent idealized; the  actual  waveforms 
have somewhat more structure  than  those shown in  Figure 
5, partly  as  a result of  switching  transients.  Be that 
as  it may, it 1s  clear that  the  average  voltage  appearing 
at the  transformer  center-tap will depend on the  phase 
difference  between  the  oscillator  output and  the  rf de- 
tector-output; this  voltage  serves  as  an  error  signal 
which brings  the  dlaphragm to resonance, as  follows: 

37 



O s c i l l a t o r  
o u t p u t  

2N3640 
Base 

2N3640 
E m i t t e r  

2N3646 
Base 

2N3646 
Emi t t e r  

Center  Tap 

I 

Figure  5 

Waveforms of Phase  Detector  

38 



The  left-hand  input of the Nexus  SQlOa  amplifier  (see 
Figure 4 )  is maintained, by the  voltage-divider  formed 
by the 82K resistor  and  the lOOK potentiometer, at a . 
fixed  positive  voltage of about 1 volt. Negative  feed- 
back  around  the amplifier  maintains  the  right-hand  input 
at the same voltage. It is then  clear that the  continuity 
of current through  the 37K feedback  resistance  and  the 
9.4K input  resistance will establish  a  dc  voltage gain 
of 4 for  this  ampllfier. That is, the  common  cathode 
voltage of the 6CB5 pentodes will exceed  the  Nexus  SQlOa 
input  voltage  by 4 times  the  voltage  difference  between 
the  Nexus  SQlOa  input  and  the  transformer  center-tap. 
The  capacitors  in  thls  circuit  act as  audio fllters, 
while  the 1K cathode  resistor  serves  to  establish  a suit- 

able  quiescent  current  for  the  pentodes,  about 2 ma each. 
Now  the  right-hand and  left-hand  control  grids of the 
pentode  pair  are  maintained at voltages  established by 
the voltage-ratio  control  circuit and  the amplitude- 
control  circuit  respectively. Thus, the  error vol- 
tage, which  appears  at  the  transformer  center-tap  in 
response to a  departure of the  diaphragm  from resonance, 
will  in  turn  cause  a  change  in  the  pentode  plate-volt- 
ages.  The  feedback  is  entirely sufficlent  to  restore 
the  dlaphragm to resonance, provided  that  the  drlving 
frequency  remains  within  a  few  line  widths of  the 
resonance  frequency. 

Figure 6 shows  observed  values  of  plate-voltage 
as a  function  of  the  phase  difference  between  the rf 
detector  output and  the  audlo  oscillator  output;  these 
are  "open-loop" values, obtained by removing  the  dia- 
phragm  from  the circuit and  then  introducing  a  fixed- 
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amplitude,  variable-phase  audio  voltage  at  the rf detec- 
tor  output.  Flgure 6 also  shows  estlmated  values of 
6f/fo,  the  fractional  difference  between  the  driving 
frequency  and  the  resonant  frequency,  which  might  arise 
from  a  hidden  phase shift.* It can  be  seen  that  within 
the  operatlng  llmlts of the  amplltude  control  circuit 
discussed  below,  the  error  In  assuming  that  the  driving 
frequency  equals  the  resonant  frequency 1s negligible. 
Indeed,  in  practice  the  resonance  condltlon is unmis- 
takable,  provlded  that the pentode  plate  voltages  are 
monitored; one simply  increases  the  drlvlng  frequency 
from  well  below  resonance,  and  notes  the  characteristlc 
rise  and  subsequent  dip  in  between  the  rlse  and  dip. 

4 .  Amplitude  Control 
An  audio  voltage 1s lntroduced  at  the  left-hand 

control  grld of the 6CB5 pentode  palr  (see  Flgure 4 ) ;  

the  resultlng  audio  plate  voltage  drlves  the  dlaphragm. 
This  audlo  grid-voltage 1s dlrectly  obtained  from  a 
voltage  divider  across  the  HP200CD  audlo  oscillator 
output,  the  voltage  dlvlder  belng  formed by the 1M re- 
* The displacement of a slmple  resonant  system,  such 
as  a  mass m restrained by a  sprlng,  in  response to a 
drlvln  force F cos ut, is glven by F sln (wt+@)/m J(.O2-.2)isT, where 0 / 2 N  is the  resonance  line- 
width. The phase  angle 0 ,  whlch  vanlshes  at  resonance, 
is glven by  $=tan-' i Q (  ( ~ o / ~ ) - ( u / ~ o ) ) .  NOW if w-w - 6 w ,  

where o w < ~ w  it follows that@~2Q6w/wo. At  pressures 
below 1 Torr, the Q of the  dlaphragm  gauge  used  in  these 
measurements is about 200. On  this  basis, we have  arrived 
at  the  estimate of d/fo shown ir! F i g .  6 .  

1 
0' 
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slstor in series wlth the  2N2608  FET. Thus, the ampli- 
tude of the.driving  voltage wlll vary in response to 
changes In the FET gate voltage. The  gate voltage is 
established by  the  comblned  effect of a blas voltage 
from the 10K  potentiometer and the output voltage of 
the 1N695 rectifier, where the  latter  voltage is,  of 
course, determined by the  amplitude of diaphragm 
vibration,  as  measured by the rf detector. This feed- 
back  serves to maintaln  a constant amplitude  of  dia- 
phragm vibratlon, even when  the  drivlng  frequency 
differs  from  the resonant frequency. The amplitude 
control circuit shown in Figure 4 is  fully  effective 
over a  frequency  band  extending several line-wdlths 
to elther side of resonance. 

