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Abstract: Mean-lives of the 4 , 6 and 8 levels of the ground-

state band in 16l*Dy, 1 7°Er %àM 17l*Yb have>Sêen 'mèasufetTby the * * 

recoil-distance technique following multiple Coulomb excitation 

with 3 2S projectiles of energy 120-140 MeV. The gamma-rays were 

detected in coincidence with backscattered particles. The 

results are compared with theoretical predictions of the adiabatic 

rotor model. The 6 and 8 lifetimes in 1 6 l ,Dy are found to corres

pond to a slight reduction in B(E2) values over the rotational 

model prediction, while for the 4 state a 12% reduction was 

observed. In 1 7 0Er and 1 7 1 ,Yb the lifetimes are consistent with 

rotational model predictions with a Flight enhancement of B(E2) 

values at higher spins. Comparison with other results from Doppler 

broadened lineshape analysis confirms the need to adjust the 

electronic stopping powers of Northcliffe and Schilling in the 

lincshape calculations. 

NUCLEAR REACTIONS 16''Dy, 1 7 0Er, m Y b ( 3 2 S , 3 2 S » Y ) ; 

E E « 120, 121, 140 MeV; measured recoil distance. 16l*Dy, 

1 7 0Er, 171*Yb deduced Tj . Separated isotopes. 



1. INTRODUCTION 

As the number of high-spin (I > 6) states in heavy nuclei (A > 100) 

become more abundant and phenomena generally known as backbending become 

•ore familiar , more quantitative studies, in particular measurements 

of the transition matrix elements, become more desirable. These measure

ments, especially in the vicinity of the levels where backbending occurs, 

are crucial net only in understanding the mechanism involved, but may also 

help identify the members of the "superconducting" and yrast levels in the 

region of critical spin. At present, the small amount of lifetime data 

available generally have too poor an accuracy to make meaningful comparison 

with the various theories. 

It has been known for some time that levels in the ground-state bands 

of the rare earths a few units of angular momentum below the critical spin 

deviate from the adiabatic rotor description by varying degrees. 
2-4") The deviations are especially strong in the lower transition region ' 

and are attributable to various effects such as centrifugal stretching and 

band mixing. Although the deviations are less pronounced in the main 

region, ii is of interest to determine their systenatics, e.g.,whether 

they correspond to positive (enhancement of the B(E2) over the rotational 

values) or to negative (reduction of the same) stretching. 

The lifetimes or B(E2) values of these states lie in the region 

amenable to measurement by mainly three techniques; the recoil distance 
-12 -9 (RD) method for mean-lives 10 < T < 10 s, the Doppler broadened lineshape 

analysis ' (DBLS) and yield measurements from multiple Coulomb excitation 

(CE). 

The lifetimes of the higher spin states (I > 10) are generally too 

short for the RD technique and, when (Hl.xn) reactions are used to 
7) populate them ', the measurements are further complicated by the feeding 

time ' which often is comparable or longer than the lifetime of the level 
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itself. With the feasibility of Couloab exciting the levels in the 
9) "backbending" region with very heavy ions where large recoil velocities 

are involved, the DBLS method becomes more promising as a means to measure the 

lifetimes. Yield measurements following CE are in principle applicable, 

but the analysis becomes complicated with the increasing number of matrix 

elements (E2 and higher order) between the levels involved in the ex

citation and also by the inadequacy of the semi-classical calculation ' 

presently used in the analysis due to the need for increasing quantal 

corrections '' 

The DBLS measurements have been successfully applied ' " ' follow

ing Coulomb excitation in several cases from which it became apparent 

that knowledge of the stopping power is the crux of the analysis. It was 

shown that for Sm and Gd recoiling in the range of velocities up to *v 4% C, 

the data suggests that the semi-empirical electronic stopping power values 

of Northcliffe and Schilling (NS) ' are too low by as much as 30% '. 
171 This is consistent with empirical values given by Ziegler and Chu ' from 

measurements of o-particle stopping powers in various media. 

Several DBLS measurements have relied on NS for the electronic 

stopping powers or more recently on hybrid values ' in which the NS 

values were normalised to include the medium dependences given by Ziegler 
17) and Chu . The two sets of results show systematic discrepancies which 

point to the need for a set of lifetimes against which the dE/dx used in 

the lineshape calculation could be calibrated. 

The recoil distance method provides the most direct means of lifetime 

measurement, with the additional advantage that it is applicable in a 

considerable range of lifetimes where the DBLS technique is also applicable. 

