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Members of the ground-state band of "Nd to spin 8+ have been Coulomb excited with 149-MeV ' Ar ions,

and the lifetimes of these states have been measured by the Doppler-shift recoil distance method. The half-

lives of the 2+, 4+, 6+, and 8+ states are 1.44+0.07 ns, 63.0+ 3,2 ps, 12.4+1.1 ps, and 4.0+0.4 ps,
respectively. The observed enhancement of the experimental B(E2)'s over rotational values is found to be in

agreement with a simple band-mixing description.

NUCLEAR REACTIONS ~'ONd( oAr, 4oAr'V), E= 149 lvieV; measured lifetimes of
2', 4', 6', and 8' ground-band states, recoil distance method; deduced B(E2)

values, compared with theory.

I. INTRODUCTION

It has been demonstrated in many experiments
that the reduced transition probabilities of ground-
band states in well-deformed nuclei can be satis-
factorily understood in terms of the rotational
model. Recent measurements' to quite high spins
(I ~ 20) in "'Th have further reinforced the rota-
tional description. In transitional nuclei, however,
significant deviations from rotational behavior
have been observed' 4 for 8(E2) values of ground-
band states. These deviations are often attributed
to band mixing between the ground-band and lom-

lying vibrational bands. The observed enhance-
ment of the &(E2) values has been taken to be of
the form. '

II(L2;I-I - 2) =II,(F.2;I-l —2)

&&(1 + a +[I(I +1) + (I —2)(I —1)]j',

where II,(E2) is the rigid rotor value and n is a
IQlxlng parametex'.

Several explanations„some of which are equi-
valent or overlapping, can account for departures
of B(F2) values from rotational behavior, e.g. ,
band mixing, ' centrifugal stretching, "Coriolis
antipairing, ' or fourth-order cranking, ' and it
seems reasonable that one or more of these ef-
fects may be simultaneously contributing. To
better understand this situation, we have mea-
sured the lifetimes of the first four excited states
of the ground band of "'gd, a nuclide located at
the abrupt onset of deformation in the rare earth

region. Since very good accuracy is required in

testing these theories, the Doppler-shift recoil-
distance method ma.s utilized as it is believed to
provide the most accurate lifetimes in our range
of interest, 10 "to 10 "s. The nuclide "%d is
similar to its much studied isotone '"Sm and, for
this reason it was felt that comparisons with '"'Sm

mould be quite valuable.
Aside from the multiple Coulomb excitation work

of Fraser and Greenberg xo'1 which has estab-
lished the ground. band to spin 8 and several lom-

lying vibrational states, little has been published
about '"Nd. This nuclide is not easily produced
in nuclear reactions and the radioactive decay of
"'Pr has been observed"" to populate only a few

levels in "'Nd, so the paucity of knowledge about
'"Nd is not surprising.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The apparatus (or so-called "plunger" ) em-
ployed in this work has been. described by Johnson
et al. '4 and has been used previously in the mea-
surement of lifetimes as short as 2 ps. Since the
nuclear lifetimes of interest in '" Nd are anti-
cipated to be longer than 2 ps, the same proce-
dures followed in previous measurements were
useo ~

The 149-MeV 40Ar beam from the Oak Ridge
isochronous cyclotron (ORIC) was focused through
a 2.7-mm diameter tantalum collimator and a con-
centric annular silicon surface barrier detector
onto the stretched target foil. The backscattered
"Ar ions were detected by the annular detector
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FIG. 1G. . Portions of the y-ray spectra displaying the
shifted and unshifted y rays from the 4' 2' and 6'
—4 transitions in ' Nd taken at three different target-
stopper separations.