5. Overload Protection 
The overload  protection circuit has  the  function 

of cutting off the  electrode  voltages  should  the  dia- 
phragm  move  more  than a few  microns  from Its rest po- 
sitlon; in  normal operation, the  amplitude of the 
diaphragm  vlbration is maintained  at about 1 micron, while 
the  static  dlsplacements  are  far  smaller. By comparison, 
the  full  electrode-diaphragm gap width 1s about  250 
microns. The circuit  operates  as  follows: 

The rf detector  output is attenuated by the  Nexus 
SQlOa  amplifier In the  overload  protectlon clrcult, as 
shown in Figure 4 .  When  the  output  of  the  amplifier 
exceeds .6 volts, elther  positive or negative, one or 
the  other  2N3646  translstors will be driven into con- 
duction. The immediate effect 1s then to reduce  the 
gate-voltage of the  2N2608 FET from 12 volts to about 
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. 6  volts, so that the  FET impedance 1s reduced to a  few 
-ohm’s. Since the cathodes of the  6CB5  pentodes  are now 
essentially  grounded by this FET, the plate  current 
is sharply increased, and  the  electrode  voltage  drops. 
This serves as a stopgap, by immediately  increasing  the 
restoring  force on the  diaphragm.  However,  such  heavy 
plate currents, would, lf sustained, damage the tubes 
or the  circuit. Therefore, a relay  (K1 in Figure 4), 
which  disconnects the high-voltage supply, is activated 
and  latched  by  the sub-circult  incorporatlng  the  2N2367 
and  2N3640  transistors. Normally, these  transistors 
are  not conducting, but  the  drop  in  2N3646  emltter  volt- 
age  switches  them on; they  remaln on, drawlng  current 
through  the  relay coil, until  the  reset  swltch is 
opened. 

The 1N695  diode In thls  sub-circult  protects  the 
transistors  from  posslble  damage by the  voltage  spike 
induced  in  the  relay  coil.  It  wlll  be  noted  that  both 
responses of the  overload  protectlon circult, viz., 
grounding  the  high-voltage  ampllfier  cathode  and dis- 
connecting the  high-voltage supply, are  necessary, 
Grounding  the  cathode  provldes mmedldte protection 
for the diaphragm and  electrodes  by  stlffenlng  the 
diaphragm,  but  the  increased  plate current, if sustained, 
would  endanger  the  rest of the  clrcult.  Actlvating 
the  latching  relay  requlres  several  mllllseconds,  but 
once accomplished, leaves  the  circuit  entlrely  safe. 

6.  Voltage  Ratio  Control 
The voltage ratio control circuit (see Flgure 4) 

is a simple  feedback  circuit  which  fixes  the ratio of 
the  static  voltages  applied  at  the two electrodes, 
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independent of the size of these voltages, to any  de- 
sired  value. This  is accomplished by sampling the 
electrode  voltages wlth two high-impedance  voltage 
dividers; the outputs of these  dividers are compared 
by the  Nexus  SQlOa  differential  amplifier',  which in 
turn  feeds  the  right-hand control grid of the  high- 
voltage  amplifier.  The  capacitors  in  this  circuit 
serve  as  audio  filters. In this way, any drift of the 
electrode  voltages  relative to one another  is  pre- 
vented  by  an automatic  adjustment of the  control  grid 
voltage. Furthermore, by  a  proper  selection of the 
electrode  voltage ratio, voltage-induced  zero-shifts 
can  be mnlnimized, as  previously  discussed. 
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Experlmental  Details 

Diaphragm  Gauge 
Figure 1 shows  the  slgniflcant  dimensions  and  con- 

struction  materials of the commercial. diaphragm  gauge* 
we have  adapted  for  our  tests.  The  general  quality  of 
the  gauge,  in  terms of reproducibility,  temperature  stab- 
ility,  and  electrode  symmetry,  are  quite  satisfactory. 
However,  for  our  application,  the  gauge  has  a  serious 
deficiency, vlz., the  surface  strength  and  finish of the 
electrodes  and,  perhaps,  the  diaphragm  as  well,  are  in- 
adequate  at  the  fleld  strengths  employed.  This is no 
discredit to the  manufacturer; lf used as  Intended,  only 
rf flelds on 102-10 volts/cm  would  be  applled to these 
surfaces,  whereas In our  appllcatlon,  electrostatic  fields 
of 104-10  volts/cm  are  applled  as  well.  Each  electrode 
conslsts of a 1000 8 layer of evaporated  aluminum,  over- 
laid wlth  a 100 2 layer of TiOZ, on  a  quartz  substrate: 
this  alumlnum  layer  has  been  gradually  eroded  away by 
high-voltage  discharges.  Indeed,  the  electrodes  failed 
half  way  through  the  program  and  were  returned  to  the 
manufacturer for recoatlng. A second  fallure  occurred 
shortly  before  the completion date of the  program.  We 
shall  discuss  the  hlgh-voltage  dlscharge  mechanism,  and 
its effects on OUL measuzements,  later In this  sectlon. 

3 

5 

Vacuum  System 
Figure 7 is a  schematic ot the  vacuum  system  employed 

in these  tests.  The  cold-trap  and  pumps  are  standard, 
* Model 110-CAP-0.05 D  Dlfferentlal  Pressure  Capsule 

Llon  Research  Corporatlon,  Newton,  Mass. 
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and require no comment.  Wlth  the  lnlet  valve to the  mani- 
fold closed, the  manifold  pressure can be  maintained at 
about 1. x io-* Torr, without baking.  However,  the  ultimate 
pressure in the section  containing  the  diaphragm  gauge 
and NRC 563 ionization  gauge was about 1 x Torr, as 
measured  with  the  ion  gauge.  This  relatively  poor  vacuum 
is attributable  to  small leaks, dlscovered  by  helium  leak 
testing, in the  gaskets  which  seal  the  ion  gauge  and  an 
adjacent  spare port. The diaphragm  gauge and  its  adjacent 
valves  were  leak-free;  in fact, these  valves  could  be 
closed  for  several minutes with  no  appreclable  increase 
in diaphragm  gauge  pressure. Thus, the  following  test 
procedure  could  be  employed: 

Pressure was slowly  built  up on one  slde of the dia- 
phragm, the  opposite  side  belng  sealed  otf  at  a  pressure 
of  Torr. The rf detector  output  (see  preceding  dis- 
cussion of the electronic  circuitry) was filtered  to re- 
move  its  audio component, and  then  fed  to  the Y-mput 
of  an  X-Y  recorder.  The  X-input  was  obtained  from  an 
NRC 763 ionlzation  gauge control, fed  by  the NRC 563 ion- 
ization  gauge.  Figure 8 shows  the  results  of  two  typical 
runs;  one run with no  voltage  applied  to  the  electrodes, 
and  the  other with 500  volts  applied.  In  each run, the 
pressure  was  measured on one  side  of  the dlaphragm, and 
then, after  evacuation,  on  the  other. The pressure  was 
built  up  slmply by  closing  off  the  manlfold lnlet, and 
was  presumably due to atmosphere leaking in at the gas- 
kets referred  to  in  the  preceding  paragraph. The time 
required to arrive  at  a  pressure  of  10  Torr was about 
100 sec. 

