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ABSTRACT 

A d i f f e r e n t i a l P i r a n i molecular-beam d e t e c t o r was deve­

l o p e d w i t h a s e n s i t i v i t y f o r noncondensable gases about f i v e 

t i m e s g r e a t e r t h a n t h a t of the p r e v i o u s most s e n s i t i v e P i r a n i 

beam-detector. With a c i r c u l a r e n t r a n c e c h a n n e l of p r e s s u r e -

a c c u m u l a t i o n f a c t o r 28, a t room temp e r a t u r e a o n e - m i c r o v o l t 
12 

s i g n a l was produced f o r a h e l i u m beam i n t e n s i t y of 5.4 x 10 
o 

atoms/sec/cm . At l i q u i d - n i t r o g e n t e m p e r a t u r e , t h e s e n s i t i v i t y 
i 

i n c r e a s e d almost f o u r t i m e s . 

T h i s d e t e c t o r was used t o i n v e s t i g a t e t h e d i r e c t i v i t y 

c h a r a c t e r i s t i c s of m o l e c u l a r beams of h e l i u m , argon and n i t r o ­

gen, produced w i t h s e v e r a l c i r c u l a r , c y l i n d r i c a l t u b e s , mounted 

on a r o t a t a b l e oven. In t h e m o l e c u l a r - f l o w r e g i o n , t h e a n g u l a r 

d i s t r i b u t i o n s were somewhat narrower t h a n t h o s e r e p o r t e d by 

p r e v i o u s w o r k e r s . With i n c r e a s i n g s o u r c e p r e s s u r e , the f u l l -

w i d t h a t half-maximum of the d i s t r i b u t i o n f o r each tube w i t h 

any gas became 75 t o 78 degre e s , but w i t h f u r t h e r i n c r e a s e of 

s o u r c e p r e s s u r e , t h e f u l l - w i d t h depended on t h e p a r t i c u l a r 

gas used. 

The e l e c t r i c c i r c u i t of t h e P i r a n i d e t e c t o r was e a s i l y 

m o d i f i e d so t h a t t h e e n t r a n c e c h a n n e l and beam c a v i t y c o u l d 

be used as a c o m b i n a t i o n P i t o t tube and p r e s s u r e gauge f o r 

d e t e r m i n i n g t h e Mach numbers of s u p e r s o n i c beams i n vacuum. 

I t was found t h a t a 0.214-mm. c o n i c a l c o n v e r g i n g n o z z l e 
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p roduced a Mach 2 . 2 h e l i u m beam when the p r e s s u r e r a t i o a c r o s s 

the n o z z l e was about 120 . 



ACKNOWLEDGEMENTS 

The a u t h o r wishes t o thank Dr. J.B. Warren f o r h i s 

s u p e r v i s i o n o f t h e work d e s c r i b e d i n t h i s t h e s i s . 

The a u t h o r i s g r a t e f u l t o Mr. D. Axen f o r h i s keen 

i n t e r e s t and generous a s s i s t a n c e i n t h e e x p e r i m e n t a l work. 

U s e f u l d i s c u s s i o n s w i t h Dr. K.L. Erdman and Mr. C.W. Vermette 

a r e g r e a t l y a p p r e c i a t e d . Thanks a r e due t o Messrs. A. F r a s e r , 

P. Haas, and G. Lang f o r t e c h n i c a l a s s i s t a n c e . 

The a u t h o r would l i k e t o thank Dr. B.L. White and 

Dr. G. Jones f o r t h e i r i n v a l u a b l e g uidance i n t h e development 

of t h e i o n i z a t i o n gauge c o n t r o l u n i t . 

The a u t h o r i s i n d e b t e d t o t h e N a t i o n a l R e s e a r c h C o u n c i l 

o f Canada f o r t h e two s c h o l a r s h i p s h e l d d u r i n g t h e c o u r s e of 

t h i s work. 



t - IV-

TABLE OF CONTENTS 

Page 

Ch a p t e r I INTRODUCTION 1 

Cha p t e r I I DEVELOPMENT OF THE DIFFERENTIAL PIRANI 
DETECTOR 3 

A. Requirements f o r the Molecular-Beam D e t e c t o r 3 

B. Types of Molecular-Beam D e t e c t o r s 3 

C. D e s i g n of t h e D i f f e r e n t i a l P i r a n i D e t e c t o r 8 

(1) P r i n c i p l e of O p e r a t i o n 8 

(2) T h e o r e t i c a l S e n s i t i v i t y f o r Helium-3 9 

(3) C o n s t r u c t i o n 12 

D. C o n t r o l of t h e D i f f e r e n t i a l P i r a n i D e t e c t o r 13 

(1) M e c h a n i c a l C o n t r o l s 13 

(2) E l e c t r i c C i r c u i t 14 

Chapter I I I TESTING OF THE DIFFERENTIAL PIRANI 
DETECTOR 16 

A. E x p e r i m e n t a l Arrangement 16 

(1) Vacuum System 16 

(2) Beam Source 17 

B. O p e r a t i o n of t h e D i f f e r e n t i a l P i r a n i D e t e c t o r 18 

(1) S t a b i l i t y 18 

(2) V e r i f i c a t i o n of 1 / r 2 D e t e c t i o n 20 

(3) C a l i b r a t i o n 22 

(4) S e n s i t i v i t y f o r Helium-3 24 

(5) C o n c l u s i o n s 25 



- V-

Page 

Chapter IV DIRECTIVITY OF MOLECULAR BEAMS FROM 
CIRCULAR CYLINDRICAL TUBES 27 

A. P r e v i o u s Measurements 27 

B. Apparatus 28 

C. D i r e c t i v i t y Measurements 30 

(1) E x p e r i m e n t a l P r o c e d u r e 30 

(2) R e s u l t s 32 

(3) C o n c l u s i o n s 34 

Chap t e r V MACH NUMBERS OF MOLECULAR BEAMS PRODUCED 
WITH A CONVERGING NOZZLE 36 

A. C o n s t r u c t i o n of N o z z l e s 36 

B. Measurement of Flow Rate 37 

C. Measurement of t h e Mach Number 39 
(1) I n t e r p r e t a t i o n of I m p a c t - P r e s s u r e 

Measurements 39 
(2) M o d i f i c a t i o n of t h e D i f f e r e n t i a l P i r a n i 

D e t e c t o r 40 

(3) I m p a c t - P r e s s u r e Measurements on Beams from 
the 0.214-mm C o n v e r g i n g N o z z l e 40 

Chapter VI SOME FURTHER ASPECTS OF BEAMS PRODUCED 
WITH THE CONVERGING NOZZLE 43 

A. Nature of t h e Measurements 43 

B E x p e r i m e n t a l P r o c e d u r e 46 

C. R e s u l t s 47 

D. C o n c l u s i o n s 48 



- v i -

Page 

APPENDIX A THEORETICAL ANALYSIS OF THE DIFFERENTIAL 
PIRANI DETECTOR 49 

1. E q u i l i b r i u m P r e s s u r e and Time Constant 49 

2. Dependence of t h e F i l a m e n t Temperature on 
Changes i n C a v i t y P r e s s u r e 51 

3. The D e t e c t o r Output S i g n a l as a F u n c t i o n of 
P r e s s u r e 53 

APPENDIX B TRANSISTORIZED IONIZATION GAUGE CONTROL 
CIRCUIT 56 

1. I n t r o d u c t i o n 56 

2. O p e r a t i o n of the Hot-Cathode I o n i z a t i o n Gauge 56 

3. G e n e r a l D e s c r i p t i o n of t h e New C o n t r o l C i r c u i t 57 

4. D e t a i l e d D e s c r i p t i o n of t h e New C o n t r o l C i r c u i t 58 

5. D e f i c i e n c i e s of t h e C i r c u i t 61 

APPENDIX C MEASUREMENT OF FLOW RATE THROUGH NOZZLES 62 

BIBLIOGRAPHY 64 



- v i i -

LIST OF TABLES 

Page 

1 Zero D r i f t of the P i r a n i D e t e c t o r 18 

2 I n v e r s e S e n s i t i v i t i e s of the P i r a n i D e t e c t o r 
w i t h K = 28 24 

3 E x p e r i m e n t a l and T h e o r e t i c a l S e n s i t i v i t i e s of 
the P i r a n i D e t e c t o r 25 

4 I n v e r s e S e n s i t i v i t i e s f o r H_ of P i r a n i D e t e c t o r s 
w i t h )i = 1. 26 

5 Dimensions of C i r c u l a r Tubes 31 



i 
I 

- v i i i -

LIST OF FIGURES 

F i g u r e F o l l o w i n g Page 

1 Schematic Diagram of the D i f f e r e n t i a l 
P i r a n i D e t e c t o r B l o c k 8 

2 The P i r a n i D e t e c t o r F i l a m e n t s Connected i n a 
Wheatstone B r i d g e 8 

3 The D i f f e r e n t i a l P i r a n i D e t e c t o r B l o c k 12 

4 Schematic Diagram of t h e M e c h a n i c a l C o n t r o l s 
of t h e P i r a n i D e t e c t o r 13 

5 C i r c u i t Diagram f o r t h e D i f f e r e n t i a l P i r a n i 
D e t e c t o r 14 

6 Schematic Diagram of t h e Vacuum System 16 

7 Schematic Diagram of t h e Molecular-Beam 
Chamber, w i t h some Components 16 

8 Response of the P i r a n i D e t e c t o r t o Changes i n 
the R e s i d u a l Gas P r e s s u r e 19 

~ 9 E x p e r i m e n t a l Arrangement f o r Mea s u r i n g A n g u l a r 
D i s t r i b u t i o n s of M o l e c u l a r Beams 28 

10 Schematic Diagram of t h e R o t a t a b l e Beam-Source 29 

11 A n g u l a r D i s t r i b u t i o n of a N i t r o g e n Beam from 
t h e 2-mm A p e r t u r e 30 

12 Measured F.W.H.M. of t h e A n g u l a r D i s t r i b u t i o n s 
of M o l e c u l a r Beams from C i r c u l a r C y l i n d r i c a l 
Tubes 32 

13 A n g u l a r D i s t r i b u t i o n s of M o l e c u l a r Beams from 
C i r c u l a r C y l i n d r i c a l Tubes i n the M o l e c u l a r -
Flow Region 33 

14 C o n i c a l C o n v e r g i n g N o z z l e and H o l d e r 36 

15 Flow of Helium-4 t h r o u g h some C o n i c a l 
C o n v e r g i n g N o z z l e s a t 20°C 38 



- i x -

F i g u r e F o l l o w i n g Page 

16 S t a g n a t i o n - P r e s s u r e R i s e i n P i t o t Tube 
vs Mach Number of Gas Flow 40 

17 C i r c u i t Diagram f o r t h e P i r a n i Gauge 40 

18 C a l i b r a t i o n Curve f o r P i t o t - T u b e P i r a n i 
Gauge, f o r Helium-4 40 

19 P i t o t - T u b e Measurements of Mach Numbers of 
Helium-4 Beams from t h e 0.214-mm C o n i c a l 
C o n v e r g i n g N o z z l e 41 

20 Geometry of t h e System f o r P r o b i n g N o z z l e 
Beams 45 

21 E f f e c t of t h e R e s i d u a l Gas P r e s s u r e on t h e 
S p a t i a l D i s t r i b u t i o n of t h e D i r e c t i o n a l K i n e t i c 
Energy of a N o z z l e Beam 47 

22 E f f e c t o f the Source and R e s i d u a l Gas P r e s s u r e s 
on the S p a t i a l D i s t r i b u t i o n of t h e D i r e c t e d 
k i n e t i c Energy of N o z z l e Beams 47 

23 S p a t i a l D i s t r i b u t i o n s o& t h e D i r e c t e d K i n e t i c 
Energy of Two N o z z l e Beams 47 

24 Schematic Diagram of the B a y a r d - A l p e r t 
I o n i z a t i o n Gauge 56 

25 T r a n s i s t o r i z e d I o n i z a t i o n Gauge C o n t r o l C i r c u i t 58 

26 Apparatus f o r M e a s u r i n g Rate of Gas Flow 
t h r o u g h N o z z l e s 62 



- 1 -

CHAPTER I 

INTRODUCTION 

In 1962 i t was d e c i d e d t o attempt t o c o n s t r u c t i n t h i s 

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

of n u c l e a r - p o l a r i z e d , s i n g l y - c h a r g e d , h elium-3 i o n s . The 

scheme (Axen, K l i n g e r and Warren, 1963) c o n s i s t s i n essence 

of t h e f o l l o w i n g : An atomic beam s o u r c e , m a i n t a i n e d a t 2.2°K, 

produces a s u p e r s o n i c helium-3 beam w i t h a narrow v e l o c i t y 

d i s t r i b u t i o n c e n t e r e d a t 180 m/sec. The beam t h e n passes 

t h r o u g h a h e x a p o l e magnet which s e p a r a t e s t h e atoms a c c o r d i n g 

t o t h e i r n u c l e a r s p i n s t a t e s . The p o l a r i z e d a tomic beam thus 

o b t a i n e d e n t e r s an electron-bombardment i o n i z e r (Vermette, 

1964), and a n u c l e a r - p o l a r i z e d i o n beam i s e x t r a c t e d from 

t h e s i d e . 

To measure t h e i n t e n s i t y o f t h e at o m i c beam at v a r i o u s 

s t a g e s i n t h e a p p a r a t u s , some form of n e u t r a l beam d e t e c t o r 

i s n e c e s s a r y . I t was d e c i d e d t o c o n s t r u c t a new v e r s i o n of 

the d i f f e r e n t i a l P i r a n i d e t e c t o r . A l a r g e h i g h - s p e e d vacuum 

system was b u i l t f o r t e s t i n g t h e beam d e t e c t o r and t h e 

electron-bombardment i o n i z e r . 

The P i r a n i d e t e c t o r proved t o be e x c e l l e n t i n i t s p e r f o r ­

mance. I t was used t o measure some d i r e c t i v i t y c h a r a c t e r i s t i c s 

of h e l i u m , a r g o n , and n i t r o g e n m o l e c u l a r beams produced w i t h 

a few c i r c u l a r , c y l i n d r i c a l t u b e s . T h i s was done t o v e r i f y 



t h e r e s u l t s o f Naumov, 1963, who had r e c e n t l y c a r r i e d out w i t h 

ammonia t h e f i r s t e x t e n s i v e i n v e s t i g a t i o n of t h e d i r e c t i v i t y 

of n e u t r a l beams produced w i t h c i r c u l a r , c y l i n d r i c a l t u b e s . 

The main component of t h e atomic beam s o u r c e i n t h e 

p o l a r i z e d - helium-3 a p p a r a t u s i s a 0.2-mm n o z z l e which must 

produce t h e s u p e r s o n i c beam. The c o n s t r u c t i o n o f t h e P i r a n i 

d e t e c t o r was such t h a t i t c o u l d be used as a c o m b i n a t i o n P i t o t 

tube and p r e s s u r e gauge t o d e t e r m i n e t h e Mach numbers of 

m o l e c u l a r beams produced w i t h m i n i a t u r e n o z z l e s , so t h a t a 

s u i t a b l e one c o u l d be chosen f o r t h e p o l a r i z e d - helium-3 

a p p a r a t u s . 
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CHAPTER I I 

DEVELOPMENT OF DIFFERENTIAL PIRANI DETECTOR 

A. Requirements f o r t h e Molecular=Beam D e t e c t o r 

3 
The n u c l e a r - p o l a r i z e d He beam emerging from t h e 

hex a p o l e magnet i s expected t o have an i n t e n s i t y of about 
15 2 3 X 10 atoms/sec/cm ; t h e i n t e n s i t y w i l l be c o n s i d e r a b l y 

l e s s a t t h e end of the i o n i z e r . For ease i n l o c a t i n g t h e 

beam and measuring t h e beam p r o f i l e , i t i s d e s i r a b l e t o 

have a m e t r i c a l d e t e c t o r w i t h a s e n s i t i v i t y o f a t l e a s t 
13 2 

10 ; atoms/sec/cm and a s i g n a l - t o - n o i s e r a t i o of a t l e a s t 

2:1 a t t h i s i n t e n s i t y . L i n e a r r e sponse t o beam i n t e n s i t y 

o v e r a c o n s i d e r a b l e range i s advantageous. 

F o r r a p i d d e t e r m i n a t i o n of t h e beam p o s i t i o n , t h e 

d e t e c t o r s h o u l d have an e q u i l i b r i u m time l e s s t h a n 5 seconds 

and must be r e a d i l y movable i n vacuum. I t i s p r e f e r a b l e 

t h a t t h e d e t e c t o r be easy t o c o n s t r u c t , o p e r a t e and r e p a i r . 
B. Types of Molecular-Beam D e t e c t o r s 

D e t e c t o r s have been d i s c u s s e d i n c o n s i d e r a b l e d e t a i l 

by S m i t h , 1955, K i n g and Z a c h a r i a s , 1956, Ramsey,1956, and 

o t h e r s . The most i m p o r t a n t t y p e s a r e examined below. 

(1) I n t h e C o n d e n s a t i o n Method, t h e beam condenses 

on a c o o l e d g l a s s s u r f a c e , f o r m i n g a d e p o s i t s i m i l a r i n 
3 

shape t o t h e beam p r o f i l e . He , of c o u r s e , i s noncondensable 



a t e a s i l y o b t a i n e d t e m p e r a t u r e s . 

(2) C h e m i c a l l y - a c t i v e m o l e c u l e s can be d e t e c t e d by 

a t a r g e t which i s v i s i b l y changed by c h e m i c a l c o m b i n a t i o n 
3 

w i t h t h e beam m o l e c u l e s . He , however, i s p r o b a b l y c h e m i c a l l y 

i n e r t . 

(3) In t h e S u r f a c e I o n i z a t i o n D e t e c t o r , t h e beam 

m o l e c u l e s impinge on a hot s u r f a c e and r e e v a p o r a t e . I f t h e 

work f u n c t i o n of t h e s u r f a c e i s g r e a t e r t h a n t h e i o n i z a t i o n 

p o t e n t i a l of t h e beam m o l e c u l e s , p o s i t i v e i o n s a r e formed 

and e a s i l y d e t e c t e d . However, no s u i t a b l e m a t e r i a l has a 

work f u n c t i o n g r e a t e r than 6 ev, which i s much l e s s t h a n 

t h e i o n i z a t i o n p o t e n t i a l of He (24.5 e v ) . 

(4) The R a d i o a c t i v i t y Method d e t e c t s beams of r a d i o a c t i v e 

i s o t o p e s by t h e r a d i o a c t i v i t y of t h e i r d e p o s i t s on a conden-
3 

s a t i o n t a r g e t . He i s not r a d i o a c t i v e . 

