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Dissociative excitation of molecular hydrogen can proceed via the process Hy+e—H(@2s) +H
+e¢ and yield metastable H(2s) atoms that have kinetic energies near 0.3 eV (“slow”) or near
4 eV (“fast””). The dissociation process has been studied using a pulsed electron gun with an
energy resolution of + 0.3 eV and using a metastable atom detector capable of viewing H(2s)
atoms with an angular resolution of 1° over a range 60°—120° with respect to the electron-
beam direction. The measurement of the angular intensity distribution gives information
about the final states that are involved in the dissociation process. (i) For slow H(2s) atoms,
the electron energy threshold for production of the least energetic of the slow metastable
atoms is 14.6+0.3 eV. The excitation function and the angular distribution of the slow H(2s)
atoms suggest that the B’ 1z}, e3s%, DI}, and d °II] excited states are involved in the forma-
tion of these metastable fragments. (ii) For fast H(2s) atoms, the electron energy threshold
for production of the least energetic of the fast H(2s) atoms is near 29 eV. The angular dis-
tribution data would indicate that these atoms arise from a TI, state; the form of the excitation
function indicates that the parent state has a multiplicity of 1. The change in energy distri-
bution of the fast H(2s) atoms, measured as a function of electron-gun voltage, supports the
view that the ‘1‘[,‘ state is a previously unreported doubly excited state that has an asymptotic

energy of 24.9 eV.

I. INTRODUCTION

Recently Leventhal, Robiscoe, and Lea' em-
ployed a time-of-flight (TOF) technique to mea-
sure the energy distributions of metastable H(2s)
atom fragments that were produced via the pro-
cess

H,+e~H(2s)+H+e .

H(2s) atoms were produced by pulsing a simple
triode electron gun in an H, atmosphere. The
metastable atoms moved translationally with kinet-
ic energy released during the dissociation process
and after some collimation entered a “quench”
region 10 cm away. A strong electric field was
applied in this region which mixed the 2S,,, and
2P, ,, states causing a decay to the ground state.
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The Lyman-g decay photon was then detected with
a photomultiplier tube. The time interval between
the electron-gunpulse and the detection of a photon
was measured to yield a TOF distribution of the
H(2s) atoms produced in the dissociation process.

While the work done by Leventhal et al. was re-
ported as preliminary, several interesting fea-
tures were observed. The dissociative excitation
process yielded atomic fragments in two distinct
kinetic energy groups that were designated as
“slow” (energies near 0.3 eV) and “fast” (energies
near 4.5 eV). The slow H(2s) atoms were believed
to arise from transitions to singly excited states
of H, just above the H(ls) +H(2s) separated-atom
limit. The fast H(2s) atoms were thought to come
from transitions to previously undetected doubly
excited repulsive states. Rough measurements
of the threshold energies required to produce the
fast and slow transitions were also made.

Matters which required further study included
(a) the identification of the final states involved in
the dissociative excitation process, (b) an unex-
plained cutoff at low energies in the slow H(2s)
energy distribution, (c)a marked angular depen-
dence of the fast H(2s) energy distribution for
angles near 90° with respect to the electron-
beam direction, and (d) a more precise determina-
tion of the threshold energies.

Since the work of Leventhal et al., three ex-
perimental studies have touched upon the present
problem. Clampitt and Newton? examined the TOF
spectrum of the slow H(2s) atoms using a crossed-
beams arrangement. Their results showed no
cutoff at very low energies in the energy distribu-
tion of slow H(2s) atoms and thus contrasted with
the results of Leventhal et al. More recently
Czarnik and Fairchild,® examining the TOF spec-
tra of slow H(2s) atoms (using cooled target mole-
cules), concluded that the H(2s) atoms arose main-
ly from predissociation of the D'l,, 8po T} (v=>5),
8po 3%} (v=4), and 9po 'Z; (v =5) states. In addi-
tion, a study has been done and briefly reported*
by the present authors; the detailed description
and final conclusions of that study are given here.

The present experiment employed a pulsed elec-
tron beam to excite a diffuse gas of H, molecules.
The energy resolution of the electron gun permitted
careful measurements of the thresholds for the
production of slow and fast H(2s) atoms. More-
over, the experiment was done in a vacuum sys-
tem that facilitated a systematic study of the an-
gular distribution of the fragments in the dissocia-
tive excitation process. The results permit the
identification of the several excited states that are
involved in the production of the H(2s) fragments.
What appears to be of particular significance is the
identification of a previously unreported excited
state in molecular hydrogen.

II. DISSOCIATIVE EXCITATION PROCESS
A. Direct Dissociation

Figure 1 is a schematic representation of the
dissociative excitation process in molecular hy-
drogen. An electron of controlled energy collides
with the H, molecule in the X 12; ground state and
excites the molecule “vertically” in the Franck-
Condon region. If the transition is to a point above
the asymptotic limit of the final-state potential, the
constituent H atoms can come apart with kinetic
energy of the order of several eV. The total en-
ergy released during the dissociation process is
given by the difference between the excitation en-
ergy and the asymptotic limit.

The transition matrix element for the dissocia-
tive excitation process is

T=C[ée* g, Pyxo*dRrar, , (1)

where 7K is the momentum of the incident electron,
¥; is the ground-state molecular wave function,

¥ is the final-state wave function, & is the wave
function of the scattered electron (possibly ex-
changed), d7, is the volume element of the elec-
tronic coordinates, R is the internuclear separa-
tion, and Cis a constant. The perturbation P is
taken to be just a sum of Coulomb interaction
terms between the incident electron and molecule.
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FIG. 1. Schematic of dissociative excitation process
leading to slow (path a) and fast (path b) metastable
H(2s) atoms. Predissociation may occur when the po-
tential curves of two states approach one another.
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Ab initio calculations of T from Eq. (1) would
be quite difficult, but much can be learned about
the transition matrix element by considering the
kinetic energy distribution and the angular distri-
‘bution of the dissociation fragments.

1. Kinetic Energy Distribution

The transition matrix element calculation can
be greatly simplified by an application of the
Franck-Condon principle. Because of the relative-
ly large masses of the nuclei in the molecule, the
assumption is made that their momenta will not be
directly affected by electronic transitions.® This
separability of nuclear and electronic motions per-
mits one to write the molecular wave functions as
a product of electronic and nuclear wave funetions.
Using this approximation, Harriman® has shown
that the probability for dissociative excitation of H,
from electron collision is

|T|%2«[ [ U(R)V(R)dR, (2)

where U(R) is the lowest vibrational wave function
in the X 'T} state, V(R)is the vibrational wave
function of an excited state with energy above the
dissociative limit, and R is the internuclear dis-
tance.

