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Abstract

The effective quadrupole moments Qeff of the nuclei of i e 5Ho,

l75Lu, 1 7 6Lu, 179Hf and 181Ta were accurately measured by detecting the

pionic atom 5g-4f x-rays of the elements. The spectroscopic quadrupole

moments, QSpec> were obtained by correcting Qeff for nuclear finite

size effect, distortion of the pion wave function by the pion-nucleus

strong interaction, and contribution to the energy level splittings by

the strong interaction. The intrinsic quadrupole moments, QQ, were

obtained by projecting Qspec 'nto tne frame of reference fixed on the

nucleus. The shift, eo, and broadening, ro, of the kf energy level due

to the strong interactions between the pion and the nucleons for all

trie elements were also measured. Theoretical values of co and ro were

calculated and compared to the experimental values. The measured values

of Qg were compared wsth existing results in muonic and pionic atoms.

The measured values of co and ro were also compared with existing values.
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). Introduction

A very slow negatively charged pion incident on a target soon gets

captured in the Coulomb field of the target nucleus. The pion is cap-

tured into an orbit with high principal quantum number. It cascades

down to lower states first accompanied by Auger emission and later by

X-ray emission. When it gets very close to the nucleus, two measurable

effects are observed. For a deformed nucleus with spin I > 1/2, the

pionic energy levels are split by the pion-nucleus electric quadrupole

interaction. The pionic energy level is further shifted and broadened

by the pion-nucleus strong interaction. For a particular element, the

strong interaction effects (SIE) vary rapidly from state to state. For

the elements of interest, the SIE's for the 5g state are less than 1 eV.

However, the strong interaction absorption is so large for the 3d and

lower states that it is difficult to detect X-rays emitted in transition

from kf to lower states.

We have determined accurately the electric quadrupole moments of

1 6 5Ho, 175Lu, 176Lu, 179Hf and 181Ta by measuring the energies of the hfs

X-rays emitted in the 5g ••• *>f transitions from these isotopes. We have

determined the energy level shift and width of the kf levels due to the

strong interaction between the pion and the nuclei.

2. Theoretical background

2.1 THE ELECTRIC QUADRUPOLE INTERACTION

The Coulomb interaction between the pion and the nucleus is repre-

sented by a Hamiltonian H, which is given by

H - -.* /a?,, d;n £ ^ < ^ n > . („

(r1t) and Pn(rn) are the charge density operators for the pion and the
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nucleus, respectively. H is expanded in multipole form and the quadru-

pole term H2 is given by

H2 - -•*/«!?„ d?n pf(?I)pn(rn) db ̂ y £ Y2m<ewOYSm(8n.*n). (2)

H2 is treated as a perturbation to the pion-nucleus eigenstates. The

split in the energy level by H2 is given by the familiar expression

E2(F) - A° • R(I,L,F) , (3)

where A2 is the electric hfs constant,

A2

R(I,L,F), which is the angular momentum factor, is given by

R(I L F) » 3C(C-I) - *tl(l+t) (l+\) ( ,
' ' 2I(2I-I)(2L-1)

: L is the orbital angular momentum of the pion, 1 is the nuclear spin, t

i is the total angular momentum of the pion-nucleus system, and

C - F(F+1) - 1(1+1) - L(L+I).

: . Qo is the intrinsic quadrupole moment of the nucleus,

s - 4 + f(L+>b)2 " (Za)2]l/2

; and k * wZo[(n-L+s) + (Za)2 ~1/2 ,

Z Is the nuclear charge, o the fine structure constant and TF is the pion

; reduced mass.

