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Measurements are reported of the cross sections for photodissociation of Hy* and Dy* at 21
wavelengths ranging from 2472 to 13613 A, The measurements are compared with theory using

normalized Franck-Condon factors for the vibrational populations of the ions.

Deviations are

found, which are interpreted as a failure of this latter approximation. A least-squares analysis
of the data yields vibrational-state populations different from simple Franck-Condon factors
and alleged to be those characteristic of high-energy electron-impact ionization of H, and Ds.
Interpretation of the data using a mechanism requiring that a fraction of the ions formed by
electron impact be generated via the autoionization channel can qualitatively lead to the observa~
tions of this experiment. However, such an explanation would require about % of all Hy* and

D,* to be formed via autoionization—a seemingly unrealistic requirement.

Interpretation of the

data in terms of a variation with internuclear separation of the electronic matrix element involved
in the electron-impact ionization process shows that a matrix element varying as Q,(r)
=1+ 0,560, — 0.99)% can lead to the experimentally deduced populations of both H,"

and D",
some combination of the two.
lated experiments.

I. INTRODUCTION

The H," ion, being the simplest molecule, has
long drawn the attention of theoreticians. The fact
that many of its properties and possible reactions
can be treated exactly within the usual approxima-
tion of separable nuclear and electronic motions,
thus allowing sound predictions to compare with
experiment, makes it equally interesting from the
experimental point of view. It certainly constitutes
an excellent point of departure for developing and
experimentally testing our concepts and understand-
ing of many molecular processes.

Interest in the H,* ion was boosted further by at-
tempts to achieve thermal fusion of hydrogen in the
laboratory and by the advancement of astrophysics.
In fact, photodissociation of H," was first treated
theoretically considering astrophysical applications
by Bates! and by Buckingham et al.,? whereas the
first experimental observation of the process, done
in 1957 by Linlor, Barnett, and Reinhardt,? was
motivated by the hope that it could be successfully
employed in the generation of high-temperature
hydrogen plasmas. These latter authors passed
light from a mercury arc through a beam of H,*
ions and obtained the order of magnitude of the
average cross section. An approximate calculation
pertaining to the above experiment, which dealt
with a sample of H,* ions populating all vibrational
states, was done by Gibson.* In 1963 Dunn reported
the first measurement of the cross section in a
crossed beam experiment with monochromatic
light.® Dunn found striking disagreement with Gib-
son’s theoretical predictions. This led him to per-
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This latter interpretation is favored, though one cannot rule out the former or
The data and interpretation are consistent with other re-

form calculations of the process® that are nearly
exact in the approximation of stationary nuclei, The
discrepancy with experiment remained essentially
as it was, but it could no longer be blamed on the-
ory. A carefully redesigned experimental investi-
gation appeared desirable, and is the basis of the
present work,

Theory® gives cross sections o, for photodissocia-
tion from single vibrational levels v of H,*, where-
as experiment deals with a mixture of ions in all
levels. The experimental situation can be made
such that the populations of levels may be expected
to be determined by the Franck-Condon factors
connecting the ion to the ground state of H,. In
view of the accuracy of the o0,, this assumption
would be the major approximation in a theoretical
prediction tailored to the experiment. It therefore
would be an experimental goal to test the model and
to obtain actual population factors for the vibrational
levels. Such an experiment is reported in this pa-
per.

Section II gives an outline of the physics of the
process under consideration. A thorough descrip-
tion and discussion of the experimental setup and
procedures, including the search for possible sys-
tematic errors, constitutes Sec. III. The data ob-
tained are presented and assessed in Sec. IV.
Section V contains the discussion and interpreta-
tion of the results. Finally, in Sec. VI we investi-
gate the relationship of our results to other experi-
ments.

II. THEORETICAL CONSIDERATIONS

Owing to the simplicity of the H,* system, it has
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FIG. 1. Internuclear potential curves for Hy and Hy*

relevant to this experiment. The curves for Hy* are
from Ref. 7, and the curve for the X 12; state of Hy is
from Ref. 25. The Rydberg state R is sketched in as a
displaced 1so, Hy* curve. The wavy arrow indicates the
transition for which the cross section is measured in this
paper.

been possible to do most calculations relevant to
photodissociation in an exact way within the usual
approximation of separable nuclear and electronic
motions (Born-Oppenheimer approximation). Ac-
curate energies for various electronic states’ as
well as oscillator strengths® for the pertinent tran-
sition have been published. Vibrational eigenen-
ergies have been calculated®~!! for the electronic
ground state of both H,* and D,*. Franck-Condon
factors for the ionizing transitions from the ground
states of H, and D, to all vibrational levels in the
lowest electronic state of the respective molecular
ions have also been calculated by a number of
workers, 19=12 with the most complete and accurate
calculations being those of Villarejo.!! Of the sev-
eral calculations!'?:#:613 of the cross section for
photodissociation the work of Dunn® is the most rele-
vant to use for a comparison with experiment.
Figure 1 gives some of the potential curves for
H, and H,*. An electric dipole interaction of ions
in the 1so, state with light causes transitions to the
vibrationally continuous 2po, state. The molecule
dissociates into a ground-state H atom and a proton:

H,* (1s0,) + hv —H,* (2po,) ~H(ls)+ H* . 1)

The outgoing particles share equally the excess
energy of the photon over the binding energy of the
initial state.

Formation of the H," target by ionization of H, is
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possible by various means. It is technically pos-
sible to generate the molecular ion in controlled
vibrational and rotational quantum states by photo-
ionization!*~!7 of H,. Unfortunately, however, num-
ber densities of H,* achievable by this method are
far too low to allow a subsequent photodissociation
experiment, Similar considerations preclude the
use of highly monoenergetic electrons to form the
H,* target. One is thus led to use ionization of H,
by bombardment with electrons having an energy
large compared to ionization threshold.

The differences in shape and positions of the
minima of the potential curves of H, and H," lead,
in this case, to the formation of ions with finite
populations in all vibrational levels. Radiative life-
times!® between the levels are of the order of 10’
sec, so apart from collisional relaxation the popula-
tion distribution stays the same throughout the ex-
periment as in the formation process. To carry the
theory to a point where it can be compared with
experiment, a knowledge of this population distri-
bution is necessary. Then we have for the predicted
cross section o(d) at wavelength A,

0(}\) =§ va Ok (X) ) (2)

where p,, is the fractional population of level vK,
and 0, (1) is the theoretical® photodissociation
cross section at A from vibration-rotation level
VK.

The p,, as well as the o, depend only weakly on
K, so that we can write Eq. (2) as

OO‘) = vav OUSC ()\)) (3)

where we have assumed (see the Appendix) an ef-
fective rotational quantum number X, 0., (A) 0,5 (),
and Y por=p,. In this work we take & =1 for H,*
and X =2 for D,".

No measurements of the p, have as yet been pub-
lished. Their computation requires knowledge of
the electronic matrix element of the ionizing tran-
sition and, as this has not yet been calculated, we
make the common assumption that it varies slowly
with internuclear separation and thus with vibra-
tional quantum number over the range of distances
involved. To a first approximation we may neglect
this variation, '® so that transitions then take place
‘“yertically” from the ground state of H,, i.e.,
within the shaded area of Fig. 1. If, furthermore,
the energy of the ionizing electrons is large com-
pared to the ionization energies for the various
vibrational H," states, the populations of these
states should depend only on the overlap integrals
between the initial and final vibrational wave func-
tions involved in the ionizing transition, i.e., they
should be determined by normalized Franck-Condon
factors. Franck-Condon factors have been used in
arriving at the predicted cross sections o(d) re-
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ported in the literature, *:¢:12

Assuming that the photodissociation of H,* can be
treated adequately in the Born-Oppenheimer ap-
proximation, the theoretical o,x (1) are essentially
exact, and any discrepancy between the experi-
mental cross section and the calculated composite
cross section should then reflect a deviation of the
p, from the Franck-Condon factors. One can ex-
pect to get a suitable fit of theory to experiment by
taking properly adjusted p,’s in Eq. (3). Any dis-
agreement between the p,’s thus deduced and nor-
malized Franck-Condon factors may probably be
ascribed to: (a) inadequacy of the assumption of an
electronic transition matrix element that varies
slowly with 7, and/or (b) strong autoionization of
Rydberg states of H, in forming H,*. These mat-
ters will be pursued further in discussing the data.

