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When fast beams of oxygen and fluorine ions are incident on carbon and metal foils thick
enough to produce charge-state equilibrium, a significant portion of the lithiumlike beam frac-
tion emerges in excited metastable autoionizing states. We have studied the yield of these
states with beams in the range 2-20 MeV incident on nominal 10-pg/cm carbon foils and on
various metallic foils. The decay in flight of the lowest of these states, the (1s2s2p) P5~&,
is monitored with observation of the spectrum of ejected electrons. We find, for example,
that the maximum yield of this single state per incident beam particle is approximately 0. 8%
and 0.6% for oxygen and fluorine, respectively, on carbon. The energy dependences and tar-
get-material dependences are measured and discussed. Comparison is made to related work
of Dmitriev et al.

I. INTRODUCTION II. EXPERIMENT

Recent measurements of electron spectra' re-
sulting from the production of autoionizing states
of lithiumlike ions in fast beams that have passed
through carbon foils reveal appreciable populations
of various metastable states of high electronic spin
and high excitation energy. The lowest of these
states is 1s2s2P P, which is metastable against
Coulomb autoionization but can decay via the spin-
orbit and spin-spin interactions. The spectral
identification of the higher-quartet states in three-
electron oxygen and fluorine and our lifetime mea-
surements have been discussed elsewhere. ~'3 De-
cay times are such that several of the quartet states
persist for distances of the order of centimeters
(in a I-MeV/amu beam with v-109 cm/sec) after
leaving the foil target. Measurements of the beam
fraction in specified metastable states may be use-
ful in the interpretation of data on beam charge-
state distributions and electron- shakeof f lifetimes
following stripping in gas and solid targets. ' The
data we report here confirm the energy dependence
of our preliminary data on carbon foils and extend
the measurements to several metallic foil targets.
In Sec. III, we compare these measurements with
the work of Dmitriev et al. at Moscow State Uni-
versity. This group first observed the quartet
metastable states in highly stripped ions.

The apparatus used in this work is essentially
identical to that shown in Fig. 1 of Ref. 3. Ana-
lyzed '60 and ' F ion beams in the range 2-20 MeV
were obtained in various charge states from the
Oak Ridge tandem accelerator as in our earlier
work. Measurements of the intensity of energy-
analyzed electrons emitted from the beam versus
distance from the excitation point (foil target) per-
mit the decay in flight of the metastable autoioniz-
ing states to be measured separately for each com-
ponent of the electron spectrum. Figure 1 shows
a typical spectrum obtained with an 11.2-Me V oxygen
beam on a carbon foil target using a resolution of
approximately 0.8/0 (full width at half-maximum).
The electron energies are given in the rest frame
of the emitting ions, whose laboratory velocities
are comparable to the ionic-rest-frame velocities
of the electrons. The J= &, 2, and —,

' fine-structure
levels of the 1s2s2P P state are expected to have
different decay times, but the J= 2 component decay
can be separated clearly from the other two states. 3

Quantitative yields were determined only for the
J= 2 component since these depend upon accurate
lifetime data that were not available for the other
J states.

A measurement of the yield of the 'P, &2 state as
a fraction of the number of beam particles incident
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Here C is the number of electrons counted, x the
mean distance from foil to spectrometer, v the
mean life of the metastable state, q the mean
charge of the beam emerging from the target, N the
total charge collected in electron charge units, and
dQc/dQ the solid-angle transformation factor from
the ionic rest frame (Qo) to the laboratory frame
(Q).

The factor dQc/dQ is obtained easily by implicit
differentiation of the nonrelativistic relations
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FIG. 1. Spectrum of autoionization electrons from the
decay in flight of metastable 11.2-MeV oxygen ions.
Examples of notation for decaying states: 4P (1)
= (1s2s2p) 'P', 'P'(1) = (1s2p') P, P (2) = (ls2p3p) P,
S (1) = (1s2s3s) S, 4S'(2) = (1s2s4s) S', etc. Identifica-

tions are based on the variational calculations of HolgI'ien

and Geltman fPhys. Hev. 153, 81 (1967)j. Note that the
P (1) state is well resolved from the others.

