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X-ray emissions in 3, 4d, and 5d ranges for uranium ions
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Radiative decay ohd™5f™*! excited states in UQinduced by electron collisions is studied theoretically
and experimentally. Energies, transition probabilities, and photoexcitation cross sections for the relevant con-
figurations of U" are calculated by using the multiconfiguration Dirac-Fock method. Experimental observa-
tions are made in thedirange. Direct recombination of the excited Blectron to the 4 hole and 41-6p
emission in the presence of the spectator exciteel®&ctron are observed. From the theoretical results, the
spectra are simulated and compared to the observed spectra in thadhmegions. The agreement is correct
and describes the evolution of the coupling scheme inrtHe!5f% excited states froom=3 to n=5.
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PACS numbe(s): 32.70—n, 31.50+w

I. INTRODUCTION U 5d spectrum is dominated by thed55f interaction as in
the lanthanide d spectra.
Dynamics of theexcited x-ray stated.e., excited states In our experiments, excited x-ray states are created by

with a core hole, can be studied from their decay processesollision with incident electrons of energy higher than the
Indeed the observation of thesonant X emissionsvhich  threshold energy. Unlike the resonance x-ray scattefidy
correspond to the radiative recombination of the excitedhe direct radiative decay is independent of the excitation
electron to the core hole, is a direct method to characterizBrocess and collisional excitation—radiative decay can be
the highly excited states present in a material. First identififréated as a two-step procefs,16. On the other hand,
cation of excited x-ray states were made in emis§lgrand _ele_ctron collisions m_duce both _trans_|t_|0n_s from excited and
Auger[2] 3d spectra of solid lanthanides. Then the different'omze_CI §tates. Previously, the |dent|flcat|on 9f t_he resonant
processes possible from lanthaniue® (n=3,4) 4f™ 1 ex- X emissions was made by comparing the emission and pho-
cited states were identified. They are of two types, resonari absorption specira. Indeed, the resoriremissions are

transitions[3—9] and transitions in the presence of the spec- € Teverse process of th? p.hoto_excnatlon and are in coinci-
. dence with the photoexcitation lines. Here we identify the
tator excited electron3,10].

. . transitions from excite states in the following way: the
In the actinides, the presencem®5f™" ! excited states g way

lish h . f - spectrum is induced with electrons having incident energy
was established by the observation of reson@missions g “penveen some eV above the threshold energy and 1.6
in the 3d spectra of Th, U, and P[11,12 and in the %

_ X times this energy. For eadh, value, the intensity of the
spectra of Th and U13], both in the metal and the oxide. gmission from the excited state is compared to that of an

These emissions are less intense than those of the lanthanidgsission from the ionized state, labelearmal atomic emis-

and theil’ Observation iS more dlffICU|'[ In th@ 3ange, the sion. The behavior of the intensity with respecE@ serves
lifetimes of the core hole and of the excitdstate are very to identify the two emissions. This method is convenient
short and this reduces the spectral resolution. In thle 5 because it does not require the observation of the photoexci-
range, observations were made with very large selftation spectrum and it can easily be generalized to complex
absorption and the shape of the spectra is strongly disturbechaterials.

We present here an analysis of the d dmission spec- Calculations are performed in order to determine the en-
trum in uranium dioxide. From this study, we have verifiedergies and the transition probabilities of the resonadt 4
that U 4d~15f™** quasilocalized excited states are presenemissions and of the normal atomic lines that are present in
and decay by the same processes asithie'4f™"1 ones in  the same energy range. The multiconfiguration Dirac-Fock
the lanthanides, i.e., by resonant emission and emission iMCDF) method is used. Uranium is tetravalent in LJO
the presence of a spectator excited electron. From the expefrour electrons are present in the valence band and partially
mental data obtained in thed3[11], 4d (this work), and  delocalized in the solid. ¥ ions, whose ground configura-
5d [13] ranges and from the corresponding calculated emistion is 5f2, are present at the lattice nodes. We have calcu-
sion and photoexcitation spectra, we compare the dynamidated the energies and the probabilities of all the normal
of U nd™15f™"1 excited states. We show that there is anemissions taking place from®J nl~15f? with n=4. Com-
analogy between the Ud3and 4d spectra, where thed spin  parison between the experimental and calculated spectra of
orbit is the dominant interaction and whose characteristicthe 4d-5p emission has been made to test the precision of
are close to those of the lanthanideé Spectra. In contrast the the theoretical model and also the influence of the multiplet
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splitting on the shape of the emission. TABLE . lonization energieseV): (1) calculated for 3"
In analogy with the transitions between inner subshells5f% (2) calculated for neutral U £6d'7s* [21]; (3) difference
the resonant emissions take place between two discrete statds—(2); (4) obtained from U@ XPS[22]; (5) deduced from U
and are quasiatomic in solids. Thus the atomic model ig-ray spectroscop24,25; (6) difference(1)—(5).
adapted to describe theft7,18. From U 4d~15f™*? ex-
cited states, two emissions have been observed: the reso- 1) 2 ® @ ©) (6)
nant 4s;, one and the d;-6p one in the presence of the 4q1 52 14920 14782 138 1444 14435 485
spectator excne_d 15e|e_c;tron. Their identification is m_gde by 4ph5f2 13250 13114 136 1276 12755 495
comparing the intensities mgas_ured for both_ trans_mo_ns angngZsz 1092.7 10759 16.8 1048 10475 452
for the 4d;,,-5p3;, normal emission as a function of incident 4d3, 512 826.8 809.1 177 783 7837 431

