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Three-dimensional electron momentum densities:
A comparison of „g,eg… and „e,2e… spectroscopies
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We report on the comparison of a~g,eg! with an (e,2e) experiment made with the same 17-nm thin graphite
foil. The energies of the projectile, scattered projectile, and recoil electron were 174.5, 108.9, and 65.6 keV in
the case of the~g,eg! experiment and 20, 18.8, and 1.2 keV for the (e,2e) study. In the coincident (e,2e)
energy-loss spectra, two distinct peaks are observed which are attributed tos andp electrons. If the spectral
momentum density of the (e,2e) experiment is integrated over the energy loss, the resulting momentum
density can be compared directly with the~g,eg! result. Good overall agreement is observed between both
methods and the resulting three-dimensional electron momentum density is well reproduced by both a pseudo-
potential and density-functional calculation. The remaining differences between the (e,2e) and ~g,eg! results
are discussed in terms of multiple elastic electron scattering, which might affect the (e,2e) data.
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I. INTRODUCTION

Overwhelming interest in the electronic structure of sol
led to the development of a large variety of experimen
methods of studying the energy dispersion and density
states for both the occupied and unoccupied bands: an
resolved inverse photoemission1 and photoelectron emis
sion,2 inelastic x-ray scattering,3 electron-energy-loss
spectroscopy,4 and x-ray-absorption spectroscopy,5 to name
but a few. In contrast, there exist only a few methods t
measure more-or-less directly wave-function-related qua
ties such as real-space electron density~x-ray form factors!
~Ref. 6! or momentum densities. To the latter belo
positron-annihilation experiments7—which, strictly speak-
ing, measure the electron-positron pair density, i.e., the
mentum density weighted by the positron wave funct
550163-1829/97/55~8!/5440~8!/$10.00
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within the solid8—and ~g,eg! and (e,2e) spectroscopy. It is
the aim of this paper to present a comparative study of th
methods of spectroscopy. Suppose that a high-energy pro
tile ~a photon or an electron! is scattered by an electron a
rest. For fixed scattering angles both the energy of the s
tered projectile and of the recoil electron will be sharp.
contrast, in the case of moving electrons, both particles in
final state will suffer a kind of Doppler broadening yieldin
energy distributions for the scattered radiation. In addition
the scattered projectile and the recoil electron are meas
in coincidence, the scattering kinematics are fixed, whic
allows the reconstruction of the initial electron momentum
a unique way. The coincidence count rate will be prop
tional to the electron-momentum density~EMD!. Conse-
quently, the technique has been called ‘‘wave-functi
mapping.’’9 Up to now, this idea has been successfully a
5440 © 1997 The American Physical Society
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55 5441THREE-DIMENSIONAL ELECTRON MOMENTUM . . .
plied to the evaluation of the EMD of solids by using eith
a photon or an electron as the projectile. In the former ca
the technique has been named~g,eg!-, in the latter (e,2e)-,
or electron-momentum spectroscopy.9–13 Though both types
of experiments yield the same information—the EMD of
solid—the experimental details are rather different, lead
to advantages and disadvantages if the methods are
pared. The most severe problem for both experiments is
disturbance of the recoil electron due to multiple elastic
inelastic scattering within the solid target. This kind of sc
tering introduces a smearing of both the final momentum
the energy of the electron which affects the determination
the EMD. Thus, inevitably very thin target foils with thick
nesses comparable to the mean free path for scattering
to be used in order to minimize this problem. Compari
~g,eg! and (e,2e) experiments, the situation is more relax
in the former case, since at least the photon will not be m
tiply scattered. The big advantage of the (e,2e) technique is
its large intrinsic cross section and the high monochrom
projectile flux, which can be achieved easily. For the exp
mental situation described below, we obtain from the Mo” ller
cross section 13 kb/sr/electron for the (e,2e) experiment~20
keV primary electron energy, 14° scattering angle!, whereas
the Klein-Nishina cross section yields only 29 mb/sr/elect
~175 keV photon energy, 140° scattering angle!, giving a
factor of 53105 in favor of the (e,2e) experiment. In addi-
tion, a highly monochromatic electron flux of 1012 elec-
trons/s~;100 nA! is easily achieved, whereas comparab
photon fluxes with considerably less monochromaticity
obtained only from synchrotron radiation facilities of th
third generation. Altogether, this allows the use of elect
spectrometers in (e,2e) experiments, which, in turn, makes
possible to measure the EMD of solids as a function of
valence binding energy with a resolution of about 1.0 eV

In the following we compare a~g,eg! with an (e,2e)
experiment where the same target has been used. The ex
ments have been made, respectively, at the European
chrotron Radiation Facility~ESRF! in Grenoble, France, an
at the Electronic Structure of Materials Centre in Adelaid
Australia.

