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Abstract Two 3-quasiparticle isomers with spins, parities and half-

lives of 19/2 , 1.1 MS and 23/2", 1.2 ns have been identified at 1433 

and 1766 keV in 1 7 5Hf. A third isomer possibly 35/2" with a 1.2 ps 

half-life is found at 3015 keV. The first two are characterised 

as a 7/2 [633] neutron coupled to the known 6 and 8" 2-proton 

isomers of the core nuclei. Rotational bands based on the 3-qp 

isomers are highly perturbed, due to Coriolis mixing, and their 

structure is reproduced in a band mixing calculation. The energy 

depression of the 3-quasiparticle states relative to the 2-quasiproton 

core states is attributed mainly to the residual proton-neutron 

interaction, and possibly also to blocking effects through neutron 

admixtures. 

Nt NUCLEAR REACTIONS 1 7 0Er( 9Be,4n), 44 MeV; measured E I (t), YY-coin, 

YY(t), neutron-Y coin, o. . 1 7 5 H f deduced levels, J, it, T ; isomers, 

rotational bands; Coriolis coupling; residual proton-neutron, interaction. 
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INTRODUCTION 

The isotopes of hafnium provide a rich region for the study of the inter

play between collective and intrinsic modes of excitation. Ne previously 

reported the identification of high-spin 3-quasiparticle (3-qp) isomeric 
1 ?1 states in 1 7 1 H f and 1 7 3 H f ' *-' and showed that they could be characterised as 

a 7/2 [633] quasineutron (from the i._ / 2 configuration) coupled to the 6 and 

8 2-quasiproton isomers of the even-even core nuclei. This investigation of 
1 7 5 H f was initiated to bridge the gap between these lighter Hf isotopes, and 
1 7 7 H f in which the known ' lowest lying 3-qp isomers do not involve neutrons 

of the ijT/2 configuration. 

We report here the identification of two high spin 3-qp isomers, and a 

5-qp iscmer. The rotational bands based on these states are also identified, 

and their anomalous spacing is interpreted as the effect of Coriolis coupling. 

After correcting for the collective and rotation-particle coupling contrib

utions, the excitation energies of these intrinsic states in 1 7 5 H f and in 1 7 3 H f 

and 1 7 1 H f are discussed in terms of the residual proton-neutron interaction, 

and possible neutron blocking effects. 

2. EXPERIMENTAL PROCEDURE 

High spin states in 1 7 5 H f were populated using the 1 7 0Er( 9Be,4n) 1 7 5Hf 

reaction with Be beams from the ANU 14UD Pelletron accelerator. Isotopically 

enriched metallic targets with thicknesses between 2 and 5 mg/cm2 were used. 

Complementary measurements, specifically to measure lifetimes in the 1 ns time 

region, were carried out at the Michigan State Cyclotron Laboratory using the 

l7t»Yb(o,3n)l75Hf reaction. 

The experimental details will only be briefly discussed as they are 

sin.ilar to our previous studies ' •*. 

Following singles y-ray excitation functions, 44 MeV was chosen as the 

optimum energy for the 9Be induced reaction. Several y-Y coincidence measure-
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ments were carried out at this energy, and these form the basis for identify

ing new transitions in 1 7 5Hf. High resolution Ge(Li) coaxial detectors, and 

thin windowed intrinsic Ge planar detectors were used to identify both high 

and low energy y-rays. The time rtnge used in these experiments was ± 4 us, 

(with a 4096 channel conversion gain) to allow the observation of isomers into 

the microsecond region. All coincidence data were recorded in nulti-parameter 

event-by-event mode. Gamma-rays preceding and following isomeric states 

("early" and delayed y-rays), as well as prompt transitions were identified 

from these measurements. Timing and intensity information was also obtained 

from neutron-y coincidence measurements using an NE213 scintillator with 

pulse shape discrimination for the detection of prompt fast neutrons. 

Singles y-ray angular distributions were measured, and transitions 

fed mainly through long-lived isomers were found to be isotropic. Internal 

conversion coefficients were measured usir.g a cooled Si (Li) detector with 

a "mini-orange" ' filter at 125° to the beam axis for the detection of 

electrons, and with a Ge(Li) detector at 55° for simultaneous measurement 

of y-ray intensities. These measurements were made both in singles and in 

delayed coincidence with neutrons. Because of th.? complexity of the 

spectra the electron measurements were only effective for relatively 

high-energy transitions, and the total internal conversion coefficients 

Oi. a number of the low energy lines were deduced from intensity balances in 

prompt and delayed coincidence with both neutrons and specific y-ray transitions. 

3. RESULTS 

Gamma-rays observed in "prompt" and delayed coincidence with neutrons 

are shown in figure 1. About 30% of the intensity of transitions in the 

low-lying states of the known 5/2" [512] and 7/2* [633] bands is delayed. 

The y-y coincidence data establish an isomer at 1433 keV, decaying by five 

branches, mainly to the 7/2* [633] band as well as to the 5/2" [512] band. The 
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nain branches at 722, 867 and 615 keV are evident in the delayed spectrum. 

Several -y-y coincidence spectra are shown in figure 2. These are the 

r-rays preceding (in time) the 138, 210 and 246 keV transitions each of 

which has a delayed component; the prompt coincidence spectrum gated by 

the 221 keV transition 'hich shows mainly the rotational band transitions 

as well as the cascade leading through the 112 keV transition to the 1433 

keV isomer; the delayed y-rays following the 112 keV transition showing 

the decay of the 1433 keV isomer; and a prompt gate on the 148 keV transition 

of the 5/2 [512] band. These spectra represent only a fraction of the 

coincidence results, and the level scheme deduced from all the data is shown 

in figure 3. 

An example of the effect of the two long-lived isomers at 3015 and 

1433 keV, both with lifetimes of about 1.1 us, is shewn in the time spectra 

of figure 4. These were obtained by setting individual gates on the 208,210, 

221 and 231 keV transitions in the "start" y-ray detector, and the majority 

of the spectrum in the "stop" y-ray detector. The 208 and 231 keV y-rays both 

have delayed components, whereas the 221 and 210 keV y-rays have early and 

delayed components. 