This paper reports or. recoil distance measurements of the 4 , 6 and 

8 members of the ground-state bands in 16J*Dy, 1 7 0Er and 1 7 4Yb following 
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Coulomb excitation with 3 2S ions. Deviations of the results from the 

adiabatic rotor model predictions are discussed and a comparison with 

other measurements is presented. 

2. EXPERIMENTAL METHOD 

The recoil-distance apparatus used in the present measurement is 
3 181 

.similar-to that described in detail in refs. ' ' and is shown schematic

ally in fig. 1. The target consists of enriched isotope evaporated to a 

thickness of 1-2 mg/cm2 onto a tightly stretched 500 pg/cm2 Ni foil on the 

side facing the beam. The isotopic abundances of rhe targets are shown 

in table 1. The recoiling nuclei are stopped in a movable stopper mounted 

on a goniometer. A fine micrometer (readable to better than 1.25 um) is 

used to position the stopper. Two kinds of stoppers were used in the 

experiment; one consists of a 2.5 mm thick polished Al plate covered with 

i 15 mg/cm2 of electroplated Ni and the other of a 0.5 mm thick polished 

Au disc with a ̂  20 mg/cm2 Pb layer deposited by evaporation. 

The target-stopper distance is monitored by the capacitance measuring 

puiser system for separations of les? than 200 pm, beyond which the response 

becomes insensitive and non-linear. The limit of minimum distance, defined 

when the stopper makes contact with the target, is determined mainly by 

the limit of flatness of the target. In the present experiment separations of 

less than 30 pm were achieved and stability of distance was better than 2 pm. 

The Y-rays were detected at 0* with respect to the beam direction in a 

50 cm3 Ge(Li) counter in coincidence with particles backscattered into an 

annular counter subtending an angular range of 155 -170". The resolution 

of the Ge(Li) counter was 2jy;cV tor the 344 keV y-ray in 1 5 2Eu. The same 

source was used to calibrate the photopeak efficiency of the counter. A 

500 pg/cm2 Ni foil was used to cover the particle detector to reduce the 

counting rate due to radiation other than the backscattered ions of interest. 



The oata were collected in OP. on-line HP2100 computer with the 

Y-rays, particles, TAC and, in the case of small distances, the Monitor 

puiser, stored event by event on magnetic tape. 

A beam of 3 2S with energies of 120 - 140 VeV from the AXU 14UD 

Pelletron was used to Coulomb excite the target. Bean currents up to 

100 na of either 10 or 11 charge state were used. Two sets of measure

ments each were carried out at 121, 120 and 125 MeV for 1 6 l ,Dy, 1 7 0Er and 
1 7 l ,Yb respectively and one each at 140 MeV for the 1 7 0Er ar.d 17l»Yb targets. 

Partial level diagrams for these nuclei are shown in fig. 2 and typical 

spectra obtained are shown in figs. 3 - 5 . Recoil velocities, corresponding 

to B - — of between 2.0 - 2.4% were obtained which agree reasonably well 

with those calculated kinematic^aJUy with some ̂ allowance for energy loss due 

to the target thickness and to the stretched Ni foil backing. At these 

recoil velocities the Ge(Li) detector completely resolved the Doppler shifted 

•y-rays (emitted in vacuum) from the unshifted Y-rays (emitted after the 

recoils are stopped) for the 8 •*• 6 transitions. For the 6 -+• 4 and 

4 •+ 2 transitions, the resolution was not complete but was more than 

adequate to facilitate extraction of the experimental quantity f = u/(u • s), 

where u and s are respectively the unshifted and the shifted photopeak areas 

of the Y-ray. The background under the peak was determined by the method 

described e.g., in refs. ' '' and is such that the number of background 

counts in any channel is proportional to the area of the peak accumulated 

from the high-energy side. Random coincidences were subtracted prior to 

extraction of peak areas. 

For the 8* -»• 6 transitions with short lifetimes (T < 10 ps) a 

considerable amount of Doppler broadening of the "unshifted" peak occurs 

due to the finite stopping line ('v 1 ps) of the recoils in the stopper, 
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thus leaving a portion of the unshifted peak under the fully shifted peal. 

