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tions based on the first Born approximation even
though correct total cross sections have been cal-
culated.
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calculations of some Born cross sections. Clar-
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Ultraviolet Radiation Produced in Near-Threshold Ar + Ar Atomic Collisions*

H. L. Rothwell, Zr. ,) R. C. Amme, and B. Van Zyl
Department of Physics and Astronomy, University of Denver, Denver, Colorado 80210

(Received 29 December 1975)

First measurements are reported of the near-threshold behavior of the vacuum-ultra-
violet emission cross section for Ar+Ar atomic collisions. The experimentally observed
threshold is 18+2 eV. The absolute emission cross section is presented for center-of-
mass energies from threshold to 150 eV. The monitored radiation results from the decay
of the lowest excited resonance state of the Ar atom and individual substate contributions
are determined over most of the energy r~~ge investigated.

Measurements of the absolute ultraviolet emis-
sion cross section for Ar +Ar collisions have
been made from near threshold to 150 eV center-
of-mass energy. These measurements represent
the first experiment in which the emitted uv radi-
ation is spectrally dispersed in the low-energy
region. The bulk of the observed radiation is
shown to emanate from the lowest excited state
of the Ar atom, which forms a quartet of levels
from the SP'4s configuration. Two of these levels
are metastable and bvo decay optically. Photons
from the decaying levels, at wavelengths of 104.8
and 106.7 nm, have been observed with absolutely
calibrated detectors that collect radiation emitted
at 90 relative to the neutral-atomic-beam axis.

No attempt has been made to distinguish direct
collisional excitation of these levels from reac-
tions feeding these levels via cascading process-
es.

The monoenergetic beam of Ar atoms is formed
by near-resonant charge transfer of suitably pre-
pared Ar+ ions. ' The ion source, of electron-im-
pact type, is operated at electron energies below
the threshold for excited-state ion formation.
The charge-transfer species H, is employed for
neutralizing Ar' ions to ensure that the product
neutral Ar atoms are in their ground electronic
states at the lower collision energies. Thus for
the Ar+ +H, rea, ction, sufficient energy in the
center-of-mass system (11.6 eV) to excite a
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product Ar atom can be obtained only for Ar'
laboratory energies above 240 eV. While the
symmetric-resonant charge- transf er reaction
(i.e., Ar'+Ar) would appear favorable, there is
strong evidence that the product neutral beam
contains metastable atoms. Generation of these
metastable atoms by the resonant process, or by
the process used here when high ion-source elec-
tron energies are employed, is the topic of an-
other paper. '

The ground-state neutral-atom flux enters the
target scattering cell (typically at 10 ' Torr)
where two detectors monitor the emitted uv radi-
ation. The first, a broad-bandpass total-emis-
sion detector, is a channel electron multiplier
(CEM) restricted to a determined viewing field
and fronted by a thin (0.2-mm) LiF window. This
detector has a bandpass between 104 and 150 nm.
The second detector is a vacuum monochromator
having peak efficiency between 100 and 125 nm
(1-nm resolution) followed by a second CEM.
Photon counting techniques are used throughout.

The quantum efficiencies of the CEM's are es-
timated to be known to within + 20% uncertainty in
the wavelength range of interest. ' To check this
assignment and other potential uncertainties, the
total-emission detector was allowed to view Ly-
man-n (I ~, 121.6 nm) radiation from the reac-
tion

He +H, -He+H +H*.

After a scan of the total-emission detector band-
pass region with the monochromator to verify
that no other radiation was present, the absolute
L, emission cross section for this reaction was
measured. Values obtained averaged 10% lower
than those reported by Dunn, Geballe, and Pretz-
er4 and are estimated to be uncertain by less than
+ 30% (to be compared with an uncertainty of a 40%
claimed by Dunn, Geballe, and Pretzer). Abso-
lute calibration of the monochromator detector is
also accomplished with Reaction (1) by normaliz-
ing its CEM output to that obtained with the total-
emission detector. ' Manufacturer's data on the
wavelength dependences of such detector parame-
ters as CEM efficiency, grating ref lectivity, etc. ,
are then used to infer absolute detector sensitivi-
ties at the wavelengths of interest.

The cross section measured with the total emis-
sion detector is thus determined within an abso-
lute uncertainty of + 30% and a relative uncertain-
ty (as a function of energy) of + 15% except in the
immediate threshold region where uncertainties
increase to about twice the above values. Individ-
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shown by the curve drawn through the data points.
Here, ~ is the energy in excess of 18 eV, the
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FIG, 1. uv emission cross sections for Ar+Ar colli-
sions o

ual line-emission cross sections are uncertain by
about+ 35%.

The results on absolute uv emission cross sec-
tion are shown in Fig. 1. The lower two curves
depict the cross sections for the labeled line
emissions from 30 to 150 eV, the sum of which
is indicated by the dashed curve. The upper
curve is the result obtained with the total-emis-
sion detector. This cross section should be com-
parable in magnitude to the dashed curve, pro-
vided that this detector's bandpass does not en-
compass other spectral emissions. '

An interesting feature of these data is the con-
stant ratio between the cross sections for the
substate emissions. The 106.7-nm to 104.8-nm
intensity ratio remains at 1.4+ 10% over the en-
ergy range investigated.

