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The angular correlation between Compton scattered photons and the recoil electrons has been mea-
sured in thin self-supporting carbon and aluminum foils using 100-keV synchrotron radiation from a
wiggler at the DORIS III storage ring at Deutsches Elektronen-Synchrotron (DESY). The coincidence
count rate is proportional to the three-dimensional electron momentum density (3D EMD) of the target,
after integration over the energy distribution of the scattered photons and electrons it is proportional to
the 2D EMD. The effect of multiple scattering of the recoil electrons within the target on the measured
angular correlation is studied both by Monte Carlo calculations and by experiment.

I. INTRODUCTION

Deep inelastic photon scattering of hard x rays has
been developed as a tool to study the ground-state elec-
tron momentum density (EMD) of solids. In a conven-
tional Compton scattering experiment the energy distri-
bution of the photons scattered at a fixed angle can be re-
lated to the so-called Compton profile, which represents a
two-dimensional (2D) momentum integration over the
EMD perpendicular to the scattering vector. This in-
tegration results from the fact that in conventional
Compton scattering no information about the momentum
of the recoil electron is obtained. Since the main interest
of solid-state physicists is in the 3D EMD itself, it has
been a long-standing aim to specify the complete scatter-
ing kinematics by measuring the energy of the Compton
scattered photon in coincidence with the recoiling elec-
tron, which makes a direct determination of the ground-
state EMD possible. The corresponding technique has
been named (y,ey ) spectroscopy. !

From the beginning it was recognized that strong in-
coherent elastic scattering of the recoiling electron at the
screened nuclei of the target alters the direction of the
emerging electron. This effect of multiple scattering in-
troduces uncertainties in the reconstruction of the initial
electron momentum. Therefore, very thin target foils
have to be used and samples of light materials are pre-
ferred, so that the mean free path for electrons with ener-
gies in the range of several tens of keV is about a few tens
of nm. It is for this reason, together with the small value
of the Klein-Nishina cross section, which leads to ex-
tremely low count rates, that such coincidence experi-
ments where thought to be impossible. However, the
availability of powerful synchrotron-radiation beams
with high photon energies from lepton storage rings has
changed the situation and recently we have been able to
demonstrate the feasibility of such experiments. ! ™
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If the energy of the Compton scattered photon is mea-
sured in a coincidence experiment the count rate is pro-
portional to the 3D EMD. To improve the counting
statistics it can be advantageous to integrate over the
photon and electron energies, so that only the angular
correlation of the Compton scattered photon and the cor-
responding recoil electron are measured. In this case a
2D EMD is measured and the technique may be called
“angular correlation of inelastic photon scattering”
(ACIPS). The idea of fixing the scattering kinematics by
a coincidence condition is already realized in binary
(e,2e) spectroscopy and angular-correlation experiments
with positron annihilation radiation (ACAR), which are
powerful tools for probing ground-state wave functions
and/or Fermi surface topology, respectively.

(e,2e) scattering has been widely applied to study
electron-momentum distributions in free atoms and mole-
cules; see, e.g., the review paper by McCarthy and
Weigold.®> In contrast, only a few case studies have been
performed on solid targets such as carbon®!! and alumi-
num® 1213 ysing this technique. Special interest in (e,2e)
scattering arises because it is possible to perform state-
dependent spectroscopy by energy discrimination because
of the large intrinsic cross section combined with high-
electron-beam currents. On the other hand, (e,2e)
scattering experiments are even more sensitive to multi-
ple scattering because both collision partners are elec-
trons.

For solids the other alternative to ACIPS is 2D ACAR
measurements. These experiments have reached high
momentum space resolution, but they measure the EMD
weighted by the positron wave function. ' Especially in a
layered structure such as graphite, pronounced
differences between the results from ACAR and ACIPS
are expected.!> In graphite the positron stays preferen-
tially in the interlayer region and annihilates more likely
with 7 than with o electrons,® ¥ making the ACAR
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profile narrower than the ACIPS profile. The great
affinity of positrons for low-density regions causes a high
sensitivity to trapping at defects and complicates the
analysis of the experimental data in terms of electron
momentum densities. This problem was of special impor-
tance in ACAR studies of high-T, superconductors, sug-
gesting that several features of the measured electron-
positron momentum density do not reflect intrinsic prop-
erties of the electron momentum density. !

