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Measurement of x-ray emission from Gd, Dy, and Er stimulated by 59.54-keV photons
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Accurate measurements, within 2%,kftadiation emission cross sections were carried out on thick foils of
84Gd, %Dy, and®®Er stimulated by 59.54-keV photons, i.e., an energy close t&tt@esholds of the target
atoms. The results obtained provide a good global reference test for the relativistic quantum-mechanic models
used in the calculations d&€ fluorescence yields and vacancy creation cross sections.

PACS numbd(s): 32.80.Fb

INTRODUCTION energy levels; the conversion factors of each shell from DHS
to DHF (Dirac-Hartree-Fock for Z<54 are also given.
photoelectric emission, that is thié x-ray fluorescence Scofield’s is the most detailed theoretical compilation; his
. ' . _~ . values are taken as a reference by more elaborate theoretical
(XRF) cross §ectlon, are usefql in order to c_heck the re"ab'l'methodologies{ﬂ], and are used as database for the evalu-
ity of calgulatlon models used in the evaluation of _f“”dame”'ation of photoelectric attenuation coefficierits8] and for
tal atomic parameters such & fluorescence yield and ,hoion transport coddd9]. Chantler20] recently prepared
K-shell vacancy creation cross section. These data are evgntapylation of the photoelectric attenuation coefficients of
more important just above th€ threshold of the elements. the atom as a whole and of tieshell alone using the DHF
A complete theoretical model of atom readjustment after aatomic model, but with Kohn-Sham exchange potential and
vacancy creation in it& shell was worked out by Chen, experimental energy levels. However, the most rigorous and
Crasemann, and Markl], who combinedK-shell Auger accurate procedure for calculating the photoelectric cross
rates calculated by the DH®irac-Hartree-Slatératomic  section is the one based on the QED approach restricted to
model with the DF(Dirac-FocK radiative rates given by the second-orde§ matrix in the independent-particle ap-
Scofield [2]. Their data concern 25 elements in the rangeproximation. This procedure was successfully applied by
18<Z7<96. Recently, Perkin®t al. [3] presented anwg Kissel, Pratt, and Roj/17] and Kisselet al.[21] to compute
tabulation for all the most commanvalues. They combined the elastic scattering amplitudes. Unfortunately, a tabulation
DHS Auger rates, calculated from the library of the of photoelectric cross sections based on this methodology
Lawrence Livermore Laboratory, with the DHS radiative has not yet been prepared owing to the very long computing
rates of Scofield4]. Bambyneket al. [5] and Kraus€[6]  time required.
evaluateK fluorescence yields by interpolating experimen-  Experimental evaluations of-shell radiation emission
tal and theoretical data with a semiempirical formula, whilewith uncertainties comparable to those of the different theo-
Hubbell[7] gavewy values obtained using the same formularetical calculations can be of great help in checking the reli-
but with the coefficients proposed by Bambyri@. More  ability of the productsw 7« calculated by the theoretical and
recently, Hubbellet al. [9] presented amwy tabulation ob- interpolated values oK fluorescence yield, and by thi¢
tained by interpolating all the experimental values collectedphotoelectric cross section obtained by different quantum-
over the period 1978-1993 on 55 elements wétlin the  mechanical models. These comparisons are still more inter-
interval 11-93. esting for targets withK electron binding energies just below
Exhaustive reviews on photoelectric effect cross sectionghat of impinging photons because, in this region, the photo-
were prepared by Pratt, Ron, and Tsét@|, Cooper[11], electric cross section is a rapidly varying function of the ratio
Hubbell and Veigelg12], and Staracg13]. For energies between incident photon and targethreshold energies. The
greater than 1 keV and<1Z<101 the main theoretical com- present paper gives the results of measurements of fluores-
pilations of self-consistent data are all based on the electrorsenceK radiation emitted by foils of elements with €4
independent atomic model, and are due to Storm and Israef68 stimulated by photons of 59.54 keV, i.e., an energy
[14], Plechaty, Cullen, and Howert¢f5], and Scofield16].  close to that of the targdd thresholds.
The latter compilation includes values of relativistic photo- Measurements oK photoelectric emission that include
electric cross sections of the whole atom and of each atomi*Gd, ®®Dy, and ®®Er were carried out with 59.54-keV pho-
shell calculated by the DHS atomic model, using theoreticatons by Balakrishnat al. [22] and Ertugul et al. [23]. The
first group of researchers measured theemission of 29
<7<92 target foils by a HPGe detector artfAm and

Accurate measurements of thg ¢« cross section oK

*Electronic address: baraldi@fe.infn.it 203g sources in reflection geometry. From their measure-
"Permanent address: Physics Department, Punjabi University, Panents they derived and presented thg values of 16 ele-
tiala, India. ments. The second group measured kheradiative emis-
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sion of elements in the range 8Z<68 by a S(Li) detector — 1 T T T T v T
and a?*'Am source in transmission geometry. Both groups
used thin targets. 10’