III. EXPERIMENT

The experiment was performed by crossing a
beam of H,* ions with a monochromatic light beam
of variable wavelength and the dissociative inter-
action (1) was detected via the resulting protons.
The cross section o(}) is obtained from a formula
analogous to that used for the electron impact
work?®:

__ g+ vy
cr(k)-i}iz+ s 4)

Here iy+ and iy,+ are the currents of signal protons
and parent molecular ions, respectively, ¢, is the
flux of photons of wavelength A, »; is the velocity
of the molecular ions, and

Q=[ [ R()G(2)dz/ [R(2)dz JGz)dz] € (5)

is the beam-overlap factor. R(z) and G(z) are one-
dimensional intensity distributions of the ion and
light beam, respectively, taken along a coordinate
perpendicular to the plane defined by the inter-
secting beams. The factor C with a value 1.027
is needed because the photon beam is divergent at
about 17° half angle, and to first order simply in-
volves the 1/cos6 path-length correction of the
light through the ion beam. Higher-order terms
which correct for the inclination between partial
rays and the scanning coordinate are found to be
entirely negligible.

A major portion of the experiment involved ver-
ifying the functional relationships of quantities in
Eq. (4) and searching for other hidden parameters
the measured cross section might depend upon.
Absolute cross sections were measured at wave-
lengths ranging from 2472 to 13613 A.

The experiment is, in many respects, similar
to the mreasurement by Dunn and Van Zy1?° of the
H," electron-impact dissociation performed with
the same ion beam apparatus. We shall therefore
touch on points of close resemblance only briefly

and refer to the pertinent paper for further details.

A. General Arrangement

The general scheme of the experiment is illus-
trated in Fig. 2. The H," ions are formed by elec-
tron bombardment of H, gas at low pressure, ac-
celerated, and made into a mass-analyzed parallel
beam. An intense light beam from a high-pressure
arc is passed through a fast grating monochromator
and focused onto the intersecting ion beam. Protons
generated by the interaction have less than 2.5 eV
energy in the ¢, m. system, compared to typically
8 keV of the molecular ion targets. They therefore
leave the interaction region with almost the same
speed and direction as the parent ions, carrying
half of their energy in the laboratory frame. The
two ionic species are separated in a 45 ° parallel-
plate electrostatic analyzer (AE/E ~20%) and col-
lected in Faraday cups. The proton current from
photodissociation is several orders of magnitude
smaller than a proton background arising from
breakup collisions of H,* ions with residual gas.
Therefore, the light beam is chopped in a sym-
metric square wave pattern at frequencies of 25-45
Hz. The same is then true of the proton beam orig-
inating from photodissociation and, by subsequent
phase-sensitive detection, the dc background is re-
jected.

The light intensity is measured calorimetrically
and monitored continuously with a thermopile. The
spatial overlap of the crossed beams can be probed
by driving two perpendicular slits, one of which
carries a photocell behind it, through the region of
intersection. Thus, all parameters necessary to
measure absolute cross sections according to Eq.
(4) can be determined.

The ion beam passes several differentially
pumped regions before entering the final interaction
chamber. The first of these chambers, next to the
ion source, contains some ion optics and is pumped
by a 700-liter/sec oil-diffusion pump to typically
2 X107 Torr with 2X10"® Torr H, in the source.

Filter

L s <P

T T

Qlon Source L f/L
W

Chopper
-\
Wheel /
Arc Lamp

FIG. 2. Schematic representation of the experimental
arrangement.
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The beam then passes through a magnetic 60° sec-
tor mass spectrometer into a second chamber,
which also contains focusing elements and is pumped
by a 100-liter/sec ion pump to about 2 X10® Torr,
From there the beam enters the final chamber,
where the interaction takes place. This region is
pumped by a 100-liter/sec ion pump. An additional
titanium sublimation pump allows faster initial
pumpdown. The base pressure attained without
bakeout is 2 X100 Torr, and the pressure rises

to 10 Torr when the ion beam is on. Because of
the background signal arising from collisions with
residual gas, ultrahigh vacuum in the interaction
vessel is absolutely necessary.

B. Ion Source and Optics

It is clear from what has been said in Sec, II
that the measured cross section crucially depends
on the distribution of vibrational quantum states in
the irradiated sample of molecular ions. These
ions therefore should be generated under conditions
which make the distribution depend on as few pa-
rameters as possible, thereby optimizing chances
of a theoretical prediction (no measurements on this
exist yet), and under conditions which do not cause
this distribution to change in an uninterpretable way
once the ions have been formed. Since the radiative
lifetimes of the vibrational states are extremely
long, !® the latter restriction amounts to the exclu-
sion of collisions. The pressure in the ion source
therefore has to be so low that collisions can be
shown not to affect the measured cross section.

The first condition implies that the ions are
formed by electrons with an energy which is high
compared to the differences in threshold energies
of the various vibrational states. The ratios of the
ionization cross sections into these various levels
can then be expected to be independent of electron
energy. Furthermore, temperature in the source
should be low enough so that parent H, molecules
are in the ground vibrational state, thereby mini-
mizing the range of internuclear distances. These
circumstances best justify the application of the
Franck-Condon principle in calculating the popula-~
tion distribution of the H," ions.

-The ion source should thus be of the electron
bombardment rather than of the discharge type.

A slightly modified Bayard-Alpert gauge was used,
which has been described earlier.2° This source
typically yielded a 3—-4 uA beam of H," operating at
2-mTorr H, pressure and 50 mA of electrons.
Beam currents were stable to within a few percent
and were reproducible from day to day. The glass
envelope of the source had a temperature between
65 and 135 °C, depending upon proximity to a cool-
ing fan, In the analysis in Sec. V, it is assumed
that the rotational temperature of the H; gas is
100 °C.
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Ions were extracted along the axis of the cylin-
drical grid. The grid was held at + 200 V relative
to the filament, and the extracting electrode at
- 270 V. A retarding analysis performed on ions
in the final beam showed that under these conditions
the ions were formed by electrons with energies
between 106 and 141 eV, the mean energy being
128 eV. Since the thresholds for forming H," in
various vibrational levels vary between 15.4 and
18 eV, the first condition noted above is satisfied.
An alternate potential configuration in the ion source
bracketed electron energies to lie between 100 and
300 eV. No retarding analysis was made, but it is
likely that the mean energy was around 200 eV.
Data taken over a range of wavelengths with this
arrangment agreed to within statistical limits with
those obtained under the normal operating condi-
tions described above, further verifying that the
first condition on the source is met.

A small permanent magnet was attached to the |
glass envelope of the source opposite the filament.
This increased the attainable ion beam by 40~50%.
By measurements taken at three different wave-
lengths, it was demonstrated that the photodissocia-
tion cross section did not depend on whether or not
the magnet was attached to the source.

Impurities in the source are thought to play a
negligible role in the beam formation and its char-
acter. A typical mass spectrum shows H* [2],
H,*[94], H,*[1], 0*[0.2], OH*[0.5], H,0*[1.3], and
N,*[0. 2] to be present. Here the bracketed num-
bers show the relative peak heights. There are,
of course, other ions present, but with far smcller
relative intensities.

The source grid is floated at 8333 V, resulting
in a final beam energy of 8261 eV. The ion optical
arrangement is the same as described earlier,2°
After passing through the mass spectrometer the
beam is made parallel. Before entering the inter-
action region it passes through a three-element
rectangular cylinder lens, which focuses the ions
at the center and makes the beam parallel again.
The center element is held at such a positive volt-
age that particles with half the beam energy cannot
pass through the lens. The beam thus is cleared
of protons formed by breakup collisions with resid-
ual gas, which would greatly deteriorate the signal-
to-noise ratio. Even the background protons gen-
erated downstream from the filter lens in ultra-
high vacuum give a current of about 10-* A com-
pared with a typical photodissociation signal of
5X1071% A,

C. Interaction Region and Analyzer

After passing through the rejection lens the ion
beam enters the reaction region. The parallel
light beam passes through a quartz window into the
vacuum chamber, is focused by a lens onto the point
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of interaction with the ion beam, and is then ab-
sorbed by a trap coated with platinum black, At
the crossing point, the light beam is approximately
5 mm wide and 7 mm high; the ion beam is 1.5 mm
wide and typically 5 mm high.

The continuing ions enter the electrostatic en-
ergy analyzer, as do the protons formed in the re-
action, The analyzer is of the 45° parallel-plate
type first built by Yarnold and Bolton?! and has been
described elsewhere.?? The ions are collected in
Faraday cups with a metal honeycomb structure.
Electrodes and a bias voltage are suitably arranged
to prevent secondary electrons from escaping.

The internal energy of the dissociating H,* ions
is converted into kinetic energy of the fragments,
thereby causing some angular spread of the signal
proton beam. The width of the Faraday cup imposes
a limit to the divergence one can tolerate. It has
been shown in connection with the electron-impact
dissociation experiment by Dunn and Van ZyI?° that
100% collection efficiency is achieved at 10-keV
beam energy for protons having up to 10-eV kinetic
energy in the c. m. frame. Since in the present
experiment the dissociating proton energy cannot
exceed half the energy transformed in the interac-
tion, which at maximum amounts to about 2.5 eV
for 2500-A photons, full collection is assured
down to much lower beam acceleration voltages
than the 8333 V used throughout.

