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Metastable, autoionizing high-spin states are studied using the ion-beam time-of-flight
method in connection with single-collision excitation. High-resolution, time-delayed
spectra are obtained from Li, Be, and B excited in 200-keV impact on CH4. Evidence is
found for the (1s2s2p ) '~ state in B Ii. Excitation energies for the observed quartet and
quintet states are given, and the branching ratio associated with the 8 ii (1s2s2p ') 5P de-
cay is estimated.

Electron spectroscopy is now established as a
powerful technique for the study of ion-atom col-
lision processes. " However, until now, no time-
delayed, electron-emission studies using single
gas excitation have been performed. Therefore,
excitation mechanisms of metastable, autoioniz-
ing high-spin states from fast-moving projectiles
have not been investigated in the context of ion-
atom collisions. In this Letter, we present for
the first time high-resolution, time-delayed Li,
Be, and B electron spectra measured under sin-
gle-collision conditions with ground-state ion
beams. It is demonstrated that specific metasta-
ble states are strongly populated, and the corre-
sponding autoionizing transitions can be isolated.
Therefore, the excitation cross sections and an-
gular dependences of such autoionization lines
can be measured. In particular, the nonisotropic
population of magnetic substates' ' of lithiumlike
'L and berylliumlike 'L terms can be studied.
We further note that (i) excitation by means of
single gas collisions provides high-energy reso-
lution, and (ii) variation of the collisional pa-
rameters (e.g. , projectile, target, impact ener-
gy, observation angle, delay time) makes possi-
ble a selective study of specific states such as
(1s2s2P)'P' and (1s2s2P')'P. This facilitates a
complete line identification of the observed auto-
ionization features. The high resolution provided
by this technique permitted analysis of excitation
energies, branching ratios, and spectroscopic
character of several unusual lines; our results

are presented below. Lifetimes and metastable
fractions with respect to the single-collision
process are topics of the planned extension of
this work.

Generally, metastable autoionizing states are
accessible for few electron systems from pro-
jectiles using foil excitation. ' " These beam-
foil measurements were primarily limited to
studies of electrons ejected at 42.3' to the direc-
tion of the incident ion beam. The Oak Ridge
group reported delayed electron spectra, using
high beam energies and highly stripped heavy
ions. ' Similar work at low beam energies
and for light projectiles (Li, Be, B, and C) were
investigated by Bruch and co-workers. ' "'" Be-
cause of kinematical broadening effects arising
from the foil-excitation process, only limited
resolution was obtained, especially at low beam
energies. Previous direct observations of meta-
stable autoionizing states, produced by single-
ion-atom collisions, were performed by Ziem,
Bruch, and Stolterfoht" and by Stolterfoht eI, al."
Ziem, Bruch, and Stolterfoht bombaxded Li
atoms in the vapor phase with 200-keV He+ ions,
and Stolterfoht and co-workers directed 200-
lgeV Xe"' onto Ne. In both cases, lithiumlike
(1s2s2p)'P' target states are very likely to be
created; however, because the excitation was of
the target atom, no time-delayed anisotropic Au-
ger electron emission could be studied.

Using single gas excitation and small observa-
tion angles, we have recently shown that high-
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resolution projectile-electron spectra can be ob-
tained even for low beam energies. " In this con-
nection, we note that our prompt lithium, "beryl-
lium, ""and boron"'" autoionization spectra
have already indicated strong population of the
(1s2s2p)'P' states in single-collision excitation.
To suppress the contribution of the promptly de-
caying projectile states in the observed spectra,
we have performed delayed time-of-flight meas-
urements by using single-collision excitation.

The Li, Be, and B ion beams, which were mass
and momentum analyzed, were supplied by the
600-keV heavy-ion accelerator at the University
of Aarhus. The electrons emitted from the ion
beam at angles between 15' and 150' with respect
to the ion-beam axis were energy analyzed with
a parallel-plate spectrometer (intrinsic resolu-
tion 0.5%) which can be rotated. A preretarda-
tion system in front of the spectrometer was used
to further improve the resolution. The ion beam
was excited in a small, differentially pumped gas
cell (length 8 mm), the center of which was dis-
placed 60.5 mm away from the center of the spec-
trometer viewing region. With beam energies of
200 keV, this gives time delays of 9+3, 11+4,
and 12+4 nsec for Li, Be, and B, respectively.
For Li, no measurable metastable fractions of
heliumlike and lithiumlike states are present in
the incoming beams. "'" We further note that
core-excited Be and B metastable states are very
unlikely to be created in the ion source. The
pressure in the excitation region was kept suffi-
ciently low (typically 10 ' Torr) to ensure single-
collision conditions. The escape of target gas in
the beam direction leads to a small residual pres-

sure in the viewing region of the electron spec-
trometer. Hence, small contributions from
promptly decaying states were present in the de-
layed spectra. These lines can be used for abso-
lute energy calibration of the time-delayed spec-
tra and the isotropic (1s2s ) S,)2- (1s'es)'S, (2
transition can serve as a reference line (auto-
ionization to an s state in the continuum) when
measuring angular dependences. Furthermore,
CH, was chosen as target gas because of its pref-
erential excitation of quartet and quintet states. " "