The timing resolution limit of the coincidence measurements was about 

7 ns, and the presence of *» shorter lifetime was determined from the MSU 

measurements of the y-ray timing relative to the cyclotron beam pulse. 

Examples of the time spectra are given in figure 5. The timing resolution 

was 4.5 ns FWHM, and the presence of a 1.2 ns half-life (mean-lives are used 

in the figure) in the 221 keV transition is apparent. A summary of the time 

centroids as a function of y-ray energy is given in figure 6. The ordering 

of the 138/221 keV cascade deduced from the y-y coincidence and excitation 

function data is confirmed by these measurements since the 138 keV transition 

is observed to be prompt. Similarly, the 112 keV centroid is consistent with 

a partial feeding from the 1.2 ns isomer. The 119 keV transition which, with 
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the 221 keV transition, directly depopulates the 1766 keV state, gives a 

half-life in good agreeaent with the 221 keV transition. The other two 

transitions which show centroid shifts are the 209 keV transitions from the 

7/2* [633] state (which has a known half-life of 1.6 ns ') and the l?u keV 

transition which is an unresolved doublet with a component from the same 

state. 

The spin and parity of 19/2 foi- the 1433 keV isomeric state was 

assigned on the basis of its decay modes to the 17/2" state of the 5/2~ band, 

and to the 15/2*, 17/2 +, 19/2* and 21/2 + states of the 7/2+ band. The con

version coefficients given in table 1 establish the El character of the 615 

keV transition (to the 17/2 state) and give consistent multipolarity assign

ments for the other main branches. 

For the states above this isomer, the conversion coefficients deduced 

from the intensity balances taken with the lifetime and lifetime limits 

establish the Ml character of the 138 keV transition (with possibly a small 

E2 admixture), the El character of the 221 and 119 keV transitions which 

depopulate the 1766 keV state, and a mixed M1/E2 character for the 112 keV 

transition. The angular distribution coefficients are given in table 2. 

The angular distribution of the 221 keV transition is characteristic of 

a stretched dipole even though part of the population of the 1766 keV state 

is from the 1.2 ys isomer at 3015 keV, which results in partial 

attenuation of the angular distribution. The 119 keV 

transition has a similar, although less well determined, distribution. 

These results, taken with the population intensities and decay modes, 

suggest spin and parity 23/2 for the 1766 keV state. The band assignments 

for the sequence of transitions feeding the 19/2 1433 keV state, and the 

23/2" 1766 keV state are based on the observed cascade and crossover trans

itions, as well as the mixed dipole/quadrupole character of the cascade 

transitions, and on the lifetime limits. 
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The angular distribution of the higher members of the 23/2~ band 

are essentially isotropic because of the predominance of the isomeric 

component. The cascade transitions in the 19/2 band, however, have a 

large positive A_ coefficient and a small, probably positive, A. coefficient. 

These distributions were analyzed by comparing them with calculated angular 
91 distributions given by der Mateosian and Sunyar , using estimates of the 

alignment obtained in a similar manner from known stretched quadrupole 

transitions. The deduced mixing ratios , given in table 3(b), have a 
9") positive sign in the phase convention of ref ' . 

Similar angular distributions were observed for the cascade transitions 

feeding the 3015 keV isomer. This isomer feeds only the suggested 33/2" 

member of the 23/2" band, and has been tentatively assigned as (35/2") since 

the intensity balance suggests an Ml character for the 83 keV de-exciting 

transition. 

The state at 1646 keV is weakly populated and is tentatively assigned 

spin and parity (21/2 ). 

The branching ratios for the isomeric states and for the rotational 

bands based on them are given in tables 3(a) and 3(b). Because of 

problems with overlapping, and contaminant transitions, in several cases the 

branching ratios have been determined from the coincidence measurements. 

As well as identifying the new isomers and their associated bands, 

the present work extends the 1-qp 1/2" [521], 5/2" [512] and 7/2* [633] 

bands to spins of 29/2, 31/2 and 37/2 respectively. These had previously 
8) been identified up to spins of about 25/2 by Hultberg et al . 

Several new low-energy transitions connecting the 7/2 [633] and 5/2~[512] 

bands were also observed. 
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DISCUSSION 

4.1 Multi-quasiparticle configurations 

4.1.1 Three-quasiparticle states 

%+ The 19/2 and 23/2 isomeric states at 1433 and 1766 keV are 

suggested to be 3-qp states similar to those observed in 1 7 1Hf and 

They were characterised as a mixed 7/2 [633] neutron coupled 

to the 8~ and 6 2-quasiproton states (the lowest energy 2-qp isomeric 

high spin states) of the even-even core nuclei. The core states are 

expected to be a pure proton configuration in the light Hf nuclei, 1 7 0 H f 

and 1 7 2Hf, but as the neutron Fermi level rises with the addition of 

neutrons, they may become mixed with 2-quasineutron states of the same 

spin and parity. The magnitude of the neutron admixtures is expected to 

be less for the 8" core than for the 6 core because the energy separation 

between the 2-quasiproton orbitals and the 2-quasineutron orbitals which 

mix is greater in the 8" core. The likely configurations ere given in 

table 4. The 6 state in 1 7 6 H f is known to have a neutron admixture of 

about 40*; ' , whereas the admixture in the lighter core, m H f , is 

< 15% . The effect of neutron admixtures in the core states will be 

discussed further, and although the simpler proton configuration is 

assumed in some of the discussion, it may not be a valid assumption for 

the 6 state. 
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The 19/2 and 23/2" states are expected to be the lowest-lying 

high spin 3-qp states since the 7/2 [633] neutron state is the lowest 

energy high spin 1-qp state. Their decay properties support the 

iuggested configurations. For example the 23/2" s^ate decays prefer

entially to the 7/2+[633] 1-qp rotational band. The 23/2" -• 21/2 + 

(K = 19/2) El transition strength follows the trend apparent in the 

lighter isotopes . The 19/2 half life is considerably longer than 

the 1 7 3 H f case (1.1 us compared to s 6 ns) but again this at least partly 

reflects the change in the 6 isomers in the core nuclei 1 7 2 H f and 
5 121 17**Hf which have half lives ' ' of 6 ns and 133 ns respectively, while 

the 6 half life in 1 7 6 H f is 9.5 us J. The transition strengths are 

then similar (relative to those in the core nuclei), although an 

explanation for the rapid change in the 6 lifetime through the Hf 

isotopes is lacking. As well, the prominent 615 keV branch from the 

19/2 isomer to the 5/2"[512]n band, a branch which is absent in the 

lighter odd isotopes, is likely an indication of a significant 5/2"[512] , 

7/2[514] admixture in the 6 core. 