- 3  
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It can be  seen  that  the  uncertainty in these  measure- 
ments is no greater  than  about 5 x Torr, even  when 
the gauge is being  operated  in  the  conventional  manner 
with no electrostatic  enhancement  of  its  sensitivity. 
What  is  signiflcant in these  plots is that  the  electro- 
static  enhancement  of  the  sensitivity  does  not  introduce 
additional  noise or instability. It should  be  emphasized 
that  these  measurements  were  made  under  relatively  un- 
favorable  conditions,  that is, without  temperature  con- 
trol, without  a  vibration-free  mounting,  and  in  particu- 
lar, with  the  aluminized  electrode  surfaces  suffering 
continual  deterioration  through  high-voltage  breakdown. 
This.last condition  is  one  which  has  prevented  us  from 
proceeding  to  higher  voltages,  where  really  large  in- 
creases  in  sensitivity  can  be obtained, but  should  be 
readily  correctible if a  more  sultable  electrode material, 
say  polished  stainless steel, 1 s  employed. 

One  noteworthy  feature of these  plots is that  the 
sensitivity  increases  with  voltage  at  a  much  greater rate 
than  was  originally  anticipated.  If  we  plot  the  observed 
values  of - against V, and  compare  these  with  the  theoret- 
ical  predlction of Eq. ( 2 3 4 ,  as  shown  In  Figure 9, it is 
seen  that  agreement is poor at values of V near 600 volts. 
Although  we  have  confidence in the  theory,  it is not  easy 
to  argue  thls  discrepancy  away  as  a  correctible  instru- 
mental  effect.  When  flxed  capacitors  were  substituted 
for  the  diaphragm gauge, the output of the  bridge  circuit 
was  found  to  be  totally  independent  of  the  superimposed 
voltage V. Piezo-electlic  deformation of the  quartz  elec- 
trodes, polarization of the  gas  admitted  to  the gauge, 
ionic  bombardment  of  the  dlaphragm,  and  other  voltage- 
dependent  phenomena  have  been considered, but  all  of 
these are orders of  magnitude  too  small  to account for 
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the  dlscrepancy. One mechanlsrn exlsts  whlch  seems at 
least  plauslble,  but  whlch  unfortunately  cannot  now  be 
quantltatlvely  verlfled,  the  electrodes  havlng  failed 
agaln.  Thls mechanlsrn, whlch  lnvolves  the  breakdown at 
the  electrode  surface,  ar’lses as follows: 

The erosion of the  gauge  electrodes  has  most  prob- 
ably  been  caused  by  hlgh-voltage  breakdown  (vacuum  break- 
down);  certalnly, a pressure-independent  breakdown of 
some  klnd  has  been  foand,  through  oscllloscoplc  observa- 
tlon, to occur  ~n  the  electrode-diaphragm  gap.  Thls  dls- 
charge was self-quenchlng  and  perlodlc,  l.e.,  had  the 
character of a relaxatlan  osclllatlon,  and  had a thresh- 
hold of several  hundred volts, Wh&t 1 s  slgnlflcant  to 
us 1s that  boch  the  charge  transfer \ 1 0 - 6 - 1 0 - 7  coulombs) 
and  the  repetltlon  rate i o - 1 0 0  cps) of the  dlscharge 
were  observed  to  depend  strongly on the  fleld  strength 
In the electrode-diaphragm gap. In other  WoLds,  as  the 
diaphragm w&s dlsplaced  toward  elther  electrode,  the  In- 
tensity and  repetltlon  rate of the  dlscharge  lncreased 
at that  electrode  and  decreased at the other,  even  at a 
fixed  voltage.  Only  rough  measurements of thls  phenomena 
were  made  before  the  electrodes  fnlled,  but  It 1 s  clear 
that  such a n  effect  could  cause a spurlous  lncLease In 
slgnal,  slnce  the rf voltage  at  the low-Impedance (high 
capacltance;  electrDde  would  be  cllpped  more  strongly  and 
more  often rhar: at  the  hlgh-lmpedance  electrode. In fact, 
our  est1mat.e  lndlcates that such  spurlous  slgnals  could 
result  ln a far larger  error In  sensltlvlty  than  the 
actual  dlscrepancy f o r  whlch we are  trylng to account; 
much  depends  on  the  tlme-profile of the  dlscharge  pulse, 
and  on  Its  exact  dependence on fleld-strength.  Yerely  as 
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speculation, we have  considered  possible  causes  for  this 
periodic  discharge,  and it seems  at  least  plausible  to  us 
that  the  discharge is initiated by field-emission  at  the 
diaphragm,  and is quenched by free-electron  charging  of 
the  Ti02 layer  which  covers  the  aluminized  quartz elec- 
trode. On  this  basis,  the  repetition  rate  of  the  diecharge 
would  in part  be  determined by the  migration  time of the 
free  electrons  across  the  Ti02 layer. In  any  case, it 
is clear  that  such  phenomena  can be minimized  in  future 
designs by careful  surface  treatment  of  the  electrodes 
and diaphragm, and also by choosing  a  plane-parallel 
electrode  geometry so as  to avoid  field  concentrations 
in  the gap. 
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Prospects for Improved Performance 

