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In-beam time-sorted measurements of internal-conversion electrons, y rays, and y-y coincidence are
reported for ' Pb. The range of measurable kinetic energies of electrons was -40-1600keV with powder
targets using the reaction 'Hg{a,2n)' Pb. The results confirm the yrast 12+, 10+, and 9—levels in

Pb which, based on partial evidence, were tentatively proposed by the group in Stockholm. The effective

quadrupole charge of the i)3/2 neutron is (0.89+ 0.05)e. Conversion coefficients and multipolarities of 10
transitions in ' Pb are reported.

NUCLEAR REACTIONS 04Hg{o., 2&), E~ =30 MeV; measured 40-1600 keV
internal conversion electron spectra, y spectra, and y-& coincidence spec-
tra in eight time bands after beam burst. Deduced levels, &, 7(, ICC.

Si{Li) and Ge(Li) detectors.

Many experimental observations about excited
states of nuclei near "'Pb have been predicted by
relatively pure shell model wave functions. '
This simple relationship should apply well in '~Pb.
Kuo and Herling' calculated wave functions and en-
ergies for '~Pb using reaction matrix elements
derived from the Hamada- Johnston potential ac-
cording to the model of Kuo and Brown, ' including
the effects of core polarization. The calculation
was performed in three approximations which suc-
cessively added the contributions of two-hole
states, lp-3h intermediate states, and other-2h
intermediate states, the latter two including core
polarization. In these three approximations, the
12+(i»&, ) ' state is!ocated at 3.65, 4.34, and
4.57 MeV, respectively, above the ground state,
and the 10+ {I»&„) ' state is 30, 60, and 60 keV,
respectively, below the 12+ state.

At about the same time as the work of Ref. 1,
Bergstrom et al.' reported in-beam experiments
on '~Hg(n, 2n)'~Pb. They found three-y-ray tran-
sitions (y rays) at 458.1, 1299.1, and 1368.7 keV
with half-lives of 199, 190, and 218 ns, respec-
tively, and they proposed that within experimental
uncertainties these half-lives are the same, 200
+14 ns. Each of these y rays had a prompt com-
ponent, that of the 1369-keVy ray being the smal-
lest, and that of the 458-keV being the largest.
Their delayed intensity balance was

I(1299) +I(1369)=(100+7) +(112+6)

= 212+9,
I{458)=216+9.

Qn the basis of these data and unreported excita-
tion functions, they proposed that the 1369-, 1299-,
and 458-keVy rays are, respectively, 12+-9-,

10+-9-, and 9--7- transitions with the 12+ state
located at 4027.2 keV and the 7- state being the
126-p, s isomer at 2200 keV. These assignments
were reasonably compatible with the calculations
of Kuo and Herling' and with a report' that the

(f»&,f,&, )9- state is experimentally at 2650 keV
compared to 2658 keV of Ref. 6.

However, as Bergstr5m et at.' stated, the ex-
perimental evidence for their proposed level
scheme is incomplete. They measured neither
angular distributions nor internaL-conversion elec-
trons. Consequently, there was no direct evidence
of the multipolarity nor the parity change involved
in each transition. There was no coincidence work
to establish the cascades of 1369-458 nor 1299-458
keV y rays. The key transition, 12+ -10+, had not
been observed. Furthermore, any prompt compo-
nent of the 1369-keV y ray would be incompatible
with their interpretation.

There has been no further experimental work to
show directly that the three y rays which Berg-
str5m et al. found from (a, 2n) are correctly as-
signed. There has been an experiment' in which
the precession of the anisotropy of the 458-keV
y ray was measured when the target of the

(a, 2n)'O6Pb reaction was placed in a magnetic field.
The purpose of that experiment was to measure
the g factor of the 12+ state, but that interpreta-
tion presupposes that the 458-keVy ray is in

prompt coincidence with a transition from the 12+
state. It was argued' that since this interpretation
gives ay factor in good agreement with previously
measured g factors of i»&, neutrons near ' 'Pb,
the location and (i »&, )

' configuration of the 12+
state were confirmed.

