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LIFETIMES OF GROUND-BAND STATES IN‘lShSm

“R.. M Diamond G. D. Symons, J. L, Quebert ‘K. H. Maier,
' J. R, Leigh, and F. S Stephens ‘ :

Lawrence Radiatlon Laboratory '
University of California
Berkeley, California 94720

. Merch 1971 . 7.

Abstract: The iifetimes ofvphe 8+ 6, 64, end.h 4v2 grouﬁdébeod transitions
in lshSm’have been meesorediby a reooil—disfance Doppler-shift technique
following Coﬁloﬁb exciﬁetion by back—scattefed b'OAr projectiles. Within
experimenﬁal efror, the meesured B(Eé) values are those of a rigid rotor. These

152

results and those of a previous‘experiment on Sm are compared with current

moaels.

'NUCLEAR MOMENTS

T
15hSm, measured T 1/2 of 8, 6, y* levels,

deduced B(E2)'s.

* ' . S . '
Work supported under the auspices of the U. S. Atomic Energy Commission.
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1. ’Introduction

It is well~known that the spacings of the first few ground-band levels

>
of 'doubly-even deformed nuclei are to a first approximation in agreement
with the rigid-rotor expression), - ' .
E(I) = AI(T + 1) , , (1)
but in detail diverge from this simplé formula to a gredter or lesser degree,
requiring an infinite series expansion in I(I + 1)
B(I) = AT(T + 1) + 8101 + D)2+ cr3(z + 13+ ... (2)
There seem to be a number of causes for this behavior, the most prominent being
Coriolis énti-pairing, centrifugal stretching, and fourth-order cranking model
correction52"l7). All of these effects apparently contribute deviations from
eq. (1) with the same (negative) signlz). These effects should also cause
. deviations in the.transitioniprebabilifies'from the.expectations of the simple
rigid-rotor formula}S),
B(E2; T+ 1 - 2) = B (E2; 2 > 0) (I°2°JI"2°2> | (3)
' { 2020]00 ?
For centfifugal stretching we can relate the deviations in the transition
probabilities to those in the energy-level spacings. But for the other two
effects the relationships are not known. ' o »

With poor rotors, the deviations from rigid-rotor transition probébil—
ities in the first few transitions may be 10-15%, and so determinable. Recently,

several groups of experimenters have reported on transition probabilities in
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the ground-band of 1
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>2Sm. The multiple—Coulomb—excitation‘resultslg-22), when

correctedvfbr‘the effects of_én‘Eh mdméht?3),'gre in rbugh.agreement with the
récoii—diét;ncé'Dopbier;shift meas@femént2h); and all indicate tfansition
probability'deviaﬁibns, in percént,-of'the same ordér of.mggnitude‘as.those of
the energy—lévei épacings. For better fotors the deviétions should be smaller,

and so more difficult to observe. We have chosen to study the groﬁnd—band

5) 2hF27)

transition probabilities in 1 Sm‘by the récoil4distahce DopplerHShift-method

because we believe it currently gives the most accurate B(E2) values, since

multiple-Coulomb-excitation determinations must take into account additional

effects inclﬁding those of higher electric'momentSQS). In fact;_by combining

the preseht'result-with such multiple-CQulbmb—exictation studies we can obtain

the value of the EY moment in Sm ‘(Ref.
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2. Experimental

A schematic drawing of the experimental arrangement is shown in fig. 1;

2k, 28
the set-up is essentlally the same as in previous studies ). A collimated
beam of lh6 MeV hoAr ions from the Berkeley Hilac passes through the aperture

1514Sm metal which has

in a Si ring counter and strikes al mg/cm2 target of
been stretched | flat. The recoillng (Coulomb-) eXC1ted nuclel
gamma—cascade to ground elther while in flight or after stopping in the lead-
covered plunger. The gamma-rays are observed in a Ge(L1) detector placed
behind the plunger at 0° to the original beam direction and operated in

) 140Ar projectiles detected in the

coincidence with backscattered (lh8—l€0°
ring counter. Since the velocity of the recoiling Sm nuclei is v 3.4% that

of light, the Doppler-shifted transition is moved to a sufficiently high
energy to be clearly resolvable from the unshifted line. Changes in the"
distance between the target and the plungervcan be measured to 0.003 mm. Such
changes vary the relative intehsities of the shifted and unshifted transitions,

allowing determination of the'mean»lifetime of the (upper) state involved,.if

the average recoil velocity 1s also known.‘ This velocity is evaluated from,

(1 - 62)1/2 1wl o a+B - cosd )
B(1 - cos647 n '