The rotational bands based on the 19/2 and 23/2" states are 

highly perturbed consistent with the effect of the 7/2 [633] neutron 

component as will be discussed in detail in section 4.2. 

The branching ratios within each of these bands, which show 

favouring of the cascade over the crossover transitions, were analysed 

to give the parameter (gK-gR)/Qo using the rotational model and, for 

simplicity, pure K. These values of (gK-gR)» assuming a Q 0 of 7.1 barns, 
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are given in table 3(b). Although the errors are fairly large, the 

(g„-gR) values within each band are consistent (supporting again the 

assumption of a band structure) and give mean values of 0.305 ± 0.052 

and 0.369 ±0.034 for the 19/2 + and 23/2" bands respectively. For the 

assumed configurations we can write 

*K - *R = Ï <K,frK»-*R> + n 3 C V g R ) ) W h e r e 

K = K' + n ; K' = 8 or 6, the core values; and fl = 7/2. Taking 
^ 3 

g„, « +1.0 for the 2-proton component, (gn -g D) = -0.44 for the K n 3 K 

7/2+[633] neutron ', and g R = +0.266, as given by Ben Zvi et al ^ 

for the 2 state of 1 7 6Hf, results in predicted values of g K-g R of 

+0.301 and +0.377 for the 19/2+ and 23/2" bands respectively. 

Although this good agreement may be to some extent fortuitous,(we 

have neglected both the K admixtures and the neutron admixtures in the 

6 core) it nevertheless provides support for the assumed configurations. 

Further, the positive sign for the (g K-g R)/Q Q values is given by 

the measured sign of the mixing ratio for the cascade transitions in the 

3-qp bands, and the magnitudes of the mixing ratios as deduced from the 

branching ratios and the rotational model are in agreement with the 

measured mixing ratios in the 19/2 band, as can be seen from the final 

columns of table 3(b). 

4.1.2 Five-quasiparticle states 

The 1.2 ps isomer at 3015 keV has a tentative assignment of (35/2") 

and, given the available orbitals, is probably a 5-qp state. The lowest 

energy 5-qp state expected would have the same configuration as the 23/2" 
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3-qp state with two extra neutrons occupying the 5/2 [512] and 7/2 [514] 

orbitals, leading to a spin and parity of 35/2". These are the lowest 

energy unoccupied high spin orbitals (the 7/2 [633] orbital is already 

occupied in the 23/2" 3-qp state) and the expected energy of the 5-qp 

state is about 2A (the pairing energy) above the 23/2" state, in approximate 

agreement with experiment. The decay to the 23/2 band supports the assignment 

as does the observation of mixed cascade transitions in the band based on 

the isomer. These transitions (290 and 3?4 keV) have large positive A» 

coefficients, similar to those in the 19/2 band, suggesting again a 

significant proton component in the configuration. 

Unfortunately, in the absence of a definitive spin assignment, the 

suggested configuration must remain tentative. 

4.2 Three-quasiparticle rotational bands 

The rotational bands based on the 19/2 and 23/2" isomers are highly 

perturbed, as can be seen from the apparent moments of inertia. These were 

calculated from the transition energies using the formulae appropriate for 

bands with good K viz: 

2J/h2 = 2I/E(I-H-1); Ä 2 = 4(I 2-K 2)/(2J/« 2) 2 

for the AI = 1 transitions, with related formulae for AI = 2 transitions. 

The moments of inertia are shown in figure 7 where they are compared with those cf 

the 5/2" [512] and 7/2+ [633] bands of 1 7 5Hf, the ground state band of 
m H f , and the 6 + 2-qp band in m H f 1 0 ^ . The behaviour of the 3-qp bands 

is similar to that of the 7/2 [633] band, (and in marked contrast to 

the 5/2" band) and is attributed to the Coriolis mixing through the i 1 3 / 2 

neutron orbitals. A similar effect was observed in 1 7 1 H f and treated 

in some detail in ref. . Other known multi-quasiparticle states in this 

region which have an i,*^ n e " t r o n orbital as a component of the configura

tion have a characteristic behaviour as can be seen from the right hand 

side of figure 7 where a number of 0,1,2,3 and 4-qp bands are 
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compared. In general the average moment of inertia increases with the 
2 2 number of quasiparticles, but a negative slope as a function of 41 M is 

only seen for those bands with an i 1 3 / 2 neutron component (the suggested 

configurations of the n-qp bands are summarised in table 4). In the 

simple rotation alignment of intrinsic angular momentum, the effect of 

Coriolis mixing, a term proportional to 4J/fi2ü>2, where J is the aligned 

intrinsic angular momentum, contributes to the moment of inertia as 

deduced from the above formulae. This would lead to a hyperbolic 

c pendence as a function of*K2o)2 • Such an effect is apparent in the 

curves for the 1 7 5 H f 3-qp bands and, to a lesser extent, in the bands in 

the heavier isotopes. 
175 A feature of both the bands in Hf is the low energy of the first 

transition, 112 and 138 keV in the 19/2 + and 23/2" bands respectively, 

which leads to an apparent moment of inertia which is greater than the 

rigid body value. To explain this feature, a 3-qp Coriolis-coupled band 
2) m 

mixing calculation, similar to that performed for Hf was carried out. 