I 2.2 THE PION-NUCLEUS STRONG INTERACTION

With the pion in the kf state, there is an appreciable overlap of the

pion wave function and the nucleus. The strong interaction between the

pion and the nucleus produces a shift in the binding energy of the pion

and a broadening of the energy level. The strong interaction is described

by a complex non-local optical potential Vopt(r"). The real part of the

potential describes the quasi-scattering of the pion by the nucleons
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which is responsible for the shift in the binding energy. The imaginary

part describes the true absorption of the pion on nucleon pairs which is

responsible for the broadening of the energy level. The form of Vopt

derived by Ericson and Ericson1) was used:

27Vopt(r) - q ( r ) - Va(r)V . (6a)

The local part, q(ir), is given by

( )q(r) • -k-n { I (bo+bj)pn(r) + (b-j-biJppfr)! p, + ImBop
2(r)p2[, (6b)

I L f J

and the non-local part, a(r), is given by

a(r) - ao(r)/(l-?ao(r)/3) ,

a.0(r) - -4n j HCQ+CjJpn^) + (c o-c 1)p p(m/p 1 + ImCop
2(r)/p2\. (6c)

p(r), Pp(r) and pn(?) are the nuclear, proton and neutron matter distribu-

tions, respectively. b 0, b l t ImB0, c0, c1 and ImC0 are scattering

parameters and are related to pion-proton, pion-neutron and pion-deuteron

s-wave scattering lengths and p-wave scattering volumes. £ is the nucleon-

nucleon correlation factor. ? takes the value one for full correlation

between nucleons and takes the value zero for no correlations. Pj and p2

are kinematic factors defined by

i.e., p(r) - Po(r) + V ^ p 2 ( r ) Y

where Mp is the nucleon mass.

To evaluate the strong interaction effects (SIE), the matter densi

ties are assumed to have quadrupole deformation only,

20 • ( 7 )

As shown by Scheck2), both the strong interaction shift of the energy

level, £, and the broadening, r, would then have the same functional

dependence on I, L and F as the Coulomb interaction energy. e(F) and

r(F) are then written as
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e(F) - e0 + e2 R(l,L,F) , (8a)

r(F) - r0 + r2 R(I,L,F) . (8b)

e0 and r0 are evaluated by approximating p(ir) by pQ(r) in eqs. (6b) and

(6c) and solving the Klein-Gordon equation

2• (Ent-VC(r>) - M 2^J *nL^) - 2y Vopt(r)*nL(^) . (9)

The equation was solved using the method described in refs. 3) and **).

Vc(r) is the Coulomb potential. In determining the eigenenergy En|_, the

effects due to the finite size of the nucleus and first-order vacuum

polarization are included in the Coulomb potential. Corrections to En(_

due to the effects of electron screening, nuclear polarization, second-

and higher-order vacuum polarization were calculated perturbatively.

The values of e2 and F2 were calculated by first-order perturbation

method using the distorted wave function obtained by solving eq. (9)• The

interaction potential is defined as in eq. (6) with each of the density

distributions replaced by the corresponding quadrupole term of eq. (7).

The dependence of e and r on F implies a contribution to the energy

level splitting by the strong interaction. The observed splitting is thus

an effective splitting. Figs, la and tb show the splitting of the energy

level due to the electric quadrupole interaction on the 5g and <»f levels

of 165Ho and the strong interaction effects on the kf level, respectively.

From the observed splitting, an effective quadrupole moment, Qgff, is

obtained which has to be corrected for the contribution from the strong

interaction to obtain the spectroscopic quadrupole moment, Q Sp ec The

relationship between Qgff and Q s p e c is

Q s p e c I + 4 l + « 2 •-£. . (10)
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&l and 62 are the corrections due to (a) the effect of the finite size of

the nucleus, and (b) the effect of the distortion of the pion wave

function by the strong interaction, respectively. e2/A° is the contribu-

tion to the splitting by the strong interaction shift.

3. Experimental set-up

The experiment was performed at the Nevis Laboratory Synchrocyclo-

tron facility. Pions with momentum 125 MeV/c were selected and then

slowed down using plastic and graphite moderators. The thickness of the

moderator was varied to get a maximum number of pions stopping in a par-

ticular target. A pion stop in the target was signalled by coincident

signals from plastic scintillation counters #1, HZ, #3 and anti-coinci-

dent signals from a Lucite Cerenkov counter and plastic scintillation

counter Hk (fig. 2). X-rays emitted by the pton as it cascades from the

high principal quantum number states to lower states arri gamma-rays

emitted by the excited daughter nuclei after the pion gets absorbed by the

nucleus were detected using an 80 cc coaxial Ge(Li) detector. Under

experimental conditions the resolution of the detector at 450 keV was

1.36 keV.