MEASUREMENT METHODOLOGY

As the geometrical arrangement and experimental meth-
odology have been described in previous pap24s25, just
the points that favor an understanding of the present results
are recalled here. The experiment was carried out in specular
geometry with source-to-target and target-to-detector dis-
tances approximately equal to one another, and very great
with respect to the target thicknesses. Both the so(lt8e5
GBq of ?*!Am) and the detectathigh-purity Ge 200 mrhin
area and 10 mm in thicknesaere equipped with multivane
collimators to reduce the divergence of the primary beam
and the acceptance angle of the detector. This arrangement
ensured irradiation uniformity, because the target surface
seen by the detector was smaller than the target-irradiated
area. With this experimental arrangement it is possible to
show that the detector counting rate is given by
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FIG. 1. Example of a distribution in energy of Dy foil count
In this expressiony; is the linear attenuation coefficient of rates measured under an angle of 90° with the incident beam axis.
the radiation impinging the target foil of thickneBsandoj’
the differential cross section of the interaction procebs- WK Tk
tween photon and atom giving rise to the emissiodofpe NK=AnZ?AKBK.
photons with linear attenuation coefficient; in the target
material.L , is the air thickness between target and detector,l.
Mas the attenuation coefficient aftype photons in air, and
e 5 the physical efficiency of the detectdk.is a coefficient
depending on the incident flux density and geometrical fac
tors of the experiment, andis the atom volume density of
the irradiated target.
By placing

he incident photon energy is close to tiehreshold ener-
gies of the target elements, and therefore, in the measured
spectrum shown in Fig. 1, the elastic peak is not far from the
photoelectricoe and 8 K peaks. Moreover, owing to the rela-
tively low primary photon energy, the incoherent scattered
contribution may partially overlap both thé peaks, and the
HPGe detector gives Iz escape falling in the range of the
K, peak. All these drawbacks make the correct evaluation of
P . Bs=esexd — paskal, thg K counting rate r.ather gomplicated. Fpr incoheren_t scat-
i Hs tering events with differential cross sectiati , expression
(2) becomes

1—exd —(ui+usl/cosy]
.Agz

expression(1) can be written as

N,=Anzo|
N;=Ano| A;B;. 2) 1 =Anzor A By
while for elastic scattering with differential cross sectigh,

When the interaction process is the creation of a vacancyhe analogous expression is

in theK level, ana or B x-ray photon is emitted. The ener-
gies within eachw or 8 group are usually so close that only ,
one attenuation coefficient need be considered for all the Ne=AnzoeAeBe .

photons of a group. Lgt, andpg denote the fractions of the . .

radiative transitions oK vacancies giving rise to photons of 1h€ coefficientA can be removed by normalizing the total

« and B type, respectively, and withl, By the quantity counting rateNt=Ng+ N,;+Ng measured by the target of
interest to the counting ratdg,. of the incoherent radiation
ABk=PaABot PpAsBs. scattered by dBe target. Usingrg, to indicate the’Be in-

coherent scattering cross section, the counting rate due to
So if the cross section of thé radiation isotropically emitted this radiation is
by the target of atomic numbéris oy = w7 , the counting
rate per unit solid angle of both and 8 x-rays is given by Nge=AnogeApeBae
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TABLE I. Properties of the target foil€Ex , K threshold energy26]; E;/Ey, incident photon energy
normalized to the threshold on®; purity, £L=pL, mass thicknesss,, standard deviation of over the
irradiated area; (,) -4, (f g) wa» (fc) ma, 74 saturation factors foK, , K, and Compton-scattered radia-

tion.
Ex P L Se
Element z (keV) Ei/Ek % (mg/en?)  (mglen®)  (f)na (Fp)mia (fc)mia
Be 4 0.1117 99.8 103.30 0.26 0.0427
Gd 64 50.239 1.185 99.9 82.82 0.10 0.870 0.842
Dy 66 53.788 1.107 99.9 112.58 0.11 0.942 0.925
Er 68 57.486 1.036 99.9 96.42 0.40 0.919 0.901

and the cross sectiong 7¢ of K radiation emission can be needed because these peaks, together with the once-scattered

written as continuum, are totally included in the estimate. Great atten-
tion was devoted to the enhancement&iand elastic peaks
4m | Ny | peeMz and in incoherent distribution owing to double and multiple
KT A By :N_Be”BeABeBBepZM Be interactions. The enhancement factors were calculated in two

ways: by the expressions given by Casrmdtal. [28] and by
a photon transport Monte Carlo program. To this end, the
EGS4code modified by Namito, Ban, and Hirayarf28] to
include the Doppler-broadening of Compton-scattered pho-
where Mz ,p, and Mge,ppe are the atomic mass and the tons was used. This code was still further improved by add-