II. METHOD

Consider a projectile with energyE0 and momentump0
which is scattered at a target electron with initial moment
q resulting in a scattered projectile with energyEs and mo-
mentumps. The recoil electron will acquire momentumpr
and energyEr . If the electron was bound with an energ
e.0 relative to the vacuum level, the following relation
hold:

e5E02Es2Er ,
~1!

q5ps1pr2p0 .

If all the momenta and energies are fixed experimentallyq
and e can be reconstructed in a unique way. Assuming
validity of the impulse approximation,13,14 the coincidence
count rate will be proportional to the spectral electron m
mentum density~SEMD! rj ~e,q!5rj ~q!d@e2ej ~q!#, where
rj ~q! is the EMD of thej th band. In a crystalline solid, th
binding energy and momentum are correlated through
e,
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dispersion relatione5ej ~q!, where, in the extended-zon
scheme,q5k1g. k is the crystal momentum~i.e., restricted
to the 1. Brillouin zone! and g a reciprocal-lattice vector
Whereas in the (e,2e) experiment to be described, the e
ergy resolution is good enough to measure the SEMD for
separate valence-electron bands and core electrons,15 the
~g,eg! experiment integrates over all binding energies, th
yielding the EMDr~q! summed over all bands and bindin
energies.

III. EXPERIMENTS

The ~g,eg! experiment was performed at the High Ener
X-Ray Scattering beamline ID 15 of the ESRF.16 An asym-
metric wiggler with 7 periods and strong poles of 1.9
~20-mm gap! was used with a critical energy of 45 keV~Fig.
1!. The white beam was monochromatized by a~220! Si
crystal in Laue geometry. At an average storage ring curr
of 180 mA a photon flux of about 431011 photons/s at
E05175 keV in a beam spot of 3 mm~horizontal!33 mm
~vertical! was obtained. The monochromaticity wasDE0
5650 eV full width at half maximum~FWHM!. The x-ray
beam entered an evacuated target chamber~1025 torr! with
an externally mounted intrinsic Ge diode~energy resolution
;650 eV FWHM at 122 keV! at a scattering angleQ5140°.
The recoil electrons were measured by a two-dimensio
~2D! array of 33 individual photodiodes, where each w
equipped with its own electronic circuit~pre- and main am-
plifier, discriminator!. The center of the array was placed

FIG. 1. ~a! The experimental set up for the (e,2e) reaction: the
incoming beam with momentump0 scatters and outgoing slow an
fast electrons with momentaps andpr are detected over a range o
azimuthal anglesft and fh . ~b! The momenta of the electron
involved relative to the target.~c! The ~g,eg! setup: SR, storage
ring; ID, insertion device; M, Si~220! monochromator; T, target
HPGe, photon detector; Si PSD, electron detector; BD, beam du
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an anglef515.2° relative to the primary photon momentum
At this angle, electrons withq50 are expected. For thes
electrons~i.e., those initially at rest!, the scattered photon
energy isEs5108.9 keV and the electron recoil energ
Er565.6 keV~neglecting binding energies!. The array cov-
ers a range of initial electron momenta of about62 a.u. The
energy resolution of the photodiodes was about 7 k
~FWHM!, thus worse than that of the photon branch. W
therefore assumed that the moduluspr of the recoil electron
momentum could be obtained from Eq.~1! by neglecting the
binding energye. The momentum transferK5up02psu571.6
a.u. is very much larger than any intrinsic momentumq of
the solid-state electron. The storage ring was run in the
called 1

3-fill mode, where successively one third of the buc
ets are filled and the following23 remain empty, i.e., there i
light on for about 1ms followed by a dark period of 2ms.
During ‘‘on’’ time the light is chopped on a time scale of
ns—the bunch distance—which is short compared to
time resolution of 200 ns. The overall coincidence count r
was about 0.15 Hz. The time-correlation spectrum show
virtually no background of accidental coincidences. The m
mentum resolution is different for initial electron momentu
componentsqz parallel to the momentum transfer vectorK
and forqx,y components perpendicular toK , whereqx lies in
the ~p0,ps! scattering plane. The resolution is in essence
termined by the monochromaticity of the primary phot
beam, the energy resolution of the photon detector, and
angular acceptance angles of both the photon and the
tron detectors. We estimate a total error ofDqz50.72 a.u.
~FWHM! andDqx>Dqy50.88 a.u.~FWHM!.

