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CHAPTER I

INTRODUCTION

This work, consisting o f two p ro je c ts , and one lite ra tu re  

survey encompasses studies in  three active  areas o f atomic and molecular 

physics tha t are c lose ly  re la ted. These f ie ld s  are atomic and molecu­

la r  l ife t im e s , e lectron impact exc ita tio n  o f  atoms and molecules, and 

excited atom perturbations. Results from studies in  these areas are 

important in  applied fie ld s  such as gas discharge, laser, and atmos­

pheric work besides being necessary fo r  te s tin g  and improving ex is ting  

theories and methods of basic physics. The l i te ra tu re  survey was in  

the area o f atomic and molecular life t im e s . I t  consists only o f the 

design o f a system su itab le  fo r  measuring life tim e s  o f hydrogen atomic 

and molecular s ta tes.

In  the la s t few years much progress has been made in  life tim e  

studies. See, fo r  example. Ref. 1. There are a number o f methods em­

ployed. At the U n ive rs ity  o f Oklahoma a hot hollow cathode arrangement 

w ith  a pulsed p o s itive  g rid  nestled w ith in  is  used as an exc ita tion  

source. A square wave voltage pulse is  applied and the rad ia tion  decay 

a fte r  the pulse c u to ff reveals inform ation about the life tim e  o f the 

states from which the ra d ia tio n  o rig ina tes .

H olzberle in  [2 ], Johnson [3 ],  Copeland [4 ],  Schaefer [5 ], 

Skwerski [6 ],  M ickish [7] and Thompson [8] have elaborated on the 

techniques involved in  degree pub lica tions monitored by R. G. Fowler.
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The reader is  re fe rred  to these sources fo r d e ta ils .

Another method is  to  modulate an electron beam o f  a mono- 

energetic e lectron gun by a square voltage pulse on one o f  the plates 

to  produce an e x c ita tio n  source. Lawrence [9] and Weaver and Hughes 

[10] have used th is  method to  study life tim e s . We in i t i a l l y  hoped to 

set up a life t im e  system using an e lectron gun ourselves ; however, we 

ran in to  fin a n c ia l d i f f ic u l t ie s  and had to abandon the p ro je c t at least 

fo r  the present. To help those who eventually pursue th is  goal, a 

s ta te  o f  the a r t system planned fo r  our work is  described in  Chapter V.

Experimental measurements o f  e lectron impact e x c ita tio n  cross 

sections to  upper leve ls in  hydrogen by electron-H atom c o llis io n s  has 

proved to  be very d i f f i c u l t .  In a review a r t ic le  on e lectron  impact 

e xc ita tio n  o f atoms, M oiseiwitsch and Smith [11] discuss the d i f f ic u l ­

t ie s  o f measuring e lectron  impact on atomic hydrogen cross sections. 

They suggest tha t the biggest problem has been obtaining s u f f ic ie n t ly  

large density o f  hydrogen atoms to bombard w ith  e lectrons. Progress in  

th is  area has been d i f f i c u l t  and time consuming. As a re s u lt  only a 

few exc ita tion  measurements have appeared. They go on to  discuss these 

measurements o ften  p ra is ing  the investiga tors fo r  th e ir  e f fo r ts .  How­

ever, the problems have been so great and often so overwhelming tha t 

they conclude:

"There remains a need fo r  add itiona l work to  confirm the 
measurements now in  the li te ra tu re ,  and to extend the range 
of in form ation ava ilab le . There is  also a need fo r  more de­
ta ile d  and q u a n tita tive  treatment o f e rro rs , so the l im ita ­
tions o f a given measurement are w ell defined. A measure­
ment is  complete only i f  the r e l ia b i l i t y  and accuracy o f the 
resu lts  are stated q u a n tita tiv e ly . Systematic geometrical 
and physical erro rs should be id e n tif ie d  and evaluated. The 
s ta t is t ic a l e rro rs  should be trea ted separately in  w e ll de­
fined terms. The statement o f a s ta t is t ic a l ly  determined
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probable e rro r coupled w ith q u a n tita tive  estimates o f the 
magnitudes o f  systematic errors is  valuable. A presenta­
tio n  o f e rro r  bars two or three times the s ta t is t ic a l prob­
able e rro r in  the expectation tha t i t  covers a host o f 
vaguely defined systematic e ffects  provides l i t t l e  informa­
tio n .

There have been no accurate absolute measurements o f 
hydrogen atom e x c ita tio n  cross sections."

Thus, in  sp ite  o f the fact tha t e x c ita tio n  o f atomic hydrogen 

has received much a tte n tion  by th e o re tica l phys ic is ts  due to i ts  re ­

la t iv e  s im p lic ity ,  l i t t l e  is  re a lly  known experim entally. With th is  

in  mind, James D. Walker, J r .  in it ia te d  research f iv e  years ago in 

th is  d ire c tio n  under the guidance o f h is  advising professor Robert M.

St. John. These i n i t i a l  e ffo r ts  are reported in  Walker's Ph.D. 

d isse rta tio n  [12 ]. Setting up the system proved to  be very d i f f ic u l t .

A couple o f  atomic hydrogen sources were tr ie d  w ithout success. Then 

f in a l ly  Walker h i t  on a s l ig h t ly  modified design o f the Wood tube 

(glow discharge) th a t produced what he considered as an adequate atomic 

hydrogen density. He then crossed the gas flow ing from the wood tube 

w ith  an e lectron beam from an electron gun much the same way as 

Omstein and Lindeman did in  an e a r lie r  experiment [13].

In  h is  i n i t i a l  attempt to obtain atomic hydrogen Balmer electron 

impact cross sections Walker reported [12] the e lectron  gun would not 

work fo r low voltage electrons. Thus, h is  d isse rta tio n  contained only 

the high energy portions o f what he considered the cross Balmer sections. 

But due to  the m alfunctioning electron gun and possib ly  other e ffects , 

these cross sections ra te  a low confidence le v e l.

In  a second e f fo r t  Walker made major changes in  the hydrogen 

flow  system in  an attempt to  elim inate back streaming o f d iffus ion  pump
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o i l .  The changes he made w i l l  be discussed fu rth e r in Chapter IV.

With th is  second system Walker reported obtaining atomic Hg,

Hg, and o p tic a l exc ita tio n  functions from 0--450 eV [14]. Since 

then, i t  was decided tha t fu rth e r work should be carried out to de­

termine b e tte r  the lim ita tio n s  o f the experiment and to obtain a 

more accurate knowledge o f the errors described by Moiseiwitsch and 

Smith [11]. The other two pro jects reported herein are an attempt 

to  determine these errors and lim ita tio n s .

In  the f i r s t  experiment we set out to measure the e ffe c t of 

e lectron beam current and pressure on excited Balmer-radiating hydrogen 

atoms tha t were created by electron-H 2  molecule c o llis io n . We ca rried  

out th is  experiment on a proven s ta t ic  system used by K. Walker [15]. 

This work is  reported in  Chapter I I .

In  the second experiment we set out to  measure any e ffe c t the 

Wood tube discharge might have on the hydrogen Balmer exc ita tion  func­

tions  obtained using the flow  system and also check the pressure de­

pendence o f ra d ia tin g  hydrogen atoms in  hydrogen gas. These and other 

e f fo r ts  are reported in  Chapter IV.

Absolute standardization o f cross sections is  the u ltim ate  ob­

je c tiv e  o f our lab. For the past ten years, a number o f graduate s tu ­

dents along w ith  th e ir  d irec to r, Robert M. St. John, have firm ly  estab­

lished a standard ization procedure here a t the U n ivers ity  o f Oklahoma. 

In  the past, d isse rta tions contained deriva tions o f the standardization 

form ula tion. The in terested reader is  re fe rred  to  the excellent pre­

sentation o f Sharpton [16] fo r  th is  in form ation.

In  Chapter I I I ,  the mathematical procedure behind extracting



5
hydrogen Balm er-optical e x c ita tio n  cross sections from the flow system 

is  presented. The important parameters are discussed and elaborated 

on. Although in ve s tig a tio n  o f the hydrogen molecule was not a primary 

goal, we had to  work w ith  i t  a good deal. Information about the mole­

cule re s u ltin g  from th is  work is  concentrated in  Chapter I I  and IV.



CHAPTER II

HYDROGEN BALMER STUDIES IN A STATIC SYSTEM 

In troduction

Discrepancies ex is t in  the shape ond absolute values o f pioneer 

and recent experimental hydrogen Balmer o p tica l e x c ita tio n  cross 

sections obtained from electron-H 2  molecule c o llis io n s  [10, 12,17-22]. 

These discrepancies are a consequence o f such phenomena as excited 

atom-raolecule c o llis io n s ,  excited atom-ion c o llis io n s , im purity  and 

molecular background, properties o f the e lectron  gun, and standardiza­

t io n  procedures.

The e x c ita t io n  cross sections measured and reported herein re ­

s u lt from observations made at an angle o f 90° re la t iv e  to  the electron 

beam. These are c la s s if ie d  as op tica l cross sections and d i f fe r  from 

leve l cross sections. The la t te r  are obtained from the former by 

taking in to  consideration (a) cascade in to  the leve l from higher states, 

(b) the a v a i la b i l i t y  o f  several channels from ra d ia tiv e  decay, and (c) 

the an iso trop ic  p roperty o f the rad ia tion  pa tte rn .

A conventional e lectron gun [23], high vacuum system, and data 

acqu is ition  system [24] were used to determine experimental conditions 

tha t perturbed hydrogen Balmer rad ia ting  atoms in  the c o llis io n  chamber. 

Then, operating under conditions absent o f s ig n if ic a n t pertu rba tion , 

the absolute e x i ita t io n  cross sections o f Ĥ  ̂ and Hg due to  electron-H 2  

molecule c o llis io n s  were obtained. In th is  paper we w i l l  compare these

6
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cross sections to  the re su lts  obtained in  o ther la bo ra to ries . In 

a dd ition , order o f  magnitude ca lcu la tions w i l l  be ca rried  out to  show 

th a t excited atom-H2  molecule c o ll is io n  cross sections fo r  these lines 

are possib ly as large as 10"^^cm  ̂ and poss ib ly  p roportiona l to  n^, 

where n is  the p r in c ip a l quantum number o f the corresponding Balmer 

tra n s it io n . A lso, s ig n if ic a n t excited atom-ion perturbations occur 

only at re la t iv e ly  high pressures and current dens ities .

Experimental Procedure

The apparatus used in  th is  in ves tiga tio n  is  discussed else­

where [15,25,26] and shown in  Fig. 1. The e lectron  gun and i t s  sup­

po rting  system are shown w ith  the ra d ia tio n  detection and recording 

system. Important parameters measured in  the experiment are indicated 

by the symbols representing them. These symbols I^ cj Ig , snd Dgg stand 

fo r  the current in  the pho tom u ltip lie r tube caused by the rad ia tion  

from the c o llis io n  chamber, the magnitude o f the e lec tron  current that 

passes through the f i r s t  four grids and in to  the c o l l is io n  chamber, 

and the diameter o f  the stop o f the lens, respec tive ly . These measure­

ments and parameters w i l l  be discussed and applied below.

A deta iled  study o f the rad ia tion  emerging from the c o llis io n  

chamber as a function  o f  pressure and e lectron density was carried out 

on Hjj, Hg, H^, Hg and the 4634& 3daG^Zg->2paB^zj^ molecule tra n s it io n . 

F ir s t ,  the pressure monitored by an MKS Baratron type 90 capacitance 

manometer, was set at 0.50 m torr. At th is  pressure an in te n s ity  vs. 

current curve was run, and the current at which the ra d ia tio n  emitted 

became non -linear, i f  a t a l l ,  was noted. Figure 2 i l lu s t r a te s  th is  

type observation. Although i t  might seem th a t the n o n -lin e a rity  o f
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Figure 2. Radiation from the collision chamber was monitored
as a function of chamber current at 0.5 mtorr pressure.
The non-linearity is a consequence of geometry, ionization 
energy of the gas and cathode temperature.
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th is  curve was due to  the e le c tr ic  f ie ld  o f the e lectron beam, we 

found tha t as the pressure in  the chamber was increased, or the 

e lectron energy was increased, the in te n s ity  vs, current curve remained 

lin e a r to  the l im it  o f the e lec tron  gun current of 1 ma. We thus a t­

tr ib u te  the n o n -lin e a rity  shown in  Fig. 2 to  the geometry o f the gun 

and the in te ra c tio n  o f electrons at or before the v ir tu a l cathode.

Next, w ith a v a r ia t io n  in  re p ro d u c ia ility  ranging from approxi­

mately 10% fo r  to  50% to r  Hg we found tha t a n o n -lin e a rity  appears 

in  the in te n s ity  vs pressure curve at a pressure unique to  each t ra n s i­

t io n  studied and independent o f electron energy 35 to  500 eV and cur­

rent density. Figure 3 i l lu s t ra te s  th is  fo r  the Hg tra n s it io n . The 

currents were taken from the lin e a r regions o f curves such as tha t in  

Fig. 2. The c r i t ic a l  pressures, where n o n -lin e a rity  begins, were found 

to  be 5.25+0.5, 4.00+0.4, 1.10±0.30, 0.35±.15 and 10.0+1.0 mtorr fo r  

Hg(n=3 to  2 ), Hg(n=4 to  2 ), Hy(n=5 to  2) , Hg(n=6 to  20), and the 

Hg 4634% G to  B tra n s it io n  respective ly.

A f in a l experiment was performed to check again fo r  current de­

pendence. We monitored the ra d ia tio n  o f each o f the tra n s itio n s  at a 

pressure o f 10 mtorr and p lo tte d  in te n s ity  vs current fo r 100 eV e lectrons. 

As expected, in  every case the l ig h t  emitted was lin e a r  w ith  respect to 

current to  the current l im it  o f the electron gun. This l in e a r ity  w ith  

current indicates tha t the pressure induced n o n -lin e a rity  is  due to 

c o llis io n s  o f  the excited atoms w ith  molecules and not w ith ions or 

electrons. C o llis ions o f excited atoms w ith  molecules is  the source 

o f c o l l is io n  broadening o f spectra l lines.

Ion ic  in te rac tions  should d e f in ite ly  be a func tion  o f the e lectron 

beam current. Such a current dependence appears in  our studies at h igher
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Intensity vs. Pressure
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Figure 3. An Intensity vs. Pressure curve of . The non-
linearity occurred at pressures unique to the transitions 
studied.
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pressures. For example, the chamber pressure was set at 100 m torr 

and the e lectron energy at 100 eV while ra d ia tio n  was monitored 

as a function o f  curren t. The resu lts  p lo tted  in  Fig. 4 show the 

n o n -lin e a rity  occuring at an electron beam current o f approximately 

400 y A. We fee l tha t th is  perturbation could poss ib ly  be due to  co l­

lions  o f excited atoms w ith  p o s itive  ions or to  the geometry o f the 

e lectron gun and the in te ra c tio n  o f electrons at or before the v ir tu a l 

cathode. The arguments against excited atom-electron c o llis io n s  are 

given below.

Figure 5 is  a composite o f regions o f lin e a r emission o f rad ia ­

t io n  from the e x c ita tio n  chamber as a function o f e lectron  energy, 

e lectron cu rren t, and gas pressure. S im ila r composites occur fo r  other 

gases. The composite fo r  a given gas d if fe rs  w ith  the operating temper­

ature o f the cathode. A v a r ia tio n  in  the cathode temperature w i l l  also 

s h i f t  onset voltages and change shapes o f the onset portions o f the ex­

c ita t io n  functions acquired while working in  the lin e a r  regions o f Fig.

5. Thus, we f in d  tha t fo r  th is  e lectron gun the onset portion  o f  the 

e xc ita tio n  functions is  sens itive  to  electron cu rre n t, geometry, and 

cathode temperature. The d iffe rence  between e lectron gun determined 

onset voltage and the spectroscopica lly determined value is  termed the 

p o te n tia l s h if t  o f the e lectron gun and w i l l  be discussed in  d e ta il in  

Chapter IV. As the cathode temperature is  increased the p o te n tia l s h if t  

decreases. I ts  observed value fo r  Balmer e x c ita tio n  functions usua lly  

less than 3 eV.

The absolute hydrogen Balmer and Hg o p tic a l e x c ita tio n  cross 

sections due to  electron-H 2  molecule co llis io n s  were obtained under



13

•S

cH

5 Intensity vs. Chamber Current

100 eV electrons 
100 mtorr pressure

4

3

2

1

200 400 600
Chamber Current I (^amp)

Figure 4. Non-linear output of Hj- radiation 
from the collision chamber due to 
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lin e a r current conditions and at the c r it ic a l pressures discussed 

above in  order to  avoid s ig n if ic a n t excited atcm-molecule in te rac tio ns . 

The absolute c a lib ra tio n  o f these cross sections were performed as de­

scribed in  other papers [25,27] and below. These functions appear in  

Figs. 6  and 7. In Table 1 numerical values are presented.

Calculations 

O ptical Cross Sections 

The re la tionsh ip  between the op tica l cross section 0 and the 

measurable parameters o f the c o ll is io n  chamber, l ig h t  detection and 

processing equipment, and standardization system is  given by Sharpton 

et a l .  [25] and St. John [27] as

where e is  the charge o f an e lectron (Coulombs), K is  the height o f 

the monochromator entrance s l i t  (cm), p is  the pressure in  m torr, 

and are the diameters o f apperature stops used when viewing the 

standard lamp and c o ll is io n  chamber respective ly, and are photo­

m u lt ip l ie r  currents due to  ra d ia tio n  from the c o l l is io n  chamber and 

standard lamp respec tive ly , 1 ^ is  the electron current passing through 

the c o llis io n  chamber (amps), AX(&) is  the band pass o f the monochro­

mator and P^^/16 is  the number o f photons per u n it Angstrom band pass 

which are emitted by the standard lamp and which subsequently are 

transm itted through the monochromator per second, per square centimeter 

o f ribbon area, per s o lid  angle subtended by the same. In Table 2 

ty p ic a l values fo r  these parameters are lis te d .
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Table 1

Hydrogen Balmer Absolute Excitation Cross Sections By Electron- 
H2  Molecule Collisions

I1/

Acc. Cross Acc. Cross Acc. Cross Acc. Cross
Pot. Section Pot. Section Pot. Section Pot. Section

(volts) “19 0  (10 cm?) (volts) (10-19cm2) (volts) (10-19cm2: (volts) (10-19cm2

17.50 0 59.0 7.96 18.75 0.128 52.5 1.108
17.75 0.37 60.0 8.00 19.0 0.238 55.0 1.138
18.00 1.01 62.5 8.07 19.5 0.333 57.5 1.159
18.25 1.81 65.0 8.15 20.0 0.360 60.0 1.176
18.50 2.62 67.5 8.22 21.0 0.388 65.0 1.193
18.75 3.31 70.0 8.26 22.0 0.400 70.0 1.202
19.00 3.59 72.5 8.30 23.0 0.400 75.0 1.210
19.25 3.80 75.0 8.30 24.0 0.400 80.0 1.202
19.50 3.97 77.5 8.34 25.0 0.408 83.0 1.202
19.75 4.00 80.0 8.30 26.0 0.415 90.0 1.197
20.0 4.11 82.5 8.30 27.0 0.435 95.0 1.189
20.5 4.11 85.0 8.30 28.0 0.455 100.0 1.168
21.0 4.26 87.5 8.30 29.0 0.485 105.0 1.138
21.5 4.34 90.0 8.30 30.0 0.525 110.0 1.125
22.0 4.40 92.5 8.22 31.0 0.565 120.0 1.083
22.5 4.37 95.0 8.19 32.0 0.599 130.0 1.036
23.0 4.45 97.5 8.15 33.0 0.645 140.0 1.002
23.5 4.50 100 8.11 34.0 0.688 150.0 0.943
24.0 4.50 105 8.00 35.0 0.723 160.0 0.913
24.5 4.50 110 7.88 36.0 0.756 170.0 0.883
25.0 4.50 115 7.81 37.0 0.794 180.0 0.841
26.0 4.55 120 7.62 38.0 0.841 190.0 0.815
27.0 4.62 125 7.47 39.0 0.875 200.0 0.781
28.0 4.74 130 7.35 40.0 0.909 225.0 0.722
29.0 5.03 135 7.24 41.0 0.943 250.0 0.662
30.0 5.27 140 7.16 42.0 0.968 275.0 0.611
31.0 5.42 145 6.97 43.0 0.976 300.0 0.569
32.0 5.50 150 6.94 44.0 0.998 325.0 0.526
33.0 5.69 160 6.67 45.0 1.020 350.0 0.484
34.0 5.72 170 6.44 47.5 1.053 400.0 0.437
35.0 5.80 180 6.25 50.0 1.087 500.0 0.352
36.0 5.87 190 5.99
37.0 5.99 200 5.80
38.0 6.18 220 5.46
39.0 6.29 240 5.08
40.0 6.41 260 4.85
41.0 6.48 280 4.55
42.0 6.59 300 4.24
43.0 6.67 325 4.02
44.0 6.78 350 3.75
45.0 6.86 375 3.60
47.5 7.16 400 3.45
50.0 7.35 425 3.22
52.5 7.58 450 3.11
55.0 7.77 475 2.96
57.0 7.85 500 2.84
58.0 7.88



TABLE 2

Typical values of Balmer optical cross sections and the measureable parameters 
of the collision chamber, light detection and processing equipment, and 
standardization system.