In the present paper we report on ACIPS experiments
performed on thin foils of carbon and aluminum, both
systems having been studied extensively by means of con-
ventional Compton scattering.?®?! The paper is organ-
ized as follows: after a short analysis of the kinematics in
ACIPS spectroscopy and a description of the experimen-
tal setup, the effect of multiple scattering is discussed by
means of Monte Carlo calculations; finally, the experi-
mental results are presented and compared with theory.

II. KINEMATICS

If a high-energy photon is scattered at a free electron
initially at rest, the scattered photon energy will be!

wy=w/[1+wo(1— cosh)/c?] . (1)

® is the primary photon energy and 6 the scattering an-
gle. We use atomic units, e =#i=m =1, i.e., the velocity
of light is ¢ =137. At the same time the recoiling elec-
tron will be ejected at an angle ¢, with respect to the pri-
mary beam direction where

cotpy=(14+w/c*)tan(6/2) . ()

The influence of an initial electron momentum p+O0 is
twofold: scattered photons have energies o’ different
from w; and recoiling electrons appear at angles ¢
different from ¢,. The momentum component p, parallel
to the momentum transfer vector K=k —k’ (k,k’ are the
momenta of the primary and scattered photons, respec-
tively) introduces a kind of Doppler broadening Aw’ in
the energy distribution of the scattered photons:

’

Ao'=—ZKp, , (3)
®

with Ao’ =e'—w; The components Dx,y Perpendicular
to K with p, parallel and p, perpendicular to the scatter-
ing plane (k,k’) are related to the angular deviations
A¢, , from ¢, by

Ady,=p., /K . (@)

In Eq. (3) binding-energy effects' have been neglected.
This is a very good approximation for both carbon and
aluminum. Thus, by measuring both the Doppler
broadening Aw’ and the angular correlation A¢, , in a
coincident mode, the complete EMD p(p,,p,,p,) can be
determined.

Since the experiment suffers from low count rates—see
Sec. III—we usually decided to integrate over the ener-
gy distribution of the photons and electrons and to mea-
sure the angular correlation only. It is evident from Eq.
(3) that this results in a p, integration, i.e., the relevant
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quantity is the angular correlation profile
I(py,p,)= f P(ps,py,p,)dp, - ®)

In this mode ACIPS measurements are very similar to
those of ACAR. One may ask whether, in fact, the coin-
cidence count rate is proportional to I(p,,p,), i.e., does
the cross section for angular correlation factorize in a
cross-section part and I (p,,p,) even if the validity of the
impulse approximation is assumed. It is a question simi-
lar to that discussed by Ribberfors?? in the case of Comp-
ton profile measurements. We have investigated the fac-
torization for the experimental situation described below
and found that the difference between the factorized and
nonfactorized forms of the cross section amounts to at
most 5% for transverse momenta up to 5 a.u. This is well
within our experimental error bars.

III. EXPERIMENT

The experiment was performed using the radiation

from a 56-pole wiggler at the new DORIS III storage

ring at Deutsches Elektronen-Synchrotron (DESY),
Hamburg. Figure 1 shows the experimental setup. The
white wiggler beam was monochromatized by a focusing
asymmetrically cut Si crystal?® in (220) Laue geometry to
a monochromaticity of Aw=0.5 keV at ©»=100 keV.
The monochromated x-ray beam entered an evacuated
target chamber with an externally mounted intrinsic Ge
diode [energy resolution ~0.5 keV full width at half
maximum (FWHM) at 100 keV, solid angle ~0.4 msr] at
6=140°. A linear array of 7 PIN diodes (energy resolu-
tion ~5 keV FWHM) was placed with its center at
¢o=17° and could be rotated by 90°, thus allowing p, and
p, scans. Each PIN diode was equipped with its own elec-
tronic circuit. According to the dimensions of each PIN
diode the p,,p, resolution was about 0.5 a.u. Since for
the conditions mentioned above the modulus of the
momentum transfer vector is about 44 a.u., momentum
components p, ,=1 a.u. correspond to an angular devia-
tion A¢, , =23 mrad. The scattered photon energy is
©y=74 keV and the electron recoil energy 26 keV. With
a wiggler gap of 30 mm and an electron energy of 4.5
GeV the critical energy is about 15.8 keV. From the in-
tensity of the Compton scattered photons an incident flux
of 1X 10! photons/s is derived using the Klein-Nishina
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FIG. 1.