TWr methods were used to determine this amount. In the first one, the 

amount is determined from che calculated Doppler broadened lineshape 

using lifetimes derived from initial analysis. In the second method, 

a Gaussian is generated from points on the high-energy side of the shifted 

peak. The two methods agree well and introduce only minor corrections to 

the quantity f. Corrections due both to relajivistic effects on solid 

angle and to photopeak detection efficiency (due to distance and energy) 

were applied to f prior to least squares fitting of the decay curve. In 

the simplest case of transitions originating from a level not fed by cas

cade, f = e" where T is the mean lifetime of the state and t is the time 

of recoil in vacuum. A plot of log f versus t (or target stopper 

distance d = ßct) would be a straight line. Deviations from a straight 

line near f = 1 are due, as can be seen in figs. 6 -9,to cascade feeding 

19) 
from other levels. Deorientation effects ' were included in the decay 

curve. In the present experiment, the cascade feeding constituted a 

major portion of the 4 -*• 2 transition and to a lesser extent that of the 

• • 19 20) 
6 -*• 4 transition as well. Assuming that the deorientation follows ' ' 

A. • e~nk A, 0 , where A, n are the usual angular distribution coefficients 

(W(6) • 1 • IQA. P.(cose)), the effect of deorientation of both the feeding 
k 

(2) and fed level (1) to the decay of the latter is given bv 

1 

A„e l - X,e 2 

f 
• » X * R

2 x^TT2 ZVi 
\ t A e"Alk t-A 1e"*2k t'* 
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1 • R 2 • 

k 
where 

\k s- \ *\M > wk = F k < W c o s 0 ) ' 

gk(i) = fy'ht* ^ (1 - e"Ai£) , pk(2) = Uk(2-»1) pk(2) , 



the x's are the decay constants (= —) of the levels, the n's are the • 

deorientation constants, p. are the statistical tensors describing the 
211 initial alignaient of the level , F. are the F coefficients of the 

Y-decay of level 1, Q. are the solid angle attenuation coefficients, P. 
211 are the Legendre polynomials of order k, U. are the dealignaent factors 

of level 2, R, is the ratio of the initial population of level (2) to 

that of level (1) and G. are the integral attenuation coefficients for 

the stopped decay. Since the effect of deorientation is not too large, 

deorientation due to triple cascade can be neglected, especially considering 

the fact that in the present case the lifetimes of successive feeding levels 

decrease very rapidly with increasing level energy. Differential neasure-
191 221 

ment s ' and a recent integral measurement ' of the deorientation effect 

showed that the ratio of X\*IT\. is consistent with a magnetic dipole inter

action with a mixture of quadrupole interaction. In the present analysis 
221 — 

n values from ref. were adopted. For the nickel stopper, values for G. 31 were obtained from ref. and no attenuation was assumed for the lead stopper. 
Variations of as much as 50% in these constants resulted in less than a 1% 

change in the derived lifetimes. Values for the feeding ratio R were derived 

experimentally and in table 2 they are compared with those calculated from the 

Winther-de Boer program using the rotational matrix elements. The statistical 

tensors p. for Coulomb excitation in the backscattering mode are given by 

p. • /2k • 1 ck 0/o 0 0» where the cu-'s were calculate with the Winther-de Boer 
10) program '. 

The fitting proceeded first with the 8 state, for which calculated 

values of the lifetime of the 10 state were used. An iterative procedure 

was used in deriving the final values. The zero distance, lifetimes, 

populations of the levels as well as the deorientation constants can be 

varied in the least squares fitting. 'In the final a lalysis only the zero 

distance and the lifetime of the level of interest were fitted. The zero 
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distance obtained from the fit for various levels within one set of 

measurements agreed with that derived from the puiser system measurements. 

The conversion of distance scale to time scale was made using the 

measured recoil velocities as derived from the observed Doppler shifts 

according to formulae given, e.g., in ref. . Within the same nucleus, 

kinematically the average recoil velocities should decrease with increasing 

energy-of the level excited, but the spread in recoil energy for all levels 

[<_ 0.1%) results in much smaller error than that of the observed energy shifts 

In each measurement a weighted average of the recoil velocities for the 8 , 

6 and 4 states was used in the conversion shown in table 2. The measured 

recoil velocities agree well (better than 5*) with values derived from 

kinematics and estimates of the energy loss *in the target and backing. 

In the absence of isomeric feeding a plot of log f vs. distance 

should follow an almost straight line with slight adjustment due to cascade 

feeding, but as can be seen in figs. 7, 8, the curves for the 6-^4 

transitions in 1 7 0Er and 1 7 l ,Yb and for the 8 •* 6 in I7l*Yb appear to 

reach a constant "background" level at distances corresponding to t > 5T. 

