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ABSTRACT
CAMMA-RAY SPECTROSCOPY OF EXCITED STATES
IN 177Hf AND 182w
by

Brian Douglas Jeltema

The deformed nuclei !77Hf and 182W were investigated via y-ray
spectroscopic té;hniques. The EC—B+ decay of 177Ta to 1774f was
'investigated iﬁ YQray singles and y-y coipcidence spectroscopy.

Thirteen énérgy levels in 1774f were deduced; four levels and fourteen
' 'y rays associated with !77Ta decay were unknowﬁ froﬁ prgvious NaI(Ti)V
work., Logft values have been assigned to the decay, and multipolarities
of several transitions have been assigned.with use of earlier coﬁversion

electron data.

The 182y level scheme was investigatedvprimarily bylin—ﬁeam Y~ray
spéétroscopy. A total of 59 exéiged states wefe placed by use of three-~
.péraméter (y=y-t) coincidence data. Eleveﬁ rotational bands weré deduced
in this investigation and all were given:collective or particle assign-
ments. The grouﬁd stéte‘rotatioﬁal band was seen at least to spin 12,
and the rotational band baééa on a 1.4 us.isomer'was established to spin
15. Deéay patterné of some bands are.explaingd qualitatively in terms 6f
cénfiguration mixing, and B-, y-, ground-band mixing calculations were
carried out in an attempt to explain the appafent perturbations present

in those three bands.



The in—beam-study of 182y indicated that érfors exist in the accepted
decay scheme for 64 h 182ng; Therefore a brief study of this decay
wgs-also‘carriéd odt. TWo—parameter Y-y coincidence data were<polléc£ed,
and Y-;ay inteﬁéities“in the region from 84 kev t§ 360 keVv were'measufed.
A levellscheﬁe'CQnsistent with the decay and in—beam Y-ray data'was

'esfablished, and‘logft values were assigned.
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I. INTRODUCTION

The ultimate goal of nuclear science is to determine the exact

' .wavefunction for nuclei While this is a goal wh1ch w111 almost
certalnl& never be attalned it 18 possible that the forces acting within
a nucleus that determine its .properties can be understood In search

of this knowledge, many sophisticated experimental tools are available

" for the study.ot nuclear structure and properties, one such tool heing

- y-ray spectroscopy.

In the so—called-deformed regions of nuclei, nuclear propéerties are
strongly influenced by the existence of a static nuclear deformation.
The degeneracy of the magnetic substates in a given "j" shell is split,
and nuclear excitations resulting from rotation of the deformed system
exist. ' It is of interest then to characterize.the nuclear colléctivei
parameters so that intrinsic and coherent excitations can be understood
The use of in-beam y ray spectroscopy (i.e. the study of y—ray spectra
produced. in the deexcitation of the compound nucleus produced in a
nuclear. reaction) is a technique which works very nicely for these studies,
as levels associated with high spins not generally populated via B- decay
can be investigated. On the other hand, the study of y-ray spectra
:associated with B-decay can also be very useful, as the B-decay selection

. rules can provide information about excited nuclear states.

This thesis contains the results of a study of the deformed nuclei
177Hf and 182W, an investigation carried out via the techniques of

radioactiVe decay and in-beam y-ray spectroscopy, respectively. Some



prqpe;tiés of the intrinsic, vibratiomal, ana rotational states in these
' nﬁqlei»gfe'diséusséd, and the results of calculafions are présepted'
which describg thglnuclear exciﬁations ih terms of tﬁé acceﬁted' |
phenoménological ﬁodeis, Such a study is useful for definingAthe
paraﬁeters‘in the models which_descriBe npclei,'and for éllowiﬁg

~ systematics of nuclear properties to he investigatéd.



II. THE DECAY OF 177Ta To 177qf

. A. INTRODUCTION

Recent years have seen intense study of the odd neutron Hf and W

.isotopes because of the presence near the ground state of the positive

parity states associated with the‘strongly mixed i13/2 family of Nilsson

single particle orbitals. Much of this earlier work employed in-beam

y—réy spectroscopy, using primarily (oa,x7y) reactions on appropriate Yb
or Hf targets. The study of the rotational band structure in such nuclei
can yield significant information on the wave functions associated with
the intrinsic single particle configurations. Such data are of special
interest because of their apperent relevance to the phenomenon of
"backbending" rotational structure recently observed in several even?even
rare earth nuclei. Theoretical analysis of the perturbed rotational bend
Structure in both odd-A and even-even nuclei requires as much information
as possibie about the higher-lying perturbing Nilsson states and their
associated rotational bands that mix into the lower-~lying bands observed
in the (a,xnf) experiments. Such information on higher states can often

be obtained from decay scheme studies. <

The EC—B decay of 177Ta to levels in 177Hf offers hope for a better

understanding of at least one such case where the $13/2 single particle

Nilsson orbits lie low in the quasiparticle suectrum; the high spin
behayior.of'neighboring even-even isotopes should be directly influenced by
the intrinsic configuration of these high-j neutrons. The most recent
17774 decay scheme is that proposed by West, Mann, and Nagle [We6l] from

their work using NaI(T1l) scintillation detectors. It thus seemed



reasonable to ‘expect that Ge(Li) detectors might produce a considerable
amount of new data on this decay As we have recently published
this work [Je74], a detailed account'  will not be given here. Instead,

only a summary of the results will be included, and the reader is

referred to [Je74] for details.

B. EXPERIMENTAL AND DISCUSSION

The 175Lu(a,2n)1477'1‘avreaction was carried out on a natural lutetium
foil t;rget to produce the 56.6-hr 177Ta activity. A solvent extraction
techniqhe was used to_separéte the Ta activity from the foil material,
ana Y-ray singlee and f—y coincidence data were taken with Ge(Li)
-detectors. A typical singles spectrum is shown‘in figure 1.. The
cqincidence data were employed to construct the decay scheme Shown in
figure 2. The measured Y-ray intensities were used along with previous
,convereion eleetron data [We6l] to determine Y-ray multipolarities.

Where necessary, theoretical conversion coefficients [HS68] here,empioyed

to deduce the beta—decey branching, and logft values were calculated

using the tables of Gove and Martin [Go71].

The state at 1002 8 keV was tentatively assigned even parity on
the basis of the conversion coefficient of the 256.9-keV y-ray, and
therefore would offer some prospect for association with the 113/2 family
of Nilsson orbitals. The most likely candidate for this state is the
5/2 [642] Nilsson orbital and the y-ray transitions to lower—lying states

in the spectrum are consistent with this interpretation. Better conversion-
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electron data are needed to confirm this assignment; but the log ft
value associated with this state is consistent with it being 5/2+[642];
the log ft's for. both the 9/2+[624] and,7/2+[633] band heads are very

similar to that of the 1002.8-keV state. All three log ft values. are

.‘quite high forj"alldwed"-B—decay. This is not surprising, in view of

the tranSi;ion'ovef two major oseillator shells required by the
7/2 14041 + 5727 (6421, 7/27 16331, 9/27[624] B-decay transformations.

In an attempt to determine whether the 1002.8-keV'1e§el-was consis-
tent_with a 5/2+[642] state aesignment, Cofiolis calculations for mixing
between ﬁhe known band members from other i13/2 orbitals were carried
out. The experimental input spectrum of states used 1n.the calculation
includes all members of the 9/2 [624] band known from 177Lu decay [Ha67]

and the two members of the 7/2 [633] band confirmed in this study. With

an.éppfopriate selection of iﬁput parameters (cf. footnote e, Table 1),

‘the complete Coriolis interaction matrix was constructed for each

experimentally known spin state, and a best least équares fit to those
energies was used as the basis for predicting the location of the

5/2+[642] state. The general method used has been summarized in [Je74].

- Results of the calculations are shown in Table 1. It is seen that
the energy fits (calculation I) to all known exper1mental data for
even—parity states are quite good for reasonable values of h2/21 and B,
and for the Nilsson single-particle energies defined by deformation

parameters €y = 0.25 and ¢, = 0.05. The predicted location of the

. + _
5/2 [642] state is about 1400 keV, however, considerably higher in energy

than the 1002.8-keV candidate.



' Table 1 -

" Results of Coriolis-Mixing Energy Fit for Even;Parity States in 177Hf

I (K) Experimental Fit 1°  Fierl
Energy
5/2+5/2 (1002.8) 1401.3 1002:9
7/2 + 7/2 - 745.9 745.9 746.2
9/2 + 7/2 847.4 . 847.4 . B4T.6
13/2+7/2  1101® 1101 ~ 1100
9/2 + 9/2 321.3° 321.3 ©323.9
11/2+9/2 - 426.6° 426.6 | 425.7
- 13/2 + 9/2 - 555.1P 555.0 - 552.9
15/2 + 9/2. 708.4° o 708.3 - 706.3
17/2 + 9/2 882.8P 882.7 882.9
19/2 +9/2 1086.9" - 1086.9 . 1086.7
21/2 + 9/2 1301.3° 1301.3 1306.9
23/2 + 9/2 ~ 1560.9°€ 1561.3 1558.2
dDeviation "L(AE)2=0.20 = £ (AE)?=58.2
%R168
: bHa67
“Hu73’

. Z(AEZ) is the sum of the squared deviations between experimental
and calculated energies.