on the foil depends on several factors in addition to
the decay time (which enters because one must ex-
trapolate intensities back to the foil position). The
carbon foils used were 10 p, g/cm nominal, thick
enough to produce charge-state equilibrium, as in-
dicated by previous measurements and by the fact
that measured beam current did not change appre-
ciably when a second foil was inserted between the
original foil and the Faraday cup. In addition, the
yield measurements reported here did not change
measurably when the foil thickness was doubled.
Interpretation of the charge current emerging from
the foil in terms of particle current requires data
on the mean beam charge after passage through the
foil. In addition, one must consider the anisotropic
angular distribution of the decay electrons in the
laboratory frame. (We assume here that autoion-
ization is isotropic in the ionic rest frame. ) Other
factors, determined from geometrical consider-
ations and from measurements, are the length of
beam viewed by the electron spectrometer (&x),
its fractional solid angle of acceptance (bQ/4m),
and the product of its transmission with the detec-
tion efficiency of the electron multiplier (q). Thus
the yield per particle incident on the target (F) is
given by

where 8~ is the angle of emission in the laboratory
frame, Hc the corresponding angle in the ionic rest
frame, v& the laboratory-system electron velocity,
vo the emission velocity in the ionic rest frame,
and v the velocity of the beam. It is not difficult
to obtain a particularly simple form of the trans-
formation that we have not found previously in the
literature, namely,

dQc d cos8o (vr, /vo)
dQ d cos8r, (vr, /vo) —(v/vc) cos8r,

'

Note that Eg. (2b) gives the relation between vr, and

vc for a fixed laboratory angle as in this experi-
ment. The condition that the denominator of Eq.
(3) goes to zero corresponds to the existence of a
maximum emission angle of the electrons in the
laboratory frame, given by sin8r„m«=vc/v for
v&vc

A number of excited metastable autoionizing
states that appear in the spectrum of Fig. 1 can
cascade into the lowest-quartet state by electric
dipole radiation. All of the higher states that ap-
year in the spectrum have measured lifetimes in
the range 1-2 nsec or less. The lowest-quartet
J= & state lifetimes are much longer, approximate-
ly 15 and 25 nsec for fluorine and oxygen, respec-
tively. 3 Yield data for the J=

& state were in every
case taken far enough downstream to give the cas-
cades from other states that we see in Fig. 1 neg-
ligible inQuence on the measurement. The J= 2

decay time (v) was then used to extrapolate the
yields back to the foil position. Any possible quar-
tet autoionizing states of the three-electron sys-
tem with energies lying above the 1snl series limit
of the two-electron ion of the same Z will have very
short lifetimes since ordinary Coulomb autoion-
ization is allowed for them. Therefore these states
do not make any appreciable contribution to our
downstream spectrum or to our yield results.



BEAM FRACTIONS IN THE LOWEST-QUARTET. . . 489

OXYGEN ION ENFRGY (MeV)

5 'Io 20
III. RESULTS

1,0—

ELECTRON YIELD

(1s 2s 2p) Ps/ 0 IONS,

CARBON TARGET

0.8

0.7

0.6

0,8—

Z0
'0.4-

z
LU
O
oz
0
LLI 0

0
LLI

0
z
O 06-
14
Z0
0I-
+ 0.4-

02—

0.5

/ a/
/ Ig

/X

I ~ ]
0.3

4/ I q / ) ~ 5
h/

I X
I / 5
I I / 0

t ( /
/. / o

/ /
/ /

/
I I

0.25 0.50 0.75
ION VELOCITY (Zac)

0.50 0.75

0.4

0.1 o
I-

I 0
1.00

LJJ

1.00
LIJ

— 04 o

0.25
I I

IC7

I
I ~, i fl,",

I I 1 I

l f
I)

I
~ I

I ~ I /
I

I

I
I

/

0.3

— 0.2

0.1

There remains the possibility that very few of
the ions that end up in the lowest-quartet state
actually emerge from the foil in that state. The
equilibrium excitation within the solid foil itself
might relax very fast to the 1s2s2P P and other
metastable states as the beam emerges from the
foil. The states we measure are, however, quite
prominent in the electron spectrum observed when
lookjng at the fojl itself.

In making these measurements, the annular exit
slit of the electron spectrometer was made con-
siderably wider than the entrance slit. This re-
sulted in spectra with approximately flat-topped
peaks, eliminating the need to correct for spectral
profile and simplifying the yield determination.
This configuration was relatively insensitive to
misalignments of the spectrometer axis with re-
spect to the beam axis. Using the higher resolu-
tion of Fig. 1, a misalignment of - 2' was easily
recognized.

