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Differential scattering measurements are reported for the elastic reaction Li++ Li
-Li'+ Li at 25-150 eV (c.m. ) and the inelastic reaction Li'+ Li(& &)-Li'+ Li(2P P) at
25, 50, and 100 eV. The elastic cross sections show a rainbow peak at Fo~ —= 80 eV deg,
curve-crossing perturbations, and possibly electron-transfer oscillations. The ioelas-
tic cross sections have an oscillatory structure with a threshold at E&~=—70 eV deg.
These observations are interpreted in terms of the diabatic electronic states of Li2'.

Bifferential cross- section measurements of
low-energy elastic and inelastic ion-atom scat-
tering for few-electron systems have proven
particularly fruitful for observing various inter-
actions and for comparing with the predictions
of theoretical models. ' The electron- and nu-
clear-exchange interactions of the He'+He sys-
tem have been observed and studied in great de-
tail. The role of diabatic states for that system,
and their intimate relationship to curve-crossing
interactions, are currently being intensively in-
vestigated both theoretically and experimentally. '
The next simplest symmetric system, Li'+ Li,
has been considered qualitatively by Lichten,
who concluded that, due to the small separation
of the Z& and Z„diabatic states arising from the
ground-state separated atoms, the electron-
transfer oscillations seen in the differential
cross sections would be of long wavelength and
heavily damped. The total charge-exchange
cross section has been measured as a function
of energy. ' Its magnitude and structure are con-
sistent with a difference potential DV,d(R) from
an adiabatic computation' of the Z& and Z, states
of Li, ', the oscillations being due to an extremum
in AV at about 5 a.u. Such measurements do not
test the difference potential very thoroughly,

since oscillations in the total cross section are
sensitive to changes in AV only near the extre-
mum and outside it. ' In this paper we present
the first results of a study of elastic and inelas-
tic differential scattering in Li + Li, which al-
lows one to deduce much more information on
the potentials.

The apparatus' used earlier for measurements
of Li' scattering by He was modified for these
measurements by installation of a Li-vapor beam
source to replace the gas scattering cell. Iso-
topically pure 'Li ' ions obtained from an indi-
rectly heated spodumene source were accelerat-
ed and focused using an ion gun described pre-
viously. A collimated ion beam intersected a
beam of 'Li atoms directed perpendicular to the
plane of rotation of the scattered ion detector
and containing the ion beam. The scattered ion
beam defined by a pair of slits was electrostati-
cally energy analyzed and detected with an elec-
tron multiplier. The slit sizes were unchanged
from those used in the previous experiment, the
effective angular resolution being about 0.2 for
angles greater than 5 . Before energy analysis,
the scattered ions were retarded to 50 eV to im-
prove the resolution of the analyzer. The energy
resolution was always sufficient to assure com-
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piete isolation of the elastic peak as well as the
peak due to the excitation of Li(2p).

The unnormalized cross sections 0 are present-
ed in Figs. 1 and 2 as reduced cross sections
p =8sin8v(8, E) versus the reduced angle v=E8.
For scattering at small and moderate angles, '
these both depend primarily on the impact param-
eter b: v= v(b) and p = p(7).

Although we have not yet measured absolute
cross sections, it was possible to obtain the ra-
tio of the signa, ls in the 2P and the elastic chan-
nel at each angle 0 at E = 25, 50, and 100 eV.
These ratios oscillate as a function of T with an
envelope that rises sharply with increasing 7 to
a peak and falls off more gradually. The three
envelopes are similar in shape but the 50-eV en-
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velope lies above the other two for all values
of v'.

Various noteworthy features can be seen in the
elastic curves (Fig. l). A rainbow peak is iden-
tified at 7~=80 eV deg. A localized high-fre-
quency oscillation at v ' = 250 eV deg is attri-
buted to a perturbation due to a curve crossing
like those seen in other systems'; its amplitude
is greatest at about 40 eV. The electron-trans-
fer oscillations are expected to have low fre-
quencies and small amplitudes, ' and to be unlo-
calized; they may be present, but they are dif-
ficult to identify in the presence of the prominent
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FIG. l. Elastic data in units of p =& sin00(0) vs T

=EH. The error bars indicate the limits of reproduc-
ibility of the data over two or more data runs. The
60-eV curve shows the data points from two runs.

FIG. 2. Lower: Inelastic data in the reduced units
of v and p. Upper: Reduced plot of peak and valley
indices for the inelastic data.
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local features.
The excitation data (Fig. 2) exhibit a sharp on-

set at a remarkably low value of 7~ "=70 eV
deg. The oscillations following the onset are not
large and rapidly decay with increasing v.

To explain these results we have constructed
an approximate potential diagram in Fig. 3, using
the known separated-atom and united-atom limits
for the various states and a recent calculation
by Fischer and Kemmey" (FK) of the lowest
adiabatic Z& and Z„states for 4- R- 8 a.u. All
solid curves are diabatic, as defined by Lich-
ten, ""and thus even with the same symmetry
they may cross one another.

