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Cu Kha1,2 hypersatellites: Suprathreshold evolution of a hollow-atom x-ray spectrum
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A high-resolution pure CuKha1,2 hypersatellite spectrum was measured by photoexcitation using synchro-
tron radiation. A shiftE(Kha2)2E(Ka1)5281.460.3 eV from the diagram lines, a splittingE(Kha1)
2E(Kha2)523.660.4 eV, and an intensity ratioR5I (Kha1)/I (Kha2)50.2960.02 are found for the two
lines of the spectrum. Full-spectrum fits based onab initio Dirac-Fock calculations agree well with the
measured spectrum, when QED corrections and Breit interaction are included. A slightly higher calculatedR
may indicate that the intermediate coupling is not fully accounted for. The intensity’s evolution from threshold
~measured to be at 18.35160.015 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 theZ variation of the coupling, correlations, and
atomic interactions across the 3d transition elements are discussed.

PACS number~s!: 32.30.Rj, 32.70.2n, 32.80.Fb
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I. INTRODUCTION

Hypersatellite~HS! spectra originate in transitions whe
the initial state has two vacancies in the same shell. Th
electronic correlations are strongly reflected in these tra
tions and the spectra should, in principle, allow their stu
HS’s involving two K shell vacancies, denotedKha1,2 and
arising from the 1s22(1S0)→1s212p21(1,3P1) transitions,
are of particular interest for a number of reasons. First, si
the initial state requires the excitation of two electrons in
same shell, the spectral characteristics should be affected
nificantly by, and hence allow studying,intrashell correla-
tions. Also, for medium-Z atoms and above theK shell is
already significantly relativistic and thus relativistic effec
on atomic correlations could be studied using the HS spec
Moreover, theKha1,2 HS spectrum consists of two line
Kha1 and Kha2, the strengths of which are determined
the coupling scheme dominating the atom. TheKha1 line
originates in the1S0→3P1 spin flip transition, which is di-
pole forbidden in the pureLS coupling scheme and allowe
only in the intermediate coupling one@1,2#. The intensity
ratio R5I (Kha1)/I (Kha2) therefore depends strongly o
the degree of intermediacy of the coupling@3#. This renders
the HS the most sensitive~and almost the only! method for
quantitatively studying the coupling variation withZ from
theLS coupling limit at lowZ to the j j coupling limit at high
Z. Kha1,2 HS spectra are also unique in allowing study
the Breit-Wigner interaction, the most elusive and least st
ied of all atomic interactions. Almost all atomic transition
are dominated by the Coulomb interaction and the contri
tion of the Breit-Wigner interaction amounts to less than 1
In contrast, for the HS transitions the contributions from t
Coulomb interaction to the shift of theKha1,2 HS lines from
theKa1,2 diagram lines mostly cancel out, and the contrib
tion of the Breit interaction can reach as high as 20% at h
Z @4,5#.

Hypersatellites are also the ‘‘diagram’’ spectra ofhollow
1050-2947/2000/62~5!/052519~14!/$15.00 62 0525
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atoms@6#. This term was coined by Briandet al. @7# to de-
scribe atoms where a whole inner shell is empty, while
outer shells are occupied. The formation mechanism
properties of such atoms are of fundamental interest to b
atomic physics@6–9#. Hollow atoms are also of great impor
tance for studies of atoms very far from equilibrium and
ultrafast dynamics in atoms, with possible wide-ranging a
plications in physics, chemistry, biology, and materials s
ence@10#. They have also been proposed as a way of ach
ing population inversion and lasing for hard x-ray lase
@10,11#. For all of these reasons hollow atoms are currentl
very active, and fast-growing, field of research@6#. To date
such atoms have been almost exclusively created by elec
pickup from metallic@7# or insulating@12# surfaces by highly
charged stripped ions traveling close to the surface. T
number of electrons picked up and their distribution amo
the various empty shells of the stripped ion are almost
controllable in such experiments. Studies of hollow ato
prepared by the much better controlled single-@9# or multi-
photon@13,10# excitation processes are very scarce. The f
that are available are either low resolution, or employ co
cidence techniques resulting in low statistics and addres
only the excitation cross section.

The reason for the scarcity of high-resolution photoe
cited HS spectra is the formidable experimental challen
posed by such measurements. These stem from the very
intrinsic probability of creating the initial two-K-hole states.
HS were first detected experimentally by Briandet al. @14#,
employing nuclearK electron capture in a radioactive atom
In the electron capture process, as well as in the inte
conversion one, only the firstK electron is directly ionized
and the second is shaken off through correlations, allow
the study of such effects. However, both processes su
from low activity of the sample. TheZ22 decrease in theK
capture probability@15# further reduces the available inten
sity as Z is increased. Moreover, although the correlatio
mediated shake-off process dominates the two-K-hole cre-
ation, several competing processes also exist: inte
©2000 The American Physical Society19-1
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conversion through the internal Compton effect and inter
bremsstrahlung, double internal conversion, etc.@16#. Thus,
studies employing nuclear decay processes were able to
vide information on the secondK electron shake probability
PKK , but lack the intensity to allow high-resolution me
surements of the HS spectrum itself.

As demonstrated first by Wo¨lfli et al. @17# double-K va-
cancies can be created in heavy-ion–atom collisions wit
probability about 100-fold higher than in nuclear decay p
cesses. Heavy-ion collisions are, however, violent eve
where vacancy creation cannot be controlled to produce o
the specific two-hole state. Rather, a range of different nu
bers of vacancies are produced, so that the resultant HS s
tra are strongly contaminated by higher-order spectra.
consequent highly overlapping structure does not al
studying the pure HS spectrum with high resolution@18#.
Moreover, it has been demonstrated that the cross sectio
creating the two-K-hole state in heavy-ion collisions in
creases in quadrature with the intensity of the impinging
beam. This indicates that the twoK vacancies are generate
in two independent, direct single-ionization events@18,19#,
rather than by a correlation-mediated shake-off following
single-ionization event. Thus, initial state correlation effe
are only marginally reflected in HS spectra generated
heavy-atom collisions. Light-ion@18,20# and electron
@19,21,22# excitations have also been employed in HS st
ies, the former suffering from low intensity and the latt
from high background due to bremsstrahlung.

For several reasons, single-photon excitation is
method of choice for creating the two-K-hole initial state of
HS transitions. As the electron-photon interaction is we
only one electron is ionized directly while the secondK hole
is created by intrashell correlations, which allows their stu
Since the probability of photoexciting more than two ele
trons is negligible, and since no bremsstrahlung is genera
pure, low-background HS spectra result. However, the p
ton energy required for two-K-hole excitation in almost al
atoms lies in the x-ray region, where high-intensity lasers
not yet available. Thus, only a handful of photoexcitati
studies have been published to date, all but a few of them
low-Z atoms like He@23# and Li @13#, and addressing only
the creation probability of the two-K-hole state by photoab
sorption. The very recent study of Kanteret al. @9#, pub-
lished while this paper was being written, is the first to me
sure a photoexcited HS emission spectrum, that of Mo. T
is also the first study to employ synchrotron radiation
photoexciting HS spectra in medium-Z atoms. However, the
coincidence method employed and the low resolution of
HS detection did not allow resolution of individual line
Only the ratio of HS to diagram line intensity was dete
mined in that experiment for a single energy of the photo
citing radiation.

