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X-ray emissions in 3d, 4d, and 5d ranges for uranium ions
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Radiative decay ofnd215 f m11 excited states in UO2 induced by electron collisions is studied theoretically
and experimentally. Energies, transition probabilities, and photoexcitation cross sections for the relevant con-
figurations of U41 are calculated by using the multiconfiguration Dirac-Fock method. Experimental observa-
tions are made in the 4d range. Direct recombination of the excited 5f electron to the 4d hole and 4d-6p
emission in the presence of the spectator excited 5f electron are observed. From the theoretical results, the
spectra are simulated and compared to the observed spectra in the threend regions. The agreement is correct
and describes the evolution of the coupling scheme in thend215 f 3 excited states fromn53 to n55.
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PACS number~s!: 32.70.2n, 31.50.1w
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I. INTRODUCTION

Dynamics of theexcited x-ray states, i.e., excited states
with a core hole, can be studied from their decay proces
Indeed the observation of theresonant X emissions, which
correspond to the radiative recombination of the exci
electron to the core hole, is a direct method to characte
the highly excited states present in a material. First iden
cation of excited x-ray states were made in emission@1# and
Auger @2# 3d spectra of solid lanthanides. Then the differe
processes possible from lanthanidend9 (n53,4) 4f m11 ex-
cited states were identified. They are of two types, reson
transitions@3–9# and transitions in the presence of the sp
tator excited electron@3,10#.

In the actinides, the presence ofnd95 f m11 excited states
was established by the observation of resonantX emissions
in the 3d spectra of Th, U, and Pu@11,12# and in the 5d
spectra of Th and U@13#, both in the metal and the oxide
These emissions are less intense than those of the lantha
and their observation is more difficult. In the 3d range, the
lifetimes of the core hole and of the excitedX state are very
short and this reduces the spectral resolution. In thed
range, observations were made with very large s
absorption and the shape of the spectra is strongly distur

We present here an analysis of the U 4d emission spec-
trum in uranium dioxide. From this study, we have verifi
that U 4d215 f m11 quasilocalized excited states are pres
and decay by the same processes as thend214 f m11 ones in
the lanthanides, i.e., by resonant emission and emissio
the presence of a spectator excited electron. From the ex
mental data obtained in the 3d @11#, 4d ~this work!, and
5d @13# ranges and from the corresponding calculated em
sion and photoexcitation spectra, we compare the dynam
of U nd215 f m11 excited states. We show that there is
analogy between the U 3d and 4d spectra, where thend spin
orbit is the dominant interaction and whose characteris
are close to those of the lanthanide 3d spectra. In contrast the
551050-2947/97/55~5!/3422~11!/$10.00
s.
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U 5d spectrum is dominated by the 5d-5 f interaction as in
the lanthanide 4d spectra.

In our experiments, excited x-ray states are created
collision with incident electrons of energy higher than t
threshold energy. Unlike the resonance x-ray scattering@14#,
the direct radiative decay is independent of the excitat
process and collisional excitation–radiative decay can
treated as a two-step process@15,16#. On the other hand
electron collisions induce both transitions from excited a
ionized states. Previously, the identification of the reson
X emissions was made by comparing the emission and p
toabsorption spectra. Indeed, the resonantX emissions are
the reverse process of the photoexcitation and are in coi
dence with the photoexcitation lines. Here we identify t
transitions from excitedX states in the following way: the
spectrum is induced with electrons having incident ene
E0 between some eV above the threshold energy and
times this energy. For eachE0 value, the intensity of the
emission from the excited state is compared to that of
emission from the ionized state, labelednormalatomic emis-
sion. The behavior of the intensity with respect toE0 serves
to identify the two emissions. This method is convenie
because it does not require the observation of the photoe
tation spectrum and it can easily be generalized to comp
materials.

Calculations are performed in order to determine the
ergies and the transition probabilities of the resonantd
emissions and of the normal atomic lines that are presen
the same energy range. The multiconfiguration Dirac-Fo
~MCDF! method is used. Uranium is tetravalent in UO2.
Four electrons are present in the valence band and part
delocalized in the solid. U41 ions, whose ground configura
tion is 5f 2, are present at the lattice nodes. We have ca
lated the energies and the probabilities of all the norm
emissions taking place from U51 nl215 f 2 with n54. Com-
parison between the experimental and calculated spectr
the 4d-5p emission has been made to test the precision
the theoretical model and also the influence of the multip
3422 © 1997 The American Physical Society
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55 3423X-RAY EMISSIONS IN 3d, 4d, AND 5d . . .
splitting on the shape of the emission.
In analogy with the transitions between inner subshe

the resonant emissions take place between two discrete s
and are quasiatomic in solids. Thus the atomic mode
adapted to describe them@17,18#. From U 4d215 f m11 ex-
cited states, two emissions have been observed: the r
nant 4d5/2 one and the 4d3/2-6p one in the presence of th
spectator excited 5f electron. Their identification is made b
comparing the intensities measured for both transitions
for the 4d5/2-5p3/2 normal emission as a function of incide
electron energy.

