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Average magnetic moments of pre-yrast high spin states if®®-16Hf
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The average magnetic moments of high spin states in Hf isotopes were determined in a transient
field measurement at the 14 MV Koffler accelerator of the Weizmann Institute. The reaction
0Te(*%Caxn) 1616Hf at beam energies from 167 to 182.5 MeV was used to populate different high spin
regions and provide the recoiling Hf nuclei with sufficient velocity to traverse the 2.9 nfg@unferromag-
netic layer. Standard double ratios and angular distributions for various low level transitions were measured to
determine precession angles. These carry information regarding the agefag®r of unobservable transi-
tions at medium excitation. To obtain a more quantitative analysis regarding the time-decay historyyof the
cascade, Monte Carlo simulations of the cascade were carried out. The significance of the results for under-
standing the single particle nature of these pre-yrast levels is discussed.

PACS numbsgs): 21.10.Ky, 23.20.En, 25.70.Gh, 27.7Q

. INTRODUCTION 1724f, must therefore be considered only as tentative. This
experiment was reanalyzed later using a more realistic TF
The measurements @f factors play an important role in parametrizatiofh8], yielding g factors of 0.168) and 0.317)

nuclear structure physics since these moments probe mostigr *°®Hf and *"2Hf, respectively. It is of much interest to
the single particle degrees of freedom. In particular, meameasure magnetic moments of Hf isotopes, especially in the
surements of magnetic moments of high spin levels are serighter transitional region, with better accuracy using the TF
sitive to the dramatic changes in nuclear structure which takéechnique with a thin ferromagnetic layer and a nonmagnetic
place due to single particle alignment. As an example, thé&topper.
measurements off factors of high spin states if*®Dy,

238y, and 238Th using the transient fieldTF) technique have Il EXPERIMENT
unambiguously determined the role of neutron and proton
alignment in the structure of the backbending redibr®]. The reaction*°Te(*°Ca,4n) 1%Hf was used to populate

Hf belongs to the rare earth elements for which high spirhigh spin states in thé®®Hf nucleus. Measurements were
states have been the subject of intensive research in recetarried out at beam energies of 167.5, 170, 175, 180, and
years[3-5]. As in most rare earth isotopes, the nuclei of 182.5 MeV (see below. The main features of the vacuum
some Hf isotopes are deformed. As the deformation dechamber and the target structure are presented in Fig. 1. A
creases with neutron number approaching magic number 82,9 mg/cnt gadolinium foil was prepared by rolling, fol-
the backbending curve associated with the interaction of theowed by annealing in high vacuum. An off-line magnetiza-
yrast ground band and the aligned band becomes more prtion measurement yielded 89% of the saturation value for
nounced due to smaller interband interaction strength. Thgadolinium at 100 K in an external field of 0.04(Fig. 2). A
isotope °%Hf, with 94 neutrons, lies at the beginning of this thin gold layer(500 xg/cm?) was evaporated on one side of
transitional region between the deformed and sphericaihe gadolinium foil and this side was pressed onto a clean,
shape; it exhibits backbending but not as sharp as for ththick 25 mg/cnt gold foil. The tellurium layer of 700
lighter isotopes[5]. The purpose of this publication is to ug/cm? was evaporated on the other surface of the gado-
probe for similar phenomena of neutr@proton alignment  linium foil. Simulation of the target assembly using thieim
for pre-yrast levels at medium excitation via the determina{9] code shows that about 95% of the recoils traverse the
tion of their average magnetic moments. gadolinium ferromagnetic layer. The remaining 5% could ex-

