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Excitationwnergy&ependent features in the continuum spectrum of cerium near the Ma
and MP x-ray emission lines
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M-series x-ray emission spectra from cerium have been recorded for near-threshold electron excitation.
For incident electron energies near the Mv and Miv inner-shell ionization energies, the spectra are
dominated by intensity resonances of structures which are part of the continuous spectrum near its

high-frequency limit. The intensity and position dependencies of the resonating structures are presented

and are interpreted as arising from resonances in the cross sections for scattering electrons into empty

4f levels. No such resonances mere observed for excitation energies near the M,«and M„ inner-shell

ionization energies.

I. INTRODUCTION

The experimental results reported here show
the dependence on incident electron energy of
structures near the high-frequency limit of con-
tinuous x-ray spectra from cerium. Resonances
in the intensity of this structure were observed
for energies of incident electrons which were near
the ionization energies of both the Mv(3d», ) and
the M,v(3d», ) inner-shell levels. The interpreta-
tion of these data is that this structure results
from incident electrons being scattered into the
available 4f valence levels with conversion of
electron kinetic energy into single-photon energy.
The fact that the observed structure exhibits in-
tensity enhancement for certain energies of inci-
dent electrons is interpreted as evidence for reso-
nances in the cross section for scattering incident
electrons into these 4f levels. We explain the
resonances as arising from sets of two-electron
bound states involving a M~ or M~ shell vacancy,
the corresponding excited Sd electron, and the
incident electron.

Experimental results showing the existence of
similar resonant structures in the continuum
spectra from lanthanum have been reported earl-
ier. ' '

II. EXPERIMENTAL TECHNIQUES

The experimental procedure has been to record
the intensity in the region of the high-energy limit
of the continuous spectrum from a cerium anode
x-ray tube for each of many values of the x-ray-
tube voltage. The collected set of experimental
curves displays the intensity of the x-ray radia-
tion as a function of both the photon energy and
the incident electron energy.

A. Sample preparation and instrumentation

A 99.9%-pure disk sample of cerium was placed
in thermal contact with a water-cooled plate to
form the anode of the x-ray tube. In order to
reduce surface impurities, both the machining
of the sample and the assembling of it into the
x-ray tube were completed under a dry argon
atmosphere. The x-ray-tube pressure was kept
below 2 &10 ' Torr during the acquisition of data.
These steps provided for an essentially unoxidized
cerium sample; in fact, the oxygen Ko( line was
not detectable. The fluorine Ka line was present,
however, owing to the fact that the cerium was
prepared by reduction of cerium fluoride. Its
presence provided one of the several tests of the
energy calibration of the spectrometer.

The two crystal vacuum spectrometer' used
for the measurements actually operates as a
variable energy monochromator. It utilized po-
tassium acid phthalate crystals (2d =26.60 A) as
the dispersing elements and a flowing gas propor-
tional counter (9(Pp argon and 1(@methane at a
pressure of 58 Torr) as the detector. Pulses from
the counter were amplified, discriminated from
the low-voltage noise, and stored with conventional
electronics in a portion of the memory of a multi-
channel analyzer. Stored data were read out later
onto punched paper tape for further analysis.

B. Standards and procedures

The voltage applied to the x-ray tube was moni-
tored and maintained to within 10 mV of a constant
value during the acquisition of each spectrum with
the help of a voltage divider, a potentiometer, and
a standard cell. The voltage recorded on each
spectrum in the figures represents the potential
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difference between the Fermi levels of the metal
sample and the metals which form the common
ground of the electrical circuits. The absolute
values of the anode voltages were measured with
an accuracy of 100 ppm.

Spectrometer settings were placed on an ab-
solute energy scale by following two steps. First,
the absolute energy of the setting for the cerium
My line was assigned the energy given by Bearden
and Burr. ' Next, the energies of the remaining
settings were calculated from the energy of the
above setting by using the Bragg equation, the
2d-spacing of the crystals, and the experimental
observation that equal changes in the spectrometer
settings effect, for all Bragg angles, correspond-
ing equal changes in Bragg angle.

The intensity of each spectral distribution was
determined by stepping the monochromator point
by point through the spectrum with a dwell time
at each point of 100 sec. Acquisition times for a
complete spectrum ranged from 4 to 8 h.

The stability of the photon-counting apparatus
was checked many times during the course of the
experiments by recording the pulse height dis-
tribution of the x rays from a particular x-ray
line, and comparing this with a reference distri-
bution stored in another portion of the multichan-
nel analyzer memory. The near threshold exci-
tation conditions of the line, as well as the yaram-
eters associated with the proportional counter,
the spectrometer settings and the counting elec-
tronics, were the same for each of these yulse-
height distributions.

C. Data adjustments

The following three adjustments in the raw data
were applied to the spectra which are reported
here:

(i) A background of 18 counts ji00 sec, which
was obtained with the high voltage to the x-ray
tube off, was subtracted from each data point.

