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The kinetic energy distribution of H(2p) atoms resulting from electron impact dissociation of H, has
been measured for the first time with uv spectroscopy. A high resolution uv spectrometer was used for
the measurement of the H Lyman-a emission line profiles at 20 and 100 eV electron impact energies.
Analysis of the deconvolved 100 eV line profile reveals the existence of a narrow line peak and a broad

pedestal base.

Slow H(2p) atoms with peak energy near 80 meV produce the peak profile, which is

nearly independent of impact energy. The wings of H Lyman-« arise from dissociative excitation of

a series of doubly excited Q, and Q, states, which define the core orbitals.

distribution peaks at 4 eV.

PACS numbers: 34.80.Ht, 33.50.Dq

The kinetic distribution of H(2s) atoms from disso-
ciative excitation of H, has been the subject of much
published research [1-7], particularly in the late 1960s
through 1980. The kinetic energy distribution function
of H(2p) atoms from dissociative excitation of H, has
not previously been measured. The cross section for this
process is the largest of H, dissociative excitation pro-
cesses [8], and a study of this process is paramount for an
understanding of dissociation of H,. There are expected
to be two distinct maxima in the H(2p) kinetic energy
distribution by analogy to results obtained from the distri-
bution of H(2s) and H(n!) atoms, where n = 3,4, and 5.
A comparison of the H(2p) and H(2s) distributions is of
fundamental importance in understanding the dynamics of
the H, dissociation process which can occur from singly
excited or doubly excited states. The former lead to the
“slow” component and the latter lead to the “fast” compo-
nent. In the separated atom limit, nonadiabatic coupling
of the nearly degenerate 2p and 2s states is expected to
lead to crossover of the H(2p) and H(2s) fragments [9].
For higher principal quantum numbers through n = 5,
studies of H(n!) kinetic energy distribution function have
been carried out for many years by Ogawa and co-workers
[10—13]. Their interferometric technique involves mea-
surement of the Doppler line profile of Balmer-«, -3, and
-y in the visible and near uv portion of the spectrum.
The Balmer-a line profile, for example, shows a char-
acteristic narrow central peak (~300 mA FWHM) and a
broad wing (~1.8 A FWHM). However, the Balmer-«
line profile is three separate multiplets from H(3s,3p, 3d)
excited states. Balmer-a has not been measured with suf-
ficient resolution to study the slow atom distribution. In
this work a spectroscopic technique was employed using a
3-m high resolution vacuum ultraviolet (vuv) spectrome-
ter. Since the Doppler wavelength shift is proportional to
the emission line wavelength, 5 to 6 times narrower line
profiles can be expected in the vuv, necessitating the use
of fast Fourier transform (FFT) techniques to deconvolve
line profiles. The H Lyman-« (L,) multiplet structure is
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The fast atom energy

simple enough to yield both the slow and fast atom distri-
butions from the deconvolved line profile.

Most measurements of H(2s) kinetic energy distribu-
tions have been obtained by time-of-flight (TOF) tech-
niques. The TOF spectra are complicated, in many cases,
by the blending of signals from H(2s) metastable atoms
and high Rydberg atoms. The threshold appearance po-
tentials (AP) are frequently uncertain to =1 eV or more.
Great disparity exists with regard to the threshold for the
fast H(2s) component compared to that of higher members
of the Rydberg series. Misakian and Zorn [1] identified
an AP at 29 eV for n = 2. Spezeski, Kalman, and Mcln-
tyre [4] pointed out that the AP must be less than 27 eV,
whereas Ogawa and Higo [10] measured thresholds of 24
and 27 =1 eV for n = 4. In this work, we clearly iden-
tify three separate AP to =0.5 eV accuracy for the fast
H(2p) atoms.

Misakian and Zorn [1] placed the AP for slow H(2s)
atoms at 14.9 = 0.3 eV. Direct dissociation and predis-
sociation as well as resonance and cascade processes can
contribute to this threshold for H(2s) and H(2p). We have
recently modeled the total absolute emission cross section
of HL, into six separate fast and slow processes from low
resolution studies of the unresolved H L, line [8]. This
work produces a direct measurement of the fraction of fast
atoms and supports our method of analysis of total emis-
sion cross sections.