In the (e,2e) experiment, the two emerging electron
were measured in the so-called asymmetric geometry~Fig.
1!: the fast electron left the backside of the foil at a scatter
angle of 14° and the slow one at an angle of 76°. Fo
primary electron energyE0520 keV, this means that the fas
electron had an energyEs518.8 keV whileEr51.2 keV. In
view of exchange scattering, the identification of the f
electron as the scattered one is a problem of semantics o
The same holds, of course, for the slow electron also.
two spectrometers, a hemispherical analyzer~fast electrons!
and a toroidal-shaped analyzer~slow electrons! were placed
in an UHV chamber~2310210 torr!.17 Electrons with pass
energies of 100 eV~hemisphere! and 200 eV~toroidal! were
measured with position-sensitive detectors over a rang
azimuthal scattering angles: see the cones of polar angles
the range of azimuthal anglesft andfh in Fig. 1~a!. The
overall energy and momentum resolutions of the (e,2e) ex-
periment are estimated to be 1.0 eV and of 0.15 a.u., res
tively. From the range of azimuthal angles it is deduced t
the componentqy of the initial electron momentum in a di
rection perpendicular to the incoming electrons—paralle
the y direction indicated in Fig. 1~b!—can be determined
over a range of23.5 to13.5 a.u. including theG point. But
we should note that a systematic error in hitting theG point
of up to 0.25 a.u. cannot be excluded due to a misalignm
of the spectrometers. The momentum transferK59.4 a.u. is
considerably smaller than in the~g,eg! experiment but large
enough to ensure the validity of the binary encoun
approximation.12,17The strong enhancement of the cross s
tion due to the asymmetric geometry compared to a symm
ric geometry17—which maximizes the momentum transfer—
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allowed for beam currents less than 100 nA. The true ove
coincidence count rate was a few Hz and the ratio of true
false coincidences about one. The total acquisition time w
several days for each of the two experiments.

The target used was a 17-nm thin carbon foil made
laser plasma ablation.18 The carbon atoms condensed on
thin betaine film~C5H11NO2•H2O! that had a polycrystalline
structure with small grains. This structure acted as a rep
for the carbon film and yielded a slightly wavy character
the foil, which guaranteed rather high mechanical stabil
After deposition of the carbon atoms, the betaine film w
dissolved in water. In this way, a self-supporting foil with
diameter of 12 mm was obtained. Subsequently, the foil w
heat treated by a short~;10-ns! pulse of a Nd:YAG laser
~where YAG denotes yttrium aluminum garnet! with tem-
peratures up to 4200 K.18 After this treatment, electron
diffraction experiments showed sharp graphitelike patte
of randomly distributed crystallites with diameters of abo
10 nm.

Since electron multiple scattering is the most severe pr
lem in both types of experiments, we will give the mean fr
path for both elastic~nuclear! and inelastic scattering. Th
latter results mainly from plasmon excitation. From Eqs.~20!
and~21! of Ref. 12, we estimate for an electron recoil ener
Er566 keV in the case of the~g,eg! experimentlelastic596
nm andlinelastic532 nm, whereas forEr51.2 keV in the case
of the (e,2e) study the corresponding values arelelastic52
nm andlinelastic51 nm. These values agree approximate
with those estimated by Voset al.9 Since a momentum
change of the recoil electron is strongly dominated by ela
scattering, we estimate from Poisson statistics that for
~g,eg! experiment 92% of the recoil electrons leave the f
unscattered, which means that the measured EMD will
only slightly contaminated by multiple scattering, in contra
to the (e,2e) experiment, where we expect rather seve
elastic and inelastic multiple scattering.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

First, we will give results of the~g,eg! experiment.
Roughly speaking, theqx and qy components of the initial
electron momentumq are measured by the angular deviati
of the emission direction of the recoil electron from the m
mentum transfer direction andqz by the Doppler broadening
of the scattered photons. Since the 2D electron detector
ers a range of62 a.u. for bothqx and qy and the photon
detector sets practically no limit forqz , we are able to mea
sure the complete 3D EMD all at once. Since a moment
of 1 a.u. corresponds to an angular variation of the electr
emission direction of 15 mrad only, it is necessary to us
2D detector in order to ensure the ejection direction t
corresponds to theG point. Figure 2 shows a 1D cut throug
the EMD, i.e., the coincidence count rate as a function ofqz
where each panel holds forqy50 but for differentqx values.
A detailed consideration19 of the scattering kinematics re
veals thatqx andqz cannot be measured independently. F
our experimental situationqx5q x

020.13qz holds, which
means that in the range of22 a.u. ,qz,12 a.u. the
qz-dependent term is a small correction only. These are
q x
0 which are quoted in the panels of Fig. 2. Note that t

scale for the count rate is different for each panel, bu
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is clearly seen that the intensity falls off for increasingq x
0.

