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The E2 nuclear resonance effect has been studied in the pionic atoms of “*Ti, '*Ru, !°Pd,
HUL12¢d, 125Te, and °Sm. The experimental values of the attenuation for !*Ru, !'°Pd, and !'-12Cd
agree with the predictions of the theoretical model of Leon. Using the more detailed calculations of
Dubach et al., one obtains closer agreement between theory and experiment for '*Sm and **Ti al-
though in the latter case the difference is still more than two standard deviations. Although the
same levels are mixed in '**Te as in '®Ru and !!°Pd, the theoretical prediction of the attenuation by
Leon is nearly two standard deviations greater than the experimental value. A more precise energy

for the second 3 state in !'!Cd is deduced.

I. INTRODUCTION

Measurements on the x rays emitted by pionic atoms
have provided the principal means of studying the zero-
energy pion-nucleus interaction. A negative pion incident
on a target slows down and is eventually captured by a
target atom. The captured pion then cascades down
through the pionic atom levels, at first emitting Auger
electrons and later pionic x rays. Near the end of the cas-
cade the short-range strong pion-nucleus interaction
comes into play. This is reflected in changes in the inten-
sities, energies, and widths of the observed x-ray lines
compared to what would be observed in a purely elec-
tromagnetic cascade. Compilations of measured pionic
x-ray energies and level widths have been given by Poth!
and Batty.’? The results of such measurements are re-
viewed by Hiifner’ and Batty.? These x-ray data are used
for determining semiphenomenological optical potentials
which give good agreement with most of the x-ray data
and are consistent with the optical potentials used to
describe low energy pion-nucleus scattering.

However, the strong-interaction information derived
from x-ray measurements comes from rather limited re-
gions of Z for each pionic atom level (1s from Z <11, 2p
from 8<Z <33, 3d from 39<Z <60, and 4f from
Z > 67). This is because, for a given nucleus, the observ-
able x-ray lines terminate rather abruptly at a “last line”
as the overlap with the nucleus, and hence the absorption
widths, increase. While it would clearly be desirable to
test the optical potential for levels with greater overlap
with the nucleus, this is not generally possible, so that
these levels remain “hidden.”

A method to probe a few examples of such hidden lev-
els, the E2 nuclear resonance effect, was proposed by
Leon.* This effect occurs when an atomic deexcitation
energy closely matches a nuclear excitation energy and the
electric quadrupole coupling induces configuration mixing
of the two states. A pion in the (n,l) state (with the nu-
cleus in its ground state) is also partly in an (n',] —2)
state (with the nucleus in its excited state); since the
(n',1 —2) state atomic wave function has a greatly in-
creased overlap with the nucleus, even a very small
amount of configuration mixing can result in a significant
induced width T,y in the (n,l) state, which leads to a
reduction of the (nm,l)—>(n —1,/—1) x-ray intensity.
Measurement of this attenuation allows one to extract in-
formation*® about the (n’,] —2) pion level. The attenua-
tion may be measured with precision by comparing the in-
tensities of the (n,l/)—(n —1, —1) lines in the spectra of
two isotopes, one of which possesses the resonance.

The purpose of the present paper is to report the results
of such high precision measurements for a number of
pionic atoms where the E 2 nuclear resonance effect is sig-
nificant. The nuclei studied are **Ti, !®Ru, 1'°Pd, 1'!Cd,
112, 125Te, and *°Sm. We have previously reported re-
sults for some of these isotopes®”® but the present work
represents new, more precise and accurate results for all
cases. Comparisons are made with theoretical esti-
mates.*® Since they give the most intense lines, we deal
exclusively with transitions between “circular” states, for
which / =n —1.

