
PHYSICAL REVIEW VOLUME 158, NUMBER 1 5 JUN E 1967

Velocity Distribution of Metastable H Atoms Produced by
Dissociative Excitation of H,f
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Department of Physics, Fale University, Nem Iraven, Connecticut

{Received 13 December 1966)

The velocity spectrum of metastable H(2S) atoms produced by electron bombardment of H2 has been
measured by a time-of-Right technique. Two distinct groups of metastables have been detected. The slower
atoms are interpreted as arising from transitions to attractive states just above the H(1S)+H(2S) dis-
sociation limit. The faster atoms are thought to arise from transitions to doubly excited repulsive states
which have not previously been detected.

I. INTRODUCTIO5

ECENT remeasurements of the Lamb-shift separa-
tion (2 'S&~&-2 'E&~2) in atomic hydrogen have

indicated the existence of a small but deGnite dis-
crepancy with earlier measurements. '' Attempts to
improve upon these results have led to a search for
more abundant sources of metastable hydrogen atoms
than the conventional tungsten oven. ' In particular,
the production of large quantities of metastables by
electron bombardment of molecular hydrogen has
proven feasible. 4 However, the utilization of such a
source has been greatly hampered by the lack of
knowledge of the velocity spectrum, of the resultant
atoms. We report here a measurement of the velocity
distribution of metastable H(2S) atoms produced by
electron bombardment of H&.

Because of the experimental difIiculty in identifying
the dissociation products, few measurements have been
made involving dissociative processes leading to neutral
atoms. '' On the other hand, because of its relative
simplicity, the H& molecule has received considerable
theoretical attention in the calculation of electron-
impact excitation cross sections, ' details of dissociative
mechanisms, and in the more general problem of
molecular potential curves. "A critical comparison of
experiment and theory concerning dissociative excita-
tion processes in H2 would allow the testing of such
basic concepts as the I'ranck-Condon principle" and the
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Winans-Stueckelberg approximation, "which are funda-
mental to an understanding of molecular transitions.

Although correlation of theory with optical data
provides substantial information concerning the lowest-
lying excited attractive states of H2,"particularly near
the minima of the potential curves, almost nothing is
known about transitions to excited repulsive states.
In any case, very little is known about the energy
distribution of eeltrul atom dissociation products. Such
information would provide a better understanding of
the asymptotic behavior of the H~ excited-state po-
tential curves, namely, dissociation limits and relative
position of classical turning points. It should be noted,
however, that the energy distribution of charged
products in the dissociative ionization of H2 has been
investigated, most recently by Dunn and Kieffer. 14 The
present measurements provide some new quantitative
information about the dissociative excitation of the
hydrogen molecule.

II. METHOD

The metastable velocity spectrum has been deter-
mined by a time-of-Qight technique which is illustrated
schematically in I'ig. 1. Recently a related technique
has been employed to perform similar measurements on
heavier molecules. '~ The bombardment region is a
simple triode. A magnetically collimated electron beam
is regularly pulsed on for 0.2 @sec in an Hm atmosphere
of about 10 4 Torr. A fraction of the metastable atoms
produced in dissociative collisions between electrons
and H2 molecules (on the average considerably fewer
than one metastable atom per pulse is detected) drift out
of the source to a quench region located 10 cm away.
Here a strong, well-localized electric Geld mixes the
2S and 2P states causing a decay to the ground state.
The Lyman-n decay radiation then initiates a pulse in
an EMR model 5426-08-18 photomultiplier which is

' K. U. Condon, Amer. J. Phys. 1S, 365 (1947).
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Sci. 14, 867 {1928).
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fed through several stages of fast (2-nsec rise time)
ampli6cation provided by EGG model AN101 ampli-
6ers. The signal pulse then passes through an EGG
model T100A discriminator and is converted to a logic
pulse which activates the stop input of an EGG model
TH200 time-to-amplitude converter (TAC). A trigger
output pulse from the HP model 214A pulse generator,
delayed 0.5 p,sec from the trailing edge of the electron-
gun pulse, activates the start input. Hence the TAC
produces a logic pulse whose amplitude is proportional
to the elapsed time between electron bombardment
pulse and Lyman-e pulse. Finally the TAC output is
registered in a TMC model 402C multichannel analyzer
operating in the pulse-height mode, so that the data
readout consists of the time-of-Qight spectrum of the
metastables. The background is eliminated from this
spectrum by running the system for equal times with
the quenching 6eld on and o6 and then performing a
subtraction. Calibration of the time scale is achieved
by activating the TAC inputs with pulses from a
Textronix model 180A time-mark. generator w'hose
reference crystal has been calibrated against WWV.