The data are compared with a theoretical EMD of graph
obtained from a pseudopotential calculation.20 Theory has
been spherically averaged to account for the isotropic na
of the foil and convoluted by the experimental resolution.
addition, theory has been corrected for the effect of multi
elastic scattering of the recoil electrons. For the 8% of sc
tered electrons~see above!, the scattering function was ob
tained from a Monte Carlo calculation,10 that simulated elec-
tron scattering and finally the theoretical EMD was fold
with this distribution. Since the theoretical EMD of Ref. 2
holds for the valence electrons only, a (1s)2 core con-
tribution21 has been added. We emphasize that theory
been fitted to the experiment by normalizing both to t
same 3D volumein momentum space covered by the expe
mental data. Thus, the agreement between theory and ex
ment shown in Fig. 2 holds for the complete 3D data set a
The most striking feature of the EMD is the dip atq50
predicted by theory and indicated by the experimental d
It results from the contribution ofp electrons which are re
sponsible for the weak van der Waals interlayer bond
along thec axis in graphite. It is thep character of these
bonds from which a dip in the EMD for momenta parallel t
c axis results and which survives the spherical averag
For comparison, we have included in the panel w
q x
0520.08 a.u. of Fig. 2 the theoretical EMD without an

convolution ~dotted curve!. The experimental data show
slightly less pronounced dip at theG point than in a previous
experiment made with a foil that had not been treated
laser annealing,11 but we also stress that counting statist
were about 35% better in this earlier experiment. Nevert
less, the data show an almost flat maximum for small m

FIG. 2. Coincident photon spectra as a function of the mom
tum componentqz parallel to the momentum transfer vectorK . The
numbers in each panel are the componentqx

0 in a.u.~see text!. The
solid lines are the theory of Ref. 20.
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menta which is reminiscent of this dip. A rather strong r
duction of the EMD at zero momentum has also be
observed by 2D positron annihilation experiments,22 though
a quantitative comparison with our~g,eg! experiment is not
possible, since an expected positron localization in the in
layer region would give a preferred weight for annihilatio
with p states. For a more qualitative comparison of t
~g,eg! experimental data with theory, Fig. 3 shows a 2D c
through the data forqy50. A slight anisotropy of the data fo
both experiment and theory~elongation along theqx axis!
results from different experimental resolutions alongqx and
qz .

After the ~g,eg! experiment at Grenoble, the foil wa
transferred to Adelaide for the (e,2e) investigation. Before
the experiment, the foil was heated at 900 K to remove
pecially oxygen adsorbates from the surface. Figure 4 sh
(e,2e) spectra as a function of the binding energye where
the value ofqy in a.u. is indicated in each panel. The refe
ence coordinate system is now that of Figs. 1~a! and 1~b!. At
zero momentum the peak at about 27 eV is attributed to
s electrons and shows the expected strong dispersion.9,23,24

The peak at smaller binding energies—at about 10 eV
disperses only moderately and can probably be identified
resulting from thep electrons. This interpretation is at firs
sight at odds with the experimental observation of the lo
energy peak at zero momentum, wherep electrons should
have vanishing intensity.24,25 Thep electrons are mostly re
sponsible for the weak interlayer bonding in graphite a
have maximum intensity along theGA direction of the first
Brillouin zone~c-axis direction!. It is thep character of this
bonding that leads to the intensity of these electrons to v
ish for q50. Of course, this behavior also survives t
spherical averaging. Since a contribution from oxygen ads

-
FIG. 3. ~a! 2D representation of the experimental EMD from th

~g,eg! reaction forqy50. ~b! The theoretical EMD from Ref. 20.
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5444 55F. F. KURPet al.
bates can be excluded, a possible explanation is the conta
nation of theqy50 spectrum from spectra with largerqy due
to the diffraction of one of the outgoing electrons by a
reciprocal-lattice vector of a few atomic units or elastic mul
tiple scattering effects. But we remark that Gaoet al.26 have

