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In inelastic scattering of 22 MeV deuterons from an isotope-separated target of178Hf containing about
231013 nuclei in the isomeric 161 state we observed rotational excitation to the 171 state at an excitation
energy with respect to the isomeric state of 356.560.4 keV and weak evidence for the 181 state at 73762
keV. We compared the differential cross sections with coupled-channel calculations and with scattering
178Hf (01) and 177Hf (7/22).

PACS number~s!: 25.45.De, 23.20.Lv, 24.10.Eq, 27.70.1q
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I. INTRODUCTION

The high-spin isomer Ip5161 of 178Hf at an excitation
energyEx52446 keV with a half life time ofT1/2531 yr
@1–5# is unique with respect to stability of high angular mo
mentum. The structure of this state is a pure, aligned fo
quasiparticle configuration in a deformed potenti
(b2'0.25), with two protons in thep@404#7/2 and the
p@514#9/2 and two neutrons in then@514#7/2 and the
n@624#9/2 Nilsson orbitals. In this coupling scheme, the e
tremely low value of the excitation energy of a four
quasiparticle state and thus the stability of the 161 isomer
results from a location of these Nilsson orbitals very close
the Fermi surface in178Hf and from the large and compa-
rable values of theirK quantum numbers. Due to the natur
of aligned quasiparticle Nilsson orbitals with nearly identic
quantum numbers one expects almost identical collect
properties for the rotational band, built on theKp5161 iso-
meric state and that on theKp501 ground state@6#. It is an
experimental challenge to verify these predictions for th
peculiar state. With this motivation the Hf isomer was pro
duced in the176Yb(a,2n) reaction@7# with the high intensity
4He beam~100mA! at 36 MeV of the U 200 Cyclotron at
Dubna. The 176Yb target material was superenriched t
99.998% at the PARIS mass separator of CSNSM in Ors
High purity chemistry methods were developed to recov
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the Hf isotopes from the target with an efficiency better tha
90% @8,9#. The long lifetime of the isomer allows collection
of material, preparation of targets, suitable for various e
periments in different laboratories. Studies with collinear la
ser spectroscopy in Orsay by Booset al. @10# yielded infor-
mation on the rms radius, the magnetic moment and t
spectroscopic quadrupole moment of the 161 isomeric state.
The deduced magnetic momentm I518.16(4)mN and intrin-
sic quadrupole momentQ057.2(1) b agree with theoretical
expectation@6#. In a (p,t) reaction study by Rotbardet al.
@11# the transition from the 161 four-quasiparticle state in
178Hf to that one in 176Hf has demonstrated significantly
reduced cross section, in agreement with expected block
due to the neutron-pair breaking.

To determine the moment of inertia of the rotational ban
built on theKp5161 isomeric state, inelastic proton and
deutron scattering@9,12# at tandem energies andg radiation
following Coulomb excitation@13# was studied in Munich
and at GSI, respectively. In these first experiments a targ
was prepared with only chemically separated Hf fraction
containing 2.131014 atoms of the isomer and also more tha
hundred times of other Hf isotopes, produced during the
radiation besides some other chemical impurities. In inelas
scattering of 22 MeV deuterons only a weak indication fo
the observation of a new excited state~tentatively assigned
as 171) at an excitation energy near 353 keV above th
1266 © 1996 The American Physical Society
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FIG. 1. Part of the spectra in 22 MeV deuteron scattering from different targets atu lab5100°. The energy calibration is calculated from
scattering on a mass 178 target.~a! was obtained using a target containing 2.131014 178Hfm2 ~161) nuclei, ~b! a 200mg/cm2 91.7%
enriched177Hf, and ~c! a 187mg/cm2 92.4% enriched178Hf target.
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161 state was obtained from a spectrum atu lab5100°
@9,12,15#. The result of Coulomb excitation, using a 4.77
MeV/u 208Pb beam of the GSI Unilac, determining more
precisely the excitation energy of this state as 357 keV,
presented in a paper parallel to this publication by Lubk
iewicz et al. @13#.