The experimental setup. SR, storage ring; W,
wiggler; Si(220), monochromator; BD, beam dumps; 7, target;
Si SSD, electron detector; Ge SSD, photon detector.
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cross section. This flux holds for a storage-ring current
of 40 mA. With regard to remarks in the introduction
about the possibility of ACIPS experiments with conven-
tional radioactive sources we mention that a photon
beam of the same flux and an angular divergence of about
10X 10 mrad? would require a ¥ activity of 10! Bq.

The storage ring was run in the single-bunch mode
with a bunch length of 150 ps and a bunch distance of
960 ns. The time resolution of the coincidence circuit
(~200 ns) is long compared to the former and short com-
pared to the latter. Under these conditions the accidental
events are determined by the bunch interval time rather
than the time resolution of the electronics.? The time
spectrum showed no uncorrelated events in neighboring
bunches, 960 ns away from the prompt peak. The max-
imum coincidence count rate per PIN diode was about
100 counts/h.

Both the carbon and the aluminum self-supporting
foils have been made by the evaporation-condensation
technique. The foil thicknesses were between 5, 40, and
90 ug/cm? for carbon, 24 and 500 ug/cm? for aluminum.
(Assuming for the carbon foils the density of graphite,
this corresponds to 22, 180, and 400 nm for carbon, 90
nm and 1.85 um for aluminum.) The thickness was
determined either by light absorption or by weighting
and the error is estimated to be about 10%. The carbon
foils have also been investigated by Rutherford back-
scattering (RBS) of 2-MeV a particles. They confirmed
the thickness cited above within an error of about 10%
and allowed, in addition, an analysis of the thickness fluc-
tuations. Assuming a Gaussian distribution of thicknesses
we obtained a standard deviation of 4 ug/cm? for the 40-
ug/cm? foil (i.e., the foil is rather homogeneous) and of
17 pg/cm? for the 90-ug/cm? foil. In the case of the thin-
nest foil, the energy resolution of the a-particle detector
did not allow such an analysis. These fluctuations, which
are seen by an impinging projectile beam, can be induced
by surface roughness of a flat foil and/or by waviness of
an otherwise homogeneous foil. By comparing the total
Rutherford scattering yield with the mean energy loss of
the a particles, it was possible to discriminate between
both cases and to determine that the foils are flat but
rough. The crystallographic structure of the carbon foils
has been investigated thoroughly by electron
diffraction.?* From the diffuseness of the diffraction pat-
tern an average size of the crystallites of about 1 nm was
derived. For carbon foils prepared by thermal evapora-
tion the small dimensions of the crystallites lead to the
assumption that the foils are amorphous,?* although elec-
tron diffraction shows an anisotropic structure that con-
tradicts an amorphous state. It is generally assumed that
in evaporated carbon a substantial degree of medium-
range order on the 1-nm scale exists: the sp? sites of car-
bon atoms tend to occur in warped graphite layer clus-
ters.?® Heat treatment up to 2200 K made the diffraction
rings of our foils sharper and showed clearly a graphitic
pattern with the basal planes oriented randomly parallel
to the surface of the foils.

It is well known that aluminum metal readily oxidizes
at its surface, forming alumina with a thickness of about
1.5-3 nm.!® This saturated oxide layer is small com-
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pared to the thickness of the thinnest aluminum foil of
about 90 nm used in the present experiment.

Elastic recoil detection analysis with 120-MeV 2’I jons
from the Munich heavy-ion accelerator revealed that the
major contaminant of the carbon foils is water molecules
on the surfaces that cannot be desorbed even in vacu-
um.?’ This water film amounts to about 0.05 molecules
per carbon atom for the 5-ug/cm? carbon foil and is as-
sumed to form a layer of constant thickness for all carbon
and aluminum foils.

