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Experimental investigation of the origin of the Ti Ka” satellites
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The TiKa” satellite is investigated using a Johann-type spectrometer on the BL15XU undulator beam line
of SPring-8 at excitation energies between 4996 and 7000 eV. The intensity &treatellite relative to that
of Kay , exhibits an abrupt jump from 0% te-1% in a range of 10 eV around an excitation energy of
5010 eV. The energy range to reach saturation %0 eV. The creation of spectator holes is implicated to be
due to shake-up processes, inducing the emergence Bfitheatellite. The onset energy for the appearance of
the satellite is 5011.0 eV+0.8 eV, corresponding to [the8p] double-ionization threshold energy byZa 1
approximation. The experimental results obtained in this work confirm th&K &{esatellite originates from a
3p spectator hole, as predicted theoretically by Sgttys. Rev. A34, 4438(1986)].
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[. INTRODUCTION probability during photoionization is close to the sudden
limit even at the energy corresponding to the shake-up
With the advent of third-generation synchrotron-radiationthreshold[7-9].
facilities, insertion devices offering tunability and high inten-  Fritschet al. [10] and Sternemanat al. [11] have inves-
sity can now be used, and multielectron transitions in X-raytigated the evolution of the CKas 4 and GeKB” satellites,
spectroscopy have begun to receive special attention. Notgespectively. Most recently, Galambagti al. studied the de-
bly, the study of threshold processes is one of the most inpendence of the CKa , profile on the excitation energy
teresting and fruitful approaches in developing a deeper unaround the §ionization threshold based on discussion of the
derstanding of atomic and molecular structures and dynamicgontribution of a 8 spectator hol¢12]. Such work is impor-
[1-4]. tant because it provides both valuable information regarding
The multielectron transition processes il &ements the origin of the satellites, and information on how the prob-
have been studied with great interest from the early days odpilities of the shake processes are related to the excitation
x-ray spectroscopy. This process can be observed as satellg@ergy.
or hypersatellite peaks in x-ray emission spectra, and as dis- Experimental confirmation of thep3spectator hole pre-
continuities in the differential curve of x-ray absorption. The dicted by Scotf6] to be the origin of the evolution of the
shake process is known as one of the processes, an examplg” satellite is therefore of significant interest. In the present
of which is theKa” satellite that appears on the high-energywork, the dependence of the Kia” satellite spectra on the
side of theKa; peak in elements having an atomic number ofexcitation energy is investigated by scanning the excitation
around 20. In 1936, Parratt measured K’ spectra of all  energy from onset in the adiabatic region to saturation in the
the 16=72=<23 element$except for AD with respect to tube instantaneous approximation limit.
voltage[5]. It was concluded that the origin of théx” sat-
ellite is aKM — LM transition, but the subshell contributing
to the satellite was not specified. The lack of assignment may

_be _due to the wide spread of the energy distribution of the \jeasurements were carried out using the BL15XU undu-
incident electron beam. In 1986, half a century after Parratt$aior heam line of the SPring-8 synchrotron radiation facility
V\{ork, Scot.t theqre‘ucally predicted, using a nonrelativistic¢  the Japan Synchrotron Radiation Research Institute
single-configuration Hartree-Fock calculation, that @ 3 (3asR|). A monochromatic x-ray excitation source was ob-
spectator hole is the origin of the«” satellite[6]. _ tained using a $111) double-crystal monochromator with a
It is generally known that when the photon energy iSpandpass oSE/E~ 104 The flux obtained was greater than
slightly higher than the shake-up or shake-off threshold im 2 photons/s with a spot size of -1 MnThe sample was
the adiabatic region, the sudden approximation is no longeg pure Ti plate with a thickness of 1 mm. The spectrometer
valid and the shake-off probability increases slowly with employed had a Johann-type geometsE/E=5x 107
photon energy. Under these circumstances, the shake-Wpw rowland circle diameter of 1.5 m. The signal was de-
tected using a charge-coupled devi{€CD) with a resolu-
tion of 1340 400 pixels(LCX-400, Roper Scientific Each
*Electronic address: yosi@elec.kuicr.kyoto-u.ac.jp pixel of the CCD measured 2020 um?, corresponding to

II. EXPERIMENT
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FIG. 1. Measuredopen circley and fitted(solid line) Ti Ka; ,

. . v O experimental spectra
spectra anKa” satellite at an excitation energy of 7000 eV.