D. Beam Scanner

Absolute cross-section measurements with inter-
secting beams require a knowledge of their spatial
overlap. In the limit of a “thin” target, the beam
profiles have to be scanned at the interaction point
in a direction perpendicular to the plane defined
by the crossed beams. For the ions this is done by
driving a 0.005-in. -wide slit through the beam, so
that only the small portion of beam falling within
the slit-opening can continue its way into the Fara-
day cup. This slit is located about 1 in, from
the interaction region, which is sufficient for the
parallel ion beam. The light profile is probed
similarly by driving through the light beam a 0.005-
in, -wide slit, located in the vertical plane contain-
ing the ion beam axis and parallel to that axis.
Behind this slit a photocell is mounted, whose
chopped signal is detected by phase-sensitive am-
plification. Both slits are arranged in the same
plane on a sled, which is moved vertically into and
through the beams by a stepping motor, thus al-
lowing a point scan of both beam profiles at the
same time, Since the light probe would intercept
half of the ion beam, during a scan the latter is
moved parallel to its slit away from the light probe
to pass it uninhibited. It was demonstrated that
this does not change the profile. The shifting of
the beam is accomplished by applying a voltage

F. VON BUSCH AND G. H. DUNN 5

across the last element of the rejection lens, which
is cut in half along the beam axis, thus forming
parallel-plate deflectors. Profiles were scanned
by driving the slits in steps of 0. 005 in. across

the beams, taking readings at each step.

E. Light Source

A dc-operated high-pressure short arc serves as
a light source. The lamp is mounted in a closed
housing and cooled by a stream of forced air. Two

lamps, preferentially emitting different parts of

the spectrum, have been used. A Hg-Xe lamp with
5-kW rated input power emitting strong Hg lines

in the ultraviolet and visible superimposed on a
weak continuum was used between 2500 and 5800 A.
In the red and infrared a pure Xe lamp with 2, 5-kW
rated input was used, which gave quite a strong con-
tinuum from 4600 to 10 500 A, as well as intense
lines in the near infrared.

The arc is imaged by f/1. 2 optics onto the exit
slit of the lamp housing, where the light can be
intercepted by a shutter. The beam then passes a
slotted wheel, which chops it symmetrically at low
audio frequency (usually 28 Hz). The light is made
parallel and enters a fast grating monochromator
(f/1.2) of the Ebert type. As the light converges
to the fixed exit focus of this instrument, it is angle
stopped to a 34° cone angle, and an aperture is
located at the focus 7 mm high and 5 mm wide.
Made approximately parallel again by a lens, the
beam then passes through a window into the vacuum
vessel and is focused by another lens into the inter-
action region, The former of these lenses is move-
able to allow imaging of the collimator onto the
beam crossover for all wavelengths, The entire
optical setup, employing quartz elements and mir-
rors throughout, provides a 1:1 image of the arc
at the beam intersection with a cone angle of 34°.
The light, after passing through the interaction
region, is collected on a cone covered with platinum
black. Reflected light passing through the beam is
thus of negligible consequence.

A quartz-plate beam splitter is mounted inside
the monochromator at 45° inclination relative to the
exit beam, and reflects some 10% of the light
through a lens onto a thermopile. The latter serves
as a monitor of the relative light intensity.

Two gratings blazed at 4000 and 8000 A , respec-
tiveiy, were used in the experiment, Colored-
glass filters to suppress higher diffraction orders
and stray light could be inserted into the beam path
at the main and monitor exits of the monochromator.
A triangular 200-A full width at half-maximum
bandpass of the instrument was used throughout the
experiment. This spectral window T'(A - X°) was
folded numerically with the output spectrum F(})
taken at 30-A bandwidth around every nominal wave-
length used in taking data, thus yielding actual av-
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erage wavelengths X :
A= [ T =X )FMAA/ [T = X°)FQ)ar -

Similarly, the quantity {(o())) was computed where
(o) = [TA =X )FMNoMXdr/ [T(A=X°)F(N)rdx .

Integrations were over the range of A for nonzero
T(A - 2°).

Here o(\) was taken as the theoretical cross sec-
tion using Franck-Condon factors for the population
factors p, in Eq. (3). It was shown that at wave-
lengths used in this experiment, o(d)={c(})) towithin
0.4% in every case and to within 0. 1% in most cases.
The average wavelength X is thus used in the discus-
sion and analysis to follow.

Light intensities transmitted in the 200-A band-
pass were typically 40 mW in the visible Xe con-
tinuum and 100-200 mW in the strongest Hg lines.
The light output is constant within 2% over periods
of several hours,

F. Radiometry

Radiometry was done using a power calorimeter,
which could be attached to the collimator at the
monochromator exit after the light gun had been
backed from the ion beam machine. Intensities
thus obtained were corrected for the measured
transmission of the optical elements between the
collimator and the interaction region.

Basically, the calorimeter consists of a receiver
cup connected by a rod to a metal block serving as
a heat sink. Light absorbed in the cup causes a
temperature gradient along *he rod, which is pro-
portional to the power input. The basic structure
of the calorimeter is made of OFHC copper and is
gold plated to reduce radiative losses. The interior
of the cup is coated with platinum black. A mea-
surement using 6328-A light from a He-Ne laser
showed that less than 0.15% of the light entering
the cup is reflected. The temperature gradient
along the rod is measured with thermocouples, whose
output is amplified and displayed versus time on a
recorder. A heater coil wound around the receiver
cup is used to calibrate the device by feedinga
known amount of power into it. A sensitivity of
585+3 uV/W of input power and a time constant of
about 30 sec was measured. The calorimeter ex-
hibits a small nonlinearity, which could be demon-
strated to be caused by air convection. A correc-
tion, linear with input power and about 1% per 200
mW, has been applied to the data to account for this
convective effect. The sensitivity quoted above is
that obtained by extrapolation to zero input power.

Alternatively, the sensitivity may be obtained
less accurately by calculation from the geometry
of the design and materials constants. Including
minor corrections for heat lost by air conduction
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and radiation we obtain 608 uV/W. This figure,
which differs only by about 4% from the measured
value, is considered to agree well with the latter
when allowance is made for uncertainties in the
materials constants and geometric approximations
in the calculation.

Drift of the calorimeter zero of 0.2-0.5 uV over
periods of several minutes was quite common.
Measurements therefore were always made by es-
tablishing the zero before and after a reading and
interpolating between these values. Readings of the
calorimeter thus are accurate to 1% or better.

As already mentioned, part of the light passing
through the collimator and measured by the calo-
rimeter does not reach the interaction region, but
gets lost by reflection and absorption in the final
optical elements, i.e., two lenses and a window.
The optical transmission of these elements has
been measured for every wavelength used in the
experiment, To this end the vacuum vessel was
opened and the calorimeter placed in the interaction
region, Light intensities measured behind the col-
limator and at the beam crossover, respectively,
were then compared using the monitor to correct
for changes in lamp output that occurred while
moving the calorimeter from one position to the
other. A plot of these transmission data versus
wavelength gives a smooth curve, varying from 74%
in the infrared to 80% in the visible and to 42% at
2537 A. It was discovered after the fact of the
cross-section measurements that the apparent trans-
mission of these elements was slightly sensitive to
various optical adjustments only coarsely reccrded
during the experiment. This thus gives rise to one
of the major systematic uncertainties in the mea-
surements—varying from 2 to 5% depending on wave-
length,

G. Data Accumulation

Signal currents are typically on the order of
5x10-5 A, Detection of such low currents by ac
amplification is limited by noise generated in the
input resistor and first amplifier stage, rather than
shot noise. This is true even though the modulated
signal current is measured against a dc background
of about 1072 A originating from dissociative col-
lisions of primary ions on residual gas, Signal-to-
noise ratios of about 2 integrating over 1 sec are
found. Precise measurements thus require consid-
erable integration times. Though use of a multiplier
would have improved the situation, it was precluded
by calibration considerations.

The signal proton and H," currents, together with
the output of the light monitor, are integrated by
operational amplifiers over periods of 50 sec. A
data run consists of 50—80 such integrations taken
alternately with the ion beam on and off. This re-
duces statistical fluctuations in the averaged signal
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to typically 2%. Each data run is preceded by cal-
ibration of all three data channels and a measure-
ment of the beam overlap factor 2 (cf. Sec. IIID).
Calibration of the proton channel is done by mea-
suring a beam of N** or 0** ions (from impurities

in the ion source) in a conventional way, chopping it
and feeding it into the collector cup, whereas the

dc amplifiers in the H," channel are calibrated by
usual means. The light monitor is calibrated against
the calorimeter. The latter is then removed and the
light gun is brought up to the ion beam machine for
the data run. All data are converted to digital form
and recorded on punched paper tape.