As discussed above, our experimental  results  have 
tended to confirm the theoretical  evaluation of the  elec- 
trostatically-tuned  capacitance-manometer  concept. The 
variation of resonant  frequency with electrode  voltage, 
and  the general  performance  of  the circuit, are  as  an- 
ticipated. To be sure, we are not wholly  satisfied 
by our  tentative  explanation of the  anamolous  increase 
in  gauge  sensitivity  near 600 volts. However, we are 
confident  that  the  explanation  does  lie in the  realm 
of  instrumental effects, and  that  the  anomoly can be 
eliminated  by appropriate  design  changes. In con- 
sidering  the  prospects  for  this gauge, we will then 
assume  that  our  understanding of its operation  is 
complete,  and  that  certain  obvious  improvements  will 
be  incorporated  in  future  designs. These improve- 
ments  would  include  a  vibration-free mounting, temper- 
ature-control,  an  appropriate  choice of material and 
surface  finish  for  the  electrodes  and diaphragm, and, 
of course, high-vacuum  integrity  and  bakeabllity. 
Nevertheless, we shall  see  that  in  the  present  mode 
of  gauge operatlon, there  would  be  an  uncertainty  in 
pressure of at  least  Torr.  This  uncertainty  is 
associated with the  possibility of changes  occuring  in 
work  function, on admitting  gas  to  the  system.  How- 
ever, it will be  further  shown  that  such  uncertainties 
can  be  eliminated  if  the  electrode  voltages  are  appro- 
priately  modulated. 
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Work Function 
In the  preceding  theoretical  treatment, it has  been 

assumed  that the electrostatic  field in each  'gap  is 
equal  to  .the ratio  of the  applied  voltage, V, to the 
gap width, d. This is inexact;  the  electrostatic  field 
E is  properly given by 

V+Od-Oe 
E =  d 

where Od and @e are  the  work  functions at the  diaphragm 
and electrode surfaces respectively.  Suppose now that 
the rest position  of  the  diaphragm  has  been  established 
with  the gauge evacuated, but  that on exposing  one side 
of  the  diaphragm to gas, the  quantity Qd-Oe changes 
by an amount 69. The measured  pressure will  then, un- 
known to the experimenter, be  in error by an  amount PC, 
given by 

V&O 

4ad2 
dynes/cm 2 PO = - 

where  d is in cm, and where V and O are in statvolts 
(1 statvolt = 300 volts). If we assume  that  even  under 
the  best conditions, changes  in  work  function will be 
indeterminate to about 1 millivolt, Eq. (30) predicts 
an  uncertainty in pressure of at least lom6 Torr, given 
that V 1000 volts  and  d z .25 mm. 

To avoid  this  uncertainty,  a  sensible  procedure 
would  be to compare  readings  obtained at different 
voltages V. One should then, in  principle,  be  able to 
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identify bothPg,and the  true  pressure P, slnce the,former 
is proportional  to V, while  the  latter 1 s  independent 
of V. In this regard, although  far  afield  from our or- 
iginal  purpose, we should  note  that the electrostatically- 
tuned  capacitance-manometer  could be'used to measure work 
functions  as  readily  as  pressures. Be that as  it may, 
we have now to consider what vo4tage modulation scheme 
should  be most suitable. 

Voltage  Modulatlon 
Leta(V)  denote  the  sensltlvlty of the  electrostati- 

cally-tuned  capacltance-manometer,  let P be  the  true 
differentlal  pressure,  and  let 6 1  be the  uncertainty 
in  work  functlon.  Then  the  output  slgnal  S(V)  may  be 
defined  as 

/- 

where  a(V)  represents  the  resldual  dependence of rest- 
posltlon  on electrode  voltage,  to  be  expected if the 
effects of electrode asymmetry  cannot  be  compensated 
at  all  voltages by a slngle  settlng of the  voltage- 
ratio control.  Suppose  now that, In  the  present  mode 
of operation of the gauge, we were to compare  the  values 
of S at  two  different  voltages.  The  difference S ( V , ) -  

s(V2) 1 s  glven by 
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Since a(V) increases with V, it is clear by inspection 
that  the  uncertainty in S(V1)-S  iV2) is greater than  that 
of S(V) alone. Indeed, in the  low-voltage  limit  where 
a ( V )  is essentially constant, the  difference  signal 
S(V1)-S(V2) is essentially  independent of P. Perhaps, 
if one made enough  measurements at different  voltages, 
one could  finally  identify P. However, there is a  far 
more direct way of eliminating  the  uncertainty;  one 
need simply reverse the  sign of V. It is  physically 
obvious that both CY (V) and (Y (V) depend  only on the 
magnitude of V; hence, the  quantity S (V) +S (-VI will 
be  independent of 6 0 ,  and furthermore,  there will be 
no uncertainty in a ( V ) ,  since  the rest position  of  the 
diaphragm can be  found  with  the gauge evacuated. 

The necessary  modifications of the  circuitry  would 
be  straight-forward. The electrode  voltages  would  be 
square-wave  modulated  at  a  frequency of, say, one-twen- 
tieth  of  the  driving  frequency:  this  square-wave  voltage 
would  swing  alternately  positive  and  negative  with 
respect to the  dlaphragm  potential. It is, in principle, 
immaterial whether the  diaphragm  is grounded, and  the 
cathode  potential of the  pentode  pair  (see  Figure 4 )  1s  
several  hundred  volts  negative, or whether  the  diaphragm 
is  raised to a  positive  potentlal, and  the  pentode 
cathodes remain near  ground.  Either  arrangements  would 
have  experimental  advantages and dlsadvantages  which 
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wB will not attempt to weigh here. . The important  con- 
sideration is that the  feedback  incorporated in the 
phase  detector circuit should  reverse in sign along 
with  the  electrode  voltage; otherwise, the diaphragm 
would be driven away  from  the  resonance on  the."wrong" 
half-cycle. In addition, it will probably be necessary 
to  vary  the  audio  oscillator  frequency so as to keep 
the  diaphragm at resonance  throughout  the  transition 
from  positive to negative  electrode  voltage. 