In Sec. II, we present our theoretical calculations for
n54 normal ~electric dipole! atomic emissions, thend (n
53,4,5) resonant emissions and the 6p-nd emissions in the
presence of a spectator 5f electron. To discuss the relativ
contribution of excitation and ionization, we have compar
the cross sections of both processes. In Sec. III, the exp
mental characteristics of the 4d-5p normal emission, the
resonant 4d5/2 emission, and the 4d3/2-6p emissions in the
presence of a spectator 5f electron are presented and di
cussed by comparison with the calculated spectrum. Inter
tations are justified from the measurement of their relat
intensities at different incident electron energies. In Sec.
we compare the characteristics of then53,4,5 excited states
and their radiative decay.

II. CALCULATED X-RAY SPECTRA

A. Methodology

The spectra are calculated by using the method descr
in Ref. @13#. Wave functions and energies are computed w
a MCDF program@19#. The initial and final states of the
transitions are obtained from the extended average leve
tension of the MCDF method coupled with the Slater tran
tion state@20#. The length form of the transition matrix ele
ments is used. The average energy of each configuratio
the barycenter of all theJ levels of the configuration.

For the electric dipole emissions taking place in U51 and
in U41 ions with an excited electron, we assume that all
J levels of the initial configuration are populated statistica
and we calculate the weighted sum of all the lines associ
with the considered transition. Each line is simulated
folding the theoretical probability with a Lorentzian broa
ening function whose width results from the intrinsic lifetim
and the finite experimental resolution.

Thend→5 f photoexcitation spectra are obtained by su
ming all the electric dipole lines from the ground level of t
initial configuration (U41 5f 2 3H4). Each line is fitted by a
Lorentzian curve whose surface is equal to the excita
cross section. For the resonant emissions, we have also
culated the radiative recombination from the levels of
U41 nd95 f 3 excited configuration withJ53,4,5 only to the
ground state3H4 of U

41 5 f 2. The photoionization cross sec
tion is determined by calculating the free wave function
described in@19#.

B. Ionization energies of U41

In a single MCDF run, the energies of the ground state
U41 5 f 2 3H4 and all the states of U51 with a hole in then
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54, 5, or 6 shell are computed. Since the number of thJ
levels of each state is large, we present in Table I, column~1!
only the barycenters of the ionization energies from
ground state of U41 for each subshell. These energies a
relative to the vacuum level. We have also given in colum
~2! the energies obtained by Desclaux@21# for the neutral
atom of configuration 5f 36d17s2. The differenceD@(1)
2(2)# between the ionization energies calculated for U41

and for neutral U@column ~3!# increases with the quantum
number of the subshell. Outer orbitals are more sensitive
the loss of the four external electrons than inner ones.

The ionization energies of various subshells have b
determined experimentally. Various experimental metho
have been used. A well-known direct method is x-ray ph
toelectron spectrometry~XPS!. The precision is a function o
the photoelectron energy and the surface state of the sam
The energies determined by Siegbahnet al. @22# for oxidized
uranium relative to the vacuum level are given in column~4!.
X-ray spectrometry is also largely used@23#. Indeed, from
x-ray emissions observed in some spectral range, the en
differences between the subshells are determined with a l
precision. If the energy of a reference subshell is kno
from XPS or x-ray photoabsorption measurement, the en
gies of all other subshells can be deduced. The ioniza
energies of uranium in UO2 have been determined in thi
manner from an experimental study of theM emission spec-
tra of uranium@24#. The reference subshell is U 3p3/2; its
energy in UO2 has been determined by photoabsorption@25#.
The energies relative to the vacuum level are given in Ta
I, column 5 and the differencesD@(1)2(5)# between calcu-
lated and experimental ionization energies in column
These differences decrease slowly with the ionization ene
except for the 5p3/2 and 6s1/2 subshell. These two cases a
discussed in the next section.

TABLE I. Ionization energies~eV!: ~1! calculated for U41

5 f 2; ~2! calculated for neutral U 5f 36d17s2 @21#; ~3! difference
~1!2~2!; ~4! obtained from UO2 XPS @22#; ~5! deduced from UO2
x-ray spectroscopy@24,25#; ~6! difference~1!2~5!.

~1! ~2! ~3! ~4! ~5! ~6!

4s1/2
1 5 f 2 1492.0 1478.2 13.8 1444 1443.5 48.5

4p1/2
1 5 f 2 1325.0 1311.4 13.6 1276 1275.5 49.5

4p3/2
3 5 f 2 1092.7 1075.9 16.8 1048 1047.5 45.2

4d3/2
3 5 f 2 826.8 809.1 17.7 783 783.7 43.1

4d5/2
5 5 f 2 784.1 765.5 18.6 741 742.0 42.1

4 f 5/2
5 5 f 2 433.0 413.7 19.3 395 393.5 39.5

4 f 7/2
7 5 f 2 421.9 402.5 19.4 384 383.5 38.4

5s1/2
1 5 f 2 370.0 342.7 27.3 327 329 41.0

5p1/2
1 5 f 2 303.1 275.6 27.5 262 263 40.1

5p3/2
3 5 f 2 249.0 220.2 28.8 198 198.7 50.3

5d3/2
3 5 f 2 149.7 118.4 31.3 108 107.5 42.2

5d5/2
5 5 f 2 138.9 110.0 28.9 99 100.6 38.3

6s1/2
1 5 f 2 91.6 58.2 33.4 74 75.1 16.5

6p1/2
1 5 f 2 69.7 36.5 33.2 45

6p3/2
3 5 f 2 59.4 26.8 32.6 35

5 f 7/2
1 41.1

5 f 5/2
1 40.4
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C. Energies of U51 normal N shell emissions