Linearity, temperature dependence, and time
variation of all relevant electronic devices were
studied, and necessary corrections were applied to
the data.

H. Systematic Effects

The nature of the experiment makes it susceptible
to quite subtle errors. Thus a careful search for
spurious signals and other error sources is ab-
solutely necessary. Part of this can be done by
varying the parameters contained in Eq. (4) and
verifying the proper functional dependences of the
signal. Spurious signals giving rise to additive
terms in (4) should therefore show up.

Figure 3 demonstrates the proportionality of the
signal to the ion and light fluxes, respectively.
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FIG. 3. Dependence of photodissociation signal upon
(a) primary H,"current and (b) bombarding light intensity.
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distribution curves R(Z); dashed curves show photon dis-
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tor @ are shown with each plot, and linearity of photo-
dissociation signal with Q is demonstrated in the lower
right-hand plot.

Further evidence for the correct linearity with light
power is provided by the fact that the measured
cross section o(\) forms a smooth curve despite
strong and irregular variation of the light intensity
over the spectrum. The proper dependence of the
target density on the beam velocity v; has been ver-
ified in electron-impact dissociation measurements
by Dunn and Van Zyl.?%° Similarly, the present ex-
periment shows the photodissociation cross section
of H,* at 3660 A to be the same with 4- and 8. 33-keV
ions. Examples of beam profiles and the right func-
tional connection between signal and overlap factor
Q are displayed in Fig. 4.

Absence of external modulation of the dc back-
ground was demonstrated since there was no mea-
surable signal with the light off. Signals possibly
caused by the light beam alone, e.g., through re-
lease of electrons from surfaces by ultraviolet
photons, would be present both in the “ions-on” and
“ions~-off” mode in the data run and would drop out
by subtraction. Thus, the points at the origins of
the graphs in Fig. 3 are valid points, though they
are not explicitly shown.

Finally, one has to look for mutual interactions
of the beams other than the one under investigation.
The light could release gas adsorbed on the light
trap, thereby modulating the residual gas pressure
which, in turn, would cause a modulation of the
proton background from dissociative gas collisions.
The combination of pump and volume of the vacuum
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vessel responds to such a periodic gas source as an
RC circuit does to an alternating current. Amplitude
and phase of the spurious signal therefore depend
upon the repetition rate of the light pulses. If the
chopping frequency f is high compared to the recip-
rocal of the vacuum time constant (approx. 0.3 sec)
it can be shown that the relative contribution of the
background modulation to the signal varies as 1/f,
assuming constant gas desorption during a light
pulse. A 1/f% frequency dependence is predicted if
the desorption varies linearly up and down in the
light rhythm. Such a dependence would be expected
if gas is released by heating of surfaces hit by the
light, whereas photodesorption proper should pro-
vide a square-wave modulated gas source, Data
taken at low (7 Hz) frequency do not differ within
statistical limits from those obtained at 28 Hz.

The magnitude of the possible effect was further
assessed as follows. A 170-mW beam of 3660-A
(3.4 eV) light was alternately turned on and off in
a dc fashion, i.e., with a period of several sec-
onds. This produced a static pressure increase of
3 X102 Torr on a background of 6.3 X101 Torr,
The time constant and attenuation factor of the
vacuum system were determined by observing the
pressure fluctuations introduced by a modulated ion
beam as the modulation frequency was varied be-
tween dc and several Hz. It was thus determined

)
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FIG. 5. H,* photodissociation signal for three wave-
lengths as a function of pressure (mTorr) in the ion source
where the Hy* are originally formed. Flags on the points
indicate standard deviations.
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that at this high photon power, the amplitude of

the pressure modulation should have been about
4,5x%10" Torr at 28 Hz if vacuum system filtering
were the only filtering mechanism operating. This
would account for about 5.4 X10""" A of modulated
H* due to gas dissociation which, in turn, would be
compared to about 4 X10-** A of signal H* at this
wavelength and power level. This 0.1% effect would
be detected as an even smaller one if we take into
account the rather large (almost 90°) phase shift 6
introduced by the vacuum-system filtering and the
fact that the lock-in output is proportional to cosé.
If desorption by photons is a thermal effect, the
amplitude is further reduced by 1/f and the further
phase shift leads to a negative contribution to the
cross section, As the latter effects cannot be veri-
fied, the larger uncertainty of 0.1% is attached to
this process.

An unambiguous interpretation of the results of
this experiment requires proof that collisional ef-
fects in the ion source do not influence the data.

A strong variation of the measured cross section
with ion-source pressure was found in a previous
investigation of H,* photodissociation.® This could
not be confirmed in the present experiment. One
has to recognize, though, that a physically different
type of ion source (Penning type) was used in the
earlier measurements. Figure 5 shows the depen-
dence of the cross section on pressure in the ion
source at 3660, 5790, and 8300 A. Data are nor-
mally taken at a pressure of 2 mTorr, and one can
see from the figure that only very small corrections
are implied by extrapolation to zero pressure. All
measurements at 2 mTorr, have been uniformly
multiplied by 1.008 to account for this effect, and
an 0. 8% uncertainty has been allowed for due to the
slight dubiosity of the correction. The difference
in slopes of the sketched-in lines of Fig. 5 appar-
ently indicates differences in cross sections for
collisional deactivation from the vibrational levels
principally involved at each wavelength, At 3660 A
the levels are mainly v=6 and 7; at 5790 f&, v=8
and 9; and at 8300 i\, v=10 and 11, In view of the
limited amount of data, little more can be said on
this point.

IV. RESULTS

Cross-section values calculated by putting ex-
perimentally measured quantities into Eq. (4) are
shown as points in Figs. 6 and 7 for H,* and D",
respectively. The “interior” uncertainty flags
indicate statistical uncertainty, and represent 90%
confidence limits for the mean, Systematic uncer-
tainties have been added linearly to the 90% con-
fidence limits to give the “exterior” flags in the
figure.

Each point represents averages of from 3 to 6
runs and of 25 to 40 measurements per run. Since
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40 — [ highly microphonic conditions existed in the signal
36 amplifier. Other than these cases, all data were

& e accepted and averaged into the final values once the

508 best instrumentation and procedures had been

% 2 evolved.

= 2wl Uncertainties other than purely statistical ones

% IIG associated with accumulating data in the presence

A of noise are referred to here as systematic uncer-

é 12 tainties. Sources of these uncertainties in cross

© 08 sections are listed below, and assigned percentage
04 values are indicated in parentheses. Some values
U =3 4 STET cited cover a range and depend on wavelength, Ex-
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FIG. 6. Cross section in 10~ ¢m? units for photodis-
sociation of H," as a function of wavelength in thousands
of angstroms. The points are experimental values, the
interior flags show 90% confidence limits, and the ex-
terior flags show maximum systematic uncertainties
added to the 90% confidence limits. The solid curve is
calculated from Eq. (3) using values for o,%(Q) from
Ref. 6(c) and normalized Franck-Condon factors from .
Ref. 11 averaged over a thermal distribution for p, (see
Table II, column B). The dashed curve is similarly cal-
culated except that p, values are derived from Eq. (10)
assuming a @,(») as in Eq. (12) (see Table II, column C).

each run is separately calibrated, variance?? of the
over-all average includes variance of the measure-
ments and variance of the calibrations. The value
of the student ¢ function needed to obtain confidence
limits is thus chosen on the basis of the number of
runs rather than the number of measurements,
since the variance in calibration generally was
somewhat larger than the variance in measurements.
However, variance in calibration was independent
of ion species (H," or D,*) and independent of wave-
lengths above 5000 A. It was thus possible to group
runs of different species and different wavelengths
to obtain the calibration variance and the value of
the ¢ function. Values of the ¢ function used thus
ranged from 1.90 at 2537 A, where the least cor-
relation was possible, to 1. 67 for wavelengths
greater than 5000 A.

A small number of measurements were rejected.
This was done when the deviation of the measure-
ment from the mean of the run exceeded three times
the standard deviation for a single measurement.