A further simplication can be had by making
another approximation first used by Winans and
Stueckelburg.” The vibrational wave function of
the final state is replaced by a 6 function
5(R ~ Ry), which is nonzero at the classical turn-
ing point of the potential curve. The results ob-
tained with this approximation differ little from
those found by using accurate vibrational wave
functions.®*® The probability for a transition to
occur when the internuclear distance is between
R, and Ry +dR, then becomes proportional to

|URy)|2dR, . 3)

This result has a very graphic interpretation and
two examples (a and b) are shown in Fig. 1. The
energy distributions of the dissociated fragments
can be regarded as reflections of | U(R)|? through
the final-state potential curves onto an energy
axis. When the Franck-Condon region encloses a
portion of the excited potential curve containing
the asymptotic energy (transition a), slow H atoms
should be produced with high probability. When
‘the region of intersection is well above the asymp-
‘totic energy (transition b) only fast H atoms are
produced. The slow H(2s) atoms discussed in Sec.
V are believed to arise in part from transitions of
type a while the fast H(2s) atoms discussed in Sec.
'VI arise from transitions of type b.

An important consideration is the influence of
thermal motion of the parent molecules on the en-
ergy distribution of the dissociated atoms. If the
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atom acquires a velocity V, from the kinetics of
the dissociation process, and if the molecules
(mass M) in the target gas have a Maxwellian ve-
locity distribution characterized by the tempera-
ture 7, then the atom fragments will have a ve-
locity distribution given by!°

1&(@.&”21 (—‘M(vawa))
N \neT) Vv, 2T

x sinh (22N gy (a)
kT

Here dN/N is the fraction of the dissociated atoms

having a lab speed between V and V+dV. The

effect of the molecular thermal motion is to broad-

en the energy distributions mentioned above.

2. Angular Distribution of Fragments

Dunn'! has pointed out that the symmetry axis
for the electron-molecule system is the electron
momentum excharnge vector K, and that dissocia-
tive excitation processes may show a marked de-
pendence on the molecular orientation with respect
to this axis, At threshold energies for dissocia-
tion, the symmetry axis coincides with the elec-
tron-beam direction k. Above the threshold en-
ergy, the most probable direction of K will be a
function of the electron energy. These two cases
are discussed briefly.

Behavior at threshold. If the electren energy
is near the threshold for dissociation, the outgoing
electrons will have an s-wave distribution; this
high degree of symmetry in the wave function of the
scattered electron makes it possible to use the di-
rection of the incoming electron beam as an axis of
symmetry in a discussion of the angular distribu-
tion of the outgoing atoms in the dissociation pro-
cess. Dunn!! noted that because the perturbation
P is a scalar sum of Coulomb terms, the initial-
and final-state wave functions would have to trans-
form according to the same irreducible represen-
tation in order that the matrix element not vanish.
Expressed more simply, the wave functions must
transform in the same way if operated on by opera-
tors which preserve the physical symmetries pres-
ent during the collision process. The consequences
of this observation led Dunn to construct a table
of matrix-element behavior for certain molecular
orientations with respect to the direction of the
electron beam. A portion of the table which applies
for dissociative excitation in H, with electron en-
ergies at threshold is shown in Fig. 2. The ma-
trix-element behavior for perpendicular molecular
orientations with respect to the electron-beam di-
rection is shown to the left of the vertical bars
and the behavior for parallel orientations is to the
right. The symbol X indicates a nonzero value
and O a zero value,
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FIG. 2. Behavior of transition matrix element between
pairs of electronic states with electron energies at thresh-
old (after Ref. 11). Entries to the left of the vertical
bars indicate matrix element behavior for perpendicular
molecular orientations and entries to the right are for
parallel orientations. Qualitative angular distributions
of the atom fragments are also shown assuming dissocia-
tion occurs in a time which is short compared to the
period of rotation.

Since direct dissociation occurs in a time which

~is short compared to the period for molecular ro-
tation,!? the H-atom trajectory will indicate to good
approximation the molecule’s orientation in space.
The angular distribution of dissociated atoms can
thus reveal the molecule’s orientation at the time
of dissociation. Fragment angular distributions
for “parallel” and “perpendicular” transitions are
qualitatively sketched in Fig. 2. A parallel tran-
sition leads to possible maxima in the angular dis-
tribution at § = 0° and 180° while a perpendicular
transition leads to possible maxima at 90° and
270° (here 6 is the angle between the electron beam
and the line of observation). With Dunn’s table,
therefore, a measurement of the fragment angular
distribution can be of considerable help in the as-
signment of the excited state(s).

Behavior above threshold. For electron ener-
gies we_l} above threshold, the most probable direc-
tion of K no longer coincides with the electron-
beam direction. At higher electron energies, how-
ever, the relation K<< 1/ga, is satisfied (g, is the
Bohr radius) and the transition probability can be
expanded® in powers of K. The leading and domi-
nant term in this expansion is proportional to
IK- (1\7[)!2, where (M) is the dipole matrix ele-
ment and K is the momentum-change vector k - K’
of the scattered electron. Zare and Herschbach'?
have explained in detail how this probability can
be transformed into lab-system coordinates. The
angular distributions above threshold are given by
the following “practical approximations”:

"I(9) = A(cos®B cos?9 + sin®g sing) (5)

for AA=0 (T3, II—1II, etc.), and
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1(6) = A’[2 cos®g sin®6 +sin?g (1 +cos?g)] (8)

for AA#0 (T—1, I~ A, etc.).

Here A and A’ depend on the electron energy
(but not 6); B is the most probable angle between
K and K and is a function of fragment atom and
electron energies; 9 is the angle between the elec-
tron-beam direction and the line along which frag-
ments are observed; A is the component of the or-
bital electronic angular momentum along the inter -
nuclear axis. For small values of g, I(9) is
weighted more as a cos?g distribution for AA=0
and as a sin? distribution for AA #0. This is
compatible with the more qualitative results at
threshold shown in Fig. 2, although the |K-. (M)|?
term is not dominant at threshold. As the electron
energy is increased, the angle g increases and I(6)
becomes increasingly isotropic. At g= 54.7°,

I(9) is isotropic for both classes of electronic tran-
sitions.

Sasaki and Nakao' appear to be the first to have
experimentally observed an anisotropy in the
angular distribution of fragments from H, following
dissociation by electron impact. More recently
Dunn and Kieffer'® and Van Brunt and Kieffer!® have
shown the approximate validity of the foregoing
analyses for dissociative ionization of H,. Zare!”
has also calculated in detail the angular distribu-
tion of H* from dissociation of H,*. Theoretical
predictions for this process, which should be simi-
lar to dissociative ionization, bear a striking and
reassuring resemblance to the data of Dunn and
Kieffer. Indeed, the angular distribution of H*
from dissociative ionization of H, (a AA=0 type
transition) near threshold cannot be accurately de-
scribed by Eq. (5). However, an excellent theo-
retical fit to their angular distribution data can
be made!® " (aside from an unexplained isotropic
component) using the results of Zare’s detailed
calculation for the dissociation of H,".