This could be attributed to the difficulty in extracting the unshifted peak 

areas once they become comparable to the statistical uncertainty (usually 

of the order of 2%) and also to the presence of peaks due to impurities in 

the target. In the present experiment the 1 6 > ,Dy, 1 7 0Er and m Y b targets 

were enriched to 98.4%, 96.9% and 95.8% respectively; the enrichments are 

shown in table 1 together with those for the main impurities. To better 

determine the lev_l of this "background" for the various transitions, several 

runs corresponding to flight times of t > 5T were summed prior to extraction 

of the peak areas. This background level, hereafter referred to as f , varied 

between 1 - 2%, the highest being that for the 6 •*• 4 transition in 1 7 1 ,Yb. / 

error in f of 0.01 translates to a relative error in T of AT/T *eAf » 2.7%. 
SO 

In all cases except for the 8 + •* 6 (373.7 keV) transition in 1 7 0Er 



- 9 -

and the 4* + 2* transitions in 1 6 l ,Dy (168.8 keV) and in ï 7 k ï b (176.6 keV), 

the known transitions fron the impurities are well separated fro« the 

transition of interest and are not likely to cause errors in f at large 

distances. The Doppler-shifted photopeak of the 8 ~* 6 transition in 

1 6 6Er (T = 6.9 ps, ref. ' ) , assuming the sane shift as that observed for 

the corresponding 8 •* 6 transition in 1 7 0Er, appeared * 1 keV above the 

unshifted part of the latter. The contribution from this estimated from 

measurement at large distances agrees with that estimated fron the given 

abundance of 1 6 6Er in the target (y 0.9%). Corrections to f measured at 

shorter distances were made using the known lifetime of the 8 state in 

1 6 6Er. In the 16l*Dy case, a ground-state transition from a level in 1 6 3Dy 

at 167'.3 keV (T^. - 420 ps, ref. ') interferes with the 4* •* 2* transition 

From the measured small intensity of a 93.9 keV transition depopulating the 

same level in 1 6 3 D y and from the known branching ratio I (167.3)/I (93.9), 

an upper limit of 0.3% was obtained for the intensity of the 167.3 keV 

•y-ray in the 4 -• 2 transition in 1 6 l ,Dy. A correction for this was applied 

with very minimal effect on the decay curve of the latter. In the , 7 , ,Yb 

case, the <v \% amount of 1 7 3Yb in the target gave a 179.3 keV f-ray from 

23a') 
Coulomb excitation originating from the 179.3 keV level (T - 461 ps, ref. ). 

The contribution of this peak was determined from measurement at large distances 

and, using its known lifetime, was subtracted from f for the 4 •*• 2 tran

sition in m Y b . 

A plausible explanation for the relatively high level of f, for the 

17l*Yb 6 -•• 4 transition is that it is caused by feeding from the isomeric 

24) 
level at 1.518 McV excitation. This state has been observed previously ' 

TT + 

and is interpreted as being a K-isomer (KJ • • 66 ) with a half-life of 860 ps. 

This state decays mainly to the 8 , 6 and 4 states of the ground-state 

band with 2.4, 84 and 2% branches respectively. Thus if f,, in m Y b is due 

to feeding frron this isomeric state, i t is expected thai 
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fJ8*) = f ^ x P(6*)/P(8*) x fJ6*), where P(I) denotes the excitation 

probability of level I, giving f (8 ) =0.21 and 0.14% for the data taken 

at 125 MeV and at 140 NeV bombarding energies respectively. These values 

are reasonably consistent with observation as can be seen in fig. 8. The 

isomeric feeding would appear in the 4 + 2 transition mainly from cascade 

from the 6* state and thus f^(4*) = f„(6*) x R(4*)/(l*Rf4*)) = 1* and 

2.2% at 125 and 140 MeV respectively. Here R(4*) is the feeding ratio for 

the 4 state as tabulated in table 2. In fitting the 4 •+ 2 decay curves, 

f (4 ) together with a 50% uncertainty was included. The isomeric state 

could presumably be fei by cascade from higher-lying, high-spin states. It 

is interesting to note that a similar K-isomer in m Y b at 1.041 MeV 

(KJ* = 88 , T. = 11 s) was observed in recent Coulomb excitation measure

ments with Xe and Kr ions . A similar K-isomer was predicted for 1 7 0Er 

although as yet there is no report on its observation. 

3. RDSULTS 

The results for the mean-lives of the 4 , 6 and 8 states are shown 

in table 3. The errors shown are standard deviations from the fit and 

include errors due to the uncertainties in the deorientation time constants 

and feeding corrections. 

Results from two separate measurements in 16l»Dy at 121 MeV are in 

good agreement and in 1 7 0Er the two measurements at 120 MeV agree with that 

done at 140 MeV beam energy. Similarly, in 17l»Yb the results of two measure 

ments at 125 MeV agree with that measured at 140 MeV, The results obtained 

from .the several sets are averaged and shown in column 7 of the table. 

