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This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any’
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process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ' :
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ABSTRACT

We have measured the 3d - 2p, 4f - 3d, and 5g »~ 4f v-mesic
x-ray energies and widths for a selection of isot&pes from Z =16 (sulfur)
té Z =94 (plutonidﬁ). Cur ;Dbjective was ‘t‘o measure shifts and widths .of
the pion energy levels caused by the strong —interaétion force of the
nucleus. Earlier work reported a general survey of nm-me sic x-ray
eﬁergies1 and a detailed investigation of the 2p - 1s x-ray energies
and width;.-‘.. 2 The higher transitions reported in this paper are needed
‘to determine the pion-nucleon interaction parameters.- We have com-
bined the present data with earlier data to find such parameters, and
: find"‘Ifairilﬁa’g‘,‘réemeﬁt‘-Wi{th.Valu"e's .pfédi’cted:i.'frdmi:..pio‘n:—'nucleon scattering

and pion production.
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Pi-mesic x rays were observed with a lithium-drifted germa-
A | niﬁm detector w.hichvh‘ad a resolution of about 4 keV for the Na?“2 511-keV
line and which measured 2 cmz‘ by' 1 cm deep.» Pulses from the detector
passed through a preamplifier which had a cooled field-effect transistor,
and a 4096 -channel analog—i:o -digital converte_'r (N'uclear Data model -
ND 16 1F) was used with a computer (Digital Equipment model PDP-5)
vso that broad enefgy windows coulvd be eXaﬁined wﬁile étill_ efficiently
- using the high detector resolution. 3 The energy scale and instrumental
resolution were calibrated with a mercury pulser and with sources of
known energy, and digital stabilizers were used during the measure-
ments to stabilize the bias and gain of the amplifier on peaks in the

241 and NaZZ

spectrum produced by radioactive sources (Am ). Our
energy scale wés c.hose_n such that one é:hannel in the i)ulse -height spec-
trum corresponded to 0.3 keV, and we use this as our minimum error;
in some cases this error had to be incréaséd because of th_e low nurtrilber
of counts in the x—i’ay’peaks.' A computer program is now beiﬁg used_f‘.o
more accurately measure the Centroids and widths of the peaks, and
these results will be presented later,

We ob:serye those transitions that were expected to show a
strong nuclear perturbation in isotopes tha:t ;}i/’ére readily available.
For example, the 2p level is perturbed By fhé nucleus in the Z =25~
region, and thé-refore we observed the 3d - 2p transition frlorn Z =16
(sulfur) to Z.,=27.('cobalt) in elements that were at least 84% isotopically.
pure. We could not observe the 3d -~ 2p transition in higher-Z elementé

because of the low x-ray yield caused by nuclear capture from the 3d

state. With some isotopes we observed amenergy-level'splitting caused by
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t"he‘ma.’gnetic -dipole and electric-quadrupole moments of the nucleus.
Since 1Ethe se splittiﬁgs are not well resolved by our detecbtor, they confuse
the measurement of line widths, and we have restricted our analysis of
level broadeniﬁg to those isotopes with splittings tha‘; afe calculated to
be less than 0.3 keV, except bismuth which has a splitting of 0.6 keV.,

| The m-mesic x-ray energiés and widths which we meaéured
are presented in T-abié I. We list the principle quantum number n for
the lower level of the x-ray transition, tile measured x-ray eﬁer‘gy, the
energy' computed from the Klein-Gordon equation with a correction for
reduceci mass, the vacuum—polariéation correction cofnpu'ted éccording
to Mickelwait,.4 and the finite vCoulo.rnb-size correction computed.
according to Pustavolov with a nuélear radius of 1’.2 Ai/3 fermi (wilere
A is the mass number). 5 The va.cuum'-polar-ization correction was cal-
culated onl.y to first order; higher—ordér corrections have been diséussed
by Wichmann and Kroll6 and are eipected to be small even for high-Z
nucléi. The C_bulomb correction is small because the pion is far frorn
the nucleus, | and for th_ve 4f - 3d and 5g —~ 4f x rays this correction is
negligible. The sum of the Klein-Gordon Vé.lue,' the vacuurﬁ—polarization
shift, and the Coulomb shift give a total calculated energy, Ec‘ The'
difference between this energy and the measurevd energy (AE) is inter -
preted as fhe nuclear shift for the lower level of the x-ray transitioq.:
The calculated value of the energy shift is described belov&, and repre -
sents a best fit to the data for an optical model of the nﬁcleus. The
measured value of the width (wn) is the full width at half-maximum of

the peak after the instrumental width has been removed. The measured

value is derived from the data by a method described in reference 2,
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and the calculated 'v‘alué (T') is described below.

