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We report coincidence measurements of inelastically scattered 148 keV photons and the recoil 
electrons generated within thin Al and Cu foils. We have analyzed both the Doppler broadening of 
the scattered photon intensity and the angular correlation of the recoil electron. This corresponds 
to different scans through the three-dimensional electron momentum density of the target. Estimates 
of the triple-differential cross-section for Compton scattering are given. The experiment was per-
formed with synchrotron radiation from a bending magnet of the DORIS storage ring at DESY, 
Hamburg. 
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1. Introduction 

In the past, deep inelastic pho ton scattering - i.e. 
C o m p t o n scattering - has been used to investigate 
so-called C o m p t o n profiles of valence electrons in 
solids [1, 2]. The m o m e n t u m distr ibution of the elec-
t rons causes a Dopp le r b roaden ing of the scattered 
radiat ion. If the recoil electron is not observed, the 
double-differential cross-section is propor t ional to the 
C o m p t o n profile, which is obta ined by integration of 
the electron m o m e n t u m density (EMD) over the mo-
m e n t u m componen t s perpendicular to the pho ton 
m o m e n t u m transfer vector. However , if the electron is 
detected in coincidence with the scattered photon , the 
triple-differential cross-section is propor t ional to the 
E M D itself. It is our final aim to extract informat ion 
abou t the E M D from such measurements . Recently, 
we have demons t ra ted the feasibility of such a (y, e y) 
experiment [3-5] . The idea of fixing the kinematics by 
a coincidence condi t ion is the same as in posi t ron 
annihi la t ion experiments or in (e, 2e) spectroscopy, 
which means that the informat ion one gains f rom all 
three experimental techniques is similar or even iden-
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tical. This holds especially for (y, e y) and (e, 2 e) reac-
tions. In bo th cases the triple-differential cross-section 
is p ropor t iona l to the E M D , the propor t ional i ty fac-
tor being, roughly speaking, the K l e i n - N i s h i n a or the 
Rutherford cross-section. 

If either (e, 2e) or (y,ey) react ions are applied to 
solid-state targets, bo th suffer f rom st rong incoherent 
elastic scattering of the electrons. This smearing of the 
electron direction dis turbs to some extent the evalua-
tion of the E M D . This is p robab ly the reason why 
there have been only a few groups who applied (e, 2 e) 
reactions to solids [6-12] , Al though this effect exists in 
our case also, it is less impor tan t than for (e, 2 e) spec-
troscopy, since one of the collision par tners is a pho-
ton restricting the multiple scattering to the outgoing 
recoil electron. 

The first (y,ey) experiments is due to Bothe and 
Geiger [13]. Of course, the aim of this experiment -
and that of later investigations, which are reviewed in 
the article of Evans [14] - was no t the evaluat ion of the 
m o m e n t u m density, but the demons t ra t ion of the 
strict validity of energy and m o m e n t u m conservat ion 
in individual p h o t o n - e l e c t r o n encounters . 

2. Cross-Section and Kinematics 

In this chapter we will shortly discuss the triple-dif-
ferential cross-section and the relevant scattering 
kinematics. Suppose a pho ton with four-vector (k, ico) 
is scattered at an electron with (p, i E), resulting in a 
scattered p h o t o n with (k', ico') and a recoil electron 
with (/>', i £'). O n e then obta ins within the relativistic 
impulse approx imat ion for the four-fold differential 

0932-0784 / 93 / 0100-0273 $ 01.30/0. - Please order a reprint rather than making your own copy. 

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



274 F. Bell et al. • Electron momentum densities by (7, ey)-spectroscopy 

cross-section for deep inelastic pho ton scattering [15] 

d4<r 

d c o ' d £ ' d ß y d ß c 

= ^ - Z ^ (p) X p h <5 (co + £ - co' - F ) (1) 
2 c0 i E 

(we use na tura l units, i.e. h = m = c = 1; then e2 = a 
holds, where a is the fine s t ructure constant). With-
in the independent-electron model and the frozen-
orbital approximat ion , g t is the E M D of the single-
particle state i. M o m e n t u m conservat ion demands 
p — k! + p' — k. The scattering funct ion Z p h depends 
only weakly on the electron m o m e n t u m p, and the 
initial electron energy E = 1 — El

