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The pionic 2p ~ ls transition has been observed in Mg. For the strong interaction monopole shift a value has been measured 
of %(ls)=-81.6+0.6 keV with respect to the point Coulomb energy, in agreement with standard optical potential 
predictions. The observed strong interaction absorption width is Fo(ls ) = 17,2 ± 1.6 keV, which is about a factor of 1.5 smaller 
than expected from presently available models. This measurement confirms the trend of "'anomalously" small strong 
interaction widths for deeply bound pionic states already observed in heavier elements. 

The measurement reported in this paper is an ex- 
tension of  a series of  experiments designed to study 
strong 'interaction shifts and widths of  deeply bound 
states of  pionic atoms. Observed e0 and F0 of  3d levels 
for a variety of  heavy nuclei deviate strongly from 
standard optical potential predictions being typically 
a factor of  two smaller than predicted [ 1 - 8 ] .  Similar 
observations have been made for the absorption widths 
of  other deeply bound pionic states: l l0pd(3p)  [9], 
75As(2p) [10], 23Na(ls) [11]. The general structure 
of  the optical potential employed in pionic atoms in- 
corporates two main terms: a repulsive s-wave part  and 
an attractive non-local p-wave part. In order to local- 
ize from which part  the anomaly comes the most  ob- 
vious places to look for are deeply bound pionic ls or- 
bits, where the s-wave repulsion is dominating the 
pion-nucleus  interaction. In the present paper results 
are reported of  measurements on the pionic ls  orbit in 
Mg performed at the pion facility of  NIKHEF-K at 
Amsterdam. The experimental set-up comprised a 
conventional beam telescope, incorporating four plas- 
tic scintillation counters and a ~erenkov counter. The 
pion channel was tuned for 140 MeV/c particles. Ap- 
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proximately 2 × 104 rt-/s were stopped in a high-puri- 
ty metallic target of  natural Mg. The target thickness 
was 2.33 g/cm 2. The pionic X-rays were detected by 
two large volume (n-type) Ge detectors. 

In studying weak and broadened pionic transitions 
it is essential to increase the peak to background ratio. 
This was done in the following way: 

(i) The Ge-detectors were surrounded by Compton- 
suppression shields with an effective suppression-fac- 
tor o f  about 5.5. 

(ii) The detectors were placed at a distance of  
about 60 cm from the Mg target, which allowed us to 
reduce the neutron-induced background by time-of- 
flight discrimination in the off-line analysis. 

(iii) Care was taken to prevent pile-up in the pion- 
stop signal in a time interval of  150 ns either before or 
after any pion stop to avoid ambiguities in the record- 
ing of  the time spectra. 

(iv) Pulse pile-up rejectors (Canberra 1468) in the 
circuit of  the analog signal to the ADCs were used to 
minimize spectrum background and photo-peak-shape 
detoriation due to pile-up. 

Energies were recorded from 2.5 MeV down to 
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about 20 keV (the nf-~ 3d pionic X-ray series, where 
self-absorption is rather large) in 8192 channels. For 
the energy calibration of the detector we used several 
well-established nuclear gamma-ray transitions pro- 
duced simultaneously in the target nucleus. For the 
detector response function standard sources were used. 
We determined a gaussian line shape, tailing of the 
peak on both sides and a difference in the magnitude 
of the background on the right- and left-hand side of 
the peak (usually some 0.5% of the peak height) by 
introducing a step function. In the inset of fig. 1 the 
320 keV line from a 51Cr source and the line shape 
used in the analysis are shown. The strong interaction 
broadening is accounted for by folding this fixed re- 
sponse function with a lorentzian line shape. The in- 
clusion of the step function is of vital importance for 
the analysis, especially in the case of Mg, where an in- 
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tense nuclear gamma-ray transition (21Ne) is situated 
just above the energy region of the pionic 2p -+ Is 
transition. The prompt pionic Mg X-ray spectrum is 
shown in fig. 1. This spectrum is the result of the ap- 
plication of a prompt time window in the two dimen- 
sional t ime-energy spectrum. In fig. 2 the fit to the 
experimental points is shown in the energy region of 
interest. Clearly shown is the step function for the 
background. 