In Table II we list other mesic x-ray data that were used in
determining the interaction parameters. The data for oxygen have
béen revised from that presen'ted in réference Z-because of an error
in the backgfound—su_btraction analysis, and the errors on the widths
of the fluorine and sodium lines have been increased because of uncer-
tainties introduced by the background analysis. The A127 data is from
reference 7. |

’fo compute the shift of the x-ray energies, we follow the
formalis'm ’develoi)ed by the Ericsons in which the nucleus is re;;re-
sented by an optical -model potential of the form

V(r)=2w[(50+21;—7b1)p(r) et L e ) vep(n)v] (1)
Where p(r)is thefnuclear-de’nsity, visthe gradient operator, T is the isotopic-

spin.ofthe pion, Tistheis otopic spin ofthe nucleus, andwetake T. 7=N-Z. The

‘constants bi' and c,are simply relatedto the pion-nucleon.scattering lengths:

by =(a, +2a3)/3 co = (4ag3 + 204, +2a,, +a“)/3
_ B (2)
b1—(—a1+a3)/3 C1—(2a33+q31-Za13-u11)/3,
where Gyt 2 is written for the channel with isotopic spin t and spin j.
For p(r) we used a Saxon Woods potential
‘ 0 ;
p(r) = : (3)

1_;_e(r-c)/a ’

where‘pO is a normalization constant determined from fp(-r)dV = A,

and ¢ and a are constants which we have taken from Eltong' and both
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depend on A. The energy shift is computed'from perturbation theory
AE = ﬁ"‘wrw av, (4)

where y is the meson wave function, and we have not included the

Lorentz-Lorenz effect or the normalization for the gradient interaction

discussed by the Ericsons. 9,10

These effect; tend to cancel, and
should not influence our results by more than 10%. We also neglect
cérrections due to tfhg> Fermi motion of the nucleons,twc; -nucleon
absorption, and nuclear correlations,

The constants bi and s in Eq. (1) are determined by a learst—
squares fit to the data of Tables I and IT with a method described by
Mandel. '? However, we did not include the isotopes with Z > 83 in
this analysis because their ‘shape is disforted and Eq. (3) is not expected

to be a good description of their nuclear density. The best fit for the

energy shifts was obtained with (units Hh =c = m“' = 1)
o

By

i

0.131+0.011

-0.0497 +0.0004 cq
‘ (measured) (5)

-0.018 +0.090,

-0.064 +0.013 ¢,

which can be compared to the scattering lengths12 of Eq. (2)

-0.012 4+ 0,004 <

b, = = 0.21+0.01 (calculated with
0 0 .
no nuclear (6)
b1 = -0,097+0.007 c1 = 0.18+0.01. corrections)

Including nuclear corrections with the data in Eq. (6), one gets1

0.49£0.02 (calculated with

bo = -0.028+£0.006 cy =
. nuclear . (7)
= 0.16+£0.01. corrections)

,b1v =~-0.410+0.01 . <y
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There is qualitative agreement between the measured and calculated

values of the constants; and the nuclear corrections, as discussed by

~

the Ericsons, tend to improve the agreement between the measured

and calculated values, The measured values are compared to the
values calculated with parameters from Eq. (5) in Tables I and II and -
Fig. 1.

The widths of the x-ray lines are more difficvult to calculate
because the pidn rﬁ_ust be absorbed by two nucleons to conserve momen-

tum. In our analysis we use an optical model of the formié

T=aA, qu(r)2]¢|2 av + A, Sp(r)% || av, - (8

where p(r) and § are defined above, and Ai are constants determined by

" a least-squares fit to the width data of Tables [ and II. We find (exbluding

the fluorine, sodium, and Z > 83 points):

A, =0.220£0.017 A, =1.97£0.26 (measured).  (9)

These parameters have been calculated by M. Ericson from the reaction

N+N->N+N +ntogive

A, =0.299£0.036 '_A2 = 2.15¢0.51,  (calculated) (10)
) :
in agreement with éxperimént. The measured widths, and widthsv cal -
culated from Eqgs. (8)v>-and (9), are shown in Tables I and II and Fig. 2.
The fluorine and s‘o.diurn width data afe_ not explained by this
calculation. The reason may be that ﬂgorine and sodium have nucleons
in the d shell, whereas the lower-Z nuclei have énly s and p nucieons.’

If we @assume that the capturing nucleons are in a relative s state,

nucleons in the d shell cannot participate in the capture process, and
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they dilute the effect of the nucleons that can capture a pion. Since the
probabili»ty of finding a particular nucleon in the ﬁucleus is 1/A and
the probability of capture is pro’portipnal to the square of the density,
the d-state nucleons suppress the capture rate detefmihed from Eq.‘ (7)
by a.‘ facfor

' .2
(A,/A,)°. , - (11)

Here A1 is the number of‘nucleons that (;an participate in the capture
process, and A2 is the total number of nucleons. This correction

factor has been applied to the calculated fluorin-e, ~sodium, and magﬁesium
widths listed in Table II, and we used A1 = 16 and AZ = A (the mass
number for the respective nucleus). This correction tends to reduce ‘

the disagreement between the calculated and measured values, but

there are still some differences.