AE
E
R cosec - coseo + [(cosQo - B cosec)2 + (1 - B Ysin 6 ]l/2

(&)

where AE is the obseryed shift in trensition energy,>6c_is the half-angle
subtended by the Ge counter, 60 is the.ahgle between the axis of the counter
and the direction of the recolling hdcleus, Eo is the unshifted traneition‘,
energy, end B = v/c.‘ The effective velocity determined was

veosd_ = (0.0340%0.0005)c.
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3. Results

Some typical spectra observed at several target~plunger distances are.

shown in fig. 2. For each spectrum taken, thg small'number of accidental

coincidence events have been subtracted, and then a background curve (third-
order polynomial) was determined and subtracted. The remaining areas under

the shifted and unshifted pesks have been integrated, and corrected for the

small changes in solid gﬁgle at the Ge counter due to the change in position

of the lead plﬁnger. :

Two further, partially compensating, corrections were made. One was
fér the variatlon in the Ge counter effic1ency between the shifted and
unshifted_peaks (-2L3,to fh-?%)- The other was a correction ofvthe shifted
transition intensity due to the motion of ﬁhe recoiling nucleus. To first

29)

order this correction at 0° is

bI_(0) = 2 8 [(1 - -S-AQ)Q v Eay-2a0e, 20 o) (5)
where Aj‘and Qk are the usual angular correlation'coefficients3o)‘and finite
geometry correction factors3l), respectively. This correction is usually
larger and of‘opposite sign (-7%) to the previous one, so thaf they partially
compensate. The total of these two corrections t§ the shifted intensitieé
varies from -9.3 to -2.3%.

A semi-logarithmic plof of the fraction of unshifted intensity for the

+

+  + + + + :
8 >6,6 >4, and b +2 transitions vs. the target-plunger distance is
shown in fig. 3. To a first_apprdximation, the slopes of these lines are

Ai/vcoseo, where Ai is the desired deéay constant from the ith'level and vcosb

is the average recoil velocity determined from eq. (4).-
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Actually, two further corrections.must be applied'in the data analysis,
and these were incdrpérated into aréompﬁter‘code to obtain an error-weighted
least;squaré-fit to the data; One correction is fof the feeding into the level
of interest by transitions from higher~lying statés. Feeding from only one
highef state in the‘ground—bahd ﬁés considered in the computer program; but
in the presént case this is the dominént source of feeding. The amount of
this feeding was determined expérimentally from the intensity of the
corresponding transition in the speétfa, andvalso from the Winthér—de Boer
Coulomb excitationvprogram32) assuming the groﬁnd—ﬁand B(E2).values to be
those of a rigid-rotor (see beldﬁ'for Justification). These two sets of feeding
intensities agfeed within 15% for the three tfansitiong studied, and the
iifetimes are not so sensitive (< 1% for a 50% iﬁcrease iﬁ feéding) to the
values tgken. The‘other correction is for the attenuation of‘thé angular
distribution of the gemma rays because of the hyperfine fleld exerted on the

33,3h).

nucleus by the unpaired electrons of the excited, recoiling ion That

is, the angular distribution of gamma rays from the recoiling nuclei must be
modified by the addition of attenuation coefficients, Ty such that
| t ' t

e . e

To T,
Ww(e,t) = 1.+ e A2 Q2,P2(cose) + e A, Q Ph(gose) (6)

From the work of other invéstigatorsSh), it is known that in the rare earth

ions this attenuation is due to a time-dependent magnetic interaction, so thatv

10 : .
12 =~—§ Th. For Sm nuclei we have determined T2'experimentally for the
¥ + ' ' -
551 keV 2 =+ 0 transition in lh8Sm: T, = 3 %X 10 11 sec. We have also

2

extrapolated from the Rehovot group's data at lower recoil velocities_by means
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of an empirical relationship, T, = k v~ ', and obtained a similar value,

T, = b x 10"ll sec. Even though it probably becomes larger for the higher spin

‘statés35), we have used the former value for all three transitions as the

change in lifetimé caused by'a twbafold'incréasé iﬁ.Tk is < 1 1/2% for the
6" + 4% and 8" + € transitions.

