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A high-resolution pure CLKhaLZ hypersatellite spectrum was measured by photoexcitation using synchro-
tron radiation. A shiftE(K"a,) —E(Ka;)=281.4-0.3 eV from the diagram lines, a splitting(K"«a,)
—E(K"a,)=23.6+0.4 eV, and an intensity rati®=1(K"a;)/I (K"a,)=0.29+0.02 are found for the two
lines of the spectrum. Full-spectrum fits based amn initio Dirac-Fock calculations agree well with the
measured spectrum, when QED corrections and Breit interaction are included. A slightly higher calRulated
may indicate that the intermediate coupling is not fully accounted for. The intensity’s evolution from threshold
(measured to be at 18.35D.015 keV) shows an unexpectedly long saturation range extending up to
~30 keV. The intensity evolution deviates from the Thomas model, which should be valid in the adiabatic,
near-threshold regime. The implications of our results for Zheariation of the coupling, correlations, and
atomic interactions across the 3ransition elements are discussed.

PACS numbgs): 32.30.Rj, 32.70-n, 32.80.Fb

I. INTRODUCTION atoms[6]. This term was coined by Brianet al. [7] to de-
scribe atoms where a whole inner shell is empty, while the
Hypersatellite(HS) spectra originate in transitions where outer shells are occupied. The formation mechanism and
the initial state has two vacancies in the same shell. Thugroperties of such atoms are of fundamental interest to basic
electronic correlations are strongly reflected in these transiatomic physic§6—9]. Hollow atoms are also of great impor-
tions and the spectra should, in principle, allow their study!ance for studies of atoms very far from equilibrium and of
HS'’s involving two K shell vacancies, denoteta, , and  ultrafast dynamics in atoms, with possible wide-ranging ap-
arising from the $ 2(1Sy) —1s 2p~1(*3p,) tranéitions, plications in physics, chemistry, biology, and materials SCi-
are of particular interest for a number of reasons. First, sincENC€[10]- They have also been proposed as a way of achiev-

the initial state requires the excitation of two electrons in the‘glg population inversion and lasing for hard x-ray lasers

same shell, the spectral characteristics should be affected si 10,11) I_:or all of these rea.sons-hollow aloms are currently a
o ey ery active, and fast-growing, field of reseal@j. To date
nificantly by, and hence allow studyin@trashell correla-

. ; . h ms hav n alm xclusively cr lectron
tions. Also, for mediunZ atoms and above thk shell is such atoms have been almost exclusively created by electro

- N L ickup from metallid 7] or insulating[ 12] surfaces by highl
already significantly relativistic and thus relativistic effects Eharg%d stripped i(({)n:'ls traveling g%os]e to the suyrfage.yThe

on atomic COfre'ﬁt'O”S could be studied using the HS spectrgy;mper of electrons picked up and their distribution among
Mr?reover, tpeK a1, HS spectrum consists of two lines the various empty shells of the stripped ion are almost un-
K'a; andK"a,, the strengths of which are determined by controllable in such experiments. Studies of hollow atoms
the coupling scheme dominating the atom. THigw, line  prepared by the much better controlled sing@}or multi-
originates in the'Sy— 3P, spin flip transition, which is di-  photon[13,10] excitation processes are very scarce. The few
pole forbidden in the pureS coupling scheme and allowed that are available are either low resolution, or employ coin-
only in the intermediate coupling orfd,2]. The intensity cidence techniques resulting in low statistics and addressing
ratio R=1(K"a;)/1(K"a,) therefore depends strongly on only the excitation cross section.
the degree of intermediacy of the couplif®j. This renders The reason for the scarcity of high-resolution photoex-
the HS the most sensitiv@nd almost the onjymethod for  cited HS spectra is the formidable experimental challenges
quantitatively studying the coupling variation with from  posed by such measurements. These stem from the very low
theLS coupling limit at lowZ to thejj coupling limit at high intrinsic probability of creating the initial twéc-hole states.
Z Khalvz HS spectra are also unique in allowing study of HS were first detected experimentally by Briaedal. [14],
the Breit-Wigner interaction, the most elusive and least studemploying nucleaK electron capture in a radioactive atom.
ied of all atomic interactions. Almost all atomic transitions In the electron capture process, as well as in the internal
are dominated by the Coulomb interaction and the contribueonversion one, only the firg€ electron is directly ionized
tion of the Breit-Wigner interaction amounts to less than 1%.and the second is shaken off through correlations, allowing
In contrast, for the HS transitions the contributions from thethe study of such effects. However, both processes suffer
Coulomb interaction to the shift of tHéhaLz HS lines from  from low activity of the sample. Th& 2 decrease in th&
the Ka, , diagram lines mostly cancel out, and the contribu-capture probabilityf 15] further reduces the available inten-
tion of the Breit interaction can reach as high as 20% at higtsity asZ is increased. Moreover, although the correlation-
Z[4,5] mediated shake-off process dominates the vbele cre-
Hypersatellites are also the “diagram” spectrahaflow  ation, several competing processes also exist: internal
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conversion through the internal Compton effect and internatrum saturate. The electronic excitation and deexcitation pro-
bremsstrahlung, double internal conversion, Et6€]. Thus, cesses of an atom high above the excitation threshold, in the
studies employing nuclear decay processes were able to prisothermal regime, are separate and consecutive. They have
vide information on the second electron shake probability been successfully studied and accounted for within the stan-
Pkk, but lack the intensity to allow high-resolution mea- dard independent-electron—frozen-core—sudd#¥S) ap-
surements of the HS spectrum itself. proximation. Near threshold, however, the time required for

As demonstrated first by Wi et al. [17] doubleK va-  the ejected electrdg) to leave the atom is comparable to the
cancies can be created in heavy-ion—atom collisions with difetime of the excited state. Thus, the excitation and the
probability about 100-fold higher than in nuclear decay pro-deexcitation processes occur on comparable time scales,
cesses. Heavy-ion collisions are, however, violent eventserging into a single complex procds®l]. The slow, adia-
where vacancy creation cannot be controlled to produce onlpatic kinetics renders electronic correlations highly impor-
the specific two-hole state. Rather, a range of different numtant in this regim¢24—26, invalidating, in principle, the IFS
bers of vacancies are produced, so that the resultant HS speapproximation. Because of the highly demanding experimen-
tra are strongly contaminated by higher-order spectra. Th&l requirements, as discussed above, no experimental studies
consequent highly overlapping structure does not allowof the adiabatic regime were available until very recently
studying the pure HS spectrum with high resolutidr8]. even for the rather intense diagram spectra of atoms. The
Moreover, it has been demonstrated that the cross section fadiabatic regime became accessible to high-accuracy spectral
creating the twd<-hole state in heavy-ion collisions in- measurements only recently, with the advent of suitable in-
creases in quadrature with the intensity of the impinging ionsertion device beamlines at synchrotron sources. These pro-
beam. This indicates that the twovacancies are generated vide intense, well focused, x-ray beams of narrow bandwidth
in two independent, direct single-ionization evefts,19, and tunable energy for exciting the various x-ray transitions.
rather than by a correlation-mediated shake-off following aThe consequent emission radiation requires high-resolution
single-ionization event. Thus, initial state correlation effectsspectrometers for resolving the emission spectra. A few such
are only marginally reflected in HS spectra generated irspectrometers have been installed worldwide, mostly for
heavy-atom collisions. Light-ion[18,20 and electron studying inelastic x-ray scattering. Measurements carried out
[19,21,22 excitations have also been employed in HS stud-very recently with such techniques of diagr27], satellite
ies, the former suffering from low intensity and the latter [28], and(the present study phypersatellitd 29] spectra in
from high background due to bremsstrahlung. Cu and of satellite spectra in G&0] from threshold to satu-

