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We have measured pi-mesic x-ray energies for 70 elements, 

• 	 by using a lithium-drifted,germanium detector, and for aluminum 

• 	 by using a bent-crystal spectrometer. We observe differences be- 

tween some x-ray energies and the energies predicted by the Klein-

Gordon equation, and we interpret these differences as being due to 

vacuum polarization and the presence of the nucleus. The vacuum-

polarization correction to the x-ray energies is well known, and we 

have used the work of Mickeiwait and Corben to calculate this effect. 

The presence of the nucleus induces both an energy shift and a broad-

ening of the x-ray line because the pion interacts strongly with the 

nucleons in the nucleus. Furthermore, the nucleus has a finite size 

which produces a departure from the point approximation of the 

Coulomb interaction. These effects have not been precisely calcula-

ted, and in this paper we present our results for the nuclear energy-

level shift. 

The nuclear effect in pi-rnesic x-ray energies has been dis-

cussed by Eic son, 
2  who suggests that the level shift can be under-

stood in tems of a Kis slinger potential 3  that contains a gradient 

operator. 'Dhe gradient operator is introduced because of the strong 
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p-wave force in the pion-nucleon interaction. Therefore, we have 

calculated the potential shift using perturbation theory and an op-

tical -model potential of the form 

V(r) 	V0  p(r) + V V p(r) V, 	
() 

where V0  and V are constants to be determined from expeiiment, 

V is the gradient operator, and 

p(r) = { ± exp [(r -c)/z.]} 	 (2) 

is the Saxon-Woods potential function for the nucleus. We use 

c = .08 A 	 Fermis and 	= 0.545 Fermi, as found by Anderson 

et al. from the mu-mèsic x-ray data. 	The mu-n-iesic x-rayparam- 

eters describe the Coulomb distribution of the nucleus, and this dis-

tribution is not expected to be the same as that seen by the .pion be-

cause the pion interacts strongly with the nucleus. Lacking better 

infbrmation, we have used the mu-me sic x-ray parameters as a 

first approximation. Then the energy level shift for a level with 

principal quantum number n and orbital angular momentum I is 

AE 	vof

. p(r) 	V dT + V 	 p(r) 	l dr, 

 I fo 
(3) 

where we have used nonrelativistic wave functions for 

Mc sic x-ray energies for a series of elements were meas-

ured with a germanium detector. The accuracy of these measure-• 

ments is limited by the electronics of the system used to measure 

pulse heights.from the germanium. Gain shifts were minimized 

by using a digital gain stabilizer, D 
 and the energy response was 
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calibrated with radioactive sources at intervals of about 100 keV. 

The energy measurements were taken for periods of about 15 mm, 

and the system's energy. response was calibrated before and.after 

each run. We therefore have confidence in our measurements to 

an accuracy of ± .O keV. We are now making more meaurements 

• of these energies, after which a detailed description of the experi-

ment will be presented. The aluminum measurement with a bent-

crystal spectrometer has been reported earlier. 6 

The data are presented in Fig. i, which shows the difference 

in energy between the measured x-ray energies and the value pre-

dicted by the Klein-Gordon equation, including reduced-mass and 

vacuum-polarization corrections. The data for the Zp - is tran-

sition were taken from the work of West, and the energies for this 

transition have been corrected for the Coulomb shift due to the finite 

size of the nucleus; this correction is negligible for the other tran-

sitions. A negative energy in Fig. l indicates that the measured 

energy level is higher than the calculated value, and therefore the 

x-ray energy is lower than predicted. The curves in Fig. i are 

computed from Eq. (3) after V 0  and V have been varied to obtain 

a good fit to the data. Practically all of the shift in the x-ray 

energy is due to the is level for the Zp - is lines, and similarly 

for higher transitions it is due to the level with smaller f . This 

is theoretically very plausible and confirmed experimentally by 

the fact that the difference between the observed energy of the 

is line and that predicted according to the Klein-Gordon 

equation is the same as for the 2p - is line. 
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We assume that the energy difference plotted in the figure 

is due to the nuclear shift, and we observe that the sign of the 

2p - is x-ray shift is different from that of other x-ray transitions. 

The gradient of the is wave function near the origin is small, there - 

fore the is energy shift is dominated by the first term in Eq. (3) 

(the local potential). However, the gradients of the Zp, 3d, and 

4f wave functions are large, and the energy shifts for these levels 

are dominated by the second term in Eq. (3) (the nonlocal potential). 

The negative shift for the Zp - is energy implies that the local 

potential is repulsive, while the positive shift for the 3d - Zp, 

4f - 3d, and 5g - 4f energies implies that the nOnlocal potential 

is attractive. Our best values for these potentials are V 0  = -8.1 MeV 

and V 1 = 120 MeV-fermi 2 . The potentials do not give good agree-

ment with the 5g - 4f uranium x-ray, but this could be a result of 

our using the wrong value for the nuclear radius. 

The authors wish to thank Mr. F. Cooley, Mr. D. Girvin, 

Mr. P. Lindstrom, and Dr. R. Shafer for calculationsand assist-

ance in the measurements, Prof. H. Anderson for the loan of 

target materials, Prof. E. Segr for helpful discussions, and 

Mr. J. T. Vale and the 184-In. -Cyclotron staff for their help. 

We also thank Mr. Guy Armentraut for furnishing the Ge detector. 
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This report was prepared as an account of Government 
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mission, nor any person acting on behalf of the Commission: 

Makes any warranty or representation, expressed or 
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or usefulness of the information contained in this 
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report 
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Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in 
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