B. Predissociation

The electron-molecule collision may excite the
molecule to a bound electronic state that merges
energetically with the repulsive portion of a lower-
lying state. Mixing of the two states can occur in
the region of near energy coincidence through
heterogeneous and homogeneous perturbations.*
The calculation of the coupling matrix elements be-
tween the states leads to Franck-Condon overlap
integrals whose values are normally large only on
or near points of intersection of the molecular po-
tentials. The radiationless transition induced by
the mixing leads to dissociation. This is the pro-
cess of predissociation.

Because predissociation is considerably slower
than direct dissociation,'®2° the molecule may
undergo several rotations before breaking apart.

8
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Yet the angular distribution of fragments arising
from predissociation retains some of the anisotro-
py inherent in the original excitation. In photo-
dissociation, for example, Jonah has shown?! that
a perpendicular transition followed by predissocia-
tion in characteristic time 7 gives rise to an an-
gular distribution

16)= (sin®9/7w) +3Tw —Tw cos?9
- 8Tw +2/Tw

b

where () is the rate of molecular rotation. Jonah’s
results can be used to describe electron-impact-
induced__predissociation if the momentum transfer
vector K is identified with his electric field vec-
tor E.

The time required for predissociation in H, can
be estimated from the width of lines seen in opti-
cal absorption as transitions are made to the pre-
dissociating levels. Thus the rotation time for
the J=1 state of H, (1/w=~2x10"" sec) is far
shorter than the 7 ~10""!-sec lifetime implied by
the ~1-cm™ linewidths that are typical. Under
these conditions 7> 1 and Jonah’s expression
predicts the angular distribution of fragments from
predissociation following a perpendicular transition
to be proportional to 3 - cos?g.

C. Kinematic Distortion of Angular Distributions

As a final observation, it is noted that the above
theory has been developed under the assumption
that the collision process does not significantly af-
fect the trajectory of the molecular center-of-mass
motion. This is not the case!®?? as will be seen
shortly; in fact the experimental angular distribu-
tions clearly show the effect of the collision kine-
matics.

III. APPARATUS
A. Vacuum System

The experiment was carried out in a brass vac-
uum system (Fig. 3) that consisted of (i) a station-
ary source chamber containing the electron gun and
the gas cell, and (ii) a detector chamber that
could be rotated about the center of the source
chamber. Each chamber was pumped separately
with a 700-liter/sec diffusion pump that employed
a silicone pump oil (DC 705). Above each pump
was a baffle that was usually refrigerated to about
- 10 °C during pump-down of the system, and above
each baffle was a liquid-nitrogentrap that was al-
ways filled when measurements were being made.
The system pressures were monitored by RCA
type 1949 ionization gauges that had been indirectly
calibrated with a McLeod gauge. The base pres-
sure of the vacuum system, without gas being fed
to the source chamber, was on the order of 2
%1077 Torr.

M. MISAKIAN AND J. C.
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B. Electron-Gun Construction

The electron gun used in this experiment is
similar to the one developed by McFarland.?® Its
general construction can be seen in Fig. 3; a de-
tailed description is given in Ref. 29. Indirectly
heated Philips cathodes (Philips Metalonics, Mt.
Vernon, New York) withtype-A and -B impregnants
were used as the electron source. Because metal
vapors which alloy with tungsten (iron and nickel,
for example) will poison the cathode, the accelera-
tor grid which was closest to the cathode was made
of molybdenum. The remaining grids, made of
No. 316 stainless steel, were 0.025%1.25 cm in
diameter with 0.20-cm apertures for the electron
beam. The space between the fifth and sixth grids
was enclosed by a 1.25-cm-longx1.10-cm-diam
cylinder (No. 316 stainless steel) and served as
the interaction region.

Gas entered the interaction region from a small
tube, and a deflection plate was mounted just at
the tube opening to ensure that the target molecules
in the interaction region would be in the form of a
diffuse gas. The front of the interaction region had
a 0.05X1.25-cm horizontal slit that served as the
exit for the observed metastable atoms. The tem-
perature of the interaction region, as measured
with a thermocouple, usually exceeded 100 °C be-
cause of heat transferred from the cathode.

C. Electron-Gun Energy Resolution and Calibration

An estimate of the electron energy spread was
made by examining the excitation function for pro-

ELECTRON 0-RING CHANNELTRON
GUN SEAL DETECTOR
INTERACTION
REGION /

STATIONARY
CHAMBER

TOP VIEW
ROTATING CHAMBER

ELECTRON BEAM

INTERACTION S
REGION i

0:60°

A
SLITS . CHANNELTRON
0 e— DETECTOR

FIG. 3. Schematic of vacuum chamber and interaction
region. The moveable detector chamber could be ro-
tated about the chamber enclosing the electron gun from
60°<6<120°. A localized magnetic field behind the first
slit removed charged particles from the beam.
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ducing metastable helium atoms. A graph of
metastable atoms produced versus electron volt-
age (uncalibrated) is shown in Fig. 4. The meta-
stable helium atoms were detected with a Channel-
tron (discussed below) and were counted for sev-
eral 10-sec intervals with a frequency counter.
Fox et al.? have shown that the electron energy
spread is nearly twice the width of the tail at
threshold. Using the electron gun described above,
the tail was found to be about 0.3 eV wide. More-
over, the triplet helium 23S and singlet 2 'S meta-
stable states were also partially resolved. Be-
cause the singlet and triplet energy levels are only
0.8 eV apart, this resolving of the two states lends
further support to the estimate of an 0.6-eV elec-
tron energy spread. Thus there is an uncertainty
of about +0.3 eV in the specification of electron
energies in this experiment.

The electron-gun voltage scale was calibrated
before every run by measuring the threshold elec-
tron-gun voltage for producing triplet 23S helium
atoms and comparing it with the known value of
19.82 eV. This procedure was checked on occa-
sion by repeating the process using argon gas
(11.55-eV threshold energy). The difference be-
tween the threshold electron energy and the experi-
mental (voltmeter) value was found to be nearly
the same for both gases.

D. Detector

In this experiment, metastable atoms and mole-
cules were detected with a windowless, continuous-
channel electron multiplier (“Channeltron” manu-
factured by the Electro-Optics Division of the Ben-
dix Co.). The operation of a Channeltron as a
metastable detector has been described elsewhere®
and will not be discussed here.

Metastable atoms and molecules produced in the
interaction region were collimated by two 0.08-

ELECTRON-GUN CALIBRATION
AND ENERGY RESOLUTION

METASTABLE
ARGON

METASTABLE
HELIUM

—— ENERGY RESOLUTION * .3eV —

~.3ev-] l-

~.JeV

NUMBER OF A" (ARBITRARY UNITS)
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cm slits, located 7.5 and 12.3 cm away, before
reaching the detector at a distance of 13.14+0. 24
cm. A pair of ceramic magnets placed behind the
first slit provided a localized magnetic field of
about 230 G. This field removed charged particles
(protons from dissociative ionization and electrons
from the electron gun) which could also be detected
by the Channeltron. The magnetic field strength
was well below the values (538 and 605 G) neces-
sary to produce quenching of the H(2S, ,,) state
owing to hyperfine level crossing between the
H(2S,,,) and H(2P,,,)?%? states. Calculations
show that quenching effects caused by motional
electric fields should not significantly affect the
shape of the TOF distributions in this experiment.

