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A new spectrometer construction based on a high-voltage W-anode x-ray tube has been used to 
measure the directional Compton profiles of a pyrolytic graphite crystal. Owing to the focusing 
geometry, the monochromatic W K a t beam is very well collimated, which improves the momentum 
resolution compared with conventional 2 4 1Am spectrometers, operated almost at the same energy. 
The experimental anisotropy in the basal plane and in the direction of the c-axis is found to be very 
close to that of a recent calculation, based on the pseudopotential local-density-functional model. 
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1. Introduction 

The renaissance of C o m p t o n scattering experiments 
in the 1960's was based on the use of crystal spectrom-
eters to analyse the energy spectrum of the scattered 
radiat ion [1]. The relatively low power of the x-ray 
tubes combined with the non-focusing crystal optics 
led to the period when various gamma- ray sources 
were the main tools in momen tum density studies 
[2 -7 ] , Depending on the gamma-ray energy, the mo-
mentum resolution obtained using a solid state detec-
tor varied within 0 .4 -0 .6 a.u. of m o m e n t u m . In the 
1980's, several reasons to reconsider the experimental 
improvements were found: (i) The x-ray flux available 
at the synchrotron laboratories was several orders of 
magni tude larger than what could be obta ined f rom 
conventional sources. Also the development of the 
x-ray tubes made it possible to design focusing crystal 
spectrometers for inelastic scattering studies [8]. 
(ii) The momen tum resolution obtained using gamma-
ray sources and solid-state detectors was not good 
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enough to make detailed compar isons with the state-
of-the-art band structure calculations. This was not 
only because of the resolution limitation of the solid-
state detector, but inelastic scattering in the gamma-
ray source gives addit ional impuri ty and the angular 
divergences owing to the size of the source give addi-
t ional m o m e n t u m broadening. Moreover , in the case 
of an annular source the direction of the scattering 
vector is not well defined, (iii) The rapid development 
in the detector technology gave several alternatives to 
improve bo th the m o m e n t u m resolution and count ing 
statistics [9 -11] . 

In this work we describe a m o m e n t u m density study 
of pyrolytic graphite, performed using a spectrometer 
based on 59.3 keV W K a j radiat ion obtained using a 
focusing monochromato r . Although the scattered ra-
diat ion is analyzed with a solid-state detector, im-
provements compared with the gamma-ray spectrom-
eters working at the same energy include well-defined 
beam and monochromat ic pr imary energy without 
the problem of inelastic scattering in the source. 

Pyrolytic graphi te was chosen as a sample because 
it has been studied using various types of x-ray and 
gamma-ray spectrometers [12-16] . The performance 
of the present spectrometer can be therefore compared 
with the previous ones. Also there are number of cal-
culations based on different models on the pyrolytic 
graphi te crystal. 
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2. Experimental 

The detailed description of the spectrometer is pub-
lished elsewhere [17] and only a brief summary is given 
here. The x-ray source is a sealed tube with W-target . 
The max imum voltage is 160 kV, and the max imum 
loading with the fine focus is 700 W. The take-off angle 
of radiat ion (the angle between the anode surface and 
the center line of the x-ray beam) can be adjusted 
between 4° and 39° degrees by moving the s l i t /shut ter 
assembly in front of the tube window. The corre-
sponding optical width of the tube focus is f rom 
0.07 m m to 0.67 mm. This should be matched with the 
width of the reflectivity curve of the symmetrically cut 
Ge(400) m o n o c h r o m a t o r crystal. Taking into account 
the absorpt ion in the tube anode, a compromise to the 
optical width of 0.22 m m was made. The beam after 
the m o n o c h r o m a t o r was measured using a small pin-
hole in f ront of the Ge detector; no trace of W K a 2 was 
obtained. In addit ion, the low-energy tail, which is 
typical for the gamma-ray sources, turned out to be 
negligible. 

The monochromat i c flux of W K a r p h o t o n s was de-
termined by measur ing the integrated intensities of 
Bragg reflections f rom a s tandard powder sample and 
was found to be abou t 107 pho tons / s . It agrees well 
with the calculation, based on the measurement of the 
flux of characteristic x-rays [18]. Because the beam 
size at the sample posit ion is about 15 m m high and 
0.5 m m wide, this means that compared with a typical 
2 4 1 Am-spectrometer , where a beam size of the order of 
1 cm 2 is used, much smaller samples can be studied 
with the same statistical accuracy. Especially in the 
case of needle-like crystals the full beam size can be 
utilized. 