elelcﬁrggcér}?rsv); present our theoretical calculations for the4dg’25f2 784.1 7655 186 741 7420 421

| 4fg/25f2 433.0 413.7 19.3 395 3935 395

4f;,25f2 421.9 402.5 19.4 384 383.5 38.4

581/25f2 370.0 342.7 27.3 327 329 41.0
1

52 303.1 2756 275 262 263 40.1

n=4 normal (electric dipole atomic emissions, thad (n
=3,4,5) resonant emissions and the-6d emissions in the
presence of a spectatorf ®lectron. To discuss the relative
contribution of excitation and ionization, we have compareo5p%/
the cross sections of both processes. In Sec. Il the experfPa5f” 2490 2202 288 198 1987 503
mental characteristics of thedd5p normal emission, the 5d35f° 1497 1184 313 108 1075 422
resonant 4, emission, and the dk,-6p emissions in the 5dg,5f* 1389 1100 289 99 1006 383

presence of a spectatorf ®lectron are presented and dis- 6s1,,5f2 91.6 58.2 334 74 75.1 165
cussed by comparison with the calculated spectrum. Interpréspy, 512 69.7 365 332 45

tations are justified from the measurement of their relativesp3,5f2 59.4 26.8 32.6 35

intensities at different incident electron energies. In Sec. IV5f3, 41.1

we compare the characteristics of the 3,4,5 excited states 5f}, 40.4

and their radiative decay.

=4, 5, or 6 shell are computed. Since the number ofXhe

Il. CALCULATED X-RAY SPECTRA levels of each state is large, we present in Table I, col(thn
only the barycenters of the ionization energies from the
A. Methodology ground state of &' for each subshell. These energies are

The spectra are calculated by using the method describa@lative to the vacuum level. We have also given in column
in Ref.[13]. Wave functions and energies are computed with(2) the energies obtained by Desclail] for the neutral
a MCDF program[19]. The initial and final states of the atom of configuration §6d'7s?. The differenceA[(1)
transitions are obtained from the extended average level ex- (2)] between the ionization energies calculated fdf U
tension of the MCDF method COUpIed with the Slater tranSi'and for neutral L{Co|umn (3)] increases with the quantum
tion state[20]. The length form of the transition matrix ele- nymper of the subshell. Outer orbitals are more sensitive to
ments is used. The average energy of each configuration {fe |oss of the four external electrons than inner ones.
the barycenter of all thé levels of the C_O”f'gwat'f?fk The ionization energies of various subshells have been
, Fﬂ the electric dipole emissions taking place Pand  getermined experimentally. Various experimental methods
in U™ ions with an excited electron, we assume that all th ave been used. A well-known direct method is x-ray pho-
J levels of the initial configuration are populated statisticallyt electron spectrometifXPS). The precision is a function of

and we calculate the weighted sum of all the lines associate
with the considered transition. Each line is simulated byt € photoelectron energy and the surface state of the sample.

folding the theoretical probability with a Lorentzian broad- The gnerg|es.determ|ned by Slegbmml.[gz] fo_r oxidized
. . - L uranium relative to the vacuum level are given in colu@n
ening function whose width results from the intrinsic lifetime

and the finite experimental resolution. X-ray spgct_r ometry s alsq largely us¢#3]. Indeed, from
o . X-ray emissions observed in some spectral range, the energy
Thend—5f photoexcitation spectra are obtained by SUM- 1.cc b h bshell d ined with a |
ming all the electric dipole lines from the ground level of the ffferences between the subshelis are determined with a large
initial configuration (4* 5{2%H,). Each line is fitted by a precision. If the energy of a reference subshell is known
Lorentziangcurve whose surfr:cé is equal to the excxiltatio]crom XPS or x-ray photoabsorption measurement, the ener-
q ies of all other subshells can be deduced. The ionization

cross section. For the resonant emissions, we have also cal- "~ . . . . . .
ey L energies of uranium in UDhave been determined in this

culated the radiative recombination from the levels of the . .
manner from an experimental study of theemission spec-

4+ - 953 ; ; ; T
U™ nd’sf* excited 38”f'92“rat'°” W'th]._ 345 only to the tra of uranium[24]. The reference subshell is p3,; its
ground statéH4 of U™ 51%. The photoionization cross sec- energy in UQ has been determined by photoabsorpfi.
gzrs]cﬁbi?jt?rr{r?g]]ed by calculating the free wave function Srhe energies relative to the vacuum level are given in Table