In Table 1, we have listed the transitions studied, their eheréies in
36),.
and the valuesvof B(E2; I =+ I-2) derived therefrom. The errors aésigned to
the half-life determinatibns»weré obtalned by cbﬁbining the'l 1/2% uncertainty
in the recoil velocity with the small errors from the uncertainties in the
lifetime and feeding intehsity’of the preceding lével,'frpm the uncertainties
in the angular distribution dﬁd attenﬁation coefficients, and most  importantly,
from the statistical uncertainties in the integrations. For the B(E2) values,
a 2% error in the total convefsion coefficients has been'gonsidered in additions
fhis makes‘its greatest impact on the 2+ > 0+ value, and has least effect on
the 8" + €% value. |

Finelly, it should be pointed out that the 2° » 0% 1lifetime was not
measured in this work; but is the mean value from two'gréups of investigators
who determined this lifetime by direct electronic techniques. The two values
aré in good agreement, combining to ah error of 1.3%, but in going to the
B(E2) value the 2% uncertainty in the large coﬁversion cbéfficient is ; major

factor in ‘increasing the error in the transition probability to 2.5%.

37,38)
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4. Discussion

The,B(E2) values'determined in this study are shown in the fifth
columﬁﬁof Table 1. The siith column lists calculated rigid-rotor values
based.on the exﬁerimental 2~+0 transition probability. It can be seen that
within the experimental errors, the measured reducedvtransition'pfobabilities
agree with the rigid-rotor ones, although thére aﬁpears ﬁo be a slight trend
towards larger values at higher spins. Avconvenient way to express the
deviations in the gréund-bgnd trahsition probabilities from those calculated
for a rigid—rotor'by eq. (3) is by means. of the parameter q, using_the |

expression

B(E2; I > I-2) = B_(E2; 2 ~ 0) (;02011'20;
o (2020|00 )

R o1 S I C ) 1 C 05 ) R (0

where BO(E2; 2 » 0) is ‘the rigid-rotor or unpertﬁrbed value. Since-
experimentally one determines B(E2; 2 + 0), and not BO(E2; 2+ 0), an

39y ig

alternative formulatioﬁ

(1020]1-20) 2
(2020]00 )2

B(E2; I + I-2) = B(E2; 2 + 0)

1+ %-[1(1 +1) +(I-2){1-1)1) 2

x T 3o . - (8)

These expressions come from a first-order band-mixing calculation; or

alternatively, from_an epproximate treatment of a centrifugal-stretching model.

Since we do not know what form the deviations caused by Cbriblis anti-pairing
,th T '

or order cranking corrections may take, we shall use eqs. (7) or (8)

empirically to fit the present data, withbﬁt meaning to imply that the cause

of the devistions is stretching.
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Ir there is any validity to this phenomenologlcal approach a plot of
( 2020]00 )2
(1020]1-20 )

the square-root of the quantity B(E2 I > 1-2)

(r+21)+(1-2)1 f 1) should yield a straight line whose slope is a and

2
whose intercept 1s /BO(EQ; 2+ 0). Such a plot for lshSm is shown in fig. U,

ylelding & least-square~fit, o = (0.6£0.6) x 10—3, confirming the earlier
observation that within the experimental accuracy of these measurements, the
B(E2) values determined are in agreement with those of a rigid rotor. On the

other hand, this value of d'includes the AN transition which was not

measured in the present work. There'should be avgreater internal self-consistency

using only the three presently-measured transitions, as the error 1n the velocity

-3

determination drops out. The value so obtained is a = {1.1*0.8) x 107>, and

the corresponding line is shown (dashed) in fig. 4. Because of the relatively
large errof,_this answer still giVes a reasonable probability of o = 0, but

both values suggest that o has a small positive value for the transitions in

15~)J'_Sm. The difference in the two values of o and the difference in the

extrapolated and measured B(E2; 2 > 0) might indicate that either the value of

the half-1ife of'the 2+ state is 1-1 1/2% smaller than the value we have used

154

or the mean velocity of the recoiling Sm nuclei is 1-1 1/2% larger than we

have determihed, or some combination of these.

In fig. L4 are also plotted the corresponding data for the previously

ls?Sm. The value of o derived from all four points (including the

-3

studied

L 4 ’ .
electronically measured 2 1lifetime) is (1.9%0.6) x 10 ~, while that from the
three points of the recoil-distance method is (2.1#0.9) x 1073, These values

are in good agreement, as are also the extrapolated and the measured

B(E2; 2 + 0) values.
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152,154 are lessvthan.0'5-‘ It

The values of x2 for both plots for
would appear that a straight liné can Be passed'tﬁrough'the data, and therefore
that, to the ﬁresent accuracy, eqs. (T) and (8) are appropriate.