IV. MONTE CARLO CALCULATION

As already discussed in the Introduction, the emerging
recoil electrons might suffer from elastic scattering even
in very thin foils. It turns out that for 26-keV electrons
the mean free path A, for elastic scattering is about 8.2
ug/cm? in carbon and 7.5 ug/cm? in aluminum. Thus, for
most of our foils the vast majority of the electrons will
undergo plural or even multiple scattering. We have
therefore written a Monte Carlo code to simulate the
emission process. In order to obtain high accuracy based
on a large number of trajectories (1X107), we decided
not to simulate the whole experiment by a Monte Carlo
calculation but only the emission of those electrons that
started randomly within the foil with a direction parallel
to the momentum transfer vector K. Since in the experi-
ment the foils are tilted with their surface normal parallel
to K, the simulation process exhibits cylindrical symme-
try that facilitates the calculation. The distribution func-
tion g(p,) is given in terms of transverse momenta
p =(pi+ pf)l/ 2, which are the momenta of the electrons
when leaving the foil. Distributions { 4(p,,p,)) smeared
by multiple scattering can be obtained from the undis-
turbed distribution A4(p,,p,) by a simple two-
dimensional convolution

(A4(p,p,))=PyA(p;,p,)
+(1=Py—P,) [ A(p,—P.p.)
Xg(pd?p! , (6)
where the scattering function g (p,) is normalized to uni-
ty
[epod’,=1, ™
P, is the fraction of unscattered electrons and P, that of
backscattered electrons. The distribution A4 can be either
the EMD p(p,,p,) or the angular-correlation profile
I(p,) of Eq. (5). Details of the Monte Carlo procedure

can be found in Ref. 2. For the elastic scattering cross
section we used the Mott-Born expression

doMB 2z | Flo |
TR [1=(g/2yeP] |1=" 1, (8)
g vg

where Z is the nuclear charge of the target, v the electron
velocity, and g =2p sin(a/2) the momentum transfer. p
is the momentum of the recoiling electron and «a the elec-
tron scattering angle. y=[1—(v/c)*]"!/2. Salvat
et al.?® have evaluated the atomic form factor F(q) for a
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Dirac-Hartree-Fock-Slater atom and write it in the form

"41

3
2 (a?+4?) . )

The parameters A4;,a; have been tabulated for all atoms
with Z=1-92.2% The mean free path A, is obtained
from A,=(No )~ ! with the number density of the target
atoms N, and the total cross section

szdU 2
= d(g?). (10)
o=/ dgn

Figure 2 shows the normalized scattering function g (p,)
for five different carbon foil thicknesses. The curves have
not been smoothed, and the nearly invisible wiggles on
the curves reflect the high statistical accuracy of the
Monte Carlo procedure. For the thickest foil (1 mg/cm?)
a cutoff at p, =p =44 a.u. is observed. Since no electrons
with total scattering angles larger than 90° can leave the
foil in the forward direction, those are defined to be back-
scattered. For 1 mg/cm? this fraction is about P, =0.12.
Figure 3 demonstrates how the multiple scattering of the
recoiling electrons disturbs, for instance, the angular-
correlation profile I(p;). Very recently, Yongming,
Johansson, and Nieminen?® have calculated 3D and 2D
EMD’s of graphite using an empirical pseudopotential
method. Assuming the basal plane of graphite to be
parallel to the foil surface with otherwise randomly dis-
tributed crystallites, we have azimuthally averaged
I(p,p,) and folded with the multiple-scattering function
g(p,). In Fig. 3 (I(p,)) is plotted for three different
carbon-foil thicknesses (solid lines). The contribution of
scattered electrons, i.e., the second term of Eq. (6), is in-
dicated by broken lines. The sharp drop of the profile at
about p,=0.8 a.u. occurs at the M point of the
Brillouin-zone face in the (1100) direction and is still
visible after the azimuthal averaging. This drop is
characteristic for layered structures of semiconductors
and insulators with large layer separations. It is interest-
ing to note that this distinct feature of I(p ) is even visi-
ble at a thickness d where d /A, =114 (d =1 mg/cm?).
This is because of the fact that for small transverse mo-
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e(p) [(@.u)]
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FIG. 2. The normalized multiple-scattering function g(p,)
for a 5-, 40-, 90-, 280-, and 1000-ug/cm?thick carbon foil (from
top to bottom).
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FIG. 3. The theoretical angular-correlation profile {I(p,))
of a 5- (a), 90- (b), and 1000- (c) pg/cm?-thick carbon foil (solid
lines). The broken lines show the contribution of scattered elec-
trons. The peak value is normalized to one.

ment (p,; <0.8 a.u.) the contribution of the unscattered
electrons to {(I(p,)) still amounts to about 40%, al-
though the total fraction P, is 0.9% only, where, accord-
ing to Poisson statistics,
Ae

