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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%, ofK radiation emission cross sections were carried out on thick foils of
64Gd, 66Dy, and68Er stimulated by 59.54-keV photons, i.e., an energy close to theK thresholds of the target
atoms. The results obtained provide a good global reference test for the relativistic quantum-mechanic models
used in the calculations ofK fluorescence yields andK vacancy creation cross sections.

PACS number~s!: 32.80.Fb
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INTRODUCTION

Accurate measurements of thevKtK cross section ofK
photoelectric emission, that is theK x-ray fluorescence
~XRF! cross section, are useful in order to check the relia
ity of calculation models used in the evaluation of fundam
tal atomic parameters such asK fluorescence yield and
K-shell vacancy creation cross section. These data are
more important just above theK threshold of the elements.

A complete theoretical model of atom readjustment afte
vacancy creation in itsK shell was worked out by Chen
Crasemann, and Mark@1#, who combinedK-shell Auger
rates calculated by the DHS~Dirac-Hartree-Slater! atomic
model with the DF~Dirac-Fock! radiative rates given by
Scofield @2#. Their data concern 25 elements in the ran
18<Z<96. Recently, Perkinset al. @3# presented anvK
tabulation for all the most commonZ values. They combined
DHS Auger rates, calculated from the library of th
Lawrence Livermore Laboratory, with the DHS radiativ
rates of Scofield@4#. Bambyneket al. @5# and Krause@6#
evaluatedK fluorescence yields by interpolating experime
tal and theoretical data with a semiempirical formula, wh
Hubbell @7# gavevK values obtained using the same formu
but with the coefficients proposed by Bambynek@8#. More
recently, Hubbellet al. @9# presented anvK tabulation ob-
tained by interpolating all the experimental values collec
over the period 1978–1993 on 55 elements withZ in the
interval 11–93.

Exhaustive reviews on photoelectric effect cross secti
were prepared by Pratt, Ron, and Tseng@10#, Cooper@11#,
Hubbell and Veigele@12#, and Starace@13#. For energies
greater than 1 keV and 1<Z<101 the main theoretical com
pilations of self-consistent data are all based on the elect
independent atomic model, and are due to Storm and Is
@14#, Plechaty, Cullen, and Howerton@15#, and Scofield@16#.
The latter compilation includes values of relativistic pho
electric cross sections of the whole atom and of each ato
shell calculated by the DHS atomic model, using theoret
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energy levels; the conversion factors of each shell from D
to DHF ~Dirac-Hartree-Fock! for Z<54 are also given.
Scofield’s is the most detailed theoretical compilation;
values are taken as a reference by more elaborate theore
methodologies@17#, and are used as database for the eva
ation of photoelectric attenuation coefficients@18# and for
photon transport codes@19#. Chantler@20# recently prepared
a tabulation of the photoelectric attenuation coefficients
the atom as a whole and of theK shell alone using the DHF
atomic model, but with Kohn-Sham exchange potential a
experimental energy levels. However, the most rigorous
accurate procedure for calculating the photoelectric cr
section is the one based on the QED approach restricte
the second-orderS matrix in the independent-particle ap
proximation. This procedure was successfully applied
Kissel, Pratt, and Roy@17# and Kisselet al. @21# to compute
the elastic scattering amplitudes. Unfortunately, a tabula
of photoelectric cross sections based on this methodol
has not yet been prepared owing to the very long compu
time required.

Experimental evaluations ofK-shell radiation emission
with uncertainties comparable to those of the different th
retical calculations can be of great help in checking the r
ability of the productsvKtK calculated by the theoretical an
interpolated values ofK fluorescence yield, and by theK
photoelectric cross section obtained by different quantu
mechanical models. These comparisons are still more in
esting for targets withK electron binding energies just belo
that of impinging photons because, in this region, the pho
electric cross section is a rapidly varying function of the ra
between incident photon and targetK threshold energies. The
present paper gives the results of measurements of fluo
cenceK radiation emitted by foils of elements with 64<Z
<68 stimulated by photons of 59.54 keV, i.e., an ener
close to that of the targetK thresholds.

Measurements ofK photoelectric emission that includ
64Gd, 66Dy, and 68Er were carried out with 59.54-keV pho
tons by Balakrishnaet al. @22# and Ertugˇrul et al. @23#. The
first group of researchers measured theK emission of 29
<Z<92 target foils by a HPGe detector and241Am and
203Hg sources in reflection geometry. From their measu
ments they derived and presented thevk values of 16 ele-
ments. The second group measured theKa radiative emis-
a-
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sion of elements in the range 64<Z<68 by a Si~Li ! detector
and a241Am source in transmission geometry. Both grou
used thin targets.