The detected events were digitized by an 8192-channel analog-to-digl-

tal converter. The events were then stored by a POP-8 computer into three

separate spectra depending on the relative time between the detection of

the event and the preceding pion stop beam signal. One spectrum consists

of prompt events that occur within 28 ns after the pion stop. These were

pionic X-rays and nuclear gamma-rays associated with the pion stopping in

the target. Another spectrum consists of events that occurred between

28 ns and l'tO ns after the pion stop. These were mainly due to very slow

low energy photon signals and gamma-rays from any relatively long-lived
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nuclear spin isomer. The third spectrum consisted of events that

occurred within an interval of I us starting 150 ns after the pion stop.

These were mainly due to gamma-rays from 152Eu and 75Se that were used

as calibration sources.

Care was taken to prevent three major causes of line shape distor-

tion. Pile-up detectors were put in the fast logic circuit to detect

and tag any two events occurring within 30 ps of each other. Such

events were rejected. The dc level shift that occurs when there is high

counting rate was also prevented by putting a base line restorer in the

circuit. Two precision pulses were also introduced into the preamplifier

stage of the detector. The computer identified the precision pulses by

the accompanying tags. After a thousand precision pulse events, the

computer determined the position of the centroids and then compared the

centroids to their predetermined positions. If there was any significant

drift, the computer commanded a servo-mechanism to adjust the gain and

zero of the ADC. In this way the system was kept stable up to 1/2 a channel

out of 8192 channels for the whole running period.

The targets used consisted of natural isotopes of 1 6 5Ho, 175Lu,

181Ta and enriched isotopes of 176Lu and 1 7 9Hf. The compositions of the

enriched isotopes are given in table 1. 175Lu and the enriched isotope

targets were in powdered form. They were wrapped in aluminum foil and

compressed to 2" x 2" compact forms.

*». Data analysis

Figs. 3 through 7 show the pionic 5g-*»f X-ray hfs spectrum of 1 6 5Ho,

175Lu, 176Lu, l79Hf and 181Ta, respectively. The composite spectrum for

each element consists of several X-ray lines (e.g., twenty for 165Ho) for

the different transitions from the initial substates with total angular

momentum F; in the n*5 state to the final substates with total



- 8 -

angular momentum Ff in the n*k state. The relative intensities of the

X-ray linesIre| (F|-»-Ff) is given by

lLf Ff *)
' <2Ff + ')<2FI + Uj FJ L} ,[UEi f)

3 . (11)

E;f is the X-ray energy for the transition from state F; to state Ff.

/' ' 'i is a 6j symbol. To determine the shape to which the X-ray lines

should be fitted, we fitted the gamma-rays in the calibration spectrum to

various line shapes. The gamma-rays were found to be purely Gaussian

with no asymmetric tails. The X-ray lines could not be fitted, however,

to simple Gaussian line shape because of the strong interaction width.

Each of the X-ray lines was, therefore, fitted to a Voigt profile which

is a convolution of the Gaussian line shape of the detector's response to

the X-ray and the Lorentzian line shape due to the strong interaction

broadening plus the radiative width. The Voigt profile was estimated as

described in refs. 1 6 ) , l 7) and 1 8 ) . The free parameters in the least

squares fit were

(a) the slope and the height of the background,

(b) the strong interaction monopole broadening, ro,

(c) the Voigt amplitude,

(d) the position of the centroid,

(e) the effective quadrupole moment, Qeff, and

(f) the detector resolution.

The detector resolution was left as a free parameter in all the fits.
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4.1 DETERMINATION OF THE STRONG INTERACTION EFFECTS

Tc correct for the non-1inearity of the ADC, a quadratic relation

between the positions of the calibration gamma-rays and their energies

was determined. The parameters from the fit were then used to determine

the energy of the centroid of the X-ray spectrum, E e x p. The effect on

the position of the centroid of the difference in the counting rates

during the time gates for the prompt and calibration events was con-

sidered by comparing the position of the calibration gamma-rays in both

spectra. The effect was found to be negligible.

