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ABSTRACT 

A coincidence has been observed between H(2S) and H+ 

fragments resulting from the bombardment of H2 with 100 eV 

electrons. A significant source of this coincidence is 

believed to be the 2sO'g state of H2- The time-of-flight 

(TOF) distribution of H(2S) fragments from the 2sO'g state 

was measured and converted to the kinetic energy 

distribution from which the potential energy of the 2sO'g 

state in the Franck-Condon region was constructed _ The 

result is in good agreement with a published calculation. 

viii 



CHAPTER 1 

INTRODUCTION 

Since H2 and H2+ are two of the simplest molecular 

structures, they have been the subject of intensive study 

both theoreticaly and experimentally. There are still many 

things to be investigated, however, and one of them is the 

states which dissociate into H+ and H (2S) upon electron 

impact of H2: namely, the 2sag and 3pau states of H2 (Fig. 

1) • 

The purpose of this experiment is to measure the 

time-of-flight (TOF) distribution of H(2S) fragments 

dissociated by electron impact from one of these states, 

2S(1g' and to construct the potential energy curve of the 

state. No previous similar experiment is known to us, even 

though there have been many investigations on the detection 

of H+ and H(2S) from H2 separately. 

Since w. Bleakney (1) first measured the 

translational energies of H+ dissociated by electron impact 

from H2' many theoretical and experimental studies have 

been reported (2-8). One of the most recent works was done 

by M. D. Burrows (2) who measured the kinetic energy 

distribution of H+ produced by electron impact from H2 

using a TOF technique. He observed a broad peak centered 

1 
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at 4.5 eV with an electron bombarding energy of 100 eVe G. 

H. Dunn (3) derived selection rules near threshold for 

electron impact processes using the symmetry properties of 

the states involved in electronic transitions and G. H. 

Dunn and L. J. Kieffer (4) experimentally confirmed Dunn's 

selection rules by measuring the angular distribution of H+ 

from H2. R. J. Van Brunt and L. J. Kieffer (5) repeated the 

same experiment and determined the momentum transfer effect 

in the dissociation process by electron impact. Also, H+ 

production from H2 through dissociative autoionization was 

studied by A. Crowe and J. W. McConkey (9), C. Bottcher 

(10), C. Bottcher and K. Docken (11), and A. Hazi (12). 

The production of H(2S) from H2 by electron impact 

also has been studied by many workers (13-19). M. 

Leventhal et al. (13) measured the velocity distribution of 

H(25) from H2 using the TOF technique and found two peaks, 

i.e., a broad slow peak at 0.32 eV and a narrow fast peak at 

4.7 eV with a 10 cm flight path. J. W. Czarnik and C. E. 

Fairchild (15) observed new structures in the TOF 

distr ibution of H (25) produced by electron-impact on H2. 

M. Misakian and J. C. Zorn (16) measured the angular 

distribution of H(25) from H2 and found out which states 

were responsible for the production of the slow and fast 

peaks. More recent works by S. R. Ryan et ale (18) and J. 

J. 5pezeski et ale (19) found some previously unreported 

structure in both the fast and slow peaks of H(25). 
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None of the above TOF measurements of the H+ or H(2S) 

spectrum has been state-selective; in other words, all the 

states of H2 or H2+ that produce either H+ or H(28), or 

both, contribute to making the TOF distribution of H+ or 

H (28) • 

In this experiment, a coincidence technique is 

employed to measure the TOF distribution of only those 

H (2S) fragments from the + 2sO'g state of H2 • In this 

technique, those dissociations that result in simultaneous 

emmission of H+ and H(2S) fragments are identified using 

coincidence methods; by using this coincidence condition as 

a gate in the TOF system, the TOF spectrum of either H(28) 

or H+ from the 280'g state can be measured. 

Despite the fact that the dissociation of the 

molecule by electron-impact has less resolution than using 

photons, it can very easily reach energies high enough to 

dissociate molecules. The reason for using a TOF method is 

that it is sui f:able for detection of both uncharged and 

charged particles and is relatively simple and precise. It 

also has the advantage that the velocity distribution is 

determined without disturbing the initial kinetic energy of 

the dissociated fragments. 



CHAPTER 2 

THEORY 

In this chapter, first the adiabatic approximation 

and the spectroscopic notations are introduced, and then a 

theoretical description of the molecular dissociation 

process is attempted by reviewing the Franck-Condon 

pr inciple and the selection rules. Also, the method of 

constructing the potential curve of the molecule from the 

kinetic energy distribution is shown. 

General Introduction to Diatomic Molecules 

The Adiabatic Approximation (20) 

The first step in solving the time-independent 

Schrodinger equation for the molecule 

H$ = E$ (2.1) 

is the separation of this equation into two parts, one 

determining the motion of the electrons in the 

electrostatic field of the nuclei in fixed posi tions and 

the other determining the motion of the nuclei. 

Let r, p, or ri' Pi (i=l, ••• ) denote the electronic 

coordinates and momenta~ R, P, or Ra , Pa (a=l, ••• ) denote 

5 
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the coordinates and momenta of the nuclei. The Hamiltonian 

H of Eq. (2.1) may be written as 

H = Te + TN + V(r,R) , (2.2) 

where Te and TN are the electronic and nuclear kinetic 

energy operators, respectively, 

(2.3) 

(2.4) 

and V(r,R) is the potential containing nuclear-nuclear 

repulsion, electron-nuclear attraction, and e1ectron-

electron repulsion terms, 

= L L (2.5) 
a<f3 a,i 

Now, the electronic Schrodinger equation is 

{Te + V(r,R)} $(r,R) = E(R) $(r,R) (2.6) 
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and this determines eigenvalues En (R) and eigenfunctions 

l/Jn (r ,R) • These eigenfunctions form a complete set for 

functions of the electronic coordinates, and the total 

molecular wave function is expanded in terms of them 

I/I(r ,R) = 2 <Pn (R) I/In (r ,R) 
n 

(2.7) 

Equations (2.1) and (2.7) lead to a set of coupled 

equations for the nuclear wave functions <Pn(R) 

= - 2 c '" (R, P) <Pn '" (R» • ( 2 • 8 ) 
n"'Fn nn 

Un(R) of Eq. (2.8) differs from the eigenvalue En(R) of Eq. 

(2.6) by a correction term involving the nuclear kinetic 

energy operator TN. Thus 

(2.9) 

where 

iln(R) = I 1/1: (r,R) TN I/In(r,R) dr (2.10) 

The adiabatic approximation is obtained by dropping the 

right-hand side of Eq. (2.8), then 

(2.11) 

The total molecular wave function is the product of an 
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electronic factor and a nuclear factor, 

ljJ(r ,R) = <l>n (R) IjJn (r ,R) (2.12) 

In the adiabatic approximation, the nuclear motion is 

determined by the Schrodinger equation (2.11)~ and for 

diatomic molecules, the potential energy Un(R) depends only 

on the nuclear separation R. After separation of the 

motion of the center of mass, Eq. (2.11) reduces to 

[ _.11
2

2 
'iJ2 + U (R)] <I> (R,8,<I» = E <I> (R,8,<I» 11 n n n (2.13) 

where 11 is the reduced mass of the two nuclei, (R,8,<I» are 

the spherical polar coordinates to express the wave 

function <I> for the relative motion of the two nuclei. 
n 

After the separation of Eq. (2.13) in these coordinates, 

the resulting radial wave equation is 

[ - .11
2 

dd
R

2

2 + Un (R) + iJ.2J (J+1) ]f (R) = E f (R) (2.14) 
211 2l.lR2 nJ nJ' 

where J is the rotational quantum number and is restricted 

to integral values. 

By replacing R in the centrifugal distortion term 
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(2.15) 

by the constant equilibrium nuclear separation, Re' and 

retaining only the quadratic term in an expansion of Un(R) 

about the minimum, Eq. (2.14) is reduced to the equation 

for a harmonic oscillator, and the energy is 

, (2.16) 

where Evib and Erot are vibrational and rotational energy, 

respectively, 

Evib = w (v + 1/2) 
hc 

Erot = 
hc 

B J(J+l) 

(2.17) 

(2.18 ) 

(2.19) 

(2.20) 

The above results are true only for the idealized harmonic 

oscillator model of the diatomic molecule and, in a real 
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case, there are correction terms due to anharmonicity. 