The transient field is the only method available for mag-perience also the static field of Hf in gadolinium but this
netic moment determination of such short lived nucleareffect is negligible compared to the transient-field preces-
states. This technique makes use of the large hyperfine intesion. The magnetization of the three-layer target was mea-
action experienced by fast nuclei traversing a ferromagnetisured before and after the ion beam bombardment to check
material[6]. The first attempt to measure the magnetic mo-for possible changes due to diffusion, alloying, and radiation
ments of such levels in Hf isotopes by applying TF wasdamage. No change with respect to the initial magnetization
carried out by Skaalét al. in 1975[6]. The ferromagnetic was found.
foil used for these early experiments was thick, causing the The target was mounted on a thin layer of boron nitride,
recoils to stop inside the ferromagnet and experience thattached to a cryogenic copper cold finger. This arrangement
static hyperfine field in addition to the transient field. Also, provided good thermal contact and electrical isolation from
the Lindhard-Winther theory7] was used to interpret the the cryofinger for monitoring the current on the target. The
results, contrary to standard recent parametrizatisae be- external part of the cryofinger was immersed in a Dewar of
low). The small values of thg factors of pre-yrast levels liquid nitrogen. The temperature of the cooled target was
which were obtained, 0.0%) for %8Hf and 0.144) for = measured by a thermocouple to be 85 K. The large cold
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FIG. 1. The TF chamber and
the target structure.

surface of the cryofinger served to improve the vacuum irrithmic slope of the angular distributiof®5° and 125° with
the chamber6x 10~ ® mtorr) and reduce the accumulation respect to the beam axisTen Nal detectors served as a

of cracked hydrocarbons on the target surface.

multiplicity filter to reduce background in the Ge spectra due

The ferromagnetic gadolinium was polarized by an exterto contaminant lines from Coulomb excitation, activity of

nal field of B=0.06 T in the 8 mm gap of an electromagnet. reaction products, and reactions with surface impurities. Two

The direction of the polarizing field, and hence the transientouting signals from the electromagnet controller unit indi-

field, was changed every 3 minutes by reversing the currentated the two directions of the external field. Thus, two spec-

in the electromagnet coil. This procedure allowed the doubléra corresponding to “up” and “down” field directions were

ratios (see belowto be constructed.

Decay y rays were detected in four, 25%-efficient, Ge ment.
detectors surrounded by Nal anti-Compton shields. The de-

tectors were placed in the horizontal plane, perpendicular to

the direction of the magnetic field, at angles of large loga-
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FIG. 2. Magnetization of the gadolinium foil in an external field Eye,,=170 MeV with a multiplicity condition ofM=2. The two
of 0.04 T. The error bar of about 3% is mainly due to the uncer-transitions from'®®Hf, 215 and 381 keV, are more prominent at the
higher beam energies.
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TABLE |. The angular distribution coefficient8, and A, of
ground band transitions iffHf.

22 2l ———

Transition Energy A, A,
T (keV)
N D 2t 0" 159 0.38-0.06 0.07-0.07
4+ 2t 312 0.29-0.05 0.02-0.07
s 67— 4% 427 0.25-0.05 -0.02:0.035
oy 8t 6° 509 0.18-0.06 -0.01-0.01

_ 4634
12

L The extracted angular distribution functio¥y 6) was fit-
10 ___ ted by Legendre polynomials of second and fourth order:

ﬁ*‘”““z W(8) = Ag[ 1+ A,P,(cosd) + A,P,(cosd)].

The results are summarized in Table I. The 509 keV transi-
tion exhibits a less anisotropic angular distribution due to the
unresolved contribution from the positron annihilation radia-
tion. Thus, angular distribution coefficients are averaged
over the 159, 312, and 427 keV transitions, yielding
A,=0.295-0.03 and A,=0.01+0.03. These coefficients
yield a value of