which subtended a 159' to 175' angle. This detec-
tor was covered with a 1.77-mg/cm2 gold foil to
prevent secondary electrons from striking the
detector face. A coaxial Ge(Li) detector with an
efficiency of 17% for a 1.33-MeV z ray [relative
to that for a 7.6-cm&& 7.6-cm Nal(T1) detector at
25-cm distance] was placed 5.5 cm from the tar-
get at 0'with respect to the beam direction and

was used to detect the emitted z rays.
The movable stopper consisted of a thin layer

of lead which was lapped to a surface-finish toler-
ance of -3 pm on a thick copper end plate. The
fast timing pulses from the Ge(Li) detector and

the annular detector were used for the stop-start
requirements of a time-to-amplitude converter
(TAC). The pulse height information from the

TAC, the z-ray detector, and the heavy-ion de-
tector was digitized by a fast analog-to-digital
converter and stored on magnetic tape in the
event-by-event mode using a Tennecomp TP-5000
data acquisition system.

The enriched neodymium target (96.13% "'Nd)
was a metal foil fabricated by the Isotopes Divi-
sion at Oak Ridge National Laboratory. The foil
thickness, as determined by o.-particle energenergy
loss measurements, was 2.8 mg/cm'. This foil
is somewhat thicker than is normally used in this
type of measurement, and some spreading in re-
coil velocities is apparent in the experimental

spectra of Fig. 1, However, by placing individual
coincidence gates on various portions of the back-
scattered heavy-ion spectrum, it was determined
that little error was introduced by using the aver-
age recoil velocity. The average recoil velocity
imparted to the "Nd ions when the backscattered
~ Ar ions were detected in coincidence with y rays
was calculated to be (0.03074 +0.00007)c by using
the energy difference between the shifted and un-
shifted peaks in the y-ray spectra. Th' value is
in excellent agreement with the value calculated
from the expression of Ref. 1 which considers
the recoil velocity at the front edge of the target
and accounts for changes that occur as a recoiling
nucleus traverses the target in a forward direction

y-ray spectra for two of the transitions taken at
three target-stopper separation distances are
shown in Fig. 1. Because they are produced b
y-ray emission from nuclei in flight, the peaks
labeled with an S are shifted with respect to the
z-ray energy of a stationary or stopped nucleus
(designated with a U). The peak broadening due

to the spread in recoil velocities is evident for
the shifted components, but this is not a. problem
since the shifted and unshifted components are
clearly separated at this recoil velocity. The in-
tensities of the shifted (Is) and unshifted (Iu) peaks
are related exponentially to the half-life ~ f
the state by

I/2 0

D ln2
(~)

where v is the average recoil velocity of the tar-
get nuclei along the detector axis and D is the tar-
get-stopper distance. For complete analysis sev-
eral corrections" must be applied to the data.
These corrections have been incorporated into the
computer code ORACLE by Sturm and Guidry" and
are applied for (a) the positional and velocity de-
pendence of the solid angle for the shifted compo-
nent, (b) the variation of detector efficiency with
energy for the shifted and unshifted peaks, (c) the
effect of feeding from higher-lying states, and (d)
the effect of perturbation of the nuclear alignment
from hyperfine interactions which alter the angu-
lar distributions of the y rays. The final half-
lives are then obtained from ORACLE which ap-
plies these corrections in an iterative procedure.
Only in the case of the lifetime of the 2 -0 tran-
sition, where the correction is 22%, does the cor-
rected lifetime differ by greater than 5% from the
uncorrected lifetime. For a given state a plot of
the corrected ratio of the unshifted z-ray intensity
divided by the total y-ray intensity as a function
of the target-stopper separation then yields the
nuclear half-life, Figure 2 shows the corrected
lifetime data for the 4 -2, 6 -4 and 8 -6
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FIG. 2. plots of rat&os of unsifted to total y-ray in-
tensities as a function of target-stopper separation for
the 4' 2', 6' —4', and 8' —6' transitions in ~~owd.

tx'Rnsltlons ln Mo Although the 10 8 transi-
tion was also observed as a 469-keV y ray in this
work, an unfortunate degeneracy between this y

ray and a p ray depopulating the p-vibrational
band" precludes a lifetime determination.

