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Li* ions, accelerated to energies between 1 and 20 keV, pass through thick vapor targets of Mg,
Sr, and Cs. The ions that emerge into a narrow, forward-directed cone are electrostatically separat-
ed into three charge-state components: Li~, Li’, and Li*. The principal results over this energy
range are the following: (1) The negative fraction peaks at 5% near 5 keV for a Cs target, and is less
than 1% in Mg and Sr targets; (2) for Sr and Cs targets, the beam is greater than 90% neutral; and
(3) for a Mg target, the beam does not neutralize at the lowest energies studied, remaining mostly

positive between 1 and 10 keV.

I. INTRODUCTION

Describing the mechanisms for negative-ion formation
in ion-atom collisions at adiabatic energies is an interest-
ing challenge to our present understanding of the dynam-
ics of quasimolecular systems. Furthermore, the produc-
tion of negative-ion beams is of current practical interest
to the Magnetic Fusion Energy Program. An important
motivation for this work on Li~ formation is a recent

proposal to measure the spatial distribution of fusion-

product alpha particles through the double-electron-
transfer reaction’2

Li®+Het*—»Li*+ 1+ He°.

The most efficient way to produce the high-energy neutral
lithium atoms needed for this diagnostic probe is by elec-
tron detachment of fast Li~. Other uses of fast Li atoms
‘have been proposed for space applications. The choice of
target vapors used in the present experiment was suggest-
ed by previous work at the Lawrence Berkeley Laboratory
on D~ formation,>* in which negative-ion equilibrium
fractions larger than 30% were found in Cs and Sr tar-
gets.

The detection of Li~ was first reported by Sloane and
Love® who bombarded a Ni surface with Li* ions from a
lithium thermionic source and analyzed the scattered ions
with a mass spectrometer. The measured electron affinity
0.620(7),° agrees with accurate values calculated’ for the
152252 configuration. Li~ is one of only two negative
ions known to possess a second bound state; radiation
from the core-excited configuration 1s2s2p? has been ob-
served® with a 2.3 ns lifetime. Since that state can autode-
tach and does not live long enough to be detected in the
present experiment, the results presented below refer to
production of ground-state Li~.

The formation of negative ions of species heavier than
hydrogen by charge transfer has recently been reviewed.’
This review summarizes data for species as heavy as CI.

II. EXPERIMENTAL ARRANGEMENT

A schematic diagram of the apparatus is shown in Fig.
1. 'Li* ions are formed by surface ionization in an in-
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directly heated, isotopically purified, B-eucryptite impreg-
nated, porous tungsten plug.!® A very stable ion current
of about 1 pA is extracted from a Pierce electrode. The
1—20 keV acceleration potential is obtained from a well-
regulated dc power supply. After electrostatic focusing
and steering the beam is 100% square-wave modulated at
a 50% duty cycle by a transverse electric field. Magnetic
analysis then directs the beam into one of two beam lines
where it passes through either a stainless-steel recirculat-
ing Cs-vapor heat-pipe target’ or a differentially pumped
iron oven* containing Mg or Sr vapor . A chromel-alumel
thermocouple is used to measure the temperature at the
reservoir. That temperature is used to estimate the target
number density from a least-squares fit to temperature-
vapor pressure data.!! Neutral atoms and ions emerging
from the target within approximately +3.5° of the for-
ward direction pass through an electrostatic field which
directs the positive and negative components into magnet-
ically suppressed Faraday cups and which allows the neu-
tral component to pass undeviated onto the face of a py-
roelectric detector.’? Both electrostatic and magnetic
suppression are used to prevent secondary electrons from
the front surface of the pyroelectric detector from reach-
ing the Faraday cups; the small secondary-electron flux
could mask the small Li™ signal. The two targets are
coupled to identical analysis chambers>* which terminate
each beam line. Beam components travel approximately
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FIG. 1. Schematic diagram of the apparatus.
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10 cm between the target and the analyzing field. The
vacuum, maintained by liquid-nitrogen-trapped oil dif-
fusion pumps, is typically less than 2 10~¢ Torr in all
beam lines and chambers, except inside and immediately
adjacent to the targets.