III. RESULTS

A.. "S]ow" and "Past" Metastables

As can be seen from Fig. 2, two distinct groups of
metastable atoms have been detected and are designated
"slow" and "fast." The observed spectrum shows two
maxima, at 10,5~0.6 p,sec for the slow atoms, and at
3.2~0.3 p,sec for the fast atoms. The time-of-Qight axis
of Fig. 2 does not scale linearly with velocity or energy.
Hence to conserve probability, the transformation from
a time-of-fhght distribution P(h) to a velocity distribu-
tion I'(V) and an energy distribution I'(E) must be
made using the relations

I'(V) =I'(h)Ch/CV, I'(E) =I'(h)Ch/CE (1)

V=L/t, E=mV'/2, (2)

where L is the path length (10 cm), m is the mass of the
hydrogen atom and I, is the time-of-Qight. When
plotted against velocity, the distribution shows maxima
at 8.3&0.5 and (31&3)&&10' cm/sec for the slow and
fast atoms, respectively (see Fig. 3).The distribution in
energy shows two less well-de6ned maxima, at values of
0.32&0.05 and 4.7&0.7 eV. The uncertainty in the
results quoted above arises mainly from two sources,
statistical Quctuations in the data, and uncertainty in
the exact path length L because of the 6nite extent of
the source and quench. regions. Conclusive proof that
meta stables are being detected was provided by
replacing the dc quenching field with an rf 6eld of the
correct frequency to drive the transition 2'Sgt 2 ~ 2'Ey/2.
This produced a time-of-flight spectrum identical to
that of Fig. 2 which could be made to vanish by tuning
the radio frequency oG resonance.

Velocity spectra have been taken systematically as a
function of bombardment voltage up to 60 V as read on
a laboratory voltmeter. The slow peak. becomes observ-
able in the time-of-Qight spectra at a voltage of about
18+2 V w'ith the fast peak appearing about 10.5&2 V
higher. For several volts above their respective thresh-
old, the statistical Quctuations in the data w'ere such
as to prevent an accurate determination of the peak
centers. However, the statistics improved as the
bombardment voltage was further increased and the
peaks could then be accurately located. Within experi-
mental error, the location of the two peaks did not
change with increasing voltage from approximately
5 V above threshold to 60 V and vras always consistent
with the results quoted above. On the other hand, the
relative intensity of the two peak. s did vary markedly
with voltage, as shown in Fig. 2. Space-charge effects
were a serious problem in locating the thresholds.
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region) containing H2 at a pressure of about 10 ' Torr
before it can be detected. Fite" has shown that a
metastable may be quenched in a collision with an H2
molecule. If the cross section for this process is velocity
dependent, a distortion of the velocity spectrum would
result. Using Fite's value of 0.7&(10 '4 cm' for the
collision quenching cross section, a value of 40 cm is
obtained for the mean free path between collisions,
indicating that no serious problem shouM be presented
by this effect. This conclusion was substantiated by
measuring velocity spectra as a function of H& pressure.
Variation of the H& pressure in the drift space from
0.1)&10 ' to 4.0&&10 ' Torr produced no significant
change in the observed spectrum.

3. Space Char-ge Quenching

If no positive-ion neutralization takes place, an
electric field exists in the source region due to the net
electronic space charge. Slow' metastables, which must
drift about 1 cm through such a field, are preferentially
quenched, since they experience the field for a longer
time. A theory of the space-charge fields associated with
the present cylindrical geometry has been given by
several authors. ' ' If the relevant geometrical param-
eters are substituted and a typical beam current of
0.5 mA is assumed, an average space-charge field of
about 6 V/cm is obtained over the source region.
Application of the Bethe-Lamb theory' of the lifetime
of the 2S state in an external electric field indicates a
cutoff velocity V, of approximately 1X10' cm/sec; i.e.,
atoms with speeds less than 1X10' cm/sec would be
quenched in the source. This speed is somew'hat smaller
than the observed cuto6 of 4X 10' cm/sec (see Fig. 3).
Convincing experimental evidence that space-charge
effects were not distorting the velocity distribution was
obtained by varying the bombardment current over the
iange 0.06 to 0.50 mA. No change in the spectrum was
detected.