An extremely important feature of the photoexcitati
method is the ability to tune the energy of the exciting ph
tons. This allows one in principle to study the evolution
the excited emission spectrum from the energy threshold
creating the initial state, called the ‘‘adiabatic’’ regime,
the high-excitation-energy limit, called the ‘‘isothermal’’ re
gime, where the intensity and shape of the emission sp
05251
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trum saturate. The electronic excitation and deexcitation p
cesses of an atom high above the excitation threshold, in
isothermal regime, are separate and consecutive. They
been successfully studied and accounted for within the s
dard independent-electron–frozen-core–sudden~IFS! ap-
proximation. Near threshold, however, the time required
the ejected electron~s! to leave the atom is comparable to th
lifetime of the excited state. Thus, the excitation and
deexcitation processes occur on comparable time sca
merging into a single complex process@24#. The slow, adia-
batic kinetics renders electronic correlations highly imp
tant in this regime@24–26#, invalidating, in principle, the IFS
approximation. Because of the highly demanding experim
tal requirements, as discussed above, no experimental stu
of the adiabatic regime were available until very recen
even for the rather intense diagram spectra of atoms.
adiabatic regime became accessible to high-accuracy spe
measurements only recently, with the advent of suitable
sertion device beamlines at synchrotron sources. These
vide intense, well focused, x-ray beams of narrow bandwi
and tunable energy for exciting the various x-ray transitio
The consequent emission radiation requires high-resolu
spectrometers for resolving the emission spectra. A few s
spectrometers have been installed worldwide, mostly
studying inelastic x-ray scattering. Measurements carried
very recently with such techniques of diagram@27#, satellite
@28#, and~the present study of! hypersatellite@29# spectra in
Cu and of satellite spectra in Ge@30# from threshold to satu-
ration indicate that theshapeof the spectrum may be alread
saturated as close to the threshold as 50 eV. Theintensity,
however, requires a much longer range to saturate, and
dependence on the excitation energy deviates consider
from the currently prevailing perturbation theoretical pred
tions @31,32#.

The 3d transition elements are of particular interest f
photoexcited HS spectra measurements. On the experim
side, their thresholds for two-K-hole excitations, up to 20
keV, are still within the energy range accessible to curren
operational inelastic-scattering-type beamlines at sev
synchrotron sources. On the scientific side, the 3d transition
metals are the region where the coupling varies rapidly w
Z from an almost pureLS coupling at the low end,Z'20, to
the clearly intermediate coupling at the high end,Z'30 @33#.
It is important to note that the various effects discuss
above are reflected in the energy positions, line splitting,
intensity ratios of the individual lines comprising the spect
To properly address the relevant issues it is therefore imp
tive to have fully resolved HS spectra of good statistic
accuracy. For Cu only one such highly resolved HS sp
trum, that of Salemet al. @21#, is available in the literature to
our knowledge, albeit with relatively low statistics. Tho
measurements were carried out with electron excitation
one energy in the isothermal regime. However, the WKa2
diagram line strongly overlaps the Cu HS spectrum in t
measurement so that the extraction of several spectral c
acteristics either was not possible or resulted in an increa
uncertainty.

In view of the scarcity of high-resolution HS spectra f
the 3d transition elements, and, in particular, the absence
9-2
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such measurements in the adiabatic regime for HS’s of
element, we have undertaken to measure the HS spectra
their evolution from threshold up for a number of 3d transi-
tion elements. We aim to determine the characteristics of
HS spectra of these elements with high accuracy, and ex
ine the variation of these properties withZ across this critical
transition region in the coupling. We present here the res
obtained for the CuKha1,2 hypersatellites, and their evolu
tion from threshold up. A few of these results were outlin
in a previous short publication@29# and will be discussed
here only briefly.

II. EXPERIMENT

A. Introduction

The low intensity of the HS spectra,&1024 of that of the
diagram lines even at saturation, mandates the use of a
tense, energy-tunable x-ray source for exciting the atoms
record pure, well resolved spectra a spectrometer ha
high resolution, high throughput, and high signal-t
background ratio is required. A wiggler beamline at a sy
chrotron source was used to meet the requirements of
ability and high intensity. A Johann-type spectromet
employing a large-area, spherically bent silicon crystal,
erating near back reflection, provided the high resolution
the high throughput. We now briefly describe the experim
tal setup and procedures, concentrating on the features p
liar to the present measurements. Further details, espec
about the beamline and spectrometer, have been publi
elsewhere@34,28#.

B. Experimental setup and measurement procedures

The setup is the same employed in our CuKa3,4 satellite
study @28#, with differences dictated by the different ene
gies. The wiggler beamline X25 at NSLS, Brookhaven N
tional Laboratory@34# was used. The radiation from the wig
gler is focused by a toroidal mirror, followed by a two
bounce Si~111! monochromator. This provides an incide
energy resolution of;6 eV, and a flux of;1012 photons/
sec in a spot size of&1 mm2 at the sample. The inciden
intensity is monitored by an ionization chamber. The sam
is a polycrystalline high-purity Cu foil 0.5 mm thick. Th
Johann-type analyzing spectrometer has a Rowland circl
1 m diameter on a horizontal plane, and a spherically b
3-in.-diameter Si~111! crystal, used in the fourth order. Th
high, ;72°, Bragg angle at the HS energy provides a re
lution of 2.8 eV for the detected radiation@35#. Incidence
and detection angles are each fixed at 45° relative to
sample’s surface. The consequent 90° between incident
detected radiation effectively eliminates scattered ba
ground, because of the high degree of the horizontal lin
polarization of the synchrotron radiation. The background
further reduced by using a solid-state Ge detector an
helium-filled beam path from the sample to the detector.

Two types of scans were done. The first, denoted ‘‘
scan’’ in the following, scanned the incident energyEexcitation
keeping the analyzer energy fixed at a specific energy,
the peak of theKha2 line. This allowed a convenient detec
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tion of the threshold energy and the evolution of the pe
intensity with Eexcitation. The second, denoted ‘‘outscan,
scanned the analyzer’s energyEemission keeping Eexcitation

fixed and produced a HS spectrum for a fixed excitation
ergy. Several additional measurements were also done,
as inscans off the HS peaks and outscans below the thr
old. These were employed to determine the backgrounds
the inscans and outscans, respectively.

