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THE APPLICABILITY OF 662 KEV T-RAYS TO
*
COMPTON PROFILE MEASUREMENTS

by
Chu-Nan Chang, Ching-Tue Chen, Hong-Zong Chen,
Fu-Kwun Hwang and Jean-Luh You

Abstract

The 662 Kev T-ray backscattered spectra of <100>-, <110>-and
<111>-oriented Si and Ge were obtained by a HpGe low-energy
detector. These spectra were then deconvoluted by a Fourier
transformation technique. Compton profiles of <100>-, <110>~
and <111>-oriented Si and Ge were deduced and compared with
the existing daté} which were obtained either by the method
of lowenergy phot&ns or by positron annihilation. The
agreements are quite good, and we conclude that the Compton
profile is a well defined concept in relativistic theory and
is applicable to r-ray energy as high as 662 KeV. Cs137 can
thus be considered as a good radioactive source for Compton
Profile measurements. We have also found that the multiple

scattering effect at this photon energy is more significant
for Si than for Ge.

Supported in part by National Science Council of R. 0. C.
under the grant No. NSC 74-0208 -M003-09.
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I. Introduction

It is well known that based upon the impulse approximat-
ion(I.A.), the Compton backscattered spectrum can be used to
profile the electron momentum distribution of a substance.1'2

Both the non-relativistic and the relativistic I.A. give the

following relatiop,3'4’5v
2
dca
_—"_—:Cmvm von )\-]( )
da, dQ ( 1" 72 P, Pz (1)

In which the compton profile J(pz) can be factored out from
the measurable double differential cross section d 6//3“269
where f 01 and f 02 are respectively the energies of the
incident and the scatterd photons, # is the scattering angle,
and P, is the electron momentum projected in the direction
of z=1§i§
incident and the scattered photons respectively). J(pz) is

ﬁa3§|(?1and T} are the momentum vectors of the

called the Compton profile and is actually the electron
momentum distribution of P,. J(pz) can thus be written as
()= (p, N(P)dp,dp, , where NTF) is the distribution of the
electron momentum P.

The factor C(m1.ab , 0:92) in equation (1) is
theoretically calculable, either relativistically or non-
relativistically, Fig.1 shows the results calculated by the
methods of non-rel. and rel.I.A.. Both of them are normalized
ath @, =148.05 Kev for this stgdy.'

The Compton-profile technique has been devloped and
used for the past 30 years or so with X-rays as the photon
source, and has made considerable contributions in the study
of the electronic structure of atomsﬁ'7' 8v9.But the measur-
ements have been restricted to substances with low photoele-
ctric absorption at X-rays energies used. Recent work has
shown that this restriction is no longer necessary when a
high-energy TLray solrce is used in conjunction with a high

resolution semiconductor detector.1'10
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Typical T-ray sources in use are Am 241 (59.54Kev) and Te
123m (159.0kev), but sources with considerably higher
energies are currently under consideration. A serious compl-
ication of the r-ray technique is, however, that the energy
transfers are so large that relativistic effects must be
considered. This will in general lead to question as to
whether Compton-profile is still a well-defined concept oOr
not. Fortunately, this problem has been investigated and
shown theoretically that wirhin the limit of impulse approx-
imation, the Compton profile is still a well-defined and
useful concept. 4,5

The proposed theory of relativistic Compton profile has
been tested experimentally for just a few cases. 11, 12 1In
this paper, we will report the results obtained by using Cs
137 (662Kev) as a I-ray source, a promising r-ray source for
future Compton profile measurements, to measure the Compton
profile of Si and Ge which have long been measured and inve-
stigated by X-ray scatteringsand positron annihilation tech-
niques.13 The high energy 7T-ray relativistic effect proposed
by the theory can be verified additionally through the
comparison of the Compton profile of T-rays with those of X-
rays and positron annihilation. This would provide an
additional proof for the validity of the concept of Compton
provile at high-energy r-rays.

IT. Experimental

The whole arrangement of the experimental set-up is
sketched in Fig. 2. The 7-ray source, Cs 137, of about 1.2
Ci is housed in a lead cylinder that serves as a collimator
and a radiation shield. the detailed structure of this
source house was described in Ref.14. The target chamber was
kept at a high vacuum of about 10.b torr to eliminate the

background cotribution by air scattering. Two beryllijium
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windows of 0.254 mm thick were placed in the chamber to tra-
nsmit the incident beam and to transmit the scattered beam
to a HpGe detector at a scattering angle of 155. The chamber
length is 38 cm in order to eliminate as much as possible
the backscattering from the chamber.

