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Measurement of K x-ray emission from Mo, Cd, and Sn stimulated by 59.54-keV photons
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Accurate measurements, within 1.6%%uo, of the cross section of K radiation emission of Mo, Cd, and Sn
at 59.54-keV photon energy were carried out. The results are compared with those of other experiments,
and they confirm the great reliability of the combination of up-to-date tabulations of K fluorescence
yields and photoeffect cross-section values calculated by relativistic quantum-mechanics models.

I. INTRODUCTION

Quantitative knowledge of the emission of characteris-
tic K radiation is still of great interest for both fundamen-
tal and applied physics. Accurate experimental values
offer an appropriate means for checking the validity of
the assumptions included in the different formulations of
the atomic model that make it possible to evaluate impor-
tant atomic parameters such as the cross section ~k for
vacancy production in the K level or the K Auorescent
yield cok, with uncertainties in the range of soigne per-
cents. In the field of applied physics, reliable values of
the K emission cross section cog7k are of great interest in
elemental x-ray fluorescence analysis and, as regards the
photoelectric cross section ~l„ in the aspects concerned
with the contribution of the K atomic level to the at-
tenuation of photon radiation.

Values of the K fluorescence yield cok were calculated
in the range of atomic number 10~ Z ~ 70 by Kostroun,
Chen, and Crasemann [1] by combining the probabilities
of radiationless transitions to a 1s level vacancy calculat-
ed from nonrelativistic wave functions with the radiative
transition probabilities given by Scofield [2]. Chen,
Crasemann, and Mark [3] used wave functions obtained
from Dirac-Hartree-Slater equations to perform relativis-
tic calculations of the same radiationless decay and com-
bined them with Scofield's relativistic results of radiative
transition probabilities (Ref. [4]) to list the col, values of
25 elements in the 18~Z ~96 range. Bambynek et al.
[5] presented a review of selected most reliable experi-
mental ~k data and looked for an appropriate interpolat-
ing function, the cuI, values of which were given and com-
pared with the theoretical ones in the 13 + Z ~ 92 inter-
val. Krause [6] worked up an col, tabulation in the
5 ~ Z ~ 110 interval by using all the pertinent theoretical
and experimental data on the parameters contributing to
the K fiuorescence yield. In a recent review Hubbell [7]
calculated up-to-date fitted ~k values in the 1 Z 100
range.

An exhaustive list of researchers who worked out cal-
culations on photoeffect cross sections can be found in a
paper by Hubbell and Veigele [8]. Detailed calculations
of the photoeffect cross section of each shell of the atom
in the photon energy interval 10 keV ~ hv~ 3 MeV for

14 elements having atomic number Z included between
13 and 92 were carried out by Schmickley and Pratt [9].
Rakavy and Ron [10] performed the calculations for five
elements in the same Z interval and 1 keV hv 2 MeV
but using different approaches to the atomic screening.
Scofield [11]presented the results of accurate relativistic
calculations of the photoeffect cross section of each atom-
ic shell in the ranges 1 Z ~101 and 1 keV~hv~1. 5
MeV worked out with the wave function of Hartree-
Slater but he also supplied a tabulation of the factors
which permit conversion to the values obtainable from
the Hartree-Fock model in the 1 ~ Z ~ 54 interval. Storm
and Israel [12] used the program of Brysk and Zerby [13],
but with the experimental binding energies, the data of
Schmickley and Pratt [9] and of Rakavy and Ron [10]
and the formula of Gavrila-Pratt [14] for preparing a ta-
bulation of the total atomic photoeffect cross sections in
the intervals 1 Z ~100 and 1 keV~hv~100 MeV. A
broad and detailed review of the theoretical und. erstand-
ing of the photoelectric effect above 10 keV, including a
comparison of results obtained by different calculation
models and by experiments, is given by Pratt, Ron, and
Tseng [15].