Notation 

Notation used in molecular spectroscopy is briefly 

explained (21). 

Orbital angular momentum. The orbital angular 

momentum, 1., of the electrons in the molecule precesses 

around the internuclear axis and is not a constant of 

motion. 
4-

The projection of L on the internuclear axis is 

denoted by A and can take the values 

A = 0, 1, 2, ••• , L (2.21) 

According to A = 0, 1, 2, . .. , the corresponding molecular 

state is desginated as E, IT, ~, ••• , state. 

Spin. The spins of individual electrons in the 

molecule add to form the total spin ~, and its component 

along the internuclear axis is denoted by E, and can take 

the values 

E = S, S-l, • , -S (2.22) 

Total angular momentum. The total electronic 

angular momentum about the internuclear axis is denoted by 

n and defined by 

(2.23) 
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In molecular spectroscopy, the term symbols used are 

similar to that in atomic spectroscopy. For example, in 

IE;, a superscript on the left indicates the multiplicity 

(2S+l), E denotes the value of A, and + and g indicate 

symmetries of electronic eigenfunction, which will be 

explained in the following section. 

Symmetry properties of the electronic eigenfunction. 

The two typical symmetry properties of the homonuclear 

diatomic molecule are determined by the properties under 

reflection and inver sion. Under reflection in a plane 

containing internuclear axis, the electronic eigenfunction 

remains unchanged or changes its sign. When it remains 

unchanged, + is used, and when it changes, - is used to 

indicate the symmetry property. 

Under an inversion through the center of symmetry of 

the homonuclear molecule, the electronic eigenfunction also 

remains unchanged or changes its sign. The state which 

remains unchanged is called gerade and denoted by g, and 

the state which changes is called ungerade and denoted by 

u. 

Franck-Condon Principle 

When an electron collides with a molecule, according 

to the Franck-Condon principle, the electronic transition 

in the molecule takes place so rapidly in comparison to the 
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vibrational motion that, immediately afterward, the nuclei 

have very nearly the same relative position and velocity as 

before the transi tion (Ref. 21, p. 194). Therefore, as 

viewed on a plot of potential energy vs. internuclear 

distance, the excitation takes place vertically from the 

ground state to a higher state. If it is a repulsive state, 

it directly dissociates into one or more excited or ionized 

fragments flying apart. 

The Franck-Condon principle (22,23) can be 

formulated in a more quantitative way by starting with the 

transition moment (21,24,25). 

The electric dipole transition moment of two states 

is 

(2.24) 

where ~~ and ~~~ are the wave functions of the excited and 

the ground state, respectively, and ~ is a vector with 

components Eeixi' EeiYi' and Eeizi. ei is the charge of the 

ith particle having the coordinates xi' Yi' and zi. If the 

rotation of the molecules is neglected and it is assumed 

that the electronic and vibration eigenfunctions are 

separable, 

(2.25) 
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where ~e is the electronic eigenfunction and ~v the 

vibrational eigenfunction, and also if the electric moment 

~ is resolved into two parts, one depending on the electrons 

and the other on the nuclei, 

(2.26) 

then 

Since ~ does not depend on the coordinates of the 

electrons, the second integral of Eq. (2.27) may be written 

as 

(2.28) 

where dTn and dTe are the volume elements of the space of 

the nuclear coordinates and the electronic coordinates, 

respectively. 

Because electronic eigenfunctions belonging to 

different electronic states are orthogonal to one another 

( 24) 

* f~'" ~ ...... dT = 0 e e e (2.29) 

consequentli, only the first integral is non-vanishing, 

(2.30) 
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where dR is substi tuted for dt'n' since IjJv depends on the 

internuclear distance R only. If the electronic transition 

moment is defined as 

+ -- I + ,1.,* ,I," d'" 
Re lle "'e "'e "e , (2.31) 

+ and if it is assumed that the R-dependence of II is small e 

because the electronic eigenfunction depends slightly on 

the internuclear distance, then 

R = R I 1jJ' 1jJ" dR e v v (2.32) 

Since the probability of the transition between two states 

is proportional to the square of the corrresponding matrix 

element of the transition moment, the relative intensity of 

a transition is given by the square of the vibrational 

overlap integral, 

which is known as the Franck-Condon factor, qv'v". The 

Franck-Condon principle says that for a given ,1." 
"'v ' the 

product of 1jJ~ 1jJ~' will be large only when v" is such that 

the maxima of the two functions coincide as closely as 

possible_ In other words, the overlap integral is maximum 

when the broad maximum of the repulsive function (--- line 
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in Fig. 2) lies approximately above the maximum of the 

bell-shaped curve of the ground state. 

The above derivation, starting with the electric

dipole moment, holds well for photoexci tation and fast-

electron impact transitions. For slow-electron impact 

transitions, a mu1tipole expansion can be used instead of 

using the dipole moment only, but the result has the same 

form as Eq. (2.32). 

Selection Rules 

In this section" a review of the symmetry selection 

rules in the case of electron impact at threshold energy, 

and the electric dipole selection rules will be presented. 

Also to be considered is the symmetry selection rule 

deviation as the energy of the incident electrons 

increases. Modification of angular distributions in 

electron impact due to momentum transfer will be described 

at the end of this section. 

Dunn~s Symmetry Selection Rule 

Since the dissociation process normally takes place 

in a short time (_10- 15 sec) compared to a period of the 

molecular rotation (_10- 13 sec), the dissociation products 

travel in a direction characteristic of the vibratory 

motion. Also, since this direction of vibration is 

determined by the direction of the incident exciting 

electrons, according to Dunn (3), the dissociation product 
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have a corresponding anisotropic angular distribution. 

Because of this anisotropy in angular distr ibution, some 

transitions between states with the certain symmetries may 

not be detected, depending on the position of the detector. 

G. H. Dunn~s symmetry selection rules derived from 

symmetry consideration for the homonuclear diatomic 

molecules in electron impact near threshold are summarized 

in Table 1, which shows the behavior of the transition 

probability between two electronic states for homonuclear 

diatomic molecules in collisions with electrons. The 

behavior for alignment of the internuclear axis parallel to 

the symmetry axis is indicated to the right of the vertical 

line, and the behavior for perpendicular alignment to the 

left. The x~ s indicate a non-vanishing probabili ty, and 

the o~ s a vanishing one. In the case of dissociative 
+ ionization, the symmetry axis is along K, 

(2.34) 

0:+-
where k is the angular momentum vector of an incident 

electron and "k~ is that of a scattered electron. Near 

threshold, "k~ is small, so that K is approximated by "k. 

Electric Dipole Selection Rule (25) 

We now examine the electric dipole selection rules, 

since these rules are expected to be obeyed at higher 
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Table 1. Transition probability between two electronic 
states of homonuclear diatomic molecules in electron 
impact. Transition probability for alignment of the 
internuclear axis parallel to the symmetry axis is 
indicated to the right of the vertical line, that for 
perpendicular alignment to the left. x indicates a non
vanishing transition probability and 0 a vanishing one. 

E+ E- E+ E- IT IT /). /). 
9 9 u u 9 u 9 U 

E+ 
9 

xix 010 olx 010 010 xlo xlo 010 
E~ xix 010 olx 010 xlo xlo 010 
E+ xix 010 xlo 010 010 xlo u 

E - xix xlo 010 010 xlo u 

IT xix olx 010 xlo 
9 

IT xix xlo 010 u 
/). xix olx 
9 
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electron energies. 

The electric dipole transition matrix element 

, (2.35) 

where W~~ and W~ are the wave functions of the initial and 

final state of the transition, respectively, must not be 

equal to zero in order for the corresponding transition to 

be possible. In other words, the product of the two wave 

functions and the transition operator must be symmetric. 