Lifetimes from previous measurements were obtained mainly from 

DBLS analysis. In 16l*Dy two of the three available DBLS values for 

the 8 state agree with the present result. In , 7 0Er the 
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only DBLS measurement available for the 8 state is in good agreement with 

the present result. In 1 7 1 ,Yb two DBLS values are available for the 8 and 
• 141 

one for the 6 state. In the measurements by Ward et al. the Northcliffe 
and Schilling electronic dE/dx values were modified to allow for the 

17") media dependence given by Ziegler and Chu . The Yb in Yb values given 

by NS, at a given MeV/amu, were scaled by the discrepancy between the NS 

and ZC tables for a-particles at the same value of MeV/amu. This correction 

amounted to only about 5%, in contrast- to the large one (<v 30%) for the 

case of Sm and Gd . The result for the 8 state in 1 7 V D following such 

a procedure agrees very well with the present result, while the other result 
131 from Kearns et al. ' for which no such correction was applied is larger. 

The latter data were taken in singles only and, as pointed out by 

Ward , singles lifetimes appear to differ systematically 

from those obtained from coincidence measurements. It should be noted here 

that the normalization of dE/dx works in Th as well ' . 

No lifetime measurement«: are available to compare with the remaining 

6 and 4 states studied here. Some information on these states is obtained 

from Coulomb excitation yield measurements ' . For comparison with the 

present results the available B(E2) values were converted into mean-lifetimes 

The electron conversion coefficients were taken from the Hager and Seltzer 
25") tables ' and are shown in column 4 of table 2. Finally the last column 

shows the rigid-rotor predictions corresponding to B(E2) values projected 

from the B(E2 ;<)->• 2) shown in table 2 according to 

B(E2;l+J) r o t = 5B(E2;2-»0)<I020;JO>2 

where J - 1-2. 

The present result for the 4 state mean-life in 16"*Dy is signifi

cantly longer ('v 12%) than that from CE measurements ' which in turn agree 

with the rotational model prediction. The present results for the 6 and 8 
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statcs however are consistent with the CE results and are slightly longer 

than the rotational model prediction. The CE results in I6,*Dy included 

corrections for excitation of vibrational states, quantal effects and E4 

moments which for the 4 state amounted to *v» -3.2%, -1% and -2.9% respective

ly. Allowing for reasonable uncertainties in these corrections, the discrep

ancy with the present result is rather large. A recent recoil-distance 

measurement - -in-162Dy shows-good agreement with the CS-result for the 4 

state. In order to check on the possibility of systematic error in the 

present measurements, a run with a natural Dy target was carried out with 

121 MeV 3 2S. The target was prepared from 99.9% pure Dy metal rolled into a 

2.2 mg/cm2 foil which was then stretched in the usual manner. The results 

for the 6 state in 16l*Dy agree closely with the measurements on the 

separated 1 6 , fDy targets and the 4 lifetime in 1 6 2Dy agrees with that 

reported by Johnson et al. ^ to within 3%. Unfortunately the 4 -*• 2 

transition from 16**Dy was heavily contaminated by the ground-state 

transition from the 167.3 keV level in 1 6 3Dy which, since the lifetime is 

poorly known, prevented accurate extraction of T 4 + . However within large 

uncertainty the result is consistent with that shown in cable 3. A detailed 

report of this experiment will be given elsewhere. 

It is possible that the B(E2;0->2) in 16l»Dy used in calculating the 
rotational values is too high, although it appears to be reasonable from 

the systematics of the even Dy isotopes. A possible error of 3* in the 

total conversion coefficient as pointed out, e.g., by Guidry et al. > 

actually would result in better agreement between the different B(E2;0->2) 

values from timing and inelastic scattering experiments. 

In 1 7 0Er the present result for the 4 state is consistent with the 

rotational model. The 6 and 8 state lifetimes are slightly shorter than 

the rotational model values indicating enhancement of the B(E2) values. No 

other B(E2) data are available. 
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The situation in l7>tYb is similar to that in 1 7 0Er; the 4* lifetime 

is consistent with the rotational prediction while the 6 and 8 values 

correspond to slight enhancement of the B(E2) values. Some data from 

CE •' are available for the 4 and 6 states but since no quantal and E4 

corrections were applied in the analysis these arc thus excluded from the 

present compilation. 

, . .In table. 4 .the B(E2) values derived from the present lifetime values 

are presented together with the rotational B(E2) values projected from the 

adopted B(E2;0->-2) values. The last column gives the ratio B(E2)/B(E2) 

from both the present experiment including the error in the B(E2;0-»-2), 

and other values from DBLS measurements. 

All the nuclei presently studied are usually described as "good" 

rotors, so defined when the coefficients in the expansion of the energy 

levels of the ground-state band 

E(I) = E 0 • AI(I + 1) + B[1(I • 1)]2 (1) 

are such that |B/A| * 10~ 3. The observed deviations correspond to negative 

values of B and can be attributed to various effects such as Coriolis anti-

pairing, fourth-order cranking, centrifugal stretching and band-mixing. 