In this contribution, we report on a very recent experimen
of inelastic deuteron scattering, using a mass-separa
178Hf target, with an about 3% content of178Hf m2 ~161). In
spectra with about 6 keV full width at half maximum
~FWHM! linewidth we observe the 161→171 transition at
various scattering angles, determining the transition ener
asEx5356.560.4 keV and establish from the angular de
pendence the collective nature of this excitation.

II. EXPERIMENT

For inelastic scattering experiments at the Munich M
tandem accelerator we used the quadrupole–3 dipole~Q3D!
high-resolution spectrograph with a detection solid-angle a
ceptance of 10.9 msr and a multilayer focal-plane detecti
system@14#, providing particle identification, focal-plane re-
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construction@15#, and background reduction due to particle
selection. For 22 MeV deuterons, the detector accepts
range of excitation energy larger than 3 MeV with a line
width of 6 keV FWHM or better, depending on target thick-
ness, beam focusing, and long-term stability@16,19,20#. For
the various Hf isotopes we did first experiments using pro
ton, deuteron anda beams in the 100 to 500 nA range.
Because of the unavoidable contamination of the isomer
178Hf target by heavy nuclei, we had to exploit the known
kinematical energy shifts of the scattered particles at vario
scattering angles to obtain regions without lines from targ
contaminants in the relevant positions of excitation energy.
turned out that only for the scattering of deuterons near 2
MeV one can find ranges where background lines from targ
impurities are sufficiently low. In the following we discuss
22 MeV deuteron scattering only and we restrict the discu
sion to three experiments.

In the first we used as a target a non mass separated
fraction @called 1992 isomer target in Fig. 1~a!#, containing
2.131014 178Hf m2 ~161) nuclei electrosprayed on an area o
about 5 mm diameter on a 30mg/cm2 carbon backing@see
Fig. 1~a!#. The isomeric nuclei amount to about 3% of the
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FIG. 2. Energy-calibrated spectra atu lab568° for ~a! the mass separated isomer target,~b! the natural W target, and~c! the natural Ta
target~see Fig. 3 for details of the W and Ta contamination!. Spurious satellite peaks indicated by an asterisk results from detector rea
software@14,15#.
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178Hf content in the target, the177Hf content of the target
was even larger by a factor of a hundred compared to
isomer, and there were also some contributions from oth
Hf isotopes@11#, all produced in the (a,xn) reactions on
176Yb. The quantitative composition of the target has be
determined using x-ray measurement@17#. In addition, we
identified chemical impurities resulting from the chemica
separation process, the heaviest ones being Pt, Zr, and
~see below! @8,12#.

In a second experiment@18–20# @see Figs. 1~b! and 1~c!#
we studied the scattering from177Hf ~7/22) and from
178Hf ~01), using targets of evaporated Hf-oxide, 20
mg/cm2 for 177Hf, enriched to 91.7% and 187mg/cm2 for
178Hf, enriched to 92.4%, on 20mg/cm2 carbon backings.
Spectra were taken at laboratory angles between 15°
100° in2.5° steps~at full solid angle of the spectrograph!. In
these experiments the beam integration system and the
tector efficiency allowed absolute cross section to be det
mined with 2% relative and 5% systematic accuracy.

In the third experiment@18–20# @see Fig. 2~a!#, we used
an isotopically separated target produced at the CSNS
PARIS separator@8# by direct implantation into a 40
mg/cm2 carbon backing. Due to the production process, t
target is free of other Hf isotopes and thin enough to yie
the
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spectra with high energy resolution. In the mass separat
process at the focal plane, the beam spot of the178Hf 1 ions
was sharply peaked horizontally and had a vertical extens
of about 20 mm. A mask in front of the target limited the
possible active area of the target to less than 2 mm by 4 m
In the scattering experiment a horizontal deflection of th
deuteron beam with a width of 1 mm showed that the wid
of the target-material distribution is possibly more narro
than the width of the beam. We thus had incomplete overl
of the beam with the target. From the fabrication process t
178Hf m2 content is expected to be 3% of the178Hf (01)
content of the target. In the experiment we observed an
fective area density of 1.0mg/cm2 for 178Hf (01) and thus
0.03mg/cm2 for 178Hf m2.

