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DETERMINATION 01'' ELECTHONIC ENERGY LEVELS OF MOLECULES 

BY 90°LOW ENERGY ELECTHON SCATTEHING 

Abstra ct 

A review of the theory of electron scattering 

indicates that low incident beam energies and large scatter­

ing angles are the favorable conditions for the observation 

of optically forbidden transitions in atoms and molecules. 

An apparatus capable of yielding electron impact. 

spectra at 90°with incident electron beam energ ies between 

JO and 50 electron volts is described. 

instrument is about 1 electron volt. 

The resolution of the 

Impact spectra of thirt~en molecules have been 

obtained. Known forbidden transitions to the helium 2 3s, 
the hydrogen b3~:, the nitrogen A3::ff..:, B3n8 , a 1n~ and 

CJJC.~, the carbon monoxide aJJ[, the ethylene a3Blu' and 

the benzene ~JB states from the corresponding g round 
lu 

states have been observed. 

In addition, singlet-triplet vertical transitions in 

acetylene, propyne, propadiene, norbornadiene and quad­

ricyclene, peaking at 5.9, 5.9, 4.5, J.8, and 4.o ev (zo.2 
ev), respectively, have been observed and assigned for the 

first time. 
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Table 1. Observed El ectronic Transitions In This Work 

mol e cule peak of ob s erve d band assignment 

helium 19 .. 8 + 0.2 ev 2 3 S 
21 . 0* 23p & 2 1 P 
22.B* J 3 s, J'S, etc 

hydrogen 10. 2 b3~ ....... 

12.7* B 'I-. a'~-t c 'Tl & c 'Jr. .. 
k J I '4, 

nitrogen 8 . 5* A~I ... 13 37[ & a '7r .. , 1 ' 11 .. 1 C 3 n .. 
lJ .. 2* b 'JC ... ,etc 
1 6.o 

c arbon monoxide 6 .2 a 37t 

8.5 A'7t:.. 
10.6* b :1r• 
l J.5•* 

ethylene 4.4 alB 1..._ (or T) 
' 7. 8* 'A'B,'4. & B (or v d:. R 

10.0 

acetylene 5 .. 9 ·* T & A 1A ..... 
9 . 4 

,,.._, 
pro pyne 5. 9* T & A 

propadiene 4.5 T 
7. 6* 
8 .7* 
9.5* 

propane --- onset of continuum 
at 8.o ev 

l,J-butadiene 5 .. 9 
,.., 
A (or v, ) 

9.7 V4 

benzene J . 8 a 3B, .... 
7 .0* B 1

B 11.1. & C 1E 114 

10.0 

norbornadiene 3.8 T 
7.4 

quadricyclene 4.o T 

* = not resolved 
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I. Introduction 

The usual experimental techniques in studying the 

electronic energy levels of atoms and molecules can be 

described as follows. One excites the molecules with 

some appropriate energy source and observes the excitation 

process b y measuring the energy involyed. Excited 

electronic states below the first ionization potential 

of a molecule usually lie between a few electron volts 

to about 20 electron volts above the ground state. These 

energy· levels are of great interest in the field of 

chemistry and physics because they provide information 

on molecular structures and properties. 

Energy sources generally used for the excitation 

purpose are electrons and photons. The latter have been 

adopted most widely because of experimental high resolution 

and accuracy. However, there are two restrictions 

accompanying the use of photons. First, energy range 

beyond about 7electron volts corresponds to the vacuum 

u l traviolet region which presents experimental difficulties. 

S e cond , there are certain selection rules based on theory 

and experiment that a transition caused by a photon must 

o t c y. In particular it is well known that optical 

transitions between levels of different multiplicity are 

hi ghly forbidden if spin-orbit interaction is neg ligible. 

This is often the case for atoms and molecules of small 

atomic number. 

Fortunately, by using low energy elec trons as an 

energy s ourc e the s e defects can be overcome. 

The term "low energ y'' means that the energy of the 

el ectrons is of the same order of magnitude as that of the 
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energy of the molecular electrons. In practice, electron 

beams having energies from a few electron volts to a few 

tens of electron volts can be empl oyed. 

It was first pointed out by Oppenheimer(l)that in 

the collision of an electron with an atom the electron 

exchang e effect of the incident electron with one of those 

in the atom may be important. Physically speaking a 

transition involving a change in spin multiplicity may 

thus be induced. 

The purpose of this research is to obtain information 

about low-lying electronic states of molecules which is not 

available from optical ~pectroscopy. 
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II. Theory of Electron S c at tering 

II.l. The classical picture 

From the classical mechanical point of view an 

electron with kinetic energy V electron volts travels in 

space with the speed 

( 1) 

From this formula the following table results. 

Kinetic energy 
of electron (e v ) 

1 10 JO 50 100 

Speed of ( 108 cm/sec ) o.593 1.87 3.24 4.19 electron 

On the other hand, the root-mean-square velocity 

vr~s of a gas molecule of mass m at temperature T is 

g iven by 

J.. 
vrms =(JKT/m)a. ( 2) 

5.93 

_,, 
where K=l.J80 x 10 erg/deg.jmolecule is Boltzmann's 

consta nt. At room temperature, T=298·K. Therefore, vr~s 

equals 

0.515 x 10 5 cm/sec 

1.93 x 10 5cm/sec 

for N:.i. and 

for H2 • 

Thus, when a beam of low-energy electrons is fired 

into a box containing gas molecules, the latter can be 

assufiled stationary. To a good approximation, the laboratory 

coordinate system can be taken as the center-of-mass 

coordinate system. 
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II.2. Motion of elec tron wave packets 

According · to de Brog lie's theory of mat ter waves( 2 ) 

when a particle is traveling with linear momentum p, there 

is always a wave of wavelength 

A.=~= h 
p mv 

associated with it, where h .is Planck's constant. 

( 3) 

In the case of low-energy electrons this wavelength 

is given in the table below for several ~lectron energies. 

Kinetic energy 
of electron (e v ) l lO JO 50 100 

Wave length of 

i associated wave (1) 12.27 J.88 2.24 1.735 l.227 

The physical size of a g as molecule usually is of 
0 . 

the order of l-3 A in diameter. Thus the region of 

intera ction of an incident electron with a molecule is 

of the same order of mag nitude as the wavelength of the 

e l ectron wave. Hence the problem must be treated with 

quantum mechanics. 

I I.3. Definition of Scattering Cross Sections 

Consider a beam of electrons with known kinetic 

energy, passing through a hypoihetical g~s consisting of 

"hard s p here" atoms of cross-sectional area ·Q.' If the 

numbe r density of the gas is N, and the original electron 

current density is I, then the decrease in current densi~y 
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due to scattering arter traveling a small distance dx is 

given by 

dI= -NQ I dx (4) 

On integra~ion -0~ equation (4), we have 

I=I0 exp ( -NQx) (5) 

where I 0 is the current. density at x=O. 

In reality gas molecules are not hard spheres. 

Electrons are scattered by molecules through some inter-

action pot~ntial. However, equation (5) can still be used 

~o dei' ine Q. It is called the total collision cross section 

and is a function of the relative kinetic energy E in 

general. 

The collision ~f an electron wi~h a gas molecule 

can be cl~ssified elastic or inelastic depending on 

whether or not there is energy transf'er f' rom the' electron 

into the internal degrees or .freedom o~ the molecule. 

Thus Q can be expressed as 

h. 

Q=Qo+ ~ Qj 
)=-1 

where Q~to tal elastic cross section, 

Qj=j-thtotal inelastic cross section, 

n=number of all possible inelastic processes. 

(6) 

In practice, it is convenient to define the 

differential c r o ss section Cj as the cro s s section per unit 

solid ang le. Thus ~dn represents the cros s section f or 

sca ttering into the solid angle d.U. throug h the j-th 
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Q= 

6 

The fo llowing relation holds: 

J q-. J. D 
J 

( 7) 

If a spherical polar coordinate system centered on 

the molecule is used, then 

()'. sin $ cl. e d cf> • 
) 

In general,~ is a function of E,&, and~. If we 

(8) 

know all the GJ then we know all about . the sea ttering process. 

II.4. Quantum theory of Scattering of electrons by 

h y drogen atoms 

In order to treat the scattering process by quantum 

mecha nics, the scattering system must be described by wave 

functions that are solutions of Schroeding er's equation 

and which satisfy appropriate boundary conditions. The 

simplest case ~s the collision between an electron and 

a hydro g en atom. The arg urnenti and derivations presented 

below serve only as a brief review of the field. More 

detailed discussion can· be found in the book by Mott and 

Massey(J)_ 

II.4.l. Direct Collisions 

If we assume there is no exchange effect and that 

electr ons are disting uisha ble, then the incident electron 

and the atomic e l ectron can be labeled by subscripts l and 

2, re s pectively . The . Schroedinger equation for the system 
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can be written as 

where 

;; ) : Ef( ~ ) ( 9) 

H ::; Hamiltonian of the system (neglecting spin) 

( _ n :i. )}_2 t.:? ) ( 
'1i '2- l. E'2. E: 2. 

) ::; + - 2m ~ - + 
/ ~2. 2m :i. r:i. r, 

(lO) 

f: wave function of the system (space part only), 

E 
-> r. 

} 

::; 

::; 

total energ y of the system, 

radius vector from the proton to the j-th 
electron , j : . l :·or 2, 

~~: distance between electrons l and 2, 

>n: mass of an electron and 
2. 0>2. 

V=- + j oX~ 
J 

d 2 c:l· • - the Laplacian operator for the 
d u.1 ' C) < .1 -

<JJ <J1 j-th electron. 

We note that E : E0 + T0 , where E 0 is the ground 

state energ y of the atom and T0 is the kinetic energy of 

the incident electron. In the absence of the atom, the 
• - -+ 

f . 'k..·r, d wave function o electron l can be written as e an 

sat i sfies the wave equation of a particle in free space 

~ -i 'k., ·r. 
e 

Th0r e ·.Tore, 

~ ~ I "'K. : 2 m 'I:.1ij " : 

~ 

2m 
11. z. ( E - E . ) 

wnere ~.= ~0 'ri.,: incid ent wave number vector, 

and 
-l> 
n.: unit vector along the incident direction. 

(ll) 

(12) 
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If ~( ~ ) are solutions for the Schroedinger 

equation of the hydrogen atom 

Ei. 

r .. 

where j = 0,1,;2, .....• , 

then the ~ ( ;:_) form a complete orthonormal set in the 

space. 

-

(lJ) 

Thus we can expand P( ) in the ~ space as 

~ ~ 

,· -k. n. · r, 

j=o,1,a, ...... (14) 

On the right hand side of equation (14), the first term 

represents the incident wave and the g round state of the 

atom; the term in the summation corresponding to j =0 

represents elastic scattering from the atom; the others, 

with j~l are associated with the inelastic scattering 

processes, the sum extending all possible discrete and 

continuum states of the atom. For states with energy 

hig her than the incident energy, the asymptotic forms of 

F_j will be a dying exponential. Including these states in 

the s u mmation is ~~ o cessary since, for the expansion to be 

correct, the set of basis functions must be complete. 

-. 
In order to solve for~ ( ~ ), we substitute 

e q uation (14) into equation (9), multiply both sides by 
l.J,'k -) -
1~( r~ ), and integrate over r'a. Making use of equation 

( ll) and ( lJ) and the orthonormali ty of· the ~· ( ;;: ) , 
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we obtain 

(15) 

+ .L I= .(F:J V 
. ) ) n.. 

J=0,1, i, ... 

where 

V. n. (r,) . -
) 

"· r.. --r 4- -r. t: (~)ctr. J 
t-(~)[ E:i. E2 1 -t ~ 

In. I .... J • (16) 

Equation (15) is a set of coupled partial differential 

e quations. In principle if we know~( ~) then we can 

calculate Vj~. Since E is also known we can solve for 

Fn. (:[\ ) • Hence the total wave function ~ ( r: , ~ ) can 

be obtained. 

II.4.2. Born Approximation for dire ct collisions 

The Born approximat±on is applicable whenever the 

incident e lectron energy is much higher than the inter­

a ct ion e n e rgy such that the scattered wave is small 

comp ared to ~he incident wave. This means that the first 

term on the rig ht hand side of equation (l4) is the 

dominating term of 

V j ~ and F j ( ~ ) in 
i~· r. to V0 n. and e 

the total wave function. Consequently, 

equation (l5) are all small comp ared 

,respectively,and may be neglected. This 

i s ac t u ally the first order perturbation method applied to 

s c a t t ering theory. 
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When the Born approximation is valid, we can rewrite 

equation (l5) as 

(l7) 

where 

-k .. '2.. 
~m. (E -En ) (l8) 
-:ti. .. . 

Now equation (l7) is a set of uncoupled inhomogeneous 

partial differential equations for n = O,l,2, . . . . . etc . 

-For a realistic scattering potential, F,,_ ( r 1 ) is 

everywhere finite, and at ~rge distances from the atom 

( r,-?oo), the scattered wave must be close to the form of 

a spherical wave . With thes e ideas in mind we see that 

equation ( l 7) is a special kind of partial differential 

equations solvable by the method of Green's function( 4 l 

Thus the asymptotic form of the solution F~( 

from equation (17) can be written as( 4 ) ~ 

f 
i ~,.,./;:: - t!·J 

[ - 4~ _e~--.,..-­
t P. - r' / -r' 

If we d efine n to be -in the direction of ~ , 

the dir e ction of scattering , then 

-r, ) 

namely, 



~ ~ r-, - n.... t"' 

11 

+ ( -ierrns of order _J_) + ·- -r; (20) 

Substituting equation (20) into equation (19), we have 

.... 
Since the only dependence on ~ in the integral on the 

rig ht hand side of equation (21) is . throug h -n, the 

d i rection of scattering, it is customary to define 

( ( I ) -T n. 9,, <p, - [
- _l_ - di,, n · r'] [ ~ \I e. i -ko YI.· t' ] °', 

J 
~ ~ 

47C e ;(;... Voti J. r . (22) 

Hence, at larg e ~ , the solution of equation (17) becomes: 

,.---____,,, 
(r,-+ oo) 

i k .. r. 
e 

r, 
(23) 
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' __,, ) F " (r, is associated with the amplitude o1' the scattered 

wave throug h the n-th p rocess. It can be obtained in 

the Born approxima tion from equ a tion (2l)o 

II.4.J. Differe ntial cros s sec tions from probability currents 

Associated ~o a particle described oy a certain 

wave function~(;), there is a probability current density 

S defined by(5) 

=-
d,m i ) (24) 

__,,, -where \j is the g radient operator. S satisfies the equation 

+ div = 0) (25) 

where P== lt)'", which is analog ous to the contin.uity equation in 

hydrodynamics, 

-+ div · 1 = O , (26) 

where f is fluid density and -j its current density. 

In our scattering proble m, the incident wave may be 

d escrib e d as a p lane wave in ° the z - direction 
.... .... 

Lj;(~) = c e, i, -ko. r, = c!. e. i j. a-, 
( 27) 

where C is a normalization constant. 

Henc e the probability current density associated with 

the ~~c ident p l ane wave in the z - direct i on is 

Si,,c •deni = ~f?o j C / 2. ( 28) 
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Now the scattered wave at large ~ is, from equation(2~ 

i-kn r, 
C e 

r. (29) 

where c is the same normalization constant. 

The g radient operator in spherical polar coordinates 

is given by 

(JO) 
r sin 9 

~ - _, where ur, u 9 , u 4 are unit vectors associated with the 

r, e , ~' coordinates, respectively. 

In order to obtain th e probability current 

coming out an element of solid angle ctn. at large r, , we 

simply multiply the radial component of the probability 

current density vector by the e lement of surface area at 

a dista nce r, subtended by d.0..1: 

(Jl) 

The ratio o:f dS0~-t to Sine. is the probability current 

scattered into solid angle dfl,per unit incoming probability 

current throug h the n - th scattering process By 

def ini t ion , 

crl\ ( E, e,, ~!.) 
(Jl) we have 

it is equal to the differential cross section 

times ctn,. Thus, from equations (28) and 

-k .. 
-k. (32) 
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Substituting the definition of fn(~.~) from equation (22) 

into equation (32) yields 

er. ( E c;; ).. ) = + 7C ml.(~) } J \ / i, u..:rt - *" -n). r' 1 -, j z 
l"l I I I lf' I J 4 ..!, Von. e OI r 

71 ~" 

(33) 

where ~n is defined in equation (16) . We see that 

equation (JJ) is the express ion for the differential cross 

section derived from the Born approximation of direct 

scattering . 

II.4.4. Selection rules from the Born Approximation 

For the case of ine lastic electron scattering by a 

hydrog en atom (n>o), we may further simplify the expression 

for CT,,, ( E, ·G,,4.) by substituting Von. into equation (J3) 

and making use of the following equation for small 4k (G) 

e (34) 

where 

(35) 

is the wave numbe r transfer vect.or_, and 

(4 -k ) :i. = "f<o2. + -f<. ... 2. - 2 f<
0 

-/$.,., Cc>S 6}
1 (J6) 

Thus I'rom equations (16), (JJ), (J4), (35), and (36), 
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we have: 

In order to simplify equation (37), let us choose 
__. 
Llk to be along the Z:z. - direction, t hus 

__,, -z ei:k ·r~ i (A.~)} 
(JS) e - e 2. 

:L general, if [ i0Ma..J~oo, we have the following expansion ( 7) 

+ [iC4"kJ~J2. + • + 
;( ! 

00 

L 
(39) 

Substituting equation (39) into equation (37), we obtain 

where 



16 

The first term in the summation with 1= 0 is zero 

f'or n = o because of the orthonormality of the wave 

functions r.,(~1 

From equation (36) we see that the requir ements for 

~k to be s mall are that: 

- -a) . k 0 and kft are approximate l y of the same 

magnitude, 

b) • the sea ttering ang le 6l, is small. These are also 

the conditions for the Born approximat ion to be valid. 

When the assumption 

(41 ) 

i s introduced into equat i on (4o), the r esulting 

er n ( E , ~, , c/iJ depends on the electric dipole transit ion 

mornent<t~n only. This dependence is the same as that of 

the transition probability of an e l ectric dipole inte~acting 

with an e l ectroma g netic field (B)_ In other words, the 

sma ll - angle ine l a stic scattering o f sufficiently hi gh 

ener g y e lectrons b y H - a toms obeys the same electric­

dipol e se l ection rules a s do the optical transitions . 

This concl 'usion may be g eneralized fo r many-electron a toms 

and mo l ecules and is actually observed experimentally by 

many a uthors. (See part III. below.) 

Wh enever in equ ation (40) the term for J = l is zero 

:.:. ~.: that for i= 2 is n on- zero, we have a quadrupole-

a l lo wed transition analog ous to the electric quadrupole 

allowed but dipole f orbidden optical transitions. 
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II.4.5. Energy dependence of cross sections 

We have seen above that the Born approximation should 

be valid for large incident energies and small scattering 

angles only. However, the agreement of experiment with 

theory has been surprising ly good down to fairly low beam 

energies (rv-200 e v ) and up to fairly large scattering 

angles (,....,,15°). Furthermore, the differential cross section 

decreases rapidly with angle. ( 3ee Socfion. 111. i.) 

There fore, it seems worthwhile to estimate the 

energy dependence of inelastic cross sections Qn. from 

the Born approximation although it breaks down at large 

angles. 

From equation (8), we have for the cross-section 

Qn(E) for excition of the n--fAstate 

no 

Q ~ (E) = J. 7l. I n: " 0-n(E,(),cp) Sin() cl.@ df (42) 

Q=.o ()co 

I n our case, a central potential problem, there is 

cp - dependence, and therefore 

Q.., (E) - 2TL Jn: 
(}=o 

( 4 .3) 

I~ is convenient to change the variable of integration 
/ ' l) 
\ - from$ to ~k becaus e~( E, &,) is readily obtain ed in 

t .:; rms of 4k. Thus, from equation (36) we have (dropping 

the subscripts 1 ) 
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Sin (9 di9 -
(44) 

The limits ±·or i nteg ration. , rrorn equation (36), 

-ko -+ -f? .,_ • 
are now 

Thus equation (43) becomes: 

F or the optically a llowe d electric dipole trans ition 

( < ~ > -L ) at large incident energy E, · we have(9) 
<l~ o" ....,. 0 

E
l -Pua -,--E __ 

;/:( E.,-Eo) 

(45) 

(46) 

Similarlys for the electric quadrupole transition(optically 

forbidden) at large incident energy E, we have : 

Ea 
E 

(47) 

Thus we see that the optically forbidden transitions depend 

on E more strongly than does the optically allowed ones~ 
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II.4.6. E xchang e Collisions Born-Oppenheimer 

Approximation 

The theory of scattering of electrons by hydrogen 

atoms which we have developed so far has been limited to 

direct collisions. We have ass umed that electrons are 

distinguishable and that there is no exchange_ The 

corre sponging results are in agreement with experiment 

under the conditions of high incident energy and low 

scattering angle mentioned above. However, at low incident 

energ ies and large scattering angles the contribution from 

electron exchange becomes non-negligible •. 

In equation (4o), we obtained a differential cross 

section for the incident electron being scattered into a 

given direction after exciting the H-atom to the n-th state. 

It is also possible that the incident electron may he 

captured by the atom into the n-th state, and the atomic 

electron ejected. This phenomenon is known as electron 

exchange . It was first taken into account by Oppenheimer 

(l)in treating the problems of elastic scattering of electrons 

by hydrogen and helium atoms • . 

In order to calculate the probability of exchange 

scatterin g, the total wave 

in a linear combination of 

- ~ ~ 

function~(~.~) may be expanded 

lf>-i(i:;) with coefficients Gt\(iZ) 

to be determined in a way similar to the direct collision 

c ase 

( ~ ->) 
~ r,, r .. 2 Grn ( F:) tf) r: ) 

n. 
(48) 

·where I -> 'f;,(r, ) satisfy the H-atom Schroedinger equation and 

fo rm a complete orthonormal set -in r 1 space, (because the 

incident elec~ron l is captured by the atom after scatterin~. 
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(10) 
It can be shown that G 11 (r":. ) has the asymptotic f"orm 

(49) 

~ 

Physically this may be visualized as G~(~) taking the form 

of an outg oing spherical wave when r,. becomes l arge . 

Thus the dirferential cross section for capture of 

~le ctron 1 i nto the n - th state and ejection of electron 2 

into the direction nl ~ .. ,er .. )' is then 

(50) 

In order to calculate g"(~.~), we may proceed as 

we did f or the direct collision case by substituting 

equa tion ( 48 ) into Schroedinger's equation (9), multiplying 
1'1- ~ ~ 

by 1',.,(r, ) , and integrating over r, • Thus we obtain 

(51) 

If the conditions for the Born approximation are 

valid such that the domina ting contribution to the total 

wave f unction comes from the inc ident wave, we may wr i te 

,....___, 

-
~ -

{ -f<o no · t 1 I/, ( ~ ) 
e lo r.. . (52) 

Substitut i n g equat~on (52) into equation ( 51 ) and using 

the 1;ieth o.J. of Green ' s f'unction ( 
4 : we obtain .. 
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r ... (53) 

where 

-) ~ 

ff - i-k,,n·r' f*(r!)[- e'-+ Ez. J 
e ,.. r' I; -·1 r -r. 

(54) 

and ~ is a unit vector in the d irection ( &.,., 'f .. ) oi' sea ttering . 

( ~'serves as the integration variable of the ejected 

e l e ctron 2). Equ a tion (54) is then an expression for the 

amplitude due to exchange collisions calculated from the 

Born approximation~ 

II.4.7. Exchange Collision and Indisting uishabl e Electrons 

According to the Pauli principle, electrons are 

ind i sting uishable . Hence the wa ve i'unction of the system 
be (space part) can notAcorrectly represented by e ither equat ion 

(1 4) or equation (48) alone . On taking into account the 

indisting uishability of electrons, the wave funct ion before 

collision, normali z ed to represent a stream of unit incident 

current density, can be written as a linear combination of 

two wa ve functions(l) 

--? _, ~ _,, 

- :!: ( __,, ~) I [ i -k.o • r; ~ i -/:(,, · t; 
~.. r-; , r.. = g e cf) r;.> + e. 

(5 5) 

where the p lus sign and the minus si tsn designate the symmetric 

and antisymlli 8 tric wa ve functions, respectively. 



22 

If the atom is excited to an n-th state after the 

collision then the normalized wave functions can be written 

as 

__,, _, 
t!..> h ±( -; -}) =_I [ i -1/,, · r, J; (-v) + 
.:l- r,,r .. rz e ,hr.. (56) 

The operator which connects the initial state to 

the final state to give rise to scattering amplitudes is 

o:f the form 

r I 
E:z E:z. 

+ -=----
1 P-rJ 

(57) 

_, 
where r' is the coordinate of the scattered or ejected electron 

and J! is the co~dinate of the electron remaining in the 

atom. We see that V(~~;) is a symmetric ope_rator. 

The Paul i exclusion pri nciule (ll)states that the 

wave function representing an actual state of a system 

c ontaining two or more electrons must be antisymmetric in 

both space and spin coordinates of the electrons; in other 

words , the wave function must change sign on interchang ing 

the coordinates of any two electrons~ 

If we assume that the spin-orbit interact ion is 

ne g ligible in the scattering probl e m, then the spin part 

and the space part of the total wave function can be 

1·actored . The space part must be symmetric if the spin 

p art is antisymmetric, and vice versa. Hence, only initial 

~nd fina l states of the same symmetry in the space part may 

g ive rise to non-vanishing ma t rix elements for the symmetric 
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o perator V(i~•,r). These matrix elements are 

+ Va,.-= fr -± *° v - + I """" _,, 
~.. '±. - ex r, ol. r-. 

= z . + z direct - exchange 

where 
-,) _, . 

-i-k,,·r, 11,~(-")[ E' E-"J e '(, r.. - - + - • n r, r,._ 

) 

a nd 

_, ~ 

• e_if<o • r; tf,, (0) d.r; Jr 

(58) 

(59) 

(60) 

(~' is used in equation (60) as the integration variable for 

the ejected electron). 

Comparisons of equations (22),(37) and (59), and 

(54),(50) and (60) suggest that the formula for differential 

cro s s sections should be modified into the following form 

(6l) 
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whe r e a and b a re consta nts det ermined b y the number of 

e le c tron s a nd t h e multipliciti e s o f the sta tes involv ed. 

For the c a se o~ el e ctron scat t e ring by an H- a tom, t he spin 

wave f unction a s socia ted with ~h+ must be antisymmetric, 

a nd i t can be written as 

f (1) o< (2)] ( 62) 
> 

whe r e ~(l) stands for th e spin function of el e ctron l with 

spin u p a nd f (2) stands for tha t of electron 2 with spin 

d own, etc. 

Similarly, the spin wave function associated with 

~K must be symmetric, and it can be written as 

s+ = o<(1) c><'(2), 

or 

or 

~ [ o<(U f3 (:z.) + f(IJ d.(-i)] J 

f ( l) f ( 2) . 

(6J) 

I f we assume that t he sca ttering process can take 

plac e with equal probability through any one of the four 

po s si b le spin state channels g iven in equation (62) and (6J) 
th e n when this process dbes occur it has a probability of 

i o f occuring throug h S and a probability of % of occuring 

h 1 .. + 
t rou g .·1 ~ •. Thus we have 

(64) 

where t h e subscripts l a nd 2 have b een omitted because they 

all refe r to the scattered electron . . Equation (64) is the 

expr es sion f or the differential cross section o f scattering 

by t he n- t h process derived from the Born-Oppenheimer 

a;;prox imati on. 



25 

II.5. Scatterin1~· o .f El e ctrons ny Helium At oms Born-

Opp e nheim e r App roxima ti on 

The ~heory o.f scattering of electrons by H- atoms 

may be Generalized to many- electron atoms. L et us consider 

the simple example of the helium a t om which has ti.-10 atomic 

electrons a nd a nucleus with charge +2E. If we label the 

i nc i dent e l ectron 1, and the at omic electrons 2 and J, with 

th e origin of the coordinat e system at the nucleus, then 

the direct sca ttering amp l itude from the Born approximation 

can ba written as 

2 - ,_ c.. '1. Jff -i ;;: . r; I !1 *" ( ~ -) [ 2 I I I f ((9 "' )= - /Lm 1... e /, r., t'3 --+- -1- - • 
YI 1 'f -t. >. 11 r, r;"l. ~3 

S imilarly, the exc:hange scattering amplitude :from the 

Born-Oppenheimer approximation is 

-,> _, 

q /: .... J. ) _ - Zll me 
4 JIJ -i-k .. · r .. c1., *'(~ F:) [- J. _1 

o,, t (.Y,"' - _ _ft ... e '"' '. 1 r + r. + ..., ... ,. ] . 

(65) 

(66) 

The g round state o f the helium atom is a sing let 

s ~~t~ , and excitation can occur either to a singl et or a 

trip:,..~ ·..; state . In the former case, in which no multiplicity 

cha n g e occurs, t h e differential cross section is found to 
be(l2) 

(67) 
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The excitation to t ripl e t states can on ly ar i se from 

el e c t ron exchang e. Thus the different i al cross section is 
(1 2 ) 

- 3 -R,, 
-f<o 

(68) 

II.6. Limita ti on s of t he Born-Opp e nhe i mer Approximat ion 

It is well known(lJ)that the probability of exchang e 

s ca t ~oring of a n electron by an atom falls off rapidly as 

t he incide nt energ y increases . The observed and calculat e d 

excitation cross - sections for the helium 23S, 4 3s, and s3s 
sta t e s serve as a typical ex~mple •. 

On the other hand the Born approximation holds 

onl y whe n the incident energ y is large compar e d to the 

int e r a ction energ y and when the scattering ang le is small. 

This means t h at calculation s based on the Born- Oppenheimer 

a~proxima t ion can not yield satisfactory results in the 

reg ion where e xchang e scattering is appreciable. 

The difficulty a s sociated with the Born-Oppenheimer 

approxima tion may be understood as fo llows . we · recall 

- - -'> ~ha t the expansions of :J:'(r, ,r.,_ ) in equations (14) and (48) 

a r e exact and that the fol lowin g orthog onality relations 

mus t hold 

0 
) (69) 
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However , in obtaining solutions to the Schroedinger 

e quation we have used the following approximate wave 

.function 

(70) 

(71) 

Equat i on (71) actually does 

(70). But ror high impact 

not satisfy equations (69) and 
- -> energy Fn(~ ) a nd G h(r~) a r e 

small so that the erro r is small . 

II.7 . Method of P a rtial Waves 

Since the Born approximat i on fails to work for low 

energy coll i sions, we must find some other method to analyze 

the probl e m of exchange scattering . One such method, 

p roved to be very powerful and userul, is the method of 

partial waves(l 4 ). This method is mainly used for spherically 

symmetrical potentials . The idea is to expand the total 

wa ve functio n as a series of Legendre polynomials multiplied 

by radial wave functions and then substitute th~ wave 

function into the Schroedinger ' s equation and solve the 

radial p a rt of the differential equation subject to appropri ­

ate bou1:dary conditions . 

To demonstrate how this method works, let us consider 

t~e simplest si tuation of an electron scat tered by a c enter 

o f f'orc e: . The problem o f elastic scattering of an electron 

b y Qn H-at om can be considered to belong to this categ ory, 



because we may approximately treat the interaction be t ween 

the elec tron and t h e atom through some effective potential 

v(r) (lS) . The Schroedi nger equat i on of the one - particl e 

system can be written as 

0 (72) 

I~ we assume that the particle with energ y E is 

inciden t from the Z - direction , and -cl1at V r epresents a 

centra l rield,then tposs ess es cylindrical symmetry about 

the - - axi s and is not a function of+ ~ The Laplacian 

o p0rator in terms of spherical polar coordinates (r,s,1) 

can be written as 

h here 2 
i., is the total angul ar moment u m opera-car : 

c· ~· t ~ t" ~ince 1 is no a ~unc ion 1
. I 

0 '(, 

foll~wing linear comb ination 

C» 

we can expandf into the 

t (r,G) =-}:- I Cf; (r) ~(us G) 
J:o 

( 7.J) 

(74) 

( 7 5) 

-. . .-.:-i_,re the P ..e (co s<9) are the Legendre polynomi a ls ( 16 ) which 

sa~isfy the different i a l equat ion 

(76) 
) 
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and obey the orthon{mality relation 

where 

.;zJ + J 

2 J' _, ~ cxJ Pi.i C:r:J d x 

wfi en. ), = rn.. 

=O o-fhe-rw ise. 

Each term in the exp ansion of equation (75) is 

(77) 

(78) 

c a lled a "partial wave'' corresponding to a particular value 

The names S-, p-, d-, 1'-, waves are associated with 

~ =0 ,1, 2, J, •...• ,respectively . This terminolog y is derived 

fro m optical spectroscopy •. 

Substituting equation (75) into the Schroedinger 

equa~ion (72) and making use of (76), we have 

wh ere 

and 

~- 4 -
-Y< .. -

U Cr-> = ~m,_ Vo-> 

( 7.9) 

(80) 

(81) 

S i nce t he P~ (co s e) are orthog onal functions and non­

v ani shing for an a rbitrary&, and ~ is non-zero for fini~e r, 
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we must h ave 

(82) 

Equation (82) is the differential equation that we 

want ~o solve once u(r) is g iven. If we can rind ~(r) 

then we know the wave function and the problem is solved •. 

II.7.1. A s v:nptotic Form o f the Hadial Partial Wave Function 

lfc(r ) -
For a physically real scattering potential,t is 

everywhere finite, continuous, single valued and, f'or our 

scat~ering problem, must have the asymptotic form 

r (SJ) 

Hance the bounda ry conditions for ~(r) must be such that 

Cf.Ji (r) is continuous and i"ini te everywhere, equal to zero 

at the orig in a~d satisfy equation (SJ). Also, u(r) g oes 

~o zero a t larg e distances r. If in equation (82) we ne­

glect b o th terms u(r) and ~~iVat large , distances, the 

asymp totic solution of equation (82) can be written as 

l.f..R Cr J (84) 

w::. "'r'"' A..R and B~ are constants to be determined by solving 
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equati .. m (82). 

II .7 . 2. . Solution o~ ~(r) for a F r ee Partic l e 

In o r der to ge t some fee ling about the r e l at ionship 

De-;:we '°':i. the const a nts A) , B_.Q. and the P.o ten-cial energy U ( r), 

l0w us consider the case of a particle in free space, 

such t-h::i. t 

u( r) = o, ( 85) 

T he differential equat ion then becomes 

0. \86) 

We see -chat equation \ 86 ) is of the same fo rm as 

tha differential equation that generates the spherical Bes sel 

functions( l 7 )~ The general solution to equation (86) can 

be written as 

lf.; (r) (87) 

whe r e A~ and B; are constants , and j~ (k0 r) and n 1 (k0 r) 

ar2 two independent spherical Bessel functions defined by 

-che i'o llowing 

1; ( -fl ,r) - j a<;: r 
(88) 
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n.P. (-f?. r-) (-1)-f-+J rx-
\• ,_) ~ 

where J (k~r) and 
)+i 

J( . • (k
0
r) a re Besse l functions (l6 ) · 

- ~"'"1) 

We note however, that J_c• .L) (k. r) starts out as 
(18) ~+; 

-N+-t) (k
0
r) at small r , and does not satisfy the condition 

that ~(o) must be z~ro. Hence we must choose 

(90) 

T h e a sympt o t ic form of the Besse l function Jn(x) 

when fx)·;:_and fx/:»)nj is given by ( l9 

Jn(x) c 0 s [ x - ( 11 -r .l) 7(, J 
. 2. :z. • 

Therefore the asymptot i c form of equation (87), with 

:.:::;_' = 0 , is 
.1. 

~ ('r) 

(91) 

(92) 

Comparing equations (92) a nd (84), wa see that the phase 

;..., i .; equal to - ~~ r·or the c a se of particle in free space, 

wh~l e t he constants A..R. and A~' . are determined by the. 

nc~~alization cond~tions. 
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II . 7.J. Differential Cross Sections From Phase Shifts . 

In view of equation (84) and (92), the asymptotic 

solution for equation (82) may De written in the rollowing 

f orm 

. ( n I- }7[ Sin -'0 1 --- + 
"" 2. 

(93) 

where i is the phase shift arising from the scattering 

po tential U(r) . In general , i must be determined by 

solving. the dirferential equation subject to the boundary 

conditions that~= 0 at the origin and have the form given 

oy equation (93) at large r . 

A physical interpretation of>'/; may be given by 

saying that introduction of U makes ~he phase of the 

scattered wave to increase by% when compared with free 

spherical ,.,ave (i.e., U = 0) •. 

Subs tituting equation (93) into equation (75) , the : 

asymptotic form of the wave function f(r,9) becomes 

cf; (r, ~) 1 

r ~ ( C..0.S !9) . (94) 

Now equ&tions (94) and (83) are two asymptotic forms of 

the same funct ion ~(r,G), and hence should be equivalent . 

