
PHYSICAL REVIE% A VOLUME 29, NUMBER 5 MAY 1984

Two-electron, one-photon transitions in Cr, Fe, Co, and CU
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The two emission lines resulting from the two-electron transitions 1s —+2s '2p 3/2,

1s —+2s '2p l/2 were resolved for the transition elements Cr, Fe, Co, and Cu. Their energies were
determined and were found to agree well with calculations. The relative intensities of the two tran-

sitions were measured and found to be I(Kala3)/I(E0, 2a3)= 4. For the same initial state, the in-

tensity of the emission lines resulting from the simultaneous transitions of two electrons was found
to be comparable to the emission intensity from the uncorrelated single-electron transitions. This is

some 3 orders of magnitude greater than what has been previously reported, both theoretically and
experimentally.

I. INTRODUCTION

In these experiments, the various lines due to the multiplet
splitting of the states were not resolved although the mea-
sured energies of the complex were found to be consistent
with a variety of Hartree-Pock type calculations when
transition (1) is assumed.

The probability that a doubly ionized atom will return
to its ground state through a correlated transition (two-
electron, one-photon) relative to the probability of a
sequential transition giving rise to hypersatellites has been
calculated by Kelly, " Nussbaumer, ' Aberg et aI., and
Gavrila and Hansen. ' Most of these calculations obtain a
nonvanishing branching ratio by computing overlap in-
tegrals using different average potentials for the initial 2s
states than for the final 1s states. Aberg et a/. refer to
this as the "shakedown" model and found the following
result:

B =I(Kaa")/I(Ka") =(E2/E~ ) Do( ls 2s) (2)

where Et is the average hypersatellite (Ka") transition
energy, E2 is the average two-electron (Kaa") transition
energy, and Do(ls2s) is the ls2s radial overlap integral

Correlated multielectron transitions resulting in the
emission of a single photon were first predicted by Heisen-
berg' and the selection rules were formulated by
Goudsmit and Gropper. Their experimental detection
was delayed, however, for several decades and has been re-
ported only recently. In 1975, Wolfli et al. observed
weak emission lines in heavy ion-atom collision experi-
ments and attributed them to the two-electron, one-
photon correlated transitions. Similar experiments were
later performed by Stoller et al. , Nagel et al. , Knudson
et al. , and Hoogkamer et al. Nagel et al. suggested
that the observed E —+I. decay was a
2s 2p"~ls 2s 2p" (E2) transition which is parity for-
bidden for (El) electric dipole emission. Later, however,
several authors ' pointed out that the energies are more
accurately given by assuming an E1-allowed transition

2s 2p"~1s 2s2p"

II. EXPERIMENTAL PROCEDURE

The experimental approach is essentially the one tradi-
tionally used in the study of x-ray emission spectra, Fig.
1. A monoenergetic, well-collimated electron beam hav-
ing an intensity of about 6X10' electrons/sec impinged
on a few-square-millimeter area of a clean, smooth sur-
face of a water-cooled block of metal. The electron beam
was generated by passing an electric current through a W
filament attached to the high-voltage electrodes, and is
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FIG. 1. Schematic diagram of experimental setup, showing
from I. to 8, the multichannel analyzer (MC), the two-selector
circuit (TC), the stepping motor (SM), the scintillation detector
(NaI), the three slits (3,2, 1), the diffraction crystal (DC), the
high-angle goniometer (6), the x-ray beam (X), the x-ray colli-
mator ( C), the water-cooled target ( T), and the electron beam
(e) which is focused in a plane normal to the plane of the paper.

which is approximately given by 0.187/Z. Using this and
Eq. (2) we find that the branching ratio for iron (Z =26)
is 8=4)& 10 . Using a similar calculation, Gavrila and
Hansen' found B=5X10 . Kelly" included some
correlation terms in his many-body perturbation theory
calculation and found B=1.7 X 10,while Nussbaumer'
included correlations through a multiconfigurational ap-
proach obtaining results that are about 60 times smaller.

All previously measured values seem to fall between
these two theoretical limits, with the exception of the ex-
perimental results recently reported by Salem et al
These direct measurements give a branching ratio
B=0.65 for both iron and cobalt.
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focused in a plane so that upon striking the target, ioniza-
tion takes place along a straight line parallel to the spec-
trometer slits. This geometry provides maximum efficien-
cy. The potential difference between the electron source
and the target material was maintained at about 30 keV
by a mell-regulated power supply whose output at this
load is essentially ripple free. The emission spectra were
analyzed by an improved version of a single-crystal,
high-angle gon1GIQctcl whose I'csolUt1on, at 8 wave-

length of about 1 A, is hA, /A, =10 . This is a precision
lllstnlIncllt; w11cll lined lip alld ca11bratcd fol R glvcll
wavelength 1t maintains thcsc properties ovcf 1ts cnt1I'c

range of operation (5'& 26) & 100').
A calcite crystal (2d =6.07167 A) was used in the

study of the spectrum of Cr, Fe, and Co, and the diffrac-
tion crystal in the case of Cu was quartz with a lattice
spacing 2d =2.7490 A. A time-selector circuit activated
8 stepping motor which changed the Bragg angle in incre-
ments of 6(28)=10 deg and simultaneously opened the
next channel on 8 Canberra multichannel Rnalyzcf.