(5) The Electron-Bombardment I o n i z e r i o n i z e s a f r a c -

t i o n of t h e beam which i s t h e n e x t r a c t e d , a n a l y z e d w i t h a 

mass s p e c t r o m e t e r , and measured w i t h a s u i t a b l e i o n c u r r e n t 

a m p l i f i e r . F o r good r e s o l u t i o n , a d i r e c t i o n a l e n t r a n c e on 

t h e i o n i z e r i s n e c e s s a r y ; t h e n t h e number of background atoms 

i n t h e i o n i z e r may be s e v e r a l o r d e r s - o f - m a g n i t u d e l a r g e r t h a n 

t h e number of beam atoms, so t h a t m o d u l a t i o n of t h e beam i s 

e s s e n t i a l . T h i s method would p r o b a b l y have adequate s e n s i -
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t i v i t y and s i g n a l - t o - n o i s e r a t i o ; however, i t i s q u i t e com­

p l i c a t e d t o c o n s t r u c t and t h e r e might be d i f f i c u l t y i n moving 

t h e whole assembly i n vacuum. 

(6) The D i f f e r e n t i a l I o n i z a t i o n - G a u g e and (7) The  

D i f f e r e n t i a l P i r a n i - G a u g e D e t e c t o r s a r e d i f f e r e n t i a l mano­

meters w h i c h measure p r e s s u r e i n s i d e s m a l l r e c e i v i n g ves­

s e l s . The i o n i z a t i o n d e t e c t o r c o n s i s t s of two i d e n t i c a l 

i o n i z a t i o n gauges, each c o m p l e t e l y c l o s e d e xcept f o r an 

e n t r a n c e c h a n n e l , w h i l e t h e P i r a n i d e t e c t o r c o n s i s t s s i m i ­

l a r l y of two i d e n t i c a l P i r a n i gauges, w h i c h a r e u s u a l l y 

e n c l o s e d i n one m e t a l b l o c k . With e i t h e r d e t e c t o r t h e beam 

i s d i r e c t e d i n t o one of t h e gauges, r a i s i n g t h e p r e s s u r e 

i n s i d e by an amount p r o p o r t i o n a l t o t h e beam i n t e n s i t y . 

T h i s p r e s s u r e i n c r e a s e can be m u l t i p l i e d by a l a r g e f a c t o r 

( t h e kappa f a c t o r fi ) by u s i n g a low-conductance c h a n n e l f o r 

th e gauge e n t r a n c e ; t h e -beam t r a v e l s down the c h a n n e l w i t h o u t 

h i t t i n g t h e s i d e s , w h i l e m o l e c u l e s i n s i d e t h e gauge can 

emerge o n l y a f t e r many c o l l i s i o n s , on the average , w i t h t h e 

c h a n n e l w a l l s . The second gauge of each d e t e c t o r i s used 

t o b a l a n c e out f l u c t u a t i o n s i n the r e s i d u a l gas p r e s s u r e , P v. 

In Appendix A i t i s c a l c u l a t e d t h a t f o r a gauge w i t h 

an a p e r t u r e of n e g l i g i b l e l e n g t h t o admit t h e beam (K = 1 ) , 
13 2 3 a beam i n t e n s i t y of 10 atoms/sec/cm of He produces a 

-9 

p r e s s u r e increment i n t h e gauge of 8.5 X 10; mm Hg a t room 

t e m p e r a t u r e . U s i n g e x t r e m e l y s t a b l e (0.002%) e l e c t r o n -
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e m i s s i o n r e g u l a t o r s , H u r l b u t , 1958, has b u i l t a d i f f e r e n t i a l 
- 5 

i o n i z a t i o n - g a u g e d e t e c t o r w i t h a s e n s i t i v i t y of 2 X 10 
- 5 

ti m e s P v. Thus f o r P y = 10 mm Hg and a 2:1 s i g n a l - t o -

n o i s e r a t i o , t h i s d e t e c t o r has a s e n s i t i v i t y of 8 X 10" ^ 
3 13 2 mm Hg; a He beam of i n t e n s i t y 10 atoms/sec/cm would 

produce a s i g n a l ~ 1 0 mV. 

The most s e n s i t i v e d i f f e r e n t i a l P i r a n i d e t e c t o r b u i l t 

b e f o r e t h e p r e s e n t work produces a 1 m i c r o v o l t s i g n a l f o r a 

H2 p r e s s u r e of 6 X 10 mm Hg, w i t h n o i s e and s h o r t - t e r m 

d r i f t below 1 m i c r o v o l t ( E l l e t t and Z a b e l , 1931). Thus w i t h 

t h i s d e t e c t o r an e n t r a n c e c h a n n e l w i t h K ~ 100 would be 

n e c e s s a r y f o r the r e q u i r e d s e n s i t i v i t y . 

I t i s noteworthy t h a t P i r a n i d e t e c t o r s have a l i n e a r 

range of response, w i t h t h e same c a l i b r a t i o n up t o t o t a l 

p r e s s u r e s of a t l e a s t 10 mm Hg, w h i l e i o n i z a t i o n gauges 

ten d t o p e r f o r m e r r a t i c a l l y and n o n l i n e a r l y above 10"^ mm 

Hg. 

The e q u i l i b r i u m t i m e s of t h e two d e t e c t o r t y p e s can 

be made comparable, s i n c e w h i l e t h e t h e r m a l time c o n s t a n t 

of m o d e r a t e l y heated P i r a n i f i l a m e n t s i s ~ 1 second, t h e 

c o m p a r a t i v e l y l a r g e volume of the i o n i z a t i o n gauge i s r e s ­

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

For o p e r a t i o n , the P i r a n i d e t e c t o r r e q u i r e s a s t a ­

b i l i z e d l o w - v o l t a g e power s u p p l y (a b a t t e r y i s o f t e n s u i t ­

a b l e ) and an e x t r e m e l y s e n s i t i v e g alvanometer, w h i l e the 

i o n i z a t i o n d e t e c t o r r e q u i r e s two e x t r e m e l y w e l l - s t a b i l i z e d 
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e l e c t r o n - e m i s s i o n r e g u l a t o r s and a s e n s i t i v e i o n c u r r e n t 

a m p l i f i e r . 

Thus t h e i o n i z a t i o n d e t e c t o r has a l i m i t e d upper 

range and r e q u i r e s more e l a b o r a t e e l e c t r o n i c equipment t h a n 

t h e P i r a n i d e t e c t o r . However, i t has t h e advantages of much 

h i g h e r s e n s i t i v i t y and g r e a t e r s i g n a l o utput f o r a g i v e n 

i n c i d e n t beam i n t e n s i t y . 

N e v e r t h e l e s s i t was d e c i d e d t o b u i l d a P i r a n i d e t e c ­

t o r because of the co m m e r c i a l a v a i l a b i l i t y of matched p a i r s 

o f s m a l l t u n g s t e n f i l a m e n t s ; v i z . , Gow-Mac ty p e W-2. These 

made the c o n s t r u c t i o n of a P i r a n i d e t e c t o r much e a s i e r t h a n 

t h a t of an i o n i z a t i o n d e t e c t o r , and o f f e r e d t h e p o s s i b i l i t y 

of a c h i e v i n g s i g n i f i c a n t l y g r e a t e r s e n s i t i v i t y t h a n pre­

v i o u s l y p o s s i b l e w i t h P i r a n i d e t e c t o r s . These f i l a m e n t s , 

d e v e l o p e d f o r gas chromatography purposes, c o n s i s t of a 

12" l e n g t h of 0 . 0 0 1 " - d i a m e t e r t u n g s t e n w i r e c o i l e d i n two 

h e l i c e s and mounted on a s m a l l b r a s s f l a n g e . Two f i l a m e n t s 

can be e n c l o s e d i n a volume '^1 c c , which i s d e s i r a b l e f o r 

a s m a l l f i l l i n g t i m e c o n s t a n t . I t was thus unnecessary t o 

work w i t h r i b b o n f i l a m e n t s w i t h a t t e n d a n t problems of 

mounting d i f f i c u l t i e s , n o i s e produced a t t h e s u p p o r t s , and 

c o n t a c t of t h e r i b b o n s when heated w i t h t h e gauge w a l l . 

* A v a i l a b l e from Gow-Mac Instrument Company, 

100 K i n g s Road, Madison, New J e r s e y , U.S.A. 
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C. D e s i g n of the D i f f e r e n t i a l P i r a n i D e t e c t o r 

(1) P r i n c i p l e of O p e r a t i o n 

D i f f e r e n t i a l P i r a n i molecular-beam d e t e c t o r s were 

f i r s t c o n s t r u c t e d and i n v e s t i g a t e d t h o r o u g h l y by Knauer 

and S t e r n , 1929, and E l l e t t and Z a b e l , 1931. The d e t e c t o r 

( f i g u r e 1) u s u a l l y c o n s i s t s of f o u r m o d e r a t e l y heated f i l ­

aments, ^, i n two i d e n t i c a l c a v i t i e s , and i n a 

m e t a l b l o c k , w h i c h a r e co n n e c t e d w i t h t h e s u r r o u n d i n g vacuum 

by i d e n t i c a l c h a n n e l s and K2. The two f i l a m e n t s i n each 

c a v i t y form t h e o p p o s i t e arms of a Wheatstone b r i d g e w h i c h 

i s i n i t i a l l y b a l a n c e d ( f i g u r e 2 ) . The c o n d i t i o n of b a l a n c e 

i s R i X R2 = R3 X R4. Ri and R3 a r e f i l a m e n t s matched f o r 

b o t h r e s i s t a n c e and t e m p e r a t u r e c o e f f i c i e n t of r e s i s t a n c e ; 

s i m i l a r l y f o r R2 and R4. Then f l u c t u a t i o n s i n t h e r e s i d u a l 

gas p r e s s u r e i n t h e vacuum system w i l l have i d e n t i c a l e f f e c t s 

on t h e t e m p e r a t u r e s and thus r e s i s t a n c e s of R^ and R3, and 

of R2 and R^, so t h a t t h e b r i d g e remains b a l a n c e d . The 

e f f e c t o f ambient t e m p e r a t u r e and s u p p l y v o l t a g e f l u c t u a ­

t i o n s on t h e b a l a n c e i s a l s o markedly reduced w i t h matched 

f i l a m e n t s (Leek, 1957). In o r d e r f o r t h e b a l a n c e t o be 

e f f e c t i v e , C i and must be i d e n t i c a l t o C2 and K2, r e s ­

p e c t i v e l y , so t h a t the f i l l i n g t i m e c o n s t a n t s of t h e two 

c a v i t i e s a r e t h e same. 

The d e t e c t o r b l o c k i s p o s i t i o n e d so t h a t t h e l o n g i ­

t u d i n a l a x i s of K-L i s a l i g n e d p a r a l l e l t o t h e i n c i d e n t beam 



FIGURE 1. Schematic Diagram of the D i f f e r e n t i a l P i r a n i D e t e c t o r B l o c k . 
R l > R2> R 3 a n d R 4 a r e t h e P i r a n i f i l a m e n t s . 



FIGURE.2. The P i r a n i D e t e c t o r F i l a m e n t s Connected 

i n a Wheatstone B r i d g e . 
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d i r e c t i o n ( F i g u r e 1). Then as shown i n Appendix A t h e p r e s ­

s u r e i n i n c r e a s e s above t h a t i n Cg t o an e q u i l i b r i u m 

v a l u e P_ g i v e n by 

P d = K I V 27rmkTd (Eq. 1) 

where ft i s t h e a c c u m u l a t i o n f a c t o r of K-̂ , 

I i s the i n c i d e n t beam i n t e n s i t y , 

m i s t h e mass of a beam m o l e c u l e , 

k i s Boltzmann's m o l e c u l a r gas c o n s t a n t , and 

T_ i s t h e t e m p e r a t u r e of the d e t e c t o r b l o c k . 

T h i s p r e s s u r e increment c o o l s f i l a m e n t s R-̂  and Rg because 

of g r e a t e r heat c o n d u c t i o n by t h e gas from t h e f i l a m e n t s t o 

t h e w a l l of C_. Thus the r e s i s t a n c e s of R_ and Rg d e c r e a s e , 

p r o d u c i n g an o u t - o f - b a l a n c e s i g n a l on t h e b r i d g e g a l v a n o ­

meter . 

(2) T h e o r e t i c a l S e n s i t i v i t y f o r H e 3 

The t h e o r e t i c a l s e n s i t i v i t y of t h e P i r a n i d e t e c t o r 

u s i n g t h e W-2 t u n g s t e n f i l a m e n t s i s c a l c u l a t e d i n Appendix 

A. The r e s u l t s a r e p r e s e n t e d here. 

The e l e c t r i c a l energy s u p p l i e d t o t h e f i l a m e n t s i s 

d i s s i p a t e d by t h r e e p r o c e s s e s : (a) C o n d u c t i o n t h r o u g h t h e 

end s u p p o r t s , w h i c h can be n e g l e c t e d , because th e f i l a m e n t s 

a r e v e r y l o n g (6'» h e l i c e s ) compared t o t h e i r d i a m e t e r 

( 0 . 0 0 1 " ) ; (b) r a d i a t i o n t o t h e c a v i t y w a l l , w h i c h i s i n d e ­

pendent of gas p r e s s u r e ; and (c) gas c o n d u c t i o n from t h e 

f i l a m e n t s t o t h e c a v i t y w a l l , which depends on t h e gas p r e s -
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s u r e i n the c a v i t y . 

Suppose t h a t t h e b r i d g e galvanometer has e x t r e m e l y 

h i g h r e s i s t a n c e compared t o t h e f i l a m e n t r e s i s t a n c e and t h a t 

t h e b r i d g e i s s u p p l i e d w i t h a c o n s t a n t - c u r r e n t s o u r c e . I f an 

i n c i d e n t m o l e c u l a r beam r a i s e s t h e p r e s s u r e i n by an 

amount dP^, then as shown i n Appendix A t h e c o r r e s p o n d i n g 

galvanometer s i g n a l w i l l be 

dV = ( T f - T d ) l/CTf4 " T d 4 ) R f (c£) d P d (Eq.2) 
(T fT 3 IcfC 4 

where d P d i s found from Eq. 1, 
Q = Cy Q< [ (Eq. 3) 

C y i s t h e s p e c i f i c heat of t h e gas per mole a t con­

s t a n t volume, 

N Q i s Avogadro"s number, 

CK i s t h e t h e r m a l accomodation c o e f f i c i e n t of t h e 

gas on the f i l a m e n t s u r f a c e , 

S i s t h e s u r f a c e a r e a of one f i l a m e n t , 

c i s t h e temp e r a t u r e c o e f f i c i e n t of r e s i s t a n c e of 

the f i l a m e n t , 

T j i s t h e f i l a m e n t t e m p e r a t u r e , 

Rf i s t h e f i l a m e n t r e s i s t a n c e a t Tf, 

€ i s t h e e m i s s i v i t y of t h e f i l a m e n t , 

CT i s t h e S t e f a n - B o l t z m a n n r a d i a t i o n c o n s t a n t , 

and t h e o t h e r q u a n t i t i e s have been d e f i n e d b e f o r e . 

Eq. 2 i s v a l i d p r o v i d e d t h e mean-free-path of t h e gas 
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m o l e c u l e s i s much g r e a t e r t h a n any d i m e n s i o n of C-̂ . I f t h e 

maximum c a v i t y d i m e n s i o n i s 1.5 cm, t h i s r e s t r i c t s t he t o t a l 

c a v i t y p r e s s u r e f o r h e l i u m t o about 2 micr o n s a t T d = 293°K 

and 0.5 m i c r o n a t 77°K. S i n c e t h e changes i n T j w i t h P d 

a r e v e r y s m a l l , below t h e s e p r e s s u r e s t h e s e n s i t i v i t y 

dV/dP d i s c o n s t a n t , so t h a t t h e gauge has a l i n e a r r e s ponse 

i n t h i s range. 

Once t h e P i r a n i f i l a m e n t s a r e chosen, most of the 

parameters of Eqs. 2 and 3 a r e f i x e d . However, t h e s e n s i t i ­

v i t y can be o p t i m i z e d by c h o o s i n g a s u i t a b l e b r i d g e c u r r e n t 

and thus T f. Eq. 2 shows t h a t t h e s e n s i t i v i t y i n c r e a s e s 

m o n o t o n i c a l l y w i t h T^, t h e temperature-dependent f a c t o r 

a p p r o a c h i n g j'R-^ when T f » . However, t h e s a f e upper l i m i t 

f o r t h e W-2 f i l a m e n t s i s R f = 92 ohms, c o r r e s p o n d i n g t o 

T f = 560°K. With t h i s o p e r a t i n g t e m p e r a t u r e and w i t h ft = 1, 

i t i s shown i n Appendix A t h a t a He beam of i n t e n s i t y 

10^ atoms/sec/cm^ w i l l t h e o r e t i c a l l y produce t h e f o l l o w i n g 

d e t e c t o r s i g n a l s : 0.15 m i c r o v o l t a t T d = 293^K and 

0.28 m i c r o v o l t a t T d = 77°K. 

In p r e v i o u s P i r a n i d e t e c t o r s n o i s e and s h o r t - t e r m 

d r i f t c o u l d be reduced below 1 y(lV. I f we assume i t w i l l be 

1 JJLN i n t h e p r e s e n t d e t e c t o r , t h e n a t room t e m p e r a t u r e f o r 

a 2:1 s i g n a l - t o - n o i s e r a t i o a t I = 10 atoms/sec/cm , fi 

must be g r e a t e r t h a n 14. 

In Appendix A i t i s shown t h a t t h e time c o n s t a n t f o r 

f i l l i n g and emptying a gauge c a v i t y i s 
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? 
(Eq. 4) 

where V_ i s the volume of the c a v i t y , 

A_ i s the c r o s s - s e c t i o n a l a r e a of the e n t r a n c e 

c h a n n e l , and t h e o t h e r q u a n t i t i e s have been d e f i n e d b e f o r e . 

Thus ft cannot be made i n d e f i n i t e l y l a r g e because of 

the i n c o n v e n i e n c e of l o n g e q u i l i b r i u m t i m e s . Moreover, the 

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

i n c r e a s i n g impedance pf the e n t r a n c e c h a n n e l . The v a l u e 

a c t u a l l y chosen was K = 28. 

(3) C o n s t r u c t i o n 

F i g u r e 3 shows t h e a c t u a l d e t e c t o r b l o c k . The m a t e r i a l 

used was b r a s s t o reduce t h e r m a l g r a d i e n t s and thus m i n i m i z e 

z e r o d r i f t ( E l l e t t and Z a b e l , 1931). 

Eq. 4 shows t h a t f o r minimum^, v d must be made as 

s m a l l as p o s s i b l e . Two i d e n t i c a l c a v i t i e s were d r i l l e d i n 

the b r a s s b l o c k j u s t l a r g e enough t o e n c l o s e two W-2 f i l a ­

ments each; V_ was a p p r o x i m a t e l y 1.3 c c . Channels and 

K Q each c o n s i s t e d of a 1—" l e n g t h of German s i l v e r t u b i n g , ^ 8 
w i t h I.D. 0.80 mm and O.D. 1.0 mm, so t h a t K = 28 (Dushman 

and L a f f e r t y , 1962). 1.0-mm h o l e s were d r i l l e d from t h e 

c a v i t i e s t o o p p o s i t e s i d e s of the b l o c k ; t h e two c h a n n e l s 

were p l a c e d i n t h e s e and s e a l e d w i t h s o f t s o l d e r . The f l a n g e s 

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

mounting s e a t s and s e a l e d w i t h s o f t s o l d e r . 



