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only weakly excited in the (d, P) reaction. However,
the present data are again inconclusive, since weak-
ly excited states are observed in both final nuclei
(Ru"' and Ru"'). The only remaining prospect for
deformation is that even with the present extensive
data on levels in Ru"', it appears that (in contrast
to the. situation in Ru'") the y rays observed in
Ru' ' following the decay of Tc' ' cannot be fitted
into a consistent level scheme. ' This result may
be not inconsistent with the recent (t, p) study" on

Ru'", which finds evidence that Ru' ' has a transi-
tional character between a vibrational and rotation-
al nucleus.
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The lifetimes of a number of ground-band states in ~ 5O' Sm have been measured by the
recoil-distance Doppler-shift method following Coulomb excitation by backscattered Ar pro-
jectiles. The measured B(&2) values for Sm are larger than the rigid-rotor values; in

terms of the mixing or stretching parameter & the present experiments yield o.' = (+ 2.2+0.7)
0&10 . For & 5 Sm the measured B(E2) values are near those expected for vibrational nU-

clei.

INTRODUCTION

The stable samarium isotopes are well suited
for the testing of current nuclear models and

ideas, as they span the region from vibrators to
rotors, and include soft nuclei as well as rigid
ones. Much of the information on the nature of the
ground band has come from studies of the energy-
level spacings. The lifetimes, or B(E2) values,

of the excited states in the ground band constitute
another source of information on the changes oc-
curing in these levels as the spin increases.

The recoil-distance Doppler-shift method, ' when

combined with high-resolution Ge detectors and

heavy-ion beams, seems ideal for determining
half-lives in the 10 '-10 "-sec range. ' ~ How-

ever, an earlier study involving recoils from
( 'Ar, 4n) reactions indicated that the accuracy ob-
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tained might be only barely sufficient to distin-
guish, for example, rigid rotors from soft rotors.
It would clearly help to obtain spectra with better
peak-to-background ratios and to achieve larger
recoil velocities. In the present study, both of
these effects are obtained by producing the re-
coiling nuclei by means of (multiple) Coulomb
excitation with ~Ar beams, rather than by com-
pound-nucleus reactions.

EXPERIMENTAL METHOD

The deexcitation transitions from the Sm tar-
gets mere observed by a Ge detector set at 0' to
the beam direction and operated in coincidence
with the backscattered 'Ar projectiles observed
in a Si ring counter (142-161'). Thus, multiple

excitation of the higher-spin states was maximized
and a collimated beam of Sm recoils was produced
with a high velocity along the beam direction.
These nuclei were stopped by a lead-covered
plunger attached to a precision micrometer whose
position could be adjusted to +0.003 mm. The tar-
gets were -1-mg/cm' metal foils of the separated
isotope stretched tightly over a holder assembly.
By observation with a microscope, they appeared
to be flat and parallel to the plunger surface with-
in +0.01 mm.

The average recoil velocity in the beam direc-
tion, v cos8„ is obtained from the fractional en-
ergy difference of the Doppler-shifted and unshift-
ed lines by solving the following expression for
p=v/c:

az (1-p')"' (P+ 1)(1—cos8, )

8, 8(1 —coss,} 8coss, —coss s[(coss —8coss,)'+(1 —8')sio'8, ]o')

where 8, is the half angle of the y-ray detector
and 80 is the angle between the recoiling nucleus
and the axis of that counter. Since all targets
were nearly the same thickness, they all gave
nearly the same average recoil velocity along the
beam direction, namely, -3.4% that of light.

RESULTS

Some typical spectra for '"Sm are shown in Fig.
1. We have integrated the areas under the shifted
and unshifted peaks, and corrected for the small
change in solid angle of the Ge counter for both
shifted and unshifted transitions due to the change
in position of the lead plunger. An estimate was
made for the effect of dispersion in the recoil ve-
locity on the fractions of unshifted intensity. This
was done by assuming that the extra width of the
shifted peak relative to the unshifted one came
from this source. Since in the worst case the es-
timated error to the fraction was &1% and the ef-
fect on the half-life determination was still smal-
ler, this effect was neglected. Small corrections
were made for the differences in Ge-detector ef-
ficiency between the shifted and unshifted peaks
and in effective solid angle for the shifted transi-
tions with respect to the unshifted ones due to the
motion of the recoiling nuclei. In the present case
these two effects are opposite in sign and tend to
cancel, but the latter dominated and leads to a net
reduction of 3-4% in the intensities of the shifted
transitions.