- - - fitting components
— fitting component (Ka'")

an active area on the device of 2&8.0 mn?f. A Be win-
dow of 800um thickness was placed in front of the CCD
chip to cut visible light and prevent the CCD chip from 4500 4510 4520 4530
coming into contact with air. The CCD detector was emission energy [eV]

equipped with Peltier cooler to cool the chip to -43°C so as i . _ . _

to minimize dark current. The surface of the CCD chip, 'C: 2. Evolution of theka” sateliite(solid lineg with increas-
touched the Rowland circle tangentially. ing excitation energy. Th&«” satellite is not observable ife),

. 4 where the excitation energdp005 eV is the threshold energy of
In addition to measurements of theKlix spectra, the dark the [1s3p] ionization. The intensity increases when the excitation

]E:urrent Waslrge(’?lsluégd evze(%?f) h. The exposure _tln:je for Onﬁ'lergy exceeds the threshalac). Evolution ceases when the ex-
rame was S; or rames were acquired at eac tation energy reaches around 5500 eV. The satellite in saturation

excitation energy, and 100 frames were acquired for darky shown in(d).
current measurement. The contribution from dark current

was subtracted appropriately from each spectrum. hole stat R tteri The fixed
The Johann-type spectrometer, equipped with a position-0 € state or resonant Raman scattering. The Tixed param-
ters of the satellite component were determined by fitting

sensitive detector, allowed for measurement of data over thi . o
entire energy range investigated without the need to scan n_%orentmans 0 thKay , spectra at an excitation energy of
26 angle between the sample, analyzing crystal, and detecto .000 eV, where the s_atelhte IS well saturateo,lr. L

A Si(220) crystal was used to analyze x-ray fluorescence. . It.has been theoretically pred|cted thafc e" satellite is
The detector was 26.8 mm in length, corresponding to alqhstnbuted on not only the h|gh—energy.3|def|<_yle, but a]so
effective energy range of 75 eV at #=91.42°, except the betweenKa,; and ka, [6]. However, it is difficult to fit a

inactive regions at both ends of the CCD chip. This energ;"ore?tz'sn to thellte}tterbcomp%nsnir?f tKe"“ s%tetlllte In th;’
range allows the TKa, , andKa” spectra to be measured in specira because it Is obscured by the valley betwesran

Only one shot of the CCD at@91.42°, where the TKC(]_ Kaz- The full width at half maleUrT(FWHM) of the Ti

(4508.4 eV peak is located at the center of the effective Kay o peaks in each. spectrum were ob;ained by fitting .
energy range of the detector asymmetric Lorentzians to each experimental spectrum in

order to elucidate the contribution of the satellite to the over-
all Ka , spectra.

a) 5005 eV

Ill. DATA ANALYSIS

Five Lorentzians are fitted to the measuredti spectra
in Fig. 1. The Lorentzians correspondKay;, Kay,, the Ka;
satellite, theKa, satellite, and theKa” satellite. The two The results of the fitting for the TK«; , spectra at exci-
satellites of th&Ka; , peaks for copper, as discussed by Deut-tation energies of 5005, 5011, 5018, and 6000 eV are shown
schet al, Galambosiet al, and ltoet al. [13,12,14, have in Fig. 2. The Lorentzian corresponding to tke’’ satellite
been suggested to originate froni(as3d)] —[(2p3d)] tran-  is denoted by a solid line in the figure.
sition. In this study, both the position and width of each The variation in intensity of the satellite with excitation
fitting component were fixed, and only the intensity scaleenergy obtained by the fitting is shown in Fig. 3. The relative
factor was refined in the fit. The fixed values for Lorentzians,intensity of theKa” satellite compared to the overdla, ,
except for that of th&k” satellite, were determined by fit- intensity exhibits an abrupt jump from 0% te1% within a
ting four Lorentzians to th&a, , spectrum measured at an range of 10 eV around 5010 eV, as can be seen in Fig. 3.
excitation energy of 4978 eV, at which the spectrum is freeAlthough the intensity increase ceases at around 5070 eV,
from the influence of a satellite caused by1a3p] double the intensity starts to increase again at around 5100 eV and