The NaI crystal scintilla, tion detector is effectively
100% efficient in detecting photons whose energy falls
within the 6- to 16-keV energy range. The system was
evacuated by a Vacsorb roughing pump and a fast starting
triode Vacton pump, resulting in a clean vacuum of the
order of 10 Torr.

The spectrometer was energy calibrated using the Ee~
characteristic line of the element as a standard. With an
electron beam intensity of 10' electrons/sec, the number
of counts at the peak of the KaI line of a well-resolved
Kal-ICal doublet was about 10 counts/min. It should be
noted that comparing the intensity of either the hyper-
sate111tcs GI' thc two-electron correlated tI'ansltlons to that
of the diagram lines is physically not sigmficant except
undcf IdcIltlcal cxpcflIIlcIltal cond1tlons» ' ' as this ratio

depends on the mechanism of ionization as well as the in-
tensity and energy of the ionizing beam.

III. RESUI.TS

The results of this work are shown in Figs. 2—5 for Cr,
Fe, Co, and Cu, respectively. The measured energies of
the hypersatellites are given in Table I; the energies of the
cllllssloll 1111cs 1csultlllg fronl thc 'two-clcctloll, ollc-pllotoll
coflclatcd tfansltlons arc glvcll 1Q Table 0» Rnd their I'ela-
tive intensities are listed in Table BI.

In accordance with Siegbahn's scheme of designating
characteristic x-ray lines, the emission line resulting from
thC COffClatCd tfaQSltion 1$ ~2S 2P hRS bCCQ dCSlg-
nated EAR . Follow1ng thc SRIDc geIlcfal rulc, thc cH11S-

sion line resulting from the 1$ ~2$2gr z&z transition is
referred to as the Ealal line, and the one resulting from
thc correlated tl'Rllsltlon 1$ ~2$2p Ig2 ls lcfcrrcd to
as the ECalal (see Fig. 6).

The well-known energies of the Kal lines of the ele-
ments17 were taken as standards relative to which the en-
ergies of the ICalal, Eaqa3, and the energies of the hy-
persatellites were measured. The wavelengths of these
weak 11ncs wcfc dcteImined Us1ng thc dc Broglie conditioIl
and the angular positions of their peaks. Then their ener-
glcs wcI'c readily calculatccl, . Nonfclativistic Haftfcc-Pock
(HF) and RHFS calculations have been used by manys
to determine the energies of the correlated two-electron,
onc-photon tI'RQ81t1ons; 1Q gcIlcfal thc 1csults RIc IQ good
agreement with experimental values. The energies of
these transitions may also be readily approximated from
well-known quantitics.
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FIG. 3. Emission lines from iron atoms having two vacancies
in the 1s state, plotted as a function of energy.
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FIG. 4. Emission lines from cobalt atoms having two vacan-

cies in the 1s state, plotted as a function of energy.

E (Ka~a3) =E ( ls )—E (2s '2p&&z )

=E ( ls ) —E ( ls '2p3iz )

+E(ls '2p3&2) —E(2s '2p3/2)

=E(Ka&)+E(ls '2pq~2) —E(2s '2p&&z)

=E(Ka&)+E(ls ') —E(2s ') . (3)

Inserting the measured values of the hypersatellite ener-
gies-from Table I and the values of the atomic energy lev-
els from Bearden's tables into Eq. (3) gives the results

shown in Table II for the energies of the Ka~a3 line of
the studied elements. The Eo.2+3 energies were similarly
calculated and are also included in Table II.

Aberg et al. have presented term average values of
E(Kaa") 2E(Ka—) from a Hartree-Fock calculation.
We have taken values from their graph (n =6) and com-
bined these with the En~ and K+3 energies to obtain the
values shown in Table II. Knudson et al. have per-
formed similar calculations finding energies some
20—30-eV higher.

The results from Eq. (3) are generally in good agree-
ment with the measured energies of the La~+3 transi-
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FIG. 5. Emission lines from copper atoms having two vacancies in the 1s state plotted as a function of energy. Also shown is the
8'La2 line resulting from tungsten sputtered on the copper target from a heated filament.
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TABLE I. The measured and calculated energies (in eV) of
the Ka hypersatellites of Cr, Fe, Co, and Cu.