For several reasons, single-photon excitation is theation indicate that thehapeof the spectrum may be already
method of choice for creating the two-hole initial state of saturated as close to the threshold as 50 eV. ifitensity
HS transitions. As the electron-photon interaction is weakhowever, requires a much longer range to saturate, and its
only one electron is ionized directly while the secdfitiole  dependence on the excitation energy deviates considerably
is created by intrashell correlations, which allows their studyfrom the currently prevailing perturbation theoretical predic-
Since the probability of photoexciting more than two elec-tions[31,32.
trons is negligible, and since no bremsstrahlung is generated, The 3d transition elements are of particular interest for
pure, low-background HS spectra result. However, the phophotoexcited HS spectra measurements. On the experimental
ton energy required for tw—hole excitation in almost all side, their thresholds for twk-hole excitations, up to 20
atoms lies in the x-ray region, where high-intensity lasers ardeV, are still within the energy range accessible to currently
not yet available. Thus, only a handful of photoexcitationoperational inelastic-scattering-type beamlines at several
studies have been published to date, all but a few of them fasynchrotron sources. On the scientific side, tleti&nsition
low-Z atoms like He[23] and Li[13], and addressing only metals are the region where the coupling varies rapidly with
the creation probability of the twk-hole state by photoab- Zfrom an almost pur& S coupling at the low endZ~ 20, to
sorption. The very recent study of Kantet al. [9], pub- the clearly intermediate coupling at the high eAek30[33].
lished while this paper was being written, is the first to meadt is important to note that the various effects discussed
sure a photoexcited HS emission spectrum, that of Mo. Thisibove are reflected in the energy positions, line splitting, and
is also the first study to employ synchrotron radiation forintensity ratios of the individual lines comprising the spectra.
photoexciting HS spectra in mediufhatoms. However, the To properly address the relevant issues it is therefore impera-
coincidence method employed and the low resolution of thdive to have fully resolved HS spectra of good statistical
HS detection did not allow resolution of individual lines. accuracy. For Cu only one such highly resolved HS spec-
Only the ratio of HS to diagram line intensity was deter-trum, that of Salenet al.[21], is available in the literature to
mined in that experiment for a single energy of the photoexour knowledge, albeit with relatively low statistics. Those
citing radiation. measurements were carried out with electron excitation at

An extremely important feature of the photoexcitation one energy in the isothermal regime. However, thek#,
method is the ability to tune the energy of the exciting pho-diagram line strongly overlaps the Cu HS spectrum in that
tons. This allows one in principle to study the evolution of measurement so that the extraction of several spectral char-
the excited emission spectrum from the energy threshold foacteristics either was not possible or resulted in an increased
creating the initial state, called the “adiabatic” regime, to uncertainty.
the high-excitation-energy limit, called the “isothermal” re-  In view of the scarcity of high-resolution HS spectra for
gime, where the intensity and shape of the emission sped¢he 3 transition elements, and, in particular, the absence of
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such measurements in the adiabatic regime for HS’s of angion of the threshold energy and the evolution of the peak
element, we have undertaken to measure the HS spectra aimdensity with Eq,citaiion. The second, denoted “outscan,”
their evolution from threshold up for a number af &ansi-  scanned the analyzer's ener@,mission KEEPING Eeycitation

tion elements. We aim to determine the characteristics of th@xed and produced a HS spectrum for a fixed excitation en-
HS spectra of these elements with high accuracy, and exangrgy. Several additional measurements were also done, such
ine the variation of these properties witacross this critical 55 inscans off the HS peaks and outscans below the thresh-

transition region in the coupling. We present here the resultg|q These were employed to determine the backgrounds for
obtained for the CuKhal,Z hypersatellites, and their evolu- he inscans and outscans respectively.

tion from threshold up. A few of these results were outlined Finally
in a previous short publicatiof29] and will be discussed ’
here only briefly.

we also looked for the correlated hypersatellites
(CHS's, see beloy These lines should appear at roughly
twice the energy of the HS's, i.ex;16.2 keV, and are pre-
dicted to be 1000-fold weaker than the HS lines. Here we
II. EXPERIMENT employed the %888 reflection of the analyzer at Bragg
angles of~77.5°. To obtain the highest possible intensity
we moved the two-bounce monochromator out of the beam
The low intensity of the HS spectrs; 10~ of that of the  path and allowed the “white” radiation from the mirror to
diagram lines even at saturation, mandates the use of an iimpinge directly on the sample. The heat load of the nonat-
tense, energy-tunable x-ray source for exciting the atoms. Tgenuated “white” beam is sufficient to burn through the un-
record pure, well resolved spectra a spectrometer havingooled Cu foil sample in less than 1 sec. Thus, a water-
high resolution, high throughput, and high signal-to-cooled copper block was used as sample in the CHS
background ratio is required. A wiggler beamline at a syn-neasurements. Also, since only radiation Wiciaion
chrotron source was used to meet the requirements of tunz 1g 5 keV can create the twé-hole initial state common

ability gnd high intensity. A. Johann-typ_g Spectrometer,, poih Hs's and CHS's, the useless low-energy radiation
employing a large-area, spherically bent silicon crystal, op-

erating near back reflection, provided the high resolution anévas eliminated by a 30-mm-thick graphite absorber. Even

. . . . 0, the graphite block had to be shifted from time to time
the high throughput. We now briefly describe the eXpe”men_;g_roughout the measurements to avoid drilling a hole through

A. Introduction

tal setup and procedures, concentrating on the features pec block by the b | d
liar to the present measurements. Further details, especial € block by the beam upon prolonged exposure.

about the beamline and spectrometer, have been published

elsewherd 34,28|. C. Data treatment
The signal-to-background ratio of the raw data varied, of
B. Experimental setup and measurement procedures course, WithEgycitations dUe to the rapid HS cross-section