In evaluating the intensity balance of the pionic 2p 
level in Mg, we used a large time window to allow for 
shifts in the timing as a function of gamma energy. A 
correction for the presence of a prompt 73.97 keV 
gamma-ray transition (next to 3d -~ 2p 74.4 pionic X- 
ray) from the 24Mg(n,2nT)22Na reaction, has been ap- 
plied for. From the intensity of the subsequent 583 
keV (T = 352 -+ 8 ns) transition, the intensity of the 
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Fig. 1. The measured pionic X-ray spectrum of Mg, resulting from the application of a prompt lime window in the two-dimensional 
time-energy spectrum. The inset shows the Compton-suppressed detector response to the 320.08 keV gamma-ray transition in 
SZCr. The drawn line is the fit to the experimental points. Clearly shown is the used step function of the background. The height 
of the step is a constant fraction of the peak area. 
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Fig. 2. Part of the pionic X-ray spectrum shown in fig. 1, 
showing the energy region of the pionic 2p -~ ls region. The 
fit to the experimental points is represented by the drawn 
line. The strong transitions at 296 keV, 331 keV and 350 keV 
are the muonic 2p ~ ls X-ray, 21Na and 21Ne nuclear gamma- 
rays, respectively. 

73.79 keV gamma-ray was determined to be 34% of 
the measured intensity of the complex at 74 keV. The 
results of the pionic X-ray intensities are given in ta- 
ble 1. The experimental energies and intensities are in 
rather good agreement with the calculated values, ob- 
tained by using the pionic X-ray cascade code 
STARKEF, which uses the observed transition ener- 
gies and level widths as input. 

The results of  our analysis of the strong interaction 
shift and width is e0(ls  ) = - 8 1 . 6  ± 0.6 keV and 
P0(ls)  = 17.2 -+ 1.6 keV. These values are compared 
to the predictions of the standard optical potentials in 
table 2. From the intensity balance follows F0(2p) = 
69 ± 9 eV, using the value of Frad(2p) = 1.407 eV for 
the electromagnetic radiative width. This value com- 
pares well with calculations and with the result of  
Beer et al. [13] given in table 2. Conversely, accepting 
their experimental width of 74.9 ± 1.7 eV and the in- 
tensity balance the relative 2p ~ ls  transition intensity 
becomes I(2p -~ 1 s) = (2.56 -+ 0.15)%. Use of this val- 
ue as an extra condition in the fitting procedure re- 
sults in F0( ls)  = 14.3 + 1.9 keV for the absorption 
width, a result that is even further reduced with respect 
to the theoretical values and our value obtained by a 
free fit of the data. 

At the conference PANIC in Heidelberg, where a 

preliminary analysis of the present work was reported 
[ 17], an account was also given on pionic Mg measure- 
ments performed at TRIUMF [18]. Their reported ab- 
sorption width is in agreement with theory. Provided, 
however, that the data from TRIUMF are analysed 

Table 1 
Observed pionic X-ray in Mg. 

Transition 

4 f ~  3d 
5 f~  3d 

3d~  2p 
4d ~ 2p 
5d ~ 2p 
6d-~ 2p 
7d -~ 2p 
8d-~ 2p 
9d -~ 2p 
higher transitions -~ 2p 
Auger transitions ~ 2p 

2p -~ls 

E,y (keY) I. t (re1. int.) I~ (calcul.) 