21 The 3-qp calculation reduces essentially to a 1 -qp case by assuming that. 

the core has pure K' = 6 or 8, and that only matrix elements between 

states of the set of i 1 3 / 2 neutron orbitals are non-zero. This leads 

to basis states with K = K 1 ± fi where SI = 1/2, 3/2 ... 13/2. The 

matrix elements connecting the rotational bands are then directly 

related to the 1-qp Coriolis matrix elements. The final states were 

calculated by matrix diagonalisation using Nilsson nudel and Coriolis 

attenuation parameters similar to those of Hultberg et al8-' which 

reproduce the spacing in the 7/2+ [633] 1-qp band. The pairing parameters 

were also assumed to be those appropriate to the 1-qp case, a valid 

assumption only if the core states are a pure proton configuration. 

With a particular choice of the moment of inertia parameter A=fi2 /2J, 

which defines the spacing in each unperturbed rotational band, the energy 

of the first tr. nsition in the lowest mixed band (19/2+ or 23/2") was found 



- 12 -

to be very sensitive to the position of the Fermi level, which is expected 

to be between the 7/2* [633] and 9/2 [624] orbital s. By choosing A = 12.5 

keV and varying the Fermi level, the results of figure 8 were obtained. 

This shows the transition energies in the mixed 23/2 band as a function 

of the energy of the Fermi level, relative to the 7/2 orbital . The solid 

points show the experimental transition energies which are very well 

reproduced by placing the Fermi level 380 keV above the 7/2 orbital. 

The sensitivity of only the first transition in the band comes about 

because the K = 23/2 state mixes with the I = 23/2 states of the K = 21/2 

and lower K bands , but obviously it cannot mix with higher K bands ., 

whereas the spin 25/2 and higher states also mix with members of the 

K = 25/2 band which comes closer in energy as the Fermi level is raised. 

The energy depression of the 23/2 state from its unperturbed position is shown 

in the upper part of figure 8 and it is seen to be almost constant as the Fermi 

level is changed. The rapid change in the 25/2 ->• 23/2 transition is due 

to a rapid change in the energy of the 25/2 state. The mixing is such that 

the main components of the final wave function at the chosen Fermi level 

are for the 23/2' state: 6.5% K = 21/2, 93% K = 23/2; while for the 25/2" 

state: 8.4% K = 21/2, 70% K = 23/2 and 21% K = 25/2. 

With this position of the Fermi level, the 1-qp spectrum for the i-iT/2 

orbitals is also reasonably well reproduced in that the 5/2 [642], 7/2 [633] 

and 9/2+ [624] intrinsic states known from experiment ' have the correct 

relative spacing. 

The moment of inertia of the calculated 23/2" band is compared with 

experiment in figure 9. As expected from the agreement in figure 8. the 

moment of inertia curve is almost identically reproduced. For the same set of 

parameters (including the unperturbed moment of inertia) the 19/2+ band was cal

culated, and the result is also compared with experiment in figure 9. The agreement 

here is not as good but given the expanded scale, and the possible differences 
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in the core moment of inertia, still impressive. For example, the 21/2+19/2 

transition is calculated as 115 keV compared to the experimental value of 

112 keV. 

These results again support the validity of the suggested configurations 

for the 19/2 and 23/2 isomers, and show that the band structure can be 

understood in detail. Further, the energy depression of the bandheads due 

to the mixing is shown to be fiirly insensitive to the position of the Fermi 

level, and therefore a reliable estimate can be made of the Coriolis term. 

This will be used later in ccrrecting the observed excitation energies. 

4.3 The residual proton-neutron interaction 

The excitation energies of the 8 , 6 , 23/2" and 19/2 intrinsic 

states now identified in the light Hf nuclei are listed in table 5(a). 

By comparing the difference between the energy separation of the 2-qp 

and 0-qp states, and the 3-qp and l-qp states, it should be possible to 

isolate the effect of the residual interaction between the added neutron 

and the core states. First, the observed excitation energy of each state 

must be corrected for the rotational contribution to the bandhead 

R c 

E =-h"2/2TK, and the Coriolis interaction energy E , which can be deduced 

from our calculations. If the 2-qp configurations are pure proton, the 

neutron pairing energy in the 3-qp state will be the same as that in the 

1-quasineutron state, and we can examine the energy difference 

A E 6 X P = [Ea-Ei-ES-EÇ+EÏ+E?] - [E2-E?-E§] 

where the E are the observed excitation energies for the n-qp states. With 

the same value of the (unperturbed) rotational parameter4f2/2J, the E 

contributions cancel. The values of each of the other quantities, and 

AE are given in table 5 . The error deduced from the estimated uncertainties 

in each of the corrections is about 15 keV in AE. 
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In the case of the simple configurations considered so far, there 

will be two contributions to the residual interaction. These arise from 

terms for the 7/2 [633] neutron interacting with each of the protons 

7/2+[404] and 9/2"[514] for the 8" - 23/2' states and with 7/2+[404] 

and 5/2+[402] for the 6 + - 19/2* states. We note that the 7/2+[633] , 

7/2 [404] term is common to both pairs of states. The magnitude of 

AE e xP for the 8~, 23/2" pair increases only slightly as a function of 

mass number, in contrast to its magnitude for the 6 , 19/2 pair which 

increases substantially, particularly from 1 7 3 H f to 1 7 5Hf. The mass 

dependence with a pure ' core is expected tc be weak since the 

coefficients of the various x.jxdual interaction terms contributing to the 
171 energy difference (terms analogous to those given by Khoo et al •*) depend 

on the pairing occupation probabilities. These are constant for the proton 

components and only vary by a small amount for the 7/2 [633] neutron. 

Similarly the wave functions, and therefore the magnitudes of the matrix 

elements, do not vary significantly over this region. The 8", 23/2" 

behaviour is therefore expected, at least qualitatively, while the 6 ,19/2 

variation must be attributed to the neutron admixtures in the 6 core. 