For convenience of comparison, we will also expand equation 

(8J) in a linear combination of the complete: orthonormal 

sGt of P; (cos~). Algebraic manipulat ion( 2 o)shows that the 

first term on the right hand side of equatio~ (BJ) becomes 
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c: fl.} (,. -ko r C-os() 
e - e 

. t; ( ·k,, r) ~ ( c..o.s o) , (95) 

where t (k.r) is the s pherical Bessel function defined 

in equa tion (88). Making u se of equations (88) and (9L), 

the asymptot ic form of equation (95) can be written as 

(.;<J-+1) i ~ [ f- Sin (-k.,r - -P; )IP (cosC9) 
R0 r -€ • 

(96 ) 

Simila rly, t he second term on the right hand side of equation 

(BJ) c an be expanded as 

f (6l) r 

wher e C i s a coefficient to be determined . Thus 
.P. 

equation (SJ) becomes 

lf ( r, ~) 

( 97.) 

(98) 
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Making use of the mathematical identities 

) (99) 

and 

(100) 

equation (98) can be written as 

lj; (r, &) 
e:· l'r,.. ;)) 

f>" ~ w 

(101) 

Simila~_y , equation (94) can be written as 

(102) 
_ t"Y(.,el -i~or} 1 e e r fl(eo.s6>) . 

A mathematical theorem states that if 

i,X -i'X 
Ac + De =o (103) 
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t hen 

A = B = 0 (104) 

Since equations (101) and (102) are equivalent, we must 

h a ve 

,·.h r. 
(.2 -P -t1) e 

;{,f<. i 

Solving equations (105) and (106), we have 

A..e -

C..e -

(105) 

~ = O, I, 2., ••• 

(106) 

(107) 

(108) 
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Thus 
00 

f (CP) = 2 C.R P..e (cos()) 
1= 

O<> 
(109) 

I (.< -P-r 1) 
( t"2 ~ ) e (cosi9). 

.::? L' ~• 
e -1 

)-:=.o 

In view of equation (32), the differential cross section 

for elastic scattering in terms of the phase shifts is 

(110) 

The i are obtained by solving the Schroedinger equation 

(82) subject to the boundary condition ~(O) = 0 and the 

~symptotic condition of equati on (93). From the i one 

c.an calculo-te <lo(E,&) according to equation (llO) . 

II . 7.4 . Total Cross Sections and Partial Cross Sections 

T h e total cross sec~ion Q(E) can be obtained by 

integ rating the di1"i'erential cross section over all sol id 

angles . 
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00 

~ 
..R=o 

) 

where we have made use o:f the orthonc£rnality properties 

o:f the Legendre polynomials given by equation (77). 

(lll) 

We se e from equ ation (lll) that the total cross 

s ec tion Q
0

( E) can be expres sed as a sum of the partial 
J 

c ross sect ions Q
0

(E), defined by 

Q ~(- 47' 
0 !:::) = -R:~ ( .<..R+ 1) s iti 2.1 i 

) 

.f = 0, I,, 2., ... (ll2) 

I t is of interest to estimate the maximum partial cross 

.sect i o n for a g iven ang ular momentum quantum number) . The 

:functi on sinq, is an oscillating function between 0 and l. 
\~ 

Therefore, by letting 1==n-1c+{f ,where n is an integer, we 
~ 

have 

! .fl 1 l Q..,.,(>.)I - (llJ) 
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II.7.5. Comparison of Classical and Quantum Mechanical 

Partia l Cross S e c t ions 

Let us consider a p a rticle with mass m and velocity 

v moving towards a scattering center in a central field 

potential . Then the classical angular momentum ~ associated 

with an impact parameter b can be written as 

£ mvb. 

Thus 

b 
£. 

= mv 

db 
ct.ct 

= mv 

The increment of cross section dQ associated with an 

increment in impact parameter from b to b + db is then 

i d. £.. 

I f we define 

and 

with J.. being classically a continuous v ariable > 

(114) 

(ll5) 

(116) 

(117) 

(118) 

(119) 
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+o+o. I 
Q 

clcus 

Hence the c·lassical partial cross section at J per unit 

,R - range is just 

2.Q 

(l20) 

( l2l•) 

C . th . l . l Q(i!.) . . h . ompar i ng is c assica wi~ the partial cross section 
<. loss 

in equat ion (ll2), we see that the ~actor 4(2~ + l)sin~i 

instead of 2~ is a quantum mechanical result. 

We a lso observe that if all the phase shift '{p due 

to some scattering potential i s equal to an integ ral 

mult iple of' 7f. f or nonz.ero k 0 , then the tot a l cro ss section 

Q
0

(E) vanishe s •. Exper ime ntally, it has been f'ound that f'or 

slow electrons elastically scattered from noble gas atoms 

t he cross sect i on undulates with electron beam energy. It 

turns out that the scattering cross section for a few tenths 
ev 

o~ an~el ectron may be unusually small. This is known as 

t h e Ramsauer-To wnsend effect( 2 l) 
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II.7.6. Ang ular Distributions of Scattered Electrons 

The general expression for the differential cross 

section for elastic scattering obtained in equation. (110) 
~s a function of i ncident wave n umber k 0 , the phase 

shi:ft 1; , and the Legendre polynomials P.,.e(cos&) . Thus it 

is ::.. ..• p ort<int to understand the qualitative behavior arising 

from these polynomials. 

are l is ted belo~C 22 > . . 

The first few L egendre polynomials 

P"(x) = · l 

P 1 (x.) 

r\. (x) 

p3 (x) 

P"' (x) 

= x 

= }(Jx2 
- 1) 

-}( 5x3 Jx) 
4 2 = ~ ( J5x - JOx + J) . 

(122) 

In o u r case x . = cos&, where fJ is the scattering angle ... For 

conveni ence of discussion, the differential cross section 

can be written a~ 

Vo ( E, f)) 

wh e ::-e c~ i s a 1'unction of .2 , k 0 

equation (108) . 
and 7, , 

; 
as defined 

(123) 

in 

rr· we assume that lmax. is the maximum .J! beyond 

which contributions to a certain scattering process are 

negligible, then the differential cross section ~(E,~) f or 

Jmax = 0 ,1,2, ..... can be wri tten as 

) 
(124) 
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(l25) 
) 

cro (.Q "'Qi(= 2.) I (126) 

We see from equation (l24) that for scattering proc­

esses fo r which the only important t e rm is that for 1= 0 

the differential cross se c tion is not a function of angle. 

l'i'hereas for ~m~~ = 1, 2, ...• etc , the di f ferential cross 

sect ions are polynomials of cos & of the orde r 2~.,,,t:1){• Since 

cosne is a sharp ly peaking f unction around G= 0°for large 

n, the d iffe r ential cross section is sharply forward peaked 

fo r large .• 

The above is also true for inelas t ic scattering. Fo r 

spin forbidden transitions, which require electron exchan g e 

and can only occur with smal l impact parameters, the contri-

bu-c ing J values must be small. Hence the differential cross 

sections hav e a mu ch more u niform ang ular dependence. The 

optically allowed transitions , on the other hand, have sharply 

forward peaked distribution. 

m. 
II . 7.7 . Conservation of Particlesn E l ast i c Scattering 

In section II . ? . J . we obtained the expr e ssion for 

S i n equation (10 8 ) b y comparing the two asymptotic forms 

of the same wave function ~(r,s) in equations (BJ) and (94). 

However , we will see t hat the expression for c..l may also 

be derived f rom the principl e of conservation of particles 

a ~~ one . 



From equation (98) the radial wave function associated 

with angular momentum{[J (-<'-+1)] 1~at large r is given by 

~ (r) (127) 

Using equation (24), the inward probability current in the 

radial direction associated with ~(r) is then 

S' .x, rt(J.. (128) 

F o r the case of elastic scattering, the net inward radial 

probabil ity current must be zero because of conservation 

o f p a rticles, thus 

(129) 

It c a n be easily shown that equation (129) is true when 

c_Q (130) 
) 

where 1;.is a r eal constant. We see that equation (lJO)is 

of t he same form as e quat ion (108). 
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II.7.8. Maximum Inelastic Cross-Section for A Given 

Angular Momentum 

So far in the partial wave method we have only 

conside red the problem of elast ic scattering of electrons 

by a center of force, with both the interacting potential 

u(r) and the phase shift i being real quantities. If we 

now assume that U(r) is complex in the one-particle problem 

then this produces destruction of particles which otherwise 

would be scattered elastically. From· a complex potential 

U(r), the resulting phase shift ~also becomes complex .• 

Thus we may write 

(l3l) 

where both.\ and )l.R are real. ~he imaginary part of the phase 

shift wi l l then completely determine the inelastic cross 

sections( 2 J). This is the one-particle description for 

i nelast ic scattering. 

The partial elastic cross section 

(97), can be written as 

o} 2 7r. f J C2 P..e (Co519) { :z. Sin (5) ci@ 

using equation 

(132) 

Equation (132) c a n be reduc e d to equation (ll2), by using 

e q uation ( lJO). 



Sin c e inelastic collisions can n ow occur, t he n e t 

in~ard radial probabili ty curren t will b e equ a l to the flux 

of p<:trt i c l es wh i ch have suf':i:'ercd ine las tic collisions. At 

a l a r ge d i stanc e r fr o m the center the net inward f lux 

wil l t herefor e be g ive n by ( 2 3) 

2 -2+ 1 
4-Tc: 

(133) 

where 
~ 

Qi ne l ast ic i s the par t i a l inelastic cross-section 

summed over all p o ss i b l e process e s. 

E q u a tion (13J ) a nd (128 ) must be equival e nt, and 

thus we h a v e 

[ .f ..., [Q-f J 
Q +c.fa/ J = ine/. + 

2 7[ ~· -~o 
-r · 

( c..Q - c~) 
) (1J4) 

- ~ J where LQ t ota l i s the par tial cros s section for all 

c oll i s i ons , both e l ast ic a nd inelastic. 

Since 

(135 ) 
) 

we have 

Oo~ 4-7[ 
{ C.e j :i. ~ 

[ Q~ ]2 
.<-f+J 

[ Q~C\J( J 
) (136) 

[ Q.l' max J C;- 7[ 
+ l ) (113) . where = -!J: ( 2 ..Q is t h e a a me as i n e qua tion 
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In r eality (lJ7) 

H8n c e from equations (lJ6) and (lJ7) 

(lJ8) 

Furthermore 

r Q :nelastic J .Q ~ 
= [Q total - Q. (lJ9) 

Q ..Q Q..R 2 

~[ totai] -L totai]/fQ.ti ] 
max 

The max imum value of the rig ht-hand side occurs when 

[ ~ I 1 f: -R 1 
Q total 1 = ~LQ max (140) 

so 

(l4l) 
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In equat ion (141), the equality only arises when 

( 2 .J?. + !) . (142) 

Equation (141) is an express ion for the maximum inelastic. 

partial cross section summe d over all inelastic processes . 

This turns out to be ·a v ery useful formula for checking 

the oretical calculations . 

II. 8 . Me thod of Di s tor ted Waves 

In the direct collision case, we obtained a set of 

coup led partial differential equati-0ns in the following 

form 

-+ "=". F. (iZJ V. L J J'1. > 
J:::.0,1,a. • .... 

(143) 

fr om equations (15) and (l8) .. 

I n order to solve them , we made the assumption ~hat 

the incident energy of the electrons is large compared to 

the i nteraction energy such that the only significant term 

on the right hand side is 

'l'-·.is is known a s the Born approximation. 
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Unfortunate l y , n!any of the interest ing cases happen 

at lowe r incident energies . Therefore , let us make the 

less d rastic assum9 tion that the non-diag onal matrix 

elements V are 
jrn 

on the righ t hand 

so small tha t we may neglect a ll 
.-.') ~ 

side excep t V F and V e' ~.·r, 
nn n. on 

we ob t ain ~he series of equations· 

) 

--i> ~ 

Vo ... e i ~o ·r. + t<,., Fn (F; J] 

which must satisfy the boundary conditions 

i.-k ... r, 
e 

n = 0,1,2, •••• 

products 

Hence 

(144) 

) 

(145) 

(146) 

The above approximat ion is often called the distorted 

wave method. :. '.assey and Moi seiwitsch( 24 , 25 ) were able to 

use this method to calculat e the excitation of the 2+s and 

23S states ( 24 ) and the 23P state ( 2 5) of helium by electron 

impact . The excitation cross sections calculated by these 

author s showed considera ble improvements over the previous 

calculat i o ns using the Born-Oppenheimer approximation(l3 ). 

However, as pointed out by these authors, substantial 

di screpancies from the observed data still remained . 



II. 9 . Close-Couplin~ Ap p r oxima tion 

I n the collisions o f e lectrons and atoms, it is 

possi b l e that atomic sta te s other than the initial and 

rinal s t a tes ma y have contributions to a particular 

sca tt ering p roces s . F or e x ample, in the scattering of 

cl e c ~-ons by H-at o rns, the incident electron may excite 

t he at om to a n excited stat e, then the atom in its excited 

state may a gain int e ract with this scattered electron and 

los e i t s excitation energ y . The scattered electron thus 

comi n g out would appear to have been scattered elastically. 

In orde r to have a complete treatment of the problem, 

t h e t otal wave function for the electron plus H atom case. 

can b e e xpanded in the antisymmetrized form 

-? 
·~ CJ 
J l , ' ; 

A 

- t ( r 
-> 
r,, r-... . 

~ 

-> 

r. ' O"; ; A.) a-.. ) 

Fr (r,J 

r, } (147) 

where a:; and r 4 ar e the s pin coordinate and unit vector 

a lon g t h e d irec t ion of 
-> 
r, of the i-th electron, respectively, 

l = 1 or 2 . 

( 26 ) 
::e:::·s , ill. the nota tion o :t~ ? e:c·ci val and See.ton 

r ~ e)re sants t he set o f ~uantities 

(148 ) 
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where n and i , are the principa l and angular momentum 

quan tum numbers, resp ectively, of the atomic electron; l~ 

and kn are t he orbital ang ular momentum and the wave 

number, r espectively, of the scattered electron; L is 

the total angular momentum quantum number and S is the 

total s pin; and ML and Ms are the components of L and 

S, respectively, along the ~ - direction •. 

The sum over r in equation (147) must in principle 

include all the discrete and continuwn states of the H-

a~or.-i. However, due to practical difficulties we can 0nly 

i nc l u de a finite number of states. 

are list ed by Burke and Smith( 2 7a) 

The following designations 

a). Sta tic approximation when only the lS state of 
the'H-atom is used in 
equation (147). 

b). Strong- coup ling 

approximation 

c). Close-coupling 

when IS and 2S sta-tes of the 
H-a tom: are used. 

a pproximation wh en iS, 2S and 2P states of the 
H-atorn are used. 

Burke and Schey( 27b) were able to use the close­

coupling approximation to calculate the dif~erential cross 

sections of e l ast ic scat t ering of e l ectrons by H-atoms for 

i ncident energies below the first excited state of the 

H- at om (10.2 e v ). 

Later, Burke, Sche y a nd Smith( 2 B) reported furth er 

wo:k us ing t~i s approx ima tion to calcula te the e las tic a nd 

inelast ic dirfer e n t ial cross sections of electrons scattered 

by B -a~oms with i ncident ene r g ies in the range from ll.O 
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to 54.LJ- e v. The results presented by these authors showed 

t hat the di fferential cross sections of elastic and 

o p tica lly all owed inelastic co l lisions were in gener a l 

s trongly forward pe a ked. Howev e r, the magnitude of the cross 

section s were to o l a r ge compar ed to available experimental 

v a lues . 

I I .lO . Ochkur - Born- Oppenheimer Approximation for Exchang e 

S e a tt e rinr: 

Recently, Ochkur( 2 9 ) rep orted a simple formula 

wh ich permitted one to calcula te the exchang e scattering 

o f electron s by atoms with approximately the same deg ree 

of accura cy as that yielded by the Born formula in the 

d i rect collision case. The excitation functions were 

c al cula ted :for the 2 3s and 2 3P levels in helium. The 

r esul ts showed considerably better agreement with ex­

peri ments than p r evious calculations by other authors 
(lJ,24 ,2 5 ,) 

The principal idea in Ochkur•s work is to expand 

the exchang e ampli tude g (E,~ 1 ?) in a series in inverse 
n 

powers o f k 0 , then to truncate the series, keeping 

o nly the lowest order terms in -j- , with the assumption 
f;lo 

t hat k 0 and k a re both l arge compared to Ak. The 
n 

reason :for d:iscard:ing hi ;::)·. e r order terms in !,4
0
is that 

t he se terms are not c onsist e nt with first order perturbation 

t heory. If such terms are retained,_ then as the energy 

i s decreas e d they start do minating at energies at which 

otherwise :first orde r per t urbation theory might be expected 

to a p p ly and give . unreassnable results. 
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II. lO.l . Prior and Post Interactions 

The exchange scattering a mp litude for the case of 

h elium from t he Born-Oppenhe imer approximation can be 

wri t"t;.;;;n as 

~n (E,C9,cf>)= 

Where V ex is 

--:> -> 

f SJ 
-i. -k,.·r .. 

e 

. e 
~ -­i *o. r, 

1/, -:> - ~ - -1o ( G ) G ) d r, d r. d Yj 
) 

(l49) 

the operator fo r t h e exchange interaction, 

and c an have th e following two forms: 

(- J 
+-- + r, r. ... 

) 

The " pri o r" interacti.on r epresents the interaction of 

(l50) 

(l51) 

the incident electron with the atom and the 11 post" inter­

act ion represents the interaction of the ejected electron 

with the atom. If f.,and l/'., are exact wave functions of the 
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atom, ~hen the prior and the post interactions are 

equivalent. However, in practice, we do not have exact 

solutions for atoms with two or more electrons. Thus, 

some approximate wave functions must be used. It can be 

Shown that (JO)if the Hartree self-consistent field 

approximate wave funct ions are used, then the post-prior 

problem does not arise~ But this is not true for other 

~ypes of approximation(lJb). 

We note that equation (66) in section II.5. was 

written with the post interaction. The choice was arbitrary. 

II.10.2. Exchang e Scattering Amplitude 

From. equations (149) and (150), the exchange 

scattering amplitude for the case of helium can be written 

as 

f (f [-_l_ +-' +-I ] J r, r;.. r;:. 

(152) 

This amplitude can be written as a sum of three terms as 

follows 

q (3) ( _L) 
<lr, r;,. • (l5J) 

Ochkur( 29 ) showed that these three terms were given by: 
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( 4--:. ) f 
-'f<o 

+ (higher order terms) 
) 

(154) 

a (zJ 
on -

) 
(155) 

(156) 

Henc e, t o within order Ji~ , g~i) and 3i31 can be neg lected in 

the f ramework of first order perturbation the ory.. (When 
11

' d 
111 

h d · ~ f t a ~'l.) -- 0 ( 1.
1

) 'fo an /;-, ave J.. I e r en space symmetry, a.. 7< ) . 

Thus the exchange amplitude can be written as 

(157) 
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I where gn has an explicit dependence of ~;. We recall 

from equations (32) and (37) that the direct scattering 

amplitude for the case of the H-atom can be written as 

f ( E ~, ~) = (- p7[2 n.,f-2) - f 
n I Ji 1. 1 (LI. -kt 

(l58) 

Thus we see that fn and g n have similar forms except 

tha t the expres s i .on for gn has a dependence on ~:·while 

the expression for f'n ha s a dependence on ~·~/. This 

difference leads to different energy dependence of the 

cro ss sections. 

It should be p ointed out that in Ochkur's treatment 

the probl e m of "prior or post interaction" is eliminated 

by neg lecting the hig her order terms in ( ~0 ). 

II .10.3. Cross Sections for Triplet Excitations in Helium 

The differential cross sect ion for the excitation 

fro m the g round state to a triplet state by electron 

excha nge in helium is g iven in equation. (68) as 

3 f ~n 12-

whe r e the expres s ion for g n is now given in equati-0n 

(l57) . 

The total cross section is then 
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-3!:(]" 
cf>=o CJ:.o (159) 

For a central potential problem such as this, 

t he r e is nc o/ d e pendence. F urthermore, we can change the 

integ ration variabl e from d$ to d(ak) . Using equation 

( 44) , the t otal cross section is given by 

(160) 

wh e re 
--} ~ <Yi J e G. ail· ~ / <') 

- __, 
u· .::i ~ • r.. _. -

e clri cl.r3 

(161) 
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We see from equ ation ( 1 60) that since 

(162) 

the integral over Llk is relatively independent of k . ( 29) 

Therefore the cross section has the following energy 

dependence 

I 
E3 

) 

at large E. 

0 

(163) 

Ochkur( 2 9) states that there exists a preference for 

transitions without a change of the ang ular momentum quantum 

number ,R of the exci ted electron, and that transitions with 

Ll_Q = 2 were much less probable . He also shows that the 

d ependence of cross sections on the principal quantum 

number n for fixed ~ is approximately 

II . 10.4 . Rudg e ' s Correction of Ochkur's Formula 

(164) 

In a recent letter , Rudge(Jl ) pointed out that the 

exchange scatterin g amplitude obtained from Ochkur's method 

in equation (157 ) was in a sense incorrect, and that it 
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should be replaced by the following form 

) 
(165) 

in order to b e consistent with results derived from the 

v ar i a tiona l principle . 

Rudge(JZ) also r eported some calculations on the 

elast ic s cattering of electrons by the H-atom in its ground 

state and the excitation of the 2S state from the ground 

state. In both cases the exchange collisions were taken 

into account based on formula e derive~ from the variational 

principle. The results showed encouraging improvements 

over the p revious c a l culations . 

The total and diffe rential cross sections for 

e xc i ta tions in he l ium from the g round state to the 23S 

and 2 3P sta tes have recently be en calculated by Cartwright 

( 33)with the Ochkur and Ochkur-Rudg e approximations. 

I I . ll . Theory of Electron Scattering by Molecules 

I n this section, we will consider a few imp ortant 

points r e lated to the collisions of electrons with molecules. 

The term " molecule " used here applies to diatomic or 

polyatomic molecules . Since a molecule is composed of 

t wo or more atoms, most of the early di scu ss ions about 

sing le atoms should be app licable to a molecule if we c a n 

make it stand still and fire electrons at it. However, 
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in addition to the electronic motion and translational 

motion associat ed with an atom , there are also vibrat ional 

and rotational d egr ees of freedom associated with the 

nuclei of a molecule. In order to handle the problem 

properly, we mus t de scribe the system by a total wave 

function of the incoming electron, the molecular electrons 

and the nuclei. 

In elastic scattering, interference occurs between 

the e lectron waves scattered from different at oms in the 

same molecule. This is apparent in the angular distribution 

o f the scattered electrons , and serves as a tool in studying 

molecul a r structures. 

The inelastic collisions include the possibilities 

of electronic excitation, vibrational and rotational 

ex~itation, molecular dissociation, negative and positive 

ion formation . In the present work, we will focus our 

interests only on the electronic excitation and ionization 

of molecules-

II .ll.l. Electronic Transitions in Diatomic Molecules 

The Franck-Condon p rinciple 

It is well known in o p tical spectroscopy that the 

electron jump in a molecule takes place so rapidly in 

comp a rison to the vibrationa l and rotational motion that 

i mmediat e ly afterwards the nuclei still have very nearly 

the same relat ive position and velocity as before the 

jump . . This is called the Franck-Condon principle •. 

Discussions on the emission and absorption or 

r a dia tion by molecules and a wave-mechanical proof of 
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the F ranck-Condon principle can be found in standard 

rei'erences ( 8 ) . 

Our present concern is whether or not this principle 

holds for electronic excitation by electron impact •. 

For molecules like H2 and N:z., the vibrational 

constants, 47e of the ground electronic states are given by 
( 8 ) 

c<-k (H~)= 4395.24 

cJe (Na.)= 2359 .. 61 

-1 cm 

-1 cm 

The period T of a clissical simple harmonic oscillator 

at frequency ~ is given by 

T > 
Ct.V 

(166) 

(167) 

whe r e c . is the sp e ed of light in vacuum and is approx­

imately equal to 3 x 10
10 

cm/sec •. 

At room temperature, for H~, most of the molecules 

ere in the g round vibrationa l state with zero-point energy 

~ w~. Therefore, the vibrational period is of the order 

of 1.5 x lo-14 s ec. For heavier molecules the vibrational 

p eriods a re even long er than that of H2 • 



On the other hand, from section II.l. the average 

time an electron of JO electron volts will spend around 

the neighborhood of a molecule of linear dimen~sions of 

about 1 A is of the order of J x l0-l7 sec. 

From these s imple calculations, we see that the 

motion of a low energy electron is fast compared to the 

nuclear motion. Hence if e l e ctronic excitation of the 

molecule takes place during a collision it is very likely 

that the Franck-Condon principle will still hold. 

II .ll. 2 . Electronic Excitation Cross Sections 

In order to demonstrate how to calculate the cross 

sections fo r molecular electronic excitations by electron 

impact , l et us consider the simplest problem of direct 

excitation by an electron of a H2 molecule. A detailed 

treatment has been given by Cartwright and Kuppermann( 3+). 

The scattering amplitude from the Born approximation 

is given by 

-. --.. 
t,'-/( •• r; - ... 

V e ,,.{., drcl r. 
::Co J(l68) 

where ~" and ;;:En are the molecul a r wave functions of' the 

ground and the n - th excited state of the H2 molecule 

respectively , V is the interaction potential for direct 

collisions, and d T is the volume element for all the 

neces sary coordinates. 

If we label the incident electron l, and the 

molecular electrons 2 and J , with the origin of coordinate 
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system sitting at the center of mass of the H
2 

molecule, 

and designate the ~uclei by subscrip ts A and B then the 

interac tion potential can be written as 

V= __ I 
r; fl 

+ + 

Further, since the electronic motion is much faster 

tha n the nuclea r motion, let us as s ume that the molecular 

wave functions can be written as products of the electronic, 

vibrational, and rotational wave functions. Thus we have 

' (170) 

rn' 

Y~, ( X, ")) (171) 

where R is the internuclear distance and -X, Cf are th e 

orientation coordinates o f the molecule; t} R.) and tJJ,(R.) 

are the vibrational wave functions of the g round and excited 

e l ectronic states respectively; and Y; (-;<, 'f) and Y:r":' ( -X.,'f) 

are the rotational wave functions of the ground and excited 

states , r espectively •. 

Substituting equation s (169),(170) and (171) into 

equation (168), we have 
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( l72 ) 

where 
T oli'red; ( __, -) 

IA -k. 4·k R. on <>, ' (l73) 

ff [ f i <A1). r: ] 
J I I l ~ e (-- --+- +-)dr . . r,11 r; 6 r;, r,3 

-We see that the integrat ion over rl may be simplified 

using equation (34), p rovided ..6k. is small •. 

Thus rrom equation (32) the differential cross section 

can be written as 

47i~',/'
4 

(f,-) I [ [ Y;']"[ f f .:. T.~;r. tf•f 
~,'f 

• ~Sin X cl X J 'J m }~ 
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II.ll.J. Stati st ical Averag e of the Differe ntial Cross 

S e c t ions 

The expression fo r the differential cross sections 

from the Born approximation for direct scattering of 

electrons by the H2 molecule tha t we obta ine d in equation 

( 174) represents excitations from a particula r groun~state 

(o,V,J, M,) to a particular excited state (n,~~J' ,M')~ 

Thus, let us r edefine the d ifrerential cross sections as 

follows 

(l75) 

For practical p urp o ses we do not consider the cross 

sect i ons fo r excitations to the individual rotational 

states , but t he sum over all final rotational states •. 

Since the following relationship holds for an 

arbitrary function G(x~~),(JS) 

~ I i r l>'l' J ~ v...,, il. J"~' J \_, (X,<f) Gr (X,Cf) l:r (x,Cj>) Sin)t J. x cl.Cf= 

therefore from equation (174), we have 

'J''.m' 
4-ll:E~·,.· (~) J I Y," . 

'X.'f 

(176) 

(177 ) 
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where we have made the assumption that the separ ations 

between rotational levels are small compared to the 

exci t ati on energ ies, such t hat k is almost independen t 
n 

of J' and M' •. Actual~y the e nergy states are degenerate 

with respect t o the quantum numbers M' in the absence o f 

an external mag netic fie ld. Furthermore, b ecause o f the 

mas s differenc es between electrons and molecules, electrons 

are very ineffic ient in p roduc ing angular momentum 

excitations . Thus excitations from a certain ground state 

(O, V, J,~) to a certain excited state (n,V~J ' , M',), will 

only have appreciable intensity within a narrow rang e of 

J' • 

Under usual experimental conditions, the target gasses 

are at a certain tempe r ature T, say room temperature. 

The various rotational states of the g round vibrational 

state a re p op ulated according to their statistical weights. 

Thus we have 

00 

L: 
n :z>' J"=o 

G":v -

Since 

ft1=-:r 

:r 

2 
M -,,-:r 

2: 2: 
-:; /YI 

J"(:r-fl) ":f; ... 

z l "R. T 

E.. 
:r c:r-t•J r 

e ;:lI -kT 

_I_ 
47C 

equation (178) can be rewritten as 

'n )J, 

<r 
0 l> :r />') 

(178) 

(179) 



q-nv' 
oµ 

where 

and 

<~,,)= 

6G 

[ ~2 - !2h?( - )] 
0 ~ ~ Eh'v' E o:>J:r 

) 

SinZJXd':f 

47C (180) 

(181) 

(182) 

I f we further assume that the scattering amplitude 

f T direct] i· s 
0~ independent of R , (this is usually assumed 

in optical sp ec troscopy and is known as the Franck-Condon 

principle), then equation (1 8 0) becomes 

(1 8 3) 



where 

a nd 

67 

O!- I 10~ ... -·1 • = orientational average ''·· 

= Franck-Condon factor in 
electron impact spectroscopy. 

(184) 

(185) 

E quation (l8J) is the expression for the differential 

cros s sections for direct scattering of electrons by H
2 

molecules summed over all rotational lev.els of the 

excited states a nd averaged over all rotational states of 

the g round state. Similar expre ssion can be derived for 

excha nge scatter i n g s. 

II.12 General Properties of Ine l as t i c Cross Sections 

In conclusion of the theory of electron scattering 

and as a g uide to the experiments, it seems worthwhile to 

e mphas iz e onc e more some of the important aspects which 

are we ll established o n both theoretical a nd experimental 

g rounds ( 9 ) in connection with ine l astic scattering o f 

electrons by atcims and molecules. These aspects may be 
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summarized as follows . 

A. Ener~y Dependence of Cross Sections at Large E 

( l) Optically a llowed (electric dipole allowed) 
JoaE 

transitions fal l off at the rate of - E. 

(2) Optically forbidden (electric quadrupole allowed) 

transitions not involving a change in spin fall 

off at the rate of"'~· 

(J) Spin forbidden (from exchange scattering only) 
I transitions fall off at the rate of-E3 • 

B. An g ula r Distribution of Scattered Electrons 

(l) Optically allowed transitions and elastic 

scattering have sharply forward peaked distribu­

tions. 

(2) Optically forbidden transitions and spin forbidden 

transitions have more uniform angular distributions. 

c . Ma g nitude of Cross Sections 

(l) Elastic scattering is approximately two orders of 

mag nitude larger than inelastic scattering. 

(2) At high electron energies the optically allowed 

transitions are considerably larger than other 

inelastic processes. 

(3) Spin ~orbidden transitions are only appreciable 

if at all, at electron energies in a narrow 

range close to the threshold . 

D. Franck-Condon Principle 

Is observed in the electronic excitations of 

molecules by low energy electron impact. 



III. Historical Ba ckground 

About half a century ago , Franck and Hertz{JG) 

were the first workers to study the inelastic collisions 

o r electrons with atoms and molecules. They found that 

(J6d)for metal vapors such as Hg, Zn, and Cd the optical 

spec~ral lines could be excited by low energy electrons, 

and f or the alkali and alkali earth atoms the ionization 

p otent ials obtained from the electron impact method agreed 

with ~he optical values. At that time this was a 

confirmation of Bohr's old quantum theory, and was also 

the introduction of a new experimental technique (Franck­

Hertz experiment ) for the study of electronic spectra. 

Because of experimental difficulties in studying 

sing le collision processes, so far only very little 

information is available about the differential cross 

sections ~n(E,S,4,) for all energies E and scattering 

angles e of a given process ''n" for any given atom or 

mo lecule. The main electron impact experiments which have 

been done to present may be summarized as follows. 

A~ The total ionization cross sections as a function 

of electron energy. 

B. Analysis of the ionization cross sections into 

contributions from single, double, etc., ionization 

processes. 

c. Cross sections for inner-shell ionization as a 

function of energy of some metallic atoms. 

D. Electronic excitation cross sections from optical 

measurements_ 

E. Angular distribution functions for elastic collisions 

with atoms at fixed electron energies •. 
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F. Electron diffraction studies on gas molecules. 

G. Vibrational and rotational excitation measurements 

with gas molecules. 

H. Negat ive ion ~ormation and dissociative transition 

measurements . 

I. Scattering studies on crystals. 

J. Electronic excitation cross section measurements by 

energy analysis of the scattered electrons (see 

below) • 

For the interests of the present research we will 

brie~ly review the recent progress in the field of atomic 

and molecular electronic excitation measurements oy 

energy analysis of the scattered electrons. 

III.l. Forward Scattering Measurements Lassettre et al 

In a series of papers Lassettre(J'l) and his coworkers 

rep orted their work on electron impact of He, H2, N2 , 

CO, 02, CH4 , c 2H6 , c 2H4 , and H2 0 molecules~ The energy 

range of the incident electrons was between 250 and 600 ev; 

and the observation angles were smaller than 15°. The 

impact spe ctra thus obtained resembled general ly the 

corresponding optical absorption spectra. The conclusion 

was that the optical selection rules were obeyed under the 

said experimental conditions •. 

These authors were able to show that by increasing 

the scattering angle from J . 8 ° to 15.3° at a beam energy 

o f about 500 ev, the intensity of the helium l'S ~ 2'P 

transition fell off rapidly while the angular momentum 

forbidde n transition l ' S ? 2'S gradually gained intensity 

relative to that of the l'S ~ 2 'P transition. Al s o, by 
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lowering the beam energies from 350 to 250 ev at a fixed 

scattering angle of 0°, this forbidden transition started 

to show up. However, no spin forbidden transitions were 

observed in this high energy range. 

Further work reported by Lassettre(38) and his 

coworkers on successive studies of N2 showed the obser-

vation of three "electric dipole forbidden but quadrupole 

a.llowed" transitions located at 8 .7 to 9.6 ev, ll.86 ev 

and 12.25 ev, respec~ively, for beam energies between 

60 and 500 ev and at small scattering angles. The first 
I'),.,,. ,,____ xi'+ one mentioned above was due to the transition<A."~...- .c-~, 

the so called Lyman-Birge-flop1'ield band. 

Most recently, Skerbele, Dillon, and Lassettre(39) 

reported further observations in N
2 

and CO at still lowe r 

beam energies using counting techniques. Singlet-triplet 

tra·nsitions were observed. 

The nitrogen A~L. ... +, :B 3 
J[a- and C 3llw. transitions showed 

up clearly between o• and 16° scattering angles and 35 to 

50 ev beam energies. The intensities of these triplet 

st~tes and that of the a'~ electric quadrupole allowed 

transition were about 1 % and 10~ respectively, of that of 

the optically allowed transitions. The carbon monoxide 

a 3 n anJ b3~+transitions at 2° angle and 50 ev beam 

energy also showed intensities about 0.5%-1% of that of 

the al lowed transitions. The energy resolution in these 

experiments was in general better than 0.1 ev and was 

achieved tJsi11~ I ~0° : Sf'~eric~I electrostatic analyzers. 

The ratios of vibrational line intensities showed good 

agreement with those calculated from Franck-Condon f actors . 

However, these authors pointed out that a survey of 

the spectra of 16 polyatomic molecules at beam energies of 

35 ev and higher had failed to reveal a ny singlet-triplet 

transition. They predicted that beam energies closer to 

threshold might be needed to excite such states in polyatomic 
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molecules at small angles. 

III.2. Forward Scattering Measurements Simpson et al 

A few years ago Simpson( 4 o) constructed a forward 

scattering high resolution (O.OJO ev) electron impact 

spectrome~er. The results obtained with it were similar 

to those of Lassettre. At 0° scattering angle and 50 ev 

beam energy Simpson and Mi e lczarek(4 I) were unable to 

detect spin-forbidden transitions in He or c2 H4 . Further­

more, Kuyatt, Simpson and Mielczarek( 42 ) were again unable 

to find spin-forbidden transitions in H
2

, HD or n
2 

with e lectron beam energies rang ing between JO and 90 ev, 

nor with H2 o with beam energies as low as 9 ev. 

After the operation of this instrument was improved, 

Chamberlain, He ideman, Simpson and Kuyatt( 43) found several 

singlet-triplet transitions in He at beam energies up t o 
. (44 45) 

50 ev. Recently, Heideman, Kuyatt and Chamberlain ' 

also reported seeing triplet states in N
2 

t44) with beam 

energies between 15.7 and 35 ev and in H
2

( 4 S) with beam. 

energ ies between lJ.7 and 50.7 ev. 