III. DATA EVALUATION

A. Excitation energies

Figures 1 and 2 show part of typical spectra for inelast
deuteron scattering, obtained in the respective experime
They range from elastic scattering to an excitation energy
to 400 and 800 keV, including thus, e.g., the 13/22 or the
61 state of the ground-state rotational band of177Hf and
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178Hf, respectively. Note the logarithmic scale and the a
sence of unphysical background. The scales in all these sp
tra are calibrated to refer to the positions of respective ex
tation energies relative to elastic scattering from178Hf. Note
that the deuteron energies from elastic scattering from 01

state of 178Hf and from elastic scattering from the isomeri
161 state coincide. For the positions of all the strong lines
polynomial fit of second degree@16,20# and kinematical cal-
culations reproduce literature data within60.5 keV. Com-
pared to@9,12#, the calibration of the spectrum in Fig. 1~a!
includes the 13/22 transition in 177Hf, extracted from an
improved focal-plane reconstruction-technique@15#. The
spectra show the effects of target impurities. With the exce
tion of the mass-separated isomer target there are react
from the other Hf isotopes. Elastic scattering from these is
topes as well as from the isomeric state add up in the ela
Hf peak, causing for thicker target@Fig. 1~a!# some broaden-
ing and a shift due to the dominance of177Hf in this target.
This target also shows elastic and inelastic scattering from
and contributions from lighter elements like Zr and B
which do not show up in the energy range displayed in F
1~a!.

With the isotope-separated isomer target@Fig. 2~a!# we
observe contributions from W, Ta, Mo, and Cu. They resu
from some sputtering and migration process of these unvo
able materials in the mass-separator facility@8#. The width of
the lighter impurity lines in the (d,d8) spectra result from
kinematical broadening due to the63° acceptance of the
spectrograph. If the focal-plane reconstruction is arranged
reproduce elastic scattering of these very different masses
the target, then these broad lines sharpen up allowing
unique mass identification@20#. To correct for reactions from
Ta and W we measured on targets of natural Ta and W at
same angles and in identical kinematic conditions@18,19#;
Figs. 2~b! and 2~c! show the relevant spectra with the vertica
scale adjusted to match the relevant W and Ta lines in F
2~a!.

In Figs. 1~a! and 2~a! all peaks are identified and under
stood with respect to their peak positions and strength
comparison with reference spectra. The spectrum in Fig. 2~a!
shows an additional transition atEx5356.560.4 keV, which
is assigned to rotational excitation of the 171 state from the
161 isomeric state. In this range of excitation energy there
some overlap with the transition to theEx5364.0 keV 41

state in 184W, which has a comparable line strength as th
Ex5396.8 keV 41 transition in186W @see summed spectra a
61° and 68° in Fig. 3~a!#. Comparing the spectra of the
mass-separated target@Fig. 3~a!, top# and of the natural W
target@Fig. 3~a!, bottom# and their normalizations, using the
well separated 3/22 state of 183W @Fig. 2~b!#, we conclude
that the184W ~41) excitation represents 2565% of the peak
assigned to178Hf m2 ~171).

Taking into account the measurements at the three ang
u lab545°, 61°, and 68°~where the kinematical behavior of
contaminant lines provides reasonable conditions! we obtain
for the 161 to 171 transition a weighted average o
Ex5356.560.4 keV for the excitation energy. The individua
values agree within their uncertainties of60.6 keV. The ob-
servation of the 171 state atEx5356.560.4 keV is in agree-
ment with the observation of a peak near 353 keV from t
first target, which results from a superposition of the 171
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isomer state and the excitation of the 21
1 state in198Pt, which

is expected somewhat below 353 keV in the scale of178Hf
excitation. The determined excitation energy is very close
the 355.2 keV which results if a fit of all members of th
rotational ground-state band according to the extend
cranking model of Harris@21# is applied.

Searching for the evidence of a 181 state, we observed a
weak peakEx573762 keV. This observed excitation energ
is not far away fromEx573461 keV resulting for a 181

state if one assumes a constant moment of inertia in
isomeric band. The counting rate at the positio
Ex573762 keV exceeds that one for the excitation of th
Ex5748.3 keV 61 state in 184W @see Fig. 3~b!# and some
continuous background caused by the lighter contamina
56Fe and58Ni.