(ii) The horizontal axis which was originally on
a scale linear with the angle was converted to a
scale linear with energy.

(iii) The number of counts at each data point
was multiplied by a factor proportional to the
reciprocal of the spectrometer transmission at
that energy to effect an intensity scale independent
of spectrometer setting. This adjustment was
calculated from the coefficient of reQection of the
first crystal, the percent reflection of the second
crystal, the quantum counting efficiency of the
proportional counter, and the transmission of the
Formvar windows in the spectrometer. The ex-
perimental values for these variables have been
published previously. ' '

III. EXPERIMENTAL RESULTS
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FIG. 1. Typical spectrum near the high-frequency
limit of the continuum from cerium. The crosshatched
area is used to construct Fig. 4 in the manner described
in the text.

The characteristics of the spectra obtained for
cerium are very similar to the corresponding
spectra previously reported for lanthanum. ' For
cerium, 70 spectra, each taken with a different
anode voltage (between 874 and 1182 V) were re-
corded between x-ray energies of 660 and 1180
eV. Enough of the spectra are included here to
illustrate the variations in structure which occur
when the bombarding electrons have energies
near the ionization energies of the Mv and M«
levels.

Figure 1 shows a spectrum of the adjusted data
points for the continuum radiation from the cerium
target with an anode potential of 875.1 V, a voltage
well below that necessary to excite the Me line
(valence- Vv). It has been shown' ' that the struc-
ture near the high frequency limit of such con-
tinuous spectra is dependent on the density of
states available to electrons above the Fermi
level; hence this linelike structure is termed the
4f structure in this case, because it corresponds
to the large number of 4f levels available im-
mediately above the Fermi level in cerium metal.
It is the dependence of the size of this structure,
which is emphasized by the crosshatching, upon
the electron excitation energy that has been ex-
tensively studied in this experiment.

Figure 2 shows a number of spectra taken with
bombarding electron energies near the threshold
excitation energies of the Mv and M« levels. Col-
umn (a) shows a series of spectra taken as the
anode voltage is increased (in 2-V steps) through
the energy (882.5 eV) necessary to create Mv
vacancies. The first frame shows a spectrum
(on a reduced scale) very similar to that shown in
Fig. 1. The second frame shows a spectrum
created by electrons which have enough energy
to excite the Mn line. The Mn line arises when
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M~ vacancies are filled with N» ~ electrons.
Note that the intensity of the 4f structure has
been greatly enhanced.

The next frame shows both the Mot line and the
4f structure to be much more intense. The fourth
frame shows the 4f structure completely over-
lapping the Mo. line and shows the intensity of
both features to be reduced. In the fifth frame the
intensities are further reduced and the Mo line
appears to be widened as the 4f structure starts
to emerge from the high energy side of this line.
In the last frame the Me line is reduced to a very

low level and the 4f structure has virtually dis-
appeared. (The small structure on the low-energy
side of the Ma line will be discussed later. )

Column (b) shows the corresponding spectra
taken as the electron energy increases through
the energy (898.7 eV) necessary to create M~
vacancies. The first frame Shows the Mo. line
much the same as it was in the last frame. The
4f structure has recovered some of its intensity.
In the second frame MP photons are emitted as
the M~ vacancies are filled by N» electrons.
The intensity of the 4f structure is again greatly
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FIG. 2. Spectra of the type shown in Fig. 1 taken with bombarding electron energies near the threshold excitation
energies of the M& (column a} and M&& (column b} levels.
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FIG. 3. Complete spectrum of the Me region showing
the high-frequency limit on the right-hand side and with
the Me and Mp characteristic lines labeled. The struc-
tures on the low-energy side of the lines are discussed
in the text.

increased. The third frame sho~s the process
continuing. The two features overlap in the fourth
frame with decreased intensity. The fifth frame
shows the Mp line apparently widened as the 4f
structure starts to emerge on the high-energy
side. The last frame shows the 4f structure just
resolved from the MP line. This column of spectra
also records changes in the intensity of the Me
line due to the production of M~ level vacancies
by Auger processes following M«vacancy produc-
tion.

Figure 3 shows the entire region of interest with
an anode voltage of 941.2 V„well above the voltage
necessary to produce M«and M~ vacancies. The
4f structure at the extreme right is twice as in-
tense as it was in Fig. 1. The Mn and MIH lines
are marked by arrows. On the low-energy side
of each of these two characteristic lines are small
structures which are discussed in the section on
interpretation.