This work was motivated in part by the persistent
discrepancy between an earlier observation and the predic-
tions of the optical potentials for the 3p level of pionic Pd
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(Z=46);>8 this discrepancy remains even when compar-
ison is made with the more complete calculations of Du-
bach et al.® instead of the simpler model of Leon.* The
3p state is also the lower admixed state in “Ru and
125Te. The highest Z nucleus where the hadronic contri-
bution to the 1s state can be studied is *®*Ti, and it has the
greatest mixing. A more precise determination of the at-
tenuation would provide a sensitive test for this mixing.
Dubach et al.® have pointed out that pionic *°Sm is po-
tentially very interesting because a precise determination
of the attenuation may allow one to distinguish between
two nuclear models for 1*°Sm. Of all the pionic examples
of the E2 resonance effect ''Cd and ''>Cd are the most
studied.>® They are important test cases since the lower
admixed state is directly observable rather than hidden.

A brief description of the theory for the E2 nuclear
resonance effect will be presented. Following that the ex-
perimental procedure and method of data analysis will be
described, the results given, and comparisons made with
theory.

II. THEORY

The theoretical description of the E 2 nuclear resonance
effect was first given by Leon* and later extended by Du-
bach et al.® to include mixing effects due to the strong in-
teraction. We shall present only a summarized descrip-
tion of the theory here, based primarily on the develop-
ment given by Leon.

Let | 1) denote the state consisting of the nucleus in its
ground state and the pion in an atomic state (n,/) and

|2) the state with the nucleus in an E 2-excited state and
the pion in a lower atomic state (n’,/ —2). Denoting the
quadrupole coupling Hamiltonian by H'=H yong +H em
we can write for the eigenstate | 1')

[1Y=V1—a?|1)+a]2), (1)
where a, the admixture coefficient, is given by
_{2|H'|1)
a= AE . (2)

The complex energy difference AE is
AE EEZ;IC _En',I —2+En,l - %—i(rn’,l—2+ I-‘n,l )
=e—iy, (3)

where E2% is the energy of the E 2-excited nuclear state,
E, ; the binding energy of the pion in the n,/ pionic atom
state, and T, ; the width of this level. From this admix-
ture of the lower level, the upper atomic level now has an
induced width I';,4 which is given by

Tia=la | Ty, . ) 4

This induced width leads to an attenuation of the x-ray
intensity from the n,l state. Conversely, a determination
of the x-ray attenuation gives information about the
strength of the coupling.

The pionic x-ray transitions which are usually detected
are those E1 transitions involving circular orbits (max-
imum /). One determines for a given isotope the intensity
ratio of the observed lines,

I(n,J—n —1,1—1)
Im+LI+1-nl) |,,

r(Z,A)= , (5)

where I(n,l—n —1,] —1) represents the measured inten-
sity of the transition between the state n,/ and the state
n—1,l —1 and Z, A4 represents the isotope. We refer to
the isotope where mixing occurs as the “resonant” isotope.
For a nonresonant isotope Z,A4' one measures the same
ratio and then forms the ratio of ratios

r(Z,A)

R=1Zan - ©
The attenuation A4 is defined as the complement of R, i.e.,
A=1—-R, 7)

and is a direct measure of the induced pion absorption out
of the level n,l (to the extent that unresolved noncircular
transitions are absent). One can readily show* that con-
tours of fixed attenuation are circles in the (€,7) plane (as-
suming the mixing matrix element is fixed).

The energies and widths of the pionic atom states are
obtained by solving numerically the Klein-Gordon equa-
tion® with the nuclear Coulomb potential plus the hadron-
ic optical potential. The potential of Seki and Masutani'®
with parameters given in their Table III (the column
headed a — 1R) was chosen. Following Leon,* the mixing
matrix elements are calculated using nonrelativistic
point-nucleus wave functions (electromagnetic contribu-
tion only). One then obtains predictions of the attenua-
tion which can be compared with experiment.