The setup is the same employed in our Gur; 4 satellite  Variation above threshold(see below. At Eegitation
study [28], with differences dictated by the different ener- =20 keV it was~1 . The raw data were normalized to the
gies. The wiggler beamline X25 at NSLS, Brookhaven Na-incident beam monitor reading, corrected for its approxi-
tional Laboratory34] was used. The radiation from the wig- mately E_2.i0n €fficiency dependence. All outscari@-
gler is focused by a toroidal mirror, followed by a two- scan$ for the sameEq,gitation (Eemission Were then summed
bounce Si111) monochromator. This provides an incident to a single spectrum, and the intensities corrected for the
energy resolution of-6 eV, and a flux of~10' photons/  energy variation of the absorption in the sample of both the
sec in a spot size oE1 mn? at the sample. The incident emitted and incident photoi86]. For the outscans the back-
intensity is monitored by an ionization chamber. The samplegground was determined by mMoVing eygitaiion PElOW the
is a polycrystalline high-purity Cu foil 0.5 mm thick. The threshold and measuring the safg,sionfange. This data
Johann-type analyzing spectrometer has a Rowland circle afet, which of course did not show any HS line, was corrected
1 m diameter on a horizontal plane, and a spherically bends above, and could be fitted very well by a straight line.
3-in.-diameter Sil11) crystal, used in the fourth order. The This line was then used to represent the background. In all
high, ~72°, Bragg angle at the HS energy provides a resoeases a slight upshift of a few percent was sufficient to bring
lution of 2.8 eV for the detected radiatid85]. Incidence it into perfect overlap with the low-intensity ends of the mea-
and detection angles are each fixed at 45° relative to theured(and correctedHS spectra. It was then subtracted from
sample’s surface. The consequent 90° between incident artle corrected spectrum. The data sets obtained after this sub-
detected radiation effectively eliminates scattered backtraction were considered to be the background-free, pure HS
ground, because of the high degree of the horizontal lineaspectra and were used for the further analysis and the fits
polarization of the synchrotron radiation. The background isdescribed below.
further reduced by using a solid-state Ge detector and a For the inscans, the background was determined by scan-
helium-filled beam path from the sample to the detector. ning Egygitaiions With the spectrometer positioned at an

Two types of scans were done. The first, denoted “in-Eg¢missionvValue far away from the HS line peaks, i.e., at the
scan” in the following, scanned the incident ene&y,.iion ~ OW-energy end of the outscan range. This corrected back-
keeping the analyzer energy fixed at a specific energy, e.gground scan was slightly shifted up to fit the below-threshold
the peak of th&k"a, line. This allowed a convenient detec- intensity in the outscan taken at tkéa, peak. It was then
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subtracted off, leaving the background-free outscans dis: 5 ' ' ' ' ' '
cussed and fitted below. =
w 4
=
D. Energy and intensity calibration § 3
Since the HS threshold energy i1s18.5 keV, the inci- & =2
dent energy was calibrated using the absorption edge of nio &
bium [37], E(Nb K)=18.9869 keV. The CuK"a, HS = !
line at~8330 eV is very close to the W.«a, diagram line. 0
Thus, the spectrometer’'s energy scale was set by using = 0.6
tungsten sample to measure the Mk, , emission spectrum ,§
and assigning the know[B87] E(W La,)=8335.2 eV to g
-0.6

the W La, peak.

The spectrometer does not allow one to measure directly__6000
both the diagram and HS spectra under comparable condi=5000
tions. Thus, the WL a4 , spectrum, whictis measurable di- E 4000
rectly with exactly the same setup as the HS spectrum, wa@,3

The measure®; =1(Cu K"a;)/I(W Lay) intensity ratio 2
is put on a diagram-relative intensity scale by usingfge g 1000
=1(W Lay)/I(Cu Kay) intensity ratio calculated from 0

published cross sectiori88]. The diagram-relative ratio is = 80
then obtained aR;,,=1(Cu K"a;)/I(Cu Ka;)=R;R,. E
To determineR; the two spectra, measured by outscans g
under identical conditions except for the different samples, = -80 . ! ! ! 2 !
were first corrected for sample absorption of both incident 8300 8320 8340 8360 8380 8400 8420 8440
and emitted x rays and their respective linear backgrounds E pnission (V)

subtracted. The W spectra, where the count rate was high, FIG. 1. Th ints Cu Ko - h el q
were also corrected for the dead time of the counting elec- L : d remt(ea;sure@icr)m '?h ul'n alf ]}_/{)etrsa € 'Ine(;? azd
tronics, including the multichannel analyzer used for energ)yv 1,2 diagram(c) spectra. The lines are fits to a sing# a

N e . . several(c) Voigt functions per spectral line. The corresponding fit
discrimination. The individual lines in each spectra, Shownresiduals(b) and(d) (point$ are within= 2 (lines), wherea is the

in Figs. 1a),(c), were then each fitted by a singl€u) or A L -
several(W) Voigt functions, keeping the Gaussian widths of standard deviation in the measured point, indicating a good fit.
the Voigt function, representing the experimental resolutionfo be taken into account to obtain a good fit to the spectrum
fixed at 2.8 eV for all lines and varying each Lorentzian[39]. In addition, the WL« satellite is also found to con-
width, height, and position independently. As can be ob4ribute to the WL« line. This satellite has been attributed
served from the residuals in Figs(bl,(d), the fits are very to the M, spectator transition [2,33ps3— 3P333053 .
good, with almost all residuals enclosed within the?2o  However, our measurements, the first high-resolution ones
lines, whereo denotes the standard deviation of the mea-for this line to our knowledge, indicate that the data better
sured points. We note in passing that the W lines each resupport an assignment to th#®s spectator transition
quire more than a single Voigt function for a good fit. This 2p13d3— 3d;/3 [40]. The W spectrum is discussed in de-
may indicate contributions from transitions other than thetail elsewherd39,40.

simple two-line diagram transitionpg,21—>3d§,§’5,2 assigned R, is determined from the areas under the Voigt functions
to this spectrum. Relativistic multiconfigurational Dirac- representing the relevant lines. Since the 20 keV excitation
Fock calculations indicate that the full splitting of the  energy is far below the WK edge (70 keV) the WL
2p3‘,%a3d§,§’5,2 transitions, comprising many thousands of spectrum is the lowest order one that can be excited. Under
individual lines(though most of them are very smalheed these condition®, is given by[41]

Ro=[o o faat o (fiatfiofag)]og Fra, /(okokFka,), (1)

whereo; denotes the photoionization cross section of shell Ka; (Lea,) intensity from the sum of alK(L) x-ray line
[38], f;; are the probabilities of a Coster-Kronig transition intensities[44]. Using o;, fj;, o;, andF values from the
from shelli to shellj [42,43, w; is the fluorescence yield of indicated references foEqygitaior=20 keV we obtainR,
shell i [42,43, and FKal(FLal) is the fraction of the =1.88. This value was used to calculate the
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I(Cu Khal)/l (Cu Ka;) intensity scale of the outscans in created at a given excitation energy, can be derived from the

the discussion below. measuredR,;,=1(Cu K"a;)/I(Cu Ka,) discussed above.
An identical method was used for obtaining the relativeThis is done using

intensity scale of the inscans. Here the inscans measured

with the spectrometer positioned at the emission energies of Pk (E)=(wk/wkk)[I(Cu Ka)/I(Cu K'ay) Rn;

the Cu K"a, and W La, peaks were corrected for back- (2

ground, self-absorption, and monitor yield, as above. They

were then divided to yield values d®; as a function of whereJ is the fractional intensity of the indicated line com-

Eexcitationr R2 Was calculated at each excitation energy frompared to the total intensity originating in the corresponding