As pointed out earlier, the magnitude of the neutron admixtures is expected 

to be less for the 8~ core than for the 6 core. Further, the admixed con

figuration in the 8" core involves a 9/2 [624] (i 1 3/ 2) neutron orbital 

which is already a component of the 23/2" state, because of Coriolis 

admixtures, as discussed in section 4.2. 

The neutron admixtures would act to depress the energy of the 19/2 

state in two ways. Firstly, through interactions between the 3-quasineutron 

component in the 19/2 state and other low-lying 3-quasineutron states, 

interactions which are not present in the case of a proton core. Secondly, 

in a somewhat related way, through a breakdown of the initial assumption 

that the neutron pairing in the 3-quasipartiele state is the same as that 
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in the 1-quasiparticle state. That is, through neutron blocking of the 

pairing correlation. 

To evaluate the effect of the blocking, the pairing energy was 

calculated in a 3-qp blocking calculation using the formalism given by 
181 Soloviev J. Blocking of the two neutron orbitals involved in the 

admixture in the 8~ state (see table 4), in addition to the 7/2 [633] 

neutron orbital, results in a 30% reduction in the pairing correlation 

energy A (which is about 700 keV in the unblocked case) compared to the 

2-qp case. This would result in a smaller energy difference between the 

3-qp and the 1-qp states, and therefore a larger value of AE. Since the 

admixtures are expected to increase as a function of mass number, the 

effect would be larger for the heavier isotopes in agreement with the 

small experimental trend. For the 6 state howevei, the orbitals involved 

in the neutron admixture, together with the 7/2 [633] orbital, are all 

close to the neutron Fermi surface, with the result that blocking of all 

three orbitals reduces the pairing correlation almost to zero. Although 

such calculations are known to over-estimate the effect of blocking, the 
+ -

effect for the 6 state will be more severe than for the 8 state, and 

to the extent that these effects are separable could account, through even 

small neutron admixtures, for the extra depression of the 19/2 states 

with increasing mass number. 

We note again that the results of Ejiri et al ' suggest that the 

6 state in 1 7 < tHf has less than a 15% neutron admixture, and the present 

analysis of the (g K-g R) values deduced from the branching ratios and mixing 

ratios in the 19/2 band in 1 7 5 H f (Section 4.1.1) lead to a similar limit. 

A more direct and accurate estimate of the neutron admixture, for example 

through measurement of the 19/2 state magnetic moment, coupled with a 

calculation of the residual interactions with inclusion of blocking effects 

would be required to fully test this explanation for the depression of the 

19/2+ state in 1 7 5Hf. 



- 16 -

5. CONCLUSION 

Two 3-qp and one 5-qp isomers have been identified in 1 7 5Hf. Their 

character is similar to that of 3-qp isomers observed in the lighter Hf 

isotopes being mainly a 7/2 [633] neutron coupled to the 8 and 6 

2-proton core states. The rotational band identified on each of the 

3-qp isomers is highly perturbed, but the structure can be explained in 

detail through a band mixing calculation as being due to Coriolis effects 

in the i 1 3 / 2 neutron orbitals. The energy depression of the 3-qp states 

compared to the 2-qp core states is attributed in part to the residual 

proton-neutron interaction. The mass number dependence of this energy 

depression is weak for the 23/2 states, in contrast to the 19/2 states. 

A possible cause of the difference is the extra blocking, and consequent 

reduction of the pairing correlation, due to neutron admixtures in the 6 

core states. 

ACKNOWLEDGEMENTS 

We would Hke to thank Dr. F.C. Barker of the Department of Theoretical 

Physics for discussions on the residual interactions. We would also like to 

thank Mr. K.F. Yee, Mr. K. Varvell and S.R. Faber for assistance in various 

parts of the experiments, Mr. A.H.F. Muggleton for target preparation, 

Mr. G.P. Clarkson for generous photography, and the technical and academic 

staff of the 14UD accelerator facility for their support. Part of this 

work was supported by the National Science Foundation under Grant No. 

PHY78-22696. 



- 17 -

REFERENCES 

1. G.D. DracouJis, P.M. Walker and K.F. Yee, J.Phys. G: Nucl. Phys.£ 

(1979) L19. 

2. G.D. Dracoulis and P.M. Walker, Nucl.Phys. A330 (1979) 186. 

3. P. Alexander, F. Boehm and E. Kankeleit, Phys. Rev. 1J3̂  (1964) B284. 

4. Y.Y. Chu, P.E. Hauestein and T.E. Ward, Phys. Rev. C 6_ (1972) 2259. 

5. P.M. Walker, G.D. Dracoulis, A. Johnston and J.R. Leigh, Nucl. Phys. 

A293 (1977) 481. 

6. M. Ishii, Nucl. Instr.' Meth. 1Z7 (1975) 53 

7. J.P. Unik, Bull. Am. Phys. Soc. 1̂  (1964) 108, KC12 

8. S. Hultberg, I. Rezanka and H. Ryde, Nucl.Phys. A205 (1973) 321. 

9. E. der Mateosian and A.W. Sunyar. Atomic and Nuclear Data Tables 

13_ (1974) 391 and 40' 

10. H. Ejiri, G.B. Hagemann and T. Hammer, International Conference on 

Nuclear Moments and Nuclear Structure, Osaka, 1972, Suppl. J. 

Phys. Soc. Japan 34_ (1973) 428. 

11. T.L. Khoo, J.C. Waddington, R.A. O'Neil, Z. Preibisz, D.G. Burke 

and M.W. Johns, Phys.Rev.Lett. 28_ (1972) 1717. 

12. T.L. Khoo, F.M. Bernthal, J.S. Boyno, R.A. Warner, S.R. Faber and 

R.G.H. Robertson, Michigan State University Annual Report 

(1976) p.59 (unpublished). 

13. T.L. Khoo, J.C. Waddington and M.W. Johns, Can. J. Phys. 51̂  (1973) 

2307 

14. F. Boehm, G. Goldring, G.B. Hagemann, G.D. Symons and A. Tveter, 

Phys. Lett. 22_ (1966) 629. 