The averageenergy of then8l 8 j 8→nl j emission of U51

is estimated as the difference between the barycenters o
U51 free ion with a hole in thenl j or n8l 8 j 8 core subshell.
The average energies of electric dipoleN shell emissions
between normally closed subshells are presented in Tab
column 1. The energy of an x-ray emission can also be p
dicted from the difference between the experimental ioni
tion energies of the two subshells. We have given in Table
column 2 the energies ofN shell emissions obtained from
experimental ionization energies and in column 3 the diff
ences between these values and the calculated energies
oretical values of the emission energies generally are hig
than the experimental ones by a few eV. We note t
anomalies, the first in the position of 6s level, the second in
the 5p relativistic splitting.

For 4p1/2-6s and 4p3/2-6s emissions, the differences be
tween the theoretical and experimental energies are133.0
and128.7 eV, respectively. If we adopt as the experimen
energy the value determined for 6s subshell of the meta
~46.9 eV! @26#, these differences reduce to only14.8 and
10.5 eV. This change cannot be explained by a solid eff
Actually, the physicochemical state changes the energy
the emissions between core subshells by only a few eV.

TABLE II. Energies ~eV! of U41 5 f 2 normal N shell emis-
sions: Ecalc is deduced from ionization energies calculated
U41 5 f 2; Eexpt from UO2 x-ray spectroscopy ionization energies

Ecalc Eexpt D(Ecalc2Eexpt)

4s1/2-4p1/2 166.9 168.0 21.1
4s1/2-4p3/2 399.2 400.0 20.8
4s1/2-5p1/2 1188.9 1184.5 14.4
4s1/2-5p3/2 1243.0 1248.8 25.8
4s1/2-6p1/2 1422.2
4s1/2-6p3/2 1432.6
4p1/2-4d3/2 498.3 491.8 16.5
4p1/2-5s1/2 955.1 946.5 18.6
4p1/2-5d3/2 1175.4 1168.0 17.4
4p1/2-6s1/2 1233.4 1200.4 133.0
4p3/2-4d3/2 266.0 263.8 12.2
4p3/2-4d5/2 308.6 305.5 13.1
4p3/2-5s1/2 722.8 718.5 14.3
4p3/2-5d3/2 943.0 940.0 13.0
4p3/2-5d5/2 953.8 946.9 16.9
4p3/2-6s1/2 1001.1 972.4 128.7
4d3/2-4 f 5/2 393.7 390.2 13.5
4d3/2-5p1/2 523.7 520.7 13.0
4d3/2-5p3/2 577.8 585.0 27.2
4d3/2-6p1/2 757.1
4d3/2-6p3/2 767.4
4d5/2-4 f 5/2 351.1 348.5 12.6
4d5/2-4 f 7/2 362.2 358.5 13.7
4d5/2-5p3/2 535.1 543.3 28.2
4d5/2-6p3/2 724.7
4 f 5/2-5d3/2 283.4 286 22.6
4 f 5/2-5d5/2 294.1 292.9 11.2
4 f 7/2-5d5/2 283.0 282.9 10.1
the
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suggest that an error is present in the experimental dete
nation of oxide 6s ionization energy, increasing the valu
obtained for the metal by 28 eV.

On the other hand,DE is ,0 for the lines to 5p3/2. The
calculated 5p1/2-5p3/2 spin-orbit splitting (DESO554.1 eV)
is clearly smaller than the experimental value (DESO8
564.3 eV). This difference is due to the large energy p
dicted for 5p3/2 ionization. For the other subshells, calculat
and experimental spin-orbit splittings are in agreement
the energies of x-ray emissions are predicted with a precis
of some eV.

D. Simulation of U51 normal N shell emissions

Eachn8l 8 j 8→nl j normalN shell emission is simulated
from separated run. This can lead to differences of 1–2 eV
the transition energies when they are compared to thos
the previous section, principally because interactions w
the other subshells are not taken into account. But this is
simpler way to compute the transition rates with the MCD
program when the number of lines between two groups
J levels can reach 5568. The results are indicated in Ta
III.

As expected, the probability of 4l→n( l11) transitions
decreases whenn increases. For the 4p and 4d subshells, the
spin-orbit splittings are 232 and 42 eV, respectively, a
provide well-separated emissions. The transition probab
ratios of various spin-orbit components are clearly differe
from their statistical weights. For the 4p3/2-4d to 4p1/2-4d
and 4p3/2-5d to 4p1/2-5d transitions, the ratios are, respe
tively, 0.27 and 3.9 while their expected value is 2. Th
could be attributed to the difference between the relativis
j5 l2 1

2and j5 l1 1
2 orbitals.

