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Bouee B. n ap. E7 - 10180

BpeMeHa 3acel/leHHSl W BpeMeHa XH3HH upacT-ypoBHei saep Hf

Boula u3MepeHbl MHTE@HCHBHOCTH i BpemeHa 3acefleHyd, ?ﬁg‘ax»l(% Bpe-
MeHa XH3HH HpacT-ypoBHe# B YeTHO=—YeTHbIX H3oTolax ' ' 79 Hf.
Hcnonp3oBaHbl peaKuHH 22'lMSn(4'8'mTi,Ain)l66'170Hf. [pumeneH nonnaepos-
CKnll MeTod M3MepeHHs pacCTOosHHs oTAadd. Bpemena xuaiau u, cinepopa-—
trennso, B(E2) ~3HaYeHns NOKa3BIBAOT TY ke C&MYI0 TEHAEHUHIO CpPaBHATENBHO
cilab6oro OTK/JIOHEHHS OT MOAENH XEeCTKOro poraropa, KaKk H B H3BECTHLIX
cnyuasx u3oronoB egEr u  79Yb. Kpome 6GLICTpOR KOMIOHEHTH! H@3aBHCHMO=
ro 3aceleHus ypoBHeH, mokaauiBamolle noaenenue.n0ﬂ06ﬂoe noBeAeHH IO
Takoif ke KOMIIOHeHThl B sApax 70Yb , HaBnonaercs apyras, meaneHHas

KOMIIOHEHTa 3acelleHns ypoaﬂeﬂ HPACT=NONOCLl C HH3KHM CIMHHOM,

Pab6ora BomnmonHeHa B JlaBopaTopuu sinepHsix peakuni OWAH.

IIpenpuut O6bEAUHEHHOTO KHCTHTYTA ANEPHHX HCCAEOBAHMH
Hy6ua 1976

Bochev B. et al. E7 - 10180

Feeding and Life Times of Yrast Levels in
Hf Nuclei

Feeding intensities and times, as well as lifetimes
of yrast levels in doubly-even 166163'170H£ nuclei have
been measured. The reactions ln'lﬁo&ﬂ43'?;TLdmléé'ngf
have been investigated using the recoil-distance Doppler-
shift method. The lifetimes and hence the B(E2) values
measured show the same trends of rather small deviations
from the rigid rotor as in the known ggEr and 7oYb cases.

In addition to the fast feeding component showing a rather

similar behaviour to that of the Yb nuclei, another
type of slow feeding, related to the low spin yrast
levels, is observed.
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1. INTRODUCTION

Two aspects related to high spin nuclear
levels can be clarified by the intensity
and lifetime measurements’'/. The first as-
pect concerns the mechanism of backbending.
By studying deviations in lifetimes and,
consequently, the B(E2) values from the
rig%%/rotor ones in the backbendigg regi-
on ' */ one can throw light (ref.”" ) on the
validity of different theoretical proposals
for the interpretation of backbending/”

The second one is related to the mecha-
nism of population of the yrast band. It is
treated by the study of feeding intensities
and side feeding times’!. Such data are
complementary to the study of the multipli-
city and the eneggy/distribution of the
Y -ray continuum’'"’’. They can also be use-
ful in studying the still higher spin le-
vels and the structure of the yrast band
from the point of view of the behaviour of
nuclei at very high angular velocities
€e.g8., the possible existence of form iso-
mers and "traps" at such velocities’/’¥.
There is evidence for high-spin two-,four-
and six-quasiparticle (q.p.) isomeric
states which can possibly be interpreted
as yrast traps in 17%176.178yf 5png !80y
(refs./942/ ).



This work, performed using the Doppler-
shift recoil-distance method, is an exten-
sion of our previous investigation on se-
veral .,Yb doubly even nuclei’'" to
166,168 . 170Hf ~ The choice of Hf was con-
nected with, first, the possibility of
studying the high spin regions of the nuc-
leus showing backbending U%%Hﬂ and that
of the adjacent nucleus not exhibiting this
phenomenon UggHﬂ simultaneously, and
second, with the existence of 8- 2 gq.p. iso-
meric states in the heavier s &P}e doubly~-
even Hf isotopes (A= 176,178,180) , which
can change the pattern of side feeding if
they exist and are populated in our case.