The experimental system has been described in a recent
paper [14]. In brief, it consists of a high resolution 3-m
uv spectrometer in tandem with an electron impact colli-
sion chamber. A resolving power of 50 000 is achieved by
operating the spectrometer in third order. The line shapes
were measured with experimental conditions that ensure
linearity of signal with electron beam current and gas pres-
sure. All spectral and cross section data were obtained in
the crossed beams mode. The electron impact induced flu-
orescent line profiles of H L, at 20 and 100 eV impact en-
ergies are shown in Fig. 1, along with the instrument slit
function. As expected, the line profiles consist of a nar-
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FIG. 1. Overplot of 20 and 100eV H L, line profile

compared to the instrument slit function. The line profiles were
measured in third order and the slit function was measured
at zero order. The operating conditions were established as
follows: (1) background gas pressure of 1 X 10~* torr and (2)
electron beam current of 269 uA. The data statistics were
better than 1%. The wavelength step size was 2.667 mA.
The FWHM of the H L, features at 100 and 20 eV and the
instrument slit function are 47, 49, and 24 mA, respectively.
The placement of the instrument bandpass for the excitation
function measurement of Fig. 4 is shown.

row central peak and a broad wing base at 100 eV impact
energy. The line profile at 20 eV shows no pedestal base
structure. It is perfectly symmetric. The line profiles were
measured at 90° to the electron beam axis and molecular
beam axis. The H L, line is actually a closely spaced
multiplet of doublet structure. The 2P-2S multiplet may
be weakly polarized depending on the magnetic sublevel
population and/or the spatial distribution of dissociation
products [15]. We have acquired a vuv polarizer to com-
plete this aspect of the study. In this study we assume the
anisotropy is small. There is a small asymmetry (less than
6%) in the pedestal half-widths with respect to line cen-
-ter at 100 eV. Strong evidence for the near symmetry of
the H L, central peak comes from the measurement of the
isotropy of the angular distribution of slow H(2s) atoms
at threshold [1]. Above threshold the slow distribution is
found to remain nearly isotropic in space since (1) many
parallel and perpendicular transition matrix elements con-
tribute to the slow atom (pre)dissociation process and (2)
predissociation is a slow process compared to period of
molecular rotation [1]. Similarly, our excitation function
measurements will show that many parallel and perpen-
dicular transitions contribute to the fast atom H(2p) distri-
bution. Undoubtedly, a small angular anisotropy remains
for fast H(2p) atoms above 30 eV impact energy from the
importance of the 1, intermediate excited state [1].
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The measured FWHM of 47 and 49 mA for the 100
and 20 eV line profiles, respectively, are not narrow
with respect to the instrumental slit function (FWHM =
24 mA). FFT techniques were used to recover the
actual line profile [16]. The measured line profile is the
convolution of the true line profile and the instrumental
slit function. The measured line profile 7(A) is given by
the following convolution integral:

I(A) = f T(ANAA — A)dX, ¢))

where T(X') is the true line profile at wavelength A’ and
A(A — X') is the instrumental response function.

The kinetic energy distribution of the fragments, P(E),
is given by

P(E) = kdT/d(A), 2)

where k is a multiplicative constant [10]. The Kkinetic
energy distribution of the H(2p) fragments is shown in
Fig. 2 for the slow fragment distribution and in Fig. 3 for
the combined fast and slow fragment H(2p) distributions.
The kinetic energy distribution is obtained by finding the
true line shape of H L, from the FFT of Eq. (1). The
deconvolved line profile of the central peak is found
to have a FWHM of 40 = 4 mA for both the 20 and
100 eV H L, line profiles. Figure 2 shows the slow
fragment H(2p) kinetic energy distribution for both the
100 and 20 eV line profiles given in Fig. 1. Since the
measured H L, line profile for the central peak at 100 eV
is nearly identical to the 20 eV line profile, it follows that
the resultant slow fragment distribution for each impact
energy displays the same shape. The slow fragment
energy distribution has a peak at 80 = 10 meV and a
FWHM of 260 = 20 meV for both 20 and 100 eV impact
energies. The results are compared to the H(2s) results of
Misakian and Zorn [1].
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FIG. 2. Kinetic energy H(2p) distribution of slow atoms at
both 20 and 100 eV compared to work of Misakian and
Zorn [1].
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FIG. 3. Combined slow and fast H(2p) atom distribution
function compared to published results for fast H(2s) atoms.