In Figs. 1-3 are shown representative autoion-
ization spectra from Li, Be, and B, respectively.
Figure 1 exhibits the Li autoionization features
taken at a time delay of 9+3 nsec. The promi-
nent peaks in this spectrum originate from initial
ls2snl and is2pnl states in Lii. The strongest
peak in Fig. 1 centered at -52.0 eV is attributed
to the Li I (1s2s2p)'P' ='P' (1) term. This inter-
pretation is consistent with the 'P (1) term ener-
gy given by Ziem, Bruch, and Stolterfoht. " We
note that the 'P (1) state is metastable against
both Coulomb autoionization and electric-dipole
transitions, "whereas the energetically higher-
lying quartet states are depleted mainly by al-
lowed radiative decays to lower-lying quartet
states. The peaks lying at about 51 and 53.5 eV
can be assigned solely to the initial (1s2s')'S and
1s(2s2p'P')'P' states, respectively. These
promptly decaying states are produced due to
restgas excitation. The features between 54 and
56 eV are attributed to the 1s(2s2p'P')'P,
(1s2p')'P, and (1s2p')'D states. The peak at about
58 eV is composed of several closely spaced auto-
ionization lines. Above the (1s2s)'S series limit
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FIG. 1. Li autoionization spectrum measured with
delay of 9+3 nsec.
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FIG. 2. Be autoionization spectrum measured with
delay of 11+4 nsec.
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TABLE I. Spectroscopic assignment, transition en-
ergies, and excitation energies associated with the ob-
served line structures in the delayed Li, Be, and B
spectra. The excitation energies are measured from
the corresponding atomic or ionic ground state.
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FIG. 3. B autoionization spectrum measured with
delay of 12+ 4 nsec.

(see Fig. 1), no structure was observed.
Results for 200-keV Be'- CH4 are plotted in

Fig. 2. It is seen that the most prominent line is
due to the (1s2s2p)'P' decay in Bett. The feature
at about 102.5 eV may contain contributions for
(1s2s2p')'P, 1s(2s2p'P )'P', and (1s2p')'P decays.
This is supported by the agreement between ex-
perimental line energies and calculated transition
energies (see Table I). The small hump at about
106.5 eV is probably due to the initial (1s2s2P')'P
term in BeI. Above 106.5 eV, the identification
of individual lines is difficult.

Fortunately, the 200-keV B+- CH4 spectrum,
as displayed in Fig. 3, shows well-separated
spectral structures so that a complete analysis
of the three prominent lines is possible. In this
case, the contribution arising from promptly de-
caying states is small. The most intense line
arising at about 157 eV is due to the initial BIII
(ls2s2p)'P' states. The spectral feature at about
163 eV is a composite of two lines associated with
the decay of BII (1s2s2p')'P and BID (1s2p')'P.

The remaining peak in Fig. 3 near 169 eV is at-
tributed to the BII (1s2s2p')'P state decaying to
the (1s'2s)'S final ionic state. We note that the
centroid energy of 169.0 +0.3 eV agrees well with

a recent calculation of Schwarz and co-workers. ""
The line identification of the peaks lying between
162 and 170 eV is consistent with the 1s'2p-1s'2s
relative spacing in BIII, which is 6.0 eV. From
a peak deconvolution of the spectrum, the branch-
ing ratio corresponding to the (1s2s2p')'P decay
was estimated to be (2.9 +0.7):1.

Finally, experimental transition energies and

excitation energies associated with the (ls2s2p)4P'
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'This work.
"Zjem et gl. , Ref. 14.
Berry, Refs. 21 and 25.
Hol@ien and Geltman, Ref. 26.
Schwarz et &., Refs. 22 and 23.

~Bruch, Ref. 13.
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states and the (1s2s2P')'P states for Z ~ 5 are
collected in Table I together with theoretical val-
ues.

The principal feature of this work is the obser-
vation and identification of metastable, autoioniz-
ing lithiumlike quartet and berylliumlike quintet
states under single ion-atom conditions. The
existence of such long-lived states of high spin
and high excitation is of principal importance
since as yet, unidentified lines in the optical
beam-foil and beam-gas spectra"'"' ' may
arise from transitions among quartet, quintet,
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and even sextet states.
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Coupling of Spatial and Temporal Coherence in Depolarized Double Scattering
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Measurements of strongly density-dependent Rayleigh linewidth of depolarized doubly
scattered light are presented. A new theory based on the coupling between spatial and

temporal parts of coherence is proposed to explain our data. In addition, it is shown ex-
perimentally that successive application of Van Hove space-time correlation formulation
to double scattering is not valid in general.

In this Letter, we report measurements and
interpretation of a strongly density-dependent
Rayleigh linewidth (1 s~) of depolarized light
scattered in succession by two statistically in-
dependent Rayleigh-Gans spheres in Brownia. n

motion. Our experimental data of F~~ is in di-
rect contrast with the previously reported re-
sults' and furthermore is not compatible with
available existing theories. ' ' I'~~ has so far
been interpreted by using the Van Hove space-
time density correlation formulation applied suc-

cessively to two scattering events. This kind of
interpretation is based on two important assump-
tions: (a) The total linewidth is contributed by
both the first and second scatterers in random
motion; (b) the complex degree of coherence of
incoherently doubly scattered light can be factor-
ized into spatial and temporal parts. We present
an explicit experimental demonstration showing
that assumption (a) is not, in general, valid. We
also present a new theory for I'~~ using a so-far
unexplored mechanism, viz. , the couPling be-

804