The key to the explanation of the elastic per-
turbation and inelastic effects is the FZ„state,
which provides a strong coupling mechanism be-
tween the AZ„and CZ„,EZ„, and higher states.
The EZ„state with the configuration (1so&)'
x(lscr, )(2scr&)' correlates at R =0 with the ground
state of the united atom C'(1s'2s'2p), and at
R =~ with the highly excited separated-atom
state Li'(1s')+ Li(ls2s'), which probably lies
at an energy of about 2 a.u. The ground XZ&
state correlates at R=0 with the excited state
C'(ls'2s2p'), and so must cross the E state,
while the AZ„and CZ„states correlate, respec-
tively, with the 1s'2p'3p and 1s'2p'4f configura-
tions of C'. The ground adiabatic Z, state cor-
responds to our A state for R & R where R is
the F-A crossing point. The F state and its
crossings with A and X explain both the maximum
and the change in sign observed in the adiabatic
ground-state difference potential AV,d, as calcu-
lated by Peek, Green, Perel, and Michels'
(PGPM). Their adiabatic Z, -Z& crossover at
R=3.0 a.u. locates the crossing of the F and X
states in Fig. 3. Although AV, d differs signifi-
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FIG. 3. The diabatic potential curves for the Li2'
system. The FK calculations are shown by the solid
squares and the crossing points by the open circles.
The curves are estimates of the potentials based upon
the FK and PGPM calculations, the united- and sepa-
rated-atom limits of the various states, and the scat-
tering data. The X,&,B,C, lettering scheme is
arbitrary.

cantly as calculated by PGPM and by FK, both
versions reproduce the experimental total cross
sections equally well.

We have based our X- and A-state potentials in
Fig. 3 on the calculations of FK, extending the
former to small R by using a shell-model Bohr
(shielded Coulomb) potential with simple hydro-
genic shielding coefficients":

V~(R) =R '[1+ 2 exp(-2. 36R)][exp(—0.63R)+ 2 exp( —2.36R)] (R & 3.5 a,.u. );

=0.0456(exp[4. 18(1-R/5.7)]-2exp[2. 09(1-R/5. 7)]j (3.5 & R & 5.7);

=0.0456{exp[3.26(1-R/5. 7)]-2exp[1.63(1-R/5. 7)]) (5.7 & R).

The second and third forms are Morse functions with a broad minimum at R, = 5.7 a.u. with a depth
e =0.0456 a.u. From this potential the calculated reduced rainbow angle T~ is 84.3 eV deg at high en-
ergy, and 75 eV deg at 15 eV, agreeing with the experimental value T~ = 80 eV deg. The X and A po-
tentials are related by the difference potential (in atomic units)

V~(R) —V~(R) = SV(R) = 0.50 exp( —0.26R),

which is obtained from a semilog plot of FK's data; it extrapolates at A =0 to 0.5 a.u. in agreement
with Lichten. The perturbation at 7. = 250 eV deg was used in conjunction with the deflection function
for Vz to locate the E-A crossing at A = 4. 5 a.u.



VOLUME 24, +UMBER 8 PHYSICAL REVIEW LETTERS 23 FEBRUARY 1970

The oscillations on both the elastic and inelas-
tic differential cross sections due to the AZ, -
FZ„ interaction are explained by the Stueckel-
berg theory of curve crossing. Transitions oc-
cur only at or near a crossing point R where the
electronic states are degenerate, and this point
is passed twice in the collision. Two opportuni-
ties for transition result in two possible trajec-
tories for both elastic and inelastic scattering
at a given angle 8, giving rise to quantal inter-
ference oscillations on both the elastic and in-
elastic differential cross sections. The frequen-
cy of these oscillations is related to the differ-
ence in impact parameters for scattering to the
angle 8 by

z b = 2~n (2qz) "(dh/de),

where N is an integer index for the peaks. An

appropriate reduced plot that takes into account
threshold effects and the expected energy depen-
dence presents (N+ 4)E' ' vs —~; its slope is pro-
portional to Ab. In the upper portion of Fig. 2,
the inelastic oscillations have been so plotted.
The zero intercept yields the threshold value of
T~

" =70 eV deg for this process, and the initial
slope gives Ab "=1.5 a.u. , a large value which
implies that the A and F potentials are well
separated for R & R . Likewise, the spacing in
the elastic oscillating perturbation at 7"=250 eV
deg yields 4b" =1.8 a.u. The fact that Ab" is
slightly larger than Ab " is in accord with theo-
ry. Semiclassically the thresholds are related
by

inel (T el + & CE')y2

where v is the reduced angle for elastic scat-
tering following the C-state potential outside the
CF crossing and the F state inside, and with just
the proper impact parameter to reach R~, the
FA crossing. We thus find T =-110 eV deg;
this negative scattering angle presumably arises
from the strongly attractive F-state potential in
the region between R and the CF crossing.