The scattering angle in the spectrometer can be 
changed. This makes it possible to study, for example, 
the inelastic scattering cross-section as a function of 
the m o m e n t u m transfer. Also coincidence experiments 
in which the inner-shell contr ibut ion to inelastic scat-
tering is separated by detecting x-ray fluorescence in 
coincidence with the scattered photon, are much eas-
ier to carry out than similar measurements using gam-
ma-ray sources. Here the main advantages are (i) a 
well-collimated beam, which improves the m o m e n t u m 
resolution, and (ii) the removal of constraints arising 
f rom the size of the gamma-ray source and shielding 
in the two-detector geometry (both detectors and the 
source should be located close to the sample to maxi-
mize the low coincidence count ing rate). In C o m p t o n -

profile experiments the scattering angle should be as 
large as possible; it is 160° in the present spectrometer. 
The peak of the profile is then at the energy of 
48.5 keV. Using a high-quali ty solid-state detector, the 
energy resolution at that energy is abou t 335 eV and 
combined with the angula r divergence effect, which is 
a lmost totally due to the finite size of the detector 
crystal, the total m o m e n t u m resolution is close to 
0.5 a.u. 

The pyrolytic graphi te sample was specially cut for 
the experiment. In order to keep the scattering geom-
etry unchanged, the cross-section was a square 
(5 x 5) m m 2 , and the height of the crystal was 20 mm. 
Measurements with the scattering vector parallel to 
the c-axis and perpendicular to it could be done by a 
90° ro ta t ion of the crystal. Most of the factors affect-
ing the scattered intensity then cancel out when the 
directional m o m e n t u m distribution differences are 
considered. This is very important , because the an-
isot ropy effects are always small, typically of the order 
of one per cent. 

Dur ing the measur ing period of 80 000 s, about 
170000 counts were collected at the C o m p t o n peak 
channel (width 0.1 a.u.) for both crystal directions. A 
separate background measurement was made using 
the sample holder in the evacuated scattering cham-
ber; the peak- to-background ratio turned out to be 
abou t 1000:1. The da ta were corrected for the energy-
dependent effects (absorpt ion, cross-section) and de-
c o n v o l v e d using a resolution function obtained from 
the direct-beam measurement. The total double/s ingle 
scattering rat io was calculated using a Mon te Carlo 
s imulat ion p rogram [19] and it was abou t 12%. 

3. Results and Discussion 

The final experimental Compton profiles and the 
difference J(pz)c-ax — J(pz)bas

 a r e given in Table 1. 
Also shown is a recent calculation, based on a pseudo-
potent ial within a local-density-functional model [20], 
The 1 s cont r ibut ion has been added to the theoretical 
profiles, and they have been convoluted with the resid-
ual resolut ion function. As can be seen, the agreement 
with the experimental and theoretical C o m p t o n pro-
files is good, but there are small differences larger than 
the quo ted statistical error . The main reason for this 
is due to the use of the pseudo-wave-functions, which 
do not have oscillations close to the nuclei leading 
to the omission of h igh-momentum componen t s [20]. 
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Table 1. The experimental and theoretical [20] Compton pro-
files of graphite, measured using the W-spectrometer. The 1 s 
contribution has been added to the theoretical profiles and 
they have been convoluted with the residual instrument func-
tion of the experiment. The experimental error (including the 
statistical error and the uncertainty due to the deconvolu-
tion) is given at some points. The experimental and theoreti-
cal Compton-profile anisotropics (AJ = J (pz )c _ ax — J (pz)bas) 
are also given. 

P z c-axis 
(exp) 

c-axis 
(th) 

basal 
(exp) 

basal 
(th) 

0 . 0 2.166 + 0.016 2.250 2.197 2.301 - 0 . 0 8 4 - 0 . 1 0 4 
0.1 2.154 2.244 2.183 2.291 - 0 . 0 7 0 - 0 . 1 0 8 
0.2 2.127 2.222 2.149 2.258 - 0 . 0 9 5 - 0 . 1 0 9 
0.3 2.081 2.183 2.092 2.200 - 0 . 1 0 2 - 0 . 1 0 8 
0.4 2.014 2.117 2.011 2.119 - 0 . 1 0 3 - 0 . 1 0 8 
0.5 1.920 2.018 1.907 2.006 - 0 . 0 9 8 - 0 . 0 9 9 
0.6 1.800 1.889 1.781 1.871 - 0 . 0 8 9 - 0 . 0 9 0 
0.7 1.652 1.727 1.637 1.715 - 0 . 0 7 5 - 0 . 0 7 8 
0.8 1.485 1.544 1.481 1.547 - 0 . 0 5 9 - 0 . 0 6 6 
0.9 1.305 1.348 1.321 1.373 - 0 . 0 4 3 - 0 . 0 5 2 
1.0 1.127 + 0.011 1.157 1.163 1.203 - 0 . 0 3 0 - 0 . 0 4 0 
1.2 0.812 0.827 0.869 0.886 - 0 . 0 1 5 - 0 . 0 1 7 
1.4 0.594 0.600 0.627 0.621 - 0 . 0 0 6 - 0 . 0 0 6 
1.6 0.467 0.465 0.452 0.431 0.002 0.021 
1.8 0.388 0.372 0.345 0.313 0.016 0.032 
2.0 0.330 + 0.006 0.305 0.291 0.258 0.025 0.033 
3.0 0.176 0.155 0.174 0.155 0.021 0.019 
4.0 0.100 0.088 0.104 0.090 0.012 0.014 
5.0 0.057 + 0.003 0.052 0.060 0.052 0.005 0.008 