The combined slow and fast fragment energy distribu-
tion at 100 eV impact energy is shown in Fig. 3 for both
the red and blue wings. The red wing is slightly more
intense as shown in Fig. 1. The small difference in the
energy distribution of the fast fragment distribution shape
results from asymmetries in the pedestal line width in
Fig. 1. Three peaks are observed in the distribution to be
associated with either the blue or red wing. The strongest
peak, near 80 meV and described above, arises from the
slow atom distribution. The principal fast energy peak
occurs at 4 = 0.5 eV. The minor secondary fast energy
peak occurs at about 2 * 0.5 eV. The fast peak distribu-
tion is compared to H(2s) results from four sets of authors.
The experimental energies differ for the authors. All ob-
servations were at 90° with respect to the incident electron
except for those of Misakian and Zorn [1] at 80° with re-
spect to the electron beam axis. The results of Spezeski,
Kalman, and Mclntyre [4] (at 98 eV) are not shown on the
plot but are nearly identical to those of Czuchlewski and
Ryan [6] (at 80 eV). Our results for H(2p) (at 100 eV) lie
between the work of Misakian and Zorn [1] (at 70 eV) and
Leventhal, Robiscoe, and Lea [7] (at 60 eV) and indicate
that the fast 25 and 2 p atoms come from the same channels.
A resolution of the fast beam H(2s) peak into two definite
peaks at 4.4 = 0.9 and 2.3 £ 0.5 eV has been reported
only by Leventhal, Robiscoe, and Lea [7] at an angle of 77°
with respect to the electron beam axis. This result has been
disputed by the data of Spezeski, Kalman, and Mclntyre [4]
who pointed out that Misakian and Zorn [1] did not find this
double peak in their data. In addition, they pointed out the
outstanding problem for the fast peak(s) which is: What
other dissociating channels beside 0,('11,) autoionizing
states that dissociate into H(2p, 2s, 1s) + H(2p, 2s) con-
tributed to this distribution? They concluded that other
states contribute, and their main evidence was a model of
the changing energy dependence of the H(2s) distribution

function with electron impact energy. However, accurate
experimental excitation function studies were needed.

We measured the accurate function for the fast atom
component. By placing the center of the bandpass of
the spectrometer on the blue wing at 104 mA from the
line center and restricting the FWHM of the bandpass to
36 mA, we were able to obtain a data set that clearly shows
the threshold for the fast processes. The base of the red
edge of the bandpass extended to within 70 mA of the
central peak and for this reason the bandpass captures a
very small portion of the wing of the central peak. This
overlap is demonstrated in Fig. 1. The excitation function
for the blue wing is shown in Fig. 4. The first thresh-
old is at 16.7 = 0.5 eV and corresponds to pairs of slow
atoms from the central peak with total kinetic energy of
near 2 eV. As explained above, blue light leak from the
base of the central peak accounts for this threshold. Above
16.67 eV, cascade from H, contributes to the central peak
line profile. However, at this threshold energy the kinetic
energy of H(2p) atoms from cascade is zero. The small
signal from the slow atom distribution can be considered as
background to the fast atom signal. The other three thresh-
olds can be traced to doubly excited states of H, which
have the lowest 22: and first excited 2II, states of H,™*
as core orbitals. They are designated Q; and Q5, respec-
tively [17]. Fundamental calculations by Guberman [17]
allowed us to identify where the Q; and Q» states cross the
right-hand edge of the Franck-Condon region. The most
closely aligned thresholds of Guberman are associated with
the measurement. In some cases more than one thresh-
old lies within 0.5 eV of the measurement uncertainty.
For the first time, dissociation along the n = 2 asymp-
tote is clearly identified as arising from a doubly excited
state of H, at the lowest threshold of 23.0 eV. According
to Guberman the Q; [12;(1)] state is the responsible in-
termediate state. This same threshold has been found in
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FIG. 4. Optical excitation function of H L, line blue wing.
The channel spacing is 200 meV. The electron gun energy
resolution is 300 meV. The energy scale was calibrated from
the 14.68 eV AP of the line center.
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other electron impact experiments: (1) dissociative excita-
tion leading to n = 4 product detected by Balmer- radi-
ation [10], (2) dissociative excitation producing high Ryd-
berg atoms studied by TOF techniques [18], and (3) disso-
ciative ionization processes producing H* ions measured
by an ion mass spectrometer [19]. In all cases mentioned,
perturbations from homogeneous interactions between the
0 [12;(1)] state and the dissociating (e.g., E, F IE;
state for our case for n = 2) or autoionizing state has led to
the same threshold. Nonadiabatic coupling of the first five
IE; states of H, has been recently treated on an ab initio
basis by Wolniewicz and Dressler [20].