III.J. Electronic Excitation at Threshold Trapped-

E l e ctron Method 

Another low energy electron impact method for study­

ing the electronic transitions at threshold in atoms and 

molecules was developed by Schulz( 46). This technique 

involves trapping inelastically scattered electrons which 

have lo st practically all of their e nerg y in a n electrostatic 

potential well of about O.l to O.J ev depth and letting 

them move randomly in this well until th~strike a collector. 
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In taking a spectrum, the incident beam energy is scanned~ 

The collimation of the electron beams is achieved by means 

of a mag netic field of abou t 100 gauss along the beam 

direc-cion, This method is called the "trapped-electron 

method". Using this method, Schulz obtained thre shold 
. 46) 
( on N CO and 

0
, (so) 2 ' 

on 2 • 

excitation spectra on He, H , and H
2 (47) (48) g(49) 

He , on n
2

o on N 2 0 and 

The spectra obtained with this method agreed very 

well with the optical spectra •. Furthermore, in addition 

to the optically allowed states Schulz also observed 

singlet-triplet transitions due to electron exchange. The 

intensities of the optically allowed and spin-rorbidden 

transitions wer e of the same order of magnitude. In cases 

like He, N2 and CO the singlet-triplet transitions appeared 

with higher i ntensitie s than the optically allowed transit ions. 

Recently, Bowman and Mi ller( SJ ) reported low 

energy e l ectron impact studies of molecules by means of 

the trapped-electron technique. Excitation spectra were 

obtained over the subionization energy range for methane, 

ethane, ethylene, propylene, acetylene, propyne, and 

1-butyne. The helium 23S transition was so pronounced that 

these au thors used this peak at 19.81 ev to establish the 

incident electron energy scale. 

Further work by Bowman( 52 ) using the same technique 

also yielded excitation spectra of hydrogen cyanide, 

nitrogen, methyl cyanide, ethyl cyanide, and butadiene. 

Very recently, a high resolution(about O.l ev ) 

trapped-electron spectrometer has been put into operatic~ 

by Brongersma and Oosterhoff (53 )_ Threshold excitation 

s p ectra of CO and N2 have been obtained. Vibrational 

struc t ure of the CO a3n~Xtransition is partially resolved, 

whereas the first strong transition in N? is shown to be 

the B3 lc
2

<-X'I1..,, instead of the A3X14,.~x·.i;transition suggested 



74 

by Schulz ( 47). 

A difficulty of the trapp ed- electron method i s 

that low energ y ne g ative ions produced in the system are 

also trapped and detected. Therefore, to get the trapped-

electron current, it is necessary to obtain the ne g ative 

ion current with zero well depth in a separate run and 

subtract i t from the total current . . 

I:.Li. 4. Larg e-An g le Measure rn e nts 

Recently , Kuppermann and Raff(54,55,5') reported 

some low energy elect ron impact spectra on helium, argon, 

hydro g en and ethylene. The beam energies were between 

25 and 75 ev. Scattered electrons within an angular range 

from 22° to 112° were energy analyzed simultaneously by a 

retardation potential method. Spin forbidden transitions 

we re reported in addition to the optically allowed ones. 

Most recently, Doering (57) used a s ingle cylindrical 

electrostatic analyzer to study low energ y electron impact 

s p ectra of helium at 90° . The beam energ ies were between 

40 and 100 ev, and the resolution was about l ev. However, 

he was unable to detect the 2 3s state in helium 

Doering(58) also studied ethylene at incident 

energ ies of 25, 50 and 70 ev and at a fixed scattering 

beam 

angle of 90° . Th e most intense inelastic peak was found 

to be a 8 ev, corre sponding to numoer of unresolved allowed 

transitions. A peak was observed at 4.6 ev whi ch was 

assig n e d to the forbidden singlet-triplet transition detected 

by Kuppermann and Raff(54 , 5s). The intensity of ~he 4 . 6 ev 

peak was about 10~ of that of the 8 ev peak at JS ev beam 

ene r g y. 
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IV. Exoerimental 

From the forego ing discussions of theory and ex-

perimental background, we see that by using low energy 

electrons as an energy source we may obtain valuable 

information about spin-forbidden energy l evels of many 

simple mo lecule s because of electron exchange. 

Both theory and experiments have indicated that 

exchange collisions are appreciable only for incident 

energ ies within a narrow range beyond the threshold of 

excitation . Furthermore, the ratio of differential cross 

sections for the spin forbidden and optically allowed 

transitions seems to increase with increasing scattering 

angle e. Thus we see that low-energy and large-ang le are 

~he two favo rable conditions for the observation of optically 

forbidd e n transitions. 

In this section, we present a description of the 

experimental details of the 90° low-energy electron impact 

spectrometer we used in the p resent work. 

IV.l. The Apparatus 

The design and construction of our electron impact 

spectrometer is based upon the apparatus used by Arnot 

and Baines(S 9) in their work on collision cross sections 

of the mercury atom. 

our spectrometer was 

The orig inal work 

done by Raff(bO). 

on 

He 

setting-up of 

introduced 

differential pumping between the cathode and the sample . 

reg ions to avoid cathode poisoning and sample contamination. 

The use of bakeable metal hig h vacuum systems and of 

electronic circuits for current and voltage measurements 

ar e the impro vements over Arnot and Baines' apparatus. 



In the present work , one of the g rids used by Raff 

was substituted by a stack of parallel disks, along the 

lines of the Lo~ier gun(G I), as described below. This 

selects electrons scattered at 90°, which sha rpens the 

energy resolution when u s i ng retardation potential method. 

IV.1.1. The Vacuum Svstem 

The vacuum system consists of two cylindrical 

chambers. One houses the electron g~n and is referred to 

as the g un chamber; the other contains the grids necessary 

for the ene r gy analysis of the scattered electrons and is 

r eferred to as the collision chamber or the scattering 

chamber. These two chambers are separately pumped . They 

are interconnected by a l.5 mm diameter pinhole through 

which the electron beam produce~ in the gun chamber enters 

the collision chamber. A schematic diagram of the spectra-

meter is shown in Figure l. 

A . The vacuum chambers 

The vacuum enclosures f'or the electron gun and the 

collision chamber consist of two brass tubes, J~11 in inner 

diameter , with a wall thickness of -J- 11 and 10..1. 11 and 5...L. 11 
lo ' /{, 16 

in length, respectively. These tubes are closed at the ends 

Dy J04-stainless steel flanges through which the electrical 

leads pass via glass to metal seals . The two chambers are 

mechanically joined b y means of a double flange; however, 

the only internal vacuum connection between them is throug h 

the l.5 mm pinhole at the center of this double flange. 

The gun chamber is provided with four one-inch 

side- flanges for the connection of auxilliary components 

to -che system . The collision chamber is provided with five 

such e ntry flanges. 
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B . . The ,c_; o ld Hire r;a ske ts 

All vacuum seals in the gun and collision chamber 

re g ions are made by means of g old wire gaskets. These 

are p repared by cutting ofr proper lengths of O.OJ0 11 gold 

wire, annealing it in an oxygen- gas torch, and then sealing 

the ~nds to each other by fusing them with a small, intense 

flame . After forming, the gaskets are again annealed be -

fore use. 

c . The g ate valves 

The gun chamber is connected to a 2 " gate valve 

throug h 2" brass tubing while the collision chamber is 

joined to a second two inch gate valve via 11" brass tubing . 

At the gate valves and below, a ll seals are made by means 

of rub ber 0 -rings coa~ed with a thin l ayer of Apiezon- N 

vacuum grease . . 

D. The liquid nitrogen traps 

Below each of the g ate valves is a large liquid 

nitro g en trap which serves as a baffle for the oil d i ffusion 

pumps . These traps consist of an inner and an outer can. 

The inner can, constructed of copper, is cylindrical with 

a concave bottom and a convex top . The capacity of this 

inner can is about J liters and it will hold its charge of 

liquid nitrogen for a period of about seven hours . Automatic 

filling of the traps is accomplished with the use of two 

solenoid valves, one for each trap, connected to a compressed 

air line, a nd two pairs of Eag le Cyclo-Flex. automatic 

timers . One clock of each pair controls the ti~e between 

fillings and the other the duration of each fill ing . . 

The out e r vacuum jacket of the traps is a bra s s tube 

10 " in diameter and 12" in lenr,- th . This tube is covered 

by a circular plate to which the inner can is attached by 

means of two thin-wall inconel tubings. The seal between 
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the cover and the tube is made b y means of an 0-ring . 

traps a re shown Schematically in Figure l. 

E. The vacuum p u mps 

The 

The pumping syst e m ror the gun chamber consists of 

a \V. H . Welch sing le-stage duo-seal mechanical p ump with 

a free - a ir capacity of JJ.4 l/mm. This is connected to 

a Consolidated Electrodynamics MCF-JOO thre e s t a t e 4 11 oil 

diffusion pump , which has an o ptimum unbaffled pump ing 

speed o f JOO l /sec . 

The pumping system for the collision chamber is 

ide ntical to that of the gun chamber except that a W.M. 

Welch two-stage duo-seal pump is used to back up the MCF­

JOO oil diffusion pump. This mechanical pump has a free: 

air capacity of 140 l/mm. 

F. The ioniza tion gau ges 

The pressure in e ach of the chambers is monitored 

by me a ns or ion gau g es connected to the side flang es. 

In the g un chamber an RCA 1949 g auge tube i s used while in 

the collision chamber a Vceco RG-75 type gau g e is used. 

There is also another RG-75 gauge tube mounted below the 

ga te valve on the collision chamber side . 

G . Th e b a k e - out o ven 

The purpose of the b ake out is to increase the 

d egas s ing rate of the compone nts inside the vacuum chamb e r 

in orde r to obtain th e ultima t e vacuum within a short t im e . 

The g old wire seals allow the s y stem to be baked a t temper-

atures u p to 280°C. This bake-out is accomplished by the 

u se of an external oven, made of i '' thi ck transite, measuring 

27 -~- 11 x 15} " x 11-~" " •.. The oven contains J840 Watts of heat i n g 

element s mounted on four sides and the top. The temperature 

ins i de the oven is monitored with an iron-constanta n 

thermocouple. 
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Afte r bakeout a t 280°C for a period of about 24 

hours, a n ultimate vacuum b el ow 5 x 10- 7 torr can usually 

be o btained in each of the two chambers . 

H . The differential pumping 

Since the two chambers a r e conne cted by _onl y a small 

·l.5 mm pinho l e, g ood d ifferent i a l pumping can be maintained 

betwe e n t hem . In general, the pressure within the g un 

chamber can be maintained at a value of _i.0 that of the 

collision chamber for a collision cha mber pressure of the 

order of l0-4 torr. 

IV.l. 2 . The Electron Gun 

The electron gun consists of a cathode with a heating 

element and five planar electrodes . The purpose of the 

gun is to produce a beam of e l ectrons, of energy between 

JO and 70 ev, well - coll imated, and with an intensity of 

a r ound l0- 7 amp measured in the collision chamber . F i g ure 

2 shows a cross section throug h the axis of the cylindrically 

symmetrical e l ectron g un. 

A . The cathode 

The cathode used in the e l ectron g un is a KB62JB-

Nl0985 RCA oxide cathode . The cathode is mounted in an 

Il606l - C2JOF ceramic spacer which serves t o i nsulate it 

fr o m other el ements of the electron g un assembly . . Electrical 

con~e ctions to the cathode are made with the h e lp of two 

metal tabs spot - welded to its body . 

B . The heating element 

The oxide cathode assembl y is indirectly heat e d by 

an RCA MCH 8004D ceramic coated heater, wound u p as a dou b le 
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helix. This tungsten filament has an apparent leng th of 

about 15 mm (the total length of the uncoiled wire b e ing 

much longer) and fits into the metal compartment directly 

behind the oxide coated surface of the cathode . It is 

rated ror 6.J v and o.6 amp but can be operated at curren t s 

up to 0 . 9 amp . With currents in this range temperatures 

between l000°and lJ00° K can eas ily be obtained . At these 

temperatur es the total emission from the cathode is 

suff icient for the purposes of this experiment. 

C .. The E l e l ectrode 

I 
Mounted about ~" in front of the cathode is the 

electrode El which is used to withdraw a l arge number 

of electrons from the surface of the oxide emi tter •. (see 

Figu re 2) •. 

E l is made by sp o t - welding an inconel cylinder 

(with 7 mm inner d i ameter and ,!~ " in l ength) onto a lf" 

diameter inconel p late (with a 4 . 9 mm diameter center hole 

and ,i~" i n th i ckn ess) . 

D •. The E2,EJ,E4 and electrondes 

The electrodes E2 , EJ and E4 have the purpose of 

collimation and focusing the beam. These three e l ectrodes 

are all made of lf" diamiter inconel plates c;;1 in thickness) . 

The center hole diameters in these e l ectrodes are 0 . 572, 

l . 015 and 0 . 572 mm for E2,EJ and EJ , respectively . The 

spacings between them are (see F i g u re 2) E2 to E l = l . 50 mm, 

EJ to E2 = 1. 50 mm , and E4 to EJ = 1. 06 mm. 

E •. The E 5 electrode 

The final electrode ES in the electron gun assembly 

is a small g old disk mo u nted in the center of the stain­

less steel flange connecting the gun chamber with the 

collision chamber. The spacing be tween ES and E4 i s 6 . 2 mm . 
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This go ld disk is 0.010'' thick and h as a 1 . 5 mm diame ter 

hole in the cent e r . I t is attached by epoxy resin to a 1 11 

diameter q uartz disk c~ II in thickness a nd With a }tt ho l e 

in its center). The hole in ~he g old disk al lows the 

electron b e am to pass into the c ollision cha mber. The 

qua r tz disk i s itself attached t o the stainless steel 

rlange by epoxy resin. Thi s arrangement serves to insulate 

ES from the c ent e r f l ange . 

The potent ial on ES r e l at ive to the cathode det ermines 

the energy of the electrons that enter the collision chamber. 

In order to eliminate the possibility of the elec t ron 

beam being distorted by the g round potential of the steel 

flange or the dielectric materials of the quartz disk and 

epoxy resin, a small tantalum cylinder ES' with diame ter 
3 . 3 

about 77:" and length abou~ Ti: 11 is spot - we lded onto the 

col lision chamber side of ES (see F i g ure 2). This shields 

the electron beam against stray fields . 

F . The electron gun assembly 

The cathode with its heating e lement along with 

the five e lectrodes constitute t he electron g un . These 

element s are mounted under adequate a lignment conditions 

d 1 · · dl f · d · · t · ( 62 ) an ~eep r1 gi y ixe in pos i ion • 

The accu rate spacin gs and electrical ins ulati on 

betwe en these elements a re achi e ved by means of prec i sion 

s a pphir e ball s p laced into holes ( with small e r diame ters 

than t he sapphire bal ls ) drilled in t he inc one l plates . 

Three bal l s a r e placed be tween every two plates . The 

diameters of the hole and the ball determine the separation . 

It s houl d be p ointed out that the present version 

of the electron g un fo ll ows very close ly to that deuribed 

by Raff( 62) . The only diffe rences are that in the present 

e l e c~ r cn g un the center hole diameters of E2 and E4 are 

both 0 . 572 mm while previously t hey were both O. S mm. 
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G . The improvement in aliP-:nmen t of the electron gun 

An examina tion of Raff ' s e l e c t ron g un assembly under 

a microscope with calibrated vertical and horizontal 

scale s showed that the center of E4 was displaced by O.lJ mm 

relative to the line between the centers of E2 and E5( G2 ) . 

We note that the average distance between E2 and 

E4 i s J . 75 mm . Hence 0.13 mm o f f-centerness of E4 would 

cause an a ngular deviati on of 2° from the axis of symmetry . _ 

This off-cente~ness has a ctually been observed and 

corre c ted on an o p tical comparator (with a 50 times 

magnifying l ens) to less than 0.0005" or 0°±0.2° angular 

deviation. 

IV.l.J. The Collision Chambe r 

The collision chamber contains a beam collector 

(BC), a shielding g rid (GlA), three sets of concentric 

cylindrical grids (Gl,G2 and GJ) and two sets of concentric 

cylinders (scattering collector SC, and the shield). Figu re 

J shows a cross section throug h the axis of the cylindrically 

symmet rical colli sion chamber g rid system. 

A. The b eam c ollector 

The b eam coll e ctor is a c one made of brass with 1~ " 

in diameter at the open end . It rests in a cone-shaped 

space p rovid e d at the end of the boron nitride supporting 

rod and is 1 ~ 11 from ES . The electron beam is directed at 

this collector and the resulting current is measured during 

an experiment . 

B. The Gl gri d 

The Gl g rid is a major modification of Raff 's 

appara tus based on the idea of Lozier(Gi). This g rid g ives 
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rise to a directional se lectivity for electrons scattered 

around 90° . 

This grid has a length or l~1- 11 and is made of a 

stack of 22 copp e r di sks O.OlO" in thi.:_;..:;kness l: 11 in 

diameter and 1-1ith a center hole 2- 11 in diameter. 8 These disks 

are in electrical contact wi~h, a nd rig idly supported by, 

a brass tripod a nd are mechani cally separated by s mall bras s 

washers 0.050" in thickness. This g ives 21 annular p aths 

of 0.050 " in width and 0.500" in leng th each for scattered 

electrons coming out in the r adial direction (perpendicular 

to the electron beam axis. The tripod is made by silver-

soldering J L-shaped bras s rods C~11 diameter) at 120° to 

each other onto a brass split ring (o.d. l. d. 

heigh = ,,3=i 11
). The ring of the tripod is tightly fitted on 

the boron n i tride rod a nd the three ends of the tripod are 

supported by a stainless steel end- plate through boron 

nitride washers as insulators. 

C. The GlA grid 

The GlA g rid is a disk ma de from a piec e of circular 

tung s ten gauze which has a 100 x lOO mesh size (lOO wires 

of O . OOl '' d i ameter per linear inch of gauze) with a trans ­

parency of 81'}£ . . A hole o:f about -:1 11 diameter is cut out 

at the center of GlA to permit the electron beam to reach 

BC without reflecting off GlAr 

Gl and GlA are maintained at the same potential as 

E5 and E5' during a n experiment so that electrons tra veling 

in this region are not subject to electrostatic fields . 

The purpose of GlA is to prevent ~ield penetration from BC 

into the scattering region enclosed by Gl . 

D. The G2 and G J grids 

The G2 and GJ g rids are constructed of tantalum 

gauze which has a 50 x 50 mesh size (50 wires of O.OOJ 11 
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diameter per linea r inch o f gauze) with a transparency of 

7 2~~ . These cylindrica l g rids are 1 -t " ar.d 2rf" in length 

and l~i " and 2-k 11 in diame-i;er, respectively. 
" 

They ar e 

supported by a brass t ripod similar to that of Gl . 

E • . The scattering collector 

The scattering collector SC is a cylinde r concentric 

with a nd s urrounding GJ . Its diameter is 2~~- 11 and its 

length is 1-~ ", the same in length as Gl. The collector 

is made of tantalum foil, 0. ool 11 thick, and is s uppor ted. 

by a brass trip od similar to that of Gl . All three leg s 

o f the trip od and l eads to the collector are shielded by 

t a nt a lum foil and ceramic insulators to minimize the back -

ground current. 

F . The shi e ld 

The shield is a cylinder (made of 0.001" thick 

t a nt a lum roil) surrounding the 

diameter is 2i11 and its leng th 

scattering collector. Its 

is 2-~- " . The rear end (the 

one f urthest from the g un chamber) of the shield i s partially 

closed by six leave s of tantalum foil extanding toward the 

boron nitride supporting rod in order to collect stra y 

electrons in this reg ion. The shield i s also s upported by 

a brass tripod simi l ar to that which s upports Gl. 

G . Depos i tion of plat inum black 

In order to r educ e reflection of el e ctrons, a ll 

s urfa ces of the grids and colle cto r s in the colli sio~ 

chamber are coat ed with a thin layer o f platinum black . 

It is electrolytically deposit e d on the grids rrom a plat ­

inum a no de i n a solution o f chloroplatinic acid containing 

a trace of l ead a cetate . For a current o f 50 ma ( at J . 5 v 

D.C.) a deposition time of 15 min is usually satisfactory . 
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IV.1.4. The Inl e t Syst e m 

The sample g as inl e t to t h e collision chamber is 

throug h one of the side flang es attached to the chamber. 

A JI leng th of ] _ n 
4 copper tubing is silver- soldered ont o 

this i'la n g e. This tubing is connected to a Ho k e A4 1J High 

v a cuum di a phram-s eal valve which serves to sep arate the 

chamb e r from the inlet manifold . The latter is equipped 

with a n NHC - 0521 thermocouple g auge and a bakeable Granville­

Philli p s variable leak v a lve whose conductance is contin­

uously a djustabl e from 100 a tm cm3/sec to 10- lO atm cm3/sec . 

This variable l eak re g ulates the flow of sample gas into 

the collision chamber . 

The pumping system for the inlet manifold is a 

liquid nitrog en trap and a W.M. We lch single-stag e, duo­

s 0 a l mechanical p ump which has a free air capacity of 

JJ.4 l/min. A '\/eeco one-inch brass bellows valve is mounted 

between the inlet manifold and the cold trap. The pumping 

system is shut off from the manifold during an experime nt. 

IV . 1 . 5 . The Helmholtz Coi l s 

Two pairs of Helmholtz coils are used to neutraliz e 

the e a rth's mag ne t ic field in the collision chamber r egion . 

One p a ir is mounted horizontally f or the neutralization of 

the vertical component, and the other vertically for the 

neutralization of one of the horizontal conp onents. The 

whol e app aratus is oriented in such a way that the horizontal 

component of the earth's magnetic field along the e l ectron 

b eam a xis is z e ro . All met a ls used in the collision and 

g un c h a mber reg ions are non-mag netic. 

The wire used for the Helmholtz coils i s #J2 B 

& S annealed copper of linear resistance of 0 . 5J8J ohms / m, 
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at 20°C. The dimensions of the coils are g iven b elow . 

Vertical pair Horizontal Pair 

average diameter of coils 

average separation of coils 

number of turns per coil 

JS~ " 

19~" 
1376 

IV.1. 6 . Measuring Eguipmen~ and Power Supplie s 

4of11 

2oif.11 

1 6 22 

Pressur e measurements a re made with an NRC - 763 

thermocouple and ultrahig h vacuum ionization gau ge control. 

An auxiliary filament power supply teeps the ion gau g e 

filaments heated when they are not connected to the NRC-763 

circuit. 

Ma g netic fie ld measurements are made with a Bell 

}iodel 120 g aus sme ter (O.l to JOOOO gauss in 12 rang es, full 

scale) equipped with an Ml20 1 mag na probe (100 time more 

sensitive in each s p ecified rang e). 

Vo ltag e measurements are made with a John F luke mode l 

803 DC- AC differential voltmeter (accuracy : .001 v on 50 v 

range ). 

Electron beam c urrents are measured with a Keithley 

model 410 micro-micro ammeter. 

Scattered currents are measured with a Cary model 

J l vibrating reed electrometer . 

Data recordings are made with a Moseley model 

7100-AMR two channel strip char t recorder . 
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The El ectron r:~:un fil ament is operated Dy a Ke p co 

mode l CK18-Jm vol~age/current regul a ted powe r supply (rang e: 

0 to 18 v, 0 to J amp; stability: better than 0 . 01~ ) •. 

The Potential to El e lec t rode is supplied by a Kepco 

KRll-M voltage r egulated power supp ly ( range : 0 to 150 

stability : 0 . 25~ ; resolution: about 0.05 v ). 

v· , 

The P otentia l b etween c athod e a nd ground is supplied 

by a Joh n F luke model 407 r egulated power supply(range : 

0 to 555 v; stability: bet~er than' 0.01~~ ; resolution: 2 mv) . 

Th e Helmholt z coi l s are operated by two separate 

Kepc o model HB-2M voltag e re g ulated power supplies(DC output: 

0 to 325 v; stability: better than O.l~l; normal operat ing 

current : about 10 ma) . 

The Potent i a l to E 2 is supplied by a 6 - volt car 

b&~tery(rated f or 55 amp-hour, normal operating current: 

about 1 ma). 

Potentials to other electrodes and g rids are from 

90 vo lt B-batteries . 

IV.2. The Experimental Procedure 

IV.2 .l . Pump - Down and Bakeout 

Af ter the system is assembled it is leak checked with 

a Consolidated Electrodynamics Corp . Model 24-1 20A h elium 

leak detec tor, which has a sensitivity of about 5 x 10- lO 

atm cm3 /sec/division . The diffusion pumps a re then turned 
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on. After pumping for about one day the pressure in the 
/ 

gun chamber is in the region of lO-o torr while that of 

the collision chamber is of the order of l0-5 torr . The 

system is then baked to aoout 280°C for 24 hours or longer 

while the pressure below the gate valve is monitored. 

After cooling down, the pressure in the gun chamber is 

usually 2 x lO- ? torr and that of the collision chamber is 

5 x lO - ? torr . 

IV . 2 . 2 . Degassing and Ac tivation of the Cathode 

The cathode of the electron gun is degassed by 

g radually increasing the D . C. heater current to about 0.80 

or 0 . 90 amp . The gradual increase in the t emperature of 

the ca~hode causes the electron emitting oxide to degas 

and consequently raises the pressure within the g un chamber . 

This pressure rise is follriwed by the ion gauge, and ~he 

fi lament current is increased slowly so that the pressure 
-6 within the g un chamber never rises above 2 x lO torr 

during the process . In general, this degassing procedure 

takes from one to two hours. 

After degassing the cathode the ac tivation process 

is beg un. This consists in placing a positive pot ential 

on the electrode El, and allowing a large current to be 

drawn from the cathode, which results in its activation. 

The e mission current is ~enerally a function of the cathode 

temperature (which is controlled by the heater current) and 

the e lectric field intensity . For a heat e r current of 0.88 

amp and the El voltage at 50 v, the emission current measured 

at El is about 0.2 to J ma depending on the age of the 

cathode. 
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IV.2.J . Functions of the Electrodes and Grids 

After the cathode i s activated+ suitable potentials 

are applied to the electrodes and g rids to produce an 

electron beam . Figure 4 s hows the circuit diagram a s well 

as a set of typical op e rating voltages. 

the el e ctrodes and grids are as follows . 

Cathode: source of electrons 

The functions of 

El: controls the emission current from the cathode 

at fixed heater current . 

E 2,EJ,E4: electron- optical focusing lenses to 

minimize the background of scatter~d current and maximize 

the beam current. (The characteristics of these e l ectrodes 

are described in the n ext section) 

E5 : controls the energy of the electron beam that 

enters the collision chamber . 

Gl , GlA: Provides a field- free space by being set 

at same potential as E5. 

G2 : prevents positive ions f r om being collected by 

the scattering collector by being set at 10 volts positive 

with respect to E5. 

GJ: energy- analyzes the scattered electrons. When 

GJ is at the cathode potential , no electrons should reach 

the scattering collector. However, when GJ is at some po t -

ential V with respect to the cathode, then electrons which 

have lost energies (in ev) equal to or less than Vlin volts) 

can pass through GJ. 

SC: coll ects the scattered e l ectrons. It is 

grounded through the input resistor of the electrometer . 

Sh ield : shields SC from stray electrons . 

BC: collects the incident e l ectron beam . 

The holding potential between SC and GJ and that 

between BC and GlA are determined by the experimental 
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Fig ur e L~ • . The circuit diacr,ram •. The set oi' p otentials wic;h 
respect to the cathode u s ed fo r all exp eriment s in Sect ion 
V is: El = lOv, E2=4 . 50v, EJ=29 . 00v, ~4=6 . 50v, 85,Gl,GlA= 
J O to 50v , G2=E5+10v , BC=85+70v , and GJ=O to JOv~ The 
voltaa e difference b etween s~ and GJ is e q u a l 'CO tha t 
between Sh ield and SC and kept constant at 6 5v-E5 as c;he 
GJ voltage is swept . 
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condition of yielding a minimum backg round. Details of 

the behavior of the elec trotles and grids are discussed in 

section IV . J . 

IV. 2 . l~ • Introduction o f Gas Sample s 

To do an experiment, the g as s ampl e to be studied 

is introduced into the scattering chamber and is pumped 

away under dynamic conditions . 

We note that if the mean free path for collis ions 

of electrons with gas molecules is large compared to 

collision chamber dimensions then multiple electron collision 

pro c esses will be much le ss probable than sing le collisions. 

Therefore the scattering c hamber pressure (Psc) during a 
-4 run is maintained. of the order of 10 torr such that the 

mean free path o f J5 ev electrons in N
2

, for e xamp le, i s 

of the order of 175 cm at room temperature(G
3

)_ 

In order to stabilize the pressure P , a steady 
SC 

state of the flow of gas throu g h the collision chamber must 

be obtained . To achieve this, the gate - valve between the 

collision chamber and the liquid nitrog en trap is held at 

a n almost closed position to cut do wn the pumping speed to 

l e ss t h a n l l/s e c. The volume of the coll i sion chamber is 

app roximat ely i t liters and therefore the time cons tant of 

the system is long er than 1 sec. 

After the gate valve is set at the al~ost closed 

position, a suitable presure P is obtained by adjusting 
SC 

the o pening o f the Granville-Phillips variable leak value. 
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IV . 2 . 5. Procedure for Taking a Spectrum 

With a beam current of about l x l0-7amp measured 

a~ BC and a collision chamber pressure of about l x lO - 4 

torr (uncalibrated reading s from the ion gauge) , the total 
- ll 

scat~ered current is of the order of lO amp •. 

The scattered current i as a function of the 
SC 

retarda~ion potential v
83 

is recorded on the strip chart 
.4 l >c 

recorder . The ratio of increments 4 11 is then plot1;ed vc1 3 

against VGJ to give the energ y loss spectrum. 

It should be noted that VGJ is r e l ated to the 

energy loss of the scattered e l ectron by an additive constant, 

commonly known as the " contact potentia l". In the present 

work, the e l astically scattered current peak is taken as 

the zero of the energy scal e . The value of V at this 
GJ 

point corresponds .to the cont act potential . Generally, the 

contact potential is a function of the po tentials on the 

electrodes a n d g rids and chang es from day to day . Contact 

po1;~ntials rang ing from 0 ~ 5 volts to 2 volts have been 

observed. 

IV . J . Characteristics of the Apparatus 

IV . J.l . E l and Cathode as a Diode 

From the g eometric construction of the electron 

gun shown i n ~<-gure 2, we see that the ca th.ode and the 

electrode El i n front of it can be regarded as a diode 

vacuum tube . A diode has the characteri st ic s that the 

p l at e current increases with increasing plate voltage to 

a certain value and then levels off . The p l ate voltage 



ree;ion bef'ore the leveling off is called the 11 space-charg e 

limit ed re g ion", and the re g ion thereafter is called -Che 

"t e~mpera ture limited reg·ion" . The current in the latter 

is of~en called the satura t ion current. 

Figure 5 shows a plot of ~' versus YE~ for heater 

currents iH rang ing from 0. 84 t o 0.92 amp f'or an " aged" 

cathode. The full lines and dashed lines correspond to 

VE 2 at 0.00 and l0.76 v, resp e ctively. The undulations 

in the se curves seem to be due to electron optica l effects . 

Fig ure 6 shows the emission current 41 as a function 

of the plate voltage VEl for a " f'resh " cathode with hea ter 

current at 0.88 amp . The full line and dashed line corres-

pond to ~2 at l.lJ and 4.75 volts, respectively . We see 

that under this fresh cathode condition this range of 

o peration is a typical example of the ''space-charge limited 

r egion" . 

It is found that. the average life-time of the "fresh" 

cathode with heater currents above 0.8 amp is of the order 

of two hundred hours. 

IV.J.2. Ele c tron Beam Currents Measured at E4 

We have set ES to zero potential with respect to the 

cathode in order not to fire el e ctrons into the scattering 

c hamber and measure the electron currents . t o E4 as a 

function of Va at different Vs, voltag es. F igure 7 shows 

an e xample of such measurements with the ratio of increments 
4 i :=.4 
AVr:..-z. plotted against VE2 vhile VEi:' vE

3 
and vE4 are made 

equal to 5.01, 24.50 and 50.00 v, respectively. (All 

potentials are measured with respect to the cathode unless 

o t herwise specified) . The current reaching EJ i s also 

measured, and it is only a fe w percent of that measured at 
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:L:! '- u nde r these con dit i ons . 

We see that Fi~ure 7 res embles the Bo ltzmann d i s ­

tri but ion curve with the high e nerg y tail pointing t owards 

neg ative values of VE 2 . r.i.'his is just what one \·!Ould ex-

pect in a ret arda tion potential measurement . In the 

particular example, the full width at half maximu m (F . W. H. M. ) 

is O . Jl ev, and the peak of the c urve i s l ocated at VE
2 

= 
o . 65 volts . 

Experiment s of this kind wi th V~l varying from 10 to 
,,!, 

50 v indicate that the f ul l width at half maximum increase s 

monoton ically to about l.l ev (s e e F i g u re 8 ), and t hat the 

peak pos i t i on shifts t o larger VE
2

_va l ues . 

IV . J . J . Estimate of the Cathode Temperature 

It i s wel l known that for an ideal t hermionic emitter 

t he energy F .W . H . M. is given by( 4 o ) 

/ I (; o o T 2 . 5" 4 fz T 
(186 ) 

where T is the temperature of the c a t h ode in °K and 4. E 

is in ev . 

I f we assume that the observed full width at hal f 

maximum o:f the V E
2 

" c u rve at each value of 

v~l represen t s t he superimpose d effe c ts of the thermal 
,, ' b ) 
-'-" d . t . "b t . d th 1 . t . l .. d . \ 4 

energ y is ·ri u ion an e e e c~ron op ica oroa ening 

then fr om th e extra?olated F . W. H . M. a~ VE1 = 0 v we should 

be able to calculate the cathode temperatur e . According t o 

Figu re 8 this value is about 0.25 ev for a heater current 

of 0 . 88 a mp . This corre sponds to a cathode temperat u re of 
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1140 ° K fo r the c ase of an i dea l thermionic emitter. Thi s 

is a typical o p eration temperature for an oxide coated 

cathode. 

I V.J .4. Effect of the E&rt h ' s Magne tic Field 

A particle of charge q and velocity v moving i n 
-l> 

a magnetic field B is subject to a force 

__,, 
qv 

-? 
x B . 

....,. ~ --!> 

(187) 

If v is perpendicular to B, and B is homogeneous, 

then the particle will move in a circular path of radius 

R 
mv 
qB (188) 

For the case of an electron with a kine tic energy 

o f Iv} ev and a homogeneous field of /B/ gauss , R is g ive n 

by 

l 

R = J . J 7 ! ~-;- cm (189) 

Thus for _ l e v electron moving perpendicularly to the 

earth 's magne ~ ic field of O . Jl g auss in our l a boratory, 

~his radius is 10.9 cm. This i s comparabl e to the d i mensions 

of the apparatus . Therefore the earth 's, magnet ic fie l d must 

be neutralized . 

Two pairs o f Helmholtz coils described in section 

IV. 1. 3 . are constructed based on these consideration. By 

properly a djusting the currents f lowi n g throug h these coils 
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the earth's magnet ic field can be neutralized to less than 

o.s~. or about 1.5 milligauss. The average fluctuation 

of the magnetic field in our laboratory is found ~o be about 

l~ from day to day . However, the operation of a larg e 

magnet in an adjacent laboratory can sometimes cause an 

abrupt change of 10~ in magnitude and 15° in direction of 

~he ambient magnetic field vector. 

IV.J.5. Baclq:;round Current As a Function o:f Hap.:netic l''i e ld 

In addition to beinG able to cancel the ambient 

magne~ic field, the two pairs of He lmholtz coils can also 

be used to generate magnetic fie lds between zero and two 

gaus s pointing towards any g iven direction in the p l ane of 

their axes. (The upper limit is due to the particular coil 

design and the power supplies chosen). Thus the r esultant 

magnetic field in the r egion of the apparatus can be varied. 

As the electron beam is shot into the collision 

chamber, we can still detect a current on the scattering 

collector even if there is no gas sample present. This 

is referred to as the background current of the i nstrument . 

If the axis of the electron gun and that of the 

collision chamber grid assemblies are not well aligned, we 

would expect to observe a l a r ger background to beam current 

ra tio than i~ they are properly aligned,provided t here is 

no external magnet ic field present. 

Fig ure 9 (a) and (b) show the results when 50 ev 

electron beams are directed into the 11 en:1pty 11 collis ion 

cha1:-iber at various magnetic fields . The d irection of the 

electron beams is perpendicular to the paper and pointing 

upwards. The system is oriented such that the earth's 

ma3net ic fie l d vector lies in the plane of the paper . The 
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ma g n e t ic field at each point is the radius vector from the 

origin of the coordinate system to that point . The 

number adjacent to each po int is the.ratio of scattered 

current to beam current in units of 10-5 . GJ is arbitrarily 

s et at 27 volts. The pressure in the collision c hamber is 

about 5 x 10-? torr . With the common conditions described 

above, Figure 9(a) describes -che mag netic field Hhen the 

end of the axis of the grid system is missed from the 

elec-cron g un axis by 1~ ;, in the p l ane containing E5; :?icure 

9(b)describes the field when the two axes are a lig ned to 

b th I II etter an P-S in the E5 plane . 

We see from Figure 9(a) that t he minimum value of 
l '$C 

k~ occurs at point M1 for which the magn et ic field is 0.63 

gauss . On the other hand, in Figure 9(b), when the system 

is wel l aligned, the minimum value of ~-H occurs at point 
' Cc: 

M
2 

which represents a magnetic field of only O.OJ gauss. 