Parameters adopted for this fit were: A
h2/2] = 15.6 keV; B = -0.005 keV; A = 750 keV;
AnA= 51.883 MeV; ad hoc Coriolis reduction factors NQ,Q+1 = 0.99,
0.80, 0.86, 0.66, 0.84, 0.99 for Q@ = 1/2 through 11/2. The quasi-
particle energy for the 7/2+[633] band head was decreased by 52 “keV

from theory.

fParameters for this fit: h2/2J = 16.0 keV; B = -0.01 keV;



Table } (Contd.)

N, .. = 0.96, 0.70, 0.58, 0.68, 0.88, 0.96. The s/2tes2) -
Q,0¢1 | 0.¢

Qt_xasipartiéle energy was decreased unrealistically by 510 kev.
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A second set of calculations (II) is also shown that assumes the |
1002 8-keV state is predominantly 5/2 [642]. The fit in this case is
cons1derab1y worse, it was necessary to decrease unrealistically the
'5/2+f642] qnssiparticle energy by 500 keV, and the Coriolis matrix
elements also required unusually large attenuations in this fit. It .
was impossible to improve the situation by any ressonabie;choice of

deformation parameters.

These calculations do not lend strong support to the 5/2 [642]
assignment for the 1002.8-keV level. It is possible to imagine seniprit&
A three states which could have the indicated even parity for this state,
and one can even postulate states at this energy which could be formed
by coupling octupole vibrations with the 7/27 [514] or 5/27[512] ‘single
particle states. The possibility that this state may be odd perity
also cannot be dismissed until more-detailed conversion electron or trans- .

fer reaction data are aveilable.‘

' The remaining levels in 177yf populated by 177fa decay are for the
most part well-characterized. Members of the rotational band based on
the 7/2'[514](gnd.), 9/2+[624](321.3-kev), 5/27[512](508.1-keV), and
-7/2+[633](745.9—keV) states are known from previous work and are confirme&
in this decay investigation.. The level at 805.7 keV was found by Rickey
' and Sheline{R168] to. be strongly'ponulated in 176Hf(d’,p), and to
have an angular distribution consistent with its assignment as the

3/2‘[512] band head. The y-ray deexcitation pattern from this state,

" and the log ft value from 177Ta‘decay to this state support the .assignment.
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The y-ray singles'speetrum of 177Ta also contains weak lines which, on
the basis'of energy sums and'differences, indicate'a level at 873.0 keV
While‘the existence of this level was not confirmed by coincidence data,
a level at 878 keV was seen by Rickey and'Sheline and assigned as the
5/2" member of tne 3/27[512] band. Since the log ft value and y-ray
deexcitation pettern,determined in our decay study are consistent with
this interpretation, the 873.0-keV level is believed to be correctl&
placed, an& is presumed to belong to the 3/2 [512] band. It is tempting
to assign the,state.at 948.0 keV to this band as well, but Rickey and
Sheline identify a level at 979 keV-which they assign instead.as

1K = 7/273/2[512]. Moreover, the energy spacing bet&een onr 948-keV
level end the 5/2° band member at 873.6 keV makes it most unlikely that
the 948-keV state belongs to the same band, despite the y-ray feeding into:
Athe‘3/27[512].band—head at 746'keV. (The expected strong Coriolis

.coupling between the 3/27 [512] and 1/2 [521] bands argues further against

- associating the 948-keV state with the 3/2 [512] band.)

Finally,‘the state et 1057.8 keV is assigned as 7/27[503], aleo in
agreenent with the transfer reaction data. This essignment is consistent
witn the eimilar log ft values to the groun& and 1057.8-keV states,
since the EC-8' decay transformations 7/27[404] » 7/27[514] or 7/27[503]

‘are both first-forbidden unhindered in the asymptotic selection rules.

We conclude that.probable Nilsson assignments can be made for most
of the states populated in 177Ta decay. Though more precise conversion

electron and perhaps transfer reaction data are needed to characterize
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the states at 948.0 and 1002.8 keV, it is evident that such decay scheme
studies provide valuable information on the ordering of the quasiparticle
spectrum and therebyAprovide indirect information on nuclear deformations

[

in this région.
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III. THE IN BEAM y-RAY STUDY OF 182y

A.- INTRODUCTION

The level etructdre of 182y has been investigated extensively
through B—decay and transfer reactiontstudies, but has not been studied
via in-beam y-ray epectroscepy (except for a helf—iife ﬁeasurement df
an isomeric state . '[No71]). -Because the (a,2n) reactioq candtransfer
twelve or more dnite of aﬁgular mbmentum, it was thought that in-beam
Y-ray spectroscopy would yield significaet new information on the band
structure of intrinsic and collective states in 182W. The study oflthis
nucleus is of intereet for several reesons; A number of high-Q orbitals
afe eipeeted to lie near the Fermi surface in 182y, These should give
rise to several low—lying high~K two—quasiparticle states, some of which

are expected to be isomerlc, since decay to the ground state band would

'_ be K-forbidden. One such isomer earlier identified was characterized in

this work.

' The study of !82W is also valuable because there is potential for

understanding the ihteraetions between the B- and vy- vibrational bands.

. These bands are strongly mixed, but previeus empirical band-mixing cal-

culations performed by Glinther et al. [Gi71] suffered from a lack of

experimentally known states. It was hoped that this work would establish

' the vibrational states to higher spins, and allow more def1n1tive

calculations to be done.

. And finally, a study of this sort.is valuable in extending the
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s&étematics of nuclear properties in this region. To gain an.under-
standing of recént prqblems in nuclear physicé, such as the backbending
reéently seen in this region [Wa73], or the anomalous hexadecapoie
moments measured by Bemis et gql. [Bem73], a detailed knowledge of the
vs&stemétics of ihtriﬁéic and collective nuclear properties may be very

valuable.

As a by-product of this project, the analysis of the in-beam data
indicated that several errors existed in the accepted decay scheme for
182Mpe, Therefore a short section on !82MRe decay has been included

at.-the end of this- thesis.

B. EXPERIMENTAL

A number‘of experimenté were conducted in the course of thié study.
These inclgded y-ray singles, y—y'coincidence,’excitation funcfion,
"angular distribution, and lifetime measurements. The éxcitatibﬁ function
and»angular distribution measurements; hqwever, were found to»yield
,little new information because of difficulﬁies in accurately reéolving
weak’multiplets and becéuse thé multipolarities of many of the more
intepse Y—fays seen in—Seaﬁ are known from the decay work of Galaﬁ et al.
-[Gg72] and Sapyta ef.aZ. [Sa70]. The y-ray singles data were'co}lected
with a large volume Ge(Li) detector over a range of roughly 1800 keV,
and with a smallef; high-rgsolution Ge(Li) detector over a range of

.=~ 600 keV. The y~y coincidence measurements were carried out using two
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. TABLE 2

- Characteristics of DetectorsiUsed}in‘Study of 182y

Size and Type a) Resolution  (FWHM)

(keV)

Exﬁeriment'

10.4Z’true coax

7.7% true- coax

.10.3% true coax

0.6 at 122 keV

2.1 at 1333 keV

1.9 at 1333 keV

2.0 at 1333 keV

Singles
Singles and coincidence
Coincidence

Excitation function

a)«Photbpeak efficiency meégured relative to a 7.6x7.6 cm

NaI(T1l) detector.
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large Ge(L1) detectors. The characteristics of the detectors used are

' given in tabie 2. Half-life measurements were made by correlating
the Y- rays from the target nuclei with the cyclotron beam bursts, a -

- procedure described in more detail by Yamazaki et al. [Ya68]).. Two
half—life ranges were investigated: every beam burst was allowed to strike
the target (period ~ 65 ns), and the cyclotron beam sweeper was used so0

that only one beam burst in every nine struck the target (period ~ 0 6 us)

- C. EXPERIMENTAL RESULTS

Figure 3 shows a typical y-ray singles spectrum resulting from the

'IBOHf(a,Zn)IBZW reaction on .a thin target prepared at the Niels Bohr

Institute. The detector was placed at 125° with respect to the incident

. beam, and the beam energy was 26 MeV. The high resolution spectrum-is

»shown in figure 4. The energies and intensitles of y-rays which could be:

assigned to the 182y jevel scheme from these data are given in table 3.