In  this  experimental  arrangement,  the rf detector 
output  would  be  composed of a  steady  term  proportional 
to  the  true  pressure  differential P, an alternating 
term', proportional  in  amplitude  and  synchronous in 
phase  with  the  diaphragm  vibration,  and  another  al- 
ternating term, at the  square-wave  frequency,  propor- 
tional  to  any  difference  in  work function, 6Q=(Qd-Qe)a- 

where Qd and Qe are  the work  functions of 
diaphragm  and  electrode  respectively,  and  where  a  and 
b  refer to the two sides  of  the  diaphragm.  It  should 
be  noted  that  if Qd and Qe are  unequal,  the  action of 
the  phase detector, in  bringing  the diaphragm to reso- 
nance, will result  in  unequal  positive  and  negative 
swings  of  electrode  voltage  with  respect to the  dia- 
phragm  (see Eq. (29). This  will not introduce  error, 
except  insofar as a ( V )  may  be affected, but it would 
probably  be advisable to  construct  the  diaphragm  and 
electrodes  of  the  same  material. Doing so would in 
any case diminish 6Q. With  these  modifications,  it 
should  be  possible  with  careful  technique to employ 
the  electrostatically-tuned  capacltance-manometer at 
pressures  well.  below  Torr. 
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SUPERCONDUCTOR  BOLOMETER  GAUGE 
General 

In our preliminary  discussion of  the  limits  of  ab- 
solute  pressure  measurements,  we had  concluded  that  the 
measurement of  energy flux from a  velocity-modulated source, 
or  from  a  source  moving  at  fixed  velocity  relative  to 
the detector, could  under. certain  conditions  serve  as 
the  basls for the  absolute  measurement  of  pressure. 
These  conditlons  are  that  inter-molecular  collisions  occur 
far  less often than collisions with the  source or detector, 
and  that  the  nature of the  molecular  energy  exchange at 
both  source  and  detector  be  known. This second  condi- 
tion is by no means easy  to fulfill, since  the  degree 
of thermal  accomodation  will vary with  gas  composition, 
surface condition, and  temperature. It will  be  seen, 
however,  that  the  experimental  arrangement we propose 
satisfies thls requlrement for a  large  number of gases. 

Assuming  the  above  conditions  to  be  fulfilled,  the 
measurement of absolute  pressure  will be limited  by  the 
sensitivity  or by the  signal-to-nonse  ratio of the  de- 
tector. This is in  contrast  to  the  case  where  it  is 
the momentum  flux  from a temperature-modulated  source 
that is measured, so that  radiation-pressure  contributes 
to  the  signal. In the  present case, the  radiant  energy 
background  would  contrlbute  to  the noise, but  not  the 
signal,  since  the  source  veloclty  will  assuredly be 
sub-relativlstic. 

Turning now to the  problem  of  measurlng  the  energy 
flux  from  a velocity-modulated source, we  note  first 
that  bolometers  are  the  most  sensitive  thermal-energy 
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detectors  known. A bolometer is a  film whose electrical 
resistance is strongly  temperature-dependent, when operated 
at  temperatures in the  liquid  helium range, such  films 
have  been  used to detect  infrared  radiation at levels 
as  low  as 10 watts/cm2, with characteristic  response 
times of the  order of.1 sec. We  shall  base  our'discussion 
of the  sensitivity and  noise  level of bolometers on the 
treatment given by  Newhouse. 

-10 

1 

Bolometer  Sensitivity 
Consider  a  bolometer film, one surface of which  is 

exposed  to  molecules  arrlving  from  a  velocity-modulated 
source.  For  the moment, we wlll ignore  the  steady  com- 
ponent of this flux, for  this  component  only  affects 
the  operating  point  and  noise  level of the  bolometer. 
We  just  wish  to  consider  the  variations  in  bolometer 
temperature  induced by  the  alternating Component Q 
of the  energy flux, and to relate  the  variations  in 
bolometer  resistance  to  these  temperature  variations. 

v .  

We  wlll  suppose  that  the  bolometer  has  a  heat 
capaclty C Fer unlt area, and  that It is weakly coupled, 
by a poor  thermal conductor, to  a  heat  slnk  at  tempera- 
ture To. Addltlonal  heat  transfer  will  occur  through 
.radiation, and  possibly  through  the evaporation of gas 
molecules.  The  bolometer  temperature  will  be  expressed 
as T=T t7, where 1s the  response  to Q - at  the  very 
low  pressures we hope  to measure, it  may  safely  be 
assumed  that t d < T O .  It should'be realized  that we are 
ignorlng whatever steady temperature  dlfference  exists 
between  the  bolometer  and  the  heat sink, but  this  dif- 
ference  wlll be kept small In the  actual  experlment. 
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It will be useful in approaching  this  problem to 
examine  an  analogous  electrical circuit, shown in Fig. 
(loa). The alternating  component of energy flux, Qv, 
will be treated  as  a current I, while the temperature 
response will be treated as  a  voltage V. Each of 
the  mechanisms for bolometer heat loss will be  treated 
as  a  thermal resistance, viz,, conduction to the heat 
sink  is  denoted  by  Rcond,  radiation is denoted by 
Rrad, and evaporation, should  it occur, 1s denoted  by 

Rgas 
trical current used  in  measuring  its  resistance will 
be treated  separately. 
From Eq. (6) and  Eq. ( 2 )  we have 

Joule heating of the bolometer by the  elec- 

I = Qv = 3.75 x 10 pv  cos  ut  (wattslcm ) 
- 8  2 (33) 

1 3 )  -1 (OK-cm  /watt) 2 
Rrad = 2 ( 4 o ~ ~ T ~  ( 3 4 )  

R = 1.6 x 10 To/9pa 8 [OK-cm  /watt) 2 
gas 

(35) 

where  p  is  expressed  in  dyneslcm  (equivalently, in pbar), 
where  the  source  velocity  amplitude  v  and  the  mean  evap- 
oration velocity V are  expressed  in  cm/sec, where eo is 
the  bolometer emissivity, and where  a  factor 1/2 has 
been  included in the  expression for Rrad to account for 
radiation  from  both f i l m  surfaces. It will be  noted 
that  for  those  gases  which  are  cryosorbed at the  bolo- 
meter surface, R should  be  taken to be infinite; 
indeed, Eq. (35) will be  appropriate for only  one gas, 
helium, if the  bolometer is near 4.2OK. 