B is determined by the 
binding energy £ B . In the following we will neglect the 
influence of the binding energies, since the cross-sec-
tion of (1) is domina ted by contr ibut ions f rom the 
valence electrons with binding energies less than 
200 eV. This holds for targets such as Al and Cu. Since 
the energy resolution of the p h o t o n detector is 0.5 keV 
only, shifts owing to the binding energy £ B cannot be 
detected. Thus we obtain f rom (1) 

d V a co 

d c o ' d d Q „ 2 co P'XphQ(p), (2) 

where g = £ Qi is the total E M D and the cross-section 
function reads 

CO CO -
* p h = - + - - ( l - P ) s m 2 0 ; 

CO CO 
(3) 

here the Stokes parameter P describes the degree of 
linear pho ton polar isat ion [16]. In (3) we have ne-
glected a weak p-dependence [15, 17]. 0 is the pho ton 
scattering angle. Scans th rough the E M D can be made 
in two different ways: 

1) Fo r fixed scattering angles one measures either 
the Doppler b roaden ing A co' in the p h o t o n detector or 
AE' in the electron detector (owing to energy conser-
vation one has Aco' = — A£'). This b roadening results 
f rom intrinsic electron m o m e n t u m componen t s py 
parallel to the m o m e n t u m transfer vector K = k — Ar. 
For high-energy pho tons one obta ins 

co 
p I, = Act/. 

" Kco'0 

Here 

co 
cOn = 

1 + CO (1 - COS 0 ) 

(4) 

(5) 

is the scat tered-photon energy for p = 0 and Aco' = 
co' — co'0. 

2) For fixed energies one measures the angular cor-
relation between the scattered pho ton (scattering an-
gle 0) and the recoil electron (scattering angle <£). F o r 
an electron initially at rest (i.e. p = 0) the recoil elec-
t ron appears at an angle <P0: 

ctg<Z>0 = (l + c o ) t g ( 0 / 2 ) . (6) 

If the electron has initially a m o m e n t u m componen t 
P_l perpendicular to K, then 

Pl = K A4> (7) 

with A<P = <P0 -
Thus, by measuring the coincidence count rate as a 

function either of Aco' or of A<P, scans th rough the 
E M D can be made for m o m e n t u m components either 
parallel or perpendicular to the m o m e n t u m transfer 
vector K:g = g[(p2+p2J1'2]. 

3. Experiment 

The experiments were performed using synchrot ron 
radiat ion from a bending magnet of D O R I S II at 
DESY, Hamburg , with a critical energy of 27 keV. The 
pho ton beam was monochromated by a Ge crystal in 
(220) transmission geometry. The energy width of the 
beam was about 1 keV at co = 148 keV. The pho ton 
detector - an intrinsic Ge diode with a resolution of 
0.5 keV ( F W H M ) - was placed at 0 = 140° and the 
electron detector - an implanted p lanar Si-diode with 
a resolution of about 7 keV ( F W H M ) - could be 
moved through an angular range A<P = ± 10° a round 
4>0 = 15.8°. Both detectors were coplanar (Figure 1). 
The solid angles of the detectors were AQy = 0.4 msr 
and A ß e = 0.3 msr. The targets were thin self-support-
ing Al and Cu foils. The storage ring was operated 
in the single-bunch mode with a bunch length 
TL = 0.15 ns and a bunch distance Tb = 960 ns. TL is 
small and i B is large compared to the time resolution 
of our coincidence circuit ( ~ 120 ns), which means 
that true coincidences are events that occur dur ing the 
same bunch. Concerning accidental coincidences 
there is a remarkable difference if compared to dc-ma-
chines. The cont inuous distr ibution of uncorrelated 
events obtained with the latter ones is compressed 
into bunches in an ac-machine, by which their contri-
but ion is enhanced by a factor 1 /rj, where rj = T l/Tb is 
the duty cycle of the storage ring. Owing to the very 
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Ge SSD 

Ge (220) 

Si SSD 
Fig. 1. The experimental setup. SR: storage ring, Ge (220): 
monochromator, BD: beam dump, Ge SSD: photon detec-
tor, Si SDD: electron detector, T: target. 

poor duty cycle of D O R I S II in the single-bunch 
mode, this enhancement is large in our case 6 • 103). 
Thus we obta in for the accidental count rate n, 

na = n1n2 xjr\ = n1n2rB, (8) 

where the n, are the macroscopic count rates of the 
p h o t o n and electron detector [18]. Equat ion (8) means 
tha t the cont r ibut ion of uncorre la ted events is inde-
pendent of the t ime resolution of the coincidence cir-
cuit, which can be as high as a few ns (e.g. in (e, 2 e) 
experiments). Nevertheless, a t ime spectrum 4 ps wide 
showed no accidental counts due to uncorrelated 
events f rom neighbouring bunches. This is due to very 
low single count rates n w h i c h result f rom the small 
K l e i n - N i s h i n a cross-section and the thin target foils. 