IV. RESULTS AND DISCUSSION
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rh--r e e el tance covered by an outgoing electron, &ds the ioniza-
5000 5500 6000 6500 7000 .
excitation energy [eV] tion threshold energy of a shaken electron. In thg present
case, the value ofg was set to 37.8 eVgorresponding to
FIG. 3. Intensity of the TKa” satellite(open circlerelative to  the ionization threshold energy of M, 5 electron, as de-
that of theKa lines as a function of excitation energy. The ioniza- termined by aZ+1 approximatior{15]. The other param-
tion threshold ofK+M,, ; and K+M; (inse) are estimated at & eters were refined by the fitting, yielding the following
+1 approximation, where * means the binding energy of the  results: C=1.05+0.13,P,.=1.19+0.19,r=4.03A+1.05A,
subshell of vanadiungi=1,2, and 3. Solid curve represents the and Ejesnoi=5011.0 eV£0.8 eV.
result of the fitting using the Thomas model with a step function. We used a single average threshold energy for calculation
Refer to the text for details. convenience because the fitting analysis cannot be executed
for more than two threshold ones. Therefore, each transition
continue to increase up to saturation at around 5500 eV. Thenergy could not be evaluated. The fitting resultBgfesnold
relative intensity of the satellite is about 2.5% at saturationiS consistent with th¢1s3p] ionization threshold energy of
The solid line in Fig. 3 is the result of fitting to the ex- 5004.2 eV obtained by Z+1 approximation.
perimental data using the Thomas model with a step func- In the energy region of1s3p] shake process, below the
tion. The Thomas moddql7,8] describes the dependence of 3p shake-off threshold, only shake-up can occur. Tts3p]
the shake-off probability on the excitation energy, and theshake-up intensity rises quickly with excitation photon en-
step function describes the dependence of the shake-up proégy in Fig. 3, but not a very fast saturation as predicted in
ability. The fitted function is expressed as the shake-up proce$s6]. It reaches 51% about 5 eV above
the threshold. This tendency is similar to those previously
_ reported[3,17,18§ and may be ascribed to the single and
P(E) = Psnakeup(E) * Pshakeor(E), dOFl)Jb|e shake-up state[i&l&. Moreover, as the[lgSp]
thresholds are far from the TK absorption edge, that is,
whereE is the excitation energyPsnakeup is @ step function around 30 eV, it is difficult to consider the resonant Raman
defined by scattering associated witts't— 2p? transition.

TABLE |. Probabilities of shake-up and shake-off processesvi@hells accompanying ionization of an
electron in theK shell in Ti from Dirac-Fock-Slater calculations.stands for the principal quantum number
of the orbital which a skakeM electron jumps into. Column with=1(4<1<10) is the probability of the
shake-up to each shell of=1.

Initial shells
Destinations M, M, M3 My

n=4 6.508x< 1073 1.280x 1072 3.085x 1072
n=5 7.032x 1074 1.423x 1073 2.811x 1073 7.085x 1073
n=6 2.576x 1074 5.628x 1074 1.113x 103 2.934x 1073
n=7 1.243< 104 2.834x 1074 5.608x 104 1.532x 1073
n=8 6.979x 10°° 1.636x 1074 3.239x 104 9.103x 1074
n=9 4.317x10°° 1.033x 10 2.045x 1074 5.883x 1074
n=10 2.859< 107 6.946x 1075 1.375x 1074 4.035x 1074
Total shake-up 1.22710°3 9.114x 1073 1.795x 1072 4.430x 1072
Shake-off 6.66X 1073 1.287x 1072 2.551x 1072 2.963x 1072
Total 7.889x 1073 2.198x 1072 4.346x 1072 7.393x 1072
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1.0 TABLE II. Experimental and calculated emission energies of
Ka, , and satellites. Separation is peak top relative energy position
of emission line tKa, line in each case.