The information obtained from Figure 9 may be 

summarized as f ollows. In order to minimize the background 

to beam current ratio, the system must be well alig ned 

and the earth's magnetic field must be reduced to a minimum .. 

I V .J.6. The Lozier Grid 

In the p resent work, a retardation potential me~hod 

is used to perform the energ y analysis of the scattered 

electrons. Since only the norma l velocity component o f 

an electron is being ai'fected by the r etarding potentia l, 

an electron with energy E coming to a.grid at an angle 

e with respect to its a xis of cylindrical symmetry 1v-ould 
? 

appear to the gr i d as if it only had an energ y E sin-8. 

I-c is because of this that we have made Gl into a 

directional selection grid. This should sharpen the 
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instrument resolution, (see also section Iv.l.J.) 

F i gure lO(a) shows a sectional view of the annular 

paths defined by Gl. If we assume that all electrons 

hitting the walls wi ll be collected by the gri d and not 

reach SC 1 then a transparency fun ction T(S) can be calculated 

for a g iven set of parameters t, d, a and r . 

In the present design the par ameters 

t,d,a and rare chosen to be 0 . 010", 0.050", 0.500" and 

o.1s75 11
, respectively . We have made simp le calculation 

o f T(S) for this case by d i viding the l ength element PQ 

into 25 small segments and evaluating the angular range 

subtended by ~he center of each s egment in slots A, B , and 

C . The number of segments accessible to a g i ven angle i s 

then counted for every half a degree interval. 

the two ends of the stack of disks are ignored . 

Effects at 

F i g u r e lO(b) shows the resul ting transparency 

function of this set of g rid system . The transparency at 

90° is taken to be unity . We see that T(e) is a pproximate ly 

a triang le who se base extends from 84° to 96 ° with a n. a.pex 

at 90° • The F . W.H . M. of this distribution is 6°. If 

90°± 6°and 9~ ± J 0 are the maximum and average contributing 

angles , respectivel y, then the corresp onding maximum and 

average relative e nergy spreads will be l.Ol~ and 0.27%, 

respectively. F or electr.o:n,.energies of 50 ev or lower, the 

energy spread caused by Gl should then be comparable to the 

thermal energy spread from the oxide coated cathode, provid­

ed the refl ection coefficient of the metal p l a t e is zero .. 

IV.J . 7. Be haviour o f the G2 Grid 

As d e scribed in section IV . 2 . J, th e purpos e of 

setting G2 at 10 volts positive with respect to ES is to 
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pre v ent p osit i ve ions from being collected by the scat ter e d 

electron collector . 

F i g ure ll shows the scattered current as a function 

o :f:' VG2 for GJ 
-4 5.6 x 10 

at 0,1 , and 2 v. The sampl e g as is nitrogen 

8. t 

50 ev and 4.7 

torr the electron beam energ y and current are 

x l 0 - 7 amp, respectively . This experiment 

wa s done with a g rid system similar to the previous 
' Go) 

apparatus describe d by Ra:ff\ in ·which Gl is a cylindrical 

mesh rather than a d isk s~ack . 

We see that the scattered curre nts reach steady 

values when G2 becomes 5 v o lts or more p ositive with respect 

to E5 . The current increment for GJ 

(or between 1 and 2 volts) becomes a 

between 0 and l vol t 

constant when (v G2 -
V ) is hi~her than 5 volts. ' i':; -.!_, ./ 

Therefore the potential on 

G ? . 
- J_ s chosen to be 10 vol ts positive with respect to E5 and 

Gl. 

IV.J.8. Holding Potential on the Beam Collector 

I n order to insure that electrons which reach the 

beam collector are indeed colle c ted and not refl ecte~ 

back into the collision r egion, a holding potential of 

70 volts is applied between the beam collector and GlA . 

(GlA, Gl , and E5 are at the same potential). 

?igure 12 sh o1vs the scattered current from helium 

as a f unct ion of VBc for JO, ~~. 40 and 50 ev beams . The 

pressure in the collision chamber is J . 4 x l0- 4 torr 

(ion gauge reading ). The scattered currents are normalized 

to t he same beam current of l x 10-7 am;. GJ is set at 

JO v with respect to the cathod~, corre ~ponding to a 

retarding po~cntial difference of 20 v for the 50 ev beam 

and of Ov for the JO ev b eam . 
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\ I >- .\ ' , 
DC ;;..- E5 -r 50 volts, the scattered 

current reaches a constant; the buckground current due to 

r 0~l e ction of electrons from the beam collector is reduced 

to a minimum. The dependence of t~e width at half he i ght 

o f elastic peaks on VBC is discussed in the following 

section. 

I V.J.9. Full \'!idth at Half Maximum of Elastic Peaks 

The elastically scattered currents from various 

gases such as helium, hydrogen, nitrogen, ethylene, ace~ylene , 

etc. are measured . It is found that the scattered curren~ 

depends linearly on the electron beam current and the ga s 
_') 

pressure, for pressures lower than about 10 ~ torr . F or 

V between 0 and 3 volts, the peak shape shows no distin­GJ 
g uishable difference for different molecules. However, it 

is observed that the peak shape is a function of the beam 

energy . The higher the energy the larger is the high energy 

loss tail of the elastic peak . It is thus characteristic 

o f our Lozier grid that the resolution is energy-dependent. 

The F . W. H. M. of the elastic peak can be measured 

for various conditions. In g eneral , it increases almos t 

linearly with the beam e n ergy and with the holding potential 

between the scattering collector and GJ (Vs< +oc.,-3 ) , a rid it 

decreases slowly with increasing VBC out it does not depend 

appreciab ly on the potential settings on electrodes El, E2, 

EJ and E4 . 

Figures lJ( a), (b) and (c) show t~e dependence of 

the F . W. H . M. on beam energy, holding potential 

V$, i:o ~3 · and h olding p otent i al V BC' respectively. The 

po-cential Vse,;dd iosc is set at the same magnitude as that 

of VSC to GJ in al l experiments to reduce the edge effect 



....... 
> 
<l> 

2 
I 

1.0 -'· 

~ o. 5·-­
u.:. 

Vsc to G3 = Io v 
Vsc=E5+50v 

Oi--i--1 --, - :- ----.-
0 20 40 60 

beam energ y (cv ) 

(a ) 

35 e v beam 

V sc = E5+ 10 5v 

0 .~-j -1- '--:-· 
0 20 40 60 

Vsc to GJ (vo 10 

( b ) 

J 

E5=50V 

~---0 t!_ ~--
1.0 

E5=30V E5 = 35v 

0.5-·-

Vsc toG3 =10v 

o-: - ·f- I -,.. 

0 30 60 

V8 c-Vt:s (void 

( c ) 

F'i ;-:u:ce J . Full i·!iC.th at ha lf rr:!lxJ.rnu:n o:C cJ.o..Gt:i.c pes l: s of hellv. !fr as a funetJ un o·t ;:? ) be-:.i:: 
G·1~~- J 0 b\ V " nC1 C) V-1 c ~1 ; e .,, ' S C to G)' c........ BC • 

l -' 
t-' 
t··' 



11 .2 

of t he e l e ctric field s . 

F i g ur e 14 shows the eJ_as tic peaks of helium .for 

JO, 35, 40 and 50 ev incide nt beam energies. The l o'.vest 

b eam energ y prod uced by the present ge ometry is about 2 8 

ev . T he e lectron beam diverg es excessively if E5 is lo we r 

than 28 ev no matter wha t potentials are appl i ed to El, 

E2 , EJ and E4. Therefo re no e xperiment is made with beams 

of energ y lower than JO ev . 

The F. W. H . M. or the e l astic peaks repre sents ~he 

act u a l r esolution of the i nstrument . This i s about 1 ev 

for the p resent apparatus and is on1y g ood for disting uish ing 
./ 

e l e ctronic energy l eve l s with energy separation of about 

1 ev . No fine s tructure of vibrational or rotationa l 

states can be resolved . 

IV . J . 10. Helium Spectra As a F unction of the Holding 

Potent i al Between SC and GJ 

The holding potenti a l VSC t o GJ not only has an 

e ffec~ on the full width at half maximum o f the elastic 

peaks as shown in Figure lJ (b) but als o ini'luences the 

electrostatic fie ld in the scattering re g ion . 

Figure 15 shows three 50 ev helium s pectra with 

VSC ~o GJ set at 5, 
p lot te d on 10 time s 

10, and 15 volts. The elastic 

less sen sitive scale in Fig ure 15 ( c) . 
lo west electronica lly excited state o f helium is the 

state at 1 9 . 8 1 ev above the ground state . The i'irs t 

o p tically allowed trans i t i on is the l ' S ~ 2 ' P transition 

at 21 . 21 ev . 

We see from these 50 e v spectra that when VSC ~o GJ 

is set at 5 or 10 volts t here is a n undulat ing b ack­

g rou nd superi mposed on the e l a stic and inel astic peaks. 
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The undulating background b e comes small when VSC to GJ 

is set at 15 volts. 

Similar experiments for 40,J5, and JO ev beams 

are made. It is found that the undulating background 

becomes small when VSC to GJ is set at 25, JO and J5 v 

for 40, J5 and JO ev beams, respectively. In genera l, 

the background ceases to undulate when vsc~~3 + V,,..~ ~ 
J.!,_:J 

65 v. Since the resolution worsens as VSC to GJ increases, 

we choose the minimum value of this quantity for which the 

backg round undulations become unimportant. 

The reason for this undulating background is not 

clearly understood, It may be caused by some electro-

static effect. However, it is worthwhile to mention that 

the 50 ev helium spectrum with VSC to GJ at 15 volts, 

F irure l5(c), a gre es very well with the helium spectrum 

reported by Doering(sr). The details , about the helium 

spectra will be discussed later. 

IV.J.11. The Rising Background 

A difficulty associated with the present . method is 

the rising background in the region of large energy loss. 

The reason for this rise is that in measuring increments 

of the scattered current at large energy loss, we have to 

set VGJ at more and more positive potentials with respect 

to the cathode. The closer VGJ gets to the value of VG l 

the greater is the field penetration into the electron 

beam reg ion, with consequent with-drawal of beam electrons 

which then reach SC without having been scattered. 

This problem becomes serious when we want to scan 

the larg e energy lo ss region with low energy beams. The 

JO ev s ·pec trum of helium in Figure 16 serves as a good 
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example for this situation. We see that at this beam 

energ y the inelastic transitions in helium are parti.._....ally 

masked by the fast rising background . 

It would be convenient if we could subtract the 

instrumental background from a spectrum to obtain the net 

inelastic signal. However, it seems that this can not 

be done in a simple way . The dashed curve in Fig ure 16 

represents a blank scan after the shut off of helium . It 

is obvious that the background is not simply related to 

either the pressure or the elastic peak. 

Fortun~t el~; the ionization potentials for many 

molecules are around 15 ev or lower and the important 

electronic energy levels are even lower. Thus, we can 

still use the present technique to obtain electron impact 

spectra for those molecules at incident beam energies of 

JO ev or higher. 

IV.J.12. Limitations of the Present Apparatus 

From the preceding discussions we see that the 

present apparatus is capable of yielding electron i~pact 

spectra of molecules at 90° scattering angl e for incident 

beam ener gies higher than JO ev with a resolution of about 

l ev . However, there are a few conditions associated 

with the present apparatus which limit its use. 

A. The tails of the elastic peaks 

Sine~ the elastic peaks are generally 10 times or 

more higher than the inelastic ones the tails of the former 

extend into the energy loss region of about J ev. There-

fore, it is difficult to study low-lying excited states 

with ex~itation energies equal to or less than about J ev 

with the present set-up. 
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B. The rising background 

The backg round problem discussed in section IV.J.ll. 

causes the observed spectra to be superimposed on a base 

line which rises as the energy loss increases. Thus, we 

can only obtain a qualitative estimate on the ratios of 

peak heights for the inelastic transitions observed. 

Quantitat ive measurements of the peak heights may be 

achieved only after this backg round problem is solved . 

c. The effective scattering volume 

In a scatte~ing experiment, if we know the number 

density of the scatterer, the intensity of the electron 

beam, the path length, and the scattered ·current intensity 

for a g iven solid angle, then we can calculate the differential 

scattering cross section. However, for charged particles 

such as electrons the collimation of the beam chang es 

with beam energy. · Therefore, the path length which is 

relat e d to the effective scattering volume is a function 

of that energy. Thus the comparison of peak heights of the 

same transition at different beam energies is not mean­

ing ful unless the effective scattering volumes are taken 

into account. 

Nevertheless, the ratio of peak heights of different 

types of inelastic transitions at the same beam energy can 

still be compared. The energy dependence of the ratio 

may shed light on the nature of the transitions involved. 

D. The problem of cathode poisoning 

It is found that the type of oxide coated cathode 

used in the present work is good only for experiments 

involving inert or reducing gases . Molecules such as 

water, carbon dioxide, nitric oxide or oxygen introduced 

into the collision chamber in the usual way will decreas e 

the emission current in a very short time. Fortunately 
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the emission current can be restored if a reducing gas is 

introduced into the system afterwards . This is probably 

due to some r e versible oxidation-reduction chang e of the 

surface work funct ion of the cathode . 

The situation may be improved by increasing the 

effective p ump ing speed in the cathode re g ion, and by 

redesigni ng an electron gun with its cathode no t facing 

directly the flux of gas molecules from the collision 

chamber. 

E . The conductance- limited pumping speeds 

In the present vacuum system, althoug h the 4n oil 

diffusion pumps are rated for pumping speeds of JOO l/sec 

actually the effective pumping speeds in the vacuum 

chambers are quite limited because of small conductance 

tubes and liquid nitrogen traps. A simpl e c a lculation 

using the formula for the molecular flow case given by 

Pirani and Yarwood( GS ) shows that the conductances of 

the tubes between the vacuum chambers and the diffusion 

pumps are 11 and 25 l/sec( 
66 ) for the collision and gun 

chamber sides, respectively, The cond uctance in the vicinity 

of the cathode would be still smaller because of the compact 

geometry of the electrodes. An improved vacuum system 

with higher pumping speed in the gun chrnaber may therefore 

enable us to study the oxidizing molecules. 
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IV . J.lJ. Comparison of Performance of Present Apparatus 

With Previous Version 

The vac uum system, electron g un assembly, voltage 

supplies, measuring devices, and operation procedures used 

with the p resent apparatus are essentially the same as in 

l . . d I' d R ~.f ( S.-1-' SS' 60 ) t~e previous vers i on use by ~uppermann an aI • 

Th e only important modification was the introduction of the 

Lozier g rid into the scattering chamoer. The general 

differences i n the experimental condit i ons of these two 

versions can be summarized as f o llows . 

1 . 

2 . 

J . 

4 . 

An g ular range 
of scattering 
observed 

Electron beam 
energies used 

Axis of the 
electron gun 

Magnetic 
material in 
the scatter­
ing chamber 

5 . A small 
magnet for 
collimating 
the electron 
beam 

6. Nagnetic 
field in 
scattering 
reg ion 

Previous 
apparatus 

22° to 1 12° 

between 25 
and 75 ev 

2 . 0° deviated 

small amounts 
of Kovar and 
nicke l 

needed 

inhomog e neous 
due to presence 
of small mag net 

Pres ent 
apparatus 

84° to 96 ° 

bet·ween JO 
and 50 ev 

corrected to 
0° ±O. 2° 

none 

not needed 

ambient field 
neutralized 
homogeneously to 
less than o.s'Ji, 
o f the earth's 
field 
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The modifications introduced produced very large 

differences in the resulting spectra, as list ed below . 

l . Si ze of total 
s cat t e red 
sig na l 

2 . Ionizat i on 
process of 
molecules 

J . Contact 
potential 
correction 

4. Pos ition of 
the elastic 
p eak in 
spectrum 

5 . Ratio of 
elas tic to 
inelastic 
peak heights 

6 . Rat io of 
allowed to 
forbidden 
i nelastic 
peak heig hts 

F'urthermore, 

Previous 
apparatus 

2 
-10 x 10 amp 

appeared as 
a peak 

based on the 
ionization peak 

appear ed as 
if it h ad lost 
energy of 
2 ev 

rang i ng from 
1 t o 5 

about l 

in the previous 

Present 
apparatus 

- ll 10 amp· 

appeared as 
a n onset 

based on the 
elastic peak 

de:fined as 
zero energy 
loss 

a l ways greater 
than 1 0 

allowed on e s 
gener ally much 
str onger t h an 
forbid.den on e s 

k
(54 , 5S , 6o ) wor , there 

are a few point s which are not e asily understood. 

are list ed as follows. 

They 

1. The full width at half height of the e l astic p eak is 

of the orde r o f l ev, yet two energy l evels in argon l ocated 

as close as o.6 ev are clearly r e solved . 

2. In the H
2 

spectrum the peak p osi t ions occur at onset 

e n ergi es , whereas for the case of c
2

H4 they occur at 
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energies corresponding to absorption maxima. 

J . Two helium spectra with beam energi es of 25 and 50 ev 

show no major change in the relative intensities for the 

spin forbidden and optically allowed transitions. 

4. In spite of statement J, the triplet state in C?Hl, 
- T 

peaking at about 4 . 4 ev shows drastic changes in i ntensity 

relative to the optically allowed transition when the beam 

energy is increas ed from 40 to 75 ev. 

The difference in behaviour of the two versions of 

the apparatus can be assigned mainly to two causes . 

a). The use of a smal l collimating ma g net and t he presence 

of some mag netic materials in the scattering chamber of the 

previous version could produce a disturbance in the scattered 

electron trajectories . 

b). The non-directional nature of the first analyzer 

grid produces an elastic peak with a l arge h i gh- energy 

tail, i n which slight fluctuations could p roduce spurious 

signals. We conclude that some of the fea tures of the 

spectra obtained with the p reviou s version o f the appara t us 

are suspect . Therefore, the results obtained with it 

should not be relied on unless confirmed by the present 

modified version . As shown in detail in the rest of this 

thesis, this present version produces results consis tent 

with other measurements and devoid of the inconsistenci es 

mentioned above. 



123 

V. Results a nd Discussions 

Electron impact spectra have been obtained f or the 

helium atom and twelve molecules at 90° scattering angle 

with incident bea m energies of 50, 40, 35 and JO e v. 

These twelve molecules are hydrogen, nitrogen, carbon 

monoxide,ethylene, acetylene, methyl acetylene, allen e, 

propane , l,J- butadiene, benzene, norbornadiene and 

quadricyclene. 

In taking the spectrum of each mole cule the ener g y 

loss region is scanned at l east six to eig ht t imes at each 

beam energy to make sure that the observed structure i s 

reproducibl e . The e lectron beam c u rrent is generally between 

l.O and 1.5 x 10- ? amp . The gas sample pressures in t he 

scattering chamber are of the order o f 10- 4 t o rr as 

measured by an uncalibrated ion gauge. The pot ential 

settings on the e l ec trodes and g rids f or all experiments 

are as indicated in Figure 4. The resolution of the in-

strument is a bout 1 ev as discuss e d in section IV.J.9 . 

Theoretically, the o pt ically allowed transitions are 

the most intens e transitions in an electron impact spectrum 

when the Born approximation is valid. The conditions fo r 

the Born approximation to hold are as follows . 

A. The incident b e am energy i s high compared to the 

excitat ion energy, and 

B . The scattering ang l e is small •. 

Our experiments are done a t 90° with low incident beam 

energ ies since under these conditions the Born approximation 

b reaks down and optically forbidden trans i tions may be 

observe d. 

I t i s well known t ha t the absolute magnitude o:f the 

dirferential cross section ~(E,&,~) for a given i nelastic 

process , n, of a given molecule falls off with increa sing 
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scattering angle . Thus the measurable signal drop s wh en 

a d e tector with a fixed incoming solid ang le is placed a t 

larg er and larger scattering angles. This is probabl y the 

reason that most of the reported electron impact work is 

done at small scattering angles~ 

In order to take advantag e of the favorable ratio 

of optically forbidden to allowed transitions at larg e 

ang les and ~till to obtain a measurable signal, one may 

either use very intense incident electron b eams or try to 

increase the effective incoming solid ang le of the detector. 
. ( S-7 / 58) . 

Do e ring uses the first approach, i. e ., his e x-

periments are done with 100 microamp ere electron beams. 

In the present work, however, the second approach has 

been adop ted. 

It should be pointed out that so f ar ther e h a s 

been very little work done in 90° electron scattering 

spectroscopy exc e pt the very r e cent work b y Doering o n 

helium (
57

) and on ethylene(S~), with which our pre sent 

work agrees very well . 

The helium 2 3s state at 19.81 ev, whi ch Doering 

was unable to observe with electron beam e n erg ies hi g h e r 

than 40 ev, is clearly resolved at 35 and JO ev in the 

present work (see Fig ure 18). 

The energ y levels of t he dia tomic molecule: H
2

, N
2 

and CO are well known f rom o p tical spectroscopy ( ) 

The refore, the electron imp act spec t ra of these mo l e cule s 

serve as a check on the capab ility o f our i nst r ument to 

excite molecular electronic energy levels. In addition t o 

o ptically allowed transitions, the low- l y i ng antib ond i ng 
J + J + ,., 

b 2:"' sta te of H2 , the unresolved A 2 ..... , n->rc0 a n d a 1 7(a 
states of N2 , the c 3n~ state of N2 , and the a 3x s ta te o f 

CO have all been observed in the present work (see F i gures 

20,22, a nd 24). The intensity ratio of spin fo rbidden t o 
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optically allowed transitions is of the order of ; or 

better in our e xpe riments . Skerbele, Dillon and Lassottre 
(Jqa ,b ) observed ratios of spin forbidden to optically 

allowed transitions of the order of l0-3 in. N
2 

and CO 

with similar incident electron beam energ ies but at 

scattering angles between 0° and 16° . Thus it is obvious 

that low incident beam energies and large scattering 

angles are indeed favorable conditions for the observation~ 

optically forbidden electronic transitions. (See also 

sections II.12 and III.4) 

The ethylene spectra, shown in Figure 25, agree with 

Doering's work(SB) very well. The only two peaks re-

solved are the VE- N and T-N transitions located at 

about 7.8 and 4.4 electron volts, r espective ly. 

The 90° electron impact spectra of acetylene , 

methyl acetylene, allene, benzene, norbornadiene and 

quadricycle.ne show inelastic peaks that may be correlated 

with excitations to the lowest triple t s tat es in these 

molecules. However, perhaps because of the large tail 

of the elastic peak, no such correlation in l,J - butadiene 

is observed. The electron impact sp~tra of propane 

(Figure 29) show no apparent structure , in analogy to its 

ultraviolet absorption spectrum. 

In the following sections the available inf ormation 

from existing literature for each molecule is briefly 

summarized, and the results obtained are described in 

detail and discussed . 
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v .1. Helium 

The energy levels of the helium atom are v ery . 

well known. A table of t he various excited states of 

helium is g iven by Moore (' 7) in units of c m- 1 • For 

reasons of convenience in comparison, several imp ortant 

excited states are listed below in units of ev. 

conversion factor l ev = 8068.32 cm- l is us ed ). 

Designation of sta te Energy 

He l'S ( g round state) o .o 
2 3 8 19.812 
2 'S 20 . 608 
23p 20.956 
2'P 21.210 

3 3 s 22 .71 0 
J1S 22.912 
3sp 23.000 
33D, J'D 23.065 
J'P 23. 07 8 

41p 23.723 
5'P 24 .024 
6 1P 24 .189 
7'P 24.289 

He + (ls) 25 -1. (ionization Potential) 24.580 2 

He + (2P) 
2Pt 40.7 

v.1 .1. Summary of Previous Electron Impact Work 

( The 

level 

Schul z( LJ-?) studied the excitation s pectrum o f 

in ev 

hel ium with the trapped electron method (s ee sec~ion III .J ) . 

The results indicated that the 23S ~ l'S transition was 

the most pronounced one at energies n ear threshold. 
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Kuppermann and Raff(s~, SS) obtained high sca ttering 

angle spectra of He, in which they detected among oth ers 

the 2 3s ~ l 'S transition, but in view of the diff iculties 

mentioned in section IV.3.13 their results were subject 

to confirmation. 

Early work by Lassettre and F 
. ( 37ct) 

rancis using 

390 ev beams with about half a volt resolution at zero 

degree scattering angle showed transitions to helium 2,3, 

and 4 1 P states. The 2'P peak was the most intense tran-

sition in the spectrum. 

Using a counting technique, Lassettre, Berma n, 

Silverman and Kransnow( 3 ?d) obtained another helium 

spectrum with 235 ev beam energy (0.3 ev resolution) at 9° 

scattering angle. In this spectrum the transition to 

the 2'S state was observed with an intensity of abou t I 
70 

of that of the 2 1 P peak . With the same technique , Lassettre, 

Kr d S · 1 (37e,37l) d t ~ d ht ansnow an i verman emons ra~e t a by 

increasing the scattering ang le from 3.8°to 15.J 0 and with 

beam energies of about 500 ev, the intensity ratio of the 

2'S ~ l'S and 2'P ~ l'S transitions increased with angle. 

At 15.3• this ratio was approximately unity. 

Further work by Skerbele and Lassettre ( 37j) showed 

that by lowering the beam energies from 350 to 250 ev at 

a fixed observation ang le of 0°' the forbidden tra nsition 

helium 2'S ~ l'S started to show up. The energy width of 

the incident electron beam was suff iciently reduc e d b y 

. means of an e l ectrostatic velocity analyz:er that it wa s 

possible to resolve the transitions to 5'P and 6•p stat e s 

(separated by 0 .17 ev) in helium( 37j ' 6g). 

Lassettre, Meye r and Longmire( 69 )also showed t h at 

the differential cross sections at 0° for the series of 

quadrupole-allowed transitions n'S - l'S, (n = 2, 3 , .••. ) 

in helium did not depend on energy when the incident energy 



128 

was large compared to the interaction energy. Therefore 

one might expect to find the series of n'S peaks (n = 2,J, 

...• ) at comparatively hig h kinet ic energies if the 

resolution was high enough . Us ing a 202 ev beam with the 

resolution o f abou t O.l ev at ~scattering angle, they were 

successful in resolving the 3 'S peak \"Thi ch is separated 

from the JO-fold mo r e intense J'S peak by only 0.16 ev. 
. ( 41) 

A few years ago, Simpson and Mi elczarek studied 

helium using 50 ev elec~ron beams with about 0.15 ev 

r esolution while looking at 0°scattering angles with an 

angular aperture smal l er than 20 mill i radians. They were 

able to r eso lve the 2 1 S, 2'P, J'P, and 4•p peak . The ra tio 

of peak heights of the 2'P to 2'S peak was found to be about 

7 to 1. No trip l et states were observed. 

Later, with the same instrument, Chamberlain, et al 

( 43 ) were able to measure the 0° inelastic scatteri ng o f 

electrons by helium with a resolut i on of 0.1 ev for primary 

beam energies E from 80 ev down to near threshold . Energy 

loss peaks f or all the n = 2 states were seen, as well as 

the JJS, J'S, and J'P stat es . The r elative strength of 

several of the energy los s peaks in h elium for different 

incid ent energies is reproduced in Table 2. 

We see from Tabl e 2 tha t the triplet peaks are 

appreciable compared to the 2 1 P one onl y at incident energies 

within about 10 ev off threshold and that they fall off 

r apidly as the beam energy increases. The 2 ' S and J'S peaks 

have a stronger e n ergy dependenc e than t he 2 1 P pea k, while 

the 2'P, J'P and 4 1 P peaks have nearly the same energy 

dependence. 

In further wo r k Simpson, Menendez and Mielczarek 

( 70 ) determined the relative cro s s sections for the helium 

2 3s ,2 1 S, and 2 1 P excitations with 56 . 6 ev beams as a 

f unction o f scattering angle . This plot is r eproduced in 
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Table 2. The Strength of Electron-Loss Peaks in Helium Relative to the 21p Pe:cx 

Loss peak 

Eo, 2 3s 3 3 s 2 1s 3 :s 23p 21p 3 1p .; 1p 

eV 1 9 .82 22 .72 20 .Gl 22 .92 20.9G 20.22 23.08 23 .7·< 

22.0 49 410 '11 100 
22.5 22 148 31 100 
23.5 13 133 · 23 100 
24.5 16 113 11 100 
25 .5 15 5 93 9 100 22 
26.5 13 79 7 100 
27.7 11 2 65 11 5 1 00 22 11 a 

30.7 9 2 51 9 3 100 20 8 
35 .7 6 0 36 7 2 100 19 8 
40.7 4 0 29 G 1 1 00 20 8 
50.7 1 0 1 6 4 0 100 20 7 
80.7 0 0 8 2 0 100 20 8 

aThis value may be high due to contributions from 4 3s and 4 1s. 

Table 2 _ The str ength of electron-loss peaks in helium 

relative to the 2
1

P peak, 0 ° scattering ang le. (Taken 

from the work by Chamberlain, Heideman , Simpson, and 

Kuyatt( 4J) ... ) 



130 

Figure 17. The scattered current was multiplied by the 

sine of the scattering angle to correct for a change in the 

effective path length. These authors suggested that the 

cross section was expected to be largest for the optically 

allowed 2'P excitation, which could include important 

contributions from partial waves with moderat ely large f 
values, next larges t for 2'S, and smallest for 235 . whose 

excitation required electron exchange, and 

must be relatively. small. 

therefore,£ 

From Fig ure 17, we see that the relative cross 

sections !or all transitions, at a fixed incident energy, 

f all off with respect to increasing scattering angle. 

However, the ratio of forbidden to allowed transition 

increases with angle. 

Recently, Doering (S?) reported some 90°low 

energy electron impact work on helium. 

were from 40 ev to 100 ev with about 1 

The beam energies 

ev resolut ion. The 

only two peaks resolved were the prominent 2'P and the 

weaker J'P transitions. In no case was the s pin forb idden 

transition to the 2 3s state observed. He pointed out, 

therefore, that the transition to the 2 3s s tate at these 

energies and at 90°must be at least a fa ctor of 5 less 

intense than the transition to the 2 1 P state. 

Most recently, Rice,Trajmar , 
. 7 ) 

and Kupperrnannl / 

studied the electron impact spectra of helium with 35 ev 

electron beams (resolution better than 0.1 ev) 

range from 0°to 70~ The results indicate that 

in an angular 

the 2JP 

and 2'P peak heig hts become equal at 54°. Therefore the 

broad 2'P peak in Doering 's work(s7 )must contain a larg e 

contribution from the 23p excitation. In addition they 

found that the 23S to 2'P peak height ratio was about 0.5 

at 70°scattering angle, indicating again the importance of 

spin forb idden transitions at low energies and l arge 

scattering angles. 
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v.1 . 2. Electron Impact Spec t ra of Helium 

The 90°electron impact spectra of helium with beam 

energies of 50,40,J5, and JO ev are shown in Figure 1 8 . 

The increme nts of the scattered current per unit energy 

loss are plotted against the energy loss instead of VGJ" 

We recall from section IV.2.5~ that the energy lo ss is 

r e lated to VGJ by an additive constant known as the contact 

potential . The el~stic peaks corresponding to the helium 

spectra in Figure 18 are shown in Figure 14. The JO ev 

helium spectrum which includes the elastic peak and the 

rising background is shown in Figure 16 . 

We see from Figure 18 that the most prominent 

feature of the spectrum is the unresolved 2'P and 2 3 P 

peak with a shoulder due to the 2'S excitation. The 2 3s 
excitation i s too small to be observed at energies of 50 

and 40 ev . However, at 35 and JO ev it becomes more 

intense and clearly visible. The relative peak heights are 

difficult to estimate because of the rising background. 

We see that the background problem is wors e at lower beam 

energies. 

The 50 ev helium spectra in Fig ure 18 d and ~igure 

15c are in very g ood agreement with Doering's 60 ev, 90° 
' 57) electron impact spectrum\ • The results shown in Figure 

18 are generally consistent with the optical data and with 

the~ angle work by Chamberlain, et al(
43

),and tha t by 

Simpson, Menendez and l•iielczarek.( 70 ), as reproduced in 

Table 2 and Figur e 17, respectively . 
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v.2. Hydrogen 

The ground state of hydrogen is designated as X'~~ 

and has an electron config uration o~ (1sr) 2 (B )_ Excit ­

ation of one or both of the electrons from the lowest 

orbi t al to exci t ed orbit a ls lead s to vari o us excit ed 

electronic states. There are more than forty obs erved 

electronic states with only one electron bein~ excited 

Transitions. involving the (1scr) 2 x'Xg ground state have 

been observed optically t o the (ls~)(2pr) B 1I:state, kno wn 

as the Lyman bands, to the (ls(i')(2pn) C 1 7r. .. state, known 

as the Werner bands, and to the (ls a-) (Jp n) D '7ru state. 

The ionization potential of H
2 

has been determined to be 

15.422 ev from the preionization limit of the D -x 
emission bands. 

Figure 19 shows a plot of the pot e ntial energy 

curve s for several of the lowest electronic states of 

molecular hydro g en. These curves were plotted by Cartwrig ht 

and Kuppermann( 34
) using results from recent theoreti c al 

calculations for I-I
2 

( 72 ) •. At room temperature, t he only 

important vibrational level of' the g round electronic s tate 

is the v = o l e vel which is repres e nted by the horizontal 

line segment at the bottom of the X '2a+ curve i n Fig ure 19 . 
" 

According to the Franck-Condon principle, trans i tion from 

the g round state must occur vertically within the shaded . 

area. The most probabl e excitation e n ergy involved i n t h e 

b ~ X transition at a n internuclear dist a nce R(l)is E
1

. 

We s ee f rom Figure 19 that the spin forbidden b - x 
transition with excitation energies between 8.8 and ll . 8 

ev is the only one not overlapped by other transitions . 
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v.2.1. Summarv of Previous Electron Impact Work 

Using the trapped-electron method, Schulz( 4 G) 

obtained an excitation spectrum for molecular hydrocren. 

Schulz observed two bands with peaks locat ed at 9.5 and 

11.7 ev (contact potential not corrected) and an intensi ty 

ratio of a bout l to 8. The first band was assigned to 
3 ... X'"+ the b ~~ ~ ~ transition, and the second band was 

attributed to transitions to the B'2 .. -+ and higher states. 
(S+, SS) 

Kuppermann and Raff obtained hi gh scattering angle 

spectra of H
2

, in which they detected among others the 

b 3 L"._+~X'.!:;+-transition. However, in view of' the difficultiie s 

mentioned in section IV.J.lJ . , their results were subject 

to confirmation. 

Work by Lassettre and Francis( 37~) with 390 ev 

beams (o.6 ev resolution) at 0°scattering angle showed.an 

electron impact spectrum of hydrogen with a broad band 

peaking at 12.7 ev which corresponded to unresolved 

transitions from the g round state to the B,C, and D 

optical ly allowed sing let states. Further work by Lassettre 

and Jones( 37c) with electron beam energies ranging from 

324 to 461 ev and between 0°and 5-showed similar results. 

Recently, Kuya t t , Mi el czarek, and Simpson ( 4 2.) .._,. 
investigated the 0°electron :impact spectra of H

2
, HD and 

n
2 

with electron beam energies between JO and 90 ev (resolu­

tion 0.05 ev). Well,Fesolved vibrational lines d ue to 

transitions to the B,C, and D o ptically allowed singlet 

states were reported for the first time. In another 

publication, Kuyatt, Mielczarek and Simpson(
73

) p r esented 

a 33 ev, 0 ° electron impact spectrum of H2 • The C <-X 

vibrational series (starting at 12 . 27 ev and with the highest 

peak at 12 . 6 ev ) was the strongest series in the spectrum . 

The B + X series (starting at 11 . 19 ev) was also clearly 
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shown. The re g i on above ll~ ev appeared to be co n; p osed o:f 

at least two overlapping series, one o:f them being the D ~X 

transition. However, the (ls~)(2pv) b 3~; r epulsive stat e , 

found by Schulz(
4
') with the trapped- electron method, was 

not seen by these authors. They concluded, therefore, 

that the probability of exciting this state in forward 

scattering must be less than 10-3 of that for exciting the 

C 1
7[u. state. 

·Addi tional work with this instrument ( 45) :furni shed. 

H
2 

spectra at 0°scattering angle with beam energi e~ from 

50.7 down to 13.7 ev . For incident energies below about 

16 ev, two energ y -loss peaks at 11 .77 and 12.06 ev were 

observed to be different from the nearby B '2"+ state . 

These two peaks were attributed to excitations of triplet 
I 8 ) 

states. F rom spectroscopy data\ , the c 3~~ state, 

starting at 11.76 ev, has a vibrational spa cing o f O.JO ev, 

while the a 32,+ state, starting at 11.79 ev , has a vibrational 

spacing of 0 . 33 ev . These authors were unable to tell 

whether the triplet-loss peaks were caused by o ne or both 

of the triplet states. 

v.2.2. Ele c tron Impact Spectra of Hydrogen 

The 90°electron impact spectra of hydrogen with 

beam energies of 50,40,35, and 30 ev are shown in Figure 

20. The main featur es of the spectra consist o f t wo broad 

bands peaking at 10.2 and 12.7 ev. (The accuracy in deter-

mining the position of the peak is approximate l y 0.2 ev). 