The angular distribution information used in the
calculations was obtained from the semiclassical
Winther-de Boer coupled equations computer
code" assuming rigid rotor behavior. Moreover,
it is assumed that the Abragam-Pound formalismxs

is a reasonable approximation for the loss of
alignment of the nuclear state due to relaxation
processes. In light of the work of %'ard et al. ,'9

we have adopted the values of 25 and 8 ps for the

spin-independent relaxation constants & and T„
respectively, for the final calculation, although
other values of 72 (r, =~«T2) ranging up to 1000 ps
were also tried. It was observed that changing
7 by a factor of 10 had only a few percent in-
fluence on the calculated half-lives.

At the bombarding energy employed, the dis-
tance of closest approach between the surfaces of
the target nucleus and projectile is only -3 fm, if
it is assumed that the nuclei have spherical sur-

faces with x'adii of 1.25'~' fm. For these condi-
tions Coulomb-nuclear interferenee is expected
to be present; however, our measurements were
performed 1D colncldeDce with bRckseRttex'ed Rl goIl
projectiles. Very little perturbation of the nuclear
alignment is expected" for backward scattering
RQgleSq slQce clR88lcRlly only low 11Tlpact pR1"Rm-

eters contribute in this ease. Therefore, the nu-
clear fox'ce affects the total angular momentum
distribution but does not appreciably perturb the
magnetic substate distribution. %6 assume that
the angular distributions from the %inther-de
Boer program contain only small errors which
are well within the error limits assigned to our
measurements. Moreover, since the easeade
feedlQg col 1'ectlons wex'6 obtRlned using oui' ex-
perimental excitation probabilities, Coulomb-
nuclear interference should not greatly affect our
lifetime determinations.

Table I provides a summary of the half-life and
B(E2) values obtained in this work. The internal
conversion coefficients in this table were obtained
from the theoretical values of Hagar and Seltzer"
for the K, I, Rnd M shells and from the values
of Dragoun, Plajner, and Sehmutzler~2 fox higher-
lying shells. Statistical errors as well as sys-
tematic and indeterminate errors (e.g. , uncer-
tainties in the g-ray angular distributions and in-
ternal conversion coefficients) are included in the
6rx'or limits given,

In. DISCUSSIOX

In Table I we present a comparison of the ex-
perimental &(E2) values with rotational calcula-
tions. Note that our value for &(Z2; 2'-0+) is in

excellent agreement with the precision (a, n')
Coulomb excitation measurements of Ahmed «
a&."and Shaw. " This is a significant result in
that the half-life of this state (1.44 +0.0'I ns) is
considerably longer than the range of half-lives
for which the xecoil-distance technique is usually
employed. Since the col rections to the dRtR cRQ

TABLE I. Half-life and B(E2) values for «50Nd.

Trans itlon
Ey

(keV)
~i/2
(ps)

a(E2)
(e2 b~)

2' 0'
4+ 2+

6+ 4+

8+ 6+

130.2
251.2
339.0
409.3

1440 +70
63.0 +3.2
12.4 + 1.1
4.'0 a 0.4

0.866
0.0927
0.0361
0.0207

0.56 + 0.03
0.82*0.04
0.98 + 0.09
1.21 + 0.12

(1.00) "
1.03 + 0.05
1.13+ 0.09
1.33 +0.13

'TM k.*' t. 6 . - NDatWf5cl t f R f . Rl 1 M.
b The weighted average for B(E2;2' —0') of 9%61~0.007 e2b2 from the xriore accurate (&,&')

Coulomb excitation measurements of Ahmed et al. (Ref. 2~md Shaw (Ref. 24) were used in-
stead of the value from this work.
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~1200 ~I-20) versus ~- [If+1)+(I-2)(g —1)] for ~5owd.

The line is a weighted least squares fit to the data.

become rather large for such a case, the observed
agreement is reassuring and implies that the code
ORACLE applies these corrections in a realistic
Rnd correct manner.