MEASUREMENT METHODOLOGY

As the geometrical arrangement and experimental m
odology have been described in previous papers@24,25#, just
the points that favor an understanding of the present res
are recalled here. The experiment was carried out in spec
geometry with source-to-target and target-to-detector
tances approximately equal to one another, and very g
with respect to the target thicknesses. Both the source~18.5
GBq of 241Am! and the detector~high-purity Ge 200 mm2 in
area and 10 mm in thickness! were equipped with multivane
collimators to reduce the divergence of the primary be
and the acceptance angle of the detector. This arrange
ensured irradiation uniformity, because the target surf
seen by the detector was smaller than the target-irradi
area. With this experimental arrangement it is possible
show that the detector counting rate is given by

Nd5Ans j8
12exp@2~m i1md!L/cosg#

m i1md
«d exp~2madLa!.

~1!

In this expression,m i is the linear attenuation coefficient o
the radiation impinging the target foil of thicknessL, ands j8
the differential cross section of the interaction processj be-
tween photon and atom giving rise to the emission ofd-type
photons with linear attenuation coefficientmd in the target
material.La is the air thickness between target and detec
mad the attenuation coefficient ofd-type photons in air, and
«d the physical efficiency of the detector.A is a coefficient
depending on the incident flux density and geometrical f
tors of the experiment, andn is the atom volume density o
the irradiated target.

By placing

Ad5
12exp@2~m i1md!L/cosg#

m i1md
, Bd5ed exp@2madLa#,

expression~1! can be written as

Nd5Ans j8AdBd . ~2!

When the interaction process is the creation of a vaca
in the K level, ana or b x-ray photon is emitted. The ene
gies within eacha or b group are usually so close that on
one attenuation coefficient need be considered for all
photons of a group. Letpa andpb denote the fractions of the
radiative transitions ofK vacancies giving rise to photons o
a andb type, respectively, and withAKBK the quantity

AKBK5paAaBa1pbAbBb .

So if the cross section of theK radiation isotropically emitted
by the target of atomic numberZ is sK8 5vKtK , the counting
rate per unit solid angle of botha andb x-rays is given by
03271
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NK5AnZ

vKtK

4p
AKBK .

The incident photon energy is close to theK threshold ener-
gies of the target elements, and therefore, in the meas
spectrum shown in Fig. 1, the elastic peak is not far from
photoelectrica andb K peaks. Moreover, owing to the rela
tively low primary photon energy, the incoherent scatter
contribution may partially overlap both theK peaks, and the
HPGe detector gives aKb escape falling in the range of th
Ka peak. All these drawbacks make the correct evaluation
the K counting rate rather complicated. For incoherent sc
tering events with differential cross sections I8 , expression
~2! becomes

NI5AnZs I8AIBI

while for elastic scattering with differential cross sectionsE8 ,
the analogous expression is

NE5AnZsE8AEBE .

The coefficientA can be removed by normalizing the tot
counting rateNT5NK1NI1NE measured by the target o
interest to the counting rateNBe of the incoherent radiation
scattered by a4Be target. UsingsBe8 to indicate the4Be in-
coherent scattering cross section, the counting rate du
this radiation is

NBe5AnsBe8 ABeBBe

FIG. 1. Example of a distribution in energy of Dy foil coun
rates measured under an angle of 90° with the incident beam a
4-2
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TABLE I. Properties of the target foils.EK , K threshold energy@26#; Ei /EK , incident photon energy
normalized to the threshold one;P purity, L5rL, mass thickness;sL , standard deviation ofL over the
irradiated area; (f a)p/4 , ( f b)p/4 , ( f C)p/4 , p/4 saturation factors forKa , Kb , and Compton-scattered radia
tion.

Element Z
EK

~keV! Ei /EK

P
%

L
~mg/cm2!

sL
~mg/cm2! ( f a)p/4 ( f b)p/4 ( f C)p/4

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
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and the cross sectionvKtK of K radiation emission can b
written as

vKtK5
4p

AKBK
H NT

NBe
sBe8 ABeBBe

rBeMZ

rZMBe

2s I8AIBI2sE8AEBEJ , ~3!

where MZ ,rZ and MBe,rBe are the atomic mass and th
density of the element of interest and4Be, respectively.

Table I gives the properties of the examined target fo
and thep/4 saturation factor defined as

~ f d!p/4512exp@2~m i1md!L&#

for their a andb characteristicK radiation and for the inco-
herent radiation scattered once by4Be. Apart from the4Be
foil, the targets examined have saturation factors close t
This choice greatly improves the signal-to-noise ratio@27#,
because the reduction in the statistical uncertainty due
larger countings exceeds the increase caused by the u
tainty of the factor correcting the signal enhancements
double and higher-order scatterings.