166 1 dwW(o)
Hf S= W) do - 0.41+0.02
und . . .
and for the logarithmic slope at 55° where the precession mea-
surements were carried out. To verify that the angular distri-
FIG. 4. The level scheme dftHf (see, e.g., Ref5]). bution does not change significantly with beam energy, three
Il RESULTS short runs at different beam energies were performed, mea-

suring the ratio of the line intensities, unnormalized by de-
A. The reaction spectrum tector efficiency, between two detectors placed at 30° and
g0° (Table 1l). The 30° to 80° ratio is a good measure of the
‘angular distribution, and the sloj® of the lines used in the
precession analysis and it is evident that this ratio is constant
spectrum of the reaction under conditions of multiplicity With €nergy within the Sors. Avery similar 30° to 820 ratio
M=2 is shown in Fig. 3. The level scheme &féHf is  Was also obtained for%%Hf. Since the statistics for8%Hf
shown in Fig. 4[5]. The high intensity of the 8— 6+ were Im_uted, it is _thus reasonable to use the same ar_1gu|ar
transition at 509.6 keV is due to contributions from the pos-distribution coefficients, measured f6FH, for the analysis
itron annihilation line at 511 keV, the 15— 13~ transition  Of the precession data for this nucleus too.

of sideband 1(sbl) and, at the higher energies, the

25/2*— 21/2* from 8%Hf. A higher multiplicity condition C. Precession measurement

v_vould be needed to further suppress the positron annihilfation Standard double ratios were formed for backwétct)

line. There are also some other unresolved doublet Imesand forward(2,3 detectors:

13" — 117 (sb) and 14 — 12~ (sh?, 13~ — 11~ (sb) '

and 14 — 12~ (sb?, 18— 16" (sb and 17 — 15~ N(6;)TN(8))] 12

(sb1), 18" — 16" (gb) and 20" — 187 (sb). The strong 279 Pij:<W)

and 548 keV transitions are due to Coulomb excitation of the ! !
gold backing which was not sufficiently suppressed by the TABLE II. The raw | 5-/1 g¢- ratio as function of beam energy.

M= 2 muIFi_pIicity cgndition. The two lowest ground state Thjs ratio is unnormalized by detector efficiencies and serves to
band transitions of'®*Hf [5] at 215 and 381 keV, respec- demonstrate the constancy, within the quoted errors, of the angular

tively, from the 13°Te(*®Ca,5n) channel start to increase in distribution.
intensity at energies higher than 170 MeV.

The average Ca ion current on the target was about 0
particle nA. The current had to be kept below 2 particle nA
to avoid evaporation of the thin tellurium layer. A typical

Beam energy I 30¢/1 gge | 30¢/1 goe
B. Angular distribution (MeV) 1884 (312 + 426 keV) 16%4f (381 keV)
The angular distribution was measured at the beam energy 170 1.87-0.06 1.64-0.15
of 170 MeV at six angles 360°, 330°, 300°, 295°, 265°, and 175 1.84r0.06 1.97-0.11
235° for four ground band lines df®Hf: 159, 312, 427, and 180 1.92+0.04 1.92-0.06

509 keV.
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TABLE Ill. The precession of individual transitions f& ,eam= TABLE V. Results ofg factor measurements df>16Hf.
170 MeV.
Epeam € Af g
Transition EnergykeV) ex107®  (MeV) 1073 (mrad
2t— 0% 159 8.3+ 3.8 1664
47— 2% 312 10.1* 3.1 167.5 10.61.3 —25.9+3.2 0.233)(2)
67— 4% 427 10.0+ 3.4 170 9.6:1.7 —23.4+4.1 0.214)(2)
10*— 87 565 10.3*+ 6.8 175 7.6:0.9 —18.5+2.2 0.162)(2)
12*— 107" 595 4.7+ 7.1 180 9.6:1.4 —23.4+3.4 0.213)(2)
14*— 12* and 16" — 147 439, 443 11.7+ 6.8 182.5 10.1-1.6 —24.6-3.9 0.223)(2)
11— 9~ 418 8.2+ 85 165§
137 — 11~ 465 15.0+ 8.1 175 5.8:2.7 —-14.1+-6.6 0.136)(1)
180 7.6:2.2 —18.5+5.4 0.175)(2)
182.5 5424 —13.2-59 0.125)(1)

whereN(6;)T,N(6;)| are they counts in detector with the
external field in the “up” and “down” directions, respec-
tively. The double ratios do not depend on the detector effisjon data for the individual transitions is marginal, but the

ciency or beam intensity fluctuations. Calculating the averstatistical sum of all lines has adequate accuracy. We obtain
age double ratio