There are additional factors which can contribute to the
induced width such as nuclear size effects, isomer shifts,
nuclear states above the collective quadrupole state, and
the inclusion of a p-wave optical potential. Dubach
et al.® have included these. ‘

III. EXPERIMENTAL PROCEDURE
AND DATA EVALUATION

These experiments were carried out at the Clinton P.
Anderson Meson Physics Facility (LAMPF) using the P3
and LEP beams. The experimental arrangement was
similar to that described in Ref. 5 except that in addition
to the 9.6 cm?® intrinsic Ge detector [with a resolution of
~1.6 keV (FWHM) at 90 keV], some measurements were
also made with a 100 cm? coaxial Ge(Li) detector [with a
resolution of ~2.2 keV (FWHM) at 662 keV]. A spec-
trum from !'°Pd is shown in Fig. 1. Enriched targets of
resonant and nonresonant isotopes and natural abundance
targets were prepared in 2.5 cm diameter disks, 0.3—2.5
g/cm? thick. Each target pair had the same areal density
to within 1%, except the Ru targets which differed from
each other by 9%. The spectra were analyzed for the line
intensities and their statistical errors by using the pro-
grams SAMPO (Ref. 12) and LINFIT. This latter code al-
lows one to use a peak shape consisting of a Gaussian line
shape convoluted with a Lorentzian line shape and in-
cludes exponential tails on either side of the peak.

Using the fitted line intensities and Egs. (5) and (6), the
experimental values of R were determined. These R
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FIG. 1. Pionic x-ray spectrum from ''°Pd.

0

values were then corrected for the fact that the targets
were not isotopically pure. In those cases where pure
naturally abundant material was used for the “non-
resonant” target, corrections for the contribution due to
the “resonant” isotope in it also had to be made. For ab-
sorptively identical targets no corrections for self-
absorption are needed. As a check, the intensities of
higher lines were determined in some cases in order to
determine whether absorption corrections were necessary.
Self-absorption corrections were only important for the
Ru targets, where they resulted in a 1% correction to the
intensity ratio.

The relevant x-ray lines are listed in Table I. The third
through sixth columns give the lines that were analyzed in
order to measure the attenuation. For the cadmium iso-
topes, the reference line is an unresolved doublet, and
furthermore two lines, 5—4 and 4— 3, exhibit attenua-
tion. The corresponding R values are denoted R . and
R, respectively. Special care was taken to investigate the
shape of each line to look for interfering gamma-ray lines.
In several cases there were weak close-lying gamma-ray
lines, but in no case did our analysis indicate the presence
of interfering lines in the x-ray peaks.
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IV. RESULTS
A. Calculations and measurements

The relevant parameters and calculated results for the
induced widths are given in Table II. The second row
gives the calculated energy difference of the relevant pion-
ic atom levels using the code MATOM. For the cadmium
isotopes, the measured value is used. The third row lists
the energy of the nuclear E2 excited state. The static
quadrupole moment of the excited state is listed in the
fourth row; two values are given for !°Pd that correspond
to two possible results from Coulomb excitation measure-
ments. The fifth row lists the interaction energy of the
excited state quadrupole moment with the lower atomic
state; for the odd nuclei which have spin +, there are two
possible orientations with j=1/*+, and the values for the
antiparallel case are given in brackets. The sum of the
second, third, and fifth rows is presented in the sixth row;
this corresponds to e=ReAE [see Eq. (3)]. The calculated
(measured for cadmium) level width of the lower mixed
state is listed in the seventh row. The ninth, tenth, and
eleventh rows give the contributions to the uncertainty in

ind Jue to the uncertainties in ¢, and B(E2t),
respectively. (For hidden levels we assume a +10% un-
certainty in the shifts and widths.) Finally, the calculated
induced width(s) with uncertainties obtained by adding in
quadrature the values given in the ninth, tenth, and
eleventh rows is given in the twelfth row. Even though
there are two values for the induced width for the odd nu-
clei, the smaller value has little effect on the total induced
width.

The attentuation is computed by inserting the induced
width into an atomic cascade code PIKACAS which calcu-
lates all the E1 radiative and Auger transition intensities.
The initial distribution used to start the cascade is gen-
erally assumed to be statistical. For ''1!12Cd, it was not
necessary to assume a statistical distribution (see the dis-
cussion below).