Nevertheless, the 12+, 10+, 9-, and 7- struc-
ture, associated by reasonable, but incomplete,
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arguments with these 1369-, 1299-, and 458-keV
y rays, should be supported by further direct ex-
periments, and that is the purpose of the present
work. This is especially true since detailed the-
oretical interpretations of the effective orbital g
factor' and effective E2 charge' of the i»&, neutron
hole have been based on this 12+, IO+, 9-, and
7- level structure. The evaluation' of the latter,
e 'e, «(69.6) =0.96+0.04, requires not only the half-
life of the 12+ state but also the branching ratio of
the E2 12+ -10+ transition. In this regard, it is
important to establish directly that there is a 69.6-
keV E2 transition and to measure its branching
ratio in order to ascertain that there is not a third
strong transition from the 124 state. Our objec-
tives are: (1) to observe directly the missing
transition from the 12+ state, viz. , the 12+-10+;
(2) to measure, in-beam, the multipole character,
including parity change, of all the transitions by
measuring electron internal-conversion coeffici-
ents; (2) to determine the y-y coincidence relation-
ships among the high-spin transitions.

EXPERIM ENTAL METHOD

'~Pb was formed by the (o, 2n) reaction using
30-MeV ot particles from the 193-cm isochronous
cyclotron of the Crocker Nuclear Laboratory. The
target was 93/&-enriched 2™HgQpowder deposited
as a slurry by centrifuging onto 6-gm aluminized
Mylar. The rather refractory HgO was ground with
c1eaned mortar and pestle for -5 min in isopropyl
alcohol, the material in suspension being frequent-
ly drawn off in a dropper. Then glycerine was
added to the remaining HgO for further grinding
and extraction. Within -15 min virtually all of the
-1 mg HgO had been transferred. Glycerine v as
added to give -50 „50 alcohol: glycerine for vis-
cosity. The mixture was stirred thoroughly,
transferred to the specially constructed centrifuge
tube, and centrifuged onto 6-pm aluminized Mylar
at increasing speeds for -30 min. At the highest
speed the spring-loaded support for the Mylar
sags, permitting the liquid to empty slowly. The
target is baked at 120 'C for 15 min, then sprayed
for -2 s at 1 m with spray lacquer. The details
will be published elsewhere. y spectra were taken
with a 55-cm' true-coaxial Ge(Li) detector at 90'
to the beam direction and 9 cm from the target.
Conversion-electron spectra were taken with an
on-line spectrometer also at 90'. The electron
spectrometer' consists of a solenoidal magnet,
a helical Pb baffle for positron and photon shield-
ing, and a cooled Si(Li) detector to measure en-
ergy. At room temperature the resistance of the
solenoid is 1 Q and it focuses 2000-keV el.eetrons
at 32 A. Both y and conversion-electron events

were sorted into -8 time bands according to their
arrival time compared to the 8-MHz cyclotron rf.
The events were sorted and stored in the memory
of an on-line PDP-15/40 computer.

y spectra were taken over the region 60-1400
keV with an energy resolution of 3.4 keV at 1333
keV. Both energy and efficiency calibrations were
made with a '"Eu radioactive source using the en-
ergies and intensities of Hiedinger, Johnson, and
Hamilton. " Ay, y, t, t, experiment was performed
to verify the 12+-~ ~ -7- part of the decay scheme.
The transition y, was observed in a 55-cm' Ge(Li)
detector at-120 from the beam, andy, was ob-
served in a 22-cm' Ge(Li) detector at -45' on the
same side of the beam. A Pb absorber was placed
between the detectors to reduce Compton-induced
coincidences. The time t, was the time difference
between y, and y„and t, was the time of y, with
respect to the cyclotron rf. Data were collected
via a CAMAC interface to the PDP-15/40 computer
and recorded event by event on magnetic tape for
off -line analysis.

The electron-collecting solenoid has an approxi-
mately Gaussian shape of transmission vs electron
momentum. The full width at half maximum
(FWHM) of this Gaussian curve is 0.18 of the cen-
tral momentum. In order to accumulate data over
a a30: 1 dynamic range of energy, the computer
sweeps the solenoid current linearly, up and down,
between the limits I, and I, at 12.8 s per cycle.
During each sweep of the current, the computer
repeatedly calculates the upper and lower energy
boundaries of the instantaneous band pass of the
solenoid. It then delivers the corresponding volt-
ages to the upper and lower discriminator levels
of the swept-single-channel analyzer (SSCA) which
gates the analog pulses from the Si(Li) detector.
This significantly reduces the background under
the spectrum.