The y-vy coincidence data were taken atl180° geometry, using a thick
chip of 180Hf metal supported by tantalum wire. The coincidence events
were stored serially on magnetic tape for later analysis. . The time
information corresponding to each c01ncidence event was available in
‘the form of a signal from a time- to—amplitude converter, and this informa-
tion was also stored on the tape to allow subtraction of random events,

.and to make it possible to obtain delayed coincidence information for

'isomeric transitions. The resolving time for the prompt coincidence

gates was v 75 ns. The integral y-ray spectra obtained from the experiment

Ll
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'TABLE 3

Y;Rays Observed Follo&ing the 180Hf(a,2n)!82W Reaction at 26 MeV.

179.4

EY (kev) 2" b Assignment Multipolarityc
84.7 38 - (3) 1373.8 * 1289.2 M1+ E2

100.1 350 (30) 106.1 + 0 E2

107.0 (2) i1.9 (0. ) | 1660.4 » 1553.2 ML + E2

108.4 (2) | 40 (3) 1769.0 -+ 1660.4 M1

111.1  (3) 4 (2) 1621.3 > 1510.2

113.5 106 (9) 1487.5 ~ 1373.8 M1 + E2

116.4  (2) 5.4 (0.4) | 1373.8 » 1257.4

130.8 31 (3) 1960.3 ~ 1829.5 M + E2

133.8 4 (3) 1621.3 - 1487.5 M1 + (E2)

145.4  (2) 23 . (5) 1769.0 ~ 1623.5 El

147.8 25 (5) 1769.0 + 1621.3

148.9 (2) 7 () 1978,4 ~ 1829.5

1150.2 11 (2) (1660.4 - 1510.2) 

152.4 100 (10) 1373.8 » 1221.4 E1

154.1 11 (@ | 2114.4 > 1960.3

156.4 87 (7) 1487.5 + 1331.1 El

160.2 12 | (1) 2120.5 + 1960.3

159.2 40  (3) 1829.5  1660.4 M1

172.9 30 (3) 1660.4 + 1487.5 M1

1178.5 5 (3) 1621.3 ~ 1442.8 El

19.2 (1.5) | 1553.2 + 1373.8 M1 + E2
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186.7

'189.6 .

(2)

191.4 -

198.4
203.6
206.1
207.7
209.9
213.6
214.4
215.4
217.5
221.2
222.0
226.2
229.3
1236.1
241.7
247.5
251.3
256.6
260.2 .

262.3

(2)

(2)
(2)

(2)

5.6
12
29

53

16.2

4.6

13.2

5.0

17.0

54

33

20.3

15.0

64

61

{ 1000.

21.2

125.7 -
79
- 58

56

12.0

46

(0.8)
(¢))
(2)
(4)
(1.3)
0.7)
(L.1)
(0.5)

(3.0)

-'(4)

(3)

(1.6)

(1.5)

(6)
(6)

(z.i)
(2.1)
(6)
(S)A
(4)
(1.0)

- (4)

(1810.9

1810.9

- 1960.3

1487.5

1960.3
18:9.5
2328.0

(1978.4
2328.0
1971.1
1769.0
1660.4
1978,4'
1553.2
2204.5

329.4
2564.1
2212.8
1621.3
2455.8

1809.7

. 2824.3

2492.9

>
>

->

-

->

>

>

>

>

>

>

>

-

->

>

1623;5)
1621.3
1769.0
1289.2
1756.8
1623.5
2120.5

1769.0)

2114.4

1756.8
1553.2
1442.8
1756.8
1331.1
1978.4

100.1
2328.0
1971.1
1373.8
2204.5
1553.2
2564.1

2230.6

M1

E2

E2

(M1)

M1

E2

- El1
El1

El -

M1

E2

E2

M1

e ®
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264.0

275.3
276.4
279.8
281.5
283.0

286.6

295.9

1298.8

302

1313.6

320.2
323.4
339.1

341.6

©355.9

357.0

267.4

290.4-

299.8

318.7 .

345.4

351.1

(3)

(2)

2

(1

(3)

(2)

(2)

@) -

- 25.6

8.3

©13.4

19.0

11.7
51

16.0

22,0

15.0

25.0

12.0

. 19.0

13

56

11.0

55
27.8
17.2
22.4

800
32

56

(2.0)

(0.9)

(1.3)

(2.0)
(2.3)

(4)

(2.0)

(3.0)
(3.0)

(2.0)

(3.0)

(2.0)
(5)
1)
(5)

'(2.0)‘
'(5)
(2.2)

(1.4)
(2.3)
(60)
(6)
(8)

1553.2 » 1289.2
2480.2 » 2212.8
2731.1 » 2455.8
1829.5 + 1553.2
3104.1 > 2824.3
1769.0 » 1487.5
2775.9 + 2492.9
1660.4 + 1373.8
2770.6 ~ 2480.2

1917.0 » 1621.3

- 3029.9 » '2731.1

1960.3 > 1660.4
3077.1+ 2775.9
1756.8 + 1442.8

2087.7 » 1769.0

3397.3 » 3077.1

1810.9 + 1487.5

1960.3 5 1621.3

. 1829.5 > 1487.5

2114.4 > 1769.0
680.5 > 329.4
2334.3 > 1978.4

2274.0 » 1917.0

E2.

E2

' E2

E2

E2

E2

‘E2

E2
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.362.4'
372.5
399.8 -
:406;8
414.6
437.2

452.3

- 464.0
514.1
518.5
534.5
558.2
567.6
586.2
660.6
740.1
927.6

943.3

1076.4
'] 1086.5
1113.5

1121.4

3)

(2)

3)

3)

)
2)
)

1001.8

13.0
27.4
56
13.2
26.6
27.6
21.2
480
12
63

9.7

8.5

222

21.3

49
6.5
17.7
8.9
35
60.
73 .
56

245.

(1.5)

(2.2)

(S)
1 (5.0)

(2.1)
(2.2)

1.7)

(40)
(3

(5)
(0.9)

(1.7)
-(18)

1.7y

)
©.7)
(1.8)

(1.8)

- (3)

(5)

(6) -

(5)
(20)

2131.4
1993.8
24€7.5
23:3.8
22:5.5

2711.2

2446.1

1144.5
2739.5‘
2230.6
2980.6
2770.6
1712.1
3077.1
2372.7
3112.8
1257.4
(1623.5

1331.1

-

>

-

>

>

>

>

>

>

>

>

>

>

>

>

>

1756.8 »

2230.6

>

1769.0
1621.3
2087.7
1917.0
1810.9
2274.0
1993.8
680.5
2225.5
1712.1
2446.1
2212.8 .
1144.5
2492.9
1712.1
2372.7
329.4
680.5)
329.5
680.5

1144.5

1442.8 + 329.4

1221.4 + 100.1

E2

E2

E2
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1157.7 (2)Avt- 23.3 (1.9) 1257.4 - 100.1 EO + (M1) + E2
1;80.5 @ | 32 @3 1510.2 + 329.4
1189.1 A' 1037 (8) 1289,2 ;106.1'4 El + M2 + E3
1221.8 (2 | 166 - (13) 1221.4 > 0 E2
1230.9 139' 1) 1331.1 100.1
1257.2 (2) : 34 (3) 1257.4 > 0 E2
12939 (2) | 51 - (4) 1623.5 + 329.4
1342.3 52 (4) 1442.8 » 100.1 E2
1410.9 (5) 7.7 (L.6) 1510.2 + 100.1
{1426.8 (5) | 51 - (5) 1756.8 325.4‘
1454.3 (3) 17.5 (1.9) | (1553.2 > 100.1)
"~ ®Error is 0.l:keVAun1ess otherwise indicated.
bNofmalized

to the 229.3-keV y-ray. Errors in parentheses.
\. _ .

’ cTaken from Ga72.
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are shown in figure 5. Weak-contaminant-y—rays resulting from the
tantalun'wlre and the"lson(a,3n)181W reaction were present, bnp were
easily identified»from previous studies of these feactibns'[Ll73, Hj68].
.No contaminants from the 18°Hf(a,n)183W reaction were identifiad.

| Because of the wealth:pf aoincidance spectra generated frnm this experi--
ﬁent; only some'of the more lmpor;ant gates are ahown here, anq these

can be found in figures 6 through 10.

The llfetine measurements revealed onlj one isomerin state, located
at 2230.6 keV, which decays into the ground band via transitions of
518.5 and 1086.5 keV. This isomer had already been observed by Nordhagen
et al. [No7l1] to have a half-life of 1.4 ys, and will be discussed in
more detail in the section on positive-parity bands. The.timing experi—
~lments make it possible to place an upper limit of 5 ns on the half life

‘of the other 182W levels populated in-beam.