15. I. Ben-Zvi, P. Gilad, G. Goldring, P. Hi 11man, A. Schwarzschild and 

Z. Vager, Nucl. Phys. Al£9(1968) 201. 

16. M.M. Minor, Nuclear Data Sheets 18 (1976) 331. 



- 18 -

T.L. Khoo, F.M. Bernthal, R.A. Warner, G.F. Bertsch and G. Hamilton, 

Phys. lev. Lett. 35 (1975) 1256. 

T.L. Khoo and G.F. Bertsch, Michigan State University Annual Report 

(1972) p.8 (unpublished). 

V.G. Soloviev, "Theory of Complex Nuclei" Pergamon Press (1976). 

R.S. Hager and E.C. Seltzer, Nuclear Data Tables A4_ (1968) 1. 

0. Saethre, S.A. Hjorth, A. Johnson, S. Jagare, H. Ryde and 

Z. Szymanski, Nucl. Phys. A207 (1973) 486. 

T.L. Khoo, F.M. Bernthal, R.G.H. Robertson and R.A. Warner, 

Phys. Rev. Lett. 37 (1976) 823. 

I.H. Redmount, T.L. Khoo and R.A. Warner, Michigan State University 

Annual Report (1974) p.66 (unpublished). 



- 19 _ 

TABLE 1. Conversion Coefficients for transitions de-exciting the 
1433 keV isomeric state. 

Transition 
Energy 

61S 

exp 

± 0.0009 

Assigned 
multipolarity 

El 

Theory 

0.0035 

722 K 0.0156 ± 0.0015 

L 0.0021 ± 0.0003 

M 0.0009 ± 0.0003 

Ml 0.0163 

0.0024 

0.0006 

867 K 0.0048 ± 0.0006 E2 0.0045 

19) 
t From Hager and Seltzer 
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Table 2 Energies, singles intensities and angular distribution coefficients 

for transitions assigned to 1 7 5 H f in the 1 7 0Er( 9Be,4n) 1 7 5Hf reaction 

at 44 MeV. 

E Y

a ) Iy A /Ao b ) A /Ao b ) Transition 
(keV) _ _ Ei Ef 

72.3 8.9 ± 2.5 258.0 185.7 

77.2 14.6 ± 3.2 335.2 258.0 

81.4 21.7 ± 4.1 81.4 0 

82.7 <0.S 3015.2 2932.5 

87.5 =1.3 213.4 125.9 

100.6 24.6 ± 1.0 -0.358 ± Û.028 -0.019 ± 0.034 436.0 335.2 

101.3 <3.0 1646.7 1545.3 

104.2 16.8 ± 0.8 -0.475 ± 0.025 +0.053 ± 0.029 185.7 81.4 

112.0 16.5 ± 2 . 0 C ) 1545.3 1433.3 

119.3 6.5 ± 1.1 -0.398 ± 0.035 +0.008 ± 0.043 1766.0 1646.7 

125.9' 125.9 0 

125.9 100 -0.106 ± 0.018 +0.035 ± 0.022 207.4 81.4 

126.5, 312.3 185.7 

130.3 25.1 ± 1.0 -0.516 ± 0 022 +0.053 ± 0.026 566.3 436.0 

138.0 14.1 ± 0.8 (-0.154 ± 0.030) (+0.075 ± 0.042) 1904.0 1766.0 

144.9 27.5 ± 1.2 -0.466 ± 0.013 +0.096 ± 0.016 711.2 566.3 

148.2 20.4 ± 0.9 -0.517 ± 0.022 +0.093 ± 0.026 460.5 312.3 

169.1 13.8 ± 0.7 -0.582 ± 0.042 +0.122 + 0.048 629.7 460.5 

178.0 24.2 ± 2.5 (•0.014 ± 0.013) (+0.049 ± 0.016) 436.0 258.0 

178.9 ! 1076.0 897.1 
14.5 ± 2.0 (-0.096 ± 0.021) (+0.016 ± 0.026) 

179.1 375.3 196.2 

185.8 ' 185.7 0 
21.5 ± 1.4 -0.329 ± 0.022 +0.067 ± 0.026 

185.9j 897.1 711.2 

189.1 13.7 ± 2.0 (-0.319 ± 0.026) (+0.132 ± 0.030) 818.8 629.7 

189.9 21.3 ± 2.4 (+0.118 ± 0.028) (+0.062 ± 0.017) 1735.2 1545.3 
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203.2 } 9 . 9 + 0 .7 

207.5 ' 

207.5 t 

151.3 ± 6 .5 

209.7 18 .6 ± 1 .3 

213.8 <8 .0 e ) 

218.6 11 .2 ± 0 .7 

220.7 26 .4 ± 1 .0 

226.0 11 .7 ± 0 .6 

231.0 ' 5 1 . 3 ± 1.5 

231.1 , 

241.7 5 .7 ± 0 .5 

243.7 1.5 ± 0 . 3 

246.0 1 4 . 3 ± 2 . 0 

246.8 4 . 7 ± 0 . 8 

263.2 7.1 ± 0 .4 

274.2 

274.9 8 2 . 3 ± 2 .7 

275.1 

279.1 34 .2 ± 3 . 3 e 

283 .3 1.44± 0 .15 

290.1 5 .6 ± 0 .4 

292.4 13 .9 ± 0 . 8 

298.7 6 .4 ± 0 .4 

302 .2 

302.2 , 
6 . 9 ± 0 .6 

317.5 27 .0 ± 1.0 

324 .0 2 . 9 ± 0 . 2 

330 .7 32 .4 ± 0 . 9 

348 .3 

(348.3) 
1 . 8 ± 0 .4 

358 .0 
4 8 . 9 ± 1.3 

+0.143 ± 0.024 

-0.082 ± 0.010 

-0.025 ± 0.020 

+0.212 ± 0.027 

-0.208 ± 0.011 

-0.161 ± 0.021 

+0.163 ± 0.005 

+0.245 ± 0.034 

(-0.043 ± 0.018) 