Eqg. (1), interpolating linearly the onl\Eg,.iaiordependent initial state. wx /wyk is the ratio of the fluorescence yields

quantities, ther; values of Scofieldi38]. The intensity scales with (wgk) and without @wg) the seconK vacancy. This

obtained in this way for the inscans and outscans closelyatio was taken as unity in almost all previous studies.

agree with each other. Chen’s [33] Dirac-Fock relativistic calculations yield for
The values oPx«(E), the cross section for shake-offlup Cu wyx=0.472, ~7% larger thar{42] wx=0.44. The ra-

of the seconK electron per single, directly ionized hole  tio Ry=J(Cu Ka;)/J3(Cu K"a,) is calculated as

Ri=[1+1(K"ap)/I(K"ay) +1(K"By /L (KPay) /[ 1+ 1 (Kap) /I (Kay) + 1 (KBy 9/l (Kay)]. ©)

Using |(K"ay)/1(K"a;)=1/0.29 (see Table | beloyy interaction calculations were carried out to obtain the various
[(Kap)/I(Ka)=0.513 [38], 1(KB12)/I(Ka;)=0.1839 transition probabilities using once the initial state orbitals
[38], and I(K"B1/1(K"a;)=1(KB12)/1(Ka;) [45], we and again those of the final state. All the significant transition
obtainR;=2.76. probabilities in the two sets agreed with each other to within
Since the theoreticdnd most experimentaPyy values  +10%. We used, therefore, the line strengths calculated
listed in the literature are isothermal regime saturation valfrom the initial state wave functions. This amounts essen-
ues, any value measured at a lower energy, like ours &fally to using the frozen-atom approximation for the line
Eexcitatior= 20 keV, will have to be scaled up to allow a strengths within each multiplet. The implications of this are

meaningful comparison. In the absence of a measuregiscyssed below. Further details of the calculations are given
Pkk(E) curve over the full energy range for any element;, Refs.[28,50.

except the lowesF ones, usually(e.g., Ahopelto[46],
Keski-Rahkonen47]) the well-measured H®«(E) curve

is used, scaled by the threshold energy of the element under
discussion. We also employ this method, using the recent A. The emission spectrum
accurate HePyx(E) measurements of Samseau al. [48].
The details are discussed below.

Ill. RESULTS AND DISCUSSION

The Cu Khalqz spectrum, measured atEq,citation
=20 keV, corrected for sample absorption and background
subtracted as discussed above, is shown in Ka&). The fit
residuals in Fig. (b) are within =20 for almost all points,

The calculations were done using the relativistic multi-demonstrating a very good fit. Thus, within the measure-
configurational Dirac-FocKkRMCDF) packageGRASP[49],  ment’s statistics, the intrinsic line shape is well described by
with supplementary code written in house. Previous studiethe single Lorentzian component of the Voigt function, indi-
[26,50 indicate that allowing for rearrangement and full re- cating no contamination by higher-order multivacancy tran-
laxation of the excited atom prior to the emission process isitions, which invariably plague heavy-ion-excited HS spec-
important in the isothermal regime. This is done by generattra[8,18]. We conclude therefore that photoexcitation yields
ing in all cases the initial and final state wave functions ina pure, intrinsic HS spectrum. The good fit indicates also that
separate, independent runs. The energies of the individusihe intrinsic HS spectrum does not include contributions
transitions are then obtain by subtracting the appropriatérom spectator-hole transitions. To merge with the main HS
level energies, as calculated in the initial and in the final statdéine such transitions must be within less than the half width
runs. This procedure was found to yield accurate energies fat half maximum of the HS line’s peak energy. This, in turn,
the Cu Koy 4 satellites even foE ycitationWithin 50 eV of the  requires the spectator hole to be in an outer shell with low
threshold[28]. binding energy. In a previous experimental styéQ], the

The calculation of relative transition probabilities within Cu Ka; , spectrum was shown to include, in addition to the
each multiplet requires the wave functions of the initial andls 1—2p~! diagram transitions, a~30% contribution
final states to be orthogonal. Since the initial and final statefom the 3d—spectator-hole transitions  $3d) !
are generated here in separate runs, this condition is not ful-(2p3d) ~* and perhaps even a small contribution from the
filled. Thus, as in previous studi¢28,50,5], configuration ~3p—spectator-hole  transitions  $3p) '—(2p3p) L.

E. Ab initio transition calculations
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TABLE I. Comparison of the values obtained from the fit in Fig. 1 with previous theoretical and experi-
mental valuesA=E(K"a,) —E(Ka;), d=E(K"a;)—E(K"a,), andR=1(K"a;)/I(K"a,). I';, are the
full widths of the two lines at half maximunPy is the probability of creating a secomdhole per direct
ionization of a firstK electron. The numbers in parentheses are the uncertainties in the last digit of the

respective values.

Source A ) r, r, R 10'Py«
(ev) (eV) (eV) (eV)
Experiment
Present 281(8) 23.64) 6.98) 5.5(8) 0.292) 1.3(3)2
3.4
SKE 283.430) 21.040) 0.277)
BY 283.0330) 23.0
MCB® 5.3(5)
Theory
Present with QED 281.6 23.7 0.32
Present without QED 288.1 25.4
ccM 282.2 23.8 0.32
Al 0.26
Ash 280.0 25.6
MCB' 5.7
Z+1 275.8 23.1
NK 288.0 23.0
KDKS' 5.0
KM™ 0.88
FSBDD' 1.0
MT® 0.3

3Measured aE qygjraior=20 keV.

bScaled to the saturation limit. See text.
¢Salem, Kumar, and Scott, R¢R1].

9Briand et al,, Ref.[1].

®Mosse Chevallier, and Briand, Ref20].
fChen, Crasemann, and Mark, RE33].
Y9Aberg et al, Ref.[54].

PAberg and Suvanen, Ref74].

IMCB’s [20] semiempirical formula. See text.
ICalculated as discussed in the text.
KNestor. Cited as “private communication” by Briared al. [1].
'Kanteret al, Ref.[9].

MKornberg and Miraglia, Ref.58].

"Forreyet al., Ref.[59].

°Mukoyama and Taniguchi, Ref56].