' I, column 5 and the differences[ (1)— (5)] between calcu-
o , . lated and experimental ionization energies in column 6.
B. lonization energies of U These differences decrease slowly with the ionization energy
In a single MCDF run, the energies of the ground state oexcept for the 5, and 6s,,, subshell. These two cases are
U* 5f23H, and all the states of U with a hole in then  discussed in the next section.
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TABLE II. Energies(eV) of U*" 5f% normal N shell emis-  suggest that an error is present in the experimental determi-

sions: E., is deduced from ionization energies calculated for nation of oxide & ionization energy, increasing the value
U** 52 Eqypy from UO, x-ray spectroscopy ionization energies. gptained for the metal by 28 eV.

On the other handAE is <O for the lines to p5,. The

Ecalc Eext A(Ecaic™ Eexp) calculated ,-5p3» spin-orbit splitting AEgo=54.1 eV)
431-4p12 166.9 168.0 -1.1 is clearly smaller than the experimental valudHgq
43143 399.2 400.0 -0.8 =64.3 eV). This difference is due to the large energy pre-
4s1/5-5p12 1188.9 1184.5 +4.4 dicted for 54, ionization. For the other subshells, calculated
4s,,7-5p3 1243.0 1248.8 -5.8 and experimental spin-orbit splittings are in agreement and
43,,76p1)2 1422.2 the energies of x-ray emissions are predicted with a precision
4s1/2-6P312 1432.6 of some eV.
4pq-4ds), 498.3 491.8 +6.5
4Py 581y 955.1 946.5 +8.6 D. Simulation of U>* normal N shell emissions
4Pyz 503 11754 1168.0 74 Eachn’l’j’—nlj normalN shell emission is simulated
41651/ 1233.4 1200.4 +33.0 ) . .

from separated run. This can lead to differences of 1-2 eV in
4pg-4da, 266.0 263.8 +2.2 i .
Ay 4dery 308.6 305.5 +31 the transition energies V\{hen they are com_pared to thosg of

the previous section, principally because interactions with
APaizr SS112 122.8 718.5 +4.3 the other subshells are not taken into account. But this is the
4Pgiz 50z 943.0 940.0 +3.0 simpler way to compute the transition rates with the MCDF
4P3r- 502 953.8 946.9 +6.9 program when the number of lines between two groups of
4p3ir6Sy, 1001.1 972.4 +28.7 J levels can reach 5568. The results are indicated in Table
Adg-4fs), 393.7 390.2 +3.5 m
4d35p12 523.7 520.7 +3.0 As expected, the probability ofl4-n(l+1) transitions
4d3/-5p3 577.8 585.0 7.2 decreases whemincreases. For theptand 4d subshells, the
4d3- 6Py 757.1 spin-orbit splittings are 232 and 42 eV, respectively, and
4d3- 632 767.4 provide well-separated emissions. The transition probability
4dsr4fs), 351.1 348.5 +2.6 ratios of various spin-orbit components are clearly different
4ds;-4f 7 362.2 358.5 +3.7 from their statistical weights. For thep4,,-4d to 4pq-4d
4ds-5pa 535.1 543.3 -8.2 and 4ps-5d to 4p,,-5d transitions, the ratios are, respec-
4ds/-6p3), 724.7 tively, 0.27 and 3.9 while their expected value is 2. This
4f5;-5d5, 283.4 286 —-26 could be attributed to the difference between the relativistic
4t 5,505, 294.1 292.9 +1.2 j=1—3andj=1+3 orbitals.
4 5-5d5), 283.0 282.9 +0.1 The strong interaction between thel &and 5 subshells

widens the 45,,-5d and 4p,,-5d emission arrays that have
numerous structures spread on about 40 eV. In particular, the
C. Energies of U* normal N shell emissions 5d,, state is two times more spread than the others. The
o i e . sum of transition probabilitieB,;, radiative life-timesr, and
_ Theaverageenergy of then'l’j’—nlj emission of g widths I" of eachn=4 subshell are given in Table IV. The
is estimated as the difference between the barycenters of thgectric dipole emissions toptare twice as intense as those
U°* free ion with a hole in thelj orn’l’j’ core subshell. {5 44.
The average energies of electric dipdeshell emissions As an example, we have drawn in Fig. 1 the calculated
between normally closed subshells are presented in Table I35+ 44-5p emission probabilities versus energy. The initial
column 1. The energy of an x-ray emission can also be Préstates, 412/2 5f2 and 4d§/2 5f2. have 62 and 43 levels re-
dicted from the difference between the experimental ioniza'spectively, a spread of about 6 eV and are separated by 42.7
tion energies of the two subshells. We have given in Table ”eV. The final states l533 5f2 and 52, 5f2, have 45 and 24
column 2 the energies dfl shell emissions obtained from ;"\ =\ respectivély 2 spread oF about 5-6 eV and are
experimental ionization energies and in column 3 the differ- eparatéd by 54.1 eV’The spectrum is formed by 2976 lines
ences Ibetvlveen t?eﬁe values and the calculated lfnergi?]s_:.k']l' e three peaks; situéted around 522, 535, and 577 eV cor.-
oretical values of the emission energies generally are hig errespond t0 the @uy5py, 4d5,2-5p3,2’, an,d 317 5pa

g‘n%nm:;ii se)t(ﬁgrflirms?ri];atlhgneossitti)gnaofsfg\\lle(lavthe\:/\{c,eecr;%tg irtlwotransitions. As expected, the last one wild=0 is clearly
' P ' less probable than th&#J=1 transitions.

the 5p relativistic splitting.