D. CONSTRUCTION OF THE LEVEL SCHEME
: /

The level scheme for 182w was deduced primarily from the coincidence
data, and is shown in figures 11 and 12. Much of tne level sﬁructurev
below 2 MeV was known from decay work [Ga72, Sa70], although several
errors exist in these décay schemes. A difficulty encountefed in the
' analysis was the existence of several very low energy transitlons.‘
ihe conversion electrons associated with these transitionsvwereameasured
By Harmapz et al. [Ha6l] and Ageev et al. [Ag70], and are placed in the
level scheme on the basis of energy sums and differences, although some

coincidence gates cannot,be explained without them. In addition, some
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Figure 11. A partial level scheme for states ranging from ground to
2230.6 keV in 182y, A11 known transitions are shown.
Dots are below those transitions placed on the basis of
coincidence data obtained in this study. Asterisks (%)
behind y-ray energies indicate that the transition is
known only from decay studies [Ha6é1l, Sa70]. The level at
1137 keV is taken from Kleinheinz et al. [K173].
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y-rays too neak to be seen in-beam are known to exist from 182MRe

' decay. For completeness, all transitions known to exist from the- Y—decay
of excited states in 182y are shown on the level scheme but only the
Y—rays actually seen in-beam are listed in table 3. The y-rays which

are placed on the basis of the in—beam Y-y - coincidence data are indicated
by dots underneath the arrows, and levels which were placed on the bastis of weak
vcoincidence evidence or energy sums and differences were dotted to

indicate that the level assignment is tentative. All levels.known fromd |
182mpe decay are also populated in—beam with the possible exception of

the 1960. 7—keV state. As will be discussed in the section on 182MRe

decay, this state is difficult to detect by coincidence techniques
hecause-of the.intensitp of y~rays from the 1960.3-keV state.A Experimental
conditions in-beam make this state even more difficult to detect, sohthat,-
it was,impossihle to determine through the -coincidence neasurementsA

whether the state was being populated.

Spins and parities assigned in the level scheme are based on the
assignments'of‘[Ga72] and [K173]. When band structure could be extended';
beyond that seen in these references, spins were assigned based purely
on the expected regular spin dependence of the band members, and are

indicated as tentative on the level scheme.

A useful way to decompose the level scheme is to separate the states
"into rotational bands, and this has been done'in figure 13. A large‘
number: of bands are populateduin-beam, probahly due'to the large number
'of‘low—lying high—K states in the nucleus. The bands are constructed

on the basis of y-ray decay patterns, not shown in figure 13 due to the
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complexity of the decay.

1. - Even Parity Bands

There were five even parity bands observed in this study. From
figure 13, these aré seen to be the ground, B, and Y collective bands,
' T + T + ' '
a K' = 6 two-quasi-proton band, and the K' = 10 isomeric two—quasi-
neutron band. A partial level scheme of these bands including the
prominent y-ray transitions is given in figure 14. The B- and y-band

assignments are taken from Kleinheinz et al. [K173].

Through tﬁe Y-y coincidence ekperiment we were a?le to establish
the ground state rotational band definitely up to I = 12, and tentatively
up to I = 14, The coincidence gates for this band are shown in figures
15 and 16. The 14_+ 12 transition at 740 keV is seen as a very weak line
in the 12 + 10jgate, and is even less apparent in the other gates.
However, a'Y—ray of this energy is definifely seen in singles, and the
excitation function showﬁ in figure 17 is in agreemenf wifh’the 14 » 12
assignment for this state. At 24 and 26 MeV, the 740-keV y-ray could
not be seéﬁ,;but at the higher beam energies, the line became apparent.
Since this f—ray was not sgen-in 181y [Li73], the assignment aé a
transition from a high spin state seems justified.‘ A plot of 2.7/1’1--2
vs. h2y2 fqr the ground bandlis shown in figurg 18. The point associated

with the tentative 14+ state deviates slightly from the line defined by

the othgr members of the band.

This nucleus presents a particularly interesting case for the study

of backbgndipg because of the identification of the K" = 10+ two-quasi-
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particle band. As will be discussed later, the intrinsic structure

~-of this band is based on a triplet coupling of the Q = 9/2 and Q = 11/2
vi13/2 neutrons, and in the Stephens and Simon model, it is the i13/2
neutrcns nearest the Fermi surface which would be involved in
backbending in 182y [St72]. Fiéure 19 shows a plot of E vs. I(I+1)

for the ground and K = 10 bands, and it is apparent that the two bands
should cross at about spin 16. At this point one might expect the two
bands to become sufficiently mixed for prominent interband transitions .
to occur. 1In addition, backbending could occur in the ground band if
the particles forming the K = lQ bsnd were to become sufficiently
decoupled from the nuclear ccre. However, if the Stephens and Simon
model holds, it is possible to predict that backbending should in fact
not occur in 182y, Thig prediction rests on calculaticns of Bernthal

' [Be74a] in which the degree of decoupling is-deternined for the adjacent
nucleus !8lW., The calculations show that in 181y the i13/2 neutrons
that could produce backbending behavior remain strongly

coupled to the deformed nuclear core, even at relatively high spins.

By implication, backbending should not occur in 182y,

THe fact'that the K = 10 state in 182y ig a 1.4 ysec isomer, and
. the band structure associated with the isomer remains relatively
unperturbed to spin 15 at least, indicates this expectation is.borne
out; It would be most interesting to examine the behavior

at the'spin—16 band—crossingipoint, for one could then hope to extract
natrix‘elements for mixing of the g.r.bt and'the K = 10 band if inter-

band y-ray transiticns were 1ndeed observed. However this possibility
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cannot be'explored until a reactionvcan be done which transfers more
enghlar momentum into the product nucleus. Such a reaction would be

the 182Hf(a,4n)i82W reection, which would populate higheruspin states

in 182y because of the higher incident beam energy. This reaction
vﬂrequires'a targetAof 1823f, which is unstable with a half—life of

9 x 106 y, and which can onl& be preduqed in quantity by douBle neutron
capture on 18OHf.: An alternative merhod of populating high~spin states
" in 182y g by the 176Yb(9Be,3n)182W-reaction.:However,-the difficulties
inherent in working with beryllium make such beams rare, so that this

experiment was not feasible at this time.

The I".= 0+ member of the B band was not seen in this work, and is
taken from Kleinheinz [Ki73]. The vibrational states decay via E2
A transitions directly to the ground band [Sa70, Ga72]. Thesefstrong
interband transitions are primarily a result of the energy dependence
of E2 transition probabilities, rather than mixing with the ground band.
This conclusion is based on the fact that the I" = 3+ and 5+ members
of the <y-band cannot be mixed with thevground band, but dispiayidecay

properties similar to.those of tne y-band states of even spin.

A plot of [E(I)-E(I-1)]/2I vs. 212 (i.e. a "trumpet" plot) for
the y-band is shown in figure 20, and it is clear that the band is highly
perturbed In an attempt to account. for the observed branching ratios
and energy spacings, three-band—mixing calculations have been done by
Gﬁntner et aZ. [Gt72] using nnperturbed ground-, B-, and y-band states
as a basis set. However, these calculations did not include the 4+

member of the B band or the 5+ member of the y band. Therefore, we
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have also done similar band mixing calculations in hopes of reproducing

the energies of these states. The diagonal matrix elements are given

by [Gu72]

B (D) = B + A [I(I+1) - KD ]+ B [12(1+1)2 - 2 (k+1)2] (D)

while the off-diagonal elements are given by

) - AK=2
fI,ychouplI,qsw = V2(I-1)T(1+1) (I+2) (y,vh |csp

T

' (I,GSB,HcoupII,B) = T(I+1)( csnlhAK:olti) (2)

| o AK=2
<1,s|ucoup[1,y) = v2(I-1)I(I+1) (1+2) ¢ B|H |y

where the operators hAK are defined in refs. [Na64] and [Ma67]. In
addition, Gunther et al. uses the observed~brahching ratios from the K"=2"
octupole band to the B and y bands to determine the 8-y interaction

matrix element. Specifically, .they note that the following equality
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should hold: -

_ + - + : . L ’
: 2 . :
B(£1,2 ., ~ 23) _ B(El"?'oct > B) ‘= (b/a)2 =0.15 * 601 (3)

a - - ot
) BEL3 L >2)

< +

B(EL,2, .~ 2

where (b/a) is the ratio of K = 2 amplitude in the 27 state of tﬁe B
and vy bands. These equalities. assume that there is no K = 1 ;mplitude
admixed into‘the B, v, or octupole bands which\wouid cpntribufe to'tHe '
B(FlL) values, an assumpﬁion which is in fact not valid for the -octupole
band, as will be discussed in the section on the negative parity bands.
GiVen~the (b/a)? ratio, Glinther performed a twojband mixing calculation

which- yielded the interaction métrix eiement

18I0 2|y | = 1.75 + 0.06 kev (4

as well as the unperturbed energies of the B and vy 2+~states, i.e.

