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EXCITATION RESONANCES FOR THE PRODUCTION OF METASTABLE ATOMS

IN LOW-ENERGY ARGON ION-ATOM COLLISIONS~
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Metastable argon atoms are found to be forward scattered along with ground-state
atoms after Ar++ Ar charge-transferring collisions. Using a detection technique involv-

ing Penning ionization of acetylene, it was found that the cross section for metastable
o

2excitation has a magnitude of the order of 10 A and exhibits two distinct low-energy
resonances as a function of incident Ar+ energy.

Knowledge regarding the formation of metasta-
ble atomic species during charge-transfer neu-

tralization of ion beams is of considerable im-
portance to workers in the field of atomic col-
lisions, as is also the occurrence of excitation
in the presumably adiabatic region. '&2 e report
here the first observation of twin energy reso-
nances in the cross section for the production of
metastable atoms scattered in the forward direc-
tion, formed during symmetric charge-transfer
neutralization of argon beams. These resonanc-
es, whose peaks lie at 29- and 41-eV incident ion

energy, have been observed through Penning ion-
ization of acetylene by Ar*. The argon atom has
two close-lying states which are metastable. '
The first of these derives from the (~P»~} 4s con-
figuration with J = 2, and the second from the

( P„2) 4s configuration with 4=0. These states
lie at 11.55 and 11.72 eV, respectively, above
the ground state.

The resonances were first observed during a
study of argon-acetylene ionizing collisions in-
volving neutral argon beams formed by charge
transfer of argon ions in a cell containing argon.
During Ar++ Ar charge-transferring collisions,
it is energetically possible to form forward-
directed metastable argon atoms when incident
ion energies are above 23.1 eV. Because argon
metastables will Penning-ionize actylene mole-
cules, it is possible to detect the presence of
metastable argon by observing the ionization
which arises when the neutral argon beam passes
through an acetylene target.

The method used to measure the ionization
cross sections has been described previously. '&'

Ground-state argon ions formed by electron im-
pact in an ion source operated at about 10 m Torr
with an ionizing-electron energy of 25 eV are ex-

tracted, electrostatically accelerated to the de-
sired beam energy, and focused through a charge-
transfer cell containing the neutralizing gas. Ions
are removed, and the neutral beam thus formed
is allowed to pass between parallel plates in a
low-pressure target chamber where negative
charge due to ionizing events is measured. The
target chamber used in these measurements was
isolated from the charge-transfer region by dif-
ferentially pumped apertures. Since one may
determine the neutral-beam intensity from ion-
current measurements in the charge-transfer re-
gion, ' the total ionization cross section can be
established.

At neutral-argon-beam energies exceeding 29
eV, there is sufficient energy in the Ar-C~K
c.m. system for direct ionization of C,H by a
ground-state Ar atom. Therefore, in order to
ascertain the contribution to the measured ioni-
zation by the metastable component, it is neces-
sary to establish the ionization cross section for
the ground-state case. One may obtain a neutral
beam of entirely ground-state Ar atoms for this
purpose by neutralization of a ground-state Ar+
beam in H . Since the c.m. energy for Ar++ H

collisions is only 1/21 of the incident ion energy,
no metastable Ar neutrals can be formed below
a beam energy of 242 eV.

Figure 1 shows the results of measurements of
the ionization cross sections for Ar-C, H colli-
sions using both argon and hydrogen as neutral-
izing gases. For the argon-neutralized case,
one has a beam which contains some excited
atoms, but for the H, -neutralized case the beam
atoms are all in the ground state. One notes that
for the argon-neutralized beam the cross section
rises abruptly below an incident ion energy of
10 eV, in the argon-acetylene c.m. system,
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FIG, 1. Ionization cross sections for argon-acety-
lene collisions. Open circles: 10(j'/.,' ground-state ar-
gon-atom beam formed by neutr;d) zation of Ar+ in H2.

Closed circles: mixed-state argon-atom beam formed

by neutralization in Ar.
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FIG. 2. Difference between cross sections in Fig. 1
expressed as a function of energy in the Ar++ Ar c.m.
system. Ordinate is a measure of the percentage of
metastables in the beam formed by symmetric charge
trans fer.

which is below the ionization potential for acety-
lene, 11.4 eV, and therefore mast be the result
of excitation in the neutral beam. However, the
cross section for the hydrogen-neutralized beam
is mell behaved, rising smoothly from just above
threshold for the ionization process to join the
argon-neutralized-beam measurements above
22 eV in the c.m. system. The difference be-
tween the two measurements must be due to long-
lived excited atoms in the neutral argon beam
produced by

Ar++ Ar —Ar*+ Ar+ .

The excited atoms give rise to Penning ionization
in the C2H, target and raise the measured cross
section.

The difference between the two cross sections
is shown in Fig. 2 as a function of the energy
available in the Ar+-Ar c.m. system. The error
bars shown on the figure are representative of
upper limits to the random errors involved in the
measurement. They were found by carrying
through the calculation for the difference in the
cross sections an 8% random instrumental uncer-
tainty 'n the measur ement of the beam intensity
and ionization current for the argon-neutralized
case. It is evident that at least two resonances
appear in the difference cross section, indicating
the formation of long-lived excited states in the
neutra. l argon beam by process (l), with maxima
occurring at 14.6 and 20. 5 eV in the argon-ion-
argon c.m. system.