B. Cross sections and coupled-channel calculations

In Fig. 4 we show the experimentally determined angu
distributions of differential cross sections for scattering fro
178Hf, 177Hf, and 178Hf m2. The data are compared with ca
culations for the rotational band members 01, 21, 41,
61, 81 in 178Hf, 7/22, 9/22, 11/22, 13/22, and 17/22 in
177Hf, and 161, 171, 181 in 178Hf m2. Data of 177,178Hf
elastic scattering cross section are shown relative to the
therford cross section in order to display the reproduction
the absolute normalization. The data for the few lowest sta
of the ground-state rotational bands provide a clear patt
allowing the verification of the optical potential and defo
mation parameters used in the calculations. The data po
for the excitation of the 171 state in 178Hf m2 are obtained,
assuming a 3% content of metastable atoms in Hf and ma
ing the intensity of the observed 21

1 state of 178Hf with the
predicted cross section of the coupled-channel calculatio
In this way, we obtain an effective area content of
mg/cm2 for 178Hf ~01) and 30 ng/cm2 for 178Hf m2 ~161).
The data point atu lab5100° results from the first measure
ment, using the isotopic composition given in Refs.@7# and
@11#, and subtracting some cross section for the 21 excita-
tion, Ex5407.2 keV, in 198Pt, using the cross section rati
for 21 excitations of 194Pt and 198Pt from Ref. @22#, the

FIG. 3. Summed energy-calibrated spectra at 61° and 68°
the 178Hfm2 ~a! 171 and ~b! tentatively assigned 181 state region
~upper part! in comparison to contaminants~lower part!.



in

° and

1270 53S. DEYLITZ et al.
FIG. 4. Comparison of calculations in the coupled-channel approach with the experimental data:~a! optical parameters were extracted
a x2 fit to the 178Hf ~01) ground-state band data,~b! the calculations using these parameters are shown for the177Hf ~7/22) ground-state
band, and~c! for the 178Hfm2 ~161) band. For the 181 state the tentatively assigned cross section of the summed spectra at 61
68° is also indicated.
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isotopic abundance of natural Pt and the observed cross
tion for the 21 194Pt excitation in this spectrum.

The calculations of differential cross sections use t
method of coupled channels realized in the codeECIS90 of
Raynal @23# with the optical model of scattering from a
static, axially symmetric deformed nucleus with an intrins
orbital angular momentum projectionK along the symmetry
axis. Following the procedure for154Sm and232Th data of
Refs.@24,25#, we start out with ax2 fit of the 178Hf ground-
state band data using a global set of optical potential para
eters for deuteron scattering from Daehnick and Childs@26#
and collective deformation parametersb2 , b4 , andb6 from
Ogawaet al., obtained from 65 MeV proton scattering@27#.
We then allow small variations in the central potential~typi-
cally smaller than five percent!, varying potential strength
against potential geometry, and a 10% smaller value of
b2 deformation, which is consistent with the larger radius
the deuteron potential compared to the proton potential. T
ing into account the relation between isoscalar and elec
magnetic deformation parametersb2 and the demand for
constant deformation lengthb2r c @28#, our extracted values
agree with the electromagnetic one of Ref.@29#. The final
values of the parameters are given in Table I.

In the formalism of@30# the deformation of the radius in
the Woods-Saxon potential parametrization causes high
order transition terms, e.g.,l54 transitions from theb2
deformation. The coupled-channel calculations include
transitions up tol56 allowed by angular momentum cou
sec-
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pling, including reorientation terms. Coulomb excitation
included using the prescription of the Coulomb correctio
of the code. The typical Coulomb-nuclear interference min
mum could not be resolved because of the target-back
contribution of 12C and 16O in the relevant range of small
scattering angles. For178Hf we obtain a good reproduction

FIG. 5. Experimental values for the moments of inertia for th
ground-state band, the twoKp 5 82 bands, and the first transition
in theKp 5 161 band of178Hf. The excitation energies of the band
heads are given in parentheses.
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TABLE I. Results of thex2 fit to the 178Hf ground-state band data. Given in parentheses are the changes with respect to the par
set of Refs.@26,27#.

Real pot. Imaginary pot. Spin-orbit pot. Deformation

Depth VR590.75 MeV~-3.5%! WS50.603 MeV (60%! VLS56.69 MeV (60%! b2510.225~-8.9%!