SCALE 2:1 
Four — holes d r i l l e d 0.781" deep, then conterbored 5." to i - depth. 64 « 32 

(a) Mounting positions of P i r a n i filaments Rj and R3. 

(b) Mounting positions of Pi r a n i filaments R2 and R4. 

(c) Section through the filament axes.(Gow-Mac type W-2 filaments.) 

FIGURE 3. The D i f f e r e n t i a l P i r a n i Detector Block. 
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U s i n g t h e above d e t e c t o r d i m e n s i o n s , from Eq. 4 i t i s 

c a l c u l a t e d t h a t X = 0.20 sec a t T d = 293°K and 0.39 sec a t 

T, = 77°K. These times a r e s m a l l e r t h a n t h e t h e r m a l time d 
c o n s t a n t of t h e f i l a m e n t s (~1 s e c ) . 

p. C o n t r o l of the D i f f e r e n t i a l P i r a n i D e t e c t o r 

(1) M e c h a n i c a l C o n t r o l s 

In t h e p o l a r i z e d - H e ^ a p p a r a t u s i t w i l l be c o n v e n i e n t 

t o i n s t a l l t h e d e t e c t o r from a v e r t i c a l f l a n g e on t h e vacuum 

chamber. Thus the arrangement shown i n F i g u r e 4 was used t o 

s u p p o r t t h e d e t e c t o r b l o c k . The b l o c k was s i l v e r - s o l d e r e d 

t o a 1/2" O.D. s t a i n l e s s s t e e l tube ( f o r minimum b e n d i n g ) , 

t h e end of which c o u l d be j o i n e d by a s h o r t hose t o a n o t h e r 

tube s o l d e r e d t o a s t y r o f o a m - i n s u l a t e d m e t a l c o n t a i n e r 

h o l d i n g l i q u i d Ng. The d e t e c t o r c o u l d thus be m a i n t a i n e d a t 

77°K, p r o v i d e d a 3/16" copper tube was i n s e r t e d down the 

s t e e l tube v i a t h e l i q u i d - ^ c o n t a i n e r i n o r d e r t o p r o v i d e 

a means of escape f o r a i r upon f i l l i n g as w e l l as f o r eva­

p o r a t e d N2• The s t e e l tube was i n s u l a t e d from s u p p o r t i n g 

f l a n g e s by vacuum and a t h i n - w a l l e d o u t e r s t e e l tube. 

The d e t e c t o r b l o c k c o u l d be moved h o r i z o n t a l l y up t o 

7 cm by c o m p r e s s i o n of the b e l l o w s and about 1 cm from th e 

c e n t r a l p o s i t i o n i n any d i r e c t i o n i n the v e r t i c a l p l a n e by 

s h e a r motion of the b e l l o w s . The d e t e c t o r c o u l d a l s o be 

t i l t e d up t o a few degrees i n any d i r e c t i o n by s u i t a b l e 



FIGURE 4. Schematic Diagram of the M e c h a n i c a l C o n t r o l s of t h e P i r a n i o D e t e c t o r . 

F l a n g e A b o l t s on t o a v e r t i c a l p o r t o f t h e vacuum chamber. 

S c a l e : ^ 1 : 2 

Adjustment Nut 

t | i h l i | i | i H l i [ i H I TTTTip 

Two b r a s s 
B e l l o w s S o l d e r e d 
End-to-end 

-Threaded Rod (one of 
f o u r , a l l a t 45° from 
p l a n e of paper) 

W l A l S t a i n l e s s S t e e l 

Vacuum 
S t a i n l e s s S t e e l Tube I.D. 3/8". P.P. 1/2". Length 15' 

D e t e c t o r B l o c k 
(WWWWIA 1 L i q u i d N i t r o g e n 

t h r o u g h here. 

-Screw adjustment w i t h 
s c a l e f o r v e r t i c a l move­
ment. S i m i l a r adjustment 
f o r movement p e r p e n d i c u l a r 
t o p l a n e of paper 
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t u r n i n g of f o u r adjustment n u t s . These means of a d j u s t i n g 

d e t e c t o r p o s i t i o n and o r i e n t a t i o n were i n v a l u a b l e f o r 

a l i g n i n g c h a n n e l K-̂  w i t h an i n c i d e n t m o l e c u l a r beam. 

(2) E l e c t r i c C i r c u i t 

The f i l a m e n t s were connected i n t h e Wheatstone b r i d g e 

c i r c u i t shown i n F i g u r e 5. A 0-10 V, 100 mA v o l t a g e s u p p l y 

s t a b i l i z e d t o 0.1% was used t o s u p p l y b r i d g e c u r r e n t . For 

th e n u l l - p o i n t i n d i c a t o r , G, i t was most c o n v e n i e n t t o use 

an e l e c t r o n i c dc a m p l i f i e r of h i g h impedance. Two were 

a v a i l a b l e : H o n e y w e l l Model I000SLhad a maximum s e n s i t i v i t y of 

about 0.5 ̂ ttV/mm, w i t h n e g l i g i b l e n o i s e and s h o r t - t e r m d r i f t ; 

i t was., i n c o n v e n i e n t , however, f o r q u a n t i t a t i v e measurements 

because no c a l i b r a t e d s c a l e s were p r o v i d e d , but merely a 

c o n t r o l f o r v a r y i n g t h e s e n s i t i v i t y . H e w l e t t - P a c k a r d Model 

425A w i t h v i r t u a l l y i n f i n i t e impedance was s u i t a b l e f o r 

q u a n t i t a t i v e measurements. The most s e n s i t i v e s c a l e was 

10 juy F.S.D. w i t h n e g l i g i b l e d r i f t ; however on a l l s c a l e s 

n o i s e amounted t o about 2 JJLV peak-to-peak. 

A b a l a n c i n g network was p r o v i d e d f p r t h e b r i d g e , s i n c e 

a t any h e a t i n g c u r r e n t t h e r e s i s t a n c e s of a f i l a m e n t p a i r 

were not e x a c t l y e q u a l . The 1-ohm pot. was used f o r rough 

b a l a n c e , w i t h f i n e r b a l a n c i n g o b t a i n e d by adjustment of t h e 

10- and 100-ohm p o t s . 

Two 10 W- 100-ohm f l a t - s i d e d power r e s i s t o r s were 

f a s t e n e d s e c u r e l y t o t h e d e t e c t o r b l o c k , so t h a t when 30 V 



FIGURE 5. C i r c u i t Diagram f o r the D i f f e r e n t i a l 
P i r a n i D e t e c t o r . 

R_, R2, R3 and R_ a r e t h e P i r a n i f i l a m e n t s (Gow-Mac Type W-2.) 

R e s i s t a n c e s i n ohms. A l l r e s i s t o r s 10%, 1/2 W, u n l e s s 
o t h e r w i s e noted. 

A l l p o t e n t i o m e t e r s wirewound, 5 W. 
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was a p p l i e d t o them under h i g h vacuum, t h e b l o c k t e m p e r a t u r e 

was r a i s e d t o 130 GC i n about one hour; t h i s was a u s e f u l 

s t a n t a n thermocouple a t t a c h e d t o t h e b l o c k i n d i c a t e d i t s 

te m p e r a t u r e . 

F o r m e l magnet w i r e was used i n the vacuum system f o r 

e l e c t r i c a l c o n n e c t i o n t o t h e f i l a m e n t s and h e a t i n g r e s i s t o r s . 

These l e a d s and th o s e of t h e thermocouple were c o n n e c t e d 

w i t h the e x t e r n a l c i r c u i t r y by means of g l a s s - t o - m e t a l 

s e a l s on a nearby f l a n g e of the vacuum chamber ( F i g u r e 7 ) . 

means of o u t g a s s i n g t h e d e t e c t o r c a v i t i e s . A copper-con-
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CHAPTER I I I 

TESTING OF THE DIFFERENTIAL PIRANI DETECTOR 

A. E x p e r i m e n t a l Arrangement 

(1) Vacuum System 

A 2 3 - l i t e r b r a s s vacuum chamber was d e s i g n e d f o r t e s t ­

i n g molecular-beam s o u r c e s , d e t e c t o r s and i o n i z e r s ( F i g u r e 

7 ) . Large pumping: speeds a r e n e c e s s a r y f o r w o r k i n g w i t h 

m o l e c u l a r beams. There were a v a i l a b l e two D.P.I. MCF-700 

o i l d i f f u s i o n pumps w i t h a c o l d - t r a p and p l a t e - v a l v e mani­

f o l d f a b r i c a t e d of m i l d s t e e l . T h i s m a n i f o l d was somewhat 

m o d i f i e d and j o i n e d t o g e t h e r w i t h t h e w a t e r - c o o l e d b a f f l e d 

pumps and beam chamber as shown i n F i g u r e 6. 

Low vacuum was measured w i t h i n e x p e n s i v e thermocouple 
- 3 

gauges, w h i l e h i g h vacuum (< 10 mm Hg) was measured w i t h 

an i o n i z a t i o n gauge a t the end of a h i g h - c o n d u c t a n c e arm of 

the m a n i f o l d . The i o n gauge was o p e r a t e d w i t h a newly-

d e s i g n e d c o n t r o l c i r c u i t , d e s c r i b e d i n Appendix B. 
4 

Pumping speeds f o r a i r and He i n the beam chamber 

were measured by t h e m e r c u r y - p e l l e t method (Yarwood, 1956). 

I n t h e range 2 X 1 0 " 6 t o 2 X 1 0 " 4 mm Hg, t h e speed f o r a i r 
4 

was 300-350 l i t e r s / s e c and t h a t f o r He was about 400 l i t e r s / 

s e c . The f l a t n e s s of t h e speed c u r v e s i n t h i s range i s ex­

pe c t e d f o r w e l l - b a f f l e d pumps. The u l t i m a t e p r e s s u r e of t h e 
-7 

system was about 5 X 10 mm Hg w i t h l i q u i d N 9, and about 



FIGURE 6. Schematic Diagram of the Vacuum System 

Kinney 
KC-5 
Mechaniba1 
Pump 



NOT TO SCALE s — G l a s s - t o - m e t a l S e a l s 
f o r E l e c t r i c a l Leads 

Pumpout l i n e 

Beam D e t e c t o r C o n t r o l s 
( F i g . 4) 

L i q u i d — i 
N i t r o g e n 
T r a p 

FIGURE 7. Schematic Diagram of t h e Molecular-Beam Chamber, w i t h some Components. 



-17-

1 X 10""mm Hg w i t h o u t . 

(2) Beam Source 

A molecular-beam s o u r c e c o n s i s t s of a v e s s e l , gener­

a l l y c a l l e d an "oven", f i l l e d w i t h a gas or vapor and 

equipped w i t h an a p e r t u r e , c a n a l , or n o z z l e f o r t h e e f f u ­

s i o n of t h e m o l e c u l e s . In t h e p r e s e n t case t h e oven was a 

s m a l l b r a s s chamber ( F i g u r e 7) t o which c o u l d be b o l t e d 

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

z l e s . The gas f l o w t o t h e oven was c o n t r o l l e d w i t h a f i n e 

n e e d l e v a l v e . The oven c o u l d be evac u a t e d by opening a 

v a l v e c o n n e c t i n g i t w i t h t h e beam chamber. 

The f o l l o w i n g vacuum gauges were used t o measure oven 

p r e s s u r e : (a) a thermocouple gauge f o r rough measurement of 

p r e s s u r e between 1 and 1000 m i c r o n s ; (b) a s e n s i t i v e P i r a n i 

gauge (Edwards #M5B-2) f o r 10% a c c u r a c y between 0.1 and 60 

microns',, i f z e r o e d b e f o r e use; (c) a m i n i a t u r e McLeod 

gauge (Edwards v a c u s t a t , Model 2E) equipped w i t h a c o l d 

t r a p , f o r 10% a c c u r a c y between 5 and 1000 m i c r o n s ; and 

(d) a mercury manometer f o r p r e s s u r e s i n exce s s of 1 mm Hg. 

The beam c o u l d be i n t e r r u p t e d w i t h a beam f l a g of 

copper sheet a c t u a t e d by means of an O - r i n g - s e a l e d s h a f t . 

T h i s made i t p o s s i b l e t o observe any d r i f t of t h e beam de­

t e c t o r w i t h o u t c l o s i n g t h e ne e d l e v a l v e . 



-18-

B. O p e r a t i o n of the D i f f e r e n t i a l P i r a n i D e t e c t o r 

(1) S t a b i l i t y 

To i n s u r e r e a s o n a b l e s t a b i l i t y , the d e t e c t o r c a v i t i e s 

had t o be ou t g a s s e d by pumping under h i g h vacuum f o r many 

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

by h e a t i n g t h e gauge b l o c k a t 150°C f o r 2 hr by means of 

t h e power r e s i s t o r s . 

The f o l l o w i n g s t a b i l i t y measurements were made a f t e r 

t h e d e t e c t o r had been pumped under vacuum b e t t e r t h a n 2 X 

1CT mm Hg f o r 24 h r . The galvanometer used was t h e Hon e y w e l l 

n u l l i n d i c a t o r on i t s most s e n s i t i v e s e t t i n g (about 0.5 juV/ 

mm). In T a b l e 1, I b and V b a r e the b r i d g e c u r r e n t and v o l t a g e 

r e s p e c t i v e l y . The f i l a m e n t t e m p e r a t u r e T^ was c a l c u l a t e d 

from V b / I b = 40 [ l + 0.005(T f - 298)] (Eq. 5) 

D Q i s t h e peak-to-peak d r i f t of t h e d e t e c t o r z e r o o v e r s a 

30-minute p e r i o d . The d e t e c t o r b l o c k was a t room t e m p e r a t u r e 

and t h e vacuum b e t t e r t h a n 2 X 10'^inm [ k , 

TABLE 1 

ZERO DRIFT OF PIRANI DETECTOR 
J b - mA v b - V T f - U K D 0 - /iV 
'5 0 0 19 290 1 

10 0 0 42 310 2 

20 0 1 04 360 2 

30 0 1 87 410 5 
40. 0 3 0 475 -
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At 1^ = 40.0 mA i t was i m p o s s i b l e t o b a l a n c e t h e 

b r i d g e . 

The p r e s s u r e P i n the beam chamber was th e n r a i s e d * v 
by a d m i t t i n g h e l i u m v i a a n e e d l e v a l v e i n a s i d e p o r t , and 

the o f f - b a l a n c e d e f l e c t i o n o b s e r v e d a t v a r i o u s I, and P„ 
o b v 

up t o t h e maximum l i k e l y t o o c c u r i n p r a c t i c e ( F i g u r e 8). 

The above r e s u l t s show t h a t t h e s t a b i l i t y d e c r e a s e s 

w i t h i n c r e a s i n g T . However, the t h e o r y i n d i c a t e s t h a t t h e 

g r e a t e r T^ t h e g r e a t e r t h e d e t e c t o r s e n s i t i v i t y (page 11). 

Thus i n p r a c t i c e i t was n e c e s s a r y t o choose a Tf which gave 

good s t a b i l i t y w i t h as h i g h a s e n s i t i v i t y as p o s s i b l e . The 

s t a b i l i t y a t I _ = 30.0 mA was i n a d e q u a t e w h i l e t h a t a t 20.0 

mA was e s s e n t i a l l y t h e same as t h a t a t 10.0 mA. Hence i t 

was d e c i d e d t o o p e r a t e the d e t e c t o r a t I _ = 20.0 mA 

( T f - 360°K). 

By s e n d i n g t a p water down the s t a i n l e s s s t e e l tube a t 

v a r i o u s f l o w r a t e s , i t was observed t h a t a l a r g e p a r t of t h e 

i n s t a b i l i t y was due t o changes i n b l o c k t e m p e r a t u r e . Even 

a t f a i r l y c o n s t a n t f l o w r a t e t h e z e r o d r i f t was much g r e a t e r 

t h e n t h e d r i f t when t h e b l o c k was s u b j e c t t o o n l y room tem­

p e r a t u r e v a r i a t i o n s . 

When t h e d e t e c t o r t e m p e r a t u r e was reduced t o 77°K, a 

s t a b l e z e r o was o b t a i n e d almost i m m e d i a t e l y w i t h I _ < 25.0 

mA, s i n c e o u t g a s s i n g was almost e l i m i n a t e d and t h e b l o c k 

t e m p e r a t u r e c o u l d not d r i f t . 

At room tem p e r a t u r e w i t h I. = 20.0 mA, a 1% change i n 



FIGURE 8. Response of t h e P i r a n i D e t e c t o r t o Changes i n the 
R e s i d u a l Gas P r e s s u r e . 
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Ib caused an o f f - b a l a n c e d e f l e c t i o n of ^20^, so t h e 

b r i d g e power s u p p l y had t o be c u r r e n t - s t a b i l i z e d t o 0.1% 

or b e t t e r . 

The d e t e c t o r n o i s e was n e g l i g i b l e when t h e b l o c k was 

s t a t i o n a r y . However, moving the b l o c k sometimes caused r a t h e r 

sudden o f f - b a l a n c e s i g n a l s as l a r g e as t e n s of m i c r o v o l t s . 

T h i s was d i s c o v e r e d t o be m a i n l y due t o t h e d e t e c t o r l e a d s 

i n t h e vacuum chamber v i b r a t i n g and k n o c k i n g each o t h e r . I t 

i s a l s o p o s s i b l e t h a t sudden movement of the d e t e c t o r caused 

t h e f i l a m e n t s t o v i b r a t e and produce n o i s e . T h i s n o i s e c o u l d 

be almost e l i m i n a t e d by u s i n g a s u i t a b l e c o m b i n a t i o n of 

r i g i d and f l e x i b l e w i r e so t h a t t h e r e was no c o n t a c t between 

d e t e c t o r l e a d s , and lay moving t h e b l o c k s l o w l y . 

o 
^ 2^ V e r i f i c a t i o n of 1/r D e t e c t i o n 

To d e t e r m i n e whether t h e P i r a n i d e t e c t o r c o u l d r e l i a ­

b l y d e t e c t a m o l e c u l a r beam, a h e l i u m beam was produced and 

th e d e t e c t o r output D observed as a f u n c t i o n of the s o u r c e -

d e t e c t o r d i s t a n c e , r . The r e l a t i o n between D and r s h o u l d 

be D ^ 1 / r 2 p r o v i d e d t h a t t h e mean-free-path A of t h e beam 

m o l e c u l e s i n t h e beam chamber i s such t h a t /) >>r. 

The beam s o u r c e was a c a n a l w i t h l e n g t h and d i a m e t e r 

0.79 mm, d r i l l e d i n a b r a s s f l a n g e b o l t e d t o t h e oven ( F i ­

gure 7 ) , With t h e whole system a t a t m o s p h e r i c p r e s s u r e , 'a 

l i g h t probe was i n s e r t e d t h r o u g h t h e vacuum c o n n e c t i o n i n 

the back of t h e oven; a t r = 16 cm t h e d e t e c t o r o r i e n t a t i o n 
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was a d j u s t e d u n t i l t h e l i g h t beam emerging from t h e s o u r c e 

appeared t o h i t s q u a r e l y the e n t r a n c e c h a n n e l K-̂ , as ob­

s e r v e d from s i d e and top p o r t s of the beam chamber. The 
— 6 

beam chamber was t h e n pumped t o P v ^ 1 . 5 X 10" mm Hg, t h e 

d e t e c t o r was o u t g a s s e d , and 1^ s e t a t 20.0 mA. 