The first band at 10.2 ev is a ssigned to the spin- f orbidden 

b 3 2:1-<.-1- <!--- X 1I~-+ transition . The second band lying between 11 

and 14 ev may be due to unresolved transitions to the 

B'"'".-: 3 + :i-L_ and C 1 nu. allowed states, to the a~ and c Ru trip let 
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states, and to other excited states. Th e D'J[..._ sta te and 

other closely spaced h i gher exciter states bl e n d i nt o a 

continuum beyond 14 ev . 

The assig nment o f the 90° electron imp act s pe c tra 

of H
2 

is g enerally consistent wi t h the opt i c a l spe ctro s cop y 

data and with the previous electron i mpact work. I t se em s 

t h.at this is the. fi .rst time that the b 3 l"._+ -X 12:.,/ transition 

has been re liably observed by el ect ron imp act spectroscopy 

wi th incident energ ies away from threshold . It s h oul d be 

p ointed out that the general envelop e of the bands obs e rved 

in this work a g rees qualit a tively with Schulz's work o f 

excit a tion near thresholct.( 46 ) 

The ratios of int e nsity of the 10.2 ev b and to t h at 

of the 12.7 ev band are 0 . 27, O.Jl, O . J2, and O.JJ f or 

electron beam energ ies o f 50,40, 3 5, and JO ev, resp e ctive ly. 

The increasing ratio with lowering o f b eam energ y ma y h ave 

the significance that the differential cross s e ction a t 9 0 ° 

for the excitat ion to a triplet stat e h a s a strong er e nerg y . 

dependence. 

Recent l y, Cartwright and Kupp ermann ( 34) p erf orme d 

some calculations for the elec t ron impact excit a tion c r oss 

s ections of H for the b 3 2",;'"<- X1I'.;t° a nd t h e ·:>-y-++-X
1

}
7 

2 . a a~ ~ 

transit ions us ing the Ochkur and Ochkur- Ru dge approximat ions. 

However, c omp arison of our results with theory is d iff i c u lt 

to make because of the poorness o f our intensi t y measure -

men ts. Further studies on the energy and ang ular depend-

enc es of the electron impact spectrum of H
2 

at a bet ter 

resolut ion are required fo r d etailed comparision b etween 

theory and experiment. 
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v. 3 . Nitrogen 

The properties of the excited electronic states o f 

nitrogen have been studied by many a u thors . The f i rst 

optically allowed state of N2 is the b ' H~ ~tate which l ie s 

at about 12 .7 ev above the x'2t ground state and the f irst 

ionization p otential is at 15.576 ev ( S) 

For energies below that of the b'~w st~te, m~ny 

electronic states, thou~h optically forbidd e n, have been 

observed in the vacuum ultraviolet reg ion as weak absorp ­

tions ( ?4, 75) _ For example, the a 1 7[~~ X 1 'X/transitions 
(lying between 8.55 and about 10 ev with a vib~ational 

spacing of 0.1 9 ev), known as the Lyman-Birge - Ho pfield 

bands, are electric dip ole forbidden but magnet ic dipole 
3, -1' X' '""!-( . and electric quadrupole allowed; the A..:::. ... ~ Lg lying 

between 6.5 and 8 . 25 ev) transitions kno wn as the Vegard ­

Kaplan b ands, a re spin forbidden ; the B 3 ll.;} state (lying 

between 7.J and 8 . 4 ev) and the . E 3 '2./ state (starting 

at ll. 87 ev) are both spin and " g to g 11 symmetry forbidden; 

the c"7r..,. state (starting at ll . 04 ev, with a vibrational 

spacing of 0 .25 ev) is spin forbidden; ~tc. 

Potential energy curves for the obs e rved low- lying 

states of nitrogen have been separately presen ted by 

Tanaka , Ogawa, and Jurs a (r4 ), and by Benesch)Vandersli c e , 

Tilford, a nd Wilki nson(?s). A summary o f the p o tential 

energy curves for the dia t omic molecules N2 , N;, and N; 
is presen t ed by Gilmore( 7 6 ). Franck- Cond on fa ct o r s Tor 

the e lectronic band systems A3.:f .. / ~,.x~; a 1 7[3 <:->X'X/ , and 

C ?>7[,,. ~ )('f'J~ in nitrogen have been calcula ted by Zare, Larson, 

and Berg ( 7 7) • 

Figure 21 shows the potential energy diagram re­

produc ed from the work by Ben e sch et al(?s) for the observed 

states of N2 b e low ll ev . 
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V. J. l . Summ~ry of Previous Electron Impact Work 

Us i ng the trapped- electron method, Schulz( 4 ?) 

obtained excitation (near threshold) spectra o f N
2 

at 

different ~tential well depths. T r ansitions to t he very 
- 3, -/. ( 37f ) short lived N2 ground state and the N2 A L~ and B a ' 

a •n~, and C 3~~ states were observed. 

Schulz showed that for electron beam energies close 

to threshold the c ross sections for exc itation for triplet 

s tates were highe r than those for the sing le t states. He 

also demonstrated tha t the excitation function for the 

c 1 nu state mig ht peak less than o. 8 ev above threshold. 

Recently, Bowman ( 5 2 ) used the trapped- electron 

technique to investigate the excitation spectra f or some 

cyanide molecul es. A nitrogen spedtrurn a l most idential 

to that obtained by Schulz( 47 ) was also shown . 

Most recently, a high resolut i on (0. 1 ev) trapped­

electron spect r ometer was p ut into operation by Brongersma 
( 53) 

and Oo sterhoff . The first strong tra nsition in N
2

, 

which was previ ously assigned to the A ~ X transition by 

Schulz( 47 ), was par tially resolved and shown to be the 

B <- X transition 

When Lassettre and Kransnow( 3 7f) reported electron 

impact studies of N2 ror the first time, electron beams 

with energies of about 500 ev, (resolution 0 . 5 ev ) were 

us ed . The strongest transit i on in the forward scattered 

spectrum was located at 12 . 8 5 ev correlating with t he 

first optically a l lowe d transition in N?. In c hang ing 
0 0 -

the scattering angle from 0 to 9 . 6, another weak band 

system peaki ng at 9 . 10 ev started to gain intensity in 

the spe c trum relative to t he 12 . 85 ev one . This 9 . 10 ev 

peak was assigned to the a· x~ ~ X 'I;J+ transition which was 

optically forbidden but mag netic dipole and electric 

quadrupole allowed . 



( 3&-a.) 
Further work by Skerbele and Lassettre with 

~ 50 ev ele c t r on b eams (o.4 ev resolution) a t zero scattering 

angl e showed the partial ly resolved Lyman - Bi r g e - Bopfield 

trans itidn i n n itrogen . However, its intensi ty was only 

about 0 . 5% of the most i ntense peak. 

transitions were observed. 

No singlet - t riplet 

With imp roved resolution Lass et t re, Meyer, and 
( 3 &- b) . 

Longmire we r e able to resolve the vibrati onal 

structure of the L . B . H . bands. This exper iment was done 

with 200 ev electron b eams whi l e looking at zero scattering 

ang les . 

Later, He i deman, Ku y att, and Chamberlain ( 4~ obtained 

fo rward scattering electron energy- loss s pectr a o f N
2 

f or 

loss es be tween 8 .5 and 14 ev at incident energ i e s of 15.7 

and 35 ev. In addition t o t he op t ical ly al lowe d transit i on 

and the well-resolved Lyman- Birge - Hopfie l d bands, another 

e lectric quadrupole allowed transition at 12 . 26 ev and the 

spin forbidden c 3nw state were also observed . 

Further wo r k by Las se ttre, Skerbele , a n d Meyer (
3 ed) 

on nitrogen wi th electron beam energies between 60 and 400 ev 

showed that the 12.25 ev transition and another tra11sition 

at 11.86 ev were compatible with an electric quadrupole 

trans ition . 

Re c ent l y , S kerb e le, Dillon, 

reported further e lec tron impact work on N
2 

with ele c tron 

beam e n e r g ies between 30 a n d 80 ev and at scattering 

angles between 0°and 16° . Vibrational series of transitions 

to the A 3 r. ... + and the B 3lf3 as wel l as to the C 3Tlu. trip l et 

states were observed . The intensities o f the sing let ­

triplet trans itions and the a' 7L8 ~ X'X/transi ti on were about 

l~ and 10~, r e s pectively, relat ive t o tha t of the strong est 

o ptical ly a ll owed transition at 1 2 . 93 ev . 

Th e cross sections for the excitation o f nitrogen 
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3-r to t he B I~ and c~Xu states by electron impac t with electron 

beam ener~ies from threshold to 100 ev were meas11red by 

Zapesochnyi and Skubenich( 78) by observing the li~ht 
emitted subsequent to excitation. The cross sections 

reach ed maximum shortly after o ns et and then t ailed off 

quickly with increasing enerGies. The cross s ect ions for 

excitation to the B 3 n 3 state were about twice as large as 

those to the c 3nw state around 40 ev beam energies. 

V.J.2. Electron Impact Spectra of Nitrogen 

The 90° electron impact spectra of nitrogen with 

electron beam energ ies of 50,40,35, and JO ev are shown 

in Fig ure 22. Three broad bands are observed below the 

1 5.576 ev ionization potential. 

The lowest band between 6.5 and 1 0. J ev is due to 
s' -t $ unresolved transitions to the A ""'"" , B ll3 and a 1 X;; 

7 .4, 7 .8 , 

stat es , 

(with Franck- Condon envelo p es peaking at and 

9.1 ev, respectively). The second small band peaking a t 

about 11.1 ev Can be assigned to the C 3J"[Kstate Which 

is partially resolved be caus e no other electronic state s 

li e in its vicinity. The most int e nse band peaking at 

about lJ.2 ev is probably due to tran sitions to the 

o ptically allowed as well as spin forbidden electronic 

states in this region. This may account for the difference 

in peak pos ition compared to the optical (and L a ssa ttre 's) 

value of l2.9 ev (J9a). 

The assignment of the N
2 

spectra is generally 

consistent with o ptical spectroscop~ data and with previous 

electron impact work. Comparison of the inten siti e s for 

var ious electronic transitions is dif~icult because they 

are not completely resolved. We s e e that the spin forbidden 
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(A 3 2- ..... + and B 3 ][~ ) band is almost as intense as the optically 

allowed band( peaking at lJ. 2 ev). This could be due to 

the large scattering ane; l e, as in the 2 3P transition in 

He . I t is als o possibly because the trip l et states are 

mixed with the neig hboring singlet s tates, such as the 

a'X state , to gain in intensity. 
~ 

The weak ab sorpt i ons 

o f these forbidden states in the vacuum ultraviolet r egion 

may be accounted for i n the same way . 

Comparing the results from fo rward scattering ( J 9a) 

witl1 those of this work, we may say that the ratio of the 

d ifferental cross sections for electron scattering from 

op tically forbidden state s to those from o ptical ly allowed 

s tate s definitely increas e s with increasing scatteri ng 

ang le. Thus large scatt e ring angle s are favorable for 

det e cting o pt ically forbidden stat es . Th e angular and 

energy dependence of various types of transitions in N
2 

would be of interest to the understanding of t he theoreti c al 

basis for electron scattering. 
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v.4. Carbon ~fonoxide 

Having 14 electroni, CO is isoel ectroni c wi~h N
2

• 

Therefore, the electronic structure and the spectroscopic 

characteristics of CO are very similar to N
2

. Earlier 
( 8\ 

work on CO was summarized in the book by Herzberg J. 

Recently, absorption studies in the vacuum ultraviolet 

r egion were done by Tanaka, Jursa, and LeBlanc(?9) between 

1070 and 2500 A, and by Hui'fman, Larrabee, and Tanaka 

(SO) in the 600 to 1006 l wavelength region. 

The g round state of CO is an X'~~ state. Allowed 

transitions to the low- lying A' ~, B 1 I+, C 1 ~·, E 'll , F 1 (n), 
and G 1 (:n::) states, form the strongest absorption bands 

below the ionization potential of 14.009 ev. Int e r-

combination band systems f'rom the X'I:+ state to the a 3J[r, 

ct3'I+ , d 3 7li , and e •r- states have been observed as weak 

UV absorptions by Tanaka; Jursa and LeBlanc( 79 )_ The 

b 3 2+«-X 1L+ band, observed by earlier workers but not by 

Tanaka, Jursa, and LeBlanc under the same condition for 

the observation of t he other triplet states, seems to be 

more strongly forbidden. The electric dipole forbidden 

I' I - ,;;-- X'l:+absorption bands have been investigated by Herzb erg, 

Simmons, Bass and Tilford(Bl). The weak D'~~x'I4 abs orp­
tion bands have been reported by Simmons and Tilf'ord( S 2 ). 

Potential energy curves for the low- lying states of CO 

and CO+ have been calculated by Krupenie and Weissman(SJ ). 

Figure 2Ja shows a plot of the potential enerey 

curves for CO and co+. Figure 2Jb shows the energy level 

diagram for CO and co+. These figures are reproduced 

fro m the recent review book on the band spectrum of CO 

compiled by Krupenie( 84 ). 
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v.4.1 . Summa ry of P revious Ele c tron Impact v!ork 

With the trapped- electron method, 
' l ) 

S c hulz\ t? 

obtained an excitation spectrum of CO using a po ten tia l 

well depth of 0 .7 volt. The most prominent bands in the 

s p ectrum were .the a 3 7(i-<- X'I+ transitions, known as the 

Ca meron bands . T r ansiti ons to the A• TC and the b3I+ states 

s h owed u p with much less i ntensities. The resemblance of 

the CO and N? spectra was remarkable in Schulz's work. 

Recentiy, Brongersma and Oosterhoff ( 5 J) o btained a 

hi g h r eso l ution (0.1 ev) trapped- el e ctron spectrum of CO. 

Vibrat i onal levels in the a rX band was partially r esolv e d . 

In a seri es of publications, L a ss e ttre and his co ­

workers have reported their low energy electron impac t 

studies on CO at near zero scattering ang les. 

Using an electron beam with ene r g y of 508 ev (re ­

solution about 0.5 ev), L as settre, Berman, Silverman, a n d 

Kransnow(J?d) first investigat ed the ang ular d epend ence 

between ~and 15°of the scattered sig nal from the first 

allowed A' 7l .:-x 1r_+ transition which peaked at 8. 35 ev 

(v• = J). 
Furth er work by Lassettre and Si l v e rm a n( J?g) with 

ele ctron beam energi es between 400 a nd 600 ev and at 

scattering angles between J 0 and 15°showed t he angular 

dependence of the B 1 2: .... -rX'I+transition a t 10.78 ev ( v • = o), 

and the c•I+-x':L*" transition at ll.41 ev (v• = o). 
Their resul ts indicated that the i ntensity of the C• 2:_"'"..:.- x'I.+ 

transition fe ll off more rapidly than tha t of t he B '~+~x'r• 

transition with increas ing sca t tering ang le, al though both . 

transitions were optically allowed. 

Silverman and Lassettre(B5 ) further determined the 

envelope shape for the unresolved A 1 77.. ~X1£+ transition 

in CO excit e d by 508 ev el e ctron be ams. T he agreement 
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with the calculated Franck- Condon factors was good. 

Another 200 ev, 0°electron impact spectrum was 

reported by Skerbele and Lassettre(Jea) in an attempt to 

resolve the vibrational structure of the A'X state (vibra­

tiona l spacings 0.18 ev) . ~h is attempt was unsuccessful 

while the nitrogen a'lla ... ~x 1X3+ transition (vibrational 

spacings 0.20 ev) was partially resolved unde r similar 

experimental conditions. 

With an improved electron spectrometer, Meyer, 

Skerbele, and Lassettr~lS6 ) were able to partially resolve 

the vibrational structure of the A'X state (v• = o~S) 
0 in a 200 ev, O, CO s pectrum for the first time. Transitions 

to t he A'X, B'~+, c·~·, E' X and F'R states with 0-0 bands 

lying at 8.0J, 10.78, 11.40, 11.52, and 12.37 ev, 

respec tively, were observed. 

Another high resolution electron i mpact s pectrum of 

CO at 200 ev and 0° by Skerbe l e, Meyer, and Lassettre(B?) 

showe d a completely resolved A'n state. Transiti ons to 

the G 1 X state (starting at lJ.05 ev) were also resolved. 

Recently, with still improv ed resolut ion, 

Dillon, and Lassettre(J9b) were able to obs erve 

Skerbele, 

the 

sing let-triplet transitions in CO (50 ev beam energ y at 2° 

ang le) for the first time. Four vibrational lines in the 

(a~x) Cameron bands (starting at 6 .0 ev, eith vibrationa l 

spacings of 0.22 ev ) were resolved. The v' = 0 level o f 

the b 3 r• state was a lso observed at 10.5 ev . The relativ2 

intensities of the level v' = 0 of the b 1 r• state and t he 

level v' = 1 of the a 1 n state were 0.004 and 0.0006 

respectively, relative to the level v' = 2 of the (A~x) 

fourth positive bands_ 
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v.4.2 . The Electron Impact Spectra of Carbon Monoxide 

Tl1e 90° electron impact spectra of CO with electron 

beam energies of 50,40,35 , and JO ev are shown in Figure 

24. Thr ee bands peaking at 6.2, 8.5 and lJ.5 ev are 

observed. The 6.2 and the 8.5 ev b a nds may be assigned to 

the a3 7[~X 1 I-tand the A 1ll ~X '.f.+ transitions, respectively. 

The lJ.5 ev band with a long shoulder starting at about 

11 ev may be attributed to the unresolved B ,C,E,F,G and 

higher sing let states and other triplet states. 

A careful look at the spectra in the energy loss 

reg ion about 10.6 ev indicates that an inelastic process, 

thoug h not resolved from the lJ •. 5 ev band, gains intensity 

relative to the ArX transition with decreasing beam 

energy (see Figure 24c, and 24d). 

assigned to the b 3 I+ state . 

This shoulder may be 

The assignments of the spectrum are generally 

consistent with optical spectroscopic data and with previous 

electron impact work. 

The ratio of intens i ties of the 6 .2 and the 8.5 ev 

bands stays approximately constant with decreasing beam 

energies . This indicates that the differential cross 

sections at 90° for the excitation of the a 3ll and o f the 

A'X state have nearly the same energy dependence. Excit ­

ation to the b
3 I+ state, on the other hand, seems to be 

;> 

more strongly dependent on energy than the a~n state. The 

observation a bove may have the signii'icanc e tha·c t he b 3 2:-;. 

st a te has the "triplet" character while the a 3ll state has 

borrowed some "sing let" character , probably from the 

n eighboring A'X state(SB). This may account for the weak 

vacuum UV absorption of the Cameron bands. 

Our results i nd i cate that the b 3 .L" 7 <0-X 1I-1- transition 

is more strongly forbidden than the a 3n~x'X~ one. This 
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is i 11 a~reement with the optical absorption work by Tanaka , 

Jursa , and L eDlanc( 79 ). Ilowever , Skerbele, Dil lon , and 

Lassettre (J9b) have obs erved a stronge r intensity for 

t he b 1I+ state tha n that fo r the a 3~ state· in a 50 ev 

2° electron impact Spectrum of CO. 

Furthe r experimen t al studi es on the energy and angular 

d ependenc e of the differential cross sections at higher 

resolut ion for the a 3~ and t h e b 3 ~+ trip let states, as 

well as o ther s ta tes, may lead us to bet ter understanding 

on the nature o f the electronic structure of CO . 

Comparison of previous work(J9b) with the pre sent 

results indicates that the ratio o f intens itie s of spin­

forbi dden to optically allowed tra nsition s i s much larger 

at 90° than at 0° Thus, large scat tering an~les and 

low energies are f a vorable conditions for the observation 

o f forbidden transitions. 
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V.5. Ethvlene 

Ethylene is the simplest hydrocarbon that has a X -

electron s ystem. The electronic states and the observed 

spectroscopic data are discussed and summarized by 

Herzberg(S 9 ). 

Ultraviolet absorptions of ethylene in the gas 

phase were studied by Price and Tutte in the wavelength 

region between 1000 and 2000 X( 9 o), by Zelikoff and 

Watanabe in the region between 1065 and 2000 1(9li by 

Wilkinson and Mull iken in the region 1500- 2050 

by Wilkinson in the region 1280- 1520 !(93). 

A ( 9 2 ) and -- ' 

Fo llowing Herzber g 1 s notation for the electronic 

states of polyatomic molecules( 39 ), the ground state of 
r-J 

ethylene is a X'Alg s ta te which is planar and has n2h 

symmetry. Transitions from the ground state to the firs t 
,..., 

excited single t state A'Bl u' which is believed to have 

D2 d symmetry with the two CH 2 groups t wisted by 90°with 

r espect to e ach other, consist of a p r ogression of diffuse 

b ands starting at 5.9 ev with rapidly increasing intensity . 

The progression merges into a continuum at about 7.1 ev 

and has a maximum at 7.65 ev(9l,92 ) . 

The first and strongest Rydberg series (the ff ~ i 

transition ) starts at 7.1 ev(9l, 92 ) . The B state has been 

shown( 92 ) to have n2 h symmetry. Four other Rydberg 

series starting at 8 . 26, 8 . 61, 8.90, and 9.05 ev have also 

been i dentified(93). 

Another continuum is observed( 9i) in the region 

between 9.5 a nd 10. J ev with a maximum at about 9.9 ev . 

This continuum is superimposed with the remaining members 

o f the five Rydberg series . The ionization potential of 

10 . 507 ev is obtained from an extrapolation of the 

strongest Rydberg series(90). 



In l950 Reid( 94 ) examined the near ultraviolet 

absorption spectrum of a l.4 meter path in liquid ethylene 

at l20°K in the reg ion 2000-4000 I . He found a series of 

bands extending from J.7 to 4 . 7 ev, merging into much 

strong er absorption at shorter wavelengths. T11 e absorption 

coefficient: (/c) l og ( °i"), was approximately 10_ 1.j_ which 

corr esponded to a highly forbidden transition. Reid 

tentatively assigned this band as due to the transition to 

the lowest triplet state 

of ethylene, namely, the 

In 1 960 Evans( 95 ) 

( be lieve 
,...,3 B 
a lu ~ 

to have a n
2

d symme try ) 
,..,XlA .. trans i tion . 

lg 
studied the near ultraviolet 

spectrum of ethylene with high pressure oxygen present i n 

the absorption cell. (Two sets of experiments were done 

with a 5.2 cm c ell: a). c2H
4 

50 atm. and o2 25 atm, b). C
2

H4 
2 atm a n d o 2 2 atm) . The presence of oxygen i ntensified 

the singlet-triplet transition, supporting Re i d's assig nment. 

Evans attr i buted this to a paramagnetic pertur bation on 

ethylene by the o
2 

molecules . He concluded that the 

vertical energy corresponding to an intensity max i mum of 

the a~X transition was about 4 . 6 ev. 

Another notation used by Mul liken(96 ) in des i gnat ing 

the various electronic states of ethylene is often seen in 

the literature . In this notat ion the X~ ';;' n ard ,._,a 
' .'-!.. ' D ' -~ 

states of ethylene are referred to as the N, V, R, and T 

states, respectively. 

In studying the ultraviolet absorption s pectra o f 

four alkyl - substituted ethylenes, (e . e . , tetramethyletylene, 

trimethylethylene, c y c lohexen e, and hexene - l), Potts 

( 97 ) round T~N trans i tions of these olefins in the re g ion 

between 5 and 6 ev. Extrapo l at i on from the methyla ted 

e thyl e nes to the case of zero methyl g r oups indicates a 

l ocation of the triplet u pper level of -these bands in 

ethylene itse l f at a vertica l energy of about 6 . 4 ev . 

Mulliken ( 9 B ) p o stulat ed that thi s t r ansition might have 
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a Rydberg trip let state as the upper state which has 
,,..,, 

the s a me electron configuration as the B ' BJu state. 

Recently, this postulated 6.4 ev transit i on in . 

ethylene, rererred to as the "mystery band", r e ce ived 

extensive discussions by many authors(99). Ho wev er, this 

band has not yet been pos itively o b served in ul t raviol et 

absorpt ions(lOO) .. 

V.5.1. Summary of Previous Electron Impact Work 

Kuppermann a nd Raff (54 ,5 5 ) r epor ted low energy lar g e 

angl e electron impact spectra of ethylene. T hey detected 

t r ansitions pe a king at 4.6, 6 . 5, 7 .7 , 8 .8 and 10 . 5 ev. 

The f irs t was assig n ed to the s pin f orbidden ~3B1u-i'Alg 
transition on the basis of its energy dependence. T he 

6.5 ev trans ition did not behave as a triplet and its 

exis tence has not been confirmed by other measurement s. 

In vi e w of the difficulties mentioned in s ection IV.J.lJ., 

t he p r esence of this peak could have been an artifact o f 

the meas urement and is sub j ect to suspicion . 

Lassettre and Francis (J?a) studied the 0° electron 

i mpact spec trum of e t h y lene using 390 ev beams with a 

r e solution of about o.6 ev. A prominent peak at 7 . 66 ev 

and two smaller peaks at 9 .03 a nd 9 . 95 ev were observed 

below the ionizat ion potential, i n agreement with the 

ultra v iolet absorption work(9l). 

Simpson and Mielczarek ( 4l) obtained a 50 ev, 0° 

electron impact spectrum of ethyl e ne. The resolution was 

about 0.1 e~ The first b and lying between 6 . 8 and 8.6 e~ 

though not resolved, showed g ood agreement wi th UV measure ­

ments ( 9l) . 

Geiger and Wittmaack(lOl) reported a high r eso l ution 
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(0 . 02 5 ev) electron impact spectrum with JJ K ev electron 

beams at zero scattering angle . The spectrum obtained 

under these condi tions showed exact agreement with UV 

absorption work( 9 i). The vibrational structure associated 
,...., 

with t he B Rydberg state was resolved . 

Ross and Lass et tre(l02 ) further studied the zero 

ang le electron impa ct spectrum of ethylene with 150 ev 

beams (resolution 0.026 ev) . The results a gre ed with 

the work by Geiger and Wittmaack at 33 k ev, and wi th 

UV absorptions(9l). 

It is worthwhile to n ote that, in b oth the UV absor p ­

tion ( 9 l ) and high en~rgy 0 ° electron impa ct(lOl) spe c tra 

of ethylene , the maximum absorption int e nsity o ccurs at 

7.2 8 ev . On the other hand, o·electron impact work at 
. (J?a) (102) (41) 

energi es of 3 90 ev , 150 ev and 50 ev , 

yielded a maximum at 

overlapping region. 

about 7. 5 ev i 'or the V<- N and R<- N 
(102) 

Ross and Lassettre p ointed out 

tha t the shift of the maximum position might be attributed 

t o an electric quadrupole transition occuring in this 

region induced by low energy electron i mpact. 

Using the trapped- e lec tron technique, Bowman and 

Miller(Sl) obtained an electron impact exci ta tion spectrum 

of ethylene . Three bands peaking at 4 . 4, 7 . 7 and 9.2 ev 

were resolved with the relative intensities 0.29, 1 . 00, 

and 0.71 , r espectively. The · 4.4 ev band was assigned to 

th e aJB I,;- x I A (or T~N ) transition .. The 0th er two band s 
lu l g 

were in agre ement with UV absorptions and with 0° electron 

impact work. 

Recently, Do ering (SB) studied the 90° e l ectron impact. 

s pectra of ethylene wi th beam energies of 35, 50, and 

70 ev (resolution 1 ev). The most intense inelastic 

peak was f ound to be at about 8 ev . A peak was observe d 

at about 4 . 7 ev which was assigned to a f orb idden s inglet ­

triplet transitio n (the ~~i transition) . A small peak at 
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about 10.7 ev wa s also o bserved and was assigned as a 

trans i t ion t o a bound state near the ionization limit. 
t- 7 5n) 

It should be noted t ha t Doering 's apparatus l ~ ' 0 

als o has an instrumental background which increases with 

d e c r easing beam energy . The rising bac kground probl em in 

the present work has been discussed in section IV.J . ll. 

v.5.2. Electron I mp ac t S p ectra of Ethylene 

F i gure 25 shows the 90°el e ctron impact spectra of 

ethylene from the present work with electron beam energies 

of 50, 40, 

a Phi llips 

J5, 

66 

and JO ev . The ethylene sample is from 

lectur e bottle (Phillips Petroleum Company, 

mole per cent purity 99.86%) without further puri fication. 

The general features of t he spectrum agree very 

well with Doering ' s work (S B) _ The most prominent band 

peaking at 7.8 ev may be correlated to the unresolved 

ff & ~(or R + N) a nd X ~ i ( or V ~N) transitions. 

A broad band peaki ng at about 4.4 ( ± 0.2) ev is 

o bserved. It app e ars that t he i ntensity of this band 

relative to the 7.8 ev band increases with decreasing 

beam energy, whi ch is the correct energy dependence of a 

singlet - triplet transition. Henc e the 4.4 ev band is 

assigned to the i~i (or T~N ) trans i tion, ~iich h as been 

o bserved optically by Reid(9 4 ) and Evans(95) . 

A weak band peaki ng at about 10.0 ev is also observed 

in this work . This band may be correlated to the weak 

continuum between 9 . S a n d 10.J ev, observed by zel ikoff 

and Watanabe in ultraviole t absorptions(9l). 

In r egard to the postulated 6 . 4 ev "mystery band" 

of ethylene, there is no i ndication that it appears in the 

present work , al though the spin- forbidden T ~ N transition 
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does show up) . This is in agreement with the work by 

Bowman and Miller(S l ) and with that by Doering(SB), and 

as mentioned above, in disagreement with the worlc o :f 

Kuppermann and Raff(5 4 ,SS)_ 

From these results, we conclude that the g eneral 

characteristies of the electron impact spectrum of ethylene 

( a polyatomi c molecul e) do not differ drastically from 

those of an atom or a d i atom i c mo l ecul e . Forbidden 

transitions much weaker or not observed in the 0°elec tron 

impact and ul travi ole t absorpt i on work can be observed by 

l ow energy electron impact at a 90° s cattering angle. 



v. 6 . Acetylene 

c2 H2 has 14 electrons and is isoe l ectronic with 

N and CO. The g round state o f acetylene i s a i ·~+ state 2 . g 
which is kno wn to be linear and have a Dcioh symmetry(e9) 

Ultraviol e t absorpt ions of acetylene in the ga s 

phase have been studied by Ing old and King in the wave ­

leng th re g ion between 2 100 and 2500 !( lOJ), by Inne s in 

the reg ion 1790 - 2470 l(lo4 J, by Nakayama and Watanabe in 

the r egion 1050 - 2000 l(lo5 J by Wilkin s on . in the re g ion 

1280-1520 l (l06 ), and by Price(l07) and Moe and Duncan 
(108) 0 

in the region 1050-1 520 A . 

The near UV absor pt ion of acetylene c ommences very 

weakly(observab l e with a 20 meter- atm p a{h(lOJ )) at about 

5.23 ev and continues with increasing strength to about 

6 . o ev. The averag e oscillator strength of the transition 

in this reg i on is l ess than f = l0-4 · (lo3 ) which i s much 

weake r than an ordinary e l ectric dipole allowed transition 

( f~O.l) . 

The ass i gnment of the weak UV absorption band of 

acetylene has been of interest to spectroscopists for 

many years . When Herzberg(l09) first studi ed the UV 

absorption of c
2

H2 in l9Jl, he s u gge sted that the weak 

absorption band below 6 ev mig ht be due to a transition 

to the lowest tr iplet state of ace t ylen e in resemble.nee to 
iJ .. I~+ 

the n itrogen A L. ~X L.9 transition . In 1953 Ingold and 

King (l0 3 ) performed an extensive vibra tional and rotational 

ana l ysis of the 5.2J ev band . They we re abl e to show that 

th e first excited state of acetylene had a trans -bent 

geometry ( a D2 h symmetry ) instead of being linear . The 

weak intensi t y was exp l ained as due t o a " Franck-Condon 

forbidden" trans i tion because the change of ge ometry was 

so drastic that the 0-0 tran s i tion was far fr o m being a 
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"vertical" transition. The presence of weak bands with 

LI k=O, ± 2, in addition to the a l lowed 4k= ±1 bands in the 

5 . 23 ev trans i tion of acetylene observed by Ing old and 
,. (103) (104) (110) hing and by Innes recently led Herzberg 

once more to think that this must be considered as strong 

evidence that the upper state was a triplet state . 

liowever, in 1965 Hougen and Watson( lll ) argued again s t 

the t riplet - singlet assign_ ment since no Zeeman spl i tting 

was observed in a magneti c fie l d, contrary 

a spin-forbidden transition should behave . 

to the way 

They showed 

that the forbidden subbands with k =0 , ±2, occuring i n the 

5 . 23 ev system of acetylene could be satisfac torily 

explai ned by an axis - switching effect . It appears that 

the linea r - to - b e nt A'Au 4:- X 1 ~;'" assignment for the 5. 23 

ev system of acetylene is the mo st convincing assig nment 

at the p resent time. 

The second weak UV absorption system o f acetylene, 

lying between 6 and 8 ev and peaking a t 7.3 ev, consists 
. (105 106 ) of unassigned, complicat e d diffuse bands ' . 

There was speculation that this system was the v ert ical 

transition part of tbe A ~x system(ll 2 ) . However, 

Herzber g (l09) suggested that this 7 . 3 ev transiti o n i n 

acetylene might correspond to the L yrnan- Birge- Hopfield 

(a'Jt~ .c-- X'I/) bands of nitrogen, and listed th~~ 6 to 8 

ev system of acetylene a s the B rX transitiont 89 ). 

In 1935 Pric e (io7 ) first observed two strong Rydberg 

series starting at 8 . 15 ev and 9 . 24 ev ( the ~and ff st a tes, 

r espe c t ively, both linear} . In 1958 Wilkinson(lO') 

studied the vacuum UV absorptions between 6 and lO ev under 

high resolution and found ons e ts of transitions sta rting 

at 9.25 a nd 9 . 26 ev of a non-Rydberg natur e (the E a nd F 
states, respectively, both of c

2
h symmetry) . Another 

absorption band lying between 9 . 9 and 10-7 ev (overlapping 
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with the Rydberg ~eries) was observed by Nakayama and 

Watanabe(lOS). This 9.9 ev band was resolved und e r hig her 

r e solution by Herzberg(llO) and was sho wn to oe of a 

linea r D 00h symmetry (the G' 7rw. state). The first ionization 

potential of acetylene has been determined by both the 

photionization curves and the Rydberg series yie l ding a 

value of 11 . 41 ev(l05) . 

v . 6 . 1 . Summary of Previous Electron Impact Work 

In 1964 Bowman and Miller ( Sl) invest i ga ted the 

electron impact spectrum o f acety~ene using the trapped­

electron technique (excitation near threshold). The 

sp e ctrum obtained contained five bands peaking at 2 . 0, 

6.2 , 8 .2, 9.2 and 10 . 0 ev with relative intensities of 0.34, 

o. 60 , 1.00 0 . 90 , and 0.81, respec t ively . The l ast three 

bands seemed to correlate well with optica l data. The 
,._, -6.2 ev band was assigned to the A ~x transi t ion. 

Furthermore , they sugges ted tha t the assignment 

of t he 2 . 0 ev maximum as excitation of a low-ly ing triplet 

st a te was plausible . However, a carefu l look shows t hat 

the low- energ y inelastic peak a round 2 . 0 ev appears in 

each spectrum of five different molecules p r esented by 

thes e autl1ors . F or ethyl ene and propylene the low- e n e r gy 

inelas tic peaks were int e rpreted as the f ormation of 

t e mpo rary n e g a tive-ion stat es . Fo r propyne and 1-butyne 

the peak around 2 ~ 0 ev was a ttr i b uted as part of t he tail 

of t he elastic peak . For the case of acetyl ene, o d dly 

enough, the 2 . 0 ev peak was assig ned to the lowest triplet 

s tate . It seems therefo r e to us tha t this assig nmen t is 

not reliable . Unfortunately, in studyi n g the r ol e o f the 

triplet exc i ted states in the fo r mation a nd thermal 

. f t 1 1 t ' ( ll3) . 1. conversions o a ce y ene , severa a u nor s . serious y 
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considered this questionable 2. 0 ev. assignment as a basis 

for their arguments, 

There seern to be no other inelastic electron impact 

studies on acetylene appearing in the literature except the 

recent work by Trajmar, Kuppermann and Rice~ 11 4 ) . Using 

a high- reso l ution low- energy electron impact s pe ctrometer 
(4o) 

similar to that developed by S i mpson , they studied the 

electron impact spectrum of acetylene at several scattering 

angles and at different. beam energies with a resolution of 

about 0 . 1 e v. In a l~5 ev, 10° s pe ctrum of acetylene, 

transitions from the ground state to the B state (peaking 

at 7 , 25 ev), to the ff Rydberg state(starting at 9 , 3 ev), 

to the unresolved D Rydberg state and the E, F non-Rydb e rg 

states (starting at 9,3 ev), and to the G·~~ state (starting 

at 9 , 95 ev) were observed. The strong est peaks were the 

9,3 and the 8.15 ev transitions . The ratio of intensity of 

the B state to the C state was about 0.043. The spectrum 

agreed very well with the vacuum ul traviolet absorption 
(10-) spectrum reported by Nakayama and Watanabe ) in the 

" waveleng th region 1050-2000 A . 