WD512.87 MeV~15.8%! b4520.044 (60%!

Radius r 051.22 fm ~14.3%! r I51.281 fm~-3.3%! r LS51.07 fm b6510.007~116%!

r c51.3 fm (60%!

Diffuseness a050.746 fm~14.6%! aI50.808 fm~-12.6%! aLS50.808 fm (60%!
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of the elastic scattering and of the 21 and 41 cross sections
and a reasonable reproduction for the 61 and 81 states. This
shows that a valid parametrization of the scattering poten
and of quadrupole and hexadecapole transitions was obta
by only small variations of a well established set of param
eters. With the parameters from178Hf, we calculate the
Kp57/22 rotational band in177Hf, changing theK value
and the mass number only and obtain a perfect reproduc
of the elastic scattering and of the excitation of the 9/22 and
11/22 states. The somewhat smaller experimental cross s
tions of the 13/22, 15/22, and 17/22 might indicate a
smallerb4 deformation in177Hf due to the absence of one
7/22 neutron. It should be noted that the elastic scatteri
cross sections differ significantly between178Hf and 177Hf,
especially due to the additional incoherent contributio
from reorientation. The calculation for177Hf without any
parameter adjustment serves a check for theK quantum
number formalism to be treated correctly and that the qua
rupole deformation is similar in these two nuclei.

Figure 4~c! shows the same type of calculation for th
rotational-band members built on theKp5161 isomeric
state. Since the calculated@6# and observed@10# values of the
intrinsic quadrupole momentQ0 of the ground-state band
and of the 161 state are almost identical, we used the val
of b2 from the ground-state band also for the isomeric ban
For a better presentation of the experimental data, we sh
in Fig. 4~c! the elastic~161) and inelastic scattering cross
sections in the same scale. For the states connected to
lowest state of the rotational band by angular momentu
transferl52 in a single step~the 21 for 178Hf, the 9/22 and
11/22 for 177Hf, the 171 and 181 for 178Hf m2) one ob-
serves a significant decrease of the excitation cross sec
with increasing initial angular momentumJ. This is due to
the different orientation of the intrinsic and the rotation
angular momentum. The angular distribution of the 171

state has a pronounced oscillatory angular dependence re
duced by the experimental points. We take this agreemen
evidence forL 5 2 transitions with a strength that matches
K 5 161 transition fromJp 5 161 to Jp 5 171 and a
confirmation of the assumedb2 deformation.

The predicted counting rate of the 181 state of 20 events
agrees approximately with the observed 1064 events after
subtracting the events of the184W ~61) and the background
from elastic scattering by56Fe and58Ni.

C. Moments of inertia

From the difference of excitation energies

DE5
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between the initialJi and final stateJf moments of intertia
are derived.

A comparison of the moments of inertia of the differen
Kp bands is shown in Fig. 5. The moment of inertia in th
ground-state band is determined by superfluidity, increasin
moments result from modifications of the pair-correlate
properties with respect to the ground state@31#. This leads to
the higher moments of the two two-quasiparticleKp 5 82

bands and again the higher (2/\2) u value of 95.460.2
MeV21 for the 161→171 transition~about a factor 1.5 with
respect to the ground-state values in the low spin range! in
the four-quasiparticleKp 5 161 band. For the tentatively
assigned 171→181 transition we obtain approximately the
same value as for the 161→171 transition. The deduced
moment of inertia of the 161→171 transition agrees within
the errors with the one calculated according to Ref.@21#.

IV. CONCLUSIONS

High-resolution particle spectroscopy in inelastic deu
teron scattering established in178Hf m2 the 171 member of
the rotational band at an excitation energy o
Ex5356.560.4 keV above the 161 isomeric state and pro-
vides weak evidence for a possible candidate for the 181

state atEx573762 keV. The observed cross sections are i
agreement with calculations assuming the value for the is
scalar quadrupole transition matrix element the one deriv
for the ground-state band, in accordance with theoretical pr
dictions and with the measured spectroscopic charge quad
pole moment of the 161 state. The moment of inertia de-
duced from the 161→171 transition is about 1.5 times
larger than the moment of inertia of the ground-state band
the low-spin range.
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