The energy of the centroid without the strong interaction, Ecalc.

was calculated by solving the Klein-Gordon equation. Corrections made

to the Coulomb potential in the calculation include effects due to

(a) first and higher orders of vacuum polarization,

(b) electron screening,

(c) nuclear polarization, and

(d) nuclear finite size effect.

The values of these corrections for each of the elements are shown in

table 2. The values of the SIE's for the 5g level are known to be

negligible, therefore the monopole $IE shift, e0, for the hf level was

obtained from E e x p and E c a| c. Thus

e S* P - Eexp " Ecalc •

The experimental value of the SIE broadening, r0, was obtained from the

fit. The theoretical values of e0 and r0 were obtained by solving (9)

with and without the optical potential. The scattering parameters used

in the calculation of the theoretical values of eo and r0 are the

phenomenologically determined values by Tauscher5) for full correlation
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between nucleons. The parameters are:

K - 1.00

b0 - -O.O293(5)u"
1 Co - 0.227(8) y~3

b! - -0.078(7) y"1 ci - 0.018(3) y"3

ImB0 - 0.0428(15)11"" ImCo - 0.076(I3)P" 6 • (12)

Table 3 shows the experimental and theoretical values of c0 and Fo.

4.2 DETERMINATION OF THE QUADRUPOLE MOMENTS

Qeff was obtained from the fit of the spectrum. 6] and 62 'n

eq. (10) were obtained by calculating the changes in <r~3> when the

nuclear finite size effect and the strong interaction optical potential

are included in the definition of the potentials in eq. (9). The cor-

rection C2/A2 was obtained by calculating e2 by first-order perturba-

tion and then using the corrected form

< 4*p . (13)

(e2/e o)
t h e o r y is the ratio of the calculated values of e2 and e0. The

spectrum was refitted with these corrections included and the value of

Qspec was obtained. The intrinsic quadrupole moment, QQ, was then ob-

tained by projecting the spectroscopfc quadrupole moment into the frame

of reference fixed on the nucleus. Thus

(1+0(21+3) „ , I M

*° " 1(21-1) Q sP* c * (I*>

Table 7 shows the values of 6\, 62» E2/A2 and the experimental values

of Qeff, Qspec» and °-o-

4.3 DETERMINATION OF PARAMETERS FOR THE MULTI-ISOTOPIC TARGETS

In the analysis of the data for the Hf isotopes the relative
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positions of the centroids of the various isotopes to that of 1 7 9Hf were

calculated and kept fixed. The strong interaction broadenings were

assumed to be equal. DeWit et al.&) reported values of intrinsic qua- !s v

drupo? moment Qo(179Hf) - 8.2b and Qo(177Hf) « 8.0b. The ratio of these _Q }

two values was used to fix the positions of the hyperfine lines of 1 7 7Hf ter

relative to 1 7 9Hf. tion

In the analysis of the 1 7 6Lu data, the calcinated separation of the 165H

centroid of 1 7 5Lu isotope from that of 1 7 6Lu was fixed and the strong -n i

interaction broadening was assumed equal. Ebersold et al.7) reported a cons

value of Qeff • (3-73 ± 0.06)b for 1 7 5Lu. This value was used to that

determine the positions of the 1 7 5Lu hyperfine lines in the spectrum.

There was a contaminating gamma-ray from 1yovb (8+-6+) in both

data for 1 7 5Lu and 176Lu. In the analysis of 1 7 6Lu data, the energy

and the intensity of the gamma-ray were left as free parameters. The

energy of the gamma-ray from the fit is C»29.89 ± 0.11) keV, which
By

agrees with an independently measured value of (429.88 ± 0.13) keV by
eq.

Ebersold et al.7). The position of the gamma-ray was fixed in the
cor

analysis of the 1 7 5Lu data using the value of the energy determined in
the

the analysis of the 1 7 6Lu data. The intensity of the gamma-ray in each
radi

data set was compared to its expected intensity, which was determined from
cor

the intensities of the other gamma-rays in the cascade scheme of ^{JYb.
buti

The agreement was to within 25%. 179Hf was treated in a similar fashion
to

for the gamma-ray contamination from ^jLu. The energy of the gamma-ray
den

was fixed to be (MiO.O ± 0.3) keV but the intensity was left as a free
tio,

parameter.
tri
int
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5- Discussion