P0=7[1——exp(—d/Ke)] . (11)
In other words, the scattered electrons are smeared over
a rather large p, range, leaving a small contribution at
low p, values only. This situation, which is reminiscent
of a last-layer effect, is more quantitatively demonstrated
in Fig. 4. Here, we have plotted dI,(0) (triangles) and
dI,(0) (circles) as a function of d /A,. I, ,(0) are the first
and second part of the sum in Eq. (6) for p, =0, i.e., the
yield of unscattered and scattered electrons at zero trans-
verse momentum. The squares represent the total yield
d(I(O))=d[Il(0)+12(0)]. The dashed curve is the
theoretical expression for dP,I(0). The points result
from Monte Carlo calculation and the straight lines are
guides to the eye. It is evident that the contribution of
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FIG. 4. The coincident electron yield dI;(0) for the unscat-
tered (circles) and scattered (triangles) electrons at p, =0 as a
function of d/A,. The squares represent the sum, i.e., the total
yield. The dashed curve is the theoretical expectation from Pois-
son statistics.
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scattered electrons increases slowly and equals the un-
scattered part at d /A,=20. It is tempting to conclude
that if one is interested only in distinct features such as
the Fermi surface with sharp breaks in the momentum
density, even foil thicknesses up to a hundred times the
mean free path of elastic scattering are useful. This facil-
itates such experiments tremendously.

The form factor of Eq. (9) with coefficients from Ref.
28 corresponds to an isolated atom. In contrast, one can
argue that in solids the nuclear charge Z is completely
screened by the electrons within the Wigner-Seitz
cell.3%3! Salvat and Paralleda®' have evaluated form fac-
tors for solids under appropriate boundary conditions.
We have calculated (I(p,)) for a 24-ug/cm? aluminum
foil with both an atomic and a solid-state form factor.
Figure 5 shows the result. The difference in the two
profiles is mainly due to a slight increase in the fraction
of unscattered electrons in the case of the solid-state tar-
get. Since the interaction potential becomes constant for
distances larger than the Wigner-Seitz radius, the total
cross section is reduced. As shown in the next section,
the accuracy of our present data is too low to allow
discrimination between these effects, but we admit that
with increasing accuracy a problem may emerge. Since
for the evaluation of solid-state cross sections single-
collision conditions cannot be realized, a sound experi-
mental test of this cross section does not exist so far.

In our Monte Carlo calculation it is assumed that the
angular spreading of the electrons is dominated by in-
coherent elastic scattering and that the influence of in-
elastic scattering, both on angular dispersion and slowing
down of the electrons, can be neglected. The first as-
sumption is usually justified by the Z dependence of the
cross sections;>3!'32 the second is peculiar to our experi-
mental situation: due to the compilation of Pages et al.*’
the average energy-loss rate of 26 keV electrons amounts
to 9.9 eV cm?/ug in carbon and 8.3 eV cm?/ug in alumi-
num. Thus, even for the thick aluminum foil (500
ug/cm?) the mean energy loss is less than the energy
resolution of our electron detector. A rough estimate
may support the first assumption: the mean free path for

1.00 T T T

T
n

<I(p) > [(au)?

3.0 4.0

2.0
P [a.u]

FIG. 5. A comparison of the angular correlation profiles
(I(p,)) for a 24-ug/cm? aluminum foil obtained from atomic
(broken curve) or solid-state cross sections (solid curve).
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inelastic scattering in aluminum? at 26 keV is about 8.9
ug/cm? and thus very similar to that for elastic scattering
(7.5 pg/cm?). For the energy-loss data cited this corre-
sponds to an average energy loss of AE =73 eV, which,
in turn, means a r.m.s. deflection angle for inelastic
scattering of 6;,,=AE /(pv)=1.4 mrad.’® In contrast,
we calculate from the cross section of Eq. (8) a r.m.s. an-
gle for elastic scattering of about 80 mrad, which is more
than a factor 50 larger than 6 The situation for car-
bon is similar. %