Between the magnet pole faces were parallel
plates (brass, 9-mm gap). By application of a
strong electric field, the metastable hydrogen
atoms could be completely quenched.

E. TOF Electronics

Figure 5 schematically illustrates how the TOF
spectra were obtained. Initially, the electrons
are pulsed on, enter the gas-filled interaction re-
gion, and produce metastable atoms. After a short
delay (length of “on” pulse) a trigger pulse from the
pulse generator starts a linear ramp voltage in
the time-to-height converter (THC). A metastable
atom, havingtravelled tothe Channeltron via the
slit system, produces a negative pulse in the
Channeltron output. The pulse is amplified and
shaped, and enters the THC stopping the ramp
voltage. The THC output is a voltage pulse with
peak height equal to the final ramp height. Thus,
the output voltage of the THC is proportional to
the time interval between the start and stop pulses
which is in turn equal to (if we add the delay) the
metastable atom’s time of flight. This cycle was
repeated at a frequency of about 5 kHz and the THC

FIG. 4. Excitation functions for
metastable helium and argon atoms.
The width of the tail at threshold in-
dicates the approximate half-width
of electron energy spread. The
voltage scale is calibrated by extrap-
olating the linear portion of the curves
through the horizontal axis.
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FIG. 5. Schematic of TOF electronics.

output was stored in a multichannel pulse-height
analyzer. Afterward, a permanent graphic record
was made by transferring the stored information
to an X-Y recorder plot.

It should be noted that time intervals were mea-
sured up to the first detected H(2s) atom and sub-
sequent H(2s) arrivals were ignored. The possible
biasing of the TOF spectra in favor of the faster
H(2s) atoms was avoided, however, because of the
low frequency of metastable atom arrivals (about
one Channeltron pulse occurred for every ten
pulses of the electron gun).

1IV. EXPERIMENTAL RESULTS AND ANALYSES:
MOMENTUM TRANSFER DURING COLLISION
PROCESS

The angular distribution of H(2s) atoms is gov-
erned not only by the processes discussed in Sec.
II but also by the velocity distribution of the par-
ent H,; molecules and by the momentum transfer
from the electron-molecule collision. In this ex-
periment, an effort was made to assure that the
ground-state molecules in the interaction regionhad
an isotropic, Maxwellian distribution. Then, in
order to understand the momentum-transfer ef-
fects, the angular distributions of metastable heli-
um, neon, and molecular hydrogen were examined.
No dissociation occurs for these metastable spe-
cies and the angular distribution data will indicate
how the isotropic ground-state distribution of the
parent atom or molecule is modified by the colli-
sion process. These data are now examined.

A. Angular Distribution of Helium, Hydrogen (H, ), and Neon

The angular distributions for metastable helium
(2%s;, 2'S,), molecular hydrogen (c®m,), and
neon (SPZ’ o) are shown in Fig. 6. The electron en-
ergy was within 2 eV of the excitation threshold en-
ergy for each gas. The data were obtained by re-
cording the TOF spectra for the various gases as
a function of detector position. The TOF peak
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height was taken as a measure of metastable atom
or molecule intensity (shifts in the peak position as
a function of § were small for 60°<6<120°). The
data were also divided by source-chamber pres-
sure (directly proportional to interaction region
pressure) and electron-gun current to normalize
for drifting of these parameters. The distributions
were all normalized to unity at §=90°.

To correct for changes in the interaction volume
and losses due to collisional quenching and scatter-
ing as @ was varied, the data (except for neon for
which # and ¢ were unknown) were multiplied by
the factor (sing)e™?%/1%  The determination of 7,
the density of ground-state gas in the interaction
region, is described in the Appendix. The total
cross section for removing a metastable atom from
the beam is denoted by ¢. The factor ¥ is also
discussed in the Appendix.

The curves in Fig. 6 are calculated values of the
metastable angular distribution for the various
gases. The theoretical curves, developed by
Pearl,?® assume pure s-wave electron scattering
during the collision process. This corresponds to
isotropic scattering of the gas particles but with
the inclusion of momentum-transfer effects from
the electron. Further details of the calculation
as well as the computer program for obtaining the
curves as a function of atomic and molecular
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i INTENSITY ELECTRON
14 BEAM
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+1.2 )

§ HE EXPERIMENTAL POINTS
& NE EXPERIMENTAL POINTS

\ CALCULATED TOF PEAK INTENSITY |°
ASSUMING ISOTROPIC SCATTERING i&

GB' 90°

3 HZ EXPERIMENTAL POINTS

N CALCULATED TOF PEAK INTENSITY 8
ASSUMING ISOTROPIC SCATTERING

60° 90°
DETECTOR POSITION

13.5ev

120° 0

FIG. 6. Angular distributions of metastable helium,
neon, and molecular hydrogen. The solid curves are
calculated values of the angular distribution (Ref. 28)
assuming pure s~wave scattering of the incident electron.
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weight, gas temperature, excitation energy, and
electron energy are given elsewhere.?’ The im-
portant result to note here is that what will be re-
garded as an “isotropic angular distribution” of
scattered gas atoms or molecules is one that in-
creases monotonically going from the backward to
forward quadrants.

(a) Helium. The source density (z) and tempera-
ture (7) were near 4.4 x10" atoms/cm® and 140
°C, respectively. The source-chamber pressure
(P,,) was approximately 7x10"% Torr while the de-
tector-chamber pressure (P,) was about 3.5x107®
Torr. The cross section o was taken®® to be 1.865
x10"* cm? The factor (sing)e™®/=1* remains
nearly constant for 60° <9<120°. Comparing the
helium data with the calculated angular distribution
establishes that near threshold the helium meta-
stable atoms are scattered isotropically.

(b) Hydrogen (H,). The experimental conditions
for the molecular hydrogen data were quite simi-
lar to those of helium. The values of », T, P,
and P, were 6.1x10" molecules/cm?, 105°C, -
8.6%10°° Torr, and 4.3x10"® Torr, respectively.
No value for o was found in the literature and it
apparently remains to be measured. If the assump-
tion is made that (sing)e™®¥/ 512 is nearly constant
(this is satisfied if 0=1.60%10""* cm?), the meta-
stable H, angular distribution will be isotropic as
can be seen by the excellent fit of the data in
Fig. 6.

(c) Neon. Data were not taken to determine the
value of # in the case of neon. The cross section
o is also unknown. The neon data of Fig. 6 was
normalized to unity at 6 =90° after having been
divided by P, and electron-gun current. If one
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assumes that (sing)e™?%/ 51 is again approximately
constant, the data indicate that neon is also scat-
tered isotropically near its excitation threshold,

V. EXPERIMENTAL RESULTS AND ANALYSES:
SLOW H(2s) ATOMS

With some understanding of the effects of mo-
mentum transfer during the collision process, we
proceed now to an examination of data for the slow
H(2s) atoms. The measurement and analyses of
the angular -distribution, threshold-energy, exci-
tation-function, and energy distribution data of
the slow H(2s) atoms will allow us to make assign-
ments of several final excited states involved in
the dissociative excitation process.