H
cm

°SL 1 :cc
ft.

^SL
K

Pl6
10l5

P
mtorr

»c« :e
-410 also

*SL Q
lO'l^cm*

'V(filtered) .0432 .2083 6.» 7.5 1800 1.18 5.25 ..9056 6.00 218.8 8.30

.0432 .3034 3.9 1.1 2000 .297 4.00 .9056 6.00 87.3 1.21

to
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Excited Atom-Atom (molecule) C o llis ions

The rate o f  change o f  population o f the upper excited state * 

o f a th ree-leve l atom (molecule) system during e lectron bombardment is 

given by the fo llow ing ra te  equation at low gas dens ities .

dn* 1
= nn V Q(v ,n to  n*) - n * ( -  + nvo) (2)d t e e e t ^

Here, n* is  the number density o f atoms in  the excited sta te  of the 

three leve l atom, n is  the number density o f atoms in  the ground sta te , 

n^ is  the number density o f electrons bombarding the gas w ith  a veloc­

i t y  v^, T is  the life t im e  o f the excited s ta te , v is  the average veloc­

i t y  o f the gas atoms and is  given by v = ( 8 kT/m)^, a is  the cross sec­

t io n  o f perturb ing excited atom-ground sta te  atom (molecule) co llis io n s , 

and Q is  the absolute exc ita tio n  cross section fo r  population o f the ex­

c ited  leve l by e lectron c o llis io n s .

The excited atom-ground state atom (molecule) in te rac tion  term 

n*n va is  n e g lig ib le  a t very low pressures. Under steady state condi­

tions the in te n s ity  o f the emerging rad ia tion  changes lin e a r ly  w ith  

pressure changes in  th is  range. See Fig. 8 . At h igher pressures there 

w i l l  be non-linear in te n s ity  of the rad ia tion  emitted in  response to  

changes in  pressure i f  the excited state channels o f population or de­

population are a lte red . Figure 9 shows an add itiona l depopulation 

channel.

In our studies we found the in te n s it ie s  hydrogen H ĵ, Hg, Hy,

Hg and the 4634 % molecular G to B tra n s it io n  became non-linear at 

pressures s ta rtin g  approximately at 5.25+0.5, 4.00±0.4, 1.10+0.30,

0.35±.15 and 10±1.0 mtorr respective ly. This n o n -lin e a rity  indicates
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Figure 8. At low pressures spontaneous
emission accounts for essentially 
all depopulation of the excited 
state, and emerging radiation 
changes linearly with pressure.

Figure 9. At higher pressures an alternate 
depopulation channel becomes 
significant. The depopulation 
channel opened alters the previous 
scheme and causes non-linear changes 
in radiation with respect to pressure 
change.
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some a lte ra tio n  in  the population or depopulation mechanisms of the 

appropriate excited states due to excited atom-ground s ta te  atom 

(molecule) in te ra c tio n s . Since hydrogen Balmer rad ia tion  is  produced 

from three near degenerate (,-leve ls, the depopulation channels could 

be a lte red  by c o l l is io n  induced tra n s it io n s  between them. Another pos­

s ib i l i t y  is  th a t excited atoms could tra n s fe r th e ir  e xc ita tio n  energy 

to  other atoms and molecules in  the c o llis io n  chamber. Whatever the 

mechanisms are, they are represented here by the c o llis io n  cross section 

term 0  in  Eq, (2 ). I t  should be noted tha t at higher pressures excited 

atom-atom (molecule) in te ractions may a lte r  population and depopulation 

channels in  such a way that in te n s ity  o f rad ia tion  emitted in  response 

to  changes in  pressure w i l l  s t i l l  be lin e a r, but the measured life t im e  

o f  the s ta te  w i l l  have a ltered . This would happen in  s itua tions  in  

which no a d d ition a l channels are opened but in  which tra n s it io n  prob­

a b i l i t ie s  are a lte red  by c o llis io n s .

We have also made an order o f magnitude estimate o f each a by 

assuming the hydrogen Balmer rad ia ting  system can be approximated by a 

three le ve l model. This is  considered a good assumption since some 

evidence ind ica tes Balmer ra d ia tio n  obtained from electron-H 2  molecule 

c o llis io n s  is  p r im a r ily  from the nd to  2p tra n s it io n  [7 ]. We also as­

sumed th a t the breaking point in  in te n s ity  vs pressure curves (Fig. 3)

is  the po in t where the a lte r in g  c o llis io n  term n*nva is  1 % as large as 

the spontaneous emission term n * /r  o f Eq. (2). Le tting  the number dens­

i t y  o f the gas be n^ at th is  breaking po in t which we c a ll the c r i t ic a l

pressure, the expression fo r  a obtained from Eq. (2) is

0
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Values fo r  n^, x, and o are given in  Table 3 fo r each tra n s it io n  o f 

in te re s t. The life t im e  x was taken from experimental work done by 

Mickish [7 ]. We found a to  be qu ite  large and about the size o f calcu­

la ted e la s tic  c o llis io n  cross sections. In Table 3 a(295° K) was c a l­

culated assuming the average v e lo c ity  o f the atoms in  the exc ita tion  

region was given by v = ( 8 kT/m)^. This is  the cross section to be ex­

pected i f  the atoms excited by electron-H 2  molecule co llis ions  s t i l l  

have the v e lo c ity  o f the parent molecule. Robisco [28] et a l. has shown 

that at higher e lectron energies the re su ltin g  excited hydrogen atom 

could have a tra n s la tio n a l v e lo c ity  o f approximately 4.7 eV. We have 

also calculated the excited atom-Hg molecule in te ra c tio n  cross section 

using th is  v e lo c ity  and termed i t  o(4.7 eV). The argument o f Robisco 

et a l .  [28] w i l l  be discussed more f u l l y  la te r . In  Fig. 10, n^i is  

p lo tted  vs the p r in c ip a l quantum number o f the upper level o f the cor­

responding Balmer tra n s it io n s . This p lo t  reveals tha t a is  approxi­

mately p roportiona l to  n^. The Bohr theory gives an electron o rb it

cross section as ira n̂+ where a is  the Bohr radius o f .51% and n is
0 0

the p r in c ip a l quantum number. The Schrodinger form ulation gives

"(Schrcdinger) = I W

These th e o re tica l cross sections are included in  Table 3. As suggested 

by Mickish [7] the d o rb ita ls  were assumed to  be the major con tribu to r 

to the Balmer ra d ia tio n  produced by electron-H^ molecule co llis io n s  in  

the Schrodinger ca lcu la tion . A more complete th eo re tica l analysis o f 

hydrogen excited to  i t s  n = 3,4,5 and 6  levels and in te rac ting  w ith  

e ith e r atoms or molecules is  not presented in  the lite ra tu re  at present.



Table 3. A table of values for the critical pressure n^, the experimentally
determined lifetimes 'C  of the relevant excited Balmer states, 
and theoretical and experimental collision cross sections.

(gef. 7) 
10-9 acc.

"0
m t o r r -ft "o'C10 B C G . m t o r r

O^chrodlnger 
1 0 - 1 4 c m 2

^^xpi4.7oV)
1 0 " l 5 cn»2

63+ 6 5.25+ 0.5 33.1 + 6.3 5.23 + 0.99 .713 1.11 3.09 + 0.58

39+ 9 4.00+ 0.4 15.6 + 5.2 11.1 + 3.7 2.25 4.43 6.55 + 2.2

"y 71+ 10 1.10+ 0.3 7.8 + 3.2 22.1 + 9.1 5.50 11.9 13.0+ 5.4

«S 105+ 21 .35+ 0.15 3.7 + 2.3 47.2 + 30 11.4 25.8 27.8 + 17.7

rs>
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collision cross section vs. respective 
principal quantum numbers. This graph 
indicates Q 'o t is a good approximation.
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A number o f authors do, however, discuss re la ted  phenomena and some 

are included in  the bib liography [29-35]. Mott and Massey [35] best 

explain the procedure involved in  carrying out tran s fe r o f exc ita tion  

in  slow c o llis io n s  ca lcu la tions.

Excited Atom-Electron C o llis ions 

We can expect atom-molecule c o llis io n a l e ffects  to  be indepen­

dent o f the e lectron  beam density; bu t, we also expect tha t excited 

atom-electron c o ll is io n a l e ffe c ts  are current dependent. As shown in  

Fig. 4, we found th a t at h igher pressures and current densities H 

ra d ia tio n  responds non linea rly  to  changes in  current. I f  th is  p e rtu r­

bation is  due to  excited atom-electron c o llis io n s , then the ra te  equa­

t io n  is

= nn V  Q(v ,n-^n*)-n*(- +nva+n v a ) . (5)d t e e^ e x e e e

Here, n* is  the excited sta te  number density, n is  the ground state 

number density , ng is  the e lectron beam number density w ith  v e lo c ity  

Vg, T is  the li fe t im e  o f the excited s ta te , v is  the average v e lo c ity  

o f gas atoms, a is  the cross section o f perturb ing excited atom-ground 

state atom c o llis io n s , Q is  the absolute e xc ita tio n  cross section fo r 

population o f the excited leve l by electron c o llis io n s , and Og is  the 

cross section o f pe rtu rb ing  e lectron-excited atom c o llis io n s . The ex­

pression is  id e n tic a l to  Eq. (3) except fo r  the add ition o f  the electron-

excited atom in te ra c tio n  term n*n v a . I f  fo r  an e lectron beam numbere e e

density n° th is  mechanism is  1  per cent as large as the other depopula­

t io n  terms, then from Eq. (5)

. 0 1  (— +nvo) 

e e
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An order o f magnitude value fo r the e lectron-excited atom cross 

section was calcu la ted from data obtained from Figs. 1  and 4 and Table 

3. The re s u ltin g  e lectron  excited atom cross section would be 

Og(Hy)24xlCrl0cm2.

Purcell [36] discusses the p o s s ib ility  of electrons inducing 

tra n s it io n s  between the near degenerate levels 

excited hydrogen atom from a d iffe re n t approach. He suggests tha t 

the f ie ld  o f the moving electrons and pos itive  ions looks lik e  a 

flu c tu a tin g  f ie ld  to  the excited atom. Considering a certa in  number 

density o f electrons and pos itive  ions at a given temperature he con­

cludes th a t the cross section fo r th is  process is qu ite  large. His 

figures fo r  the 2 ^S^y2  ^^^3 / 2  t ra n s it io n  predict a cross section o f

approximately 10"^^cm^ under the conditions obtained from Fig. 4. The 

cross sections fo r  such an induced tra n s itio n  in  the n = 5 level o f 

hydrogen however has not been calculated although Wilcox and Lamb [21] 

have applied h is treatment to the 3s s ta te . In  both the rate equation 

and the P urce ll approach the resu lts  are unacceptably la rge, and we 

must look to  the p o s itiv e  ions fo r a possible explanation.

Excited Atom-Ion C o llis ions 

So fa r  we have discussed and used the term inology o f the impact 

approach o f c o ll is io n a l and Stark broadening. This approach is  re ­

ported to  be v a lid  when the perturbers in te ra c t w ith  the excited atoms 

fo r a much shorte r time than the life t im e  of the re levant sta te . Thus, 

th is  approach is  idea l fo r  the e lectron-excited atom problem. The 

q u a s i-s ta tic  broadening approach is  an approximation o f the other ex­

treme. I t  is  v a lid  when the perturbera move s low ly  so tha t the
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pertu rbation  is  p ra c t ic a lly  constant over an in te ra c tio n  time which is  

o f the order o f  the li fe t im e  o f the excited s ta te . The quas i-s ta tic  

or s ta t is t ic a l descrip tion  is  pursued by Holtsmark [29 ]. He found that 

the most probable e le c tr ic  f ie ld  experienced at a s ing le  point is  space 

due to the time average o f f ie ld s  o f neighboring ions is  given by

P)
0

where E is  in  v o lts  per meter and n^ is  the number density o f the ions. 

In  the e x c ita tio n  chamber near the electron gun, space charge neu tra l­

iz a tio n  would cause the number density o f p o s itive  ions to  be equal to 

the number density o f electrons in  the beam. This is  a consequence o f 

Poisson's  equation. Thus

" i  = "e =
e

where Ig is  the e lectron current, Vg is  the v e lo c ity  o f the electrons, 

and A is  the area o f the beam at the s l i t .  We f in d  the number density 

o f both ions and electrons at 400y amps, regardless o f the pressure, to 

be

n . = n =  5 . 4 x1 0 6  . (9)
1  e cm̂

S ubstitu ting  th is  number density in to  Eq. (6 ) we fin d  a f ie ld  

strength E = 1 . 2 x 1 0 * 2  vo lts/cm . This f ie ld  is  possib ly strong enough 

to  cause some 2 - le v e l m ixing such as Bethe and Salpeter discuss in  th e ir  

book [IS ], b u t, not the non-linear e ffect recorded in  Fig. 4. We can 

not accept i t  as the cause, because, th is  f ie ld  strength is  independent 

o f the pressure o f the gas in  the chamber. I f  th is  model were v a lid , 

non-linear e ffe c ts  would set in  at 400y amps at any pressure. This is
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not observed experimentally. At lower pressures the current reaches 

over 1 ma w ith no current dependent e ffec ts  evident. The corresponding 

number density o f ions and f ie ld  strength at 1  ma are 13x10® ions/cm® 

and 2 . 1 x1 0 - 2  volts/cm respective ly.

I f  we assume the ion density is  not governed by space charge 

n e u tra liz a tio n , the pressure dependent n o n -lin e a rity  can be explained. 

For an order o f  magnitude ca lcu la tion , we w r ite  the ra te  equation 

governing the population o f ions in  the chamber:

dn+
= nngVgQ^(n to  n+) + Dv2 n+ ( 1 0 )

where n+ is  the number density o f  p o s itive  ions, Q+ is  the cross section 

fo r production of ions from e lectron impact w ith  neutra ls n, ng is  the 

number density o f electrons in  the beam w ith  v e lo c ity  Vg, and D is  the 

d iffu s io n  co e ffic ie n t o f hydrogen ions in  hydrogen. C y lind rica l co­

ordinates can be used since the experiment was performed in  a c y lin d r i­

cal c o llis io n  chamber under steady state cond itions. Assuming tha t n+ 

is  a function o f r  only, Eq. (10) becomes

The so lu tion  is
nn V Q (R2-r2)

\  ^   ( 1 2 )

when the conditions

n^ = 0 at r  = R the radius o f the chamber 

n^ = f in i te  at r  = 0

are imposed. Equation (12) reveals that the number density o f pos itive
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ions in  the chamber is  a function  o f pressure and current density , 

which is  exactly what we have found in  our data o f as shown in  

F ig. 4. In ca lcu la ting  n+ we make use o f more approximations. From 

k in e tic  theory the d iffu s io n  co e ffic ie n t is

D = i vX =------   = 5.1x104 (13)
3n(4ïïa^)

where 4iTa  ̂ is  a reasonable cross section fo r  atom-ion c o llis io n s  [ 3 7 ] ,  

n is  the number density o f  the gas atoms, v is  the average v e lo c ity  o f 

the gas atoms, and X is  the mean free path fo r  c o llis io n s  in  the gas.

The cross section fo r  io n iza tion  by electron-H 2  molecule c o llis io n s  

is  obtained from data compiled by K ie ffe r and Dunn.[38 ]. F in a lly , the 

e lectron number densities and the v e lo c it ie s  o f the electrons are ob­

ta ined from the in te n s ity  vs current curve in  Fig. 4 and the electron 

beam radius given in  Fig. 1. The radius R o f the chamber is  1.175 cm. 

Then from Eqs. (12) and (17) respective ly, the maximum ion density and 

f ie ld  strength is

n^ = 6 . 2  1 0 ® ions/cm® (14)

B = 1 .3  ^  . (15 ,

More than l ik e ly ,  the ion density and f ie ld  strength is  less than th is  

since we ignored the loss o f ions by c o llis io n s  w ith  the end w a lls  o f 

the chamber. This is  o f secondary importance as we have id e n t if ie d  the 

po s itive  ions as a possible source o f the current and pressure dependent 

perturbation displayed in  F ig. 4.

E lectron Gun Characteristics 

I t  is  possible th a t the n o n -lin e a rity  o f rad ia tion  in te n s ity



31
w ith  current shown in  Fig. 4 is  a ch a ra c te ris tic  o f the e lectron gun 

in  a l l  gases and not confined to hydrogen. We have already shown in  

Figs. 2 and 5 tha t the e lectron gun manifests non-linear behavior when 

operated at low electron voltages. A s im ila r phenomena is  l ik e ly  to  

occur in  a l l  gases at higher pressures. This is  because more m ultip le  

e lectron c o llis io n s  occur.

The ra t io  o f current o f c o llid in g  electrons Ig to  the to ta l 

current o f e lectrons I in  a monoenergetic e lectron beam is  given by

= nAxQ (16)I

where n is  the number density o f gas p a r t ic le s , Ax is  the distance 

trave led  by the electrons in  the gas at a p a rt ic u la r  v e lo c ity  and Q is 

the summation o f  a l l  possible in e la s tic  cross sections o f electrons 

whose v e lo c ity  is  tha t o f the beam. By su b s titu tin g  values fo r n, Ax, 

and Q we can get an order o f magnitude estimate o f the per cent o f 

e lectrons su ffe rin g  m u ltip le  c o llis io n s . This percentage in  turn sug­

gests some lim ita tio n s  o f the e lectron gun.

The de riva tion  and consequences o f Eq. (16) is  as fo llows.

