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Attenuation-coefficient measurements for 3.3- to 165.8-keV photons:
Analysis in terms of total photoelectric cross sections
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(Received 29 October 1973; revised manuscript received 14 January 1974)

Total photon interaction cross sections at 22 energies in the region between 3.3 and 165.8
keV are determined in the elements Al, V, Cu, Mo, Sn, Ta, Au, and Pb, using high-energy
resolution Si(Li) and Ge(Li) detectors on a "good geometry" setup. An analysis of the experi-
mental data in terms of total photoelectric cross sections is presented.

I. INTRODUCTION

The interest in the study of the photoelectric ef-
fect has been recently focussed on very low photon
energies ((10 keV) in view of the scarcity of, as
well as the discrepancies in, the experimental
data, ' and of the difficulties associated with the
theoretical developments. In a recent review arti-
cle published by Pratt e t al.~ def inite conclusions are
drawn only for photon energies above 10 keV.
Especially at low photon energies, the photoelec-
tric cross sections can be obtained from the total
attenuation coefficient, as the contributions due to
the coherent and incoherent scattering processes are
very small. Only a few experiments using solid-
state detectors for total attenuation measurements
at low photon energies (E)9 keV) have been de-
scribed. ' ' Hence, in the present investigations,
systematic measurements are made on the total
photon interaction cross sections for eight ele-
ments (13 (Z ( 82) in the energy region from 3.3
to 165.8 keV (22 energies) using high-energy reso-
lution Si(Li) and Ge(Li) detectors.

II. EXPERIMENTS

The total photoelectric cross sections are de-
termined by measuring the total photon interaction
cross section and subtracting the calculated con-
tributions due to coherent and incoherent scatter-
ing. The investigations have been restricted to
only those cases where the amount due to coherent
plus incoherent scattering does not exceed 10%%uo of
the total. Measurements were performed with the
transmission technique on a "good geometry" set-
up, as already described elsewhere. ' " The pho-
ton energies used and their origin are shown in
Table I. The radioactive sources were prepared
by drop deposition onto metal-coated VYNS foils
of about 180-gg/cm' total thickness or by vacuum
evaporation onto a 1-mm-thick copper disk. The
strength of the sources was between 20 and 50 p, ci.
Disks of Al, Cu, and Pb having a central hole of

SOURCE HOLDER

COLLI MATORS

CRYOSTATE
END CAP

7i

V

vivAWWW' / I

VII/i'
Si ILi)

I

PREAMP L I F I ER

I

A M PL IF I ER

I

102C CH. ANALYZER

~ FOIL HOLDER

COLLI M ATOR
SPAC IN GS

HV

tr/Qg Luci te PX1Pb

FIG. 1. Scheme of the experimental arrangement. As
an example, the scale model of the "good geometry" set-
up for a 20-pCi STCo source is shown.

between 0.4- and 0.8-cm diameter were used as
collimators. Their thickness was between 0.25
and 1.0 cm. Various of these disks, with different
appropriate distances between them, were suit-
ably arranged, depending on the energy of the pho-
ton, its origin, and the source strength, in order
to define the "good geometry. " About 150 foils of
the elements Al, V, Cu, Mo, Sn, Ta, Au, and Pb
were used as attenuators ~ They had a diameter of
1.8 cm, and their thicknesses ranged from 100
p, g/cm' to 500 mg/cm'. They were fixed between
two Al rings, and could be placed reproducibly into
the photon beam. The photons were measured with
a Si(Li) (Fig. 1) or a Ge(Li) detector in combina-
tion with an appropriate electronic circuit and a
1024-channel analyzer. The energy resolution of
the detectors was 260 eV at 5.9 keV for the Si(Li),
and 1.8 keV at 165.8 keV for the Ge(Li) crystal.
Typical examples of the pulse distribution of the
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TABLE I. Energy and origin of the photons used.

Photon energy
E h(keV) Photons Origin and remarks

4.8

5.9

6.4

7.1

8.0

8.9

13.9

17.8

20.8

26.4

32.1

36.5

41.3

47.3

59.6

84.3

97.3

103.4

122.1

136.4

165.8

Np Mu x rays

Ba L x rays

Mn K x rays

Fe K x rays

Cu K x rays

Np I- x rays

y rays

Ba K x rays

Eu K x rays

y rays

y rays

y rays

y rays

y rays

'Am; average energy
' 'Cs; average energy

"Fe

"Co

Secondary Cu x rays
originating from the backing
of the 'Am source

2 ~Am

24~Am

137Cs

i53Gd

241Am

"'Tm

~S3Gd

"Co

139Ce

' Reference 13.

different photons used (of E»& 10 keV), measured
with the Si(Li) detector, are given in Fig. 2.

Spectra were measured with and without an at-
tenuator foil placed in between the source and the
detector yielding the transmitted and the original
photon intensities. As a measure of the intensity,
the sum of all pulses belonging to a photopeak was
taken. This integrated counting rate was correct-
ed for dead time and background events. Correc-
tions for decay time were applied when necessary.
In general, the error introduced by these correc-
tions and by counting statistics did not exceed 1%.
Furthermore, events from the interference of
fluorescence x rays due to higher energetic pho-
tons, the influence of photon attenuation in air,
and of possible material impurities of the attenua-
tor foils, and the included scattering events have
been considered. The corrections for these effects
were calculated as usual.

The total photon interaction cross sections were
calculated from the expressions

where I, is the photon intensity without the foil, I
is the transmitted photon intensity, t is the foil
thickness in g/cm', A is the atomic mass of the
element used, N is Avogadro's number (6.024
X 10" mole '), g is the mass attenuation coeffi-
cient and stot is the total photon interaction cross
section in b/atom. The photoelectric cross sec-
tion v is obtained from o'&,& by subtracting the co-
herent and incoherent scattering cross sections as
interpolated from the tables of Storm and Israel. "
These authors claim an accuracy of within 3% for
their calculated values. Thus, as in the present
study, these contributions were always lower than
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FIG. 2. Typical spectra
of photons with E&h & 10
keV, as recorded with the
Si{Li) detector in a "good
geometry" setup. Counts
per channel in arbitrary
units are plotted versus
channel number. The
sources used and their
emitted photons are de-
scribed in Table I.
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10%; an additional error of ~0.3% has to be con-
sidered for the photoelectric cross sections.

energies above 8.9 keV, the expression (o„,(exp)
—o„,(th)~/o„, (th) is usually less than 5%.

III. RESULTS AND DISCUSSION

In Table II the results obtained in this investiga-
tion are shown for different photon energies and
different attenuator materials. One set of results
comprehends three values: the experimental total
photon interaction cross section o„,(exp), with its
overall error; the corresponding theoretical value
o&,t (th), according to Storm and Israel"; and the
experimentally obtained total photoelectric cross
section v (exp). It can be seen from Table II that
the agreement between experimental and theoreti-
cal values is in general satisfactory. For photon
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