From the expression for the intrinsic qﬁadruéole moment:of a rotor to

first order in the quadrupole deformation pérameter, 82

Jem o 270 e e T2 3'2'(35" o 9) -
we can derive an‘alﬁerﬁate exp:ession for the B(E2):
' ‘ 2
B(E2; I > I-2) = B (E2; 2 = 0) <IO20|I-2Q;
| 0 (202000 Y ©
e (1) Mg (1-2)\) 2 o |
1 2 2
8 {l *3 (leo)'+ 82(0) )} o _ A (10)

By comparing egs. (7) and (10), we obtain the relationship (to first order in
88,(1)/8,(0))

_ 88,(1) .
aI(I + 1) = E;Taj—' (11)

Equation (10), and therefore also (115, involve the assumption thﬁt these
collective E(EQ) values are-determined,only by the nuclear shape. Equation (11)
allows connection of the present results with other éxperiméntalvmeasurements
of change in nuclear shape. For exémple, the change in the mean-square~radius,
A (r2 >, of a nucleus between two states (usualiy the.O+ ground state and the

: + , )
first excited 2 state) can be determined from a change in the nuclear transition
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energy betﬁeen.thése states 1n the présence of: twb different electronic

environments (isomer shifts in MSssbauer experiments); or with and without a

muon in a K-orbit (muonic atom studies). Both types of experiments require a

number of assumptions and involve a number of uncertainties in their evaluation,

but the two methods seem in good agreement for the ground and 2 levels of

LtO—h3)) and the similar 90~-neutron nucleus 154 . ho’hh

1525m (Rets. Gd (Refs )), as

- shown in table 2.

With the further assumptions that the nuclei are axially symmetric
spheroids with a sharp boundary given by R = Ro(l + B Yz),and are.of uniform

\ , * :
density and incompressible , the relationship, to first order in A82(I)/82(O),

A (r2\,) on ~ ABQ(Q) o (12)
- (2] + s58,(0)2 B2l0) -
2 2°
can bé derived. Then’through eq. (11),
- ' ) 2 ’
158,(0) (=) + |

As ghown in table 2, the valués of o determined by means of the isomer-shift

and muonic-atom studies are in agreemeht with, though perhaps somewhat smaller

* ' -
These assumptions are not correct in detail. Small amounts of higher-order

deformations, namely Sth and 66Y6;:have been found in nuclei in this region
of the periodic tablevby inelastic a—scatteringha), and the assumption of

incompressibility of the nucleus has been questionedh9).
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152,154

® ' . . .
than , the values from the lifetime messurements on . Within the

(rather large) experimental errors, this suggests that a large proportion‘of‘

152

the increase in B(E2) with spin for “Sm coﬁes from thé increase in mean—‘
square~radius indicated by the isomerashift and muonic-gtom studies. Only
further experimentation will tell whether this'is.élso tfue of other "soft"
rotors. | .

It seems reaséhggie to connect this increase in (rz) or B with -
centrifugal stretching,ér mixiﬁg éf the B-vibrational band into the ground
band. The amount of this mixing can bé.determined fromvthe ratio of a pair
of interband.EZ transition prqbabilities from a givén B—band»level, where, to

50,51)

first order

. ‘ +' =(T . 2. T . ~
_B(E2; I, Ig) <16020IIgQ Y+ M2[Ig(Ig f 1)
; 12 SRR |
IB(IBV+ ;)J} R (1)
vOI‘
B(E2; Ip > Ig) = Bq(E2; I > Ig) {1+ ZO[Ig(?g + 1) -

I.(I

B

g + DI )

*But the value depends rather sensitivelg on the choice of 62(0). We have
employed the velues determined by Elbeku 2) and these lead to magnitudes for a
somewhat smaller than those of the lifetime measurements. However, if the effects
of Bh are included in the calculations of Bz-from B(E2) measurements, somewhat
smaller values of B, result for 152,154sy (Ref. 238), and thus somewhat larger
values of a. These latter are closer to the values derived from the lifetime
experiments, but consideration of higher powers of AB/B for both B8, and By in egs.
(12) and (13) partially cancels this increase. It seems best to continue to use
the simple expressions, if one notes these problems and that the agreement may be
somewhat better than appears in table 2, ' :
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A --biz--s[B (E2; 0 > 2 )/B (E2; 0 - 2,)1%/2 (16)
o M T oo Tg ot TglTo T Tg B

As before, BO(EZ) mesns the unperturbed value, and €, 1s the first-order, spin-

independent mixing amplitude for the B~band ground~band coupling. Then

B (E2; 0 »25) R
% = 22o_B (E2; 0+ 2 ) . - (A7)
v o 8 .8

where ao means ‘that part of o coming specifically'from B-band mixing.

