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The. widths of Ko, and Ka, x rays in Eu, Tm, and Ta have been measured to an accuracy of (2-4)%
with a high-resolution spectrometer by means of third- and fourth-order diffraction from the (111} crystalline
planes of a bent silicon crystal. The measured values confirm the results from calculations of the radiative,
Auger, and Coster-Kronig widths. Possible effects from hyperfine interaction, Coulomb exchange interaction,

and chemical shift are discussed.

-

I. INTRODUCTION

It is well known that the atomic-level width,
constituting a measure of the refilling rates of an
electron hole, can be separated into radiative
width,. Auger width, and Coster-Kronig width.. In
recent years several calculations for these par-
tial widths have been published.'™® Only few pre-
cise measurements of atomic-level widths®”® are
available to serve as critical tests of the calcu-
lations. As the width of an x-ray line is the sum
of the widths of the two levels connected by the
transition, a careful study of x-ray linewidths
provides a direct way to test the calculations of
the partial widths.

Investigations of the linewidths can be accom-
plished with the help of a high-resolution diffrac-
tion crystal spectrometer. It should be remem-
bered that the diffraction profile is a convolution
of the Lorentzian x-ray profile and the instru-
mental response.’’’® In a Cauchois-type spec-
trometer the instrumental width, in wavelength
units, stemming from the crystal resolution and
the size of the detector slit, is the same for dif-
ferent orders # of diffraction. On the other hand,
the width of the Lorentzian x-ray profile is
proportional to the order n. This renders the un-
folded Lorentzian width relatively insensitive to
the, exact instrumental line profile and thus al-
lows a precise determination of the x-ray width.
Dannhduser and Wiech'' have previously used the
method of different orders to determine the wave-
lengths and linewidths of the Mt x rays (M, N, ;)
of elements 3*Sr to *"Ag.

In the present paper we describe linewidth mea-
surements of the Ko, Ka, x rays in three medium
heavy atoms, Eu, Tm, and Ta. These atoms
were selected for reasons of convenience. In each
case a long-lived strong radioactive source can
be prepared emitting x rays, and in the case of Eu
and Tm also y rays. The y rays may serve as a
convenient probe for obtaining the instrumental
resolutions.

II. EXPERIMENT

The experimental setup shown schematically in
Fig. 1 has been described in Ref. 12. A Si mono-
crystal was cu{, ground, and polished with the
(111) planes perpendicular to the surface. The
interplaner spacing is 3135 mA. The finished slab
had a size of 5X 4 ¢m? and a thickness of 1.4 mm.
It was imprisoned between two bending blocks and
bent to a radius of 2 m.

For the Eu measurements a 1,5-Ci "*Gd (oxide)
electron-capture source was used, emitting both
Eu K x rays and a calibrating y ray of 97.43 keV.
This y ray is reflected in seventh order at a Bragg
angle of 8.17°, which is very close to the n=3

" Bragg angles of Eu Ka, and Ka, x rays (8.21° and

8.34°, respectively). The use of the same source
at a fixed position for both, the spectrometer line-

"width calibration and the x-ray linewidth deter-

mination, completely eliminates aberrational
errors (vertical divergence and crystal irregu-
larities).

To obtain the instrumental width the y-ray data
were computer fitted to a Gaussian function with
centroid, peak height, and width as variable pa-
rameters. In the fit (and also in the x-ray data
fit) we assumed a linear background with variable
elevation and slope. The x-ray data were then
fitted by the convolution of a Lorentzian function
and a Gaussian function with the Gaussian width
fixed as determined by y-ray calibration. From
the fit the Lorentzian width was extracted.

In the Tm measurements a 1.5-Ci *°Yb (oxide)
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FIG. 1. Diagram of setup.
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TABLE I. Measured linewidths and comparisons (in eV).

Koy Ka,
Least-squares- Least-squares-
Expt. fitted values Expt. fitted values
Element Present Ref, 102 Ref. 13 Calc. Present Ref. 102 Ref. 13" Calc.
sk 24.8(0.4) 27.7 24.96 | - 26.3(0.5)/ 22.2 26.3 25.22
goTm 34.4(0.7) o 39.7 34.64 35.6(0.8) 36.9 38.0 34.85
nTa 42.9(1.1) 42.4 46.5 42.60 43.4(1.9) 36.4 46.1 42.83

3 Errors were given as +6 %.
b Errors were estimated to be about +10 %.

electron-capture source produced both x rays and
" yray. In a similar manner to the Eu case the
fourth-order diffraction peak of the 63.119-keV y
ray was used to calibrate the instrumental width,
while the x-ray lines were measured in third
order.

The Ta K x rays were obtained with a 0.2-Ci
181w (metal) electron-capture source. The x rays
were measured in fourth order and compared with
a 59.537-keV y ray from a 0.3-Ci **'Am source,
also reflected at n=4. Since two different sources
were used in this case, the active source position
was defined with the help of a lead diaphragm,
0.95 cm in diameter.

The results are shown in Table I. The quoted
errors consist of the fitting error of the Loren-
tzian width as well as that of instrumental width.
All these line fits have x® values of about 1 per
degree of freedom except for the y-ray line in Tm
where the statistical accuracy was so high that a
x* value of 25 per degree of freedom was obtained.

To test the dependence of the measured x-ray
line widths on the y-ray line shape we also fitted
the y-line profile in Tm to the sum of two Gaussian
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FIG. 2. Data run and fit for the Tm Ko, case. Points
represent data. Solid line represents fitted function.

functions, whereby the relative amplitudes, sep-
aration, and common width were allowed to vary.
The x* value decreased to 6 per degree of freedom.
However, the unfolded Tm Ka, x-ray linewidth
changed only by 0.1% which is negligible compared
with the quoted errors in Table I. Therefore, we
conclude that a single Gaussian line fit gives an
adequate description of the instrumental response.