I‘n conclusion, there is general agreement between the measured
and calculated values of the w-mesic x-ray energies and widths. However,
discrepancies remain in the shift an\d width data fof nuclei with Z > 83 in
the 4f level, and the width data for Z > 8 in the 1s level.

| We thank Professors K. M. Cfdwe and E. G. S.egr(\a for their
support, Messrs Stephen Kahn, Robert Lafore, Curtis Nunnally, James
Shilleto, Melvin Simmons, and Stefan Swierkowski for assistance in the
measurement, Dr. Fred Goulding for suﬁplying the detector, Profeséor
Herb Anderson for the loan of target materials, Dr. Torlief Ericson

for'f_xelpful discussions, and Mr. James Vale and the 184-Inch Cyclotron

staff for their help,

.\"“\ .



7o UCRL-17211

REFERENCES

>kWoi‘k done under the auspices of the U. S. Atomic Energy Commission.

1.

2.

10.

11.

_except Li7, c=0.86 F, a=0.523 F; and B1

- D. A. Jenkins and K. M. Crowe, Phys. Rev. Letters 16, 637 (1966).

D. A. Jenkins, R, Kunselm_an, M. K. Simmons, and T. Yamazaki,
Phys. Rev. Letters 17, 1 (1966).

S. P. Swierkowski and R. kW. Lafore, Lawrence Radiation
Laboratory report UCRL-16814, 1966 (unpublished}.

A. B. -Mickelwa;t, Ph. D. Thesis, Carnegie Institute of Technolog};y,
1954 (unpublished); A, B. Mickelwait and H. C. Corben, Phys. Rev.
96, 1145 (1954), |

G. E. Pustavolov, Zh. Eksperim. i. Teor. Fiz. (U.S.8.R.) 36,
1806 (1959); English translation: Soviet Physics - JETP 9, 1288

(4959).

. E. Wichmann and N. Kroll, Phys. Rev. 101, 843 (1956).

_AA, Astbury, J. P. Deutsch, K. M. Crowe, R. E Shafer, and

R. E. Taylor, Comptes Rendus of the International Congress on

Nuclear Physics, Paris, 1964, (Centre National de la Recherche

Scientifique, Paris, 1964), Vol. 2, p. 225.

L. R. B. Elton, Nuclear Sizes (Oxford University Press, London,

1961). We used values of ¢ and a given in Table 2. For isotopes
not listed in this table, we used ¢ =1.07 Ai/3 F and a = 04545 F;

0 ¢=0.90 F, a=0.435 F.
M Ericson énd T. E. O. Ericson, Ann. Phys. 36, 323 (1966). |

M. Ericson, Compt. Rend. 257, 3831 (1963).

J. Mandel, The Statistical Analysis of Experimental Data (Inter-

science Publishers, New York, 1964), p. 131.




12.

13.

14.

-8~ . UCRL-17211

‘The values for b and b, are taken from V. K. Samaré.nayake and

0 1
W. S. Woolcock, Phys. Rev. Letters 15, 936 (1965); and the values

0 1
Rev. Mod. Phys. 35, 737 (1963).

for ¢, and ¢, are taken from J. Hamilton and W. S. Woolcock,

We thank Dr. Torlief Ericson for giving us these numbers.

M. Ericson, Compt. Rend., 258, 1471 (1964).



9.

Table I. Pi-mesic x-ray energics and widths inkeV.