A s o u r c e p r e s s u r e of 65 microns of h e l i u m produced 

a n , o u t f l o w of gas t h r o u g h t h e c a n a l which r a i s e d P v t o - 5 \ about 1.5 X 10 mm Hg. Thus A ^ 10 meters. The range o f 
r was 143 £ r £ 201 mm, so t h a t ^>> r . 

At i n c r e m e n t s of r of about 10 mm, t h e d e t e c t o r was 

a l i g n e d p r e c i s e l y w i t h t h e beam by c a r e f u l l y t u r n i n g t h e 

adjustment n u t s ( F i g u r e 4) u n t i l maximum d e f l e c t i o n of t h e 

galvanometer was o b t a i n e d . B e f o r e each r e a d i n g t h e beam 

f l a g was lowered t o observe any d r i f t i n the d e t e c t o r z e r o . 

I t appeared t h a t t h e d e t e c t o r e q u i l i b r i u m t i m e was 

about 4 s e c , so t h a t t h e time c o n s t a n t was about 1 s e c . T h i s 

was t h e t h e r m a l t i m e c o n s t a n t of t h e f i l a m e n t s , s i n c e t h e 

f i l l i n g t i m e c o n s t a n t T = 0.20 s e c , and the galvanometer 

t i m e c o n s t a n t was n e g l i g i b l e . 
I f D «, 1/r^, Dr^ s h o u l d be c o n s t a n t . At each r t h e 

2 
measured v a l u e of Dr was w i t h i n 5% of the mean. The s m a l l 

d e v i a t i o n s were p r o b a b l y m a i n l y due t o i m p e r f e c t a l i g n m e n t 

of t h e d e t e c t o r . 

Thus t h e d e t e c t o r appeared t o g i v e a u t h e n t i c d e t e c t i o n 

of a m o l e c u l a r beam. 
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(3) C a l i b r a t i o n 

The detector was calibra t e d with a beam source con­

s i s t i n g of a 2.0-mm aperture, made by piercing a 2.0-mm 

hole in 0.001" brass shim stock soft-soldered over a 5/16" 

hole in a brass flange, which was bolted to the oven (Figure 

7). The beam inte n s i t y from an " i n f i n i t e l y - t h i n " aperture of 

this type i s 

1(0) = 1.11 X 1 0 2 2 A s p s cosG (Eq. 6) 

where 1(0) = beam intensity in molecules/sec/cm at 

distance r cm from the aperture, and Q i s the angle 

between the aperture axis and the l i n e j o i n i n g the 

point of observation to the aperture, 

P c = pressure of the gas i n the oven, i n mm Hg, 
o 

T g = oven temperature, i n K, 
o 

A g = area of the aperture, i n cm , and 

M = molecular weight of the gas, i n gm. 

In practice Eq. 6 i s v a l i d when the mean-free-path of 

the gas i n the oven i s at least as large as the diameter of 

the c i r c u l a r aperture (Ramsey, 1956). 

If 0 ^ 8 ° , 1(8)5 0.99 1(0), according to Eq. 6. Thus 

for r = 182 mm, the point Of observation in t h i s case, the 

detector entrance could be displaced from the aperture axis 

by as much as 25 mm, with less than 1% error i n the ca l c u l a ­

t i o n of beam int e n s i t y . In any event channel had to point 

d i r e c t l y at the aperture; t h i s was achieved by c a r e f u l l y 
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a d j u s t i n g t h e d e t e c t o r o r i e n t a t i o n t o o b t a i n maximum g a l v a ­

nometer d e f l e c t i o n . 
4 

The d e t e c t o r was c a l i b r a t e d f o r H2, He , N2 and Ar 

w i t h I b = 20.0 mA and T d = 293°K. P g was measured w i t h t h e 

Edwards P i r a n i gauge which had been c a l i b r a t e d w i t h a McLeod 

gauge and z e r o e d i m m e d i a t e l y b e f o r e use. The d e t e c t o r was 

a l i g n e d w i t h t h e a p e r t u r e beam a t r =• 182 mm. With each gas 

th e d e t e c t o r s i g n a l , D, was measured f o r i n c r e a s i n g P_ up 
- 5 

t o t h e p o i n t where P ? ~ 5 X 10 mm Hg. Each v a l u e oifi D was 

c o r r e c t e d f o r s c a t t e r i n g i n t h e beam chamber; t h i s amounted 

t o as much as 17% ( f o r Ar a t 5 X 1 0 " 5 mm Hg: exp(-182/1000) 

= 0.83). The s e n s i t i v i t i e s of t h e i o n gauge f o r t h e s e gases 

were t a k e n from Dushman and L a f f e r t y , 1962. 

The c o r r e c t e d v a l u e s of D were p l o t t e d a g a i n s t P s and 
t n e s l o p e VD/VP S of the r e s u l t i n g s t r a i g h t l i n e was d i v i d e d 

i n t o t h e v a l u e of V I ( 0 ) / V P c a l c u l a t e d from Eq. 6 t o g i v e 
s 

t h e i n v e r s e s e n s i t i v i t y VI/VD of t h e d e t e c t o r . The r e s u l t s 

a r e p r e s e n t e d i n T a b l e 2 (page 2 4 ) . 

When t h e d e t e c t o r b l o c k was c o o l e d w i t h l i q u i d N g, i t 

was found t h a t a t I _ = 15.0 mA t h e t h e r m a l time c o n s t a n t of 

th e f i l a m e n t s was i n t o l e r a b l y l o n g , wheras s t a b i l i t y was bad 

a t 30.0 mA. In t h e same manner as above t h e d e t e c t o r was 

c a l i b r a t e d f o r H e 4 a t T d = 77°K (T a b l e 2 ) . The r e s u l t s show 

t h a t a t p r a c t i c a l b r i d g e c u r r e n t s t h e s e n s i t i v i t y a t 77°K 

i s almost f o u r t i m e s t h a t a t 293°K. 
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TABLE 2 

INVERSE SENSITIVITIES OF THE 

PIRANI DETECTOR WITH ft = 28 

GAS 

°K mA 

V b 
V 

Tf 
°K 

Measured 
VI/VD 

m o l s / s e c / 
cm2//xV 

H e 4 77 20.0 , 0.77 290 1.4 X 1 0 1 2 

H e 4 77 25. 0 1.19 340 1.6 X 1 0 1 2 

H e 4 293 20. 0 1.04 360 5.4 X 1 0 1 2 

H 2 i i i t i t I I 6.0 X 1 0 1 2 

N 2 I I it H u 2.5 X 1 0 J 2 

A r it H it H 
1 9 

1.9 X 10 

The r a t i o of t h e s e s e n s i t i v i t i e s i s not t h e same as t h e 

r a t i o of t h e s e n s i t i v i t i e s of t h e P i r a n i gauge f o r t h e same' 

p r e s s u r e of t h e s e gases. T h i s i s because f o r a g i v e n beam 

i n t e n s i t y I , t h e c a v i t y p r e s s u r e P d i s not independent of 

the gas but depends on t h e m o l e c u l a r mass (Eq. 1 ) . 

(4) S e n s i t i v i t y f o r He 3 

From Eq. 1 i t i s e v i d e n t t h a t a g i v e n beam i n t e n s i t y of 

He 3 w i l l produce a c a v i t y p r e s s u r e onlyl/5. t h a t produced by 
4 U 

a He beam of t h e same i n t e n s i t y . However, Eqs. 2 and 3 show 
t h a t t h i s s m a l l e r P d w i l l i n f a c t produce t h e same v o l t a g e 

o u t p u t , i f t h e v a l u e s of C v and 0/ a r e t h e same. Thus t h e 
4 3 measured s e n s i t i v i t i e s f o r He a r e a l s o v a l i d f o r He , and 
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t h e s e can be compared w i t h t h e t h e o r e t i c a l s e n s i t i v i t i e s 

(page 11) i f the l a t t e r a r e m u l t i p l i e d by t h e a c t u a l kappa-

f a c t o r , K = 28. 

TABLE 3 

EXPERIMENTAL AND THEORETICAL 

SENSITIVITIES OF THE PIRANI DETECTOR 

T d 
°k mA 

T f 
°K 

Measured 
YI/VD 

atoms/sec/ 
cm 2/ AV 

He 3 Beam, I = 1 0 1 3 

a t oms/sec/cm 
T d 
°k mA 

T f 
°K 

Measured 
YI/VD 

atoms/sec/ 
cm 2/ AV E x p e r i ­

m e n t a l 
S i g n a l 

T h e o r e t i ­
c a l Max. 
S i g n a l , 
Tf = 560K 

293 

7 7 

20.0 

20.0 

360 

290 

5.4 X 1 0 1 2 

1 9 
1.4 X 10 

1 . 9 A V 

7.1/i-V 

4.2 juy 

7 . 8 / t t V 

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

t o r s e n s i t i v i t y was about 45% t h e t h e o r e t i c a l maximum at 

room t e m p e r a t u r e , and about 90% t h e t h e o r e t i c a l maximum a t 

l i q u i d - N 2 t e m p e r a t u r e . Hence the t h e o r e t i c a l a n a l y s i s g i v e s 

a u s e f u l a p p r o x i m a t i o n o f t h e performance of t h e P i r a n i 

d e t e c t o r . 

(5) C o n c l u s i o n s 

The output of the d e t e c t o r a t room t e m p e r a t u r e f o r a 
3 13 2 He beam of 10 atoms/sec/cm w i l l be of t h e same o r d e r as 

- 5 

t h e z e r o d r i f t over a s h o r t p e r i o d and w i t h P y < 10 mm 

Hg, p r o v i d e d t h e d e t e c t o r has been o u t g a s s e d . Of c o u r s e t h e 

s e n s i t i v i t y c o u l d be i n c r e a s e d by u s i n g e n t r a n c e c h a n n e l s 
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of h i g h e r k a p p a - f a c t o r . 

To compare t h e s e n s i t i v i t i e s o f v a r i o u s P i r a n i d e t e c ­

t o r s , i t i s n e c e s s a r y t o e x t r a p o l a t e t o ft = 1 and measure 
2 

i n t e n s i t i e s i n mols/sec/cm , s i n c e ff and t h e c r o s s - s e c t i o n a l 

a r e a of t h e e n t r a n c e c h a n n e l can be chosen a r b i t r a r i l y . 

T a b l e 4 l i s t s t h e most s e n s i t i v e P i r a n i d e t e c t o r s which have 

been d e s c r i b e d i n t h e l i t e r a t u r e . Hydrogen i s t h e o n l y com­

mon gas f o r which a l l of t h e s e d e t e c t o r s have been c a l i b r a ­

t e d . 

TABLE 4 

INVERSE SENSITIVITIES FOR H 2 OF 

PIRANI DETECTORS WITH ft= 1 
DETECTOR T d VI/VD 

m o l s / s e c / 
°K cm2/yU.V 

E l l e t t and Z a b e l , 1931 293 8.1 X 1 0 1 4 

K o l s k y e t a-l, 1952 195 2.8 X 1 0 1 5 

P r e s e n t d e t e c t o r 293 1.7 X 1 0 1 4 

Thus a t room t e m p e r a t u r e t h e p r e s e n t d e t e c t o r i s a l ­

most f i v e t i m e s as s e n s i t i v e f o r a H 2 beam as t h e p r e v i o u s 

most s e n s i t i v e P i r a n i d e t e c t o r . T h i s i s l a r g e l y because of 

the h i g h s u r f a c e a r e a and r e s i s t a n c e of t h e W-2 f i l a m e n t s . 

A n o t h e r c o n s i d e r a b l e advantage of t h e p r e s e n t d e t e c ­

t o r i s t h e ease w i t h w h i c h i t can be f a b r i c a t e d , because 

of t h e c o n v e n i e n t mounting of t h e W-2 f i l a m e n t s . 
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CHAPTER IV 

DIRECTIVITY OF MOLECULAR BEAMS 

FROM CIRCULAR CYLINDRICAL TUBES 

The f o l l o w i n g symbols a r e used f r e q u e n t l y i n t h i s c h a p t e r : 

% = l e n g t h of a c i r c u l a r c y l i n d r i c a l tube, 

d' = d i a m e t e r " " " " 

P g = oven p r e s s u r e , 

P y = r e s i d u a l gas p r e s s u r e i n t h e beam chamber, 

Xs = mean-free-path of t h e gas i n t h e oven, 

-fsc£ = d i s t a n c e between beam s o u r c e and d e t e c t o r i n l e t , 

_j QL = f u l l - w i d t h a t half-maximum of a s y m m e t r i c a l 

a n g u l a r d i s t r i b u t i o n . 

The f l o w t h r o u g h t h e tube i s s a i d t o be m o l e c u l a r when 

and v i s c o u s when \ s << d. 

A. P r e v i o u s Measurements 

Knudsen, 1909, and Mayer, 1929, e x p e r i m e n t a l l y v e r i f i e d 

t h e c o s i n e law d i s t r i b u t i o n o f a n e u t r a l beam from an a p e r t u r e 

(-r?«d) when A s>>d. A few d i r e c t i v i t y measurements, some of 

them i n a c c u r a t e , w i t h v a r i o u s tubes were made by Mayer, 1928 

and 1929, E l l e t t , 1931, K o r s u n s k i i and V e k s h i n s k i i , 1945, 

M i n t e n and Osberghaus, 195#, and Helmer e t a l , I 9 6 0 . More 

e x t e n s i v e measurements were made by Gunther, 1957, u s i n g S i 0 2 
a 

vapor.and t h e p r e c i p i t a t i o n - d e t e c t i o n method. Naumov, 1963, 

has p o i n t e d out t h a t Gunther's method i n v o l v e d s e r i o u s s o u r c e s 

o f e r r o r and t h e i n v e s t i g a t i o n was i n c o m p l e t e , s i n c e Gunther 
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used o n l y s h o r t c a n a l s (-f/di 5) and h i s measurements were 

r e s t r i c t e d t o Q < 45°. N e v e r t h e l e s s , h i s measurements i n d i c a t e d 

a l i m i t i n g d i r e c t i v i t y p a t t e r n w i t h A0 ± = 76-79° f o r any c a n a l 

when As < < c d. 

Giordmaine and Wang, 1960, measured a n g u l a r d i s t r i b u t i o n s 

o f CO2 beams from t h r e e s o u r c e s , each c o n s i s t i n g of an a r r a y 

o f tubes w i t h - f ^ 20d; th e y examined o n l y the r e g i o n 

Naumov, 1963, has made t h e o n l y t h o r o u g h e x p e r i m e n t a l 

i n v e s t i g a t i o n of beam d i r e c t i v i t i e s from tubes w i t h 

0.01- -t/d -50 and over a wide range of /-t f o r each tube. H i s 

e x p e r i m e n t a l arrangement was s i m i l a r t o t h a t shown i n F i g u r e 9. 

The gas used was ammonia. P was measured w i t h a thermocouple 
s 

gauge, w h i l e t h e beam d e t e c t o r was an i o n i z a t i o n gauge used i n 

c o n j u n c t i o n w i t h e i t h e r a beam m o d u l a t i o n d e v i c e o r a compen­

s a t i n g gauge. Naumov's measurements d i s a g r e e somewhat w i t h 

Gunther's p a t t e r n s , a l t h o u g h Naumov d i d c o n f i r m a l i m i t i n g 

of about 76° f o r any tube when }s<0.1 d. 

T r o i t s k i i , 1962, has de v e l o p e d a t h e o r y of beam f o r m a t i o n , 

and f o r t h e case of v i s c o u s f l o w he d e r i v e d a l i m i t i n g d i r e c -
5/2 A 

t i v i t y p a t t e r n , (cos 9 ) w i t h A u i = 80°. T r o i t s k i i ' s a n a l y s i s 

was f u r t h e r d e v e l o p e d by Ivanov and T r o i t s k i i , 1963, f o r t h e 

r e g i o n \s > -f , and t h e i r t h e o r e t i c a l c a l c u l a t i o n s a r e i n good 

agreement w i t h most o f Naumov's r e s u l t s . 
B. A p p a r a t u s 

F i g u r e 9 shows t h e e x p e r i m e n t a l arrangement f o r o b t a i n i n g 

d i r e c t i v i t y p a t t e r n s . The beam s o u r c e was r o t a t e d about a v e r -



Beam 
Chamber 

FIGURE 9. E x p e r i m e n t a l Arrangement f o r Me a s u r i n g 
A n g u l a r D i s t r i b u t i o n s of M o l e c u l a r Beams. 



-29-

t i c a l axis through the center of the source face (point P), 

while the detector entrance channel, i n the same plane as 

the source axis, was directed at P. 

Figure 10 shows the ;rotatable beam-source which was 

positioned over the large port on the top of the beam chamber 

(Figure 7). Construction was mainly of brass, although the 

shafts were lengths of d r i l l rod. The axis of rotation of 

shaft A was made to pass through the center of the tube face, 

perpendicular to the tube axis, by compressing the bellows 

and r o t a t i n g the supporting post of the oven. A centering post 

was screwed into shaft A during t h i s alignment. The shaft was 

turned with a worm gear, the amount of rotation being read on 

a scale fixed to the shaft. 

The needle valve admitted gas to the oven through f l e x i ­

ble 1/4" polyethylene tubing, B. P g was measured with gauges 

connected to the oven with another piece of 1/4" f l e x i b l e 

tubing, C, since for P g < 20 microns there would in some cases 

be appreciable pressure drop along B. P g was measured to, at 

least 20% accuracy with the following gauges: 

(a) 1 - 1 0 microns: Edwards P i r a n i gauge #M5B-2, c a l i ­

brated against a McLeod gauge; 

(b) 10 microns - 1 mm Hg: Edwards Vacustat #2E (miniature 

McLeod gauge); 

(c) Above 1 mm Hg: Mercury manometer. 

The oven could be rapidly pumped out through a 3/8" 

valve (D) connected to the beam chamber. 



A n g u l a r S c a l e 
_x J 

Needfe/\ 
ValveA' 

FIGURE 10. Schematic Diagram of t h e R o t a t a b l e 
Beam-Source. 
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C. D i r e c t i v i t y Measurements 

(1) E x p e r i m e n t a l P r o c e d u r e 

The r e l i a b i l i t y of t h e s o u r c e - d e t e c t o r system was f i r s t 

i n v e s t i g a t e d . The d e t e c t o r e n t r a n c e c h a n n e l was a l i g n e d w i t h a 

75-mm l o n g 1/16" s t e e l r o d e x t e n d i n g a t r i g h t a n g l e s from t h e 

c e n t e r of a f l a n g e p o s i t i o n e d on t h e r o t a t a b l e oven. T h i s f l a n g e 

was th e n r e p l a c e d w i t h t h e 2-mm a p e r t u r e (page 22), and t h e 

d e t e c t o r o r i e n t a t i o n a d j u s t e d u n t i l maximum s i g n a l was o b t a i n e d 

f o r a m o l e c u l a r n i t r o g e n beam produced by t h e a p e r t u r e . 