Therefore, in order to determine the dipole selection 

rules, the symmetry property of the electric-dipole moment 

operator should be known first. 

The electric-dipole moment operator has the form of 

(x,y,z). If the z-axis is taken to be coincident with the 

internuclear axis, there is no sign change with rotation 

around this axis, and this axis has E character. Also, 

because there is r.o sign change with reflection through a 

1 t " th' , l't l' s ~+. pane con a1n1ng 1S aX1s, ~ Howeve r, by the 

inversion through the center, z changes into -z, so the 

symmetry of the electric-dipole moment operator is E~. 

For the electric dipole transition matrix element 

+ not to vanish, Eq. (2.35) must be symmetric, i.e., Eg • To 

satisfy this requirement in the E-E transition, for 

example, for light polarized along the z-axis that has the 

symmetry of E~, the only possible transition is 
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+++-+ 

- ++- - (2.36) 

u++-g 

After a similar argument for the light of x- and y

polar ization, still the same selection rule (u++-g) can be 

obtained on inversion. 

As mentioned earlier, since a molecule dissociates 

in a short time compared with a rotational period of the 

molecule, the distribution of trajectories of the fragment 

atoms reflects the initial orientation of the molecule. 

The angular distribution of the products of 

photodissociation is not isotropic with respect to the 

light beam, because the absorption probability is greatest 

when the transition dipole moment is aligned with the 

electr ic vector ~ of the light. Therefore, the angular 

distribution of the atoms or ions shows the corresponding 

anisotropy. 

The behavior of the transition probability between 

two electronic states of homonuclear diatomic molecules in 

photodissociation is listed in Table 2 (26). In this 

table, the behavior for transition parallel to the electric 

vector is indicated to the right of the vertical line, and 

for transition perpendicular to the left. The transition 

probability for the electric vector dipole transitions is 
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Table 2. Behavior of the transition probability between 
two electronic states of homonuclear diatomic molecules. 
Behavior for parallel transitions is indicated to the right 
of the vertical line, for perpendicular transitions, to the 
left. The probability is nonvanishing only where a P 
appears, otherwise it is vanishing. 

E+ E - E+ E - tJ. tJ. TI TIu 9 9 u u 9 9 U 

E+ 010 010 olp 010 010 plo 010 010 
9 

E - 010 010 olp 010 plo 010 010 
9 

E+ 
u 010 010 plo 010 010 010 

E - 010 plo 010 010 010 u 

TIg 010 olp 010 plo 

TIu 010 plo 010 
tJ.g 010 olp 

tJ. 010 u 
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nonvanishing where an 0 appears. 

Deviation from Dunn~s Selection Rule 

As shown in the previous two sections, in the case of 

th ~+ ~+ t . t' . ~ l' 1 1 e ~ ~ ~ ranS1 1on, uS1ng Dunn s se ect10n ru es, on y 

the u ~ u or g ~ g transition is observable near threshold 

in electron impact if the detector is at gOo from the 

incident electron beam direction, however, using the 

electric dipole selection rules, only the u ~ g transition 

is observable. 

As the energy of the electron is increased, Dunn~s 

selection rule begins to be invalid and starts to mix with 

the electric-dipole selection rule. The experiment done by 

Dunn and Kieffer (4) shows this phenomenon very well. In 

their experiment, they measured the angular distribution of 

8.6 eV protons from H2 excited by electron impact from the 

X lE~ state to the 2E~ state at different angles with 

energies ranging from threshold to 1,500 eV, and compared 

the relative numbers of protons, Ie/I gOO, as a function of 

electron energy, where Ie is the number of protons at angle 

eo from the electron beam, and IgOo is that at gOo. In their 

results, where the threshold is about 30 eV, I1800/I900 is 

more than 4 for an electron energy of 50 eVe However, at 

75 eV the ratio is decreased to about 2.5 and diminishes to 

less than 1 at 300 eVe 
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The situation is very similar in this experiment. 

As shown in Fig. I, there are two states that dissociate 

into H+ and H (25), namely, 21:~ 3pa and 21:; 2sa. In this 

experiment, the detectors are at 90° from the orientation 

of the incident electron beam. At low electron impact 

energies, only the transition from the ground state (X IE;) 

to the 2sag state will be allowed (+ -++ +, g -++ g). However, 

at very high energies, the only possible transition is to 

the 3pau state (+ -++ +, g -++ u), and the ratio of these two 

transitions will be slowly shifted from one extreme to the 

other as the energy is increased. The threshold for this 

experiment is about 39 eV, which is higher than that in the 

experiment of Dunn and Kieffer, and the energy of the 

bombarding electron is fixed at 100 eVe From comparison of 

all the information given above, it is believed that the 

transi tion probability from the ground state to the 2sag 

state is considerably higher than that to the 3pau ' but an 

exact estimate is not possible. 

Modification of Angular Distribution in Electron Impact 

In the interpretation of the measurement of angular 

distr ibution done by Dunn and Kieffer (4), the effect of 

the momentum transferred to the heavy particles by the 

incident electron was not included. Van Brunt and Kieffer 

(5) repeated the experiment and determined the forward 

momentum imparted to the dissociating H2 (and D2) molecule 
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by the incident electron for electron energies up to 

300 eV. 

Misakian et a1. (7) calculated the linear momentum 

transfer effects in molecular dissociation produced by 

electron impact and showed that their calculation is in 

good agreement with the experimental data of Van Brunt and 

Kieffer (5) • After the momentum transfer effect is 

included, the number of dissociation products detected 

between 90° and 180° increased, while that between 0° and 

90° decreased; there is no change at 90°. 

construction of the Potential Curve 

According to classical theory, the atom stays for a 

longer period in the neighborhood of a classical turning 

point of the repulsive potential energy curve. Therefore, 

to a surprisingly good approximation, the eigenfunction Wv~ 

in Eq. (2.33) can be replaced by the a-function; this method 

is called the reflection approximation (27). 

In the reflection approximation, the shape of a 

repulsive potential curve in the Franck-Condon region can 

be approximated as linear (28). Therefore, by assuming the 

validity of the reflection approximation, it is possible to 

construct the potential in the Franck-Condon region from 

the kinetic energy distribution, F(E), of either H(2S) or 

H+ because, for a linear potential, the shape of kinetic 

energy distr ibution is the reflection of the probabi1 i ty 
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distribution 1$012 through the linear potential (29). 

Assuming that the molecular potential curve of the 

ground state near the equilibrium internuclear distance, 

RO ' is a harmonic region, the probability distribution can 

be written as 

1 $0 (R) 12 = e -a(R-Ro ) 2 , (2.37) 

and, as mentioned above, this can be equated to F(E) for a 

linear potential. The potential energy at R, VCR), is 

VCR) = EA + E(R) (2.38) 

where E (R) is the total kinetic energy released at the 

internuclear distance R, and EA is the value of the 

asymptotic limit (Fig. 2). 

Finally, from Eqs. (2.37) and (2.38), the 

internuclear distance as a function of potential energy can 

be written as 

$1,nF (V-EA) 1/2 
Ro + ( -a ) V < V(Ro) 

R(V) = (2.39) 

$1,nF(V-EA) 1/2 
R - ( -a ) V > VeRo) 0 

If the TOF spectrum of the fragment of H (28) or H is 

obtained, by converting this spectrum to the kinetic energy 



spectrum,F(E) or F(V-EA), is obtained. 
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Then a value of 

F(V-EA) for each potential energy is substituted into Eq. 

(2.39) to calculate a corresponding R(V) • 



CHAPTER 3 

EXPERIMENTAL METHODS 

In this chapter, each component of the whole 

experimental setup will be described first. Next, the 

coincidence experiment and the time-of-flight (TOF) 

experiment will be described in detail. 

Experimental Setup 

The schematic diagram of the system for the entire 

experiment is shown in Fig. 3. The system consists of a 

vacuum system, an electron gun and detectors, gas source, 

electronics, and data acquisition subsystem. Only the 

electronics are altered to fit the specific needs of each 

portion of the experiment. Each of the components is 

described in the following subsections. 