ES = 1252.7 kev |
(5)

E} = 1226.1 kev

As a check on these'calculations, note that the 3+ and 5+ members of
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rotational parameter and the y-bandhead energy. For BY'= 0, one obtains
E} = 1233.6 keV (6)

and inclusion of any reasonable B term does not significantly affect
this value because of the small value of I. It is clear that these two

methods of determining the unperturbed y-bandhead energy yield signi-

AK=2|7>J obtained

ficantly different results, so that the value of |<B|h
. by Glinther et aZ. may be incorrect. As a result, we have treated this
quantity as an adjustable parameter in our calculétidns. A list of all
the parameters used in the caiculations is given in Table 4, and the
corresponding fits obtained using these parameters is givén in Table 5.
Fit I was obtained using the parameters given by Ginther, and it is
clear that the calculation fails to accounf for the energies of the
highest‘exﬁerimentélly observed B and y states. In Fit II, the moment
of inertia parameters of all three bands were constrained to haye the
same value, while iﬁ Fit ITI this parameter was forced to be identical
only for the grbund and y bands. The fits were obtained using the
computer code BETABLE [St68], which adjusts the input parameters such
that the beét least squares fit to the experimental energy spectrum is
obtained. Accordingly, it is doubtful that a better fit to the data
could be obtained without including additional -adjustable parameters.
Fit IV was obtained by matrix diagonalization using a rather arbitrary

choice of input parameters, inclﬁding a "B" term of 5 eV, and is included



TABLE 4

Parameters_Obtained in Three Bangd Mixing Calculatiohs

AK=0’

d)

No parameters were allowed to vary.

Fit Acsp Ay ’AY  Bew) sz Eg Eif <G|h 8> '<cphAK=1,B> <B,hAK=2,Y>
[T 1678 19.00 17.50  -5,0,0 0.0, 1138 1226.1 . _3 35 -0.62 175
11° 16.78 16.78 16.78 0,0,0 0.0 1137 1224.0 -3.73 1.55 1.37
ns ol 16.43 17,77 16.43 = o0,0,0 0.0. 1137 ‘1226.2 -1.50 '1.60 1.17
9 168 168 164 5,-5,-5 0.0 1138 1229.0 3.00 1.00 1.25
a) Parameters for this fit taken from reference 14;
b) Rotational Parameters constrained to have the same value. 1Ip this fitAB, Eg;£ and.E(B)+ were not
allowed to vary.A :
: + ot
c) Only GSB and vy rotational parameters constrained to have the same value. B, EGSB and E_ not allowed
to vary

6%



"TABLE 5

Results -of 3~Band-mixing Fits

Deviationa) for GSB Deviationa) for'B Deviationa) for YA' o 6+' ZlAEIb)
Fit (kev) | Band (keV) Band  (keV) - Y : -

of 2t of 2t 4 2" 3" 5t | bredtered | kevy
I 0.0 0.0 0.3 -0.8 1,0' 0.4 41,9 0.0 0.0 0.2 22.6- 1790_ 67.2
II 0.0 0.0 -0.4 -5.6 0.0 -14.7 -6.2 -2.1 -6.6 3.1 3.1 1786 47.5
IIIC} 0.0 -1.7 -3.4 -=2.1 0.0 -l0.6 0.2 1.8 -6.4 -3.1 -3.1 1789 31.6
Iv 0.0 0.2 0.9 0.3 1.0 -13.4 -5.4 2.5 -1.5 8.7 5.8 1760 39.7

a) Deviation = E - E .
) calc expt

b) ZIAEI = sum of the absolute values of the deviations.
c) Allowihg all three rotational parameters to vary did not significantly improve the fit.

This would be expected, since in fit IIT a good fit could not be obtained for the B band
even though AB was allowed to vary independently. ‘

oS -
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to show that a definitive set of parémeters cannot be determined on

the basis of thése calculations. In fact, it is élear from table 5

that, while a wide range qf parameters give comparable fits to:the '

data, no set of parameters gives a good fit. Specifically, the Zf

member of theVB band is much too low (or the 4+ too high) in all of

the calculations. Thus it would seem that the positive parity collec-
tive bénds are not properly described by this quel. Tﬁere are a

number of reasons why this might be the case. For instance, it may

be that interactions other than those given by equations 2 exist between
these states. In fact, it is well known that low-lying 0+ states in

this region tend not to be good vibrators, with ground and excited

‘O+ states often strongly mixed [Be7l]. Thus a thorough calcuiatiop

woﬁld érobébly require more complex interactioﬂs. It is also possible
‘that the failure of three-band-mixing to déscribé the collective states

is due to an additional-band, perhaps K = 1 in character, mixing with
these gstates. This possibility is strengthened by the fgilure of the
octupole band branching ratios to determine co?rectly the K = 2 amplitudes
in the B and y bands. As an ex#mple of how suéh mixing could occur,

RPA calculations done by Hamamoto.(quoted in FKI73]) indicate that féugﬁly
25% of the y band is made up. of the [K = 2, 3/2‘[512]+; 1/27[51014>

state. This component can be Coriolis coupled directly with the ‘

K =1, 3/2'[512]+, 1/27[510]4> and |K = 1, 1/27[521]+, 1/27[510]4> state, -
both of which héve been tentatively assigned by Kleinheinz at approxi—

mately 2 MeV of excitation in 182w [K173].

In order to discuss the two-quasiparticle states in terms of the
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: Niisson model, it is necessary to knowAin some detail the nuclear

shape.‘ It is especially important to know the value of thé hexadecapole
deformation €, [Ni55], since this parameter has a strong influence on:
fhe level ordering [Be74b]. There ﬁas recently been some dispute con-
‘éerning the value of this parameter in 182y, The hexadecapole‘traﬁsi—
tion moment for !82W has been deduced by Bemis et al. from é Coulomb
excitation measurement with alpha particles [Bem731, and their results
‘indicate a value for ey of 0.18 + 0.06, a factor of three greéter than
the value predicted by Nilsson et al. [Ni69]. This value is aiso sﬁb—
stantially larger than that obtained by Hendrie (ey, = 0.08) from nuclear
inela;tic scattering on 182y [He73]. In an attempt to determine which
. value of €y is most consistent with nuclear spectroscopic data, Coriolis
band fitting calculations similar to those done for 177Hf were carried
“out for !8ly [Be74b]. The results indicate that the best fit is obtained
for values of e, consistent with ghe pfedictions of Nilsson et al. [Ni69].
Therefore, the interpretation of the 182y jevel structure relies upon

the Nilsson states corresponding to deformationszof’ez = 0.24 and g4 = 0.04
(see figure 21). This value of ¢, is slightly below Nilsson's prediction
of €, = 0.065, but the difference is not enough to affect the qualitative
.érguments to be presented in the discussion of the two-quasiparticle
‘éfates.

Thé K" = 6+ ﬁwo-quasi—protdn band is rather unusual. The 6+ assign-

ment fér the bandhead is taken from Galan et al. [G572]; and the 214—
keV transition from tﬂe 1971-keV state was found by Galan to be M1,

in agreement with the assigned band structure. The intrinsic structure
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of the band is believed to be based on the singlet coupling of the’
v5/2+[402] and 7/2+[404] protons. The structure assignment is based

on the‘oBservation'that this band is seen in oﬁher even-even nuclei

in this region [Kh73],Aand from the diagram of Nilsson states shown
in flgure 21, it can be‘seen that there is no other easy way t0‘f§rm
a low—lying K" =A6+ state. In addition, knowledge of the cascade—tbf
crossover ratios for Y~-ray transitioné within the band makes it
possible to calculate, within the franework of the Nilsson model, the
amplitudes of two—quasi—protop and twa—quasi—neut;on character present
in the intrinsic particlg structure ox the band. Explicitly, the

following equations may be developed [Al64]:

1+ 1/62 = [(I+1) (I-14K) (I-1-K) /2AK2 (21-1)] + {E(I + I-2)/E(L + I-1)}5

).

where

]

A IY(I - II—2)/Iy(I + I-1) (8)

and

(e - g8pl/Q0) = [0.87{E(I » I-1)}2/(12-1)] - (1/62)  (9)

where § is the E2/M1 multipole mixing ratio for cascade transitions
within the band, Qo is the nuclear quadrupole moment, and gr and 8k

are respectlvely the rotational and intrinsic gyromagnetic ratios.
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If one assumes- that 8 for all rotational bands in 182y is the sgme,
then a value for,éR can be taken from measurements of the é factor

A associaféd‘with the ground state rotational band [Gi67]. The'quaﬁtity
Qp can be calculated from the B(E2) values obtained'frém Coulomb

excitation studies through the relation [SG65]

Qo = [16B(E2)/5]1/2 ' 10)

which holds explicitly énly for the g ound band; but which should
apply reasonably well for the other rotational bands as well. Thus
gy can be deduced experimentally from the observed branching ratios.
This value can then be compared with the theoretical value of‘_gK

" obtained from the'Nilsson'modei. _Specifically, in the asymptotic
limit [Kh73], |

g = (L/OLg, + g ®kD) | (11)

& = &g
where 8 énd gy are the intrinsic and orbital g factors of the particle.
Thus'by comparison of the deduced and theoretical By values, it is
often pqssible to make a statement about the neutron or proton char-
acte? of the state. In the case of the K' = 6+ band, the branching
ratio fdr the spin 10 state at 2770.6 keV was determined and the
resu;ts are given in table 6. 'The.tﬁeoretical‘value of 8 for a singlet

two-quasi-proton state is 1, which agrees with. the average experimental



gk from Branching Ratios for !82W Bands

TABLE 6

T . : . a) “ Theoreticalf)
I'K Transition Energy I(E2)/I(M1) | [gK—gRI/QO 8 8k
Singlet Triplet
+ 10-8 558.2 b) 0.96£0.19 1 1.39 Protons
110 6 0.57+0.3 0.11+0.03 o
109 290.4 -0.46+0.19 0 -0.34 Neutrons
N 108  558.2 . 1.02+0.26 1 1.39 Protons
10 6 0.48+0.3 0.12+0.04 .
109 - 290.4 -0.53%0.26- -0 ~0.34 Neutrons
. 13512 586.0 & : 0.77+0.13%) 1 1.25 Protons
1310 0.2 +0.1 0.081+0.020 R
13»11 302.0 -0.27£0.13 o - -0.23 Neutrons

a) The value for Qo is taken from SG65.