The number o f these atoms tha t su ffe r in e la s tic  c o llis io n s  per second 

per u n it volume is  given by the rate equation

^  = ™e’'eO n n

where ng is  the number density  o f electrons in  the beam and Vg is  the 

v e lo c ity  o f  the electrons. Since the number density o f atoms su ffe ring  

in e la s tic  c o llis io n s  per second must equal the number density of 

electrons su ffe rin g  in e la s tic  c o llis io n s  per second and I = n^v^Ae
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where A is  the cross sectiona l area o f the e lectron beam and e is  the 

charge o f  an e lec tron , then Eq. (17) is

aor = imeVeS = (18)

where V is  the volume o f in te re s t. S ubs titu ting  current in  the middle 

term and the volume o f  in te re s t as V = AAx we have Eq. (16)

j
= n AxQ (19)

For accurate experimental cross section work we wish to  have 

1  per cent o r fewer e lectrons making in e la s tic  c o llis io n s  before entering 

the chamber viewing area. This assures a monoenergetic beam. Under th is  

c r ite r ia

n A xQ £  .01 . (20)

For an order o f magnitude ca lcu la tio n  we assume tha t the to ta l in e la s tic  

cross section is  on the order o f the to ta l io n iza tion  cross section; 

th is  assumption is  supported by experimental evidence. See, fo r  example, 

Ref. 38. For e lectron  guns operated at low pressures there is  only one 

region where Ax is  large enough fo r  concern. That is  the region between 

the f i r s t  accelerating g rid  and viewing area. For hydrogen, Eq. (20) 

can be s a t is f ie d  i f  the pressure o f hydrogen atoms is  kept at approxi­

mately 10 m torr or below. At h igher pressures a s ig n if ic a n t percentage

o f the beam electrons make m u lt i-c o llis io n s . I t  might seem tha t at

high pressures in te n s ity  vs current studies could be made and any non- 

l in e a r ity  could be a ttr ib u te d  to  the gas under study and not the gun. 

Under these conditions a l l  currents would seem to  have the same percent­

age o f e lectrons making m u ltip le  c o llis io n s  in  the region between the
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f i r s t  accelerating g r id  and the viewing area. This is  probably not a 

safe conclusion because at higher pressures the region around the other 

grids becomes im portant.

The other grids in  the electron gun are fo r  current contro l.

For current va ria tio n  in  an in te n s ity  vs pressure study, the voltage 

on g r id  number two must be changed. At low pressures nothing dramatic 

happens to  the plasma around these p la tes due to  few electron-atom in ­

te ractions except at low accelerating p o te n tia ls . At high pressures 

more in te rac tions  occur and even a large percentage o f m u ltip le  e lectron 

c o llis io n s  occur in  th is  area. As the voltage on g rid  number two 

changes d iffe re n t percentages o f e lectron c o llis io n s  occur in  th is  area.

As the voltage on the g rid  changes d iffe re n t percentages o f electrons 

are a ffe c tin g  the gas around these p la tes . The subsequent changes in  

plasma density  around these plates a lte rs  the energy d is tr ib u tio n  o f 

the electrons in  the e lectron beam as a function  o f the g r id  number 

two voltage and consequently current density. As a re s u lt we can ex­

pect the e lectron  gun to  be non-linear a t pressures somewhere above 1 0  

m torr depending on the gas.

Discussion o f  and Hg Optical Cross Sections from Electron-H-j C o llis ions 

The e xc ita tio n  functions o f H„ and Hq from 0 to  500 eV fo rU p

electron impact on H2  are shown in  Figs. 6  and 7 respective ly . The ma­

jo r i t y  o f the investiga to rs  have concentrated on the high energy po rtion  

o f the func tion , but W illiams et a l.  [19 ], Vroom and deHerr [20],

K ru itho f and Omstein [22 ], and Wilcox and Lamb [21] have studied the 

onset. W illiams et a l . ,  K ru itho f and Omstein and Wilcox and Lamb report
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onsets that look very much lik e  the resu lts  o f t i l s  work but, Vroom 

and deHeer report add itiona l s tructure . This add itiona l s tructure  is  

probably due to molecular background. For both the 1st order 

molecular background, scattered l ig h t  and the 2 nd order Zsoa^Z^ ->

Zpob^zj^ continuum ra d ia tio n  must be elim inated. Our exc ita tion  

function was measured w ith  the monochromator bandpass set at 

AX = 14.1 %. The f iv e  molecular lines reported by Gale, Monk, and 

Lee [39] close enough to  to contribute rad ia tion  to the exc ita tion  

function were too weak fo r  detection. The detectable second order 

continuum ra d ia tio n  and scattered l ig h t  was elim inated by a O rie l 

Model G-772-4750 long pass f i l t e r .  Without a f i l t e r  or w ith  a larger 

bandpass the re su ltin g  exc ita tion  function has add itiona l s tructure  

lik e  that reported by Vroom and DeHeer [20]. The two molecular tra n s i­

t io n  3dalJïï ->2paB^z'^ 4861.74 S and 3daJ^Ag->-2paB^E^ 4860.81 % contribute 
b g ^ u  b ^ ’ ^ g

to  the Hg e x c ita tio n  function [39,40]. That ra d ia tio n  is  detectable, and 

the small non-zero cross section ju s t below onset o f  Hg, Fig. 7, reveals 

the relative magnitude o f th e ir  con tribu tion .

The shape o f  the H  ̂ and Hg exc ita tio n  functions reported here 

agree w ell w ith  work reported in  other labs [10,19-21]. The absolute 

value o f the e xc ita tio n  cross section, however, varies among these in ­

vestiga tors. For Hg Weaver and Hughes [10] report an absolute exc ita ­

tio n  cross section approximately 2 0  per cent less than reported in  th is  

work. Williams e t a l .  [19] report values 50 per cent greater than th is  

work, and Vroom and deHeer [20] report values very close to  those re­

ported here fo r  energies greater than 150 eV. They report values up to
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25 per cent greater than found in  th is  work fo r lower e lectron energies.

For Hg Weaver and Hughes report an absolute e xc ita tio n  cross 

section approximately 7 per cent greater than found in  th is  work. 

Williams et a l .  report values very close to  a fac to r o f four greater 

than th is  work, and Vroom and deHeer report values 40 per cent greater 

than th is  work fo r  energies greater than 150 eV. Vroom and deHeer's 

values are up to  60 per cent greater than found in  th is  work fo r 

lower e lectron energies.

The hydrogen Balmer exc ita tio n  functions H  ̂ and Hg obtained in  

th is  study show in te re s tin g  s tructure  in  the 16 to  45 eV range. We 

suspect tha t at the e xc ita tio n  onsets, and at approximately 25 eV and 

35 eV, three d iffe re n t exc ita tio n  mechanisms are activa ted. At the 

lower energies Robisco [28] et a l.  have suggested tha t H(2s) states 

are produced by e x c ita tio n  o f molecular s ing le t and t r ip le t  bonding 

o rb ita ls  tha t v ib ra t io n a lly  d issociate in to  one H (ls j and one H(2s) 

atom. The excellent p o te n tia l energy curves fo r  H2  in  Figs. 1 1  and 

12 presented by Sharp [41] show th a t in  general a d issoc ia tion  onset 

in to  products H(nl] and H (ls ] is  given by:

18.0758 - eV . (21)
n^

For the 25 eV in f le c t io n  in  our and Hg e xc ita tio n  functions 

we also reference Robisco [28]. He suggests tha t anti-bonding doubly 

excited states o f the molecule d issociate in to  high v e lo c ity  (n&) atoms. 

His data suggests tha t in  creation o f high v e lo c ity  metastable H(2s) 

atoms, the molecule is  excited to  previously undetected doubly excited 

repulsive states that eventually end up as (Is) ans (2s) atoms. The 

onset o f  th is  process fo r  creating fas t (Is) and ( 2 &) atom is
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approximately 10.1 eV above the process o f producing slow (ls)+(2%) 

atoms. The 10.1 eV extra exc ita tion  energy is  converted to  tran s la tio na l 

t io n a l energy. That is  why the la t te r  atoms are fa s t. I t  is  probable 

tha t there are o ther repulsive doubly excited states that are excited 

and end up as fa s t as H (ls) + H(n&) atoms.

F in a lly  we get to the th ird  in f le c t io n  seen on the exc ita tion  

functions at approximately 35 eV. Balmer ra d ia tio n  is  probably pro­

duced by simultaneous exc ita tion  and io n iza tio n  o f the molecule. For 

producing such H'*’ and H(nJi) atoms the e lectron energy must be at le as t:

1 % qgvg
31.6757 - -  eV (22)

n2

For th is  is  approximately 5 eV less than revealed by our 

exc ita tio n  func tion . Sharp's p o ten tia l energy curves in  Fig. 11 fo r 

H2 , H2  and H2  show tha t H'*' + H(n£) atoms w i l l  not be produced u n t i l  the 

e lectron energy is  over 34 eV due to  the Frank-Condon p r in c ip le  in  ac­

cordance w ith  our data. From Fig. 11, we can also expect the hydrogen 

atoms produced by th is  process to  be o f high v e lo c ity .

We have also concluded tha t the pressure dependence o f the 

H2  G to  B 4634 X o p tic a l exc ita tion  function  fo r  lack o f a b e tte r ex­

planation lends possible supporting evidence to  the existance o f high 

v e lo c ity  H(n£) atoms. In Fig. 13, the o p tic a l exc ita tio n  function is  

shown at two pressures. At the higher pressure the high energy portion  

o f  the function increases re la tiv e  to the low energy po rtion . This in ­

crease is  possib ly  due to molecular in te ra c tio n  w ith  H(n&) atoms since 

they are p re fe re n tia lly  populated at h igher energies. The excited hy­

drogen atoms poss ib ly  release th e ir  energy to  the ground sta te  molecules



39

0 3
Oi
<

zO
HuM
C/3

CO
CO

§o
zoMH
MCJXw
h3
3

Cu
o

9.7 m torr

ACCELERATÏÜil WiïENÏXAL (VULÏw;

FIG. 13. O ptica l exc ita tion  cross sections o f the 4634 & 
G to B tra n s itio n  in  molecular hydrogen. The 
upper cur've was taken a t 9.7 m torr pressure and 
the lower was obtained at 30 m torr pressure.



40
tha t eventually radiate (4634^) l ig h t .  Since the G s ta te  lie s  approxi­

mately 4.5 eV above ground i t  is necessary tha t the H(n£) atoms have 

approximately 4.5 eV k in e tic  energy. This we have already established 

as possib le. This pressure dependence became apparent at approximately 

10 m torr o f pressure. Other p o s s ib ilit ie s  are resonance trapping and 

excited molecule-molecule c o llis io n s . Further studies w i l l  have to be 

ca rried  out to  determine the mechanism d e f in ite ly .

In fu tu re  work a good knowledge o f the hydrogen molecular spec­

trum w i l l  be essentia l. I ts  spectrum is  very complex. I t  is  often re ­

fe rred  to  as the many lin e  spectrum o f hydrogen. When f i r s t  encountering 

th is  spectrum, i t s  comprehension appears impossible. In fa c t, h is to r i ­

c a l ly ,  the spectrum defied analysis fo r many years. Today with the 

wavelength tab les o f Monk, Gale and Lee [39] together w ith  the monograph 

on molecular hydrogen by Richardson [40] the spectrum is  at least a t­

tackable. The wavelength tables give the wavelength and wave numbers 

o f  thousands o f lines o f  the secondary spectrum o f hydrogen which were 

obtained w ith  high reso lu tion  apparatus. Along w ith these lines the 

re la t iv e  in te n s it ie s  are also lis te d . Richardson has arranged these 

lin e s  in  an in te rn a lly  consistent scheme such tha t most reported lines  

are id e n t if ie d  w ith  a sp e c ific  tra n s it io n . His tables are arranged so 

tha t fo r  a given tra n s it io n  p a rt ic u la r  wavelengths representing that 

tra n s it io n  can be found. However, i f  a wavelength is  known i t  is  d i f ­

f i c u l t  to  f in d  what tra n s it io n  i t  represents and what tran s ition s  i t s  

nearest neighbors in  the molecular spectrum represent. In order to 

make such spectrum id e n tif ic a t io n  feas ib le  wave numbers were taken from 

Richardson's monograph together w ith  th e ir  re la t iv e  in te n s it ie s  as is
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given by Monk, Gale and Lee [39] and th e ir  assigned tra n s it io n s . These 

wave numbers were then ordered by computer. The re s u lt is  a tab le  con­

venient fo r  use in  spectrum analysis. This tab le  is  presented in  

Appendix I .

Work is  s t i l l  continuing on the id e n t if ic a t io n  o f the H2  spectra. 

Since Richardson's work, Herzberg [45] has reviewed work on hydrogen and 

published a comprehensive tab le  o f the v ib ra tio n a l and ro ta tio n a l con­

stants fo r  the e lec tron ic  states o f  H2 . Other review a rtic le s  have ap­

peared in  the la s t few years and are discussed in  the most recent review 

a r t ic le  w ritte n  by Sharp [41].



CHAPTER III

THEORY OF HYDROGEN BALMER STUDIES IN A FLOW SYSTEM 

Background

In the hydrogen atom each p r in c ip le  quantum number n has n 

states o f d if fe r in g  %-values tha t are nearly degenerate in  energy.

These near degenerate £-Ieve ls are so close together tha t contribu­

tions from the d iffe re n t £-leve ls  to  hydrogen Balmer rad ia tion  has 

never been completely resolved by o p tic a l means. Scries [42] reviews 

the work done in  th is  area in  h is monograph Speatrm o f  Atomio Hydro­

gen. This book is  a valuable, concise, and w e ll w r itte n  survey of 

many th e o re tica l and experimental considerations published on the hy­

drogen atom. The reader is  re fe rred  to  th is  book fo r  greater in s igh t 

in to  the degeneracy problem. Kuhn [43] and Bethe and Salpeter [44] 

are also important in  th is  respect.

Because o f the degeneracy problem, only a sum o f three hydrogen 

Balmer e lectron impact o p tica l cross sections as defined on page 6 can 

be obtained w ith  a system such as ours. We w i l l  show in  th is  chapter 

why only th is  sum can be obtained. We w i l l  also obtain and e xh ib it op­

t ic a l e xc ita tio n  cross sections from theory fo r  comparison.

The Degeneracy Problem 

Experimentally some tra n s it io n s  in  atoms and molecules occur 

more re ad ily  than others. In most instances these are "o p tic a lly

42
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allowed" tra n s it io n s . See fo r  example Refs. 42, 43, 45-47. Theoreti­

c a lly  "se lec tion  ru le s " are arrived at in  quantum mechanics fo r induced 

as w ell as spontaneous tra n s itio n s  which pred ict th a t these tran s ition s  

are favorable. For the hydrogen atom see fo r  example Refs. 44, 48-53. 

Hydrogen Balmer ra d ia tio n  re su lts  from tra n s it io n s  between p rin c ip a l 

quantum leve ls  n and 2. In Fig. 14 the Balmer alpha (n= 3 to  2) 

tra n s it io n  is  represented. Slanted lines  represent experimentally and 

th e o re t ic a lly  determined allowed tra n s itio n s . In general only ns to 

2p, np to 2s and nd to  2p tra n s it io n  contribute to  hydrogen Balmer 

ra d ia tio n . A de tector monitoring rad ia tion  w i l l  c o lle c t the sum o f 

photons created from these three tra n s itio n s  in  which £ changes by un ity .

In our experimental arrangement we monitor the rad ia tion  emitted 

by a large number o f hydrogen atoms in  an electron beam section o f de­

f in i t e  length. In F ig . IS a model o f such a system is  drawn. Since 

the detector cannot resolve the three £->£±l tra n s it io n  contribu tions, 

the output o f the device is  simply the sum o f the photon contributions 

from a l l  three tra n s it io n s . Following Sharpton [16] we le t  J (£ ,£± l) 

represent the number o f  photons reaching the detector per centimeter 

and second o f the e lectron  beam w ith  frequency corresponding to  the 

p a r t ic u la r  £+£±1 tra n s it io n .  Then the to ta l number o f photons detected 

as ra d ia tio n  per centimeter o f the electron beam per second is

JCHg] = J(3s,2p) + J(3p,2s) + J(3d,2p) (23)

Without higher re so lu tio n  equipment we can not determine experimentally 

how much each £->£ ±1 tra n s it io n  contributes. A l l  we know is  the sum. 

Because o f th is  we can not ca lcu la te  the leve l cross sections o f
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F IG . 15, Balmer alpha radiation resulting from three distinct 
transitions is unresolved in this detection system.
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hydrogen w ith our system. We can only measure the sum o f the three 

o p tica l exc ita tio n  cross sections representing tra n s it io n s  from s, p 

and d upper leve ls- In  the fo llow ing form ulation we w i l l  attempt to 

make th is  c learer.

Defining the E lectron Impact Cross Sections fo r A S ingle Level

F irs t we must define the electron impact le ve l exc ita tion  cross 

section in  terms o f  experimentally measurable qua n titie s . To do th is  

we w rite  down the ra te  equation fo r  the production o f a s ing le  excited 

s ta te . In general the energy leve l diagram o r scheme o f the species 

we are in terested in  w i l l  have states ( i)  th a t l ie  above and states 

(k) tha t l ie  below the sta te  ( j )  we are p a r t ic u la r ly  in terested in , as 

w e ll as the ground state . Thus, le t t in g  n j be the number o f excited 

atoms produced per cubic centimeter by the electron beam, the popula­

t io n  equation under the assumption o f only sing le e lectron neutral 

ground state atom c o llis io n s  become

dn-j

“ ‘ f  = e x c ita tio n  - rate  ̂ . . ratera te  emission
ra te

In th is  equation n^ is  the number o f  electrons per cubic centimeter in 

the electron beam, Vg is  the v e lo c ity  o f these e lectrons, Qj is  the 

leve l cross section fo r  e xc ita tio n  to  the j th  le ve l, n is  the number o f 

ground state atoms per cubic centimeter, and is  the p ro b a b ility  per 

second tha t an excited atomic e lectron w i l l  make a tra n s it io n  from the 

i t h  to  the j th  le ve l. The A i j 's  are techn ica lly  ca lled  the spontaneous 

E inste in  tra n s it io n  p ro b a b ilit ie s . Some experimental conditions that
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make i t  necessary to  include other terms in  the ra te  equation are d is ­

cussed in  Chapter I I .  We operate under experimental conditions such 

tha t other phenomena are n eg lig ib le  when possible and tha t the terms 

in  Eq. (24) are the only ones tha t need to  be considered.

At equ ilib rium  d n j/d t = 0 and the population o f the j t h  state 

by d ire c t e lectron impact e xc ita tio n  from the ground s ta te  and in d ire c t 

population by cascades is  equal to  the depopulation due to  spontaneous 

emission. Thus from Eq. (24)

(25)

spontaneous d ire c t cascade
emission exc ita tio n  rate

ra te  rate

For each tra n s it io n  from an upper leve l to  a lower le v e l,  whether i t  be 

from the kth s ta te , to  the j t h  s ta te , or between any other s ta te , a 

photon is  emitted o f a wavelength determined by the energy d ifference 

between the re levant s ta tes. Eq. (25) simply states th a t the to ta l 

number o f photons produced by spontaneous tra n s it io n s  out o f the j th  

sta te  to  lower ly in g  leve ls must add up to  the to ta l number o f atoms 

put in  the j th  s ta te  by d ire c t e lectron exc ita tio n  and cascade. So, 

in  order to  determine we simply need to  count a l l  the photons that 

represent tra n s it io n s  out o f and in to  the j t h  s ta te  and to  measure n, 

Ug, and Vg. Equation (25) can be more c le a r ly  expressed in  terms of 

photon f lu x  J by le t t in g  the to ta l number o f photons emitted per cen ti­

meter per second from the e lectron beam w ith  frequency corresponding to 

a single j  to  k tra n s it io n  be given by

" ^ jk j
n.dA (26)

A :
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where A is  the cross sectional area o f the beam. 