For '~Sm the fraction of each transition which is
unshifted is plotted in Fig. 2 versus the distance
from the target. The solid lines are the calculated
best fits from a computer program which allows

feeding from one state higher than the one whose
half-life is being determined. The amount of feed-
ing was obtained both from the deBoer-Winther
multiple-excitation program and from the exper-
imental yield of the next higher transition; these
agreed within 20%, and the lifetime does not de-
pend very critically on the value used. The calcu-
lated fit also took into account the angular distri-
bution of the y rays; the angular-distribution pa-
rameters A~ were evaluated from the deBoer-Win-
ther program, again allowing for the calculated
feeding from higher-lying levels. Finite-solid-
angle corrections for the Ge counter were made
from the tables of Black and Gruhle. e These an-
gular-distribution results also had to be corrected
for the attenuation caused by the interaction of the
nuclear magnetic moment with the large hyperfine
field arising from the unpaired electrons of the
ionized product nucleus recoiling in vacuum. ""
Thus,

W(8, t) =1+2 Q e 't'2J), (cos8)+A~Q~e ''4P~(cos8),

where Q, and Q4 are the finite-solid-angle coeffi-
cients, 8 is the angle between the beam direction
and the y -ray detector, t is the time since the re-
coiling nucleus left the target, and 72 and y~ are
measures of the hyperfine attenuation. Assuming
a magnetic dipole interaction, "for which v~= ~ 7.2,
the value of 72 can be determined from a compar-
ison of the angular distribution obtained from a
thin self-supporting '"Sm target and a lead-backed
one (the latter yields an unattenuated distribution,
i.e., is in agreement with that from the multiple-
Coulomb-excitation program) .

In Tables I and II we have listed the transitions
studied, their energies in keV, the measured half-
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lives, values for the total conversion coefficients,
and the values of B(E2; I-I 2) -derived from the
last two quantities. We believe that the systematic
and instrumental errors in these measurements
are small. The largest source of error in the de-
termination of T&„especially for the higher-ly-
ing transitions, is the statistical uncertainty in
the peak integrations. To obtain the errors as-
signed to the half-life values in the tables, the 19'
uncertainty in the recoil velocity and the small un-
certainties due to errors in the half-life of, and
feeding from, the preceding level and in the angu-
lar distribution and attenuation coefficients were
combined with the statistical uncertainty in the in-
tegrations. In only one case, the 4'-2 transi-
tion in 4 Sm, did we observe interference from
another line in the spectrum. In this case the 3

2 transition has an energy only 19 keV less than

that of the 4 - 2 one, and so the shifted E1 line
coincides with the unshifted 4 -2 component,
contribution a tail of -6% to the latter. This has
been subtracted, but necessarily there is a greater
uncertainty in this particular result.

In proceeding from the measured half-lives to
B(E2) values, the uncertainty (taken to be 2%) in
the total conversion coefficients used introduces
an additional error which is a maximum for the
most highly converted transition, the 2+-0+ in
'"Sm, and negligible for the highest-energy ones.

01SCUSSION

The B(E2) values determined in this work are
compared in Tables I and II with values calculated
for the rigid rotor, or the harmonic oscillator, or
the centrifugal-stretching model of Davydov and

Ovcharenko, '3 all normalized to the experimental
B(E2; 2-0). The values for '~"'~Sm indicate
nearly harmonic-oscillator behavior as is already
suggested by their energy-level spacings. The
magnitude of the B(E2; 0-2) for ~~Sm, (1.26
+0.05) e'x10 4' cm4, agrees reasonably well with

other recent values 1.44+ 0.15'4 and 1.29+ 0.07,"
although we find a somewhat larger value, 0.96
y0.07, for B(E2; 4 2) than do the latter workers

(0.82+0.10). Our value for B(E2; 0-2) for '~Sm,

(0.76+0.05) e x10 cm, is in agreement with

two other values, namely, 0.79+0.08~4 and 0.705

+ 0.025, ' but in disagreement with a third, 0.65
~005"

For '"Sm the 2 -0 half-life was not measured
in this work; the value listed in Table II is the

average of two recent literature values'~s which

are in excellent agreement. We believe that the
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FIG. 1. Spectra from ~5 Sm Coulomb-excited with

backscattered Ar projectiles. The lead plunger is set
at the indicated distances from the target. The positions
of the unshifted (shifted) lines are given at the top (bot-
tom) of the figure.