The value for gR is taken from Gi67.

b)- This branching ratio taken from singles.' Large error results from uncertainty in resolving

doublet at 557 keV.

tﬁefweak,

c) This value taken from the 241.6-keV coincidence gate. Lafge uncertainty results from anugular

correlation effects and uncertainty in the relative efficiency for detecting these y-rays.

9¢



TABLE 6 - FOOTNOTES.(Contd.)

‘d)

e)

f)

This value could only be obtained from coincidence data (262.3 kev gate) as the 58.6-keV y-ray is

belleved to be the smaller component of an unresolved doublet.
‘For 100% error in I(EZ)/I(Ml), error in g = +0.26.

»cf eqqatlons 11. The value of 8 used in this calculation is the so called quenched value, obtained

somewhat arbitrarily by using a value which is 60% that for a nucleon in free space.

LS
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value of.0.994i 0.16. There is, howéver, a pilece of evidence which
argueé strongly'against this band being K = 6 in character, i.e. the
bandheaa'decays promptly to the K = 0 ground band. In 1764f . on the
other ﬁaﬁd, the K" = 6+ two—quésipafticle bandhead at'1333;l keV
decays with-a half—life-of almost 10 pus [Kh73]). While it is true that
K is not generally a good quantum numbér in this region, the plot of -
[E(I)-E(I-1)]}/21 vs. 212 (figure 20) gives little indication that this
band is strongiy mixed, as the points are nearly linear and do not
indicate the compression expected for alstrongly mixed band (note for
instance the points associated with the K' = 4,5, or 6 bands).
Since the K" = 6+ band does not seem to be strongly mixed, the.K-
forbidden y-ray transitions out of the 1756.8-keV state should be
highly hindered, and a measurable lifetime for the state is'expected.

| A possible.explaﬁation of this behavior lies in a réthér unusual
mixing with the y band. To the best of our knowledge, this mixihg has
not been observed in other nuclei where both bands are present. How-
ever, the probable near-degeneracy of the two 6+ states in 182y may
cause some mixing to occur. While the 6+ member of the Y band was
ﬁét seen experimentally, it is apparent from the level scheme that the .
tWQ'6+ states are within at least 50 keV of each other, and it was
hoped that the three-band-mixing calculations would yield an accurate
estimate of the energy of the I'K = 6+2 state. Though a:reliable prediction
could not bé'obtainéd, it is clear from table 5 that the two 6+'states
aré probably Qithih 30 keV of each other, and if a significant "E"

term is present (as would be expected), they may well lie within 10 keV.
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Because éf this near degeneracy, only a small interactibn need be
bresent'to result in mixing sufficient to lead to prémpt decay of the
K" = 6+ bandhead. Since the half-life of the y bandhead is known from

Coulomb excitation sfudies [Alc58] to be roughly 0.3 ps, oniy about
-0.0l% y—ban@‘a&mixtﬁre.need be present in the K = 6 band té.pﬁt the
half-life below our experimental lower limit. Weaker evidence that the
" prompt decay of the K" = 6+ bandhead results from mixing with the vy
band is éiven in tgble 7, in which the B(E2) ratios for y-ray tran-
si;ions from the states of interest to the ground band are compared

with the theoretical values [Ala55] given by.

K (IAKAK|T K') 7|2
K’

B(EZ’IK > T
(IXKAK|T'K?

B(F2,IK ~»

f §= 12)
where the <IAKAK]I'K?>'are the appropriate Clebsch-Gordan coefficients.
It is seén that tﬁe y-band transitions systematically populate the |
higher-spin member of the gfound band mofe gtrongly than predicﬁéd'by
theory. The theoretical value quoted for the K = 6 band is calculated
assuming that the entire transition strength is a‘result of K = 2
admixtpre; and again the theoretical valué is léss than the exper-
imental value, as is the case for aecays from the y band. Therefore

the assignment of the 1756.8-keV band as being predominantly»K1T =6

: = ‘ ' .+
- is believed to be correct, and the short half-life of the K" = 6

: o : . . ot
state is due to mixing with the 6 member of the y band.

The remaining positive parity band seen in this study is that
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TABLE 7
Comparisop’of.Experimental B(E2) Ratios with Alaga

Rules for the y and K" = 6+ Bands

Transitions Experimentala) Alaga" ‘b)
(IK>1'K') B(E2) Ratio Rules % Deviation
(22+20)/ (22+00) 2.0 #0.2 . 1.43 ' +40%
(32+40) / (32+20) 0.550.6 0.400° +40%
| (42+40) / (42+20) 4.6 +0.5 2.95 +60%
(52+60) / (52-+40) 0.62+0.3 0.571 o+ 9%
(66-60) / (66+40) 4.8 +0.5 3.71%) . +29%

 a) Note tha; the fétiqvis such that the B(E2) value éorréspond—
ing.to decay to the higher spin member is the numerator.

b) Deviation is defined here as (ekperimental—Alaga rules)/(Alagaz
ruies). |

c) The theorefical Qalue was obtained by assuming that all the
transition strength is due to K = 2 admixture in the K = 6 band.

For K = 1, Alaga rules predict the ratio to be 0.037.
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hased on the isomeric state at 2230 keV. Nordhagen o/ al. [No71]

_found this state to have a haifélife of 1.4 us and assigned that sfate

a spin and parity of 1" = 9+ or lO+. From the diagram'of Nilssqn states
(figure 21), it can be seen that a low-lying K" = 10" state could be
formed by a triplet coupling of the 9/2 [514] and 11/2_[5051 protons

or the 9/2+[624] anq 11/2+[615] neutrons. On the other hand, low-

. + ' e ' T _ 4t
lying 9 states are difficult to construct, so that the K' = 10

assignment is preferred. Since either protons or neutrons may couple
to form this state, it was desirable to identify the band members |
based on the two-quasiparticle state so that the branching ratios could
be used to determine the intriesic character of the state by evaluation
of:gK. Because this state is isomeric, the Y rays associated with

the iﬁtraband transitions could not be seen in prompt coincidehee'éiﬁh
the: isomeric or ground band transitions. However, by settiné‘a geée
off the prompt TAC peak, delayed coincidences could be seen. The “
prompt and delayed coincidence spectra for the 518;5—keV gate are

shown “in figure 22. The 262- and 283-keV y rays are present in. the
delayed spectrum, and prompt coincidence gates set on these y rays

4 (flgure 23) allow the K" = lO band members to be identified with
‘reasonable confidence up to I = 14, and tentatively up to I = 15,

From the 262;keV coincidence gate, the branching ratio from the 3077.1-
:keVAState was deterﬁined.for the band. The theoretlcal value of 8
for trlplet protons is 1.25, and for triplet neutrons is -0.23 (cf.
equations 11), and from table 6 (cf. footnote e) it is seen that, even

if the intensity of the 586-keV transition were in error by 100%, the
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branching ratio would still indicate that this high-K band was a two-~
' quasi—neutron band. Thus we assign this band as based on the

Jos2t [624+] 11/2¥ 1615415 state.

The measured haif—life of 1.4 us for the K = 10 isomer is actually
much less than one ﬁight<have expected. To see this, we calculate the-

‘retardation factor F,» defined by

= ' o (13)
Fu T;i(expt)/Tlﬁ(SP? | : o
where T%(SP) is the half-1ife calculated from the Moszkowski single

particle estimate,.given for £2 transitions by'[MOSS]

T, (SP) = £n2/[1.6 x 108A%/3E3] s

“In the case of the 1.4 us isomer, one obtains

F, = 5.2x 10° (15)

&

and since the transitions are eight orders-K;forbidden it fqllows that
Fhe decays are. hindered by a factor of 5.2 per degree of K-forbiddenness.
However, it is genérally fqund experimentally that decays are hindered'

- by a factor of 10 to lOO'per degree pf K—forbiddennesé»in deformea
nuclei. Thus, if the'K = 10 state had been hindered by 108, its

half-life would have been = 300 us. The relatively small retardation
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factor fof'the.K = 10 bandhead implies tﬁat K is a poor quantum number
for the_Band. " This would be expected'from the.plot of [E(D)-E(I-1)}/21
vs. 212 for the'band (figure 20), where it is seen that the band-
‘membef épacings are some&hat coﬁpressed reiative to the nearly pure

proton bands.