Of 3209 measurements made in 101 runs with H,*,
only 11 measurements were rejected on this basis,
A pair of runs at 5461 and 3660 A done on the same
day were found to have measurement variances al-
most 10 times those of other runs at the same wave-
lengths., Examination of the distributions of mea-
surement values showed broad flat distributions
rather than the usual normal-appearing distri-
tions. These entire runs were rejected, the data
having been previously footnoted with the fact that

cept where specifically noted, uncertainties were
assessed by careful measurements:

(a) transmission of final three optical elements
(£2.0-+5.0);

(b) absolute determination of effective wavelength
(+0.05-+0.8);

(c) residual scattered visible light (only in data
at 2537 A) (0. 05);

(@) calorimeter constant (x 0. 5);

(e) beam overlap, determination of C, in Eq. (4)
(+0, -=0.5);

(f) beam overlap, correction for slightly nonlinear
probe drive (+0.1);

(g) beam overlap, choice of base line in numer-
ical overlap integrals (+ 0. 5);

(h) beam overlap, constancy and reproducibility
(£1.0);

(i) ion velocity (0. 2);

(i) ion collection efficiency (+0, —0.5);

~
i

08}
o4
0

Toe o=

=1===x

| [ et
4 5 6 1T 8 9 0 1 12 13 1415
Wavelength (Thousands of Angstroms)

~18

0

FIG. 7. Cross section in 107 cm? units for photodis-
sociation of Dy* as a function of wavelength in thousands
of angstroms. The points are experimental values, the
interior flags show 90% confidence limits, and the ex-
terior flags show maximum systematic uncertainties
added to the 90% confidence limits. The solid curve is
calculated from Eq. (3) using values for o,%(A) from Ref.
6(c) and normalized Franck-Condon factors from Ref. 11
averaged over a thermal distribution for p, (see Table II,
column B). The dashed curve is similarly calculated
except that p, values are derived from Eq. (10) assuming
a @) as in Eq. (12) (see Table II, column C).
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TABLE I. Measured photodissociation cross sections
of Hy* and Dy* at various effective wavelengths along with
90% statistical confidence limits and maximum system-
atic uncertainties.

Wave- Cross 90% Maximum
length section confidence systematic
Ap(R) o (1071 cm?) %) +% %
H2+
2472 30.7 8.2 5.9 7.1
2830 23.8 4.4 5.0 6.1
3116 19.6 2.4 3.9 5.1
3326 17.6 1.9 3.5 4.6
3669 14.5 1.0 3.1 4.2
4050 12.6 1.4 3.1 4.2
4360 11.3 1.3 3.1 4.2
4659 10.2 2.1 3.2 4.4
4998 8.97 1.9 3.2 4.4
5474 7.93 1.8 3.1 4.2
5784 7.27 1.0 3.1 4.2
5994 6.88 2.1 3.1 4.3
6496 6.03 1.5 3.2 4.4
6889 5.56 2.4 3.1 4.3
7242 5.11 2.7 3.1 4.3
7614 4.69 2.2 3.1 4.3
8282 4.25 2.2 3.1 4.3
8893 3.84 2.6 3.1 4.3
9880 3.37 1.9 3.2 4.4
11297 2.91 3.4 3.2 4.4
13613 2,34 4.5 3.6 4.8
Dy*
2472 31.9 8.8 5.9 7.1
2830 24.1 3.0 5.0 6.1
3116 20.1 2.6 3.9 5.1
3326 17.6 2.3 3.5 4.6
3669 14.2 0.9 3.1 4.2
4050 11.8 1.5 3.1 4,2
4360 10.3 1.2 3.1 4.2
4659 9.19 3.8 3.2 4.4
4998 7.99 3.7 3.2 4.4
5474 6.65 1.2 3.1 4.2
5784 5.92 1.3 3.1 4.2
5994 5,47 3.5 3.1 4.3
6496 4.79 4.0 3.2 4.4
6889 4,29 4.5 3.1 4.3
7242 3.90 4.0 3.1 4.3
7614 3.56 5.4 3.1 4.3
8282 3.01 4.1 3.1 4.3
8893 2,71 3.4 3.1 4.3
9880 2,31 3.1 3.2 4.4
11297 1.87 4.3 3.2 4.4
13613 1.48 6.7 3.6 4.8

(k) modulation by light beam of background gas
(x0.1);

(1) ion-source pressure dependence (0. 8);

(m) calibration of 10'°-Qsignal input resistor
(0. 2);

(n) temperature drift of signal input resistor
(+0.33, = 0. 15);

(0) calibration of input amplifier (+0.2);

(p) scale ratios of input amplifier (+0.2);

(@) scale ratios of lock-in detector (+0.05 to
+0.7);

(r) nonlinearity of input amplifier (+0. 3);

(s) modulation of calibration ion beam for signal
channel compared to light modulated signal (+0,
-0.5);

(t) calibration resistor for ion beam channel
(0.1, manufacturer’s value);

(u) calibration voltage for ion beam channel
(+0.15, = 0).

These uncertainties were combined as follows.

To the sum of the squares of the uncorrelated ones
was added the square of the sum of the possibly cor-
related ones [(0)-(q) and (t) may be temperature cor-
related]. To the square root of this sum were added
linearly the asymmetric uncertainties [(e), (), (@),
(s), and (u)]. These results are termed the maxi-
mum systematic uncertainties of the cross-section
values at the given wavelength,

Experimental cross-section values together with
90% confidence limits and maximum systematic
uncertainties are listed in Table I for both H,* and
D,* for all 21 values of effective wavelength at which
measurements were made.

V. INTERPRETATION AND DISCUSSION
A. General

The solid curves in Figs. 6 and 7 give photodis-
sociation cross sections as a function of wavelength
for H,* and D,*, respectively, as calculated from
Eq. (3) using 0,4 () given by Dunn®‘® and assuming
the p, are normalized Franck-Condon factors con-
necting the ground vibrational state of the molecule
with the ion. The significant differences between
measured values and computed curves suggest that
Franck-Condon factors do not adequately describe
populations of vibrational levels of the target ions.

Since Eq. (3) is valid at all » wavelengths X; in-
vestigated experimentally, we have a system of »
equations

G()‘j) = Zu Dy Oux O\j) ©)

in the unknown p,. Here o(d;) are the experimentally
determined values and the 0,5 (\,) are theoretical.®*®
Unfortunately, for many »’s the coefficients 0,4 (};)
are zero or very small for experimentally acces-
sible wavelengths, and the system of equations thus
offers an incomplete opportunity to solve for all the
p,’s. At a given X; most of the contribution to o()))
comes from only a few levels v. For example, at
6000 A for H,*, approximately 57% of the contribu-
tion to photodissociation comes from v=8, 18% from
v="7, and 15% from v=10. This fact enhances the
uniqueness of the solution for the p,’s despite the
incompleteness of the data for all p,’s noted above.
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A least-squares fit of the data to Eq. (6) will
thus yield rather unique values for some of the p,’s.

TABLE II. Populations for Hy* and D,* for various
vibrational quantum numbers ». (A) Populations derived
from least-squares fit of photodissociation cross-section
data to Eq. (6) (underlined numbers result from the fit,
others were entered into the equation); (B) normalized
Franck-Condon factors (Ref. 11) averaged over a Boltz-
mann distribution at 100 °C; (C) populations computed
from Eq. (10) assuming a variation with » of the electronic
matrix element according to Eq. (12).

v (A) (B) (C)
Hy*
0 0.119 0.09202 0.11916
1 0.190 0.16212 0.18994
2 0.188 0.176 34 0.18791
3 0.152 0.15474 0.15173
4 0.125 0.12117 0.11097
5 0.075 0.08901 0.077 32
6 0.052 0.06319 0.05270
7 0.037 0.044 02 0.03564
8 0.024 0.03047 0.02411
9 0.016 0.02110 0.016 38
10 0.0117 0.014 67 0.01121
11 0.008 2 0.01025 0.00773
12 0.0057 0.007 21 0.005 36
13 0.00374 0.005 08 0.00374
14 0.00258 0.00355 0.00258
15 0.00175 0.00242 0.00175
16 0.00109 0.00155 0.00109
17 0.00056 0.00083 0.00056
18 0.00012 0.00023 0.00012
D2+

0 0.0448 0.034 26 0.04478
1 0.1038 0.08547 0.10377
2 0.1407 0.12412 0.14070
3 0.1476 0.13839 0.14765
4 0.1337 0.13205 0.13374
5 0.1106 0.11416 0.11059
6 0.085 0.09238 0. 086 24
7 0.063 0.07156 0.06470
8 0.042 0.05383 0.047 36
9 0.034 0.03973 0.03413
10 0.024 0.028 99 0.024 40
11 0.017 0.02104 0.01739
12 0.0122 0.01524 0.01241
13 0.0088 0.1106 0.00889
14 0.0064 0.008 05 0.00641
15 0.0048 0.00589 0. 004 65
16 0.0036 0.004 33 0.00340
17 0.00250 0.003 20 0.00250
18 0.00185 0.00238 0.00185
19 0.001 38 0.00178 0.00138
20 0.00102 0.00132 0.00102
21 0.00075 0.00098 0.00075
22 0.00054 0.00072 0.00054
23 0.00037 0.00050 0.000 37
24 0.00023 0.00032 0.000 23
25 0.00011 0.00016 0.00011
26 0.00002 0.00004 0.00002
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Before a meaningful fit can be computed, values

p; are assumed (e.g., taken from Franck-Condon
predictions) for those levels that make only a small
contribution to the sum over the whole range of
wavelengths covered by our data, These contribu-
tions are then subtracted from the measured cross
section. This procedure reduces the order of the
computational problem and enables us to obtain
fitted values for the remaining p,’s. The fitted val-
ues obtained depend only very weakly on the assumed
values p}, as discussed quantitatively below, and
after obtaining one set of p,’s, new p$’s may be
chosen by requiring that a plot of p, vs v should be
a smooth curve of not too different character from
Franck-Condon values, The fitting procedure can
then be repeated with the new p3’s,