By using an X-ray film in place of the target, the size
of the beam of the target was measured to be circular in
shape and was 1.2 cm in diameter.

The HpGe detector is well shielded with lead. The
background with the beam on is shown in Fig. 3, which shows
that the background is quite low in the region of 150 KeV
where the profile spectrum is to be located. Fig.4 and Fig.
5 show respectively the typical spectra obtained from <110>-
oriented Ge and Si single crystals. Lead K X-rays detected
at the low-energy side of the spectrum probably came from
the lead shielding around the detector. The origin of the
59.4 Kev peak was found to be a result of the contamination
of our shielding brick with trace amount of am 247 | Both the
59.4 Kev 7-ray and the lead K X-rays were used to check the
stability of our data acquisition system during a single run
which usually lasted for 10 hours. ‘

Prior to add up all the runs together to form a finall
spectrum, the energy scale of each run was examined and
rescaled if necessary. Usually, more than 10 runs are
necessary to reach a good statistics of about 2.5%

The solid angle at the detector was so arranged that

the dispersion of the scattering angle A ¢ , determined
geometrically, was less than 1.0 degree which corresponds to
an energy dispersion of AE=640eV, which is within the

resolution (=720 eV) of the detector at the photon energy of
192 KeV.

Both Si and Ge targets are single crystals oriented in
the directions of <111>, <110> and <100> and are in the form

of thin wafers with a thickness of 5mm and a diameter of 2.5cm.
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The total counting rate was about 10 counts/min. The signal
to noise ratio was about 15:1.

A Th232 source was used to determine the resolution
function, of the detector,and Fig.6 shows the 238.6 KeV peak
where the solid line was the raw spectrum, and the dotted
line was deduced from the raw data by letting the low-energy
tail stripped off. This is accomplished by subtracting from:
each data point an amount proportional to all counts

measured at higher. energices. For a constant tail, this can

be expressed as,

R'(W) = R(N)—C1J

"R () dw
W (2)
where R'(W) is the effective resolution function, W1is the
high energy bound of the spectrum, and C]is an adjustable
constant.

Since the peak energy of the Compton spectrum was 192
KeV, the resolution function to be used in deconvolution must
be scaled down from the effective resolution shown in Fig. 6
for 238.6 KeV. It is found that the resolution function 1is
very nearly gaussian and the resolution AE is very closely
proportional to N[E; so that the resolution function we have
finally used is a gaussian function with a width of AE=720 eV.
ITII. Data regression,

Since the real spectrum is convoluted by the
instrumentation function. to obtain the real spectrum, a

deconvolution technique must be applied to the raw spectrum

d=
such that the real double differential cross section ———

and hence the Compton-profile J(Pz) can be deduced. Fourier
analysis technique of deconvolution is used in our analysis.

The Compton backscattered spectrum F(ab) is the spect-
rum obtained at a HpGe 7r-ray detector {(with about 3% of re-
solution), but having the background subtracted, the detect-
or's efficiency corrected and the low energy tail stripped

off. Typtical spectra for <110>-oriented Ge and Si are shown
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in FIg. 7 and Fig. 8 respectivly. The total channels used
for analyzing the spectrum is 2048, and the total channels of
the F( w, ) spectrum to be deconvoluted is 700. The
intrumentation function G(w) used in deconvolution is the
combination of the resolution function of the detector and the
geometrical dispersion function. The resolution function of
the detector has been described in the last section. The ge-
ometrical dispersion function was obtained through a comput-
er simulation program, by assuming that the incident beam on
the target was uniformally distributed in the area covered
by the beam size. This is shown in Fig. 9, which looks very
much like a triangle.

The desired profile spectrum f( ab ) can be deconvoluted

from the following convoluted equation,

F( w2)="i2f(w)6(a?-w}dw as F(K)=f(K)*G(K), where the func-

tions of K are the Fourier transforms of the corresponding
functions of @ .

The deconvolution spectrum f(W2), transferred from f(K)
with K cut off at different values, were searched. We found
‘that K=65 is the optimum value. Typtical deconvoluted spectra
as well as their original spectra for <100> , -<110>- and
'<111>—, oriented Si and Ge targets are shown respectively in
Fig. 10 and Fig. 11 with the high-energy cut-off -selected
at 201 KeV. Above 201 KeV, the statistics 1is too poor to
obtain meaningful data. .