Three independent measurements were carried ou
each target at each of the three angles 60°, 90°, and 1
Targets and angles were alternated so as to check mea
ment reproducibility and to randomize geometry uncertain

The 4Be data processing followed the same procedure
that previously described@24#.

To obtain K counts the whole spectral distribution, a
given in Fig. 1, was considered. After background subtr
tion, its area from about 3 keV below the lowest energyKa
escape peak to 1 keV above the elastic scattering peak
evaluated. With such a choice noK escape correction wa

TABLE II. Theoretical and interpolated values ofK fluores-
cence yield. (vK)P , Perkinset al. @3#; (vK)B , Bambyneket al. @5#;
(vK)K , Krause@6#; (vK)H1 , Hubbell @7#; (vK)H2 , Hubbell et al.
@9#.

Element Z (vK)P (vK)B (vK)K (vK)H1 (vK)H2

Gd 64 0.935 0.934 0.935 0.932
Dy 66 0.940 0.940 0.941 0.938 0.972
Er 68 0.944 0.945 0.947 0.942
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needed because these peaks, together with the once-sca
continuum, are totally included in the estimate. Great att
tion was devoted to the enhancements inK and elastic peaks
and in incoherent distribution owing to double and multip
interactions. The enhancement factors were calculated in
ways: by the expressions given by Casnatiet al. @28# and by
a photon transport Monte Carlo program. To this end,
EGS4 code modified by Namito, Ban, and Hirayama@29# to
include the Doppler-broadening of Compton-scattered p
tons was used. This code was still further improved by a
ing the effect of anomalous dispersion on photon elastic s
tering; the effect is important in the region of the thresho
energy and the area of the elastic peak was appreci
changed. The enhancement factors obtained by the two
cedures for all the experimental conditions and interacti
examined differed in any case by less than 1%. Therefore
the calculations the rapidity of the analytical expression w
preferred and, for its values, a rectangular distribution w
1% maximum uncertainty was assumed@30#.

The value ofpa and pb were obtained from Scofield’s
ratios R5pb /pa @31#, to which a stochastic uncertainty o
1% was assigned, bearing in mind the comments of Kh
and Karimi@32#. The attenuation coefficients required by th
expressions ofAa , Ab , AI , AE , Ba , Bb , BI , BE , ABe,
andBBe were calculated by averaging the values of the co
pilations of Veigele@33#, Plechaty, Cullen, and Howerto
@15#, and Storm and Israel@14#, and of Scofield’s@16# tabu-
lation combined with that of Hubbellet al. @34#. The s I8
differential cross sections were derived from the calculatio
of Hubbell et al. @34#, while thesE8 differential elastic cross
sections were taken from Kissel and Bergstrom@35#.

To obtain the standard deviation of theK emission cross
section, the uncertainties of all the quantities appearing
expression~3! were combined in quadrature by excludin
those with relative values below 1025.

TABLE III. Theoretical values of vacancy creation inK shell by
59.54-keV photons. (tK)S , Scofield by including nuclear size ef
fects @16, 36#; (tK)C , Chantler@20#; (tK)K , Kissel @37#.

Element Z
(tK)S

~barn!
(tK)C

~barn!
(tK)K

~barn!

Gd 64 2490 2493 2490
Dy 66 2750 2753 2754
Er 68 3016 3018 3018
4-3
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TABLE IV. Comparison ofK photoelectric emission cross sections. (vKtK)PS, vK by Perkinset al. @3#;
tK by Scofield@16, 36#; (vKtK)H2S , vK by Hubbellet al. @9#; tK by Scofield@16, 36#; (vKtK)F , present
experiment values; (vKtK)B , values derived from the experiment of Balakrishnaet al. @22#; (vKtK)E ,
values derived from the experiment of Ertugˇrul et al. @23#.

Element Z
(vKtK)PS

~barn!
(vKtK)H2S

~barn!
(vKtK)F

~barn!
(vKtK)B

~barn!
(vKtK)E

~barn!

Gd 64 2327 2319630 22706112 22996155
Dy 66 2585 2673 2591647 26236132 25546135
Er 68 2842 2800650 28256175
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EXPERIMENTAL RESULTS AND DISCUSSION

Theories give separate values of thevK fluorescence yield
and of theK creation vacancy cross sectiontK , while ex-
periments provide only the productvKtK . Therefore, com-
parisons between experiment and theory require theore
data for both these quantities.