The correction to Qeff due to the effect of the nuclear finite size

is very small as shown in table 7. It ranges from -0.05% in l 6 5Ho to

-0.10% in 176Lu. The correction turns out to be unimportant in the de-

termination of the spectroscopic quadrupole moment Q5pec* The correc-

tions 62 and E2/A2 are, however, important. fi2 ranges from 0.85% in

1 6 5Ho to 1.45% in 181Ta while e2/A2 ranges from 1.95% in
 1 6 5Ho to 3.11%

in 176Lu. Different factors that could affect these corrections were

considered. Tauscher5) determined various sets of scattering parameters

that best describe the existing SIE's results. His values of scattering

parameters for no correlation between nucleons are

£ - 0.00

b0 - -0.0293 y"
1 b2 • -0.078 y"

1 ImB0 - 0.0428 v~"

c0 - 0.17 vi"3 ex - 0.22 u'3 ImC0 - 0.036 p~
6 05)

By comparing the values of the ratio e2/e0
 for tne set of parameters in

eq. (12) (table 3) and that of eq. (15) (table 4), it is seen that the

correlation between nucleons have negligible effect on the ratio and

therefore on the SIE correlation. The uncertainty in the half density

radii and the skin thicknesses also introduced negligible error to the

correction. The assumption that the proton and neutron matter distri-

butions have same half density radius and skin thickness was also found

to introduce very small error. A difference of up to 10% in the half

density radii altered the SIE correction by only 0.54% of the correc-

tion. The effects of these factors on 62 are even smaller. The con-

tribution to the hyperfine splitting by the electric hexadecapole

interaction, the nuclear polarization, and the vacuum polarization were



- 13 -

estimated and found to be negligible15). It is therefore conclusive mo

that the values of Q s p e c obtained in the measurement are accurate with- at

in the uncertainties quoted. at

The values of e 0 and r0 calculated for the set of parameters in fo

eq. (12) agree reasonably well with the experimental results. There is do

an apparent better agreement between the theoretical and experimental de

values when the set of parameters in eq. (15) are used. However, this ex

better agreement is misleading since the optical potential used in the Be

calculation was derived using Beg's theorem8) of non-overlapping poten- 5?

tiais. Assuming that plon-nucleon interaction has zero range, the de

scattering amplitude does not depend on the off-shell effects. As er

Scheck and Wilkln9) and P. Ebersold et al.7) have pointed out, when the as

pion-nucteon correlation length, r^, is greater than the nucleon- th

nucleon correlation length, rc, a form factor has to be introduced into sy

the expression for the scattering length. The theoretical values of E O wh

and r0 obtained by using the resulting optical potential would then be in

smaller than those in table-4. Hence varying the value of ?, the cor- up

relation factor, would not improve the agreement. sp

The theoretical values of e 0 and r0 obtained by first order per- fo

turbation using reiativlstic hydrogenic wave function are consistently If

smaller than the experimental values (table 5)* This fact emphasizes va

the importance of the distortion of the pion wave function by the

strong interaction when calculating the values of eo and r0. va

The experimental results of the intrinsic quadrupole moments in ac

this work agree reasonably well with existing results for the various

elements (table 8). In the case of lsITa, the intrinsic quadrupoie ab



moment measured in this experiment agrees very well with the muonic

atom result reported by Powers et al.10) but disagrees with the muonic

atom result of McLoughlin et al.11). McLoughlin et at. analyzed only

four components of all possible L transitions and only the single and

double escape peaks of the K transitions. They also neglected the Bi*

deformation. As Powers et al.10) have already pointed out, these would

explain why McLoughlin et al. reported a value of (7*251 ± 0.008)b.

Beetz et al.12) had a 5% nuclear gamma ray contamination in their

5g-4f hfs spectrum from the Compton suppression system. Parameters

determined from the fit depend on the correct determination of the en-

ergy and intensity of the contaminating gamma-ray. Beetz et al.

assumed the contamination was from the transition 179Hff-r 1—) in

their analysis of both data with and without the Compton suppression

system. This would account for their value of Qo • (7.06 i O.I2)b,

which disagrees with this work's Qo - (6.80 ± 0.03)b. Using the

intensities of the gamma-rays in the cascade scheme of l79Hf, the

upper limit of the contribution of the 453*0 keV gamma-ray to the 5g-4f

spectrum of lslTa was determined to be 0.8%. The present result was

found to be insensitive to such a small contamination and was neglected.