ELECTRON YIELD

(1s 2s 2p) Ps/&

CARBON TARGET

0 I I I 0
5 10 20
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FIG. 2. Dependence of the electron yield per incident
beam particle on beam velocity for oxygen and fluorine
beams on carbon. Ion velocities are given in units of the
Ã-electron Bohr velocity Za. t.-, where & is the fine-struc-
ture constant and c is the velocity of light. Charge-state
fractions Q&, where i is the ionic charge, are also plot-
ted (dashed curves).

Our measurements for the yield of the 1s2s2p'P, &2
state per incident beam ion on a carbon foil are
given in Fig. 2 as a function of beam energy (MeV)
and of ion velocity. We have also plotted, for com-
parison, the equilibrium charge-state fractions P&
for two-, three-, and four-electron oxygen and flu-
orine ions, respectively, in a solid target"; here
the subscript i refers to the actual ionic charge.
Reference 4 indicates that, crudely speaking, the

P, are independent of target material. ~2 As the
figure indicates, the maximum yield per incident
ion on a —10-p,g/cm carbon foil is approximately
0.82+0. 09% for oxygen and 0.62+0. 07% for fluo-
rine. The errors quoted are based simply on re-
producibility from run to run with different foils,
not limited by counting statistics. The relative
yields for oxygen and fluorine and their energy de-
pendences are believed correct to within the ac-
curacy specified. The absolute numbers may not
be this reliable because of small variations in slit-
edge thickness, uncertainties in electron multiplier
efficiency, etc. The combined effect on the ab-
solute yields of all known systematic errors is
conservatively believed to be less than a factor
of 2.

We have also made some measurements of auto-
ionization electron yield for oxygen and fluorine
beams impinging on foils of several other materi-
als, namely, gold, silver, aluminum, and nickel.
There appears to be some systematic variation in
yield with atomic number of the foil material over
a range of approximately 2. 5. The dependence of
yield on beam energy (in the range 3-13 MeV) for
these metallic foils is similar to that for carbon
foils (except for a slight shift in the case of the
single, rather thick, nickel foil used that can be
accounted for by its greater energy loss before the
beam emerges). The dependence of the peak yield
on atomic number of the foil material is presented
in Table I. t3

Related metastable-state yield measurements by
Dmitriev, Teplova, and Nicolaev at Moscow State
University exist for lithiumlike ion beams up to
Z = 8 incident on celluloid films in the MeV energy
range. ' Their measurements were made by a
technique that did not permit spectroscopy of the
states produced. In their work, metastables are
detected by making use of the large difference in
collisional ionization probability for ground-state
and metastable ions. A metastable decay curve is
obtained and extrapolated back to the point of ex-
citation as in our measurements, but the autoion-
ization electrons are not observed. The two sets
of measurements can be compared only for Z=B
(oxygen) and then at only two energies, 2. 1 and
5. 7 MeV (by interpolation of our results). Unfor-



490 SMITH, DONNALLY, P EGG, BROWN, AND SE I LIN

tunately, the numbers given in Ref. 7 for oxygen
do not appear to be very reliable because a sub-
stantially different decay time for the I'5~~ state
is presented in their table for each beam energy.
If we convert the results of Ref. 7 from n»~
(metastable J =- —,

' component of the three-electron
beam fraction) to yield per incident beam particle
by using the charge-state fractions from Fig. 2,
we obtain the results shown in Table II. We con-
clude that there is quite satisfactory agreement
witl. in the combined experimental uncertainties. '

IV. DISCUSSION AND CONCLUSIONS

TABLE I. Dependence of the apparent peak yield (Y)
of autoionization electrons from the (1s2s2p) P;~& state
of 0+ ions excited in various foils on the atomic number
of the target.