Values of the K photoeffect cross section ~k were mea-
sured by Arora, Allawadhi, and Sood [16] for 14 elements
of the atomic number interval 26~Z ~53 at 59.54-keV
photon energy by means of a NaI(T1) spectrometer. Garg
et al. [17] carried out measurements of Ka radiation
emission cross sections of ten elements at 10 photon ener-
gies in the ranges 20 Z ~56 and 5.96 keV~hv~59. 54
keV, respectively, by means of a Si(Li) spectrometer. Al-
Nasr et al. [18] measured the same quantity at 59.54-
keV photon energy for eight elements in the 42 ~ Z 57
range with a Ge detector.

The high performances of spectrometers using planar
HPGe detectors, in terms of both resolution and
efficiency, offer the possibility of experimental ~k~k eval-
uations having uncertainties comparable to those of the
theoretical values which stem from assumptions inherent
in the various models, computational errors due to
rounding and limitations of arithmetic and logical algo-
rithms in the computer. The present paper aims to
achieve this purpose for the K emission cross section
co&~k of Mo, Cd, and Sn stimulated by the 59.54-keV
photons emitted by a "'Am source.
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II. PRINCIPLE AND METHODOLOGY
OF THE MEASUREMENTS

The arrangement by which the experiment was carried
out is quite similar to the one by which the measurements
of the atomic cross section for elastic scattering were tak-
en [19]. The detector and the source were endowed with
multivane collimators and the detector sees a region of
the target foil illuminated by the whole source under
specular geometry. Detector, foil, and source were as-
sembled on a goniometric irradiation bench the reference
point 0 of which is the intersection of source and detec-
tor collimator axes; it also belongs to the front surface of
the target foil T. The goniometric bench preserves the
specular geometry shown in Fig. 1 over the full range of
the angles of reflection y extending from 20' to 90'. The
dimensions of the target area seen by the detector are
very small in comparison with the distances k and h of 0
from the source surface and from the vane closest to the
detector which are practically equal to one another.
Furthermore, the thickness L of the target foil is much
smaller than k and h. Under these conditions it is possi-
ble to show that if y is the incident photon Aux density at
0 and o.'=do. /dQ the differential cross section of the
interaction process j between photon and atom giving
rise to the emission of 5-type photons of linear attenua-
tion coefficient p& in the target material, whereas p; is the
linear attenuation coefFicient of the incident photons in
the same material, when the attenuation of the air inter-
posed between target and detector is neglected, the pho-
ton Aux +„&at the detector surface is given by

1 —exp[ —(p, +ps)L/cosy ]
N„&=2cpBhk Ino. '

pi +pg

where n is the volume density of atoms in the target, Q is
the solid angle under which 0 sees the vane aperture
closest to the detector, and I is a geometric factor which
depends only on h, k, y, r, the latter being the radius of

T 0

FICx. 1. Schematic layout of the experimental arrangement:
S, source; D, detector; T, target foil; 0, reference point; y,
refIection angle.

the circle described by the intersection of the detector
collimator acceptance cone and the plane through 0 per-
pendicular to the axis of the collimator itself [19]. The
attenuation of the air interposed between target and
detector and having thickness L, and linear attenuation

p, s lowers the Aux to Ns=@ sexp( p, sL—, ) and a fur-
ther reduction is caused by the detector efficiency e & 1.
The efficiency of a high-purity Ge planar detector of
thickness LG, with dead layer of thickness LD and a Be
window of thickness Lz for the photons of type 6, can be
written as

A.=p
1 —exp[ —(p, +ps)L /cosy ] P

pi +ps pi+ps

Xs=esexp( p, sL, ),— (2)

expression (1) can be written

Xs =2@Qhk I(nip)cr'Asks .

It is worth noting the limit expressions

pL ~ p
cosp p) +pg

which As assumes when (p;+ps)L/cosy approaches
zero or becomes much greater than unity.

