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CHAPTER I 

GENERAL INTRODUCTION 

Free electrons of low energies (< 10 eV. ) i n t e rac t  readily with coni- 

plex molecules. 

e lec t rons  a t  these very low energies can be produced as a n  electron swarm of 

k n w n  electron energy distribution o r  as  a monoenergetic electron beam. 

[See, for example, Christophorcu and Compton (1967). ] Free 

The na ture  of the electron-molecule interaction is not  y e t  fully 

understood in sp i te  of its importance in the  fields of radiation physics, 

radiation chemistry, and radiation biology. 

e lec t rons  in a gas may be d i f f e ren t  f r o m  that  in a biological sys tem,  know- 

ledge of the electronic properties of biologically important molecules in the 

gas phase is fundamental and basic. 

Although the behavior of free 

In e lec t ron  a t t achmen t  studies it is extremely impor tan t  t o  distin- 

guish between the  various ways by which a n  electron can be a t tached  t o  a 

molecule. Three such ways can be distinguished in the gas phase. 

1. Temporary nondissociative electron a t tachment ,  

-* 
A X - t e  2 AX (1) 

The l i fe t ime of the temporary negative ion is determined 

by internal rearrangement and by molecular collision. 

an equilibrium is reached, the ion density, ni/ne, is 

If 

1 



2 

determined by the molecular e lectron aff ini ty ,  Eo, i. e. , 
E /kT 

0 n./ne = const  e 
1 

2. Permanent  nondissocia tive electron a t tachment ,  

-* 
AX 4 e + A X  -+AX- t energy. 

__ :t. 
The excited negative ion, AX , has t o  be stabilized by 

radiation or  by collision. 

3 .  Dissociative e lec t ron  a t tachment ,  

( 3 )  

N o  collisional stabil ization is requk-ed for  th i s  process. 

Frequently, the  e lec t ron  a t t achmen t  processes a r e  studied by two 

In the experimental  methods: the  electxon swarm and the  electron beam. 

electron swarm method electrons are set  f r e e  in a gas by various means, 

such as ionization by energetic charged par t ic les ,  ul t raviolet  radiation, or 

thermionic emission. These f r e e  electrons make many collisions with the  

a t o m s  OK the  molecules of the gas through which they pass in the presence 

of an e l ec t r i c  field,  and they have a wide distribution in the i r  kinetic 

energies. 

librium energy distribution which is charac te r i s t ic  of the gas through which 

they t rave l  and the r a t i o  E/P, 

-1 -1 vol t s  Cm. torr . This equilibrium energy distribution r e s u l t s  

Regardless of their  energy of l iberation they come in to  an  equi- 

the pressure reduced e lec t r ic  field Li 
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f r o m  energy losses by collisions with a t o m s  or molecules and energy gained 

f r o m  the  electric field. The d r i f t  velocity, w, of the  electron swarm is 

much less than the  average ag i ta t ion  speed of the  random motion of the  

e lec t rons  [Huxley and Crompton (1962)l. The dis t r ibut ion of e lectron 

energies in an  electron swarm is character ized by a function f(6, E/P) 

which depends on the  gaseous medium and E/P. Generally, cer ta in  non- 

electron-attaching ca r r i e r  gases  (e. g., C H , N , A r )  are used t o  de t e r -  

mine the  e lec t ron  energy distribution, 

(19641, Christophorou -- e t  al. (1965)]. 

The function f ( E ,  E/P) is defined as f ( E ,  E/P)de E f r ac t ion  of 

2 4  2 

f(E, E/P)  [Stockdale and Hwcst 

e lec t rons  in an  energy range de about E ,  where E is the  electron energy. 

Electron swarm experiments  measure quant i t ies  which are averaged over 

f ( E ,  E/P). 

identification of t h e  par t icular  kinds of processes  involved; e. g., in  

Fur thermore ,  swarm experiments  do not, generally, lead t o  

e lec t ron  a t t a c h m e n t  s tudies  by the  swarm technique the  various types of 

ions formed are not  distinguishable. 

In beam experiments,  on the  o ther  hand, the e lec t ron  energy d is t r i -  

bution is much more nearly "monochromatic* '1 Thus, da ta  obtained by use of 

beams may be regarded as giving, t o  a first approximation, the  shape of 

the  a t t a c h m e n t  c ros s  section as a function of e lectron energy [see, however, 

Christophorou -- e t  al, (1%7)]. Fur thermore ,  when electron beam experiments 

are incorporated with mass  analysis methods, information can the specific 
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types of ions formed is obtained. One of the main deficiencies in beam 

experiments is t h a t  knowledge of absolute c ros s  sect ions f o r  el, nckron 

a t t achmen t  is very diff icul t  t o  obtain. 

Among the  various e lec t ron  swarm methods used f o r  the  measure- 

m e n t  of e lectron a t t achmen t  t o  molecular gases is t h a t  of Bortner  and 

H u r s t  (1 958). 

plane parallel ionization chamber was chosen as the  physical basis of 

measuring the  a t t achmen t  coeff ic ient  in the  nzethod o& Eor tne r  and Hurst .  

Briefly, the  physical basis of the method is a s  follows. If N e lectrons 

a r e  formed a t  a distance d f r o m  a positive collector, then a t  a distance 

x f r o m  the  point of format ion  only N electrons wi l l  be unattached, the 

rest being a t tached  (see Figure 1). 

in dx is 

The e f f e c t  of e lectron a t t achmen t  on the pulse heighk in a 

0 

The number of e lectrons dN a t tached  

dN = - ~ f  P dx 1' 

where o! is the  a t t achmen t  coeff ic ient  and 

of t he  at taching gas. 

(5) 

f P is the  partial pressure 
1 

The t ime variation of the  positive electrode potential  is 

where A r: N V , f = a f  Pd ,  T = collection t ime,  and V = the  change in 

the  collector potential  due t o  a single e lec t ron  moving the  e n t h e  distance d. 

0 0  1 0 0 
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+ 
ORNL-LR-DWG. 21006 

Figure 1. Schematic of electron attachment in a uniform electric field. 
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If the pulse given by Equation (6) is observed with a linear amplif%u 

having a response t o  a s-tep function a5 

-t/tl t 

1 t V ' ( t )  = - e I 

where t 

assumed equal), the  output of the pulse amplifier wi l l  then be given by 

is both the  d i f fe ren t ia t ing  and integrat ing t ime constants  (here 1 

f o r  T > T  
0' 

Integrating Equation ( 8 ) ,  we get the  pulse height V(T) which has a 

maximum value, V( I - ' ) ,  a t  T 1 T '  > -I . The pulse height is plottxd in 

Figure 2 a s  a function of -ro/t l  f o r  various values of f .  

may then be used t o  calculate the a t t achmen t  coeff ic ient  ('clzs probability 

of capture  per cm. traveled in the  field direct ion per to r r  of a t t a c h k g  

gas) f r o m  the experimentally measured quant i t ies  V(7')  and T ~ .  

0 - 

These curves 

In the  original method electrons are produced by a-par t ic le  

ionization ( f rom a 3 1 ~ 1 ~ ~ '  source) in a plane normal t o  the  applied e lec t r ic  

field a t  a fixed dis tance f r o m  a collecting electrode (see Chapter 11). The 

pulse height and the collection t ime  are measured both f o r  the  ca r r i e r  gas 

and the mixture containing the  car r ie r  gas and the  at taching gas. 

a t tach ing  gas is added t o  the  c a r r i e r  gas a t  a pressure  f P which is less 

The 

1 
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Figure 2. Calculated dependence of pulse height on T O / t l  fo r  various 
values of f .  
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than  the  p re s su re  of the  carrier gas, f P, such t h a t  f (c ,  E/P) is 

c h a r a c t e r i s t i c  of the carrier gas alone. 

E/P, 

- 10 eV. [Stockdale and H u r s t  (19641, Christophorou -- e t  al. (1365)l. 

2 

By choice of the carrier gas and 

f ( E ,  E/P) can be set  t o  peak over t he  energy range f r o m  the rma l  t o  

Swarm experiments  measure the  quant i ty  a (E /P)  x w(E/P)  which 

is t h e  absolute  ra te  a t  which electxoris are removed f r o m  t h e  e lec t ron  

swarm due t o  a t t achmen t .  This  quant i ty  is r e l a t ed  t o  the  a t t a c h m e n t  c ross  

sect ion,  U . ~ ( E ) ,  and t h e  e lec t ron  energy, E ,  by 

1 0 5  1 
a (E /P)  x w(E/P) = N(2/m)H 1 E' B ( E )  f(E,E/P)dE 

C 

0 

(9) 

3 where N is the  number of a t t ach ing  gas molecules per cm. a t  1 t o r r  and 

rn is the  e lec t ron  mass. 

