


1. Introduction

In order to investigate the formation and decay processes of excited nuclei in
neutron induced reactions, a setup based on a 16-section NaJ(T)) scintillation gamma-
détector was created at the pulsed neutron booster IBR-30 of the Joint Institute for
Nuclear Research in Dubna' . This detector is"a version of the Romashka-type
detectors used by Muradyan? and it provides the possibility of measuring the gamma-
quanta and neutron multiplicity, neutron cross sections and their ratios with a high
degree of precision. The multiplicity spectrometry applied in coincidence with the time-
of-flight technique supplies broad information about the processes in the neutron
resonance energy region and especially the characteristics of the compound nucleus
resonance levels.

During the last few years a certain number of nuclei were investigated in
Dubna by the method of multiplicity spectrometry in order to obtain their resonance
parameters 3456, These experiments were based on the ‘technique of simultaneous
measurement in identical conditions of radiative capture and neutron scattering events
with the Romashka detector. An other purpose of our measurements was the search
for spin dependence of the neutron strength function in the energy region of the
resolved resonances.

The spin of the resonances was determined by the y-cascade multlphcxty
method” . The essence of this method is based on the fact that, except for transitions
between low-lying states, dipole radiation is predominant in the capture gamma
spectrum® . As a consequence, the spin change involved at each step of the y -cascade
is mostly zero or one. It seems then reasonable to assume that the average number of
steps per cascade should have a strong dependence on the difference between the
spins of the initial and final states. Consequently, we may say that the average number
of emitted gamma-rays per neutron capture, the probability distribution of the
multiplicity and average gamma-energy spectrum should be spin-dependent. In view of
this, it is worthwhile using a multidetector system in order to register simultaneously
most of the emitted y -quanta, i.e. the multiplicity of the gamma-quanta cascade.

The aim of this work was to determine the spin of the two series of states,
excited by low-energy s-wave neutron capture in an odd-neutron nucleus
177Hf(I =7/2), and to check whether the J=4 level density is changing above the 300
€V energy range. The other purpose was to evaluate the neutron strength function and
to search for the spin dependence of such a value.

The 7Hf nucleus is one of the examples, where an almost complete spin
determination of a large set of neutron resonances has been achieved® . In this paper is
shown a significant loss of levels above 180 eV for the J=3 series and above 100 eV
for J=4. The authors repeated the analysis of Ideno and Ohkudo'® and found that the
J=3 series shows a marked preference for positions separated by a characteristic
spacing of 4.4 eV, while the J=4 series is consistent with an uncorrelated distribution.
The attribution of the correlation found by Ideno and Ohkudo, and attributed by
Coceva to the J=3 series, suggests that this effect is of physical relevance, and it may

be considered as a symptom of a not yet fully statistical behaviour of the 178Hf levels.
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In view of this, it is desirable to study the spin of the U"THF resonances above
300 eV.

2, Method of analysis
To obtain the value sensitive to the spin of the levels let us consider the plot in
fig.1. This figure shows the frequency distribution of the y-cascade multiplicity
obtained in our experiment for the two spin values of s-wave resonances in target
Y7THF . It is evident from the plot, that the J=3 effect is stronger in the region of ml
and m2-fold coincidence, than the J=4 effect predominate in the region from m3 to
m6-fold coincidence. We define now the ratic R(J,E}) between the two sums, given
by the relation:
2 :
 SAmE)
R(J,Ep)= k=l M
> Anx(Ep)
. rllk=3 .
where A (Ep) is the peak area of the resonance with energy Ey in the time-of-flight
spectrum of mk-fold coincidence. As is obvious from the fig.1. , the ratio R is spin
sensitive and may be used-to deduce the spin of the resonances. This ratio may be
defined for separate time-of-flight channels:
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where Ny (E;) is the count per time channel, corresponding to the neutron energy
E,, in the time-of-flight spectrum of mk-fold coincidence.
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Figl. Frequency distribution of the y -ray multiplicity.