The radiative transitions following the creation of a va-
cancy in the K atomic level give rise to the emission of
the groups a and P of radiation, the components of each
one of which are so close to one another in energy that
the use of only one attenuation coefficient for each of the
two groups is justified. Therefore the index 5 in the ex-
pressions (2) —(4) must be replaced by a and P and if
R =p&/p is the ratio between the probabilities of P and
a emission and (n/p)„ the mass density of atoms in the
target under study, the total a and P counting rate is
given by

X =2yAhk I(n/p) coke'k(A~, +RA@&)/(1+R),
keeping in mind that the E emission differential cross sec-
tion is o.'=~&~I, =~k~k/4~. Likewise, when the target
consists of a foil of Be whose mass density of atoms is
(n/p)B, and whose atomic differential cross section for
incoherent scattering is o. ' =o.KNSB„where o.KN is the
Klein-Nishina differential cross section and S~, the in-
coherent scattering function of Be, the counting rate due
to incoherent photons is

NB, =2q) Ah k I ( n /p )s,o KNSB,A BQB, .

e's =exp[ (p~s—L~ +posLD ) ][1—exp( posLo )
—],

where pG& and pz& are the linear attenuation coefficients
of Ge and Be, respectively. Then the counting rate of the
spectrometer for 6-type photons is

Xs =2gQhk Ino. '. as[exp( IJ,,sL,—)
1 —exp [

—(p;+ps)L /cosy ]

pi+ps
Ifp is the density of the target material, by writing
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TABLE I. Properties of the target foils. P, purity; X =pL, mass thickness; s~, standard deviation of
the mass thickness over the whole measured area.

Element

Be
Mo
Mo
Cd
Sn
Sn

P (%%uo)

99.8
99.9
99.9
99.99
99.99
99.99

(mg/cm )

103.30
107.30
238.27
203.03
94.38

174.52

Sg
(mg/cm )

0.26
0.41
0.32
0.47
0.37
0.67

(f )-r4

0.968
1.000
0.995
0.906
0.987

(fp) r4

0.931
0.997
0.986
0.855
0.972

(f, ).r4
0.0427

Therefore ~k~& can be written as a function of O. KN,

M„N„(1+R )A BQB,

suits are summarized in Table II where the standard devi-
ations are those arising from the uncertainties of the
counting rate and attenuator thicknesses.

where M„ is the atomic mass of the element, the photo-
stimulated K emission of which is measured, and MB, the
atomic mass of Be.

The experimental methodology is the same as de-
scribed elsewhere [19]. The properties of the target foils
used in this experiment are listed in Table I which also
includes the values of (fs) r4=1 —exp[ —(p, ;+ps)L&2]
pertinent to the a and f3 groups of the characteristic E ra-
diation and to the incoherently scattered Compton radia-
tion, having p, p&, and p, attenuation coefficients in the
target material, respectively.

Keeping in mind the relations (4) and data in Table I, it
is clear that most of the uncertainty regarding A B, comes
from the standard deviation of the target thickness L
while the uncertainties regarding A and A p are mainly
caused by the uncertainties of the sums p;+p and

p;+p& where the heaviest addenda are p and p&. There-
fore p and p& were measured directly.

The p and p& measurements were carried out with the
same geometric arrangement of the experiment by only
inserting an additional diaphragm in proximity of the tar-
get foil. This foil was the source of the characteristic a
and P radiation while another foil of the same material
placed between the added diaphragm and the multivane
diaphragm of the detector behaved as attenuator. The
task of the added diaphragm was to assure that the at-
tenuator is reached by the same radiation as seen by the
detector iri the absence of the attenuator itself. The re-

III. TREATMENT OF THE EXPERIMENTAL DATA

The treatment of the measurement carried out on the
Be target foil strictly follows the procedure described in a
previous paper [19]. In the treatment of the K counting
due attention was paid to its composite structure. After
subtracting the normalized background, the area of the
spectral distribution, an example of which is given in Fig.
2, was evaluated in the energy interval from about 5 keV
above the highest limit of the P radiation group to about
5 keV below the lowest limit of the P escape peak of the a
radiation group. In order to check the results thus ob-
tained, measurements of the a and P peaks alone, with
their tails included, were performed and the correction of
Axel [20] was applied. Comparison of the values given
by the two procedures shows they di6'er by only a few
tenths of a percent. The uncertainty of the net area was
calculated by summing in quadrature the stochastic vari-
abilities of the counting rates of the spectral distributions

Kg

TABLE II. Attenuation coefficients of K radiation in the tar-
get foils: P, purity; (p/p), average mass attenuation coefficient
of a radiation group; (p/p)&, average mass attenuation
coefficient of /3 radiation group; s, standard deviation of
(p/p); s&, standard deviation of (p/p)&.