Recently,  Christophorou -- e t  I al. (1965) described a swmrn-beam 

technique in which they combine e l ec t ron  swarm arid e l ec t ron  beam d a t a  t o  

obtain absolute  a t t a c h m e n t  cross sec t ions  a s  a funct ion of e lec t ron  energy 

and a l s o  t o  achieve a n  independent energy cal ibrat ion for  as law a s  a few 

t e n t h s  of a n  eV. In t h i s  technique the  d i f fe rence  ion c u r r e n t  as a funct ion 

of e l ec t ron  energy, I(€),  (obtained f r o m  beam experiments)  is assumed 

t o  be r e l a t ed  wi th  u ( E )  through the following relationship: 
C 

o- . ( E )  = K.T. I(€) 
Cl 1 1  
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where T. is an operator  which t r ans l a t e s  I(€) along the energy axis and 

K. is the  constant  of proportionality between cr .(e) and I ( E ) .  Relation 

(10) combined with Equation (9) allows determination of both T.  and K. 
I I 

when cr(E/P) x w(E/P) and I(€) are known. This has been done by 

obtaining through a least squares  procedure the  b e s t  €it t o  the  experinen-  

ta l  da ta ,  i. e., 

I 

I cl 

1 m 
1 ."( 1 [N(2/m)2 K. dT. 

E' TjI(e)  fi(E)de - a .w.  j2 }  = 0 
1 1  

I o  1 i  

where t h e  subscr ipt  i specif ies  a given value of E/P; ~ Y . w .  are the  

experimental  swarm a t t achmen t  rates, and the  o ther  t e r m  in Equation 

(1 1) is t h e  calculated a t t achmen t  rate. The optimum translat ion,  Tj(opt)? 

and the  corresponding value f o r  K. can be calculated f r o m  Equation (11) 
I 

and upon subs t i tu t ion  into Equation (10) IJ ( E )  can be obtained. In principle 

any trial funckion can be t e s t ed ;  however, Christophorou -- e t  al. (1965) used 

expression (10) since it led t o  rapid and sa t i s f ac to ry  solution of Equation 

(11). Application of t h i s  method has  been made t o  the  study of e lectron 

a t t achmen t  processes  f o r  a number of molecules [Compton and 

Christophorou (1967), Christophorou -- e t  al. (1967)j. 

1 1  

C 

The present  study is p a r t  of a general e f f o r t  t o  understand the 

physics of electron-molecule interactions.  

describe an  apparatus  which can be used t o  study a(E/P) ,  w(E/P), and 

Specifically in th i s  r e p o r t  we 
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a(E/P) x w(E/P) as a funct ion of tempera.-t;u+-e. 

m e n t  of t h e  Bor tne r  and H u r s t  (1958) techniqge, t h e  method has  remained 

basically unchanged although various modifications were made t o  the old 

sys tem.  

example, has  been described by Christophorou -- e t  al. (1965). 

experiment ,  which we describe here ,  is based on t h e  same physical 

principles as the  old a r rangement  bu t  is irnproved ir~ a number of ways and 

i-s modified t o  p e r m i t  e lec t ron  a t t a c h m e n t  s tud ie s  a t  t empera tu res  fircvn 

295" t o  500" K. 

Since the  f irst  develop.- 

A new design of t he  paral le l  pla-t:e ionization chamber, f o r  

The new 

The de ta i l s  of t he  method will be described in Chapter  I1 and the  

Eunc-tioning of t h e  appara tus  as  well as the  experimental  procedure wil l  

be discussed in Chapter  111. In Chapter  Ill d a t a  will be presented on the 

t empera tu re  dependence of the the rma l  e l ec t ron  a t t a c h m e n t  rates in SF 

and the t e m p e r a t u r e  dependence of t he  the rma l  e lectron-swarm d r i f t  

veloci t ies  in t he  carrier gases N 

6 

and CZH4 (298" - -  < T < 473" K. ). 
2 



CHAPTER I1 

EXPERIMENTAL EQUIPMENT 

The basic equipment cons is t s  of t he  following main p a r t s  (see 

Figures 3, 4, and 5): chambers;  vacuum sys tem,  purZicat ion system, 

gauges, and gases; e lectronics  and da ta  readout ;  and heating system. 

I. CHAMBERS 

The sensit ive p a r t  of t he  whole apparatus  is a parallel plate 

ionization chamber (see Figure 3 ) .  

cylinder inside of which are two gold-plated plates,  t he  collector C and, 

9 cm. away, the  e m i t t e r  EM. Also, a t  a distance of 7 cm. f r o m  C the  

P u  "0-ring-type" a-emitter is located. The plate E M  f o r m s  the 

laver end of the  d r i f t  space and is held a t  anegat ive potential, while the  

collector C is held a t  a v i r tua l  ground and cons t i t u t e s  the  upper end of 

the  d r i f t  space. Plate E M  is the photosurface f r o m  which e lec t rons  are 

ejected by ul t raviolet  radiat ion when d r i f t  velocit ies are t o  be measured. 

A gas discharge tube, G. M., is mounted t o  the plate  C f o r  use in d r i f t  

velocity measurements.  Fo r  pulse height measurements  the  ul t raviolet  

l ight  is off and the  electron swarms are produced a t  a distance of 7 cm. 

( ra ther  than  9 cm. ) by a-particle ionization. 

The chamber assembly is a gold-plated 

23 9 

The ionization chamber has 

11 
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ORNL-DWG. 6 5 - 6 5 2 5  R 
PULSE HEIGHT 

?UT 

IN 

n.v H.V co FORE PUMP 

Figwe 3. Ionization chamber f o r  measurement of a t tachment  coefficients 
and electron d r i f t  velocities a t  high temperatures. 
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Figure 4. High tempera ture  e lectron a t t achmen t  apparatus.  
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a quar tz  window t o  allow transmission of the  ul t raviolet  radiation. 

the  various changes and improvements which were made t o  the  main chamber 

t o  allow reduction of outgassing (very impor tan t  a t  high temperatures) ,  

b e t t e r  vacuum and improved operating conditions a r e  the f ollawing: 

Among 

(i) The chamber was milled out  of a solid bi l le t  of mild steel 

( r a the r  than  being pu t  toge ther  in  p a r t s )  t o  eliminate "O-rings. 

were eliminated f r o m  the  t o p  plate  T which was made of polished stain- 

less steel baked in a vacuum a t  200" C. for 24 hours. A polished finish of 

less than 8 r. m. s. was necessary in order  t o  g e t  the  upper p la te  t o  seal 

on its 1IO-ring" Over the tempera ture  range specified earlier. 11O-rings" 

were removed f r o m  the  pulse height output, de t ec to r  output, and high 

voltage inputs. 

could be taken through silver-soldered insulators. 

were silver-soldered t o  Ceramaseal alumina insulators,  which were 

installed wi th  Yarian flanges. 

gold-plated brass .  A l l  screws, insulators,  and supports used inside the  

main chamber were s lo t t ed  o r  groved t o  enable rapid and e f f i c i en t  pump-out 

of t he  chamber. 

Flanges 

Instead, a f i t t i n g  was constructed so t h a t  the output leads 

The high voltage leads 

The various p la tes  inside the  chamber were 

(ii) Another improvement was the  suspension of the  collector plate  

C and the associated guard r ing  G. R. f r o m  the  top  plate T r a t h e r  than 

having them located a t  a fixed position as was done by H u r s t  and Bor tner  

(1959), Stockdale and H u r s t  (1964), and Christophorou -- e t  al. (1965). 
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(iG) In the  previous sys t em plate C was 0.0625 in. thick. In the 

present  arrangement  of a heated chamber it was thought necessary t o  

increase the  thickness of p la te  C ( t o  increase dimensional stabil i ty),  bu t  

in doing so  the  capacitance between C and G. R. was increased. Several 

a t t e m p t s  were made t o  reduce th i s  capacitance. The major reduction was 

achieved by milling and lapping the outer  edge of plate  C and the  inner 

edge of the  guard r ing  G. R. The 26 ppF. capacitance finally achieved 

showed a change of approximately 3.5 per cen t  Over the  tempera ture  range 

s ta ted .  

(iv) The fluorothene insulators  used in the  old arrangements  have 

appreciable vapor pressure even a t  room temperature .  

t empera tures  th i s  is highly undesirable since fluorene a t o m s  are good 

e lec t ron  acceptors.  

was an improvement in t e r m s  of outgassing and contamination of the  gas 

mixtures  under investigation. 

A t  higher 

llLavitel' insulators  have been used instead and this  

239 (v) The Pu  a-source was prepared as in the  old sys t em 

239 [Christophorou -- e t  al. (1965)l. Pu  

thick platinum s t r ip .  W e  counted 26,000 pulses per minute which is a good 

counting rate f o r  these experiments. One modification, however, was 

introduced; the  upper collimating r ing  was sp l i t  in to  two halves t o  allow 

proper positioning of t he  platinum s t r i p  in to  the  circular channel of the  

lower collimating ring. 

was plated and backed on a 0.01 in. 
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(vi) The gas discharge tube was also re-designed. I t  was found t h a t  

excess  me ta l  near the  entrance hole reduced the G. M. tube counting 

efficiency. A s lo t ,  therefore ,  was milled in the collector plate C which 

reduced the wall thickness of the  G. M. tube such t h a t  the  thickness of 

the  me ta l  around t h e  hole (0.0625 in. in  diameter)  was l e se  than 0.006 in, 

The G. M. tube was gold-plated brass (0 -75  in. outside diameter ;  0.035 

in. wall thickness; 3.625 in. length). The present  increase in length of 

the  G. M. tube was necessary t o  increase t h e  pulse output. The anode 

wire  used was made of tungsten and was 0.003 in. in  diameter .  

