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1. Introduction 

Our goup (pAX) has been studying the negative pion capture process on molecules 
for the creation of new chemistry by the 2nd generation substance consisting of muonic and/or 
pionic atoms. In our previous project (E262 and E360), we studied the pion capture process 
on hydrogen containing molecules in liquid and gas phases. The LMM model combined with 
a pion transfer process was confirmed by the experimental results based on the mesurements 
of pionic X rays and neutral pion decays [1]. Negative pions exist in highly excited states at 
the beginning of the capture process, and then they cascade down to lower excited states by 
emitting pionic X rays or Auger electrons. Auger electron emission is followed by electronic 
X-ray emission from pionic atoms. Since the pion mass is about 270 times as large as the 
electron mass, pionic orbitals have small radii; the pion strongly shields the orbital electrons 
from the nuclear charge. Therefore characteristic X-ray energies of pionic atoms are not those 
of the target atom (atomic number Z) but close to those of Z-1 atom, and include information 
on the electronic rearrangement in the pion capture process.  

In this project, we planned to examine electronic X-ray emission rates correlated 
with each pionic X ray and to measure precisely the energies of electronic X rays to 
understand electron rearrangement during the pionic cascade in pionic atoms. 
 
2. Experimental 

The measurements were 
performed at πµ-channel of KEK-PS. 
As illustrated in Fig. 1, the measuring 
system consisted of four plastic 
scintillation counters and three Ge 
detectors. The target chamber was filled 
with He gas to reduce background. The 
signals from Ge detectors were taken in 
coincidence with the stop events by PS1, 
PS2, PS3 and veto PS4. To examine the 
correlation between pionic X rays and 
electronic X rays, the photon events are 
recorded in a list mode. We used metal 
foils of Copper to Uranium (Z = 29 to 
82) and the some compounds as the 
targets. Executed beam times were 03-6-1 (30 shifts) for E546 and 05-1/05-4-2 (30+15 shifts) 
for E567. The measured samples and the beam conditions are summarized in Table 1.  

Fig. 1. Schematic drawing of experimental
setup at πµ-channel. 

 



Table 1. Measured samples and the beam conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Results and discussion 

Obtained X-ray spectrum for a Mo target is shown in Fig. 2. Al pionic X rays were 
observed due to aluminum chamber, and electronic X rays of Mo were caused by ionization 
with fast pions. We tried to measure the electronic X rays emitted from each excited state of a 
pionic atom. However, the number of correlated events is too small to discuss the difference 
in the electronic X-ray energies between pionic states quantitatively.  

First, we examined electronic KX-ray structure of pionic atoms and compared between 
those for metal and oxide samples. There is no much difference among coincidence spectra 
that is gated by various pionic X rays. Although the number of the correlated events is small, 
in low Z region the yield ratio of electronic Kα to Kβ X ray in oxide target is clearly larger 
than that of metal targets as shown in Fig. 3. These difference of KβX ray would be caused by 
the difference in electron population in pionic atom between metal and oxide targets. 
Assuming that it arises from the difference in the electron configuration and the pion state at 
the moment a negative pion was captured, we are examining the observed chemical effect by 
means of theoretical calculations described below. 

Next, we used the gross spectrum to obtain the energy shifts of the electronic X rays. 
The result of the spectrum analysis for Gd target is shown as an example in Fig 4. One can 
find clear energy difference between characteristic X rays of pionic Gd atoms (measured in 
the beam experiment) and those of Eu atoms (Z-1 atom). The energy shifts were found in both 
Kα and Kβ lines of other targets. The energy shifts observed for Z = 30 to 82 are shown as a 
function of the atomic number in Fig. 5. The energy shift of the pionic atom becomes smaller 
with increasing atomic number on the whole. According to the relationship between the 
electron K-shell binding energy and the pionic X-ray energy, for the low-Z targets (Z < 65), 
the electronic KX-ray emission, induced by the Auger process, starts when the pion reaches 
the n = 8 or smaller n state (n is the principal quantum number). On the other hand, it occurs 



Fig. 3:  Comparison of the yield ratio
of electronic Kα to Kβ X ray between
metal and oxide targets correlated
with various pionic X rays.  
R = (Kβ/Kα ratio of M) / (Kβ/Kα ratio
of MlOk) 

Fig. 2. Observed X-ray spectrum for Mo
target. The numbers in parentheses
indicate the main quantum numbers
relevant to the pion transition. 

Fig. 4. Electronic X-ray
spectrum for pionic
gadolinium with its
fitting lines. Dotted and
dashed dotted lines
means characteristic
X-ray lines for Z and Z-1
atoms, respectively.
Solid lines indicate the
electronic X-ray peaks
for pionic atom. 

when the pion reaches the n = 7 or deeper state, for high-Z targets (Z > 65). In the latter case, 
the energy shift becomes smaller than that in the former case, because the pion screens the 
nuclear charge more strongly as it exists in a smaller principal quantum number state. Thus, 
we can qualitatively explain the tendency of the energy shift by the screening effect. [2]  In 
the actual process, when electronic X-rays of pionic atoms are emitted, the pions exist in 
various orbits and thereby cause different screening effects. Therefore, the observed X-ray 
peak consist of complex lines with various energy shifts. Similar measurements were 
performed for muonic atoms at KEK-MSL.[3] 

In this study, two calculations were performed to obtain more detailed information on 
the atomic electronic states in the pion cascade. One is the calculation on cascading process of 
pion or muon, and another is the calculation on the energy levels of atomic electrons for 
pionic or muonic atom. The aim of the former calculation is to estimated the pion or muon 
distribution at the electronic KX-ray emission. The latter is carried out to reveal the electronic 
X-ray energies of such pionic or muonic states and of those states with various electron 
structures. The modified Akylas-Vogel [4] cascade code was used for the former calculation. 
The original code had been written to reproduce only a muonic cascade. In modified version, 



Fig. 5. Comparison of the energy shift for pionic atom between experimental and
theoretical values. Experimental results are shown by closed squares. Lines indicate the
theoretical values with no and various L-electron vacancies. 

the effect of strong interaction was introduced to apply to a pionic cascade. We can estimate 
the K-hole distribution created by Auger process in the pion cascade calculation using the 
optimized parameters for the pionic X ray intensities. The latter calculation was performed by 
using the remodeling single configuration Dirac-Fock code[5]. In our code, pion or muon 
orbital is taken in the density of nuclear charge. Electron binding energies are calculated on 
not only various pionic state when K-electron Auger process occurs but variety number of 
L-electron vacancies. Figure 5 shows a comparison between the observed and calculated 
energy shifts. One can see that one or two L-electron vacancies exist during the pion cascade 
for pionic atoms in the low Z region. More detailed analysis and discussion are in progress for 
dynamic inner shell process. 
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