2 

gas 
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As for Rcond,  it  will  be  necessary to provide  suffi- 
cient conductance to the  heat  sink to accomodate  the 
steady heat input  from  the  source,  principally radiation, 
As good  practice,  the  bolometer  tempe.rature  should  be 
kept fairly close to the  heat  sink  temperature To., say 
at a  temperature of l.lTo. Therefore,  it will be  necess- 
ary  that 

-1 
Rcond g . lTo  (daoTs) (OK-cm  /watt) 2 

where Ts is  the  source  temperature. 
Let-  us  now consider  a  definite  experimental  configura- 

tion. The bolometer will be a  superconducting film, held 
at  a  temperature,  say of 4 .  Z°K, which is within  the  re- 
sistive  transition  region of the  film. The gas will be 
condensable, so that R can  be  ignored. The source 
will  be  well  above  4.2 K, so that  Rrad can be  lgnored 
by comparison  wlth  Rcond  (compare Eq. (34)  with Eq. (36). 
However, the  equlvalent  circuit  for  the  modulated  com- 
ponent of energy  flow 1s not  simply  glven by Rcond  in 
parallel  with C. We must  further ask what; effects  an 
impressed  electrical  current  will  have  on  the  heat 
balance of the  film. If, as 1s usually  the case, the 
bolometer is incorporated In a Wheatstone  bridge  whose 
fixed  arms  have a much hlgher resistance  than  than  of 
the  bolometer,  the  electrical  current i through  the bol- 
ometer  will  be  constant. Hence, the  Joule  heating  of 
the  bolometer, QJ, = i R, increases in  direct  proportion 
to its electrical reslstance R. Now R=R +o-, so that 

gas 

2 

dR 
o dT 
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an increase in Joule heating  accompanies  any  increase in 
the  energy  flux Qv. Thus, the  temperature  response t 
will be enhanced  by  this  favorable  contribution  of Joule . 

heat. The bolometer  response is as if R had  been 
increased  to  a  value  RIcond,  given by 

cond 

Rcond 

dT cond 
R' cond 

- - l-i2CR R 

It might  be  asked  why  the  above  considerations do not 
apply  equally in estimating,  as in Eq. (361, the  value 

Of Rcond 
closfi to  that of the  heat  sink.  The  point is that 

n T  dR>,o for  superconductors  in  the  resistive  transition 
regionl so that the steady  Joule  heat input, i Rol can 
be  neglected  by  comparison  with  the  radiant  energy  flux 
from  the  source. 

needed to maintain  the  bolometer  temperature 

2 

The  equivalent  circuit  for  the  alternating  component 
of  energy  flow to the  bolometer  is then given by RICOnd 
in parallel  with C, as  shown in Figure lob. We will 
suppose  that  the  combined  thickness of the  bolometer 
and  whatever  substrate  supports  it  is  perhaps 10-3cm, 
so that C:1Om6  watt-sec/cm2-OK. It seems  reasonable 
to  take  R' cond- at larger  values  of Rtcond, 
instabilities  should  be  expected. Now it  is  clear by 
inspection  of Figure 10b that  the  maximum  amplitude 
of  the  temperature  response  will  be  obtained if 
u C R ' ~ ~ ~ ~ ' * ' ~ .  However, for Ts=770K, it can be seen 
from %q. (36) and the  assumed  value of C that CRlcond: 
1 sec., so that one is  really  restricted to essentially 

lo Rcond; 

(371 
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dc  operation of the  bolometer. On this basis, we have 

ry 3.75 x 10-'pvTo Cos ut 
= *vR'cond 

" 

Substituting  T0=4. 2OK and  Ts=3OO0K, assuming the. bolo- 
meter  to  be  polished to the  extent that ~ ~ z . 0 3 ,  and 
further  assuming  that  a  steady  source velocity, v, of 
10OOcm/sec can be  attained, we find that r2.l  K/p-bar. 
If  the  source  temperature  were  77OK  rather  than 300°K, 
we would  have  rZ2O0K/p-bar. 

On  the  basis  of  the  experiments  reported by Martin 
and  Bl,oor2,  we  will  assume  that  the minimum  detectable 
change  in  bolometer  temperature  is  about 10 '50K. It 
then  follows  from  the  preceding  paragraph  that,for  a 
source  whose  velocity  is  1000 cm/sec  and whose temper- 
ature  is 300°K, the  minimum  detectable  pressure will 
be  2 x Torr; if  the  source  is  cooled to liquid 
nitrogen  temperature,  the  minimum  detectable  pressure 
will  be  about 5 x lo-' Torr. 

0 

Noise 
It should  certainly  be  asked  whether  the minimum 

detectable  change  in  bolometer  temperature is,  in this 
experimental  arrangement,  above  the  thermal  noise  back- 
ground. By far  the  largest  contribution to the  bolo- 
meter  noise  is  made - by radiation  from  the  source. The 
mean-square  value Pn of  the  noise-power  received  from 
the  source  is  given  by 

2 
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- 
’n = 86~~kT~’Af (39) 

where  k=1.38 x 10 -23 watt-sec/OK is  Boltzmann’s con- 
stant, and where Af is the  bandwidth. Then, assuming 
that  Afalcps  and that E .e. 03, we have Pnz1O-” watts 
at 300°K, and Pn25 x 10 ‘13 watts at 77OK. In both cases, 

’n 
moving  source at the  respective  minimum  pressures of 
2 x Torr  and  5 x lo-’ Torr  (see  Eq.  32) . Thus, 
such  pressures can be  measured  by a  bolometer,  and 
indeed, still  lower  pressures, if  the present  bolometer 
temperature  sensitivity can be  increased. 

is far below  the  molecular  energy  flux  from  the 

Experimental  Arrangement 
Figure 1Oc is a  schematic  of  a  possible  bolometer 

gauge  configuration. Two bolometers are employed in 
a balanced arrangement, the  energy  flux  to one bolo- 
meter  being increased, and  that to the  other  being  de- 
creased, by the  steady  rotation  of  the  cylinder.  The 
cylinder,  and  the  guard  wall  around  the  bolometers, 
would  be maintained at a  temperature of 77OK.  This 
would  permit  the  study  of  a  respectable  number  of  gases 
but  would not place as severe  a  heat  load on the  bolo- 
meters  as  would  be  the  case if  the cylinders were at 
300°K. A significant  advantage  of  the  balanced  arrange- 
ment of the  bolometers  is  that  variations  in  cylinder 
temperature will affect both  bolometers  equally.  Fur- 
thermore,  the  bolometers can be  balanced,  with  the 
cylinder rotating, by  simply  moving  them to the  cylinder 
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(a) Thermal  circuit .. 

of Bolometer . 