2. 0dd ‘Parity Bands

The K" = 27 band waé seen up to spin 4 in the transfer reaction
work of Kleinheinz et al. [K173], and mﬁch evidence has accumulated
indicating that the band is based on an octupole vibration [Gii72, K173,
He72]. 1In B-decay studies, the band was established to I=6 [sa70],
and in-beam it is excited to I = 11 (see figure 24). The highef baﬁd
assignments are based on the energy spacings of the levels and the
observed increase of cascade-to-crossover y—ray.inﬁensity as'angular
momentum incfeases, a result of the E° dependence ofAthe E2 tran-

sition probability.

As indiéated by the trumpet plot of.figure 25, the octupole band
is strongly perturbed; the points form two branches with the odd spin
members depressed. These - odd-even shifts arise from second order
Coriolis mixing with the Kv= 0 octupole band through the K = 1 octu-
pole band [Kh73b]. 'Only odd—spin.mémbers oﬁbthe K = 0 band are
éxpected to lie at low energy; so that only the odd-spin members of
fhé K = 2 band are expected to be significantly mixed. As the locations
of the K = 0 and K = 1 octupole bands are not known, an experimental

estimate of the interaction matrix elements cannot be made, although
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The odd parity band structure observed in 182y,

ated with each level are shown.
level energies.

Only the two most intense
Refer to figure 13 for



E(I)-E(I-I)

14

-

| 150
21?8

Figure 25. [E(I)-E(I-1)]/2T plotted ve. 212 for the K" = 2~

octupole bandsiin 182y

19
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..theoretical matrix elements and bandhead enérgies have been calculated
Avby.Néérg&rd and.Vogel [Ne70], Sevefal ﬁapers exist in fhe literature
dealing with the'properties of the octupole band [He72, Gi72], and
the célculations done in these works were carried out under the aésump—
tion that novK ='0 or K=1 admikture is present in the K = 2 band.
The large perturbatioqs shown by the [E(i)—E(I—l)]/ZI vs. 212 plotA
place this assumption'in question for the high-spin members of thé
-band. " For the low spin states, howeuer, the a;sumption is probably
reasonable. |

Note that the upper brénch'of the octupole band trumpet plof shows
a marked deviation from smooth behavior for the point representing the

5 states. This anomalous

il

energy difference between the I = 6 and I

i
w

- point is the result of mixing with the K" = 4~ band.’' Because the I

1
(=)}

and I = 6 states of the K = 4 band both lie between the I = 5 and I
states of the octupole band, the octupole states tend to be pushed
apart. In contrast, the two K = 4 states tend to be pushed together,

as can be seen on the trumpet Plot for this band (figure 20). The

4 band with fhe octupole band is also implied

strong mixing of the K

by the fact that the K 4 states decay primarily to the octupole

states rather than via intraband cascades.

‘AThé K" = 4, 57, and 6  bands were all seen in the (d,t) and (t,a)
feaction Qork of Kleinheinz et ql. le73], and the Nilsson assignmenté
shown in figure 13 arevtaken from that work. . The highest state in the
K = 5 band and the highest two states in the K = 6 band were seen only

in this work ‘.and are assigned to these bands solely on the basis of
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énergy.spacings and decay patterns. Thé transfer reaction studies
indicated that these three bands were strongly mixed, and the inter-

band transition'stréngth seen here supports this.

The remaining two negative parity bﬁnds are given tentative
Nilsson and spin asSignmeﬁts on the basis of somewhat.meager evi-
'denée. The bandhead atAl978 keV (figu:eAIB) is known to be I" = 6
or 7 from fhe decay sﬁudies [Sa70, Ga72], but the intense 18-keV
decay to the 7-'state at 1960 keV (figure 24) implies that these
two stétes méy be highly mixed, lending support to the K' =77 assign~
ment. As the |9/2—[514+], 5/2+[402+]> two~quasi-proton state is
. egbécted to lie quite low in the spectrum, this assignment is preferred, .
although other reasonably low-lying neutron and proton 1" = 77 two-
quasiparticle states can be formed. It seems probable, however, that
the band is based on a two-quasi-proton s;éte,'éinqe the 1978-keV state
aecays Qia a strong 221-keV y ray to the K" = 6+ two~quasi-proton
bandhead. Since these bands are of different parity, no mixing can
occur between them. As a result, if the K" = 77 band were a two-
quasi—neutroﬁ”band, decay to the K" = 6+ bandhead should be guite
hindered compared to decays to the two-quasi-neutron states. Thus,
the presence of the relatively strong 221-keV transition implies that

the K" = 7 band is a proton band.

If the conclusions of the preceeding discussion are correct, then
the mixing between the 1978- and 1960-keV states is an example of

neutron-proton mixing. It should be noted that if this is true, the
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mixing resulto from the near dégeneracy of the two'states. Tﬁis is
.an,importantopoint to koep'in mind, as the two.étates oo not satisfy
- the conditions usually fequifed for signifioapt configuration mixing
[Ma74]. 1t hosAgenerally been observed experimentally tﬁat AK = 0
for two bands which are mixed through the néotron—pfoton residual”‘
ioteraction. of coorse K is nof étri:tly a good;quantom numbef, so
that.fhe configuration'mixing might be taking place through states
which are Coriolis mixed with the K = 6 or 7 bands. However, these
neutron—proton mixings would violate the exoerimentally obéerVed
tendency of significant configuiation mixing occuring onl& when the
unpaired particlés occupy orbitals on both sides;of the Fermi'sur—
face. That this should be necessary can be seen by looking at the
form of the off diagonal matrix élement m for the interaction [Ma74],

i.e.

-P
m = < wnl nzl

|wPle> : (16

- . ) . : -P

where Iwn ﬁ“>'is the two-quasi-neutron excited -state, and VN is -the
1722 ’ . '

residual interaction. In the second quantization formalism, VN-P‘can

be written as

:E: (npr |n p >a a a :apr o (17)
" npnp '

where a and af are the nucleon annihilation and creation operators.

o

For the case of parallel couplings of the proton and neutron angular
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‘ momentum, the off diagonal ﬁatrix element becomes [Ma74]

u u_ X nif)—z IVnp|;1-2p1)l

Im| = | v u v+ v v
n; nz pr p2 mp M2 P1 P2

(18)

- v.v utv u u v Xup |V |napy)
Ny (m n2 p1 p2 ny nz pi _pz) nlpllvl‘lp{nzp2 l

where ﬁ and v are tﬁé usual occupation numbers defined in the BCS
treatment of the ﬁéiring interaction [Bel59]. The important point

. to notice is that in the pairing factors of'eéuation 18, only the
combination uv occurs. Because u is large for orbitals above and

-v for orbitals‘below the Fermi surface, the product; and thus the
off-diagonal matrix eiement, is largést when the orbitals of interest
straddle the Fermi surface. .In‘the case of the 1978- and l960—keV‘
states,-it can be seen from the Nilsson diagram of fiéuré 21 thatﬁ
neutron-proton mixing between low-lying components of the same K
would violate this condition. However, the nea;ly dégenerate enefgies '
of these two states coﬁla cause appreciable mi#ing even for a small -

interaction, so that this interpretation is still reasonable.

A_,Thg'remaining band seen in this work is the very tentative K" = 8
Qaﬁd. ‘AnJinteresting characteristic of this band is the .sudden appear-
Aance of a strong interband transition out of the 2328-keV state. This
branching‘can be understood if the 2120.2-keV staté were I" = 8 and if
were ﬁixea with the 1" = 8 state of the K" = 6 band at 21i4.l keV.
Since tﬂé‘perturbed~énergiés aré only 6 keV apart, an interaction

matrix element of only 3 keV (in the approximation of two-band mixing)
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- would account for the splitting if the states were initially degen-

erate, and Coriolis interactions could easily account for a matrix

element of this magnitude. The perturbations implied by the trumpet

plots for these bands are also consistent with mixing between these

states. -And finally, from the Nilsson states.shown in figurel21, one
Would oxpect the K" = 8~ band to lie slightly. below the K" = 10+ iso-
meric band, as.this band does. On the basis of these arguments, the

band is tentatively assigned to be a two-quasi-neutron band formed by

the triplet coupling of the 9/2+[624] and 7/27{503] neutrons.