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

w i t h P s = 12 m i c r o n s , so t h a t f o r N2, As/d = 2.1. T h i s d i s t r i ­

b u t i o n ( F i g u r e 11) was s l i g h t l y narrower t h a n t h e c o s i n e d i s ­

t r i b u t i o n e x p e c t e d f o r an i n f i n i t e l y - t h i n a p e r t u r e when A s >7oL 

T h i s was because &/<( = 80 r a t h e r t h a n i n f i n i t y ; moreover, p a r t 

of the a p e r t u r e edge was s l i g h t l y f r a y e d w h i c h e f f e c t i v e l y 

made d/-t <? 80. S i n c e }$/d =2.1 r a t h e r t h a n i n f i n i t y , t h e r e were 

c o l l i s i o n s i n t h e a p e r t u r e r e g i o n which would narrow t h e beam. 

In view of t h e s e f a c t o r s i t was d e c i d e d t h a t t h e system was 

o p e r a t i n g r e l i a b l y . 

C i r c u l a r c y l i n d r i c a l c h a n n e l s were d r i l l e d i n b r a s s 

f l a n g e s w h i c h c o u l d be b o l t e d t o t h e r o t a t a b l e oven. T a b l e 5 

l i s t s t h e d i m e n s i o n s of the f o u r tubes i n v e s t i g a t e d . -JL was 

measured w i t h a micrometer, and d w i t h a t r a v e l l i n g m i c r o s c o p e . 

The u n c e r t a i n t y i n -f/d i s l e s s t h a n 4% i n a l l c a s e s . 



i ( e ) 
1(0) o E x p e r i m e n t a l , As/d = 2.1 ( N i t r o g e n ) 

FIGURE 11. A n g u l a r D i s t r i b u t i o n of a N i t r o g e n Beam 
from th e 2-mm A p e r t u r e . 



TABLE 5 

DIMENSIONS OF CIRCULAR TUBES 

^ - mm d - mm * / d 

0.343 0.35 1.0 

3.99 1.40 2.85 

4.04 0.82 4.9 

5. 51 0. 61 9.0 

The d i a m e t e r s were so chosen t h a t w i t h As/f 2 2, P y < 10 

mm Hg, so t h a t d e t e c t o r d r i f t was minimum, wh i c h was d e s i r a b l e 

f o r t h e s m a l l s i g n a l l e v e l s a t t h e l a r g e r v a l u e s of A s / f • 

Naumov, 1963, i n v e s t i g a t e d NH3 beams from tubes w i t h t h e same 

'f/d r a t i o s ( a l o n g w i t h s e v e r a l o t h e r s ) . 

With each t u b e , -l^d was chosen so t h a t &/-lsd << A0x, as 

measured by Naumov,; t h i s i n s u r e d t h a t t h e tube e x i t was e f f e c ­

t i v e l y a p o i n t s o u r c e . F i n a l a l i g n m e n t of t h e d e t e c t o r was made 

as b e f o r e . At each n e e d l e - v a l v e s e t t i n g , i t was n e c e s s a r y t o 

w a i t s e v e r a l minutes f o r P s and P y t o r e a c h e q u i l i b r i u m . The 

s m a l l e s t P g was such t h a t r e a s o n a b l e beam i n t e n s i t y was o b t a i n e d 

a t the h a l f - a n g l e s of t h e d i s t r i b u t i o n , w h i l e t h e l a r g e s t was 

such t h a t t h e forepump c o u l d j u s t keep t h e f o r e p r e s s u r e below 

the c r i t i c a l b a c k i n g p r e s s u r e of the d i f f u s i o n pumps (~120 

m i c r o n s ) . A l t h o u g h d e t e c t o r d r i f t was somewhat h i g h e r a t r e l a ­

t i v e l y l a r g e P y ( 1 0 ~ 4 t o I O - 3 mm Hg), t h e much h i g h e r d e t e c t o r 

s i g n a l s produced by t h e i n t e n s e beams made t h i s d r i f t i n s i g n i ­

f i c a n t . At any r a t e t h e beam f l a g was lowered b e f o r e each r e a d i n g 
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t o check t h e d e t e c t o r z e r o . 

At h i g h P y, no c o r r e c t i o n s f o r beam a t t e n u a t i o n were 

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

o n l y r e l a t i v e i n t e n s i t y . At each P_, AC^- was found by r o t a t i n g 

t h e s o u r c e i n each d i r e c t i o n from t h e p o s i t i o n of maximum i n t e n ­

s i t y u n t i l t h e i n t e n s i t y was reduced by 50%. Complete a n g u l a r 

d i s t r i b u t i o n s were measured o n l y when /U ? 

(2) R e s u l t s 

In F i g u r e 12 a r e p l o t t e d t h e measured v a l u e s of Ad± as a 

f u n c t i o n of kj^- f o r t h e t h r e e gases used: h e l i u m , a r g o n , and 

m o l e c u l a r n i t r o g e n . / ) s was found by c a l c u l a t i n g X / P g , where 

j \ , i s t h e mean-free-path a t 20°C and 1 m i c r o n . The f o l l o w i n g 

v a l u e s of /|| were used (Dushman and L a f f e r t y , 1962): 

He -*145 mm; Ar - 52 mm; Ng - 50 mm. 

The r e s u l t s of Naumov, 1963, f o r NH_ beams from tubes of 

about t h e same r a t i o s a r e a l s o p l o t t e d . When A$/d > 0.1, 

t h e p r e s e n t r e s u l t s show t h a t A 0 ^ i s independent of t h e gas 

used a t a g i v e n ^\sJ-i ', however, t h e p r e s e n t v a l u e s a r e somewhat 

s m a l l e r t h a n t h o s e of Naumov. 

In t h e v i s c o u s f l o w r e g i o n , _;/d ~ 0 . 1 , was found t o 

be 75-79° f o r each gas and tube used, i n agreement w i t h t h e 

r e s u l t s of Gunther and Naumov. However, w i t h i n c r e a s i n g P g 

ArjL does not remain c o n s t a n t a t 76°; t h e a n g u l a r d i s t r i b u t i o n s 

f o r Ar become narrower t h a n t h o s e f o r N 2 , presumably because 

a hydrodynamic j e t i s formed w i t h a c h a r a c t e r i s t i c d i r e c t i v i t y 



FIGURE 12. Measured F.W.H.M., A 0£ , of the Angular Distributions of Molecular 
Beams from C i r c u l a r C y l i n d r i c a l Tubes. 
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depending on t h e s p e c i f i c heat of t h e gas. These measurements 

may, however, be d i f f i c u l t t o i n t e r p r e t a c c u r a t e l y , s i n c e t h e 

e f f e c t of a boundary l a y e r formed o u t s i d e t h e tube e x i t i n 

c o n s t r a i n i n g t h e beam i s not known. At the l a r g e s t P s, P v was 

about 2 m i c r o n s . The v a l u e s of A Q J - f o r He s h o u l d be t h e same 
2 

as t h o s e f o r Ar i n t h i s r e g i o n , s i n c e t h e i r s p e c i f i c h e a t s a re 

th e same; t h i s c o u l d not be checked, however, s i n c e t h e f l o w 

r a t e f o r Jfe was e x c e s s i v e l y l a r g e a t \s/d < 0 . 1 . 

Complete a n g u l a r d i s t r i b u t i o n s f o r He i n t h e m o l e c u l a r -

f l o w r e g i o n a r e p l o t t e d i n F i g u r e 13. The measured d i s t r i b u t i o n s 

f o r Ar and N2 were e s s e n t i a l l y t h e same. 

Naumov's p a t t e r n f o r -i/d = 1 has not been p l o t t e d , s i n c e 

i t has A0A = 9 4 ° , a l t h o u g h i n a n o t h e r s e c t i o n o f h i s paper, 

Naumov m a i n t a i n s t h a t A 0± i s 7 6 ° . For t h e o t h e r t u b e s , Naumov's 

d i s t r i b u t i o n s a r e somewhat w i d e r t h a n t h e p r e s e n t ones. 

Gunther's d i s t r i b u t i o n s f o r -i/d = 1 and 5 a r e i n c o n s i ­

d e r a b l e disagreement w i t h t h e p r e s e n t r e s u l t s as w e l l as w i t h 

t h o s e of Naumov. The t h e o r e t i c a l d i s t r i b u t i o n s of Dayton, 1 9 5 6 , 

a r e based on t h e t h e o r y d e v e l o p e d by C l a u s i n g ( 1 9 3 0 a n d . 1 9 3 2 ) . 

Dayton's p a t t e r n i s t o o narrow f o r t/d = 1, but i s a good f i t 

when -Z/d = 5. 

T r o i t s k i i ' s c u r v e s a r e p l o t s of t h e e q u a t i o n s 

- 1 ( 0 ) c o s . ( l - ^ f f l ^ (Eq. 7 ) 

I 9 ( 0 ) = K 0 ) c o s O I t a n 9 ° ) (Eq. 8 ) 
z \2 tanr}/ 

where Bo = a r c t a n d/-t 



FIGURE 13. Angular Distributions of Molecular Beams from C i r c u l a r C y l i n d r i c a l 
Tikbes i n the Molecular-Flow Region >-<!). 

1 - Measurements of present author 4 - Theory of T r o i t s k i i (1962) 

2 - " •• Naumov (1963) 5 - " " Dayton (1956) 

3 - " Gunther (1957) 
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T r o i t s k i i , 1962, d e r i v e d t h e s e e q u a t i o n s from more gene­

r a l r e l a t i o n s w hich he d e v e l o p e d . For the l a t t e r he assumed, 

as do a l l t h e o t h e r t h e o r e t i c a l t r e a t m e n t s , t h a t t h e r e f l e c t i o n 

of m o l e c u l e s from any element of w a l l a r e a i s d i f f u s e ; i . e . , 

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

i n v o k e d t o o b t a i n Eqs. 7 and 8 i s t h a t t h e number of c o l l i s i o n s 

per second of m o l e c u l e s w i t h a g i v e n c i r c u l a r s t r i p of t h e tube 

w a l l i s d i r e c t l y p r o p o r t i o n a l t o t h e d i s t a n c e of t h e s t r i p from 

the tube e x i t . The p a t t e r n s c a l c u l a t e d from Eqs. 7 and 8 f i t 

th e p r e s e n t d i s t r i b u t i o n s w e l l f o r I(Q) > 0.4 1 ( 0 ) , but f a l l 

t o o r a p i d l y when 1(0) 0.4 1 ( 0 ) . 

(3) C o n c l u s i o n s 

The p r e s e n t r e s u l t s w i t h h e l i u m , argon and n i t r o g e n show 

t h a t i n t h e r e g i o n s of m o l e c u l a r f l o w and t h e t r a n s i t i o n from 

m o l e c u l a r t o v i s c o u s f l o w (As-? O . l d ) , t h e a n g u l a r d i s t r i b u t i o n 

of t h e beam emerging from any c i r c u l a r tube i s independent of 

the gas used, p r o v i d e d A s / ^ i s t h e same. 

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

t h a n t h o s e of Naumov, 1963. However, many of t h e dim e n s i o n s of 

Naumov's tubes were g i v e n t o o n l y one s i g n i f i c a n t f i g u r e w i t h 

no mention of a c c u r a c y , so t h a t . i t i s perhaps m e a n i n g l e s s t o 

make a d e t a i l e d c o mparison. A l s o , most of Naumov's r e s u l t s i n 

used r e l a t i v e l y l a r g e - d i a m e t e r m u l t i c h a n n e l s o u r c e s which d i d 

not always s a t i s f y t h e c o n d i t i o n &/<isct <<A&$. A l t h o u g h Naumov 

http://that.it
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s t a t e d t h a t he averaged over the s o l i d a n g l e of t h e s o u r c e s , 

Ivanov and T r o i t s k i i , 1963, a p p a r e n t l y d i s r e g a r d e d t h i s and 

i n d i c a t e d t h a t t h e i r t h e o r e t i c a l d i r e c t i v i t y c a l c u l a t i o n s d i d 

not agree w e l l w i t h some of Naumov's r e s u l t s because p o i n t -

s o u r c e c o n d i t i o n s were not always r e a l i z e d . 

However, i t must be c o n c l u d e d t h a t f o r most p r a c t i c a l 

purposes Naumov's r e s u l t s f o r the f o u r t e e n tubes he measured 

a r e r e a s o n a b l y adequate. 

I f t h e p r e s e n t r e s u l t s a r e c o r r e c t , t h e n T r o i t s k i i ' s 

s i m p l e e q u a t i o n s (Eqs. 7 and 8) can be used t o compute t h e 

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

(As?£ ) w i t h good a c c u r a c y a t tho s e a n g l e s where t h e beam 

i n t e n s i t y i s a t l e a s t 40% maximum, and w i t h f a i r a c c u r a c y out­

s i d e t h o s e a n g l e s . 
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CHAPTER V 

MACH NUMBER OF MOLECULAR BEAMS 

PRODUCED WITH A CONVERGING NOZZLE 

A. C o n s t r u c t i o n of N o z z l e s 

The main component of t h e atomic beam s o u r c e i n t h e p o l a ­

r i z e d h e lium-3 a p p a r a t u s i s a 0.20-mm (0.008") d i a m e t e r n o z z l e 

w hich must produce a Mach 4 beam w i t h a p r e s s u r e r a t i o a c r o s s 

t h e n o z z l e of A/100 (Axen, K l i n g e r and Warren, 1963). The t h e o r y 

of gasdynamics shows t h a t s o n i c f l o w i s a t t a i n e d a t t h e t h r o a t 

o f a n o z z l e , and s u p e r s o n i c f l o w can be a c h i e v e d o n l y i f t h e 

gas expands f u r t h e r i n t h e d i v e r g i n g s e c t i o n of a c o n v e r g i n g -

d i v e r g i n g or L a v a l n o z z l e (see e.g., S h a p i r o , 1953). However, 

Becker and B i e r , 1954, and Deckers and Fenn, 1963, have r e ­

p o r t e d t h a t s u p e r s o n i c f l o w can be a c h i e v e d w i t h s i m p l e con­

v e r g i n g n o z z l e s , presumably because i m m e d i a t e l y o u t s i d e t h e 

n o z z l e e x i t an expanding boundary l a y e r i s formed, t a k i n g t h e 

p l a c e of t h e d i v e r g i n g s e c t i o n of a L a v a l n o z z l e . A f t e r some 

t r i a l s , because of t h e r e l a t i v e ease of manufacture, i t was 

d e c i d e d t o attempt t o b u i l d a s u i t a b l e c o n v e r g i n g r a t h e r t h a n 

L a v a l n o z z l e . 

The n o z z l e shape chosen was t h a t of a s i m p l e cone ( F i g u r e 

14). N o z z l e s o f t h i s shape were manufactured of b r a s s , n i c k e l r 

b a b b i t t and aluminum by t h e f o l l o w i n g methods. 

With b r a s s and aluminum a c o n i c a l h o l e was f i r s t c u t out 

of the m e t a l w i t h a s t e e l c u t t e r of t o t a l i n c l u d e d a n g l e 40° 



S c a l e : 3:1 

FIGURE 14. C o n i c a l C o n v e r g i n g N o z z l e and H o l d e r 
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(20° t a p e r ) . The m e t a l was t h e n c e n t e r e d i n a l a t h e and ma­

c h i n e d from th e s i d e o p p o s i t e t h e cone opening u n t i l a t i n y 

h o l e j u s t appeared, t y p i c a l l y about 0.006" d i a m e t e r , but not 

p e r f e c t l y round. The h o l e was rounded w i t h a s t e e l n e e d l e 

w h i c h i n c r e a s e d t h e d i a m e t e r t o about 0.008". T h i s method was 

found s u p e r i o r t o u s i n g an 0.008" d r i l l , w h ich i n v a r i a b l y pro­

duced an i m p e r f e c t h o l e . 

W ith N i c k e l - b a b b i t t t h e 20° c u t t e r was used t o c u t o n l y 

a s e c t i o n of a cone w i t h minimum d i a m e t e r about 3/16". S i n c e 

N i - b a b b i t t i s a s o f t m e t a l , t h e r e m a i n i n g p a r t of t h e cone 

was produced by p u s h i n g a c a r e f u l l y - p o l i s h e d , c o n i c a l l y - s h a p e d 

t o o l - s t e e l b i t i n t o t h e m e t a l w i t h a hammer. The 0.008" h o l e 

was produced as above. 

The n o z z l e s were m e c h a n i c a l l y p o l i s h e d w i t h a s u i t a b l y 

shaped p i e c e of wood c o a t e d w i t h rouge or f i n e p o l i s h i n g g r i t 

(alundum). One aluminum n o z z l e was c h e m i c a l l y p o l i s h e d by 

immersion f o r 30 sec i n t h e f o l l o w i n g p o l i s h i n g s o l u t i o n , 

h e a ted t o 200°F: 75% p h o s p h o r i c a c i d (1.70 s p . g r . ) by wt,; 

3.5% hydrogen p e r o x i d e (30%) by wt.; 21.5% water by wt. 

The d i a m e t e r s of t h e n o z z l e e x i t s were measured w i t h a 

t r a v e l l i n g m i c r o s c o p e t o b e t t e r t h a n 2% a c c u r a c y . 

B. Measurement of Flow Rate 

F o r b o t h L a v a l and c o n v e r g i n g n o z z l e s , t h e t h e o r e t i c a l 

mass f l o w r a t e t h r o u g h t h e n o z z l e i s g i v e n by ( S h a p i r o , 1953J 

http://sp.gr
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where A = minimum c r o s s - s e c t i o n a l area of the noz z l e , 
_ = r a t i o of the s p e c i f i c heats of the gas, 
/I = molecular weight of the gas, 
R = molecular gas constant, 
P_ = pressure of the gas i n the source chamber (oven), 
T g = temperature " " " " " " " 

Eq. 9 i s v a l i d when the pressure r a t i o across the nozzle 

Moreover, the flow through the nozzle must be one-dimensiona 1.. 
C i . e . , uniform across each s e c t i o n ) , i s e n t r o p i c , f r i c t i o n l e s s , 
and f r e e of turbulence. Becker and B i e r , 1954, v e r i f i e d that 
Eq. 9 i s v a l i d w i t h i n 5% f o r nozzles of throat diameter-vO. 5mm. 

For He 4 at 20°C, Eq. 9 reduces to 445 P_ d 2 m i c r o n - l i t e r s 
per second, where d i s the smallest diameter of the nozzle i n 
mm, and P_ i s the oven pressure i n mm Hg. Thus f o r d = 0.20 mm 
and P_ = 20 mm Hg, the t h e o r e t i c a l flow i s 356 /sec. 

The flow r a t e s through the converging nozzles were mea­
sured by the method described i n Appendix C. Figure 15 shows 
the measured flow r a t e s f o r some of the nozzles t e s t e d , expressed 

as a percentage of the t h e o r e t i c a l flow r a t e given by Eq. 9. 
Tests w i t h a 1.1-mm brass nozzle i n d i c a t e d that f o r optimum 
performance the nozzle s u r f a c e , p a r t i c u l a r l y near the e x i t , 
must be c l e a n and w e l l - p o l i s h e d . The smallest brass and n i c k e l -



FIGURE 15. Flow of Relium-4 through some C o n i c a l C o n v e r g i n g N o z z l e s at 20°C. 