Unfortunately, a severe difficulty with this first-order band-mixing

: . = A+
picture is that the branching ratios to the ground band from the 2 and L

152 54

levels in the B~bands of Sm and 1 Gd do not yield unique values of ZO for

either nuclei. This has been demonsirated by a number of wbrkersl9’52"56).

Recently, thbugh, there have been several approaches to this problem which
have met with some success. Two groups have included higher-order terms in the

interaction, although in different ways, and have used a mixing coefficient

57358).

obtained by exact diagonalization A thirad grouﬁ considers not Just the

f-band ground-band coupling, but simﬁltaneously mixes the B~, Y-, and ground-

).

bands to first order All three calculations give better agreement with the

vexperimental ratios of the interband (B + g) E2 transition matrix elements vs.

the spin function Ig(Ig + 1) - IB(IB + 1) than does the simple first-order band-

mixing theory, reproducing roughly the deviation of the data from the straight-
line graph of the latter. Although none of these treatments'give'coﬁplete

égreement with the data, they indicate that it may be possible to explain these
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152 15k

deviations in Sm and G4 w1thin the rotational model. Surely a better,

though more complicated, procedure would be diagonalization of the B~, Y-, and
groundéband'mixing using higher than first-order interaction terms. However,

we can use the results of the B~-, ¥, and ground-band mixing study already

152 154,156 59)

performed on Sm and Gd by Rud, Nielsen, and Wilsky , as they give

' : S o+ +
perhaps the best available fit to the branching ratios from the 2 and k4

levels of the B~band. ‘The reouired amount of B~ and ground~band mixing.is

~3 3 pop 152 15k

reflected in,an-aé of 2,2 x 10 and 2.7 x 10 Sm and "7 Gd, respectively

(column 6, table 2). This is in general agreement with the value of o obtained

152

- from the lifetime measurement on Sm, since the contribution of ‘y-band mixing

to o is small.; These values are possibly larger,'however, than those derived .
from the isomer—shift and muonic~atom studies. It will be important to see, when
further work has solved this band~mixing problem, if this difference remains.

Still another determination of é~iEL—2— .

(%)

'A<r2)__l_O_'EOI(I.".l)p : : (18)
(r2 ) E Z '

can be obtained from the reduced monopole transition amplitude, p(I), between
f- and ground-band states of spin I and from the admixed amplitude of the one

61)._ The latter quantity usually is represented by the first-

state in the other
order term, €_ I(I + 1), and is evaluated by analysis of B-band branching ratios
to the ground band as mentioned in the two prev1ous paragraphs. Thus, although
it suffers from the difficulties mentioned above, it still may provide an

independent estimate for O > 88 shown in column 7 of table 2. The results are

in good agreement with the largest values in column 4, thus indicating that, at
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least for these nuclei, B~band mixing, contrary to earlier thought, can explaih

2 : . .
A—QEEJL from the isomer-shift and muonic~atom studies.
(r _ -8B (1)
Pinally, it 1s also possible to test whether , and thus o, is -
. eter 8,10

the values of

consistent with the déviations.in the groundébahd énergy spacings. To do so,

a particular form of the energy expression must be chosen.-'We shall consider

the centrifugal stretching expression with the aSsumption fhat the moment ~of =
inertia & goes as 82. Then-

N R X NI R . .
E(I) = AI(T + 1) [1 F. 82(0) + ?(Bg(o_) ) LEERY I (19)

),

with A = h2/2% . If this expression is taken only to first order in ABZ(I)/BE(O

then from eq. (11)
E(I) = AT(Z + 1) [1 -~ oz(T + 1)] . (20)
: _ . ' e
which is equivalent to the first two terms of eq. (2), with

& =~ B/A ‘ . o (21)

152,15&Sm

However, since eq. (20) cannot fit the measured energy levels in , We

adopt the point of view that the energies Indicate values of o that vary with

152

: ' ' + 4+ +
I. Thus for Sm the energies of the 0 , 2 , and 4 levels lead to

3 3

- + L+ + -
a=6.7T% 10 ", from the 2 , ¥, and 6 levels to o = 2.9 x 10 ~, and from

2
— A8,(1) | ,
Note that the term in E—TBT_ - is missing, so that this approximation is -

2
better than would otherwise be expected.