If, however, a 5% contamination is forced on our analysis, we get a

value of Qo * (6.94 ± 0.04)b but a significantly worse x2 in our fit.

There are no recent measurements of Qo for 176Lu and 179Hf. The

values of % for both elements in this work are therefore the most

accurate values up to date.

The values of e0 and ro reported in this work also agree reason-

ably well with existing results (table 6). The large uncertainties in
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the values of r0 for
 179Hf and 176Lu reflect the strong correlation

between r0 and the detector resolution especially in the presence of a

contaminating gamma ray. '̂
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Table ). Composition of the enriched isotope targets.

Metal Isotope % Composition

Lu 176 72.46 + 0.10

175 27.54 ± 0.10

Hf 176 0.46 ± 0.05

177 2.96 ± 0.05

178 7-99 ± 0.05

179 74.60 ± 0.10

180 13-99 ± 0.05



Table 2 . Correct ions to the monopole Coulomb i n t e r a c t i o n energy fo r the 5g -4 f t r a n s i t i o n .

165Ho

175Lu

176Lu

179Hf

181Ta

Total energy

(keV)

380.7487

428.2006

428.2022

440.5180

453.0204

Zero order
(Coulomb Pot)

(keV)

378.8599

425.9530

425.9550

438.2478

450.6618

VP1

(eV)

1940.6

2258.6

2258.2

2342.7

2428.1

VP2

(eV)

13.4

15.6

15.6

16.2

16.8

VP3

(eV)

-25.5

-32.5

-32.5

-34.4

-36.5

(eV)

-2.3

-3.4

-3.4

-3.7

-4.0

F.S.

(eV)

2.3

3.1

3.1

3.4

3.7

E.S.

(eV)

-26.3

-30.7

-30.7

-32.0

-33-3

N.P.

(eV)

- 7.9

-10.9

-11.0

-12.0

-12.6

VP1 » First order vaccum polarization (VP) correction.

VP2 « VP correct ion of order a 2 ( Z o ) .

VP3 - VP correct ion of order c t (Za) 3 .

Vp5,7 , v p c o r r e c t i o n of orders a ( Z a ) 5 + o ( Z a ) 7 .

F.S. « Correction for the finite size of the nucleus.

E.S. • Correction for the electron screening.

N.P. » Correction for the nuclear polarization.



Table 3. Experimental and theoretical values (exact calculations) of
eo. ro, G2, T2 (in eV) using parameter set 1 [eq. (12)].

Experiment

e0

Theory (exact calculations)

175Lu

176Lu

179Hf

303 ± 10

533 ± ^3

582 ± 24

516 ± 16

584 ± 15

207 ± 22

274 ± 171

335 ± 104

307 ± 72

334 ± 16

259

442

451

531

576

129

241

257

284

335

-23

-35

-57

-42

-43

-20

-36

-63

-45

-47

-0.088

-0.080

-0.126

-0.080

-0.074

-0.167

-0.15

-0.25

-0.16

-0.14
I
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Table * . Experimental and t h e o r e t i c a l values o f e o , r o , C 2 > r 2 ( e V ) f o r s e t o f parameters in e q . (15)

le5Ho

175Lu

176Lu

179Hf

181Ta

Experiment

303 ± 10

533 ± *3

582 ± 2*

516 ± 16

58* ± 15

To

207 ± 22

27* ± 171

335 ± 10*

307 ± 72

33* ± 16

267

*61

*69

553

613

Exact

To

1*6

275

291

312

386

calculation

e2/e0

-0.087

-0.079

-0.126

-0.079

-0.072

Theory

r2/r0

-0.1*

-0.13

-0.21

-0.1*

-0.12

206

359

366

*27

*73

Perturbation

To

53

100

108

121

139

e2/e0

-0.110

-0.103

-0.166

-0.105

-0.098

r2/r0

-0.23

-0.22

-0.36

-0.23

-0.23



Table 5. Experimental and theoretical (perturbation using relativistic hydrogenic wave
functions) values of e0, r0, E2, T2 (eV) using parameter set 1 [eq. (12)].