A. Threshold Energy and Excitation Function for Proauction
of Slow H(2s) Atoms

The production of slow H(2s) atoms as a func-
tion of electron-gun voltage is shown in Fig. 7.
In order to optimize the signal-to-noise ratio and
eliminate the contribution from the metastable H,
molecules [which overlaps with the low-energy tail
of the H(2s) TOF spectrum], only H(2s) atoms
which arrived at the detector between 10.8 and
22.5 usec were observed. Thus, the slowest
H(2s) atom fragment observed had a time of flight
of 22.5 usec or kinetic energy of ~0.16 eV. To
eliminate background from the measured signal,
the difference between Channeltron counts (inte-
grated over several 10-sec intervals) with and with-
out a 260-V/cm electric quench field was recorded;
this is plotted on the vertical axes in Fig. 7. Each
datum point was also divided by electron current
and source-chamber pressure,
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For the data shown in Fig. 7, the metastable
atoms were observed at 85° with respect to the
electron-beam direction. The threshold was ob-
served to be independent of angle while the initial
slope of the curve increased for smaller angles.
This latter effect is kinematic in nature and is
caused by the forward scattering of the parent
molecule’s center of mass after collision with the
electron.

It can be seen from the threshold curve that
H(2s) atoms with 0.16 eV or more kinetic energy
are first produced at 14.9+0.3 eV. Since momen-
tum is conserved, each hydrogen atom of the mole-
cule carries away an equal amount of kinetic ener-
gy and the total energy released is 0.32 eV or
more. This places the asymptotic limit of the
final-state potential energy curve(s) near 14.6
+0.3 eV which is the energy of two separated (non-
interacting) H atoms in the H(1s) and H(2s or 2p)
states.®

The experimental excitation function for produc-
ing slow H(2s) atoms is shown at the bottom of
Fig. 7 (curve 1). It can be decomposed into a sum
of two excitation functions, one representing a
transition with a rapid rise and fall in cross sec-
tion (curve 3) and the other with a more gradual
increase (curve 2). The rapid rise and fall of
curve 3 is characteristic of a singlet-triplet tran-
sition and Khare’s® calculated cross section for
excitation to the a3z; state has been sketched in to
represent this kind of transition.’® When Khare’s
theoretical curve is subtracted from the experi-
mental curve, the more slowly changing excitation
function, curve 2, is obtained. The slow rise and
fall of curve 2 characterizes a singlet-singlet tran-
sition and resembles the singlet-singlet cross sec-
tions calculated by Khare.* Therefore, it would
appear that when the slow H(2s) atoms are pro-
duced, transitions to a triplet state(s) dominates
initially while at higher electron energies, transi-
tions occur primarily to a singlet state(s).

" B. Energy Distribution of Slow H(2s) Atoms

It was noted earlier that there is some disagree-
ment in the literature regarding the energy dis-
tribution of the slow H(2s) atoms. Leventhal ef al.!
observed that the relative number of very-low-
kinetic-energy H(2s) atoms was less than that pre-
dicted by the theoretical calculations of Harri-
man.® This was considered as possible evidence
for energy barriers in the final-state potential
curves.

More recently, Clampitt and Newton,? using an
arrangement where an H, beam was crossed with
the electron beam, also examined the TOF spec-
trum of the slow H(2s) atoms. Their results, when
transformed to energy coordinates, were essen-
tially in agreement with the Harriman prediction.
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Clampitt and Newton speculated that a possible
cause for the difference in experimental results
might be in the method of detection. Leventhal

et al. observed the H(2s) atoms by quenching them
with a dc electric field and counting the Lyman-q
photons, while Clampitt and Newton detected the
H(2s) atoms through an Auger process on an elec-
tron-multiplier cathode.

During the present study, the TOF distribution
of H(2s) atoms was measured directly with a
Channeltron electron multiplier and transformed
to an energy distribution.®® A typical experimental
energy distribution is shown in Fig. 8(a). The
spectrum was obtained with 80-eV electrons (pro-
duction of metastable H, is negligible at this elec-
tron energy) with §=80°. The uncertainty in the
kinetic energy is due to a 0.5-usec electron pulse
width and to an uncertainty in the length ef the
flight path. The vertical error bars, shown at
representative points, are statistical in nature.
The relatively large vertical error bars shown at
low kinetic energies results from the properties
of the transformation.®® Thermal motion of the
parent molecules contributes to the width of the
measured energy distribution. The energy distri-
bution is in approximate agreement with the re-
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FIG. 8. (a) Energy distribution of slow H(2s) atoms
obtained with 80-eV electrons (6=80°) shows a low-energy
cutoff as observed by Leventhal et al. (b) A comparison
of TOF spectra obtained with 38-eV electrons (9=90°)
with and without an electric quench field shows a pres-
ence of metastable Hy molecules; when the molecular
contribution is subtracted from the unquenched TOF
spectrum, a low-energy cutoff of H(2s) atoms is again
observed.
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FIG. 9. Angular distribution of metastable H, and
~0.4-eV H(2s) atoms. The angular distribution of the
atoms is approximately isotropic; the departure from a
constant intensity for different values of ¢ is due to mo-
mentum transfer during the collision process. The solid’
curve is a calculated distribution and is discussed in
Ref. 45.

sults of Leventhal et al.! (i.e., there is a low-
energy cutoff) with a slight shift to the lower end
of the energy scale in the present case.

The possible loss of low-energy H(2s) atoms
because of preferred collisional quenching was
examined by varying the source pressure from
about 1.5%10™* to 3x10= Torr. The shape of the
TOF spectra remained unchanged.

Time-of-flight spectra were also obtained with
38-eV electrons in order to make a comparison
with the results of Clampitt and Newton. Figure
8(b) shows tracings of TOF spectra with and with-
out the electric quench field at §=90°. The trace
with no electric quenching field exhibits a peak
near 14 usec owing to the slow H(2s) atoms. When
the quench field is turned on, a trace of just the
metastable H, molecules is observed with a peak
near 50 usec. In contrast to the results of Clam-
pitt and Newton, these results show that the cross
section for producing metastable H, is not negligi-
ble for 38-eV electrons. When the contribution of
the molecules is subtracted from the “tail” of the slow
H(2s) distribution, the deficiency of low-energy
H(2s) atoms is evident. Thus the earlier results
of Leventhal ef ql. were again observed.

C. Angular Distribution of Slow H(2s) Atoms

Figure 9 shows the angular distribution for the
slow H(2s) atoms with kinetic energies of about
0.4 eV. The angular distribution of the metastable
H, molecule (thermal energies) is also shown for
comparison. Both curves are obtained with 18. 5-
eV electrons, which is near the threshold energy
for producing the slow H(2s) atoms (Sec. V A).