For 4p4»-6s and 4p4-6S emissions, the differences be-
tween the theoretical and experimental energies-1a83.0
and+28.7 eV, respectively. If we adopt as the experimental We have calculated the oscillator strengths corresponding
energy the value determined fors Gubshell of the metal to the photoexcitation of and (n=3,4,5) electron belong-
(46.9 eV} [26], these differences reduce to only4.8 and ing to the ground configurationdJ 5f2 to the open 5 sub-
+0.5 eV. This change cannot be explained by a solid effectshell(Table V); the cross sections are plotted in Fig. 2. There
Actually, the physicochemical state changes the energy adre 176 excitation lines in each graph. We have used for the
the emissions between core subshells by only a few eV. Wewidth of each Lorentzian line 3 eV for the=3 spectrum, 1

E. U* 5f2-nd°5f3 excitation
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TABLE Ill. Energy (eV), transition probability (sec!), and ratio of spin-orbit component probability for
U** 5f2 normalN shell emissions, deduced from the calculated spectra.

Final states E (eV) P (10°°sec ) E (eV) P (10°sec )
4syp
4p® 5f2 167.1 504
398.6
5p° 5f? 1190.9 392
12445
6p°® 5f2 1430.3 99
1440.1
4p3p 4pyp Paps,!Papy,
4d° 5f2 266.1 250 497.8 937 0.27
308.6
5d° 5f2 944.2 244 1176.7 62 3.9
955.0
5s! 5f2 720.3 313 952.7 220 1.4
st 52 998.7 74 1231.1 56 1.3
4ds), 4d3p, Pad,,/Pad,,
413 5¢2 351.4 343 394.1 425 0.8
362.5
5f! 737.2 19 780.7 19 1.0
5p® 5f2 534.1 99 522.9 144 0.7
576.8
6p°® 5f2 725.4 17 757.6 26 0.7
768.1
4f
5d° 52 283 17

eV for n=4 spectrum, and 3.4 eV for the=5 one. These well-known one observed in theddexcitation of the light
values are chosen to enable a comparison with the expetianthanideg3,10].
mental data.
The 3d and 4d calculated excitation spectra are similar. F. Photoionization
In these ranges, th&(4)d spin-orbit splitting predominates _ o
the 3(4)X-5f interactions and the 176 excitation lines form 2V\ge have calculated the oscillator strength fronT"U
two well-separated groups of unresolved lines, correspond?f” “Hs to the continuum at 790 eV, i.e., just above the
ing to transitions from th&(4)ds, and 3(4)ls, subshells. U*" 4ds, ionization potential(Table ). We obtain 0.004/eV.
The excitation from3(4)ds, is two to three times stronger We have verified that the variation of the photoionization
than that from3(4)dsy,. cross section is less than 1% in a narrow range around this
The shape of the & excitation spectrum is clearly differ- energy. Then we estimated at75 the ratio of the photoex-
ent from that of both @ and 4d spectra and the average citation to the photoionization cross sections at they#4
value of the oscillator strength is larger by about 30. Thethreshold.
coupling scheme of & states is far from the purg scheme
of 3d and 4d subshells. This redistributes the cross sections  G. Emissions from U** nd®5f3 excited configurations

towards the high energies. This behavior is similar to the .
9 9 We have calculated the characteristics of tlteresonant

y . emissions and thexd-6p emissions in the presence of a
dT’?.BL'f.f I\t/'. Sum of & dtrandsj['rt"?n Q/rob?tauges:zm (_Sjc )5 spectator 5 electron(cf. Table ). The nd®5f° configura-
radiative lifetimer (seg, and wi (ev) o N=2SUD " tion has 386] levels that are statistically populated and the

shells. direct recombinationztakes place from all of these levels to
01 13 _3 the 13J levels of 5. The resonant emissions have 1728
Po(107sec™)  7(10Fsec) I (10°eV) lines instead of 176 lines in the excitation from the ground
4sy) 1000 1.00 6.6 U*" 5f2 3H,. Consequently, resonant emission and photo-
4p1 1280 0.78 8.5 excitation spectra are different. To illustrate that, we have
4psp, 880 1.14 5.8 plotted in Fig. 3 the 8 photoexcitation cross section and the
4d, 610 1.6 4.0 resonant emissions obtained from levels of %3 con-
4ds,, 480 21 3.2 figuration with theJ=3,4,5 only and from all the levels;
VT - 17 59 0.1 the shapes of the emissions are different. In contrast, in the