The second chamber, X ,  contains the  s ta in less  steel sample con- 

ta iner  (Figure 3, page 12). A removable stainless s t e e l  cup, s ,  (Figure 

3) was a t tached  t o  the  sample chamber cover plate,  F , by a stainless 

steel tube. The sample, cup Sa and thermocouple T were all removable 

as a unit. 

always kept  a t  the same temperature .  A 0.5 in. long stainless steel tube 

connects the  chamber, X ,  with the  main chamber through a stainless 

steel Nuclear Products  valve. 

5 

Both the  main ionization chamber and t h e  sample chamber are 

A mild steel jacket  was co is t ruc ted  around the  two chambers 

f o r  heating. Preheated oil was introduced a t  two places, A and B. 

B is on the  sample side (see Figure 3 ) ,  and A is 90" f r o m  13 and 

tangent- t o  t he  main chamber wall. 

copper helix was soldered t o  t h e  main chamher. 

To obtain direction flow an annealed 

The h e l b  extends t o  
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within 0.0313 in. of the outer  wall; it actually f o r m s  a rectangular tube 

(0.5 in. wide and 1.5 in. high) which extends f r o m  the  oil enlrance por L-s t o  

t h e  oil e x i t  port .  

Five s ta in less  s t e e l  sheathed, gold-plated thermocouples, T1 to  

TgY 

d i f f e ren t  points in the  two chambers. Thermocouple T w a s  - 0.25 in. 

above G.R. 

gas input line to indicate any changes in tempera ture  when the ca r r i e r  gas 

(see Figure 4, page 13) were used t o  indicate the  tempera ture  a t  

1 

while T2 was closer t o  the  top plate  T and near the  ca r r i e r  

was introduced. Thermocouples T and T e n t e r  f r o m  the  bot tom of 

main chamber. T was located near the  emitter plate  EM t o  indicate 

3 4 

3 

the 

any 

possible tempera ture  changes near the bo t tom of the  plate. extends 

halfway in to  the  d r i f t  space b u t  close enough t o  the chamber w a l l s  no t  t o  

T 4 

in t e r f e re  with the  field. 

not eff ic ient ly  heated by 

tempera ture  as T 

chamber. Thermocouple 

1’ T2’ 

Experience has  shown t h a t  t h i s  thermocouple was 

radiat ion f r o m  the walls, i. e., T read the same 4 

and T 

T 

only if there  w a s  a conducting gas in t h e  
3 

showed the  tempera ture  of t he  sample ( fo r  5 

detai ls  on thermocouples, see Section N of th i s  chapter). 

11. VACUUM, GASES, PURIFICATION 

One mechanical pump was used for evacuation of the  main chamber 

and the  gas system. 

chamber. The vacuum reached by the  mechanical pumps alone was of the  

A second pump was used t o  evacuate the  sample 
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order  of 30 microns. A vacuum diffusion pump, type MCF 300 (Consolidated 

Vacuum Corporation), connected wi th  a vacuum pump was used t o  evacuate 

t h e  main chamber. A water-cooled baff le ,  type BW-40 (Consolidated 

Vacuum Corporation), w a s  used above the  diffusion pump t o  prevent back 

diffusion of pump oil. The vacuum achieved was measured by a n  ionization 

gauge, type G-IC-11OA (Consolidated Vacuum Corporation), and was of the 

-7 order  of 10 

chamber was isolated f r o m  the  pumping sys tem,  t h e  outgassing rate was 

0.1 x 10 The bo t tom of the  main chamber connccts t o  a 

"T" manifold which is terminated in two stainless steel high pressure 

V a r k n  valves, type 2077 (Varian Associates).  This manifold allowed the  

main chamber t o  be pumped ou t  e i the r  direct ly  by the  diffusion pump via 

VI (see Figure 4, page 13) or  indirectly through a cold t r a p  via V 

indirect  pumping was necessary t o  t r a p  the  organic vapors used in these  

experiments  and t o  prevent t hem f r o m  contaminating the hydrocarbon oil 

of the  Eorepumps. 

t o r r  which is sa t i s f ac to ry  for  these experiments. When the  

-3 t o r r  per  hour. 

The 
2' 

The pure ca r r i e r  gas pressures  were measured by a standard 

mechanical gauge, model FA-145 (Wallace and Tiernan, Inc. 1. For a mixture  

of organic vapors with a ca r r i e r  gas (a t  any tempera ture)  a pressure sensing 

s t r a i n  gauge w a s  used, which was calibrated a t  each tempera ture  t o  the 

Wallace and Tiernan gauge u s h g  pure N The pressure sensing strain 

gauge was installed through the  top  plate  of the c h a r h e r  such t h a t  the 

2' 
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sensi t ive element  edge was parallel with the  lower edge of the  chamber 

plate. The p res sme  sensing device is a low level, absolute transducer,  

model PA288TC-50-350 (Stathani Instruments ,  Inc. ), which has a diaphragm 

a t tached  t o  a r e s i s t i ve  unbounded strain gauge. 

arranged in a conventional, balanced, f our-active-element Wheatstone 

bridge. With voltage excitation, provided by a bridge balance unit, rrzodel 

1-lOODX, and power supply, model 15-200D (B and F Instruments ,  Inc. ), 

the  transducer provides an e lec t r ica l  output proportional t o  the applied 

pressure.  

compensated between 220" and t 4 7 7 "  X., with a range of 0 t o  50 p. s. i. a. 

and was specially selected t o  have a combined l inear i ty  and hys te res i s  of 

- t 0.25 per cent  of fu l l  scale. 

vol t s  (open circui t )  per vol t  per p. s. L 

done with a circular indicator, model 15601836-01-0 (Honeywell, Inc. ), t h a t  

has  a span of 0 - 50 mV. and an indicator dial with a range of 0 -2000 to r r .  

The transducer unit  is 

The PA288 is a f lush diaphragm transducer  t h a t  is tempera ture  

The calibration f a c t o r  used was 184.5 micro- 

The readout  of the transducer w a s  

The small at taching gas pressures  were measured w i t h  a high pre- 

cision MKS bara t ron  pressure m e t e r  (MKS Instruments ,  Inc. ). This  

ins t rument  cons is t s  of a 10 t o r r  pressure head, model 7°K-10, and a 

pressure indicator, model 77M-XR. 

can be set t o  correspond t o  various pressure ranges (0-3p., 0-lop, 0-30p, 

0-loop, 0-300p, 0-lOOOp, 0-3000p, and 0-10, OOOp)  which allowed measure- 

men t s  of the sample gas pressures t o  within a t e n t h  of a micron. 

The fu l l  scale of the pressure indicator 

This 
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capacitance manometer is a d i f fe ren t ia l  pressure device and measures  t r u e  

pressure,  regardless  of the  gas introduced. A vacuum w a s  used as  the  

re ference  pressure,  i. e. , the  re ference  P 

t h e  mounting flange of the diffusion pump. 

bui l t  f o r  use up t o  a tempera ture  of 477" K. 

hea t e r  e lements  which were controlled by an  Electro-Flex (Electro-Flex 

Heating, Inc. ) t empera ture  controller. The controller had a thermocouple 

readout  so t h a t  the  tempera ture  of the  NIW head could be controlled inde- 

pendently of the tempera ture  of the  chamber. A ten- turn  potent iometer  

was  installed in the  MKS readout  uni t  t o  allow the  application of voltage 

bias  t o  the  pressure bridge f o r  ze ro  o f f s e t  a t  t empera tu res  higher than 

room tempera Lure. 

side of the head was piped t o  

The pressure head w a s  custom 

I t  contained silicon embedded 

R 

A number of Hastings thermocouple vacuum gauges, model VT-5 

(range 0 t o  loop,), were introduced a t  various p a r t s  of the  sys t em t o  

monitor t he  re ference  side of the  MKS pressure me te r ,  o r  t o  indicate the  

pressure of the main chamber as well as o ther  p a r t s  of the sys tem,  or t o  

aid in the purification process. 

Two ca r r i e r  gases were used in these  experiments:  ethylene (C H ) 2 4  

and nitrogen (N ). 2 

needed no f u r t h e r  purification. 

Company), however, had t o  be f u r t h e r  purified as small amounts of 

impuri t ies  produce a marked e r r o r  in  the  results. 