Finally, we also looked for the correlated hypersatellit
~CHS’s, see below!. These lines should appear at rough
twice the energy of the HS’s, i.e.,;16.2 keV, and are pre
dicted to be 1000-fold weaker than the HS lines. Here
employed the Si~888! reflection of the analyzer at Brag
angles of;77.5°. To obtain the highest possible intens
we moved the two-bounce monochromator out of the be
path and allowed the ‘‘white’’ radiation from the mirror t
impinge directly on the sample. The heat load of the non
tenuated ‘‘white’’ beam is sufficient to burn through the u
cooled Cu foil sample in less than 1 sec. Thus, a wa
cooled copper block was used as sample in the C
measurements. Also, since only radiation withEexcitation

*18.5 keV can create the two-K-hole initial state common
to both HS’s and CHS’s, the useless low-energy radiat
was eliminated by a 30-mm-thick graphite absorber. Ev
so, the graphite block had to be shifted from time to tim
throughout the measurements to avoid drilling a hole throu
the block by the beam upon prolonged exposure.

C. Data treatment

The signal-to-background ratio of the raw data varied,
course, withEexcitation, due to the rapid HS cross-sectio
variation above threshold~see below!. At Eexcitation

520 keV it was;1 . The raw data were normalized to th
incident beam monitor reading, corrected for its appro
mately Eexcitation

22 efficiency dependence. All outscans~in-
scans! for the sameEexcitation (Eemission) were then summed
to a single spectrum, and the intensities corrected for
energy variation of the absorption in the sample of both
emitted and incident photons@36#. For the outscans the back
ground was determined by movingEexcitation below the
threshold and measuring the sameEemissionrange. This data
set, which of course did not show any HS line, was correc
as above, and could be fitted very well by a straight lin
This line was then used to represent the background. In
cases a slight upshift of a few percent was sufficient to br
it into perfect overlap with the low-intensity ends of the me
sured~and corrected! HS spectra. It was then subtracted fro
the corrected spectrum. The data sets obtained after this
traction were considered to be the background-free, pure
spectra and were used for the further analysis and the
described below.

For the inscans, the background was determined by s
ning Eexcitation, with the spectrometer positioned at a
Eemissionvalue far away from the HS line peaks, i.e., at t
low-energy end of the outscan range. This corrected ba
ground scan was slightly shifted up to fit the below-thresh
intensity in the outscan taken at theKha2 peak. It was then
9-3
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subtracted off, leaving the background-free outscans
cussed and fitted below.

D. Energy and intensity calibration

Since the HS threshold energy is;18.5 keV, the inci-
dent energy was calibrated using the absorption edge of
bium @37#, E(Nb K)518.9869 keV. The CuKha2 HS
line at;8330 eV is very close to the WLa2 diagram line.
Thus, the spectrometer’s energy scale was set by usin
tungsten sample to measure the WLa1,2 emission spectrum
and assigning the known@37# E(W La2)58335.2 eV to
the W La2 peak.

The spectrometer does not allow one to measure dire
both the diagram and HS spectra under comparable co
tions. Thus, the WLa1,2 spectrum, whichis measurable di-
rectly with exactly the same setup as the HS spectrum,
used to obtain a relative intensity scale for the HS spec
The measuredR15I (Cu Kha1)/I (W La1) intensity ratio
is put on a diagram-relative intensity scale by using theR2
5I (W La1)/I (Cu Ka1) intensity ratio calculated from
published cross sections@38#. The diagram-relative ratio is
then obtained asRInt[I (Cu Kha1)/I (Cu Ka1)5R1R2.

To determineR1 the two spectra, measured by outsca
under identical conditions except for the different sampl
were first corrected for sample absorption of both incid
and emitted x rays and their respective linear backgrou
subtracted. The W spectra, where the count rate was h
were also corrected for the dead time of the counting e
tronics, including the multichannel analyzer used for ene
discrimination. The individual lines in each spectra, sho
in Figs. 1~a!,~c!, were then each fitted by a single~Cu! or
several~W! Voigt functions, keeping the Gaussian widths
the Voigt function, representing the experimental resoluti
fixed at 2.8 eV for all lines and varying each Lorentzi
width, height, and position independently. As can be o
served from the residuals in Figs. 1~b!,~d!, the fits are very
good, with almost all residuals enclosed within the62s
lines, wheres denotes the standard deviation of the me
sured points. We note in passing that the W lines each
quire more than a single Voigt function for a good fit. Th
may indicate contributions from transitions other than
simple two-line diagram transition 2p3/2

21→3d3/2,5/2
21 assigned

to this spectrum. Relativistic multiconfigurational Dira
Fock calculations indicate that the fullj splitting of the
2p3/2

21→3d3/2,5/2
21 transitions, comprising many thousands

individual lines~though most of them are very small!, need
ll
n

f
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to be taken into account to obtain a good fit to the spectr
@39#. In addition, the WLa8 satellite is also found to con
tribute to the W La1 line. This satellite has been attribute
to the M3 spectator transition 2p3/2

213p3/2
21→3p3/2

213d5/2
21 .

However, our measurements, the first high-resolution o
for this line to our knowledge, indicate that the data bet
support an assignment to theM5 spectator transition
2p3/2

213d5/2
21→3d5/2

22 @40#. The W spectrum is discussed in d
tail elsewhere@39,40#.

R1 is determined from the areas under the Voigt functio
representing the relevant lines. Since the 20 keV excita
energy is far below the WK edge (;70 keV) the WL
spectrum is the lowest order one that can be excited. Un
these conditionsR2 is given by@41#

FIG. 1. The measured~points! Cu Kha1,2 hypersatellite~a! and
W La1,2 diagram~c! spectra. The lines are fits to a single~a! and
several~c! Voigt functions per spectral line. The corresponding
residuals~b! and~d! ~points! are within62s ~lines!, wheres is the
standard deviation in the measured point, indicating a good fit.
R25@sL3
1sL2

f 231sL1
~ f 131 f 12f 23!#vL3

FLa1
/~sKvKFKa1

!, ~1!
he
wheres i denotes the photoionization cross section of shei
@38#, f i j are the probabilities of a Coster-Kronig transitio
from shell i to shell j @42,43#, v i is the fluorescence yield o
shell i @42,43#, and FKa1

(FLa1
) is the fraction of the
Ka1 (La1) intensity from the sum of allK(L) x-ray line
intensities@44#. Using s i , f i j , v i , andF values from the
indicated references forEexcitation520 keV we obtainR2
51.88. This value was used to calculate t
9-4
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I (Cu Kha1)/I (Cu Ka1) intensity scale of the outscans
the discussion below.

An identical method was used for obtaining the relat
intensity scale of the inscans. Here the inscans meas
with the spectrometer positioned at the emission energie
the Cu Kha2 and W La2 peaks were corrected for back
ground, self-absorption, and monitor yield, as above. T
were then divided to yield values ofR1 as a function of
Eexcitation. R2 was calculated at each excitation energy fro
Eq. ~1!, interpolating linearly the onlyEexcitation-dependent
quantities, thes i values of Scofield@38#. The intensity scales
obtained in this way for the inscans and outscans clos
agree with each other.