These large spectator-hole contributions account for thérum without resorting to a specific model for the transition,
skewed line shapes observed for the €u; , diagram lines like the Dirac-Fock calculations discussed below. At the
[50], and, most probably, also for those of the diagram linesame time the use of Voigt functions allows us to remove the
of the other @ transition element$52]. The ability to fit  effect of the finite, though small, instrumental resolution.
each of the HS lines measured here by a single Lorentziamhe various quantities obtained from the fit are summarized
component indicates a total absence of such spectator tranén Table I, along with values obtained in several previous
tions, e.g., $23d 1 —1s712p~13d%, in the HS spectra. experimental and theoretical studies. Note that our experi-
This is not surprising in view of the very low probability for mental values in this table, derived using the correct 2.8 eV
creating the twd<-hole initial state of the HS transition, and resolution, differ slightly from those published previously
the fact that the spectator states require one additional holE29], which were calculated using an underestimated 1 eV
i.e., a three-vacancy initial state. The vanishingly low prob-resolution. The small resultant differences have no signifi-
ability of exciting such states is responsible, then, for thecant import on the conclusions of that paper.
high purity of photoexcited HS spectra. Our measured shifA =E(K"a,)—E(Ka;) is within
The fit in Fig. Xa) allows us to determine phenomeno- ~5 eV only of the simpleZz+1 calculation, using binding
logically the various characteristics of the measured specenergies from Beardef37] and AZ~0.57 and 1 for the
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initial KK and the finaKL hole states, respectively, as dis- The two relativistic MCDF calculations, ours and Chen
cussed by Briancet al. [1]. Early nonrelativistic Hartree- et al’s [53], both overestimate our measuréll slightly
Fock and Hartree-Fock-Slater calculatidri§ overestimate (~10%), albeit by only~2c. The simple Hartree-Fock cal-
A by ~30 eV, indicating the importance of relativity here. culation of Aberget al. [54] is surprisingly good, consider-
Nestor’s early relativistic Dirac-Fock calculations quoted ining that it takes into consideration only the intermediate cou-
[1] are within <10 eV of the measured values, with the pling but no correlations or, of course, QED effects. The
discrepancy assigned to the neglect of correlatjahsOf the  good agreement is due, in part, to the use of the measured,
three other relativistic calculations, Cheal's [53] and rather than the calculated, spin-orbit splitting paraméter
our multiconfigurational relativistic Dirac-Fock ones, which The only other extent measurementRfthat of Salenet al.
include quantum electrodynami©@ED) corrections, agree [21], agrees to within & of their threefold larger error bar
better withA than does Aberg and Suvaneri’&4], which  with the calculated values. Other nonrelativistic calculations,
excludes them. The experiment-to-theory differences arer those excluding the Breit interaction, yield larg@0—
well within the errors of previous measurements, which can30 %), overestimationg53]. Thus, the intermediate cou-
not be used therefore to support one calculation over theling, which dominates this ratio, seems to be mostly ac-
other. However, when compared to our measurements theounted for correctly in the RMCDF calculations. However,
calculations deviate by & (our calculation, 36 (Chen in the case oR, the trend withZ is more important than a
et al), and 5 (Aberg and Suvanénclearly indicating that  single valueR values of higher- and lowez-elements, mea-
QED corrections are significant. A similar conclusion arisessured with an accuracy similar to or better than the present
from the splitting,6=E(K"a;) —E(K"a,), where both our measurements, will be indispensable for elucidating the de-
results and those of Chesat al. are within 1o of the mea- tails of the coupling evolution fromb. S to jj across the pe-
sured value, while those of Aberg and Suvanen are largetiodic table. Such measurements are now in progress.
than the measured value by5c. Surprisingly, theZ+1 The Pxk value derived from our HE ¢, citation= 20 keV
approximated value is also withinolof our measured value. spectrum as detailed in Eq®) and(3) above, is of the right
The importance of including QED corrections is demon-order of magnitude expected from the listed theoretical cal-
strated in the significantly largex and & calculated by us culation. Scaling this valugsee below to the isothermal,
when QED corrections are excluded. The theory deviatebigh-energy regime, where all calculations have been carried
from experiment in this case by more tharR0o for A and ~ out, yields the second value listed in Table |. This value
~5¢ for 8, similar to the results of Aberg and Suvari@d].  agrees to within~30% with the empirical prediction of
As expected, the linewidth¥ ', are about three times Kanteret al. [9], based on their HS measurements for Mo
larger than the~2.5 eV of the diagranK«; , lines [50].  and the He measurements of Samebal.[48]. Considering
The only previously reported width, tHe, of Mosseet al. the difficulties and approximations involved in deriving these
[20], is significantly lower than ours, possibly due to over-Vvalues the agreement is very satisfactory. The importance of
correction for their considerably lower resolution, or their intrashell correlations is reflected in the tenfold underestima-
ion-bombardment excitation mode. They suggest a width ofion resulting when these correlations are excluded from the
[y0= 3rK+rL23 for the hypersatellite lines. Using th¢  calculations, as dgmonstrated by th_e calculations of
and L semiempirical level widths"$%~1.5 eV andI'™ Mukoyama and Tanigucti56]. Although it has been sug-
~0.5 eV of Krause[42] yields I'; 5 eV, somewhat gested that in the isothermal regime such correlations are

smaller than but in good agreement with the measured valué:.]r;.rgapt% rtg]r:t[‘rt’psbsstz ﬁ:”t.gﬁt?nandb those ?.f Kelljr?tet ala that
Additional measurements, however, deviate significantl)} ' ! umpt dy be questionablé, and tha

from this suggestion. For example, this expression yields g(ra]rta|nlym|ln||t[|5ag]sr:ated (t:ort:el?u'(()nr? ir?tnd poss;\t;ly_r;lnal sffate
width of ~0.9 eV for the HS lines of Na, underestimating Ones as we eed 1o be fake 0 account. "he scaiing

by more than 50% the 2.2(4) eV measured by Auerhammefy'y PEIOSEF o8 EorDerd Ene HeglEell B OISy
etal. [19], using electron excitation. For Cu, we use Chencorrélations in theb initio calculations, and thus ?educes ?he
et al’s RMCDF calculated[55] T'{"=1.437 eV and[33] ’

. I disagreement with experiment by a factor of 2—3. However,
F%;:l.?? eV for the width of the initiakK vacancy state.  ,¢ nointed out by Kantest al, the available data indicate a
For the finalKL vacancy Zsr:[ate we use the saifig! and the  gjower decrease with than thezZ~2 predicted by Kornberg
Z+1 approximated55] I'l"=0.675 eV of Zn. The slightly  and Miraglia. This point is discussed further below.
modified Mosseet al. approach then yieldd"; ,=(I'g" We have carried outb initio RMCDF calculations of the
+T0) +(T"+TEN=5.3 eV, which agrees with our mea- HS spectrum, using theraspcode[49] and including QED
suredI’; but underestimatels, by ~25%. We cannot say at corrections, as detailed above. The closddsBell of Cu and
present whether the discrepancy originates in only one othe emptyK shell of the initial state result in a sparse “stick
more of the level widths, nor can a source be suggested fatiagram™ spectrum, shown in Fig.(®. Representing each
the apparent reduction in level lifetimes. High-resolutionline in this diagram by a Voigt function with a fixed Gauss-
measurements of the CKhBlvg HS spectrum, having the ian resolution width of 2.8 eV, we fitted it to the measured
same initial state as but a final state different from theHS spectrum using increasingly fewer constraints. In fit A
present CuKhal,z spectrum, may shed light on the origin of equal widths were assumed for all lines, and only this width,
the deviation from the expected lifetime width€"8, ; HS  along with an overall intensity scale factor and a small en-
measurements are currently not available for any element. ergy shift (<1 eV) of the calculated spectrum relative to
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FIG. 2. () The measuredpointy Cu Kham hypersatellite FIG. 3. Measuredpointy and theoretical hypersatellite spectra

spectrum with three progressively less constrainedlfites) to the  using Dirac-Fock calculations including QED correctiofsolid

calculated stick diagram ifc). See text for detailgb) Residuals of  line) (same as fit C in the previous figyrand without QED cor-

fit C. (c) Multiconfigurational relativistic Dirac-Fock calculated hy- rections(dashed ling The corresponding calculated stick diagrams

persatellite spectrum. for the two cases are shown(in) and(c). Note the large shift in the
non-QED calculations, and the increased splitting of the two lines,

the measured one, were allowed to vary in the fit. In particUwnhich does not allow a good fit to the measured values even when

lar, the integrated intensity ratio of the two lines was fixed atthe shift is eliminateddashed ling For discussion see text.