The results of the measurements and comparisons with
theory are presented in Table III. The first column lists
the target composition and chemical form used for the

TABLE 1. Relevant x-ray lines.
Levels Attenuated Energy Reference Energy
Nucleus mixed line(s) (keV) line(s) (keV)
BTi 3d-1s 32 254 43 88
1%Ru 4f-3p 43 355 54 163
19pd 4f-3p 43 389 54 178
whcd 5g-3d 54 194 6—5+8—6 105
43 424
3Te 4f-3p 43 500 554 227
$3%m 5g-4d 54 326 6—5 176
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TABLE III. Results of the measurements and comparisons with theory.

Present results

Previous
Target Lines results Theory
pair compared RS> RZ™ AS™ (%) A (%) Ay (%)
nab48T40), :——:% 0.955+0.010 0.941+0.013 5.9+1.3 1.9+3.2 12.0%1%3
nat, 104R %22— 0.913+0.014* 0.897+0.016 103+1.6 7.2410.5 10.5+1.0
—
nat,110pg 15‘:% 0.860£0.007 0.840:+0.008 16.0+0.08 19.4+2.8 15.241.3
—
nat, 111040 S o S 0.908+0.007 0.780+0.007 22.0+0.7 21.843.7 21.143.2
65486
20.4+3.6°
43 Rp=0.922+0.013 0.818+0.014 Ap=182+1.4 9.245.9 16.4+2.8
6—5+8—6 8.645.7°
65
nat, 12040 _ 54 0.624+0.005 0.528+0.006 47.240.6 50.5+2.9 46.0+1.7
6—54+8—6
44.342.2°
— 43 Rp=0.710+0.011 0.623+0.012 Ap=377+1.2 28.5+5.8 37.4+1.7
6—54+8—6 322437
213,
130,125 ‘5‘—_’% 0.994+0.012 0.994+0.012 0.6+1.2 ’ 2.9+0.3
—
nat, 150§ m 0, %——% 0.888+0.007 0.868+0.008 13.2+0.8 14.0+3.4 11.1%1.1
—

2Corrected for target thickness and density differences.
YFrom Ref. 8 except as noted.
‘Reference 14.

“nonresonant” and the resonant measurements. The
second column gives the x-ray line designation for the ex-
perimental ratio which is given in the third column. The
values in the fourth column have been corrected for the
isotopic abundances in the resonant and nonresonant tar-
gets. The fifth column presents the resultant attenuation
values derived from the values in the fourth column. Pre-
vious measurements are given for comparison in the sixth
¢olumn. Calculated results using the widths from Table
II are listed in the seventh column. A discussion of each
case follows.

B. 1L112C( test case

All the parameters used in the calculation of the in-
duced width for '''Cd and ''2Cd have been measured. In
addition, as described in Leon et al.> and Batty et al.,'*
x-ray intensity values for transitions between noncircular
orbits have been measured. Consequently, one can con-
strain the initial distribution. Choosing (1+-al) for the
shape of the initial distribution at n = 16, x-ray intensities
are calculated as a function of a. X-ray intensity values
for transitions originating at n =6 or greater will not be
affected by variations in the induced width of the 5g level;
however, the R, and Rg values will depend on this width.
Figures 2(a) and (b) give a plot of R, and Rg vs the

7—5/(6—54+8—6) and 6—4/(6—5+48—6) ratios for
H1leg and 1'2Cd, respectively. The ranges for these latter
two ratios determined by Leon et al.’ and Batty et al.'*
are indicated. The upper and lower bounds for each R,
and Rg is determined by the range of uncertainty in the
induced width. The dashed regions correspond to the
measured values. The dotted lines in Fig. 2(b) correspond
to the curve obtained by using only calculated values for
the x-ray parameters in Table II. The calculated values
given in Table III are the weighted averages of the values
determined with the three separate measured x-ray inten-
sity ratios.