Exper imental quanti t ies like the divergence of the 
pr imary p h o t o n beam, its energy band width, the solid 
angles and the energy resolut ion of both detectors 
and, last not least, the finite extension of the beam spot 
at the target determine a three-dimensional resolution 
volume in m o m e n t u m space tha t is approximately a 
cube with an edge length of a b o u t 0.7 au. 

40 80 
(mrad) 

4. Experimental Results 

Figure 2 is an example for an angular correlat ion 
experiment. The target was a 20 pm thin Al foil. Fo r 
the experimental s i tuation ment ioned above the mo-
m e n t u m transfer vector is a b o u t K = 62 au. Figure 2 
shows the coincidence coun t rate as a funct ion of 
A4> = <P — <P0. In order to improve statistics we have 
summed in this part icular case at each angular setting 
over the energy distr ibution of the scattered photons , 
i.e. over the py -components of the E M D . The shape of 
the angular distr ibution is mainly determined by va-
lence electrons with a m o m e n t u m range given by the 

Fig. 3. Doppler-broadened coincident-photon spectrum for 
a 120 nm Al foil. The solid curve is the theoretical expecta-
tion. The arrows indicate the range of the valence electrons. 

Fermi m o m e n t u m p F = 0.94 au [19]. The correspond-
ing width A<P(FWHM) = 2 p F / X (see (7)) a m o u n t s to 
31 mrad and is indicated by a r rows in Figure 2. The 
recoil electrons have an energy of abou t 50 keV and a 
mean free pa th for elastic scattering of abou t 50 nm, 
which means that especially the tails of the momen-
tum distr ibut ion in Fig. 2 are strongly influenced by 
multiple scattering. The a m o u n t of multiply scattered 

- 6 - 4 - 2 0 2 U 
Aw'(keV) 

Fig. 2. Angular scan for a 20 |im Al foil. The solid curve is 
the theoretical expectation and the dashed curve is the back-
ground owing to multiply scattered electrons. The arrows 
indicate the range of the valence electrons. 

30 
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<D' [keV] 

Fig. 4. The triple-differential cross-section as a function of 
the scattered-photon energy. The target was a 80 nm Cu foil. 
The solid curve represents the theoretical cross-section of (2). 
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Fig. 5. The singles count rate of the photon detector (Fig. 5 a) 
and the electron detector (Fig. 5 b) obtained simultaneously. 
The solid curve in Fig. 5 a is the Compton profile of Cu 
obtained by Paakkar i et al. [24], 

electrons has been calculated by a Monte -Car lo pro-
cedure [20] and is indicated by the b roken curve in 
Figure 2. The peak on top is due to unscat tered elec-
t rons created within the last few mean free pa ths for 
elastic scattering. 

Figure 3 shows the Dopple r b roaden ing of the scat-
tered-photon intensity for fixed scattering angles 
( 0 = 140°, <Z> = 16°). The target was a 120 nm thin Al 
foild. The solid curve represents the theoretical E M D 
of Al convoluted with the energy resolution of the 

pho ton detector. Again, if it is assumed that the E M D 
is dominated by the valence electrons, the width of the 
curve in Fig. 3 is given by Act/ = 2 Kco'0 pF/a> = 2.2 keV 
(see (4)). This width is indicated by arrows. Al though 
the data of Figs. 2 and 3 are coun t rates and the com-
parison with theoretical E M D s holds on a relative 
scale only, we have also tried to evaluate the triple-dif-
ferential cross-section. Fig. 4 shows this for a p h o t o n 
scattering angle 0 = 140° and an electron emission 
angle <P = 16° obtained by an 80 n m thin copper foil. 
In essence, the experimental d a t a points have been 
converted into a cross-section by compar ing the pho-
ton singles count rate with the well-known double-dif-
ferential cross-section [21, 22]. T h e solid curve repre-
sents the cross-section of (2). The E M D g(p) was 
taken f rom the calculation of Bross [23] who used the 
modified augmented plane-wave method to calculate 
the sperically averaged E M D of C u including the (3 s)2 