The respective TOF peak heights were again taken
as a measure of intensity. The data were multi-
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plied by (sing)e™@*/#!¢ and divided by the electron-
gun current and source-chamber pressure. The
value of ¢ for H(2s) atoms with kinetic energy near
0.4 eV was taken®® as 2x10°* cm?.

The laboratory angular distribution of slow H(2s)
atoms can be interpreted as being approximately
isotropic because of its resemblance to the data in
Fig. 6. The fragment distribution would be con-
stant (horizontal line) if momentum-transfer ef-
fects were negligible. With inclusion of momen-
tum-transfer effects, one might intuitively expect
a lifting of the center-of-mass distribution in the
forward quadrant and lowering in the backward
quadrant. While this conclusion is correct, one
must use caution in applying this argument since
its validity can be shown to depend on the range of
fragment velocities that are accepted in the mea-
surement,?

D. Processes and States Leading to Slow H(2s) Atoms

The interpretation of the excitation function and
angular distribution to identify the final states is
now discussed. One must consider both dissocia-
tion (a relatively fast process that leads to an
angular distribution of fragments indicative of the
molecule’s orientation at the time of electron im-
pact) and predissociation (a process that may take
a time that is appreciable when compared to the
rotation time of the molecule). Both processes ap-
pear to contribute to the data found in this experi-
ment.

1. Dissociation

Of the many states in H, that can be excited by
electrons of 15-20 eV, only the E's}, a°%;,

B 'z}, and e%z, states lead directly to H(ls)
+H(2s) in the separated atoms limit.*! Since Dunn’s
rules'! indicate that only =~ =} transitions can
occur for both parallel and perpendicular orienta-
tions, and since both orientations are required to
produce an isotropic distribution of atoms (assum-
ing for the moment that no predissociation occurs),
it wasat first®’ thought that the E '} and a°z} states
were involved in the production of the slow H(2s)
atoms. However, the repulsive portion of the po-
tential curves of the E and a states are located

in the fringe of the Franck-Condon region (Fig.
10), so we conclude these states are not prime
sources of the slow H(2s) atoms.

It can be seen that the repulsive portions of the
B’ and e potential curves do occupy a fairly cen-
tral portion in the Franck-Condon region. But
Dunn’s rules suggest that transitions to these =
states are possible near threshold only for parallel
orientations of the molecular axis; thus the dis-
sociation via B’ and e states would yield a cos?g
distribution of fragments with a minimum at 90°.
Dissociation may occur with significant probability,
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FIG. 10. Some energy levels of Hy near 15 eV after
Sharp (Ref. 31). The a32; and E 12; states are located
in the fringe of the Franck-Condon region making large
contributions of H(2s) atoms from these states unlikely.
The D, d, B’, and e states are more favorably located
and are expected to play a predominant role in the pro-
duction of slow H(2s) atoms. The ground-state vibra-
tional wave function # is taken from Ref. 6.

but it appears that dissociation by itself cannot ex-
plain the observed isotropic distribution of slow
H(2s) atoms.

2. Predissociation

On the basis of small Franck-Condon overlap
integrals, it appears that the E 12; and aSE; states
do not participate to any extent in the predissocia-
tion process. Thus the predissociating states must
mix with the B’ ! or the ¢33 states as the mole-
cule goes to the H(1s) +H(2s) separated-atoms lim-
it. Of the states that can be excited with electrons
of less than 20 eV, only a few meet the criteria for
making a mixing transition to the B’ or ¢ states.
Since g+~ u in a mixing transition, the predisso-
ciating state must be ungerade; since AA=0, =1,
the predissociating state must be T orIl. Also,
singlet-triplet transitions are not allowed in mix-
ing of the sort being considered here.

The most important states in the production of
slow H(2s) atoms by predissociation are D% and
d*m’- The D and B states are known®%*® to be
mixed by strong rotational perturbations, and the
mixing of the d and e states has also been demon-
strated.’® We note that these pairs of states (D
and B', d and e¢) have merging potential curves,
go to the same united atom limit of He **P(1s3p),
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and satisfy the selection rules for mixing transi-
tions.

Some contribution to the slow H(2s) atoms prob-
ably comes from the vibrationally excited levels
of the B'' 'z} state. Comes and Wenning*! have
shown that B/ (v =1) mixes with the B’ level above
the dissociative limit; the relative line intensities
in their data suggest that B’/ (v=1) is less impor-
tant than D(v=3) in predissociation. It is likely
that the »>1 levels of the B” state also predisso-
ciate, but spectroscopic evidence for this is diffi-
cult to obtain because of the near coincidence of
these levels with the »>3 levels of the DIH,, state.®
The triplet state that corresponds to the singlet
B’ is £ 33%; it may predissociate but we are un-
aware of any direct evidence for this.

Still smaller contributions to the slow H(2s)
atoms might arise from the D’ 'll, state that is be-
lieved to mix weakly with the repulsive portion of
the B’ state near the dissociative limit.3®

Finally there are a number of states excited by
electron bombardment that probably do not pre-
dissociate into H(1s)+H(2s). Since the potentials of
of the , H, g, G, and 0 Z; states do not merge
with either the B’ or the e potentials, their Franck-
Condon factors seem unfavorable, and their pre-
dissociation would require a violation of the g« u
selection rule. The potential of the B'E} state
does not merge with that of the B’ state; in fact the
Bz state is known*® to mix strongly with the C'11,
state and this mixture will not lead to H(2s) atoms.
The behavior of the b%s} and ¢*I1, states is ex-
pected* to resemble that of B and C.

E. Summary: Production of Slow H(2s) Atoms

Near threshold, the important processes in the
production of slow metastable H atoms are dis-
sociation via a parallel transition to the %z}
state, along with predissociation via a perpendicu-
lar transition to the ¢°II, state that subsequently
mixes with the ¢ state.

Above threshold, the important processes are
dissociation via a parallel transition to the B''s}
state, and predissocation via a perpendicular tran-
sition to the D ‘nu state that subsequently mixes with
the B’ state. [Some predissociation also occurs
via a parallel transition to the B” '=; (v>0) states.]