Further 40 ev electron impac t s pectra at larger 

ang les obtained at higher sensitivity showed a weak transi­

tion peaking at about 5 , 3 ev The intensity of the Rydberg 

transition C <f-X decreased very rapidly as the scattering 
,.... 

angle increased while the B <- X transition at 7 , 25 ev 

decreased less rapidly with increasing angle. The 5,3 ev 

transition, on the other hand, had much less angular 
-dependence, so that its intensity rel~ive to the C ~ x 

transition became larg er with increasing scattering ang le 

from 20° to 60° . Therefore, this transition has the 

characteristics of an spin-forbidden transition while the 
....., 

B ~ X s y stem is similar to an electric quadrupole allowed 

transition . 
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From the broad envelope of the 40 ev, 60°acetylene 

spectrum in the energy loss region between 5 and 7.25 ev, 

Trajmar, Kuppermann and Rice,(ll4 ) suggested that there 

mi g ht exist another unresolved state between the A and the 

B states, peaking at about 6.2 ev, which also has triplet 

characteristics. However, further theoretical support 

and experimental evidence are needed to confirm this 

hypothesis . 

v.6.2 . The Electron Impact Spectra of Acetylene 

Figure 26 shows the 90° electron impact spectra 

of acetylene with electron beam energies of 50,40,35, and 

JO ev. The sample gas is from a tank of purified acetylene 

from the Matheson Company. 

The spectrum is characterized by two bands peaking 

at 5.9 and 9 . 4 ev . The 9.4 ev band, starting from about 

8.0 ev, is the most intense inelas tic peak in the spectrum. 

This band ~ay be correlated with the unresolved ff, ff, i and 

F states. It is noted that, th~ differential cross sections 

at 90" -!oY' inelastic scatt.ering from the C. and D Rydberg 

states of acetylene seem to be very small. (Similar results 

have be e n observed for ethylene) . 

From Figure 26 we see that the 5.9 ev band gains 

intensity relative to the 9.4 ev one with decreasing beam 

energies and it is unusually broad (extending from 4. 5 .to 

7.2 ev). The full -width at half-maximum of the elastic 

peak is l.l ev which represents the resolution o f our 

instrument. Thus the observed broad b~nd is not a result 

of this resolution only but includes the effect of the 

shape of the Franck-Condon. envelope for the transi t ions 

involved in this region. 
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It is noted that in the work by Bowman and Miller 

the 6.2 ev band in the trapped-electron sp e ctrum of 

c2 H2 also extends between 4.5 and 7.2 ev while the i r 

resolution is about 0.25 ev. 

From the p resent work, we may conclude that we have 

observed a transition (or more than one unresolved transi ­

tions) in c 2H2 at 5 . 9 (±0.2) ev which shows characteristics 

similar to a spin-forbidden transi.tion. 

The results of this experiment do not exclude the 

posibility that the observed 5.9 ev band is different 
- ~ + from the weak A 'A ~ X 1 ~3 transition observed optically 

(lOJ,l04 ,lll) I~ UV absor p tions the intensity of the 

X ~ X system relative to the~~ i Rydberg system is less 
- 4 ~ 

than 10 . If the A ~ X system is a Franck-Condon for -

bidden transition in optical spectroscopy then it should 

a lso be Franck-Condon forbidden in electron scattering at 

each scattering angl e, and would be expected to be weak 

compared to the ff~ i transition even at 90~ Therefore, 

it is consistent with all of the known facts to assume 

that the transition we observe peaking at 5.9 ev is a 

tr iplet, whereas the weak optical one peaking at about 5.3 
ev is the K1 Au • ~·r~~ singlet one. 
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Propyne 

Propyne is often called methyl acetylene. It h a s 

been shown by Franklin and Field(ll5 ) in electron impact 

ionization studies that alkyl substitutions on the acetylene 

molecul e lead to lowe ring of the ionization potential. 

For example, the first ionization potentials they obtained 

for acetylene, propyne, 1-butyne, and 2-butyne are ll.46, 

10.48, lO.J4 and 9.85 ev, respectively. The lowering of 

the ionization potential is explained as due to a hyper­

conjugation effect between the CEC triple bond and the 

substituted alkyl group. It is therefore of interest to 

study the electron scattering spectra of propyne in order 

to compare it wi t h the results obtained for acetylene . 

Propyne is transparent to near ultraviolet light. 

So far there seems to exist no high sensitivity UV absorp -

tion work on this molecule for the waveleng th re g ion longer 

than 2000 l. In 1945 Price and Walsh(ll 6 ) first investigated 

photo~raphically the vacuum UV absorption of propyne in the 

region 960-2040 A. Two Rydberg series starting at 8.05 

and 9.11 ev were obtained which converged to an ionization 

potential o f ll.JO ev. Furthermore, two weak bands peaking 

separat e ly at 6.45 and 7.64 ev were observed (referre d to 

as the~ and the B states by Herzberg( 89 ) . However, Price 

and Walsh's observation was not confirmed by subsequent 

electron impact ionization measurements(ll5 ) and other 

vacuum UV absorption work(ll7,l05). 

In 1956 Wa tanab e and Namioka(ll?) determined th e 

ionization potential of propyne by the photo-ioni zat ion 

method . They also studied photoelectrical l y the absorption 

spectrum in the region 1200-1600 l. Two Rydberg series 

different from ~hose of Price a nd Walsh(ll6 ) were obtained. 

Both the photo ionization curve and the Rydberg series 
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yielded the same ionization potential of 10.J~ ev, in 

agreement with electron impact results. 

In 1964 Nakayama and Watanabe(lo5 ) reported further 

UV absorption work on acetylene, propyne, and l - butyne 
0 

in the region 1050-2000 A by a photoelectric technique. 

This work represents the most reliable UV measurements on 

propyne that we are aware of. 

According to it, propyne starts to a bsorb very 

weakly at about 6.2 ev. The absorption intensity increases 

to a maximum at 7.04 ev and i s joined by a continuum. 

Strong and discrete absorption peaks start at 7 . 8 5 ev 
,,.../ 

(the C state). Other strong peaks between 8 a n d 1 0 ev can 

be assig n e d to three Rydberg series starting at 8 . 05, 

8.45, and 8.83 ev (referred to by Herzberg(s9 ) as the D, 
,..... 

E, and F states, respectively). All three Rydberg series 

converge to the same ionization continumm starting at l0 . 36 

ev . 

Although none of the excited states of propyne has 

been fully analyzed, there seems to be little doubt that 

the Rydberg series do arise from the excitation of a 

"}'[. - electron of the c=c bond. Aft~r all, the propyne 

spectrum closely 

1 - butyne. 

resembles the spectra of acetylene and 

V.7 . l. Summary of Previous Electron Impact Work 

In 1965 Bowman and Miller(Sl) studied the electron 

impact spectrum of propyne by the trapped-electron tech-

nique. Two bands peaking at 7.1 and 8.3 ev with relative 

intensities of l . 00 and 0.93, respectively, were dbserved . 

A shoulder starting at 4 . 5 ev joined the 7 . 1 ev band at 

about 6.1 ev with a relative intensity of 0 . 71. Another 

small band peaking at 2 . 8 ev was attributed to the tail of 
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the elastic peak. 

We see from the trapped-electron spectrum of propyne 

that the 7.1 ev band may be correlated with the 7.04 ev 

UV absorption maximum observed by Nakayama and Watanabe(l05~ 
The 8.J ev band may correspond to the unresolved D and E 
states. However, the broad shoulder between 4.5 and 6.1 

ev has not been observed optically. Bowman and Miller( 5 l) 

g ave no explanation for the occurance of this low-energy 

shoulder either . 

The Electron Impa ct Spectra of Propyne 

0 
Figure 27 s hows the 90 electron imp act spectra of 

propyne with electron beam energies of 50,40,35, and JO ev. 

The g as sample is obtained from a lecture bottle of C.P. 

g rade methyl acetylene from the Matheson Company~ An 

ana lysis by A.L. Lane(llB) shows that it contains l.9~ of 

propylene , 1. 8~ o f acetylene, 0.19% of allene and trace 

a mount s of other impurities. 

The main features of the propyne s p ectrum consist 

of a continuum starting at about 7.5 ev with increasing 

inten sity towards higher energy loss region. This continuum 

is very similar to that observed for p ropane, a saturat e d 

hydrocarbon (see Figure 29). As in the cases for ethylene 

and acetylene, no Rydberg transitions seem to have large 

differential cross s e ctions at 90°. 

Very striking ly, a band between 4.5 and 7.0 ev 

shows u p with increasing intensity relative to the continuum 

when one goes to lower and lower beam energies . This band, 

peaking at about 5 .9(±.2) ev, is small in intensity compared 

to the 5.9 ev band in the acetyl ene spectrum (Fig ure 26) 

unde r similar experimental conditions. Since the scattered 
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sig nal from c
2
n

2 
has a known magnitude, it seems unlikely 

that the 5.9 ev band in the propyne spectrum could be due 

to the 1 . 8% impurity of c 2 H2 • 

The ground state of propyne is an i'A state with 

c
3

v symmetry(B9). The energy dependence of ~he 5.9 ev 

band leads us to the conclusion that it is due to a singlet ­

triplet transition. In the trap)ed-electron spectrum 

obtained by Bowman and Millerl 5l , the 6.1 ev shoulder 

may be correlated with th i s band . From this experiment 

we feel that we have successfully demonstrated the powerful ­

ness of the technique of performing an energy dependence 

study at large scattering angles of the electron impact 

spectra in order to distinguish spin-forbidden transitions 

from allowed ones. 

In adding a methyl group to the acetylene molecule, 

although the first ionization potential is lowered by 

about l ev, the first Rydberg transition is only lowered 

by O.l ev ( The C state of c 2H2 star t at 8.15 ev while the 

D state of cn
3
c=CI-I starts at 8 .05 ev) 1 whereas the triplet 

state is not shifted to within ±0.2 ev. These results 

indicate that the methyl group does not have a large effect 

on then-electron system of the c==c bond, as far as the 

lowest excited states are concerned. 
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v. 8. Propadiene 

Propadiene is also called allene. This is the small-

est molecule that has two adjacent carbon-carbon double 

bonds. The ground state of propadiene (i 1 A1 ) is believed 

to have a D? symmetry with the two CH2 planes at 9 0°to 

each o ther(B~). Accurate bond parameters of this molecule 

have been obtained from an analysis of the vibrational­

rotational barids measured with high resolution by Maki 

and Toth(ll9). Its physical and chemical properties have 

been reviewed by Griesbaum.( 120 ). 

The vacuum ultraviolet absorption spectrum of allene 

has been studied photo g raphically by Sutcli~fe and Walsh 

- (l2 l) in the region 1150-2150 A. It starts to absorb very 

weakly at about 6.1 ev. This weak absorption extends 

continuously to about 7.0 ev, 

(S9) as the A ~X transition. 

and is ·referred to by Herzberg 

The most intense absorption 

occurs between 7.16 and 7.8 ev (with a maximum at 7.25 ev), 

and is referred to as the ~ ~i system. In view of the 
,..., ,..., 

large intensity, the B ~ X system must be an allowed transi-

tion. At higher energies, moderately strong bands occur at 

8 .02, 8.15, 8.31, and 8 .40 ev, and are referred to as 
,,,..._ ,,...,, ,-,..J ,.....,, 

excitations to the C,D,E, and F electronic states, re-

spectively(s9). Mo r e bands lying between 8.55 and 9.90 

with decreasing intensity towards the high energy side 

ev 

have the appearance of Rydberg bands. The first ionization 

potential of 10.19 ev is obtained from an extrapolation of 

the Rydberg series( 121 ). 

According to Sutcliffe and W~lsh( 121 ), precise 

measurements were difficult part ly becaus e of the diffuseness 

of the bands and partly because of the presence of emission 

lines in the Lyman continuum. Nevertheless,these authors 

were able to arrange the observed bands into 9 Rydberg series 
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(some of them were fragmentary) converging to the smae 

ionization limit. Five of the Rydberg series were made to 

join the electronic states ~ to ~. 

So far the complicated UV absorption spectrum of 

allene has not been satisfactorily assigned because of the 

possibility of changing geometry in excited states. For 

example carbon dioxide, which is isoelectronic with allene, 

has low-lying excited states with a bent c
2

v symmetry while 

the ground state of co~ is linear( B9 )_ 

v.8.1. Summary of Theoretical Cal6ulations 

There have been several theoretical calculations on 

the electronic structure and low-lying excited states of 

allene. We will briefly mention the results of these 

calculations in order to understand this molecule better • . 
(122) In 1951 Parr and Taylor performed an LCAO 

self-consistent field calculation of the twisting frequency 

and ~-electron energy levels of all ene. The C-C-C skeleton 

was assumed to be linear. The two CH
2 

planes undergo a 

twisting vibration with respect to each other about an 

equilibrium angle of 90°(a n
2

d symmetry). The molecule 

was treated as a four ~-electron system with the e f fects 

of the underlying single-bonded structures represented by 

a n effective potential. From the calculat e d results, they 

pre dicted a mean value of the first allowed singlet absorp­

tion band and the companion triplet iying near 5.l ev. 

They also p r edicted the first ionization potential of allene 

to be about 10.4 ev which was not too far from the spec­

troscopic value of 10.19 ev. 

In 1956 Serre(l 2 J) did some calculations on the 

7L-electron systems of several poly-unsaturated hydrocarbons 
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in which he used the molecular orbital method developed by 

Pariser and Parr( 124 ). The transition from the ground state 

to the first allowed singlet state was predicted to lie 

between 5 . 95 and 7.35 ev, depending on different choices 

for the value of a resonance integral~. Again, a linear 

C-C-C config uration and a D2 d symmetry. were assumed. 

In 1966 Borden(l2 5) carried out a Pariser-Parr­

Popl e(124 ' 126) type calculatiori to determine the energ ies of 

the electronic states in two conforma tions of allene. These 

were of D2 d and D2h symmetries with the two CH2 planes 

being perpendicular and coplanar, respectively. Correlation 

diagrams of sing let states and triplet states between these 

two configurations were shown. He predicted that, the 

lowest triplet state was p l anar. 

From Borden's results( 125), the first allowe d sing let 

excited state would lie at about 7.9 ev above the g round 

state in the perpendicular conformation. The lowest triplet 

state, lying at 2 . 7 ev above the ground state in the planar 

form, may be correlated to a vertical transition energy of 

4.J ev above the ground state in the perpendicular form. 

v. s .2. Electron Impact Spectra of P r opadiene 

Fig ure 28 shows the 90 electron imp act spectra of 

propadiene with electron beam energies of 50,40,35, and JO 

ev. The g as sample is taken from a lecture bottle of 

research g rade allene from the Matheson Company. An analysis 

by A.L. Lane(llS) shows that it contains 0.62~ of propyl ene · 

and trace amounts of other impurities. 

The main features of the spectrum, containing 

slig htly resolved bands peaking at 7.6, 8 .7, and 9 . 5 (±0.2) 

e v may be attributed to transitions to the B, C, D, E and 
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~ 

F states. The 7.6 ev band has a onset at about 6 ev which 

may include the A~ X transition of allene. 

A small band peaking at about 4.5 (±0.2) ev has 

not been o b served in ultraviolet absorptions. This band 

g ains intensity (relative to the 7.6 ev one) with lowering 

beam energies, which is the correct energy dependence for 

spin forbidden transitions . We hereby assi g n this 4.5 ev 

band to the sing let - triplet transition in allene. This 

assignment is consistent with previous assignments in the 

90° electron impact spectra of other unsaturated hydrocarbons. 

It should be noted that although the ionization 

potential of a l lene (10.19 ev) is lower than that of 

ethylene (10 . 507 ev), its first Rydberg state (B state, 

starting at 7.16 ev) lies higher than that of ethylene 
,_/ 

(B state, starting at 7 .10 ev). Therefore it seems reason-

able tJ1at the observed triplet state in allene (at 4.5 ev) 
should lie slig htly higher than that in ethylene (4.4 ev) . 

However, the difference between these two values is smaller 

than the experimental error in their determination. 

Our results of a triplet excitation band peaking at 

4.5 ev are in good agreemerit with Borden's calculations(l25~ 
However, the present work yields. no information coricerning 

the e x cited state geometry. 
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P ropa ne 

(89) 
Propane has no known discrete electronic spectra 

Its ultraviolet absorption has b een stu died by Okabe 

and Becker in the wavelength region 1200- 1630 ! ( l 2 7) 

and by Schoen in the reg ion 500- 1200 !(128 ). 

Propane starts to absorb at about 7.6 ev with in-

creasing intensity towards the high energy side. Onsets 

superimposed on a rising continuum are observed at 7.60, 

8.42, 9.25 and 10.15 ev . The maximum absorption occurs at 

16 ev after which the intensity decreases with decreasing 

wavelength. 

9 . 52 ev. 

Another absorpt i on maximum is observed at 

0 

For a res o lution of about l A, the absorption appears 

to be continuous for propane over the spectral region 

1200- 1630 A(l2 7) ind icating that the upper electronic states 

are strongly predissociated . This may be explained by 

assuming that the equilibrium positions o f the upper states 

lie at larger internuclear distances than does the ground 

state such that transitions from the ground state are to 

the repulsive part of the potential energy surfaces of the 

upper states l 89 ). From the order of magnitude of the 

absorption coefficients ( 103 cm- 1 ) we would expect the 

transitions to be a llowed ones, and p robably sing let to 

sing l e t tra nsit i ons. 

The first ionization potential of p ropane has been 

d e termined to be 11.07 ev by Al-Joboury and Turner(l 2 9) 

using photoelectron sp e ctroscopy . 

Altl1ough the excited electronic state s of alkanes 

have no obvious structures, there has b een increasing 

interest in the vacuum UV photochemistry of these molecules 

during recent years(l3o) _ Photolyses o f propane a n d 

isotopic propanes have been studied by Okabe and McNesby 
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with re sonance lines of xenon (1470 and 1295 X) and of 

krypton (12J6 and.1165 A) at room temperature\lJl), by 

Laufer and McNesby at 1470 1 and 25°c(lJ2 ), and by Reobert 

and Ausloos with resonance lines of xenon, krypton, a nd 

arg on (1067 and 1048 A) at 20°K and 77°K on solid propanes 
(lJJ) Mass spectrometric studies on various ion~ produced 

by photo ionization of propane have been performed by 

Schoen( 128 ) and Berkowitz and Chupka(lJ4 ). 

It appears that an investigation of the low energy 

e lectron impact spectrum of propane may g ive us some more 

information on the electronic structure of this molecule. 

v.9.1. Summary of Previous Electron Impact Work 

In 1964 Lassettre and Francis(J7 a) reported a 0° 

electron impact spectrum of propane using J90 ev beams 

with a resolution of about 0.6 ~v. However, no inter -

pretation was g iven for t he spectrum. 

This spectrum consists of two maxima at lJ.8 and 11.J 

ev and a shoulder at 9 . 0 ev, with the relative intensi t ies 

of 1.00, 0.88 and 0. 66, r e spectively . The onset f or the 9 .0 

ev shoulder is at about 7.6 ev. The general fea tu.re o f the 

impac t spec trum agrees with the UV absorpt ion e xcept that 

the maximum intensity is located at lJ.8 ev which is 2.2 ev 

1 th th d . UV b · t· . (l 2 S) ewer an .e correspon ing a sorp ion maximum . 

In 1965 Ehrhardt, Linder, and Meister(lJ5) studied 

the inelastic scattering of 70 ev electrons (O.J ev half 

wi dth ) by propane in the angular range of 0°to 1 45°. The 

scattered electron int e nsity f~om propane as a function of 
o Jo, 6 ° o ., o energy loss at scattering angles of O, , 12, l~ , and 

27° were plotted with the int ens ity norma lized to 100 at 

an arbitrarily chosen point of 16 . 0 ev. The 0°curve at 1 6 .0 
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ev was actua l ly J50 t imes higher than the 27° curve at the 

same energy loss, incicating shar ply forward peaked 

scattering. 

The 70 ev propane spectrum cons ists of four peaks, 

located at 9 . 0, 11 .5 , lJ , and 1 4.3 ev, superimposed on 

a continuum. The 9. 0 ev peak decreases wi th i ncreasing 

ang le so rapidly that, a l though at 0°it is the strongest 

peak, 

at 6° 

the 1 3 ev peak becomes the highest o ne i n the spectru m 
0 

For scattering angles larger than 1 2, the maximum 

intensity of t h e spe c trum graduall y shifts towards higher 

energies . The 27 ° propane s pect r um shows a struc tureless 

continuum with a maximum at about 16 ev . 

v . 9.2 . The Electron Impact Spectra of Propa ne 

Figure 29 shows the 90 ° e l ectron impact spectra of 

propane with electron beam energi es of 50,40,J5, and JO 

ev . The gas sample is taken from a lecture bottle of re ­

search grade propane from the Phi l lips Petro l eum Company . 

An analysis by A.L . Lane ( llB ) shows that it has 0.2J% of 

propylene, 0.02% of ethan e and trace a mounts of other 

impurities . 

The propane spectrum shows a continuum with an onset 

at about 8 ev. The intensity of this continuum increases 

with the energy loss to about l J ev then starts to level 

off . The 50 ev spectrum shown in Fig ure 29a is similar to 

the 70 ev, 27 ° p r opane spe c trum obtained by Ehrhardt, 

Linder, and Meister(lJ5 ), i . e . , the spectrum is structure -

less . The qual i tative featur e of the spectrum at 90 
0 

scattering angl e does not change very mu ch in going ~o 

low E: r energies . The results are generally cons i stent with 

optical spectroscopi c data . 
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We conclude that no optically forbidden transitions 
~en. ohserved 

haveAfor propane a lthoug h the experimental condi t ions are 

f avorab le for s uch observation . 
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v .10. 1,1- Butadien e 

The vacuum u l traviolet absorption s pe ctrum of l,J­

Butadiene was first taken in 19J4 by Scheibe and Grieneisen 

llJ6 ) in the wavelen gth r egion 1660-2300 l. In 1940 Price 

and Wals~(lJ 7 ) restudied this mo l ecul e in the reg ion 
0 

1250- 2300 A and performed a detailed analysis •. 

According to Price and Wal sh(lJ?), butadiene starts 

to absorb weakly at 5.4 ev with increasing stre ngth toward 

the shorter wavelength side. A strong and diffuse p rog -

ression joins the weak absorption at 5.7 ev and extends to 

about 6 .J ev. Thi s progression h as a maximum at about 5.9 

ev and is referred to by Herzberg(B 9 ) as the ~ ~ X transi -

t i on. Some fairly strong bands located at 6.25, 6 .65, 6 .81 

7 . ol~, 7.06 , 8 .00, and 8 .17 ev, because of their irreg ular 

appearance, are referred to as different electronic states : 

B, C, D, E, F, G, and H, re spectively(s9 ) . Two Rydberg 

series between 8 and 9 ev joining on to the ~ and ~ states 

have been assigned by those authors . They converge to the 

same ionization potential of 9.061 ev which is in good 

a g reement with the first ioni zat i on p otential of 9.07 
obtained by Watanabe( lJB ) and with that of 9 .08 ev ~y 
Al - Joboury and Turner( 129 ) r rom photo electron energy 

ev 

ex-

periments. Certain other strong bands have been observed 

at energies higher than the first ionization potential with 

a maximum at about 9 .7 ev. 

In 1 939 Mulliken(lJ9 ) first cons i dered the intensities 

of electroni c t ransitions in molecular spectra of conjug ated 

dienes. The l,J-Butadie n e molecule was treated in both the· 

trans - (c2 h) and the cis-(c
2
v) form as a 4-electron problem 

with the ctt
2

-CH-CH-CH
2 

skeleton (containing 26 more tight ly 

bound e l ectrons) lying in a plane. In Mullikan's notation 

(lJ9 ) the g ro11nd stat e N(the normal state) has the 
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Excitation of a 

X - electron to the lowest unoccupied X - electron orbitals 

(XJ ) or (x4 ) leads to four singlet ex~ited stat e s (i g noring 

the corresponding triplet states fo r a while) : V~, v2 , VJ' 

and v4 , with the electron configurations of (x,) -
(x2 ) (x

3
), (x

1
) 2 (x

2
) (x4 ), (x

1
) (x

2
)

2 
(XJ), and (x

1
) (x

2
)

2
-

(x ) 4, respectively, where v
1 

is the lowest excited state, 

v
2 

and v
3 

have the same excitation energy and lie h i gher 

than V1 , and V 4 lies st.ill higher . On symmetry considera-

tio~s (l39) , transitions from the N state to the V
1

, v
2

, VJ, 

and v4 states are all allowed f or the cis- isomer. However, 

only v
1 
~ N and v4 ~ N transitions are allowed for the 

trans- isomer . 

In an a ttempt to correlate the observed spectrum with 

theory, Mulliken( l 4o) arrived at the following assignments. 

The strong i ~ i transition peaking at 5.9 ev was assigned 

to -che ~ <- N transitio~. The 'veak and di ffuse bands at 

7 . 04 and 7.06 ev ( the E and i states, respectively) were 

attributed to the v2 ,J ~ N transitions. From the intensities 

of the v 2 ,J ~ N transitions relative to those of the Vl ~ N, 

he suggested that there might be as much as 20~ of the cis ­

isomer of butadiene present in the vapor phase (not confirmed, 

see below). Price and Walsh(lJ?) f urther ass i gned the 9.7 

ev band to th_e v4 ..;-. N transition. 

In an electron impact ionization study on butadiene, 
(141) Sugden and Walsh reported an anomalous behavior of 

the"ion current versus accelerating potential" curve. 

Their curve h a d a small " Hump" between 8 . 7 and ·9. J vol ts 

with a peak at about 9 . 0 volts (contact potential not 

corrected). These authors interpreted the anomaly as the 

observation of two ionization potentials for l,J - butadiene 

at B. 7 and 9.J volts corresponding to the cis- and the 

trans - isomers, respectively . (N~t conf i rmed, see below.) 
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As a support for their ass i gnments, Sugden and Walsh(l4 l) 

further selected a third Rydberg series, convereing to the 

ionization potential of 8 .71 ev , out of the weaker bands 

.from the spectrum obtained by Price and Walsh(lJ7) . 

In 1950 Parr and Mulliken( 1 42 ) performed a LCAO 

self- consistent 1'ield calculat ion of the Jr-el ectron energy 

levels of cis- and trans - l,J-butadiene. The results 

indicated that the trans - form was 0.12 ev more stable than 

the cis- form and that the first ionization potential was 

computed to be 9.7 ev for both isomers,whereas the observed 

value was about 9 . 1 ev (probably for trans - ). They also 

arrived at the value s .4 ev for the cis - and 5.7 ev for the 

trans - , for the average excitat i on energy to the lowest 

sing let - triplet states. The experimental value for t he 

lowest singlet state (probably for trans - ) is about 6 . 0 ev. 

The speculation on the exis tence of the cis- isomer 

of butadiene in the gas phase has been o f interest to many 

th . . . 'b lt (139,1l.i1,142) TI au ors since 1~ was roug~ up · • ~owever, 

photo ionization work by Watanabe(lJS) and by Al - Joboury 

and Turner(l 2 9 ) has failed to confirm the 8.7 ev ionization 

pot e ntial reported by Sugden and Walsh(l 4 l). Furthermore, 

infrared and Raman spectra yield no support fo r the presence 
( 14") of the cis- isomer J • Thus, the questionable ass i gnment 

of the v2 ,J ~ N transitions at about 7.05 ev (forbidden for 

the trans - isomer) indicates the incorrectness o f Mulliken 's 

theory( lJ9). 

The lowes t triplet states of buta~iene were first 

studied by Evans( 95 ) using the oxygen perturbation tech-

nique . Although butadiene is transparent to near ultraviolet 
0 

and visible light, it starts to absorb at about 4800 A in 

the presence of a high pressure o2(butadiene 2.5 atm, 02 

130 atm)or in ethyl iodide solution. He was able to 

observe two triplet states with 0 - 0 bands lying at 2 . 58 
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and J.56 ev and absorption maxima located at J . 22 and about 

J. 9 ev, respectively. 

In studying the photo sensitized dirnerization of 

butadiene and its derivatives with a number of sensitizers 

having different triplet state energ ies, Hammond and Liu 
(144) demonstrated that the lowest triplet state of but a-

diene observed by Evans(9 5 ) with the 0 - 0 band lying at 

2.58 ev belonged to the trans - isomer, while the correspond­

ing 0 - 0 band for the cis- isomer was probably a t 2.J2 ev. 

According to Price and Walsh(l37) the ~ ~ X transi ­

tion of butadiene starts at 5.4 ev. Since the absorption 

is diffuse and contains very litt l e structure, analysis of 

the spectrum has not been carried out . Hammond, Turro, and 
(145) Leerma kers once placed the 0 - 0 band at 5.4 ev . 

However, a lower value of 4.6 ev, suggested recently by 

Srinivas~~ ( 146 ) based on some photochemical reactions 

sensitized by the me~ury 3P 1 atom at 2537 X, seems to be 

more reasonable. The 0 - 0 band in the A~ X transition 

is probably a Franck- Condon forbidden transition, too weak 

to be observed optically. 

v.10.1. Summary of Previous Ele ctron Impact Work 

l,J - Butadiene has been studied by Bowman( 5 l) using 

the trapped electron technique (excitation near threshold) . 

The excita t i on spectrum shows two bands peaking separately 

at 4.05 and 6.6 ev with r elative intensities of 0 .. 21 and 

1 . 00, respectively. No interpretation of the spectrum was 

g iven. 

We see from the opti c a l spectroscopic data that the 

maximum absorptions for the first triplet and the f irst 

singlet states (trans- isomer) lie at J . 22 and 5.90 ev, 

respectively . The separation between these two maxima is 
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2 . 63 ev. It is obvi ous that Bowman 's spectrum may be 

correlated with the optical data if the energ~ scale is 

lowered by 0.7 ev. Howeve r , since the spectra of other 

molecules such as N
2

, c 2 H
2

, CHJ - CECH , etc, reported by 

him in the same article, do appear with the correct energy 

scale, it is not immediately clear why the shifting of 

energy sca l e becomes necessary for the cas e of butadiene. 

v.10.2. Electron Impact Spectra of l,J - Rutadiene 

Figure JO shows the 90° electron impact spectra of 

l,J - butadiene with electron beam energies of 50, 40, JS, 

and JO ev . The gas sample is taken from a research grade 

lecture bottle of l,J - butadiene from the Phillips Petroleum 

Company with a specified purity of 99 . 69 mol per cent. 

The butadiene s p ectrum is characterized by t wo strong 

bands peaking separately at 5.9 and 9.7 ev. The 5.9 ev 

band may be ass i gned to the 1 ~ i transition, or v
1 

+ N in 

Nulliken 1 s notation(lJ9 ). The 9.7 ev band, corresponding 

to the strong UV absorption beyond the 9.061 ev first 

ionization potential of butadiene, may be assigned to the 

v 4 ~ N transition suggested by Price and Walsh(lJ 7 ). A 

broad band peaking at 13 ev is probably another inelastic 

scattering process occuring further beyond the first 

ionization potential. The 7.05 ev region, '.vhere the V? J 
~' 

<- N transitions should lie, appears in the present spectrum 

as a valley, indicating that the differential cross sections 

at 90° for inelast i c scattering from the E and F states 

are small. 

No specific structure can be distinguished below 

4 ev, although Evans( 9 S) has shown that the first and the 

second triplet states have absorption maxima at J.22 and 
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3.9 ev, respectively . This could be due to maskinG of the 

inelastic structures by t he tail of the elastic peak, 

wh ich is still appreciably larg e in this region. 

We conclude that the assignments of the observed 

elec~ron impact spectra of butadiene are consistent with 

the optical spectroscopic data and with the charact e ristics 

of our instrument. 
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v . 11. J3enzene 

Benzene is we l l kno wn to llave six :il- e l ectrons bound 

to the skeleton o f a c6 ring. The groun d_ state of benzene 

has n
611 

s ~nmetry . According to Herzberg( 8 9) f o ur mo l e cular 

o rbita l s : (a2 u)' (e 1 g), (e 2 u)' a nd (b2 g)' in the sequence 

of increasing energy, aris e from the six 2p carbon atomic 
z 

The ( e
1 

) and (e 0 ) orbitals are dou bly degen e rate . 
g «. U 

orbitals. 

In addition, (a
2 

) and (e
1 

) a re b o ndi ng orbital s, whereas 
u - g 

(e 2 u ) and (b2 g) are anti - bonding . The ground state of' benzene 
? 

can be described by the n - electron conf i g u ration of (a2u )-
lj_ 

( e ) whi ch is 
l g ' 

t o tally symmetric and i s designated by 
.,.._, 
X 1 A • 

lg 
Excita tion of a n - electron from the highest fille d 

(e l g ) 

to six 
~1 -
B B1 , 

orbital to the next unoccup i ed ( e? ) orbital leads 

1 t · +- • _,_ t ~JB ,..._b3;:::U 7 1 8 ,..,Jn 

u 

owes exci.., ea s.,a es : a 
1 

, ,!, l , . \. 2 , c D 2 u' 
~l u u _u 

and C E
1 

, in the sequence of inc eas ing energy . 
u 

~xtens ive wo rk d o n e by many authors on the observations and 

ass i gnments o f t h e ~JBlu and the A, B, a nd C singlet states 

ha s been summarized by Herzberg(S9) . We will only b ri e fly 

mention some important charate r i stics conc e rning these 

states. 

Th ... l l ""J ., ~ 1 A _._ . t . . . e ex .,re me y weac a b_ ~A ., ransi ion in benzen e 
1-U l g 

is both spin and symmetry f orbidden . It lies between J . 66 

and 4 .2 ev above the ~round state w i th a Franck-Condon 

maximum at J. 8 7 ev . This t r a nsi tio n h a s an oscillator 
- 10 (147) streng th of less than f = 10 , and i t can only be 

. . . . . (1lJ.i3) . 
observed in tne 1 1qu1d sta~e or using t h e high pressure 

oxygen enhanc emen t techniqu e (i4 9 ). There i s evid ence that 

the molecular ge ome try o f the ~3B1 state in the condensed 
\ 150) u 

phase i s of a n 2 h symm e t ry . 
I ,.._ 

The we ak X B? ~ X 1 A
1 

transit ion i s symmetry forbidden . 
-U g 

It lies b etween 4.72 a nd 5 . 6 ev with a Franck- Condon maximum 
(148b ) at 4 . 85 ev . This transit ion is more i ntense than the 
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5 (1L~8c) 
a ~ X transition by a fa c tor of 10 . Values for the 

· 11 h · -"' f -- 10- 4 ( l5 la) t osci ator s t rengt . ranffing Lrorn ·o 

• 0 OO?(l5lh)h b t d i = •' ~ ave een rep or e • 

The vacuu m UV absorption spectrum of benze.ae in the 

reg ion 
o o(l5?) 

between 1600 A and 2100 A - shows a moderately 

strong 

with a 

transition (fi1 B1 u ~ i 1
A1 g ) between 6.08 and 6 .55 ev 

maximum around 6.2 ev, and a very intense transition 

(5 1 E ~ ~r~ ) between 6.4~ and 7.69 ev with a maximum at l u -"- , lo· -' 
b~ 

6 . 98 ev. The B ~ X transition is symmetry forbidd en with 

a reported o scil l ator strength ranging fro m f = o . 094(l52 b ) 

to f = O.l2 (l52a) . The C ~ X transition is allowed and has 

a rep orted oscillator strength ranging f ro1n f = 0. 8B(l5 2 b) 

to f = l.2J(l5 2 a). The occurence of the symmet ry forbidd~n . 
,.., f 

transitions in benzene from the ground state to t he A B2 u 
....,. , 

a n d B B
1 

states may be explained by a vibronic c oupling 
u(89) · 

mechanism • 

Many Rydberg states lying n igner t han the C 1 E.w 

states h ave been reportedllSJ). In 1956 Wi lkinson(l53c) 

p erforme d a detailed analysis of the vacuum lJI/ spe ctra o 1' 

c6n6 ( and c6n6 ) in the region lJ00- 1850 I . He observed Jl . 

Ry dbe r g transitions between 6 .9 and 9.2 ev which could be 

·arranged into four Rydberg series extrapolating to the 

same ionization potent ial of 9.247 ev, corre sponding 

p robably to the removal of an (e
1 

) e lectr on. These Rydberg 
g( 89) 

sta t es a re referred to by Herzberg as the electronic 
,....,,. 

states D to P. 1be D state is superimp osed on the cont inuum 

of the ff 1 E1 u state . 