The analyzer dead time is energy dependent since
the counting rate varies significantly with electron
energy and thus with solenoid current. In order to
measure this dead-time correction, a logic pulse
accompanying each acceptable event is stored in
the appropriate channel of a 128-channel block,
corresponding to the solenoid current for that
event. We designate this number of pulses in a
given channel as RT. Then L T is the number of
pulses stored in the corresponding channel of an-
other 128-channel block for which the logic pulses
are gated off by the computer-busy or piLeup-
rejector signals. The ratio LT/RT is the fraction-
al live time.

The relative efficiency of the entire system at
electron energy g, when the solenoid current is
swept linearly from I, to I, to I, an integral num-
ber of times, is e(F) This is.
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f (E) = n, (E, a)(E'+ 2mE)' 'Q, (E)a, (E) o.,(E)

&& n, (E)n, (E),
where a,(E, a) is the fraction of electrons escaping
the target of thickness d within acceptable limits
of direction and energy degradation; the square
root, proportional to momentum, is the averaged
transmission of the solenoid; a,(E) is the trans-
mission through the 4-p, m aluminized Mylar win-
dow protecting the Si(Li) detector, a,(E) is the
efficiency of the bare Si(Li) detector, a,(E) is the
efficiency of the electronic fast-timing circuitry,
n, (E} is the efficiency of the SSCA, and a, (E)
=(LT/RT) is the fractional live time of the com-
bined analyzer and computer system. Equation (1)
is valid when F. is sufficiently far from p, and F»
the central energies at I, and I,. The quantity m

is the rest energy of an electron.
Calibration data were taken with '"Eu and '"Ba

sources thin enough that tr, (E, a) =1 for electron
energies above 40 keV. The relative efficiency
e(E} calculated from these calibration data, using
electron intensities from Malmsten et al. ,

' cor-
rected by Spenny, "for '"Eu and from Nuclear
Data Sheets" for '"Ba, followed Eq. (1) within the
experimental uncertainty of + 10%;. The product
of a, through o., was unity over the region 45 to
1361 keV with no SSCA in the circuit. This permits
assignment of o.2o. 3+, = 0.95+0.05 over this energy
region, since o, =1.0 at those low counting rates.

A major problem was the absorption n, (E, a)
from the somewhat uneven slurry targets. Un-

fortunately, we could not prepare evaporated Hg
targets. In such high-g targets there can be elec-
tron attenuation out of the peak not only because of
energy loss by ionization, but also because of
Rutherford scattering by the nucleus. " For the
in-beam targets we evaluated a, (E,a) by the fol-
lowing series of measurements. Vacuum-deposited
Au foils of thickness t were placed immediately
over the '~Eu or '"Ba source and intensity losses
due to scattering and absorption were measured.
This gave the experimental transmission p, (E, t).
The thickness of these Au foils was determined by
x-ray fluorescence, in which the intensity of
fluorescent x rays was compared to the intensity

from a standard foil of known thickness. The cor-
rection was made for self-absorption of the x rays.
This experimental p, (E, t) can be used to calculate
ct,(E, a), where the source is assumed to be uni-
formly distributed in depth in the absorber, by

d

n, (E, a) = p, (E, t) at .
0

%'e assume here that the absorption and scattering
in Au are the same as in Hg, and that any electron
which departs the plane in which it was first emit-
ted, while traveling in a direction at an angle =90
from the source-detector axis, will not reach the
Si(Li) detector with sufficiently small degradation
of energy to be considered in the peak.

The calculation of o,(E, a) requires a knowledge
of the target thickness. %e measured the average
thickness of the HgO targets by x-ray fluorescence,
as described above, and also examined each target
using a surface microscope. This examination in-
dicated that the targets were -50-60%& covered
with HgO and 40-50%%u( bare. The effective target
thickness for electrons leaving the target and en-
tering the spectrometer was calculated from the
average thickness measured by x-ray fluorescence,
the estimated fraction covered, and the ~2 geom-
etrical factor due to the 45' angle of the target
from the spectrometer axis. The validity of this
analysis was demonstrated by in-beam measure-
ments of conversion electrons from the 142-keV
M1 and the 147.6-keV g2 transitions from the 21.5-
h radioactive decay of opb produced in a HgO
target.