_O-I,-AIBI_OJE-AEBE]v ©)

density of the element of interest afie, respectively. ing the effect of anomalous dispersion on photon elastic scat-
Table | gives the properties of the examined target foilstering; the effect is important in the region of the threshold

and thew/4 saturation factor defined as energy and the area of the elastic peak was appreciably

changed. The enhancement factors obtained by the two pro-

(f ) mia=L—exi — (ui+ ps)LV2] cedures for all the experimental conditions and interactions

examined differed in any case by less than 1%. Therefore, in

for their « and B characteristi radiation and for the inco-  the calculations the rapidity of the analytical expression was
herent radiation scattered once f8e. Apart from the'Be  preferred and, for its values, a rectangular distribution with
foil, the targets examined have saturation factors close to 1194 maximum uncertainty was assuni&d)].
This choice greatly improves the signal-to-noise r4@a], The value ofp, and p, were obtained from Scofield’s
because the reduction in the statistical uncertainty due tpatios R= ps/p. [31], to which a stochastic uncertainty of
larger countings exceeds the increase caused by the uncamy, was assigned, bearing in mind the comments of Khan
tainty of the factor correcting the signal enhancements fognd Karimi[32]. The attenuation coefficients required by the
double and higher-order scatterings. _ expressions ofd,, Ag, A, Ag, B,, Bs, By, Be, Age,

Three independent measurements were carried out Ofnd3,, were calculated by averaging the values of the com-
each target at each of the three angles 60°, 90°, and 120jjations of Veigele[33], Plechaty, Cullen, and Howerton
Targets and angles were alternated so as to check measu[es), and Storm and IsraélL4], and of Scofield’16] tabu-
ment reproducibility and to randomize geometry uncertaintyyation combined with that of Hubbelbt al. [34]. The o

The “Be data processing followed the same procedure agjtferential cross sections were derived from the calculations

that previously describefp4]. o of Hubbellet al. [34], while the . differential elastic cross
To obtain K counts the whole spectral distribution, as sections were taken from Kissel and Bergstr88].

given in Fig. f1, wasbconzl?(er\?db. 'I°~fter r?acl:kgfound subtrac- 14 optain the standard deviation of theemission cross
tion, its area from about 3 keV below the lowest enekgy  goction the uncertainties of all the quantities appearing in

escape peak to 1 keV abovg the elastic soattering peak W%§<pression(3) were combined in quadrature by excluding
evaluated. With such a choice o escape correction was those with relative values below 18

TABLE II. Theoretical and interpolated values &f fluores- TABLE Ill. Theoretical values of vacancy creationknshell by
cence yield. k) p, Perkinset al.[3]; (wk)g, Bambyneket al.[5]; 59.54-keV photons. #c)s, Scofield by including nuclear size ef-
(wk)k ,» Krause[6]; (wk)n1, Hubbell[7]; (wk)n2, Hubbellet al. fects[16, 36); (7x)c, Chantler{20]; (7¢)«, Kissel[37].

[9].

(1e)s (Te)c (1)

Element Z ((DK)p (wK)B ((DK)K (wK)Hl (wK)HZ Element Z (barr) (bal’r’) (barr)
Gd 64 0935 0.934 0.935 0.932 Gd 64 2490 2493 2490
Dy 66 0940 0.940 0.941 0.938 0.972 Dy 66 2750 2753 2754
Er 68 0.944 0945 0.947 0.942 Er 68 3016 3018 3018

032714-3



C. BARALDI et al. PHYSICAL REVIEW A 61 032714

TABLE IV. Comparison ofK photoelectric emission cross sectionex k) ps, wk by Perkinset al. [3];
7« by Scofield[16, 36; (wk7k)n2s, @k by Hubbellet al. [9]; 7 by Scofield[16, 36; (wx7«)e, present
experiment values; dfx 7¢)g, values derived from the experiment of Balakrishetaal. [22]; (wk7«)e,
values derived from the experiment of Entubet al. [23].