• B r a s s n o z z l e , w e l l - p o l i s h e d , d = 1.09 mm. 
D Aluminum n o z z l e , b e f o r e c h e m i c a l p o l i s h i n g , d = 0.205 mm. 
O " " a f t e r '* " d = 0.214 mm. 
£ N i c k e l - b a b b i t t n o z z l e , m e c h a n i c a l l y p o l i s h e d , d = 0.282 mm. 
A B r a s s n o z z l e , no p o l i s h i n g , d = 0.158 mm. 

A l l n o z z l e s were c l e a n e d w i t h acetone. 
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b a b b i t t n o z z l e s performed i n a d e q u a t e l y , p r o b a b l y because of 

c o n s i d e r a b l e d i r t and s u r f a c e i m p e r f e c t i o n s near t h e n o z z l e 

e x i t w h i c h c o u l d not be removed by m e c h a n i c a l p o l i s h i n g w i t h o u t 

s e r i o u s l y e n l a r g i n g t h e e x i t d i a m e t e r ( t o 0.28mm or more). 

The f l o w r a t e t h r o u g h t h e 0.214-mm c h e m i c a l l y - p o l i s h e d aluminum 

n o z z l e , however, was r e a s o n a b l y s a t i s f a c t o r y , so t h a t i t was 

d e c i d e d w o r t h w h i l e t o attempt t o measure t h e Mach number of the 

beam i t produced. 

C. Measurement of t h e Mach Number 

(1) I n t e r p r e t a t i o n of I m p a c t - p r e s s u r e Measurements 

In e x p e r i m e n t a l gasdynamics, t h e Mach Number, M, of - a gas 

s t r e a m i s u s u a l l y measured w i t h a P i t o t t ube, a s m a l l - d i a m e t e r 

tube one end of which i s open and a l i g n e d p a r a l l e l t o t h e 

f l o w , f a c i n g t h e upstream d i r e c t i o n , w h i l e t h e o t h e r end i s 

co n n e c t e d t o a p r e s s u r e gauge. Becker and B i e r , 1954, used a 

P i t o t tube w i t h I.D. = 0.35 mm and O.D. = 0.60 mm t o measure 

M of a m o l e c u l a r hydrogen beam produced w i t h a 0.5-mm L a v a l 

n o z z l e . 

M i s found from one of t h e f o l l o w i n g f o r m u l a s ( S h a p i r o , 

1953): y 

(a) S u b s o n i c f l o w : 

(b) S u p e r s o n i c f l o w : 

(Eq. 10) 

(Eq. 11) 

P i s t h e impact p r e s s u r e , t h e p r e s s u r e i n d i c a t i o n of 

t h e gauge a t t a c h e d t o t h e P i t o t tube. P^ i s t h e s t a t i c p r e s s u r e 
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o r p r e s s u r e i n the gas stream, and i n t h e f o l l o w i n g measurements 

P^ was t a k e n t o be t h e p r e s s u r e P y i n the beam chamber, s i n c e 

presumably t h e gas emerging from t h e n o z z l e expands t o t h i s 

p r e s s u r e (Becker and B i e r , 1954). Eqs. 10 and 11 a r e p l o t t e d 

i n F i g u r e 16, f o r Y = 1-67. 

(2) M o d i f i c a t i o n of t h e D i f f e r e n t i a l P i r a n i D e t e c t o r 

The e n t r a n c e c h a n n e l of t h e P i r a n i d e t e c t o r was s m a l l 

enough t o be used s u c c e s s f u l l y as a P i t o t tube (I.D. = 0.80 mm 

and O.D. = 1.0 mm). The f i l a m e n t s i n t h e beam c a v i t y a c t e d as 

t h e p r e s s u r e - s e n s i t i v e elements of an o r d i n a r y P i r a n i gauge, 

w h i l e t h e f i l a m e n t s i n t h e compensating c a v i t y were not used. 

The c i r c u i t diagram of t h i s P i r a n i gauge i s shown i n 

F i g u r e 17. The two ranges e n a b l e d t h e Wheatstone b r i d g e t o be 

c o n v e n i e n t l y b a l a n c e d o ver t h e e n t i r e p r a c t i c a l range of f i l a ­

ment r e s i s t a n c e (41-95 ohms). 
4 

The gauge was c a l i b r a t e d f o r b o t h He and A r . A t y p i c a l 

c a l i b r a t i o n c u r v e i s shown i n F i g u r e 18. In t h i s c a s e t h e 

b r i d g e c u r r e n t was s e t a t 125 mA w i t h a beam-chamber p r e s s u r e 

o f 500 m i c r o n s . The gauge o u t p u t was t h e n r e c o r d e d f o r v a r i o u s 

p r e s s u r e s between 10 mic r o n s and 10 mm Hg, as measured by t h e 

m i n i a t u r e McLeod ( v a c u s t a t ) o r mercury manometer. 

(3) I m p a c t - P r e s s u r e Measurements on Beams from t h e 

0.214-mm C o n v e r g i n g N o z z l e .  

These measurements were t a k e n w i t h t h e beam chamber 
4 

pumped o n l y w i t h t h e m e c h a n i c a l pump, s i n c e w i t h He a t 



Mach Number, M 
FIGURE 16. S t a g n a t i o n - P r e s s u r e R i s e i n P i t o t Tube vs Mach Number of Gas Flow. 



0 - 150 mA, 0 - 30V 
St a b i l i z e d 

R x and R 2 are the P i r a n i Filaments (Gow-Mac Type W-2). 

Resistances i n ohms. Resistors 5% arid 1/2 watt, except 
where otherwise noted. 
Potentiometers wirewound and 5 watt. 

FIGURE 17. C i r c u i t Diagram for the P i r a n i Gauge. 



FIGURE 18. C a l i b r a t i o n Curve f o r P i t o t - T u b e P i r a n i 
Gauge, f o r He Hum-4. 



-41-

P_ > 15 mm Hg t h e m e c h a n i c a l pump c o u l d not keep t h e f o r e -

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

pumps. Moreover, Eq. 11 i s i n c o n s i d e r a b l e e r r o r when t h e gas 

d e n s i t y about t h e P i t o t tube i s e x t r e m e l y low(< 50 m i c r o n s ; 

Devienne, 1960). 

The 0.214-mm c o n v e r g i n g n o z z l e was a t t a c h e d t o t h e 

r o t a t a b l e oven so t h a t t h e P i t o t tube c o u l d be brought r i g h t 

up t o t h e n o z z l e e x i t . At each n o z z l e - t u b e d i s t a n c e -£s<£ , P_ 

was s e t a r b i t r a r i l y and t h e tube c a r e f u l l y a l i g n e d f o r .maximum 

P i r a n i s i g n a l . Then f o r each of a number of v a l u e s of P g, t h e 

s t a t i c p r e s s u r e P y was re a d w i t h t h e v a c u s t a t and t h e P i r a n i 

o u t p u t c o n v e r t e d t o t h e impact p r e s s u r e Pp by means of t h e 

s u i t a b l e c a l i b r a t i o n c u r v e . M was found from F i g u r e 16. 

F i g u r e 19 shows M f o r s e v e r a l helium-4 beams a t d i s t a n c e s 

up t o 10 mm from t h e n o z z l e . I n each case t h e p r e s s u r e r a t i o 

a c r o s s t h e n o z z l e was 120 t o 125. These c u r v e s a r e e x p o n e n t i a l 

on a l i n e a r p l o t . M d e c r e a s e s w i t h i n c r e a s i n g ^ s d because of 

energy l o s s of t h e beam by c o l l i s i o n w i t h t h e s u r r o u n d i n g gas. 

The t h r e e c u r v e s when e x t r a p o l a t e d i n d i c a t e a Mach number of 

about 2.2. a t t h e n o z z l e e x i t . 

At an e x p a n s i o n r a t i o of 120, a p e r f e c t L a v a l n o z z l e 

would produce a Mach 4.1 beam, a c c o r d i n g t o t h e f o r m u l a 

( S h a p i r o , 1953) 
__ 
?s 

(Eq. 12) 

S i m i l a r c u r v e s f o r Argon a t an e x p a n s i o n r a t i o of 300 



FIGURE 19. P i t o t - T u b e Measurements of Mach Numbers of 
Helium-4 Beams from t h e 0.214-mm C o n i c a l 
C o n v e r g i n g N o z z l e . 
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i n d i c a t e a Mach number o n l y s l i g h t l y h i g h e r — about 2.5. 

The p r e s s u r e r a t i o a c r o s s t h i s n o z z l e , i f used a t 2.2°K i n 
3 

t h e p o l a r i z e d He a p p a r a t u s , w i l l be about 150 (10 mm Hg / 

70 m i c r o n s ) , so one would expect a Mach 2.3 beam. 
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CHAPTER VI 

SOME FURTHER ASPECTS OF BEAMS 

PRODUCED WITH THE CONVERGING NOZZLE 

A. N a t u r e of t h e Measurements. 

I f a n o z z l e i s mounted on t h e r o t a t a b l e oven and a h i g h 

s o u r c e p r e s s u r e m a i n t a i n e d , the r e l a t i v e d e t e c t o r s i g n a l as a 

f u n c t i o n of t h e a n g u l a r d i s p l a c e m e n t 9 of t h e oven w i l l not i n 

g e n e r a l be a measurement of t h e p o r t i o n of t h e beam ( r e l a t i v e 
2 

number of mols/sec/cm ) which emerges from th e n o z z l e i n t h e 

d i r e c t i o n d e f i n e d by 6 . F o r example, a t l a r g e p o s t - n o z z l e p r e s ­

s u r e s , P y > 50yu , t h e gas i n t h e d e t e c t o r c a v i t y and e n t r a n c e 

c h a n n e l forms a continuum, so t h a t t h e Mach number of t h e beam 

r a t h e r t h a n i n t e n s i t y i s measured. 

At 1^<. P y < 50^ , t h e gas i n the d e t e c t o r i s p a r t l y i n a 

continuum s t a t e and p a r t l y i n a s t a t e of f r e e - m o l e c u l a r f l o w . 

At any r a t e t h i s range cannot be i n v e s t i g a t e d w i t h t h e p r e s e n t 

a p p a r a t u s , s i n c e t h e b a c k i n g p r e s s u r e of t h e d i f f u s i o n pumps 

i s i n t o l e r a b l y h i g h a t P v T 2/JL, and w i t h t h e forepump a l o n e , 

P y = 50yU, c o r r e s p o n d s t o a s o u r c e p r e s s u r e of o n l y 15 mm Hg, 

f o r argon. 

In t h e r e g i o n P y < 2JJL, f r e e - m o l e c u l a r f l o w e x i s t s in+about 

the P i r a n i d e t e c t o r , so t h a t the d e t e c t o r a c t u a l l y measures 

beam i n t e n s i t y . However, s i n c e t h e n o z z l e beam i s shaped by the 

boundary l a y e r formed o u t s i d e t h e n o z z l e e x i t , t h e measured 

a n g u l a r d i s t r i b u t i o n w i l l not i n f a c t c o r r e s p o n d t o t h e a c t u a l 
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d i r e c t i v i t y of the c o r e of t h e beam as i t emerges from t h e 

pl a n e a t which t h e beam has f u l l y expanded. Because of t h i s 

s h a p i n g e f f e c t of t h e boundary l a y e r , m o l e c u l e s a t some d i s t a n c e 

from t h e n o z z l e a x i s may a c t u a l l y be t r a v e l l i n g p a r a l l e l t o the 

a x i s , and y e t s t r i k e t h e d e t e c t o r a t some a n g l e 6 and be r e ­

cord e d . Moreover, t h e i n t e n s i t y of p r e s s u r e waves e v a p o r a t i n g 

from t h e boundary l a y e r w i l l a l s o be measured. 

At ,any r a t e , t h e range P v < IJJJ i s not a u s e f u l one t o inves­

t i g a t e , s i n c e the beam-shaping e f f e c t of the boundary l a y e r at 

Pv ~ 1/U/ i s p r o b a b l y v a s t l y d i f f e r e n t from i t s e f f e c t a t P v *s 

100/^, t h e r e g i o n of i n t e r e s t . A l s o , t h e e x p a n s i o n r a t i o a t P v 

v ^ t i s u n r e a l i s t i c a l l y h i g h , about 30,000 f o r argon. 

We c o n s i d e r , t h e n , o n l y t h e r e g i o n P v>50 /&. 

Eq. 10 g i v e s t h e Mach number, M, of t h e beam as a f u n c t i o n 

of P i t o t p r e s s u r e P p and s t a t i c p r e s s u r e P v, f o r M<1. T h i s 

e q u a t i o n can be w r i t t e n as a s e r i e s (Liepmann and Roshko, 1957): 

?r - 'h f irfiv'(nl£+~) (Eq. 13) 

whereJ> i s t h e d e n s i t y (mass per u n i t volume) of t h e gas 

and V t h e v e l o c i t y i n t h e s t r e a m i m m e d i a t e l y i n f r o n t of t h e 

P i t o t tube. 

W ith <T10% e r r o r i f M<0.6 and < 20% e r r o r i f M^0.9, we 

can w r i t e Eq. 13 as 

- Pv/ % J? J ) Y 2 (Eq. 14) 

Thus f o r M<0.9, t h e P i t o t - t u b e p r e s s u r e , a f t e r s u b t r a c ­

t i n g t h e s t a t i c p r e s s u r e , i s a rough measure of t h e d i r e c t e d / 

k i n e t i c - e n e r g y d e n s i t y of t h e beam a t t h e p o i n t of measurement. 
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The d e t e c t o r s i g n a l f o r a n g u l a r d i s p l a c e m e n t 6 of t h e oven 

w i l l be a rough measure of t h e d i r e c t e d k i n e t i c - e n e r g y d e n s i t y 

a t p o i n t B, d i s p l a c e d -C^d s i n 6 from p o i n t A on t h e n o z z l e a x i s , 

whose d i s t a n c e from t h e n o z z l e e x i t , b, i s a p p r o x i m a t e l y -tsd, 

( F i g u r e 2 0 ) . 

An. e r r o r i s i n t r o d u c e d i n t o t h i s measurement due t o t h e 

f a c t t h a t t h e P i t o t tube w i l l p r o b a b l y not be p o i n t i n g i n the 

stream d i r e c t i o n a t p o i n t B, which i s unknown and c o u l d , f o r 

example, be p a r a l l e l t o t h e n o z z l e a x i s , because of boundary-

l a y e r s h a p i n g . T h i s ' e r r o r i s p r o b a b l y not s e r i o u s , however, 

s i n c e P i t o t - t u b e measurements a r e u s u a l l y not c r i t i c a l l y depen­

dent on a l i g n m e n t of the tube w i t h t h e s t r e a m d i r e c t i o n . W ith 

a s i m p l e open-ended tube, i n f a c t , o n l y 1% e r r o r r e s u l t s from 

a m i s a l i g n m e n t of 20° i n t h e p l a n e of the f l o w (Liepmann and 

Roshko, 1957). 

Thus^the c u r v e of r e l a t i v e d e t e c t o r s i g n a l due t o t h e 

n o z z l e beam vs a n g u l a r d i s p l a c e m e n t of t h e oven i s a rough 

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

energy of t h e beam. T h i s c u r v e i s s y m m e t r i c a l about 0 = 0°, and 

we denote by -FW- t h e f u l l - w i d t h a t ha If-maximum. 

In e x p e r i m e n t a l gasdynamics, i t i s common t o i n v e s t i g a t e 

t h e p r o f i l e of a n o z z l e beam by moving a P i t o t tube a c r o s s the 

beam ( p e r p e n d i c u l a r t o t h e f l o w d i r e c t i o n ) by means o f a s u i t ­

a b l e micrometer d r i v e . 



FIGURE 20. Geometry of the System fo r Prob ing Nozz le Beams. 
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B. E x p e r i m e n t a l P r o c e d u r e 

The e x p e r i m e n t a l arrangement was t h a t shown i n F i g u r e 9, 

w i t h t h e n o z z l e b o l t e d t o t h e r o t a t a b l e oven. The d e t e c t o r was 

o p e r a t e d as a s i m p l e P i r a n i gauge (page 4 0 ) . The gauge was 

c a l i b r a t e d f o r argon i n the range P y = 30 t o 2000 mic r o n s a t 

v a r i o u s I b from 40 t o 110 mA. However, the c a l i b r a t i o n was 

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

l i n e a r o p e r a t i n g r e g i o n s . F o r measuring r e l a t i v e p r e s s u r e s , a 

l i n e a r r e s p o n s e was c o n v e n i e n t , and a b s o l u t e v a l u e s were not 

of i n t e r e s t . 

At a g i v e n -fgd , t h e d e t e c t o r was c a r e f u l l y a l i g n e d w i t h 

t h e n o z z l e beam f o r maximum d e t e c t o r s i g n a l (0 = 0°). At a 

g i v e n Ps and P v, t h e Wheatstone b r i d g e was b a l a n c e d w i t h t h e 

beam f l a g down. 1^ was chosen so t h a t w i t h t h e beam f l a g up, 

a t 0 = 0° t h e d e t e c t o r s i g n a l c o r r e s p o n d e d t o a p r e s s u r e on the 

same l i n e a r r e g i o n of t h e c a l i b r a t i o n c u r v e c o n t a i n i n g t h e 

p r e s s u r e c o r r e s p o n d i n g t o the d e t e c t o r s i g n a l w i t h t h e beam f l a g 

down. T h i s i n s u r e d a l i n e a r r e s p o n s e t o p r e s s u r e a t a l l 0. 

S i n c e t h e b r i d g e was b a l a n c e d w i t h the beam f l a g down (gauge 

p r e s s u r e = P v ) , t h e d e t e c t o r s i g n a l a t any a n g l e was p r o p o r t i o n a l 

t o P p - P v, o r a p p r o x i m a t e l y j-^V* (Eq. 14). 

FW was found by t u r n i n g t h e oven i n b o t h d i r e c t i o n s from 

the p o s i t i o n o f maximum s i g n a l u n t i l t h e s i g n a l was reduced by 

50%. Mach numbers were measured as e x p l a i n e d i n Ch. V. -isd was 

always s u f f i c i e n t l y l a r g e t h a t M<0.9, so t h a t Eq. 14 was v a l i d 

t o a t l e a s t 20% a c c u r a c y . 
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G. R e s u l t s 

F i g u r e 21 shows the FW f o r an argon beam a t c o n s t a n t P g, 

but w i t h P v v a r i e d by a d m i t t i n g argon v i a a n e e d l e v a l v e . The 

c u r v e shows t h a t a t p o i n t B ( F i g u r e 2 0 ) , t h e d i r e c t e d k i n e t i c -

energy d e n s i t y of t h e beam r e l a t i v e t o t h a t a t p o i n t A d e c r e a s e s 

e x p o n e n t i a l l y w i t h i n c r e a s i n g r e s i d u a l gas p r e s s u r e , i f A i s 

a c o n s i d e r a b l e d i s t a n c e from t h e n o z z l e e x i t (-£sd = 36 mm). 