165Ho

175Lu

176Lu

179Hf

191Ta

c0

303 ±

533 ±

582 ±

516 ±

584 ±

Experiment

10

43

24

16

15

r0

207 ± 22

274 ± 171

335 ± 104

307 ± 72

334 ± 16

EO

208

359

368

428

467

To

62

314

124

138

158

Theory

£2

-21

-35

-56

-43

-43

(Perturbation)

F2

-14

-25

-43

-31

-33

e2/e0

-0.103

-0.097

-0.153

-0.099

-0.092

r2/r0

-0.22

-0.22

-O.3"5

-0-.22

-0.21



Table 6. Comparison of the strong interaction shift, e0, and widths, FOt
in this experiment with previously published values (in eV).

IGBHO 175Lu 176Lu 179Hf 181Ta

303 ± 10* 533 ± 43* 582 t 24* 516 ± 16* 584 ± 15*

0 295 ± 807) 597 ± 707) 5̂ 0 ± 10012)

630 ± 15013>

207 ±

r0 190 ±

*This work

''Reference
12)Reference
13)Reference

22* 274 ±

407) 200 ±

(1981).
7) (1978).

12) (1978).
13) (1968).

171*

707)

335 ± 104* 307 ± 72* 334 ± 16*

248 ± 5712>

500 ± 20013)



Table 7- Experimental results of Qeff, Qspec»

165Ho

175Lu

176Lu

1 7 9Hf

181Ta

Spin

7/2

7/2

7

9/2

7/2

0.32

0.31

0.35

0.28

0.297

e2 /A2

0.0195

0.0260

0.0311

0.0213

0.02736

-0.0005

-0.0008

-0.0010

-0.0009

-0.0009

«2

0.0085

0.0123

0.0125

0.0138

0.01^5

Qeff

3.7OO + O.O13

3.806 ±0.088

5.356 ±0.073

A. 103 ±0.061

3.3^6 ± 0.018

Qspec

3.575±O.O13

3.622 ±0.082

5.069 ±0.066

3.931 ±0.050

3.172 ± o.oiA

Qo

7.660 ±0.028

7.762 + 0.176

7.576 ±0.099

7.208 ±0.092

6.796 ±0.030
I

to



Table 8. A comparison of results of the intrinsic quadrupole
moments from this pionic atom work with other results.

165
67

7.660 +

7.48 ±

7.67 ±

7.48 ±

Ho

0.028*

0.06l0>

0.177)

0.141")

7.

7-

8.

175
71

762 ±

48 ±

03 *

Lu

0.

0.

0.

176*

047)

30ll>>

7.

8.

176
71

576 ±

32 ±

Lu

0.

0.

099*

3511)

7

7

1 7 9 Hf7 2 Hf

.208 ± 0 .

.01 ± 0 .

092*

23I-)

73 T a

6.796 ± 0 .

6.81 ± 0 .

7.251 ± 0 .

7.06 ± 0 .

6.75 ± 0 .

030*

0610)

0081 1)

12*2)

131***

*This work—pionic atom (1981).
10)Reference 10)—-muonic atom (1977).

7)Reference 7)—pionic and muonic atom (1978).

^'Reference ll)—muonic atom.
12) Reference 12)—pionic atom (1978).

^Reference 1U)—world average (1970).

I



Figure captions

1. 5g-^f Quadrupole hyperfine splittings for ir~-165Ho.

2. The beam telescope.

3. 5g-^f pionic X-ray spectrum for 165Ho.

k. 5g-*»f pionic X-ray spectrum for 175Lu.

5- 5g-4f pionic X-ray spectrum for 176Lu.

6. 5g-4f pionic X-ray spectrum for 179Hf.

7. Sg-'tf pionic X-ray spectrum for 181Ta.

n-S

(o) WITHOUT S.I.E. (b) WITH SJ.E.

Fig. I

(209+198)

(233+1125)

(250+1142)

(273+1164)

(312 + 1202)
(323+1213)
(336+1224)
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