According to equation (1), the deconvolution spectrum
divided by the factor C{ “1,“%. a, P, ) which can be calcu-
lated from the rel. I.A. theroy, 1is the Compton-profile
J(P,). As can be seen from Fig. 7 and 8, the backscattering
of the photons by the chamber wall inevitably contributes to
the left end of the profile spectrum. Considering the expe-
rimental geometry, the energy of the photons was estimated
to be 184 KeV, while the peak energy of the profile spectrum
is about 192 KeV. As a result, the spectrum becomes asymmet-
rical about’ the central peak. However, the right side of

the profile spectrum is not contaminated, and was used to
P

Z o0
obtain J(Pz). J(Pz) was J‘ J“ﬁ) mth/z_J‘ J(p,)dp,
] p

“ <

normalized as z
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where N is the total number of electrons around the
scattering atom, i.e. the area under the profile curve was
normalized to one half of the total number of electrons per
‘atom minus the impulse-approximation contributions of the
inner-core elecérons (Pz=7a.u. for Si and 6a.u. for Ge). The
j(Pz) of the inner-core eelectrons was taken as the theore-
tical values given by F. Biggs et al.16 The peak position
corresponding to Pz=o0 was chosen at the peak of the profile
spectrum, The results are shown in Fig. 12 and Fig. 13 for
<100>-<110>-and <111>- oriented Si and Ge respectiely, but
no multiple scattering correction was taken into account in
the deduction of these data.

IV. Results and discussion

The Compton-profile data we have obtained for the
valence electrons of Si and Ge in three scattering
directions are listed in table 1 and table 2 respectively.
Included in these tables are various theoretical values and

experimental data by others for comparison. Reed and

Eisenberger's results !0

are shown, along with our data in
Fig. 12 and Fig. 13 for comparisons. We have found that the
agreement between these two sets of experimental results is
reasonably good within the statistic errors for Ge. But for
Si, our data sysmetically shows a small deviation from those
of Read and Eisenberger. This seems to indicate that at the
T-ray energy of 662 Kev, the multiple-scattering effect for
5mm Ge is somewhat negligble, but it is sizable for 5mm Si.
We will investigate this effect in the future by using di-
fferent thickness of Ge and Si as targets for Compton profile
measurements and by making a Monte Carlo calculation(

We have also used the non-relativistic C( @y, @y, 6.p, )
factor to deduce the Compton-profiles of Si and Ge in the
directions of <111>, <110> and <100>, and found the results

deviating substantially from the existing data. Thus we
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conclude that T-rays of 662 KeV can be used for
Compton profile measurements, and that the rel. I.A. theory
can be applied to the analysis of the Compton-profile. The
Compton profile measurement of the substances across the
whole periodic table 1is no longer limited by the large

17 18,

photoelectric absorption cross-section ’ and can be done

with the long-lived stable and somewhat inexpensive 7T-ray
(662 KeV) source of Cs 137 .
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Figure Captions

1 The C(ﬁ,“%,ﬂ,IQ) for rel. I.A. (Cr) and non-rel.
I.A. (CyRr)

2 Schematic diagram of experimental arrangemt

3 The background with photon beam on

4 The whole r-ray backscattering spectrum of <110>-
oriented Ge

5 The whole r-ray backscattering spectrum of <110>-
oriented Si

6 The '238.6KeV spectrum of Th232

7 The Cpmpton spectrum of <110>-Ge with the background
subtracted and the low enery tail stripped off (dot).
The orignal épectrum (solid) is also shown for
comparison, .

8. The COmpton spectrum of <110>-Si with the background
subtracted and the low-energy tail stripped off (dot).
The original spectrum (solid) is also shown for
comparison. '

9 The geometrical resolution function of our

experimental set-up

10 The deconvoluted spectra (dot) as well as the
original spectra (solid) for<100>-, <110>- and <111>-
oriented Si.

11 Same as in Fig.11, but for Ge.

12 The Compton profiles of Si with scattering direction
along the <100>, <110> and <111> directions (solid ).
Data from  Ref. 10(dot) are  also ‘included for
comparison.