lA

c
a
V

K escapes

Element
(p/p)

P (%) ( 2/ ) (cm /g)
(p/p) p
(cm /g)

sp
(cm /g)

I I I I

10 E(keV) 20

Mo
Cd
Sn

99.9
99.99
99.99

18.44
12.64
11.21

0.065
0.039
0.069

13.45
9.01
7.95

0.107
0.045
0.051

FICx. 2. Experimental spectral distribution of K radiation and
of its escape peaks for a Mo target.
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TABLE III. Emission cross sections of K characteristic x-

rays. s, absolute standard deviation of our value of cok~j„s' „
relative standard deviation of our value of cok ~k.

Element

Mo
Cd
Sn

z
42
48
50

~k&I (b)
Present

work

437
773
918

(b)

7.0
12
14

1.6
1.6
1.5

cok ~I (b)
Refs. [7,11]

430.8
776.0
918.5

with and without K radiation present in both the energy
intervals of K radiation measurement and of normaliza-
tion. So that the effect of a possible small variability in
the background spectral distribution would not be
neglected a conservative term equal to 0.6% of the net
area was added in quadrature to the previous result.

Special attention was paid to the spurious signals
present in the energy interval covered by the K radiation
counting. In fact, the X photons reaching the detector
owing to a photoelectric interaction in an elementary tar-
get volume are increased by the K photons produced else-
where in the target and elastically scattered in such ele-
mentary volume having, therefore, the same energy as the
former. Moreover, such outer K photons can interact in-
coherently in the elementary volume and they add them-
selves to the tail of the E peaks. This latter type of event
has a negligible frequency with respect to the former for
medium- and high-Z atoms and consequently a rather
simple analytical model can be worked out for the calcu-
lation of the enhancement ratio. Such a ratio is apprecia-
ble whenever the irradiated area is not negligible and in
the present experiment it ranges from about 1.05 to 1.08
depending on the foils with a relative standard deviation,
such as is found under the calculation conditions, which,
in all cases, was below l%%uo.

As values of the ratio R =p&/p, we used those calcu-
lated by Scofield [4,21], the validity of which has already
been tested in the Z region of interest by Casnati et al.
[22]. However, keeping the review of Khan and Karimi
[23] in mind a standard deviation of 1% was attributed to
such values. The attenuation coe%cient required by the
expression of A, A&, %, and X& were taken from four
independent sources: (i) the tabulation of McMaster
et al. [24], (ii) the tabulation of Veigele [25], (iii) the cal-
culations of Storm and Israel [12], (iv) the calculations of
Scofield [11]combined with those of Hubbell et al. [26].
Such attenuation coeKcients enter A and A, p only for

the incident photons, and without the coherent term ex-
cluded for reasons of irradiation geometry, whereas the
experimental values given in Table II were used for the K
emerging photons. The correlations existing between the
A and A& values and between those of % and %& for
the closeness in energy of a and /3 radiation groups were
properly taken into consideration in the calculation of
the total standard deviation. The standard deviations
coming from rectangular distributions having a half
width equal to the 20% of the relevant thickness (Ref.
[27]) were ascribed to the thicknesses of the dead layer
I.D and of the sensitive detector depth I.G. The uncer-
tainties of the other variables appearing in A and in X
were neglected when they were randomized by the exper-
iment or when their relative value was lower than 10
For the latter reason the uncertainties of the atomic mass
were also assumed to be negligible.

IV. KXPKRIMKNTAL RESULTS AND DISCUSSION

In order to carry out intercomparison with the present
data appropriate values of both terms of the product
~k~k are needed. For instance, the values of ~k which
can be derived from the cross section ~, of the whole
atom calculated by Storm and Israel [12] or tabulated by
McMaster et al. [24] or by Veigele [25] are inappropriate
because the calculation of ~k from the photoeffect cross
section ~, of the whole atom by means of the relation

+k +a
T

where r is the E jump, requires that rk lr, be considered
independent of photon energy, whereas as Pratt, Ron,
and Tseng [15] pointed out, and Scofield's calculations
showed (Ref. [11]),the ratio changes with photon energy
even if only of a few percent for medium-Z atoms from X
energy threshold to infinity. However, such a systematic
departure cannot be accepted in the present case because
it is larger than the relative uncertainty of the experimen-
tal value of the whole product ~k~k. Therefore the most
appropriate source of theoretical ~k is the set of values
calculated by Scofield, including the renormalization fac-
tor suggested by the same author [11].