The strong interaction between the 5d and 5f subshells
widens the 4p3/2-5d and 4p1/2-5d emission arrays that hav
numerous structures spread on about 40 eV. In particular
5d3/2

21 state is two times more spread than the others. T
sum of transition probabilitiesPtot , radiative life-timest, and
widths G of eachn54 subshell are given in Table IV. Th
electric dipole emissions to 4p are twice as intense as thos
to 4d.

As an example, we have drawn in Fig. 1 the calcula
U51 4d-5p emission probabilities versus energy. The init
states, 4d5/2

5 5f 2 and 4d3/2
3 5f 2, have 62 and 45J levels re-

spectively, a spread of about 6 eV and are separated by
eV. The final states, 5p3/2

3 5f 2 and 5p1/2
1 5f 2, have 45 and 24

J levels, respectively, a spread of about 5–6 eV and
separated by 54.1 eV. The spectrum is formed by 2976 lin
The three peaks situated around 522, 535, and 577 eV
respond to the 4d3/2-5p1/2, 4d5/2-5p3/2, and 4d3/2-5p3/2
transitions. As expected, the last one withDJ50 is clearly
less probable than theDJ51 transitions.

E. U41 5f 2˜nd95f 3 excitation

We have calculated the oscillator strengths correspond
to the photoexcitation of annd (n53,4,5) electron belong-
ing to the ground configuration U41 5 f 2 to the open 5f sub-
shell~Table V!; the cross sections are plotted in Fig. 2. The
are 176 excitation lines in each graph. We have used for
width of each Lorentzian line 3 eV for then53 spectrum, 1

r
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TABLE III. Energy ~eV!, transition probability (sec21), and ratio of spin-orbit component probability fo
U41 5 f 2 normalN shell emissions, deduced from the calculated spectra.

Final states E ~eV! P (1010 sec21) E ~eV! P (1010 sec21)

4s1/2
4p5 5f 2 167.1 504

398.6
5p5 5f 2 1190.9 392

1244.5
6p5 5f 2 1430.3 99

1440.1
4p3/2 4p1/2 P4p3/2

/P4p1/2
4d9 5f 2 266.1 250 497.8 937 0.27

308.6
5d9 5f 2 944.2 244 1176.7 62 3.9

955.0
5s1 5f 2 720.3 313 952.7 220 1.4
6s1 5f 2 998.7 74 1231.1 56 1.3

4d5/2 4d3/2 P4d5/2
/P4d3/2

4 f 13 5f 2 351.4 343 394.1 425 0.8
362.5

5 f 1 737.2 19 780.7 19 1.0
5p5 5f 2 534.1 99 522.9 144 0.7

576.8
6p5 5f 2 725.4 17 757.6 26 0.7

768.1
4 f

5d9 5f 2 283 17
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eV for n54 spectrum, and 3.4 eV for then55 one. These
values are chosen to enable a comparison with the exp
mental data.

The 3d and 4d calculated excitation spectra are simila
In these ranges, the3(4)d spin-orbit splitting predominate
the 3(4)d-5 f interactions and the 176 excitation lines for
two well-separated groups of unresolved lines, correspo
ing to transitions from the3(4)d5/2 and 3(4)d3/2 subshells.
The excitation from3(4)d5/2 is two to three times stronge
than that from3(4)d3/2.

The shape of the 5d excitation spectrum is clearly differ
ent from that of both 3d and 4d spectra and the averag
value of the oscillator strength is larger by about 30. T
coupling scheme of 5d states is far from the purej j scheme
of 3d and 4d subshells. This redistributes the cross sectio
towards the high energies. This behavior is similar to

TABLE IV. Sum of E1 transition probabilitiesPtot (sec
21),

radiative lifetimet ~sec!, and widthG ~eV! of U41 5 f 2 n54 sub-
shells.

Ptot (10
10 sec21) t (10213 sec) G (1023 eV)

4s1/2 1000 1.00 6.6
4p1/2 1280 0.78 8.5
4p3/2 880 1.14 5.8
4d3/2 610 1.6 4.0
4d5/2 480 2.1 3.2
4 f 5/2,7/2 17 59 0.1
ri-

d-

e

s
e

well-known one observed in the 4d excitation of the light
lanthanides@3,10#.

F. Photoionization

We have calculated the oscillator strength from U41

5 f 2 3H4 to the continuum at 790 eV, i.e., just above t
U41 4d5/2 ionization potential~Table I!. We obtain 0.004/eV.
We have verified that the variation of the photoionizati
cross section is less than 1% in a narrow range around
energy. Then we estimated at'75 the ratio of the photoex
citation to the photoionization cross sections at the 4d5/2
threshold.