Vacuum System and Gas Source 

The vacuum system has a chamber that can be 

separated from the pump by a butterfly valve, a liquid 

nitrogen trap, a 4" diffusion pump, and one mechanical 

pump. The cylindrical chamber is made of aluminum and is 

10" in diameter and 24" in length. The liquid nitrogen 

trap is filled with methanol and cooled by a refrigerator. 

The diffusion pump is an NRC Model 0160, which has a 

27 



H2 

POWER 

SU PPL Y 

H' I 
DETECTOR, , 

e - GUN ·IF -CUP 1--K-1-PICOAMME fER 

z 
H(2S) fL:' 
DETECTOR I 

x I 

-------------' 

VACUUM 

PUMP 

TlME-TO- AMP. 

startJ CON VE RTE R &L to-s_t_o-,-P __ -, 
OTHER ELECTRONICS 

MULTI
cHANNEL 

ANALYZER 

COMPUTER 

Fiq. 3. Schematic diaoram of the whole system. Rroken line indicates 
the vacuum chamber. Electronics need modifications for TDF ex~eriment. N 

00 



29 

maximum pumping speed of 285 liter/sec for air. The best 

vacuum achieved with the electron gun filament off is 

5xlO-7 torr~ and lxlO- 6 torr with the filament on. 

Hydrogen gas is introduced through a copper tube 

from the gas bottle. The inner diameter of the tube is 

1/10". The pressure of the gas is controlled by a 

regulator and a needle valve. Throughout the experiment, 

the gas pressure has been maintained at 7xlO- 6 torr, unless 

mentioned otherwise. 

Electron Gun and Faraday Cup 

A dispenser cathode and heater with a two-cylinder 

electrostatic lens are used in the electron gun. The 

cylindrical dispenser cathode emitting electrons on one end 

surface is 1/8" o.d. and 1/4" in length, with a potential 

of 100 V, which determines the electron bombarding energy. 

The power supplied to the heater is about 16.5 W (11 V, 

1.5 A), and an electron current of about 100 ~ was obtained 

a t pulsed mode, where the pulse width is 0.3).ls and the 

pulse interval is 20 ).lS. The electrical connection of the 

electron gun is shown in Fig. 4. A pulse grid is inserted 

to give a pulsed electron current. One 9-volt battery is 

used for preventing electrons from flowing when there is no 

pulse from the gun pulser. The first cylinder of the lens 

is at 200 V, and the second one is grounded. For the pulse 

gr id and grounded mesh in Fig. 4, 100 x 100 wires/inch 
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stainless steel mesh with an 82% transmission rate is used. 

The lens is also made of stainless steel. 

A Faraday cup (F-cup) facing the electron gun is 

located on the other side of the gas column and monitors 

the electron current. It consists of two coaxial stainless 

steel cylinders. The outer one is grounded and the inner 

one, which is electrically insulated from the outer one, is 

connected to a picoammeter by a coaxial cable. Because of 

the geometry of the vacuum chamber, it was not possible to 

make the F-cup longer than 1 1/4", and, consequently, the 

ratio of the length of the inner cylinder to the diameter 

was too small to obtain high detection efficiency. To 

overcome this problem, one long corrugated aluminum foil 

and one long flat aluminum foil whose widths are the same 

as the length of the inner cylinder were rolled up together 

and inserted into the inner cylinder. consequently, the F

cup has a honeycomb structure with a number of small cells 

whose ratio of length to diameter is larger. 

H+ Detector 

Perpendicular to the electron beam and the gas 

column at a distance of 13.2 cm is the H+ detector, which is 

a pair of microchannel plates (MCP~s). The MCP~s consists 

of millions of microscopic hollow-glass semiconducting 

channels of 25}.all diameter and 1 mm length focused into a 

disc-shaped array. Ions impinging on the MCP~S produce 
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secondary electrons that are accelerated down the channel 

in a zig-zag path. Each collision with the channel wall 

produces more secondary electrons, thus multiplying 

thousands of times the electrons at the back of the 

channel. The MCP~s can detect not only positive ions, but 

also electrons and uv radiation with different 

efficiencies. The MCP~s used are Varian VUW-8960 ZS, non

imaging type. An exploded view of the H+ detector is in 

Fig. 5. The electrodes and the anode are made of copper 

plates and spring-loaded on the ceramic mount. The whole 

assembly, shown in Fig. 5, is housed in the grounded 

aluminum case with the opening shielded by the grounded 

mesh. A voltage divider is used to apply 1,000 V across 

each MCP. The electric field between the aperture mesh and 

the front surface of the MCP accelerates the incident H+ to 

2 keV when striking the MCP. This is necessary in order to 

detect efficiently H+, whose dissociation energies (~10 eV) 

are too low to effectively trigger the MCP. Upon detection 

of H+, the detector gives out a negative pulse that is fed 

into an amplifier. 

H(2S) Detector 

This detector is also perpendicular to the electron 

beam and the gas column at a distance of 10 cm and on the 

same plane as the H+ detector, but at the other side of the 

electron beam. To detect H(2S), a method different from H+ 
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detection is necessary. The 2S metastable state of the 

hydrogen atom is first mixed with the 2p state in the 

electric field of the quenching plates by the Stark effect~ 

t.hen the atom decays to the lS state by emitting a Lyman-a 
o 

photon (1216 A), and the detection of this 10.2 eV photon 

completes the detection of H(2S) (30). 

To prevent all other particles from entering the 

detector, an MgF2 window is placed right in front of the 

MCP. The MgF2 window transmits 1216 A radiation, and, as 

mentioned earlier, the MCP~s can detect this UV light. The 

MgF 2 window is covered with a fine stainless-steel grounded 

mesh to prevent accumulation of charge on the window. The 

gap between the quenching plates is 3/32"~ one alternating 

set of the plates is grounded and the other set is at 50 V. 

The front edge of the quenching plates is placed at the 

center of the detector opening. More details about the 

quenching plates is well described in Ref. 30. 

In this experiment, to increase the counting rate of 

H(2S), three identical sets of H(2S) detectors--one at the 

top of the quenching plates and the other two at both sides 

of the plates, respective1y--wi th one set of quenching 

plates are used. 

The relative positions of the H+ and H(2S) 

detectors, electron gun and F-cup are shown in Fig. 6. Of 

the three H (2S) detectors, the one at the top of the 

quenching plates is not shown in this figure. All of these 
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components are on the same plane, and hydrogen gas is 

coming from the top, perpendicuLar to this plane. The 

space between the electron gun and F~cup is the scattering 

space and is shielded with 100 x 100 wires/inch stainless 

steel mesh (82% transmission rate) with the opening to the 

H+ detector side. The whole beam path to the H+ detector is 

also shielded with the mesh. 

The distance from the center of the scattering space 

to the grounded mesh of the H+ detector is 13.2 em, and that 

to the front edge of the quenching plates is 10.0 cm. 

Coincidence Test 

The first part of this experiment is a simple 

coincidence test. This is to see if there is a measurable 

number of H(2S) and H+ fragments coming from the 

fragmentation of an H2 in time coincidence. Signals from 

both detectors are fed to "START" and "STOP" inputs of a 

time-to-amplitude converter (TAC), and the time correlation 

is measured. If there is no correlation between H(2S) and 

H+, those signals will simply contribute to making a 

background spectrum on a multichannel analyzer (MCA). If 

there is a real correlation, in other words, if there are 

H(2S) and H+ coming from one state of H;, they will make a 

real coincidence peak on the MCA. 

When the gun is tr iggered, a pulse of electrons 

comes from the electron gun and collides with H2' producing 
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H (2S) , and other fragments. When one of these 

particles is detected, a negative pulse of low amplitude 

(-10 mV order) is generated from the detector. After 

passing the two-stage amplifier (Fig. 7), this pulse is 

amplified to several volts. To get rid of background 

noise, this signal is passed through a discriminator. 