The next threshold is at 27.6 eV and can arise from
the O [IE;’(2)] state at 27.2 eV, Q; [>'T1,(2)] states at
27.4and 27.5 eV, respectively, Q; [>'11,(2)] states at 27.5
and 27.6 eV, respectively and/or Q; [' 3+ (2)] at 27.8 eV.
However, the selection rules for molecular dissociation at
threshold, arising from excitation from the 12; ground
state and viewed 90° to the electron beam axis, do not
allow any II, or 12;’ intermediate repulsive states [21].
In the center of the Franck-Condon region the kinetic en-
ergy released by the allowed transitions to the repulsive Q
states amounts to approximately 6.5 eV or more per H(2p)
atom and contributes to the bump in the kinetic energy dis-
tribution between 6 and 8 eV in Fig. 3. The final sharp
threshold in Fig. 4 at 29.9 eV correlates with a set of O,
& E;, 1311,,) states between 30 and 32 eV. Thus many dis-
sociation channels contribute to the fast atom dissociation
process as predicted by Spezeski, Kalman, and McIntyre
[4]. The steep rise in cross section beginning at 30 eV and
the kinetic energy distribution energy dependence for fast
fragments at 100 eV verifies that the dominant contribution
to the fast H(2p) distribution arises from O, (]2;, ',
states as previously concluded for H(2s) [1,4].

In conclusion, many new results can be gleaned from
the H L, line profile measurement and the derived H(2p)
kinetic energy distribution. Our earlier result described
the HL, dissociation cross-section budget at 100 eV
[13]. In brief, the low resolution cross-section budget
predicted that the partitioning of dissociation from singly
excited states (slow atoms) and doubly excited states (fast
atoms) occurred with a fractional percentage of 0.73 and
0.27, respectively. Integrating under the kinetic energy
distribution in Fig. 4 gives a fractional percentage of 0.69
and 0.31, respectively. This verification testifies to the
usefulness of the modified Born equation developed by
this laboratory [22]. The modified Born equation gives
the absolute cross sections for each process. This slow/
fast atom quantum yield at 100 eV is quite different than
that found for H(2s) by Carnahan and Zipf [3]. Their
fractional percentage is 0.87 and 0.13, respectively.

The kinetic energy distribution of the fast H(2s) and
H(2p) atoms appears to be identical from 2 to 10 eV.
The slow atom H(2p) distribution is different than the
H(2s) slow atom distribution. Cascade from the higher
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Rydberg states contributes to approximately 6% of the
slow atom H(2p) signal at 100 eV. H(2s) contains less
than 1% contribution from cascade at this energy [16].
Both distributions are shown in Fig. 3 and have a high
energy cutoff near 1 eV. Ryan ef al. [5] pointed out that
TOF techniques lose sensitivity as the energy approaches
zero. Based upon this, the difference is significant. uv
techniques do not have a sensitivity problem at low energy.
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