G. Emissions from U41 nd95f 3 excited configurations

We have calculated the characteristics of thend resonant
emissions and thend-6p emissions in the presence of
spectator 5f electron~cf. Table V!. The nd95 f 3 configura-
tion has 386J levels that are statistically populated and t
direct recombination takes place from all of these levels
the 13J levels of 5f 2. The resonant emissions have 17
lines instead of 176 lines in the excitation from the grou
U41 5 f 2 3H4 . Consequently, resonant emission and pho
excitation spectra are different. To illustrate that, we ha
plotted in Fig. 3 the 5d photoexcitation cross section and th
resonant emissions obtained from levels of the 5d95 f 3 con-
figuration with theJ53,4,5 only and from all theJ levels;
the shapes of the emissions are different. In contrast, in
3d range, only the ratio of thed5/2 and d3/2 components
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FIG. 1. U51 4d95 f 2-5p55 f 2 calculated emis-
sion probability (1010 sec21) with Lorentz 1 eV
wide.
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changes. As seen in Table V, the 3d5/2 and 3d3/2 resonant
emissions are in a ratio close to 1 while for the 3d5/2 and
3d3/2 oscillator strengths the ratio is 2.3.

In the 4d range, the 386J levels of thend95 f 3 excited
configuration are separated into two subgroups, having
and 160J levels and a spread of about 11 eV. The spin-or
splitting is 42.4 eV and the ratio of thed5/2 andd3/2 compo-
nents is 2.4 times smaller for the resonant emission than
the photoexcitation. The average energy calculated for
U41 4d95 f 3 excited states is clearly lower than that of t
U51 4d95 f 2 states. The difference,'250 eV, is due to the
stabilization of the 5f 3 configuration and to the screenin
effect of the 5f supplementary electron which decreases
4d subshell energy. The shift between the states U41

nl215 f 3 and U51 nl215 f 2 is smaller but of the same orde
of magnitude. Then the emissions from U41 4d95 f 3 are
shifted with respect to the emissions from U51 4d95 f 2 by
only a few eV. The resonant emission is more intense t
the corresponding normal emission. The numbers of e
6
it

or
e

e

n
c-

trons contributing to both emissions are in the ratio 3/2 a
this can explain for a large part the increase of the reson
emission intensity. For the 4d-6p transition, the emission
probability from U41 4d95 f 3 is slightly higher than that
from U51 4d95 f 2 and the ratios of spin-orbit components a
the same.

III. 4 d EMISSION SPECTRA

A. Experiment

The UO2 samples consisted of polished plates of hi
purity, prepared at the De´partement de Thermohydrauliqu
et de Physique du C.E.N. Grenoble. The plates were fi
with a silver glue to the water-cooled massive copper sam
holder. This sample holder is the anode of an ultravacu
x-ray tube. The current density is less than 4 mA/cm2. No
spectral change in time was observed.

The spectra were recorded by using a 50-cm-radius b
crystal vacuum spectrometer equipped with~001! TlAP slab.
TABLE V. Oscillator strengths of3(4)d5/2, 3(4)d3/2, and 5d photoexcitations from U41 5 f 2 3H4 and
characteristics of radiative recombinations fromnd95 f 3.

Photoexcitation Oscillator strengths

d5/2:d3/2d5/2 d3/2

5 f 2 3H4-3d
95 f 3 0.231 0.101 2.29

5 f 2 3H4-4d
95 f 3 0.319 0.119 2.69

5 f 2 3H4-5d
95 f 3 7.840

Radiative decay EeV P(1010 sec21) EeV P(1010 sec21)
d5/2:d3/2d5/2 d3/2

3d95 f 3-5 f 2 3525.1 555 3.698.9 583 0.95
3d95 f 3-6p55 f 3 3522.7 27 3689.3 46 0.6

4d95 f 3-5 f 2 735.0 33 776.1 30 1.1
4d95 f 3-6p55 f 3 720.8 20 753.6 24 0.7

763.3 5
5d95 f 3-5 f 2 15
5d95 f 3-6p55 f 3 5
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A polyethylene-windowed Ar-CH4 gas-flow proportional
counter was placed behind an adjustable slit situated on
Rowland circle@27#. No impurity line was present in the
relevant spectral ranges. The quasilinear background due
bremsstrahlung was subtracted.

The emissions near an excitation threshold are sensitive
self-absorption. In particular, the resonant emissions c
completely disappear if the radiation path length in th
sample is large. This path depends on two parameters:
orientation of the sample with respect to the observation d
rection, which was chosen to minimize the self-absorptio
and the incident electron energyE0 , which determines the
path length of the probe particles@28#. E0 was varied from
the threshold energyES up to 1.6ES .

B. Normal 4d-5p emission

We have chosen to analyze the normal 4d5/2-5p3/2 emis-
sion. It is situated at about 200 eV of the resonant emissi
energy range, its initial state has a 4d5/2 hole, and its transi-
tion probability is of the same order of magnitude as that
the 4d5/2 resonant emission. Moreover, as noticed in Se
II C, there is a certain disagreement concerning the 5p3/2
subshell energy.

