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New high-K isomers are populated in 180J81J82Hf nuclei via inelastic excitation and

transfer reactions, using pulsed 238U beams on Hf targets. The new data explore K-
hinclrances for different multipolarities and the role of residual spin-spin interactions for
multi-quasiparticle (qp) configurations at the neutron-rich edge of the @-stability line. The
mapping of 4-qp K-isomers in the AN 180 region is extended into neutron-rich territory.

1. MOTIVATION AND EXPERIMENT

One of the more potent arenas where the K quantum number can be studied up to

high angular momenta is the A=180 region, where both neutrons and protons can occupy
high-ft orbitals simultaneously. The Hf nuclei, in particular, provide textbook examples

176Hf (tl/2 = 43ps) and theof multi-qp K-isomers, such as the 6-qp W = 22– isomer in
classic 4-qp W = 16+ isomer (tl/2 = 31 years) [1]. Long-standing predictions [2] of high-

K isomers in AZ 180 Hf nuclei (where 180Hf is the heaviest stable isotope), however, have

remained untested for almost two decades, since fusion reactions with stable beams and

targets are ineffective for producing neutron-rich nuclei at high spins. Recent progress

in experimental techniques using inelastic excitation and transfer reactions with heavy
beams [3] has motivated our current exploration of the neutron-rich Hf isotopes [4].

Prior information on K-isomers in the AZ 180 even-Hf nuclei was restricted to long-lived
2-qp 8- states, known from ~-decay studies in 180J82Hf [1] and a recent transfer reaction
study in 184Hf [5]. In our study, a 1.6 GeV 238U beam, provided by the ATLAS facility at
Argonne National Laboratory, was incident on thick Pb-backed targets of natural Hf as
well as isotonically enriched 180Hf. A sweeper was used to switch the beam micropulses

(82.5 ns separation) off and on in three different time periods (1.65, 165 and 1650 ps),
wit h an on:off ratio of 1:4. The ~ rays were detected only in the beam-off intervals by

the 12 CSG detectors of the Argonne-Notre Dame BGO array. For each ~ ray in an

event, the energy as well as the time with respect to the master trigger (first Ge detector
firing in the beam-off interval) was recorded. In addition, an electronic TAC, started by
the beam-sweeper pulse and stopped by the master trigger, was used to tag each event.
Time spectra for individual ~ rays from this TAC were used to measure half-lives. Decay

schemes of isomers were deduced from -p-y coincidences.
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with (without) shield hits are labeled ‘rock” ( “goldn) events. The quality of the flavour assignmentwas measured

using the Monte Carlo data. We found that 87% of events assigned as tracks have muon flavour and 96% of showers

electron flavour.

The majority of the events classified as contained are due to the interactions of neutral particles (neutrons or

photons) produced by muon interactions in the rock around the detector. Calculations show that only a few percent

of such events will not have an accompanying charged track traversing our shield, which was placed as close to the

cavern wall and as far away from the detector as possible to maximize the probability of detecting the accompanying

charged particles. The efficiency of the shieId has been measured using cosmic ray muons detected in the main

detector. It ranges from 81% during the early data runs before the geometrical coverage was complete to 93% at the

end of this data period. Also, 8.9% of Monte Carlo events had a random shield coincidence.

Our large sample of rock events enables us to investigate this potential background by studying the depth distri-

bution of the events in the detector. This allows us to simultaneously measure any backgrounds due to either shield

inefficiency or contained events due to neutral particles entering the detector without being accompanied by charged

particles in the shield. Neutrino events will be distributed uniformly throughout the detector, while background events

will be attenuated towards the center. We define a measure of the proximity of the event to the detector exterior by

calculating the minimum perpendicular distance from the event vertex to the detector edge.

In using the depth distribution of the rock events to correct for background, we note that the measured flavor ratio

as a function of shield multiplicity is observed to be a constant value of 0.76 & 0.07. We then correct the track to

shower ratio in the data by fitting the track and shower depth distribution to a sum of those in the rock events and

Monte Carlo, constraining the flavor ratio of the rock events to its observed value. The result of the fit gives the

corrected neutrino induced rate of 83.6 tracks and 119.7 showers. From this we calculate R = 0.66 + 0.11, where the

error includes the statistical error on the data, the statistical error on the Monte Carlo, and the error on the fit.