Elements Hypersatellites
Previous

work
This
work Theory'

Ka(a ~
h Ka~a~ Ka)h h Ka~

Fe

Co

Ka",
Ka2h

Kah,

Ka2
Kah,

Ka2
Kah,

Ka,"

5666+3"
5650+2"
6679+3b

6659+2

8331+3'

564512
6675+2
6655+2
7207+3
7192+3
8352+3
8331+3

5664
5648
6676
6658
7214
7194
8354
8330

Is l2p I

Is I 2p, I

'Reference 19.
Reference 21.

'Reference 20. 2s 2p
2s 2p

E (Kaqa3)
=-20.68+0.03 . (5)

TABLE II. The energies (in eV) of the Ka&a3 and Ka2a3
two-electron transitions in Cr, Fe, Co, and Cu.

Energy in eV

Element Transition From Eq. (2) HF'
Observed

(this work)

Fe

Co

CU

Kala3h

Ka2a3h

Ka)a3h

Ka2a3h

Ka~a3h

Ka2a3h

Kaia3h

Ka2a3h

10961
10940
12 941
12 921
13 990
13 975
16234
16213

10971
10953
12961
12935
14019
13 989
16265
16225

10962+8
10935+8
12953+9
12 907+9
14005+10
13 945+ 10
16236+ 10
16 193+10

'From Aberg et al. (Ref. 9).

tions although the reason for this is not completely under-
stood. Although only measured quantities were used with
Eq. (3) in this calculation, the quantity

[E( ls '2p ') E(2s '—2p ')]—[E( ls ') —E(2s ')]

was neglected. Its value is estimated to be —50 eV so that
the results calculated from Eq. (3) should be about 50 eV
too large, destroying the rather fortuitous agreement
displayed. Equation (3) predicts Ka2a3 energies which
are too large. This is probably because the only splitting
accounted for is that present already in the hypersatellite
level and ignores additional splitting due to the interac-
tions with the extra 2p hole.

The Hartree-Fock calculations yield term-averaged en-

ergies. The splitting shown in Table II just results from
the splitting of the Ea lines to which the Lao." computed
energies were referred. These energies are consistently
somewhat higher than the measured energies.

For the studied elements, the observed energies of the
correlated two-electron, one-photon transitions may be fit-
ted by the empirical relations

E(Kaia3) =20.75+0.01ZZ —2
(4)

FIG. 6. Designation of emission lines from atoms with two
vacancies in the 1s state (not to scale).

The uncertainty in Eqs. (4) and (5) is well within the er-
rors in the measurements, but the significance of this ob-
servation is limited by the narrow range in Z covered in
this experiment, ' 24(Z (29.

B. Intensities

Atoms having double E-shell vacancies can deexcite by
the following two different mechanisms:

(a) ls ~ ls '2p '
by hypersatellite emission or

(b) 1 s ~2s '2p '
by two-electron, one-photon

correlated transitions.

The initial states are identical ( So) and so are the angular
momentum quantum numbers of the final states. If we
assume L Scoupling, th-e final states are 'P and P and
will be split in energy by the usual Coulomb interaction.
Strict L Scoupling allo-ws only the 'S~'P transition for
both the hypersatellite and the correlated transitions. The
experimental observation of two hypersatellite lines shows
that pure I.-S coupling is not achieved and some mixing
occurs as would be expected. Of course, this mixing is
also expected in the correlated transition.

In Table III the measured relative intensities of the hy-
persatellites are compared with theoretical' results, and
the agreement is good. These results are not central to
this work and have been included for comparison pur-
poses only. The main results of this work, the correlated
intensity ratios, are also presented in this table. It is in-

teresting to note that the intensity I(Ea2a3) &I(Ea~a3)
(as is true for the hypersatellites) except for Cr where the
intensities are almost equal and the experimental data, is
less reliable.

The two correlated transitions differ in energy by only
about 50 eV for the elements investigated, so the ratio of
their intensities need not be corrected for differential ab-
sorption or the reflectivity of the diffraction crystal.
Thus the numerical value of this ratio should provide a
rigorous test for theoretical calculations. We have been
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TABLE III. Intensity ratios for single-photon emission from atoms with two E-shell vacancies. Columns marked RD contain raw
data and columns marked CD have corrected data.