+0.169 ± 0.045 

+0.156 ± 0.014 

+0.377 ± 0.147 

+0.288 ± 0.038 

+0.279 ± 0.024 

-0.04P ± 0.034 

+0.251 ± 0.032 

+0.384 ± 0.082 

+0.242 ± 0.018 

0.124 ± 0.013 

+0.027 ± 0 .030 1 1433.3 

+0.055 ± 0 .012 
207.4 

1026.7 

0 

818.8 

+0.042 ± 0.025 2113.7 1904.0 

1646.7 1433.3 

+0.107 ± 0.032 1953.8 1735.2 

+0.032 ± 0.014 1766.0 1545.3 

+0.018 ± 0.025 1253.2 1026.7 

-0 .017 ± 0.011 3 1 2 . 3 

5 6 6 . 3 

81 .4 

335.2 

+0.091 ± 0.040 2195 .3 1953.8 

1496.9 1253.2 

+0.040 ± 0 .025) 
2359.7 

1322.8 

2113.7 

1076.0 

+0.062 ± 0.054 2458.5 2195.3 

2633 .7 2359.7 

-0 .024 ± 0 .017 460 .5 185.7 

• 711.2 436 .0 

654 .4 375.3 

-0 .199 ± 0 .175 2741 .6 2458.5 

•0 .072 ± 0.046 3305 .3 3015.2 

-0 .053 * 0 .029 698 .6 406 .2 

+0.038 ± 0.042 2932.5 2633.7 

1735.2 1433.3 

3044.2 2741.6 

-0 .059 ± 0 .039 629 .7 312.3 

+0.070 ± 0 .097 3629 .3 3305 .3 

-0 .040 ± 0.021 897.1 566 .3 

3977.6 3629.3 

(2113.7) (1766.0) 

-0 .030 * 0 .016 
1433.3 1076.0 
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364.5 30.6 ± 1.2 +0.225 ± 0.013 -0.082 ± 0.016 1076.0 
1 

711.2 

M 370.5 8.5 ± 1.6 1024.9 654.4 

383.8 11.7 t 0.5 +0.248 ± 0.035 -0.109 ± 0.040 1082.4 698.6 

397.4 19.3 ± 0.9 +0.275 ± 0.023 -0.077 ± 0.027 1026.7 629.7 

408.6 <7.3 e ' +0.178 ± 0.039 -0.041 ± 0.047 1953.8 1545.3 

425.7 18.4 ± 0.7 +0.232 ± 0.016 -0.085 ± 0.019 1322.8 897.1 

434.6 14.2 ± 0.6 +0.321 ± 0.020 -0.084 ± 0.025 1253.2 818.8 

447.3 20.5 ± 0.7 +0.240 ± 0.013 -0.096 ± 0.017 1523.3 1076.0 

451.9 4.0 ± 0.5 - 1476.8 1024.9 

455.3 <1.3 2359.7 1904.0 

460.0 Si . 3 2195.3 1735.2 

465.2 7.3 ± 1.4 1547.6 1082.4 

470.3 10.4 ± 0.5 +0.231± 0.025 -0.109 ± 0.028 1496.9 1026.7 

503.3 12.4 ± 1.4 +0.229± 0.030 -0.057 ± 0.037 1756.5 1253.2 

504.6 2.2 ± 0.7 >0 2458.5 1953.8 

514.1 <11.1 (+0.092± 0.032) (-0.034 ± 0.039) 1836.9 1322.8 

520.0 3.3 ± 0.4 2633.7 2113.7 

522.5 ^ 1999.3 1476.8 
12.9 ± 0.7 +0.257± 0.028 -0.080 ± 0.034 

523.1 2046.4 1523.3 

535.3 2083.0 1547.6 

535.7 18.6 ± 2.4 2032.6 1496.9 

536.3 1433.3 897.1 

546.1 <4.9 2741.6 2195.3 

564.9 7.9 ± 0.4 •0.210± 0.036 -0.098 ± 0.043 2321.4 1756.5 

572.9 3.9 ± 0.3 +0.082 ± 0.074 -0.050 ± 0.090 2932.5 2359.7 

579.8 2.1 ± 0.2 >0 2579.1 1999.3 

585.9 Sl.O 3044.2 2458.5 

592.2 3.2 ± 0.4 2638.6 2046.4 

593.6" 2626.2 2032.6 

595.5 8.1 ± 0.3 f > (+0.388± 0.058) (-0.023 ± 0.069) 2432.4 1836.9 

S?ft,P 2679.0 2083.0 J 
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613.6 <1.1 

614.5 17.7 ± 0.4 

618 <3.6 ± 0.6 

653.7 1.3 ± 0.2 

722.2 42.0 ± 1.8 

866.9 15.6 ± 0.5 

-0.037 ± 0.022 

+0.009 ± 0.015 

-0.020 ± 0.027 

3629.3 3015.2 

-0.024 ± 0.026 1433.3 818.8 

2939.5 2321.4 

3292.3 2638.6 

-0.014 ± 0.018 1433.3 711.2 

+0.026 ± 0.033 1433.3 566.3 

a) The errors in energies range from ±0.15 keV for the strong lines to 

±0.35 keV for the weake- partially resolved lines. 

b) Parenthesis indicate possibility of systematic error because transitions 

are only partially resolved. 

c) contaminated in singles by activity line 

d) transition unplaced in scheme, but precedes 1433 keV isomer. 

e) contaminated in singles 

f) difficult background because of Ge (n,n') contaminant. 
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TABLE 3(a'* Ha l f - l ives and Branching Ratios of isomeric s t a t e s in 1 7 5 H f . 

Exci ta t ion J Ha l f - l i f e Trans i t ion Branching 
energy energy r a t i o s 

1433 19/2 + 1.10 ± 0.O8 us 358.0 3.9 ± 1.7 

536.3 5.9 ± 0.9 

614.5 21.1 ± 1.4 

722.2 50.2 ± 2.4 

866.9 18.7 ± 1.6 

1766 23/2" 1.16 ± 0.11 ns 119.3 21.2 ± 4.2 

220.7 78.8 ± 4.2 

3015 (35/2 ) 1.21 ± 0.15 us 82.7 
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TABLE 3(b) : Cascade/crossover branching ratios., and (g r-g p) values deduced from 

the rotational model for 3-qp band states in 1 7 5Hf. 