Of c o u r s e , t h e Mach number of t h e beam a t t h e n o z z l e e x i t p r e ­

sumably d e c r e a s e s w i t h i n c r e a s i n g P y > s i n c e P_ i s c o n s t a n t . 

F i g u r e 22 shows t h e FW a t -Lsd = 36 mm f o r argon beams a t 

v a r i o u s P s, but w i t h P s / P y f a i r l y c o n s t a n t , so t h a t t h e Mach 

number a t t h e n o z z l e e x i t i s presumably t h e same f o r each 

beam ( ^ 2 . 5 ) . A g a i n , a t p o i n t B, t h e d i r e c t e d k i n e t i c - e n e r g y 

d e n s i t y of the beam r e l a t i v e t o t h a t a t p o i n t A d e c r e a s e s 

e x p o n e n t i a l l y w i t h i n c r e a s i n g P v, even though, as F i g u r e 19 

shows, a t h i g h e r P_ and thus h i g h e r P y, t h e d i r e c t e d k i n e t i c 

energy a t p o i n t A i s a l a r g e r f r a c t i o n of t h e d i r e c t e d k i n e t i c 

energy of t h e same beam a t t h e n o z z l e e x i t . 

F i g u r e s 23 (a) and (b) show i n two p a r t i c u l a r c a s e s how the 

d e t e c t o r s i g n a l D(-9) due t o t h e beam v a r i e s as a f u n c t i o n of 

th e a n g u l a r d i s p l a c e m e n t 9 of the oven. S i n c e t h e Mach numbers 

of t h e two beams a r e l e s s l t t h a n 0.9 on t h e n o z z l e a x i s a t t h e s e 

<ts& , t h e c u r v e s show r o u g h l y how t h e d i r e c t e d k i n e t i c - e n e r g y 

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

•tsd s i n O from t h e n o z z l e a x i s . 



FIGURE 21. E f f e c t of the R e s i d u a l Gas P r e s s u r e on the S p a t i a l D i s t r i b u t i o n of 
t h e D i r e c t i o n a l K i n e t i c Energy of a N o z z l e Beam. 



FIGURE 2 2 . E f f e c t of t h e Source and R e s i d u a l Gas P r e s s u r e s on the S p a t i a l 
D i s t r i b u t i o n : of the D i r e c t e d K i n e t i c Energy of N o z z l e Beams. 



FIGURE 23. S p a t i a l D i s t r i b u t i o n s of t h e D i r e c t e d 
K i n e t i c Energy of Two N o z z l e Beams 
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D. C o n c l u s i o n s 

C o n s i d e r a l i n e p e r p e n d i c u l a r t o t h e n o z z l e a x i s a t 

p o i n t A ( F i g u r e 2 0 ) . I f one assumes t h a t t h e f l o w v e l o c i t y If 

o f t h e beam i s c o n s t a n t i n magnitude a t p o i n t s a l o n g t h i s l i n e , 

t h e n measurements such as t h o s e i n F i g u r e 23 g i v e t h e r e l a t i v e 

mass d e n s i t y p and p a r t i c l e d e n s i t y n= & o f t h e beam a t the s e 

p o i n t s . A l t h o u g h one c o u l d t h e n d e r i v e a beam i n t e n s i t y YiV from 

t h i s , t h e r e i s no i n d i c a t i o n whatever o f t h e d i r e c t i o n of f l o w 

of t h e beam a t dfC^ p o i n t . Thus u n l e s s a d i r e c t i o n - f i n d i n g 

P i t o t tube i s used (Liepmann and Roshko, 1957), measurements 

such as t h e s e can g i v e no i n f o r m a t i o n about t h e beam d i r e c t i v i t 

w h i c h might be u s e f u l i n c h o o s i n g optimum v a l u e s of skimmer d i a 

meter and nozzle-skimmer d i s t a n c e . At any r a t e , t h e assumption 

mentioned above must be j u s t i f i e d . 

The b e s t method of o b t a i n i n g maximum beam i n t e n s i t y 

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

t h e e m p i r i c a l one o f o b s e r v i n g t h e i n t e n s i t y as t h e n o z z l e -

skimmer d i s t a n c e i s v a r i e d . 
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APPENDIX A 

THEORETICAL ANALYSIS OF THE DIFFERENTIAL PIRANI DETECTOR 

C a l c u l a t i o n s s i m i l a r t o some of the f o l l o w i n g have 

been c a r r i e d out by Knauer and S t e r n , 1929, E l l e t t and Za-

b e l , 1931, and Ramsey, 1956. In t h e f o l l o w i n g a n a l y s i s , t h e 

r e s i d u a l gas m o l e c u l e s i n t h e beam gauge a r e n o t ' c o n s i d e r e d , 

s i n c e t h e i r e f f e c t i s e x a c t l y c a n c e l l e d by t h e e f f e c t of 

t h e r e s i d u a l gas m o l e c u l e s i n t h e compensating gauge. 

M.K.S. u n i t s a r e used i n t h e n u m e r i c a l work. 

1. E q u i l i b r i u m P r e s s u r e and Time Constant 

Suppose t h e d e t e c t o r e n t r a n c e c h a n n e l , K]_, i s a l i g n e d 

p a r a l l e l t o t h e f l o w d i r e c t i o n of an i n c i d e n t m o l e c u l a r 

beam ( F i g u r e 1 ) . Then the number of m o l e c u l e s / s e c e n t e r i n g 

t h e beam c a v i t y , C^, i s : I A^, and t h e number of m o l e c u l e s / 

sec l e a v i n g i s : 1/4 n d v A, 

K 
where I i n c i d e n t beam i n t e n s i t y , 

c r o s s - s e c t i o n a l a r e a of K 1' 
n d no. o f m o l e c u l e s per u n i t volume i n C 1' 
v d average v e l o c i t y of t h e m o l e c u l e s i n C 1' 

Now 

k a p p a - f a c t o r of (page 5 ) . 

n d = P d / ( k T d) and v ~ = 

where P = p r e s s u r e i n C^ due t o t h e beam m o l e c u l e s , 

= t e m p e r a t u r e of t h e d e t e c t o r b l o c k , 
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k = Boltzmann's M o l e c u l a r Gas C o n s t a n t , 

m = mass of a beam m o l e c u l e . 

'A U rji fa _ 

The r a t e of i n c r e a s e of t h e number of m o l e c u l e s i n C_ i s 

# = A:# = IA*- -AM— 
where V d = volume o f C_. 

The s o l u t i o n o f t h i s e q u a t i o n i s 

(Eq.A-1) 

Thus t h e time c o n s t a n t f o r f i l l i n g and emptying C_ i s 

2 2 
In t h e p r e s e n t c a s e , V_ = 1.3 c c , A_ = 7 T / 4 x (0.80) mm , 

ft = 28, and m = 5.01 x I O " 2 7 Kg f o r Helium-3. 

I f T d •= 293°K, V _ 28 x 1.3 x I O " 6 / i / 2 rf x 5.01 x 1 0 ~ 2 7 

^ ~ 7T/4 x ( 0 . 8 0 ) 2 x 1 0 - 6 }/ 1.38 x I O - 2 3 x 293 

= 0.20sec. 

I f T d = 77°K, X = 0 20 x jlf 3- = 0.39 sec. 

From Eq. A - l , t h e e q u i l i b r i u m p r e s s u r e i n C_ i s 

Zl = K I y^mnkZi (Eq.A-3) 

Let # •= 1 and I = 1 0 1 3 atoms/sec/cm 2 of Helium-3. 
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I f T d = 293°K, 

P d =: 10 1 7 x >l/2Tr x 5.01 x 10"27 x 1.38 x 10"23 x 293 
8 - 5 x 1 0 " 9 mm Hg, 

I f T d = 77°K, P d = 8.5 x I O " 9 = 4.4 x 1 0 " 9 mm Hg, 

2. Dependence of t h e F i l a m e n t Temperature on Changes  

i n C a v i t y P r e s s u r e . 

The f i l a m e n t s l o s e heat m a i n l y by r a d i a t i o n and gas 

c o n d u c t i o n (page 9). 

The r a t e of heat l o s s by r a d i a t i o n i s 

H l = ^ ^ " ( T f * ~ Td4) s ( E <3- A _ 4 ) 

where £ = e m i s s i v i t y of the W-2 f i l a m e n t s = 0.4, 

d~ = r a d i a t i o n c o n s t a n t = 5.67 x 10""8 M.K.S. u n i t s , 

S = s u r f a c e a r e a of one W-2 f i l a m e n t = 0.0377 i n 2 , 

T j = f i l a m e n t t e m p e r a t u r e . 

The r a t e of heat l o s s by gas c o n d u c t i o n i s 

H 2 = no. m o l e c u l e s / s e c s t r i k i n g u n i t a r e a of f i l a m e n t 

x S x energy g i v e n each r e f l e c t e d m o l e c u l e 

= 1/4 n d v ^ x S x a (Tf - T d) 

= P C 
_I OX S ( T f - T d ) ( E q A _ 5 ) y2rr m k T d N Q 

where C y = s p e c i f i c heat per mole a t c o n s t a n t volume, 

whi c h f o r H e 3 i s 1.25 x 104 M.K.S. u n i t s , 

N Q = Avogadro's Number = 6.03 x 10 2 6 M.K.S. u n i t s . 
3 

0< = accomodation c o e f f i c i e n t f o r He on the f i l -
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ament s u r f a c e ; i . e . , the r a t i o of the average energy a c t u a l l y 

g i v e n up by t h e f i l a m e n t t o m o l e c u l e s which f a l l on t h e s u r ­

f a c e a»d a r e r e f l e c t e d , t o t h e average energy w h i c h would be 

i m p a r t e d i f t h e m o l e c u l e s t o o k up t h e f i l a m e n t t e m p e r a t u r e . 
3 4 For He , CX i s t a k e n as 0.4, t h e average v a l u e f o r He on a 

g a s - c o n t a m i n a t e d t u n s t e n s u r f a c e a t 300-500°K (White, 1959). 

L e t A = °v « 
P N Q 4/27rm k T d 

I f E i s the e l e c t r i c a l power s u p p l i e d t o each f i l a ­

ment , E = H-ĵ  + H 2 

= 6 <T ( T / - T D
4 ) S + / P D S ( T F - T D ) 

We assume t h a t t h e power s u p p l i e d t o the f i l a m e n t s i s con­

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

and t h e f i l a m e n t r e s i s t a n c e changes a r e s m a l l . 

dE 
d P d 

= 0 

4 € <T S T f* dTf + ^ S ( T f - T d ) + ^ S P d dT f 

d P d dPd~ 

dTf - 0 (Tf - T d) 

= 0 

d P d 4 € <T T f
 3 + jS P d 

(Eq. A-6) 

With T d = 293°K, p r e v i o u s P i r a n i d e t e c t o r s have o p e r a t e d a t 

T f & 400°K. U s i n g t h e s e t e m p e r a t u r e s , 

4 6 CT T f
3 = 4 x 0 . 4 x 5 . 6 7 x 1 0 ~ 8 x ( 4 0 0 ) 3 

= 5.8 i n M.K.S. u n i t s . 
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4 A l s o , D = 1.25 x 10 x 0.4 •o. j 
6.03 x 1 0 2 6 x 1/2 x 5.Q1 x 1 0 ~ 2 7 

x 1.38 x 1 0 ~ 2 3
 x 293 

= 0.73 i n MKS u n i t s . 

Eq. A-5 i s v a l i d o n l y when, t h e r e a r e no c o l l i s i o n s between 

gas m o l e c u l e s i n C^; i . e . , t h e mean-free-path i n C-̂  must 

be a t l e a s t f o u r times t h e maximum d i m e n s i o n of C^. I f t h e 

l a t t e r i s 1.5 cm, t h e n f o r t h i s a n a l y s i s t o be v a l i d , P d 

must be l e s s t h a n 2 mic r o n s f o r He 3 a t 293°K. 

Thus ^ P d < 0.73 x 2 x 1 0 " 3 x 133 = 0.19. MK$ 

Hence 4G<TT f
3 >> P *p

d> a n d E (3 • A ~ 6 becomes 

d T f - 0 ( T f - T d) 
~ P (Eq. A-7) 

d P d 4 6 <T T_» 

S i m i l a r c o n s i d e r a t i o n s f o r T, = 77°K i n d i c a t e d t h a t Eq. 
d 

A-7 i s v a l i d f o r P d < 0.5 m i c r o n . 

3. The D e t e c t o r Output S i g n a l as a F u n c t i o n of P r e s s u r e 

H, = G CP (T £ 4 - T d 4 ) S 

= 0.4 x 5.67 x 1 0 " 8 x [ ( 4 0 0 ) 4 - ( 2 9 3 ) 4 J S 

= 412 S 

H 2 = $ P d ( T f - T d) S < .19 x 107 S = 20 S « E± 

Thus p r a c t i c a l l y a l l t h e power s u p p l i e d t o t h e f i l a m e n t s 

i s d i s s i p a t e d by r a d i a t i o n . I f I f i s t h e f i l a m e n t c u r r e n t 

and R £ t h e f i l a m e n t r e s i s t a n c e , 
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(Eq. A-8) 

When P d = 0 , t h e f o u r f i l a m e n t s , i f i d e n t i c a l , each 

have r e s i s t a n c e Rf. When a m o l e c u l a r beam i s d i r e c t e d i n t o 

C^, > 0 and each of t h e two f i l a m e n t s i n C-̂ , R a n d R 2 

( F i g u r e 2 ) , d e c r e a s e s i t s r e s i s t a n c e by 

dR = R f c d T f 

where c = t e m p e r a t u r e c o e f f i c i e n t of r e s i s t a n c e of t h e 

W-2 f i l a m e n t = 0.005, 

and dT„ i s g i v e n by Eq.mA-7. 

In t h e p r e s e n t c a s e t h e b r i d g e galvanometer G has 

r e s i s t a n c e much g r e a t e r t h a n R^, and so draws n e g l i g i b l e , 

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

s o u r c e , t h e d e t e c t o r o utput s i g n a l , i n v o l t s , i s 

dV = I f (R f + dR) - I f R f 

I f dR = I f R f c dT f (Eq. A-9) 

S u b s t i t u t i n g Eqs. A-7 and A-8 i n Eq. A-9, and 

d r o p p i n g t h e minus s i g n , 



-55-

d v - „ /e<r(^ - V) s" ^ ( T F - T „ ) 
R f c dP c 

Rf 4 e cr T f J 

(Eq. A-10) 

The v o l t a g e output i n c r e a s e s w i t h i n c r e a s i n g T^. 

However, as d i s c u s s e d on page 11, t h e maximum T^ t o c o n s i d e r 

i s T f = 560°K. S u b s t i t u t i n g t h i s v a l u e f o r T f, t h e n a t 

T d = 293°K and /{ = 1, a He 3 beam of i n t e n s i t y 1 0 1 3 atoms/ 
2 

sec/cm w i l l produce a s i g n a l 

( 5 6 0 ) 3 

d V = ( 56Q - 293) ^ / ( 5 6 o ) 4 _ ( 2 9 3 ) 4 x 92 

./0.0377 x 6.45 x 1 0 ~ 4 0.005 x 0.73 
" 1 X 4 

5.67 x 1 0 " 8
 x 0.4 

X 8.5 x I O " 9 X 133 

= 0.15 m i c r o v o l t . 

At T H = 77°K and ^ = 1, t h e same beam i n t e n s i t y 

1 

Ld 
w i l l produce a s i g n a l of dV = 0.28 m i c r o v o l t , as shown 

by a c a l c u l a t i o n s i m i l a r t o the above, 
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APPENDIX B 

TRANSISTORIZED IONIZATION GAUGE CONTROL CIRCUIT 

1. I n t r o d u c t i o n 

S e v e r a l c o n t r o l u n i t s were r e q u i r e d f o r t h e many i o n i ­

z a t i o n gauges which had been i n s t a l l e d i n vacuum systems i n 

t h i s l a b o r a t o r y . S i n c e c o m m e r c i a l l y a v a i l a b l e u n i t s c o s t a t 

l e a s t $450 (U.S.) each, i t was d e c i d e d t o a t t e m p t L t o con­

s t r u c t s u i t a b l e c o n t r o l c i r c u i t s a t c o n s i d e r a b l y l e s s ex­

pense. E l e v e n c o n t r o l u n i t s were b u i l t a t a c o s t o f about 

$110 each f o r components, e l e c t r i c a l and m e c h a n i c a l . The 

710 - c u . i n . c h a s s i s can be rackmounted (19" r a c k ) and 

weighs about 16 l b . The p r o t o t y p e u n i t has o p e r a t e d f o r 

more th a n one year w i t h o u t f a i l u r e of any k i n d , w h i l e t h e 

o t h e r s have o p e r a t e d s u c c e s s f u l l y f o r many months. 

2. O p e r a t i o n of t h e Hot-cathode I o n i z a t i o n Gauge 

D e t a i l e d d e s c r i p t i o n s of i o n i z a t i o n gauges and t h e 

r e q u i r e m e n t s of t h e i r e l e c t r i c c o n t r o l s can be found i n 

s e v e r a l books on vacuum t e c h n i q u e ( e . g . , P i r a n i and Yarwood, 

1961; Dushman and L a f f e r t y , 1962). 

B a s i c a l l y , t h e B a y a r d - A l p e r t i o n gauge (Bayard and 

A l p e r t , 1950) c o n s i s t s of t h r e e e l e c t r o d e ^ ( F i g u r e -2*/). The 

d i r e c t l y - h e a t e d f i l a m e n t F e m i t s e l e c t r o n s which a r e a c c e l e ­

r a t e d toward t h e p o s i t i v e g r i d G. The p o s i t i v e i o n s produced 

by c o l l i s i o n of t h e s e e l e c t r o n s w i t h t h e r e s i d u a l gas mole-



FIGURE 2f, Schematic Diagram of t h e B a y a r d - A l p e r t 
I o n i z a t i o n Gauge. 
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c u l e s a r e a t t r a c t e d t o t h e n e g a t i v e c o l l e c t o r C. The p o s i ­

t i v e i o n c u r r e n t i s d i r e c t l y p r o p o r t i o n a l t o t h e gas p r e s ­

s u r e P y, i f P y < 1 0 " 4 mm Hg. I f P y > 1 0 " 4 mm Hg, t h e i o n 

c u r r e n t may be a n o n - l i n e a r f u n c t i o n of P , and above 1 

m i c r o n d i s c h a r g e s may o c c u r . 

The i o n gauges i n t h i s l a b o r a t o r y have a s e n s i t i v i t y 

f o r d r y a i r of 100JLLA/micron when t h e g r i d c u r r e n t i s 5.0 

mA, p r o v i d e d the g r i d i s m a i n t a i n e d a t t l 8 0 - 2 0 0 V_and t h e 

c o l l e c t o r a t about -25 V w i t h r e s p e c t t o t h e f i l a m e n t . 