E. SUMMARY AND CONCLUSIONS

As a result of the presence of a large number of low-lying high-
K bands in 182W, the in-beam investigation produced considerable new
information for high—lying members of an‘unusually large number of
rotational bands. The’apparent success of the,Nilsson model in pre-
dicting the observedAtwquuasiparticle states for the deformation para-
meters €2 = 0.24 and €4 = 0.04-0.06 indicates that the spectroscoplc
information supports the nuclear deformation predicted by Nilsson, and

argues strongly that the deformed shell model gives at least qualita—

" tively an accurate description of nuclear structure in this region of

the oeriodio table.

Because of the current interest in backbending and the ekper—

imental identification of the K = 10 two-quasi-neutron band, it would

be of interest to examine higher spin states in'lszw, If the K = 10

band were to become sufficiently decoupled at higher spins, backbending
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behgvior~could appear in tHe yiast band and would be proof that the
i13/2 neutron band crossing model of Stephens and éimon is qualita-
tively correct,:at least in some cases. Thus:the 176Yb(9Be,3n)182W
rgactibn would be a véry interesting reaction to study. It would also

be of interest tofdetermine whether the K = 10 isomer occurs'in 18“03,
‘an isotone of 182y, Thig nucleus apparently does display backbendiﬁg

in the grouﬁd band [Wa73], and it is conceivable that the."K" = 10+" band
is responsible. for the behavior, though a band structured ffom a more
conventional Stephens—Simon type recoupling of the two 113/2

neutrons nearest the Fermi surface may also be present near the "K = 10"

band in 18Y4pg,

In conclusion, it is clear that many more data for high spin states
will be needed before the collective and intrinsic structure of such
states can be completely understood. The relatively largé number
of collective and hiéh—K two—auasiparticle bands observed for 182y

should be a valuable aid in achieving this understanding.
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IV. THE DECAY OF l82mge To 182y

The decay of 182MRa yag investigated principaily because the in-

| beam y-ray spectroscopy study indicéted that errors existed in the
curfent décay SChéme‘[Sa70, Ga72].‘ The principai tool used in this
study was the two—paramefer y-Y coincidence technique. In:addition,
the high-resolution singles spectrum shown in figure 26 was collected
so that y-ray energies and intensities in the complex low-energy region

of the spectrum could be measured accurately.

The 182Mpe activity was produced by bombarding a 1 -mil natural
taﬂtalum foil with a 41-MeV beam of alpha particles produced by the -
HSU cyclotron. The source Qas allowed to cool for four days to elim-
inate 13 h 1828ge, Coincidence data were taken at 90° geometry with
detectors of 18% and 10% efficiency. Table 8 lists the y-rays placed
in the 182Mge decay scheme, which is shown in figure 27. Some
coincidence gates associated with this decay are shown in figure 28.
figure 28a shows the 226.2-keV gate, and it ié seen that the 221.6-keV
y?ray is the most prominent line in the spectrum, indicating that the
226.2~keV y-ray is a transition to the 1978.4-keV level. The preseﬁce
in this spectrum of y-rays associated with the 1960.3-keV level
réquires the existence of the intense 18-keV transition seen by [Ha61]
from_the 1978.4~keV levelf Figures 28b and 28c show the spectra
aSSQCiated with gates set on the high- and low-energy portions of the

300-keV doublet. It is apparent that the gates are very similar, and
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TABLE 8

. y-ray : y-ray -
Energya - B) Energya)_ ‘ C by
. Intensity : Intensity
18.05 . 160.1 9.3 (0.6)
19.85 169.15 440 (30)
31.7 3% (16) 172.87 139 (9)
39.1 12 (3) 178.47 88  (5)
42,7 11 (U 179.40 @
1 60.65 4 (2) 187.34 12.5 (1.2)
65.8 106 (10) 188.54 . 5.1 (0.5)
67.85 880  (60) 189.65 15 (7
84.68 107 (7) 191.39 260 (20)
100.11 580  (40) 198.34 157' (13)
107.13 55 (4) 203.55 19 (2)
108.58 31 (2) 206.00 20 )
110.38 4 (4) 208. 26 2% (2)
111.07 8.1 (0.6) 209. 40 19 (2)
113.68 189 (12) 214.32 43 (3)
116.23 20 (2) 215.73 30 (2)
- 130.81 290 (20) 217.55 127 (8)
133.80 - 93 (6) 221.61 250 (20)
145.43 26 (2) 222.07 330 (30)
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147

149

150
152
286

299

339
1342
345

351

891

1001

148.

151.
156.
295,
360.

313.

323.

357.

927,
943,

959.

.69

86

.45

.25

15

.43

39

.56

.90

36
98

40

.06
.03
.46

.07

.92

95.

74

.68

(0.

(0.

©
(0

(0

(0.

(0.

(0

(0

©.

(0.

(.

2)

n.
1)
.1)

.1)

1)

1)

.1)

.1)

1)

1)

3)

35
68
35
20
17
330
280

274

49
66
31
68
216

41

19

400

21

14,

95.

(3)

(5

(3)
(2)
(2)
(20)
(20)
(18)
(3
(10)
(15)
(2)
(5)
(14)
(3)

()

(30)
(2)
(0.2)

(1.5)

(1.4)

(1.5)

(3.4)

226.19
229.3

247.46
256.45
264.07
276.31
281.45

1257.47

1273.75

1279.8
1289.16
1291.8
1294.0

1330.9

(0.

.
(0.

(o.

1342.72 -

1373.80
1387.40
1410.10
1427.29
1439.3

1453.05
1521.3

1560.4

(0.

(0.

(0.

(0.

3)

4)
3)

2)

15)

3)

4)
4)

 119_

10002’
196
370
139
340

221

41.4

36.7
29.4

62.7

14.6

100

11.5

10.3

10.8

381

(8)

- (13).

(30)
(9)

- (20)

(15)
(1.2)

(1.7)

(0.3)

(0.6)
(0.9)
(1.2)

(1.3)

(25)

(0.4)

(1.0)

(0.7)

(7)

(0.4)

(0.3)
(0.4)

(0.3)
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. Table 8 (Contd.)

1044.43 1 mas | 16314 (0.5 0.49 (0.09)
1076.21 (0.15) 410 (12)
1088.5 (0.3) 7.7 (0.8)
1113.29 183 (4)
1121.28 855  (25)
1157.31 ‘ |
48.7 (1.2)
1158.08 ) :
11180.8  (0.3) | 21.5 (1.0)
1189.04 351 (10)
- 1221.42 677  (14)
1230.97 579 (11)

a)

b)

Unless otherwise indicated, error may be taken as +0.05 keV.

Normalized to the 229.3-keV Y-ray. Only y-ray energies and

'ihtensities in the region from 84 keV to 360 keV were measured

in this study. Energies and intensities below 84 keV are taken

from Ha61, and those above 360 keV are taken from Ga72.
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CHANNEL NUMBER

a) 226.2-KEV GATE
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Figure 28,
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. 286.6
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624

Selected coincidence gates associated with 182mge decay.
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are proof for tﬁe doublet of states at 1960.3 and 1960.7 keV. The
151.2-keV y-ray édﬁld.be placed only on the basis of the energy of

the t:ansiti&n;'and'the 131.4-keV trénsition ffom‘the l960.7—kev
state éssigned by Harmatz et aZ.»[Ha6l] was- not seen;' Figure 28d
shows thg,214.3—kev gated transition and shows clearly the y-rays
associatea witb the 1756.8-keV level. - The éoincidence evidence for
the 2335-keV and 2114.4-keV states is weak. However, these levels are
firmly established in the in-beam study, so tﬁat thé decay schgme is

believed to be correct.

The inténsities of vy rays oﬁly in a range from 84 keV fo 360 kev
were measﬁred in this brief study. The intensities of the higher
energy y-rays were taken from Galan et al. [Gg72]. Conversion elec—.
tron intgnéities needed to caiculéte B-decay feadings were obtained
wheﬁ possible ffdm'the conversion coefficients'quoted by Galan et al.
[Ga72] or Niléson et al. [Nin]. In the region below 84 keV, the con-
version electron dafa of ‘Harmatz et al. [Hab6l] were taken. When no
experimental conversion coefficients existed, B-deca& feedings were
Aeduced from theoretical conversion coefficient values taken from
Hager and Seltzer [HS68] and Dragoun et al. [Dré68]. Logft values

were calculated with use of the tables of Gove and Martin [Go71].

The spin and parity assignments given in the decay scheme are
’discussed in detail in the previous chapter, though it should be
mentioned that the assignment of the K" = 6' bandhead at 1756.8 keV

as-a high-K state (rather than as the spin 6 member of the y band)
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is in agreement with the large EC- B feeding (12/) measured for the
state. The information obtained from th1s decay, especially know—
ledge of the. low energy transitions and EC- B ‘feedings, were 1nvaluab1e
.in constructing and interpretlng thelln-beam level structure,.verifying
again the- theoretical and experimental value of thorough radioactive

decay studles.
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