High purity commercial nitrogen was obtained which 

Ethylene (99.5 per  cent  purity,  Matheson 
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A gas manifold sys t em was designed f o r  purifying the  ca r r i e r  gases  

and filling the  chamber. 

capable of handling two gases separately,  bu t  had a cross-over line so t h a t  

all four cold t r a p s  could be placed in se r i e s  if necessary. The cold t r a p s  

w e r e  constructed of stainless steel and sealed with copper llO-ringsll t o  

allow high tempera ture  bakeout. 

and was well purified by f rac t iona l  distillation. Stainless steel turnings 

were used in the  cold t r a p s  t o  increase their  efficiency. The f rac t iona l  

dist i l lat ion was done a t  liquid nitrogen temperatures .  A pressure gauge, 

a Hastings gauge, and two pressure relief valves were supplied t o  each 

manifold. 

chamber either f r o m  the top  or  the bot tom through two needle valves. 

The sys tem contained two manifolds and w a s  

Ethylene was run through hhro cold t r a p s  

The prepurified ca r r i e r  gas was introduced slowly into the  main 

111. ELECTRONICS AND DATA READOUT 

The following instrumentat ion was used. Two regulated high voltage 

power supplies, a 1 - 10 kV. , model 410A (John Fluke Manufacturing Com- 

pany, Inc. ), and a 0 - 1 kV., model 240 (Keithley Instruments ,  Inc. ), were 

connected through f i l t e r s  t o  the  e m i t t e r  plate. Also, a 0.5 - 6 kV. , model 

408A (John Fluke Manufacturing Company, Inc. ), power supply w a s  used t o  

supply high voltage t o  the  gas discharge tube. A f o u r t h  0.5 - 2.5 kV., 

model 2.5/10 uc (Electronics Research Associates),  power supply provided 

the  high voltage f o r  the  gas discharge xenon phototube. 
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The preamplif ier  used in t h e s e  exper iments  was re-designed to 

reduce noise (see Figure 6 f o r  c i rcu i t ry) ,  and t h e  A-1D [Jordan and Bell 

(1947)] linear ampl i f ie r  was  modified a s  described by H u r s t  and Bor tne r  

(1958). An Oak Ridge National Laboratory single channel d i f f e ren t i a l  

analyzer,  model Q-1192, which has  a motor-driven base  line s o  t h a t  the  

“windowf1 scans  uniformly in time, was  used. A display of t h e  analyzer out-  

p u t  on a 0.25 sec, r eco rde r  a f forded  a convenient method of pulse height 

measurement .  Also, an  Oak Ridge National Laboratory mercury  re lay  pulse 

genera tor ,  model Q-1212DY was  used f o r  cal ibrat ion purposes. 

Figure 7a shows t h e  c i r cu i t  of t h e  u l t rav io le t  xenon f l a sh  l igh t  

source,  and Figure 7b shows t h e  photodiode used f o r  t h e  d r i f t  velocity 

measurements  t o  give t = 0 (see Chapter  111). 

A model 555 oscilloscope (Tektronix,  Inc. ) was used f o r  t h e  d r Z t  

velocity measurements  and a model 543 oscilloscope (Tektrsnix,  Inc. ) was 

used f o r  observation of the  pulses due t o  a -pa r t i c l e s  in the  pulse height  

measurements ,  

r eco rde r  au toma tically recorded t h e  thermocouple readings. 

of o the r  e lec t ronics  closely assoc ia ted  wi th  heat ing cont ro l  and therrno- 

couples (see Section IV of t h i s  chapter) .  

A n  Elec t ronik  class 15 (Honeywell, Inc. ) multipoint 

U s e  was m d e  

The major  problem encountered wi th  t h i s  s y s t e m  of e lectronics  was  

due t o  noise. 

good accuracy in the  measurements .  

The noise level  m u s t  be kept t o  a minimum in order  t o  have 

Noise can r e s u l t  fronz poor 
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engineering and construction: faul ty  components, hum, microphonics, and 

electromagnetic and e l ec t ros t a t i c  pickup f r o m  sources  external  t o  the 

measuring equipment. Another source of noise a r i s e s  f r o m  fundamental 

propert ies  of e lectron current :  thermal  motion of e lectrons in the  de tec tor  

load r e s i s to r ,  grid cur ren t ,  f l icker  e f f e c t  and shot  e f f e c t  in the  input tube. 

The m o s t  obvious external  source of noise is t h a t  arising f r o m  the 

60-cycle AC and its harmonies (classified as a hum). 

power supply w a s  used f o r  the  hea ter  cu r ren t  in the preamplifier. 

To reduce hum, a DC 

Microphonic noise may have a number of sources:  tubes, signal- 

carrying w i r e s ,  and the signal source (parallel-plate chamber) due t o  

mechanical vibrations. 

t o  minimize microphonic noise. 

variation in the  chamber' s e lec t r ica l  capacitance; hence spurious noise was 

generated in the signal source itself. The en t i r e  apparatus  was accordingly 

shock mounted f r o m  the f loor  t o  reduce mechanical pickup of vibrations in 

the  building. The flow of the  heating oil through the  heating assembly was 

an additional source of microphonic noise. Most of th i s  microphonic noise 

was coupled in to  t h e  s y s t e m  by the  first stage of the preamplifier. This 

e f f e c t  was drastically reduced by changing the  input tube of the  pre- 

amplifier t o  a field e f f e c t  t r ans i s to r ,  FET. 2N3684 (Union Carbide 

Electronics). 

Ruggedized tubes were selected a s  they a r e  designed 

Vibration of the chamber plates  produced 
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Two techniques were  applied t o  minimize the  pickup of noise f r o m  

outs ide the measuring equipment: (i) the  shielding of cables and high 

impedance componentsI and (ii) t h e  avoidance of multiple grounds. A l l  

cables were  of t h e  single-shield type,  usually grounded a t  only one end. 

grounding t h e  shield a t  one end ( the  source end), noise c u r r e n t s  could be 

avoided. 

necessary since poten t ia l  d i f f e rences  might  e x i s t  between them. 

By 

I t  w a s  a l so  recognized t h a t  elimination of multiple grounds was 

High impedance components are quite sensi t ive t o  ex te rna l  e l ec t ro -  

s t a t i c  and e lec t romagnet ic  f ie lds .  

avoided by keeping high impedance leads s h o r t  and properly shielded. 

Noise pickup in  t h i s  case can b e s t  be 

The usual t r ia l -and-error  method of noise reduct ion proved valuable 

in cons t ruc t ing  the  circui ts .  The output  of the ampl i f ie r  w a s  monitored 

wi th  ail oscilloscope while var ious configurations of grounding, shielding, 

lead placement,  and ex te rna l  equipment were  t r ied.  

The c h a r a c t e r i s t i c s  of a low-noise operat ing tube usually are IQW 

t r a n s m i t t a n c e  (p), high conductance (grn), and low grid c u r r e n t  (Ig). A 

number of commercially available tubes exhibit ing these  cl iaxacter is t ics  

were  examined by Fairstein (1958). 

6AK5, 483B, and 12AF6. 

were  se lec ted  fox t he  low-noise preamplif ier  and ar rq l i f ie r  used in t h i s  

experiment.  A wide var ia t ion  in p, gm, and inherent  noise level  w a s  found 

within Lubes of the  same type. 

Among t h e s e  are t h e  6AF4, 6T4, 6AJ5, 

Two part icular ly  sui table  tubes,  6AK5 and 403B, 

Therefore ,  a number of tubes were 
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selected and each individually checked fo r  gain, grid cur ren t ,  and low noise. 

The selected tubes were r o t a t e d  t o  the  various positions in the  circuit .  

In th i s  manner it was possible t o  maximize the  gain of the  preamplifier 

and minimize the  noise level f o r  given operating conditions. 

In high tempera ture  regions the  e lec t r ica l  res i s tance  among insu- 

la ted c i rcu i t  components can drop t o  one megohm or less ,  and gain of 

c i rcu i t  components changes as a function of temperature .  

was located very close t o  t h e  heated chamber and it was necessary t o  insu- 

l a t e  th i s  unit  thermally f r o m  the  chamber and cool it by flowing chilled 

compressed a i r  across  the  c i rcu i t  components. 

The preaanplif ier 

IV. HEATING SYSTEM 

E f f o r t s  were made t o  control the  tempera ture  within -C 1" K. in - 

t he  main chamber Over the  tempera ture  range (295" t o  500" K. ). We chose 

a flowing liquid sys t em with accura te  tempera ture  control t o  provide the  

heating, and thermocouples t o  give the  tempera ture  information inside the  

chamber. Several sys  t ems  were studied, and thermocouples with multi-  

point recorder  readout  were selected due t o  t h e i r  many advantages which 

include good speed of response, wide range of measurement,  relatively 

small  size, simplicity, ease of installation, absence of self  heating and 

lower cost .  

E lec t r i c  Company, Inc. ), types 5E1511A and 5E1541A. 

