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The spectral distributions for the two-photon decay modes of singlyK-shell ionized silver atoms are deter-
mined by x-ray–x-ray coincidence measurements. AgK-shell vacancies were induced by nuclear electron
capture decay of radioactive cadmium isotopes109Cd and two-photon coincidences were taken back to back
s180°d and at a 90° opening angle for the emission. Each of the two-photon transitions from the 2s, 3s, and 3d
states exhibits unique angular and spectral distributions. The measurements agree nicely with relativistic
self-consistent field calculations of Tonget al.Our results also confirm and extend the earlier experimental data
of Ilakovac and co-workers with improved accuracy.
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I. INTRODUCTION

Two-photon decay—first discussed in 1929 by Göppert-
Mayer [1,2]—gives access to the complete structure of an
atomic system. For a recent overview of the field, see Mokler
and Dunford[3] and the references cited there. Two-photon
decay can be described analytically as a summation over all
possible intermediatesnd states under the boundary condition
of energy conservation, i.e., the energy sum of the two pho-
tons gives the difference in total binding energy of the initial
sid and finalsfd states. As the photons are indistinguishable,
the two-photon spectra are symmetric around the midpoint at
half the total transition energy. The angular distribution for
the opening angle between the two photons is given by the
angular correlations of the cascades via the intermediate
states.

Recently, emphasis was given to investigations of two-
photon decay processes in heavy He-like systems[4–6].
These systems are simple and give access to true relativistic
phenomena; the strength of the central force, i.e., the atomic
number, influences considerably the spectral distribution for
two-photon decay[7,8]. For many-electron systems—like
true atoms—the influence of all the other atomic electrons on
the central potential has to be taken into account[9–14]. In
heavy atomic systems the two-photon decay is an extremely
weak branch(typically 10−6) compared to the standardsE1d
single-photon ground-state transitions[15]. The first obser-
vation of two-photon decay of heavy atoms with an initial
K-shell vacancy was made by Bannett and Freund[15,16].
They irradiated Mo with Ag x rays from a sealed x-ray tube
and measured two-photon coincidences between two solid
state SisLi d x-ray detectors. Ilakovac and co-workers[17–19]
used radioactive nuclei to generateK-shell vacancies in Xe,
Ag, and Hf atoms via nuclear electron capture. By observing
two-photon coincidences with a pair of Gesid x-ray detectors

they detected back-to-back emission of two-photon decay for
the transitions 2s→1s, 3s→1s, 3d→1s, and 4s, 4d→1s. In
this paper we report on an advanced measurement forK-shell
ionized Ag atoms using a similar experimental technique. We
improved the experimental accuracy for the two-photon dis-
tributions, extended the accessible spectral range, and also
measured two-photon coincidences at an opening angle of
90°. The results are compared with predictions[12] for the
spectral shape of the different two-photon decay modes and
with the expected angular distributions.

II. EXPERIMENTAL ARRANGEMENT

The radioactive cadmium isotope109Cd decays with a
lifetime of 462.6 days via electron capture to an isomeric
state in109Ag* atoms. An atomicK-shell vacancy is produced
with a probability of 0.815 per nuclear decay. The isomeric
109Ag* decays further with a lifetime of 39.6 s to the ground
state by photon emissionsE3d or internal conversion, and for
this decay branch an atomicK-shell vacancy is produced
with a probability of 0.417. Hence, ample singleK-shell va-
cancies will be created in this radioactive decay. TheK-shell
excited Ag atoms produced decay predominantly via charac-
teristicK-shell x-ray emission(fluorescence yieldv=0.834),
but a tiny fraction decays via two-photon emission.

In the present experiment—for more details see Ref.
[20]—we used a standard radioactive109Cd calibration
source with an activity of 75 kBq(a commercial source from
Amersham) for the production of single atomicK-shell va-
cancies in Ag atoms. We measured the x-ray emission and
registered photon coincidences using three SisLi d x-ray de-
tectors. In Fig. 1 a sketch of the simple experimental arrange-
ment is shown. Two detectors(A andB with a sensitive area
of 200 mm2 each) are facing the source and the third one(C
with 80 mm2) is oriented perpendicular to the others. The
detectors are carefully shielded by 3-mm-thick aluminum ap-
ertures to reduce cross talk due to photon scattering, i.e.,
each detector ideally reacts only to the source and to neither
of the other two detectors. Estimates show that contributions
from Compton scattering,K-escape radiation from a detec-
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tor, and bremsstrahlung will not disturb the determination of
the coincident two-photon decay spectra.