3d range, only the ratio of tha&s, and d;, components
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changes. As seen in Table V, thels3 and 35, resonant  trons contributing to both emissions are in the ratio 3/2 and
emissions are in a ratio close to 1 while for thds3 and  this can explain for a large part the increase of the resonant
3dj, oscillator strengths the ratio is 2.3. emission intensity. For thed6p transition, the emission

In the 4d range, the 386 levels of thend®5f2 excited  probability from U™ 4d°5f2 is slightly higher than that
configuration are separated into two subgroups, having 228om U®* 4d°5f2 and the ratios of spin-orbit components are
and 160J levels and a spread of about 11 eV. The spin-orbitthe same.
splitting is 42.4 eV and the ratio of they,, andd,,, compo-

nents is 2.4 times smaller for the resonant emission than for Ill. 4 d EMISSION SPECTRA
the photoexcitation. The average energy calculated for the _
U** 4d%5f3 excited states is clearly lower than that of the A. Experiment

US* 4d°5f2 states. The differences —50 eV, is due to the The UO, samples consisted of polished plates of high
stabilization of the %2 configuration and to the screening purity, prepared at the partement de Thermohydraulique
effect of the § supplementary electron which decreases theet de Physique du C.E.N. Grenoble. The plates were fixed
4d subshell energy. The shift between the state¥” U with a silver glue to the water-cooled massive copper sample
nl~15f3 and ' nl~15f2 is smaller but of the same order holder. This sample holder is the anode of an ultravacuum
of magnitude. Then the emissions fronf'U4d°5f3 are  x-ray tube. The current density is less than 4 mA/ciNo
shifted with respect to the emissions from*U4d%5f2 by  spectral change in time was observed.

only a few eV. The resonant emission is more intense than The spectra were recorded by using a 50-cm-radius bent
the corresponding normal emission. The numbers of elecerystal vacuum spectrometer equipped w1 TIAP slab.

TABLE V. Oscillator strengths 08(4)ds,, 3(4)ds,, and 5 photoexcitations from & 5f2 *H, and
characteristics of radiative recombinations from’5f3.

Photoexcitation Oscillator strengths
dsp, dap dsjp:d3p
5f2 3H,-3d°5f3 0.231 0.101 2.29
5f2 3H,-4d°5f3 0.319 0.119 2.69
5f2 3H,-5d%5f3 7.840
Radiative decay Eoy P(10'° sec'?) Eoy P(10'° sec?)

dsp2 dap dsjo:d3p
3d%53-5¢2 3525.1 555 3.698.9 583 0.95
3d95f3-6p°5f3 3522.7 27 3689.3 46 0.6
4d°95f3-5¢f2 735.0 33 776.1 30 1.1
4d°5f3-6p55f3 720.8 20 753.6 24 0.7

763.3 5

5d953-5f2 15

5d°5f3-6p55f3 5
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FIG. 3. Calculated spectra in thé'Usd range: (a) photoexci-
tation cross sectiofMb) from the ground statg)) resonant emis-
sion probability (18° sec'?) from 5d°5f% J=3,4,5; (c) resonant
emission probability (1% sec ?) from 5d°5¢3.

FIG. 2. U calculated photoexcitation cross secti¢kith) from
5f2 3H, to (a) 3d%5f2 with Lorentz 3 eV wide;(b) 4d°5f3 with
Lorentz 1 eV widejc) 5d°5f2 with Lorentz 3.4 eV wide.

A polyethylene-windowed Ar-Cl gas-flow proportional
counter was placed behind an adjustable slit situated on t
Rowland circle[27]. No impurity line was present in the

relevant spectral ranges. The quasilinear background due I8 the energies of the other subshells. This is not due to

bremsstrahlu_ng was subtractgd._ ... interactions with the otherI5subshells that are taken into
The emissions near an excitation threshold are sensitive t0

; ) L ccount in the calculation of the ionization energies. Interac-
self-absorption. In particular, the resonant emissions caf 9

completely disappear if the radiation path length in thetlon of the Sy, subshell with configurations belonging to

sample is large. This path depends on two parameters: tH8€ multiply excited or ionized & is perhaps to be consid-
orientation of the sample with respect to the observation diérea. R
We have plotted in Fig. @) the calculated spectrum

rection, which was chosen to minimize the self-absorption . ) .
and the incident electron ener@, which determines the Shifted towards the higher energy byl2 eV to make easier

path length of the probe particlég8]. E, was varied from the comparison between the shapes of both curves. The
the threshold energis up to 1.6Es. structures of the calculated spectrum reproduce rather well