FIG. 2. The fraction of each transition in Sm which

is unshifted in energy vs the distance between target
and plunger. The symbols are the exyerimental points;
the lines are the calculated best fits allowing for one
stage of feeding.
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TABLE I. B (E2) values for ~ ~ Sm.

Nucleus

'"sm

Transition

2 0
4 2

Energy
(kev)

334.0
439.4

T1/2

(psec)

48.1 +1.7
6.35 +0.4

0.'z b

0.041
0.019

0.272 +0.010
0.534 +0.04

(0.272)
0.544

B(E2 I I-2)
exp. vib.

'4'sm 2 0
4 2

550.5
630

7.33 +0.4
2.3 +0.6

0.010
0.0072

0.151+0.010
0.25 +0.07

(0.151)
0.302

The values of v coseo found for the recoiling ~~ Sm and BSm nuclei were (0.0339 +0.0004)c and (0.0341 +0.004)c, re-
spectively.

From calculations by B.S. Hager and E. C. Seltzer, California Institute of Technology Beport No. CALT-63-60,
1967 (unpublished) .

three '"Sm B(E2) values determined in this study
are more accurate than an older result, B(E2; 4
-2 ) =(0.76+0.15) e'b, ~' and more accurate than
three recent measurements (of which two do not
explicitly give B(E2) values" "), and the third gives
B(E2; 4 -2 ) =(1.08+0.07) e'b2, B(E2; 6 4 )
=(1.14+ 0.11) e'ba, "as all of these other mea-
surements are heavy-ion Coulomb-excitation ex-
periments and involve certain problems mentioned
below and discussed in greater detail elsewhere. '

The three B(E2) values given in Table II are
clearly larger than those expected for a rigid ro-
tor. The remarkable fit to the values calculated
by Davydov and Ovcharenko for p.= 0.3 and y = 10'
is probably somewhat fortuitous, as the values of
p. obtained from the ratios of the ground-band
transition energies in '"Sm are not constant but
range from 0.40-0.28, indicating deviations from
that model.

If we consider the increase in the B(E2) to be of
the form

B(E2; I-I—2) = Bo(E2; I I —2)

x{1+-.'~[»+1)+(I-2»-1)l}'
where Bo(E2) is the rigid-rotor value, the ratio of
any two measured B(E2) values and the square of
the corresponding Clebsch-Gordan coefficients
yield a determination of the mixing or stretching
parameter a. The present work gives a=(+2.2

a 0.7) x 10-'. This value for o. can be related to
the increase in deformation with spin (stretching)
according tp

~p, /p= nI(1+ 1) .

The value of b p2/p obtained from the present work,
13&10 ', is in reasonable agreement with those
pbtaj. ned frpm Mossbauer ~ and p;mespnjc atpm 6

measurements, 8x10, although it is not clear
that these experiments are determining exactly
the same quantity. However, this agreement does
lend support to the concept that P is increasing
with spin in '"Sm. We can also try to relate this
increase in deformation with spin to the mixing of
the P-vibrational and ground-state bands in '"Sm
and to deviations from the I(I+ 1) rule in the
ground-band energies. 2~&' However, the E2
branching ratios from the P-band states to the
ground band are not entirely consistent with such
a simple p-band mixing interpretation, 3"'9 32 nor
are the deviations of the ground-band energies.
Thus we can only say that the range of values. for
the increase in deformation predicted from P-
band-ground-band mixing as determined from the
different known branching ratios overlaps the pres-
ently measured value, and that the deviations in
the ground-band energy spacings appear to require

TABLE II. B (E2) values for 5 Sm.

Transition
Energy

(keV)
T1/2
(psec) Qg b exp.