€=0.01005-0.00155

P23 vz
:(13_14 and the consistency checks yield
one can determine the angular precesgighby p13=0.996+0.004, p,,=0.9965+0.004.
Ag=S"te Measurements with a warm targe@to magnetizationwere
carried out periodically during the experiment and yielded
where double ratios consistent with unity, as expected.
1 The results of similar measurements f67-*Hf at vari-
6:’)_ ous beam energies are presented in Table IV. The quoted
ptl errors on theg factors are the statistical and systematic er-

rors, respectively. It is important to note that the comparison
of different beam energiesee below does not depend on
the systematic errors associated with the TF parametrization.

is the precession effect arélis the logarithmic slope. The
double ratiosp,3 and p,, are expected to be equal to unity
and serve as consistency checkgy factor is deduced from
the measured angular precession angteusing the Chalk

River TF parametrizatiof8,10]: IV. DISCUSSION

A. Monte Carlo simulati
B(v,Z)=297v/veexp — 0.135/vo)[ T] onte Tarlo simulations
The TF precession carries information regarding average

wherev, is Bohr velocity ¢ = ac) andZ is the atomic magnetic moments of the ensemble of states which are popu-
number of the recoiling nucleus. The uncertainty in the THated within the narrow time window defined by the passage
parametrization is of the order of 10%. The use of the alterof the recoiling nuclei through the gadolinium layer. Monte
native Rutgers parametrizatiqdQ] did not affect the ex- Carlo simulations were carried out to map the decay cascade
tracted precession angles to any significant degree. The cdit1,12. The first step in this procedure is an estimate of the
responding precession angle in such a field is means and widths of the nuclear spin and energy distribu-
tions after the evaporation of the last particle. The average
spin of the compound nucleus after the reaction was esti-
mated using a classical black sphere model, taking into ac-
count the energy loss of the beam inside the target. The
wheredE/dx is the stopping powefin MeV mg~tcm?) in  evaporated neutrons carry away, on average, one half unit of
gadolinium,p (in g/cm?®) is the density of gadoliniumA is  angular momentum. The initial excitation energy was taken
the atomic masg; is the speed of light, anB is in units of  just below the neutron separation energy, about 6 MeV above
tesla.v, andv o are the entrance and exit velocities, re-the yrast line at the entry spin value. Thecascade proceeds
spectively, of the Hf nuclei in the gadolinium layer. from the entry distribution, governed by competition be-
The double ratiop = (p,3/p14)/? of the individual lines tween statisticaE1’s and collectiveE2’s. TheE1 decay is
were measured at several beam energies. As an example, wetermined by the level density parameter and jhey
present here the results fdfHf transitions at the beam strength function. The first part of the statisti&l cascade
energy 170 MeMTable Ill). The 8" — 67 509 keV transi- takes place before the recoiling nuclei reach the ferromag-
tion is not included because of the annihilation radiation connetic layer as the mean time of the |&t y ray before the
tribution and interference from the 2572— 21/2* 509 keV  first E2 vy ray is about 40 fs. Th&2 decay is determined by
transition in the®*Hf isotope. The accuracy in the preces- a moment of inertiaZ ~732 MeV ~! and a quadrupole