and (3 p)6 states into the band structure. Deeper lying 
states do not contr ibute significantly to g(p) within 
the m o m e n t u m range that cor responds to the scat-
tered pho ton energies of Figure 4. F o r the calculat ion 
of (3) it was assumed that the synchrot ron radia t ion 
was 90% linearly polarized with a polar izat ion vector 
lying in the scattering plane (which means P = — 0.9). 
The solid curve in Fig. 4 has been fitted to the exper-
imental da ta by multiplying the theory with the con-
stant factor of 0.8. Since we est imate a systematic error 
of about 40% owing to errors in the de terminat ion of 
detector efficiencies and solid angles, the cross-section 
of (2) reproduces the experimental results. Figure 5 
shows the singles count rates of the pho ton detector 
(Fig. 5 a) and electron detector (Fig. 5 b) that belong to 
the triple-differential cross-section of Figure 4. These 
count rates are propor t ional to the C o m p t o n profiles 
of the pho ton and electron branch, respectively. In 
Fig. 5 a the solid curve represents the C o m p t o n profile 
of Paakkar i et al. [24] obtained by a Cu target tha t was 
approximately 104 times thicker than our foil. This 
profile has been convoluted by ou r energy resolut ion 
and fitted by a common factor to the experimental 
data. We have abandoned to apply the same proce-
dure to the electron branch, since the width of the 
count rate curve in Fig. 5 b is domina ted by the poo r 
energy resolution of the electron detector ra ther than 
by the m o m e n t u m distr ibution of the electrons. In-
spection of the total count rates in Fig. 5 a and b re-
veals that far more electrons are ejected into the elec-
tron detector than photons into the pho ton detector , 
though the solid angles and efficiencies are roughly the 

200 300 400 
C h a n n e l s 
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curve). The cross-sections hold for a photon energy 
co = 148 keV and a Stokes parameter P = — 0.9. 

Energy [keV] 
Fig. 8. The brightness as a function of the photon energy. 

same. The reason behind is tha t the single-differential 
cross-sections da/dQy and do/dQe are quite different. 
Figure 6 shows the cross-sections for scattering a pho-
ton by an angle 0 and for ejecting an electron at an 
angle <P0 where bo th angles are connected via (6). It is 
clearly seen that the electron cross-section is by far 
larger, especially for small ejection angles. F r o m (6) 
one obtains for the cross-section rat io 

R = d a / d Q 1 

da/d fiy 

= — — [1 + to (2 + co) sin2 (0 /2) ] 3 / 2 sin (0/2). (9) 
1 + co 

Figure 7 shows the cross-section ra t io R as a funct ion 
of 0 and <P0. Clearly, the experimental poin ts repro-
duce the theoretical rat io of (9) (solid curve). Figures 
4 and 7 represent tests of the triple-^differential cross-
section and of the single-differential cross-section for 
the electron branch, which, to our knowledge, have 
not been done before. 

5. Conclusions 

We believe that the da t a shown demons t ra te the 
feasibility of a (y, e y) experiment and that E M D s can be 
extracted. We have verified tha t deep inelastic pho ton 
scattering can be described by the relativistic impulse 
approximat ion of (2). Al though we have used the most 
intensive y-ray source that is available - synchrot ron 
radia t ion f rom a lepton s torage ring - the da t a still 
suffer f rom ra ther bad statistics. The da t a of Fig. 4 
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have been accumulated in 33 hours of beam time with 
an intensity of 2 • 109 pho tons / s at the target. If one 
would try to obta in such a collimated beam intensity 
f rom a radioactive source, the remarkable y-activity of 
abou t 101 6 Bq would be required. 

Since we are working at a centre of high-energy 
physics (DESY), it is obvious to look for an alternative 
to the D O R I S ring. Figure 8 shows a calculation of 
the brightness for an undula to r at the 14 GeV P E T R A 
machine [25]. F o r compar ison, the brightness of a 
bending magnet at D O R I S II - this corresponds to 
the situation of the experimental da ta shown in this 
paper - and a wiggler at D O R I S III - the near future 
- are also shown. The fifth ha rmonic of such an undu-
lator would increase the brightness at 10 = 150 keV by 
more than 4 orders of magni tude compared to 
D O R I S II or III. Because the solid angle accepted by 

the (y, e y) experiment performed at a D O R I S II bend-
ing magnet is larger than the solid angle the P E T R A 
undula tor would provide, the effective gain factor is 
between 103 and 104. At the same t ime the P E T R A 
bunch distance rB = 100 ns is abou t a factor of 10 
smaller than in D O R I S II and allows therefore much 
higher singles count rates (see (8)). It is therefore 
expected that the strong increase in intensity can effec-
tively be used. Consequently, there is no d o u b t that 
this would increase our accuracy considerably. 
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