Such a solution of the system for the p,’s with
v=4-12 for H," and v=6-16 for D," produces values
underlined in column A of Table II. The entries in
this column without underlines (for v=0-3, 13-18
for H,*, and v=0-5, 17-26 for D,*) are values p?
used in the fit procedure, but whose magnitudes
have very little effect on the outcome of the fits.
Thus, if values of pj are taken from column B of
Table II rather than column C, as was done, we get
p, values which are —0,6%, +0.2%,-0.1%, — 0. 05%,
+0.2%, -0.3%, —2.3%, —1.1%, and - 8% different
from the values quoted in column A for v=4-12,
respectively, for H,",

Column B of Table II lists normalized Franck-
Condon factors averaged over a thermal distribution
of rotational levels of the parent neutral molecule
assumed at 100 °C, and assuming no rotational ex-
citation occurs in the ionizing collision., The
Franck-Condon factors of Villarejo!! for the var-
ious K “, K' values involved have been used in ob-
taining this average. These values were used to
obtain the solid curves of Figs. 6 and 7.

Column C of Table II lists p, values derived as-
suming a variation with internuclear separation of
the electronic matrix element involved in electron-
impact ionization of the neutral molecule. This
will be discussed in detail in Sec. VD. The p, val-
ues in column C were used in Eq. (3) to obtain the
dashed curves in Figs. 6 and 7.

As we look for reasons for the differences be-
tween measured and calculated cross sections shown
in Figs. 6 and 7 and between fitted and calculated
p,’s shown in Table II, several possibilities present
themselves: (a) Rotational excitation in the ioniz-
ing collision may be very prevalent and, owing to
the dependence of Franck-Condon factors on rota-
tion, may thus alter the populations of the v’ levels
of the ion. (b) If ionization proceeds via autoioniza-
tion, the populations of resultant v’ levels of the ion
are not likely to be the same as in direct ionization,
the process which has been assumed. (c) If the
electronic matrix element involved in direct elec-
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tron-impact ionization varies with internuclear
separation, then one does not expect the populations
to be given by simple Franck-Condon factors.
These possibilities are discussed in more detail
below. They are examined separately and indepen-
dently, though it must be recognized that some
combination of these effects may represent reality.

B. Rotational Effects

We examine first the possibility that rotational
excitation in ionizing collisions has a significant
effect on the populations p,”. A Boltzmann distribu-
tion is assumed for the initial rotational levels of
the parent molecule:

n(K')= (K" + 1)ggo exp[~ B,K"' (K" +1)/T] ,

where B, is the rotational constant for vibrational
level v of the molecule, % the Boltzmann constant,
T the temperature taken as 373 °K, and gy is a

|
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statistical weight factor, which for H, is 1 for k'’
even and 3 for K'' odd. Values of n(K ') for K"’
24(5) add up to only 1. 2(4)% for H, (D,) and have
been set at zero, since Franck-Condon factors have
not been calculated for these higher rotational
levels.

We further assume that the probability for a
transition from the »'’K ‘' level of the neutral to the
v'K ' 1evel of the ion is proportional to the relevant
Franck-Condon factor ¢(v’,K’; "' K'’) and to a fac-
tor which governs rotational excitation F(K ', K “).
The factor F(K ', K ") must vanish for odd values of
k' ~K"’ |, since the ortho-para character of the
molecule is maintained in an ionizing transition to
the ground electronic state of the ion. For ioniza-
tion by high-energy electrons itis likely that changes
in K are equally probable in either direction, so we
assume that F(K',K'’') has the character F(IK'
-K'’|). With these assumptions, we have for the
population factors

1
Dorge= ZK::”(K )EK

We have evaluated Eq. (7) assuming that F(0)=1
and treating F(2) as a parameter, with F(4) and
values of F for higher |K'~K''| taken as 0. Val-
ues of F(2) have been varied between 0 and 0. 25,
and the resultant p,, =) s p,s g show only a modest
dependence on F(2). Column B of Table II lists
b, for F(2)=0. In Fig. 8 are plotted the ratios of
P, for F(2)=0.1 and 0. 25 to pJ, the value for F(2)
=0, as a function of »’. Also plotted for compari-
son are the ratios p, /p%, where the p,» have been
obtained from column C of Table II. We see that
the changes in p,.,~brought about by possible rota-
tional excitation are of a much different magnitude
and a dramatically different character than experi-
mentally deduced.

There is strong evidence?® in the case of ioniza-
tion of N, by electrons that the rotational tempera-
ture does not change. If this can be transferred®
to H, then it is reasonable that all F(|K' - K''|)
except F(0) are small, further supporting the con-
tention that rotational effects are not significant
here in changing the p,.

Before leaving the discussion of rotational and
temperature effects, a few final observations are
in order. First, the ion-source temperature is
nonuniform, as noted in Sec. IIIB. This should
make very little difference as long as rotational
excitation upon ionization is small, since Villarejo’s
diagonal Franck-Condon factors are essentially
identical. Rotational excitation—as already ob-
served—leads to p, changes in a different direction

n(K')@QK'+1) g (', K';0,K'"YF (K’ -k"])
"k @K+ 1) F(K =K} ¢ @, K;0,K) '

)

and of a smaller magnitude than observed. Second,
the hot filament which subtends a small but finite
solid angle to the ion-forming volume in the ion
source was ignored in assessing the temperature,
It is thus possible that a small number of parent
gas molecules are vibrationally as well as rotation-
ally excited. The normalized Franck-Condon fac-
tors in Table III between the (1, 0) state of H, and
the (v, 0) state of H,*, however, show that this too
would produce an effect in the opposite direction to
the observations. The entries in Table III were
computed using the same technique as in Ref. 10,
except that the ground-state H, curve of Kolos and
Wolniewicz?® was used.

C. Autoionization

If the neutral molecule is excited to the v"''K"’’
level of a Rydberg state this state can, in some
cases, autoionize to the v'K’ state of the ion. Thus
we may have

Hy (2 o' K'Y+ e~Hy* R, 0" K"+ e
followed by
HZ*(R: U“,:K

"NaH, @20 K ) ve .

A Rydberg state R is schematically shown in Fig.
1. We note that it is necessary to convert internal
vibration-rotation energy into electronic energy for
this process to go. Similarly, we note that nor-
mally v <o’

Autoionization of Rydberg states of H, was recog-
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FIG. 8. Plot of pv,/pg. for Hy* as a function of vibra-
tional quantum number v". For the dotted and dashed
curves, py =y p g were computed using Eq. (7). The
dotted curve is for F(2)=0.25 (20% rotational excitation
upon ionization to the K’ =2 state) and the dashed curve
is for F(2)=0.1 (9% rotational excitation). The popula-
tions p were calculated assuming F(2)=0. For the
solid curve, p,» was computed from Eq. (10) with @,()
given by Eq. (12) (see Table II, column C).

nized spectroscopically by Beutler and Jiinger?®
and more recently studied by a number of oth-
ers, 191727731 pipeler ef al.,* in their study,
proposed breakdown of the Born-Oppenheimer
separation as the means of coupling internuclear
to electron motion. This concept was developed
by Berry, %2 and subsequent theoretical work has
been done by others.3 3¢ The classic work of
Chupka and Berkowitz!? illustrates the process

in detail, verifies many of the general theoretical
predictions, and points out limitations on the pres-
ent theories.