Figure 4 summarizes the intensity variations of
the 4f structure as a function of the energy posi-
tion of the peak of that structure. The intensity
of the 4f structure was obtained by drawing a
straight line through that pari of the corrected
continuous spectra beginning some 10 V from the
high-frequency limit and extending to lower ener-
gies and taking as the intensity the area of the
curve lying above this line extended toward the
high-frequency limit. The area under discussion
is illustrated by the crosshatched region in Fig. 1.
The Ma and MP lines interfere with this direct
measurement of intensity in the region where the
4f structures and the lines overlap. ln these
regions the intensity due to the lines and the in-
tensity due to the 4f structure were separated
by assuming both features to be symmetrical and
estimating the area under the curve due to each.
A dotted line is used in the curve in Fig. 4 for
that small region where the overlap was so severe
that the separation could not be made. The least
value of the 4f structure intensity was assigned

a value of 1 and occurred in the 868.1-eV spec-
trum, while its maximum value was 175 times
larger and occurred in the 882.2 eV spectrum.
The second maximum had a relative value of 105
and appeared in the 900.2-eV spectrum.

There are several notable features to the curve
in Fig. 4. The most prominent are, of course,
the two very large increases in intensity begin-
ning just below the energy positions of the Ma and
MP lines. The ratio of these two peaks is 5:3
and approximates the statistical weights of the
M~ and M« levels. It is also interesting to note
the variation in intensity of the 4f structure at
other points on the graph. The intensity of the
structure slowly decreased as the energy of the
Mo. line was approached from below. It was very
weak between the energies of the Me and Mp lines.
This is the same general pattern as was found
previously with a lanthanum target. '
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FIG. 4. Crosshatched area illustrated in Fig. 1 plotted
vs the energy of the continuum peak. The graph shows
the variation with energy of the cross section for produc-
tion of continuum photons.

IV. INTERPRETATION

The interpretation of the behavior of the spectra
discussed in this paper and in the paper on lan-
thanum' is that the 4f structure is a portion of
the continuous spectrum near the high-frequency
limit which involves the scattering of incident
electrons directly into the empty 4f levels just
above the Fermi level. As mentioned previously
the shape of the structure near the high-frequency
limit approximates the density of states above the
Fermi level. The principal additional feature
presented by these experiments is the enhance-
ment of this structure when the energy of the bom-
barding electrons is near that necessary to create
a M~ or M«vacancy. The intensity resonances
exhibited by the structure are explained as en-
hancements in the cross section for scattering
incident electrons into the 4f levels via a mecha-
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nism involving the incident electron, a cerium
atom, and one of its inner shell electrons in a
temporary negative-ion (bound-ejected-electron)'
excited state. %hen this state decays radiatively
to one in which the inner-sheQ vacancy is filled
and the extra electron occupies one of the vacant
4f levels, the result is indistinguishable (by these
experiments} from a process in which the incident
electron is simply scattered into that 4f level
with radiative loss of its ogiginal energy. The
suggestion is that such atomic bound states pro-
vide the mechanism for enhancement of the elec-
tron-scattering cross section for certain limited
ranges of incident electron energy near the ion-
ization energies of particular inner shell levels.
This suggestion also explains the small structures
on the low energy side of the Afa and MP lines
(see Fig. 3}when the exciting electrons have too
much energy to be preferentially scattered into
the 4f states. The structures are created by
overly energetic electrons which have been slowed
by inelastic scattering in the solid target to ener-
gies of about 900 and 882 eV, so that this resonant
mechanism preferentially scatters them into the
4f levels with the emission of the appropriate
photon. Of course, these overly energetic elec-
trons are also inelastically scattered to other
energies too; but for these energies there are
no bound states which so strongly couple the elec-
trons into the 4f levels.

Theoretical calculations and several observa-
tions from these experiments support the above
interpretation. %'ave-function calculations "
show that in the lanthanide region of the periodic
table the 4f wave functions strongly overlap the
3d wave function, thus providing a large spacial
coupling between wave functions of these sym-
metries.

The observations that support this interpreta-
tion of the observations reported here include
the fact that no resonances such as are shown in
Fig. 4 occurred near the threshold for the crea-

tion of an M& vacancy. Also note that the Ma and

MP lines were only excited after the mechanism
here had already increased the number of bom-
barding electrons scattering into the 4f states.
Three other characteristic x-ray lines with the
same initial state as the Ma and MP lines (MvO, ~,
MvNz, Mvmps ) appeared with the same excitation
potential as those lines. Thus it is clear that the
intermediate state exists only because of the cor-
responding Sd core vacancy and that the vacancy
can be filled only by one of the bound-ejected-
electrons returning to the M level and the other
electron scattering into the vacant 4f state.

The outstanding feature of the electronic wave
functions of the lanthanides, where the phenom-
enon reported here was first observed, is the
large spacial overlap of the 3d and 4f wave func-
tions. A further important point is that in this
region of the periodic table it is the inner 4f shell
which is being filled, after the Ss, 6s, 5P, and
even some Sd electrons already have been acquired.
From these considerations one would expect to see
related phenomenon in the transition metals where
the Sd level is being filled and in the actinides
where the 3f level is being filled. Indeed hind-
sight allows one to interpret a series of iron spec-
tra made by Hanzely" as showing a continuum
resonance decaying as the x-ray-tube voltage is
varied through the energy necessary to create
I.& vacancies.
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