
VOX.UME 29, NUMBER I) P H Y 5 I C A I. R K V I E%' I.K T T K R S 25 SEPTEMBER 197'2

Lifetime of the 0&' State of '0'Pb and the State Dependence of the Monopole Effective Charge
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The mean Iifehme of the 02+ state of 6Pb is found to be 0.97 +0.10 nsec. Thai. s corre-
sponds to a monopole strength p = (2.0 +0.2) &10 and 8g2:02+ 2~+) & 2.0e F . The EO

strength can be accounted for with standard shell-model wave functions using a state-de-
pendent monopole effective charge derived froxn isotope-shiS data.

It is widely believed that the shell closures at
'o Pb are exceptionally effective. In a recent
I etter, Griffin and Donne' reported an unusually
stx'ong EO decay branch of the 1.165-MeV 0,'
state of '"Pb. If the simple shell-model picture
of the low-lying '"Pb states as two neutron holes
in a closed ' 'Pb core is valid, the monopole
matrix element, (f~Q~r~'ii), should vanish since
it involves a sum over charged particles, The
size of the EO matrix element is then of consider-
able interest since it is sensitive to components
of the ' 'Pb mave functions which arxse from
polarization of the px'oton coxe. From the branch-
ing ratios of Ref. 1, one cannot distinguish an un-

usually strong EO from an unusually weak compet-
ing E2 transition to the 2, ' state. %e have mea-
sured the lifetime of the 0, ' state using a pulsed-
beam delayed-coincidence technique and have ex-
tracted the EO and E2 matx'ix elements. These
will be discussed in terms of the usual shell-mod-
el description of the states involved.

A beam of 12.25-MeV protons inelastically
scattered from a 1-mg/cm' self-supporting "'Pb
foil excited the state. ' Internal conversion elec-
trons emitted at 90 to the beam dix ection entered
a simple low-dispersion magnet, were deflected
90' in the reaction plane, and were detected by a
conventional, cooled Si(Li) detector with an active
area of 200 mm'. The electron energy analysis
was done using the Si(Li) detector, the purpose
of the magnet being only to remove unwanted low-

energy electron and charged-particle backgxound.
Strong lines at 1078+3 keV and 1155+3 keV were
observed in the electron spectrum corresponding
to E and I. internal-conversion transitions be-
tween levels separated by 1166+3 keV, in agree-
ment with the results of Ref. 1. The measux'ed

R/I, ratio of 6.0+0.2 agrees with the theoretical
value of 5.85 for EO transitions, '

A standard fast-slow coincidence system with
a time-to-amplitude converter (TAC) was used
to observe the time delay between the electxon
decay and the beam pulse. TAC spectra in slow
coincidence with electrons in eight selected ener-
gy regions were stored on line i.n an SDS 930
computer. The system time resolution was mea-
sured by observing the internal-conversion decay
of the prompt (r = 13 psec') 2' state at 0.803
MeV in separate runs.

TAC spectra in coincidence with K conversion
electrons from the prompt (2') and delayed (0')
decays were analyzed by first subtx acting random
coincidences due to the background under the con-
version lines. A smooth curve drawn thxough the
prompt peak was used to obtain a resolution func-
tion P(t' —t), which is related to a delayed func-
tion D(t) by

D(t)=r 'J e '"P(t' —t)dt'.

Delayed spectra, calculated using the above equa-
tion for different values of the mean lifetime v,
were compared with the experimental delayed
data to obtain a best value of T. The resolution
functi. on, the delayed data, and the best-fit cal-
culated delayed function for 7 = 0.97 nsec are
shown in Fig. 1. An uncertainty of 0.10 nsec
arises from assumed 5/o errors in the time cal-
ibration and an estimate of the xeliability of the
fitting px'ocedure.

%e checked that the lifetime measured with our
pulsed-beam technique is that of the 0,' level and
not of another state whi. ch feeds the 0,' level in a
subsidiary experiment, There we used detectors
without magnets to show that the total (p, p')
cross section feeding the 0,' state was consistent
with the number of internal-conversion electrons
detected from its decay.

Combining the measured mean Me, the branch-
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FIG. 1. TAC spectrum from the 0~ 0~ decay in
Pb. The resolution function is derived from the 2&+

-0j decay in the same target. The line through the
delayed data points is calculated as described in the
text for a mean lifetime v~=0.97 nsec.

ing ratio limit, ' the K/(L+M+ ~ ~ ~ ) ratio for the
EO decay, ' and the E2 conversion coefficient
for the y branch results in a monopole strength p
= (f Ir21i)/(1. 2A») = (2.6 +0.3) x10 (Qz= 1.2x10'
sec ', Ref. 5) and an E2 strength IM 1»2 & 2.8
&&10 ' Weisskopf units or B(E2) & 2.0e' F'.

Evidently the 0, '-2, ' E2 transition is consider-
ably hindered. Calculations of the E2 strength for
the 2, '-0, ' and 0, '-2, ' transitions, using True's
shell-model wave functions, ' yield B(E2; 2, '-0, ')
= 308.7e„'F' (in good agreement with experiment
for an E2 effective charge e„-0.9) and B(E2;0,'
-2, ') = 24.89e„'F'. The hindrance of the calculat-
ed 0, '-2, ' E2 strength is not as great as the ex-
perimental retardation; however, the calculation
depends on the cancelation of terms, and a small
change in the coefficients of the wave functions
will have a large effect on the B(E2) value.