FIG. 4. Experimental (e,2e) spectra~error bars! for different
electron momentaqy as indicated in each panel~in a.u.!. The solid
lines represent the data after a correction for multiple inelastic e
ergy losses.
i-

-

given another explanation for very similar experimental fin
ings in diamondlike amorphous carbon foils~though they do
not exclude the possibility of multiple elastic scattering12!.
They also observed in their (e,2e) data a strong peak a
about 8 eV, which was nearly dispersionless and had
same spectral weight between 0<q<1.7 a.u. The observa
tion of this peak at larger momentaq is explained by a nearly
100% sp2 bonding also in diamondlike carbon films, contr
dicting the naive picture of sp3 bonding in a diamond struc
ture. This reasoning was confirmed by a recent tight-bind
molecular-dynamics study of amorphous carbon,27,28 which
found a fraction of about 80% sp2 bonding for a carbon
density corresponding to diamondlike films produced by
ion sputtering technique. In contrast to our explanation, th
authors interpret the nonvanishing intensity forq→0 as a
s-p rehybridization of thep electrons arising from the los
of mirror symmetry of the twisted and wrinkled bonds
amorphous carbon films. The admixture of thes character
into thep orbitals as a function of the local bending radius
the sp2 bonds has also been discussed by Haddonet al.29We
doubt if such a model would be applicable to our foil, whe
an investigation by electron diffraction showed sharp grap
telike rings from which we estimate an average crystall
diameter of 10 nm. Thus, due to laser annealing the statu
the foil was far from being amorphous.

Since the zero point of the binding energye in Fig. 4
refers to the vacuum level, the range of the valence ban
graphite extends up to about 26 eV if the Fermi level
about 5 eV is included23,24 ~the bottom of thes band is at
about 21 eV!. This means that there should be no intensity
the spectra of Fig. 4 fore.26 eV,30 in contrast to experi-
mental observation. This intensity results primarily from i
elastic scattering, i.e., mainly multiple plasmon excitatio
especially by the slow outgoing electron. The solid line
the spectra of Fig. 4 represents an attempt to deconvolute
experimental raw data according to a procedure develo
by Jones and Ritter.31

Another interesting plot is the SEMDr~e,qy! as a function
of qy for e as a parameter, see Fig. 5. Clearly, from t
bottom of thes band at about 26 eV one observes the sp
ting of the momentum distribution into two peaks, whic
with decreasing binding energy, reveals the strong disper
of the s band. This dispersion is well reproduced quanti
tively by a band structure calculation for graphite9,24 and
follows that of a nearly free-electron parabola. In the fi
Brillouin zone~BZ! the intensity is dominated by thes char-
acter of thes1 band, whereas thes2 and s3 bands have
vanishing intensity due to theirp character. Their intensity
increases rather abruptly if the zone boundary is crossed
contributes to the intensity in the second~s2! and third~s3!
BZ.32 This behavior holds at least for symmetric directions
the basal plane but is more or less true also for other di
tions. After spherical averaging, all 3s bands contribute to
the parabola in the extended-zone scheme. The sharpne
the peaks in the middle of the band at about 15–19 eV
flects the momentum resolution of about 0.15 a.u. Accord
to theory, the intensity between the peaks should drop to z
in contradiction to the findings of Fig. 5. This is largely du
to multiple elastic scattering. This scattering is quite subst
tial; it comprises about the same area as that in the pea

Spectra like those of Fig. 4 have been integrated over

n-
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binding energye in order to get the EMDr~q!5*r~q,e! de,
where the integration extends over the range of the vale
bands only. It is evident from Fig. 4 that this can only
done for thedeconvoluteddata. In Fig. 6 the EMD from the
(e,2e) study~open symbols! is compared with that from the
~g,eg! experiment~closed symbols!. Fig. 6~a! holds for a 1D
cut of the~g,eg! data along~20.13qz , 0, qz!, Fig. 6~b! for
~0, qy , 0!. In order to compare with the (e,2e) study, the
~g,eg! data have been corrected for the core contribution
subtracting a theoretical (1s)2 EMD ~Ref. 21! from the ex-
perimental result. The solid line in both figures represents
pseudopotential calculation of Lou Yongming, Johanss
and Nieminen20 convoluted with the resolution of the~g,eg!
experiment. In addition, the broken curves show the sph
cally averaged EMD obtained from the linear-muffin-ti
orbital ~LMTO! method based on the density-function
theory.24 Both theories agree quite well. The slightly diffe
ent curves of the pseudopotential calculation in Figs. 6~a!
and 6~b! result from different resolutions of the~g,eg! ex-
periment in theqz andqy directions; see Sec. III. It demon
strates also that the convolution of this theory with the
perimental resolution introduces a nearly negligible bro
ening only. Due to rather different granularities of the phot
and electron detectors, there are, in case of the~g,eg! experi-
ment, far more measuring points in Fig. 6~a! ~Doppler broad-
ening in the photon detector! than in Fig. 6~b! ~electron emis-
sion directions measured by the electron detector!. The
agreement of both sets of data is good though not perfect
EMD of the (e,2e) experiment seems to be broader than t
from the~g,eg! investigation. It is evident that this cannot b
explained by the poorer resolution of the latter, since t