(b) Bolometer  well-anchored 
.to Heat-Sink, and c?rrying 
electri.ca1  current L . R = Rcond 1 

li2 gRcond 

Figure 10 Schematic of Superconducting  Bolometer  Gauge 
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axis. The operating  point  (average  temperaturej of the bolo- 
meterscan be stabilized by  feedback adjustment of the bridge 
current. Such a  bolometer  gauge  would  theoretically  permit 
absolute  pressure  measurements at about 5 x 10’’ Torr. 

Molecular  Beam Detector 

Since  the  apparatus  described  above  includes  rotating 
components and  a  fairly  intricate  cryogenic system, all inside 
a UHV system, it mlght be  deskrable  to  consider  less  complex 
applications of the superconducting-bolometer detection  concept. 
A bolometer  could  simply  be  installed in a  conventional UHV 

molecular  beam  calibrator;  there  would  be no moving  parts  and 
the  ma1n.chamber.s  of  such calibrators  are in any  event  operated 
near  4.2OK. Furthermore, the  molecular  energy  flux  incident 
on the bolometer  would be roughly p v  n, where  n and  v  are  the 
beam  density  and  velocity  respectively.  With  the  reported 
sensitivity of bolometers being  about 10 -lo watt/cm2,  and 
assuming  a  furnace  temperature of 300°K, it  follows  that  beam 
densities of about 10 per  cc can be  detected. Thus,  in a 
molecular  beam calibrator, a  bolometer  would  be  about  as  good 
a  detector  as  a Rude ionization gauge, and  would  be absolute 
as  well. Agaln, two bolometers  could  be  employed  in  a  bal- 
anced arrangement, one facing  toward  the  beam  and  one  facing 
away.. If necessary, the  beam  could  be  chopped by a  simple 
mechanical shutter; this  could  be  magneticaliy  operated  to 
avoid complicated  mechanical  linkages. Finally, sticking 
probabilities of low  bolllng  point  gases  such  as  hydrogen or 
neon  could be measured  with  bolometers;  the  detected  energy 
flux  would decrease in direct  proportion to the  sticking 
probability. 

1 3  

6 

66 



. " 

MODULATED  GAS-TEMPERATURE GAUGE 

In the  discussion  of  the  limits of absolute  pres- 
sure  measurement,  it was noted that the  measurement of 
momentum  flux  from  a  temperature-modulated  source could, 
under  certain  conditions,  serve as the  basis for an 
absolute  measurement of pressure.  These  conditions  are 
that  inter-molecular  collisions  occur far less  often 
than  collisions at the  source and detector surfaces, that 
there  be  full  thermal  accomodation  of  molecules  striking 
the  source  or  detector  surfaces,  and  that  thermal  radi- 
ation  contribute  negligibly  to  the  momentum  flux. It 
was  further  noted  that  as  the  modulation  frequency  de- 
creases,  both  the  sensitivity of  the detector and  the 
magnitude  of  the  temperature  variations  (for  fixed  source 
power)  also  increase.  It is then  clear that the maxi- 
mum  sensitivity can be  obtained  by operating  with  a 
fixed temperature  difference  between  source  and  detec- 
tor,  as  in the Knudsen gauge.  However,  there  are  certain 
experimental  advantages to  operating at a  low  audio 
frequency:  in  particular,  amplifiers can be  tuned  to  the 
modulation  frequency.  We  shall  consider  two  general 
methods,  direct  heating and  thermoelectric heating, for 
modulating  source  temperatures,  and  further  consider 
what pressures  could  then  be  detected with existing  mi- 
crophones. 

Modulation  of  Source  Temperature 
As one possibility  for  direct  modulation of the 

source  temperature,  we  will  suppose  the  source  to  be  a 
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thin  metal film  on a  transparent  substrate of low thermal 
conductivity. Behind  the  substrate is an infra-red  lamp, 
whose output is chopped by,  say, a rotating shutter. 
Thus, bursts of infra-red  radiation  are  beamed  through 
the substrate, but are  absorbed  by  the metal film. 
Alternatively,  the  film  could  be  heated resistively, 
simply  by passing  an  alternating  current  through  it. 
The substrate  would  again  be  required  to  have low thermal 
conductivity,  but  need  not be  transparent. 

The heat  flux q to the  film can be  expressed  as 
q=qo (l+cos ut),  and if we assume  that  the  rear  surface 
of the substrate  is  anchored  to  a  heat sink, the  temp- 
erature  difference AT between  the  film  and  the  heat 
sink  is  readily  found to be 

where K is the  thermal  conductivity of the  substrate, 
where L is  the  thickness of the  substrate,  where 2a 
is the  chopping  frequency,  where C is the  volume  heat 
capacity  of  the  substrate,  and  where  it  is  assumed  that 
L>>dK/uC . Before  discussing  what  values  these  quan- 
tities  might have, an  alternative  method  of  modulating 
the  source  temperature,  thermoelectric  heating,  will 
be  considered. 

w 

We will now suppose  the  source  to  be an array of 
thermocouple  junctions, i.e., a  thermopile. Let the 
current  density J in  the  individual  thermocouples  be 
given by J=Jo cos ut, and  let  the  average  thermo-elec- 
tric  power  and  electrical  resistivity  of  the  individual 
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thermocouples be Q and  respectively. Then assuming 
that the  thermocouple  junctions  are  packed  closely  enough 
to approximate  a plane, the temperature response AT of 
this  plane with 
thermopile will 

respect to the rear junctions of the 
be given by 

where K is the  thermal  conductivity of the  thermo-electric 
material,  where T is the  absolute temperature, where L 
is  the  length  of  the  thermocouples,  and where it  is  again 
assumed  that  L.*bJK/wC . 