The thermocouples used w e r e  "Ceramo" assemblies (Therm0 

The sheath mater ia l  
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was s ta in less  s t e e l  with an  adjustable bushing 

junction. The wires  were chromel-constantan 

terminat ing i n  a welded ho t  

sirice they generate the  

highest  e. rn. f .  per degree change in temperature  of o ther  standard 

thermocouples, and their  accuracy holds f o r  a longer period of time. 

Because of the wide variation of the  thermoelectr ic  charac te r i s t ics  of 

wi res  which are nominally identically, calibration of the  thermocouples was 

essential .  

incorporated in to  a re ference  jurae tion with permanently embedded thermo- 

couples. 

re fe rence  tempera ture  of 273" K. 

The problem is made simpler when the  thermocouples a r e  

The re ference  junction w a s  a model 24SQ (Acromag, Inc. ) w i t h  a 

The readout  of the  thermocouples w a s  done by a s t r i p  c h a r t  

recorder ,  model 15304836 (Honeywell, Inc. ) syncroprint ,  12 point. This 

recorder  has  adjustable span (1 t o  21 mV. ) and adjustable suppression 

( 2  20 mV. ), giving the  capability of nulling out  any part of a thermocouple 

signal and then expanding the  remaining signal over a more sensit ive scale. 

Therefore ,  we could expand and record any two t o  t h ree  degxees of 

temperature  over the  en t i r e  tempera ture  range. 

The re ference  junction was mounted inside the  recorder  case, and 

all internal  connections to  the recorder  te rmina l  board and amplif ier  were 

made with copper wire .  

recorder  was carefully balanced and calibrated on al l  scales with a Rubicon 

Before calibration of the  thermocouples, the  
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potent iometer  which was then wired t o  the  recorder ,  allowing a check a t  

any t ime  of the  recorder  s e t t i ngs  and thermocouple output. 

The thermocouples were wired t o  the recorder  and the calibration 

of the  re ference  junction was checked by taking three of the  thermocouples 

t o  273" K. h an  ice bath. A f t e r  compensating for  the thermal  e. m. f .  

generated a t  the  te rmina l  board of the  recorder ,  the output  of the 

reference junction f o r  all three thermocouples was less than five micro- 

vo l t s  a t  273" K. 

a t  three points: the  ice point of water ,  the  boiling point of water ,  and the 

boiling point of naphthalene. Then a plot of LE, the  difference between 

the  observed and standard e. m. f . ,  against  the standard e. m. f .  w a s  made. 

Since om interest w a s  t o  d e t e c t  small changes in tempera ture  over 

The calibration of a l l  e ight  thermocouples was then done 

the region of 293" t o  500" K., the  thermocouples were placed in a sand bath, 

in a temperature-controlled oven with a mercury thermometer ,  and a s t r i p  

c h a r t  run fur  all e ight  thermocouples a t  t en  degree intervals. These 

points were a l so  plotted as AT against  the  thermometer  tempera ture  as 

the  standard. The thermocouples were then ready for  installation. The 

millivolts t o  tempera ture  conversions w e r e  taken f r o m  Adams and 

Davisson (1965). 

A heating s y s t e m  with close tempera ture  control and a minimum 

tempera ture  gradient across  the  chamber was necessary t o  eliminate gas 

convection cur ren ts  once thermal  equilibrium was established. I t  was 
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decided t h a t  a flowing liquid would be the  means of hea t  t ransfer .  The 

wal l s  of t he  chamber would a c t  like a thermal  shroud t o  the  gases. The 

bo t tom and top  of the  main chamber were well insulated and heated by con- 

duction f r o m  the  walls and by e l ec t r i c  tape hea te r s  when necessary. 

The major components of the  heat ing sys t em a r e  shown in Figure 8. 

They include the  chamber, cooling coil, pump, hea t  t r a n s f e r  fluid, heater ,  

and controller.  The chamber has been described previously. Far purposes 

of h e a t  and flow calculations, the copper helix between the walls was con- 

sidered t o  f o r m  a rectangular duc t  1.5 in. high, 0.5 in. wide, and 142 in. 

long. 

probably a good approximation. 

Since the  helix c lears  the outer  wall by only 0.031 in. , th i s  is 

The cooling coil was necessary t o  allaw t empera tu res  below about 

350" K. due t o  f r i c t ion  heating of the  oil. The coil w a s  0.375 in. copper 

tube silver soldered t o  the  outside of a 2 in. schedule 10 s ta inless  s t e e l  

tube t h a t  ca r r i e s  the  heating fluid. 

stainless steel tube and capped a t  both ends. 

This is encased by a 3 in. schedule 10 

The pump w a s  a centrifugal,  T1canxiedll rotor type, model 1001 

(Integral  Motor  Pump Corporation). 

440 volts. 

c lass  13, gaskets  were teflon, and the  fluid being pumped served a s  the 

coolent. 

It- has a 1.5 H. P. motor operating on 

The impeller diameter  is 4-718 in. The moto r  windings w e r e  
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The hea t  t r a n s f e r  fluid w a s  Daw Corning 200 (Dow Corning 

Corporation) wi th  20 centistoke viscosity a t  298" K. 

cha rac t e r i s t i c s  particularly favorable t o  our experiment such as relatively 

f l a t  viscosi ty- temperature  slope (i. e. 20 cent is toke a t  298" K. t o  2.7 

cent is toke a t  480" K. ), low vapor pressure,  high f lash  point (510" K. a t  

20 centistoke),  nontoxicity, chemical iner tness ,  and a specific heat at: 

373" K. equal t o  0.353 cal. /gm. /" K. 

information on fluids is largely empixical. We found the "Dowtherm A and 

E Handbook, 

very helpful, 

This fluid has some 

In many cases  the  h e a t  t r a n s f e r  

published by the Dow Chemical Company of Midland, Michigan, 

The hea te r  unit  w a s  a Chromalox oil circulation hea ter ,  model 

NWHO-3301 (Edwin L. Wiegard Company). I t  had a to t a l  output of 3 kilo- 

w a t t s ,  1000 w a t t s  f r o m  each of th ree  hea ters ,  and operated on 115 vol t s  

AC,  single phase, with a w a t t  density of 22 watts/-. in. 

had a type AR t h e r m o s t a t  t h a t  had a range of 360" t o  533" K. 

of the hea tcrs is shown in Figure 9. 

bility and control without heavy cu r ren t  loading on the controller.  

The hea ter  unit  

The wiring 

This wiring allowed maximum flexi- 

The oil t empera ture  controller w a s  a Power-0-Matic 60, model 

RA1A-6 (Blue M Elec t r i c  Company). 

portioning control sys t em with a maximum output  of 1750 wa t t s .  

t empera ture  range covered w a s  273" t o  477" K. , and the  tempera ture  was 

continuously variable. 

I t  was a saturable  r eac to r ,  pro- 

The 

The tempera ture  sensing element  w a s  a filled 
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sensing bulb connected through capillary tubing t o  hydraulic bellows. The 

bellows plunger contac ted  t h e  movable armature of a n  inductor coil 

assembly which controlled the  wa t t age  t o  t h e  sa turab le  r eac to r .  This  in 

t u r n  controlled the  output  voltage applied t o  the  cont ro l  hea te r .  The 

s y s t e m  was inherently a c c u r a t e  w i t h  cont ro l  repea tab i l i ty  of 0.5 per c e n t  

of t h e  scale range, required no compensation for ambient  t empera tu re  

effects,  and had excel lent  dynamic response.  

was  one of ge t t i ng  t h e  f o u r  f o o t  length of t h e  sensing bulb in to  t h e  oil 

flow. This  was accomplished by the  cons t ruc t ion  of a coupling flange t o  

which f o u r  stainless steel r o d s  were welded. 

through the  side of the  flange wi th  a compression gaske t  and coiled around 

t h e  f o u r  suppor t  rods.  

w i r e s  around t h e  bulb and suppor t  rods,  

bulb assembly inser ted .  

f low system j u s t  before  the  chamber and sealed with copper gaske ts  

(Figure 8, p g e  32). 

The only problem incurred 

The sensing bulb was  in se r t ed  

The bulb was held in  place by soldering small holding 

A housing was  bui l t  and t h e  sensing 

The e n t i r e  assembly was  then  placed in the  oil 

The e n t i r e  heat ing assembly was  then covered wi th  t w o  l aye r s  of 

insulation. 

and t h e  second layer  was  Cera fe l t ,  type 600 (Johns-Manville). 

l a t ion  was  held in place by aluminum r e f l e c t i v e  tape,  

The f i r s t  l ayer  was  flexible Min-K, type P-38 (Johns-Manvae),  

The insu- 



CHAPTER I11 

FUNCTIONING OF THE APPARATUS AND EXPERIMENTAL PROCEDURE 

The Jordan and Bell  (1947) l inear pulse amplifier was modified [as in 

Bortner  and Hurs t  (1958) J s o  t h a t  in  the long t ime constant- position it 

would give a pulse shape like t h a t  described in Equation (7) with t = 20 

microseconds. 

is shown in Figure 10. With t = 20 microseconds, the  agreement  with the  

idealized response given by Equation (7) is good up t o  approximately 60 micro- 

seconds. 

the  pulse height, provided the  amplifier output  pulse peaks in less than 

about 60 microseconds. 