Dissociation at and near threshold occurs pri-
marily through parallel transitions and therefore
yields fragments with approximately a cos?9 de-
pendence. Predissociation at and near threshold
occurs mainly through perpendicular transitions;
the process is relatively slow and it leads to dis-
sociation fragments with an angular distribution
proportional to 3 ~ cos29. The observed isotropy
of the fragments then suggests that predissociation
is the dominant*® but not exclusive process in the
production of slow H(2s) atoms.
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F. Discussion

Because of the discreteness of the D'II}vibra-
tional levels and the large contributions from pre-
dissociation near these points,*® one would expect
to see structure in the energy distribution of H(2s)
atoms (a similar contribution would be expected
from 4 %7, vibrational levels). The number of
‘“wiggles” in the energy distribution would decrease
at higher electron energies as the cross section for
excitation to the vibrational levels of the tripletII,
state became smaller. The spectroscopic data of
Mentall and Gentieu® imply that structure from
the predissociation of the D'I}(v=3, 4, 5, 6, 7)
levels occurs in the H(2s) energy distribution near
0.05, 0.15, 0.26, 0.36, 0.45 eV and possibly
higher. The energy spectrum of Fig. 8(a), ob-
tained with 80-eV electrons, shows no structure,
but this is because of the spreading of translation-
al kinetic energy because of the thermal motion
of the parent molecules.*®

Structure in the H(2s)-atom TOF distributionwas
observed by Czarnik and Fairchild® who obtained
TOF spectra with their H,-gas target cooled to an
estimated 50 °K; they used 32-eV electrons to ex-
cite the molecules. We agree with their statement
that predissociation of the DI, state is an impor-
tant process in the production of slow H(2s) atoms.
We disagree with their conclusions that predisso-
ciation of Rydberg states [e.g., 8po 'S (v=5)]
through doubly excited states [e.g., (250)(2p0)'Z /]
contributes to the production of slow H(2s) atoms;
in fact it appears that these doubly excited states
are responsible for the production of fast hydro-
gen atoms (cf. Sec. VIB). Moreover, it seems like-
ly that predissociation from vibrational levels of
the 4°II, state would contribute to their experiment;
from our data we estimate (see Fig. 7) that about
one-third of the dissociative excitations leading to
slow H(2s) atoms that are produced by 30-eV elec-
trons do so by exciting the 4%y state. It is noted
that Czarnik and Fairchild have assigned an ap-
parent peak in the TOF distribution at 0.13 eV to
predissociation of the D'[Tj(v=3) level. This is
about twice the expected energy value of 0.05 eV.
A possible alternate assignment for this structure
would be the predissociation of the d°,(v =4) level
expected to produce H(2s) atoms with 0.1-eV ki~
netic energy.’!

What remains unexplained is the deficiency of
low-kinetic-energy H(2s) atoms in the energy dis-
tribution. The data of Mentall and Gentieu (their
Fig. 4 and private communication) indicates that
H(2s) atoms with nearly zero kinetic energy are
produced by predissociation of the D'II’(v = 3) level
after the D state is optically excited (see Fig. 10).
Their data also show that collisional quenching of
H(2s) atoms changes sharply in the pressure range
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(0.5x107%)~(4x10®) Torr. This contrasts with re-
sults in Fig. 8(a) [no H(2s) atoms with ~ zero ki-
netic energy] and the observation that the TOF
spectra showed no measurable change in the num-
ber of low-energy H(2s) atoms when recorded at
0.15x10°3 and 3x10-® Torr. Slow H(2s) atoms are
particularly susceptible to quenching by stray
electric fields, and the possibility that slow atoms
were quenched cannot be ruled out completely.
However, there appears to be 10 ready explanation
for the lower abundance of slow H(2s) atoms as
measured in the present experiment and in the ex-
periment by Leventhal, Robiscoe, and Lea! as
compared to the results obtained in the experiments
of Clampitt and Newton? and of Mentall and Gen-
tieu.%®

VL. EXPERIMENTAL RESULTS AND ANALYSES:
FAST H(2s) ATOMS

A. Angular Distribution of Fast H(2s) Atoms

Figure 11 shows the angular distribution of fast
H(2s) atoms with kinetic energies near 3.7 eV.
The electron energy was about 41.5 eV and the
TOF peak height was again used as a measure of
intensity. The data were normalized as before
with the value*” of o being taken as 2x10"* cm?,
The points in Fig. 11 represent data from two dif-
ferent experimental runs. While the electron en-
ergy of 41.5 eV is somewhat above the threshold
energy of 32 eV (see Sec. VIB), the change in the
angular distribution was observed to be gradual
as the electron energy was increased (see Fig.
12). Thus Fig. 11 gives a fair approximation of
how the angular distribution appears at threshold.
The distribution can be interpreted as one that
would be symmetrically peaked at 6 =90° if the ef-
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FIG. 11. Angular distribution of fast H(2s) atoms with
~3.7-eV kinetic energy. The angular distribution can
be interpreted as representing a AA# 0 transition; a
calculated distribution is shown as a dashed curve (see
text).
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FIG. 12. Behavior of fast-H(2s) atom (~ 3. 7-eV kinetic
energy) angular distributions produced with electrons
having 63- (A) and 103-eV (O) energy. The value of 8
(cf. Sec. II A 2) is expected to increase with electron
energy making the center-of-mass angular distribution
more isotropic. These data suggest that the component
of momentum transfer along the electron beam has in-
creased. For the fragment velocity observed, this
leads to greater lifting of the center-of-mass angular
distribution in the forward quadrant and lowering in the
backward quadrant. The curves are drawn to fit the
data.

fects of momentum transfer had been negligible
(cf. Sec. VC). The dashed curve in Fig. 11 is a
calculated?® laboratory angular distribution using
Eq. (6) (AA=1) with g=25° as the center-of-mass
angular distribution; the fragment energy was tak-
en to be 4 eV. A rough estimation of the Franck-
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Condon factors was made from a fast-H(2s)-atom
energy distribution observed at 41. 5-eV electron
energy. The calculated curve is seen to be in
qualitative agreement with the data. According
to Dunn’s table (Fig. 2), such “perpendicular”
transitions can occurtoll,- and A,-type electronic
states. Thus, the final parent molecular state(s)
which yields the fast H(2S) atoms can be narrowed
down to these two possibilities.

B. Threshold Energy and Excitation Function for Producing
Fast H(2s) Atoms

The production of fast H(2s) atoms as a func-
tion of electron gun voltage is shown in Fig. 13.
The data were obtained by recording TOF spectra
for increasing electron energies. The height of
each TOF spectrum at one point in time, corre-
sponding to an approximate®*® kinetic energy of
3.8 eV, was measured and plotted after dividing
by electron current and source-chamber pressure.
The TOF spectra were taken at §=80°. The
threshold energy appeared to be independent of
angle while the initial slope of the excitation func-
tion increased as 6 was decreased.

It can be seen from the threshold curve that
H(2s) atoms with ~ 3. 8-eV kinetic energy are first
produced at 32 eV. The asymptotic limit for the
potential energy curve can be determined by sub-
tracting 2% 3.8 eV, the total kinetic energy re-
leased, from the threshold energy of 32 eV. This
places the asymptotic limit at around 24.4 eV
which is close to the 24.9-eV energy for the doubly
excited separated-atom configurations of H(2s)
+H(2s) and H(2s)+H(2p). This interpretation is
further supported by the observation that the least

FIG. 13. Peak of the TOF spectrum
for fast H(2s) atoms plotted as a func-
tion of electron energy. The threshold
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FIG. 14. Energy distribution of fast H(2s) atoms for
40- and 70-eV electrons.

energetic of the fast H(2s) atoms have a kinetic en-
ergy of slightly in excess of 2 eV (see Sec. VIC)
and are first observed near 29 eV.