the calculated ratio, represented by the heights of the respec-

tive “sticks™ in the calculated spectrum. Fit B allows differ- |5 er energies by the large amount of 7 eV required. Com-
ent widths for the two line groups, while fit C allows also the paring the measured spectrum with more detailed calcula-

variation of the relative intensity from the calculated values.iions ™ which include the various components of the QED

The energy splitting of the lines is kept fixed at the calcu-¢qractions one at a time, should elucidate the relative im-
lated value in all cases. As can be observed, all three f'tBortance of each of these contributions.

agree reasonably well with the measured spectrum. The re-
siduals of fit C, the least constrained and best of the three
fits, are shown in Fig. ®), and are almost all withirt: 20 of

the measured points. Tab initio calculated intensity ratio, ~ Correlated hypersatellite lines originate in simultaneous
0.32, slightly overestimates that of fit C, 0.28. The differencetwo-electron—one-photon  transitionss —2s™12p;,3 45,

is, however, small=~15% only. Figure 3 shows what hap- denotedK"a,a5; and K", a3, respectively. Since both HS
pens when the QED correction is neglected in the RMCDFand CHS spectra originate in the same térole initial
calculations. As shown in Figs.(8,(c) a shift of 7 eV in state the branching ratiB=o(K"aa)/o(K"a) should be

the positions and an increase of 1.6 eV in the splitting of théree from effects originating in the excitation process, and
lines is obtained. In Fig. (& we plot the measured data allows one to obtain direct experimental information and test
(points, fit C (solid line), and the spectrum calculated using theories of the deexcitation process. Several calculations are
the stick diagram calculated without the QED correctionavailable for this quantity60], as well as a number of ex-
(dashed ling The last was calculated using the same Voigtperimental determinationg61,17,63. Aberg et al. [3] ob-
widths as those of fit C, fitting only the shift between thetained a simple theoretical expression for this quantity as
measured and calculated spectra so that the positions of thy=[E(K"aa)/E(K"a)]3[Do(1s2s)]2. HereE is the aver-
K"a, coincided in both. As can be seen, the incorrect split-age energy for the transitions indicated dglis the overlap

ting does not allow one to obtain a good fit of the measuredntegral, given approximately by ,~0.187Z. Measure-
spectrum even when the calculated spectrum is shifted toments for AI[61] and Fe and N{17,63, as well as more

B. The correlated hypersatellites
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sophisticated calculations, agree well with the values calcu- o — 7~ &~ 7 o 7

lated from this expression. For thel 3ransition elements the () ﬁ’, Cu Kh"‘l,z
expression above yields values of order 10Salemet al. Q | g °
[22,21, however, measured for this branching ratio values of 3 600 | S % A
order unity for several 8 transition metals. Their study, £ - § °
O o} .
[e]

excited high-resolution measurement of the CHS and HS §
spectra of the 8 transition elements to date. Specifically, for = 400
copper, Salem etal. measured branching ratios of

which employed high-energy electron excitation and a high-= g0 L .
. . . B &
resolution, flat crystal spectrometer, is the only non-ion- W

o(KNayag)o(K"ay)=1.6(3) and o(K"a,as)/o(KMay) sl e T
=0.60(25). By contrast, the expression above vyields 8300 8325 8350 8375
B1(Cu)~3x10"4, using [21] E(K"aa)~16220 eV and . .
[29] E(KMa)~8330 eV, obtained from th&+ 1 approxi- 60 (b) |
mation. Ko a Ka a

To resolve this discrepancy of four orders of magnitude, — 2’3 13
we have measured the CHS and HS emission spectra und¢s %1 l/ \L 1

closely matching conditions. To achieve the highest count § §
rates and best statistics, we removed the incident beang 50 § §@% %%
monochromator from the beam path, allowing the mirror- 2 % % g%%% % %%&
focused beam to impinge directly on the sample. This in- & 45| § 0 § 1
creased the incident beam intensity by almost two orders of
magnitude as compared to the monochromatic intensity ob- 49 | 4
tained atEq,gitaiior= 20 keV. The configuration of the spec- T S
trometer recording the emission spectrum was kept the sam 16170 16200 16230 16260
except that the analyzer, which was used in the fourth ordel (eV)

[i.e., S(444) reflection] at a Bragg angle-72° for the HS

range, was used in the eighth ordee., Si889 reflection FIG. 4. () The “white”-beam-excited raw CuK"a; , hyper-

at ~77° for scanning the CHS range. The measuredatellite spectrum(b) The Cu Kaa correlated hypersatellite en-
CHS range intensity was corrected for the resultant eightergy range, measured under identical conditions. No correlated hy-
fold lower analyzer reflectivityf64] but otherwise no addi- persatellite lines are observed at the expected positions marked.
tional corrections were applied to the two spectra.

The measured spectra are plotted in Fig. 4. The position
obtained for the CHS lines by Salesmhal. at 16193~ 10 and
16236+ 10 eV are marked by arrows on the figure. As can
be seen, even though the CHS intensity scale of Rig). i4
enlarged~ 20-fold relative to that of the HS scale in Fig.
4(a), no sign of the CHS lines can be found in our measure

€NS1

Int

emission

are, in fact, 51 spectator transitions, we measured the
spectrum atEqygitatior= 18.7, 20, and 23 keV. The first of
these,~350 eV above threshold, is the closest measurement
to the threshold allowed by the available incident intensity.
Measurements & q,.itation> 23 keV were out of reach due

to the strong decrease in the source’s intensity. The measured

ments. As discussed above, the branching ratio should ectra are shown _in Fig. 5,_a|0ng with fits to a single Voigt
independent of the excitation mode of the initial state. Thus,unCtIon for each line, as d|scu_ss_ed above. As can _be_ob-
the discrepancy between the present and Saleri’s re- serveq the spectra Iook very similar at all threg excitation
sults cannot be ascribed to the different excitation mode. WE&MNE9IES gnd the flt_—denved parameters agree with each other
note. however. that the statistics of our measurements irﬁ/_\llthln their respective errors. We conclude therefore that the
pose a limit ofo(K"aa)/o(K"a)<10~2 on the branching shape of_the spectrum does not vary S|gn|f|_cantly for
ratio, in good agreement with the value obtained from Aberi}exci‘aﬁon higher than~350 eV above threshold, in agree-

et al’s [3] expression above. This limit also agrees well with ent with conplusion§ of the ClKas, satellitg study 28]. .
the theoretical values of Gavrila and Hans@®] of 3.6 However, the intensities of the spectra relative to the high-

x10"* and 3. 10 * for Fe and Ni and the heavy-ion- energy, isothermal limit vary considerably in this range. This
excited meas'ured values of Stollet al. [62] of (2.44 is shown by the multiplicative scale factors, shown on the

+0.24)x10* and (2.08:0.24)x 10~ for the same ele- flgU(e, that were r.eqwred to bring the relative intensities to
ments. the isothermal limit of 1.