The signals from the two Faraday cups are amplified
by electrometers whose outputs are digitized, integrated,
and recorded by a microcomputer. The -pyroelectric
detector is insensitive to the charge of the particles imp-
inging on its front surface, so it is calibrated by compar-
ing its output to the output of a Faraday cup when the
Li* beam is switched back and forth between the two.
The output of the pyroelectric detector is rectified and
amplified with a lock-in amplifier that is synchronized to
the ~1-Hz beam modulator. The output of the lock-in
amplifier is also digitized, integrated, and recorded by the
computer. Since charge-state fractions are measured, but
not the beam intensity incident on the target, transmission
through the target is estimated by assuming constant in-
cident Li* intensity.

Typical beam currents reaching the Faraday cups are
200 nA for the Cs heat-pipe target, and 20 nA for the
alkaline-earth oven, which requires a more highly col-
limated beam. At equilibrium thickness the beams are at-
tenuated from these values by 10% to 90% depending
upon the beam energy, target geometry, and target materi-
al.

III. EXPERIMENTAL PROCEDURE

Growth curves were taken for each target at the lowest
and highest beam energies in order to determine the target
thickness required for equilibrium. An example is shown
in Fig. 2, for 4-keV Li™ in cesium vapor. The target tem-
perature was freely rising (i.e., driven at a constant power
level), and the temperature change between points is typi-
cally 5°C. Charge-state fractions are calculated from the
integrated signals and from the pyroelectric-detector cali-
bration constant, subject to the condition that the three
charge-state fractions sum to unity. The densities that la-
bel the abscissa of Fig. 2 are the densities estimated at the
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FIG. 2. Charge-state fractions as a function of target thick-
ness for 4-keV Li* in cesium vapor.
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center of the heat-pipe target, whose length® is about
5.3+£0.7 cm. Once the temperature corresponding to
equilibrium thickness is determined for a given target and
for each of the three charge-state fractions, the target is
maintained at the fixed temperature and the fractions are
measured as a function of beam energy.

Various systematic checks were performed to verify
correct behavior of the apparatus. The measured equili-
brium charge-state fractions are found to be insensitive to
the polarity of the analyzing field and to small variations
in the magnitude of the field. Likewise, the pyroelectric-
detector calibration is found to be insensitive to the polari-
ty of the analyzing field, the position of the beam on its
2.2-cm-diam face, and the position at which the charged
beams strike the Faraday cups. The calibration constant
is found to vary linearly with beam energy, as expected.

IV. RESULTS AND DISCUSSION

The equilibrium charge-state fractions f2, f§°, and f3
were measured for incident Li™ ions over the energy
range 1—20 keV in targets of magnesium (Z=12), stron-
tium (Z=38), and cesium (Z=55) vapor. No previous
experiments have measured Li charge-state fractions for
this energy range in either Mg- or Sr-vapor targets. One
previous report’> has results for equilibrium fractions in
Cs vapor for energies between 5 and 40 keV, while anoth-
er!# reports conversion efficiencies between 2 and 20 keV.
Conversion efficiencies cannot be directly compared with
equilibrium fractions, since the former are apparatus
dependent. Measurements in Na vapor have also been re-
ported.'> Results for each target are described below and
are shown in Figs. 3—5 and in Table I.

A. Magnesium-vapor target

‘The equilibrium fractions for 1—20-keV Li* in mag-
nesium vapor are shown in Fig. 3. The f¢° and 3 curves
join smoothly with the results of an older, higher-energy
experiment!® which did not report measuring a negative
component.

Previous studies!’ in a Mg-vapor target suggest that
beams of elements from columns 6A and 7A of the
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FIG. 3. Equilibrium charge-state fractions: Liin Mg vapor.
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FIG. 4. Equilibrium charge-state fractions: Li in Sr vapor.

