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frame value, as expected.® The results of a ser-
ies of runs using different values of modulation
index are also shown in Fig. 1(b). The agree-
ment between theory and experiment is clear.
Other preliminary results have been obtained:
(1) The experiment works efficiently in polycrys-
talline solids—we have succeeded in reducing
the linewidth of the proton spectrum in adaman-
tane by two orders of magnitude. Since the line-
width at this point is the same as that of a liquid
sample, rf-field inhomogeneity appears to be the
limiting factor. (2) Reduction of the dipolar coup-
ling is just as dramatic when the rf is off reso-
nance, and we have observed preservation of
chemical-shift structure in liquids under these
conditions. Thus, the potential exists for uncov-
ering chemical-shift anisotropies and heteronu-
clear couplings obscured by homonuclear broad-
ening. (3) The experiment works as well with
frequency modulation of the rf field, and also
for w,<w,. (4) A variety of multiple-quantum
transitions are observed when modulation is
used. (5) No reduction of the dipolar coupling is
achieved when the requirements for photon dress-
ing (i.e. wy,>» w,) are met.

These and other aspects of the experiment are
under investigation and will be reported on in
more complete form.

We thank R. D. Kendrick for technical assis-
tance, F. F. Abraham for help with DSL/360,
and D. E. Horne for help with the spectrometer.
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Electronic Momentum Densities by Two-Dimensional Angular Correlation

of Annihilation Radiation in Aluminum*
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(Received 2 July 1976)

Two-dimensional angular correlation of two y’s from positrons annihilating in alumi-
num have been measured with a multidetector apparatus and compared with momentum
densities based on orthogonal-plane-wave electron wave functions. Anisotropy in the mo-
mentum distributions and direct evidence for annihilation with the high-momentum com-
ponents of the conduction band are found.

In this Letter we report the first two-dimensional (2D) angular correlation measurements of 2y anni-
hilation radiation from oriented single crystals of aluminum, and compare the results with theoretical
predictions. The experiments were performed to test the sensitivity of the technique to the electron
and positron wave functions and, in particular, to study the nature of the high-momentum components
(HMC) of the correlations in a simple metal.

The applicability of the positron technique to the study of electronic band structure'! and particularly
of Fermi surfaces? (FS) is well known. In the independent-particle model (IPM) the momentum distri-
bution p(p) carried by the annihilation photons from a periodic lattice at zero temperature is given by'

p(P) = const 25| [d exp(- i+ Flu, (Flug,, (Fexp(ik: F)|*= const 25 23 Az(K, n) 126(p-k-G), (1)
k,n k,n G

where %,"(r) is the ground-state (k=0) positron Bloch wave function « 3 ,(f) exp(ik-T) is the electron
wave function with crystal momentum k and band index n, Gisa reciprocal lattice vector, and

ue'(Fug () =2, Ag(K, n)exp(i G- T);
G
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#=1., The summation is over all occupied states
in the first zone.

As discussed by Berko and Plaskett,® one ob-
tains from Eq. (1) a distribution p(p) exhibiting
breaks not only at the FS in the first zone (§=K),
but also in higher zones, due to the HMC of the e~
and e* wave functions (“umklapp annihilations”),
One therefore predicts a set of Fermi surfaces in
P space modulated at each =k +G by |Aga(k, n)|2
Thus the measurement of p(p) by angular correla-
tions reflects the shape and size of the FS, as
well as the nature of the wave functions via the
Fourier coefficients Ag(ﬁ, n). Additionally, devi-
ations are expected from the IPM predictions due
to many-body correlations!; these deviations can
be expressed as a momentum-dependent enhance-
ment factor* E(p) multiplying the IPM p(D).

In angular correlation measurements one usu-
ally uses “long-slit” geometry to obtain N(p,)
= [[p(®)dp,dp,, where p,=6mc, 0 being the an-
gle measured. More rarely, “crossed-slit” 2D
curves N(p,, p,) = [p(D)dp, are obtained in meas-
urements usually confined to internal e” sources
of Cu or Cu-based alloys.? Inthis Letter we pre-
sent detailed “crossed-slit” measurements em-
ploying an external positron source; the intrinsic
low counting rate of the 2D geometry has been

N(PI.PYUO), ARBITRARY UNITS

compensated for by using multiple pairs of coun-
ters. We selected aluminum as a test metal be-
cause its nearly free-electronlike band structure
is well known® and because in long-slit measure-
ments it exhibits a well-defined but low-intensity
high-momentum tail.®* Usually these tails are at-
tributed to annihilation with core electrons. How-
ever, HMC of the conduction band have been in-
ferred from anisotropy studies of long-slit data
in Cu® and in Ge.” The crossed-slit geometry
permits a direct observation of these conduction-
band HMC.