B(E2; I I -2)
rotor DP c

2 0
4 2
6 4
8 6

121.78
244.6
340.2
418.7

1447 +26
58.9 ~1.8
9.98 +0.48
3.10 +0.30

1.179
0.109
0.038
0.021

0.670 +0.015
0.989 +0.035
1.20 ~0.06
1.39 +0.14

(o.67o)
0.958
1.056
1.106

(o.67o)
1.012
1.193
1.373

The value of v costa for the recoiling nuclei was (0.0338 +0.004)c.
From calculations by H.-Chr. Pauli, private communication to J.deBoer.
These values have been taken from the calculations of Davydov and Ovcharenko, Bef. 13, for p =0.3 and y =10 . See

text.
Average value from Befs. 17 and 18.
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a 2-3 times larger increase.
This topic is treated in greater detail in another

paper involving multiple-Coulomb-excitation stud-
ies of '"Sm (Ref. 23). A partial explanation may
come from the mixing in of still other excited
bands, for example, the y-vibrational band and the
neutron and proton pairing vibrational bands (Cori-
olis antipairing) among others. It is interesting
to note that although neutron and proton Coriolis-
antipairing, centrifugal-stretching, and fourth-
order-cranking corrections all can, and probably
do, contribute to the ground-band energy devia-
tions, a number of two-parameter expressions
for the energy-level spacings, each based on only
one of these effects, fit the experimental data very
well. An explanation may lie in the generalized-
cranking-model calculations of Ma and Rasmus-
sen, "where they show that under certain assump-
tions a more generalized expression incorporating
several effects can be reduced to look like any one
of the two-parameter expressions alone, but with
the two parameters involved actually a function of
the larger number of parameters of the original
expression. They have not calculated the general-
ized corrections to the transition moments, and
these may have a different dependence on the ad-
mixed bands than do the ground-band energy devi-
ations. If so, comparison of the two types of mea-

surements (and others, also) may allow unraveling
of the relative importance of the various effects.

The present measurements show that applica-
tion of the recoil-distance Doppler-shift method
to nuclei recoiling from heavy-ion Coulomb ex-
citation can give lifetimes of quasirotational
ground-band levels with enough precision to dif-
ferentiate among nuclear modele for this band.
This method compares very favorably with the
conventional heavy-ion multiple-Coulomb-excita-
tion method based on yield measurements and,
most importantly, is subject to fewer uncertain-
ties. In the latter case, a desired B(E2) value
(lifetime) may be significantly affected by (1) oth-
er B(E2) values in the band, (2) higher multipole
moments of the nucleus, (3) static moments, and

(4) the excitation of other coupled states or bands.
In many Coulomb-excitation yield experiments
sufficient information is not available to make all
these corrections unambiguously. With the pres-
ent method none of these affect the result, apart
from a small correction (which may be empiri-
cally made) due to feeding from higher states.
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The 2~0Pb{'p, d}209Pb reaction hae been studied at an energy of 20.6 MeV in the angular range
13-70'. The objectives of the work were twofold. First, the fragmentation of the two-particle-
one-hole vo+2 p„&,

~ strength up to an excitation in 20 Pb of 5.3 MeV was investigated and com-
pared with the corresponding v»&"~ strength in 20~Pb as reported in a recent study of the

Pb(p'» d) reaction at 20 and 22 MBV, Second» the microscop1c structure of the valence lieu

txons @0+2 in the ground state of 210Pb was investigated by measuring the spectroscopic factors
for pickup to the eix low-lying neutron single-particle states in Pb.

1. INTRODUCTION

The neutron single-particle strengths in 2oePb

and the neutron single-hole stx'engths' in 20~Pb

have been measured recently. The conclusion
which comes from an over-all assessment of
these data is that, with the exception of the ~2

level at 1428 keV' ' in "'Pb, the relative values
of the spectroscopic factors agree within +20%
with the shell-model predictions. The
strength is fragmented, as would be expected in

view of the probable proximity of the unperturbed
positions of the 1j»„state and the Pg», x3 multi-
plet. The 2ge~mx3 multiplet arises due to the cou-
pling of the 3 state of the "'Pb core and the Pg»,
single-particle orbit.

It is of great interest to investigate the next lev-
el of complexity in ~"Pb, namely, the 2p-1h states
arising from the coupling between the valence neu-
tl'oil collflglll'atloll 111 Ptl(0) alld tile Ilelltl'oil-hole
excitations as observed in "'Pb. The '"Pb(p, d)-
'o Pb reaction is particularly useful since it spe-
cifically excites states of this character. It is a
principal objective of this work to locate states
containing components with this configuration.
Some of these results have been previously report-
ed. ' The present paper gives a more complete
analysis of the data.

2. EXPERIMENTAL PROCEDURE

The measurements were carried out at the Los