1 

The response of the  a m p l i f k r  used t o  a s t e p  function pulse 

1 

Deviation f r o m  the  idealized response will not,  however, e f f e c t  

The dependence of pulse height on T /t w a s  checked experimentally 0 1  

using pure nitrogen and pure ethylene and found t o  be in agreement  wi th  the  

theoret ical  expression given in Chapter I. The procedure f o r  measuring 

pulse heights was identical t o  that of Bor tner  and H u r s t  (1958). A t  ele- 

vated tempera tures  t h e  shape of the pulse height versus  E/P curves 

remained unchanged b u t  an overall decrease in t h e  pulse height w a s  observed 

with increasing temperature .  

Before each set of measurements  t he  chamber was heated f o r  

eight hours and then flushed with the  ca r r i e r  gas. The outgassing r a t e  

36 
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was measured, and the  pressure devices were calibrated with pure N2. 

t he  thermocouple readout  was checked f o r  ze ro  sh i f t ,  and the electronics 

calibrated. 

Then 

A new experimental  procedure f o r  measuring d r i f t  velocit ies was 

developed and improved accuracy was achieved Over the  old method [Bortner ,  

H u r s t  and Stone (1957), Christophorou, H u r s t ,  and Hadjiantoniou (1966)l. 

The ul t raviolet  l ight  emi t t ed  by the pulsed xenon f lash  tube (Figure 7a, 

page 25) passes  through the  quartz  window and s t r ikes  t h e  center  of the  

e m i t t e r  plate  E M  (Figure 3, page 12), releasing a number of photoelectrons. 

These electrons quickly come in to  equilibrium with the gas, and because of 

the  applied e l ec t r i c  field they t r ave l  t he  d r i f t  space EM-C and ult imately 

t r igger  the  gas discharge tube G. M. A simple type of electronic quenching, 

consisting of a 100 megohm load r e s i s t o r  in the supply cur ren t ,  w a s  used t o  

prevent  multiple pulsing and continuous discharge. The ul t raviolet  pulse 

which generates  the electron swarm a lso  t r iggers  the  photodiode (Figure 

7b, page 25). The photodiode output pulse was fed  t o  the  preamplifier 

(Figure 6, page 24), t o  t he  A-1 amplif ier  (operated a t  2 mc. bandwidth), 

and viewed with a Tektronix 555 oscilloscope. A t  some t h e  A t ,  a f t e r  

the  display of the  photodiode, the  pulse f r o m  the  gas discharge tube was 

a l so  seen on the  oscilloscope. The t ime  lapse A t  between the two pulses 

is the d r i f t  t ime  of t h e  electrons and is of the order of microseconds. 
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To improve accuracy in the  A t  n ieaswenients  the  following proce- 

dure w a s  developed. The output  f r o m  the arnplifier was connected t o  both 

the  external  t r igger  position on a type 21 t ime-base unit  of the  555 oscillo- 

scope and t o  the  input of a continuously variable t ime delay network, type 

2011 (Advance Electronics  Company, Inc.). 

amplif ier  stage so the signal was not great ly  reduced. The output of the  

delay line was applied t o  two type L input uni ts  in the 555. 

The delay line contained an 

The t ime delay of the  variable delay and the sweep t i m e s  of the 555 

were checked and calibrated by means of a c rys t a l  generator. 

With the  A t ime  base t r igger  level in normal and the  t r igger  source 

control in external ,  the sweep of the  A channel was tr iggered on the leading 

edge of the photodiode signal. 

could be set  j u s t  above the  noise level on the start  of the photodiode pulse. 

By monitoring the  signal, the  t r igger  level 

The inputs t o  the  A and B channels could be delayed and displayed 

some t ime  after the  A channel sweep s t a r t ed .  

delay the  inputs an amount equal t o  the  s e t t i n g  of t he  A channel t ime  per 

cent imeter  control which placed the  s t a r t  of the  photodiode pulse exactly 

on the  one cent imeter  grid line. 

was placed in the llsweeps once for each A delayed trigger" position, a 

brightened portion of the  A channel t r a c e  w a s  clearly visible, and the 

brightened portion of the A trace was displayed on the B channel, Ry 

The usual procedure was t o  

When the  B channel sweep function switch 
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adjusting the  B channel t ime per  cent imeter  control, the  brightened area  

could be made t o  cover only a small  portion of the A channel t race.  

Using the  delayed t r igger  control, the  s t a r t  of t h e  brightened 

portion of the t r a c e  could be positioned a t  the  s t a r t  of the photodiode 

pulse and the  s e t t i n g  of the  control recorded. 

control positioned the brightened portion of the  t r a c e  on the  s tar t  of the 

G. M. pulse, and the  s e t t i n g  of the  conixol was recorded. By subt rac t ing  

the  f i r s t  s e t t i ng  f r o m  the  second and multiplying the r e s u l t  by the se t t i ng  

of the  A channel t ime per  cent imeter  control, the  t ime interval  between 

the  two pulses was obtained. 

dependent only on the  calibration of the scope and the  l inear i ty  of the  

delayed t r igger  control,  which was - -t- 0.1 per cent. 

Turning the delayed t r igger  

Measurement of the  t ime interval was 

This w a s  a simple way of obtaining the t ime  interval  A t ,  and it 

gave reasonably accura te  resu l t s .  

e r r o r  in selecting the  exac t  s tar t  of the  photodiode pulse. 

The use of the  delay line eliminated 

The results are consistently within 0 . 5  per cent  of results taken 

wi th  much more elaborate methods of time measurement [Pack and Phelps 

(1961), Pa rks  and H u r s t  (1965)]. 



CHAPTER IV 

RESULTS AND DISCUSSION 

Pulse heights and electron d r i f t  velocit ies were measured f o r  the 

canrier  gases nitrogen and ethylene a t  various t empera tu res  (298" < - -  T < 

473" K. ). For  pulse heights and d r i f t  velocit ies taken a t  tempera tures  

higher than 298" K., E / P  was normalized t o  P (T = 298" K. ), i. e. , 1 T1 
(T /T ), 2 1  assuming an ideal gas behavior. When the changes L.L 

w with t e m p e r a t w e  a r e  considered, the  overall shape of the  pulse height 

P = P T  
T2 1 

versus  E/P curve f o r  both ca r r i e r  gases  (N and C H ) remains unchanged 2 2 4  

in the  tempera ture  range studied. However, t he  absolute magnitude of the  

pulse height decreased slightly with increasing temperature .  'llhis, in 

par-t, may be due t o  changes in the C t o  G.R. (Figure 2, page 7)  

capacitance. 

I. ELECTRON ATTACHMENT TO SF6 

SF a t t a c h e s  e lec t rons  very strongly a t  thermal e lectron energies, 6 

and thus very low pressures  of SF 6 

chamber in order  t o  g e t  any signal. 

difficult. t o  measure,  especially a t  high tempera tures  where a small  out- 

gassing r a t e  becomes a major problem. An expansion technique was used in 

41 

have t o  be introduced into the ionizat:inn 

0.1 micron) are Such low pressures  (< 
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which a few t o r r  of SF were  measured wi th  a Wallace and Tiernan gauge in 

a well-defined volume, and subsequently expanded in to  another  tank of 

known volume. 

a pressure  of approximately 1000 t o r r .  Known quant i t ies  of t h i s  mixture 

were  then in-troduced in to  t h e  ionization chamber through a solenoid valve 

of measured volume. Therefore ,  the  amount  of SF in t h e  ionization 

chamber was  known f r o m  t h e  volume r a t i o s  and f r o m  the amount  of SF 

pr ior  t o  expansion. 

e f f e c t s  due t o  outgassing were  detected.  

6 

There the  SF was mixed wi th  the  carrier gas (ethylene) t o  6 

6 

6 

During measurements  a t  higher t e m p e r a t u r e s  no 

The absolute rate of e lec t ron  a t t a c h m e n t  was  determined a t  low 

-1 -1 t o r r  values of E/P ( <  - 0.1 v o l t  cm. 

e l ec t rons  in t h e  swarm is the rma l  [Christophorou -- e t  al. (1965)l. 

E /P  region ( <  - 0.1) a cons tan t  rate of a t t a c h m e n t  equal t o  

1.24 x 10 sec. t o r r  was  measured. This  value is the  average of 

) where the  energy dis t r ibut ion of 

For th i s  

9 -1 - 1  

more  than t en  runs.  

within - t 15 pe r  cent.  

E/P 7 0.1. 

magnitude smaller than  the r e c e n t  value obtained f r o m  a microwave 

technique by Mahan and Young (1 966). 