Periodic Table tend to have relatively small neutral equili-
brium fractions (< 65%) for energies between 10 and 100
keV, while elements to the left in the periodic table tend
to have relatively large neutral fractions (> 70%) for the
same energies. The results reported here for Li
(f& <60%) do not fit into that trend.

At the highest energies used here, the neutral fraction
dominates. In most beam-target systems, the neutral frac-
tion becomes larger as the energy is lowered. An unex-
pected finding is that the neutral fraction decreases in
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FIG. 5. Equilibrium charge-state fractions: Li in Cs vapor.

favor of the positive fraction as the energy is lowered
from 20 keV. For energies below about 12 keV and ex-
tending to the lowest energy measured to this experiment,
the beam does not neutralize to a high degree, and the
positive fraction dominates.

The probable reason for this observation is that the
electron-capture cross section for Li* 4+ Mg—Li 4+ Mg*
is very small below 10 keV. Such behavior is expected if
recent calculations!® on the similar Li* + Ca—Li 4+ Ca™
system are scaled to the endoergicities AE of the respec-

TABLE 1. Equilibrium charge-state fractions f;° for Li in Mg, Sr, and Cs vapors (in %). Uncertain-

ty is 5% or less unless otherwise indicated.

Mg Sr Cs
E (keV) f3 [ [z f3 f& f2 [z [ fz
1 0.192 99.5 0.342 99.3 0.62°
1.5 0.83% 98.6 0.61°
2 1.3% 97.8 0.88° 0.19® 98.5 1.3¢
3 2.5% 96.5 0.99° 0.48° 96.8 2.8°
4 87¢ 12.8° 0.0096° 3.3¢ 96.0 0.76°¢ 0.85° 94.5 4.6
5 82.4 17.6° 0.0126° 3.8 95.5 0.68 1.3¢ 93.5 5.2
6 74.3 25.7 0.017 4.5 94.8 0.68 1.6 93.5 4.9
7 67.3 32.6 0.021 5.1¢ 94.2 0.68° 1.9 93.7 4.4
8 62.8 37.2 0.025 5.6 93.7 0.68 2.2 94.1 3.7
9 59.1 40.8 0.027 6.2 93.1 0.66 2.5 94.4 3.1
10 57.3 42.6 0.030 6.7 92.7 0.61 3.0 94.4 2.6
11 54.8 45.2 0.032 7.2 92.2 0.56 3.4 94.4 2.2
12 51.8 48.1 0.034 7.8 91.7 0.49 4.0 94.2 1.8
13 49.0° 50.0 0.036 8.3 91.2 0.44 4.6 93.8 1.56
14 47.8 52.2 0.038 9.2 90.4 0.39 5.2 93.4 1.36
15 46.1 53.9 0.041 9.8 89.9 0.34 6.0 92.8 1.22
16 44.7 55.3 0.044 10.3 89.4 0.32 6.7 92.2 1.09¢
17 . 435 56.5 0.047 10.8 88.9 0.29 7.4 91.6 1.05°¢
18 42.2 57.7 0.050 11.3 88.4 0.28° 8.2 91.8 0.97°
19 41.4 58.5 0.054 11.8 87.9 0.27¢ 9.0 90.1 0.91°
20 40.7 59.2 0.058 124 87.4 0.26° 9.7 89.4 0.84°
24+30%.
v420%.

°+10%.
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tive reactions. The AE for Li* 4 Ca electron capture is
0.72 eV, while that for Lit 4+ Mg is 2.26 eV. For
Lit + Ca, the maximum cross section is realized'® at
E~10 keV. Using the adiabatic criterion!® which
predicts that the velocity at the maximum in the cross
section will scale inversely with AE, one is led to predict
the Li* 4+ Mg electron-capture cross section will not max-
imize until the energy is above those studied here. Thus,
our observations of a small neutral fraction are in accord
with theoretical predictions. It should be noted that the
heavier alkaline earths, such as Sr, where AE=0.30 eV,
will necessarily have large electron-capture cross sections
at low energies and will not exhibit behavior similar to
that of Mg.