The e lectron beam current is  given by

HgVedA
A

where e is  the e lec tron ic  charge.

Next we rew rite  Eq. (25) as

^ iknnpVeQ. = n.(y^—) I A .. - Z n .A .. (27)
® J Ajk k<j i> j ^

Then, m u lt ip ly  by the d if fe re n t ia l area dA and in teg ra te . The re su lt

d ire c t spontaneous ,
e x c ita tio n  = emission - ®

raU! nae  * * 2

Thus Eq. (28) ind ica tes that the to ta l number o f photons leaving the 

j t h  le ve l per cm/sec in  the electron beam can be determined by counting 

the number o f photons emitted per cm/sec o f  the e lectron  beam, w ith f re ­

quency corresponding to  a single j  to  k t ra n s it io n  and m u ltip ly ing  i t  

by the physica l constant (^Z A ^ c h a r a c t e r i s t i c  o f the atomic system

under study. The qua n tity  (A .,/ Z A-^) is  defined as the branching ra tio
3*̂  k<j J

Bj%. S ubstitu ting  the expression fo r  the branching ra t io  in to  Eq. (28 ) ,  

we have

I t  is  convenient to  define the quantity
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Q^j = (30)

n ( f )

as the e lectron  impact o p tica l e xc ita tio n  cross section o f the spectra l 

lin e  determined by the j  to k tra n s it io n . In  general, i t  is  the 

e lectron  impact cross section fo r  production o f ra d ia tio n  o f the fre ­

quency determined by the j  to  k tra n s it io n  no matter what the mechanisms 

I f  Eq. (24) holds, we see th a t the o p tica l e xc ita tio n  cross section w i l l  

be a constant c h a ra c te ris tic  o f the atomic system under study since i t  

is  normalized w ith respect to  the number density o f ground sta te  atoms 

in  the beam and the electron beam current.

F in a lly ,  in  terms o f the op tica l e x c ita tio n  cross sections, the 

e lectron  impact le ve l e xc ita tio n  cross section fo r  d ire c t population o f 

the j t h  le v e l is  given by

The term is  also defined as the apparent cross section o f the

j t h  le v e l.

Hydrogen Balmer Crossed Beam Ci ..js Section Measurement

The crossed beam system developed fo r  obtaining hydrogen Balmer 

cross sections is  shown in  F ig. 28. The d e ta ils  o f construction and 

operation are given by Walker [12] and in  th is  work in  Chapter IV. The 

source o f hydrogen atoms is  a glow discharge o f the R. W. Wood [54] 

type. Hydrogen molecules are crossed w ith  an e lectron beam from an 

operating e lectron  gun when the Wood discharge tube is  o f f .  Then w ith  

the discharge tube on both hydrogen molecules and hydrogen atoms are
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crossed w ith  the e lectron  beam. In  p rin c ip le , the absolute hydrogen 

Balmer op tica l e x c ita tio n  cross sections can be extracted from the re ­

su lting  in te n s ity  vs e lectron  voltage curves when (1) the mass flow is  

held constant, (2) the e lectron beam current is  recorded in  both cases, 

(3) the re la tiv e  number o f hydrogen molecules in  the c o ll is io n  chamber 

when the Woods discharge tube is  on and o f f  is  known, (4) and when the 

density o f hydrogen molecules in  the electron beam is  known when the 

Wood tube is  o f f .  In  the fo llow ing  formulation we w i l l  derive th is  re ­

la tionsh ip .

From the degeneracy problem section o f th is  chapter we know 

tha t hydrogen Balmer ra d ia tio n  is  composed o f  three near degenerate 

&^&±1 components. In  the fo llow ing  formulation we w i l l  study one com­

ponent and then generalize at the end. For the steady state rate equa­

t io n  representing population o f the jth  le v e l o f the atom in  the cross 

beam experiment w ith  the Wood tube o f f  we have from Eq. [24)

dn.

i> ] •’ •'k<]

With the Wood tube on

dn!

2 i> j ■’ •’k<j
[33)

Then su b s titu ting  QfHg,]) o f Eq. (32) in to  Eq. (33) we get

, * i j  ' ” i -  ^  ” j ’  ^ 4 )

Expressing th is  re la tio n sh ip  in  terms of photon f lu x  and branching ra tio s  

as in  Eq. (29) we have
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"Ho "Ho

"^jk" "H2  nn
Q(HJ) = -   -----------------------j ----- ---------  . (35)

e n e
"h T  ®jk "H e

From Eq. (30) we id e n t ify  the electron-hydrogen atom o p tica l exc ita ­

t io n  cross section as

. . A ,
ik  "H, i j

Qj]^(H) = Ï  • (36)

"H T

S ubstitu ting  th is  expression in to  Eq. (35) we have

Q ( H , j ) = - f — - z Q:XH) (37)
Jk i> j

which is  the same as Eq. (31).

In hydrogen we have three near degenerate £ leve ls tha t c o n tr i­

bute to  Balmer ra d ia tio n . In the degeneracy problem section o f th is  

chapter we concluded th a t without high reso lu tion  equipment or some 

other reso lu tion  means we can not determine the s p e c ific  contribu tion  

from any s ing le  t ra n s it io n , but only the to ta l f lu x  from a l l  three 

le ve ls . The expression fo r  the to ta l e lectron impact leve l exc ita tion  

cross section obtained from a l l three con tribu ting  tra n s it io n s , say 

fo r  n = 3, would be from generalization o f Eq. (37).

Q(H.3S) * QCH.3P) .  Q(H,3d) =
3s,2p 3p,2s 3d,2p

'  cascades ^% Per,3s^"^ % per,3p^^^ ^ %per,3d*^^^^

(38)
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In our work we obtain the to ta l number o f photons detected as 

rad ia tion  per centimeter o f the e lectron beam per second which c o n tr i­

butes from a l l  three near degenerate tra n s it io n s  and is  generalized 

from Eq. (23).

'^HBalmer ~ "^(ns,2p) ^ '^(np,2s) ^ '^(nd,2p)

We obtain th is  rad ia tion  produced by e lectron  hydrogen atom in te rac tio n  

by subtracting rad ia tion  emitted in  the e lectron beam w ith  the Wood 

tube on and o f f  as is  expressed in  Eq. (36).

ON
ON H2 off

'^HBalmer "  '^HBalmer " “ ÔFF '^HBalmer

D ivid ing Eq. (39) by n^jl^/e we get the sum o f  the three op tica l exc ita ­

t io n  cross sections

^H B aleer®  = '^ .5 ,2 ,™  * % .2 s ™  .  ^ d , 2 p '" ’

as defined in  Eq. (36).

Since we can not measure the in d iv id u a l con tribu tions in  Eq.

(41) but only in  the sum o f them from Eq. (40), we can not determine 

the leve l cross sections in  our experiment. What we measure is  the to ta l 

hydrogen Balmer e lectron impact o p tica l e x c ita tio n  cross section given by 

Eqs. (36), (40) and (41) and rew ritten  as

ON
ON ^ 2  OFF

"^HBalmer ’  "^HBalmer

 H
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ON OFF
In Eq. (42), the ra tio  n^^^/n^^ is  obtained by monitoring a 

molecular band. The absolute number o f photons are determined by com­

paring the ra d ia tio n  from the e xc ita tio n  chamber w ith  a standard lamp.

The reader is  re fe rred  to  Sharpton [16] fo r  a complete discussion o f 

th is  technique. The e lectron beam current Ig is  monitored by a prec is­

ion ammeter and n^ is  obtained from mass conservation considerations 

and knowledge o f the number density o f hydrogen molecules in  the electron 

beam when the Wood tube is  o f f .

The argument th a t leads to a value o f n^ fo llow s . The flow ra te  

N o f a gas in  p a rt ic le s  per second through a hole in  the Wood tube w all 

is

N = in<v>A (43)

where n is  the density o f  p a rtic le s  in  the chamber, <v> is  the average 

v e lo c ity  o f the p a r t ic le s  in  the chamber, and A is  the area o f the hole. 

When the Wood tube is  o f f  a l l  p a rtic le s  in  the gas are molecules. When

the Wood tube is  on, we have both hydrogen atoms and molecules. Applying

conservation o f hydrogen atoms to  re la te  the two cond itions we have

*  «H; ( « )

Then by su b s titu tin g  Eq. (43) in to  Eq. (44) we have

■ (45)

The atoms and molecules are in  thermal equ ilib rium  when the discharge 

tube is  on so,

mn<v2> = mH^<vil2> . (46)
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Thus,

= /2 Vjl, . (47)

Then Eq. (45) becomes

. I

so tha t

 ̂ ™H2 \

= in „  + - p -  (48)

^  ~ SkT , ■ A  ^2 r on-)i '̂2

where T^^^ and T^^ are the gas temperature w ith  the Wood tube o ff  and on 

respective ly . Equation (49) s im p lifie s  to

T
"h  = - "H,l (50)

-5 on ^

In the region o f  the discharge tube where the sidearm is  located, the 

temperature is  a t most approximately 40° C above room temperature. I f  

there is  d iffu s e  sca tte ring  in  the arm tha t is  attached to  the Wood 

tube, we would expect the temperature dependence in  Eq. (50) to  be re ­

duced even fu rth e r . Walker [12] presented a survey o f the controversy 

s t i l l  shrouding the question o f whether or not re fle c t io n  by Pyrex glass 

surfaces is  d iffu s e  or specular. His conclusion from his lite ra tu re  

search was tha t the re fle c t io n  is  more apt to  be d iffu se  than specular. 

Thus, i f  we assume th a t the temperature change in  the discharge has no 

e ffe c t as Walker d id , the number density o f hydrogen in  the electron 

beam can be approximated by the expression
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o f f
n^j = n  [nn^ -  . (51)

Implied in  the above deriva tion  is  th a t the only partic les 

tha t contribu te  to  the hydrogen beam are e ith e r neu tra l atoms or mole­

cules. A primary reason fo r  carrying out the investigations in Chapter 

IV was to  determine whether th is  assumption was v a lid . In a s itua tion  

where i t  is  not v a l id ,  the photon flu x  J^g^^mer contain enough

rad ia tion  from e lec tron -ion  in te rac tions to  in va lid a te  both the shape 

o f the exc ita tion  function  and the absolute value o f the cross section. 

We also assume in  the above deriva tion  tha t the angular dispersion o f 

the gas as i t  leaves the Wood tube nozzle is  the same fo r  when the tube 

is  o f f  and on. Combining Eq. (51) w ith the expression for the op tica l 

exc ita tio n  cross section given by Eq. (42) we have

on
jOn "^2 jO f f
HBalmer j^off HBalmer

^ T
2 "Hg

o f f
The density n̂  ̂ is  measured by comparing the ra d ia tio n  from the co l­

lis io n  chamber under s ta t ic  and flow conditions. The photon f lu x  is  

obtained by comparing ra d ia tio n  from the c o llis io n  chamber w ith  a stand­

ard l ig h t  source and the ra tio  n^^/nu^^ is  determined by monitoring mole-
"2  2

cu lar band in te n s ity  ra t io s .

Theoretical Calculations 

Much th e o re tic a l work has been done on atomic hydrogen electron 

impact exc ita tion  cross sections. Much o f i t  is  reviewed by Moiseiwitch
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and Smith [11]. Vainshtein [55] has calculated the leve l exc ita tion  

cross sections fo r  atomic hydrogen fo r  the s, p, and d states using 

the Bom approximation. These calcu la tions are fo r  n = 2 through 9 

and fo r  e lectron energies o f 1.16 through 24.04 threshold u n its . A l­

though there are other types o f theo re tica l ca lcu la tions , resu lts  for 

the upper hydrogen leve l exc ita tio n  cross sections have not appeared 

in  the li te ra tu re .  The reader is  re fe rred to  Mott and Massey [35], 

Massey and Burhop [56 ], McDaniel [57], and Moiseiwitch and Smith [11] 

fo r  more de ta iled  in form ation on these other methods o f ca lcu la tions. 

These authors analyze the re la tiv e  m erits o f the d iffe re n t methods and 

give the reader in s ig h t in to  what to expect experimentally fo r the ex­

c ita t io n  cross sections fo r  atomic hydrogen.

I f  we re w rite  Eq. (31) we can obtain s ing le  th e o re tica l optica l 

exc ita tio n  cross sections. We have fo r  example

(Iss,2p = 835,21,9'3s) + :i3s,2!p:\q,pe,, 9uppe:r,3s ' (̂ S)

The f i r s t  term on the r ig h t  side o f the equation is  the contribu tion  to  

the o p tic a l e x c ita tio n  function due to  d ire c t e lectron exc ita tio n  of 

the 3s le v e l. The second term is  the con tribu tion  o f rad ia tion  re­

su ltin g  from e x c ita tio n  o f higher levels and subsequent cascade to the 

3s le v e l. In Table 4 we have tabulated the s in g le  o p tica l cross sections 

obtained by evaluating equations such as Eq. (53) and used the data o f 

Vainshtein [55]. Each to ta l op tica l exc ita tio n  cross section Qngalmer 

is  the sum o f three s ing le  op tica l exc ita tion  cross section

2 s> 2 p> respective ly. The branching ra tio s  also needed fo r

ca lcu la ting  the s, p and d op tica l exc ita tio n  cross sections were
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TABLE 4
FR O M  THE t h e o r e t i c a l  r e s u l t s OF VAINSHTEIN REE 55.

Energy
eV

1 3 . 9 3  
1 9 . 7 0  
2 9 / 3 0  
4 2 . 7 6  
6 0 . 0 5  
6 1 . 1 9  

1 3 5 . 0  
.  2 

2 3 8 . 7

3̂a.2p
Direct Direct Total 
Exclt. Cascade
39.3 
43, L
33.7
2 4 . 8
18.3
13.8 
8.51 
5.69 
4.05

3 . 0 5 1  
4 . 5 3 0  
4 . 5 8 7  
4 . 0 7 3  
3 . 4 7 3  
2.936 
2. 128 
1,605 
1 . 2 4 2

4 2 . 3 4
4 7 . 6  
3 8 . 3  
2 8 . 9  
2 1 . 8  
16. 7
1 0 . 6  
7.30
5 . 2 9

T̂p,2,
Direct(Direct Total 
Exclt. Caacad,
1 6 . 6 4
2 5 . 0 2
2 5 . 7 2
2 3 . 1 3
1 9 . 9 4
10.87
1 2 . 3 9
9.331
7 . 2 9 2

1 . 4 5 8  
1 . 4 8 8  
1 . 3 9 2  

1 . 0 5 1  
0 . 7 8 9  
0.602 
0 . 3 7 5  
0 . 2 0 2  
0 .  1 8 0

1 8 . 1  
2 6 . 5 1  
2 7 .  I I  
2 4 . 1 8  
2 0 .  73  
1 7 . 4 7  
1 2 . 7 7  

9 . 0 9  
7 . 4 7

JirecC
:xclt.

1 5 . 0
2 1 . 4  
1 9 . 9
1 6 . 0
1 2 . 5  

9 . 7 3  
6 . 2 0  
4.22 
3 . 0 3

3̂d,2p 
Direct Total 
Cascadi
0 . 3 3 9  
0 . 5 0 5  
0 . 5 1 0  

0 . 4 5 2  
0 . 3 8 6  
Ü .  3 2 6  
0 . 2 3 7  
0 . 1 7 8  
0 .  1 3 9

1 5 . 3
2 1 . 9
2 0 . 4
1 6 . 5
1 2 . 9  
10.1

6 . 4
4 . 3 9
3 . 1 7

7 5 . 7 4
9 6 . 0 1
8 5 . 8 1
6 9 . 5 8
5 5 . 4 3
4 4 . 2 7  
2 9 . 7 7
2 1 . 2 8  
1 5 . 9 3

TTT7T
2 0 . 9 1  
3 1 . 1 1  
4 5 . 3 9  
6 3 . 7 5  
8 6 .  19  

1 4 3 . 3  
2 1 6 . 8  
3 0 6 . 5

^s,2p
Direct 
Exclt.
ïïrtfr
8 . 9 5 4
6 . 9 7 7
5 . 1 1 1
3 . 7 6 7
2.843
1 . 7 5 0
1.169
0.831

Direct
Cascnd
dü4oi
0 . 5 9 2  
0 . 5 9 7  
0 . 5 2 8  
0 . 4 5 0  
0.380 
0 . 2 7 4  
0 . 2 0 7  0. 100

Total

8 . 6 6
9 . 5 5
7 . 5 7
5 . 6 4
4 . 2 2
3.22 
2 . 0 2  
1 . 3 8  
0 . 9 9

Q4p,2.
Direct
Exclt.

. 8 9 3  

. 9 0 6  

. 8 0 6  

. 688  

.582 

. 4 2 2  

. 3 1 7  

. 24  7

Direct
Camcnd
. 0 3 5  
. 0 4 0  
. 0 3 2  
. 0 2 4  
. 0 1 8  
.014 
. 0 0 9  
. 0 0 6  
. 0 0 4

Total

7 . 1 9 3
9 . 3 3
9 . 3 9
8 . 3 0  
7 . 0 6  
5 . 9 6
4 . 3 1  
3 . 2 4  
2 . 5 1

Q4J,2p
Direct 
Exclt. 

5 . f 6  7 
7 . 4 2  
6 . 7 9  
5 . 4 3 9  
4 . 2 1 7  
3 .  2 8 5  
2 . 0 8 6  
1 . 4 1 5  
1 . 0 1 3

Direct
Cascad
7128"
.  1 8 9  
. 1 9 0  
.  1 6 8  
.  1 4 3  
. 1 2 1  
. 0 8 8  
. 0 6 6  
. 0 5 1

Total

n r
7 . 6 1  
6.96
5 . 6 1  
4 . 3 6  
3 . 4 1  
2 . 1 7  
1 . 4 8  
1 . 0 6

SL'M

i T . 4 5 9
1 7 . 8 9 5
1 7 . 1 2 7
1 4 . 4 7 4
1 1 . 8 4 2

9 . 6 9 2
6 . 6 8 2
4 . 8 5 8
3 . 6 6 9

in0\

1 5 . 1 5
2 1 . 4 2
3 1 . 8 7

4 6 . 4 9
55.30
8 8 . 2 9

1 4 5 . 8
- '2 2 . 0
114.0

Q5s,2p Q5p,2» qsd,2p Q6.,2p *56p,2s qSd.Zp
Direct
Exclt.
3 . 1 1 3 '  ■ 
3.365 
2 . 6 1 3  

1 . 9 1 2  
1.408 
1.059 

. 6 5 1  

.435 

.310

Direct
C.TScn.li
.053"
. 0 7 8
. 0 7 8
. 0 0 9
.059
_050
. 0 3 6
. 0 2 7
. 0 2 1

Total
t:t7"
3 . 4 4
2 . 6 9

1 . 9 8
1.47
1. 11

. 6 8 7

. 4 6 2

.33

Exe it."2TbCT~
4 . 2 3 6
4 . 2 7 1

3 . 7 8 8
3 . 2 2 1  
2 .  7 2 6  
1 . 9 7 1  
1 . 4 8 7  
1 . 1 5 2

Direct
Cnflcad’
. o5v 
. 0 6 4  
. 0 5 2  
. 0 3 9  
. 0 2 9  
. 0 2 2  
. 0 1 4  
. 0 0 9  
. 0 0 7

Total
Tpn-
4 , 3 0  
4 , 3 2  
3 . 8 3  
3 . 2 5  
2 . 7 5  
1 . 9 8  
1 . 5 0  
I .  16

:xcit.77475V
3 . 4 4 9
3 , 1 4 5
2 . 5 0 9
1.940
1 . 5 0 9  

. 9 6 0  

. 6 5 0  

. 4 6 6

Direct
Cascnd*TDTT 
. 0 5 4  
. 0 5 4  
. 0 4 8  
. 0 4 1  
. 0 3 4  
. 0 2 5  
. 0 1 9  
. 0 1 5

Total Direct
Exclt.