The values ofPKK(E), the cross section for shake-off/u
of the secondK electron per single, directly ionizedK hole
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created at a given excitation energy, can be derived from
measuredRInt[I (Cu Kha1)/I (Cu Ka1) discussed above
This is done using

PKK~E!5~vK /vKK!@I~Cu Ka1!/I~Cu Kha1!#RInt ;
~2!

whereI is the fractional intensity of the indicated line com
pared to the total intensity originating in the correspond
initial state.vK /vKK is the ratio of the fluorescence yield
with (vKK) and without (vK) the secondK vacancy. This
ratio was taken as unity in almost all previous studi
Chen’s @33# Dirac-Fock relativistic calculations yield fo
Cu vKK50.472, ;7% larger than@42# vK50.44. The ra-
tio Rf[I(Cu Ka1)/I(Cu Kha1) is calculated as
Rf5@11I ~Kha2!/I ~Kha1!1I ~Khb1,3!/I ~Kha1!#/@11I ~Ka2!/I ~Ka1!1I ~Kb1,3!/I ~Ka1!#. ~3!
us
ls

ion
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en-
e
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re-
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c-

ds
hat
ns
HS
th
n,
ow

he

he
Using I (Kha2)/I (Kha1)51/0.29 ~see Table I below!,
I (Ka2)/I (Ka1)50.513 @38#, I (Kb1,3)/I (Ka1)50.1839
@38#, and I (Khb1,3)/I (K

ha1)5I (Kb1,3)/I (Ka1) @45#, we
obtainRf52.76.

Since the theoretical~and most experimental! PKK values
listed in the literature are isothermal regime saturation v
ues, any value measured at a lower energy, like ours
Eexcitation520 keV, will have to be scaled up to allow
meaningful comparison. In the absence of a measu
PKK(E) curve over the full energy range for any eleme
except the lowest-Z ones, usually~e.g., Ahopelto @46#,
Keski-Rahkonen@47#! the well-measured HePKK(E) curve
is used, scaled by the threshold energy of the element u
discussion. We also employ this method, using the rec
accurate HePKK(E) measurements of Samsonet al. @48#.
The details are discussed below.

E. Ab initio transition calculations

The calculations were done using the relativistic mu
configurational Dirac-Fock~RMCDF! packageGRASP @49#,
with supplementary code written in house. Previous stud
@26,50# indicate that allowing for rearrangement and full r
laxation of the excited atom prior to the emission proces
important in the isothermal regime. This is done by gene
ing in all cases the initial and final state wave functions
separate, independent runs. The energies of the indivi
transitions are then obtain by subtracting the appropr
level energies, as calculated in the initial and in the final s
runs. This procedure was found to yield accurate energies
the Cu Ka3,4 satellites even forEexcitationwithin 50 eV of the
threshold@28#.

The calculation of relative transition probabilities with
each multiplet requires the wave functions of the initial a
final states to be orthogonal. Since the initial and final sta
are generated here in separate runs, this condition is not
filled. Thus, as in previous studies@28,50,51#, configuration
l-
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ul-

interaction calculations were carried out to obtain the vario
transition probabilities using once the initial state orbita
and again those of the final state. All the significant transit
probabilities in the two sets agreed with each other to wit
610%. We used, therefore, the line strengths calcula
from the initial state wave functions. This amounts ess
tially to using the frozen-atom approximation for the lin
strengths within each multiplet. The implications of this a
discussed below. Further details of the calculations are gi
in Refs.@28,50#.

III. RESULTS AND DISCUSSION

A. The emission spectrum

The Cu Kha1,2 spectrum, measured atEexcitation

520 keV, corrected for sample absorption and backgrou
subtracted as discussed above, is shown in Fig. 1~a!. The fit
residuals in Fig. 1~b! are within62s for almost all points,
demonstrating a very good fit. Thus, within the measu
ment’s statistics, the intrinsic line shape is well described
the single Lorentzian component of the Voigt function, ind
cating no contamination by higher-order multivacancy tra
sitions, which invariably plague heavy-ion-excited HS spe
tra @8,18#. We conclude therefore that photoexcitation yiel
a pure, intrinsic HS spectrum. The good fit indicates also t
the intrinsic HS spectrum does not include contributio
from spectator-hole transitions. To merge with the main
line such transitions must be within less than the half wid
at half maximum of the HS line’s peak energy. This, in tur
requires the spectator hole to be in an outer shell with l
binding energy. In a previous experimental study@50#, the
Cu Ka1,2 spectrum was shown to include, in addition to t
1s21→2p21 diagram transitions, a;30% contribution
from the 3d2spectator-hole transitions (1s3d)21

→(2p3d)21 and perhaps even a small contribution from t
3p2spectator-hole transitions (1s3p)21→(2p3p)21.
9-5
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TABLE I. Comparison of the values obtained from the fit in Fig. 1 with previous theoretical and ex
mental values.D5E(Kha2)2E(Ka1), d5E(Kha1)2E(Kha2), and R5I (Kha1)/I (Kha2). G1,2 are the
full widths of the two lines at half maximum.PKK is the probability of creating a secondK hole per direct
ionization of a firstK electron. The numbers in parentheses are the uncertainties in the last digit
respective values.

Source D d G2 G1 R 104PKK

~eV! ~eV! ~eV! ~eV!

Experiment
Present 281.4~3! 23.6~4! 6.9~8! 5.5~8! 0.29~2! 1.3~3!a

3.4b

SKSc 283.0~30! 21.0~40! 0.27~7!

Bd 283.0~30! 23.0
MCBe 5.3~5!

Theory
Present with QED 281.6 23.7 0.32
Present without QED 288.1 25.4
CCMf 282.2 23.8 0.32
Åg 0.26
ÅSh 280.0 25.6
MCBi 5.7
Z11j 275.8 23.1
Nk 288.0 23.0
KDKSl 5.0
KMm 0.88
FSBDDn 1.0
MTo 0.3

aMeasured atEexcitation520 keV.
bScaled to the saturation limit. See text.
cSalem, Kumar, and Scott, Ref.@21#.
dBriand et al., Ref. @1#.
eMossé, Chevallier, and Briand, Ref.@20#.
fChen, Crasemann, and Mark, Ref.@53#.
gÅberg et al., Ref. @54#.
hÅberg and Suvanen, Ref.@74#.
iMCB’s @20# semiempirical formula. See text.
jCalculated as discussed in the text.
kNestor. Cited as ‘‘private communication’’ by Briandet al. @1#.
lKanteret al., Ref. @9#.
mKornberg and Miraglia, Ref.@58#.
nForreyet al., Ref. @59#.
oMukoyama and Taniguchi, Ref.@56#.
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These large spectator-hole contributions account for
skewed line shapes observed for the CuKa1,2 diagram lines
@50#, and, most probably, also for those of the diagram lin
of the other 3d transition elements@52#. The ability to fit
each of the HS lines measured here by a single Lorent
component indicates a total absence of such spectator tr
tions, e.g., 1s223d21→1s212p213d21, in the HS spectra
This is not surprising in view of the very low probability fo
creating the two-K-hole initial state of the HS transition, an
the fact that the spectator states require one additional h
i.e., a three-vacancy initial state. The vanishingly low pro
ability of exciting such states is responsible, then, for
high purity of photoexcited HS spectra.