25.9 80 -+ 9 82.6 
37.8 10 -+ 3 14.2 

74.430 + 0.008 100 _+ 7 100 (norm) 
100.302 + 0.015 21.5 + 2.2 19 
112.303 +- 0.017 10.1 + 1.0 10.7 
118.77 ± 0.03 4.4 +- 0.5 5.11 
122.81 + 0.06 1.3 + 0.2 1.94 
125.24 + 0.15 0.5 • 0.1 0.75 
128.3 + 0.4 0.2 -+ 0.1 0.20 

0.53 
0.46 

324.4 ± 0.6 2.7 -+ 0.3 
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Table 2 
Strong interaction monopole shifts with respect to the calculated point Coulomb energy and strong interaction monopole widths 
for the pionic 2p and Is levels in Mg. The Fermi parameters are obtained from Engfer et al. [ 12] (c = 3.046 fm and t = 2.3 fro). 
The value ofc actually used in the calculations is obtained by unfolding the finite size of the proton. 

Quantity Level Experiment Reference Theory 

I a) l i  b ) i l i  a ) W c ) 

CO 

I" o 

2p 128.45 ± 0.41 eV Beer d) 103.6 eV 130.2 eV 91.7 eV 126.0 eV 
Is -81.6 ± 0.6 keV this paper -78.9 keV -76.7 keV -78.9 keV -78.1 keV 

2p 74.9 ± 1.7 eV Beer d) 61.9 eV 74.5 eV 56.5 eV 69.2 eV 
69 ± 9 eV this paper 

Is 17.2 ± 1.6 keV e) this paper 24.2 keV 25.9 keV 24.3 keV 23.0 keV 

a) Ref. [14]. b) Ref. [15]. c) Ref. [16]. d) Ref. [13]. 
e) With the intensity of the 2p ~ ls transition fixed (see text) the result would have been Po = 14.3 (19) keV. 

similarly to the present ones, they do agree with the 
present shifts and widths. 

A comparison of  the experimental  results for e0 
and P0 of  the 2p and ls levels with standard optical 
model  calculations (see table 2) shows that  none of  
these parameter  sets are able to predict  the data of  
both  levels simultaneously. For  the 2p level the calcu- 
lations come close to the data, while only the param- 
eter set of  Batty et al. [15] yields good agreement 
with the SIN results [13] for the 2p level. The pres- 
ent value for e0( l s  ) results in a (8.7 -+ 1.0)% stronger 
repulsion (taking into account that  the shift due to 
nuclear finite size is - 2 0 . 1  keV). All predictions fail 
badly on I ' 0 ( l s  ) for which the experimental value is a 
factor of  1.5 smaller ,1. This most  likely is the result 
of  an increased s-wave repulsion in the p ion-nuc leus  
interaction, as the non-local p-wave part of  the optical 
potential  hardly is of  importance in absorption from 
the 1 s orbit. An inc tease d s-wave repulsion [ 1,6,19 ] 
may also be able to explain the anomalously small 
pionic 3d level absorption widths ment ioned above. In 
this context  we recall that for low-energy pion scatter- 
ing a similar s-wave repulsion has been observed, see 
refs. [ 2 0 - 2 3 ] .  

The experimentally found s-wave repulsion in the 
real part  of  the p ion-nuc leus  interaction has never 
been explained by theory.  So far theoretical efforts 
by Tanscher and Schneider [24] by introducing higher 

,1  In fact this is found too in our preliminary results on pionie 
A1. 

order terms in the Er icson-Er icson optical potential  
have not  been able to reproduce the results for deeply 
bound pionic Orbits. Parametrization studies [16,19] 
point  in the direction of  an increased s-wave repulsion 
of  the order of  30 to 40 M e V .  

As pion absorption on nuclei mainly involves two 
nucleons one may at very short separations have to 
abandon the conventional description of  the nucleus 
in terms of  the nucleonic degrees of  freedom. Calcula- 
tions of  this type applied to other processes have been 
performed by Kisslinger et al. [25,26]. In these calcu- 
lations the short range of  the interaction is then de- 
scribed in terms of  six-quark bags. So far this has not  
been applied to pion absorption in pionic atoms. 

This work is part  of  the research programme of  
NIKHEF-K at Amsterdam, made possible by financial 
support from the Foundat ion for Fundamental  Re- 
search on Matter (FOM) and the Netherlands Organi- 
zation for the Advancement of  Pure Research (ZWO). 
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