that of the experimental one. The calculated spectrum spread
is about 8 eV and it is wider than the experimental one. We
have verified that the large spreading of the calculated spec-
We have chosen to analyze the normdk45ps,», emis-  trum is not a lifetime effect and can be explained by the large
sion. It is situated at about 200 eV of the resonant emissiomultiplet splitting associated with the presence of the open
energy range, its initial state has dg hole, and its transi- 5f subshell in the free ion ¥ 5f2. For that we have plotted
tion probability is of the same order of magnitude as that ofthe spectra obtained with Lorentz curves between 0.6 and 1
the 4ds,, resonant emission. Moreover, as noticed in SeceV wide. No change of the spectrum shape is seen and the
Il C, there is a certain disagreement concerning tipg, 5 spread increase that usually accompanies a lifetime increase
subshell energy. is negligible with respect to that due to the splitting. The
The spectrum observed with an incident electron energgxperiment is made for solid oxide where the effect of mul-
E,=3000 eV is plotted in Fig. 4. The maximum is situated attiplet splitting is expected to be smaller than for the free ion
546 eV with a shoulder at 543 eV. The theoretical and exsince the solid intra-atomic interactions are smaller. However
perimental expected emission values are 535 and 543.3 ethe main characteristics of the normal x-ray emissions be-

respectively(Table Il). Thus the agreement is better with the
I“Lgnergies deduced from the experiments. This result shows
that the energy calculated foip§, is too large with respect

B. Normal 4d-5p emission
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5p is ~1% of the energy The average energy of the*U
3/2 => 4d5/2 4d3 5f3_6 1 3 ] H H

L . 32 p1.5f° emission is 753.6 eV, i.e., 18.6 eV above

(a) . . the resonant emission. On the other hand, tdg45f nor-

) mal emission in the free ion is predicted to be 737.2 eV and
the 4d5,-6pq», NOrmal emission at 757.6 eV, i.e., 20.4 eV
above(Table Il). Then the interpretation of the experimental
; . emissions at 743 and 762.5 eV cannot be made from energies
- e e alone.
o ) From the relative intensities of these two emissions and of
the 4ds,-5p3, Normal emission, which are discussed in de-

. : : . tail in Sec. Il D, we assign the transition at 743 eV to the

0. 542 54 s46 8 550 resonant emissiond®,5f3-5f2 and the transition at 762.5
eV to the 43,5f%-6p7.,5f° emission, ie., to the
e\ 4d,,-6p4), transition in the presence of the spectator excited
(b) 5f electron. Finally, by analogy with thed3emission spec-
trum[11], where we had observed thé3,-5f normal emis-
sion at about 6.5 eV towards the lower energy of the reso-
nance emission, by increasing the incident electron energy,
the structure at 736 eV is interpreted as thagbf2-5f*

Photon number
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emission, i.e., the ds,,-5f normal transition array.
4 L
0 D. Relative intensity of emissions from excited
s 530 532 534 536 538 and ionized states

Energy (eV) As already underlined, emissions from the’8 {2 excited
states cannot be identified from their energies alone. In this
FIG. 4. U 5pg,—4ds, emission: (a) observed spectrum of Section, we show that measurements of relative intensities at
UO,; (b) calculated spectrum with Lorentz: 0.6 eV, full square; different incident electron energies enable us to identify
0.7 eV, continuous line; 0.8 eV, dotted line; 0.9 eV, dashed line. emissions from different initial states.
The intensity of an x-ray emission is a function of the
tween core levels observed in a solid can be described in gorobability A to create the initial state, the probabiliBy of

atomic model. the radiative decay from this state to the final one, the self-
absorption of the radiation, and several experimental param-
C. Emissions from the U+ 4d°5f2 excited configuration eters. For two emissions in the same energy range, the ex-

perimental parameters, such as the response of the
spectrometer, are almost the same. If the two emissions have
ionization energy referred to the Fermi leyall]. By anal- the same initial state, their relative intensities depend on the

ogy with this result, we expect thedd,5f™* 1 excited state _probabili_tiesP. Inversely, if the prot_)a_b_ilitiesP are known,
in UO, to be situated at about 740 eV. This value is obtained"formation can be obtained on the initial state and the prob-
by substracting the work functiofabout 1-2 eV for the 2aPIlity A. o
oxide) from the 4dg, ionization energy given in Table | When ionized or excited initial states are produced by
column(5). We have analyzed the emission spectrum in thecollision with incident electrons of enerdy, their probabil-
725-755-eV range by using an incident electron energy ofty A depends on the ionization or excitation cross sections,
nominal value 745 eV. The electron kinetic energy exceedsi(E) or o¢(E), and on the incident electron energy distri-
this value by a term that depends on the characteristics of tHeution in the material. The probabilitied to create the
electron beam production. This energy term~ig eV [3]as  U*" nd 15fM*1 excited state or the U nd™?! ion are dif-
seen in Fig. B8 where the radiative cutoff is observed at ferent and vary in a different manner with the incident elec-
about 752 eV. In these conditions an emission is present aton energyE,. For ionization,A increases in a monotonous
743 eV. The spectrum observed wily~1200 eV is plotted manner between the threshdid and several timeEg. For
in Fig. 5(b). The emission seen at 743 eV corresponds to tha¢xcitation, as we have shown in our experimental study of
observed at the threshold and is three times more intense. the La 3°4f! resonant emissior{8], the probabilityA has
nonresolved weak structure is present at about 736 eV; ita large maximum several eV wide, situated just at the thresh-
intensity is 4-5% of the main peak. An emission is observedld. In this range, therefore, the excitation is much more
at 762.5 eV, i.e., 19.5 eV above the main peak. probable than the ionization. Beyond it, the excitation has a
We compare the experimental emission spectra to the cabmall probability that increases witB in a monotonous
culated emission and photoexcitation spectra in Fig. 5. Thenanner up to several tim&. This increasing can be more
average energy of thed@,25f3-5f2 resonant emission in the rapid than that for the ionization. In summary, the creation of
U free ion is 735.0 eV. The difference between this valueexcited states is predominant near the excitation threshold
and the energy of the experimental emission is 8(eMich  Eg.

