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OSCILLATORY STRUCTURE IN MEASURED TOTAL Li'+ Li CHARGE TRANSFER
AND COMPABISON WITH THEORY*
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Measured Li++ Li total charge-transfer cross sections are reported and compared
with the computed results of Peek, Green, Perel, and Michels based on an ab initio two-
state calculation. Both experiment and theory show oscillatory structure in the cross
sections with very good agreement in cross-section magnitude and oscillatory structure.
There exist, however, small but important differences in the oscillation characteristics.

An ab initio calculation was made on the two
lowest potential states of Li, ' as a function of the
internuclear separation by Michels. ' The differ-
ence between these two potential curves was used
as a basis for a calculation of the total resonant
lithium charge-transfer cross section. ' With use
of a two-state expansion within the framework of
the impact-parameter method, the calculated
cross section as a function of the velocity shows
regular, large-amplitude (-10%) oscillations as
a result of the potential-difference curve contain-
ing a maximum at a large impact parameter.
The oscillations are similar to those seen in the-
oretical and experimental' investigations of cesi-
um resonance. The computed lithium cross-sec-
tion values and oscillation characteristics showed
good correlation with preliminary measurements.
In this paper the final measurements are report-
ed and the results compared with the calculations.

The measurements were made using a crossed-
beam technique' with data taking facilitated by an
XF plotting method' and with ion generation and
atom detection accomplished using surface ioniza-

tion by an oxygenated surface.
The ion source' consisted of a reservoir of

lithium which was heated to above the melting
point with lithium transported by capillary forces
to a vaporizer region. The vaporizer region tem-
perature was used to control the lithium feed
rate to a porous tungsten ionizer which was heat-
ed to about 1100'C. A directed oxygen spray was
used to increase the surface work function in or-
der to enhance the ionization efficiency of the
source. Usable ion beam currents ranged from
0.1 to 1 p, A during cross-section measurements.

Atomic-beam intensity measurements depend
upon surface ionization to efficiently convert the
atomic flux into an equivalent ion current using
an indirectly heated tungsten surface. The ion-
ization efficiency of the atom detector has a di-
rect effect upon the accuracy of the cross-section
measurements, therefore detection efficiency
was carefully examined. Desorption time mea-
surements were made as a function of the sur-
face temperature and degree of oxygenation to
help evaluate the accuracy of the ac method used
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to detect the modulated atomic beam.
Uncertainty in the desorption was estimated to

contribute an error of no more than +5%%uo. Ioniza-
tion efficiency was examined by also varying tem-
perature and oxygenation. For different degrees
of oxygenation, the detection current increased
with temperature, then asymptotically approached
a maximum value. With increasing oxygen (at a
fixed temperature), the current increased, then

decreased when the chamber pressure was suffi-
ciently high to attenuate the atomic beam (-10
Torr). From these considerations, the error in

determining the atom intensity was taken to be
less than +15%%uo. Since this was the largest uncer-
tainty in the measurement, the accuracy of the
cross-section magnitude was estimated at +15'%%uo.

The oxygen flow required for efficient Li sur-
face ionization increased the vacuum-chamber
pressure somewhat above the operating level for
previous cross-section measurements. The pres-
sure and the high source temperatures caused
more noise than usual. At low signal levels
(which occur at low ion-accelerating voltages)
the noise introduces nonlinear effects, particu-
larly at the log multiplier used to obtain the ratio
of the charge-transfer signal to the ion-beam
current. Similar effects occur at high voltages
from ion-source arcing due to the oxygen pres-
sure. The overall effects from these two can dis-
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tort the cross-section curve shape, particularly
at the high and low ends of the ion velocity range.