It might be appropriate at this stage of the discussion
to say a few words about coherent scattering of both the
incoming photon and the recoiling electron. Since for
100-keV photons the extinction length is orders of magni-
tude larger than our foil thicknesses,>” the coherent scat-
tered intensity is negligibly small compared to the pri-
mary intensity. The situation is completely different for
the electrons where both length scales become compara-
ble.3? Coherent scattering of the recoil electrons would
force them into certain directions. In a single crystal one
would expect defect or excess Kikuchi bands superim-
posed on a background of incoherently scattered elec-
trons. At high electron energies the emission pattern can
be interpreted in terms of electron channeling or blocking
based on a many-beam analysis of the dynamical theory
of diffraction.3?3® To give an example, the width of a Ki-
kuchi band, which is two times the Bragg angle 0, yields
for the (220) plane in aluminum Ap, =205K =g,,,=2.33
a.u. g,y is the modulus of the corresponding reciprocal
lattice vector. However, since Kikuchi patterns are fixed
to the crystal lattice, they would be smeared out in a
polycrystalline target. Based on this heuristic argument
coherent scattering has been disregarded in this work.
The effect of diffraction on the (e,2e) reaction in crystals
has also been discussed by Allen et al.* Finally, we
mention that the situation partly resembles x-ray photo-
electron diffraction, which is by now a well-established
technique for the elucidation of the surface structure of
epitaxially grown thin films.*® In this case also, the emis-
sion pattern has been related to Kikuchi band forma-
tion,*! especially if the core-level photoelectrons origi-
nate from atoms rather deep in the lattice. *?

inel*

V. RESULTS AND DISCUSSION

Figure 6 shows the experimental angular correlation
profile for a scan parallel (triangles) and perpendicular
(circles) to the (k,k’) scattering plane. The target was a
5-ug/cm? foil. The experimental data points are com-
pared with a theoretical (I(p,)) curve (solid line) where
the contribution of the (1s)? core has been added to the
I(p,) data for the valence electrons.?’ The (1s)? core was
calculated from Roothaan-Hartree-Fock wave functions
of Clementi and Roetti.*> After correction for multiple
scattering described in Sec. IV, the calculated {I(p,))
has been averaged over the finite acceptance angle of the
electron detector. This corresponds to a smearing of the
profile over a range of £0.25 a.u. It turns out that this
averaging procedure destroys the steplike character of
the angular correlation profile of Fig. 3. As indicated in
Sec. III, there might exist some doubts about the crystal-
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FIG. 6. The angular-correlation profile of a 5-ug/cm? carbon
foil for a scan within the scattering plane (triangles) and perpen-
dicular to it (circles). The data points are compared with
theoretical profiles for graphite (solid line) from Ref. 29 and dia-
mond (broken line) from Ref. 44.

linity of evaporated carbon foils. Nevertheless, the band
structure of amorphous carbon still resembles gross
features of the crystalline solid as emphasized by Hayes
et al.'3 Employing the (e,2e) technique, Hayes, Williams,
and Flexman® compared a graphite foil with a more
amorphous carbon foil and found no major difference.
Although recent (e,2e) experiments’ on evaporated car-
bon foils revealed that the electronic structure consists
predominantly (85—100 %) of graphitic sp? bonding, we
also compare the data with a (I(p,)) curve (broken
curve) obtained from a spherically averaged EMD of dia-
mond.** As expected, no difference in the experimental
data for the p, and p, scan can be seen within statistical
accuracy. Nevertheless, scans of this kind are a very use-
ful check of the adjustment of the electron detector: the
linear detector array has to be adjusted within =10 mrad
in both directions to hit the center of the {I(p,)) distri-
bution. Figure 7 shows the influence of multiple scatter-
ing: experimental data points for 5-, 40-, and 90-ug/cm?
carbon foils are compared with theoretical (I(p,))
curves. As in Fig. 6, the experimental points are on a rel-
ative scale, i.e., theory has been fitted to the data by a
common factor for each curve. The broadening of the
distribution due to multiple scattering of the emerging
electron is clearly observed. Nevertheless, in the future
more data points at higher p, values need to be mea-
sured.

A more stringent test of the multiple-scattering theory
is a comparison of the absolute yield for different foil
thicknesses. Figure 8 shows the coincidence count rate
for a 40- and a 90-ug/cm? carbon foil normalized to the
total photon singles yield measured simultaneously.
Thus, if there would be no multiple electron scattering at
all, both experimental curves should be identical. In fact,
the normalized count rate of the thicker foil decreases
roughly by a factor of 2. Since the foil thickness has in-
creased by about the same factor, the coincidence count
rate stays approximately constant when going from a 40-
to a 90-pg/cm? foil. Again, the solid curves represent the
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FIG. 7. Angular correlation profiles for a 5- (a), 40- (b), and
90-ug/cm? (c) -thick carbon foil. The theoretical curves have
been fitted to the data points with a constant factor for each
data set.

results from Monte Carlo calculations that have been
fitted to the data with one scale factor for both curves.
The 5-ug/cm? foil data do not agree that well with the
calculation. Without multiple scattering the total coin-
cidence count rate should increase by a factor of 18 by
going from 5 to 90 ug/cm?. From theory the inclusion of
multiple scattering is expected to reduce the gain in total
coincidence count rate to a factor of 4.0, whereas the ex-
periment yields a factor of 6.6+2.0. Compared to Figs. 6
and 7, the uncertainties of the photon yield and the foil
thickness increase the experimental error.