Two-photon coincidences between the detectors were reg-
istered in event mode using standard electronic modules for
signal processing and data acquisition. Standard slow-fast
coincidence techniques similar to those described in Refs.
[5,6,20] were used; special care was taken to get high elec-
tronic coincidence efficiencies especially at low x-ray ener-
gies(with a cut below 2 keV). The detector geometry(solid
angles typically 0.015 sr), detector efficiencies, and photon
absorption in the detector windows, the air, and the source
were all carefully determined, as well as the different elec-
tronic coincidence efficiencies(about 100%). For details see
Ref. [20]. As the strength of the source is known and was
also independently measured, absolute numbers for the two-
photon transition probabilities were determined. In the
present experiment we integrated over 1.4731011 single
K-shell vacancy decays in the source.

In the data analysis, time spectra for the coincidences
were created initially to enable subtraction of random coin-
cidences from the prompt ones. In Fig. 2 a two-dimensional
event plot for true two-photon coincidences is displayed for
the back-to-back emission case; the photon energy registered
in detectorB is plotted against the sum energy of the two
photons in detectorsA andB. In this representation the two-
photon decay events lie along the vertical lines indicated by
the arrows at the top for the two-photon transitions from 2s
to 1s and from 3s/3d to 1s. The two-photon spectra are
hidden in these vertical ridges. For clarity we take horizontal
cuts at three different photon energies in detectorB and show
in Fig. 3 the corresponding sum x-ray spectra(for EB=5.5,
10.5, and 15.5 keV). The two photon ridges for 2s→1s and
3s/3d→1s clearly show up and stay at the same sum energy.
The line intensities along the ridges yield the two-photon
spectra.

III. RESULTS AND DISCUSSION

In Fig. 4 the final results for the observed two-photon
transitions 2s→1s, 3s→1s, and 3d→1s are shown(full
squares), on the left side for 180°(back-to-back) observation
and on the right side for 90° emission. The two-photon spec-

tra are already corrected for all efficiencies, and absolute
differential transition probabilities are presented. For conve-
nience, the photon energy is normalized to the total energy
for each transition; hence, all spectra range up to scaled pho-
ton energies of 1. The spectral shapes for the different two-
photon transitions are quite different. Also, the absolute val-
ues for 180° and 90° emission are partially at variance.

The 180° data can be compared to earlier results of Ila-
kovacet al. [19] (see open circles). The spectral range cov-
ered by Ilacovacet al. is somewhat narrower and the statis-
tical uncertainty larger. However, there is a general good
agreement between the measurements; the present data
maybe give smaller absolute values for the weakest transi-
tion 3d→1s. Moreover, all the results are compared to the-
oretical predictions from Tonget al. [12]. Our measurements
are in excellent agreement with these relativistic self-
consistent-field calculations both in spectral shape and in ab-
solute value.

FIG. 1. Experimental arrangement.

FIG. 2. Two-dimensional event plot for true two-photon coinci-
dences. X-ray events registered in detectorB are plotted against the
sum energy of the two photons coincidently registered in detectors
A andB (cf. Fig. 1). The arrows point to the two-photon ridges.

FIG. 3. Sum x-ray spectra at 5.5, 1.5, and 15.5 keV(horizontal
cuts in Fig. 2).
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The two measurements at 180° and 90° give the possibil-
ity of checking experimentally the angular correlation for
two-photon emission. Nonrelativistic calculations of Flo-
rescu[21] give for ns→1s transitions a 1+cos2u distribution
and fornd→1s transitions a1+1/13 cos2u correlation(u is
the opening angle between the two photons). Similar results
are predicted by relativistic calculations[12,13]. Accord-
ingly, we expect intensity ratios for 2s, 3s, and 3d→1s tran-
sitions of 2.00, 2.00, and 1.08 for the photons emitted with
an opening angle of 180° to those with 90°. Our experimen-
tal values of 1.90±0.27, 1.49±0.34, and 1.22±0.25, respec-
tively, are in reasonable agreement, confirming the stated an-
gular correlations. These intensity ratios should be

independent of the spectral region, i.e., of the photon energy.
In Fig. 5 we show for completeness the ratio as a function of
the reduced total transition energy. The systematic error is
small compared to the statistical uncertainty. The data are,
within statistical accuracy, energy independent and agree
with the intensity ratios deduced from Tonget al. [12]. The
possible small variance for the 3s→1s transitions has to be
checked with higher experimental accuracy.