Figure 1 shows the measured Li'+ Li cross
section as a function of the ion velocity (and ener-
gy) along with the experimental results of Lo-
rents, Black, and Heinz. ' The two cross-section
curves agree within experimental error and ex-
hibit the typical resonant decrease with increas-
ing velocity. The superimposed oscillations are
similar to those observed with the other resonant
cross sections. '""

For a clear display of the oscillatory structure,
the cross section is shown in Fig. 2 as a function
of inverse velocity, along with the calculated
cross section of Peek, Green, Perel, and Mi-
chels. ' The agreement in cross-section magni-
tudes is very good. The experimental curve
shows an increase at the two ends of the mea-
sured range which is probably due to the curve
distortion uncertainty discussed above. This
cross section deviates somewhat from the curve
shepe cr' =A —B lnv obtained with all the rest of
the alkali-metal resonance cross sections mea-
sured in this laboratory. It is estimated that the
uncertainty in the relative cross section and
curve shape below 0.6 keV (&17 a.u. ) is about 15%
so that the theoretical results are within the un-
certainty of the measurement.

There are, however, differences in the oscilla-
tory structures of the two curves which are ex-
amined using the stationary-phase approximation
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FIG. 1. Measured lithium resonance charge-trans-

fer cross section as a function of the ion velocity and
energy, showing clear oscillatory structure. The ex-
perimental results of Ref. 9 are shown to be in good
agreement with our results except that they did not ob-
serve oscillations. The dashed portion of our cross-
section curve has a greater uncertainty than the rest
of the curve.

FIG. 2. The measured cross section is compared
with the theoretical results of Ref. 2, on a plot of the
cross section versus inverse velocity. The uniformity
of the oscillations and the similarity between the two
curves are clearly displayed. The insert shows the
oscillatory parts obtained by subtracting the smoothly
varying theoretical part (o&} from both cross sections.
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of Smith. He showed that the cross section
could be characterized by a smoothly varying
part of an oscillatory part. The oscillatory part
of the cross section can be approximated by

-n(v) cosw(pv '—5),
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FIG. 3. Oscillation maxima and minima plotted as
g vs v ~. The theoretical data (solid circles) lie on a
straight line. The experimental data (crosses) have a
lower s)ope at lower inverse velocities and show very
good agreement with theoretical data at higher inverse
velocities. These plots were used to determine values
of p and 5.

where n(v) is the amplitude, P is the frequency,
and 5 is the phase constant of the oscillations.
Note that this is a negative cosine curve so that
maxima and minima occur for odd and even inte-
ger values of n, respectively, where n=Pv '-5.

Oscillation frequencies and phase constants
were obtained from Fig. 3 which is a plot of n vs
v '. Maxima and minima occur at odd and even
values of n, on the assumption that the oscilla-
tory part of the cross section is approximated by
the damped cosine curve given by Eq. (1). The
theoretical data lie on a straight line with P = 0.71
a.u. (1.55x10' cm/sec) and 5=0.2. Considering
that the velocity at the experimental datum point
n= 13 is the most uncertain, the slope (P) above
v =10 a.u. is the same as the theoretical line with
5=0.4. Below 10 a.u. , the slope is lower with P
=0.61 (1.33&&10' cm/sec) and 5=0.7. The phase
constants (5) differ from those of the rest of the
alkali-metal resonance measurements which
yield approximately +&. For high-velocity colli-
sions, such as those for Li above a few keV (v

-10 a.u. ), Smith" suggests that a phase change
can occur. This may explain the change in the
experimental slope in Fig. 3. It should be noted

that the calculations do not include the high-veloc-
ity effects which appear to be important below
10 a.u.

The theoretical oscillation amplitude is approx-
imately given by o. (v) =12.5v' ' (in a.u. ). This
shows the same velocity dependence obtained by
Smith' and Marino' in calculations for Cs reso-
nance calculations. As in the Cs case, the Li ex-
perimental amplitudes fall off more rapidly than
theoretical. This may result from damping in the
probability oscillations not accounted for in the
calculations.