The r e s u l t s  were cons is ten t  and reproducible t o  

The a t t a c h m e n t  ra tes  decreased slightly f o r  

Our value of the the rma l  a t t a c h m e n t  rate in  SF is a n  order  of 6 

The a t t a c h m e n t  rate was  independent of t h e  t o t a l  p re s su re  
-* 

< 800 to r r ) .  Complete s tabi l izat ion of SF is reasonable t o  
6 

(250 < P  

assume in view of the  long l i f e t ime  of SF 

- t o t a l  - 
-* , approximately 25 microseconds 6 
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[Compton -- e t  al. (196611, and the high pressures  employed. 
6 ,* 

6 ' )  
pressures ,  approximately 10 collisions occur within the  l i fe t ime of SF 

A t t achment  rates measured under these  conditions a r e  thus representa t ive  

of the  r a t e  of forward react ions and a r e  no t  complicated by reverse  

processes. 

(For these 

11. TEMPERATURE DEPENDENCE OF THE ATTACHMENT 

RATE§ IN SFg 

The tempera ture  dependence of the absolute r a t e s  of e lectron 

a t t achmen t  in SF was a l so  investigated. The a t t achmen t  rate, aw, is 

given by 

6 

05 

a w  = N v r C ( v )  f (v)dv  
0 

where N is the number of SF 

a t t a c h m e n t  c ross  sect ion as a function of e lectron velocity, and 

molecules per t o r r  a t  300" K. , G (v) is the 6 C 

2 2 f (v )  dv = ( r n / 2 ~ k T ) ~ ' ~  exp[- (mv /2kT)] 4m dv . 

From Figure 11 we conclude t h a t  a w  is tempera ture  independent over the  

range 298" to  418" K. A c ross  sect ion which is inversely proportional to 

the electron velocity, v , i. e. , 

.&V) = W v ,  (13) 

is consis tent  with a cons tan t  aw in Equation (12). For comparison with 
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the  experimental  da ta  we a l so  plot ted (Figure 11) the  tempera ture  depen- 

dence of QW (broken line) which would have been observed had O- (v) been 

inversely proportional t o  t h e  square of the  electron velocity. 

dependence of t he  electron a t t achmen t  c ross  sect ion has a theore t ica l  

basis  and is analogous t o  the  v 

in  nuclear physics [ B l a t t  and Weisskopf (1963)J. 

c 

The velocity 

-1 absorption l aw f o r  l ow-ene ra  neutrons 

-1 A physical foundation f o r  the  v law is recognized f r o m  the f a c t  

t h a t  the  c ros s  sect ion is a product of two f ac to r s ,  t h e  e f fec t ive  area €or 

a t t achmen t  and the  probability of encounter. Since the  e f f ec t ive  a rea  f o r  

a t t a c h m e n t  is proportional t o  the  square of the deBroglie wavelength and 

the probability of encounter var ies  in proportion t o  the  density of 

momentum s t a t e s ,  the  a t t achmen t  c ross  section is consequently prs-  

-1 portional t o  v . 
F r o m  Equations (12) and (13), the  constan-t- A 

-8 3 -1 t o  I x  3.83 x 10 cm. sec. . Using t h i s  value and 

v of- a therm1 electron [v  = 1.07 x 10 cm /sec. a t  
7 - 

f o r  SF is calculated 

the  average velocity 

300" K. 3, we calcu- 

6 

- 15 2 l a ted  an average a t t achmen t  c ross  section equal t o  3.6 x 10 cm. . 
Table 1 gives a summary of the repor ted  values QII the  a t t achmen t  cross 

section of SFg at: very low energies. Our value is comparable with those of 

t o t a l  ionization experiments b u t  is in disagreement with the two widely 

d i f fe r ing  values repor ted  by the  microwave technique. The compdrison of 

the  a t t a c h m e n t  a-oss sect ions GI Table I is complicated, however, by the 
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TABLE I 

ATTACHMENT CROSS SECTIONS FOR SFS 

Method 2 
r (cm. ) 

C 

3 .6  x (average) 

1.3 x 1 0 - l ~  ( a t  maximum) 

2.4 x ( a t  maximum) 

5 . 7 ~  10 (a t  maximum) 

- 10 (a t  maximum) 

2.6 x (average) 

3 x (average) 

3.6 x 

-16 

- 15 

Swarm (present  work) 

To tal ioniza tiona 

b To ta l  ionization 

To ta l  ionization' 

Mas s 5 pe c tr onie t er  

Microwave 

Microwave 

a 
e 

f 

2 
TTX ( A f o r G )  

a R. K. Asundi and J. D. Craggs, Proc.  Phys. S.oc. 
(London) - 83, 611 (1964). 

D. Rapp and D. D. Briglki, J. Chern. Phys. 43, 1480 
(1 965). 

N. S. Buchel'nikova, Soviet Phys. -JETP 35, 783 
(1959) [Zh. Eksperim. i Teor. Fiz. - 35, 1119 (1959)1. 

b - 
C 

a 
W. M. Hickamand R. E. Fox, J. Chem. Phys. - 25, 

642 (1956). 

e B. H. Mahan and C. E. Young, J. Chem. Phys. - 44, 
2192 (1966). 

J. B. Hasted and S. Beg, Br i t .  J. Appl. Phys. 16, f 
- 

74 (1965). 
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very sharp  resonance peak involved (each value r e p r e s e n t s  a n  average which 

depends on t h e  experimental  condition). 

111. ELECTRON DRIFT VELOCITIES IN NITROGEN AND ETHYLENE 

AS A FUNCTION OF TEMPERATURE 

D r i f t  veloci t ies  in ni t rogen and ethylene were  measured f o r  

t e m p e r a t u r e s  ranging f rom 298" t o  473" K. The r e s u l t s  are presented in 

Tables  I1 and I11 and are p lo t ted  as a funct ion of E/P (P = 400 t o r r )  f o r  

t he  temperatures 298" and 473" K. in Figures 12 and 13. 

D r i f t  Veloci t ies  in Nitrogen 

The d r i f t  veloci t ies  i n  ni t rogen were  found t o  decrease with 

t e m p e r a t u r e  (see Table I1 and Figure 12). 

previously by Pack  and Phelps  (1961) and by Lowke (1963). However, t h e  

d a t a  r epor t ed  by these  a u t h o r s  were f o r  only a few t e m p e r a t u r e  values. 

(Lowke' s d a t a  were  r epor t ed  for  75" and 293" K. , while Pack and Phelps  

r epor t ed  w values f o r  77", 195", 300", and 375" K.)  I t  is w o r t h  noting 

t h a t  while Pack  and Phelps (1961) did n o t  observe any t e m p e r a t u r e  depen- 

dence of w f o r  E/P > 0.1, our r e s u l t s  show t h a t  t he re  e x i s t s  a T 

dependence of w f o r  E/P up t o  1.8. 

T may be due t o  a n  increase in the  average e l ec t ron  ag i ta t ion  energy. 

Such behavior was observed 

- 
The decrease in  w with  increasing 



TABLE I1 

ELECTRON SWARM DRIFT VELOCITIES (CENTIMETERS PER MICROSECOND) 
IN NITROGEN AT VARIOUS TEMPERATURES 

E /P  298°K 313°K. 323°K. 333°K. 348°K. 388°K. 403°K. 438°K. 473°K. 

1.8 1. 14 
1.6 1.045 
1.4 0.940 
1.2 0.858 
1.0 0.760 
0. 8 0.662 
0.6 0.565 
0.4 0.474 
0.2 0.375 
0.1 0.311 
0.08 0.296 
0. 06 0.281 
0. 04 0.254 
0. 02 0.180 
0.01 0.106 
0.005 0.057 

1. 14 1.111 1.030 1.124 1.098 1.090 
1.04 1.016 1.025 1.034 1.010 1.008 
0.943 0.928 0.934 0.927 0.914 0.908 
0.850 0.843 0.840 0.837 0.830 0.825 
0.765 0.737 0.743 0.737 0.734 0.731 
0.665 0.642 0.650 0.649 0.643 0.635 
0.573 0.553 0.557 0.557 0.552 0.546 
0.481 0.469 0.468 0.467 0.465 0.461 
0.372 0.370 0.370 0.361 0.361 0.361 
0.310 0.309 0.305 0.302 0.299 0.300 
0.295 0.296 0.292 0.284 0.281 0.280 
0,278 0.278 0.275 0.266 0.263 0.263 
0.253 0.248 0.245 0.234 0.229 0.215 
0.176 0.171 0.168 0.159 0.152 0.141 
0.104 0.104 0.102 0.097 0.091 0.085 
0.057 0.057 0. 055 0.050 0.048 0.041 

1.074 
0,989 
0.891 
0.807 
0.722 
0. 629 
0.547 
0.461 
0.369 
0.297 
0.278 
0.252 
0.209 
0.133 

1.065 
0.987 
0.890 
0.805 
0.720 
0.625 
0.540 
0.456 
0.360 
0.299 
0.275 
0.248 
0.190 
0.117 

!-P 
00 



TABLE I11 

ELECTRON SWARM DRIFT VELOCITIES (CENTIMETERS PER MICROSECOND) 
IN ETHYLENE A T  VARIOUS TEMPERATURES 

E/P 298" K. 313°K. 323" K. 333°K. 348°K. 388°K. 403" K. 438°K. 473" K. 