To explore the intensity variation witBg,gtaion, We have
positioned the spectrometer at tK8«, peak, and scanned
the incident beam energy from 17.5 keV up. The resultant

Previous measurement{®8] of the evolution of the 1(K"a,) Vs Eqitation CUrVe, background subtracted and cor-
Cu Kag, satellite complex, originating in @ ! spectator rected for sample absorption as discussed above, is shown in
transitions, indicated that thehapeof the spectrum is evolv-  Fig. 6(a). It seems to saturate at23 keV. Note, however,
ing only within the first~50 eV of the threshold, and is that this curve is proportional to thetal probability of ob-
unchanged above that. For the present hypersatellites, whighining the initial twoK-hole state in a neutral atom, not to

C. The intensity evolution
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FIG. 5. Measuredpoints Cu Khalvz hypersatellite spectra ex- excitation

cited with monochromatic radiation of the indicated energies, along g, 6. (@) The intensity variation of the cu<a'; line with
with a fit, where each line is represented by a single Voigt function,cigent energy(b) A finer measurement of the threshold region,

(solid Iine)..The indiv.idual Lorentzians representing eaf:h line with yielding the indicated threshold enerdy) The measuredelative
the resolutl_on_ smearing remov_ed are also s_h(ndm;hed lines No intensity variation of the hypersatellite spectrujpoints, along
shape variation with excitation energy is observed frée) it the fits to the Thomas model discussed in the téres). A
~350 eV above threshold t@) ~4700 eV above threshold. The fo,r-point “moving window” smoothing is used for the data in

multiplicative scale factor required for bringing the relative inten- pih (a) and(c) and the fitted models ifc). Note that saturation is
sity to the high-energy isothermal limit is also given for each en-pqt reached even at 25 keV, i.e-6.7 keV above threshold.
ergy. The dip at 8340 eV ifg) is an experimental artifact.

the probability of obtaining the secoril hole per directly n of the shaken electron’s sh¢86,68. Trends in recent DF
ionized firstK hole created. To obtain from this curve the calculations for noble gase68—7(Q interpolated to the

[ (HS)/I (diagram) ratio, quoted in all other studies, we em-present case &= 29 andn=1 predict a contribution of less
ployed the W L ay VS Eqycitation CUrVEe measured under iden- than 1% from shake-up to the total shake probability. A simi-
tical conditions, as detailed above for inscans. Figu® 6 larly unobservably low shake-up contribution was also found
shows the resultan(K“alyz)/l(Kalyz) (points. A finer scan  recently [28] for the Cu Kaj 4 satellites even though the
with better statistics near the threshold, shown in Fig),6 shake electron originates there in the higher2 shell. The
yields Eiresnoi 18-35220.015 keV, in excellent agreement smooth increase from threshold found for the &g satel-
with our Z+1 approximated1] Ef, -, 18.345 keV and, lites in the very recent study of Sternemaetral.[30] seems

to a lesser extent, with our RMCDF calculatd@5] to indicate a pronouncedly shake-off type of behavior even
EDF o 18.378 keV. As can be observed, even on thisfor the n=3 shell in that case, although the limits on the
magnified scale the intensity rises from threshold smoothlyshake-up contribution to the measured data are not given
and no jumps are discernible. According to thefg], and there. The error bars of the data in Fig. 6 impose an experi-
as demonstrated by the argon Auger satellite measuremer@ental upper limit of<<3% on shake-up contributions to the
of Armen et al. [67], the cross section for electron shake- HS spectrum at threshold in our case.

jumps discontinuously at threshold to a significant fraction of ~ The intensity of the CuK a3 , satellites[28], originating

its high-energy value. In contrast, the cross section of thé ann=2 spectator-hole transition, was found to saturate at
shakeeff process rises smoothly from threshold. The smooth~1 keV above threshold, which is 10% of the threshold
increase shown in Fig.(B) implies, therefore, a pure shake- energy. Here, where the spectrum originates innanl

off behavior for the seconi hole. This is in line with shake spectator-hole transition, saturation is not reached even at the
theory’s prediction of an increasing shake-off/shake-up ratidiighest energy measured, 25 keV. The discussion in the next
with increasingZ and decreasing principal quantum numbersection(see Fig. 8 belowindicates that saturation is reached
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only around~30 keV, making the saturation range here a 329 | (a) -
surprisingly large~11 keV or almost 60% of the threshold | e Present - ]

energy. These percentage values, when considered witi~ S shopelto
those of then=3 spectator transitions in G&0], where the = L Salem i
saturation ranges are 3% of the threshold energy, indicate  — Chen

. . . . . —-——Aberg
a very fast increase in the saturation range with decreasing 220 : . o

of the spectator hole. The Ge measurements, done fo 25_({,) o ]

lowing a direct photoionization of a singkeelectron and the 12F =
shake-off of an additional single electron. The different satu- g 45 _(L) L
ration ranges must, therefore, originate in the different shells " e Present
of the additional vacancy and the different correlations in- 0.30 - o Ahopelto

3s7!, 3p~%, and 3! spectator holes, indicate that this | e Present g
range is independent of the orbital quantum nunibedre- = ° éhfpelto )
turning now to the satellite and hypersatellite spectra of Cu,& 20 = o™ T 7
we note that both originate in as1'—2p~? transition, fol- - ———Aberg %

volved: KK intrashell correlations for the hypersatellites and = [0 Salem
KL intershell correlations for the satellites. A better under- ~ 0-15T )
standing of these trends in the saturation range dependenc | )
onn andl of the spectator hole must await detailed adiabatic- -3F ———
regime theoretical calculations, currently not available in the [ (f) Present
literature. [ o Ahopelto

The measured intensity evolution was fitted to the Tho- =4 :%ﬁf}:r {
mas mode[31,32,7] [Fig. 6(c), lines|, which employs time- = i ~\\\y\
dependent perturbation theory to describe the shake pro S T
cesses near threshold. This theory accounted well for the 10 ! : T— ! : TR !
measured photoelectron spectra of Ne and 7, although 20 2R 4 26 28 30
it was found to disagree with the CK a3 4 satellites[28]. Z

For the GeKp satellites, originating iV shell spectator FIG. 7. The variation of the various characteristics of the hyper-
vacancy transitions, a mixed behavior was found: a reasonge|iites across thed3transition element rangda) The shift A

able agreement for 8! spectator satellites, but a poor —E(K"a,)—E(Kay), (b) the spliting 6=E(KNay,)—E(K"a,),
agreement for B~ and 3! spectator satelliteE30]. For  (c) the intensity raticR=1(K"a;)/I (K"a), and(d) the probability

an error function time dependence of the Hamiltonfas-  for creating an additionak hole per directly ionized singl&-hole
sumed for calculational easand a constant velocity of the creation. Points are measured values and lines theoretical and semi-
ejected electron while it is still within the bounds of the empirical calculations. Where error bars are not seen, they are
atom, the Thomas model yields a closed form expression fosmaller than the symbol size.