The spectrum observed with an incident electron ener
E053000 eV is plotted in Fig. 4. The maximum is situated a
546 eV with a shoulder at 543 eV. The theoretical and e
perimental expected emission values are 535 and 543.3

FIG. 2. U41 calculated photoexcitation cross sections~Mb! from
5 f 2 3H4 to ~a! 3d95 f 3 with Lorentz 3 eV wide;~b! 4d95 f 3 with
Lorentz 1 eV wide;~c! 5d95 f 3 with Lorentz 3.4 eV wide.
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respectively~Table II!. Thus the agreement is better with th
energies deduced from the experiments. This result sho
that the energy calculated for 5p3/2 is too large with respect
to the energies of the other subshells. This is not due
interactions with the other 5l subshells that are taken into
account in the calculation of the ionization energies. Intera
tion of the 5p3/2 subshell with configurations belonging to
the multiply excited or ionized U41 is perhaps to be consid-
ered.

We have plotted in Fig. 4~b! the calculated spectrum
shifted towards the higher energy by112 eV to make easier
the comparison between the shapes of both curves. T
structures of the calculated spectrum reproduce rather w
that of the experimental one. The calculated spectrum spr
is about 8 eV and it is wider than the experimental one. W
have verified that the large spreading of the calculated sp
trum is not a lifetime effect and can be explained by the lar
multiplet splitting associated with the presence of the op
5 f subshell in the free ion U41 5 f 2. For that we have plotted
the spectra obtained with Lorentz curves between 0.6 an
eV wide. No change of the spectrum shape is seen and
spread increase that usually accompanies a lifetime incre
is negligible with respect to that due to the splitting. Th
experiment is made for solid oxide where the effect of mu
tiplet splitting is expected to be smaller than for the free io
since the solid intra-atomic interactions are smaller. Howev
the main characteristics of the normal x-ray emissions b

FIG. 3. Calculated spectra in the U41 5d range: ~a! photoexci-
tation cross section~Mb! from the ground state;~b! resonant emis-
sion probability (1010 sec21) from 5d95 f 3 J53,4,5; ~c! resonant
emission probability (1010 sec21) from 5d95 f 3.
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tween core levels observed in a solid can be described i
atomic model.

C. Emissions from the U41 4d95f 3 excited configuration

In the U 3d range, we had shown that the 3d5/2
5 5 f m11

excitation energy in UO2 is close to the experimental 3d5/2
ionization energy referred to the Fermi level@11#. By anal-
ogy with this result, we expect the 4d5/2

5 5 f m11 excited state
in UO2 to be situated at about 740 eV. This value is obtain
by substracting the work function~about 1–2 eV for the
oxide! from the 4d5/2 ionization energy given in Table
column ~5!. We have analyzed the emission spectrum in
725–755-eV range by using an incident electron energy
nominal value 745 eV. The electron kinetic energy exce
this value by a term that depends on the characteristics o
electron beam production. This energy term is'7 eV @3# as
seen in Fig. 5~a! where the radiative cutoff is observed
about 752 eV. In these conditions an emission is presen
743 eV. The spectrum observed withE0'1200 eV is plotted
in Fig. 5~b!. The emission seen at 743 eV corresponds to
observed at the threshold and is three times more intens
nonresolved weak structure is present at about 736 eV
intensity is 4–5% of the main peak. An emission is observ
at 762.5 eV, i.e., 19.5 eV above the main peak.

We compare the experimental emission spectra to the
culated emission and photoexcitation spectra in Fig. 5.
average energy of the 4d5/2

5 5 f 3-5 f 2 resonant emission in th
U41 free ion is 735.0 eV. The difference between this va
and the energy of the experimental emission is 8 eV~which

FIG. 4. U 5p3/2→4d5/2 emission: ~a! observed spectrum o
UO2; ~b! calculated spectrum with Lorentz: 0.6 eV, full squar
0.7 eV, continuous line; 0.8 eV, dotted line; 0.9 eV, dashed lin
an
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is '1% of the energy!. The average energy of the U41

4d3/2
3 5 f 3-6p1/2

1 5 f 3 emission is 753.6 eV, i.e., 18.6 eV abov
the resonant emission. On the other hand, the 4d5/2-5 f nor-
mal emission in the free ion is predicted to be 737.2 eV a
the 4d3/2-6p1/2 normal emission at 757.6 eV, i.e., 20.4 e
above~Table II!. Then the interpretation of the experiment
emissions at 743 and 762.5 eV cannot be made from ener
alone.

From the relative intensities of these two emissions and
the 4d5/2-5p3/2 normal emission, which are discussed in d
tail in Sec. III D, we assign the transition at 743 eV to t
resonant emission 4d5/2

5 5 f 3-5 f 2 and the transition at 762.5
eV to the 4d3/2

3 5 f 3-6p1/2
1 5 f 3 emission, i.e., to the

4d3/2-6p1/2 transition in the presence of the spectator exci
5 f electron. Finally, by analogy with the 3d emission spec-
trum @11#, where we had observed the 3d5/2-5 f normal emis-
sion at about 6.5 eV towards the lower energy of the re
nance emission, by increasing the incident electron ene
the structure at 736 eV is interpreted as the 4d5/2

5 5 f 2-5 f 1

emission, i.e., the 4d5/2-5 f normal transition array.

D. Relative intensity of emissions from excited
and ionized states

As already underlined, emissions from the 4d95 f 3 excited
states cannot be identified from their energies alone. In
section, we show that measurements of relative intensitie
different incident electron energies enable us to iden
emissions from different initial states.