A data run and a fit for the Tm Ko, case are
shown in Fig. 2. Here the instrumental width is
A0=8.6 sec arc, and the unfolded Lorentzian width
is A6=16.6 sec arc.

III. COMPARISONS AND DISCUSSION

The x-ray linewidths measured by Nelson ef
al.,' the least-squares-fit values by Salem and
Lee,'® and the calculated values are shown in
Table I for comparisons.

Nelson et al., using a Cauchois-type 2-m-radius
bent crystal spectrometer, have measured the
first-order diffraction peaks off the (310) planes
of a quartz crystal. Their instrumental resolution
was roughly equal to the x-ray linewidth. The
errors in their measurement were estimated to be
+6%. Our results agree well with theirs for Ta
Ko, and Tm Ko, but do not agree for Eu and Ta
Ka, lines.

Salem and Lee have determined the K and L x-
ray linewidths for elements from Z =20 to Z =96
by constructing least-squares computer fits to the
available experimental points. The errors of
their results were estimated to be about 10%. Our
values agree with theirs within the 10% error.

The calculated values in Table I are combinations
of theoretical calculations and empirically fitted
results. We used the K, L,, and L, emission
rates calculated by Scofield? and the L-level
radiationless widths calculated by Chen ef al.,*
and interpolated for our Z values. The K fluo-
rescence yields used were determined empirically
by Bambynek ef al .** Details are shown in
Table II.
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TABLE II. . Details for calculated linewidths (in eV).

K fluorescence

Radiative width Auger width C-K width yield K x-ray Width?
Tk r Tror Trsr Traa Trac Wy N Tka,
Element (Ref. 1) (Ref. 2) (Ref. 2) (Ref. 4) (Ref. 4) (Ref. 4) (Ref. 14)
gsEu 19.55 0.636 0.581 3.02 0.57 . 0.931 24.96 25.22
g9Tm 28.60 1.003 .0.908 3.10 0.58 0.948 34.64 34.85
sTa 36.10  1.328 1.186 3.14 365 0.60 0.956 42.60  42.83

a = . —
I‘KOL1 "PK,R./‘*’K +l3r *T13,45 Tka 2 =Ty p/wg *lror 2,4t rac-

In deriving x-ray linewidths with high accuracy
from the experimental profiles, it.is necessary to
give consideration to several effects that cause
line broadening. These effects and their magni-
tudes are discussed below.

A. Hyperfine interaction

After generation of a 1s hole the energy level of
the remaining 1s electron will split into two com-
ponents due to the magnetic hyperfine interaction.
The 1s level splitting causes the emission of K x
rays of two slightly different energies, thus
broadening the measured x-ray line.'®'® In our
measurements the K x rays are emitted following
electron capture. - A rough estimate of the differ-
ence d of the hyperfine levels gives 6~ 1-2 eV.

It is found numerically that the width of the sum of
two Lorentzian functions, with a common width

I and a separation 8 (/T <1) is larger than I by
about 82/T" which amounts to less than 0.1 eV in
our case.

B. Coulomb exchange interaction

Measurements of Ko and KB x rays (in Refs.
17-19) of 3d transition metals are known to ex-
hibit a pronounced asymmetry of the line profile.
The reason for this asymmetry has not been fully
understood yet.}”2° Tsutsumi'® has attributed this
asymmetry to the exchange interaction of 3d and
3p (or 2p) electrons, splitting the final state by an
amount AE., His calculations agree with the ob-
served values for the elements Mn, Fe, and Co
where this asymmetry effects are largest. In a
similar manner we have calculated the exchange
integral

@f1)2p(2)|e2/r,|4f 2)2p1))

for Eu and found the energy split AE to be less
than 0.01 eV. Furthermore, by examining the
difference between data points and (symmetric)
fit function along the Eu Ko, profile, we could
rule out a significant asymmetry of the line pro-
file. ‘

C. Chemical and isotope shifts

If the sources contain different chemical com-
pounds or nuclear isotopes, the energy shift®! of
X rays may also broaden the measured x-ray line-
width. The sources we used are all single chemi-
cal compounds (oxide in Eu, Tm, and metal in Ta)
and single isotopes (*5*Eu, *°Tm, and **'Ta), and
it seems at first that these effects do not exist
in our cases. However, a closer look reveals the
following complications:

In the Eu case, we note that about 50% of elec-
tron capture of Gd,0, is accompanied by internal
conversion. While '*3Gd is three valent, immedi-
ately following electron capture, the resulting
Eu K x ray is emitted while the Eu atom is in a
two-valent state. The Eu K x ray accompanying
the internal conversion however is emitted after
the Eu atom has returned to its normal three-
valent oxide state, and thus is shifted with re-
spect to the former x ray as confirmed by recent
experiment.?? The contribution from this chemi-
cal shift which was measured® to be 0.64 eV gives
rise to a line broading of 62/T'=0.02 eV. Similar
arguments can be made for the other lines. How-
ever, the direct influence on the transition rates
due to chemical structure and nuclear charge dis-
tribution needs further investigation.?

We conclude that there is excellent agreement
to within our accuracy of (2—4)% between the pres-
ent results and the calculations. Broadening ef-
fects have been shown to be negligible. Compari-
sons with the measurements of Nelson and co-work-
ers and with least-squares-fit values by Salem
and Lee are given.
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