Beyond the first ion ization potential, two ra t her 

sharp and wel l - developed Rydberg series converging to the 

s a me ionization l~mit of 11 .489 ev have been o bserved b y 

E l - Sayed, Kasha, a n d Tanaka(lSJd) • This second ioniza t ion 

p ot e neial may be attributed to the remova l of an (a? ) 
-U 

electron. 
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A further Rydberg series lying beyond 14.6 ev and 

converg in,';· to the ionization lirni t o1' 16. 84 c v h a s been 
\ l5''d ) assj.~ned by El - Sayed, Kasha, and Tanaka J as t he 

e xci t a t i on and ionization of' a () c -c: electron . All three 

ionization potent ials derived from the Rydberg series 

men~ioned above have been confirmed by photo ionization 
(129) experiments done by Al-Joboury and Turner , and by 

C 1 . I . f 154) 
lar~ and ~ros~' • 

~ ') 

The location of the second triplet state {bJE
1
u) or 

benzene has 
'15 -) years\ :J • 

been of interest to various authors for many 

Recently, Colson and Bernstein(lS6 ) were able 

to observe the~~ i t ransition for the first time in single 

crystals of benz~ne(lS6a) and in mixed- crystals of benzene 
(156a) (l56b) 0 

- 0 2 and benzene - NO at 4.2 K. The 0 - 0 band 
;-...' 

for the benzene b ~ x transition, which is usu ally masked 
,...; 

by the hot bands of the more intense A ~ X transition at 

room temperature, does occur at 4.2°K in crystals in the 

reg ion between 4.6J and 4.68 ev. The transition was 

also observed in the mixed- crystals but not in pure c rystals 
~156) 

v .11.1 . Summary of Previ ous Electron Impact Work 

In 1965 Ske r be le and Lassettre ( JSa) rep orted the 

electron impa ct spe c trum of benzene at zero scattering 

angle w~th JOO ev electron beams (resolution ab out 0 . 4 ev) . 

The most i ntense peak they reported is located at 
~ 

6 . 96 ev corresponding to the allo·wed C 'Elu .._,..,. X' Alg tra~1si ~ion . 

Two we a k bands peaking at 4.93 and 6.21 ev with intensities 

of 0 .007 and 0.142, relative to that of the most intense 

peak , were assig ned to the symme try forbidden ~ransitions 
,._ 

A <- X and B <::. X, re s p e c ti v e J. y • -F ur t h er peaks superimposed 

on a continuum between 8 . 4 and 17 ev are also shown ~n th e 
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spectr11m . No singlet - triplet transitions were o bs e rved . 

The g ood agreement between Skerbel e and Lassettrc 1 s 
r3sa ) . t t . 1 . b t · t (l 4 8b ,l 52a , work ' and he ul ·- ravio e~ a sorp ion spec ·ra 

l 5 2 b ) . d . t t h ..... , h 1·3 \ . t . . ' t h . h in ica es a~ ~ e orn Approxima· ion i s gooa a ig -

energy, sma ll - a n gle scattering. 

R e ad and Whiterod(lS?) carried out some calculations 

with the Born approximation to obtain different i a l and total 

cross se ctions for i nelastic electron sca tter ing from benzene . 

The three lowe st excited sing l e t states are treated . The 

simple ~- e lectron antisymmetric molecular orbi tals ar e used 

as the electronic wave functions, and the cro s s sections 

a r e averaged over initial, and summed over fi n al, rotational -

vibrational s tates . The effects of vibronic intera ctions 

on the cross sections are included. F or an i ncident energy 

of JOO ev at 0°sca ttering angle, t h e calculate d d iffe r ential 
/ - 8 6 cross sections have t he p ro p ortions: o x 10 , 1 0 - , and l.O 

- l ~1 -1 
for excitation to the states A B2 , B Bl ,and C E1 , u u u 
respectively, 

results(JSa). 

in qualitative a greement with the experimental 

This, howe ver, indicates probably the poorness 

of the wave functions chosen. 

v .11.2. The El ec t ron I moact S pectra of Benzene 

Figure Jl shows the 90° el ectron impact spec tra of 

benzene (c6n 6 ) with e lectron beam ener g i es o f 50, 40, 35, 

and JO ev. The gas sample is distilled fro m a c old trap 

cont a ining Baker a nd Adamson Reagent Grade b e nzene (All ied 

Che;n ica l , General Chemical Di vision, purity 99 . 97<[~) . The 

trap i s chill e d by an ice-water .mix ture t o avoid l iquid 

film forma tion on the sealing surface of the Granville ­

Phill i p s variable lea k which is operated a t room temp e ra tur e 

during a run. 

We see from Figure Jl that the most prominent feature 
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in the benzene spectrum is the band peaking at 7.0 ev 
l ,_.l 

which corresponds to the a llowed ~ E l u ~ X Al 
{~ 

transition. 
,.._ 

The symme try forbidden transitions i ~ X and B .._ X, which 

have absorpt i on maxima a t about l~.9 and 6.2 ev, r espe c ­

tively, are not reso l ved under p r esent exper i mental condi -

tions. 

As we go to l ower ele c tron oeam energies, a very 

weak band peaking at about J.8 (±.2) ev starts to show u p 

in the benzene spectrum (see Figure Jld) . Al thou (Sh weak,. 

this peak hasl.ee11 observ ed in 10 independent runs and is 

definitely presc~ t. Thi s band may be correlated to the 

(a3B
1

u <- XlA
1 0

.) singlet - triplet excitation which is not 

observed by ~~erbele and Lassettre(J8 a) at JOO ev beam 

energy and at zero scattering angl e. 

~~e second prominent band peaking at 10.0 ev in 

the 90°elcct r on imp act spectrum of benzenz may be attributed 

to excitations of a ~-electron from the next highest filled 

(a? ) orbital, to the unoccupied H- electron orbitals. _ u This 

is in agreement with El - Sayed, Kasha, and Tan~ka's a ssig n ­

ment( l SJd) ~hat the two Rydberg series, lying beyond the 

fir st ionization potential of 9.247 ev and converging to 

the ioniza tion lim i t of 11 .489 ev, are due to excitations 

originating fr om ~he (a2 u) orbital. 

It i s of interest to compare the resul~s for benzene 

and l,J- butadiene , two different molecul es with conjuga~ed 

C=C double bonds. From Figure 30 and Figure Jl we see t ha t 

the 90 ° electron impact s pectra of these molecules are 

quite similar. The 

a maximum at 

is the C1 E 
lu 

5 . 9 ev 

<:- X1 
A 

1 0' 
b 

v
1 
~ N transition i n l,J - butadiene ha s 

whereas the c orresponding one in oenzen~ 

transition peaking at 7 . 0 ev. The 

v 4 ~ N transition in butadiene peaking a t 9 . 7 ev may be 

corresponded to the 10.0 ev band in benzene. Furthermore , 

transition f r om the ground states to the lowest triplet 
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states have max ima at J . 22 and J. 87 ev i'or butadiene and 

ben~ene, respective l y . (The triplet state in butadiene is 

not resolved from the ta i l of the elastic peak) . 

I n addit i on to the similarities in the energy levels 

oI' benzene and butadi ene , a simple re l ationshi p concerning 
0 

the relative peak he i ght s in the 9 0 electron impact 

spectra of these molecules may be attri buted to the population 

of the ~- electron orbitals. Th e ground state of l,J- but ­

adiene has the n- e lectron c onfigurat ion of (x
1

)
2 (x2 )

2
. If 

we assume that excitations origi nating from the two orb i tals 

have the same p robability , then t he· v
1 
~ N and v 4 ~ N 

transitions should h ave equal intens i ty. This is approxi -

rnately true in F i gur e JO . On ·the other hand, the g round 

state of benzene has tl1e X- e l ectron configuration of 

(a 2 u)
2

(e
1

g )
4 . Thus we wo ul d exp ec t the ? . O ev band to be 

twice as intense as the 10.0 ev band. We see in Figure Jl 

that this is a lso qualitatively the case. Detailed 

calculat ion must b e carri ed out in order to compare the 

ratio o f different i a l cross sections for v arious transitions. 

In conclusion , we may say that the assignments o:f 

the benzene spectrum are c onsistent with the o p tical da~a 

a nd with previous electron impact work. It is worth·\\rhi le 

t o point out that this seems to be the first time that the 

lowest triplet state in benzene has been o bser ved by 

electron impact spectroscopy . 



215 

V.12 Norbo rnadiene and Qn arlr icvclene 

Th e c hemistry of norbornadiene (I) a n d its v a lence 

b ond isomer quadricyclene (II) has received considerable 

attention in recent years. Hammond, Turro, and Fischer 
( ,... ., j 
\l~~ were the first to observe the following photo -

sensi ~ ized isomerization reaction in isopentane solutions 

with v a rious senstitzers (acetone, acetophenone, and 

benzophenone). 

:N. orbornadi ene 

(also called 

bicycle [ 2. 2. 

l J hep~adiene) 

(I ) -------:>-

sens i t i zer 

(II) 

Quadricyclenc 

also c a lled 

quadricyclo [2.2. 
l. 02.6.0J .5J -

heptane) 

The thermal reversion from (II) to (I) was al so observed 
(158) 

F urther work by Hammond, Wyatt, DeBoer and T u rro 

( l59)showe d that an equilibrium between (I) and (II) could 

be reached when either pure (I) or (II) was exposed to 

ligh t i n the presence of a suitable sensiti z er. 

The reversible photosensiti zed isomerizat ion be ­

tween (I) and (II) can be explained by a transfer of the 
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triplet excitation energy from the sensiti~er to the 

accep tor molecule . T!1e latter then isomeri:;.;es through its 

excited triplet state. The energy trans:L'er proces s is 

kno\':n to be n onvert ical, i. e, i t does not conform to the 
· ~ - ~ d - . l ( 160 ) 
~rancK-Lon on princip e . Therefore, the triplet 

enerGY of the sens i t i zer , suf£icient t o c ause isomerization, 

gives an upper l i mit for the energy of the 0 - 0 band for 

the lowest sin glet - t riplet t r ans i tion in the acc e ptor 

molecule . In the parti cular reversible isome r ization 

reaction between norbor nadiene ( I ) and quadr i cyclene(II), 

four sensitizers , acet o phenone, benzophenone, 2 - naph th-

aldehyde, and benzil with triplet state energ ies, J.19, 

2.97, 2 . 58 , and 2 . J4 ev, respe c t i vely, are fo u nd(lS9) to 

be decreasingl y effec tive fo r the process. 

I t is c o nce i v a b l e that th e i ntermediate tr i plet 

exc i ted s tate f or the r evers i b l e photosens i tized ismeriz -

ati o n may hav e the f o ll owing geometry, 

7 

Ex c ited state o f n o rbornadiene 

and quadricyclene 

The bonding between carbon atoms 2 and J is weaker t han 

a double bond, and there i s a weak bon ding between atoms 

2 and 6 (161 ,162) 

Concurrent wi th 

Dauben and Cargil (lbJ) 
the first work by Hammond et 

(. 1 5 <.} "\ 
al ~ UJ 

found tha t an ether solution of 

n orbornadiene (I) was isomeri zed by u l travi olet irradiation 

to the vaJ.en c e tau t omeric q u adricyclene (II) in 671":J y i eld. 

}le a. ting (II) r efor med (I). 
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IIowever , 
(161\ 

sub sequent p hotolysis work by Roquittc J 

wi th norbornadiene in ether or cyclohexane solutio11s fa iled 

to conrirm Dauben and Cargil's obser va tion . Instead, 

Roquitte( 161 •164 ) f o und tha t norbornadi e n e de composed in 

-che photolys is to yield equa l amounts o f acetylene and 

cyclopentadiene as major products and toluene as a minor 

product. Hoquitte a lso carried out the experimen t wi th 

gaseous norbornadiene in a mercury- f ree vacuum sys tem . 

The phot olysis y i elds of acetylene and cyclopentadiene we re 

i ndependent of temperature and p r es sure in the g as phase. 

Several gase s added to the photolysis c hamber were f ound to 

have no effect either. He suggested , therefore, that t he 

photolysis of no r bornadiene in the g as phase and in solutions 

wi t hout sensitizers must have fol l owed a primary process 

o ther than the photosensitized isome rizat ion. 

Mass s pectroscopic studies on norbornadiene were 

first reported by Meyerson, Mc Collum, and Rylander( 165 ). 

It is f ound that the mass spectrum of (I) is quite s i mila r 

to t ho se of it s C H 
7 8 

isomers, t oluene and c yc loheptatri e ne. 

The only d ifference is that the mass s pe ctrum o f (I) has 

h i g her intensities for mass pea ks 66 (c
5

:rr6 +) and J 9 (c
3

H
3

-:· )_ 
...... 

Pre sumably, the molecu lar ion c
7

tt8 · dissociates partly into 

a molecul e of a ce tylen e and a c y clopentadiene ion, c
5

H6 + . 

The l atter then br eaks up a g ain to y i eld anothe r c
2

11
2 

molecule and the c
3

H
3

+ ion. On the other h and, Spectra of 

all three C~H" isomers have their highe st peak at mass 91 
I o 

which correspon d s to the Thus, i t seems t ha t 

the dissocia t ion follo ws at least two co mpet ing paths de -

pending u p on t h e initial c
7

H8 isomer . 

The mass sp e ctrum of quadricy clene (II ) 
' 166) and P r i nz ba c h\. studied by Dolej~ek, Hanu~, 

wa s fi rs-c 

and 1'ound 

t o be remar k a bly similar to that of norbornadien~ (I) . 

These a u thors sugg est that the molecular ions r esulting 



218 

from (I) and (II) may be nearly identica l . 
( 167) Further work by Hanu~ and Dolej~ek on a series 

of eight c
7

H8 isomers shows that upon electron impact, six 

isomers form ions with a seven membered ring witl1out side 

re a ctions, 1·rhereas the other two, norbornadiene and 

quadricyclene, di s sociate to form c
5

H 6 + and c
2

H
2

• 

v.12 . 1. Electronic Structure and Spe c trum of Noroornadiene 

The norbornadiene molecu le (I) has two weakly coupled 

carbon- carbon dou ble bonds and C2 v symmetry. According t o 

Wi lcox, Winstein and Mc Millan( 162
), the grou nd state of (I) 

has the X- electron configuration X'A1 (a1 )
2

(b1 )
2 

in the 

simple LCAO model . Singl e excitations of a ~- electron f rom 

the highest filled orbital (b
1

) to the lowes t unoccupied 

(b
2

) and (a
2

) orbitals give rise to the lowest singlet 

excited states i 1 A
2 

and B 1 B
2

, r espectively . F rom symmetry 

considerations the A' A
2 

<- X 'A
1 

transition is forbidden wh i le 

the ~ 1 B2 ~ i 1 A
1 

one i s allowed. (They are referred to as 

the V 
1 

<- N and V 
2 

<- J\T tra nsitions, respectively). 

The u ltraviolet absorption spectrum of norbornadiene 

( I ) ~ · · t d" ' b - - · 1 ,, . · · and ·1,'1c ·,,i,1·11an( 162 ) was Iirs""C s u ieo y 11/ 1 cox, 1~1ns -ce1n, 

in the wavelength regi on 1925- 2260 X in the gas phase and 

in ethanol solution. A progression of weak bands be~ween 

5.48 and 6.23 ev (with a Franck- Condon maximum at 5.85 ev) 

was observed in the ga s phase spectrum and was assigned to 
,....... 

th e syr;1metry forbidden A <- X transition. 
( 1 68) Hermann obtained another vapor phase a bsorption 

spectrum of (I) from 1800 to 
0 

2Lwo A. In addition to the 

A ~ X transition, a strong band peaking at 6.57 ev was 

observed and ass~gned to the allowed B + X trans ~tion. 

Hee e n tJ.y , Hob i n and Kuebler ( 169) performed un ex­

tensive study on the UV absorption spectrum of (I) in the 
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- 0 5 0 vapor phase at 2 ) C and lJ C, a n d in polycrysta lline fo rm 

at 24 ° K over t h e wavelength regi on l6J7 - 2JOO ~. They 

demonstrated that the weak p r o g ress i on between 5.48 and 

6 .2J ev wh i ch had b een assigned by previous workers a s . the 

r~ i (or V ~ N) transition could be correlated wi th a 
1 

~-n trans ition near 6 ev c ommon t o olerins. Hobin and 

Kuebler further suGgested that the struc tureless continuum 

sup erimp os e d 1·1i th the ·we a k pro gre s s i on rr:i G"ht be at tr i buted 

to the v1 ~ N transition. 

E l ectron i mpa c t exper iments yie l d value s 

a nd 8 . 58 ev( l GS) and 8.60 ev( 1 66 ) for the first 

of 8.76 

ionization 

p o tential of n orb o rnadi ene . 

v.12 . 2 . E lectron Impact Spec tra of Norbornadiene 

Figure J2 shows the 90° electron impac t s pectr a of 

n orbornadiene ( I ) wi th electron beam energies o f 50 , 40, 

35, and JO ev . The &a s sample i s d i stil l e d from a cold 

trap c ontaining a liquid sample chilled with an ice - water 

T d b C C 
, . (170) mixture . he samples we r e p repare y • . ~am s er • 

Vapor phase chromat o g raphy ( l70) s h owe d that the purity wa s 

better than 99~~ . 

We see fro m F i g ur e J2 tha t the norbornadiene spectrum 

has a we a k band p eaking a t 7.4±0.4 ev . Thi s band c an be 

correlat ed wi th the strong UV absorption be t we en 6 . 5 ev 

a n d ?.5 ev observed by Rooin and Kuebler (l69) . 

The energy loss region below 5 ev does n o t exhi bit 

structure in the 50 a n d 40 ev s p ectra . However, a s we g o 

t o l o we r b eam energies, a v e ry weak band peaking at aoou~ 

J . 8±0 . 2 ev appears r eproducibly (in 6 independent runs) . 

The J . 8 ev band has not b een obs erved in the optical absorp -

tion spectrum o f ( I) . Furthermore, this band seems to oe 

sensit ive to electron bea m energy, \·Ihich is sim::..lar to the 
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behavior of s inglet-triplet transitions i n other u n sat u r a ted 

molecules. We hereby assig·n the J . 8 ev 1Jand to a singlet -

triplet transi t ion in norbornadiene . Since the Franck-

Condon princip l e must be obeyed i n electron impact exc it -

ations , the J.8 ev v a lue corresponds to the occurrence of 

the r.1 a x i mum intensi ty o:f a "verti cal " transition :from the 

g round s t ate. Therefore t he upper limit for the 0 - 0 

band at 2 . J4 ev derived :from photosensiti zed iso1nerization 

of (1)( 159 ) is not incons istent with the assi~nment. 
It is of interes t to compare the lowest sine let -

triplet e xcit a tion energies :for a mono -olefin, a con -

j usa ted diene, and a c on jugated a romat ic sys tem with an 

unconjug ated d i e n e. The absorption maxir.ia :for the T_ 4.- So 
l. 

t r ansit ions in e thylene, l, J - butadiene, and benzene occur 

at 4 . 60 , J.22(95), and J.87 ev( 8 9) , re spe c tively. Thus, 

f or the we a kly coup led diene molecule (I) t h e occurence of 

t h e T
1 
~~ maximum at J.8 ev is reasonable. 

V.12.J . Ultravio l et Absorption Spec tru m of Quadricyclene 

The quadricyclene mo lecul e (II) is a sa t urated but 

highly cyclica lly constrained hydro carbon. Fischer and 

l ' . ( l 7 l ) h ~ ' . d ' . l . . 1 t b t . .(' ·iammo n a ave s 1,,uai e tne u i:;ravio_e a sorp ion o .i: 

(II) in a cyclohexane solution and obtained the following 

results • 

./\ ( n:,µ) 250 240 2JO 220 210 200 190 

E-(cm- 1 ) l.6 9 L~ J 95 J 6 0 800 l ~-00 

Dau b en a nd Ca r g il ' s 
f 1 6 J) 

result' that the molecule 

(I I) has an extinction coefficient E-=400 at 205 rr;,µ 
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( probably in an ether solution) agrees with Fischer and 
' 171) 

Har:m1ond ' s ;ne a surements \ . 

E l c ctron impact expcri :11en ts yield value ~ o f 8. 70 

and 8.85 cv ( 166 ) :for the f irst ionizat ion potential o:f 

quadricyclene. 

v.12.4. Electron Im pact Spectra of Quadri cvclene 

Figure JJ shows t he 90°electron impact s p ectra of 

quadricycle n e (II) with electron beam energies of 50, l~O, 

35, and JO ev. The gas sample is d i stilled from a cold 

trap containing a liquid sample chilled with an ice-water 

mi xture . The samples were prepared by N.J. Turro in 1963 

and sealed under nitrogen atmosphere in a glas s a mpul e . 

The ampule had been kept i n a dark place at room temperature 

~or four years . Vapor phase c hro matogr aphy by C.C . Wamser 
(170) ' showed that the purity wa s about 99~, with l~ of 

norbornadiene as the major impuri ty . 

From Figure 33 we see that the quadricyclene spe c t rum 

l;as a n early struc tureless cont inu um starting at aoout 5.5 

ev . This continuum i s similar to that ob s erved :for the 

other saturated hydrocarbon propane . 

A very weak band peaking at about 4 . 0 ±0 . 2 e v 

appears repr oducibli ( in 8 independent runs) in the JO ev 

spectrum of (II) . This 4 .0 ev band may be correlated with 

the J . 8 e v band observed i n the spectra of (I) . We .hereby 

tentatively assign this 4 . 0 e v band to the lowest singlet ­

trip let e xc i tat ion in quadricyclene (II) . 
A comparison b e tween the ~travi ol et absorpt ion 

spectrum o f (II) in c y clohe x a ne(l?l) and that of (I) 
. - l ·\ 162 ) d 

c~nano in icates that the first singlet - s inglet 

i n 

trans i ti o n has a higher exc i tation e ne rgy in (II) t h a n in 
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( I ) . The:r.e1~ore , it is expected t hat the lowe st singlet -

triplet trans ition in (I I) lies slig htly :hig her than the 

corresponding one i n (I), in agreement with the present 

result s . 

Since (II) iso:ner i ze s 
( , ~ 8 \ 

upon heat i ng to yield (I) i~ ) 

ther e seems to be no doubt tha t the ground state o f 

(l) lies lower than that of (II), i. e ., (II) i s a high-

energy isomer of (l). Results of pho to sensitized isomeriz -

ation r eaction with fluor e non e a s 

energ y 2 . J4 ev ) at low conver sion 

.the energy g ap b e tween (I) and t~e 

state isomer, s a y (III), is larger 

t he sensitizer (triplet 
( lSC \ 

als o indi c ate 91 that 

i ntermedia te tr i plet 

than t h e corresp onding 

~ap between (II) and (III) . This, howe v er, does n ot 

contradict the pres e nt results be c a us e those energy gaps 

are not vertical ones( 160 ). 
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P roposition l 

A ~ITHOGEN ATO~ BEAM FROM ACTIVE NITHOGEN 

It is proposed that the technique of differential 

pumping can b~ appl ied to the sampling of act ive nitrogen 

in m8.ss spectromet r ic study. I t is hoped that atomic 

~itroeen beam s may thus be obtained. 

I. Introduction 

Unl ike o ther homonuc lear diatomic molecul es, the 

nitrogen molecule has a very h i gh bond energy of 225 

kcal/mole (9.75 ev) . Consequently, the equilibr ium 

constant for the thermal dissociation reaction o.f N2 is 

very small even at high ternperatu res(l). Thus, one of 

the effective ways to obtain atomic nitrogen is by electric 

d i s c harge. 

The Lewis-Rayleigh afterglow resulting from electric 

dis charge in low pressure nitrogen g as has b een known f or 

half a cen t ury( 2 ). The first positive bands (BJn ~ AJ~ +) 
. g u 

and the ( y3_L - -» BJll ) system are the main featur es in 
u g 

the emis sion spectrwn of the afterg low(J) . The chemical 

r e a ctivity of the nitrogen afterglow with hydrocarbons 

( 4 ) iodine(5), oxygen ( 6 ), etc, gives rise to its name of 

active nitrogen . 

In 1940 Rayleig h(?) was able to obtain about 10 ev 

per molecule from active nitrogen in i ts interaction w~th 

gold. This energy correspond s t o the d i ssociation of an 

K2 molecule into an N ( 4s) atom and an N( 2 n) atom. (?he 

nitrogen atom has three l ow- lying states, 4s, 2 D,and 2 P. 

The 
4s state is the g roun.d state whereas the 2n and 2 P 



241 

1netastable states lie at 2.JBJ and J.574 ev, respectively, 

above the ground state). 

Recently, by cooling the nitrogen afterglow to 

liquid nitrogen temperature, Tanaka, LeBlanc, and Jursa 
( 8) were able to observe the second positive bands of 

nitrogen (c 3;c -> B 3Jl. ) • They attributed the excitation o:f 
u e; 

the bnnds at low temperature by an inverse p r edissociation 

process as fo l lows. 

Therefore the active n i trogen may c ontain excited as well 

as g round state nitrogen atoms and molecules. 

II. Comments on Early Mass Spectrometric Experiments 

By measuring the appearance potent ial of the mass 14 

peak with a mass spectrometer, Jackson and Schiff( 9 ) were 
/ , 

tlle first to detect the presence of the ~C's) atom (about 

0 .1~ to l~) i n active nitrogen. Later, Berkowi tz, Chupka, 

and Kistiakowsky(lO) also reported the presence of thG 
u . N( ·s) atom ( about l~) with the same technique. However 

the metastable N( 2 D) and N( 2P ) atoms were not observed 

in these e x periments altho ugh the presence o :f metastables 

was highly probable . 

A typical case of sampling in the above mentioned 

mass spectrometric work is the situation in Berkowitz, 

Chupka, and Kistiakowsky's set - up(lO). Nitrogen gas 

(at the pressure of 1 torr) passes t he aischarge reg ion , 

flows through about 1.2 meters o f g lass t ubes (diameter 

1.5 cm),and comes to the mass spectrometer leak. The 
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l a tt e r because of the pressure differenc e 1 tor r to io-b 

to r r) has to be as s mall as 0 . 04 mm in diameter . Ac cordinr; 

to these author's est imation, the .flow t ime f rom the 

d i scharge reeion t o the leak is about 0.25 second . 

Simple calcula tions assuming the transl a tional 

temperature o f the N atoms at 25°C and a collision 
0 

diameter of J A show that the mean free pa th 01~ the 

is 0 .077 mm at a pressure of l torr . An N atom on 

:>! atom 

the averat;e h as to suffer 2.2 x io6 
collisions before it 

c an leak into the mass spectrometer. We fe e l that e ven if 

the metastable atoms are produced in the discharge they may 

h a v e l o st their energy before they can be detect ~d . 

The purpose of this prop osition is to sueges t an 

i mproved sampling system on treating the problem by mass 

s pectrome tric method so that a nitroge!1. atom beam with 

known composition of ground and metastable s-cates can h e 

produced. 

III . The S amplinB Svstem With Dif f e r e ntial Pump i ng 

In pri n ciple, several re~ions of ~radually decreasin g 

pressur e c an be maintaine d b etween the d ischarg e rec ion and 

the ion sourc e of th e mass s pectrometer. Large pinh o les 

can be used to separate small pressure differenc e . Since 

t l1e mean t~re e pa th o :f the atom increases t o about 

half a meter when the p ressure is reduced to i6'torr , the 

active particles will not suffer as many collisions as 

before and may p robably be detected. 

In fa c t t his differential-pumpine - sampling te c hniqu e 

has been adopte~ by Nutt and Uiddlestone(ll) wh o find the 

metastable o( 1 D ) atom in a discharfl e through oxyg en g as 

by appeara nce po t ential measurements with a mass 



spectr o meter . S i mila r e x perime nts b y Foner and lf u d son. ( 12 ) 
') 

al s o l ec:t d t o the ide n tificati o n o f the metas t abl e N( - D) 
d .. ( 2 \ anr ~ P 1 atoms i n a c t i ve n i trogen . 

Dis c haree 1 st difI'. 
r 0 ~ion pumping 

c h a mber 

P = l t o r r 

2nd dif f e r e ntial 
pumpi ng c hamb e r 

I I 
L ___ l __________ __ _ 

I 
I 
J_ -

Ion sou rc e o f' 
mass s pe c tr. 

t."on.s 

t
"-A.J- - - -]"A; ---------- - - - r.r.\ -_-_-_-_-_-_-_-_-_-__ _ 

- /. f/O -~ 
crn <- S. 7S c m 

A3 

'<(- 2. 75cm. - > 

.A p e r t ure 
c m2 a r 0 a A=0 . 048 A 2=0~080 A3 =0 . 0 8 0 

I 

P u mp i ng 
sp e e d JOO 50 100 l / s e c 

Thr oug h -
p ut to 64 0 .7 O . OJ to r r •cc/ sec 
purr: p 

l' r e s sure 2 . lx l O - 4 4 - 5 1. x lO J x l0- 7 t orr 

Fig ure 1. T h e sampl i n g s y s tem wi t h differential pump i n g . 

F i g u re 1 s hows a s c h e ma tic diagram o f' t he d i ff' e ::cen·bo..1-

pwnp i n g - samp l ing sy s t e m . The g eometry o f Nu tt and 

Didd l e st on's apparatu s( ll ) i s t a k e n to d e mons t r ate 

feas ibility of the exp e rime nt . The arbitrari l y c hosen 

p u mp i n g spe ed, the calcul a t e d throug hput a nd the re s u l ting 

p r ess ure i n e a ch r egion are a s indicated i n F i c u re l . A 

JO~c. d i ss o c iation in N2at 2 5 ° C has been assumed . 

I 



1\ccordinr,· to the,._co s ine Jaw of' distribution, there 

will be a throuffhput of 0 . 029 torr cc/sec of nitrogen 

atoo:s and molecules entering the ion source directly f r om 

t:1e d is chare;e reE,ion ( with a fl ow time of 1 es s than 
I 

2 x 10-
4 secon~. This is equivalent to a total numbe r of 

9.JS x 10
14 

molecul e/second, or a flux o f 1.16 x io
1 6 

? . (L' ) molecule/cm-/s e c. If a J0~-0 dissociati on of N
2 

-> N ·s -;-
._-I 2 1)) ' t 1 t' 1 -d ~ ,- ~l ~\ occurs ana an average rans a iona spe e 01 o.; x 

4 10 cm/sec for the N' atom is a s sumed, then tnerc will be 

a d0ns ity of' 4 x io10 
atoms/cc o:f N( 2D) a toms p r esent in 

the ion source. If the efficienc y of the ion source a nd 

t he mass analyzer is l0 -
4 , then an ion current of 6.4 x 

10- lJ amp will be recorded on account o f the presenc e o f 
? 

the ;{( -D) at o ms. 

The number dens ity of background mo l e c ules a rising 

from the ambient pressur e of J x 10- 7 torr at 25°C in the 

ion source chamber is calcula ted to be 9.7 x 109 mo l e cul e /cc. 

T• N . ' . ' 1 'ddl t (ll) l h ~1 ' t h _·1owev e r, i· u 'C"C ana .u i .... es ·one iave s own t.: 1a <:: - e 

a ctua l numbe r density of background molecul es aris i ng from 

the amb i ent pressure is two orders lower t han the 

c al culated value for this type of' mo lecular beam inp ut. 

If we us e an electron multiplier which measures 

cur r ents as s mall a s 1 0 ions per second, t h en about o ne 

part per mi llion of' N( 2D) atoms present in the act ive 

n itrogen will still be detectable. 

The e x peri ment proposed a bove ha s an importa:it 

pro spect , namely, an N at om beam of known c omposition 

c an be genera ted . Th e N2 bond energy is too h i gh .fo:r 

thermal dis sociation method to g ive apprec i able yielas. 

Thus, the e lectric discharg e seems to be a pra c tical w&y 

in ob taininc nitrogen atom beams. A p rospective crossed-

mole cular- beam study i nvolvine the n i trogen atom beam is 



dis cussed in the nex~ proposition . 
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Prop osition 2 

Reactive Collisions I n Crossed Jl.Jolecnlar Re<.'.. rr:s . 

T h e reaction of Nitrogen Atoms ~ith Oxv~0n Mol ecules 

I~ is proposed that the reaction N + 0 2 • NO + 0 

can be studi~d by crossed molecular beams. 

Preliminary calculations show tha~ the activation 

energy is 5.9 kcal/mole and the reaction cross section is 

0 . 28 P a~ 2000° K . A kinematic analysis of N (at J500°K) 

and. O) at 2000°K) crossing at 90° is presented, showing 

that such a study is feasible. 

I. I ntroduction 

It is well known that the molecular mechanics and 

individual steps in chomical reactions can be studied most 

direc t ly and efficiently by measuring the reaction cross 

sec tio!ls. However, almost all of the bimolecular exchange 

reac tions studied so f ar involves onl y alKali atoms and 
(1- 5) h alogen compounds The reasons for this a re simply 

as follows. 

a). The reaction products (alk ali halides) can be 

easilv detected by the two - filament surface- ionizat ion 
- ( 6) 

detectors 

b). Large cross sections and s mall activa tion 

e n ergies of these reactions lead to hig h collision yields 

which is a favorable experime n tal condition. 

Recently in Professor Aron Kuppermann's laboratories, 
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a crossed n1olecular b eam apparatus has been designed and 

constructed by Crawford( ? ) and Cross(B). This instrumemt 

allows both in- the - plan e and out - o f - plane scannin~ of the 

reaction products from two b eam s c rossi n g at 90°. The 

d et ector is a high ef.fic iency ion sourc e fo llowed by a 

quadrupole mass filter and then an e l e c tro n multiplier. 

Velocity se l ectio ns on the faste r beam give rise to well -

defined relative initial Kinetic energies (RIKE). ~1odul -

ation on one o~ the beams at audio frequency permits the 

method of phase sensitive detection to enhance the signal -

to - noise ratio . It i s hoped that information concerning 

ti1e reaction cross sections qan be obtained by measuring 

the distribut ion of products as a fun ction of the RIKE. 

Two r eactions have been pi c ked and preliminarily 

analyzed by Crawford (7) and Cross( 9). The results are 

tabulated as follows. 

Reaction E*, t he activat i on 
energy 

p .n:o--~ the es t~ ;:;<.:. t ed 
cro ss s e ction 

Remarks 

C1 + D::. o .., 
- .:> DC1 + D 5 k cal/mole J.6 A- DC1 

\·rill 
f or n1 a 
con e \•.Ti th 
a max-
i !!11.1.I"i'l hali' 
:::.ng l e oi' 
? -o -::::> :froo 
the cen-
t ei~ - o r.~-

oass 
veloci Pf) 
vec-cor 

0 + II2 o.., ( 9) 
- > OH + H 6 kcal/mole l A-



I 

I 
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The purpose or this proposition is to present some 

preliminary analyses on the prospective reaction: 

N + 0 - - - NO + 0 
:l 

II. Discussions 

II.l. Summary o~ rate cons ~ant measure ments 

( l) 

The ~ate constants for reaction (1) at various 

tempera~ures have been measured by several groups o r workers. 

T h e resul~s are tabulated as rollows. 

" I con stant , ( c mJmole/sec) I Temperature,(K) rate Ref'e renc e 

J9V' - 517° 2 x 10
12 

exp( - 9200/RT) Kistiakm·1sky 
ar...d Volpi 
(10) 

1500°- 1700° l.7 x id3
exp( - 7500/HT) l(CJ_uf'1nan and 

Deeken 

I (11) 

4 12° - 755° 8.J x 10 
12. 

exp( -7100/RT) Clyne and 
Thrush (12) 

I 

I 
I 

I 
350° 107 

5 x " + h n.re...,sc . rner ( l 
and Pe·:: ·e:rson 

l 

J00° - 910° 1.41 x 13 . I ) 10 exp( - 7900 HT 
( lL· ) 

Wilson -' 

A plot of log10 k versus l/T including all experimental 

p oints except that of ref e rence (13) has been presen t ed by 
(14) 

It seems that the rat e constant Wils o:a 

k = i.41 x 10
13 

exp ( - 7900/RT) ( 2) 

is the b e st f it on the experimental points in the t e mperatur e 

3) 



4 0 (14). 
raag e from Joo~to 1700 K 

II.2. EstiDate of Reaction Cross Section and Ac t ivation 

e n ere:y 

The rate constant in equat i on (2) is in t h a famous 

Arrhenius :form. In order to e stimate the reaction c ross 

sec!;io::i and tn.e 

c ollision model 

activation energy l et us consider the 

for bimolecular reactionsllS). T he rate 

co nstant predicted from the collision model can be wri tten 

as 

( 3) 

I 

'W"here Z )[ "'"'-(/.'RT)~· =Ju y-1s 
. /< 

the specifi c collision f r e que ncy, 

X~'-is the hard sphere collision cross se c tion, H is 

the g as constant,_){ is the reduced mass per mole, pis a 

. steric fac t or, and E* is th e activation energy with the 

assumption that a co ll ision may lead to reaction if and 

only if the relative kinetic energy along the line o f 

centers a t i mpact is larger than or equal to E*. 

We see t ha t equation (2) has the Arrhenius form 

of 

k A exp ( - E/RT) 1 (4) 

whereas equati on (J) has a different form o:f 

k =BT~ exp ( - E*/RT) . ( 5 ) 

( The exponential dependence of k on l/T makes it difficult 
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to distinguish between different preexpone ntial fa ctors 

arising from different models by o rdi nary experimental 

data. ) 

If we assume that equations (4 ) o..nq (5) repre s ent t he 

same rate constant k fo r an arbitrar y temperature T, then 

it can be shown that 

E;:- = E - -} l~T, 

_ _!. ( 1 ) B = AT ~exp -~ . 