The present Li resonance charge-transfer mea-
surements show cross-section values and oscilla-
tion amplitudes in good agreement with computa-
tions based upon ab initio interaction potentials.
The experimental oscillation characteristics dif-
fer from those of the calculations below v '-10
a.u. The use of a two-state impact parameter
calculation does account for most of the features
of the Li resonance cross section. It should be
pointed out that the agreement between theory
and experiment verifies the ab initio and cross-
section calculations. However, a unique poten-
tial-difference function cannot be determined
from a total cross-section measurement because
rather different functions can provide the same
oscillation characteristics. "
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HYPERFINE ANOMALY IN "'Ir BY MOSSBAUER EFFECT, AND ITS APPLICATIQN
TQ DETERMINATIQN OF THE ORBITAL PART QF HYPERFINE FIELDS*
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A 7% hyperfine anomaly is found in Mossbauer measurements of the 73-keV transition
in SIr. A 2/o difference is found between the anomalies in antiferromagnetic IrF6 and
Ir-Fe alloy. The difference is ascribed to orbital contributions which differ for the two
iridium environments. By using known details of IrFB we find the orbital field in the Ir-
Fe to be H&=+335 +200 kOe.

We have observed a, 7%%uo hyyerfine anomaly be-
tween the ground state and first excited state in
'"Ir by Mossbauer effect measurement, and a
difference between the anomalies for iridium in
ferromagnetic and antiferromagnetic environ-
ments. We are able to use the results to parti-
tion the hyperfine field at '"Ir in an Ir-Fe alloy
into a contribution due to a Fermi contact inter-
action and one due to noncontact fields, the latter
being primarily orbital in origin. It is chiefly
upon this new magnetic technique that we wish to
report. The measurements of the anomaly will
be treated briefly here and in detail in a later
publication. '

Anomalous hyperfine interaction describes the
difference between a nuclear magnetic moment
measured in a uniform field and the moment mea-
sured in a magnetic field of hyperfine origin. "
Since a hyperfine field is observable only in a
product with a nuclear moment, the anomaly is
observed by comparing the ratio of two moments
or nuclear g factors measured in the two types
of field. Many such anomalies between the ground
states of a pair of isotopes have been measured,
for example by atomic-beam techniques. Grod-
zins and Blum' made the first Mossbauer type
measurement of the anomaly between two states
of the same nucleus (the ground state and first
excited state in "Fe), where it was found to be
margina, lly small.

A large anomaly might be expected to be pres-
ent in the iridium nuclei "'Ir and '"Ir.' The rel-
atively large size of the nucleus results in a con-
siderable variation of electron density over the
nuclear radius. The contact hyperfine field,
which depends on the density, is thus variable
over the radius. The orbital and spin motions of

the unpa. ired nucleons cause different radial dis-
tributions of magnetic moment and therefore con-
tribute differently to the overall interaction in
the radially varying density. The 2+ ground
state of the odd-proton nucleus '"Ir, for exam-
ple, is favored for the effect because insofar as
it is d», in character, the orbital and spin con-
tributions to the nuclear moment tend to cancel,
and a, minor difference in the separate interac-
tions shows up as a relatively large effect. The
&' excited state at 73 keV is not so especially
favored. It is the transition between these two
states which we use.

We measured the ratio g*/g' of excited-state
to ground-state nuclear g factors in an external
field of 73 kG supplied by a superconducting mag-
net. The absorber was iridium metal and the
source '"Os from neutron capture in '"Os metal.
The source itself has a small quadrupole split-
ting' which was taken into account in the fitting.
The spectrum is incompletely resolved and con-
tains two prominent outer lines and two weak in-
ner ones. The separation of the prominent lines
gives g*+g'. For g' we can take Narath's value'
uncorrected for Knight shift and diamagnetism,
namely g' =+0.10589. This is permissible since
both measurements are done in external fields
and on the same substance. Kith this we ob-
tained R, =—g„*/g,0=+9.51+0.03. The subscript
u indicates measurement with a field that is uni-
form over the nuclear volume. ' This is to be
compa. red with the same ratio measured in a 2.7-
at. /0 alloy of Ir in Fe by Wagner et al. ,

' who ob-
tained RF, ——+8.875+ 0.018. As the measure of the
anomaly we take

&p,
———(R,-R p, )/R p, = 0.072 a 0.004.
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