FIG. 5. Spectral momentum densities for different binding e
ergies as indicated in each panel.
ce
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would work in the opposite direction. Since the deconvo
tion procedure mentioned above accounts forinelasticexci-
tations ~plasmons! only, we suggest that the broadening
the (e,2e) data results from multipleelastic scattering. In
view of the complicated nature of the multiple scatteri
problem—elastic and inelastic scattering, both coherent~i.e.,
Bragg scattering! and incoherent for the incoming and ou
going electrons—we admit that the deconvolution proced
might be an intelligent guess only.9

Finally, we briefly address the problem of diffraction fo
both the incident and outgoing particles. As a measure,
give the so-called extinction lengthjg for the excitation of a
Bragg reflection at a reciprocal lattice vectorg.33,34 Within
the dynamical theory of diffraction,jg reflects the penetra
tion depth over which a considerable part of the prima
intensity is diffracted~primary extinction!. For the ~g, eg!
experiment we obtain for the primary photonj20050.3 mm
and for the recoil electronj200520 nm. This holds for the
~200! reflection at the basal planes withg51.0 a.u. The cor-
responding numbers for the (e,2e) experiment arej200510
nm andj20053 nm for the primary and recoil electrons, re
spectively. This estimate demonstrates that diffraction effe
in the case of the (e,2e) experiment can be of considerab
influence. A first attempt to account for this effect was u
dertaken by Allenet al.35

V. SUMMARY AND PERSPECTIVES

We have compared the electron momentum densities
polycrystalline graphite foils obtained by~g,eg! and (e,2e)

-

FIG. 6. Comparison of the EMD from the (e,2e) experiment
~open symbols! with that from the~g,eg! reaction~closed symbols!.
The ~g,eg! data hold~a! for a cut along~20.13qz, 0, qz! and ~b!
for a cut along~0, qy , 0!. In both cases the momentum plotted is t
radial distance from theG point. The solid and broken curves ar
the theories of Refs. 20 and 24, respectively.
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spectroscopy and found reasonable agreement. For
~g,eg! experiment, the recoil electron energy was hi
enough to suppress almost quantitatively both elastic
inelastic multiple electron scattering within the target. T
small scattering cross section~Klein-Nishina! and small pho-
ton fluxes resulted in rather poor energy and momen
resolutions compared to the (e,2e) investigation. The asym
metric scattering geometry in the latter case guarantee
large Mo” ller cross section but also led to strong electr
multiple-scattering effects. In this connection, we note t
the cross-section ratio 53105 in favor of the (e,2e) experi-
ment quoted in the Introduction is reduced by at least a fa
of 10, since the whole target thickness~17 nm! does not
contribute effectively to the coincidence count rate but o
the last mean free path for scattering~;2 nm!. Nevertheless,
the comparison has demonstrated that solid-state EMD’s
be obtained by both methods with reasonable accuracy.

How can the experiments be improved? For the pho
experiment we plan to use a multipixel 2D photon detecto
place of the single-pixel Ge diode. In addition, there is
possibility of using the synchrotron radiation beamline at
12-GeV PETRA storage ring at DESY, Hamburg.11 At pho-
ton energies of about 180 keV we expect for this undula
beamline an increase of photon flux of about 100, wh
E
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could be used to improve the resolution of the experime
For the (e,2e) experiment the multiple-scattering proble
could strongly be reduced by going to higher primary ele
tron energies. ForE05100 keV and a symmetric geometr
~i.e., a scattering angle of 43.7° for both outgoing electro
andEs5Er550 keV!, the Mo” ller cross section is reduced t
8 b/sr/electron, i.e., by a factor of 23103 ~effectively, it is
only a factor of 100, since now the whole foil contributes
the coincidences, a conclusion also reached by Dennison
Ritter12!. Nevertheless, it might be that such an experimen
feasible without loosing too much resolution.12
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