1.8 5.63 5. 62 5.625 5.62 5.63 5. 63 5.63 5.63 5.63 
1.6 5.42 5.40 5.39 5.39 5.39 5.39 5.41 5.39 5.38 
1.4 5. 17 5. 16 5.17 5.17 5.17 5. 15 5.16 5. 15 5.15 
1.2 4.88 4. 88 4.49 4.49 4.49 4.91 4.86 4.90 4.87 

0. a 4.19 4. 16 4.15 4. 16 4. 18 4. 15 4. 17 4.15 4.13 UI 

1.0 4.57 4.57 4.57 4.57 4.59 4. 56 4. 63 4. 58 4.58 

0.6 3.66 3. 67 3.66 3 .  65 3.63 3.64 3.58 3.63 3.62 
0.4 2.86 2.85 2.88 2.87 2.91 2.87 2.77 2.83 2.83 
0.2 1. 70 1. 70 1. 68 1. 68 1.62 1.57 1. 52 1.54 1.50 

A 

0. 1 0.932 0.931 0.927 0. 926 0.900 0.837 0.829 0.813 0.775 
0.08 0.756 0.754 0.748 0.737 0.720 0.676 0.664 0.625 0.621 
0. 06 0.575 0.573 0.565 0.555 0.545 0.511 0.502 0.496 0.452 
0. 04 0.387 0.384 0.381 0.376 0.368 0.347 0.342 0.343 0.330 
0. 02 0.196 0. 194 0.191 0.188 0.186 0.174 0.170 0.170 0.162 
0.01 0.1c.c. 9.100 0.099 0. 098 0,095 0.089 0.088 0. 084 0.078 
0.005 0. 050 0.050 0.050 0. 051 0.048 0. 045 0.045 0. 045 0.043 
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Drift-  Velocities in Ethylene 

The d r i f t  velocit ies in C H were found t o  decrease with tempera ture  2 4  

up t o  a t  least an E/P = 0.4 as seen in Table 111, page 49, and Figure 13. 

More recent ly  Hamilton and Stockdale (1967) have conf irnzed our r e s u l t s  on 

the  T dependence of w in C H 
2 4' 

The change in w with increasing T f o r  both gases is not due t o  

possible outgassing a t  higher T. If the w changes were due to  electuon 

a t tach ing  polar impurit ies,  pulse height changes would be observed and no 

such changes were detected.  

bility of polar non-attaching impurities. Nevertheless, the amount of 

impurity necessary t o  cause t he  observed w changes would be such as t o  

make th i s  highly improbable. 

This, however, does not  exclude the possi- 

IV. VELOCITY DEPENDENCE AND MAGNITUDE OF THE CROSS 

SECTION FOR MOMENTUM TRANSFER IN ETHYLENE 

W e  shall now make use of the  observed dependence of w on T in 

an a t t e m p t  t o  deduce both the  velocity dependence and the  magnitude of 

the c ross  sect ion f o r  electron momentum t r a n s f e r  in ethylene. 

region of low E/P  (E/P - < 0. l ) ,  where the  applied field does not  dis turb 

appreciably the  electron energy dis t r ibut ion,  the e lec t ron  energy 

dis t r ibut ion is assumed t o  be Maxwellkin [Stockdale and H m s t  (1964), 

Christophorou -- e t  al. (1965)l. 

In the 

Thus, we may wr i t e  [Al l i s  (195611 
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m 2 af 
V 0 

dv -- 4 ~ r  e E 
3 mN P s u(v) dv 

w = - - - - - -  

0 

where 
2 

3/2 -mv /2kT 
0 

In these equations E/P is the  pressure reduced e l ec t r i c  field;  v, m, and 

e a r e  the  electron velocity, mass, and charge, respectively. We shall 

take N t o  be the  number of gas  molecules per  cm. 

when T = 298" K. 

3 when Y = 1 torr and 

L e t  u s  now assume t h a t  the c r o s s  section f o r  momentum t r ans fe r  

is expressed in powers of velocity, i. e. 

a! 

a! 

A 
U ( V J  a )  = - 

V 

where A is a constan-t depending only on CY. W e  then may show t h a t  
CY 

where r(x)  is the  gamma function of x , and Q can be any quankity 

greater than -4. The tempera ture  dependence of w follows f r o m  

Equation (17). 

is a cons tan t  independent of E/P and T. 

Some spechl cases  a r e  given in  Table IV. In the table A 
a 

The assumption of a single 
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TABLE IV 

TEMPERATURE DEPENDENCE O F  w(T) 
FOR VARIOUS VALUES OF Q! 

- 2  

- 1  

0 

A v2 -2 

A v  -1 

A O  
-1 A v  1 

A vW2 2 

A vY3 
3 

K -2, E/PT-3/2 

K 1 ~ / ~ ~ - 1  

-1/2 Kg E/P T 

Kg E/P T 
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power of velocity leads t o  a unique tempera ture  dependence, a s  i l lus t ra ted  

in Table XV. 

Our r e s u l t s  f o r  the  d r i f t  velocity in pure ethylene w e r e  compared 

-1 -1 with Equation (17) f o r  E /P  ranging f r o m  0.01 t o  0.10 vo l t  cm. t o r r  

and f o r  T ranging f r o m  298" t o  473" K. I t  was found t h a t  when o! = 0 

a good f i t  to Equation (17) was obtained with a constant  c ross  sect ion (u ) 

equal t o  o- = A = (4.37 - t 0.26) x 10 cm. , where the - t rep resen t s  

ex t r eme  var ia t ions in 42 da ta  points. This is shown in Figure 14. A t t e m p t s  

t o  f i t  the results t o  o ther  values of a! obviously fai l ,  hence we conclude 

t h a t  the  cross sect ion f o r  momentum t r a n s f e r  in ethylene is independent 

of velocity in the  range of e lectron energies between approximately 0.01 eV. 

-16 2 and 0 .1  eV. and has the value (4.37 - t 0.26) x 10 cm. . 

E 
E -16 2 

E o  

Christophorou -- e t  I al. (1966) have used th i s  finding t o  f u r t h e r  analyze 

t h e  d r i f t  velocity da t a  for mixtures of polar molecules with ethylene and t o  

derive c ros s  sect ions f o r  momentum t r a n s f e r  f o r  polar molecules mixed 

with ethylene. Further, Stockdale, Christophorou, Turner ,  and Anderson 

(1967) have used this  finding t o  derive information f o r  the  minimum e lec t r ic  

dipole moment necessary to bind an  electson t o  a polar molecule h o r n  an 

analysis of d r i f t  velocity da ta  on inixtures of polar molecules w i t h  ethylene. 
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ORNL DWG. 66-4291 

'g51 
.85 

.25 '301 
E/P=O.OI '11 , -  - , I 

4.5 4.7 4.9 5.1 5.3 5.5 5.7 5.9 6.1 C 

- x 1 0 2  

Figure 14. Experimental and calculated values of w (fox 
funct ion of tempera ture  f o r  various E/P. 

3 

Q! = 0) as a 



CHAPTER V 

CONCLUSIONS 

An apparatus  has  been bui l t  f o r  the  study of e lec t ron  swarm d r i f t  

velocit ies and e lec t ron  a t t achmen t  t o  molecules f o r  t empera tu res  ranging 

f r o m  273" t o  473" K. The apparatus  has been used f o r  the study of 

e lec t ron  a t t achmen t  t o  SF 

a t t achmen t  t o  SF6 has been measured in the t e m p e r a t w e  range 273" t o  

473" K. and found t o  be tempera ture  independent. Thus it has  been con- 

cluded t h a t  t he  e lec t ron  a t t achmen t  c ross  section f o r  SF6 a t  thermal  

energies var ies  inversely with the  e lec t ron  velocity when the a t t achmen t  

cross sect ion is assumed t o  be exqressed in powers of the  e lec t ron  

velocity. 

a t  thermal  energies. The thermal  rate of 6 

Electron d r i f t  velocit ies in nitrogen and ethylene have also been 

measured over the  tempera ture  range 273" t o  473" K. and found t o  decrease 

a5 tempera ture  increases. 

t he  w da ta  in C2H4 yielded a velocity independent cross sect ion f o r  

inomenturn t r a n s f e r  equal t o  (4.37 t 0.26) x 10 cm. a t  the:rrnal 

energies. 

sca t  t-ering of thermal  e lec t rons  f r o m  polar molecules. 

A n  analysis of the  tempera ture  dependence of 

-16 2 
_. 

This finding ha5 been f u r t h e r  used t o  obtain information on the  

5 '7 
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