An estimate of the electron-detachment cross section
094 can be made from f§® when the electron-capture
cross section o o is known, if the negative fraction is suf-
ficiently small for a two-component model to be valid. In
this model the neutral fraction is

¢ =0,0/(00+00y) .

Cross sections o o for electron capture have recently been
measured by Coggiola, Bae, and Peterson.’® These values
combined with present measurements of f§ provide an
estimate of the electron-detachment cross section og,
which lies between 1.0%x 1071 and 1.2 10~! cm? over
the energy range 4—10 keV.

B. Strontium-vapor target

Figure 4 summarizes the energy dependence of f* and
f% in strontium vapor. Previous measurements* of the
D™ charge-state fraction in Sr vapor showed a peak at
about 50% for a D™ energy near 0.5 keV. Note in the
figure that there is a small peak at about 2.5 keV, with a
broad shoulder at higher energies. This is qualitatively
similar to the D~ yield in the same target at the same ve-
locities, although the maximum Li~ yield of 1% is very
small compared to 509% for D~.

C. Cesium-vapor target

The largest negative fraction (5.4%) observed for the
three targets studied was for a cesium-vapor target. This
result is shown in Fig. 5. The negative fraction also
exceeds the positive fraction at energies less than 10 keV.
Our observations confirm a trend noted earlier!® for other
alkali-metal projectiles in cesium vapor; the negative-ion
fraction peaks at a projectile velocity of about 0.17 a.u.
As with the Sr target, but unlike the Mg target, the
positive-ion fraction is monotonically decreasing as the
energy is reduced.

D. Scattering

The incident beam is not tightly collimated in this ex-
periment, nor is it continuously monitored, hence little
can be said about scattering. The collimation of the beam
after the target is designed so that only ions and atoms
that scatter into a cone of half-angle approximately 3.5°
about the forward direction enter the analysis chamber.
For the cesium target the following quantitative state-
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ments can be made. At equilibrium, by definition, almost
all of the ions undergo more than one collision that is
close enough for an electron to ‘be captured or lost. We
find that at least 80% of the beam reaches the analysis
chamber; it thus follows that most of the ions are not
scattered by more than 3.5°. For the Mg and Sr targets,
because the target collimation is tighter, scattering loss is
much greater within the target, and the downbeam col-
limation does not determine an upper bound for the
scattering angle.

E. Uncertainties

The systematic errors associated with the data in Figs.
3—5 are estimated to be equal to or smaller than the plot-
ting symbols except where noted by error bars. These un-
certainties are a measure of the repeatability of the
charge-state fractions over a period of time and arise
mainly from variations in the neutral-atom detector. Ad-
ditional uncertainties occur for very small fractions,
where instrument drift and various backgrounds increase
the uncertainty of the charge-state-fraction measurements.
Typical uncertainty for an equilibrium yield is +5%.
Charge-state fractions are, of course, determined at equili-
brium thickness, so there is no error associated with target
temperature measurement or target density determination.
The error associated with the ion energy and gq/m is
determined by the stability and calibration of the accelera-
tor and magnet power supplies, which are well enough re-
gulated so that those errors are negligible.

V. CONCLUSION

The negative-ion equilibrium charge-state fractions of
lithium ions passing through vapors of Mg, Sr, and Cs
show quite different trends, as seen in Fig. 6. The max-
imum negative-ion fraction occurs near 5 keV in Cs va-
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FIG. 6. Summary of £ for Li ions in metal vapors.



por, and for energies below 10 keV, the emergent Li beam
has a net negative charge. While negative-ion formation
is extremely small in a Mg target, interesting behavior is
observed, indicating an inhibition of neutralization at low
projectile energies, so that the emergent beam has a net
positive charge. In contrast to production of D~ at com-
parable velocities, very little Li~ is produced in Sr vapor.
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