The intensity of an x-ray emission is a function of th
probabilityA to create the initial state, the probabilityP of
the radiative decay from this state to the final one, the s
absorption of the radiation, and several experimental par
eters. For two emissions in the same energy range, the
perimental parameters, such as the response of
spectrometer, are almost the same. If the two emissions h
the same initial state, their relative intensities depend on
probabilitiesP. Inversely, if the probabilitiesP are known,
information can be obtained on the initial state and the pr
ability A.

When ionized or excited initial states are produced
collision with incident electrons of energyE, their probabil-
ity A depends on the ionization or excitation cross sectio
s i(E) or se(E), and on the incident electron energy dist
bution in the material. The probabilitiesA to create the
U41 nd215 f m11 excited state or the U51 nd21 ion are dif-
ferent and vary in a different manner with the incident ele
tron energyE0 . For ionization,A increases in a monotonou
manner between the thresholdES and several timesES . For
excitation, as we have shown in our experimental study
the La 3d94 f 1 resonant emissions@3#, the probabilityA has
a large maximum several eV wide, situated just at the thre
old. In this range, therefore, the excitation is much mo
probable than the ionization. Beyond it, the excitation ha
small probability that increases withE in a monotonous
manner up to several timesES . This increasing can be mor
rapid than that for the ionization. In summary, the creation
excited states is predominant near the excitation thresh
ES .
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FIG. 5. U spectra in the 4d range: ~a! ob-
served emission of UO2 at E05745 eV; ~b! id at
E051200 eV;~c! calculated emission probability
(1010 sec21) from U41 4d95 f 3; ~d! calculated
photoexcitation cross section~Mb! from U41

5 f 2 3H4 .
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When the incident electrons have energyE0 close to
ES , the thicknessx in which the emission takes place~la-
beled emissive thickness! is small. In this small thickness
the number of electrons having the energyE0 and the ion-
ization and excitation cross sections,s i(E0) and se(E0),
can be considered constant. Then the number of the in
states created per area unit and time unit is

Ne~E0!Nas~E0!x,

wheres(E0) is s i(E0) or se(E0), Ne(E0) is the number of
incident electrons per area unit, and time unit, andNa is the
number of uranium atoms per volume unit. IfE0 is far from
the threshold, the variation ofNe and s i ~or se! with the
energyE must be taken into account and the number
initial states is a complex function ofE. In the case of the
ionization, semiempirical models have been established
express the relative variation of the number of the ioniz
states as a function ofE @29#.
al

f

to
d

In the energy range around 743 eV, the normal 4d5/2-5 f
emission could be observed. Its transition probability is fi
times smaller than that of the 4d5/2-5p3/2 normal emission
~Table III!. We have estimated that the intensity of th
4d5/2 normal emissions decreases by one to two orders
magnitude whenE0 varies from 3000 to 750 eV. Thus th
4d5/2-5 f normal emission observed atE0'750 eV should be
two orders of magnitude weaker than the norm
4d5/2-5p3/2 emission atE053000 eV while the emission ob
served at 743 eV is only two times weaker. Consequently
emission at 743 eV is not due to the decay of the 4d5/2

21

ionized state.
We have obtained a value of 75 for the ratio of the ph

toexcitation and photoionization cross sections at the 4d5/2
threshold. It is known that the electron and photon inter
tion cross sections are proportional at a given energy in
range where the Born approximation is valid. Similarly,
the threshold, we expect that the ratio between excited
ionized states could be close to the value of 75. Then, at
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FIG. 6. U spectra in the 3d range: ~a! ob-
served emission of UO2 at E054300 eV @17#,
continuous line; observed photoabsorption@25#,
dashed line;~b! calculated emission probability
(sec21) from U41 3d95 f 3; ~c! calculated photo-
excitation cross section ~Mb! from U41

5 f 2 3H4 .
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U 4d5/2 threshold, the resonant emission should be about
orders of magnitude stronger that the corresponding nor
emission. Consequently, we interpret the emission obse
at 743 eV as the resonant emission from the 4d5/2

5 5 f m11

excited configuration.
WhenE0 increases@cf. Fig. 5~b!#, the thicknessx and the

self-absorption increase and also the number of collisio
The relative number of collisions leading to the excited st
with respect to that giving ionized states depends on
energy distribution of the electrons inside the material. F
the lanthanides, conditions favorable to the observation
resonant emissions were obtained withE0 between 1.2 and
1.5ES . Analogous results are found in the U 4d range.