The fit in Fig. 1~a! allows us to determine phenomen
logically the various characteristics of the measured sp
05251
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trum without resorting to a specific model for the transitio
like the Dirac-Fock calculations discussed below. At t
same time the use of Voigt functions allows us to remove
effect of the finite, though small, instrumental resolutio
The various quantities obtained from the fit are summari
in Table I, along with values obtained in several previo
experimental and theoretical studies. Note that our exp
mental values in this table, derived using the correct 2.8
resolution, differ slightly from those published previous
@29#, which were calculated using an underestimated 1
resolution. The small resultant differences have no sign
cant import on the conclusions of that paper.

Our measured shiftD5E(Kha2)2E(Ka1) is within
;5 eV only of the simpleZ11 calculation, using binding
energies from Bearden@37# and DZ'0.57 and 1 for the
9-6
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initial KK and the finalKL hole states, respectively, as di
cussed by Briandet al. @1#. Early nonrelativistic Hartree-
Fock and Hartree-Fock-Slater calculations@1# overestimate
D by ;30 eV, indicating the importance of relativity her
Nestor’s early relativistic Dirac-Fock calculations quoted
@1# are within <10 eV of the measured values, with th
discrepancy assigned to the neglect of correlations@1#. Of the
three other relativistic calculations, Chenet al.’s @53# and
our multiconfigurational relativistic Dirac-Fock ones, whic
include quantum electrodynamic~QED! corrections, agree
better withD than does Åberg and Suvanen’s@74#, which
excludes them. The experiment-to-theory differences
well within the errors of previous measurements, which c
not be used therefore to support one calculation over
other. However, when compared to our measurements
calculations deviate by 1s ~our calculation!, 3s ~Chen
et al.!, and 5s ~Åberg and Suvanen!, clearly indicating that
QED corrections are significant. A similar conclusion aris
from the splitting,d5E(Kha1)2E(Kha2), where both our
results and those of Chenet al. are within 1s of the mea-
sured value, while those of Åberg and Suvanen are la
than the measured value by;5s. Surprisingly, theZ11
approximated value is also within 1s of our measured value
The importance of including QED corrections is demo
strated in the significantly largerD and d calculated by us
when QED corrections are excluded. The theory devia
from experiment in this case by more than*20s for D and
;5s for d, similar to the results of Åberg and Suvanen@74#.

As expected, the linewidthsG1,2 are about three time
larger than the;2.5 eV of the diagramKa1,2 lines @50#.
The only previously reported width, theG2 of Mosséet al.
@20#, is significantly lower than ours, possibly due to ove
correction for their considerably lower resolution, or the
ion-bombardment excitation mode. They suggest a width
G1,253GK1GL2,3

for the hypersatellite lines. Using theK

and L semiempirical level widthsGK
Cu'1.5 eV and GL

Cu

'0.5 eV of Krause @42# yields G1,2'5 eV, somewhat
smaller than but in good agreement with the measured va
Additional measurements, however, deviate significan
from this suggestion. For example, this expression yield
width of ;0.9 eV for the HS lines of Na, underestimatin
by more than 50% the 2.2(4) eV measured by Auerham
et al. @19#, using electron excitation. For Cu, we use Ch
et al.’s RMCDF calculated@55# GK

Cu51.437 eV and@33#
GKK

Cu 51.77 eV for the width of the initialKK vacancy state.
For the finalKL vacancy state we use the sameGK

Cu and the
Z11 approximated@55# GL

Zn50.675 eV of Zn. The slightly
modified Mosse´ et al. approach then yieldsG1,25(GK

Cu

1GKK
Cu )1(GK

Cu1GL
Zn)55.3 eV, which agrees with our mea

suredG1 but underestimatesG2 by ;25%. We cannot say a
present whether the discrepancy originates in only one
more of the level widths, nor can a source be suggested
the apparent reduction in level lifetimes. High-resoluti
measurements of the CuKhb1,3 HS spectrum, having the
same initial state as but a final state different from
present CuKha1,2 spectrum, may shed light on the origin o
the deviation from the expected lifetime widths.Khb1,3 HS
measurements are currently not available for any elemen
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The two relativistic MCDF calculations, ours and Che
et al.’s @53#, both overestimate our measuredR slightly
(;10%), albeit by only;2s. The simple Hartree-Fock cal
culation of Åberget al. @54# is surprisingly good, consider
ing that it takes into consideration only the intermediate c
pling but no correlations or, of course, QED effects. T
good agreement is due, in part, to the use of the measu
rather than the calculated, spin-orbit splitting parameterz.
The only other extent measurement ofR, that of Salemet al.
@21#, agrees to within 1s of their threefold larger error ba
with the calculated values. Other nonrelativistic calculatio
or those excluding the Breit interaction, yield larger~20–
30 %!, overestimations@53#. Thus, the intermediate cou
pling, which dominates this ratio, seems to be mostly
counted for correctly in the RMCDF calculations. Howeve
in the case ofR, the trend withZ is more important than a
single value.R values of higher- and lower-Z elements, mea-
sured with an accuracy similar to or better than the pres
measurements, will be indispensable for elucidating the
tails of the coupling evolution fromLS to j j across the pe-
riodic table. Such measurements are now in progress.

The PKK value derived from our HSEexcitation520 keV
spectrum as detailed in Eqs.~2! and~3! above, is of the right
order of magnitude expected from the listed theoretical c
culation. Scaling this value~see below! to the isothermal,
high-energy regime, where all calculations have been car
out, yields the second value listed in Table I. This val
agrees to within;30% with the empirical prediction o
Kanter et al. @9#, based on their HS measurements for M
and the He measurements of Samsonet al. @48#. Considering
the difficulties and approximations involved in deriving the
values the agreement is very satisfactory. The importanc
intrashell correlations is reflected in the tenfold underestim
tion resulting when these correlations are excluded from
calculations, as demonstrated by the calculations
Mukoyama and Taniguchi@56#. Although it has been sug
gested that in the isothermal regime such correlations
unimportant@57# both our data and those of Kanteret al.
indicate that this assumption may be questionable, and
certainly initial state correlations and possibly final sta
ones as well@56# need to be taken into account. The scali
law approach of Kornberg and Miraglia@58# and Forrey
et al. @59# circumvents the difficulties of including intrashe
correlations in theab initio calculations, and thus reduces th
disagreement with experiment by a factor of 2–3. Howev
as pointed out by Kanteret al., the available data indicate
slower decrease withZ than theZ22 predicted by Kornberg
and Miraglia. This point is discussed further below.