)

€ o5 Tk

> Emission line EnergyeV) Separatior(eV)

©

% Experiment Kaq 4510.8

> 00 Kay 4505.0 -5.8
2 109 (% 4513.9 31
2 15'3p' -> 2p'3p"

é Calculation Kay 4513.7

B Kas 4507.8 -5.9
© 0.5

= Ka” 4516.7 3.0

0.0
4500 4505 4510 4515 4520 4525 4530 very difficult to estimate all the shake-up transition energies
emission energy [eV] and to deconvolute the instrumental function from the mea-
FIG. 4. Intensity distribution of 4'—2p! transitions and sured spectrum.
1s'3p! — 2p'3p! transitions calculated usingraspcode. The solid
curve is the convolution using Lorentzians of 1.2 eV width. The
intensity is shown relative to the strongest peak. V. CONCLUSION

The probabilities of the shake-up and shake-off processes The dependence of the intensity of theKla” satellite on
by which an electron in aM;(i=1, ...,4 subshell is excited the excitation energy was investigated, and it was found that
and ionized, respectively, were calculated in a manner dethe intensity of the satellite relative to over&lk emission
scribed by Mukoyama and Itf9]. The results are tabulated jumps from 0% to~1% with increasing excitation at around
in Table I. The probabilities of th&+M, ; double excitation 5010 eV, corresponding to thels3p] ionization threshold
(or ionizatior) due to shake-up processes and overall shakenergy according to Z+1 approximation. The intensity be-
processes are  P(Mp 3 shake-up=2.71X 1072 and  comes largely saturated by around 5500 eV, at which the
P(M3 3)(shake=6.55X 1072, respectively. The ratio of the relative intensity reaches2.5%.
probability of shake-up processes to that of all shake pro- The present results experimentally confirm that ke’
cesses in th&+M, 5 double excitationor ionizatior) pro-  satellite originates from agBspectator hole, as predicted by

cess is given by Scott. Judging from the variation in intensity &, the
creation of the B spectator hole is attributable to shake pro-
P(M3,3)(shake-up P(M2,3) (shake = 0.42:1, cesses. The probability of the shake processes determined

experimentally(2.5%) is less than half the calculated value

whereP(M 3) shake-up iS the sum of probabilities dfl, and  (6.5%), however, this discrepancy may be smaller consider-
Mj shake-up processes accompanykaghell ionization, ing that one-third of the satellite intensity is probably hidden
and P(My,3) shake IS the sum of probabilities for all shake betweenKa; andKa;, in the measured spectra. o
processes. According to the fitting results, the ratio of the 1he dependence of the satellite intensity on the excitation
contribution by shake-up processes to all shake process€§€rgy was interpreted by combining the Thomas mddel
is approximately1.05/(1.05+1.19=0.47+0.05, vhich is ~ Shake-off with a step function(for shake-up The results
in good agreement with the calculation. This indicates thaBhoW that 47% of theka” satellite is caused by shake-up
the contribution of shake-up processes to ke satellite ~ Processes. The ratio of the probability [dfs3p] shake-up
intensity is much higher than that for théas , satellite, ~Processes to all shake processes in the sudden approximation
for which shake-off processes contribute or#10%. was calculated to be 42%, close to the experimentally deter-

The intensity distribution profiles ofst—2p! (Ka;,  Mined value of 47%. This agreement indicates that, fr 3
and the $3p!— 2p'3p! satellite emission were calculated eIemgnts, the shake-up processes are more important in the
using GRASP code [20], as shown in Fig. 4. The si3p! creation of a §pe9tat'or hole than that of gpZpectator
—2p'3p! satellite spectra lies on the high-energy side off10l€ accompanying ionization of & &lectron.
Kay and betweerKa; and Ka,, similar to that in Ref[6].
The calculated and experimental peak positionk ef , and
the satellites are compared in Table Il. We did not directly ACKNOWLEDGMENTS
compare the calculated spectrum with the measured one by
putting them on the same figure. The reason for this is as The authors would like to thank T. Shoji of the x-ray
follows: all the possible shake-up processes and the windowesearch laboratory, Rigaku Co., Ibaraki, Osaka, for prepara-
function of the spectrometer have to be considered in ordetion of the curved crystals for analysis and A. Nisawa of
to make a precise comparison between them. However, it iRIKEN, Hyogo, for the setting of the experimental facility.
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