+target

6 (carbon)
13 (aluminum)
28 (nickel)
47 (silver)
79 (gold)

Sample thicknesses
(p,g/cm2)

8, 9, 10, 15, 17, 18, 58
11,12, 23
369
73, 95
150, 166, 300

Y (peak, average)
(%)

0.825+ 0.054
1.24+ 0.11
1.025+ 0.11
0.672+ 0.032
0.452 + 0.065

It can be seen from Fig. 2 that the energy de-
pendence of the 'I',

&~ metastable state follows
roughly the curve for the total equilibrium beam
fraction of three-electron ions. A slight system-
atic shift of the peak in the curve toward lower ion
velocities appears consistently in both the oxygen
and fluorine cases. Too little is known about the
statistical distribution of excited states of ions
making multiple collisions in a solid to permit a
detailed solution of the set of rate equations that
determine these curves, even with the assumption of
detailed balance at dynamic equilibrium. (Figure
5 of Ref. 7 suggests the complexity of the pro-
cesses involved. ) In spite of this complexity, some
qualitative statements can be made, taking the oxy-
gen case as an example: (i) If the (Is 2s 2P) 'P, &,

state (5') is mainly populated from an excited
configuration of 0"by collisional or autoionization
loss of outer-shell electrons, the 5', ('P50&2) thresh-
old should lie above the excited 4' threshold and
therefore probably above the peak for ground-state
4' formation. (ii) If the mechanism involves ex-
citation from the ground state of O", the 'P, &3

population should follow the 5' ground-state pop-
ulation initially but then cut off at lower velocity
because of the higher ionization (loss) cross sec-
tion in the excited state. This mechanism is ex-
pected to have a relatively small cross section,
especially since a spin flip is necessary to pro-
duce a quartet state. (lii) If the 'P',

~z state is

TABLE II. Comparison of (1s2s2p) 4P5~2 yield mea-
surements for oxygen on carbon targets (interpolated
values).

Energy
(MeV)

Yield per incident oxygen ion in %
This work Ref. 7

2.1
5. 7

0. 14 + 0.07
0.73 + 0.04

0.048 + 0.019
0.57 + 0.20
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dominantly populated by electron capture from the
ls2s or 1s2p triplet heliumlike ion, the observed
peak shift can be explained by assuming (a) a mon-
otonic decrease in the capture cross section with
ion velocity, (b) a velocity-independent geometrical
loss cross section, "and (c) that the capture cross
section in the excited state is less than the capture
cross section in the ground state. " The ratio of
(6') to (5') populations in the solid under dynamic
equilibrium conditions is equal to the ratio of the
effective one-electron loss cross section to the
one-electron capture cross section. Assumptions
(b) and (c) then imply that the equilibrium ratio
between parent (6') and daughter (5') populations
is larI, ex in the excited state, because the capture/
loss cross-section ratio is smaller for the excited
state, at a given ion velocity. Assumption (a) then
implies that the balancing between capture and loss
rates that gives rise to a population peak should
occur at a lower velocity for the excited-state 5'
ions than for ground-state ions with the same
charge. Mechanism (iii) is also discussed in Ref.
7 as the one most likely to dominate.

In summary, we have measured a peak absolute
yield, per incident beam particle, -1%for a single
metastable state (Is2s2p) 'P0, ~2, upon passage of- I-MeV/amu oxygen and fluorine beams through
several types of foils. Earlier work has indicated
that there is also appreciable yield of highex-
metastabl. e-quartet states, with a substantial frac-
tion of these decaying by direct autoionization rath-
er than by cascade. Thus it is highly probable
that several percent of the emerging beam is in
some metastable high-spin autoionizing state in
the energy range under consideration. The energy
dependences of the (Is2s2P) 'P, &~ yields are simi-
lar to those of the total three-electron charge
fractions but slightly shifted toward lower ion ve-
locities. A variety of metallic foils give yields
and energy dependences that vary only slightly
from the results for carbon targets, with an ap-
parent slight increase in the yield near Zt~„t= 13.
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The single-particle model for atoms and ions is used to calculate the transition probabili-
ties to bound and continuum electronic states. The projection operators in the semiclassical
approximation derived previously are applied to treat the large numbers of final states in-
volved. Ionization cross sections of atoms and ions by high-. energy-electron impact are then

estimated. The ionization cross sections result both from direct transition to the continuum

and from inelastic scattering followed by Auger emission.

I. INTRODUCTION

Electron impact provides a possible mechanism
for production of highly ionized beams to be used

for injection into heavy-ion accelerators. With
most of the Periodic Table and as many as twenty
to thirty steps of ionization considered of interest,
it is evident that several thousand ionization cross