The monopole strength is also weak, being
large only with respect to the shell-model pre-
diction of p =0. Contributions to the monopole
matrix element from the brealaxp of the "'Pb
proton core must arise from configurations in
which the initial and final proton wave functions
are different; otherwise the orthogonality of the
neutron parts of the wave function will give zero.
In addition the proton wave functions must involve
configurations from different major shells. (For

harmonic-oscillator wave functions, (r') is con-
stant within a major shell, therefore, (f Igr'Ii)
= (r„')(f I

i) = 0 by orthogonality if (f I
and

I
i) are

from the same major shell. ) The most important
admixture is probably the configuration in which
a single proton has been excited from an orbit
nlj to an orbit (n+1)lj; the particle-hole pair thus
formed is coupled to J= 0.

The shell-model description of "'Pb as two neu-
tron holes in '"Pb has been reasonably success-
ful in accounting for other properties of ' Pb, '
therefore, it is desirable to retain this simple
picture if possible and account for the effects of
the core polarization in some way which does not
involve the closed proton shell directly. Similar
situations involving E2 transitions have been
handled by introducing an E2 effective charge' for
the valence nucleons. Can a monopole effective
charge account for the EO strength in 'O'Pb as
well as changes in the mean square charge radius
of nuclei near closed proton shells'P It is known,
for example, that the change in the charge radius
between '"Pb and "'Bi cannot be described solely
by the addition of an h» proton; the effect of
core polarization must be included also. ' Isotope
shifts (the change in the mean square charge
radius when neutrons are added) indicate that
neutrons also affect the proton core and thus pos-
sess an effective charge. In particular, the iso-
tope shift between "'Pb and "'Pb can be thought
of as due to the contribution from the matrix ele-
ment z '(p» Ieg 21p») for the added neutron.
(e„is the neutron effective charge. )

In the simple shell model, the wave functions
for the first two 0' states in '"Pb can be written
as follows:

0 + —Q ~ ( -2)cT=O 0 + —Q y ('-2)J=O

where j represents neutron single-particle states
and QX~'Y~= 0 by orthogonality. Then, if we uti-
lize the effect-charge concept,

&Ox' 15~enr' 102'& = —2';y';( j Ie.r'IJ)
However, if e„is independent of j and all com-
ponents are from the same major shell, (r') will
be zero."

Electron scattering data on the Ni and Sn iso-
topes (closed proton shell plus valence neutrons)
indicate that the isotope shift (and hence the mo-
nopole effective charge) depends on the angular
momentum of the added neutrons. " If e„is state
dependent, (r') will be nonzero in general. The
matrix elements (j Ie„r'Ij)can be obtained from
isotope-shift data between nuclei which have val-
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ence neutrons in the state j. If the '"Pb wave
functions are written as

0 '=.(p ']' '+b[f» 'l"-',

0 + — b[p -2]J=O+ [f -2]J=0

then

The matrix element for the p,& neutrons can be
obtained from the "'Pb-"'Pb isotope shift while,
in a simple model, & of that for "'Pb-"'Pb yields
the value of z '(f» Ie„r'If») Us.ing values
quoted by Krainov and Mikul, inskii" for the iso-
tope-shift data and a =0.87, b = 0.25 (obtained by
truncating the wave functions of Ref. 7), one
finds p = &fIge„r'Ii)j(1.2A'~)'= (1.64+1.01)x10 '.
This result is consistent with the experimental
value p= (2.6+0.3) x10 '. It would be most inter-
esting to reduce the large uncertainty in the iso-
tope-shift data so as to test more crisply the

ideas presented here. Hopefully, this can be
done with the intense muon beams available at
the new meson physics facilities.
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We discuss and apply a general method for measuring the difference of polarization ob-
servables from their maximum allowed value. Relatively crude double-scattering exper-
iments determine the proton polarization for 12-MeVP- He scattering with an absolute un-
certainty of 1 part in 1000. It is anticipated that these concepts can be applied to higher-
energy reactions where experiments do not lend themselves easily to precision measure-
ments and where basic symmetries appear more likely to break down.

A null technique is suggested that may be used
to determine spin-polarization values very pre-
cisely. The technique is applied to determine a
proton polarization standard 4 times more accu-
rately than previously obtained. The goal is to
eventually establish standards precise enough to
test fundamental symmetries.

Linear and quadratic relations that are model
independent exist between the polarization ob-
servables of two interacting particles. ' %hen one

of the observables is found to approach very near-

ly its maximum allowable value, the others in a
quadratic relation must be close to zero. For ex-
ample, in the reaction 'He(p, p)'He the Wolfen-
stein polarization observables I', R, and & obey
the well-known relation P +R +A = l. [As the
relation I' +R +A =1 actually holds for any com-
bination of particles which have the spin configu-
ration 0+ ~ -0+ 2, the concept also applies to
"C(t,P)"C, s+P - v+P, etc. ] At appropriate en-

ergies and angles where it is known that the pro-
ton polarization I' approaches its maximum value
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