We have carried outab initio RMCDF calculations of the
HS spectrum, using theGRASPcode@49# and including QED
corrections, as detailed above. The closed 3d shell of Cu and
the emptyK shell of the initial state result in a sparse ‘‘stic
diagram’’ spectrum, shown in Fig. 2~c!. Representing each
line in this diagram by a Voigt function with a fixed Gaus
ian resolution width of 2.8 eV, we fitted it to the measur
HS spectrum using increasingly fewer constraints. In fit
equal widths were assumed for all lines, and only this wid
along with an overall intensity scale factor and a small e
ergy shift (,1 eV) of the calculated spectrum relative
9-7
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the measured one, were allowed to vary in the fit. In parti
lar, the integrated intensity ratio of the two lines was fixed
the calculated ratio, represented by the heights of the res
tive ‘‘sticks’’ in the calculated spectrum. Fit B allows differ
ent widths for the two line groups, while fit C allows also th
variation of the relative intensity from the calculated valu
The energy splitting of the lines is kept fixed at the calc
lated value in all cases. As can be observed, all three
agree reasonably well with the measured spectrum. The
siduals of fit C, the least constrained and best of the th
fits, are shown in Fig. 2~b!, and are almost all within62s of
the measured points. Theab initio calculated intensity ratio
0.32, slightly overestimates that of fit C, 0.28. The differen
is, however, small:;15% only. Figure 3 shows what hap
pens when the QED correction is neglected in the RMC
calculations. As shown in Figs. 3~b!,~c! a shift of 7 eV in
the positions and an increase of 1.6 eV in the splitting of
lines is obtained. In Fig. 3~a! we plot the measured dat
~points!, fit C ~solid line!, and the spectrum calculated usin
the stick diagram calculated without the QED correcti
~dashed line!. The last was calculated using the same Vo
widths as those of fit C, fitting only the shift between t
measured and calculated spectra so that the positions o
Kha2 coincided in both. As can be seen, the incorrect sp
ting does not allow one to obtain a good fit of the measu
spectrum even when the calculated spectrum is shifted

FIG. 2. ~a! The measured~points! Cu Kha1,2 hypersatellite
spectrum with three progressively less constrained fits~lines! to the
calculated stick diagram in~c!. See text for details.~b! Residuals of
fit C. ~c! Multiconfigurational relativistic Dirac-Fock calculated hy
persatellite spectrum.
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lower energies by the large amount of 7 eV required. Co
paring the measured spectrum with more detailed calc
tions, which include the various components of the QE
corrections one at a time, should elucidate the relative
portance of each of these contributions.

B. The correlated hypersatellites

Correlated hypersatellite lines originate in simultaneo
two-electron–one-photon transitions 1s22→2s212p1/2,3/2

21 ,
denotedKha2a3 and Kha1a3, respectively. Since both HS
and CHS spectra originate in the same two-K-hole initial
state the branching ratioB5s(Khaa)/s(Kha) should be
free from effects originating in the excitation process, a
allows one to obtain direct experimental information and t
theories of the deexcitation process. Several calculations
available for this quantity@60#, as well as a number of ex
perimental determinations@61,17,62#. Åberg et al. @3# ob-
tained a simple theoretical expression for this quantity
BT5@E(Khaa)/E(Kha)#3@D0(1s2s)#2. HereE is the aver-
age energy for the transitions indicated andD0 is the overlap
integral, given approximately byD0'0.187/Z. Measure-
ments for Al @61# and Fe and Ni@17,63#, as well as more

FIG. 3. Measured~points! and theoretical hypersatellite spect
using Dirac-Fock calculations including QED corrections~solid
line! ~same as fit C in the previous figure! and without QED cor-
rections~dashed line!. The corresponding calculated stick diagram
for the two cases are shown in~b! and~c!. Note the large shift in the
non-QED calculations, and the increased splitting of the two lin
which does not allow a good fit to the measured values even w
the shift is eliminated~dashed line!. For discussion see text.
9-8



lc

o
,
gh
n
H
or
f

ld

de
n
un
ea
or
in
s
o
-
am
d

re
h

ion

an

.
re

us

W
im

er
ith

-

s
h

he
f
ent

ity.

ured
igt
ob-

ion
ther
the
for
-

gh-
his
he
to

ant
r-
n in

o

hy-
d.

Cu Kha1,2 HYPERSATELLITES: SUPRATHRESHOLD . . . PHYSICAL REVIEW A 62 052519
sophisticated calculations, agree well with the values ca
lated from this expression. For the 3d transition elements the
expression above yields values of order 1024. Salemet al.
@22,21#, however, measured for this branching ratio values
order unity for several 3d transition metals. Their study
which employed high-energy electron excitation and a hi
resolution, flat crystal spectrometer, is the only non-io
excited high-resolution measurement of the CHS and
spectra of the 3d transition elements to date. Specifically, f
copper, Salem et al. measured branching ratios o
s(Kha1a3)/s(Kha1)51.6(3) and s(Kha2a3)/s(Kha2)
50.60(25). By contrast, the expression above yie
BT(Cu)'331024, using @21# E(Khaa)'16220 eV and
@29# E(Kha)'8330 eV, obtained from theZ11 approxi-
mation.

To resolve this discrepancy of four orders of magnitu
we have measured the CHS and HS emission spectra u
closely matching conditions. To achieve the highest co
rates and best statistics, we removed the incident b
monochromator from the beam path, allowing the mirr
focused beam to impinge directly on the sample. This
creased the incident beam intensity by almost two order
magnitude as compared to the monochromatic intensity
tained atEexcitation520 keV. The configuration of the spec
trometer recording the emission spectrum was kept the s
except that the analyzer, which was used in the fourth or
@i.e., Si~444! reflection# at a Bragg angle;72° for the HS
range, was used in the eighth order@i.e., Si~888! reflection#
at ;77° for scanning the CHS range. The measu
CHS range intensity was corrected for the resultant eig
fold lower analyzer reflectivity@64# but otherwise no addi-
tional corrections were applied to the two spectra.

The measured spectra are plotted in Fig. 4. The posit
obtained for the CHS lines by Salemet al. at 16193610 and
16236610 eV are marked by arrows on the figure. As c
be seen, even though the CHS intensity scale of Fig. 4~b! is
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 measu
ments. As discussed above, the branching ratio should
independent of the excitation mode of the initial state. Th
the discrepancy between the present and Salemet al.’s re-
sults cannot be ascribed to the different excitation mode.
note, however, that the statistics of our measurements
pose a limit ofs(Khaa)/s(Kha),1023 on the branching
ratio, in good agreement with the value obtained from Åb
et al.’s @3# expression above. This limit also agrees well w
the theoretical values of Gavrila and Hansen@60# of 3.6
31024 and 3.231024 for Fe and Ni and the heavy-ion
excited measured values of Stolleret al. @62# of (2.44
60.24)31024 and (2.0060.24)31024 for the same ele-
ments.