3. G e n e r a l D e s c r i p t i o n of the New C o n t r o l C i r c u i t . 

A t r a n s i s t o r i z e d c i r c u i t was d e s i g n e d s p e c i f i c a l l y t o 

c o n t r o l the i o n gauges of t h i s l a b . , a l t h o u g h most c o m m e r c i a l 

i o n gauges c o u l d be c o n t r o l l e d w i t h t h i s u n i t w i t h minor 

m o d i f i c a t i o n s , i f any. 

In t h i s c i r c u i t t he f i l a m e n t i s m a i n t a i n e d a t about 

28 V w i t h r e s p e c t t o ground, w h i l e t h e g r i d i s s u p p l i e d w i t h 

a r e g u l a t e d 210 V. To produce a c o n s t a n t g r i d ( o r e m i s s i o n ) 

c u r r e n t , I g , a t r a n s i s t o r - c o n t r o l l e d s a t u r a b l e r e a c t o r i s 

used t o r e g u l a t e f i l a m e n t c u r r e n t i n the range 1.6 t o 6.0 A, 

w i t h no s i g n i f i c a n t heat d i s s i p a t e d i n the c o n t r o l box. 

The i o n c u r r e n t , I , t o t h e c o l l e c t o r , m a i n t a i n e d a t 

-23 t o -28 V w i t h r e s p e c t t o t h e f i l a m e n t , i s measured w i t h 

a s i m p l e c u r r e n t - f e e d b a c k t r a n s i s t o r i z e d dc a m p l i f i e r , which 

i s u s e f u l down t o I = 1 nA. The p r e s s u r e range i s d i v i d e d 

i n t o f o u r decades, t h e most s e n s i t i v e b e i n g 10"^ mm Hg F.S.D., 
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c o r r e s p o n d i n g t o 100 nA I ( d r y a i r ) when I = 5.0 mA. 
c & 

A s a f e t y c i r c u i t s h u t s o f f the f i l a m e n t c u r r e n t when 

th e p r e s s u r e r i s e s t o some p r e s e t v a l u e , thus p r e v e n t i n g 

damage t o t h e f i l a m e n t and t o t h e s e n s i t i v e meter of t h e 

I c a m p l i f i e r . 

4. D e t a i l e d D e s c r i p t i o n of t h e New C o n t r o l C i r c u i t . 

The complete c i r c u i t diagram i s shown i n F i g u r e 2$. 

T10 and T i l w i t h t h e s a t u r a b l e r e a c t o r and f i l a m e n t t r a n s ­

former c o m p r i s e a g r i d - c u r r e n t - r e g u l a t e d f i l a m e n t s u p p l y . 

I may be s e t t o any v a l u e between about 2 and 20 mA by 

p o t e n t i o m e t e r R4. I g i s m a i n t a i n e d a t t h i s v a l u e by com­

p a r i n g t h e v o l t a g e drop produced by I g a c r o s s R4 and R5 

w i t h t h e z e n e r - r e g u l a t e d 28 V a p p l i e d t o t h e base of t h e 

comparator T10 (D. Skaperdas and H. Tomaschke, 1961; 

W i n k l e r , 1963). I f , f o r example, I d e c r e a s e s , t h e conduc-

t i o n of T10 d r o p s , t h e r e b y i n c r e a s i n g t h e c o n d u c t i o n i n T i l 

and r a i s i n g t h e c u r r e n t t h r o u g h t h e dc c o i l of t h e s a t u r a b l e 

r e a c t o r . The c o r e o f the s a t u r a b l e r e a c t o r i s th e n d r i v e n 

f u r t h e r i n t o s a t u r a t i o n so t h a t i t s ac r e a c t a n c e d e c r e a s e s 

and a largee'r v o l t a g e i s a p p l i e d t o t h e f i l a m e n t t r a n s f o r m e r , 

t h e r e b y i n c r e a s i n g I . 
© 

The f i l a m e n t s used have been b o t h 5- and 10- m i l tung­

s t e n f i l a m e n t s which r e q u i r e d c u r r e n t s i n t h e range 1.6 t o 

6.0 A a t v o l t a g e s o f 3.0 t o 6.5 V t o produce I g from 2 t o 

20 mA. Once set/tig. remains c o n s t a n t as t h e p r e s s u r e v a r i e s 



ION CURRENT AMPLIFIER 

T - T e f l o n - I n s u l a t e d leadthroughs 
T l and T3 - 2N2712 
T2, T4 and T6 - BCZ11 
T5 - 8N555 
T7 - 2N1305 
T8 - 2N1304 
T9 and T i l - 2N350A 
T10 - 2N398A 
R l , R2 t and R3 - Screwdriver a d j u s t a b l e 
;Y - P o t t e r & Brumfield Relay, 

OHLllD, 2500 ohms, 4 mA 

A l l r e s i s t o r s 10% and 1/2 watt, 
un l e s s otherwise noted. 

A l l c a p a c i t o r s i n microfarads 

FIGURE 2£ T r a n s i s t o r i z e d I o n i z a t i o n Gauge C o n t r o l C i r c u i t . 
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over t h e range of 1 x 10" ' t o 1 x 10""* mm Hg, but i n c r e a s e s 

by 3% between 1 x 1 0 " 4 and 5 x 1 0 " 4 mm Hg. 

The GE 2n2712 and P h i l i p s BCZ11 i n t h e I c a m p l i f i e r 

a r e i n e x p e n s i v e t r a n s i s t o r s w i t h l e a k a g e c u r r e n t s of l e s s 

t h a n 1 nA and c u r r e n t g a i n s of more th a n t e n a t a c o l l e c t o r 

c u r r e n t of 1 / i A . The epoxy c a s i n g of the 2N2712 must be 

s h i e l d e d from l i g h t ( e . g . , by wrapping th e c a s i n g i n b l a c k 

t a p e or c o a t i n g w i t h b l a c k p a i n t ) t o o b t a i n t h e low l e a k a g e 

c u r r e n t s quoted. 

In each r a n g e - s w i t c h p o s i t i o n , the p o r t i o n of I c w h i c h 

passes t h r o u g h R6 i n t o t h e v i r t u a l e a r t h i n p u t of t h e a m p l i ­

f i e r i s 0-100 nA. V a r i a t i o n i n t h e base v o l t a g e of T l f o r 

t h e s e s i g n a l c u r r e n t s a r e l e s s t h a n 20 mV above the q u i e s c e n t 

v a l u e of about 350 mV. A c o n s t a n t p r o p o r t i o n of the i n p u t 

c u r r e n t f l o w s t h r o u g h t h e feedback r e s i s t o r R7, p r o d u c i n g 

an output v o l t a g e change of up t o -0.95 V. 

The c e n t e r t a p v o l t a g e of R l i s s e t t o t h e base v o l t a g e 

o f T l by f i r s t t u r n i n g o f f t h e f i l a m e n t , t h e n a d j u s t i n g R l 

so t h a t t h e reasding on t h e 10 mm Hg s c a l e i s t h e same as 

t h e r e a d i n g on t h e 10"® mm Hg s c a l e , w h i c h i s u n a f f e c t e d 

by R l . The l a r g e r e s i s t a n c e R6 p r e v e n t s s i g n i f i c a n t c u r r e n t 

f l o w i n g between R l and T l due t o changes i n t h e b a s e - e m i t t e r 

v o l t a g e of T l w i t h moderate te m p e r a t u r e v a r i a t i o n s . The 

v o l t a g e drop a c r o s s R6 due t o t h e i o n c u r r e n t causes t h e 

c o l l e c t o r v o l t a g e t o v a r y between -28 and -23 V w i t h r e s p e c t 

t o t h e f i l a m e n t , but w i t h t h e gauges of t h i s l a b . t h i s 
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r e s u l t s i n an e r r o r of l e s s t h a n 2%. For a gauge whose s e n s i ­

t i v i t y i s I Q fih a t I O - 4 mm Hg, t h e c e n t e r t a p v o l t a g e of R2 ( s e t 

C a l ) i s s e t t o 0.5 x I 0 V above t h e base v o l t a g e of T l . A f t e r 

s e t t i n g t h e z e r o by a d j u s t i n g R9, t h e a m p l i f i e r i s t h e n c a l i ­

b r a t e d on t h e CAL p o s i t i o n by a d j u s t i n g R8 u n t i l t h e meter 

re a d s 100 jiiA. 

To e l i m i n a t e d t h e problem of leakage c u r r e n t s i n t h e 

c h a s s i s , t h e I c a m p l i f i e r i s c o n t a i n e d i n a s m a l l Aluminum 

box w i t h t h e i n p u t r e s i s t o r s mounted on t h e s t e a t i t e range 

s w i t c h . S e v e r a l t e f l o n - i n s u l a t e d s t a n d o f f s a r e used and the 

c o l l e c t o r l e a d i s w e l l - s h i e l d e d . 

A f t e r i n i t i a l warmup of 15 t o 30 m i n u t e s , t h e z e r o 

d r i f t of t h e I c a m p l i f i e r i n 24 hr i s l e s s t h a n 3% of f u l l 

s c a l e , w h i l e v a r i a t i o n i n I g i s l e s s t h a n 1%. For a l i n e -

v o l t a g e v a r i a t i o n of 100 t o 130 Vac, t h e I c a m p l i f i e r z e r o 

changes by 3% o f f u l l s c a l e , w h i l e I g changes by l e s s t h a n 1%. 

The f i l a m e n t power i s a u t o m a t i c a l l y shut o f f by t h e 

p r o t e c t i v e r e l a y RY when th e I a m p l i f i e r o u t p u t exceeds t h e 

v a l u e s e t by p o t e n t i o m e t e r R3. The range of v a l u e s a l l o w e d 

f o r a r e between t h e z e r o of t h e p r e s s u r e meter and more than 

f i v e t i m e s f u l l s c a l e . Because T6. i s n o r m a l l y b i a s e d o f f , T8 

c o n d u c t s 7 mA, a v a l u e d e t e r m i n e d by t h e b i a s r e s i s t o r s R10 

and R l l and t h e e m i t t e r l o a d R12. When t h e base v o l t a g e o f 

T6 f a l l s below t h a t of T7, T6 i s t u r n e d on, T7 and T8 a r e 

t u r n e d o f f , and t h e r e l a y c o n t a c t s open. The 1N459 d i o d e p r e ­

v e n t s t h e l e a k a g e c u r r e n t of T6 from i n t e r f e r i n g w i t h t h e 
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I c a m p l i f i e r . 

The power t r a n s i s t o r s , T5, T9 and T i l , w h ich d i s s i p a t e 

l e s s t h a n one watt each, a r e mounted on s i m p l e heat s i n k s . 

The t o t a l power consumption i s l e s s t h a n 100 W, of whi c h about 

10 W a r e d i s s i p a t e d i n t h e c o n t r o l box. 

5. D e f i c i e n c i e s of t h e C i r c u i t 

W i t h some f i l a m e n t s i n c e r t a i n vacuum systems, I tends 
- 5 

t o o s c i l l a t e f o r p r e s s u r e s g r e a t e r t h a n 5 x 10 mm Hg, pre­

sumably because t h e c o n t r o l c i r c u i t cannot compensate f o r 

the t i m e l a g of f i l a m e n t e m i s s i o n , which i s e s p e c i a l l y t r o u ­

blesome when t h e r e i s some contaminant on t h e f i l a m e n t s u r ­

f a c e . T h i s problem has o f t e n plagued h o t - c a t h o d e c o n t r o l 

c i r c u i t s (Leek, 1957). 

A more s e n s i t i v e i o n c u r r e n t a m p l i f i e r i s needed i n 

o r d e r t o e x t e n d a c c u r a t e p r e s s u r e measurements below I O " 7 

mm Hg. 
7 

For o p e r a t i o n a t p r e s s u r e s below 10 mm Hg, t h e r e 

s h o u l d be p r o v i s i o n f o r d e g a s s i n g t h e gauge b e f o r e use, pre­

f e r a b l y by d i r e c t h e a t i n g of t h e g r i d ( P i r a n i and Yarwood, 

1961). At p r e s e n t o n l y t h e f i l a m e n t s u r f a c e can be degassed, 

by i n c r e a s i n g t h e f i l a m e n t c u r r e n t . 
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APPENDIX C 

MEASUREMENT OF FLOW RATE THROUGH NOZZLES 

F i g u r e 26 shows t h e a p p a r a t u s used t o measure f l o w r a t e s 

t h r o u g h n o z z l e s . V3 i s c l o s e d , w h i l e and V 2 a r e i n i t i a l l y 

open, thus m a i n t a i n i n g a c o n s t a n t gas f l o w t o the oven and 

n o z z l e . The manometer p r e s s u r e i s i n i t i a l l y P a + h-^, where 

P a i s the a t m o s p h e r i c p r e s s u r e . V 2 i s then c l o s e d , so t h a t 

a f t e r t ime t_ t h e p r e s s u r e i n t h e measuring system i s reduced 

t o P a + h 2 . 

Let V Q be t h e volume of t h e measuring system when t h e 

p r e s s u r e i s P a and suppose each arm of t h e manometer has cr o s s -

s e c t i o n a l a r e a A. Then t h e gas f l o w per u n i t time ( t h r o u g h p u t ) 

t h r o u g h t h e n o z z l e , i n u n i t s of p r e s s u r e X volume, i s 

= Pa AV 
t 

where A | i = ' ( l i - ^ and A)/: A&\l 

I f Jo_ _ K+li and J4. -L 
AV M P* 2 

t h e n Q_ ~, mmHg - cc or mi c r o n - l i t e r s 
^ sec sec 

(Eq. C-2) 

V Q was measured t o 1% a c c u r a c y by f i l l i n g t h e system 

t o a p r e s s u r e of about 2 atmospheres w i t h argon, and t h e n 

expanding t h i s gas t h r o u g h V3 i n t o an ev a c u a t e d c o n t a i n e r of 



Needle 

FIGURE 2& Apparatus for Measuring Rate of Gas Flow 
through Nozzles. 
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e x a c t l y known volume. The v a l u e of V Q thus found was 538 c c . 

The system was l e a k t e s t e d by pumping t h r o u g h Vg and o b s e r v i n g 

r e a d i n g s of a thermocouple gauge a t t a c h e d a t Vg. 

By w o r k i n g out a few c a s e s i n t h e range o f i n t e r e s t , i t 

appeared t h a t Eq. C-2 gave v a l u e s about 2% s m a l l e r t h a n t h e 

a c c u r a t e v a l u e s c a l c u l a t e d from Eq. C - l , so a l l measured f l o w 

r a t e s o b t a i n e d from Eq. C-2 were i n c r e a s e d by 2%. _t was always 

chosen l o n g enough t o e n a b l e &h t o be measured w i t h 1 t o 5% 

a c c u r a c y ; d u r i n g t h i s t i me i n t e r v a l , P g d e c r e a s e d by 1-2%. 



-64-

BIBLIOGRAPHY 

Axen, D. , K l i n g e r , W. and Warren, J.B. (1963), Progress i n 
Fast Neutron Physics, Rice U n i v e r s i t y Semicentennial 
P u b l i c a t ions. 

Bayard, R.T., and A l p e r t , D. (1950), Rev. S c i . I n s t r . , 21, 571. 
Becker, E.W., and B i e r , K. (1954), Z. Naturforsch 9a, 975. 
Clausing, P. (1930), Z. f. Physik 66, 471. 
Clausing, P. (1932), Ann. d. Physik 12, 961. 
Dayton, B.B. (1956), Vacuum Symposium Transactions, 1956, 5. 
Deckers, J . and Fenn, J.B. (1963), Rev. S c i . I n s t r . , 34, 96. 
Devienne (1960), Proceedings of the F i r s t I n t e r n a t i o n a l 

Symposium on R a r e f i e d Gas Dynamics, Pergamon Press. 
Dushman, S., and L a f f e r t y , J.M. (1962), S c i e n t i f i c Foundations 

of Vacuum Technique, John Wiley & Sons, Inc., New York. 
E l l e t t , A. (1931), Phys. Rev. (2), 37, 1699. 
E l l e t t , A., and Zabel, R.M. (1931), Phys. Rev. 37, 1112. 
Giordmaine, J.A., and Wang, T.C. (1959), J . Appl. Phys. 31, 

463. 
Gunther, K.G. (1957), Zs. angew. Phys. 9, 550. 
Helmer, J.C., Jacobus, F.B. a n d S t u r r o c k , W.W. (1960), J. Appl. 

Phys. 31, 458. 
Hurlbut, F.C. (1958), Paper UA-5, American P h y s i c a l S o c i e t y . 
Ivanov, B.S. and T r o i t s k i i , V.S. (1963), Soviet Physics -

T e c h n i c a l Physics 8, 365. 
King, J.G. and Zacharias, J.R. (1956), Advances i n E l e c t r o n i c s 

and E l e c t r o n Physics 8,1. 

Knauer, F. and Stern, 0. (1929), Z e i t s . f. Physik 53, 766. 
Knudsen, M. (1909), Ann. Physik 28, 76 and 999. 



-65-
9 

K o l s k y , H.G., P h i p p s , J r . , T.E., Ramsey, N.F. and S i l s b e e , H.B. 
(1952), Phys. Rev. 87, 395. 

Korsunsky, M., and V e k s h i n s k y , S. (1945), J . Phys., U.S.S.R., 
9, 399. 

Leek, J.H. (1957), P r e s s u r e Measurement i n Vacuum Systems, 
Chapman and H a l l , London. 

Liepmann, H.W., and Roshko, A. (1957), Elements of Gasdynamics, 
John W i l e y & Sons, I n c . , London. 

Mayer,. H. (1928), Z e i t s . f . P h y s i k , 52, 235. 

Mayer,, H. (1929), Z e i t s . f. P h y s i k , 58, 373. 

M i n t e n , A., and Osberghaus, 0. (1958), Z e i t s . f. P h y s i k , 150, 
74. 

Naumov, A . I . (1963), S o v i e t P h y s i c s - T e c h n i c a l P h y s i c s 8, 88. 

P i r a n i , M., and Yarwood, J . (1961), P r i n c i p l e s of Vacuum 
E n g i n e e r i n g , R e i n h o l d P u b l i s h i n g Corp., New York. 

Ramsey, N.F. (1956), M o l e c u l a r Beams, O x f o r d U n i v e r s i t y P r e s s . 

S h a p i r o , A.H. (1953), The Dynamics and Thermodynamics of Com­
p r e s s i b l e F l u i d Flow, V o l . 1, Ronald P r e s s , New York. 

Skaperdas, D. and Tomaschke, H. (1961), Rev. S c i . I n s t r . 32, 
1961. 

Smith, K.F. (1955), M o l e c u l a r Beams, Methuen fe Co. L t d . , Londok, 

T r o i t s k i i , V.S. (1962), S o v i e t P h y s i c s - T e c h n i c a l P h y s i c s , T_, 353. 

Vermette, C.W. (1964), M.A.Sc. T h e s i s , U.B.C. 

White, G.K. (1959), E x p e r i m e n t a l Techniques i n Low Temperature 
P h y s i c s , C l a r e n d o n P r e s s . 

W i n k l e r , H. (1963), Rev. S c i . I n s t r . 34, 295. 

Yarwood, J . (19*56), High Vacuum Technique, Chapman and H a l l , 
London. 