9/2* BAND Rotational Nodel 

IT al Excitation J Transition Branching J 

energy energy Intensity W ] *b) 6 C ) exp 

2456 29/2* 263 44 ± 14 

505 56 ± 14 

° - 2 7 8 ! o : 0 9 °- 4 «±0.13 " • « 

2194 27/2* 242 67 ± 10 

460 33 ± 10 

0 . 3 8 3 + ° i „ 0.33±0.09 
— U.Uo «•<£ 

1953 25/2* 219 72 ± 7 

409 28 ± 7 

0 . 3 1 7 * J ^ 0.39±0.08 +0.36*0.06 

1735 23/2* 190 92 ± 6 

303 18 ± 6 

0 . 2 9 5 * ° ' ^ 0.39+0.22 f „ „-+0.07" 
l + 0 - 2 5 - 0 . 1 3 

23/2" BAND 

2933 33/2" 299 6 2 + 5 

573 38 ± 5 

n , .0+0.05 
° - 3 6 9 - 0 . 0 4 

2634 31/2" 274 76 ± 5 

520 24 ± 5 

0 4 2 8 + 0 - 0 7 

° - 4 2 8 - 0 . 0 6 

2360 29/2" 246 85.6 ± 4.1 

455 14.4 ± 4.1 

. „ - + 0 . 1 0 
° - 4 2 0 - 0 . 0 6 

2114 27/2" 209 91 ± 6 

(348) 9 ± 6 

l°-2 7 4-0.09 

a) Deduced from coincidence data as well as singles. 
b) Calculated using the branching ratios, pure K, and 0 = 7.1 barns. 
c) From fits to the angular distribution data. The phase convention is that 

_ L „ L fl) 
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TABLE 4. Selected m u l t i - q u a s i p a r t i c l e conf igura t ions in the Hf i so topes . 

K Number Main Possible Nucleide 
of qp configuration admixture 

6 2 7/2 [404] ,5/2 [402] 7/2" [514] n ,5 /2"[512] 170"178 H f 

8" 2 7/2 + [404] ,9/2"[514] 7 / 2 " [ 5 1 4 ] n , 9 / 2 + [ 6 2 4 ] n 

19/2 + 3 | 6 + > , 7 / 2 + [ 6 3 3 ] n 171-175 H f 

23/2" 3 |8 > , 7 / 2 + [ 6 3 3 ] n 171"175 H f 

23 /2 + 3 | 8"> ,7 /2" [514] n

 1 7 7 H f 

25/2" 3 | 8 " > , 9 / 2 + [ 6 2 4 ] n

 1 7 7 H f 

14" 4 | 8 " > , 7 / 2 " [ 5 1 4 ] n , 5 / 2 " [ 5 1 2 ] n

 1 7 6 H f 

16 + 4 |8">,7/2"[514] ,9 /2 + [624] 1 7 6 H f 
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TABLE 5. Excitation energies of the 8~, 6 +, 23/2", 19/2+ and 7/2+ [633] 
r intrinsic states in the light Hf isotopes. The quantities E 

and AE exp are defined in the text. 

Nucleide 

170, Hf 
171 Hf 

170, Hf 
171 Hf 

8 

23/2" 

7/2H 

19/2 

7/2H 

Excitation 
energy 

2183 

1985 

0 

1772 

1645 

0 

0 

-62 

-33 

0 

-52 

-33 

AE exp 

-169 

-108 

172, Hf 
173, Hf 

8 

23/2' 

7/2' 

2006 

1985 

198 

0 

-68 

-36 

-187 

172, Hf 
173, Hf 19/2 

7/2< 

1685 

1702 

198 

0 

-58 

-36 

-159 

174 Hf 
175 Hf 

174 Hf 
175 Hf 

8 

23/2" 

7/2< 

19/2 

7/2' 

1797 

1766 

208 

1549 

1433 

208 

0 

•75 

-39 

-65 

-39 

-203 

-298 
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FIGURE CAPTIONS 

Figure 1 (a) Gamma-r^ys observed with a Ge(Li) detector at 55° to the 

beam axis with a 9Be beam incident on a 1 7 0 E r target, in 

prompt coincidence with neutrons detected near 0°. 

(b) Gamma-rays in delayed coincidence with neutrons. 

Figure 2 Representative y-ray coincidence spectra. The time ranges 

involved are ± 0.09 us for "prompt" gates and 0.0S •*• 1.97 us 

for "early" and delayed gates. The individual gates were 

set on a small volume Ce detector, with projections in 

the large Ge(Li) detector. 

Figure 3 Decay scheme of states populated in the 1 7 0Er( 9Be,4n) 1 7 5Hf 

reaction. 

Figure 4 Time spectra from the Y-Y coincidence measurements with an 

individual Y-ray selected in the "start" detector, and Y-rays 

in the range 190-1500 keV in the "stop" detector. 

Figure 5 Time spectra, relative to the MSü cyclotron beam pulse for 

the 221 and 218 keV Y-rays. 

Figure 6 Centroid channels for selected Y-rays deduced from the time 

spectra (see figure 5). The hatched area represents the 

"prompt" definition. Mean-lives deduced from the centroid 

shifts are indicated. Where appropriate, the effective 
"background" due to the us components has been subtracted 
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Moments of inertia of selected bands in 1 7 5 H f (from this 
10,20. 13,2K 5,22^ 

work), 1 7 1»Hf J, 1 7 6 H f J and 1 7 7 H f 

Calculated transition energies in the 23/2" 3-qp band 

in 1 7 5 H f as a function of the Fermi level energy relative 

to the 7/2*[633] orbital. The energy shift of the 23/2" 

state is shown in the upper part of the figure. The solid 

points represent the experimental transition energies. 

Experimental and calculated moments of inertia for the 

3-qp, 19/2+ and 23/2" bands in 1 7 5Hr. 
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