The energy dependence of the total emission
cross section in the near-threshold region is
shown in Fig. 2. In the region between 40 and 60
eV, the cross-section energy dependence appears
to be linear. An extrapolation of this linear por-
tion intercepts the energy axis at about 34 eV.
Below 40 eV, however, the cross section assumes
a basically exponential dependence. Between 19
and 40 eV, the data points have been least-squares
fitted by the expression
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FIG. 2. Total uv emission cross section at low ener-
gies for Ar+Ar collisions.

experimental onset, to within + 2 eV, for produc-
tion of measurable amounts of radiation. This
experimental onset corresponds to our minimum
detectable cross section of about 5&&10 cm .
The + 2-eV uncertainty limits reflect considera-
tion of the initial neutral-atom-beam energy pro-
file (-1 eV, full width at half-maximum), degra-
dation of the average atom energy by elastic scat-
tering within the target cell, small experimental
energy offsets, and Doppler broadening' effects.

Two previous measurements of total uv emis-
sions (including radiation extending to much
shorter wavelengths) from Ar+Ar collisions are
compared with the present results by the three
upper curves in Fig. 3. The cross-section struc-
ture at about 70 eV is reproduced in all data, but
the energy dependences are different below 50 eV.
The present authors suggest that trace numbers
of metastable Ar atoms in the neutral beams used
in the earlier studies may contribute to the ob-
served differences. "

Brenot et al."have developed a model for out-
er-shell excitation in low-energy rare-gas colli-
sions. Inelastic collisions are treated in terms
of molecular state transitions occurring at cross-
ings of simplified diabatic molecula, r potential en-
ergy curves. On the basis of the model, Brenot
et al. suggest that one preferred crossing bebveen
the incident diabatic ground-state curve and a
curve dissociating to two 3P'4s excited Ar atoms
leads to both ionized and excited-state collision

FIG. 3. Comparison of total uv emission cross sec-
tions and the ionization cross section for Ar+Ar colli-
sions. The emission-cross-section curves are from
the present work (-), Haugsjaa and Amme, Ref. 8
(- ~ -), and Kempter, Veith, and Zehnle, Ref. 9 (---).
The ionization-cross-section curve is from Haugsjaa
and Amme, Ref. 10.

products. Supportive of this hypothesis is the
fact that the energy dependences of the reported
emission cross section and that for ionization, "
shown renormalized by the lower curve in Fig. 3,
are remarkably similar at energies beyond the
threshold region.

The position of this pref erred crossing occurs
near 31 eV, according to the model. This value
is in agreement with the 32-eV threshold value
claimed by Kempter, Veith, and Zehnle, ' who ob-
tain their value by a linear extrapolation to zero
of their measured 795-nm (3p'4p - 3p'4s) emis-
sion cross section. A similar value (-34 eV) is
obtained, as mentioned earlier, by linearly ex-
trapolating the straight-line portion of the pres-
ent cross section to its zero intercept. A plot of
the ionization-cross-section data" in a manner
analogous to Fig. 2 also exhibits a straight-line
region with a 32-eV intercept.

It is apparent, however, that these values are
not characteristic of either the true or the experi-
mental thresholds for the excitation (or ioniza-
tion) process. The 18+ 2-eV "minimum detect-
able threshold" for uv emission reported here is
well below the preferred crossing value of 31 eV
in the Brenot et a/. model. In fact, our 18-eV
value is even substantially below the lowest po-
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tential-energy-curve crossing at 24.6 eV report-
ed by Brenot et al. (This crossing leads to a
Sp'4p excited Ar atom which could, via a cascade
process, contribute to the observed uv emission. )
Furthermore, the true energy threshold must be
only 11.6 eV, the excitation energy of the lowest
Sp'4s resonance level of the Ar atom.

The basically exponential energy dependence of
the reported uv emission cross section, as given
by Eg. (2), is perhaps suggestive of a guantum-
mechanical barrier-penetration phenomenon, with
transitions occurring at somewhat larger separa-
tions than the crossing radius. Of course, such
transitions between the molecular potential ener-
gy curves at radii beyond the crossing vicinity re-
main energetically possible down to 11.6 eV.

If the interpretation that photons are being ob-
served at energies below the crossing energy is
correct, it points to the danger of establishing
curve-crossing radii from threshold-energy de-
terminations. If it is not correct, then it would
appear that the crossing responsible for the ob-
served uv emission ha, s been improperly identi-
fied.

The authors express their gratitude to Herschel
Neumann for his contributions in considering the
collision theory and to Stephen C. Schmidt for a
detailed computation of the detector solid angle.
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%e present results of an experimental survey of the n =15 state of Na in electric
fields from 0 to 4 kv/cm. Both linear and higher-order Stark effects play important
roles. States with low lml show marked differences from hydrogenic behavior, par-
ticularly in the vicinity of level crossings. Computed values for the energy levels are in
good agreement with the data. The experimental method provides a simple technique
for populating selected Stark or angular momentum levels of a Bydberg state.

A number of research groups have now devel-
oped techniques for creating and detecting atoms
in pure Aydberg states, ' opening the way to stud-
ies in such areas as electron-core interactions,
tunneling and photoionization phenomena, corre-

lated electron motion, and collisions. For many
applications it is essential to populate selected
angular-momentum states or, in the case that an
electric field mixes angular momentum, to popu-
late selected Stark states. ' We present here re-
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