In the U 3d range, we had shown that thel3,5f™"!
excitation energy in U@is close to the experimentald3;,
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FIG. 5. U spectra in the dl range: (a) ob-
served emission of UDat Ey=745 eV; (b) id at
E,=1200 eV;(c) calculated emission probability
(10%sec?) from U*" 4d°5f3; (d) calculated
photoexcitation cross sectioftMb) from U**
5f2%H,.

~ 10
Y
@
w
c 8
o
>
<
,?6
z
2 4
=}
ot
g
£ =2
z
2
£
=
10

5£2- 4d3,51°

Cross section (Mb)
-]

L I 1 |

725 735 745 755
Energy (eV)

When the incident electrons have enerBy close to
Es, the thickness< in which the emission takes pla¢i&-
beled emissive thicknesss small. In this small thickness,
the number of electrons having the eneiy and the ion-
ization and excitation cross sections,(Ey) and o.(Ey),

765

In the energy range around 743 eV, the normay, 4 5f
emission could be observed. Its transition probability is five
times smaller than that of thed4,,-5p3,», hormal emission
(Table 1ll). We have estimated that the intensity of the
4ds;, normal emissions decreases by one to two orders of

can be considered constant. Then the number of the initighagnitude wherk, varies from 3000 to 750 eV. Thus the

states created per area unit and time unit is

Ne(Eo)Nao(Eo)X,

whereo(Ey) is o;(Eg) or oa(Ep), Ne(Ep) is the number of
incident electrons per area unit, and time unit, &hdis the
number of uranium atoms per volume unitH§ is far from
the threshold, the variation dfl, and o; (or o) with the

4dg;-5f normal emission observed B~ 750 eV should be
two orders of magnitude weaker than the normal
4ds,-5p3, emission aEy=3000 eV while the emission ob-
served at 743 eV is only two times weaker. Consequently the
emission at 743 eV is not due to the decay of thiy,
ionized state.

We have obtained a value of 75 for the ratio of the pho-
toexcitation and photoionization cross sections at the.4

energy E must be taken into account and the number ofthreshold. It is known that the electron and photon interac-

initial states is a complex function d&. In the case of the

tion cross sections are proportional at a given energy in the

ionization, semiempirical models have been established tcange where the Born approximation is valid. Similarly, at
express the relative variation of the number of the ionizedhe threshold, we expect that the ratio between excited and

states as a function & [29].

ionized states could be close to the value of 75. Then, at the
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U 4dsy, threshold, the resonant emission should be about twddz,,5f3-5f2 resonant emission. This confirms the interpre-

orders of magnitude stronger that the corresponding normahtion proposed for the structure at 736 eV.

emission. Consequently, we interpret the emission observed From relative intensity measurements, we have thus iden-

at 743 eV as the resonant emission from thag,6f™*  tified the transitions emitted ind®5f™** andnd® ions and

excited configuration. justified our interpretations. These identifications are made
WhenE, increasescf. Fig. 5b)], the thicknesx and the  easy by using as a probe electrons of energy close to the

self-absorption increase and also the number of collisionsaxcitation threshold and by increasing gradually their energy.

The relative number of collisions leading to the excited stat&yg|ative numbers of each initial state can be estimated by
with respect to that giving ionized states depends on theis method.

energy distribution of the electrons inside the material. For
the lanthanides, conditions favorable to the observation of
resonant emissions were obtained with between 1.2 and
1.5 Es. Analogous results are found in the Wl 4ange.