Corresponding deviations of the B(E2) values in the ground-state band can 

be written as 

B(E2;I->-I-2) = B(E2;I->I-2) r o t [1 • a(I2 - I - 2)] 2 . (2) 

Such a single-parameter fit works rather well for most of the even-even 

rare-earths. For the "good" rotors 1 5 l |Sm and 1 5 6Gd, a - 1 x io"3 and 

can be attributed mainly to mixing with the ß-band. Fig. 10 shows a plot 

of B(E2) /B(E2) . from the present experiment and from other results 

from DBLS measurements. The latter provided B(E2) values up to spin 14 

in 1 6 4Dy and m Y b and tc spin 12 in 1 7 0Er. The curves shown represent 
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eq. (2) with a = ±1 x 10* 3. Khile there appears to be considerable 

scatter in the data points, the higher spir data indicate that the B(E2) 

values are well within reasonable definition of being those of good rotors. 

If the deviation from the rigid rotor is due to centrifugal 

stretching, parameter o can be related to the parameters in eq. (1) by 

a = -B/A. From the energy spacing observed up to spin Î2, o = +0.5 x 10 , 

0.3$,x. 10"3 and 0.24 x io"3 for "'»Dy, 1 7 cEr and m Y b respectively, implying 

very little centrifugal stretching. The higher spin data (I > 10) from the 

DBLS measurements which are most sensitive to this effect appear to be 

consistent with these values. In 1 7 0 E r and in 17l*Yb the deviations for the 

lower spin states as derived from the B(E2) values appear to be larger than 

at higher spin, which may indicate that while at lower spin these nuclei arc 

somewhat "soft", they become more rigid at higher spin as maximum stretching 

is achieved. While this picture is plausible it does not account for the 

apparent reduction in B(E2) in 1 6 l ,Dy especially below spin 8. Similar 

negative stretching was observed in 1 6 0Dy and 1 6 2Dy for the 6 and 8 states 

from CE measurements ' as well as from DBLS measurements for spin I > 8. 

Uncertainties in both measurements are large, in the latter particularly due 

to the problem with the stopping powers. More accurate data are needed to 

confirm these results. Microscopic calculations based on the pairing-plus» 

quadrupole model by Kumar ' for 1 6 CDy showed that the B(E2) values in the 

ground-state band increase gradually with spin up to spin 16 contrary to the 

available data. 

While the fitted lifetimes are relatively insensitive to variation 

in the feeding ratios R(l) = \ P(I.)/P(I), where P(I) is the excitation 

probability of level I, the comparison of calculated and experimental R(I)'s 

should give additional independent information on the matrix elements. In table 

2 two sets of R values are given for each case; one derived from the Winther-

de Boer program calculation with adiabatic rotor matrix elements and the other 
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with the "stretched" matrix elements using the parameter a - 1.0 x 10~*V 

For the lower bombarding energies the agreement of experimental R(6 ) and 

R(4 ) with the rotational values is excellent, while R(8 ) suggests 

enhancement of the B(E2) values for I i 8. At 140 MeV both 1 7 0 E r and 
1 Yb showed lower R(6 ), indicating enhanced yield for the 6 state 

probably due to nuclear interference. 

4. CONCLUSION 

The results of recoil-distance measurements of lifetimes for the 

4 , 6 and 8 states in 1 6 l ,Dy, 1 7 0Er and m Y b have been presented. The 

results are consistent with a slight enhancement of the B(E2)'s over the 

rigid-rotor predictions, except in 16l*Dy where a slight reduction was 

observed. Comparison of the results of recoil-distance with DBLS measure

ments confirm the need to renormalize the electronic dE/dx of NS, and 

corroborate the validity of a procedure first applied in the Sm case. 

Relative yield measurements well below the Coulomb barrier show results 

consistent with the lifetime measurements. 
38) After the preparation of this paper, an extended report ; on the 

measurements in ref, ' appeared which includes revised values for the life

times and B(E2) values given in tables 3, 4. 
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TABLE 1. 

Isotopic abundance of the targets 

Dy 
156 158 160 161 162 163 

\ <.01 <.01 .02 

164 

.15 .35 1.05 98.43 

tir 
162 164 166 167 168 

.02 .04 .87 

170 

%72 1.46 96.89 

Yb 
168 170 171 172 173 174 

<.01 .05 .41 .99 2.2 95.8 

176 

.57 

u _ 



TABLE 2 

Feeding ratios and recoil velocities. 