2. EXPERIMENT AND DATA HANDLING

The yrast levels of Hf nuclei were popu-
lated in the reactions '’2 ]4S(mT 4n) 100 mon
and 124Sn(r’0Tl4n)l70Hf on an external heavy
ion beam of the Dubna U-300 cyclotron with
an energy of 195 and 198 MeV of the 8 74

and °OTi ions, respectively, on the target.

The details of the experimental arrange-
ment and the data handling procedure are
described in our previous publication: ax

The main factors which allowed going
into the backbending region/” can be
summarized as follows:

(i) the background suppression and the
elimination of background peaks;

(ii) the construction of a high-preci-
sion Doppler chamber with a distance measu-
rement accuracy of 2pum (including the
zero-distance determination), which cor-
responds to a recoiling nucleus time-of-
flight accuracy of 0.3 ps;
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(iii) the development of a computational
method for the simultaneous extraction
of lifetime 7t and side feeding time ¢] of
each level with spin I with the help of
a fitting procedure. The experimental ratios
Ry =N/(N,+N.);, ;_y (N, is the intensity of
the peak (u) w1th an unshifted energy E
N, is the intensity of the peak (s) with
a Doppler shifted energy E.) for each tran-
sition as a function of time- -of- fllght are
fitted to formula (3) from ref. . which
is dependent onry, ,¢, and P (k ~1). This
formula was derived using a model of parallel
cascades of transitions. The side feeding
intensities P, /Z B . whereP, =N, =N, ., and

,.JN + N )ld 9y . have not been fitted, but
determlned in additional experiments. ln
the case of two clearly observable side
feeding components with very different times,
their relative intensities have been deter-
mined from the intensity of the long-lived
tail of the decay curve R (t).

Come special points here have been the
following:

(i) the application of metallic Sn tar-
gets prepared by rolling;

(ii) the extension of the prev1ously
described correction bProcedure ' 16,1/ to the
case of the complicated decay law R,U)
with two or more exponentials 1 e Tk with
rather different mean times, 7y . in order
to take into account the long-lived tails
appearing in this experiment. The correc-
tions have been made by the formula

n >

Rt -R t P (1)

corr ' corr uncorr uncorr kK 1+58, '
k



/1/
where t is determined according to ref.

corr
1+06) is the correction factor for one /
exponential with the time parameters rk/m/
and W, is a weight factor:

Wk=rkexp(—t/rk)/i2ri eXp(—t/ri). (2)

3. RESULTS

Figures 1, 2 and 3 show experimental
points * of decay curves Ry(t) (with correc-
tions included) for the isotopes M6J6&1”1
studied, as compared with the calculated
curves obtained by fitting the r; and ¢,
values.

The side feeding intensities P|/¥ P, ,
mean side feeding times ¢, and mean life-
times 7| are given in table 1. The values
of r;, deduced from the experimental value
of r, and from the rigid rotor reduced
transition probabilities B, (E2) are also
given for comparison.

Here, for the highest levels I, the P
value is the total feeding intensity N
since side feeding cannot be separated in
this case. The quantity ¢; 1is an average
side feeding time approximating the side
feeding of level I by one exponential (ex-
cept for the cases of long-lived tails, see
below). Moreover, the ¢ value of the
highest level represents an average total

X/ e to the lack of space not all of the

experimental points in the short-time regions
have been included in Figs. 1,2,3.
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F?g. l. Decay curves of yrast levels for
7o0Hf: relative intensities R] versus time
of flight. Points are experimental results

for spinl. Solid lines are the calculated
best~-fit curves. Spin I and type of expe-
rimental point are indicated on each curve.

feeding time including side feeding and
feeding via the yrast band.

4. PROPERTIES OF YRAST STATES

The systematics of the energy properties
J and E4;/E,, together with the properties
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Fig. 2. The same as in Fig. 1, for the Hf

isotope.
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Fig. 3. The same as in Fig. 1, for the Hf

isotope.