TTSr~
3 . 5 0
3 , 2 0
2 . 5 6
1 . 9 8
1 . 5 4

. 9 8 5

. 6 6 9

. 4 8 0

1 1 . 2 4
10.21

8 . 3 7
6 . 7
5 . 4
3 . 6 5 2
2 . 6 3 1
1 . 9 7

1 5 . 3 1 1 . 5 7
2 1 . 6 5 1 . 6 9
3 2 . 2 1 1 . 3 1
4 6 . 9 9 . 9 5 8
6 6 . 0 0 . 7 0 5
6 9 . 2 3 . 5 3 1

1 4 8 . 4 . 3 2 7
2 2 4 . 4 . 2 1 9
3 1 7 . 3 . 1 5 6

Direct
Cascad

Total Direct
Exclt.

1 . 5 7 1 . 6 0 7
1 . 6 9 2 . 3 6 8
1 . 3 1 2 , 3 9 2

. 9 5 8 2 . 1 0 6

. 7 0 5 1 . 7 9 7

. 5 3 1 1 . 5 1 1

. 3 2 7 1 . 0 9 6

. 2 1 9 . 8 2 2

. 1 5 6 . 6 3 9

Direct Direct
Exclt.

1 . 6 0 7  
2 . 3 6 8  
2 . 3 9 2  
2 . 1 0 6  
1 . 7 9 7  
1 . 5 1 1  
1 . 0 9 6  

. 8 2 2  

. 0 3 9

1 . 3 1  
1 . 8 3  
1.66
1 . 3 2  
1.02

.  7 9 3  

. 5 0 4  

. 3 4 2  

. 2 4 5

Direct
Cascad

Total

1 . 3 1  
1 . 8 3  
1.66
1 . 3 2  
1 . 0 2

. 7 9 3

. 5 0 4

. 3 4 2

. 2 4 5

4 . 4 8 7
5 . 8 8 8
5.362
4 . 3 8 4
3.522
2 . 8 3 5
1 . 9 2 7
1 . 3 8 3
1 . 0 4 0
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obtained by using tra n s it io n  p ro b a b ilit ie s  given by Condon and Shortley 

[SO]. Only the d ire c t exc ita tio n  term, and the d irec t cascade terms 

were included in  the ca lcu la tion .

Both are lis te d  in  Table 5. Since Condon and Shortley l i s t  

only tra n s it io n  p ro b a b ilit ie s  fo r  the f i r s t  s ix  n levels o f the hydro­

gen atom, not a l l  o f Vainshtein 's data could be used. Likewise, 

Vainshtein l is t s  only s, p, and d - le v e l e x c ita tio n  cross sections so 

not a l l  o f Condon and Shortley 's  data could be used. In Figs. 16-19 

the component o p tic a l exc ita tio n  cross sections taken from Table 4 are 

presented. Walker [12] has carried out s im ila r  ca lcu la tions using d i f ­

ferent t ra n s it io n  p ro b a b ilit ie s . The reader is  re ferred to  h is work 

fo r ca lcu la tions using a l l  o f V a insthe in 's  le ve l cross section data. 

Branching ra tio s  calculated from tra n s it io n  p ro b a b ilit ie s  given by 

Condon and Shortley are lis te d  in  Table 5.
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CHAPTER IV

HYDROGEN BALMER STUDIES IN A FLOW SYSTEM 

Introduction

The e a r lie s t  reported work on the exc ita tio n  cross sections o f 

atomic hydrogen is  tha t o f Ornstein and Lindeman in  1933. They crossed 

an electron beam from an electron gun w ith  atomic p a rt ic le s  flowing 

from the p o s itiv e  column o f a Wood tube. Since tha t tim e, a number o f 

other atomic hydrogen exc ita tio n  measurements have been reported. In 

a c r i t ic a l  survey o f these e ffo rts  Moiseiwitsch and Smith [11] conclude 

tha t there needs to  be add itiona l work done to  confirm the measurements 

now in  the l i te ra tu re ,  and to  extend the range o f  in form ation available.

I t  is  w e ll known th a t atomic hydrogen o ffe rs  re la t iv e ly  l i t t l e  

resistance to  th e o re tic a l analysis. Thus, much has been carried out. 

C learly , i t  would be h igh ly  desirable and important to  compare experi­

mental re su lts  w ith  these ca lcu la tions. Considering how important such 

a comparison is ,  one may wonder why in  the fo r ty  years since the f i r s t  

report o f hydorgen e xc ita tio n  was made there has not been a s ig n ifica n t 

number o f successful measurements. The answer is  tha t production and 

experimental in ve s tig a tio n  o f atomic hydrogen has proven to be very 

d i f f ic u l t .  The "successfu l" measurements tha t have been reported were 

obtained under severely l im it in g  conditions. So l im it in g  then were 

tha t others have been discouraged from pursuing the goal o f obtaining 

these measurements. Moiseiwitsch and Smith [11] concluded tha t progress

60
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has been impeded most by the technical problem o f producing dissociated 

hydrogen in  the laboratory in  an adequately pure s ta te  and in  s u f f ic ­

ien t concentration. But th is  is  not the only problem. During the past 

fo r ty  years o f  experimental e ffo rt a number o f equally important argu­

ments have been proposed by experimentalists and th e o ris ts  a like  re ­

garding the successful completion o f  an atomic hydrogen inves tiga tio n .

In  the most recent work on atomic hydrogen e xc ita tio n , Walker 

[12,14] modified the Wood tube, improved on Omstein and Lindeman's 

[13] cross beam design and took advantage o f recent improvements in  high 

vacuum technology in  an e ffo r t  to  improve the atomic hydrogen concentra­

t io n  problem, but no e f fo r t  was made w ith  regard to  the other questions. 

Walker [14] obtained data concerning atomic hydrogen exc ita tion  at high 

energies using h is  flow  system. The present work was in it ia te d  fo r  the 

purpose o f conducting the d i f f ic u l t  experiments necessary to  evaluate 

these high energy measurements. In add ition to accomplishing th is  goal 

we have obtained Hg, Hy, Hg Balmer o p tica l e x c ita tio n  functions o f 

atomic hydrogen from onset to  190 v o lts .

Basic Considerations in  Atomic Hydrogen Measurement

Perhaps the most re lavent concerns regarding experimental measure­

ment o f e lectron  e xc ita tio n  cross sections o f atomic hydrogen tha t have 

been proposed in  the la s t fo rty  years re la te  to :

A. Pressure

B. Molecular Background

C. The Electron Gun Characteristics

D. Stark E ffects

These areas are discussed in  the fo llow ing  sections. In  order to  examine
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these areas o f concern, some changes were made in  Walker's [14] system. 

Although these changes were made, a l l  o f  the arguments below apply to  

both systems.

A. Pressure. As described in  Chapter I I ,  we experimentally 

determined that excited atom-raolecule cross sections on the order o f 

10“ ^^cm  ̂ caused non -linear pressure e ffe c ts  in  molecular hydrogen. In 

helium such two body in te rac tions severely d is to r t  exc ita tio n  functions 

obtained at pressures greater than 5 m torr o f pressure. In add ition 

resonance trapping o f the n P states enhances th is  d is to r t io n . In  helium, 

resonance trapping has been measured to  be s ig n if ic a n t at pressures as 

low as .5 m torr [58 ]. In  our studies we have conducted investiga tions 

at pressures lower than 1 mtorr so tha t atom-molecule in te ra c tio n  re ­

ported in  Chapter I  in s ig n if ic a n t ly  a ffe c t our e x c ita tio n  functions. In 

our hydrogen flow system resonance trapping is  also neg lig ib le  fo r  two 

reasons. F irs t ,  outside the p a rt ic le  beam the back ground gas is  p r i ­

m arily  molecular. Thus, atomic resonance trapping can only occur in  

the p a r t ic le  beam. This g rea tly  decreases the like lih o o d  o f any no tice ­

able experimental e ffe c t.  Second, we have found tha t the atomic hydrogen 

density in  the atomic beam is  on the order o f .1 m torr. This is  below 

the pressure we can expect resonance trapping to  become s ig n if ic a n t.

Another pressure e ffe c t has to do w ith  the p a r t ic le  beam coming 

from the Wood tube nozzle. We have not been able to  determine d e f in ite ly  

i f  the angular d is tr ib u t io n  o f beam p a r t ic le s  changes when the Wood tube 

is  turned o f f  and on. In  the work reported here, the background pres­

sure in  the e xc ita tio n  chamber decreased approximately 2 per cent when 

the Wood tube was turned on. Since the Wood tube operated at
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approximately 40“ C above room temperature, we suspect that the angular 

d is tr ib u tio n  o f p a rt ic le s  is  narrowed s lig h t ly  w ith the Wood tube on.

F in a lly , we have found tha t the performance o f the e lectron gun 

and consequently the shape o f o p tica l e xc ita tio n  functions are pressure 

dependent. This phenomena w i l l  be considered in  the electron gun d is­

cussion.

B. Molecular Background. In  Chapter I I  the molecular spectrum 

background problem was elim inated from Balmer exc ita tio n  functions by 

closing down the s l i t s  on the monochromator and increasing the sensitiv ­

i t y  o f the phase sens itive  detector. In the crossed beam investigation 

o f atomic hydrogen molecular background rad ia tion  is  experimentally e l i­

minated when the d iffe rence o f the e x c ita tio n  function , obtained when 

the Wood tube is  on and o f f ,  is  taken to f in d  the electron-atora con tri­

bution to  the e x c ita tio n  function obtained w ith  the Wood tube on. Ex- 

ceptations to  th is  occur when secondary processes produce resu lts  when 

the Wood tube is  on d if fe r in g  from those when i t  is  o f f .  This d id happen 

when the power supply was connected to  the Wood tube so that the cathode 

was nearest the nozzle arm. In  Fig. 20 is  the o p tica l exc ita tio n  func­

tions  o f the 4554 R k to  a molecular tra n s it io n . Note that the t a i l  is 

higher w ith  the Wood tube on. A change in  the shape o f the excita tion 

function  occured in  a l l  other molecular tra n s it io n s  investigated. The 

change was d iffe re n t fo r  each tra n s it io n  and was even d iffe re n t fo r  d if ­

fe ren t upper v ib ra tio n a l le ve ls . I t  is  in te re s tin g  to  note th a t o f four 

molecular lines  investiga ted  only the 5055 R N to B op tica l excita tion 

cross section showed the decrease in  in te n s ity  w ith  the Wood tube on as 

predicted in  Chapter I I I .  The 5055 R l in e  was the lin e  Walker [12,14]
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used in  h is data ana lys is. To e lim inate any question as to  whether 

or not th is  phenomena occured in  h is  system, Fig. 21 shows the 4634 X 

G to B taken on h is system before any changes were made and were taken 

w ith in  four hours o f time the e xc ita tio n  functions were taken in  Ref.

14.

We found tha t the problem was neg lig ib le  when we connected the 

power supply so tha t the Wood tube anode was the closest electrode to 

the nozzle arm. The atomic e xc ita tio n  functions reported herein were 

obtained w ith  the electrodes connected in  th is  manner.

C. E lectron Gun C h a ra c te ris tics . An analysis o f the electron 

gun cha rac te ris tics  was made in  the flow system ju s t as i t  had been 

made on the s ta t ic  system. See Fig 5 and the discussion in  Chapter I I .  

The composite o f the e lectron  gun characte ris tics  fo r  the flow system 

is  shown in  Fig. 22. The in te rp re ta tio n  is  the same as fo r  Fig. 5.

The dark lines are the upper l im its  o f lin e a r ity  fo r the three back­

ground pressures o f .1 m torr, .3 m torr, and .5 mtorr. As in  the s ta tic  

system the upper l im i t  o f lin e a r operation increases i f  e ith e r the pres­

sure o r the e lectron energy is  increased. Each pressure curve study was 

started at .5 eV or less from the onset o f the Hg e x c ita tio n  function.

The onset is  ind icated by a dotted v e r t ic a l lin e  and the graph shows 

tha t the onset o f Hg varied w ith pressure. The onset p o ten tia l is  ap­

proximately 23.5, 22.5, 22.0 and 20.5 V fo r  pressures o f .1 , .3, .5 mtorr 

w ith  the Wood tube o f f  and .5 m torr w ith the Wood tube on respective ly.

We w i l l  designate the d iffe rence  in  the values o f the acceleration po­

te n t ia l and the e lectron  energy, both measured re la tiv e  to  the cathode, 

as the po ten tia l s h i f t . I t  is  due to  contact p o ten tia ls , e lec tron ic
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space charge, p o s itiv e  ion space charge, and the penetration of f ie ld s  

from other electrodes.

Part o f the s h i f t  in  contact po ten tia l when the Wood tube is

on is  due to  the e x c ita tio n  o f atomic hydrogen as the energy required

fo r  e xc ita tio n  o f n = 3 le ve l o f H is  lower in  H than in  H2 . Figures 

23 and 24 show dramatic evidence o f the pressure o f atomic hydrogen.

In Fig. 23 the Wood tube current is  from top to  bottom, 200, 100, 50 

and 0 ma. The onset energy o f the electron-atom e xc ita tio n  function is  

12 eV fo r  the production o f and that o f the electron-molecule exc i­

ta tio n  function is  16.5 eV. C learly , there is  not 4.5 V d iffe rence in

the onsets w ith  the Wood tube on and o f f .  The spectroscopic evidence 

is  too strong to  suspect tha t theory is  in  e rro r. Most l ik e ly  the 

e lectron gun has a variab le  po ten tia l s h i f t  w ith  e lectron energy. From 

Fig. 24 we add more strength to  th is  argument. The upper exc ita tion  

function  w ith  the Wood tube on was taken at .8 m torr background pressure 

while the lower function  was taken at .5 m torr w ith  the Wood tube on. 

Note th a t the molecular e xc ita tio n  function has s h ifte d  approximately 

1.5 eV while the atomic hydrogen exc ita tio n  function  has sh ifted  ap­

proxim ately 3.0 eV.

The change in  the p o te n tia l s h if t  when the Wood tube is  turned 

o f f  and on and when the pressure is  changed is  t o ta l ly  due to  the number 

density o f ions around the grids o f the e lectron  gun. Also, the current 

drawing c a p a b ilit ie s  o f the e lectron gun are la rg e ly  affected by ions. 

When the pressure is  changed in  the system, the current drawing capabil­

i t ie s  o f the e lectron  gun as w e ll as the onset voltages o f exc ita tion  

functions changes. The same is  true  when d if fe re n t gases are introduced
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in  the system. With hydrogen gas in  the system, the electron gun pro­

duced over tw ice as much current as when nitrogen at an id en tica l pres­

sure was used.

In  a l l  our experiments w ith the Wood tube we found that the 

electron gun current increased when the Wood tube was turned on. In 

n itrogen the beam current increased as much as a fa c to r o f four.

C learly, a s ig n if ic a n t number density o f ions reaches the electron gun 

from the Wood tube.

Although these non-linear e lectron gun characte ris tics  ex is t 

in  a l l  such devices, to our knowledge such in form ation as revealed in  

the electron gun ch a rac te ris tics  composites Fig. 5 and 22 is  not found 

in  the li te ra tu re .  In  other most experimental investigations i t  is  not 

an important fa c to r. Usually an exc ita tio n  function is  obtained from 

0 to 500 eV as in  Figs. 13 and 22. The d is to r t io n  tha t occurs in  the 

f i r s t  few e lectron v o lts  o f the exc ita tio n  function  onset is  not obvious 

from such data. Such experimental re su lts  are often compared w ith theory. 

Since the Bom approximation and other theories are only good fo r  higher 

electron energies, p a r t ic u la r  a tten tion  is  not paid to the exc ita tion  

onset. When e x c ita tio n  function onset obtained in  such investigations 

show a s h i f t ,  t ra d it io n a lly  i t  is  taken as a constant fo r  a l l  voltages.

A correction is  thus made by simply s h ift in g  the e xc ita tio n  over so i t s  

onset corresponds to  the spectroscopically detemined value. These 

s h ifts  in  a s ta t ic  system are on the order o f 1 to 5 eV.

The p o te n tia l s h if t  observed in  th is  in ves tiga tion  was on the 

order of 7 to  10 V. Although i t  is  c lear from Figs. 23 and 24 tha t the 

po ten tia l s h i f t  is  not constant w ith  e lectron energy, we made such an
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assumption in  order to  analyze our data. This w i l l  be discussed la te r . 

Power [59] has proposed in  an a r t ic le :

" In  most o f the experiments i t  has been assumed that 
grids introduced in  the gas discharge would in fluence the 
discharge by the laws o f vacuum e le c tro s ta tic s , and hence 
tha t the accelerating po te n tia ls  are accurately known.
This may be doubted, owing to  the w ell known impotence o f 
contro l grids in  gas discharges because of sheath forma­
t io n . I t  is  probably tha t the e n tire  discharge has been 
con tro lled  by a Langmuir sheath about the cathode in  a l l  
cases in  which thermionic cathodes were used, ra th e r than 
by the g rid s . Hence i t  is  u n lik e ly  tha t the e lectron 
v e lo c it ie s  were known w ith  true  prec is ion ."

This work supports h is conclusion.

The electron gun was operated as c lose ly to steady s ta te  condi­

tions  as possib le . The electron beam was not chopped. Instead the 

l ig h t  coming from the c o llis io n  area was chopped fo r phase sensitive  

detection purposes. By using th is  method o f chopping, we were able to  

avoid overloading the pho tom u ltip lie r tube and phase sens itive  detector 

by surpressing the noise le ve l. We also were able to  watch fo r second­

ary e ffects  tha t might o rig ina te  from the nozzle arm. We saw no such 

e ffec ts .

We made no attempt to  chop the atomic p a rt ic le  beam from the 

Wood tube nozzle arm as our inves tiga tions  revealed tha t the po ten tia l 

s h i f t  changed when the Wood tube was turned on. Modulation o f an atomic 

p a r t ic le  beam and e lec tron ic  subtraction  o f the in te n s ity  when the Wood 

tube is  o f f  from in te n s ity  obtained when the Wood tube is  on would 

c le a rly  produce data th a t would not take th is  change in  p o te n tia l s h if t  

in to  account. The resu ltin g  shape o f the exc ita tion  function would be 

somewhat inaccurate.

Kleinpoppen [60] has used the chopped atomic beam method in
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in ves tiga ting  e xc ita tio n . Since he used a tungsten oven fo r  h is 

in ve s tig a tio n , he was not as inc lined  to  have add itiona l ions in tro ­

duced in  the e xc ita tio n  chamber region when the atomic beam was turned 

on. But s t i l l ,  atomic hydrogen is  a d iffe re n t gas than molecular hy­

drogen and could y ie ld  a d iffe re n t e lectron gun cha rac te ris tics  compo­

s ite .  More than l ik e ly  h is e lectron gun was not as sensitive  to pres­

sure and gas changes as the one used in  th is  experiment. Thus, we sus­

pect tha t h is  resu lts  to  be shown and discussed la te r ,  are a r e a l is t ic  

re fle c t io n  o f the e xc ita tio n  function .