(0k7k)pPs (0K T H2s (0k7K)E (0k7x)B (wk7d)e
Element Z (barn (barn (barn (barn (barn
Gd 64 2327 231930 2270112 229% 155
Dy 66 2585 2673 2591 47 2623+ 132 2554+ 135
Er 68 2842 2806 50 2825-175
EXPERIMENTAL RESULTS AND DISCUSSION In this context, Perkinst al. wy fluorescence yields com-

bined with thery values of Scofield’s thorough tabulation on

K vacancy creation cross sections were used to calculate the-
oretical (wk k)7 K radiation emission cross sections.

| Experimental data similar to the present data still require
ome adjustment in order to permit an acceptable compari-
son. Balakrishnat al.[22] multiplied their measuredy 7«

Theoretical and interpolated semiempirical valuesKof o ,
: : : K emission cross sections by to presentwy fluorescence
fluorescence yield are collected in Table II. The first column_ . . . .
eld values. Thery were evaluated using an interpolation

lists the examined elements and the second their atomi}éI

number. The third column gives the theoretical values Calcuprocedure described by the authors. The same procedure ap-

lated by Perkinset al. [3] by combining DHS nonradiative plied backward providesafy 7)s K emission cross sections
transitions with the radiative ones obtained by Scofield usin rom t.he @K presente_d. Ertugl etal. [23] mea_surgdKa .
the DHS mode[4]. Another theoretical tabulation was pre- mission cross sections; therefore,. by multiplying their
pared by Chen, Crasemann, and M4, who combine :;C:an;/alues by ¥ pg/p., one derives gg7k)e Cross
gf;gﬁtjr?;[relr; tﬁf e\;vg hdtgtz %'; r;a]g;aitrl]\ﬁu%rééz b%e[S);Of% The third c;olumn of Table IV lists the. theoretical values
681, but the mean difference between the values of Cherf@k7«)T. While the fourth column contains thes 7i)nas
Crasemann, and Mark and those of Perkénsl. is barely

Theories give separate values of thg fluorescence yield
and of theK creation vacancy cross sectie, while ex-
periments provide only the produat, 7« . Therefore, com-
parisons between experiment and theory require theoretic%
data for both these quantities.

0.2% in the 63Z<70 interval; thus different theoretical 108 oo
treatments givavy values that do not differ appreciably in i T ]
the Z range of interest. Consequently, tftSe, ®®Dy, and 1.06 - ) -
%8Er wy theoretical values directly calculated by Perkins | [ ]
et al. [3] are the ones used in the present comparison. The
interpolated semiempirical data of Bambynekal. [5], 104 = T
Krause[6], Hubbell[7], and Hubbellet al. [9] are also col- c - .
lected in columns 4, 5, 6, and 7 of Table Il. As may be seen, -.g 102 T _
the values of the first three sets do not greatly differ from & 4
each other or from the theoretical one, while the only value  § i i
of Hubbell et al. [9] reported in the table is a little greater. § 100 b--—-- t----H+r---44---—
Tabulations of the photoelectric cross section that include § I . ' . i
only the whole atonr, data are unsuitable, because accurate E
Tk cannot be obtained by the simple relation z‘s 08 - A T
r—1 096 -
TK= Tq e . L 7
0.94 - 1 -
In fact, as Pratt, Ron, and Tsefif)] pointed out—and as the s 1 - 4
tabulations of Scofielfi16] and Chantlef20] show—ther ¢ 092 N 1= | , | .
jump changes with photon energy. Theoretical valuesyof 62 &4 66 68 70

for 59.54-keV photons have been calculated by Scofield
[16,36 and Chantlef20] using central potential models with
different approximations, and by KissdBB7] with the FIG. 2. ExperimentaK radiation emission photoelectric cross
second-order perturbativ@matrix. As can be seen in Table sections normalized to theoretical valusse text Circles, present
11, the differences between the sets of values are not signifiexperiment; triangles, derived from the data of Balakrisknal.
cant. [22]; squares, derived from the data of Entulget al. [23].

Atomic number
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value obtained by th&Dy wg of Hubbellet al.[9]. Column olds, have rather small uncertainties thanks to the use of

five shows the @« 7¢)r results of the present experiment, thick target foils. They hence provide a useful reference for a

together with their absolute standard deviations. In columnglobal test of the theoretical models used in #dluores-

six and seven theu{ 7«) g and (wk 7« ) e values derived from cence yield calculations by Perkirs al. [3] and K photo-

the data of Balakrishnet al.[22] and Ertugul et al.[23] are  electric cross section evaluations by Scofifl®,36. The

given together with the uncertainties derived from thoseagreement found is very good, and can be extended to other

quoted by the authors. models giving highly similar results. Moreover, the values
The experimental gk 7«)r, (0k7k)g, and (wx k) val-  derived from the experiments carried out by Balakrishna

ues normalized to the theoreticabf7y)t for atoms ofZ et al.[22] and Ertugul et al. [23], with thin targets, agree

equal to 64, 66, 68 stimulated by 59.54-keV photons arevith the present ones, even if their experimental approach

given in Fig. 2. The agreement between the present expergives greater uncertainties.

mental results and the theoretical values is well within the

guoted standard deviations. This corroborates the calculation

procedures, at least in the region explored, even more so ACKNOWLEDGMENTS
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