From the data in the last column of Table I it is
evident that, as the nuclear spin increases, the
degree of deviation from purely rotational behav-
lox' lnex'6R868. This ls Qot R surprising pRttex'Q of
behavior for 90-neutron nuclei which are generally
described as "soft" rotors. As already pointed
out, these soft nuclei exhibit the effects of con-
siderable mixing of the wave functions of the
ground-state band and the vibrational bands. The
degree of this mixing is expressed in Eq. (1) by
the parameter e which can be evaluated as shown
in Fig. 3 from the slope of the fitted line while
B,(E2), the rigid rotor value, can be obtained
from the intercept, A weighted least squares fit
to these data indicates a value for o. of (2.6 H).5)
&&10 ' and B,(E2) =0.542 +0.008 e'b' lt is in-
teresting to note that this value of e is nearly
identical to values of this mixing parameter de-
termined' for the other ~ =90 isotones '"Sm and
154Gd

It has been shown"' that the mixing contribution
from the P vibration to the ground-state band is
most dominant in this region. The contribution of
P- and y-vibrational modes to a can be estimated
from the formulass

n =oo+ (3}

where no and o.'2 represent contributions from the

P and y vibrations, respectively, and

B(E2;Og- 2y),
'B(E2 Og-2g) ' (5}

We wish to thank the ORIG operations staff for

~h~~~ Z, and Z2 are the usual mixing param-
eters""" and the B(E2), values are intrinsic (or
unmixed) transition probabilities. The B(E2)
values to the P and y bands were extracted2' from
the experimental values of Ahmed e& «." Using
the experimental y-ray branching ratios from our
work and from Tripathi e& al. ,

"Z, was calculated
to be 0.078 +0.011 and o., = (0.43 +0.07) &&10 '. Un-
resolved y-ray doublets in our spectra and in
those of Tripathi et aI."do not allow us to ac-
curately determine Z, from the y-x ay branching
ratios; however, from Eq. (3), ao=(2.2 +0.5)
&&10 '. Substituting this value of n, into Eq. (4),
we obtain Z, =0.069+0.013.

There are striking similarities between the
properties of "'8d and the other + =90 isotones
"2Sm and "4od. The ground-band energy spacings
are similar in these nuclei, while the P band is
based at 675, 685, and 681 keV in "Wd, '"Sm,
and '"Gd, respectively. The agreement between
the Z, values"'" for these nuclei indicates; that
the extent of mixing of the ground-state band with
the P band in these isotones is nearly identical.
Our measurement of n in "'Nd [(2.6 ~0.5)&&10 ')1
is in excellent agreement with observations""

Sm [(2 1 gO 6)x10 ] and Gd [(2 6 +1 0)
x10 '], and the enhancements of B(E2) values
for ground-band states are extremely similar to
those reported' for "'Sm and '"Gd. Qux measure-
ments are of greater accuracy, however, and
provide a better test of the applicability of the
band-mixing model to these nuclei.

Deviatlon8 of the moment of lnex'tlR lQ the
ground band of '5 Nd could also be attributed to
centrifugal stxetching, "and in this description
the parameter e is obtained from the energy
spacings of tI16 gl ound bRnd, From the 6Qel gles
of the 2' and 4 levels in "Nd a value of 6=8.2
&&10 ' is calculated but, as observed"'" for "'Sm
and "4Sm, a dramatically lower value is obtained
if the spacings of higher levels are used. The im-
plications of this behavior have been discussed by
Diamond e~ a~„~ and for the lower spin members
of the ground band of "'Nd the centrifugal stretch-
ing explanation must be considered to be incom-
plete.

In conclusion, it should be noted that the data
as plotted in Fig. 3 are adequately fitted with a
straight line. If, indeed, o. has more than one
component, more accurate measurements in-
cluding states of higher spin where the deviations
would be greater are necessary to observe such
subtle effects.
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