Figure 25 reveals another problem encountered w ith the electron 

gun. The onset o f the 4634 S G to  B molecular hydrogen exc ita tio n  

function  is  shown. Grid number two voltage o f the e lectron gun was set 

at i t s  maximum value o f 250 v o lts . Between zero and 10 v o lts  below the 

onset o f the exc ita tio n  energy an electron beam existed that caused a 

non-zero amount o f rad ia tion  to  be recorded. This ra d ia tio n  ceased 

when the g rid  number two voltage was reduced. The de fle c tion  at ap­

proximately 1.5 eV is  where th is  te s t was carried ou t. The d ip  in  in ­

te n s ity  s ta rt in g  at about 6 eV ind ica tes tha t th is  below onset rad ia­

t io n  is  a ffected by the accelerator g rid  voltages and can not be taken 

as constant. This onset was taken under s ta t ic  conditions in  the c o l­

l is io n  chamber and at 8.25 m torr. IVhen the pressure was decreased in  

the chamber, the below onset ra d ia tio n  became re la t iv e ly  less intense 

than the e xc ita tio n  function. Except fo r one case, under flow  condi­

tions  th is  phenomena was undetectable w ith  respect to  the in te n s ity  o f  

the e xc ita tio n  functions themselves. The exception occured in  an in ­

vestiga tion  invo lv ing  the nitrogen molecular ion and w i l l  be discussed 

la te r .
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F in a lly , we viewed the e lectron beam at d iffe re n t pressures, 

e lectron energies, and current densities and could detect no change 

in  beam shape.

D. Stark E ffe c t. In the discussion on the e lectron gun 

cha rac te ris tics  we concluded tha t there is  a s ig n if ic a n t number density 

o f ions at the gun coming from the Wood tube when i t  is  on. In Fig. 20 

we have shown tha t the signal in  the t a i l  o f the 4554 S k to  a t r ip le t  

e xc ita tio n  function increased abso lu te ly  when the discharge tube was 

turned on. By changing the power supply leads on the Wood tube so tha t 

the anode was closest to  the nozzle arm we found we could elim inate 

most o f th is  increase w ithout s ig n if ic a n t reduction in  the in te n s ity  

due to  electron-atom exc ita tio ns . This perturbation in  the molecular 

e xc ita tio n  functions can not be a pure pressure problem because the shape 

o f the e xc ita tio n  functions change. I t  can not be an electron gun pto- 

blem. I f  i t  were, every molecular e xc ita tio n  function produced would 

change in  the same way. This was not observed. As stated before we 

found the in te n s ity  o f the 5055 % N to  B tra n s it io n  to  decrease absolutely 

when the Wood tube was turned on. The only remaining explanations in ­

volve the atomic p a rtic le s  themselves and th e ir  pressure e ffe c ts . Some 

o r a l l  o f  the fo llow ing  pressure e ffe c ts  could be responsible fo r  th is  

phenomena. They are

1. Excited atom-molecule in te rac tio ns

2. Excited atom-atom in te ra c tio n s

3. Excited atom-ion in te rac tio ns

4. Excited molecule-atom in te rac tio ns

5. Excited molecule-ion in te ra c tio n s .
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I f  these perturbations were ion dependent, then the ion number density 

from the Wood tube would probably be on the order o f number density o f 

the gas. From consideration o f the Holtsmark theory in  Chapter I I  

there is  evidence th a t thses ions would create an e le c tr ic  f ie ld  strong 

enough to mix the atomic hydrogen near degenerate 2 -leve ls . The re ­

s u ltin g  atomic e xc ita tio n  cross sections obtained in  the presence o f 

such a f ie ld  would not be d ire c t ly  comparable to  present theo re tica l 

ca lcu la tions.

Faced w ith th is  d i f f ic u l t y  we inserted two th in  3 cm long 

probes in  the middle o f the Wood tube nozzle arm to  determine i f  ion 

were responsible fo r  the pertu rba tion  revealed in  Fig. 20. By applying 

an e le c tr ic  f ie ld  between the probes placed 1 cm apart, we hoped to  

c o lle c t a l l  the ions and determine whether or not the ions were the per­

turbera. The probes were phys ica lly  small so tha t s ig n if ic a n t atom re ­

combination did not occur. Walker [12] surveys some o f the work done on 

atomic hydrogen recombination and concludes tha t atomic hydrogen recom­

bines much more s w if t ly  on m e ta llic  surfaces than on g lass.

The experiment met w ith  lim ite d  success. Figure 26 shows tha t 

we were able to c o lle c t ions in  the nozzle arm; however, the smoky pink- 

blue vapor - l ik e  hydrogen discharge tha t existed in  the nozzle arm and 

orig inated from the Wood tube was not noticeably changed by the c o lle c ­

t io n  o f these ions. We monitored the in te n s ity  o f the 4554 S k to  a 

t r ip le t  lin e  in  Fig. 20 and found only a very s lig h t decrease in  the per­

tu rba tion  e ffe c t when the power supply co lle c tin g  ions was changed from 

zero to  450 v o lts . At higher voltages the gas between the probes would 

break down. In  fa c t,  tha t is  what causes the spikes on the curve o f
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FIG, 26. P o ten tia l was applied to  two 3cm long probes in  the 
nozzle arm of the Wood tube. This current vs applied 
voltage curve resulted.
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I 'ig . 20. Wc also noted tha t approximately an order o f magnitude higher 

current was co llected  when the cathode o f the Wood tube was placed 

nearest the nozzle arm.

We have concluded tha t ions are the in te ra c tin g  p a rtic le s  that 

cause the pertu rba tion  revealed in  Fig. 20. And we also believe that 

our data is  perhaps somewhat affected by f ie ld s  produced by the ions. 

Whether the mechanism o f the perturbation in  Fig. 20 is  due to excited 

atom-ion or excited molecule-ion in te ractions is  s t i l l  in  question.

Most l ik e ly  i t  is  excited molecule-ion in te ra c tio n s . In such processes 

there must be molecular states that gain energy and some tha t lose energy. 

Since the doubly excited 5055 S N to B tra n s it io n  was found to decrease 

in  in te n s ity  and the 4554 % t r ip le t  lin e  was found to  increase, perhaps 

the doubly excited sta tes are the feeders and the s in g ly  excited leve ls 

are the gainers. More work is  required fo r  a d e f in ite  determination o f 

the mechanism.

We fe e l tha t so lu tion  o f the ion problem is  a d i f f ic u l t  but de­

s irab le  step. I f  ions coming from the Wood tube are on the order o f

one-tenth the concentration o f molecules and on the same order o f con­

centra tion o f hydrogen atoms, then th e ir  number density in  th is  experi­

ment would be on the order o f 10^^ ions/cm^. The upper l im it  o f ion

number densities tha t can be to le ra ted  is  between 10® and 10® ions/cm® 

as we discussed in  Chapter I .  Thus, in  order to  claim f ie ld  free atomic 

hydrogen H^, Hg, Hy and Hg exc ita tion  functions we must e lim inate 99.99% 

o f the ions present in  the nozzle arm. Atom-ion c o llis io n s  in  the 

flow ing gas occur frequently  enough to make th is  problem very d i f f i c u l t .  

Also, the method must not cause extensive recombination o f hydrogen atoms.
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The fou r areas ju s t discussed are the ones tha t appear most 

in  the l i te ra tu re .  They are generally d i f f ic u l t  to  handle in  a given 

experiment. So d i f f ic u l t  are they tha t the experiments devised to  de­

termine th e ir  e ffec ts  are generally fa r  more d i f f i c u l t  and extensive 

than those conducted to obta in the e x c ita tio n  function  alone. Such 

was the case in  th is  in ves tiga tion . We have discussed the basic pro­

cesses in  atomic hydrogen measurement and our experimental resu lts  re ­

garding them so tha t the reader would be b e tte r prepared to  understand 

construction o f the experimental system and the lim ita tio n s  o f the re ­

s u lts .

Throughout th is  e n tire  research e f fo r t  molecular hydrogen was 

used. In  the next section inform ation re la tin g  to  the hydrogen molecule 

is  discussed. In the fo llow ing  section , the experimental apparatus is  

presented. In the la s t section the experimental re su lts  are presented 

and discussed.

Molecular Hydrogen Studies

The helium atom has received the most a tte n tio n  in  experimental 

e lectron impact e xc ita tio n  cross section work. The hydrogen molecule 

is  much lik e  a helium atom w ith a s p l i t  nucleus but has received l i t t l e .  

B rasefie ld  [18] (1929) has shown th a t the s in g le t and t r ip le t  structure  

rea lized in  helium exc ita tio n  functions also appears in  H2  molecule ex­

c ita t io n  functions. Although there was some work done by K ru ith o ff and 

Omstein [22] on the 4617 and 4634 R tra n s it io n s  in  the hydrogen mole­

cule, no major study has been undertaken in  e lectron  impact exc ita tio n  

cross sections.

While conducting our atomic hydrogen studies in  the s ta tic  and
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flow  systems, we studied some o f the tra n s itio n s  in  the hydrogen mole­

cule. Inform ation on the molecular hydrogen is  scattered and incomplete. 

Therefore, key aspects o f the molecular hydrogen spectrum are discussed 

below fo r the b e n e fit o f those who may undertake a s im ila r p ro ject in  

the fu tu re .

The spectrum o f the hydrogen molecule is  very complex. I t  is  

o ften re fe rred  to  as the many lin e  spectrum o f  hydrogen. When f i r s t  

encountering th is  spectrum, i t s  comprehension appears impossible. In 

fa c t,  h is to r ic a l ly ,  the spectrum defied analysis fo r  many years. Today 

w ith  the wavelength tables o f Monk, Gale and Lee [39] o r Kapuscinsk and 

Eymers [61] together w ith  the monograph or molecular hydrogen by 

Richardson [40] the spectrum is  at least attackable. The wavelength 

tables give the wavelength and wave numbers o f  thousands o f lines o f 

the secondary spectrum o f hydrogen which were obtained w ith high reso­

lu tio n  apparatus. Along w ith  these lines the re la tiv e  in te n s it ie s  are 

also lis te d .  Richardson has arranged these lin e s  in  an in te rn a lly  con­

s is te n t scheme such tha t most reported lines are id e n t if ie d  w ith a 

s p e c tif ic  tra n s it io n . He compiles h is  scheme in  tab les and an energy 

le ve l diagram. As expected, the energy leve l diagram is  s im ila r to 

atomic helium. Two major d ifferences are the lack o f high quantum number 

excited states in  the molecule and the d is t in c t presence o f "double 

e lectron" excited states in  the molecule. In Fig. 27 is  the molecular 

hydrogen energy leve l diagram given by Dickie [62] w ith  the t r ip le t  

correction suggested by Sharp [41].

Although much is  known about molecular hydrogen and i t s  ions, 

a considerable amount o f  research remains to be done. Electron impact
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e xc ita tio n  cross sections o f H2  is  one area that is  essen tia lly  un­

touched. Possibly such cross section data w i l l  help answer some of 

the remaining questions about the hydrogen molecule.

Most o f the H2  v is ib le  spectrum resu lts  from tra n s itio n s  from 

quantum leve ls  (Is  , n2] to  (Is  ,2Z) where n is  3 o r greater. A ll pub­

lished  th e o re tic a l work has been done fo r  e xc ita tio n  to  lower quantum 

leve ls such as B (ls ,2 p ), C (ls ,2p), D(ls,3d) and E (ls ,2 s ). Fajen [65] 

reviews some o f  the previous work as well as presents h is own excita ­

t io n  cross sections fo r  the B, C, and E leve ls .

Experimental Apparatus

The system th a t Walker [12] b u i l t  and reported on in  his d is ­

se rta tion  suffered from phenomena tha t p roh ib ited  him from reporting 

o p tica l e x c ita tio n  cross sections fo r e lectron energies less than 100 

eV. Later he made the fo llow ing m odifica tions: (1) a high q u a lity  4" 

Norton Model VHS4 Mexican hat d iffu s io n  pump was purchased to  replace 

the 4" CVC 730 PMC, (2) Sanovac 5 replaced Dow Corning 704 s ilicone  

d iffu s io n  pump o i l ,  (3) A 4" Norton C ircu la r Chevron Cryo-Baffle cold 

trap was mounted ju s t above the d iffu s io n  pump to  l im i t  backstreaming,

(4) An Airco 4" valve was mounted immediately above the liq u id  nitrogen 

b a ff le  so th a t the chamber could be closed o f f  and used as a s ta tic  sys­

tem, (5) A s ta in less  s tee l shie ld was nestled in te r io r  to  the Pyrex 

chamber so as to  reduce the stray e le c tr ic  f ie ld s  due to charge build  

up on the glass, and (6) F in a lly  the discharge tube nozzle was moved 

approximately 3 cm from the electron beam and was covered w ith  aluminum 

f o i l  and grounded to  l im i t  stray f ie ld s . Also an 80 per cent trans­

parent f in e  n ic k le  w ire screen was placed over the nozzle o u tle t.  A fte r
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these changes Walker obtained to ta l o p tica l exc ita tio n  cross sections 

from 0 to  450 eV fo r  Hg, Hy, Hg and H  ̂ [14].

This basic system was not changed when m odifica tions were 

made to  examine the questions discussed in  the section , Basic Consi­

derations in  Atomic Hydrogen Measurement. His system, w ith modifica­

tions  made fo r  th is  research work, is  presented in  Fig. 28. A s ig n i­

f ic a n t m od ifica tion  fo r  th is  work is  the add ition  o f an MKS Baratron 

type 90 capacitance manometer to  measure the background pressure in  

the c o ll is io n  chamber. For a lim ite d  time two probes were inserted in  

the Wood tube nozzle arm in  an attempt to  c o lle c t ions. A magnetic 

c o il was also attached to  the Wood tube o u tle t arm in  an attempt to 

p ro h ib it  ions from flow ing into the electron beam. Because o f the ran­

dom motion o f  the ions in  the p o s itive  column o f the glow discharge 

tube, the magnetic f ie ld  has proven to have no e ffe c t as an ion flow 

c o n tro l.

With the MKS Baratron we were able to  continuously monitor the 

background pressure in  the c o llis io n  chamber and in  the nozzle arm at a 

p o s itio n  midway between the Wood tube and the electron gun. The nozzle 

arm is  approximately 30 cm in length. The A irco  4" valve can be closed 

and the system is  then a s ta tic  system. By comparing rad ia tion  in tens­

i t y  from the e lectron beam under s ta t ic  and flow ing conditions we found 

tha t approximately 70 per cent o f the gas p a r t ic le s  in  the electron beam 

are background p a rt ic le s  and do not come d ire c t ly  from the nozzle. This 

high c o n tr ib u tio n  o f background p a rtic le s  is  p r im a rily  hydrogen molecules. 

Because o f th is  we always had a large co n tribu tion  o f molecular exc ita ­

t io n  ra d ia tio n  emerge from the c o llis io n  chamber. We considered changing
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the system in  an attempt to decrease th is  high background con tribu tion , 

but we d id  not fo r  con tin u ity  reasons.

We used pure hydrogen only in  our in ves tiga tio ns . Walker used 

a m ixture o f H2  and H2 O in  his d isse rta tio n  research [12].

The Wood tube was modified by housing i t s  cathode in  quartz.

In  an attempt to get the Wood tube to operate at a v a r ie ty  o f pressures 

and currents and not change the geometry used by Walker [12,14] we used 

quartz at the suggestion o f Sterner [63]. In sp ite  o f th is  we were 

able to  operate the system over only a small pressure range.

Two problems occurred that prevented us from having the pressure 

c a p a b ilit ie s  we desired. (1) At lower Wood tube pressures, electrons 

would be accelerated from the cathode s tra ig h t in to  the housing w a ll. 

A fte r a few moments o f bombardment the housing would melt and a hole 

would develop in  the system. (2) At h igher pressures and current dens­

i t ie s  excessive sputte ring  o f the Wood tube cathode would occur. A fte r 

a s ig n if ic a n t layer o f cathode m ateria l co llec ted  on the housing w a ll, 

the discharge from the cathode would again arc to  the walls and melt 

the glass. This phenomena occurred w ith cathodes made o f tantalum, 

sta in less s te e l, and commercially alloyed aluminum.

In  add ition  to  the high and low pressure problems above we 

found tha t under normal operating conditions sputtered aluminum was 

swept down the Wood tube. Apparently in  io n ic  form i t  co llected on the 

barium coated cathode o f the electron gun and deactivated i t .  This pro­

blem was elim inated by heating the aluminum almost to m elting in  a ir  

before p u ttin g  i t  in  the system.
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The oxidized pure aluminum cathode was used in  the investiga­

tions  reported in  th is  work. Bombardment o f the cathode housing was 

minimized by crimping the edges o f the Wood tube cathode inward so tha t 

the electrons would be focused inward toward the c o n s tr ic tio n  in  Walker's 

modified Wood tube. This suggestion was made by Fowler [64]. To d is ­

sipate some o f  the heat from the cathode extra layers o f  aluminum were 

wrapped around the s ing le  electrode used by Walker [12,14].

The electron gun was b u i l t  by Jobe [66] and modified by Walker 

[12]. I ts  cha rac te ris tics  have already been discussed in  the section, 

Basic Considerations in  Atomic Hydrogen Measurement. Only g rid  number 

two was used to  contro l beam current. With non-zero p o te n tia l on g rid  

number one we found less lin e a r ity  than the composite in  F ig. 22 re fle c ts .

The data acqu is ition  system is  iden tica l to the one used in  hhe 

s ta t ic  system in  Fig. 1. I t  d if fe rs  only in  what a Hewlett Packard 

7004B X-Y recorder was used to  monitor the e xc ita tio n  functions measured.

Although other investiga tors  in  th is  lab have used an analog 

d iv id e r c ir c u it  in  th e ir  investiga tions, we found d r i f t  o f the zero 

po in t o f the d iv ide r and associated a m p lifie r c irc u its  to  be as much as 

10 per cent when one or the other o f the d iv ide r input signals is  small.

We choose to hold the e lectron beam current constant in  our investiga ­

tions . The monochromator was positioned so that i t  viewed a section o f 

the beam about .25 cm beyond the electron gun anode. By doing th is  we 

more than s a tis fy  the condition fo r  s ing le  e lectron c o llis io n s  nAxQ^.01 

fo r  the pressure range we used. Also th is  was established when we found 

tha t the in te n s ity  o f the rad ia tion  was lin e a r w ith  respbct to  pressure 

fo r  the 4634 S lin e  up to  10 mtorr of pressure in  Chapter I I .  More



87

d e ta ils  about the equipment associated w ith  rad ia tion  monitoring and 

e lectron gun operation can be found in  Chapter I I  and in  other works 

[12,15,23-26,66-68].

The 10,000 v o lt  D.C. power supply o f Walker was modified. By 

in s ta l l in g  two large inductors and another large capacitor the rip p le  

has been reduced to  approximately 1 per cent. Voltage and current 

meters were in s ta lle d  on the power supply fo r  a quan tita tive  evaluation 

o f the performance o f the Wood tube. We found tha t once the Wood tube 

has warmed up i t  is  f a i r ly  stable. Figure 29 shows the time dependence 

o f the Hg e x c ita tio n  function . The f i r s t  three runs were made approxi­

mately 10 minutes apart. The fou rth  was made an hour a fte r  in i t i a l l y  

tu rn ing  the discharge tube on. A fte r warming the discharge tube fo r 25 

minutes the e x c ita tio n  functions obtained from the electron gun at the 

end o f the nozzle arm do not change much, but they s t i l l  change. The 

more the discharge tube is  used the less atomic hydrogen reaches the 

e lectron gun.

We have also found tha t the flow system is  extremely stable; 

however, due to  eruptions in  the o i l  d iffu s io n  pump, hydrogen data ob­

ta ined a t .5 m torr background pressure fluc tua ted  approximately 10 per 

cent. This severe flu c tu a tio n  d id  not occur when nitrogen was observed. 