TABLE I. Classifications for the contained events before corrections.

Track Shower
Data: gold 105 159
Background corrected “v” 83.6 119.7
MC 847 805
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III. THE HIGH RESOLUTION SAMPLE

If the low value of R is the result of neutrino oscillations, the L/E distribution will be sensitive to Am2. The

ability to identify an oscillation signature in an L/E distribution is mainly limited by the measurement of the incident

neutrino direction. The neutrino directional measurement is smeared by detector resolution, target Fermi motion,

and the failure to image all final state particles. We have found that by placing energy cuts on the data, we can

obtain a subsample of events which have the potential for good directional measurement, and hence better sensitivity

to oscillation parameters. In Soudan 2, the identification of a recoil proton greatly enhances the ability to identify

the neutrino direction. The cuts that isolate this sample are:

● Tracks and Showers

Ptept > 150Mev/c if a recoil is present

~tept > 6ooMev/c if no recoil is present

● Multiprongs

E,i, > 700MeV/c

pwi8> 450MeV/c

pw > 250Mev/c

Because it has the highest statistics with the lowest systematic error, the quasielastic sample is the best sample with

which to make the hypothesis test, “Is there an atmospheric neutrino anomaly?” The high resolution sample includes

about 4070 of the quasi-elastic events, but also most of the high energy multiprongs. This sample is preferable to use

for neutrino oscillation parameter measurements, which depend on L/E resolution. The zenith angle distribution of

the highresolutionsample is shown in Figure 1. The VP deficit is clearly seen at all zenith angles.
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FIG. 1. The zenith angle distribution of the data (points), neutrino Monte Carlo without oscillations (dashed line) and the
rock background (shaded). The upper curve is for VPevents and the lower curve for u=‘s. The rock and Monte Carlo curves
are normalized to”the data.

For the high resolution sample the flavor ratio is R = 0.52 & 0.09. This lower value of the ratio is consistent

with our value from the quasi-elastic sample, but is inconsistent with the possible value 0.75 at 90% CL. This value

implies a higher value of Amz just because neutrinos from both sides of the earth have to be contributing to the VP

disappearance. This conclusion is born out by the L/E fits.

In Figure 2, we show the L/E data for both Vfi and v. without oscillations. In Figure 3, we show the VP data with

oscillation fits for maximal mixing and Am2 = 10-3eV2 and 5.0 x 10–3eV2. In Figure 4, we show the v~ data with

a oscillation fits for maximal mixing and Am2 = 1.1 x 10–2eV2 and 10-leV2. Am2 = 1.1 x 10-2eV2represents our

best fit, but the value of X2 for larger mass values does not give a bad fit. However, values of A~2 below 10-3eV2

are ruled out.
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FIG. 2. L/E dktributions for VBCC and V. CC background subtracted data (crosses) and the Monte Carlo expectation
without oscillations (dashed histogram). The MC is normalized to 4.2 kiloton-years data.
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FIG.3. L/E&wtribution forvPbackground subtracted data tith Monte Carlo expectation for Am'= l.0x10-3eV2 (top)
and Am2 = 5.o x 10–3.V2 (bottom)
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FIG. 4. L/E distribution for UPbackground subtracted data with Monte Carlo expectation for Am2 = 1.1 x 10-2eV2 (top)

and Am2 = 1.0 x 10–1 eV2 (bottom). 1.1 x 10-2eV2 is our best fit for sin2 (26) = 1.0.

IV. CONCLUSION

Soudan 2 measures a neutrino flavor ratio R = 0.66 + 0.1 l(std) inconsistent with expectation, but consistent

with the interpretation of neutrino oscillations VP a VT in atmospheric neutrinos. A data sample with good angular

resolution does not show a zenith angle effect, giving the oscillation parameters Amz > 10-3eV2 for sin2(20) = 1.
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