Nucleus B(E2;0*-*2+) 
e 2 b 2 

3 2 S 

Ecam 
Energy 
(MeV) 

Level 
r 

R j a ) 

(exp.) 
^(1) b) Rj(2;) c) 
(calc.) (calc.J 

Measured 
v / c 

16<« Dy 

1 7 0 E l 

5.57(.04) d ) 

5.8K.09) e) 

121 

120 

140 

1.20{.06) 1.300 

.412(.018) .392 

.195(.019) .183 

.78 (.03) 
* 
4 
V 
4 

.900 

.308(.012) .297 

,200(.014) 
• 

.140 

4.5 ( .7) 
1 
t 
4 
4 

4.31 

,64(.03) 
4 
# .849 

,267(.0171 .336 

1.392 

.442 

.223 

.955 

.329 

.157 

4.65 

.970 

.4|14 

.0240 ± .0008 

.02033 ± .00025 

.0222 ± .001 

* 

(continued) 



TABLE 2 (continued) 

17**Yb 5.92(.05) f ) 125 

140 

4* 1.07 (.06) 1.058 1.089 

6* .331(.011) .337 .382 .0229 ± .0003 

8* .212(.010) .158 .145 

4* 3.9 (.5) 3.31 3.56 

6 + .44(.02) .722 .822 .0230 ± .000 

8* .26(,02) .298 .367 

I 

a) R T = l Y(I»)/Y(I) , where Y(I) is the total yield of level I. 
1 I»>I 

b) R T = I P(I')/P(I) , where P(I) is the excitation probability of level I 
calculated with the Kinther-de Boer program using rotational matrix elements. 

c) Calculated as in b) using "stretched" matrix elements corresponding to o • 1.0 x 10" . See text. 

d) Average of refs. 2 6
>

2 7 « 2 8 ) < 

-, . « * 29,30,31) 
e) Average of refs. . 
f) Average of ref. ' 



L i f e t imes o f the 

TABLE 3 . 

ground-s ta te band l e v e l s . 
' 

Nucleus h + l! (keV) T" V p s ) ': ' Other 
meas. rot h + l! (keV) T" 

(b) (c) (d) Average 

' Other 
meas. 

1 6 " D y 4 * - 2 + 168 .8 0 .45 303(14) 289(11) 294(9) 2 6 0 ( 3 0 ) 1 ) 258 

6 * - 4 + 259.1 0 .102 3 6 . 7 ( 1 . 7 ) 4 0 . 3 ( 2 . 7 ) 5 7 . 7 ( 1 . 4 ) 4 4 . 4 ( 2 . 4 ) ^ 36 .2 

8 + - 6 + 342 .3 .0445 9 . 7 ( . 7 ) 11(2) 9 . 8 ( . 7 ) 1 1 . 7 ( . 7 ) | > 9 .1 
10.6(.9) 
9.12(.46) g) 

170 Er 

17*Yb 

4 T * 2* 181 .2 0 .37 200(8) 199(10) 172(13) 196(5) 

6 + - 4 + 280.2 .091 2 0 . 3 ( 1 . 1 ) 2 7 . 9 ( 1 . 5 ) 22(3) 22.9( . ;9) 

8 * - 6 + 373.7 .038 5 . 5 ( . 6 ) 7 , 7 ( 1 . 4 ) 5 . 7 ( . 5 ) 5 . 8 ( . 4 ) 

4 + - 2 * 176 .6 .42 216(11) 195(17) 195(11) 208(6) 

6 + - 4 + 272 .9 .103 2 2 . 9 ( . 7 ) 2 7 ( 1 . 8 ) 2 5 . 6 ( 3 . 5 ) 2 3 . 5 ( 0 . 6 ) 

8 + - 6 + 363.5 .044 5 . 3 ( . 3 ) 5 . 1 ( . 7 ) 5 . 2 ( 1 . 0 ) 5 . 3 ( . 3 ) 

5.7(.6) f) 

20(.5) h ) 

5.2(.7) h) 

6.3(.6) f ) 

a) Total E2 Conversion Coefficient *r - a R + 1.33 Ï O ,L»
 r e f 25) 

184 

24.1 

5.7 

198 

26 

6.3 

b c> Results for 121, 120, 125 MeV beam energy for 1 6 UDy, 1 7 0Er, 
* and 17**Yb, respectively, 

d) Results for 140 MeV beam energy for 1 7 0 E r and 1 7 i ,Yb. 

e) Calculated using B(E2;0 -*2 ) from table 2. 
13) 

f) Réf. 

g) Ref. 

h) Ref. 
i) Kef. 