T _ ,
If initially the choice 25 goes as B, rather than 82, is made, eq. (19) is
different, leading to a = - 2B/A.
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3 154

the 4*, 6', and 8" levels to o = 1.7 x 107
3 3 '

3 for Sm the corresponding values

are 1.6 x 10°~, 1.2 x 10", and 0.9 x 10-3, respectivel&._ It is apparent that

these calculated values of o in both cases are initlally larger than the values
derived from the lifetime meésureﬁents, But they decfeaSe with increasing.spin -
of the levels involved, and appedr to approacﬁ'the values of the lifetime
measurements, or possibiy, the stili'sméller iscmeric—éhiff quahtities. The

large valueé.at the bottdm of the band indicate rather clearly thét thé energies

are influenced by effecﬁa in addition to (o; other than)vcentrifugal stretching.
Howevei, the agréement at higher spins suggests thatvfhesé additional factors may
affect only the lowest 3 6r L étates of thevbahd; vOne must be very cautious

about this last éoncluéion, hdwéver, since more céses arevneeded and aléo

energies and B(E2) values for higher spins.

Part of the above eﬁpirical conclusions have also‘been suggested by

U W2y
A{r<) o
‘ - | | (r?)
of the B coefficient in the energy expression . Other bands besides the B=

recent microscopic calculations leading to thebretical éstimates of

(and Y~) bend mix into the ground band; two prominént ones should be the proton
and neutroﬁ pairing vibrational bands, whose admixture constitutes the Coriolis
anti-pairing effect. These play an impoftant role in the de&iationé of the
énergy—level spacings becausevof their effect on increasing the moment—of—iﬁertia,
ﬁf, but may have little effect on the E2 transition rates and hence on branching
ratios.v Such behavior might explain why the low-spin energy spacings give fhe
largest values of o found in table 2. Cf course, many other excited K = 0 bands
can and do mix with the éround band and must be considéred; they produce the

effects treated by the cranking model to hthrorder.
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on peiring. Values of (éLﬁjl—lv) were calculated for

‘E2 operator in the 2+ sfate from which values of 10
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_ .Thus;-a~number of celculations treat, to varyiﬁg.degree, the effects
of rotation on.the quadrupoié deforﬁation, on the.péiring_carrelations, and
on the motioﬁ of certain quasi—partiélé states. For example, the work of Bés;‘-
Landowne, and Mariscottilo)-is essentially & hicréscépi¢ calculation of the |

centrifugal strefching model but inéluding, in addition, the effects of rotation
152,15k 158

Sm and Gd,
2
(r)

among others, which by eq. (13) we can relate tb lO3

o, obtaining 3, 0.7, and

0.3, respectively. They have alsoc calculated the expectétion’values of the

30 of 2, 0.6, and 0.3,

respectively, can be directly obtained. It is not clear to us why these two sets

' differ, but presumably. this reflects the first-order approximations we have made in

6btaining Q.

Pavlichenkovl3):considered B and ¥ vibration-rotation interactions on

the basis of the cranking model. His calculations suggest that the effect of

vibrationqrotation interaction is importent only at the beginning and end of a

deformed region, and that in-between the major source of the B coefficient (of

the 12(I + 1)2 term) is the effect of rotation on the quasi-particle motion.

Agreement of calculation with experiment is moderately good.
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Mikoshiba g&_g&,16) calculéted the nature of.the first 10 K =:O states
in deformed nuclei across.the'rare4earth region, and their effect on the B
coefficient. They employ bbfh pairing and qugdrupdle fields and consider
non-adiabatic éoupling between the'bands'ﬁsing thé.cranking model. Tﬁey find
that usually thé.B—band is the first excited K = O state, but not always; there
are exceptions; mainly in the 2n§ half of the rare eérthvregion. In these cases
the neutron-pairing vibration is. calculated to be thérlowest badd,_but more
usually the pairing vibration ié spread over several higher stéfes. The effect
of the mixing of all fhese states-info the ground band gives approximately the
correct energy—level-spacing'deviations. The Coriolis.anti—pairing contributes
a moderately éongtant amount to the B coefficient across the r#re—earth region,
and dominateé the smaller coefficiehts in the middle.of-the'region. Centrifugal
stfetching is calculated to doﬁinété ét thé beginning of the rare earfhs, and
by being coherent with the Corioclis anti;pairing effect causes very large
energy deviations. -