The low-energy shape of e,(E), for the SSCA,
was measured using the Auger electrons of '"Eu
and «30-keV electrons from a second, semithin
'"Ba source with and without the SSCA. The quan-
tity n, (E), fractional live time, is unity except
with larger beam currents (~10 nA) from the cy-
clotron and electron energies «80 keV. Table I
gives these correction factors for the present data.
The energy resolution of electrons was 2.4 keV
full width at half maximum (FWHM) at 624 keV,
but in-beam it deteriorated to -5 keV FWHM at
50 keV owing to energy loss in escaping from vari-
ous depths in the target. Time resolution was 7 ns

TABLE I. Electron efficiency correction factors in Eq. {1).

Transition 69.7L2 69.7L3 69.7M2 ~ 34M

Electron energy {keV)
~&{E,1.75 mgcm )
Q gA3Ct 4

Q5

A6
{E'+2mE)' "

54.1
0 57
0.95
0.90
0.96
0.24

56.3
0.60
0.95
0.91
0.96
0.25

66.2
0.67
0.95
0.97
0.99
0.27

256
0.97
1.0
1.0
1.0
0.57

370
1.0
1.0
1.0
1.0
0.72
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TABLE II. Results for electron conversion. All data, except for the 1166-keV 0+- 0+ transition, are from delayed
bands.

Assigned
transition

energy
(keV)

Line
assignment

(E+ C)
(keV) ~

Energy b

loss

Relative '
delayed
intensity

W, {90')
w,~(9O')

103o.

Expt. Theory

69.7 69.7
69.5

2.4
2.1

9.46 +1.4
2.67 +0.4

343 5

458.1

516.2 '

537.4

'y

K
L

K
L

343.7
343.6
342.7
343.4

458.4
457.8
457.5

516.3 +0.8
516.1
516.2
516.0

537.8
537.7
537.1

0.8
0.8
0.8

0.7
0.7

0.7
0.7
0.7

0.7
0.7

28.6
6.5
0.96
0.26

29.1
0.73
0.28

93
4.80
2.92
0.78

30.3
2.13
0.40

+3
+0.4
+0.07
+0.03

+2
+0.05
+0.04

+5
+0.32
+0.24
+0.12

k3
+0.&2

+0.05

0.98

1.00

1.09

227 +30

25 +3

51.6 +5

251{Ml)

25(E2)

49 (g3)

76(M1)

803.1

881.0'
K
I.

803.4
803.0
802.9
803.3

881.3
881,1
880.8

0.6
0.6
0.6

0.6
0.6

100 +6
0.808 +0.050
0.161 +0.016
0.062 +0.015

67.9 +4
0.484 +0.03
0.086 +0.01

0.99

0.99

8.08 +0.7

7.13 +0.7

8.1{E2)

6.8(E2)

1166.4
1166.4
1166.1

0.6
0.6

(5f
0.40
0.067

& 0.03'

+0.05
+0.007 f

1299.4

1369.0

K
1299.4
1298.9

1369.0
1369.1
1369.3
1369.6

0.6

0.6
0.6
0.6

11.4 +1.5
0.017 +0.005

16.9 +3
0.093 + 0.01
0.022 +0.003
0.0085 +0.003

1.12

1.00

1.5 +0.4

5.5 +1.1

1.32(E1)

6.1{E3)

C= 0(y), 88.0(K), 15.5(1.), and 3.5(M). Note that the subshell ratios for each transition affect the correct I. and M
values of C, but that correction is not made except for the 12+ -10+ for which 14.2(L) was used. The uncertainty in
E„ is ~0.5 keV except for the 516-keV p ray. The uncertainty in electron energy is +0.5 keV, from the peak fitting,
coupled with +0.5 mg/cm in the effective target thickness as it degrades the electron energy. The listed electron ener-
gies are corrected for the energy loss as listed in the next column.

The listed energy loss is that caused by 1.7 mg cm HgO and 0.3 mg cm of sprayed plastic, as calculated from the
theory of Landau (Ref. 29).

Time-integrated intensities summed over the entire time curve interpolated to exclude the additional prompt (~10 ns)
spike.

Experimental conversion coefficient o'z based on pure 82 for the 803-keV transition. Theoretical values are from
Ref. 16.