Several electron-impact studies of ionization
and autoionization are particularly relevant to this
work. Briglia and Rapp® observed a near-linear
ionization cross section for ionization of H, near
threshold as opposed to a series of linear segments
with incremental slopes in the ratio of the Franck-

Condon factors, as previously observed by Marmet
and Kerwin.3® They suggested the departure from
the Franck-Condon model was due to autoionization
of the type discussed above. McGowan and co-
workers?'®® observed structure in the derivative

of the cross section for electron-impact ionization
of H, which they correlated with autoionization
through photoionization studies.?”'2® In their later
paper®® McGowan et al. carried out a data analysis
to get the fraction of ions formed by autoionization
versus the direct process as a function of electron
energy. Their procedure was to match the slope
of the ionization efficiency curve derived from the
Franck-Condon model to their experimental results
at 3.0 eV above threshold. Results of their obser-
vations and analysis, shownin Fig. 2of their paper,
indicate that about 80% of ions near threshold are
formed by autoionization. This decreases to about
40% at 2 eV above threshold, and one extrapolates
the curve to give near-zero contribution from auto-
ionization by a few tens of electron volts electron
energy. To a large extent, the steeply decreasing
fraction of autoionization is “built in” to their con-
clusions by their slope-matching procedure. This
was prompted by their feeling that it is not “phys-
ically realistic” for autoionization to continue as a
strong contributor to ionization at higher electron
energies. Though this assumption and analysis
may be correct, it is not unique nor conclusive
enough to allow us to ignore autoionization here,

If one independently considers that autoionization
occurs as a result of electron-impact excitation of
the neutral, and that many electron-impact excita-
tion curves rise and fall with electron energy in a
manner not too dissimilar to ionization, then it is

TABLE III. Normalized Franck-Condon factors for
the transition Hy('s}; o =1, K =0)—Hy*(2}; o, K’ =0).

v Do
0 0.368
1 0.210
2 0.0428
3 0.000
4 0.0178
5 0.0418
6 0.0541
7 0.0550
8 0.0494
9 0.0414
10 0.0331
11 0.0258
12 0.0197
13 0.0148
14 0.0108
15 0.0076
16 0.0049
17 0.0026
18 0.0006
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not unreasonable that autoionization could be a con-
tributing channel for ion formation at high as well
as low electron energies, In particular, ion forma-
tion by this channel may be important for electron
energies used in this experiment,

If this were the case, the population distribution
in vibrational levels of the ion might be quite dif-
ferent from Franck-Condon and, of course, might
be the reason for the discrepancy of our photodis-
sociation data with the “predicted” values. It is
therefore reasonable to consider what one might
expect. Only a very oversimplified picture will be
examined.

Suppose that all autoionization can be considered
to originate from an equivalent single Rydberg state
R, and that this state lies very close to the ion so
that its shape is nearly identical. The latter con-
dition makes the Franck-Condon factors for excita-
tion to the Rydberg level essentially the same as
those for ionization. Suppose, further, that the
vibration propensity rule in autoionization Av=-1,
proposed in theoretical treatments®*—3%° and largely
confirmed by Chupka and Berkowitz, }” holds rig-
orously. Then we have

pv=D6)v+A0v+l ’ (8)

where p, is the resultant population of the v level
of the ion, ®, is the normalized Franck-Condon
factor to either the ion or state R, D is the fraction
of ions formed by the direct channel, and A is the
fraction formed by autoionization. Assume A+ D
=1 and ignore interference between the two chan-
nels.

Since for the range of v we have probed experi-
mentally with the wavelengths available,® ., <@,
the effect of autoionization is to lower p, from the
earlier assumed @, towards ®,,;. This is the direc-
tion of the effect observed experimentally. By us-
ing the normalization on A and D to eliminate D in
Eq. (8) we can solve for A:

A=(C,=p,)/(®,=Cy) . 9)

Substituting values for p, from column A of Table
II and values of ®, and @,,, from column B, we can
solve for the necessary fraction of ions fcrmed via
autoionization if our data are to be explained in this
fashion., One finds that, on the average, 64% of the
H," ions and 65% of the D,* ions must be formed by
autoionization if our photodissociation data are to
be explained by the above model.

Despite the apparent ability to account qualita-
tively for the observations in this experiment, there
are some facts which bring about gnawing doubts
about its full applicability here. The possible con-
flict with McGowan et al.®® has already been men-
tioned, though as noted this was not sufficient by
itself to rule out autoionization. Further, the
nearly % fraction of ions formed by autoionization

EXPERIMENT 1739
in order for this model to work would mean that

the peak cross section*® for direct ionization of H,

is only about 0.36 X10"® cm?®. This would be only
about half the value for ionization of the single H
atom, 0.7x10® cm®! There seem to be no quantum
calculations for H, ionization, but semiclassical
calculations?! for direct ionization of H, are in quite
good agreement (~20%) with experiment. If the
simple model and analysis here are correct, making
Z of the experimental value arise from autoioniza-
tion, then the semiclassical calculations are off by
about a factor of 3. This does not seem consistent
with the success of semiclassical methods in cal-
culating ionization for atoms and other molecules.

In addition, the fractional value of autoionization
A needed for the model is essentially the same for
H, and D,. It has already been pointed out that mo-
lecular autoionization depends upon coupling vibra-
tional motion to electronic motion, and computed
rates have been found® to have a strong isotope
effect. Clearly, this is something not consistent
with the demands of the model to explain our
data—unless the rate for autoionization is so high
compared to other decay modes (predissociation
and radiation) that the difference in rate does not
matter. Again, however, computed predissociation
rates®® compete quite strongly with autoionization,
and with a sizeable isotope dependence.

In view of the several difficulties encountered
with the autoionization model for explaining our
data, we tend to discount—though not entirely re-
ject—this interpretation,

D. Electronic Matrix Element for Electron-Impact
Tonization of H,

The elementary form of the Franck-Condon prin-
ciple normally used, and used here in the discussion
of the ion-forming process to this point, assumes
that the electronic transition matrix element varies
slowly enough with internuclear separation that it
can be factored out of the integration over that var-
iable. This leaves simply the overlap squared of
the vibrational wave functions to determine the
relative transition strengths to various vibrational
levels. More correctly, we have

pp L X ) Qo) Xyrss o () dr 12
"l [ Xoee (1) Qo) Xuger (M1

(10)

It should not be surprising if @,(») varies fast
enough with # to make a significant contribution

in Eq. (10). Flannery and Opik?*? have calculated
the equivalent matrix elements for photoionization
of H,, and they find that the dependence on 7 is sig-
nificant and different for different wavelengths as
well as depending on whether perpendicular or par-
allel transitions are involved. One might expect
in our problem that whatever @,(») satisfies the
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data for H, should also satisfy the data for D,.

We have sought by successive trials for such a
Q.(7) using the criterion that the quantity 7'<1,
where

2 n (Boy)*/s5,?
T"= n-1 ’ (1 1)
if we are to claim agreement with experiment,

Here A0, =0(A) o0t = 0(\)care, 7 is the number of
wavelengths at which observations were made, and
S,2 is the sum of the squares of the statistical and
systematic uncertainties in 0(d),,;. The quantities
(A ) oot and 0(A),,, are, respectively, the experi-
mental values and the values computed from Eq. (3)
using p, from Eq. (10) with an assumed @,(») and
wave functions as in Ref. 10, except that the ground-
state H, potential of Kolos and Wolniewicz?® was
used.

It was found that the function

Q.(¥)=1+0.56(r,, —0.99)

for 1 <7,, <2 (12)

satisfied the criterion on 7'2 for both H, and D,.
Values of p, from Eq. (10) using Eq. (12) are listed
in column C of Table II. The dashed curves in
Figs. 6 and 7 are from Eq. (3) using these values
of p,.

Thus, a fairly simple function with a not unrea-
sonably large variation with » can explain our pho-
todissociation data. It must be emphasized, how-
ever, that Eq. (12) does not necessarily represent
a unique @,(7), and no optimizing procedures have
been used in arriving at @,(»)—except that succes-
sive trials have brought the authors to a local op-
timum under the criterion of Eq. (11), Similarly,
Q.(») is given in an arbitrary system of units, and
normalization of the p, is achieved by Eq. (10).

VI. RELATIONSHIP OF RESULTS TO OTHER EXPERIMENTS
A. Photoelectron Spectroscopy

During the past few years a number of workers
have published*® photoelectron spectra from H,
ionization primarily using 584-A He resonance
radiation. Generally, these spectra distinctly show
the peaks corresponding to each vibrational level
of H,*, and the peak heights should be related to
the relative Franck-Condon factors. Interpretation
of the data is complicated by uncertain relative
transmission functions of the various spectrometers,
but, typically, the data are in reasonable agreement
with simple Franck-Condon factors such as those
given in column B of Table II. Indeed, one expects
this of a good experiment in this case, since near
584 A the matrix elements calculated by Flannery
and Opik*? are flat with 7, and since it is a short
enough wavelength that autoionization should no
longer be important. There is thus no conflict of

F. VON BUSCH AND G. H. DUNN

o

these experiments with the results and possible
interpretations of the present experiment.

Villarejo** measured threshold electrons in photo-
ionization of H, and D, at a variety of wavelengths
and did not get good agreement with a Franck-
Condon model.