C. The intensity evolution

Previous measurements@28# of the evolution of the
Cu Ka3,4 satellite complex, originating in 2p21 spectator
transitions, indicated that theshapeof the spectrum is evolv-
ing only within the first;50 eV of the threshold, and i
unchanged above that. For the present hypersatellites, w
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are, in fact, 1s21 spectator transitions, we measured t
spectrum atEexcitation518.7, 20, and 23 keV. The first o
these,;350 eV above threshold, is the closest measurem
to the threshold allowed by the available incident intens
Measurements atEexcitation.23 keV were out of reach due
to the strong decrease in the source’s intensity. The meas
spectra are shown in Fig. 5, along with fits to a single Vo
function for each line, as discussed above. As can be
served the spectra look very similar at all three excitat
energies and the fit-derived parameters agree with each o
within their respective errors. We conclude therefore that
shape of the spectrum does not vary significantly
Eexcitation higher than;350 eV above threshold, in agree
ment with conclusions of the CuKa3,4 satellite study@28#.
However, the intensities of the spectra relative to the hi
energy, isothermal limit vary considerably in this range. T
is shown by the multiplicative scale factors, shown on t
figure, that were required to bring the relative intensities
the isothermal limit of 1.

To explore the intensity variation withEexcitation, we have
positioned the spectrometer at theKha2 peak, and scanned
the incident beam energy from 17.5 keV up. The result
I (Kha2) vs Eexcitation curve, background subtracted and co
rected for sample absorption as discussed above, is show
Fig. 6~a!. It seems to saturate at;23 keV. Note, however,
that this curve is proportional to thetotal probability of ob-
taining the initial two-K-hole state in a neutral atom, not t

FIG. 4. ~a! The ‘‘white’’-beam-excited raw CuKha1,2 hyper-
satellite spectrum.~b! The Cu Kaa correlatedhypersatellite en-
ergy range, measured under identical conditions. No correlated
persatellite lines are observed at the expected positions marke
9-9
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the probability of obtaining the secondK hole per directly
ionized firstK hole created. To obtain from this curve th
I (HS)/I (diagram) ratio, quoted in all other studies, we e
ployed the W La2 vs Eexcitation curve measured under iden
tical conditions, as detailed above for inscans. Figure 6~c!
shows the resultantI (Kha1,2)/I (Ka1,2) ~points!. A finer scan
with better statistics near the threshold, shown in Fig. 6~b!,
yieldsEthreshold518.35260.015 keV, in excellent agreemen
with our Z11 approximated@1# Ethreshold

Z11 518.345 keV and,
to a lesser extent, with our RMCDF calculated@65#
Ethreshold

DF 518.378 keV. As can be observed, even on t
magnified scale the intensity rises from threshold smoot
and no jumps are discernible. According to theory@66#, and
as demonstrated by the argon Auger satellite measurem
of Armen et al. @67#, the cross section for electron shake-up
jumps discontinuously at threshold to a significant fraction
its high-energy value. In contrast, the cross section of
shake-off process rises smoothly from threshold. The smo
increase shown in Fig. 6~b! implies, therefore, a pure shake
off behavior for the secondK hole. This is in line with shake
theory’s prediction of an increasing shake-off/shake-up ra
with increasingZ and decreasing principal quantum numb

FIG. 5. Measured~points! Cu Kha1,2 hypersatellite spectra ex
cited with monochromatic radiation of the indicated energies, al
with a fit, where each line is represented by a single Voigt funct
~solid line!. The individual Lorentzians representing each line w
the resolution smearing removed are also shown~dashed lines!. No
shape variation with excitation energy is observed from~a!
;350 eV above threshold to~c! ;4700 eV above threshold. Th
multiplicative scale factor required for bringing the relative inte
sity to the high-energy isothermal limit is also given for each e
ergy. The dip at 8340 eV in~a! is an experimental artifact.
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n of the shaken electron’s shell@66,68#. Trends in recent DF
calculations for noble gases@68–70# interpolated to the
present case ofZ529 andn51 predict a contribution of less
than 1% from shake-up to the total shake probability. A sim
larly unobservably low shake-up contribution was also fou
recently @28# for the Cu Ka3,4 satellites even though th
shake electron originates there in the highern52 shell. The
smooth increase from threshold found for the GeKb satel-
lites in the very recent study of Sternemannet al. @30# seems
to indicate a pronouncedly shake-off type of behavior ev
for the n53 shell in that case, although the limits on th
shake-up contribution to the measured data are not g
there. The error bars of the data in Fig. 6 impose an exp
mental upper limit of,3% on shake-up contributions to th
HS spectrum at threshold in our case.

The intensity of the CuKa3,4 satellites@28#, originating
in ann52 spectator-hole transition, was found to saturate
;1 keV above threshold, which is;10% of the threshold
energy. Here, where the spectrum originates in ann51
spectator-hole transition, saturation is not reached even a
highest energy measured, 25 keV. The discussion in the
section~see Fig. 8 below! indicates that saturation is reache

g
n

-

FIG. 6. ~a! The intensity variation of the CuKa2
h line with

incident energy.~b! A finer measurement of the threshold regio
yielding the indicated threshold energy.~c! The measuredrelative
intensity variation of the hypersatellite spectrum~points!, along
with the fits to the Thomas model discussed in the text~lines!. A
four-point ‘‘moving window’’ smoothing is used for the data i
both ~a! and~c! and the fitted models in~c!. Note that saturation is
not reached even at 25 keV, i.e.,;6.7 keV above threshold.
9-10
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only around;30 keV, making the saturation range here
surprisingly large;11 keV or almost 60% of the threshol
energy. These percentage values, when considered
those of then53 spectator transitions in Ge@30#, where the
saturation ranges are;3% of the threshold energy, indicat
a very fast increase in the saturation range with decreasin
of the spectator hole. The Ge measurements, done
3s21, 3p21, and 3d21 spectator holes, indicate that th
range is independent of the orbital quantum numberl. Re-
turning now to the satellite and hypersatellite spectra of
we note that both originate in a 1s21→2p21 transition, fol-
lowing a direct photoionization of a singleK electron and the
shake-off of an additional single electron. The different sa
ration ranges must, therefore, originate in the different sh
of the additional vacancy and the different correlations
volved:KK intrashellcorrelations for the hypersatellites an
KL intershell correlations for the satellites. A better unde
standing of these trends in the saturation range depend
on n andl of the spectator hole must await detailed adiaba
regime theoretical calculations, currently not available in
literature.

The measured intensity evolution was fitted to the Th
mas model@31,32,71# @Fig. 6~c!, lines#, which employs time-
dependent perturbation theory to describe the shake
cesses near threshold. This theory accounted well for
measured photoelectron spectra of Ne and Ar@72#, although
it was found to disagree with the CuKa3,4 satellites@28#.
For the GeKb satellites, originating inM shell spectator
vacancy transitions, a mixed behavior was found: a reas
able agreement for 3d21 spectator satellites, but a poo
agreement for 3p21 and 3s21 spectator satellites@30#. For
an error function time dependence of the Hamiltonian~as-
sumed for calculational ease! and a constant velocity of th
ejected electron while it is still within the bounds of th
atom, the Thomas model yields a closed form expression
the relative intensity:

I ~Kha!/I ~Ka!5I `exp@2~r 2DE2!/~15.32«!#. ~4!