13 Same as in Fig. 12, but for Ge.
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Fig. 4 The whole r-ray backscattering spectrum of <110>-oriented Ge
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Fig. 7 The Compton Spectrum of <110>—Ge.with the background subtracted
and the low energy tail stripped off (dot). The original spectrum
(solid) is also shown for comparison.
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Fig. 10 The deconvoluted spectra(dot) as well as the original spectra

(solid) for <100>-, <110>- and <111>- oriented Si.
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Fig. 12 The compton profiles of Si with scattering direction along the
<100>, <110> and <111> directions (solid). Data from Ref. 10(dot)
are also included for comparison.
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Tzapls 1. The Compton profiles of Si valence electrons for the <100>, <110> and <111> directions

£-0Iy

) This work Other's experimental work Theoretical values
P Ccre .
z
2 2 ¢ b) c) a) d) d) a e) e) e)
1S 28 2P [|<100>{<110>{<111> |average|Posi-|{X-rays|<100>|<100>{<110> |<11il>|Free|Free Free Band
trons Atom]Aatomjel=ctron| Theory
i
C.0 1.27% 2.42] 2.40] 2.22 2.35 2.641 2.54 [2.569] 2.81{ 2.83 | 2.75)3.2€]3.54 3.13 2.58
+0.10(+C.09[+£0.09 +0.01
2.1l 1.zeo | 2,042 2.40] 2.23] 2.35 || 2.63] 2.52 |2.567| 2.75] 2.78 | 2.7C}3.4713.4 3.10 2.5¢
0.2 1.%68 | 2.3€} 2.33) 2.22 2.30 2.57] 2.46 | 2.543] z.62 2.65% 2.59)2.2C13.18)  3.CC 2.51
2.3 p k 2.27| 2.241 2.18 2.23 2.441 2.30 [2.444) 2.47 2.47! 2.46 2.77'2.77! 2.82 2.38
C.~i 1.545 ) 20150 20121 2,111 2.13 2.26; 2.12 |2.237] 2.27 2.251 2.2802.2¢ 2.26; Z.53 | Z.1s
.t 1.330 ) 1.99) 1.96 1.99 1.98 2.00| 1,92 [1.943]| 2.02) 1.96 | 1l.27}1.72 1 7ij 2.28 l.21
, {:c.lo +0.10]%0.10] ! | f
3.6? 1.2Ce | 1.€1; 1.27! 1.63 1.6C 1.39] 1.63 (1.614] 1.66| 1.64| 1.€2/1.2¢ 1.37 1.l l1.61
EHEEEE 1.3° 1.353 1.3% 1.38 1.32| 1.31 [1.278} 1.28} 1.351 1.37)C.68 C.8&° 1.4 . 1.20
.5, 1.482 1,18 1.14) 1.13 1.15 0.94) 1.03 |0.928} 0.99] 1.06} 1.10]0.€6C.0.61 c.coz 0.94
! +C.09/+0.02+0.08
1.0 1.2C2 0.78] C.74i (.68 0.73 0.26 | ©.49 |C.347| ©.536| C.54| C.€2]6.27 C.28 C.:z 0.32
+0.04 ;
1.2 1.3zc¢ C.29] C.2e) C.22 C.z2¢ 0.12) $.21 |0.175] C€.22| C.28 ] C.Z= C.l3ib.1f c.CC C.1>
.2 1.257 L.06] C.06} 0.05 C.10 0.08f C.CE |C.119]| C.13f C.1z2} C.il Q.C&!C.Cé C.11
2" freom Relll6; k) averaged o&er the <100>, <110> and <111»>, directions Zrom Ref.c:
c) frcm Fef.l1C; &) from Ref.20; é) frcm Ref.B
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<110>and<111>
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The Coumpton profiles of Ge valence electrons for<100>

a) e b) c)
Core This work
Other's . | Theore*ti-
2 2 6 .
DZ 15 28 2P experi- cal value
mental (free at-
2 6 10§ <100>{ <110>{ <111>{average
38 3P 3D work<100>} om)
0.0 3.432 2.65 2.56 2.58 2.60 2.581 3.598
+0.15] +0.15] +0.15 +0.02
0.1 3.434 2.64 2.55 2.57 2.59 2.577 3.506
0.2 3.426 2.54 2.47 2.49 2.50 2.509 3.234
{0.3 3.410 2.40 2.36 2.38 2.38 2.376 2.600
0.4 3.396 2.21 2.20 2.22 2.21 2.168 2.264
0.5 3.380 1.98 2.00 2.02 2.00 1.874 1.720
+0.15 | +0.74| +0.14
0.6 3.366 1.44 1.53 1.54 1.50 1.497 1.234
. 3.340 1.16 1.27 1.28 1.24 1.118 0.850
3.302 0.93 1.05 1.04 1.01 0.805 0.568
3.230 0.51 0.60 0.60 0.57 0.305 0.250
“+0.12 | +0.12] +0.12 +0.07

a)from Ref.16
b)from Ref.10

c)from Ref.16éoBut the values obtained from a pseudopotential

calculation are much closcer to the resulls of Ref.10 as

our.
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