If the e x perimental ra t e constant i n equ ati o n (2) 
be o 

canAexten ded to say, 2000 k, t hen 

E* = 5.91 kcal/mole , 

and P JC~2 = 0. 27 5 A2
• 

If one p i cks 
() 

J A arbitrarily, the n the steri c factor 

i s 

p = 0 . 01 , 

which means that about every one collis i on per hundred with 

RIKE g~eater than E* will lead t6 reaction. 

I I .J. The Relat ive Initial Kinetic Ener gy RIKE 

If t he c alculated ac t i vation energy of 5.9 

k c al/mole is meani ngful, then we would like ~o p erf orm 

our e ~periment with RIKE both abov e and below th i s value . 

Assuming that N(4 s) atoms can be gen erated from a h i Gh 

tempera t ure ele c tric di scharge and that the N beam crosses 

t he 0
2 

beam at 90° , then the RIKE can b e calcula ted by 
1 

us i ng the most probable velo ci ties v = (2RT/m)~. 
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The r e s u lts are tabulated as f ollows . 

! 

HIKE N beam 

(kc al/mole ) temperature 

2000°k ! J000°k I 3500° 1< 
0 

J . 68 I I 5.76 o2 beain 1500k I 5.05 
<> I J.94 I 5 . 36 I 6.09 i 

temper- 2000k 
ature 25od

0

k I 4. 2 8 I 5.66 I 6 . 37 
I 

II.4 . Prediction on the Di stribution of Products 

Let us now cons i der the c as e o f an O~ beam at 

2000 ° k and an N beam at 2500° k c ro s s i ng at 9 0° as an exa~pl e . 

The most proba ble v e l o c i t i es o f the r ea c tants are 

V-.v ( J500°K) = 2. O~- x 105 cm/ s e c , and 

Vo (2006k ) == 1.02 x 105 c m/s ec . 
z. 

Th e most probable c enter- of- mass vel o city is (see li'igure 1 ) 

5 
x 10 cm/ s e c 

Hit h i9c:. = 4 8 • 8 7 o 

-'":> _:.> = angle between ~and c. 

The most probable re l ative velocity is 

= 2 . 29 x 10
5

cm/se c 

The rotational energy of 0 2 at 2000 ° k is 

E ( ro -c.) = 2 x ( RT/ 2 ) - J . 97 kcal/mo l e . 

The vibrational energy o f 
0 °z at 2000 k c an be cal culated 



with the simple harmonic oscillator model 

7>= 1556 cm- l (l7 ) we have 

E, 
l vi b .) = 

(16 ) 
\·! i th. 

The d i fference in d issociation energies o f 0 2 and NO is 
(18) 

4D0 ° = D0 ° (NO) - Do
0 

( 02.) 

= J2.4 deal/mole 

T h e total reaction energy is then 

E to t al = LlD.,
0 

+ E (vi b.) + R I KE + E (rot.) 

= 44 . 61 kc al / mo le. 

From the law of conservatio n of energy and momentum 

we can calculate the most p robabl e velocity for t he product 

molecule ( nitric oxide, NO ) in the cent er - of- ma ss 

coord inate system for a given relative final kinetic ener gy 

(RFKE) of the products. Sinc e it is equally probable for 

NO to f l y apart in a ny direction i n the center - ~f -mas s 

syst em provided the mo l ecular complex N02 st ays long 

enough, the product NO will be even ly distributed around 

a circle centered at the tip of the center- of- Dass veloci ty 

ve ctor ? with a rad ius proportional to the most pro b able 

re l ative speed V-No 

NO wil l c onfine t o a 

In the 

cone if 

laboratory coordinate system , 

-VNo is smaller than l _,.,c \ . 
Th e calcul ated results are tabulated as fo l lows. 
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-

I I I Rl<'l\.E l 4 9 

(kc a l/mole) I 

fH'"r.:/~ 2 . 25~~ 9;; 20. 2~~ 
\ ' ·\.;..!., e.. - - tote.I 

icf I 
r-

c m/ sec 0.312 10s 0.624 0.936 x 10-
v x x 

f\'O 

distr ibution of 

NO in the l aborat ory a c one around a cone starts to I -'-> - > 
system c' half""angle around c ' s p r ead 

19 . 3° hal£;.angle I over 

l+l. 3" 4 )[. 

si:;era<l i ans 

The Ne wton d i agram f or N (3500°/() and 0 2 (2000°k) crossing 

at 90° is shown in Figure 1. 

II.5. Exper i mental considerations 

Let us assume 0hat we have a quadrupole mass 

spectrometer capable o f dist i nguishing a part i al pressure 

of 10- lJ t o rr (l 9 ) fr om the background. This corresponds 

i:;o a minimum detectable dens i ty of NO products of 2.2 x id 
molec t::.l e /c c at 25° c. For the case of RFKE = 4 kc a l/mole, 

the i;1in i mum f' lux o f NO must be : 

3 
:f,yo = VNo )( 2.2 x 10 

= l .37 x l0 8 molecule/c:'!l~ / sec . 

If the e ntra nc e slit of the mass spec t rometer i s 10 c m 

f r om the collision center and th e produc ts are uniforml y 

distributed within the solid ang le subiended by the coce 

with a half angle of li-l. J0
, then the minimuo r ate of' 

p r oduc tion for ~he NO molecules must be 
4 1. 3"' 

FNo ~ fNo 'J (f() er,,)-:. 2 7I Sin. e d. 9 
00 

:I. 14- X lO ro 
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.. ---· ··-···--·-···-····------1 
--. 

-·········-.. ~ . 

.... .. .... .. .. .. -

· . .. 

-·-.... .. .. .. ....... .. .. ..... .. _ .. ___ ... .. -

'· · , 

'• 

F i gure l. The Newton diagr2rn fo r N ( 3500 ° ·c) a.r.d 0
0

( 2000° IC) 
cross i ng at 90° ,plot ted with most probable ve locit i es. 
The circles marked with 1 , 4, and 9 r epresent the ~FKE 
o f' t l1e products in ~cal/mole. \.'hen th e r<.FKE i s 4 , 
the NO produc ts ,,·ould distribu·ce on the circle 11 4 11 

in the center- of-mass system~ 

Assumi ng the co llision center has 1 - ~· 0 ·~- J a vo ~me or w = .i~~ cm , 

s ay, then t he num ber d ensi t ies of the react a nt s c &n be 

c alcul at ed as follo~s. 

= ( 1.65x1011 mole c u l e/cc 2 ) . 
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I:f 

ot~ 

n0~ = nN, then we must have a minimum reactant density 

= nN = 1.65 x 1011 molecules/c c. 

The detailed design of the differential pumping 

chambers and the ovens can be based on these preliminary 

calculations. 

III. Conclusions 

The discussions presented above have been based on 

the rate constant measured from reactions involving only 

ground state nitrogen atoms. However, if a reasonable 

amount of metastable N( 2 D) atoms could be generated from 

an electric discharge then we would expect to have a 

different potential energy surface for the reaction. Since 

the ~itrogen ( 2 D) state lies at 55 kcal/mole higher than 

the (+s) state, the N( 2 D) +0 2 reaction would probably 

proceed with a much lower activation energy and a higher 

cross section than the N(4S) + 0 2 one. A method to obtain 

metastable nitrogen atoms in an atomic beam has been 

discussed in the preceding proposition. 

Ry measuring the distribution of the product NO in 

the laboratory, we can obtain information concerning the 

lifetime of the intermediate molecular comp lex N02 as 

well as the partition of the reaction energy among the rela-

if f V:o/ is tive~ranslational degree of freedom. 

smaller than 17!1 then NO will be 

For example 

confined in a cone 
~ around c in the center-of-mass coordinate system. Further-

more, if the distribution is uniform in the c.m. system then 

we know that the lifetime of the complex must be long er than 

a typical rotational period, say l0-11second. We see that 

the ordinary "rate constant as a function of temperature" 

measurements can not yield this kind of information. 
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Propos ition J 

ELECTRONIC ABSORPTION SPECTRA OF OH AND OD 

RADICALS TRAPPED IN RARE GAS MATRICES 

It is proposed t hat the observed f i ne structure of 

t h e A.,.'i.-+-X,.7[.·transition in OH and OD trapped in rare ga s 

matrices at 4 . 2K may h a ve its origin in hindered trans ­

lation rather than hindered rotation . 

Prelimi nary results of the (o,o) and (1 ,0) bands 

are reported. However, the observed fine structure does 

not show a large isotope effe c t, nor can i t be correlated 

with the r o tational structu re of the gas phase spectrum . 

These fa c ts c ast doubt on an inte r pretation based on 

hindered rotation. 

I . Introduction 

Th h · · t &'th •. ~~ +.,,_ x, 2 .,,z.., e ga s p ase emission spec ra OL e ~ , ~ J'. 

system of the hydroxyl radica l have been known since 

early this c entury (l). A gre at deal o f work has been 

done to gtudy the various (v •, v") bands of OH and OD either 

by an electrical discharge through water vapor o r by 

an oxyhydrog en flame( 2 ,J). The lifet i me of OH in this 

type o f experiment is about 1/8 seconds as shown by the 
(ti\ . 

absorption of OH after the discharge is stopped ·J 

Recent l y many papers hav e been published on the 

subject of spectroscopic studies on active molecules or 

r adi cals trapped in the solids of gases at low temper~ 
( <:; \ 

aturcs ~ 1 • The ultraviolet absorption of OH was f irst 

observed by Robinson and McCarty in 1958( 6 ,7) in the solid 

condensed from a discharge through moist hydrazine and 
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They a ss i gned the absorption feature at J2090c~' 

to the (o,o) transition of the A"I+<-X'll,system of OH. Many 

free radicals and mole cules trapped in inert gas matrices 

have been studied since then(B,9), but it se ems tha t . the 

impor tant diatomic molecule OH has not r e ceive d much 

attention. 

The results of this paper show that OH (or OD ) 

radicals c an be f ormed and trapped ror hour s a~t er the 

rar e eas ma trices containing about 1% H~O (or D2 0 ) at. 

4.2 ° 1C a.re expos ed to X- r ay • . The (o ,o ) as well as (1,0) .. 
bc:.nds of the A2 'f. .. -X'"J[, transition in OH trapped in xenon, 

krypton and argon and those o f OD in xenon are r eported •. 

Further poss i ble experiment s are sugge s ted •.. 

II. Experimental 

The a ppara tus used in this experiment h as been 

described by Frosch and Robinson( 9 ,io) . A cold trap 

containing ice i s added to the inle t mani f old and is cooled 

to - 53° C by a dr~ice and a c etone mixture.. The vapor 

pressure of ice at - 5J°C is 0 .020 t orr. The rare gas 

sample from a high pressure tank leaks in through a Pyrex 

capilla ry l eak to the i nlet mani fold at the rate of J±2 ml 

STP/min . It flows throu g h the cold trap containing water 

then through a ~small copper tube leading to the cold finger 

c hamber and d e posits on the liquid- hel i um- co o l ed sapphire 

wi ndow. The pressures in th e cold finger c hamber and 

-Che inlet manif'old are 1 . 6 x 10- 3 and 2. l torr·, re spec t i ve ly, 

during t he deposition_ Tbe deposit~on is generally carried 

out for four hours •. 

After the deposition process 

in the cold finger chamber d r o p s to 

i s stopped, pressure 
- - 8 the 10 torr region. 
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The s o lids conde nsed on the sapphire window are irradiat e d 

1·1ith 5 0 ·kv X- ray 1"or 15 minutes or longer. Then absorption 

s p e c tra arc taken with a prism spectrograph which g ive s a 

1 4 .7 l /mm (or 150cm- 1/mm) resolut i on around the Jl25 1 r e gion 

wher e the (o,o) band of OH lies. A high pressure xenon 

lamp is us e d as light source •. The emission lines f rom a 

mercury lamp are used as standards. Exposure times are 

from 1/2 to 5 minutes with Eastman Kodak lOJa- 0 plates. 

The e mission spectra of the solids during X- ray 

irradiat ion are also take n . Exposure times are from 5 

to JO minu tes with E astman Ko d ak lOJa- 0 and lOJa- F plat e s. 
No Ei<'l i fsion. band c:m be CJ.ssiane<i. fo OH or O:D. 

I - t ' . .... 0 
- · d K 1 b d ( A.3 '.:'"~x ' <:., .... 1· n 1o weve r , tle ni~rogen Ve g ar - ap an an s ~ ,_ - ~ ~J 

the · r egion 2500- 3500 A ( ll) and the o x ygen Herzberg bands 

( c.32:.: -?XJ2g) in the region JS00- 5600 A ( 11 )have be e n ob s erYed. 

in some ox the runs~ This is probably due to residue air 

in t he v acuun1. system ,,..hich still remains even aft e r 

fl u shing the system wi th r are gas fo r several times-

The D
2

0 sample is from the Gener al Dynamics 

Corp orat±nn with a specified purity of 99 .7%. The vacuu m 

sys t em is saturated with n 2 o vapor for over nig ht befo re 

fr e sh n2 o is introduced to the c~ld trap and vice versa for 

switch ing from n2 o to H20~ 

III. Re sult s· 

Th e ultraviol e t a b sorption spectra of OH in x enon , 

k rypton and arg on and those of OD in xenon are observed •. 

The bands are a ssigned to the (o,o) a n d (1 1 0) of the 

A2I+<- X2~t electronic transition of OH and OD in 

corre lation to gas phase spectra (12) 

In g eneral, each vibrational band consists of four 
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lines with increasing separation and decreasing intensity 

~o~ards the longer wavelengt h s ide. In some bands only 

three line s can b e distinguished whereas in the (l,O) 
band of OD in xenon, only two lines are measurable. The 

o b served bands and the corresponding estimated intensities 

are listed in Table l • . 

The appearance of the absorption lines is generally 

b r oad a nd d i ffuse . Their widths as s een from the photo ­

g r aphic plates are approx imately J to 6 cm- l for ~e~s~ ~ oH 
;"' "r <c,._ ,..,.;! k: •yp~ol'\., c;.., ,J. <>. re o.b~u-t 10 c;.., -• fr-r OH 
and uOD i n xenon. However, the mercury standard lines ar e 

sh;: r p •. 

Equival e nt lines in the (o ,o ) and the ( 1,0) bands 

c an be correlat ed from their i ntensity d i stribution. T h e 

difference between two corre sponding equiva l ent lines is 
.46-.:6.- of -fJ.,c A 2 2• exc ;-.'ed s-fa..fe. T~blc 2 /;s.fs -fh'1 

taken as the vibrational quantum ~G 1 v a lues for various 
A -2-

c ases. Gas phase yalucs are also given. The increas i ng 

matrix. shifts from arg o n to krypton to xenon are similar 

to t h e situation of NH and ND trapped in these matrice~ 
(13) 

Table 2 The vibrati o n a l q u anta and their matrix 
shifts of the ~I'excited s tate i n OH and OD 

4Gy,_( OH) I Ma t r i x shift I I 

~(14 ) 
· Li G:!_\OD) Matrix sh i ft 

298 9 ClTI i 
,, 2214 

_, 
Gas - -- cm ---
A 2 904 ±9 -85 t9 ii --- ---
Kr 2 860 :!:20 - 1 29±20 ! --- ---I 
Xe 2SL~O :!:JO - 149 ±JO I 2135±40 - 80.!.40 

By using the equations relat ing the vibration al 

frequen ci e s of isotopic molecules g ive n by Herzberg (l5) , 
i . e . J 

.4. G~ = We - 2 We 'Xe 

We= f w~ 
(l) 
(2) 

I 
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Table 1 . Observed abs o r ption bands of OH and OD 
i n rare gas matrices. (Azx~ ~ x 2 ~,) 

}Jands Intensity A air (X) Y vac. 
( cm- 1

) Dif'i~ erences 

OH (o,o) 2 3126.1 J1 979 :t 3 

95~ in 10 3116.9 J2074 -~ _, 
75 a r g on 9 3109.6 32149 J 

2d J (1 ,0 ) 1 2065 .9 J4083 ± 6 
94 7.'lo' 4 28 58e2 3L~977 J 
7 8 29061 J 2851.8 35055 . J 

OH (o , o) 1 31l~ J.4 Jl80J ±10 1101 in 6 3132.6 31913 J 93 k rypton 10 3123.5 32006 3 74 I 8 Jl l 6.J 32080 3 
:i.o>Go 

,, 
( 1, 0) < l 2 88 l;. . 0 J466J -:t 10 :: 

,_,- I I 

2 2874.6 J 4 778 3 
11.J 2 ~&s l 

4 2866.2 J4 87 9 J 
101 21/73 

,... 2860.2 J495J J 
74 :187 'I .) 

OH (o,o) <1 Jl82.9 Jl608 ± 15 1 221 in 1 3150.6 31730 15 (> ,., 

2 Jll.:1. 2 31825 10 7 .J xenon 
8J 2 JlJ3.l 31908 10 

1~ (1,0) < l 2902.1 Jl~448 :!: 15 
< l 2091 . 9 J 4569 15 121 283? 

108 :i. 8' S2 1 2882.9 J467 7 15 74 
l 2876.8 J4751 15 '.2.8'431 

OD (o,o) l J l4J.4 Jl SOJ :!: 10 llJ!n i n 2 3132 . J 31 916 10 SJ x enon 2 Jl24.2 31 999 10 

c 1, 0) 0 
___ ,, ___ ----- 81~ 1 2935.9 J4051 ± JO 

1 2929.0 J 4lh2 JO 
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and 
~ . 

f , w """" = e ..... e ( 3) 

1·ihere f= rz = J ,,M•H = 0 • 7 27 ' and 
,J A.· /<oJJ 

r,. =u ~:; r- = 0.530, 

and the observed ~G~(OH) and AG~(OD) values in xenon, 
2 2 

the constants 41.., and t..~X of OH and -OD- in xenon can be calculated. e 

This is tabulat e d {n Table J • . 

Table J Vibrat£onal constants of the 

A 2 z:,+ · state in OH and O D 

lUe. We Xe 

OH G (l2) as 3180 . 5 cm - I 94.93 cm-1 

Xe 3200±280 1 80+ 1 40 

OD Gas( l 2 ) 2319 . 9 52.0 
Xe 2327±201.j. 95. 3±74, 

We see from Tabl e 3 that the ~values of OH and OD 
in x enon are in g ood agreement with the corresponding g as 
phase values. This serves as a check to the correctness 
of the assignments and i s also an evidence of the presence 

of the OH and OD in these solids. 

The fact that the ~\values are l arger in xenon 

matrices than in the gas phase may be explained as due to 

increasing anharrnonicity of the vibrational motion of 

OH and OD in the solid matriceso 

IV. Discussion 

It would be of great interest if some corre lation 

could be established between the observed fine structure 

of the vibrational bands in solids and . the rotationa l 

structure in the gas phase • . For this purpose the energy 

d i agram o f the A1L+~X,~transition of OH in the gas phase is 

g iven in Figure l~ 
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Figure l. Energy level diagram 
in the hydroxyl radical. All 
the lowest rotational levels 
vertical lines. Dashed lines 

2 + . 2 
of the A L <- X }[,transition 
allowed transitions from 
of' the 2 7[, state are shown as 
are satellite banus. 

4 o - I The magnitude of kT at . • 2 K is 2.92 cm. Therefore, 

only the lowest rotational states are populated. The 

/\- type doubling of the rotational leve ls in the 2Jlstate 

is of the order of 0.1 cm- l (l6 ), which is small 

to k.T ... Hence both sublevels are populated. 

compared 

As a consequence of the relaxation from the first 
. '2.'<;"+ b th excited A L state, o the~nA andzXa/states can be populated. 

2 /:L 

The interconversion from z.-l[ 1 to '2.Jrkis forbidden by the 
-2 



selection rule(l7) 

for Hund's case (a), which is the case for the ground 

state of OH at the lowest rotational levels. Thus one 

would expect absorptions from the lowest rotational levels 

of both 2 X1 and 
1
X%to occur at liquid helium temperature . 

2 

All p os s ible transitions are shown in Figure 1 by 

vertical lines. Dashed lines are satellite bands, that is 

were 

Earls( l S) put the intensity expressions, 

derived by Hill and Van Vleck ( l 9 ) for the 

which 

transitions in diatomic molecules, in simple algebraic forms •. 

Us i ng Earls' formul ae and choosing a value of~=A/B = - 7 . 41 

( 2o) the relative intensity of each transition i~ calculated.­

Table 4 lists the observed ga s phase (o,o) transitions 

from the lowest rotational levels of the 2~,state to the 

Ai.I+ state. The calculated intensities are included 

wi th the assumption that the lowest rotational l evels of 

:z..7r,1L and -:z.7[,1.,_ are equally populated. The dif'ference be­

tween P
1

(1) of the (o,o) and the (1,0) bands of OH (or OD) 

has been taken as .6G 1 for OH (or OD) in the gas phase. 
-2-

1 + If we neglect the spin . doubling of the A I state and 

the /\-type doubling. of the 2Jl. states, which are on the order 

of land O.l crn- 1 , respectively (l6 ), then a gas phase 

spectrum of the OH(O ,O) band (involving only the lowest 

rotational levels of the X1 R, state can be constructed 

from Table 4. This is shown in Figure 2~). 
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Table 4. The gas phase spectrum of' the A2 L-+~ X 2 Jri 
transition in OH originating from the 
lowest rotational levels of the X 2 ll, sfa../:e 
(s=satellite bands). 

OH (o,o ) calculated relative 
lines intensity 

2.[-t ~ 27[ 
% RR R ( 1) 

L I 'S 0. 0462, (sum) 
~ 

0.1667 o.410 
0. 244 5 

OH 

OD 

Co, o) 
(1,0) 

Ref'erences 

HI ( l) 
llQ11(l),s 

Q, ( 1) 
Q P,.1 ( 1), s 

p , ( l) 
p J ( l) 

p I ( l) 
p, ( l) 

0.564} 0.954 
0 .390 

0.590 

0 ... 333} 
0 .. 167 0.500 

0 ... 333 

( b ) 3 2 6.4 J .. J 9 

(a) J2542 • .28 

(a)32474.70 

(a)32440.89 

(a)32415 .. 67 

(a) 32348 •. 26 

(a) 32314 •. 23 

(a)J2440.89 
(c) 3 5429.44 

(d)32529.79 
(e)3474J.4 

a). M. R. Fortrat, J. de Physique~' 20 (1924). 

b). R. S. Mulliken , Phys. Rev. ].3_, J88 (1928). 

c). 1-l. W. Watson, Astrophys. J. 60, 145 (1924). 

inter­
vals 

101.ll 

67.58 

3J.8l 

25.22 

6 7. 41 

34.04 

2988.55 

2213.6 

d). H. Oura and M. Ninomiya, Proc. Phys. Math. Soc. Japan, 
25, 335 (1943). 

e). M. G. Sastry and K. R. Rao, Ind. J. Phys. 12., 27 (l9 4 l). 
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F i g ure 2. Spectrum of the OH (o,o) band •. a) Constructed 
from gas phase values with calculat e d relative inten­
sities. Onl y the lowest rotational levels of the x~rrz 

state are included . b) Observed, OH i n krypton . 

Figure 2(b)shows the observed spectrum of the 

OH (o,o) band in krypton . We see that Figure 2 (b) is 

quite different from Figure 2 (a). No simple correlation 

can be made with the present l y avai l able data. 

Another interestin g point is that the observed fine 

structures of OH and OD in xenon d o not seem to show the 

larg e isotope effect as one would expect to see in the 

rotational structure . However, if the fine structure is 

due partly or mainl y to the translational motion of OH 

and OD in the occupi ed lattice site rather than due to 
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hindered rotations in the solids, then one would expect 

to see only ~ small isotope effect between OH and OD . 

It is felt that hig her resolution spectrographs 

must be used to clarify this, and that the experiments of 

OD in krypton and argon may be carried out for a complete 

comparison. 

Evidently the molecules OH and OD in their excited 

states could have more interactions with the host lattice 

than in the ground states. Thus, it would be of interest 

if a study on the infrared spectra of these molecules 

trapped in rare gas solids could be carried out. 

neon 

Recently, the AiL~~>X~system of OH and OD in solid 

at 4.2°K has been studied by Tinti( 2 l). Emiss ion 

spectra are recorded for the first time . According to 

Tinti , the emission spectra and part of the absorption 

spectra show an· iso tope effect and can be interpreted in 

terms of perturbed rotational motion in the solid. 

Since the r esults of OH and OD in neon are diffe rent 

from those in the other rare gas matrices, we feel that 

the diffe rence in characteristics of the hydroxyl - rare 

g as mixed crystals must be responsible. The physical sizes 

of the OH (or OD ) radical and the neon atom are about 

the same. Furthermore, the melting point of neun (24.5°K) 

is closer to liquid helium temperature (4.2K) than the 

melting points of argon (84 .0°K), krypton (116 .6°K), and 

xenon(l61.2°K) . Thus, the hydroxyl-neon system would form 

a n early perfect crystal whereas OH (or OD) radicals may 

occupy the int e rstitial sites in the other rare gas 

matrices . If this expl anation iS true then the next 

promising experiment would be to t7~ ~~w ~me hydroxyl-



argon mixed crystals with suitable annealing. 

V. Summary 

OH radicals have been trapped in argon, krypton and 

xenon matrices at 4.2°K. OD radicals have also been 

trapped in xenon matrices. The (o,o) and (1,0) bands 

of the ll 2 l:+o(:-X'"l[;transition are observed. A calculation 

of the vibrational constants in the solids lends support 

to the identification of OH and OD. A comparison of the 

observed fine structure with the gas phase rotational 

structure is made. However, no simple correlation can be 

estabished at the present time. Possible experiments are 

suggested. 
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Proposition 4 
A STUDY OF THE ANGULAR DISTRIBUTION 

OF PHOTOELECTRONS 

It ' is proposed that the angular distribution of 

electrons resulting from photoionization of atoms 

and molecules can be studied with the Lozier type direction­

s electing grids•-

I.. Introduction 

In the molecular photoionization process, the 

ejected electron carries practically all of the excess 

energy because of the small electron-to-molecule mass ratio~ 

Thus, the ionization potential of the molecule can be obtained 

by measuring the kinetic energy of the ejected electron •. 

If the molecule has more than one occupied molecular orbitals 

and the incident photon is energetic enough, ionization of 

more tightly bound electrons can occur. This gives a direct 

measurement on the energies of the molecular orbitals. 

Turner and Al-Joboury (l) were the first to use 

the helium resonance line (584 l or 21.21 e v ) to d~velop 

a molecular photoclectrorr. spectroneter. Further work by 

Al-Joboury, May, and Turner ( 2 ,J)has successfully demonstrated 

that valual)le information concerning hi~her ionization pot­

entials, vibrational structures of the lowest and excited 

ionic states, bonding characteristics of the molecular or­

bitals, and Franck-Condon factors in ionizat£on can be 

obtained from the photoelectron spectra of many diatomic 

and polyatomic molecules. 

In the early version of Turner and Al-Joboury's 
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( 1 2a) appara t us ' , cylindrically symmetric g rids coaxial 

with the incident photon beam were employed to analyze the 

photoelectrons by the retardation potential method .. The 

assumption was made that the emission of photoelectrons 

wa s in a direction parallel to the electric vector of the 

incident li~ht , i.e., in a plane mormal to its axis~ 

(Howeve r, the magne~ic field vector perpendicular to both 

the electric vector and the propagation direction of light 

was not considered.) 

In 1964, Schoen(l~) studied the photoionization of 

several diatomic molecules with a lig ht source yielding 

monochromatic light in the region 500-1000 A and a set 

of cylindrically symmetric grids similar to Turner and 

Al - Joboury's grid system(l, 2 a) to analyze the photoelectrons .• 

Although the grids did not give rise to any directional 

selection, Schoen(
4 ) did a calculation on the effect of 

angular distribution of photoelectrons and compared with 

the observed results. He concluded that the latter was f ar 

from the expected radial distribution but probably something 

between cosine square and js~tropic distribution. 

Recently, Frost, McDowell, and Vroom ( 5 ) studied 

the photo e lectron spectra of diatomic molecules with the 

helium resonance line as lig ht source and a spherical 

grid system to analyze the photoelectrons by the retardation 

potential method. They showed that the spherical grids 

c entere d on the ionization region gave much better resolution 

than the cylindrical grids coaxial with the light beam • . 

The first study o n the angular distribution o f 

photo e lectrons has been r e ported recently by Berkowitz 

and Ehrhardt( 6 ) · A . photon beam of the helium resonance 

line at 584 i is crossed at right angle with a molecular 
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beam, lvi th th7'.photoelectron detector scanning in a 

plane perpendicular to the latter. The results indicate 

that for argon and xenon the angular distribution function 

has a maximum at 90° and a small asymmetry in the forward­

backward direction, favoring angles greater than 90°. 

Whereas for the lowest ionic states in N 2 0 , NO, and O~ 

the angular distribution function is slightly in favor of 

the forward and backward directions instead of peaking 

at 90°. 

A review on the previous investigations mentioned 

above seems to indicate that the angular distribution 

function of photoelectrons may be diff'erent for di:fferent 

molecules or even for different ionic states in the same 

molecule. Since there is no theory yet available(
6

)to 

adequately describe the angular dependence of photoelectrons 

resulting from non~central field systems, it occurs to us 

that experimental studies on this subject may lead to 

better Lrn.derstan.ding.. of The problem.. 

The purpose of this proposition is to sugges t that 

the Lozier type direction-selecting grid systems(?) are 

specifically suitable for the photoelectron experiments. 

II. The Loz~ er type g rids 

The 90°Lozier type grids(7) have been adopted in 

the present thesis work of low-energy electron scattering . 

Similar application is found in the Penning ionization o f 

molec~les by me tastable helium a toms(B) •. It is obvious 

that directional sections at angles other than 9 0° can be 

achieved by constructing the grids from cone-shape metal 

plates instead of planar ones. 
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As described in Section IV.3.6. of the thesis, the 

percentage resolution of the Lozier grids is determined by 

the ratio of the separation of the plates to the annular 

path length. If the helium resonance line(21.21 e v ) is 

used as the light source then the energies ~f the photo-

electrons wil l be about 10 e v or less. Thus, 1% resolution 

of the . grids would correspond to an energy resolution of 

O.l ev or better 

A major advantage of the Lozier grids is the long 

path-length. Since photon beams are much easier to 

collimate than electron beams, path-lengths up to 5 or 10 

inches, say, should present no experimental difficulty. 

In fact, the introduction of a light source (microwave 

discharge in low pressure helium gas) to replace the eledron 

gun in the present 90° electron,_scattering apparatus will 

give rise to a photoelectron spectrometer immediately~ 
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Proposition 5 
THE NEON RESONANCE LINE LAMP 

It is proposed that the neon resonanc e lines located 

at 744 1 a nd 736 l can be u sed to develop a light source in 

the far vaccuum UV region. Its significance in the studies 

of photoionization and photolysis of molecules is discussed. 

I. Introduction 

The most important characteristics of a lieht source 

for the interests of photochemistry are high i ntensity 

( 10
12 

to 10
14 

photons/sec) and chromatic p urity. Rare g as 

resonance line lamps in the vacuum UV region have been shown 
(1-10) . . 

~o process these qualities and have been us ed by many 

investigators in recent years. For wavelength longer than 

the li thium fluoride(ll) cutoff at 1040 A, resonance line 

lamps of xenon (1470 and 1296 l) and krypton (1236 and 1165 !) 
(l, 2 ), and those of arGon (1067 and 1048 f) (J-S) have been 

developed. In region beyond the LiF cutoff, resonance line 

lamps of helium (584 1 )( 6 -lO) have been used. Ho wever, 

there seems to exist no similar application of neort in the 

li terature. 

The most intense neon resonance emission lines(B) 
0 

are the ones located at 744 and 736 A (corresponding to 

16.68 and 16.83 ev, respectively). The trans itions are 

from the lowest exc i ted states to the ground state and are 

represented as follows(l 2 ). 

744 
0 

2f:> 5 ( 2p3/: ) [ 1-1-1 a 21' 
6 

( 1 s0 ) Ne A: Js 2 1 -
736 

0 

2 p 5 ( 2 p _t_o ) [t 1 0 2p
0

( 1 so) Ne A: 3s -7 
2 1 
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The energies of these resonance lines lie in between those 

of arg on (11.6 and 11.8 ev) and that of helium (21 . 21 e v). 

The purpose of this proposition is to su Ggest the 

deve l opment of the neon resonance line lamps because of 

photochemical interests. 

II. Photoionization Studies 

In principl e , the photo ionization cross sections of 

atoms and molecul es can be calculated wi th quantum mech-

a nical methods . An expression for the ionization cross 

section of atoms has been discu ssed by Bates(lJ) . It reads 

. _1 2: L ( :z) if) I f 'l .* ( ~ -;. ) ± cl Z' J :2. 

tJ.- . i. f ~ ) J f 

where ~ is the frequency of the incident radiation, v 
is the velocity of the ejected electron, ~i is the wave 

func tion for the at o m in its initial state with the 

statistical weight W,; , ~f is the wave function for the 

ionized atom together with the outgoing election, and 
-;JP 

r. 

is the position vector of the j-th electron with the 
. -~r. characterizing the dipole moment . 

j J 

J 

In order to c alculate the cross sections, g ood wav e 

functions are n eeded. This presents practical difficulties. 

Therefore, we usually obtain information concerning cross 

sections from experimental measurements. Early work in 

this f ield has been summarized by Weissler(l4 ), and 

Ditchburn and Hpik (l5). Recently, photoelectron spectroscopy 

has been d e v el o ped by many authors( l 6 ) with the helium 

resonance line at 584 A as the light source . 

From the available experimental results(l4 ), it is 
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cl ear tl1at the photoionization cross sections are energy 

dependent. Genera lly, th e y increas e with increas:tng 

p hoton energy after threshold toward s a maximum, then 

decrease with furthe r increa se of enerGY· Therefore, 

photoelectron experiments with photon energies diffe rent 
0 

from that of the 584 A helium resonance line would cert a inly 

yield information on the energy dependence of various ion­

ization processes. 

III. Vacuum UV Photochemistry 

Photolysis studies on organic as well a s inorganic 

comp ounds have been of interest to many workers( 2 ). The 

purpose of these e x periments is to investiga te the elementary 

p r oces s e s and che mical kinetics inv olved in the photolysis 

of molecules a s a function of photon energy and other 

ini t ial conditions by measuring the distribution of the 

various products present after the UV irradiat ion. 

spectroscopic experiments one can tell at what energies 

electronic states are located. From photolysis experiments 

one studies the chemical properties of thes e electronic 

states). 

Let us consider the photolysis of e thane( 2 , J ,l7) for 

a n example. E t hane has be e n photolyzed at the resonance 

lines o f xenon and krypton( 2 ,l7) and tho s e of a r gon( J). 

The photolysis products consist of hydrogen, ethylene, 

a ce tylene, propane and n-butane. By pho tolyzing mixtures of 

C2H6 and c2 n6 as well as CHJ cn
3

, the following primary 

processes have been identified. (The star * means excited 

species). 
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However, it seems that most of t he work done · so far is 

at wavelength longer than that of the LiF cutoff(ll) at 

about 1040 .l. 
Photoelectron experiments by Al-Joboury and Turner 

(lB) h a ve shown that ethane has ionization potentials at 

11.48 and 14.74 ev. Re cently, Berkowitz, Ehrhardt, and 

Tekaat(l 9 ) confirmed these values with a crossed-beam 

photoelectron spectrometer. . By taking the derivative o f 

the photoelectron energy curve , they (l9) obtained the 

energy-absorption spectrum of ethane. This spectrum shows 

that the two ionization potentials of ethane are from 

different moleGular orbitals. Therefor~, photolysis with 

photon energies higher than the second I.P. of ethane 

(such as from the neon resonance line lamps) would 

demonstrate the participation and importance of the second 

ionic state in the chemistry on ethane. 

IV. Experimental Considerations 

The const ruction of the neon resonance line lamp 

may be very similar to that of helium( 7-lo), i.e, a 

differential pumping system is needed to separate the 

dischar7e region from the reaction or ionization region. 

The low pressure d ischarg e technique(l-lO) used in other 

rare gas resonance line lamps can hopefully be applied to 

neon. 

In photoele ctron experiments, care must b e taken on 

t he 0.15 ev energy difference between the two neon 
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resonance lines. If the.two lines have comparable intensities, 

then the observed photoelectron energy spectrum would be 

the r e sultant of two spectra, each originating from one 

resonance line. 

In photolysis studies, the construction of the 

irradiation cell would be simpler if a thin me~al film 

could be used to withstand a small presure difference be­

tween the differential pumping region and the reaction cell. 

such a film could be an aluminum foil which is transparent 

to far UV lig ht( 9 ) . Several ways to analyze the reaction 

products in the absence of such metal films are as follows. 

a) The products can be frozen out on a cold finger down 

stream from the photolysis region.. They can then be studied 

spectroscopically. 

b) A mass spectrometer can be used with the ion source 

mounted close to the irradiation region. 

c) Tl1e gas sample after irradiation can be stored in a 

pre-evacuated bulb for gas chromatographic analysis. 

In case a windowed cell is available, the reaction 

products can be transfered from the cell to a storage bulb 

with a Toepler pump. 
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