After these procedures, a signal from the H(2S) detector is 

fed into the START input of TAC, and that frof!1 the H+ 

detector is fed into the STOP input of the TAC. A pulse 

whose amplitude is proportional to the time lapsed between 

the START and STOP pulses is the output of TAC. The range 

of TAC is set to 10 ~s, i.e., any STOP pulse arriving later 

than 10~s after a START pulse will not produce an output. 

The TAC output pulse is fed into an MCA which adds one count 

to the channel whose number is proportional to the 

amplitude of the input pulse. 

If the lengths of the flight paths of H(2S) and H+ 

are the same or close, there will be little or no time delay 

between the signa1si consequently, a real coincidence peak 

will appear on or near channel number zero, which is not a 

good position to observe. To bring this peak to the middle 

of the screen on the MCA, a delay generator is put between 

discriminator 2 and TAC to delay the STOP signal by a fixed 

amount. 

The SYNC pulse from the pulse generator is at time 

t=O. The gun pulse is triggered 5 ~s after SYNC pulse. The 
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width of the gun pulse is 0.3 llS. A 1 llS delay is given to 

the H+ side. As already mentioned, the lengths of the 

flight paths are 13.2 cm and 10.0 cm for H+ and H(2S), 

respectively. 

The timing diagram for the coincidence test is shown 

in Fig. 8. The numbers next to the peaks indicate the 

occuring time of peaks, and are given as an example, not 

necessarily any actual value. In this specific example, a 

signal from the H(2S) detector arrives at 8.4 llS or 3.4 llS 

after a + the gun pulse, and that from the H detector after 

a 1 llS delay arrives at 10.4 llS. Therefore, the apparent 

time delay between the two signals is 2.0 llS, and 

contributes one count at the 2.0 llS position on the MCA, 

which is set to accept any time difference less than 8.5 lls. 

It is noted that right after the triggering of the gun, 

photons are emitted from the deexcitation of target 

molecules that have been excited by the electrons, and 

these photons are detected at both detectors. These photon 

peaks will appear at around 5.0 llS, simultaneous with the 

gun pulse, for the given time resolution on both H(2S) and 

H+ sides. Unless these photon signals are removed, the 

unwanted coincidence will appear at every gun pulse. To 

get rid of this problem, a gate is put into the H(2S) side 

between the discriminator 1 and TAC. This gate is 

triggered by the SYNC pulse and so adjusted that it does 

not pass any pulse between 0 and 6.5 llS (shaded part of 
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H(2S) in Fig. 8). By doing this, the signals from the H(2S) 

detector due to the photons are removed without affecting 

the later signals due to H(2S) fragments. The signals from 

the H+ detector due to the unwanted photons will be delayed 

to 6.0 lIS, but they will not contribute to any counts 

because there is no START pulse occur ing between 0 and 

6.5 lIS. 

Time of Flight with Coincidence Requirement 

The second, and major, part of this experi~ent is to 

measure the time-of-flight spectrum of H(2S) fragments 

+ coming from the 2sO'g states of H2 • Since there are many 

dissociating states that produce either H+ or H(2S) 

fragments, the previously described coincidence technique 

is used in conj unction with the TOF technique to select 

only H+ and H (2S) pairs from the 2s<1g state. In other 

words, when it is desired to measure the TOF of H(2S) from 

the 2s<1g state, the coincidence output made by H(2S) and H+ 

from the 2s<1g state is used as a gate to open the TAC. 

The exper imental setup is shown in Fig. 9. The 

coincidence part is basically the same as that in Fig. 7, 

with slight alterations. The purpose of the setup shown in 

Fig. 7 is to see if there is real coincidence and where the 

coincidence peak is, but the coincidence circuit in Fig. 7 

is to provide a gate pulse to TAC. In this part of the 

experiment, the TAC for the coincidence part is replaced by 
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the universal coincidence unit, and its window width (i.e., 

time resolution) is adjusted to 0.5 ~s (see Chap. 4). Also, 

to have the H (2S) signal and the H+ signal within an 

interval of one window width, the difference in TOF of 

H(2S) and H+ due to different flight-path lengths is 

reduced by placing a delay generator in the signal line of 

the shorter flight path, i.e., in the H(2S) side. 

Therefore, the delay generator 3 is p~aced in the H (2S) 

side and the amount of delay, ~t'3' is determined by the 

result of coincidence measurement (see Chap. 4). 

The function of pulse generator 1 is simply to 

convert the negative ouput of discriminator 2 to the 

positive pulse for the universal coincidence unit and 

internally delays the pulse by the amount of 0.2 ~s. The 

gate is for the same purpose as in the previous section, 

i.e., to cut off the photon signals. 

The system in Fig. 9 is the combination of the 

regular TOF setup and the coincidence circuit. In the TOF 

setup, the SYNC pulse starts the TOF measurement sequence 

and the H(2S) signal stops it. However, START input is 

enabled only when there is a positive gate pulse presentw 

To have a gate pulse with a finite width (=5.0~s), the pulse 

generator 2 is placed between the universal coincidence 

unit and the TAC, and expands the sharp positive output 

pulse from the universal coincidence unit. 
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The delay generator 1 delays the SYNC pulse by ~1"1 

(=12.0 llS) so that it occurs wi thin the range of expanded 

coincidence ouput. The delay generator 2 delays the H(2S) 

(or STOP) signal by ~1"2 (=8.0 llS) so that it can be placed 

after the delayed SYNC pulse (or START). The timing 

relations of all the pulses are shown in Fig. 10. How the 

value of ~1"3 is determined will be shown in the next 

chapter; the value is given here for convenience. The 

delay of the gun pulse from the SYNC pulse is 5.0 llS. All 

other numbers next to the peaks are examples. and do not 

necesar i1y indicate the positions of any actual signal. 

Here, the TOF sequence is started at 12.0 llS and is stopped 

at 16.23 llS, so the TAC delivers the pulse whose height is 

proportional to the 4.23 lJS time difference; therefore, the 

apparent TOF is 4.23 llS. However, the real TOF of H(2S) 

should be determined by 

Real TOF = Apparent TOF + ~1"1 - ~1"2 - Gun Pulse Delay, (3.1) 

which gives 3.23 llS for this example. 
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CHAPTER 4 

DATA ANALYSIS AND RESULTS 

The TOF spectra of both H+ and H(2S), dissociated 

from H2 , were first obtained separately, i.e., without the 

coincidence requirement. Then to check the existence of 

coincidence between (H+, H(2S» pairs, the coincidence 

detection was performed. using the same coincidence 

detection system in conjunction with TOF electronics, the 

TOF spectrum of H(2S) from the 2sog state of H; was finally 

obtained. 

TOF Spectra of H+ and H(2S) 

With an electron bombarding energy of 100 eV, 

indi vidual TOF + spectra of Hand H(2S) from were 

obtained separately. These spectra are shown in Fig. 11. 

The fast sharp peaks near the a ~s mark in Fig. ll(a) 

and (b) are due to the photons emi tted when the exci ted 

molecules or atoms deexcite to the lower states. Since the 

lifetimes of these states are typically an order of -10- 8 

sec and the traversal time for a photon going from the 

interaction region to the detector is only _10- 10 sec for a 

typical flight-path length, this sharp peak is essentially 

coincident with the gun pulse1 hence, it is called the "gun 

peak" and is used as a TOF t=O reference. 
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For a 16.3 em flight-path length, fast and slow 

H (2S) peaks appear at 4.9 lls and 18.8 lls points, 

respectively, from -the gun pulse. For a 19.5 em flight

+ path length, the H peak appears at 5.3 llS after the gun 

pulse. 

In anticipation of the coincidence experiment, which 

requires the number of particles entering the detectors to 

be increased, the flight-path lengths of H+ and H(2S) were 

reduced to 13.2 cm and 10.0 em, respectively. For these 

new path lengths, the TOF peaks were shifted to 3.6 lls for 

H+, 3.0 llS for the fast H(2S), and llllS for the slow H(2S). 