The relative intensity of the transition observed at 76
eV designated as the 4d3/2

3 5 f 3-6p1/2
1 5 f 3 emission, is lower in

the experimental than in the calculated spectrum~cf. Fig. 5,
curves b and c!. The calculation takes into account only th
transition probabilitiesP. For this emission the initial stat
has a 4d3/2 hole. If we assume that the probabilitiesA to
create the excited 4d5/2 and 4d3/2 states retain the ratio of th
4d5/2 and 4d3/2 photoexcitation cross sections, i.e., 2
~Table V!, we obtain for the intensity ratio of the two emis
sions 3.6, in good agreement with the experimental ratio
3.4. On the other hand, if the probabilitiesA, P, and the
self-absorption are taken into account, the intensity of
4d5/2-5 f normal emission is about 6% of that of th
o
al
ed

s.
e
e
r
of

5

f

e

4d5/2
5 5 f 3-5 f 2 resonant emission. This confirms the interpr

tation proposed for the structure at 736 eV.
From relative intensity measurements, we have thus id

tified the transitions emitted innd95 f m11 andnd9 ions and
justified our interpretations. These identifications are ma
easy by using as a probe electrons of energy close to
excitation threshold and by increasing gradually their ener
Relative numbers of each initial state can be estimated
this method.

IV. COMPARISON BETWEEN nd PHOTOEXCITATION
AND RESONANT EMISSION

We have shown that emissions due to the decay of
4d95 f m11 excited states created under electron bombar
ment, i.e., resonant emission and emission in the presenc
the spectator electron, are observed in the oxide UO2. The
3d5/2 and 3d3/2 resonant emissions had been identified in
emission spectrum of UO2 @11,12#. In the 5d range, large
oscillator strength is known to be present and forms the
called ‘‘giant’’ resonance@30#. The radiative decay of corre
sponding excited states had been observed in U3O8 and at-
tributed to an atomic bremsstrahlung effect@13#. In Sec. II,
we have calculated the photoexcitation and the reson
emissions by using the same theoretical model in the th
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FIG. 7. U spectra in the 5d range: ~a! ob-
served emission of UO2: ~1! at E05500, ~2! at
1500, ~3! at 4000 eV@18#; observed absorption
@18# ~b! calculated emission probability
(1010 sec21) of U41 resonance emission, U41

5d95 f 3-6p55 f 3 and U51 5d95 f 2-6p55 f 2; ~c!
calculated photoexcitation cross section~Mb!
from U41 5 f 2 3H4 .
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nd ranges in order to compare the simulated spectra to
experimental ones.

Comparison in the 3d range is plotted in Fig. 6. The
UO2 3d photoabsorption and resonant emission excited w
incident electron energy of 4.3 keV@12# are plotted in Fig.
6~a! and the calculated emission and photoexcitation spe
in Figs. 6~b! and 6~c!. The experimental conditions are suc
that spectral perturbations due to the absorber thicknes
the self-absorption, etc., are very low. Resonant emiss
had been identified by comparing the emission and photo
citation spectra whose maxima were observed at the s
energy~with an experimental precision'0.5 eV! @12#. Cal-
culated resonant emission and photoexcitation maxima
also at the same energy. Observed and calculated emis
are in agreement, in particular, the ratio of the 3d5/2 to
3d3/2 components. This ratio is expected to be higher in p
toexcitation, in agreement with the experiment. The shap
spectra is governed by the multiplet splitting. As in the 4d
range, the excitation energies calculated for the U41 free ion
are lower than the experimental value obtained for so
UO2. The difference is about 25 eV~which is 0.7% of the
energy!.
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The results concerning the 5d range are plotted in Fig. 7
Comparison between the simulated spectra and the ones
served for U3O8 is difficult because the latter were perturbe
by the choice of the experimental conditions. For absorpti
the absorber was a few ten nm thick whereas its thickn
could not exceed 5 nm@28#. For resonant emission, the inc
dent electron energy was 4ES , 12.5ES , or 33ES ~whereES
is the threshold energy!, leading to strong self-absorptio
effects. Spectral perturbations change the relative height
the peaks and introduce broadenings that modify strongly
shape of the spectra. Moreover, the shape of the calcul
spectra is very sensitive to the configuration of uraniu
which is not purely 5f 2 in U3O8. There is, however, a gen
eral agreement between the observed and calculated spe
in particular the relative importance of the peak at 100
with respect to the main peak. Concerning the emission a
eV, taking into account its relative intensity with respect
the peak at 100 eV, we suggest that it is due to the 5d-6p
transitions in the presence of the spectator excited 5f elec-
tron.

The same theoretical model accounts for the experime
results in the three energy ranges. This shows that the m
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is suitable for describing the U x-ray transitions in the 3d,
4d, and 5d ranges and that the characteristics of the Und
excited states are similar in spite of large differences in
shape of the spectra. These differences are due to the e
tion from the j j coupling valid for the 3d and 4d orbitals to
complex scheme for the 5d shell.

In summary, information on the dynamics and the loc
ization of high-energy states created by electron or pho
interactions can be obtained from the analysis of their de
processes in a time scale, which is a function of the core h
lifetime, i.e., of the order of 10214–10216 s. As has already
been pointed out, in the case of excited states produce
collisional excitation, no interference exists between exc
tion and decay processes. One can get experimental co
tions such that excited states are created preferentially
all their J levels statistically populated. Under these con
s,
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n
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lid
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tions, radiative and nonradiative direct recombinations a
transitions in the presence of the spectator excited elec
are observed simultaneously from the whole excited confi
ration. The study of excited states by x-ray emission stim
lated by threshold energy electrons can be generalize
states of any symmetry and more complex systems bec
of the local character of the radiative transitions involving
inner subshell.
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