In a long-time run (16 h) we also measured the 3D
EMD by recording Doppler-broadened x-ray events in
coincidence with electron events in the central pixel of
the PIN diode array. Thus, the count rate is proportional

1.2:107%f

8.0x107°f

<1(p) > [norm.]

4.0:107F

0.0x10° L L L L
-4.0 -2.0 0.0 2.0 4.0

P, [a.u]

FIG. 8. Angular-correlation profiles normalized to the pho-
ton singles yield for a 40-ug/cm? (circles) and a 90-ug/cm? car-
bon foil (triangles). The theoretical curves are fitted to the data
by a common factor.




48 TWO-DIMENSIONAL ELECTRON-MOMENTUM DENSITIES FROM . ..

to p(0,0,p,), where the zeros are understood within the
experimental resolution of Ap,=Ap,=+0.25 au. In
Fig. 9 the result for a 5-ug/cm? carbon foil is compared
with two theoretical {p(0,0,p,)) curves, one for the az-
imuthally (solid), the other for the spherically (dotted)
averaged EMD of Ref. 29. In addition, these curves have
been folded with an experimental p, resolution of 0.7 a.u.
Whereas, in general, the agreement is quite good, there
might be a small discrepancy for p, =0. The theoretical
3D EMD data of Yongming, Johansson, and Nieminen®’
show a strong bimodal structure in the direction of the ¢
axis with a saddle point nat p =0. This anisotropy re-
sults primarily from the 7 band (and probably contribu-
tions from the p character of the o, and o; bands near
the Brillouin-zone center®’) and is clearly observed in 1D
or 2D ACAR measurements. 0718 Interestingly, the
lobes of this structure survive the spherical averaging.
Although the “discrepancy” of Fig. 9 relies on one data
point only with a rather large error, theory also seems to
be flexible. Apparently, there exists a range of acceptable
parameters of the pseudopotential for which the bimodal
shape even disappears.?® As mentioned in the Introduc-
tion, the structure found in ACAR measurements can be
strongly enhanced due to preferential positron annihila-
tion at 7 electrons. An indication for an exaggerated bi-
modal structure seems to be that even the directional
Compton profile J(p,) from Ref. 29 with p,|/{0001)
shows a dip at p, =0, in contrast to the result from Chou,
Cohen, and Louie,*® who also used a pseudopotential
local-density-functional calculation. In addition, the
theoretical difference® J,, —J , with p, parallel and per-
pendicular to the ¢ axis is by far more pronounced at
p,=0 than observed experimentally by Vasudevan
et al.?® and Tyk et al.®°

It is unlikely that an amorphous state of the foil could
alter the EMD, especially at low momenta. In theory,*’
close to the center of the Brillouin zone, the long-
wavelength states depend on an averaged crystal struc-
ture that will be similar in both the crystalline and amor-
phous states of carbon. A comparison of the density of
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FIG. 9. The momentum density {p(0,0,p,)) for a 5-ug/cm?
carbon foil. For comparison, the spherically (broken curve) and
azimuthally (solid curve) averaged EMD from Ref. 29. Theory
has been convoluted with a Gaussian with 0.7 a.u. FWHM.
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states (DOS) at the bottom of the o, band for a continu-
ous random network of amorphous graphite*® with that
for crystalline graphite*® shows virtually no difference.
In both cases one observes the same step-function-like
onset of the DOS characteristic of a two-dimensional
behavior, in clear contradiction to a square-root depen-
dence on energy® as observed for nearly free electrons in
three dimensions. Molecular-dynamics (MD) calcula-
tions by Galli et al.’ revealed that amorphous carbon is
arranged in so-called ‘“‘thick planes” reminiscent of the
stacking sequence in crystalline graphite. Although most
of the bonds formed by sp? atoms tend to lie nearly on
the same plane as in graphite, substantial buckling occurs
locally, which yields thick planes with a finite thickness
of about 1.0-1.2 a.u. The steplike character of the DOS
is also revealed by MD calculations of Blaudeck et al.>!
A detailed discussion of the electronic structure of amor-
phous carbon can be found in the review article of
Robertson. 2