For these new flight-path lengths, the counting rates are 

expected to increase by factors of 2.2 and 2.7 for H+ and 

H(2S), respectively. 

Coincidence Detection 

Coincidence Test 

For the detection of coincidence between H+ and 

H(2S), an experimental setup, shown in Fig.7, is used. The 

START signal comes from the H (2S) detector, and the STOP 

signal from the H+ detector. In addition to H(2S) and H+ 

from the 2scrg state of H;, those from all other states and 

noises could make coincidences. However, only the 

coincidences made by H (2S) and H+ from 2scrg are the true 

coincidences, while all others are accidental ones, which 

spread over all the coincidence spectrum. The position of 
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the true coincidence peak is determined by the flight-path 

lengths, kinetic energies of the correlated fragments, and 

the added delay to the H+ signal. 

Concidence Spectrum 

Experimental data obtained from the setup in Fig. 7 

is shown in Fig. 12 by the solid line. In this figure, 

every five channels are averaged. This data was collected 

for 842,691 seconds, and the total number of counts is 

5,445. The average electron current from the gun during 

the data collection was about l40~, and the total 

integrated electron current was 0.125 C. The (_e_e_) curve 

is a least-square fit of the experimental data up to 

channel 300, except between channel 99 and 135. The real 

coincidence peak is centered near channel 117, which 

corresponds to 1.94 JlS. After subtracting the artificial 

delay of 1 \lS, it corresponds to 0.94 llS. This means that 

the TOF difference due to different flight-path lengths for 

H+ and H(2S) is 0.94 llSi this value will be used in the next 

part of the experiment to adjust a window width of the 

universal coincidence unit. 

The importance of this coincidence test is in the 

fact that it gives the evidence that there is a real 

coincidence. 

The least-square-fitted exponential curve (_._e_) in 

Fig. 12 is proportional to 
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(4.1) 

where x is a channel number. The origin of the increasing 

slope after channel 300 will be explained in the next 

section. 

Now, the use of the coincidence condition in 

obtaining a TOF spectrum will be considered. Among all the 

counts in Fig. 12, only those occuring in the 0.5 ~s range 

centered at 1. 94 ~s. actually will contr ibute to making TOF 

counts, because of a window width 0.5 ~s of the universal 

coincidence unit. This portion is marked "S" and "B" in 

Fig. 12. Part "S" is due to real coincidence and part "B" 

is due to accidental coincidence. Total counts of part "S" 

is about 140 and that of part "B" is about 400. The 

counting ratio of part "S" to part "B" is 1:2.9. 

A summary of coincidence data is shown in Table 3. 

Table 3. Summary of coincidence data. 

a. Total collection time 842,691 sec 
b. Total number of counts 5,445 counts 
c. Counting rate 

Estimated from individual 
counting rate of H+ and H(2S) 0.02 counts/sec 
Actual counting rate 0.006 counts/sec 

d. Total integrated electron current 0.125 C 
e. Average electron current 140 nA 
f. From Fig. 12 

Number of counts in part "S" .... 140 counts 
Number of counts in part "B" .... 400 counts 
ratio of Eart"S" 1:2.9 

part"B" 
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Estimation of the Background Coincidence Distribution 

Since the background coincidence distribution is 

determined by the inputs to the START and STOP of TAC, it is 

possible to estimate the distribution from the information 

of individual TOF spectra of H+ and H(2S). For example, 

the probability of an accidental coincidence at channel K 

(or time T) in Fig. 12 is the summation of all the 

probabilities of coincidences that are started by any 

signal from the H(2S) TOF spectrum at time t and stopped by 

the H+ signal at time (t+T). 

This relation is represented by the formula 

P(K) = ~ Pl(J) * P2(J+K) 
J 

(4.2) 

where PI is the TOF distribution function of H(2S), P2 that 

+ of H , P that of accidental coincidence, J the channel 

number successively varying from 1 to 512, and K the 

channel number on the coincidence spectrum. When the 

actual TOF spectra of H(2S) and H+ are substituted into PI 

and respectively, the background coincidence 

distribution, which is shown in Fig. 12 by a dotted line, 

is obtained. The estimated background is notably close to 

the measured background distribution. 

When the estimated background up to channel 300 is 

least-square fitted into an exponential curve, it is 

proportional to 

e-0.020 x (4.3) 
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where x is again a channel number, and the exponent 0.020 

is in reasonable agreement with the one 0.026 in Eq. (4.1) 

The positively increasing slope after channel 300 in 

Pig. 12 is due to the coincidence between the signal from 

the later portion of the H(2S) TOP spectrum and the second 

+ gun pul?e from H TOP spectrum. This is possible because 

the gun pulse interval is 20 ~; meanwhile the range of TAC 

is 10 ~. 

TOP Measurement with Coincidence Requirement 

By using the TOP technique with the coincidence 

requirement, as mentioned in the previous chapter, a TOP 

spectrum of H (28) + from only the 2sO'g state of H2 can be 

measured. The TOP difference between H(28) and H+ from the 

2sO'g state is 0.94 ~; to make this difference shorter, an 

artifical delay of 0.8 ~s was given to the H(2S) side, and 

the H+ side was delayed by O. 2 ~ inside pulse generator 1 

(see Pig. 9). 

becomes 0.34 ~s. 

After these delays, the TOP difference 

However, because H(2S) and H+ from the 

2sO'g state of H; have finite kinetic energy distribution, 

the TOP difference also has finite distribution centered at 

O. 34 ~. 

A window width of 0.5 ~ was chosen. In other words, 

if any signal comes into input 2 of the universal 

coincidence unit within 0.5 ~s after input 1, it will result 
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in a pulse from the universal coincidence unit. H(2S), 

which contributes to making this coincidence output, will 

stop the TAC because the output from the universal 

coincidence unit opens the gate. The TOF spectrum of H(2S) 

from the 2sag state obtained in this way is shown in Fig. 

13. A time axis indicates the TOF relative to the gun 

pulse. Total collection time of this data was 2,504,398 

sec, an average electron current was 90 nA, and total 

integrated electron current was 0.225 C. The sharp peak on 

the left is due to the pulse generated inside the gate and 

does not interfere with the TOF peak of H(2S). 

Background Estimation 

As pointed out earlier, coincidence output from the 

universal coincidence unit consists of real and accidental 

coincidence. Since real coincidence is always made by 

+ H (2S) and H from the 2sag state only, the coincidence 

output from real coincidence contributes to making the TOF 

distribution in a certain narrow time range. On the 

contrary, accidental coincidence is made by any two H(2S) 

and H+, which happen to occur within the 0.5 ~ range~ so it 

will make a TOF distribution over all the range, but not 

necessarily evenly. This TOF distribution due to 

accidental coincidence is a background~ and to estimate 

this, the ratio of the number of real coincidence to that 

of accidental coincidence should be determined first. In 
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this TOF experimental setup, there is no way to tell the 

exact distribution of accidental coincidences and the 

ratio. However, it is possible to make an approximate 

estimate by comparing data in Figs. 12 and 13. As shown in 

Fig. 12, only those events in the 0.5 ~s range centered at 

1.94 ~ is actually generated from the universal 

coincidence unit (see Fig. 9) because of its 0.5 ~s window. 

The total number of counts in the 0.5 ~s range in 

Fig. 12 is 540, and the total number of counts recorded in 

Fig. 13 is 982. Since the ratio of the integrated electron 

current of TOF to that of coincidence is 0.225/0.125, and 

the number of counts in part "B n in Fig. 12 is 420, it is 

estimated that about 720 counts were due to accidental 

coincidence among the total 982 counts in the TOF spectrum 

(Fig. 13). 