UCRL-17211

Klein- Vacuum- Coulomb Total

Isotope Measured - Difference Calculated Measured Calculated
energy Gordon polarization shift calculated AE" level natural width, 1"
energy shift energy, Ec shift width, w
n=2
s 1332203 1319 0.6 -0.0 132.5 0.720.3 - 0.40 0.820.4 0.41
k3% 188.6£0.3 - 186.4 1.0 -0.0 187.4 1.2£0.3 0.98 1.940.6 BT
ca*? 209.3£0.3  206.7 1.1 © 0. 207.7 1.6£0.3 1.31 2.1%0.6 1.52
v>1 278.240.4  274.0. 1.6 -0.2 275.4 2.8+0.4 2.47 4.27
cr>? 302,5+0.5  298.5 1.8 0.2 300.1 2.440.5 3.04 5.01
Mn®>®  328.5:0.8 - 324.1 1.9 . 0.3 325.7 2.840.8 3.61 646
FeS6 356.9%1.0  350.8 - 2.1 -0.4 352.5 4.4£1.0 454 6.0£2.5 " 7.89
Co°? 384.6+1.0  378.6 24 -0 380.5 4.4+1.0 5.33 10,07
n=3 A
v 89 278.2£0.3  276.2 1.4 0.0 277.6 0.6£0.3 0.30 0.8+0.6 .30
Nb?3 307.6£0.3  305.4 1.6 0.0 307.0 0.6+0.3 0.43 0.640.4 0.45
rn1® 3709104 3686 2.0 0.0 370.6 . 0.340.4 0.86 1.250.6 096
mi?®  442.1e14 437.8 s 0.0 440.3 1.8:1.4 159 1.98
snlt® 460.9:0.6 © 456.1 C 26 0.0 458.7  2.2+0.6 1.83 1.941,2 2,24
sn™7 deoaw0.6 456,10 2.6 0.0 58T 1L.7£0.6 183 PRERN: K
sn®?® 4604506 4564 2.6 0.0 458.7 1.7£0.6 1.83 2541, 2.30
sn?? 4603506 . 4561 2.6 0.0 458.7 °  1.6:0.6 . 1.83 1.921.2 2.33
50?20 46054006  456.4 2.6 0.0 458.7 1.8£0.6  1.82 2.7%1.2 237
snl22 7 460.3:0.6 4561 2.6 0.0 458.7 1.6+0.6 1.82 2.0%1.2 2,43
sn??% 4602200 4561 2.6 0.0 458.7 1.520.6 . 1.81 23412 2.50
127 519.1+£1.4  543.2 3.0 0.0 516.2 29511 2.73 3.71
cs? seosi14 5832 B 0.0 556.5 4.0£1.1 3.51 1.251.8 5,00
"1a®®® 6036109  s594.8 3.6 0.0 598.4 5.2£0.9 4.46 6.65
ce™® 6261220 6162 3.8 . 0.0 620.0 6.1£2.0 5.03 5.8+3.8 2.47
Pr14‘1 649.5+2.0  638.0 3.9 0.0 641.9 7.62.0 5.66 6.7+2.8 836
n=4 '
Tal®. 4534404 . 4s0.7 2.4 0.0 453.4 0.0+0.4 0.29 0.4
a7 535105 s289 2.9 0.0 531.8 0.7£0.5 0.55 0.56
Bi2%  589.8:0.9  sg4.g 3.2 0.0 588.0 1.8+0.9 0.86 1.7+ 1.0 0.88
Th?32  698.0:0.6  689.5 4.0 0.0 693.5 (4.50.6) 1.73 (6.0£0,9)% 2.10
y?3s 731441 721.2 4.2 0.0 725.4 (6.0£1.1)2 - 2.09 (6.1 1.0)% 2.61
Pt 7662416 7535 4.5 0.0 758.0 (8.2+1.6) 2.51 (9.1%2.5)2 3.09

%Not used to find parameters in Iqu. (5) and (9).
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Table II. Pi-mesic x¥ray energies in keV, from earlier work,
Data are from reference 2, except for the 3d-2p aluminum

transition, from reference 14.

Isotope . Difference Calculated Measured Calculated
' AE " level natural width, [’
: shift width, w

n=- .

Li® © -0.6 £0.2 - -0.30 0.39+0.36 - 0.10
Li’ 0.8 £0.2 -0.52  0.57£0.30 0.13
Be’ 1.75'£0.2 1.47  0.8540.28 0.55
10 2.6 £0.6 228 1.4 £0.5 1.17
g1l 2.9 0.7 -3.27 2.3 0.5 | 1.35
ciz 58405 ~4.62 2.6 +0.5 2.33
N4 9.8 1.1 -8.33 4.1 £0.4 4.59
olé 14,7 +1.2 2 -13.75 9.0 #2.0% 7.69
719 -25.8 +1.1  -25.68 4.6 x2.0 " 6.58
Na?3 498 +.4 5120 4.6 £3.00°  40.26°
Mg ~ -57.3 +4.4 -58.15 12.95¢
NG 0.24 £0.08 0.12 | 0.12

%Revised from earlier work (see text).
bNot used to find parameters in Eq. (9).

CInc:hiding correction factor given by Eq, (11).

—
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FIGURE LEGENDS

Fig. 1. Measuied difference, AE, and calculated level shift from

Tables I and I, The values for the tin-isdtopes are the largest
and smallest values only. The values from the ﬁ’gﬁre are to be

multiplied by:the factor in parentheses to obtain the values in the

tables.

' 'Fig. 2. Measured natural width', W and calculated width, I, from

Tables I and II. The values for the tin isotopes are the largest
"and smallest values only., The values from the figure are to be

multiplied by the factor in parentheses to obtain the values in the

tables,
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