Table 1

Transition energies E;,1» ,side feeding
intensities B /Efﬂ » mean side feeding times
%, and mean lifetimes - (at spinl ) of
the yrast bands of 06, '6&WSHL

{

Nucteus | Level | E1—1-2/ PL/zpy| vy TP
I xperi - Rigi

[kev]w (Psl i prer?ent rotgrd

2—~0 | 158.7 0 — 71174331174 @

4—2 | 312.0 [0.21t005[105¢4.2] 2.3+15 | 2565

166, 6—~4 | 426.9 |0.18%005M4145.3] 5168 5053

7279 | 8—6 | 5095 |010t003]50¢37| 180088 2014
10— 8 | 564.0 |007+00311644133| 095070 1185
12-—+10 | 593.8 [044*005|89+20{ 129+102] 0901
2—0 | 123.7 0 — 1278541278 9
t—21 215 | 0o — | 51525214957
6=~ 4 | 371.2 o Sto0e! ~200] 851084 8397
168 8— 6| 456.6 {3S5033| 39£24) 2g5¢077] 2898
72 96 |10~ 8 | 522.0 014+003{39%12] 145t022 1455
12—10 | 569.8 [0.12t003|92*32| 075t026| 0925

14—12 | 551.6 |0.10*004|30+11| 1212026 1.074
16—14 | 452.9 [0401008] 32+05( 262029 2845
2— 0| 100.3 0 — 771 2396[1771
4— 2| 2209 0 — | 89.8+95| 88.35
6— 4| 320 4 (RI2335% 29 | 156+13 | 13.88
8— 6| 400 .2 |0132002|89%48 457:3; 4578
170H, 10— 8 462 .0 |006M03|27+22| 219 ¢ 2196
72°98 |12==10| 510 .7 |0132003| 1.0405| 146 +018] 1314
14— 12| 550.6 |0.08t003( 08407} 095+021  0.89
16— 14| 584 .4 {003¢003| ~02 | ~0.64 | 0659
18—16] 614 .1 [005002| ~02 [ ~0.50 { 0511
20— 18} 653.6 [016004| ~08 | ~0.34 | 0.373

deduced from the 2t level lifetimes, such
as Q and 8, 1s given in table 2, compared
with the previous 2o¥b results’!. The same
tendency of a simultaneous decrease in all
bparameters with N approaching the magic



Table 2

Moments of inertia J=3/E5,, . energy ratios
E:4/E:2:=(E4_,2 +E 9,0 )/Eg,9 , 1ntrinsic E? mo-—
ments Q =Q(2-0) and quadrupole deformation

parameters f=B(2-0) of the ,¥b and .o Hi
isotopes
Nucleus| 7 _D|E, £ P Q P
~ | MeV / E2 (barn]

180y, D 1534 | 2.626 |481:008 |0207:0003
70 90

162, 91 1802 | 2.924 |607:045 [0257:0019
70 92

184, O 2429 | 3.128 [679013 |0.28420.006
70 94

186y, @ 5933 | 3.228 (7.26t018 |0301+0008
70' 96

166,44 18.90 | 2.966 |594*014 |0.241+0005
72 94

188 | 2425 | 3114 [649%034 |0261+Q006
72 96

70, | 2991 | 3202 |714+030 p284t0012
72 98 |

2 )per. "

b)Ref 37

number 82 is observed.

166

One can see that
"yHf (the neutron number is 94) can be
considered as the beginning of the transi-

tional region between the deformed and
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iyt
i

spherical nuclei, whereas this wasli%Yb(N=9ﬂ
in the Yb case, and %gEdN=9m in the Er case
(see ref./]” for the Qand g values calcu-
lated using data from ref.’'% ). Thus

a systematic deviation of the transitional
region frontier from above the neutron
magic number 82 is observed (from 8 neutrons
in the ggEr case to 12 neutrons in the 79Hf
case) when the proton magic number is
approached from below (14 protons in the
6g Er case to 10 protons in the ;9Hf case).

Table 3 presents the values of B(E2;1-1-2),
Q(I-1-2) and B(I-1-2) deduced from the
experimental values of 7, (table 1) up the
bands, and also the enhancement factors
B(E2)/B,, (E2). The possible deviations of
enhancement factors from unity, as well as
of Q and B from constants with I, are a mea-
sure of deviations of the nuclear properties
from rigid-rotor one. These deviations are
better visible in fig. 4, where the 8B
versus | dependence is presented in compari-
son with Ward’s results on ¢8Er gﬁd our
previous results obtained for 70Yb.

One can see the complete similarity of
all these cases. A general trend of a small
(within the experimental accuracy) retar-
dation in transitions near the backbending
point or a little before it is observed in
all cases. The only exception is thelith
case’!/, where it is somewhat beyond the
experimental errors. There is no such
trend in 3%“, and this is in accordance
with the absence of backbending in this
nucleus.