It had previously been speculated! that (2so)

x (2po) 132+ states with potential curves asymptot-
ically approaching 14.7 eV were responsible for
producing the fast H(2s) atoms. Czarnik and Fair-
child® suggested that these were the perturbing
states through which the 9p0 'z (#=5 at 16.46 eV),
8po 2} (v="5 at 16.41 eV), and 8po°Z (v =4 at 16.20
eV) levels predissociated and led to slow H(2s)
atoms. We note that the potential energy curve
leading to the fast H(2s) atoms will likely remain
well above 16.5 eV (Sec. VID and Fig. 15) and
will not be able to play a role in the production of
the slow H(2s) atoms.

The shape of the excitation function shows no
apparent superposition of transitions between
states of different multiplicities but rather has a
gradual rise and fall characteristic of a singlet-
singlet transition.

C. Energy Distribution of Fast H(2s) Atoms

Time-of-flight spectra of the fast H(2s) atoms,
taken as a function of electron energy, were con-
verted to energy distributions. Two energy distri-
butions obtained with 40- and 70-eV electrons at
9=80° and T=120°C are shown in Fig. 14. As the
electron energy is increased, the peak position is
shifted to higher energy values and H(2s) atoms
with larger kinetic energy are produced. At 70
eV the most probable energy is near 4.0+ 0.6 eV,
which is close to the value observed by Leventhal
et al.! (4.7+0.7 eV). The uncertainty in the en-
ergy scale in Fig. 14 is due to the electron pulse
width (0.4 psec) and uncertainty in the path length
(+0.24 cm). Effects of thermal broadening are in-
cluded which means that the slowest H(2s) atoms
from the dissociation process are likely to have
energies near 2.3 eV instead of 2 eV.*®

The structure that Leventhal et al. observed in
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the fast H(2s) TOF spectra at § =77° could not be
seen in the present work. An explanation for the
difference in results is not apparent.

D. Final States in Production of Fast H(2s) Atoms

The analysis of the fast H(2s) data does not ap-
pear to be as involved as the slow-H(2s)-atom case,
The behavior of the H(2s)-atom energy distribution
as a function of electron energy (Fig. 14) would be
expected for a transition to the repulsive portion
of an excited potential.

The angular distribution data near threshold sug-
gests that the final states can be of the II, and A,
types and the shape of the excitation function in-
dicates a multiplicity of one. The asymptotic lim-
it of the potential curves is most likely 24.9 eV
whichis the separated-atom energy for the H(2s)
+H(2s) and H(2s)+H(2p) configurations.

The A, choice must be rejected because of two
arguments: (a) The lowest asymptotic energy for
a doubly excited adiabatic A, state is 26.8 eV
formed from H(2s)+H(3d) atoms. This energy is
too large when compared with the experimental
value. (b) The cross section for producing fast
H(2s) atoms remains relatively large at higher
electron energies where the transition probability
is a function of (M), the dipole matrix element
(Sec. Mm). A X!Z}- A, transition would not be al-
lowed because of the dipole selection rules g« g
and AA=0, =1.

......
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FIG. 15. Potential energy diagram of H, after Ref. 31
showing several excited states. The approximate location
of the M, states discussed in the text has been added
near the top of the figure. Whether this state is purely

repulsive (curve 1) or bound (curve 2) cannot be deter-
mined from the data.
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TABLE I. Values of ¥,
thermocouple
qguge v/a Y(v/a)
vessel ion gauge
on g 0.05 22,586
gas in — 0.1 11.321
_l'l 0.2 5.717
to detector 0.4 2.969
soufc&__ @"":"f’a:- —_— 0.6 2.099
region ™~ ) 0.8 1.694
~.2-cm2 slit area 1.0 1.472
source _t—
chamber ) ) 2.0 1.125
to diffusion 3.0 1.056
um
FIG. 16. Schemati.c view o.f sourcg chamber and source source region is then given by49
(interaction) region.
F=invA , (A2)

This means that the final state leading to the
fast H(2s) atoms is a 'II, state. This state is
formed from H(2s)+H(2p) atoms since a II state
cannot be formed from two H(2s) atoms. The ap-
proximate location of the potential curve is in-
dicated near the top of Fig. 15. It is noteworthy
that this state has not been previously reported in
the literature. The detailed behavior of the poten-
tial curve awaits further experimental study as
well as a theoretical calculation.
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APPENDIX: SOURCE DENSITY AND BEAM ATTENUATION
Source Density

Because of the inaccessibility of the source re-
gion (interaction region of electron gun), an indi-
rect method was devised to measure the source
density. The method makes use of the well-known
definition of pumping speed

S=F/p, (A1)

where P is the pressure in the source chamber

and F is the number of gas particles being pumped
out of the source chamber per second. When the
system is in equilibrium, F can also be thought of
as the input of molecules into the source chamber
from the source region (see Fig. 16). The approxi-
mation is made that effusion from the source region
is roughly that from an orifice. The input from the

where # is the density of gas in the source region,
v is the average molecular speed in the source
[given by v=(2.55kT/m)"?], and A is the area oi
the opening. Equation (A1) can then be written

S=F/P=nvA/4P (A3a)
or solving for z,
n=4SP/vA . (A3Db)

Therefore, if one knows the pumping speed and
and pressure P for the source chamber as well as
A and v, the value of the source density » can be
calculated. The values of A, P, and T are readily
measured. The pumping speed of the source cham-
ber for a particular gas was determined by inject-
ing a known flux®® of the gas into the source cham-
ber, measuring P with an ionization gauge, and then
calculating S using Eq. (A3a). The value of S was
found to be about 178 liters/sec for hydrogen and
130 liters/sec for helium.

Beam Attenuation

As the detector position was changed from 6
=90°, the path length 7 of the metastable atoms in
the source region increased as /=ga/sind, where g

electron
abeam

i
AN
I

o3,

detector

interaction
volume ~1/sine

FIG. 17. Interaction region of electron gun.
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is the radius of the source region (see Fig. 17).
Because of the high density of gas in the source
region, this led to greater beam attenuation from
collisions.

The loss from collisions is also a function of
velocity and the fraction of metastable atoms
having speed v which remain in the beam after
traveling a distance I through a Maxwellian gas
ig5L 52

e-nol\l’(u/a) ,
where o is the total cross section for removing a

metastable atom from the beam (assumed velocity
independent), « is the most probable speed of the

2195

gas in the source region, and ¥ is a function of
v/a. The value of the ¥ factor increases for
smaller v and reflects the greater likelihood of
collision for slower metastable atoms passing
through a Maxwellian gas. Some values of ¥(v/x)
are given in Table I; it can be seen that ¥ varies
markedly for thermal-beam velocities.

An effect which competes with beam attenuation
is the angular dependence of the actual interaction
volume. Assuming a parallel beam of electrons,
it can be seen from Fig. 17 that the interaction
volume has a 1/sing dependence. To correct for
this effect as well as collision-attenuation, each
data point was multiplied by (sing)e™?¥/si26,
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