'Average of energies of Refs. 21 and 22.
'The intensities for this prompt 0+ 0+ transition are normalized to the delayed intensity of the 803-keV transition.

For example, the total intensity of the 1166-keV K electron was (0.40/0. 808) times the delayed intensity of the 803-keV
K electron.
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284 (5)
I I

S2S (5)
5i6 (6)

S44 (6)
I I

6e.7 (6)

S75 (4)
t I

458 (6)

537 (6)

I

200
I I

400 600
CHANNEL NUMBER

800

FIG. 1. Delayed, low-energy electron spectrum from Hg(&, 2+) Pb in the interval 41 to 101 ns after the beam
burst. The first "peak'* at threshold is from the timing tail of the & rays. The transition energies are listed, »d in
parentheses is given the last digit of the mass number of the lead isotope-e. g. , (6) is 'O'Pb. The flags indicate K, I,
and PI electrons.

FTHM for 75 keV and-13 ns FTHM for 30 keV
electrons. The eight contiguous time bands cov-
ered 80-92% of the 125-ns interval between 30-
MeV beam bursts in various runs. They were
usually arranged with -5-ns bands near the beam
burst and progressively wider bands later, up to
-40 ns wide.

The area under each electron peak was obtained
with a least-squares fit of a Gaussian joined to an

exponential low-energy tail and an operator-as-
signed quadratic background. This program
handled multiplets in which the FWHM of the Gaus-
sian and the joining radius of the exponential tail
were automatically searched for, or could be as-
signed, and the program determined the energies
and areas of each peak. The number of peaks in

a multiplet could be selected by the operator. At
electron energies low enough (F80 keV) that energy
loss in the target significantly perturbed the shape,
the areas were also checked by hand calculation.

Angular distributions W (8) and W, (8) are differ-
ent, so this correction must be made in obtaining
conversion coefficients. The initial population of
m states as produced by the z particles was taken
to be Gaussian. The propagation of m-state dis-
tributions through cascading transitions must also
be considered. The W„(8) and W, (8) were calculat-
ed using the results of Yamazaki" and the particle
parameters of Hager and Seltzer. "

There is an unknown amount of relaxation of the
distribution of rn states due to the internal crystal-

line fields. This attenuation of alignment is ex-
pected to be significant in the 126-p, s 7- state.
The corrections for W(8) are listed in Table II as
though there were no relaxation, and that correc-
tion is not large. Relaxation will only decrease the
correction, so the tabulated corrections are over-
estimates.

It may be of interest to note two experimental
problems which delayed this work for many months.
One is that after obtaining reasonable data for
'~Pb, although not as clean at s100 keV as in Fig.
1, we proceeded to obtain electron data for' ~Pb. Later, we repeated the '~Pb run, and
found that the -55-keV peaks in Figs. 1 and 2 were
almost imperceptible. Af ter considerable investi-
gation it was found that the new Si(Li) detector,
necessitated by the inability of the older one to hold
bias voltage, had inadequate timing capabilities.
Tests with radioactive sources showed that the two
detectors had virtually the same energy resolution
and time resolutioo, with the latter perhaps being
5-10% worse at 30 keV for the new detector. This
small difference was only recognized after, in
desperation, the older Si(Li) detector and potting
were immersed in an ultrasonic cleaner with tri-
chlorethylene which rejuvenated it. 'I%at 5-10%
difference was crucial since the electron spectrum
of Fig. 1 is in a region of time and energy where
the 5 rays caused by o. particles colliding with
electrons has been reduced by a factor -1000, with
respect to the prompt time band. This is evidenced
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LIJ-
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(fj
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50 l00
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l 50
I

200
I
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CHANNEL NUMBER

FIG. 2. The background assignments under the L, and M conversion electrons from the 69.7-keV 12+ 10+ transition
in ~06Pb. The Auger-electron contributions and the 78.6-keV transition from 204Pb are indicated.

in Fig. 3.
A kinematic analysis of a collision between a

heavy projectile of mass M, kinetic energy T„,
with a light particle (electron) of mass m, kinetic
energy T and bound (to an atom) with a binding en-
ergy whose magnitude is g, will show that the
maximum energy T,„of the light particle is

T „=(4m/M) T~(.1. +[klfM/T mj'i'),

where k = T/B. The first factor is the result for a
free stationary light particle, and the second fac-
tor is the increase caused by the fact that the kine-
tic energy of the struck electron increases its final
energy more than the binding decreases it.