The 2D measurements were performed with a
multicounter correlation apparatus® using 22 5-
cm-long by 3.8-cm-diam Nal detectors behind Pb
collimating slits subtending 0.5x2,2 mrad at the
sample; the sample-to-counter distance is 320
cm. The aluminum single crystals were 1.5-mm-
thick, 10-mm-diam disks, annealed for 24 h at
610°C and slowly cooled; in the experiment they
were kept at 100°K on a cold finger. The posi-
trons from an external Co®® source (up to 500
mCi) were focused onto the sample face by a 17-
kG magnetic field. The experiments were per-
formed with p, fixed, scanning along the p, direc-
tion. The orientations are indicated by the nota-
tion Allp,], [p,]. In Fig. 1 we present the meas-
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FIG. 1. Al[001],[100] angular correlation with p,= 0, and the absolute magnitude of the first derivative (second
nearest neighbors). One unit of mc x 10”3 corresponds to an angle of 1 mrad. Open circles correspond to <0 fold-
ed about p,=0 to exhibit the inherent symmetry of the data. Full curve is the theoretical OPW prediction; dashed
curve corresponds to simple sphere model discussed in text. The inset indicates the projection of the BZ and of the
(111) and (200) spheres used in the simple model onto the (100) plane. The shaded rectangle indicates the effective
resolution along p, and p,; integration direction is perpendicular to the plane of the inset.
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FIG. 2. High-momentum measurements at constant p,=A
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;=1 Gyl = 10.41 %10 *me for A1[001],[100] (curve A4) and

Al[101], [12T] (curve C), and A;=15% 10" Sme for A1[001],[100] (curve B). The dash-dotted line corresponds to the
continuation of the IPM core contribution plotted with half intensity as discussed in text. The theoretical curves and

the inset are as in Fig. 1.

urement of N(p,, p,) at p,=0 for the A1{001], [100]
orientation and in Fig. 2 we plot three representa-
tive curves obtained at finite p, to study nature of
the HMC.

The experimental curves are compared with
theoretical momentum densities.” The conduc-
tion-band wave functions were computed as a lin-
ear combination of four orthogonal plane waves
(OPW’s),' using the Fourier coefficients V,,, and
V00 and the effective mass found by Segall® to
reproduce best his Korringa-Kohn-Rostoker
bands. Tight-binding core states were construct-
ed from Herman and Skillman free-atom orbitals
and the explicit orthogonalization terms were in-
cluded for the valence functions. The positron
wave function was calculated as an expansion in
symmetrized plane waves using an inverted lat-
tice potential.'! The full p(p) was computed by ad-
ding to the valence p(P) one half of the IPM core

1234

p(D). The reason for this lowering of the theoret-
ical core amplitude will be discussed in connec-
tion with Fig. 2. The theoretical momentum pro-
files p(pP) along various p directions indicate that,
except at momenta close to the zone faces where
the deviations from free-electron behavior follow
closely the nearly free electron predictions, the
momentum density is nearly k independent. Thus,
following Ref, 3, a much simplified model was
also used. In this “Wigner-Seitz” model a free-
electron sphere was centered on each reciprocal
lattice site G, and weighted uniformly by | Az(0)
taken from the full IPM theory described above.!?
In order to compare theory with experiment the
theoretical p(p)’s were integrated along one of the
components (p,) and the experimental momentum
resolutions along p, and p, were folded in; the
theoretical curves N(p,,p,) were normalized to
the experimental value at p,=p =0.



VOLUME 37, NUMBER |8

PHYSICAL REVIEW LETTERS

I NOVEMBER 1976

In Fig. 1 we plot the A1{001],[100] curve, with
?,=0. In order to exhibit the fine structure in the
curve, the derivative of the data is also plotted.?
We scaled N(p,,p,=0) in such a way as to demon-
strate the nearly circular nature of the central
curve, as expected for a free-electron gas with
perfect momentum resolution. The experimental
curve exhibits an extended bulge compared to the
IPM computations, which, as known from long-
slit experiments on alkali metals, is attributable
to e*-e” many-body effects.!*'!° Indeed, good
agreement can be obtained between the “model
curve” (dashed line) and experiment after the the-
oretical many-body isotropic enhancement E(p)
of the interacting positron-electron gas* is includ-
ed in the model computation. On the other hand,
the simple model clearly fails to reproduce the
structure in the distribution observed around p,
=3X10%mc. This structure, particularly clear
in the derivative curve, is well reproduced by the
OPW computation (full curve), and is thus attrib-
utable to zone face interactions. This effect is
due to points close to the Brillouin-zone (BZ) cor-
ner W, where the FS is closest to the zone bound-
ary and thus the wave functions deviate most from
free behavior. More precise experiments and
more detailed calculations will be required to
separate the effects of FS topology from the k de-
pendence of the | Az(k)|? in this region. Devia-
tions from free-electron behavior can also be
clearly observed just outside the first Fermi sur-
face, around p,=7x10 3*m¢, where the OPW
curve clearly fits the experiment better than does
the simple model.