The difference xn the two cross sections at any
particular incident beam energy is a measure of
the ratio of metastable- to ground-state atoms in

the beam, B~/B&. It is possible to make an ap-
proximate calculation of the magnitude of this
ratio on the basis of data presently available. If
one assumes that all deexcitation of the metasta-
ble component of the beam gives rise to ioniza-
tion with cross section op and that the number of
metastables in the beam is small compared with
the number of ground-state atoms (an assumption
well justified by the result), one may write Bm/
Bg =(oAr oH)/-op Her.e oAr and o'H are the
observed ionization cross sections for argon-
acetylene collisions with the beam neutralized in

argon and hydrogen, respectively. Thus, if one
knows the Penning ionization cross section (TP

for the metastable states and energies concerned,
it is possible to determine the ratio B~/B . Lin-

c%

ear extrapolation of measurements of the deac-
tivation cross section for argon metastables in
acetylene reported by Hollstein et al. 4 between
70- and 500-eV incident Ar* energy yields a val-
ue of about 60 A2 ai 6 eV, which is about the en-
ergy that forward-scattered metastables would
have if formed below the peak of the first ob-
served resonance. Assuming that this cross
section is very nearly op, one ha. s Bm/8&= 2.5
&10 '. This ratio is, of course, equal to the
ratio of the cross section for metastable excita-
tion during charge transfer to the cross section
for symmetric resonant charge transfer. Since
the latter is known' (o& = 40 A' at 29 eV), it is
estimated that the cross section for metastable
excitation during symmetric charge transfer is
0~ =10 ' A~ at 29-eV incident Ar+ energy. All
metastables observed were those scattered with-
in a forward cone with 4 half-angle.
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In order to set closer limits on the energy of
the state or states involved, measurements were
also made of the ionization cross section for
methane by argon beams neutralized in both ar-
gon and hydrogen. Since methane has an ioniza-
tion potential of 13.0 eV, the excitation of any
long-lived excited states above 13 eV can be
detected through ionization measurements as
above, provided that the Penning cross sections
are comparable. No difference between the ion-
ization cross sections for the two charge-trans-
fer gases was observed, suggesting that the long-
lived excited states involved have excitation en-
ergy between 11.4 and 13.0 eV. It is concluded
that the two resonance peaks we have observed
in the excitation cross section are only due to
atoms in the two low lying metastable states of
argon at 11.55 and 11.62 eV.

The existence of two peaks could be explained
if a higher lying electronic state is excited at a
beam energy of -40 eV which subsequently de-
cays to one of the two metastable states. Alter-
natively, they could be separate resonances for
the direct excitation of these two close-lying
states.

One of us (N.G.U. )' has previously observed a
resonance in the excitation of metastable states
in slow helium ion-atom collisions. However, in
this case, only a single resonance peak could be
observed.

*Work supported in part by a grant from the National
Aeronautics and Space Administration.

)Based in part on a doctoral dissertation to be sub-
mitted to the Graduate College of the University of
Denver, Denver, Colo.
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Pulsed electron-nuclear double-resonance effects in phosphorus-doped silicon were
studied by monitoring the electron spin echo arising from the donor electron. The ap-
plication of a four-pulse sequence of EPR and NMR pulses was found to produce a peri-
odic attenuation and restoration of the electron spin echo as the carrier frequency of the
rf pulses was swept. This phenomenon is explained by considering the z component of
the local field produced at the donor electron by surrounding shells of distant Si28 nuclei.

Several years ago Feher' reported a compre-
hensive investigation of electron-nuclear double-
resonance (ENDOR) experiments in n-type sili-
con. This present Letter describes pulsed ENDOR
measurements which we have performed on phos-
phorus-doped silicon. In our studies the electron
spin echo was monitored for ENDOR. Although
Mims' has described the observation of pulsed
ENDOR by changes in the height of the stimulated
electron spin-echo signal, the investigations re-
ported here involve a new phenomenon which re-
sults from the use of novel pulse sequences. We
have found it advantageous to work with phospho-
rus-doped silicon since the electron T, is rela-
tively long, ' thereby allowing sufficient time for

applying several rf pulses at various times rela-
tive to the microwave pulses. The new effect re-
ported here resulted from the application of a
four-pulse sequence of alternating microwave
(EPR) and radio frequency (NMR) pulses shown
in Fig. 1(b).

A superheterodyne X-band spectrometer with
pulsed capabilities was employed and the static
magnetic field was fixed at one of the two phos-
phorus hyperfine EPR lines. Microwave pulse
widths of 150 nsec and peak powers of about 100
mW were required to achieve a nutation angle of
90'. In our samples the phosphorus concentra-
tion was sufficiently low (=3X10"atoms/cc) so
that the electron spin-lattice relaxation time at
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