From Fig. 2(a) two features are most striking. The R,
value is nearly independent of the initial distribution and
the predicted range of R, is quite large. From Tabel II
we see that this is primarily due to the relatively large un-
certainty in the energy values of the nuclear excited state.
The excellent agreement between the measured values and
calculated values for both ''Cd and '>Cd leads us to
deduce that the energy of the nuclear excited state in
U1cd is most likely 620.2+0.2 keV. Conversely, a more
precise measurement of this excited state energy could
provide a more stringent test of this case, particularly
since R, is relatively insensitive to a.

From Fig. 2(b) we see that the relative uncertainty in
the calculated R, is about a factor of 2 less than for
11, reflecting the more precise energy measurement for
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FIG. 2. Attenuation values R, and Rg vs the
7—5/(6—54+8—6) and the 6—4/6—5+8—6 x-ray line in-
tensity ratio for (a) ''Cd and (b) '*>Cd.

the nuclear excited state. However, decreasing the uncer-
tainty in the nuclear excited state energy value by a factor
of 2 would decrease the uncertainty in R, only by about
25%. The calculated value of the attenuation in Table III
for '2Cd is obtained in a similar fashion as for '!Cd. It
is noteworthy that the curve for R, obtained using only
calculated values for the parameters gives a weighted at-
tenuation value of (48.1+0.4)%. This can be compared
with the values reported by Dubach et al.® of 52.4% us-
ing Tauscher!! parameters (no strong mixing) and 52.59%
and 49.44% using Tauscher and Batty parameters, respec-
tively, and including strong mixing. .

C. Hidden levels
1. #Ti

The contour plot for “*Ti is shown in Fig. 3(a). The at-
tenuation values in percent are given for each contour.
The measured attenuation range corresponds to the shad-
ed area. The elongated ellipse bounds the region deter-
mined from the induced width value in Table II. We see
that the major uncertainty in the calculated value is due to
a large uncertainty in €. This reflects the assumed 10%
uncertainty in the strong interaction contribution to the
energy of the 1s state (see Table II). The agreement be-
tween the calculated and experimental values is marginal
for this case. One expects that strong mixing would be

- significant for this 1s state and so the treatment of Du-

bach et al.® should be more appropriate. Indeed, they ob-
tained a decrease of the calculated attenuation from a
value of 8% to a value of about 2.8% when strong mixing
is included. Assuming that a similar decrease would
occur if the parameters of Seki and Masutani'® were used,
including strong mixing would then decrease the calculat-
ed attenuation value in the present case to approximately
4.5%, in excellent agreement with the experimental value.

2. 1Ry

The contour plot is shown in Fig. 3(b). The striking
agreement between the simple theory and experiment is
evident. According to Dubach et al.,® one expects strong
mixing to make only a small contribution to the attenua-
tion, and their values of 11% (no strong mixing) and
11.53% and 10.12% (strong mixing) lie within the experi-
mental region.

3. %pq i

The contour plot for '°Pd is shown in Fig. 3(c). In the
past a great deal of effort has gone into trying to reconcile
theory and experiment for this case. The theoretical cal-
culations even with strong mixing and unequal neutron
and proton distributions gave attenuation values that were
too low compared with experiment.® However, from Fig.
3(c) we see that even the simple theory now gives excellent

‘agreement with experiment. This is primarily due to the

fact that the calculated width of the 3-p state using the
parameters of Seki and Masutani'® is somewhat lower
than that calculated by Dubach ez al.® using the Tausch-
er!! parameters. From Fig. 3(c) we see that a given
change in ¥ will lead to a larger change in attenuation
than a corresponding change in €. Comparison of Table
II with the calculations of Dubach et al.® shows that the
values of ¥ and € used in their work are about 7 keV
larger than those used in the present work. Including
strong mixing in the present work would increase the
theoretical attenuation which would lead only to a mar-
ginal improvement in the overlap between theory and ex-
periment.