In ref.’! we concluded that such be-
haviour indicates that only the effects

1



Table 3

Reduced transition probabilities BI(E2;I,I-2),
enhancement B(E2;I1-1-2)/B  (E2;1-1-2) factors,
intrinsic E2 moments Q(I-I-2) and deforma- /
tions B(»I-2) wup the yrast bands in the . Hf
isotopes

Transition| B(E2 ] -2)(e2 ] B2 -2 aH-2) .
Nucleug "1 72 E?(peri{'r-znt gd B €25-12) [barnl pi--2
| 2—=0 [0701=0082] 0701271000 0/046|594£0.14/0.261:0005
4~—2 [1056+0065|1.001 |1055= 0.065(610+0.19|0247:0008)
166, | 6—4 [109020145/1102 [0969+0.132(5902039(0240016
729 | 8—6 [129 +047 1154 [112 +041 [6282115|02560047
108 (146 +1.09 11185 /125 +052 |G63:26402500009
12—10 084 +067 |1.206 |070 +055 [496+196
20 08380035 1000 + 00470649 £ 140261 £005
4—2 [1152 £0116|1197 0962 + 0:097/637 0320256+ 0013
6—4 L300 £0127]1319 [0996 + 096644+ Q310258
1 8—6 [1398 +0122(1.379 1013 + 0096(653 + 03110262: 0012
e | 10— 8 [1422 £0216(1417 {1003 + 01526500 oust-00
1210 h78 +062 |1442 [123 +043 [721 £125j028
14—12 1296 +0278/1460 [1888 + 0.191/611 +056
16 —~14_[1600 +Q177[1474 1086 + 0201676 +437}0271 :0015
2— 0 [1015 0227|1015 000 = A24l7
4—2 [1428 +Q15 451 0984+ 0104[709 038
6 —~ 4 425 +0120/1508 [0892+
: 8 —6 [1675 +061 1672 1002 + Q0GB[7
M, |10—~8 |72 50221718 1003 + Q14f7
72 98 | 12 =10 |1573 +0205/1748 0900 +Q117
14 —~12 |167 +037 |1770 |os4 =Q21
6 —14 | ~184 1767 | ~108
18—~16 | ~184 [1799 | ~102
20—18 | ~198 (1810 | ~10

a) Normalized to experiment.

giving a drastic increase in moments of
inertia J, but small changes in intrinsic E2
moments Q, can be responsible for backbending
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Fig. 4., Quadrupole deformation parameters

B=B(1-1-2) versus level spin I up the yrast
band in ¢4Er (ref. '/ ), S,¥b (rer.’! )
and .,Hf nuclei (the present paper).

in this region of nuclei. These may be
either the Coriolis antipairing, or the
rotational alignment. Any strong changes in
deformation or in the collectivity of
yrast states can thus be eliminated.
Recently a drastic decrease (by a factor
of nearly 25) in B(E2) has been reported to
take place in the 38Ce case’!'”, which has
not been observed before even in the §3ce
case’?’. The authors of ref.”'% relate it
to a drastic structure change in the yrast
sequence. As can be seen from the discussion
presented above, this effect is absent in

13



a8 166, 168, 170,

-
l
A

04 8121604 8121604 8 12162

—1

Fig. 5. Intensities of side feeding P /EP
versus level spin I in the reactions leadlng
to -9Hf isotopes. Dashed lines indicate to-
tal feeding of the highest level observed
(i.e., the side feeding of all levels

higher than or identical with it). Dashed-
dotted lines indicate the slow side feeding
of low-spin levels.

the Er , Yb and Hf nuclei, some data on which
are summarized in fig. k.

5. FEEDING OF YRAST STATES

The side feeding intensities and times
are presented in table 1, and the inten-
sities can also be seen in fig. 5. One
observes here the following two specific
features. In addition to the usual fast
side feeding component, a slow one is also
found. This slow component can be seen
directly in figs. 2 and 3, where the long-
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l1ived tails of the decay curves for low-
spin transitions (I=8-4) are visible.