Other distribution curves with p,=0 were ob-
tained with the following orientations: [001}, [110];
[101], [101]; [101], [10T]; [101], [ 12T]; [111], [112].
These curves indicate that the many-body “bulge”
is isotropic. The fine structure is anisotropic
and again appears to be correlated with the posi-
tion of the W point. The difference curves (“an-
isotropies”) show a complex structure of up to
2.5% amplitude and are reasonably reproduced
by the OPW theory.

Although these particular experiments were not
performed to measure the values of the FS radii
accurately, we have ascertained p by analyzing
the break at the FS as smeared by the angular
resolution. We obtain pF[IOOj =(6.73+0.03) x10 ®mc,
pp(111)=(6.79+0.04) x10 *mc, and p[110]=(6.67
+0.08) 10 ®*m¢, compared to the free-electron
value of 6.78 x10 "% ¢ at 100°K. We note that im-
proved statistics and resolution in the FS region
can yield, in principle, higher precision meas-

urements for these values; the crossed-slit ge-
ometry is superior to the long-slit geometry be-
cause, for the same p, resolution, the slope at
the break is sharper, and less HMC enter the in-
tegrated region.

Note that in Fig. 1 the tail of the distribution is
but a few percent of the distribution at p,=0, b,=0.
Figure 2 shows the ability of the 2D system to de-
tect structure within this tail, by setting p, large
enough to avoid the main FS and scanning along
p. (see insets). The curves of Fig. 2 are plotted
as percentages of N(p,,p,) at p,=p =0. An in-
spection of the three measurements presented in
Fig. 2 with regard to the geometry of the umklapp
Fermi spheres shown in the insets clearly indi-
cates that much of the tail distribution is due to
umklapp annihilations. One can easily identify
the breaks at the FS of the umklapp spheres with
breaks in the angular distributions marked a and
b. Outside of the (111) and (200) spheres the um-
klapp contribution is predicted to be negligible
and one expects mainly annihilation with core
electrons. It is when fitting this region of mo-
mentum space that we are forced to lower the
IPM core intensity by a factor of 2. The good fit
of the core shape with one-half intensity is partic-
ularly evident in curve B (p,=15%10 %nc) for p,
>Tx103me.

To analyze the sensitivity of the umklapp curves
to the theoretical IPM parameters, we have re-
computed IPM conduction-band distributions with-
out the core orthogonalizing terms. These curves
were superimposed on half the IPM core distribu-
tion as discussed above. We find that leaving the
orthogonalization terms out substantially under-
estimates the HMC (by approximately a factor of
2). Thus the 2D distributions are sensitive enough
to distinguish between the OPW and the pseudo
wave function.

We find that using an alternative realistic posi-
tron wave function'' in Al changes the core inten-
sity by at most 15%; in addition, the core momen-
tum density obtained with ¢* set constant repro-
duces well the density based on Hartree-Fock
core wave functions. It is therefore reasonable
to assume that the required reduction by a factor
of 2 is due to a E—independent, many-body core
enhancement term, as predicted theoretically by
Carbotte and Salvadori.'® The reduction of the
IPM intensity by 2 corresponds to a core-en-
hancement (E ) factor of 2 lower than the over-
all enhancement for conduction electrons (k).
The theoretical ratio of the enhancement factors'?
for Al was found to be E_, ,/E ., ..= 1.5 reasonab-

cond core
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ly close to our observed value of 2. Similar be-
havior was inferred some time ago by Terrell,
Weisberg, and Berko'* in alkali metals, by com-
paring the theoretical and experimental angular
distributions with the corresponding annihilation
rates; they find a ratio £, ,o/E ., = 4.

Returning to the conduction-band umklapp an-
nihilations of Fig. 2, the theoretical curves (OPW
as well as sphere model) fit the experimental
curves for the [101], [121] orientation well, but
deviate somewhat for the [001], | 100] orientation
in shape, but not in amplitude. More detailed
work will have to be performed to understand the
origin of these deviations. From our ability to
use the IPM amplitude for the umklapp curves we
conclude that the many-body enhancement does
not change these amplitudes appreciably, as pre-
dicted theoretically by Hede and Carbotte,'®

We would like to thank L. Schwartz for helpful
discussions and for critical reading of this manu-
script.
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Dependence of the lon Current on Voltage in a Reflex Triode
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Results are reported on the dependence of the current of a pulsed ion beam produced
in a reflex triode upon the applied resistive voltage in the range 0.6 to 1.3 MV. The
measured peak ion current at the maximum voltage tested is 20 kA, corresponding to a

current density of 200 A/cm?,

During the last few years, there has been in-
creased interest on the production of intense ion
beams' ! with use of the existing pulsed power
technology initially developed for the generation
of relativistic electron pulses. Recent intensive
studies of such ion beams have furnished valua-
ble information on their properties and propaga-
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tion characteristics. However, presently very
little is known about the scaling of their current
with the applied voltage. In this Letter, we re-
port experimental results on the variation of the
ion current (/;) with applied resistive voltage (V)
in the range 0.6 to 1.3 MV,

A schematic diagram of the experiment is