Marshalek6) considered the effects of strétching, Coridlis.anti—pairing,

: 2
and cranking, and calculated values for éLilérl-and the B coefficient. Generally,
(r)
both sets of values are a factor 2-3 too large compared to experiment. For
example, from his values of éLiEér—-we can obtain values of-103a for 152’lShSm,
(r<)

and 151"156’158Gd of 5, 0.k, 2.2, 0.3, 0.2, respectively. As expected, stretching

makes up the largest part of these, al#hough the cranking correction is not

negligible after the beginning of the rare earths. The values of the B coefficients

mostly come from the cranking'correctibns and the Coriolis anti-pairing, but at
the beginning of the rare earths,'the stretching term dominates.
Ma and Rasmussenlg) consider the same corrections explicitly (they take

_particle—number conservation into account in treating pairing), but as the modes

X
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-of a generalized vibration. Thus, they show that the seemingly quite different

empirical energy-level expressions from LB order cranking3), from stretchingl7),

and from the VMI modéllh) all hawve the samé form and aré rélated.' This
explains wh& they allvgivé such goéd fits, és'the{r‘empirically—dérived
parameters include all three majorvéffécts. The calculated B coefficients of
Ma. ahd Raéumsséh are of the right order of magnitﬁde in therrare;earth regiqn
except at the beginning, where they are too small and appear to give too small
a stretching cémponent. In general, theykobserve that the cranking correction

is comparable to that due to chenge in pairing,'and that these effects are

‘larger than that of stretching on'the B coefficient.-

All of the above-mentioned microscopic calculations‘agfee among them-
_ : 2
Alr )
| (r?)
indicate stretching as the most important component. For the B coefficients,

selves to within factors of two or so. As expected, calculations of

hth order cfanking corrections and Corolis antifpairing are uéually of the same
order, and they appear to dominate the coefficient. Neither éf them change
dramatically with Z or A (by less thanva factor of 5 or so) arcund the rare-
earth région.. On the other hand, quadrupole stretching appears to be most
important at the beginning and end of the region, but the resulting B coefficient

component décreases by two drders of magnitude in the middle of the region.
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5. Summary
We have shown hy recoil—diStance Doppler—shift iifetime measurements
that the E2 reduced transition probabilities of the 8+ 6, 6-+ h h~+ 2, and

154

2+ 0 transitions in Sm follow those of a: rigld rotor to an’ accuracy of a . :}

152

few percent. 'However, the oorresponding values for -Sm show~a definite
increase above those of the rigid rotor, A simple bandémikinggof centrifugal-v
stretching model to first order gives an express1on for the increase in B(E2)
and the data though not as accurate as one would like, agree w1th the predicted
" linear dependence on I(I + 1)._ If possible, it wonld be 1mportant to determine
the results more‘accurately, in orden to see how weii a first-order term in the
1nteract10n does explain the B(E2) values. It is ﬁell known that the expression
for the energy levels as a function of I(I + 1) requires many higher terms for
"soft" nuclei, and so this difference in behav1or would be an 1nd1cation that
different effects are involved. .This may well be related to' the difference in
values of O ohtained.ffom the lowest energy—levei.spacings on the one hand, and
from the other types of measurements shoﬁn inhteble_2 on the other. We take
this to indicete that the.other four.measnred quantities piobably have a common‘
cuase, most likely‘some kind of centrifugel stretching,vbut that additional
factors affect the lowest ground-band energies.' An example'would be the pairing
vibration, which upon miking into the ground band would increase ¥ eni so
decrease the energy level spacing, but might not anpreciably effect the beta-
and groundwband interband or intreband E2 transition strengths. In this regard
‘it may he important to note that the nalue of.a obtained from the energy levels
~appears to drop shafply with increasing I, and aireadyifor the ﬁ+, 6+, and 8+

152 154

states in both. ~““Sm and Sm one obtains o values consistent with those from

the other methods.
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"B to the ground band. For more rigid nuclei, such as
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It is important to know if all the measured quantities in table 2 except
the groﬁnd—band energles (col. 8) are mutuéliy'consistent. Withinvthe present |
error limi£s, this appears to be reasonably proﬁabie. More accuracy, as well
as more meaéuredvcases, are badly nééded to;ééttle this question.. However, it

does seem clear that the results of the present experiments and of the other

studies summarized in teble 2, indicate that for the "soft" nuclei, lSONd,

lSZSm, and lSqu, there is a marked increase in <r2 ) or B, with spin, of an .