In Fig. 10 we show angular correlation profiles for 24-
and 500-ug/cm?-thick aluminum foils. For the theoreti-
cal profile I (p,) we use for the valence electrons a Fermi
sphere with radius pr=0.93 a.u. (Shiotani et al.?!) and
for the (15)%(25)%(2p)® core the Roothaan wave functions
of Clementi and Roetti.*> The free-electron model is a
very good approximation for aluminum as shown by
augmented-plane-wave calculations of Kubo, Wakoh,
and Yamashita®? and is further supported by experiment
because no anisotropies of directional Compton profiles
could be detected within the experimental accuracy.?!>?
Very small anisotropies of the Fermi surface
(pr[100]=(0.92210.004) a.u., pp[110]=(0.914+0.011)
a.u., and pgp[111]=(0.930+0.005)a.u.) have been ob-
served by 2D ACAR measurements>* and should be com-
pared with the free-electron value of pr=0.929 a.u. As
discussed in Sec. IV, even for the 500-ug/cm? foil
(d /A, =66) the discontinuity of the solid curve at the
Fermi momentum is clearly visible, although (I(p,)) has

<I(p) > [arb. units]

-4.0 -2.0 0.0 2.0 4.0
P [a.u]

FIG. 10. Angular correlation profiles for a 24-ug/cm? (a) and
500-pug/cm? (b) -thick aluminum foil. The solid curves are from
theory.
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been averaged over 0.5 a.u.

The results for carbon and aluminum illustrate both
the advantages and disadvantages of ACIPS measure-
ments. In fact, it has been shown that such measure-
ments are possible using synchrotron radiation from
storage rings of high electron energy. At the moment,
counting statistics are rather poor, so that the experiment
can hardly compete with other methods which gain infor-
mation about the electronic ground state of condensed
matter and which have been mentioned in the Introduc-
tion. But there is hope that the error bars of Figs. 68,
which are of a statistical nature only, can be reduced in
the near future by increasing the primary photon flux by
large amounts. This might be possible using insertion de-
vices at synchrotron-radiation sources such as the Euro-
pean Synchrotron Radiation Facility (ESRF) in Grenoble
or the PETRA storage ring in Hamburg operated at 12
GeV electron energy. A calculation® of the brightness
for an undulator installed at PETRA shows that at
a photon energy of 150 keV the fifth harmonic would in-
crease the brightness by more than four orders of magni-
tude compared to a wiggler at DORIS III. Because the
solid angle the PETRA undulator would provide is small-
er than that used in our experiment, the effective gain
factor is between 10° and 10*. In this context one should
mention the disadvantage of pulsed radiation sources for
coincidence experiments due to the small duty cycle
defined as the ratio of bunch length to bunch interval.
However, both machines mentioned above can be operat-
ed in a multibunch mode, so that the gain in average in-
tensity is not outweighed by accidental coincidences. As
discussed above, the p, resolution of the angular correla-
tion profiles depends on the solid angles of both the elec-
tron and x-ray detector and can be improved easily.

A major drawback of the method is the influence of
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electron multiple scattering, which restricts the measure-
ments to thin self-supporting foils. Since the surface area
of the foils should be of the order of 10 mm?—due to the
photon beam dimension—the situation d/A,<1 can
only be fulfilled for carbon. But if one is mainly interest-
ed in distinct features such as the Fermi surface (i.e.,
fermiology)—which resembles for quite different reasons
the situation of ACAR measurements—even foils with
d /A, =100 might be useful. A possible solution to the
multiple-scattering problem is to go to higher photon en-
ergies, i.e., larger electron recoil energies. This means an
increase of the mean free path for elastic scattering. Go-
ing from 100 to 300 keV photon energy changes the elec-
tron energy from 26 to 152 keV, i.e., roughly increases
the mean free path by a factor of 6. At the same time,
the Klein-Nishina cross section is reduced by a factor of
only 2. This is in contrast to the situation of (e,2e) exper-
iments where a similar solution of the multiple scattering
problem has been proposed but is accompanied by a dras-
tic reduction of the Mott cross section. ®
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