4. Positive Ion Quenchin-g

Electron bombardment of H2 at energies above 15.4
V results in the production of molecular ions. A metas-
table encountering such an ion can be quenched by its
local field. Similarly, an encounter with a free electron
could quench a metastable but the much greater
electron velocity permits neglecting this effect. Purcell"
has given a theory of the positive-ion quenching of
metastables. If the extreme case of complete positive-
ion neutralization of a 0.5-mA primary electron beam
is assumed, the present geometry yields a V, of about
1X104 cm/sec, well below the observed cutoff. fn
addition, ion quenching should be a sensitive function

"W. L. I'ite, R. T. Brackmann, D. G. Hummer, and R. I.
Stebbings, Phys. Rev. 116, 363 (1959).' L.P. Smith and P. L. Hartman, J.Appl. Phys. 11,220 (1940)."L.R. Wilcox and W. E. Lamb, Jr., Phys. Rev. 119, 1915
(1960).' E. M. Purcell, Astrophys. J. 116, 457 (1952).

of bombardment current and pressure. As previously
noted, variation of these parameters did not affect the
velocity spectrum.

5. Prequemchimg

In the noimal mode of operation, the photomultiplier
is collimated so as to view the metastables only while

they are in the quench region. The quench region,
identical to that used by one of the authors in a previous
experiment, ' produces a highly localized ( 1 cm)
electric field. Nevertheless, a small fringing field does
exist which may preferentially quench slow metastables
before they get into view of the photomultiplier.

An electrolytic tank method has been previously
employed to determine the fringing field along the beam
axis. Application of the Bethe-Lamb theory shows that
only rnetastables with speeds less than 5X10' cm/sec
would be appreciably prequenched. To test the conclu-
sion that prequenching was not important, the collima-
tor was removed and the photomultiplier allowed to
view most of the drift space. Again no change in the
velocity spectrum w'as observed.

B. Anisotropy of Velocity Distribution

The data presented above were obtained with the
source oriented so as to detect metastables at an angle
of 90 with respect to the electron-beam axis. Although
the apparatus was not specifically designed for the
purpose, an attempt was made to investigate the angular
dependence of the velocity spectrum by tilting the axis
of the electron beam to an angle of 77 with respect to
the metastable drift path. This resulted in no visible
eBect on the slow metastable peak but a marked change
in the fast peak. Figure 4 presents the time-of-Qight
spectrum of the fast metastables obtained for both
orientations of the electron beam, other conditions
being approximately the same. A resolution of the
fast peak into tw'o distinct peaks has occurred for the
7'I case, one centered at a velocity of (2.9+0.3)X 10'
cm/sec and the other at (2.1&0.2)X 10' cm/sec.
These correspond to energies of 4.4+0.9 and 2.3~0.5
eV. This compares with the single-peak maximum at
4.7+0.7 eV for the 90 geometry.

C. Velocity Spectrum of Deuterium Metastables

The velocity spectrum of metastable deuterium atoms
formed by the dissociative excitation of D2 was obtained
by the technique described above, using an untilted
geometry. A spectrum similar to that for hydrogen was
observed but with the fast and slow peaks shifted to
lower velocities as shown in Fig. 5. The slow peak is
centered at a velocity of (6.1+1.0)X10' cm/sec and
the fast peak at (2.2&0.2) X10' cm/sec. The maxima in
the energy distributions fall at 0.3&0.15 and 5.1&0.5
eV, respectively. Kithin experimental error, these
energies are the same as those for hydrogen metastables.
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IV. DISCUSSIOÃ

A. Slow Metastables

The slow metastables arise from processes like

Hs(X 'Z +) ~ Hs('Z, +) —+ H(25)+H(1S), (3)

where the excitation, by electron bombardment, is to
singly-excited bound states of the molecule. Lamb and
Retherford' originally suggested that slow metastables
could be obtained from Franck-Condon "forbidden"
transitions to bound states above their dissociation
limit. Such a transition is illustrated in I ig. 6 where a
single bound state is drawn to represent all states which
can yield a slow metastable upon dissociation. "While

these transitions are forbidden in a classical sense, the
quantum-mechanical statement of the Franck-Condon
principle" predicts a small but Gnite transition probabil-
ity. The threshold for metastable atom production by
such processes should be at about 15 V, which is
somewhat lower than the observed value of 18+2 V.
Attractive molecular states which can contribute in
varying degrees to the yield of slow metastables by a
direct process such as Eq. (3) are

Relative cross sections for direct excitation above the
dissociation limit are not known. It is probable that
indirect processes are also involved in the production of
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"Evidence for Franck-Condon "forbidden" transitions in Hm+
is discussed by D. P. Stevenson D. Amer. Chem. Soc. 82, 5961
(1960}g.