The magnitude of the coupling matrix element
H~gR ) between the A and I' states (half the
adiabatic splitting) at this point can be estimated
from the energy 40 eV at which the elastic per-
turbation has maximum amplitude (confirmed by
the maximum in the inelastic transition probabil-
ity near 50 eV). Using the Landau-Zener formu-
la together with an estimate of the slopes of the
F and A potentials near 8, we obtain an upper
bound (because the centrifugal contribution is
unknown), H~~(R ) &0.018 a.u. At energies

much higher than 40 eV the particles will pre-
dominantly follow the AZ„curve through R and
remain on the diabatic potential.

The results presented here give an approxi-
mate picture of the diabatic states of Li, ' con-
sistent with the available experimental data and
molecular- state computations. For further study
of this interesting system it is of utmost impor-
tance that more ab initio computations of the
ground and excited electronic states be carried
out. Experimental studies are continuing in this
laboratory to establish the absolute cross sec-
tions and to observe excitation of the Li(3s) and
higher states.
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SURFACE EFFECTS ON POSITRON ANNIHILATION IN SILICON POWDERS*
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Positron lifetime measurements were made in silicon powder samples with different
grain size and doping. Two lifetime components were detected in low-resistivity n sam-
ples and in high-resistivity P samples having grain sizes smaller than about 50 p, . The
faster component [7&=(2.59+0.10}x10 sec] was easily ascribed to annihilations in the
bulk; the slower one [r&= (5.20+0.20}x10 " sec} was ascribed to annihilation process-
es taking place in the oxide surface layer.

Positron-lifetime spectra in silicon single
crystals have been extensively studied by sever-
al workers' and are commonly interpreted in
terms of a single significant decay component 7,
which appears to be independent of the type and

the amount of doping. The lifetime v, was found

to depend strongly on the mean valence-electron
density and the polarizability of the valence band,
and was then ascribed to annihilations with the
electrons of the valence band. 4 In this paper we

report positron-lifetime measurements in silicon
powder samples where a slower decay compo-
nent T, is also observed. The experimental data
suggest that this new component 7, is due to an-
nihilation processes which take place near the
surfaces of the grains.

The experimental technique for the recording
and analysis of the lifetime spectra has been de-
scribed previously. 4 With narrow energy-selec-
tion windows set near the Compton edges of the
Na' spectrum, the full width at half-maximum
(FWHM) of the prompt time-resolution curve
taken with the y rays emitted by Co" was 3.5

X10 "sec. The peak-to-background ratio was
104:1.

First we measured the positron lifetime in a
single-crystal sample. The same single crystal
was then powdered in atmospheric air in order
to obtain several powder samples of different
grain sizes. The mean diameter of the powder
grains was measured by means of an optical mi-
croscope, and finally positron-lifetime spectra
of each sample were taken. In order to avoid the
presence of dust and humidity, all lifetime mea-
surements were taken in a vacuum (10 4 Torr).
The whole process was carried out for (a) u-type

samples with 2 x10" Sb atoms/cm', (b) p-type
samples with 3 x10" B atoms/cm', and (c) p-
type samples with Bx10' B atoms/cm'. In all
three cases we started with single-crystal sam-
ples where only one significant lifetime 7, = (2.62
+ 0.015) x10 "sec was detected; a second tail
component was also present with a maximum in-
tensity of 2.7% and a lifetime ranging from 5.3

X 10 "to 14.8 &10 ' sec. This latter compo-
nent may be ascribed to spurious effects as was
explained in previous works. '4

In powder samples we found identical results
as for single crystals when we examined sam-
ples having grain size greater than about 50 p.
Then, in case (a) the abrupt appearance of a
slower decay component v, [with lifetime T,
= (5.20~ 0.20) x 10 "sec] wa. s observed. Subse-
quently the intensity I, of the new component
showed a slow increase with decreasing grain
size up to 25% for grain sizes of about 2-3 p.

In Fig. 1 a, typical decay spectrum is reported
where the slower component is clearly evidenced.
The effect is considerably less marked in case
(b), and no one significant T, component wa.s ob-
served in low-resistivity p-type samples [case
(c)]. Finally, it must be pointed out that the v,
fast component was always detected in all pow-
der samples with an averaged lifetime [T,=(2.59
+ 0.10) x 10 "sec] which is, significantly, equal
to the single-crystal lifetime and can therefore
be ascribed to the same annihilation process
which was assumed for single crystals.

The first suggestion is that the slow component
is due to positrons which annihilate near the
grain surfaces, being captured by a surface po-
tential well. Then, following Brandt and Paulin, '