It can be shown" that for a perfect, zero-cross-
ing, electronic-timing discriminator a change of
10% in the rms noise produces a, factor of 3.8 in
the counting rate at 10 ' of maximum counting rate.
This caused the 5-ray spillover to obscure the- 50-keV electrons

The other experimental problem was that the in-
tensity of the 12+-10+ transition appeared to be
too small by a factor -2. Since the efficiency of
detection of in-beam 50-keV electrons can be
spoiled by so many experimental factors, con-
siderable investigation was required before it was
proved that the dominant effect was Hutherford
scattering of the electrons in the target, "as dis-
cussed above.

EXPERIMENTAL RESULTS

We have measured the L and M conversion elec-
trons of the 70-keV E2 transition which deexcites
the 12+ isomer in '~Pb in competition with the
1369-keV g3 transition. Figure 1 shows the low-
energy electron data. Figure 2 shows the effect
of Auger electrons and the 78.6-keV transition"
in '~Pb from a 5/0 Hg contaminant in the target.

The energies of the Pb Auger electrons were
taken as 1.5 keV less than those of Bi, and the rel-
ative intensities were taken to be the same as those
measured in Bi by Mladjenovic and 815tis." The
total intensity of Auger electrons was estimated by
evaluating the total experimental intensities of K
electrons in Fig. 4 which includes the same time
bands as in Fig. 2. Using a fluorescent yield" of
0.96 and the estimate" that for Auger electrons
the intensity ratio KXY/(KLL +KLX) =0.05, we
concluded that 4% of all K vacancies produce KI.I.
and KI.M Auger electrons.

The total intensity of the electrons from the 70-
keV transition is found to equal the intensity of y
rays and electrons from the 1299-keV tran-
sition. The time distribution of the farmer is con-
sistent with a half-life of 200 ns. The transitian
was not observed in the prompt time bands due to
the large intensity of 5 rays, as seen in Fig. 3.

Figures 3-5 show the conversion-electron spec-
tra in different regions of energy and time. Fig-
ure 6 shows the y spectra from which K-conver-
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21 to 41ns

aM~

4l to 6 I ns

~ J~
( TT~u~

61 to B1n

Bl to 1Q1 ns
I 1 I

500

CHANNEL NUMBER

F 000

FIG. 3. Electron spectra in various time bands for
30-MeV e particles. The size of a decade for this log
plot is shown. The time-band locations, v ith respect to
the beam, are listed. This figure shows the importance
of minimizing the contribution of & rays in order to see
low-energy convers ion electrons.

sion coefficients were deduced. Figures 7 and 8
show the conversion coefficients. Table II sum-
marizes the numerical results, in which the y
relative intensities are normalized to 100 for the
803-keV transition and the electron intensities are
normalized to the theoretical" intensity for the
803-keV K line. The intensity of the 516-keV y
ray in Fig. 6 is made uncer tain by the in-
tense 511-keV y ray. However, the results"'"
from radioactive decay show that 99% of all de-
cays of the 1684-keV state are via the 344- and
881-keV transitions, so this information was used
in assigning that y intensity and uncertainty. The
experimental L/M intensity ratios give little infor-
mation about the multipole character of these tran-
sitions, but they are in satisfactory agreement
with theory. " The conversion coefficients of al)
transitions in Figs. 7 and 8 are compatible with
essentially pure multipoles; for the transitions of
interest between states of J .=7 the results from
radioactive decay"" show no evidence of measur-
able multipole admixture, i.e., &1 to 3 l& for vari-
ous transitions.