This effect as well as the experimental uncertaint ies 
mostly cancel out when the difference is taken, and as 
can be seen in Table 1, the agreement between the 
experimental and theoretical difference curves is excel-
lent. 

A more detailed analysis of the experimental and 
theoretical da ta can be done in terms of the au tocor re -
lation funct ion B(z), obta ined f rom the C o m p t o n pro-
file J(pz) via Four ier t ransformat ion , 

B(z)= fj(pz)exp{ — ipzzj dpz. (1) 
— oo 

One of the main advantages in using B (z) is tha t it is 
a posit ion-space funct ion and then allows direct com-
parison with quanti t ies like the chemical b o n d and 
lattice spacings. In the case of semiconductors and 
insulators, B (z) must have zeros at the lattice vectors. 

The theoretical B (z)-functions, based on the pseudo-
potential local-density-functional model [20], are 
shown in Figure 1. Compar i son between the theory 
and the experiment should no t be done until the reso-
lution effects have been taken into account . Figures 2 
and 3 show both the experimental results and the 
theoretical ones after the resolution damping (the res-

z [Ä] 
Fig. 1. Theoretical B(z) functions of the pyrolytic graphite 
parallel to the c-axis (solid line) and in the basal plane. The 
length of the c-axis (6.696 Ä) is shown by the arrow. 

z [Ä] 
Fig. 2. Experimental and theoretical (solid line) B(z) func-
tions, calculated parallel to the c-axis. The resolution effect is 
included in the theory. The statistical error is given at some 
points. 

olution broadening in the m o m e n t u m space is well 
approximated as a convolut ion with a Gauss ian func-
tion, leading to a multiplicative damping in the posi-
tion space). This limits the posit ion informat ion to 
z ^ 5 Ä. Al though the ampli tudes of the B (z)-oscilla-
tions are somewhat different in experiment and the-
ory, the general behaviour is the same. Interpreted in 
terms of the graphite lattice, some conclusions can be 
drawn. 

(i) The length of the c-axis in graphi te is 6.696 Ä and 
it is therefore too far out to be seen experimentally as 
a zero of B (z). O n the other hand, the calculation has 
a zero at the right position, as seen in Figure 1. There 
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z [Ä] 
Fig. 3. Experimental and theoretical B(z) functions, calcu-
lated at the basal plane. The resolution effect is included in 
the theory. The statistical error is given at some points. 

is only cylindrical symmetry in the basal plane of the 
pyrolytic crystal and therefore the analysis based on 
the zero posit ions is more uncertain. In an earlier 
work [14] a detailed analysis of B(z) in terms of the 
experimental and theoretical da ta is given. 

(ii) The close agreement of experiment and theory, 
bo th in terms of the Compton-prof i le anisotropy and 
the B(z)-function, shows that the electron m o m e n t u m 
density in pyrolytic graphi te is well unders tood. The 
next step would be a measurement on a graphite single 
crystal. The calculated m o m e n t u m density [20,21] 
could then be compared with the experimental result, 
which can be constructed using measured directional 

C o m p t o n profiles. Unfor tunate ly , such a crystal with 
sufficiently large dimensions does not exist at the 
moment . 

C o m p a r e d with the other calculations (molecular 
orbitals, pseudopotent ia l [13], tight binding [14]) the 
pseudopotent ia l within the local-density scheme [20] 
seems to give a much better description of the elec-
tronic s t ructure of pyrolytic graphite. This is mostly 
due to the fact that the interlayer interact ion has not 
been proper ly included in the previous models. Even 
the recent pseudopotent ia l result [21] does not agree 
with the experimental data . The earlier experiments 
[12-16] are all in qualitative agreement with the pres-
ent da ta , but there are differences, part ly due to the 
omission of the multiple-scattering correction a n d / o r 
to the noncons tan t sample geometry. 

This work shows that convent ional solid-state-de-
tector spectroscopy can be used in m o m e n t u m density 
anisotropy studies, provided the other factors affect-
ing the m o m e n t u m resolution (geometrical diver-
gences, sample geometry, deconvolut ion) are opti-
mized. The small beam size in the present spec-
t rometer addit ional ly allows studies on small crystals, 
completely out of quest ion with convent ional y-
sources. 
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