The shapes for the two-photon spectra vary considerably
with the transition considered(see Fig. 4). Thens→1s tran-
sitions show in principle a parabolalike shape with a maxi-
mum at half the total transition energy. This is especially
demonstrated by the 2s→1s case. For the 3s→1s case,

FIG. 4. Differential two-photon transition probabilities for back to back and 90° emission of the two photons. The full squares are the
present results, the open circles the results of Ilakovacet al. [19], and the full lines give the prediction of Tonget al. [12].
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which also has an intermediate resonance state, the 2p level,
the spectrum increases dramatically toward this resonance,
symmetric at low and high energies. This clearly demon-
strates that occupied intermediate states contribute to the
two-photon transitions in accordance with the fact that the
Pauli exclusion principle does not prohibit within the uncer-
tainty principle contributions from occupied intermediate
states[14]. Alternatively, one may argue that the 2p electron
decays first to the 1s level and then the 3s electron fills the
2p vacancy; in this time-backward case[see Fig. 1(b) in
[14]], the 2p resonance does not involve a violation of the
Pauli exclusion principle.

For the 3d→1s two-photon case we have the 2p level
also as intermediate-state resonance and the spectrum in-
creases correspondingly toward this resonance. However, for
this case we have a local minimum at half the transition
energy, in contrast to the central local maximum forns
→1s transitions.

The spectral emission probability for the two-photon de-
cay can be factorized into a more trivial phase space factor
s1− fdf (with f the fractional photon energy of the transition)
and the square of a reduced matrix elementuRfiu2 containing
the physics of the two-photon transition(cf. Refs. [3,22]).
Dividing out the phase space factor from the spectral distri-
butions, we get access to the reduced matrix elements for the
transitions. The results—normalized to the midpoint of the
original distribution and then divided by the phase space
factor—are given in Fig. 6. Statistical errors are given; for
the three leftmost points in each plot, the systematic uncer-
tainties are additionally inserted(larger error bars). The data
are compared to relativistic self-consistent-field calculations

from [12] using the same normalization procedure. A gener-
ally good agreement can be stated. Forns→1s two-photon
transitions the reduced matrix element is relatively energy
independent, at least far from intermediate resonances. The
slight deviation from a constant value is determined by the
structure of the individual atom under consideration. Here, a
comparison with the corresponding He-like system is highly
desirable.

IV. SUMMARY

The results of present measurements of the two-photon
decay in singlyK-shell ionized Ag atoms are in good agree-
ment with relativistic self-consistent-field calculations[12].
The measurements confirm and substantially extend earlier
measurements by Ilakovacet al. [19]. The distributions of
the two-photon spectra gave access to the reduced matrix
elements for the various possible transitions, confirming the
theoretical approach up toZ=47, i.e., in the soft relativistic
region (cf. Fig. 6). Moreover, coincidence measurements at
different opening angles of the two photons represent a step
toward angular correlations in the atomic two-photon decay
of a heavy atom. Here also, reasonable agreement with
theory can be stated. Depending on the transition,ns→1s or
nd→1s, the angular correlations as well as the spectral dis-
tributions vary(cf. Fig. 4). The angular distribution is a lot
more pronounced forns→1s transitions. Furthermore, these
transitions show a local maximum at half the transition en-
ergy, whereas thend→1s transitions have a local minimum
in the spectrum there. Finally, we would like to emphasize

FIG. 5. Intensity ratio for 180°:90° two-photon emission: the
lines are calculations according to Tonget al. [12].

FIG. 6. Normalized rates(square of the reduced matrix ele-
ments) for two-photon emission; present results(full squares) com-
pared with theory(solid lines) of Tong et al. [12].
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that intermediate-state resonancess2pd lead to prominent
resonance features in the corresponding spectra despite the
fact that the intermediate states are occupied.