Here r is the radius, in Å, of the shake-off shell, 1s in our
case.«5Eexcitation2Ethresholdis the excess excitation energ
The binding energy of the shake-up electron,DE
59366.3 eV, is calculated using theZ11 approximation
@1# from the ZnK binding energy@37# 9658.6 eV, reduced
by 2% as recommended by Parratt@73#. The best fit in Fig.
6~c! ~solid line!, yields r 50.024 Å and Ethreshold

Thomas

517.372 keV. While thisr is close to our DF calculated
@49# 0.028 Å, the calculated curve deviates significantly fro
the measured values near threshold. Also, the fittedEthreshold
underestimates the measured one by;1 keV. Fixing
Ethresholdat the measured 18.352 keV~dot-dashed line! yields
even larger deviations from the measured values near thr
old, and a significantly lowerr 50.016 Å. Similar discrep-
ancies were found for CuKa3,4 satellites@28#. It is possible
that a different functional form for the time dependence
the Hamiltonian may yield a better agreement at the cos
having to solve the relevant equation numerically@31,32#.
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D. Z-dependent trends

We now compare the values derived above to previ
measurements on the 3d transition elements. As the variou
quantities may depend on the excitation mode, as discu
in the Introduction above, we restrict our attention here
experimental studies employing photo- or electron excitat
only. Such studies are very few: the pioneering electron
citation study of Briandet al. @1# limited to theKa2

h ener-
gies, the low-resolution but relatively comprehensive stu
of Ahopeltoet al. @46#, measured with MoKa photoexcita-
tion at a singleEexcitation517.5 keV, and the electron-excite
high-resolution study of Salemet al. @22,21#.

The previous and present studies are summarized in
7, along with several theoretical and semiempirical pred
tions. As can be observed in Fig. 7~a!, within the errors cited,
all measuredD agree well with both theories, since both ta
into account the relativity, which has a major effect onD.
Neglecting QED corrections and the Breit interaction in t
mixing calculation by Åberg and Suvanen@74# has only a
small influence onD in this Z range, as discussed above.
much more prominent effect due to this neglect is obser
on the splittingd, shown in Fig. 7~b!. Ahopeltoet al.’s val-

FIG. 7. The variation of the various characteristics of the hyp
satellites across the 3d transition element range.~a! The shift D
5E(Kha2)2E(Ka1), ~b! the splitting d5E(Kha2)2E(Kha1),
~c! the intensity ratioR5I (Kha1)/I (Kha2), and~d! the probability
for creating an additionalK hole per directly ionized single-K-hole
creation. Points are measured values and lines theoretical and s
empirical calculations. Where error bars are not seen, they
smaller than the symbol size.
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ues cannot distinguish between the two theoretical calc
tions. Salemet al.’s three values either agree~Fe! or are
within 2s of both theoretical values. Our value for Cu agre
very well, within 1s, with Chenet al.’s, while Åberg and
Suvanen’s overestimates ours by 5s, as shown also in Table
I.

Chenet al.’s calculated intensity ratio of the two HS line
is in good agreement with both Ahopeltoet al.’s and Salem
et al.’s measured values, as can be observed in Fig. 7~c!,
indicating that the intermediate coupling is mostly accoun
for properly in the calculations. Our measured value see
to yield a somewhat lower value, although the difference
still within 2s. Finding out whether or not this indicates
real deviation between theory and experiment due to so
hitherto unaccounted for effect will have to await measu
ments with accuracy comparable to ours for both lower- a
higher-Z elements.

The values ofPKK , the cross section for creating an a
ditional K hole per directly ionized singleK hole, is shown in
Fig. 7~d!. Ahopelto et al. scaled their values, measured
Eexcitation517.5 keV, to the sudden, high-energy limit usin
the theoreticalPKK(E) curve of Brown@75#. Our PKK value
was obtained by a somewhat different method. We used
high-accuracyPKK(E) curve measured by Samsonet al.
@48# for He, and scaled linearly both the energy andPKK
axes to fit best our measuredI (Kha)/I (Ka) curve over the
energy range measured by us, as shown in Fig. 8. We
used this curve to scale ourPKK(Eexcitation520 keV) value,
obtained from our measurements through Eqs.~2! and~3!, to
the saturation limit. To comply with the practice of Ahopel
et al. and other authors we assumedvK5vKK for our data
shown in Fig. 7~d!.

Both the values of Ahopeltoet al. and ours seem to be i
good agreement with Kanteret al.’s @9# recent semiempirica

FIG. 8. The high-energy limit scaling of the measured~points!
relative hypersatellite intensity, using the He measurements of S
sonet al. @48# ~line!. For details see text.
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a-

s
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PKK;1/Z1.61 dependence onZ ~solid line!, derived from
their photoexcited Mo measurements, which employ coin
dence techniques to measurePKK directly. ThePKK;1/Z2

~dashed line! predicted by shake theory@9# as well as the
scaling approach@58,59# for double photoionization of He-
like ions underestimate the measured values by almost
order of magnitude. One should, however, bear in mind t
with the ;10% reduction in our values and those
Ahopelto et al. due to approximatingvK /vKK51, and the
uncertainties involved in the scaling of the measured val
to the saturation limit, the theory-experiment agreement
lack thereof, should not be taken too strictly.

IV. CONCLUSION

We have shown here how the well-resolved, cle
Cu Kha1,2 hypersatellite spectrum measured by photoex
tation allows us to address fundamental questions relate
intrashell electronic correlations, the transition fromLS to j j
coupling, the Breit interaction, etc. A comparison of the th
oretical and experimentald, G, D, R, and PKK indicates
the importance of relativity, QED, and the Breit interactio
The measured values obtained forR, and thePKK value de-
rived therefrom, indicate that some discrepancy may still
main between theory and experiment. The evolution of
spectrum’s intensity from threshold shows an unexpecte
large saturation range, and distinct trends are identified in
dependence on the primary and orbital quantum numbers
the best of our knowledge, these trends have not been
dressed hitherto by theory. A typical shake-off behavior w
smoothly increasing intensity from threshold is found,
agreement with shake theory predictions and previous sa
lite measurements. The Thomas model does not agree
with the measured intensity evolution, as also found for s
ellites. A more sophisticated theoretical treatment is clea
called for. HS measurements for neighboring 3d transition
elements, now in progress, will hopefully shed more light
the remaining discrepancies and, in particular, on the c
pling variation withZ. We also hope that the measuremen
presented here, and the ones now in progress, will stimu
theoretical studies of the various effects and subjects
cussed in the present paper, and, in particular, the x
emission process in hollow atoms, the adiabatic-regime
havior, and the intrashell correlations in relativistic shells
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@34# K. Hämäläinen, D.P. Siddons, J.B. Hastings, and L.E. Berm

Phys. Rev. Lett.67, 8850 ~1991!; C.C. Kao, W.A. Caliebe,
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and M. Deutsch, J. Phys. B33, L649 ~2000!.
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