. order sufficient to explaein a signiflicant pert, or most, of the changes in

ground~band B(EQ) values and the deviations in E2 branching ratios from the ,

15b'SmL and'156

Gd, the
changes in (%) or B are an order of megniiude smaller than for the "soft"

nuclei, and this result shows up in all the different kinds of measurements as

well as in the microscopic calculations.
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154

Table 1. B(E2) Values for Sm.
Transition Co€TEY o L B2 T 1-2)
' (kev) (psec) ST (e2b2)

' exp. rotor
2+0  81.99 3017  +38° ~.5.003 . 0.8L4320.021 (0.843)
b > 2 184.9 172.7 £ 5.0 0.277 © 1.18620.039 1.205
6+ L '277.h ~ 23.34% 0.69 0.07T4 . 1.37h*0.0LT 1.328
8+ 6 . 359.1 ~ 6.17% 0.62 0.032 1.49 10.15' 1.391

#The value of vcoseo for the recoiling nuclei was (0.0340+0.0005)c.

' 6
bFrom calculations by R. S. Hager and E. C. Seltzer, ref. 3 ).
37,38, |

c
Average value from refs.




' A <r2 )
Table 2. Derived Values of ————5——-and o
r©)
5 ,
Nucleus U BRI | ax 103
. 2 : .
(r) .
: : : ' ' o Monopole By
. . . | Prom columns . . P~band mixing  Intensity = -B/A using
isomer-shift .mugnlc—atom o0& 3 Lifetimes . eq. (17) " eq: (18{ ot and U+ levels
eq. (13) eq. (7) (o)) (ag) eq. (21)
15044 5.8+0.8% 1.440.2 6.7
12em 3.741.0°  5.5:0.6% | 1.0-1.3t0.3 - 1.9¢0.6® . 2.2¢0.67 1.50.3" 6.7
h.8+1.6° - 4,8°
- Lhgy 7.5t2.3°  5.920.8% | 1.5-1.8:0.2 2.740.67 1.840.3 6.5

15hen 0.2¢0.2% 0.0420.0k.  0.6:0.6 1.6
16 0.60.2% - 0.1%0.0k. 0.120.1" 0.06:0.06* 2.1
1Ty 0.55 ~of 1.
®Ref. hO). )
b, . k2 . o . ial e LT

Ref. ), but corrected for 5f electron shielding on solids as mentioned in Ref. ).

cRef».‘ul), but corrected for Sf.electroh shiéiding-on solids asfmentioned'in'Ref.'hT);

dRer. h3).

®per. ).
£ . b5y s R U '

Ref. ), but corrected for S5f electron shielding on solids as mentioned in Ref. ).
ERes. h6).

?’” "y

. (continued)

"‘83"‘

£9102~-T4dN



Table 2 (continued) -

PRer. 2LL).
iPresent workf
Jrer. 79).
Kper. ©0).

 perived from Ref. 59) by use of eq. (11).

_63_

£9702-TH0N
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‘Figﬁre Captions'

Fig. l.-iSchémétic of the eﬁperimeht. Thé Si‘fing‘counter detects the back-
scattered hOAr projectiles_in‘cdincidence wifh the gaﬁma cascade from the
Sm nuclei that have been Coulomb eicited. Those of the latter nuclei. that
decay in flight'yieid Doppiernéhiftgd transitiong in the Ge(Li) detector at
0° to the beam; those that stop first in the.lead—co#éred‘plunger give
normal peaks} 'By varying the distance between the térget and plﬁnger, one
caﬁ vary the.ratio of unshifted to shifted intensities, aqd.sd obtain |
essentially a decay curve of the excited state (éee text).

154 hOAr. The target-

Pig. 2. Spectra from'Coulomb éxéitatibn of Sm by 146 MeV
plunger distance is given inrthouéandths of an inch for eéch spectrum. The
positions of the unshifted (shifted) lines are given at the top (bottom) of
the figure. | | |

Fig. 3. The fraction of each transition which is unéhifted in energy vs. the
separation_distance of the target and plunger.‘ Ihe solid lines are the

computer-caiculated best~fit curves, allowing for one stage of feeding into

the particular state.

Fig. 4. Plot of vB(E2; I + I-2) 2?828{?32)07 vs. 1(1 +'l)_ * (g - 2)(1 - L)
5k, 152, » SN
for Sm, upper curves, and ~ 7 Sm, lower curves. The solid lines are

least-square fits to the four points including'the'electronically—méasured
+ + ' ‘ ' )
2 =+ 0 transition, with the indicated errors. The dashed lines are least~-

square fits to the three upper points from the present'measurements only.

N
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