The present experiment with Ag penetrates into the soft
relativistic area; here the available calculations are still in
agreement with experiment. It is of special interest to extend
these measurements into the strong relativistic regime, i.e., to
heavier atomic species. For this strong field case higher-
multipole and spin-flip transitions may contribute to the tran-
sitions and influence the emission probabilities. There a com-
parison of corresponding atomic and ionic systems may be of
special interest. Some measurements for heavy atomic sys-
tems using radioactive sources have been reported for Xe

and Hf [17,18]. In particular the Hf system is especially
promising for future investigations. Recently, an experiment
was performed for Au atoms using photoionization by polar-
ized synchrotron radiation at the Advanced Photon Source at
ANL [23]. Here a comparison of atomic and He-like[6]
species seems to be possible in future.

ACKNOWLEDGMENTS

It is a pleasure to acknowledge support from our col-
leagues in the atomic physics group at GSI in Darmstadt; we
are especially indebted to Chr. Kozhuharov for his advice on
data acquisition and processing.

[1] M. Göppert-Mayer, Ann. Phys.(Leipzig) 9, 273 (1931).
[2] M. Göppert, Naturwissenschaften17, 932 (1929).
[3] P. H. Mokler and R. W. Dunford, Phys. Scr.69, C1 (2004).
[4] H. W. Schäffer, R. W. Dunford, E. P. Kanter, S. Cheng, L. J.

Curtis, A. E. Livingston, and P. H. Mokler, Phys. Rev. A59,
245 (1999).

[5] R. Ali, I. Ahmad, R. W. Dunford, D. S. Gemmell, M. Jung, E.
P. Kanter, P. H. Mokler, H. G. Berry, A. E. Livingston, S.
Cheng, and L. J. Curtis, Phys. Rev. A55, 994 (1997).

[6] H. W. Schäffer, P. H. Mokler, R. W. Dunford, C. Kozhuharov,
A. Krämer, A. E. Livingston, T. Ludziejewski, H.-T. Prinz, P.
Rymuza, L. Sarkadi, Z. Stachura, T. Stöhlker, P. Swiat, and A.
Warczak, Phys. Lett. A260, 489 (1999).

[7] G. W. F. Drake, Phys. Rev. A34, 2871(1986).
[8] A. Derevianko and W. R. Johnson, Phys. Rev. A56, 1288

(1997).
[9] Y.-J. Wu and J.-M. Li, J. Phys. B21, 1509(1988).

[10] Y. B. Bannett and I. Freund, Phys. Rev. A30, 299 (1984).
[11] T. Åberg, inAtomic Inner-Shell Processes, edited by B. Crase-

mann(Academic, New York, 1975), p. 353.
[12] X.-M. Tong, J.-M. Li, L. Kissel, and R. H. Pratt, Phys. Rev. A

42, 1442(1990).
[13] X. Mu and B. Crasemann, Phys. Rev. A38, 4585(1988).
[14] D.-S. Guo, Phys. Rev. A36, 4267(1987).
[15] I. Freund, Phys. Rev. A7, 1849(1973).
[16] Y. Bannett and I. Freund, Phys. Rev. Lett.49, 539 (1982).
[17] K. Ilakovac, J. Tudoric-Ghemo, B. Busic, and V. Horvat, Phys.

Rev. Lett. 56, 2469(1986).
[18] K. Ilakovac, J. Tudoric-Ghemo, and S. Kaucic, Phys. Rev. A

44, 7392(1991).
[19] K. Ilakovac, V. Horvat, Z. Krecak, G. Jerbic-Zorc, N. Ilakovac,

and T. Bokulic, Phys. Rev. A46, 132 (1992).
[20] H. W. Schäffer, GSI Report Diss. No. 99-16, 1999(unpub-

lished), http://geb.uni-giessen.de/geb/volltexte/1999/84/pdf/
SchaefferHeiko-1999-pdf.

[21] V. Florescu, Phys. Rev. A30, 2441(1984).
[22] S. P. Goldman and G. W. F. Drake, Phys. Rev. A24, 183

(1981).
[23] R. W. Dunford, E. P. Kanter, B. Krässig, S. H. Southworth, L.

Young, P. H. Mokler, and T. Stöhlker, Phys. Rev. A67,
054501(2003).

TWO-PHOTON DECAY OFK-SHELL VACANCIES IN… PHYSICAL REVIEW A 70, 032504(2004)

032504-5