31) 

14) 

34) 

ts) 

J 
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TABLE 4 

Summary of B(E2) values of the ground state-bands 

Nucleus I J B(E2;I- .J) e x p 

(eV) 
B < E 2 ^ J > r o t 

(eV) 

B < E 2 >exp 
B < E 2 >rot 

1 6*Dy 0 + . 2 ! 5.57(0.04) 5 1.0 

2* 4* 2.51(0.08) 2.86 0.88(0.03) 

4 + 6 + 2.42(O.Ü9) 2.52 0.96(0.04) 

6* 8 + 2.22(0.16) 2.39 0.93(0.07) 

1.0 ( . 0 7 ) a ) 

* »» » . » » > • » ^» » • 9.-85 ( 0 . 0 9 ) b ^ 

8*10* 2.33 1.20( . 1 3 ) a ) 

0 .90(0 .08 ) b ) 

10* 12* 2.28 1.33( . 1 6 ) a ) 

0 .93 (0 .09 ) b ) 

12* 14* 2.25 0 .91 (0 .09 ) b ) 

>™Er 0* 2*. 5.81(0.09) 5 1.0 

2* 4* 2.80(0.07) 2.98 0.94(0.03) 

4* 6* 2.78(0.12) 2.64 1.05(0.05) 

6 + 8 + 2.46(0.18) 2.50 0.98(0.07) 

0 .97 (0 .10 ) b ) 

8 + 1 0 + 2.42 0 .95 (0 .10 ) b ) 

10 + 12* 2.38 0 .91 (0 .10 ) b ) 

1 7"Yb 0 + 2* 5.92(0.05) 5 1.0 

2* 4* 2.90(0.08) 3.05 0.95(0.03) 

4* 6 + 2.99(0.08) 2.70 1.11(0.03) 

(cont'd..) 
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TABLE 4 (cont'd.) 

1 .30(0 .33) C ) 

6* 8* 3.04(0.17) 2.56 1.19(0.07) 

8* 10* 

10* 12* 

12* 14* 

a) réf. 33 

b) réf. 13 

c) réf. 14 

1 .06(0 .10) b ) 

1.22(0 .16) C ) 

2.4,8 0 .92 (0 .09 ) b ) 

1.CJ(0.10) C ) 

2.43 0.98(0. l l ) b ) 

1.05(0 .11) C ) 

2.86 0 .87 (0 .22 ) C ) 
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FIGURE CAPTIONS 

Fig. 1. Schematic diagram of the recoil-distance apparatus. The 

gamma rays are detected at 0° with respect to the beam 

direction in coincidence with particles backscattered into 

the annular counter. Tie stopper is mounted on a goniometer 

— to facilitate parallel alignment of the target and the 

stopper. The goniometer in turn is mounted on a sliding 

stage positioned by a fine micrometer. Target-stopper 

distance is monitored by a puiser system sampling the 

capacitance. 
* * * • * •."."_ 

Fig. 2. Partial level diagram of 1GI*Dy, 1 7 0 E r and 1 7 l fYb showing 

members of tlte ground-state band populated in the present 

experiments. 

Fig. 3. Gamma-ray spectra of 1 6 l <Dy observed in coincidence with 

backscattered 3 2 S projectiles for 121 HeV bombarding energy 

at different settings of the stopper-target distance d. 

Fig. 4. Gamma-ray spectra of 1 7 0 E r for 120 MeV 3 2 S at different 

settings of d. 

Fig. 5. Gamma-ray spectra of m Y b for 125 MeV 3 2 S at different 

settings of d. 

Fig. 6. Decay curves of the 4 , 6 and 8 states in 1 6 l |Dy for 121 MeV 
3 2 S beam. The log of the quantity f « u/u+s,where u is the 

unshifted and s i s the Doppler-shifted y-ray peak area, is plotted 

against the target-stopper distance. The data points have 

been corrected for detector efficiency and solid angle effects. 

The decay curve includes allowance for cascade feeding as 

well as Reorientation effects. 
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-+ • -• - - • 170, Fig. 7. Decay curves for the 8 and 6 levels in i / uEr for 120 MeV 

and 140 MeV bombarding energies. 

Fig. 8. Decay curves for the 8 and 6 levels in 1 7 < fYb for 125 MeV 

and 140 MeV bombarding energies. 

Fig. 9* . Uecay. curves for.the 4 levels-in 1 7 0Er and 1^f,Yb for 

bombarding energies shown. 

Fig.10. Summary of B(E2)/B(E2) from the present experiment 

and ot*er results from DBLS measurements: a) ref. , 

b) ref. ' and cj r^f,.*/. The BCE2;0L-*.20 is,assumed 

to be rotational and is tabulated in table 2. 

1 
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