4. 5Te

The same atomic levels are involved in this case as for
14Ru and °Pd. The contour plot is presented in Fig.
3(d). For the theoretical region only the parameters in
Table II which give the larger induced width are used.
Unlike the '®™Ru and !''Pd cases, the experimentally
determined attenuation value is nearly two standard devi-
ations from the theoretical value. This is the heaviest nu-
cleus that involves the p-wave pion-nucleus interaction on
which experiments have been performed, and it is possible
that for such a large A4 the form of the optical potential or
the values of the potential parameters are not appropriate.
Neutron-proton density distribution differences would
play a greater role for »Te than for lower mass nuclei;
this could be another factor leading to the discrepancy be-
tween theory and experiment. Dubach et al.® did not
treat odd- A4 nuclei, so the effect of strong mixing has not
been investigated.
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5. 15%sm

The contour plot for '°Sm is shown in Fig. 3(e). The
experimental value for the attenuation is about 2.5 stan-
dard deviations larger than the theoretical value. The
theoretical value for the attenuation using the simple
theory of Leon* is nearly the same (~11%) whether one
uses the parameters of Tauscher!! or Seki and Masutani.'®
This is not surprising since the mixed atomic states have
relatively high n and [ values. Dubach et al.® have
shown that the attenuation can be increased to 14.6% if a

three-level strong mixing configuration is used. However,
this value is still about 1.5 standard deviations from the
experimental value. A two-level calculation produces a
decrease in the attenuation.

V. CONCLUSIONS

The agreement of the experimental results for the Cd
isotopes, where the lower mixed level is observable, with
the simple theory is excellent, and indeed for ''Cd the
data can be used to deduce a more precise value of the =
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excitation energy. The persistent discrepancy between
theory and experiment for '°Pd, involving the hidden 3p
level, now appears to be resolved, and the %Ru result also
shows good agreement. However, 25Te, the last 3p case,
does have a two standard deviation discrepancy. While
the *°Sm value differs from the simple-theory prediction
of Leon* by more than two standard deviations, the calcu-
lation of Dubach et al.® provides much better agreement.
Finally, for the potentially very interesting case of “*Ti,
more careful theoretical work is needed for a meaningful
comparison.

In summary, the basic E2 resonance mechanism is un-

derstood, but it is not clear that the effects of the strong
interaction are properly included. The present work pro-
vides experimental values which should enable one to test
more rigorously the inclusion of strong interaction effects.

ACKNOWLEDGMENTS

The encouragement and assistance of the LAMPF staff
was most helpful. This work was supported by the U. S.
Department of Energy and the National Science Founda-
tion. - One of us, F.J.H., would like to thank LAMPF for
the kind hospitality he received during his stay.

IH. Poth, Phys. Daten, No. 14-1 (1979).

2C. J. Batty, Fiz. Elem. Chastis At. Yadra 13, 164 (1982) [Sov.
J. Part. Nucl. 13, 71 (1982)].

33. Hiifner, Phys. Rep. 21C, 1 (1975).

4M. Leon, Phys. Lett. S0B, 25 (1974); 53B, 141 (1974); Nucl.
Phys. A260, 461 (1976).

5M. Leon et al., Phys. Rev. Lett. 37, 1135 (1976).

6J. F. Dubach, E. J. Moniz, and G. D. Nixon, Phys. Rev. C 20,
725 (1979).

73. N. Bradbury et al., Phys. Rev. Lett. 34, 303 (1975).

8M. Leon et al., Nucl. Phys. A322, 397 (1979).

9R. Seki (private communication), program MATOM.

10R, Seki and K. Masutani, Phys. Rev. C 27, 2799 (1983).

11, Tauscher, in Proceedings of the International Seminar on
m-Meson Nucleus Interactions, Université Louis Pasteur,
Strasbourg, France, 1971.

123 T. Routti and S. G. Prussin, Nucl. Instrum. Methods 72,
125 (1969).

13Nucl. Data Sheets 23, (1978); 41 (1984); 38, (1983); 27 (1979);
29 (1980); 32 (1981); 18 (1976) (in order of increasing Z).

14C, J. Batty et al., Nucl. Phys. A296, 361 (1978).