I(Ea I /I (Eap)
I (Xa)a3")

I(Ea))
RD

I(Ea2a3)
I(Eaz)

RD

Cr
Fe
Co
Cu

0.22+0.05
0.24+0.05
0.27+0.07

0.14
0.21
0.24
0.32

1.00+0.07
0.75+0.05
0.68+0.05
0.75+0.05

0.82+0.25
0.90+0.25
1.36+0.35

1.0+0.2
1.2+0.2
1.6+0.3

0.50+0.25
0.33+0.1S
0.38+0.15
0.55+0.30

1.15+0.20
0.4+O. 1

0.50+0. 10
0.60+0.25

'Linearly interpolated from Ref. 19.

unable to find any calculations of this ratio in the litera-
ture, possibly because these two lines were resolved for the
first time only recently. '

The relative intensities of the correlated transitions to
the corresponding hypersatellites intensities are consider-
ably higher than expected. They are about 3 orders of
magnitude higher than previously reported experimental
results as well as theoretically derived values.

The Eaia3/Xa"i and the Kaqa3/Ea2 relative intensi-
ties are listed in Table III. The columns m.arked RD con-
tain the raw data which are the observed ratio of the num-
ber of counts under the curves. The numerical values
have been corrected for differential absorption in the solid
target, Be window, diffraction crystal, and air path. They
have also been corrected for crystal reflectivity as a func-
tion of energy and for the relative efficiency of the NaI
detector.

The mass absorption coefficients of the target element
at the two energies in question are close in value as they
fall on opposite sides of its E absorption edge, and correc-
tion for self-absorption in the target material amounts to
about oilly 3%.

At these energies, reflection takes place at a mean depth
of about 6X10 atomic layers below the surface of the
diffraction crystal. Thus, the Bragg condition implies
that the Eau beam travels about twice as far as the Ea
beam within the crystal. As a result the effect of differen-
tial absorption in the crystal is substantially reduced. The
crystal coefficients of reflectivity for the various wave-

lengths were obtained on the basis of the classical
theory.

All other corrections are straightforward, and after they
were aH made, the corrected results were included in the
columns marked RC in Table III.

IV. DISCUSSION

The measured ratio of the correlated transition intensity
to that of the hypersatellite is at variance with all previous
experimental and theoretical results being some 5000
times larger. Although no clear understanding of the
reasons for this large discrepancy has been found, one
may present the following speculation.

In all previous experiments the desired intensity mea-

surement was made using two distinct setups. First, a
semiconductor device having a comparatively sInall ener-

gy resolution was used to determine the I(Kaa")/I(ICa)
intensity ratio and then, in a separate experiment, the
I(Ea")/I(Ea) intensity ratio was determined using a
crystal spectrometer to resolve the satellite structure.
From these two values, the I{ICaa")/I (Ea") intensity ra-
tio was determined. Although this procedure could have
introduced some error in the final results, we do not be-
lieve it could account for the large difference involved.

A second point might be closer to the source of the
discrepancy. In all previous experiments the necessary
double K-shell vacancies were created using ion-atom col-
lisions rather than the electron-atom coHisions used in this
work. Ion-atom collisions are generally violent, usually
creating several vacancies in addition to those in the E
shell. There is no theoretical reason why these additional
vacancies should not occur in the 2s shell as well as in the
2p or other shells; indeed they must. An atom stripped of
all 1s and 2s electrons can still emit its hypersatellite lines
(although shifted to higher energies) but the correlated
transition could not occur. In the extreme case in which
all excited atoms had no ls or 2s shells, and the 2s shells
did not fill through some other mechanism, then the in-
tensity ratio I(Kaa")/I{If+") would be zero. There
would be no discrepancy between the experimental results
if one assumed that a large fraction of the excited atoms
had empty 2s shells in ion-atom collisions.

The results of all ion-atom collision experiments indi-
cate that the observed radiation is emitted by highly ion-
ized atoms; where the correlated transitions would be im-
mensely suppressed.

(a) The observed energies of the Ea-diagram lines are
some 200-eV higher than their accepted values.

(b) The observed energy of' the KP-diagram line is more
than 250 eV above its accepted value.

(c) The observed width of the XP line is some 500 eV,
whsle its actual width should be less than 10 eV.

(d) The measured energy of the E(Eaa") for Fe is
about 90 eV (Ref. 6) and more than 120-eV (Ref. 4) higher
than the value reported in this work, and the difference
seems to increase with ion energy.

Even if the above explanation of the experimental
discrepancies is accepted, the large disagreement with
theory remains. Most of the calculations have assumed a
2s 2p" configuration for the initial state; i.e., no holes in
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the 2s shell, as would be appropriate for the results of this
cxpcrimcI«t. Most calcUlatioI1s have UsccI UQcorrclatcd
Hartree-Fock —type methods but two"' have included
some correlations with no significant changes. A theoreti-

cal basis for our results has not yet been found although it
seems likely that electron correlations will play a large
role in its explanation, much larger than that required for
thc cofrcspoDdiI1g absorptiorl process.
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