Penning electron spectra*® from Penning ioniza-
tion of H, by He and Ne metastables show a lower
population of higher vibrational levels and a higher
population of the low ones—much as is observed in
the present experiment., However, again we rec-
ognize that the ion-forming process is a different
mechanism and there is neither conflict nor con-
firmation as far as the present measurements are
concerned,

B. Electron-Impact Dissociation of H,*

Cross-section measurements for proton produc-
tion (excitation plus twice ionization cross sections)
by electron impact on H,* have been reported by
Dunn and Van Zy1?° and by Dance et al.*® Recently,
Peart and Dolder*” have measured the excitation
cross section and the excitation plus the ionization
cross section. Interpretation of the experiments?:4®
was similar to that of the present measurement,
and an equation analogous to Eq. (3) was employed
using Franck-Condon factors for the p, and calcula-
tions by Peek?*® for cross sections from individual
levels. Agreement with theory can be considered
quite good for all experiments, and agreement
among the experiments is good, especially at high
energies,

Since the experiment of Dunn and Van Zyl was
done with the same ion source as used in the present
measurement, it is well to consider whether the
mentioned agreement is impaired or improved by
changing the p, from Franck-Condon factors to the
deduced ones of the present paper. Figure 9 shows
the results of such a query. Here the cross section
multiplied by electron energy is plotted versus log
of electron energy. The solid line is obtained us-
ing Franck-Condon factors of column B of Table
II for p, in the analog of Eq. (3); the dashed line
is obtained using p, from column C of Table II.

Experimental points of Dunn and Van Zy1%° and
Dance et al.*® are also shown. The uncertainty
flags show 90% confidence limits linearly added to
stated maximum systematic uncertainty., Within
these uncertainties, and if one in addition recog-
nizes some uncertainty in the theoretical value
of Peek, *® there cannot be a rational judgment of
the superiority of one set of p,’s over the other.
Electron impact is not so sensitive as photon im-
pact to the p,’s, and there is more uncertainty in
the quantities to compare for electron impact.
Similar conclusions are reached considering the
unpublished data of Peart and Dolder,

Caudano and Delfosse®® have measured the energy
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FIG. 9. Cross section multiplied by energy vs energy

for electron-impact dissociation of Hy*. The solid curve
uses the theoretical cross sections of Peek (Ref. 48) and
normalized Franck-Condon factors from Table II, column
B for p,». The dashed curve also uses the cross sections
of Peek and uses p,» from Eq. (10) assuming @,() as in
Eq. (12) (see Table II, column C). Points are the data

of Dunn and Van Zyl (Ref. 20) and crosses are the data

of Dance et al. (Ref. 46). Uncertainties are 90% confi-
dence limits added linearly to maximum systematic
errors.

distribution of protons from electron-impact dis-
sociation of Hy,*. The analysis of these data by Peek
and Green®® shows better agreement between ex-
periment and theory using the p, deduced in the pre-
sent experiment as compared to using Franck-Con-
don factors—though neither set of p,’s yields satis-
factory agreement. These authors,*® however,
used a Penning ion source, and it may be that their
results are not interpretable in terms of the p,
resulting from simple high-energy electron impact
on H,.

C. Other Experiments

There are a number of other experiments on
which this work has some bearing. It is not rea-
sonable to discuss them all in detail here, but it
is appropriate to make brief reference to some of
them.

The relationship to electron-impact ionization
experiments on H, has been mentioned in Sec. V,
and will not be pursued here. The results and in-
terpretations of Sec. V have rather definite implica-
tions about dissociative ionization of H, to the 1so,
state of H,*. The present work would imply a lower
fraction of dissociative ionization than Franck-Con-
don predictions give. This question probably de-
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serves further experimental investigation, since
the measurements of Bauer and Beach® and Schaef-
fer and Hastings®® probably suffered from velocity
discrimination effects, and their measurements at
30 eV probably®® included protons from the 2po,
state.

It is interesting—though perhaps not signifi-
cant—that the electric field dissociation measure-
ments of Riviere and Sweetman® are almost in
exact agreement with the value of p,,+ p,3 deduced
in Sec., VD. Interpretation of many experiments®®
on the breakup of H," by collision with a gas may
be affected by the p,’s deduced in this paper. Cau-
tion must be exercised, however, since in many of
these studies discharge-type sources were used.

It was perceived that photodissociation measure-
ments in conjunction with theory as used in this
paper could also be used to deduce vibrational-state
populations of H," formed from other molecules
such as H,0, NH;, H,S, etc. Such a measurement
could be used to help distinguish various models
for electron-impact ionization of such polyatomic
molecules, For example, is the ionization a knock-
on collision taking place rapidly enough that one
would expect a »’ distribution in the H,* character-
istic of the proton separation in the original mol-
ecule (essentially a Franck-Condon transition), or
is a complex formed that lives long enough to re-
distribute the nuclei and thus alter the resultant
v’ distribution? Muschlitz computed various ex-
pected v’ distributions on the basis of a variation
of the Franck-Condon picture., Some measurements
were made of photodissociation cross sections at a
few isolated wavelengths using H," from NH; and
from H,O. Unfortunately, ion intensities were very
low and the data were difficult to take, and in the
time available for this effort no conclusive results
were obtained.

VII. CONCLUSIONS

The photodissociation cross sections reported
here remove the gross discrepancies between ex-
periment and theory previously®s® found., Remaining
differences between theory and experiment can be
explained by a difference in the ion vibrational-
state populations from those predicted with a simple
Franck-Condon model for ionization. A set of popu-
lations of the levels v’ has been deduced and tabu-
lated, and they show a systematic deviation from
normalized Franck-Condon factors, The difference
can be explained by either of two models: (a) If
about % of all ions formed by electron impact 4t the
energies of this experiment (~128 eV) are formed
by autoionization, then vibrational-state populations
consistent with those deduced in this work may re-
sult. (b) A variation with internuclear separation
of the electronic matrix element for electron-im-
pact ionization of H, and D, which goes according
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to Eq. (12) will lead to populations consistent with
the photodissociation data., A number of considera-
tions lead us to favor the second explanation over
the first, but this is by no means conclusive. It is
possible—and perhaps even probable—that a com-
bination of (a) and (b) is operative in leading to the
populations deduced here,

The deduced populations are alleged to be those
characteristic of high-energy electron-impact
ionization of H, and D,.

The results and interpretations are consistent
with other relevant experiments. A number of ex-
periments should be reinterpreted with the newly
deduced populations.
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APPENDIX

In arriving at Eq. (3) from Eq. (2) it was assumed
that o,,(A) =0, (), where X is an effective rotational
quantum number such that

O'(K) ‘_"Z:v Z!{i)vK Ovk M= Z)v Ovx ™) ZvaK . (A1)

We proceed now to discuss the error involved in
this approximation,

Rotation adds the same centrifugal term to both
V,(») and V,(»), the potentials for the 1so, and 2po,
states of the ion, respectively. The energy of the
bound states is shifted so that

E,,=E,+B,K(K+1),

and the nodes of the bound-state vibrational wave
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functions are shifted by an amount which, according
to Villarejo,!! is Av(K)= ar,K(K+1). Here 7, is
the position for K=0 and « is a slowly varying func-
tion of » with a magnitude about 6 X10™ for H," and
3x10™ for D,*. So we make the approximation
Xox (V) 2 Xpo [7 = A7(K)]. Similarly, the continuum
wave functions are shifted in 7 upon addition of the
centrifugal term, These functions are also shifted
by small changes in 2, the wave number of dissoci-
ating particles, and one can express small changes
in 7 as equivalent small changes in k.

Using these approximations for wave functions
in Egs. (14) and (15) of Ref. 6(b), it can be shown
that approximately

0,x @)= (L+ A+ Av/v) ohy (v — AV) , (A2)
where

A=[KE+1) - %(x+1)] (Zowo i}: %%—E%g(rz) U)
and

%: [KE+1) - %%+ 1)]

n 1 1 ay, dv, 13
o (3 G9).) 2o |
Here ofx(v) is the cross section calculated by
Dunn® for effective rotational quantum number X,
The quantities Q,, dQ,/dr, and dV,/dr are evaluated
at the classical turning point in determining A and
Av,

Evaluation of terms shows the quantity in the
large parentheses in the expression for A to be
about 1X10-%, The term in the large brackets in
the expression for Av/v is about 2 X10™, while the
constant term is about 1 X10-3, We see from Eq.
(A2) that a correction of this order should be ap-
plied to the calculated cross sections, and that the
cross section should be shifted on the wavelength
scale by a few angstroms. These corrections are
ignored since they are much too small to account
for the difference between experiment and predic-
tions using a simple Franck-Condon picture.
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