FIG. 6. Potential-energy curves for H&, showing the ground
state and representative excited states which can dissociate to a
metastable atom. QS is a Franck-Condon "forbidden" transition
to an attractive state above its dissociation limit. OF is an
"allowed" transition to a repulsive state. Such transitions produce
slow and fast rnetastables, respectively. The dashed curve
represents the hypothesized potential maximum at large inter-
nuclear separation.
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dissociation. An internal check on the correctness of this
picture is obtained by noting that both fragments of the
dissociation indicated in Eq. (I) would be expected to
come OG with about the same kinetic energy. Hence,
the fast metastable threshoM should be displaced above
the slow' metastable threshold by about twice the
observed fast metastable energy of 4.7+0.7 eV. This
agrees roughly with the observed threshold difference
of 10.5&2 eV.

The resolution of the fast peak into two distinct
peaks on tilting the source indicates that at least two
repulsive states with diferent symmetry properties are
contributing fast metastables. Dunn" has discussed
anisotropies in the angular distribution and. energy of
molecular dissociation products. From considerations
of initial- and final-state symmetries, he finds that
definite anisotropies can be expected. The present data
are too crude to allow more than these quahtative
remarks,

The doubly excited repulsive states of H2 which
yield the fast metastables by dissociative excitation
under electron impact have not previously been dis-
cussed. in the literature. Their existence, how'ever, can
be inferred from consideration of the hydrogen molec-
ular ion. Indeed a close analogy can be drawn between
the present work and the study of fast and slow protons
from the dissociative ionization of H2 carried out by
Dunn and Kieffer."

The (2p&r) 'Z„+ state of the molecular ion is repulsive,
indicating that the molecular states (2po)(2so) ' 'Z +

behave similarly. The energy of such states can be
crudely estimated by adding the repulsive energy of a
2pa electron (calculated from the repulsive ionic state"
'Z„+) to the energy at dissociation of the (1so)(2so)
molecular states. If this is done at an internuclear
separation of 0.74 A (equilibrium position for the H2
ground state X'Zg+), it places the (2po)(2sa) states
about 16 eV above the H(15)+H(25) dissociation
limit. In turn, this implies that the fast metastables
appear at a bombardment voltage I5 V higher than the
slow metastables.

The above estimate is expected to be too large since
it neglects screening of the 2po electron by the 2s0 core.
This may explain why the prediction of a 16-V threshold

"G. H. Dunn, Phys. Rev. Letters 8, 62 (1962)."D. R. Bates, K. Ledsham, and A. L. Stewart, Phil. Trans.
Roy. Soc. (London) A246, 215 (1953).

difference compares poorly with the observation of
10.5&2 V. Clearly lt would bc 111tcI'cstlng to obtain a.
more precise theoretical number.

V. CONCLUSION'S

In the present experiment, ncw quantitative informa-
tion has been obtained regarding the energy spectrum
of metastable atoms produced in the dissociative excita-
tion of molecular hydrogen by electron bombardment.
The work is preliminary, in the sense that more accurate
results can be obtained with a more reined apparatus.
But several interesting features of the spectrum have
been established. The spectrum can be resolved into
two distinct groups, each with a well-dehned appearance
potential. The "slow" metastables, arising from transi-
tions to singly cxcitcd states of Hp )ust above thc
H(15)+H(25) dissociation limit, show a cutoff at low
energy. This cutoff, which is apparently independent of
instrumental effects, may indicate the existence of
potential maxima in the relevant H2 potential curves at
large internuclear separation. The "fast" metastables,
arising from transitions to previously undetected
doubly excited repulsive states" of H2, show a marked
angular dependence for angles near 90 with respect to
the incident electron beam. It is desirable to further
investigate such anisotropies since they can aid in the
identification of the doubly excited states.

Finally, the present measurement of the bombard-
ment energy difference between the appearance of slow
and fast metastables has for the 6rst time located the
H2 doubly excited states with respect to the H(15)
+H(25) dissociation limit. Simply from the standpoint
of molecular spectroscopy, it is desirable both to make a
more accurate measurement and to calculate the
location of these states.
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