Theoretical and interpolated semiempirical values ofK
fluorescence yield are collected in Table II. The first colum
lists the examined elements and the second their ato
number. The third column gives the theoretical values ca
lated by Perkinset al. @3# by combining DHS nonradiative
transitions with the radiative ones obtained by Scofield us
the DHS model@4#. Another theoretical tabulation was pre
pared by Chen, Crasemann, and Mark@1#, who combine
their Auger rates with the DF radiative ones by Scofield@2#.
Unfortunately these data do not include64Gd, 66Dy, and
68Er, but the mean difference between the values of Ch
Crasemann, and Mark and those of Perkinset al. is barely
0.2% in the 63<Z<70 interval; thus different theoretica
treatments givevK values that do not differ appreciably i
the Z range of interest. Consequently, the64Ge, 66Dy, and
68Er vK theoretical values directly calculated by Perki
et al. @3# are the ones used in the present comparison.
interpolated semiempirical data of Bambyneket al. @5#,
Krause@6#, Hubbell @7#, and Hubbellet al. @9# are also col-
lected in columns 4, 5, 6, and 7 of Table II. As may be se
the values of the first three sets do not greatly differ fro
each other or from the theoretical one, while the only va
of Hubbell et al. @9# reported in the table is a little greater

Tabulations of the photoelectric cross section that inclu
only the whole atomta data are unsuitable, because accur
tK cannot be obtained by the simple relation

tK5ta

r K21

r K
.

In fact, as Pratt, Ron, and Tseng@10# pointed out—and as the
tabulations of Scofield@16# and Chantler@20# show—ther K
jump changes with photon energy. Theoretical values oftK
for 59.54-keV photons have been calculated by Scofi
@16,36# and Chantler@20# using central potential models wit
different approximations, and by Kissel@37# with the
second-order perturbativeS matrix. As can be seen in Tabl
III, the differences between the sets of values are not sig
cant.
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In this context, Perkinset al.vK fluorescence yields com
bined with thetK values of Scofield’s thorough tabulation o
K vacancy creation cross sections were used to calculate
oretical (vKtK)T K radiation emission cross sections.

Experimental data similar to the present data still requ
some adjustment in order to permit an acceptable comp
son. Balakrishnaet al. @22# multiplied their measuredvKtK
K emission cross sections bytK to presentvK fluorescence
yield values. ThetK were evaluated using an interpolatio
procedure described by the authors. The same procedur
plied backward provides (vKtK)B K emission cross section
from the vK presented. Ertugˇrul et al. @23# measuredKa
emission cross sections; therefore, by multiplying th
vKtKa values by 11pb /pa , one derives (vKtK)E cross
sections.

The third column of Table IV lists the theoretical value
(vKtK)T , while the fourth column contains the (vKtK)H2S

FIG. 2. ExperimentalK radiation emission photoelectric cros
sections normalized to theoretical values~see text!. Circles, present
experiment; triangles, derived from the data of Balakrishnaet al.
@22#; squares, derived from the data of Ertugˇrul et al. @23#.
4-4
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MEASUREMENT OF X-RAY EMISSION FROM Gd, Dy, . . . PHYSICAL REVIEW A 61 032714
value obtained by the66Dy vK of Hubbellet al. @9#. Column
five shows the (vKtK)F results of the present experimen
together with their absolute standard deviations. In colum
six and seven the (vKtK)B and (vKtK)E values derived from
the data of Balakrishnaet al. @22# and Ertugˇrul et al. @23# are
given together with the uncertainties derived from tho
quoted by the authors.

The experimental (vKtK)F , (vKtK)B , and (vKtK)E val-
ues normalized to the theoretical (vKtK)T for atoms ofZ
equal to 64, 66, 68 stimulated by 59.54-keV photons
given in Fig. 2. The agreement between the present exp
mental results and the theoretical values is well within
quoted standard deviations. This corroborates the calcula
procedures, at least in the region explored, even more
because the experimental uncertainties are rather sm
Moreover, Table IV shows that the (vKtK)H2S

66Dy value
appears a little higher with respect to the present result,
ing to the greatervK amount; in any case it falls within th
95% confidence interval of the experimental datum.

CONCLUSIONS

The present experimental measurements ofK radiation
emission cross sections of64Gd, 66Dy, and 68Er stimulated
by 59.54-keV photons, i.e., an energy close to theK thresh-
J.
or

H
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g

ell
8

e-
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olds, have rather small uncertainties thanks to the use
thick target foils. They hence provide a useful reference fo
global test of the theoretical models used in theK fluores-
cence yield calculations by Perkinset al. @3# and K photo-
electric cross section evaluations by Scofield@16,36#. The
agreement found is very good, and can be extended to o
models giving highly similar results. Moreover, the valu
derived from the experiments carried out by Balakrish
et al. @22# and Ertugˇrul et al. @23#, with thin targets, agree
with the present ones, even if their experimental appro
gives greater uncertainties.
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