the relative intensity: D. Z-dependent trends

I(K"a)/l(Ka) =1.exd — (r?AE?)/(15.3%)].  (4) We now compare the values derived above to previous
measurements on thed3ransition elements. As the various
quantities may depend on the excitation mode, as discussed

Herer is the radius, in A, of the shake-off shellsIn our  in the Introduction above, we restrict our attention here to
case.e = Eqycitation EthresholdiS the excess excitation energy. experimental studies employing photo- or electron excitation
The binding energy of the shake-up electrodE only. Such studies are very few: the pioneering electron ex-
=9366.3 eV, is calculated using thé+1 approximation citation study of Briancet al. [1] limited to theKa!) ener-

[1] from the ZnK binding energy[37] 9658.6 eV, reduced gies, the low-resolution but relatively comprehensive study
by 2% as recommended by Parrgt8]. The best fit in Fig.  of Ahopeltoet al.[46], measured with MoK a photoexcita-
6(c) (solid ling, yields r=0.024 A and EJ"02%,  tion at a SiNgIEE o imior=17-5 keV, and the electron-excited
=17.372 keV. While thisr is close to our DF calculated high-resolution study of Salemt al.[22,21].

[49] 0.028 A, the calculated curve deviates significantly from  The previous and present studies are summarized in Fig.
the measured values near threshold. Also, the flEgdsnoq 7, along with several theoretical and semiempirical predic-
underestimates the measured one byl keV. Fixing tions. As can be observed in Figay, within the errors cited,
Einreshoig@t the measured 18.352 kéWlot-dashed lingyields  all measured\ agree well with both theories, since both take
even larger deviations from the measured values near thresimto account the relativity, which has a major effect &n

old, and a significantly lower=0.016 A. Similar discrep- Neglecting QED corrections and the Breit interaction in the
ancies were found for CiK a3 4 satellites 28]. It is possible  mixing calculation by Aberg and Suvanéf4] has only a
that a different functional form for the time dependence ofsmall influence o in this Z range, as discussed above. A
the Hamiltonian may yield a better agreement at the cost ofuch more prominent effect due to this neglect is observed
having to solve the relevant equation numericé8y,32. on the splittingd, shown in Fig. Tb). Ahopeltoet al’s val-
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Pxk~ 1/21%1 dependence o (solid line), derived from
their photoexcited Mo measurements, which employ coinci-
dence techniques to measwgy directly. The Py~ 1/Z?
(dashed ling predicted by shake theof®] as well as the
scaling approach58,59 for double photoionization of He-
like ions underestimate the measured values by almost one
order of magnitude. One should, however, bear in mind that
with the ~10% reduction in our values and those of
Ahopelto et al. due to approximatingwy /wxx=1, and the
uncertainties involved in the scaling of the measured values
to the saturation limit, the theory-experiment agreement, or
o Present (Cu) lack thereof, should not be taken too strictly.

——Samson (He, scaled)

0 ;e“”'.': | | 1 1 | | | | | | 1 1 1 1 | | | ] lV. CONCLUS'ON

1.0 -

0.8 |

0.6 -

0.4

I(Khle)/I(Kal) (arbitrary units)

B (keV) We have shown here how the well-resolved, clean
exeltation Cu K"a, , hypersatellite spectrum measured by photoexci-
FIG. 8. The high-energy limit scaling of the measufedintg  tation allows us to address fundamental questions related to
relative hypersatellite intensity, using the He measurements of Sambdtrashell electronic correlations, the transition fra/@ to jj
sonet al.[48] (line). For details see text. coupling, the Breit interaction, etc. A comparison of the the-
oretical and experimenta¥, I', A, R, and Pk indicates
ues cannot distinguish between the two theoretical calculathe importance of relativity, QED, and the Breit interaction.
tions. Salemet al's three values either agre@e) or are  The measured values obtained Rrand thePyy value de-
within 2o of both theoretical values. Our value for Cu agreesrived therefrom, indicate that some discrepancy may still re-
very well, within 1o, with Chenet al’s, while Aberg and main between theory and experiment. The evolution of the
Suvanen’s overestimates ours by,5s shown also in Table spectrum’s intensity from threshold shows an unexpectedly
I large saturation range, and distinct trends are identified in its
Chenet al.'s calculated intensity ratio of the two HS lines dependence on the primary and orbital quantum numbers. To
is in good agreement with both Ahopekn al.s and Salem the best of our knowledge, these trends have not been ad-
et al’s measured values, as can be observed in Fig, 7 dressed hitherto by theory. A typical shake-off behavior with
indicating that the intermediate coupling is mostly accountedsmoothly increasing intensity from threshold is found, in
for properly in the calculations. Our measured value seemagreement with shake theory predictions and previous satel-
to yield a somewhat lower value, although the difference idite measurements. The Thomas model does not agree well
still within 2¢. Finding out whether or not this indicates a with the measured intensity evolution, as also found for sat-
real deviation between theory and experiment due to somellites. A more sophisticated theoretical treatment is clearly
hitherto unaccounted for effect will have to await measure<alled for. HS measurements for neighboring Bansition
ments with accuracy comparable to ours for both lower- aneglements, now in progress, will hopefully shed more light on
higherZ elements. the remaining discrepancies and, in particular, on the cou-
The values ofP , the cross section for creating an ad- pling variation withZ. We also hope that the measurements
ditional K hole per directly ionized singl& hole, is shown in  presented here, and the ones now in progress, will stimulate
Fig. 7(d). Ahopelto et al. scaled their values, measured attheoretical studies of the various effects and subjects dis-
Eexcitaior=17-5 keV, to the sudden, high-energy limit using cussed in the present paper, and, in particular, the x-ray
the theoreticaP«(E) curve of Brown[75]. Our Py value  emission process in hollow atoms, the adiabatic-regime be-
was obtained by a somewhat different method. We used theavior, and the intrashell correlations in relativistic shells.
high-accuracyP«(E) curve measured by Samsat al.
[48] for He, and scaled linearly both the energy aPgk
axes to fit best our measurétK"a)/I(Ka) curve over the
energy range measured by us, as shown in Fig. 8. We then This work was supported in part by The Israel Science
used this curve to scale 0By (Eeycitaion= 20 keV) value, Foundation, JerusaleiM.D.) and the Academy of Finland
obtained from our measurements through E8sand(3),to  under Grant Nos. 7379/4073K.H. and S.H). Beam time at
the saturation limit. To comply with the practice of Ahopelto X25, NSLS, and the assistance of O. Gang in the measure-
et al. and other authors we assumeg = wgk for our data ments and of R. Sharon in the data analysis are gratefully
shown in Fig. Td). acknowledged. Brookhaven National Laboratory is sup-
Both the values of Ahopeltet al. and ours seem to be in ported by the U.S. Department of Energy under Contract No.
good agreement with Kantet al’s [9] recent semiempirical DE-AC02-76CH00016.
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