I t  is  possible tha t the eruptions re s u lt from thermal gradients in  the 

bottom o f the d iffu s io n  pump where d iffu s io n  pump o i l  is  baked on. When 

the d iffu s io n  pump was new the flu c tu a tio n s  were less severe.

Molecular Hydrogen Cross Sections

In F ig. 30 some molecular hydrogen o p tica l exc ita tio n  functions 

are presented. They were obtained when the Wood discharge tube was



88

CQ

§
H
HUM
CO

CO
CO

§o
i j
d
H
H
O

0 38
ACC, POTENTIAL (VOLTS)

FIG. 29. The time dependence of the exc ita tion  function 
w ith  the Wood tube on.



89

4634Â H;
G-*B 

Wood Tube Off

I r I I J_L0

4554 & 
k-G 

Wood Tube Off
H

5055 A 
N -B

V i , / . , Wood Tube Off

4634A H;
G-»B 

Wood Tube On

I I I I■|“  I I T

4554 A H;
k-"0 

Wood Tube On

5055A Hj 
N -B  

Wood Tube On

0 190

ACCELERATION POTENTIAL (VOLTS)

FIG. 30a. Molecular hydrogen o p tica l e x c ita tio n  functions.



89

I I T ' l  I I I I I ' I  I ' 1 "I I I I T

4661Â 
K -B

pa

§
H
HUWw

% 0 
o
g

uH 
H PUo

Wood Tube Off

• n ' I I I I I I I I I I j_

•’v;
466IA  », 

K -B  
Wood Tube On

3702Â »2  

H^B 
Wood Tube Off

0
190U

3702 A He 
H -B  

Wood Tube On

1900
ACCELERATION POTENTIAL (VOLTS)

FIG, 30b. Molecular hydrogen o p tica l e xc ita tio n  functions.



90

turned on and o f f .  F irs t  is  the 4634 X G to  B tra n s it io n . This op­

t ic a l exc ita tio n  function is  the same one obtained w ith  the s ta tic  sys­

tem which is  p ictured in  Fig. 13. Next are the t r ip le t  4554 8 k to a 

o p tica l e xc ita tio n  functions. Then the o p tica l exc ita tio n  functions o f 

the doubly excited s in g le t tran s ition s  5055 X N to B and 4611 % K to B 

respective ly . The la s t set of molecular data is  the 3702 R H to  B 

s in g le t o p tica l e xc ita tio n  functions.

These e xc ita tio n  functions are so near being id e n tica l when

the Wood tube is  on and o f f ,  that we must conclude from Eq. (51) tha t

no more than a few per cent o f the p a rtic le s  a rr iv in g  in  the c o llis io n  

chamber from the Wood tube are atomic hydrogen. Because we could not 

determine even approximately the atomic hydrogen number density, we were 

not able to  obtain absolute Balmer op tica l e x c ita tio n  cross sections.

Atomic Hydrogen Cross Sections

In Fig. 31 hydrogen Balmer exc ita tion  functions from 0 to 38 eV

and 0 to 190 eV are presented. The upper function was taken w ith the

Wood tube on and the lower with the tube o f f .  Because o f the small

number density o f atomic hydrogen in  the experiment nu^/nu^^ may be
"2 2

taken as u n ity  fo r  use in  the numerator o f Eq. (52). Hence, the to ta l 

hydrogen Balmer atomic op tica l exc ita tion  function is  obtained by sub­

tra c tin g  the lower functions from the upper.

In Figs. 32 to  35 the re su ltin g  to ta l hydrogen Balmer op tica l 

exc ita tio n  functions are compared w ith  the Bom approximation. For com­

parison the data was normalized at approximately 140 eV. We did not 

take enough data to  ju s t i f y  a least squares ana lys is; however, a number 

o f double checks were performed. We estimate the e rro r in  the re la tiv e
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values fo r the energies greater than 75 eV to be 20 per cent or less.

For the values near the onset i t  is  more d i f f ic u l t  to estimate an e rro r. 

Due to  a va ria tio n  in  p o te n tia l s h if t  that occurred when the Wood tube 

was turned on, the lower exc ita tio n  function was s h ifte d  to  a lower 

voltage tha t corresponds w ith  the onset o f the upper func tion . Just a 

small e rro r in  th is  so rt o f correction can produce a large d iffe rence 

in  the shape o f the re su ltin g  exc ita tio n  function and can even produce 

negative cross sections. We have examined c a re fu lly  the various s h ifts  

in  contact po ten tia l s h if ts  and fee l that the onsets p lo tted  fo r

, Hy and Hg most c lose ly  represent the true e xc ita tio n  function  shape. 

We estimate tha t the shapes o f our exc ita tio n  functions are approaching 

the u ltim ate l im it  o f the system and w i l l  be w ith in  50 per cent to 20 

uer cent o f the true  values obtained from onset to 75 eV respective ly .

In  Fig. 36 Kleinpoppen's [60] measurements o f are presented 

fo r  comparison. His re su lts  were obtained by mechanically chopping an 

atomic beam from a tungsten oven. He then e le c tro n ic a lly  subtracted 

the in te n s it ie s  re su ltin g  when the beam was open and closed. Our resu lts  

would look very much lik e  h is  i f  we did not consider a p o te n tia l s h if t .

I f  the number density o f ions coming from the Wood tube is  on 

the order o f 10^2 ions/cm^ then from Eq. (7) we ca lcu la te  tha t the 

Holtsmark f ie ld  is  approximately 40 v o lts  per cm. Bethe and Salpeter 

[44] give the e le c tr ic  f ie ld  strength at which the s and p j  = r  hyper- 

f in e  levels mix as 475, 58, 12 and 1.7 volts/cm fo r  n = 2,3,4 and 6.

For la rge r values o f j  smaller f ie ld s  are necessary fo r  m ixing. Since 

these values are fo r  complete m ixing, we can suspect tha t a l l  our data 

is  to some extent affected by the f ie ld s . The Hg, Hy and Hg resu lts
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should re f le c t  completely mixed states and almost completely mixed.

In  s p ite  o f the mixing phenomena Walker [14] reports tha t the 

high energy po rtion  of the Balmer e x c ita tio n  functions compare favor­

ably w ith  the Bom approximation. From Figs. 16-19 we see that a l l  

three components o f the Balmer o p tica l e x c ita tio n  cross sections have 

close to  the same slopes a f te r  140 eV. Thus, although the near degen­

erate 2-leve ls are completely mixed they may not a lte r  the shape o f the 

h igher energy portions o f the exc ita tio n  functions. The rea l te s t lie s  

in  the lower energy regions o f the e x c ita tio n  function. Here is  where 

a d iffe rence would show up i f  there were one. Perhaps Kleinpoppen's 

re s u lt is  the f ie ld  free shape of the o p tic a l e xc ita tio n  function 

and the one present here is  a consequence o f mixing.

Molecular N itrogen E xc ita tio n  Functions

From life t im e  studies the n itrogen molecular ion s ta te  B^I^ has 

been found to  be cascade free and re la t iv e ly  in sens itive  to pressure 

e ffe c ts  [3 ]. The 3914 % molecular band tha t o rig ina tes from th is  sta te  

is  so b righ t and unperturbable tha t i t  is  idea l fo r experimental double 

checks.

We suspected i f  molecular ions orig ina ted  from the Wood tube 

tha t we could obtain some so rt of evidence o f e lectron e xc ita tio n  o f the 

ground state o f the n itrogen molecular ion to  the B^z^ s ta te . In  Fig.

37 we have such evidence. The top curve was obtained w ith  the Wood tube 

o f f  and the bottom curve w ith  the tube on. The cross section fo r  popula­

tio n  o f  the B^z* state by e lectron c o ll is io n  w ith  neu tra l molecules is  

reduced by a constant fa c to r. This reduction re fle c ts  a decrease in  the 

number o f neu tra l molecules in  the p a r t ic le  beam with the Wood tube on.
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We would suspect th a t some of the resu lting  p a rtic le s  would be molecular 

ions, atomic ions, and neutra l atoms.

In Fig. 37 the s truc tu re  around 3 and 4 eV is  most l ik e ly  e v i­

dence o f  e lectron e xc ita tio n  o f the molecule to  the s ta te . We2 u

am plified tha t p o rtio n  o f the molecular e xc ita tio n  function tha t oc­

curs only w ith  the Wood tube on to confirm i t  was there. This experi­

ment adds supporting evidence to  the overwhelming evidence already pre­

sented th a t ind ica tes a s ig n if ic a n t number density o f ions survive the 

t r ip  from the p o s itiv e  column o f the Wood tube to the electron gun.



CHAPTER V 

LIFETIME MEASURING SYSTEM 

Introduction

L ife tim e data analysis is  time reso lu tion  analysis. In p r in c ip le  

by experim entally time resolving hydrogen Balmer ra d ia tio n , re la tiv e  con­

tr ib u t io n s  o f ns->-2p, np->-2s, and nd+2p ra d ia tio n  is  measurable. With 

both the absolute o p tica l e xc ita tio n  cross section and the re la tiv e  con­

tr ib u tio n s  o f the 2-leve ls to  Balmer ra d ia tio n , apparent and possible 

le ve l cross sections can be derived from the flow  system.

A lso, i f  the near degenerate 2 -levels o f the hydrogen atoms are 

populated d if fe re n t ly  from electron-H 2  molecule than from electron-H 

atom c o llis io n s , then in  p r in c ip le  time reso lu tion  can u ltim a te ly  be 

used as a method fo r  measuring re la tive  concentrations o f hydrogen atoms 

and molecules in  an e lectron beam.

A fe a s ib i l i t y  study fo r  a life tim e  system was made w ith  such 

goals in  mind. This Chapter is  presented to  help those who eventually 

undertake th is  or a s im ila r  p ro jec t.

The Basic System

Since the early  1960's Fowler and others [2-8] have investigated 

life tim e s  o f excited atoms and molecules a t the U n ivers ity  o f  Oklahoma.

In  a l l  these investiga tions a b righ t hollow cathode source was used. 

Atomic and molecular e xc ita tio n  is  achieved by pulsing electrons ra d ia lly

98
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inward. These high energy electrons are not mono-energetic.

Lawrence [9] and Weaver and Hughes [10] have modified an 

electron gun fo r  life t im e  measurements. Data from th is  type o f mono- 

energetic system complements inform ation acquired by other means. Be­

low, a discussion o f the basic equipment needed to measure life tim es  

w ith  an electron gun is  presented.

The basic system is  drawn in  Fig. 38. Only the components 

tha t are now now standard in  the cross section data acqu is ition are 

ind icated. The square wave pulse generator must cut o f f  the electron 

beam in  the order o f one nanosecond. The E-H model 5112 pulse generator 

is  ideal fo r cu tting  o f f  the e lectron beam at g rid  two. This generator 

has one big advantage over charged coaxial cables described by Johnson 

[3 ]. I t  has a continuously variab le  pulse width and re p e titio n  ra te .

In general as the pulse widths are varied the life tim e s  observed w i l l  

vary also. This is  due to cascades and in  some cases e le c tr ic  f ie ld s  

caused by the beam i t s e l f .  In  order to  use experimental and theore tica l 

cross sections or branching ra tio s  the losses by emission from an ex­

c ited  state must be equal to  the population gain i . e . ,  the rad ia tion  

must have reached a steady state cond ition . In  general the pulse width 

necessary to accomplish th is  is  on the order o f Ip sec. This is  equi­

valent to many meters o f coaxial cable. As important as the pulse 

width is ,  i t  is  best to have a convenient variab le generator l ik e  the 

E-H model 5112.

T heore tica lly  the onset o f emitted rad ia tion  due to square pulse 

exc ita tion  could be used fo r  extraction  o f  life tim e  inform ation; however, 

the time dependence o f io n iza tio n  in  most experimental systems make th is
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approach irapractable. We fee l the long e xc ita tio n  pulse and evaluation 

o f the ra d ia tio n  a fte r  c u to ff is  the only feas ib le  approach to  th is  

type o f  life t im e  ana lys is.

The pulsed beam current and i t s  c u to ff should be monitored fo r 

completeness. The Tektronic 454 oscilloscope has a r is e  time fas t 

enough time to  be used as a current proble fo r  th is  purpose.

There are th ree  systems capable o f sensing and monitoring the 

time dependency o f the excited gas in  the c o llis io n  chamber tha t have 

been examined at the U n ive rs ity  o f Oklahoma. Johnson [3] categorizes 

them by these t i t l e s  : (1) D irect Observation, (2) Sampling Scope, and 

(3) Delayed Coincidence. He and others discuss them in  th e ir  theses

and d isse rta tio ns  [2 -8 ]. So fa r ,  a l l  evidence ind ica tes tha t the delayed

coincidence method is  fa r  superior to  the others.

The delayed coincidence technique is  a photon counting technique. 

Emitted photons from the c o llis io n  chamber are selected by a monochromatoi 

and turned in to  curren t pulses by a pho tom u ltip lie r tube. The time in ­

te rva l between c u to ff  o f the e xc ita tio n  pulse and the formation o f a 

current pulse in  the pho to m u ltip lie r tube is  recorded by the res t o f the 

sensing and readout equipment fo r  each bombardment o f the gas as follows:

(1) Monochromator selects tra n s it io n  under study.

(2) D iffe re n t ia to r .  This device d iffe re n tia te s  the square wave 

pulse applied to  g rid  two o f the e lectron gun. The re s u lt in g  negative 

part o f  the d iffe re n tia te d  signal is  the input to  the tim e-to -pu lse  

height converter " s ta r t "  te rm ina l.

(3) Ortec Model 437 Time-to-Pulse Height Convertor.

The quarter-VOIt negative pulse from the TPHC d if fe re n t ia to r  tr ig g e rs  the
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charging o f a capacitor. The capacito r continues to charge u n t il a 

quarter-VOIt negative pulse is  received through the "stop" term inal or 

u n t i l  an a r b it r a r i ly  set time has elapsed. When charging is  stopped, 

a voltage pulse proportiona l to  the voltage on the capacitor appears 

at the two e x it  term inals o f the tim e-to-pulse height converter. One 

e x it  term inal is  hooked to  a ra te  meter and the other is  fed in to  a 

multichannel analyzer.

(4) Ortec Model 271 D iscrim inator and P re -am p lifie r (PTDP).

The p h o tom u ltip lie r is  an 56 TUVP Amperex w ith an S-20 spectral response

cathode and a Coming Pyrex glass window. The d iscrim ina to r and pre­

a m p lifie r transform the photon created current pulses o f the photom ulti­

p l ie r  in to  quarter v o l t  negative pulses to  be used to  stop the charging 

capacitor in  the time to  pulse height converter. Thus, the voltage out­

put o f the tim e-to -pu lse  height converter is  p roportiona l to  the time 

between the c u to ff o f the e x c ita tio n  pulse and the formation o f a photon

created pulse in  the p h o to m u ltip lie r tube.

(5) Ortec Model 403A Time P icko ff Control. serves as a power 

supply and bias con tro l fo r  the PTDP.

(6) Ortec Model 441 Rate Meter. A count o f the number o f stop 

pulses to  reach the TPHC is  continuously monitored by counting the v o lt ­

age pulses coming out o f the TPHC. This is  very important since the 

number o f stop pulses must be on the order of 1 per cent o f the number 

o f s ta r t  pulses or the resu lts  w i l l  deviate from the true  rad ia tion  

time dependence. M ickish [7] discusses th is  more completely.

(7) Nuclear Data Model 2200 Multichannel Analyzer (MCA). The 

height o f the voltage pulses from the TPHC are analyzed and stored in  

the MCA memory. An attached oscilloscope allows v isua l lin e a r and semi­
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log d isp lay o f the frequency o f a p a rticu la r voltage vs the size o f the 

voltage. These are e ffe c tiv e  time plots o f the in te n s ity  o f selected 

rad ia tion  o rig in a tin g  in  the c o llis io n  chamber. A high speed paper 

tape p rin to u t allows re treva l o f the data from the MCA memory.

The tim ing c a lib ra tio n  o f the TPHC and a simultaneous check 

fo r  l in e a r i ty  is  carried  out by the use o f several coaxial cables whose 

length in tim e ( i . e . ,  the time i t  takes an e le c tr ic  signal to  tra v e l the 

length o f the cable) is  determined by phase s h if t  measurements. This 

procedure and analysis is  described by Johnson [3 ].

A 1024 multichannel analyzer is recommended over smaller ones 

since determining how much noise exists in  the decaying lum inosity data 

obtained from the MCA is  a d iffe re n t problem. Mickish [7] has sug­

gested tha t the noise leve l appearing before the e xc ita tio n  onset in  the 

MCA d isp lay should be taken as the noise leve l fo r  a l l  time. This is  an 

acceptable assumption when photon counting. In order to  monitor the en­

t i r e  e x c ita tio n  and decay o f the atomic system in  question and s t i l l  

have good reso lu tion  a large number of channels is  needed. Such a sys­

tem is  expensive. The equipment described above presently costs on the 

order o f $20,000 and was not fundable.
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APPENDIX I

MOLECULAR HYDROGEN SPECTRUM 
RICHARDSON'S SCHEME

The fo llow ing is  a rearrangement o f Richardson's Tables [40].

In h is tab le s , Richardson has arranged spectra l lines  in  an in te rn a lly  

consistant scheme such tha t most reported lines are id e n tif ie d  w ith a 

s p e c ific  tra n s it io n . His tables are arranged so tha t fo r a given tra n s i­

t io n  p a r t ic u la r  wave number representing tha t tra n s it io n  can be found.

The fo llow ing  tables are arranged such tha t the trans itions  re­

presenting a p a rt ic u la r  wave number can be found. In the f i r s t  column 

the spectrum and wave number is  lis te d . In the next column is  the 

v isua l estimate o f the tra n s it io n  in te n s ity  given by Gale, Monk and Lee 

[39]. When the in te n s ity  estimates are followed by one o f the le tte rs  

A, B, C, D the mean e rro r is  estimated by Gale, Monk and Lee to be higher 

than usua l, being between 0.01 and 0.02 R fo r  A, between 0.02 and 0.03 % 

fo r  B, and so on. The le t te r  H ind ica tes tha t the lin e  is  d iffuse  and

poss ib ly  double. For a considerable number o f lines  which are not pres­

ent in  Gale, Monk and Lee's tab les, the wave numbers and visual in tens­

i t ie s  are those given by other investiga to rs  discussed by Richardson. 

These lin e s  are indicated by F, M, T, D and P.

A few lines whose status is  doubtfu l are followed by a question 

mark. A bar a fte r  an in te n s ity  figu re  means tha t the value is  fo r a

blend o f  which the lin e  forms pa rt.

In the next columns is  Richardson's designation o f the tra n s i­

t io n  th a t produces the p a rtic u la r lin e  in  the spectrum. F irs t the
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ro ta tio n a l levels K tha t the tra n s it io n  occurs between is  given along 

w ith the standard no ta tion  1’ , Q and R. These three symbols represent 

ro ta tio n a l tra n s itio n s  such that P is  AK = +1, Q is  AK = 0, and R is  

4K = -1 "hen AK =

Richardson's designations o f the v ib ra tio n a l leve ls  involved 

in  the tra n s it io n  are lis te d  in  the next column. The upper v ib ra tio na l 

leve l v ' is  given f i r s t  then the lower v ". They are w r it te n  v ' , v " .

The designations o f  the e lectron ic  leve ls involved are lis te d  

in  the f in a l columns. Some o f Richardson's o r ig in a l symbols designating 

e lec tron ic  states are no longer in  use. The symbols used here are not 

standard but they are cu rre n tly  accepted.

I f  two le tte rs  such as IB represent a s ing le  e lec tron ic  state 

the second is  generally w ritte n  as a subscrip t. For example IB = I^ .