The relative intensity of the transition observed at 762.5
eV designated as thedd,,5f3-6p7,,5f3 emission, is lower in We have shown that emissions due to the decay of the
the experimental than in the calculated spect(@mFig. 5, 4d°5f™*! excited states created under electron bombarde-
curves b and ¢ The calculation takes into account only the ment, i.e., resonant emission and emission in the presence of
transition probabilitied?. For this emission the initial state the spectator electron, are observed in the oxide.Ue
has a 45, hole. If we assume that the probabilitidsto  3ds,, and 33, resonant emissions had been identified in the
create the exciteddt;, and 4d5, states retain the ratio of the emission spectrum of UQ[11,12. In the X range, large
4dg, and 4, photoexcitation cross sections, i.e., 2.7 oscillator strength is known to be present and forms the so-
(Table V), we obtain for the intensity ratio of the two emis- called “giant” resonanc¢30]. The radiative decay of corre-
sions 3.6, in good agreement with the experimental ratio obponding excited states had been observed@gland at-

3.4. On the other hand, if the probabilitids P, and the tributed to an atomic bremsstrahlung effét8]. In Sec. I,
self-absorption are taken into account, the intensity of theave have calculated the photoexcitation and the resonant
4ds5,-5f normal emission is about 6% of that of the emissions by using the same theoretical model in the three

IV. COMPARISON BETWEEN nd PHOTOEXCITATION
AND RESONANT EMISSION
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(b) FIG. 7. U spectra in the & range: (a) ob-
served emission of UD (1) at E,=500, (2) at
1= 5d95f2-6p55f2 1500, (3) at 4000 eV[18]; observed absorption

[18] (b) calculated emission probability
(10%sec?) of U*" resonance emission, U
5d°5f3-6p55f% and U* 5d°5f2-6p°5f2; (c)
calculated photoexcitation cross sectighib)
from U** 5f2 3H,.
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nd ranges in order to compare the simulated spectra to the The results concerning thedsange are plotted in Fig. 7.
experimental ones. Comparison between the simulated spectra and the ones ob-
Comparison in the 8 range is plotted in Fig. 6. The served for WOy is difficult because the latter were perturbed
UO, 3d photoabsorption and resonant emission excited wittby the choice of the experimental conditions. For absorption,
incident electron energy of 4.3 keM2] are plotted in Fig. the absorber was a few ten nm thick whereas its thickness

6(a) and the calculated emission and photoexcitation spectreould not exceed 5 nif28]. For resonant emission, the inci-

in Figs. b) and Gc). The experimental conditions are such dent electron energy wass4, 12.%¢, or 3FEg (whereEg

that spectral perturbations due to the absorber thickness, te the threshold energyleading to strong self-absorption
the self-absorption, etc., are very low. Resonant emissionsffects. Spectral perturbations change the relative heights of
had been identified by comparing the emission and photoexhe peaks and introduce broadenings that modify strongly the
citation spectra whose maxima were observed at the sanshape of the spectra. Moreover, the shape of the calculated
energy(with an experimental precisior0.5 eV) [12]. Cal-  spectra is very sensitive to the configuration of uranium,
culated resonant emission and photoexcitation maxima anhich is not purely 52 in U3Og. There is, however, a gen-
also at the same energy. Observed and calculated emissioaesal agreement between the observed and calculated spectra,
are in agreement, in particular, the ratio of thds3 to  in particular the relative importance of the peak at 100 eV
3d3;, components. This ratio is expected to be higher in phowith respect to the main peak. Concerning the emission at 80
toexcitation, in agreement with the experiment. The shape oV, taking into account its relative intensity with respect to
spectra is governed by the multiplet splitting. As in thé 4 the peak at 100 eV, we suggest that it is due to tHe6p
range, the excitation energies calculated for tHé flee ion  transitions in the presence of the spectator exciteal&c-

are lower than the experimental value obtained for solictron.

UO,. The difference is about 25 elivhich is 0.7% of the The same theoretical model accounts for the experimental
energy. results in the three energy ranges. This shows that the model
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is suitable for describing the U x-ray transitions in thé, 3 tions, radiative and nonradiative direct recombinations and
4d, and 5 ranges and that the characteristics of thed) transitions in the presence of the spectator excited electron
excited states are similar in spite of large differences in there observed simultaneously from the whole excited configu-
shape of the spectra. These differences are due to the evol@tion. The study of excited states by x-ray emission stimu-
tion from thejj coupling valid for the 8 and 4d orbitals to  lated by threshold energy electrons can be generalized to
complex scheme for thedbshell. states of any symmetry and more complex systems because
In summary, information on the dynamics and the local-of the local character of the radiative transitions involving an
ization of high-energy states created by electron or photoinner subshell.
interactions can be obtained from the analysis of their decay
processes in a time scale, which is a function of the core hole
lifetime, i.e., of the order of 10'*~10 !¢ s. As has already
been pointed out, in the case of excited states produced by The authors thank Dr. Ph. Dehaudt of C. E. N. Grenoble
collisional excitation, no interference exists between excitawho has provided us with the samples. They are grateful to
tion and decay processes. One can get experimental conddr. N. Spector for critical reading of the manuscript. They
tions such that excited states are created preferentially witacknowledge the IDRIS, Centre National de la Recherche
all their J levels statistically populated. Under these condi-Scientifique, for computer facilities.
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