To determine exactly how these 720 accidental counts 

are distributed, the probability distribution is 

calculated. This is done similarly, as in Eq. (4.2), but 

unlike the case of coincidence test, because of the 

extermely narrow window width, only the product of the 

probability distribution of H(2S), Pl(I) at channel I, and 

that of H+ of corresponding time, P2(I), is the probability 

distribution of accidental coincidence, PT(I), with 

different TOF for each different I. Therefore, this 

distribution function determines the background 

distribution of TOF. After the summation of all PT(I)~S is 
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normalized to 1, PT(I) times the total number of background 

counts determines the background counts at channel I. The 

results are shown in Fig. 14. Because Fig. 13 is on the 

+ 8.5 ~s scale and actual data of Hand H(2S) were collected 

on the 35 ~ scale, only the value averaged every four 

channels can be calculated. That is the reason why every 

four channels on Fig. 14 have the same numbers. The dotted 

points in Fig. 14 are the estimated background distribution 

due ta accidental coincidence, and the "X"-marked peak is 

reproduced from Fig. 13 for the convenience of comparison. 

To check the consistency of the exper iments, the 

estimation derived from the coincidence data is compared 

with TOF data. An estimated 720 counts due to accidental 

coincidence among total TOF counts were spread from channel 

169 to channel 421 on the multichannel analyzer. 

Therefore, the average number of background counts per 

channel is about 3. The "X"-marked data points in Fig. 14 

were due to real coincidence, and the average number of 

those counts per channel is about 7 after subtracting 

background. The actual ratio of the average number of real 

coincidence per channel to that of background is about 7:3. 

In the previous section, the ratio of the number of 

counts of part "5" in Fig. 12 to that of part "B" was 1:2.9. 

In TOF data in Fig. 13, the contribution from part "5" is 

expected to be distributed over a 2 ~s range, but 

contributions from part "B" could be distributed over a 
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20 llS range because the gun pulse interval is 20 llS. 

Therefore, the estimated ratio of the average number of 

real coincidence per channel to that of background is 7:2 

(= 1/2 llS : 2.9/20 llS), which is close to the actual ratio 

of 7:3. A summary of TOF data is in Table 4. 

Exclusion of the possibility of H(2S) + H(2S) Coincidence 

Because the H (2S) detector is completely shielded 

and has an MgF2 window, no ion, including H+, can get into 

the detector. On the contrary, the H+ detector is able to 

+ detect not only H and other ions, but also H(2S), because 

H (2S) can be quenched by the field between the grounded 

mesh and negative high voltage front-end surface of MCP. 

Therefore the experimental setup, which is supposed to 

detect coincidence from the H+ + H (2S) state could also 

detect coincidence from the H(2S) + H(2S) state. 

To prove that the data obtained are not from H(2S) + 

H(2S) coincidence, both a theoretical argument and an 

experimental test could be used, but at the time of writing 

this report, no sufficient theoretical data on the H(2S) + 

H(2S) state is known to the author. 

To achieve the goal experimentally, a positively 

biased mesh was placed at 3 mm in front of the grounded mesh 

of the H+ detector, and another grounded mesh was placed at 

3 mm in front of it to make a field-free flight path. The 

same exper imental setup was used as in Fig. 7, and all 



Table 4. Summary of TOF data. 

a. Total collection time 
b. Total number of counts 
c. Total integrated electron current 
d. Average electron current 

e. Ratio of 

2,504,398 sec 
982 counts 

0.225 coulomb 
90 nA 

Integrated electron current of TOF expo 0.225 
0.125 Integrated electron current of coincidence test 

f. Estimated number of total counts 
(using Table 3, f and Table 4, e) 

Real coincidence counts (=140 x ~:~~~) 

Background counts (=400 x 0.225) 
0.125 

Total estimated number of counts 
(compare with actual counts, b) 

250 counts 

720 counts 

970 counts 

60 

g. Ratio of average number of real coincidence per channel 
to that of background (=R/B) 

Real coincidence spreads over 2 ~s in Fig. 13 
Accidental coincidence could spread over 20 ~s 

+ estimated RIB = 1 I 2.9 = 
2~ 20 ~ 

actual RIB 

7/2 

7/3 
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other conditions remained unchanged from the experiment in 

which data in Fig. 12 was obtained, except the electron 

current level was a little higher. Since this modification 

has little effect on the detection efficiency of H(2S) at 

the H+ detector, it should at least take a longer time, if 

not infinitely long, to see a concidence peak if the peak 

in Fig. 12 was coming from the H+ + H(2S) state. 

In Fig. l5(a), data obtained without the positively 

biased mesh is shown, and in Fig. l5(b) data obtained with 

it is given. The former was collected for 769,816 seconds, 

average electron current was 80 nA, total integrated 

electron current was 0.06 C, and total number of counts was 

3,758. The latter was collected for 848,022 seconds, 

average electron current was 100 nA, total integrated 

electron current was 0.08 C, and total number of counts was 

3,758. Even though total electron current is even a little 

higher in the latter case, no sign of a peak is noticed in 

Fig. 15 (b) • Therefore, it can be concluded that the TOF 

peak in Fig. 13 is H+ + H(2S) coincidence instead of H(2S) + 

H (2S) • 

construction of potential Curve 

Conversion of the TOF Spectrum to a Kinetic Energy Spectrum 

( 2) 

If P(ti) is the probability distribution of one type 

of fragment in TOF, pP(Ei) the probability distribution of 
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Fig. 15. (a) Coincidence data collected with the set-up in 
Fig. 7. A '~oincidence peak is near 2,I"s. (bl Coincidence 
test with H+-repelling field in front of H detector. No 
peak is seen in this data. 



63 

the same type of fragment in kinetic energy, ti TOF at 

channel i, Ei the fragment~s kinetic energy corresponding 

to ti' 1 the flight path length, and Ei is defined as 

(4.4) 

then 

(4.5) 

In other words, the probability distribution of TOF between 

time t and (t + ~t) should be the same as the corresponding 

probability distribution of kinetic energy between E and 

(E - ~). From Eq. (4.4), 

and with Eq. (4.5), 

dE' ~ 

After rearranging (4.7), 

(4.6) 

(4.7) 

(4.8) 

where N(ti) is the number of counts in TOF channel i. Let 

to be the TOF, where the maximum number of counts N(to ) is 

recorded, and normalize kinetic energy distribution to this 

maximum, then 



= N(ti)ti
3 

N(tO )to
3 
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(4.9) 

The kinetic energy distribution converted from the TOF 

distribution in Fig. 13 is shown in Fig. 16. 

construction of the Potential 

As described in Chapter 2, to use Eq. (2.39), it 

should be assumed that potential is linear or at least 

close to linear in the Franck-Condon region. 

Equilibrium 
e 

internuclear distance Ro of 0.7416 A, 

dissociation limit EA of 28.27 eV (31), and a of 65.6 were 

used in the calculation. By substituting the probability 

calculated using Eq. (4.4) for each channel into Eq. 

(2.39), the internuclear distances were found with the 

corresponding potential energies calculated using Eq. 

(2.38). The value calculated by a computer are shown in 

Table 5 and are plotted in Fig. 17. Dots indicate 

ca1cua1 ted posi tions, and are least-squares fitted to a 

straight line. The curve is from Ref. 31. 