The upper e lec tron ic  configuration is  given f i r s t  and the lower second. 

The tra n s it io n  from the s in g le t G to the B state is  given by G*B. In 

the la s t column S and T stand fo r s in g le t and t r ip le t  respective ly .
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7.1 #-- 4 7«
0.7 757//.96 V* L«il
7,1 75709.J7 58
7,1 40
7,1 4 4 75180.73 1
1 ,0 75103.99 7¥ IU4U
7,1 75151.59 3 IH
7,1 c#n 75138.56 3 50 IU*D

10 7,1 751 16.97 IM Oft
39 0.7 75130.76 1 4P

to |U 0.7 75107.47 40
74>«S.;0 0,7 75093.50 1 00

7,1 C'O 75074.95 3 30
74!,it.;c 0 75057.67 30
74*̂ 3 1.C9 OF 0.0 25055.40 70
74&73.t»b 01 1 10 1 .0 75048.41 7 10
74«,| 3«<j} to 1.1 75044.09 5 Oft
74‘̂09. CU 75035.16 3 Ift
74)09.j& .7.* 25031.45 3 7P

0.7 75010.">4 3W
74490.90 1.1 75015.71 3ft

0.7 75013.(6 2 3P
7.1 75017.10

74404.63 7.1 75010.07
1 ,0 74997.57 171» 0.7 74993.35

30 1 .1 3 4P
10 1 .c 74977.30 ?P H«p

7.1 74974.33 2 3ft C*U
74971.97 ir 2«

7ft
74449.JO 1 .4 74965.00 IB

1,1 74959.76 3P
74447.39 0» 7.7 74950.70 5 4P H*9
74433.76 2.7
74437.03 OF 2.7 C»P
7443A.07 04 1 .4 74930.63 2 C*fi
74433.30 749)5.75
74479.02 74933.37
74470.79 10 74933.37
74417.07 30 10
744I4.CS 0 30 1.4 74976.04 70 5a«c
74409.90 30 7.1 74977.03 3P 54*8

70 1 .4 74913.40 90
74406.70 30 2.1 74911.00
74406.70 50 1.1

0 1.1 74904.71
74390.66 1 .0
74390.00 1 .0 Oft
74378.70 040 1.0 IP

1.7 Oft
71346.40 2.1 30
74337. li 7 74067.(0 2h
74 370.77 7 2.1 74360.33 7 3P
74377.06 30 1.2 74060.33 2- 7ft
74376.(6 30 1.1 74057.55 2 IP
74373.37 70 1.7 74057.40 OF IP
74317.07 1 .2 74646.61 0
74303.77 1.2 74839.30
74307.eo 0.7 2
74700.99 1 .0 74077.(1 80
7745.00 0.2 74873.07 3- 70
74747.95 IP 1.2 24923.07 3- 3ft
74247.95 30 1 .0 74816.94 13074747.02 1.1 4*8
74741.04 2.1 30
74198.03 2.2 74790.49 1ft
74197.75 1 .2 74781.(4 7P c«c
74194.62 1 .0 74772.(9 5*8
74107.00 2.2 74768.00 5*e
74107.06 1 ,0 24765.60 0
74160.27 1.1 24763.71 OF 7P
74150.36 30 2.2 74754.51 2 70 18*8

3P 1 .2 s 74750.65 10
3 *0 5 74745.(9 3ft

74170.(4 2.2 5 74779.13 4P c*e
74125.31 40 2.2 74726.47
74116.(6 50 1 .C T 40
74115.47 70 1 .0 5 50
74111.46 7 1 .0 S

04 2.7
74084.05 2.7 74711.93
74080.49 4P 1 .7 24707.(3 7P
74077.06 IP 2.2 74696.90 30
74074.37 10 5.1 50

1 .1 701.0 60
74049.06 .0 7ft

1,1 5 5P74030.10 3.3 5 120
2.1 74400.11 7ft
2.7 S 74657.77 (P
1.1 *#e S 74(45.40 SO

5 1 ,e t«*e 5 5ft
74018.06 1 .7 k'O 5 1ft
74014.37 7.1 3P
74017.17 7 • e 5 8 *8
74010.90 • 0 5 74617.06 Ift74006.09 3.3 5 74615.73 Ift T*H1 ,0 74608.70 6P71948.08 3.3 8 4 40
73904.06 0.3 1 IP7.1 74603.06 1 7ft0.) 74601.677 1/66.«6 1 .0 74 15
7 I 160.58 3. )
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r7 )% 4«o* 
f i  i*» e . f «

f f  l« 3 .^1  
f fUf . M 
ffUo,ei ff
? 7 i 3 3 . « 8  
» ?  3 3 3 . : *  
» ? 3 : 4 , 79 
» ? j 7 6 . r 5  
» : 3 ? 5 . * 7  
: : 3 : o . : 4  
» » 3 i A . : i  
» : i t « . 0 3  
: : 3 i « . 4 9  
» » 3 M .% 9  
» 3 3 t l.% 7  
»23Oa.09 
i f  300. «9 
3 :3 0 6 .3 4  3:300.63
3 3 3 0 4 . 0 0
3 3 3 0 4 . 0 0  
3 : 3 0 4 . 0 0  
3 : 3 0 3 . 7 :  
3 2 3 0 3 . 7 :  
3 3 : 9 9 . 0 0
3 2 2 9 9 . 0 0

3 3 : 9 4 . 4 0  
3 3 : 9 3 . 0 :  
3 3 : 9 3 . 0 :  
3 3 : 9 3 . 0 :  
3 3 : 0 7 . 7 :  
3 3 : 8 6 . : 7  
3 3 : 8 4 . 9 :  
3 3 : 8 3 . 3 0  
3 3 : 7 7 . 2 9
3 3 2 7 6 . 3 3  
3 3 2 7 3 .8 4  
3 3 2 7 3 . 0 9  
3 3 : 6 9 . 3 9  
3 3 : 6 7 . 8 :
3 3 2 6 3 . 2 0

3 3 2 0 6 . 8 7
3 3 : 0 0 . 0 9
3 3 : 0 3 . 4 :
3 3 : 4 7 . 2 :
3 2 : 4 7 . : :
3 3 2 3 9 . 1 ?
3 3 : 3 7 . 0 :
3 3 : 3 0 . 3 4
3 3 3 3 0 . 3 4  
3 3 : 3 7 . 9 8  
2 3 3 : 7 . 0 :  
3 : 3 : 6 . 0 0

3 2 : 2 0 . 3 4
3 3 : 2 3 . 3 0
3 3 : 1 9 . 9 4
3 3 3 1 0 . : :
3 3 2 1 0 .2 1  
3 : 3 : 3 . 9 9  
3 : 2 0 8 . 1 3
3 3 3 0 0 . 1 3
3 3 3 0 6 . 3 4
3 3 2 0 4 . 0 6  
3 3 : 0 3 . 1 8  
3 : 1 9 8 . 4 3  
3 3 1 9 3 . 9 9  
3 3 : 9 3 . 8 7
3 3 1 9 1 . 7 8  
3 3 1 8 0 . 2 0  
3 3 : 8 8 . 2 3  
3 3 : 8 4 . 9 7  
3 3 1 0 3 . 7 4  
3 3 : 7 9 . 9 :
3 3 1 7 7 .1 4
3 3 1 7 3 . 8 9  
3 2 : 7 : . 1 6  
3 3 1 7 : . 1 6
3 3 1 6 9 . 7 8
3 3 1 6 7 . 0 0
3 2 1 6 3 . 0 7
3 3 1 6 3 .3 1
3 3 1 0 1 . 9 0
3 3 1 6 0 .3 1  3:100.40 
3 3 : 4 7 . 9 0  
3 : 1 4 7 . 9 0  
3 3 : 4 7 . 9 1  33:40.00
3 3 1 4 1 .3 1  
3 3 1 4 1 .1 1  
> 3 1 1 9 .4 0  
3 3 : 3 3 . 0 3  
3 3 1 1 0 . 1 6

3/176.48

0*H

3039

04 0
1

39

:*>10

3 3 6 3 I . 7 1 3B 0 . 0
0* to o 2 . J

^ 0 0 . 0
0 10 0 . 0

3 0 1 . 1
4 0 0 . 0
10 7 . 3

3 3 6 1 6 . 0 0 4P I  ,1
3 3 6 1 6 . 0 0 4 0

3 3 6 1 4 .0 1 3 0 0 . 4

3 3 6 1 3 . 4 3 OP t  .1
3 3 6 1 3 . 4 3 1 . 1
3 2 6 1 3 . 1 0 3 1 .1

04 0
IP
6 0 0 . 0
8 0 1 .1 c e
2 0 3 . 4

2 IP
J tt« 8  0 3 2 6 0 1 . 0 0 ) 2 0 so .c

3 3 0 9 1 .  78 3 : p 1 4 « 8

« « •C  T 3 3 0 8 7 . 9 8 ) p
:m *B  s

c*e  s 1 4 * 8

c*o  s OP 5U *C
K 4 p  5 3 3 0 7 0 . 6 0 ) p 1 4 .8

2 0
3 3 0 0 0 . 0 3 11 0
3 3 0 0 0 . 0 3 30

IH 4P
OP

« 0 * 8  5 2P
3 10

•  A»C T 2 3 0 3 7 . 1 0 2 0

RA4C T 3 3 0 3 6 . 3 9 0 4 0 3 0 so«c
3 3 0 3 0 . 3 2 3 IP P C

2 2P f  . 4

3 3 0 2 1 . 9 8 O f c c

RA«C 7 3 3 0 : 9 . 1 3 c c
3 3 0 1 9 . 1 1 se«c
3 3 0 0 9 . 1 0 C 8

5 8 *C  T 9 0
OB#C T : p
SA4C T 3 3 4 9 0 . 8 0 s o

3 3 9 0 . ( 8 OH 4 0 1 .1
3 2 4 9 4 . 8 7 3 30 1 .1
3 3 4 9 4 . 8 7 3 4 0 0 . 3
2 3 4 0 9 . ( 6 3 0 1 . 1

30
4 0 4 4  T 3 3 4 8 9 . 6 4 10
504C  T 3 0

« 4 0  0 3 : 4 8  .6 8 10 1 .1
K 4 4 4  r 2 2 4 9 1 . 7 3 10 1 .1 0 4 . c
R84C 1 3 2 4 7 7 . 9 7 10 0 . 0 P *C

P#C T
)P 0 . 0

3 2 4 7 6 . 0 6 10 0 . 0
60 1 . 1

444C  r 30 1 .1
184C S 30 0 . 0
B8 4C T 20 1 .1

P4C T
a 0 » c  T 3 2 4 0 0 . 0 6 0 J 4 . 8

3 2 9 0 1 . «7 3 ■ 0 8  iC
O04C T 3 3 4 4 9 . 7 8 3 X 0 .4

R44C T 2 3 4 4 0 , 2 6 0 4 0
RB4Ç T 3 3 4 4 3 . 8 2 1 .1
« 8 4 0  T 3 3 4 4 0 . ?9 40 3 . 3
R44C T 3 0 1 .1
« 0 4 0  T 3 30 0 . 2 K .Q

3 SO 1 *1 . « C C
40 1 ,1 C «8

3 3 4 : 2 . 1 2 3 20 2 . 3
3 2 4 ) 3 . 0 2 3 4 0 0 . 0
3 3 4 3 1 . 1 0 3P 1 . 0
3 3 4 3 0 . 1 9 3 3P 1 .1 SO .C
3 2 4 ) 0 . 1 9 3 4P 1 .1 s e e

J 4 4 0  S 3 3 4 3 3 . 8 ) 10
«44C  T 3 3 9 3 1 . 0 3 6P

« 4 0  0 3 3 4 3 0 . 9 9 3 l . l
3 3 4 : 0 . 9 9 3 10 2 . 3

2 SP 1 .1
«4C T 3 20 0 . 0 K 8 .4

14 40  0 10 2 0 P*C
P*C  T 4P

«N4C T 00 0 . 4
«4C f 20 0 . 2

«4 4C ? 0 0 2 , 3
I f

P4C T 2 0 . 0
1 0 *8  0 2 3 3 9 ) .  0 : 4P 1 . 3 H . f l
M48 S 3 2 ) 4 8 . 0 ) or : p 1 . 3 H .e

3 3 3 9 0 . 4 9  . 3P 1 . 3 H«B
3 3 3 7 9 . 4 0 | o 0 . 0
3 3 ) 7 4 . 5 0 0 4 0 1 ,1

«44C  T 3 3 3 4 0 . 9 : 0 0 . 3
1040 0 3 2 ) 6 7 . J9 0 30 3 , 3 0 4 . c
14 48  0 3 3 3 6 6 . 0 7 0 4 0 : p 1 ,1 0 4 . C

2 3 8 4 1 . 0 ) ' 1 10 1 ,1 4 * 8
3 2 ) 6 : . 4 7 : 3 . 3 s e e
3 3 3 0 7 . 0 ) 3 oo 1 ,1 4 * 8
3 3 3 0 7 . 0 0 1 ) p 0 , 0 0 8 . C
3 3  r . 7 . 0 0 1 20 0 . 0 H .e
3 3  3 0 0 .  j : 3 7P 0 , 0 p .c
3 3 ) 0 0 , ) | 3 . 1 . :
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10 1 . 4 jP 0 . 1

1 " 3 . 3 2 7 1  W .M 7 70 1 . 7

«>* 7 . 3 2 7 1 1 6 .6 1 2 . 7

0 . 0 144U  6 7 7 1 1 4 . 6 1 1 7 . 7

6 . 0 ( 4 4  7 2 7 1 1 0 . 7 1 3 2 . 3

3 . 3 P4C t 2 7 1 1 0 . 4 3 3 2 . 2

1 . 4 7 2 1 1 0 . 4 J 2 . 3

2 . 7 2 7 1 0 6 . 3 0 0 1 . 2 N 4 .4

• o l o 6f*
6 , 0
1 . 1

4 - 4 1
1 - 1 .1

P .C

30 0 . 0 3 . 3

IP 0 . 0 2 7 1 0 3 . 0 7 60 1 .1

10 0 . 0 2 7 1 0 2 . 1 3 )P 0 . 0

4P 7 7 1 0 7 . 1 2 3P

to 20 0 . 0 2 7 1 0 0 . 7 6
lO l 90 1 . 2 2 2 0 6 1 . 6 7

« « OAR 4P 1 . 1 • .......... .................. ... 7 2 0 0 7 . 4 7

JO
20 2 7 0 H 8 .0 0 OF

2P 2 7 0 0 7 .6 1 )M 7 . 3

30 2 2 0 0 1 . 0 0 0 2 . 3

Oa q 60 7 7 0 0 1 . 0 0 0 . 0

2 1 . 2 2 2 0 7 o . e e 1 .1

0 30 2 . 2 7 7 0 7 0 . 7 7 2 2 . 2

CAO
20
70

3 . 3 7 7 0 7 3 . 3 7
2 2 0 7 3 . 3 5 I

2 . 2
3 . 3

3 2P 7 7 0 7 7 . 5 6 2 . 2

6 IP 1 . 4 7 2 0 7 2 . 4 6 2 . 3 ;d * e

2 4P 1 . 2 2 7 0 7 0 . 6 0 2 . 2

0 - 10 3 . 4 2 7 0 6 4 . 7 4 3 . 3 SS 'C

10 3 . 3 QA .C  T 2 . 3 c * e

20 3 . 4 2 7 0 6 3 . 0 7

10 0 . 1 1.48 5 2 2 0 6 3 . 0 7 10
s ? oo 0 . 1 2 2 0 5 6 . 1 6 0 4 6 30

i t 10 2 . 2 2 2 0 6 4 .0 1 5V 30
20 0 20 3 . 3 7 2 0 6 3 . 6 6 09 2 . 3

6 0 0 - 3P 1 .1 2 . 3
CO 04 40 2 . 2 7 2 0 4 8 . 6 6 0 . 0
27 2P 0 . 0
27 20 0 , 1 2 . 3
| o 30 3 . 4 2 7 0 4 0 . 1 6 1 . 1

06 20 3 . 3 2H 2 . 3

06 0 4 6 60 2 . 2 2 2 0 4 0 . 1 6 2 h 0 . 0

1 30 r « e  S OF 0 . 4

04  S 7P P f 'C  7 2 . 2

OF 4 0 3 . 4 N4.4 T 2 2 0 3 0 . 6 6 10 2 . 3
0 4 6 20 3 . 3 2 2 0 2 6 . 2 4 2P 1 . 2

1 - 3P 1 . 4 2 2 0 2 4 . 3 6 6 20 2 . 2 p . c

2 2 0 1 4 . 6 5
« t Om 10 6 . 2 2 1 . 2 j A . e

27 20 0 . 1 2 2 0 0 6 .< 3 6 1 2 . 4 M .g

62 1 . 1 2 2 0 0 7 . 3 0
62 00 2 . 4 2 2 0 0 1 . 6 0

21 0 4 0 2 0 3 . 3 P C

36 3 4P 0 . 0 V4Q ) 2 1 0 0 7 . 6 6 P .Ç

36 3 60 0 . 0 C 40 6 2 1 0 9 1 . 6 3 0 p . c

76 0 4 6 30 3 . 3 0 0 * C  T 2 1 9 8 1 . 7 1 6
70 2 0 5 , 2 2 1 0 7 8 . 4 0 OF

■« 76 0 4 8 6 0 1 . 1 P .C  T 2 1 0 7 6 . 7 8

0 6 *0 30 3 . 3 P4C T 2 1 0 7 0 . 3 4 1 2 0 2 . 2

1 h . e  s 2 1 9 6 9 . 0 0 0 4 6 2P 3 . 3
0 2 6 70 0 . 0 04Q 6 2 1 0 6 7 . 1 3 5 CO 0 . 0 1 8 .9

64 2 2 0 0 . 1 ( 4 6  6 2 1 0 6 3 . 6 6 3 2 . 2 P.C

12 0 4 8 4P 2 . 2 2 1 0 6 3 . 6 6 3 2 . 2 P.C

06 6P 2 1 0 6 3 . 6 6 3 - 2 . 3 « • (

35 2 0 6 . 0 2 1 0 6 0 . 1 8 2 0 . 0
6 2 0 2 . 2 2 1 0 6 9 . 2 2 9 4 6 6P

10 60 2 . 2 2 1 0 6 2 . 8 0 JP
16 0 4 6 5 0 2 . 2 2 1 0 6 2 . 6 0 2P
2 0 04 30 3 . 5 2 1 0 5 1 . 8 0 10 1 .1

OF 6 0 0 . 6 2 1 0 4 8 . 4 6 0 4 6 )P 3 . 3
82 2F 60 3 . 6 2 1 0 4 6 . 4 6 60 2 . 2
60 1 IP 2 . 4 2 1 0 4 6 . 1 1 OF 10 2 . 3
60 o r 30 6 . 2 0 4 . 4  T , --------------- , 2 1 0 ) 7 . 6 2 • 2Q 2 . 3 4.8

16 3 - 30 2 . 2 2 1 0 3 6 . 1 4 6 1 . 1
34 OM 3 , 3 2 1 9 3 6 . 1 4 6 1 .1 P.C

27 70 1 . 2 2 1 0 ) 1 . 7 7 1 4 .4

63 OO 0 . 0 2 1 0 ) 0 . 4 0 0 . 0 1 4 .8
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1 5 3 5 1 .4 9 JP 5 1 2 . 7
15 1  i n . r .  1 J JP 2 2 J . J
1 5 3 1 5 .9 1 1 1 2 , 7
1 5 1 0 3 .5 2 1 1 6 2 7 1 .3 7 2 2 , 2
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