The most up-to-date tabulation of the K fluorescence
yield cot, is the one of Hubbell [7] obtained by interpola-
tion.

Table III contains the values measured by the present
experiment, together with their absolute and relative
standard deviations, and the corresponding values given

TABLE IV. Intercomparison of the emission cross sections of characteristic E x rays.

skulk (b)

Element

Mo
Cd
Sn

42
48
50

Refs. [7,11]

430.8
776.0
918.5

Present
work

437+7.0
773+12
918+14

Ref. [16]

430+22

957+39

Ref. [17]

980+34

Ref. [18]

404.6+8.4
784. 5+16
886.0+19
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by the combination of Hubbell's co& values and Scofield's
~~ values.

Agreement between the two series of values is very sa-
tisfactory. It is worth pointing out that just as satisfacto-
ry an agreement is obtained with the ~& calculated with
the modified Fermi-Amaldi potential by Rakavy and Ron
[10] at least for the one comparable element, i.e., Sn, for
which it is co&~& =926.5 b.

The intercomparison with the results of other analo-
gous experiments demands the preliminary conversion to
the co&~& values of the given data. In fact, the latter refer
to quantities differing from, but yet strictly linked to,
cog 7 g . Arora, Allawadhi, and Sood [16] evaluated rz by
dividing experimental co&~& results by the co& fitted values
of Bambynek et al. [5]; the reconversion, therefore, is
quite immediate. The a and P fiuorescence cross sections
of Garg et al. [17] have simply been summed to one
another and expressed in barns. Al-Nasr et al. [18] give
the a Auorescence cross section which, when expressed in
barns, gives co& ~& immediately by multiplying it by 1+R,
R being the above-mentioned ratio p jp& for which the
Scofield [4,21] values were used. Table IV presents a syn-
thesis of the experimental values of co&~& for Mo, Cd, and
Sn, including the ones obtained in the present work and
those of the mentioned authors as well as the product of
Hubbell's co& (Ref. [7]) and Scofield's rj, (Ref. [11]). For
the present work the uncertainties shown are standard
deviations while those given by each author are used for
the other experiments.

Figure 3 shows the position with respect to unity of the
experimental results normalized to the Hubbell-Scofield
values in the 42~ Z ~ 50 interval. It is evident how the
dispersion around unity is small in confirmation of the
great confidence which can be attributed to the up-to-
date tabulations of co& and to the latest quantum-
mechanics models of ~& calculation at least at the photon
energy and in the atomic number interval explored.

1 ~ 10-

3 1.00
ID

3

0.90
50

FIG. 3. Experimental cross sections of K radiation emission
(Q)gled ) „pt measured by various authors normalized to the prod-
uct (co„rq), of Hubbell's K fiuorescence yields (Ref. [7]) and
Scofield's K photoe6'ect cross sections (Ref. [11]). ~, present
work; A, Al-Nasr et al. (Ref. [lg]); ~, Arora, Allawadhi, and
Sood (Ref. [16]);$, Cxarg et al. (Ref. [17]).

calculated by Chen, Crasemann, and Mark [3] do not
diff'er by more than 0.3% from the interpolated ones used
in the present paper. On the other hand, the accuracy of
the available tabulations makes it possible to confidently
employ diagnostic methodologies, where the K Auores-
cence cross section plays the principal role, in many im-
portant areas of human welfare and industrial activity.

V. CONCLUSION

The small uncertainties of the K Auorescence cross-
section measurements carried out in this experiment give
assurance of the accuracy of the ~&~& values which can
be obtained from the up-to-date tabulations in the region
of intermediate atomic numbers. This result confirms the
reliability of the relativistic quantum-mechanics models
used in evaluating the atomic parameters of inner shells,
still further emphasized by the fact that the co& values
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