Aaz1.487(gA/pc)fv”“‘B(U,Z)(dE/dx)*ldv
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FIG. 5. (a) A schematic illustration of the/-decay history and recoil kinematics inside the targeEat, =170 MeV. (b) The pictorial
illustration of the Monte Carlo simulations for three beam energies; for each case the entry distribution and region of the quasicontinuum
cascade termination are sketchiede text

momentQ =~ 6 eb [13]. The quasicontinuum cascade is the measurements are shown in Fig. 6. The reduction af the
terminated when the excitation energy above the yrast line ifactors in 1%Hf compared with the collective rotatiay fac-
less thanU,~ 1.5 MeV, where the discrete level structure tors of 2 levels which range from 0.27 to 0.35 for rare earth
first appears and the quasicontinuum approach is no longewclei[15] indicates an appreciable contribution of aligned
valid [14]. The mean time until the termination of the quasi- neutrons, for example from the,,, orbital for whichg; =
continuum cascade is about 300 fs. The connection between

the decay history of the cascade and the recoil kinematics

in the target is sketched schematically in Fig. 5. The results 03 - ,
of simulations are given in Table V. The nuclear spin and
excitation energy inside the gadolinium layer are denoted as
lgqg and Egq. It is important to note that the Monte Carlo
calculations depend necessarily on the assumptions of the
model and on the values of the parameters above and are |
therefore meant only to guide the examination and discusg %

024 | 15 f |

sion of the experimental results.

g fact

165

0.12 - Hf

B. Conclusion

The magnetic moments of a “warm” nucleus at an exci-
tation energy of about 1-1.5 MeV above the yrast line were
measured at a number of beam energies, corresponding to

various excitation energies in the final nucleus. The results of 4, . ‘ ;
165.0 170.0 175.0 180.0 185.0
Beam energy [MeV]

TABLE V. Results of Monte Carlo simulations fdf®Hf.

Ebeam (entry) (E entry l o Ecd FIG. 6. Measuredy factors of 16%16Hf. For 5%Hf, we present
(MeV) () (MeV) (h) (MeV) results at three energies: the averageEgf,, = 167.5 and 170
MeV, 175 MeV, and the average & .,, = 180 and 182.5 MeV,
169 19 10.9 18-15 6-4  respectively. The line connecting tH&%Hf points is to guide the
175 29 14.6 27-22 8.5-6.5 eye. The result fot5®Hf is an average of the highest three energies.
181 38 19.4 35-27 11.5—-8 The plotted errors are statistical only as the systematic error is com-

mon to all points.
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—0.16[15] or from otherj=1+1/2 orbital with similarg  the role of the unpaired;s, neutron in the structure of high
factors. In particular, the data suggest a significant reductioPin levels at medium excitation.
of theg factor atEpe,m= 175 MeV. As smalleg factors are There are several previous measurements of average mag-
associated with an enhanced neutron contribution to the totR€IC_moments of high spin levels n .th's. mass region
spin of the levdls) under study(22—-27%, see Table V and 2,16-20. In'ger)eral, loweg factor;, |nd|cat|n_g enhancgd
Figs. 5 and & this observation calls for additional experi- neutron contrlbutlon_ to th_e total spin f(_)r medium anq high
mental and theoretical work in order to achieve a better unSP" states, are exhibited in those studies as well. This trend
. . seems to form a rather general rule and as such calls for a
dgrstandmg Of. the. systgmaths .Of neutrgn and/or .prOtoT)etter theoretical understanding of this phenomenon.
alignment in this spin region. Similar experiments on lighter
Hf isotopes, with the more pronounced back bending in their
yrast bands, are currently in progress.

The results for'®Hf do not allow comparison between  We wish to express our gratitude to Mr. Leo Sapir for his
the various beam energies due to poor statistics and we quogkillful target preparation. We would like to thank Professor
only an average for the three highest energies. The signifiS. Reich and Dr. T. Godin for measuring the magnetizations
cantly smallerg factor of *Hf could be simply explained of the gadolinium foils and Dr. T. Lauritsen for his assistance
by the existence of an additional unpaired neutron as cormin running the Monte Carlo code. We thank Mr. Igal Shahar
pared to the!®®Hf isotope. A recent experimefit6] with the  and the Koffler accelerator crew for their help during the
EUROGAM-I array on'®*Hg yielded similar results for sev- experiment. This work was supported in part by the Minerva
eral bands in this odd-neutron nucleus, also demonstratingoundation.
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