The fast component, as in ref. R starts
again at spins around I=8, and ends at 1=20-24.
This confirms the idea about enhanced tran-
sitions from higher-lying high-spin levels
to th§ yrast band near the backbending
point’”,and also the common regularity that

yel?s/y<e?s decreases_with increasing
projectile mass’/29/ Here y<I* > is the mean
square angular momentum of the levels po-
pulated, and NELLES is the mean square
angular momentum of the compound nucleus.
Moreover, one Observes a saturation of V<IZ>
with increasing prOJectlle mass if one com-
pares the data of refs. 20070 por projectiles
up to ﬁ%An with the results presented here
for still heavier projectiles, such as '8:50T;,
This takes place even if one considers only
the fast component. This contradicts the
commonly accepted point of view that y<I2>
increases with projectile mass.

The side feeding times ¢; (table 1) show
the same tendency of increasing with
decreasing spin I. The total feeding times
0,, presented in table b, ?ggvthe commonly
used composite quantities ’ which give
the time passed from the reaction end to the
decay of level I (i.e., the time at the e-!
height on the R (t) decay curve). They show
the same 1ncrease with decreasing N, i.e.,
for softer nuclei, as observed previously
(refs./lzl&zhli/ ). Some hypotheses
proposed to explain this have been discussed
in ref.

The slow component has a non-zero inten-
sity for levels with low spins [=8,6 and

15



Table L which could not be distinguished from the

background, but whose intensity was in rather
good agreement with our data.This difference

is possibly due to the lighter projectiles.
i%h used in ref.m{/as compared with ’Si used

Feeding times 0, of the yrast bands of ¢gEr,
-oYb and -oHf  isotopes

SI[pq in this work. One can notice the systema-
Level I tic decrease of the times ¢p=¢; of this com-
Reaction 20 |18 | 16 14112 | 10 8 6 ponent with ?afreasingAn 6000 ps for [;SHf,
130 3 58 a 200 ps for ;o Hf, and 12 ps, almost undis-
5%kﬁga4n) &ﬁr ) 22 (48 | 6 (75|86 |10 | 14 |1 t%yguishable from the fast component, in
i 6 . . .
[Fe GEAran) Bav D 6.5+15/80+1.5(83+15/87+15/94+20M8+201a7+20) § il ohis systematlcs can o oended in
< a smoo way to e heavier 7oHf isotopes
e 9r.4n) 188vb D 3720049 25(6241 5/65415(72:15)83 250112 20020920 (see fig. 6), in which the isomeric
@,‘381“"” ’1526*” 0200125 20083422 § T
124 . 168, | | 1
_mif‘(‘zgﬂﬂ f £2:0870+1080+109.041.02611{220¢0| | 10,, ]
124 50.. ._%ﬁ:__‘“_‘—““' ; » —
505N (7140 ) 7pHf  |1103]14206{18:205{26:0 38:0560: 0521 +10270+20) 4 10 /
1& ' /
/
100‘— 0/ 7
_ v /
a) Ref. - -2 /
b)Ref ! /
/
o . ]
6 /// ° 3
even L. The intensity P/ of the slow compo- oy //’
nent 1s shown in table 1 and fig. 5. The 8 P .
lifetimes é; of the long-lived component 10 /;V
are.presen?ed in table 1. This component 180_ e
maglfests 1tself in the form of long-1lived o’/
télls of the decay curves for 1-8,6,4 (see 162 . . L : . l l l
figs. 2 and 3). Such components have not beep 166 168 1700 172 174 176 178 180 A

obserYed in the same nuclei before > Howe-
ver, 1n the latter reference there was

some indication of the exlistence of such
component for ling with unknown time ?

16

Fig. 6. Lifetimes ¢ of 8~ isomeric states
in Hf nuclei versus mass number A: known in

176, 178 , 180 yj (refs./1%15.22/ ) an4q hypothe-
tical in !06.168 , 170 yy (the present paper).

?
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8~17/2(404)p, 9/2(514)p] states have been observed
in  "8%Hf (5.5 n), 'BHe (45 s) and 'IOHf
(9.8 us), populating with different inten-
sities the 8%, 6%and 4* levels of the ground
state band/m’hJSQZ/: Such transitions bet-
ween the yrast band and the 8- isomeric
states have also been observed in Coulomb
excltation experiments using the stable Hf
nuclei’?¥/ Thus one can put forward the
hypothesis that the slow side feeding goes
via the-so far unobserved isomeric states
(possibly 8-1[7/2(404)p, 9/2 (514)p] ) in the

oo, 168, 170 gy {sotopes, which could be
viewed upon as "traps'" near the yrast

line, as discussed in ref. ®/.
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