Error Analysis 

possible sources of error are discussed in this 

section and dominant sources are quantitatively considered 

in the calculation of error in kinetic energy. The 

possible sources of error are: 
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Table 5. Calculated potential energy and internuclear 
distance; R 

PE (eV) 
0 

R(A) PE (eV) 
0 

R (A) PE (eV) 
0 

R (A) 

44.91 0.57 40.79 0.65 38.03 0.87 
44.69 0.55 40.65 0.64 37.94 0.81 
44.48 0.58 4Q.51 0.63 37.84 0.85 
44.27 0.57 40.37 0.65 37.74 0.88 
44.06 0.54 40.24 0.65 37.65 0.84 

43.86 0.59 40.10 0.74 37.56 0.84 
43.66 0.54 39.97 0.78 37.46 0.93 
43.47 0.56 39.84 0.79 37.37 0.86 
43.27 0.56 39.71 0.83 37.28 0.86 
43.09 0.62 39.59 0.79 37.20 0.86 

42.90 0.60 39.47 0.84 37.11 0.93 
42.72 0.61 39.34 0.76 37.03 0.90 
42.55 0.59 39.23 0.83 36.94 0.93 
42.37 0.59 39.11 0.82 36.86 0.90 
42.20 0.61 38.99 0.83 36.78 0.89 

42.03 0.64 38.88 0.86 36.70 0.92 
41.87 0.63 38.77 0.81 36.62 0.86 
41.71 0.61 38.66 0.86 36.54 0.87 
41.55 0.63 38.55 0.87 36.46 0.92 
41.39 0.63 38.44 0.83 36.39 0.92 

41. 24 0.62 38.34 0.85 36.31 0.92 
41.09 0.62 38.24 0.79 36.24 0.89 
40.94 0.66 38.13 0.83 36.17 0.92 
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(1) Error in determination of the flight path length 

due to finite size of scattering region, ~~l -0.5 

cm: 

(2) Uncertainty in the measurement of the flight path 

length, ~~2 - 0.2 cm; 

(3) Uncertainty in the TOF due to the finite gun 

pulse width, ~tl = 0.3 11S; 

(4) Uncertainty in the TOF due to the finite channel 

width of the multichannel analyzer (~t=0.017 11s), 

which is negligible compared to ~tl; 

(5) Finite thermal distribution of the molecular 

veloci ty has the effect of broadening the 'rOF 

spectrum. But in this experiment, this is 

neglected because it is much smaller (less than 

0.1 eV) than others. 

Total error in the path length ~~ is 

(4.10) 

and the total error in TOF ~t is 

(4.11) 

The fractional error in kinetic energy can be written as 



l'1(KE) = 2 
KE 

2 2 
(l'1T ) + (l'1L) 

T L 
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(4.12) 

where T is TOF and L is the flight-path length. The result 

of the calculation for this fractional error in kinetic 

euergy is shown in Table 6 for the H(2S) fragment whose L is 

10.0 cm. The potential energies in Table 6 are the same as 

those in Table 5, and calculated for all 69 data points. 

The longer the TOF (in other words, the shorter the 

internuclear distance), the smaller the l'1(KE). This can 

explain the larger deviation of the experimental potential 

line determined from the calculated potential curve at 

shorter internuclear distance, as shown in Fig. 17. As can 

be seen in Eq. (4.12), the longer flight path can reduce 

the error, but that also means the lower counting rate. 
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Table 6. Fractional error in kinetic energy. 

PE TOF KE of I±8 (KE) PE TOF KE of I±8(KE) 
H (25) H (2S) 

(eV) (llS) (eV) (eV) (eV) (llS ) (eV) (eV) 

44.91 2.49 8.32 1.09 39.23 3.07 5.48 0.61 
44.69 2.51 8.21 1.07 39.11 3.09 5.42 0.60 
44.48 2.53 8.10 1.05 38.99 3.10 5.36 0.59 
44.27 2.54 8.00 1.03 38.88 3.12 5.30 0.58 
44.06 2.56 7.89 1.01 38.77 3.14 5.25 0.57 
43.86 2.58 7.79 0.99 38.66 3.15 5,19 0.56 
43.66 2.60 7.69 0.98 38.55 3.17 5.14 0.56 
43.47 2.61 7.60 0.96 38.44 3.19 5.08 0.55 
43.27 2.63 7.50 0.94 38.34 3.20 5.03 0.54 
43.09 2.64 7.41 0.93 38.24 3.22 4.98 0.53 
42.90 2.66 7.31 0.91 38.13 3.24 4.93 0.52 
42.72 2.68 7.22 0.89 38.03 3.25 4.88 0.52 
42.55 2.69 7.14 0.88 37.94 3.27 4.83 0.51 
42.37 2.71 7.05 0.86 37.84 3.28 4.78 0.50 
42.20 2.72 6.96 0.85 37.74 3.30 4.73 0.50 
42.03 2.74- 6.88 0.83 37.65 3.32 4.69 0.49 
41. 87 2.75 6.80 0.82 37.56 3.33 4.64 0.48 
41.71 2.77 6.72 0.81 37.46 3.35 4.50 0.47 
41.55 2.79 6.64 0.79 37.37 3.37 4.55 0.47 
41.39 2.80 6.56 0.78 37.28 3.38 4.50 0.46 
41.24 2.82 6.48 0.77 37.20 3.40 4.46 0.46 
41.09 2.84 6.41 0.76 37.11 3.42 4.42 0.45 
40.94 2.85 6.33 0.74 37.03 3.43 4.38 0.45 
40.79 2.87 6.26 0.73 36.94 3.45 4.33 0.44 
40.65 2.89 6.19 0.72 36.86 3.47 4.29 0.43 
40.51 2.90 6.12 0.71 36.78 3.48 4.25 0.43 
40.37 2.92 6.05 0.70 36.70 3050 4.21 0.42 
40.24 2.94 5.98 0.69 36.62 3.52 4.17 0.42 
40.10 2.95 5.91 0.68 36.54 3.53 4.13 0.41 
39.97 2.97 5.85 0.67 36.46 3.55 4.09 0.41 
39.84 2.99 5.78 0.66 36.39 3.57 4.06 0.40 
39.71 3.00 5.72 0.65 36.31 3.58 4.02 0.40 
39.59 3.02 5.66 0.63 36.24 3.60 3.98 0.39 
39.47 3.04 5.60 0.62 36.17 3.62 3.95 0.39 
39.34 3.05 5.53 0.62 



CHAPTER 5 

CONCLUSIONS 

The primary goal of this study was to measure the 

time-of-flight distribution of H(2S) fragments dissociated 

by electron impact from the 2sO'g state of H2 + and to 

construct the potential energy curve of the state. To 

achieve this goal, TOF techniques with a coincidence 

requirement was employed. 

The individual TOF spectra of H+ and H(2S) from H2 

were first measured. The H+ spectrum shows one peak at 

3.6~s for a flight path of 13.2 cm and the H(2S) spectrum 

shows two peaks--a fast peak at 3. OIlS and a slow peak at 

ll~s for a flight path of 10.0 cm. 

The result of a coincidence test gave evidence that 

there is a time coincidence between H+ and H (2S) • The 

resul t also revealed that the TOF difference due to the 

difference in flight path length between H+ and H(2S) was 

O. 94 ~. This information was valuable in adjusting the 

timing relations in TOF measurement~ The estimated 

background coincidence distribution was in good agreement 

with the actual data. 

The result of the TOF measurement with coincidence 

requirement gave one peak in the TOF distribution. When 
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this data was converted to a kinetic energy distribution 

and the potential was constructed, the result was in good 

agreement with published data (31) on the potential energy 

curve of the 2sog state. It can be predicted from Dunn~s 

symmetry selection rule, for an electron bombarding energy 

of lOOev, there may be a transition from the ground·state 

+ to the 3pou state of H2 , but no evidence exists that this 

contribution is significant. The relatively poor 

statistics of the data made it impossible to determine the 

ratio of the transition to the 2sOg state to the transition 

to the 3pou state. 

The possibility that the TOF data obtained could be 

from the coincidence between H (25) and H (25) rather than 

between H+ and H(25) was excluded by the experimental data 

obtained with a repelling electric field. 

This experiment determined the potential of the 2sOg 

state of H; experimentally for the first time, and 

confirmed the result of a theoretical calculation. 

However, this experiment could be improved further by 

making the following measurements or modifications: 

(1) Measurement of angular distribution of the 

dissociated fragments. 

(2) Measurement of TOF distributions as a function 

of electron bombarding energy varying from the threshold to 

several hundred electron volts. 



(3) Use of photons 
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instead of electrons to 

dissociate the molecule (for example, synchrotron radiation 

source or mu1tiphoton technique). 

(4) Narrower gun pulse width, better monitoring of 

electron current, better electron gun, and so on. 

(1) and (2) would help to obtain more information about the 

validity of Dunn~s selection rule and, consequently, make 

~t possible to determine the ratio of the transition to the 

2sog state to that of the 3pou state. 
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