Now comparing Eq. (40  and Eq. (41) I we see  that  the 
coefficient qo in Eq. (40)  and  the coefficient Jo PL/2 
in Eq. (41)  are  the  respective  power inputs per  unit 
area  of  the  source. Thus, assuming K and C to be  com- 
parable for the  transparent  substrate in the  first case, 
and  the thermocouple  material  in  the other, it is  clear 
that  the  comparative efficiency  of  these methods of 
temperature  modulation  will depend on the  size  of  the 
quantity  2QT/JopL. The most  suitable  thermocouple 
material  would  probably  be  Bi2Te3  for which QTz60  milli- 
volts  near 300°K, and  for whichpz5 x 10-4~-cm. It 
follows  that  a  thermoelectric  source will be  inferior 
to  the  directly  heated  source  unless JoL is less  than 
200  amps/cm. Now L cannot  be  made  indefinitely  small; 
a  reasonable  value  for  L  would  be 1 cm. Therefore, 
the  thermoelectric  method  will  be  inferior  unless  the 
power  input Jo &/2 is less  than 10 watt-sec/OK-cm I 

and G100, we see from Eq. (41)  that a 10 watt/cm 

2 

3 
2 
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input  power  would  produce an  alternating  temperature 
amplitude  of  only .3OK. Therefore,  direct  heating  must. 
be the  preferable  method of the  two choices. 

OK-cm3 for  the  substrate  as  for  the  thermocouple,  and 
assuming  that  K can  be  reduced  to  about 10 milliwatt- 
sec/OK-cm  by lamination,  we  find  that  an  alternating 
temperature  amplitude  of  about 1°K/watt-cm2 can  be 
achieved with  this method. If  the  laminated  substrate 
is 1 mm thick  (we  recall  that it is  necessary  that L>> 
JK/wC ) ,  the  steady  temperature  drop  across  the  sub- 

Taking the same  values  of ~'100 and C=l wa'tt-sec/ 

strate  will  be 10°K/watt. Now  even  for  a  substrate 
conductivity  of 10 milliwatt-sec/OK-cm, radiant  losses 
from the film would exceed the  losses  through  the sub- 
strate  at  temperatures  above 20OoK. Therefore,  the  rear 
surface  of the substrate  would  have  to be cooled  well 
below 200°K, say to 77OK, for  the  method  to  have  any 
chance  of  success.  Cooling  would  have  the  further 
advantages  of  reducing  the heat  capacity of the sub- 
strate,  leading  to a larger  amplitude of the  alternating 
temperature,  and of increasing  the  ratio t/Ts, by re- 
ducing T (see Eq. 3) . 

S 
Based on  the preceding  discussion,  a  suitable ex- 

perimental  configuration is suggested  schematically,  in 
Fig. 11. It  is  clearly  necessary  to  monitor  the  source 
temperature;  for  this  reason,  the  exposed  surface  of 
the  source  will  be a  temperature-sensitive  resistive 
film which  will  serve  as a  thermometer. An underlying 
resistive  film  will  serve  as  a  heater,  and  an  insulating 
.film between  heater and thermometer  will  provide  elec- 
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trical  isolation.  These  films will be  deposited on a 
substrate  of  low  thermal  conductivity, whose rear  sur- 
face is cooled by a  liquid  nitrogen  bath. A sultable 
substrate  material  would  be  fused quartz or Pyrex, about 
5 mm thick. On the  basis  of  Eq. ( 4 0 )  above, we might 
then  expect as typical  operating  conditions: 

Mean  source temperature........ 150 K 
Frequency............. .................... 30 cps 
Peak-to-peak  temperature modulation.........30 K 

2 Power  input ........................... 1 watt/cm 

0 ............ 
0 

From Eq. ( 3 1 ,  the  pressure  in  the  neighborhood  of 
the  source  would  have a peak-to-peak  modulation of about 
20% of  the absolute  pressure.  The  pressure  sensitivity 
of the  gauge  will  then  depend on the  sensitivity of the 
detector, i.e., the  microphone  sensitivity. A conven- 
tional  high-sensit’ivity  condensor  microphone  will  pro- 
vide  a  signal  of  about 3 mv  per p bar  (dynamic  pressure), 
and we may  reasonably  assume  that  signals  of lvv, cor- 
responding  to  dynamic  pressures of 2 . 5  x lo” Torr, will 
be  detectable.* In the  example  given above, the  dynamic 

An existing gauge, the  “sonic gauge“, employs  such 
a microphone  to  detect  velocity  modulation  impressed on 
the  gas  by a  mechanical  transmitter. However, we have 
seen  from  Eq. ( 6 )  that  such  a  gauge cannot be  absolute. 
Furthermore,  the  operation of the  gauge is limited 
by mechanical  coupling  between  the  transmitter  and  the 
‘microphone. 
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/Liquid Nitrogen 

Quartz  Substrate 

Heater  Film 

Insulating Film 

"Thermometer Film 

Microphone 

Figure  11  Schematic of Modulated Gas-Temperature Gauge 
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pressure  is  about  one-tenth  of  the  absolute  pressure, 
so that  absolute  pressures  of  about 2.5 x Torr 
would be 'detectable. Furthermore,  conventional  micro- 
phones  have  a  higher  frequency  response than would be 
needed  in  this  application: a special-purpose low-fre- 
quency  microphone  would  doubtless  serve  to  extend  the 
range of the  "modulated gas-temperature'' gauge  to 
pressure  below Torr. 
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CONCLUDING REMARKS 

A theoretical  and  experimental  evaluation of the con- 
cept of electrostatic  control of capacitance-manometer 
sensitivity has been  carried  out. The results have  been 
encouraging,  although  problems  have  been  created by high- 
voltage  breakdown at the  electrode  and  diaphragm  surfaces 
of the  gauge. This breakdown can undoubtedly  be  eliminated 
by choosing more appropriate  surface  materials. It  is 
hoped  that  absolute  pressures well below Torr can 
ultimately be measured with this  gauge  if  uncertainties 
in work-function can be  avoided;  a  voltage-modulation 
technique is suggested  which  should  accomplish  this. 

It is  suggested  that the  use  of  superconducting- 
bolometers to detect the  kinetic  energy of incident gas 
molecules will permit  absolute  measurements  of  pressures 
as  low  as 5 x 10'' Torr, and  also measurements of molecuiar 
beam densities as low  as lo6 molecules/cc. 

It  is suggested  that the juxtaposition of a  low- 
frequency  heater  and  a  sensitive  microphone  will  permit 
absolute  pressure  measurements  as low as  Torr. 
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