In Table II is listed W„(90 )/W, „(90'),which is
the factor by which an uncorrected conversion
coefficient should be multiplied if the population
distribution of rn states were Gaussian, "and if
that distribution were" exp [—m/(3. 2 + 0.2 J)j' for
the 126-gs 7- and 200-ns 12+ states. The particle
parameters are from Hager and Seltzer. " This
correction factor in Table II is maximal, applying
only if there were no relaxation of this distribution
under the influence of the crystalline fields of the
target. For all transitions below the 126-ps state
the maximum correction is small enough, and the
expected relaxation large enough, that no correc-

IP4

69.7
! i

343.5
I I

5 I 6.f

537.4
803.I

880.9

I299.3

CO—I- "-
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I i I

458. I

1369.0

I
ly I 0 ljv!!III!1/1

~
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200
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400
I
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I
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ENERGY (ke V)

I000 1200
I

1400 I600

FIG. 4. Full energy range of delayed, conversion-electron spectra for transitions of interest in Pb. This combines
plots from separate low-gain and high-gain runs, joined at 470 keV. The time span is 41 to 101 ns after the beam.
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FIG. 5. Time distribution of conversion electrons
through the high-energy region showing the 12+ 9- and
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tion was made. The only transition in Table II for
which this correction may have even a small effect
is the 1299-keV transition with its 127~ maximum
correction, and such a correction would not influ-
ence the present conclusions. Consequently, this
correction was not used in the intensities of Table
II.

Coincidence data are needed to provide the re-
lationship between the 1369-, 1299-, and 458-keV
transitions. Figure 9 shows the y-y coincidence
data (22-ns resolving time) in the delayed bands.
These show that the y rays in Fig. 9(a) are in rapid
cascades with the 803-keV y rays, but the 1299-
and 1369-keV y rays are not. Similarly, Fig.
9(b) shows that only the 1299- and 1369-keV y rays
are in rapid cascades with the 458-keV y ray.
Table ID gives the coincidence relations of the
transitions of interest.

Figure 10 shows the level cheme of '~Pb with
our experiJ-. iental prompt and delayed total inten-
sities of the transitions. The prompt and delayed
intensities are in satisfactory balance with each
other. For the 70-keV transition (o.~ +a„) = 30.6,
so this transition intensity is nearly the sum of

FIG. 6. Time-distribution of p rays used in obtaining
convers ion coefficients.
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yrast levels as those of Fig. 10 through the 9-
level at 2659 keV. The energies match to within
0.5 keV. However, the 10+ and 12+ levels require
more incident angular momentum, so they mere
not observed in Refs. 7 and 25.

The absence of other low-energy electrons in

Fig. 1 with intensity ~5 and energy ~30 keV shows
that there are probably no gaps in the level struc-

ture of Fig. 10. This is in contrast with our re-
sults" in Pb.

The half-lives of all transitions in Fig. 10 are
compatible mith those of Ref. 6. Since we had only
125 ns between beam bursts, while they used puls-
ing to obtain a610 ns between beam bursts, their
half-lives are less uncertain than ours.

The K-conversion electron of the 1369 keV tran-
sition, in contrast with its y ray, shows no prompt
component, supporting the contention that it deex-
cites the 12+ isomer. All of the prompt intensity
observed for the 1369-keV y, and some of its de-
layed intensity, are due to the 1369-keV 2+-0+
transition in Mg resulting, presumably, from
neutron reactions" on aluminum. Data from a
HgO target which did not produce '~pb were used
to subtract this y contribution, but the time dis-
tribution of the electrons is the most convincing
evidence that the 1369-keV transition is only de-
layed.

It should be noted that the E1 nature of the 1299-
keV transition, Figs. 7 and 8, is not possible with-
out core excitation. Among the neutron or proton
orbitals in the 'Pb core there are no two mith op-
posite parity and ~j ~1.

The 1166-keV EO transition in Figs. 4 and 10
has been discussed in Refs. 27 and 28. There is
no evidence in Fig. 6 for a 1166-keV y ray. Our
upper limit on that@ intensity gives e~ =0.08, in
excess of o.~ for M4. The half-life implied in Fig.
5 is &6 ns, and in Ref. 28 it is measured to be 0.97
ns. This combination of large o.~ and short half-
life require it to be g0. The (p, d} work" gives a
0+ state at 1167 keV. The relative yield of this 0+
state here is so weak that we are unable to reduce
the upper bound on the 0+-2+ branching ratio from
the value of —„given in Ref. 27. Our experimental
K/L/M ratio is (6.0+1}/1/(&0.5} in satisfactory
agreement with the theoretical" "values 5. 'l7/1/
0.3.

*Present address: Los Alamos Scientific Laboratories,
Los Alamos, New Mexico 87545.
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