3. l‘fxperiment

The experiment was carried out at the IBR-30 booster of JINR, Dubna, used
to produce a pulsed neutron source. The booster was operated at an average beam
power of 10 kW, with neutron pulses 4 ps wide, at a repetition frequency of 100 Hz.
The neutron energy was determined by the time-of-flight technique on a 502 m long
flight path, so that the energy resolution was 8 ns/m.

The detector consisted of 16 independent NaJ(TI) crystal sections with a total
volume of 36 litres and geometric efficiency of 80%. The capture measurement was
performed with a sample of 3.34.10™* nuclei/barn of HfO, enriched up to a 85.4%
abundance. The sample was borrowed from the Institute for Nuclear Research and -
Nuclear Energy in Sofia - Bulgaria. The complete measuring time for determining the

spin of 1774f resonances was 150 hours.

4. Results

We assigned resonance J value in !77Hf between 20 and 310 ¢V, and our
result is in agreement with the data of ref!!, except the resonances 66.69 eV,
122.7 eV, 136.2 eV and 299.7 eV.
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Fig. 2. A spin determination of two strongly overlapping levels.




A particular problem is posed by the resonance at 66.69 eV. Although it looks
like a single resonance even in a high resolution measurements, its behaviour in spin
analysis belong to neither spin group. This resonance, assigned as J=3 in ref."’, has
been reanalysed by Coceva, using a shape fitting code and additional information from
capture gamma-ray spectra, and, also, by Stefanon and Corvi'2. According to these
authors, the resonance is a doublet of different spins and nearly equal contribution to
the capture area. Our investigation confirmed this fact. Fig.2 shows the behaviour of
the ratio R versus the channel number of the time-of-flight spectrum, i.e. versus the
neutron energy. That this peak results from a very close overlapping of two resonances
with different spins is evident.

" Moreover, we assigned the spin of the resonances between 300 and 700 eV.
In this energy region 76 resonances were observed (all available in BNL-325, and the
spin was determined for 74 of them (see tab.1).

Table 1. Energies and spins of "THF resonances.

EoleV] ] J [ EofeVl{ J | EoleV] | J | EoleVl] J
3024 [ (3) ] 3988 [(3)] 4722 [ 4 [ 5011 [ 4
307.0 | 3 | 4062 | 4 | 4750 | 4 | 596.9 [ (3)
3110 | 3 | 4088 | 4 | 4787 | 3 | 599.1 | (4)
3136 | 3 | 4129.| 4 | 4816 | (4) || 604.7 | 3
3199 | 4 | 4149 | 4 | 4886 | 3 | 6104 | 4
323.6 | 4 | 4188 | 4 | 4985 | 4 | 6125 | 4
3275 | 4 | 4261 | 3 | 5072 | 4 || 6189 | 4
3304 | 4 | 4292 | 4 || 5122 | 4 | 6255 | -
3334 | 4 | 4317 | 3 | 5207 | 3 | 628.7 | 4
3418 | 4 | 4336 | 3 | 5230 | 4 | 6332 | -
3487 | 3 || 4349 | (4) | 5255 | 3 | 640.6 | 4
3547 | 3 | 4359 | 4 | 5332 | 4 | 6464 | 4
3571 | 4 | 4434 | 4 | 539.1 | 4 | 6539 | 4
3623 | (4) | 4466 | 3 | 5413 | 4 | 6578 | 4
3675 | 4 | 4494 | 4 | 5486 | 4 | 6692 | 3
3707 | 4 [ 4538 | 3 | 5572 | 3 | 6765 | 3
3756 | 4 | 4574 | 3 | 5737 | 3 | 6847 | 3
3898 | 3 || 466.6 | 3 | 5774 | 3 | 6931 [ 4
3936 | 4 | 4708 | 3 [ 5819 | 3 [ 6966 | 4

The cumulative graphs of fig.3 show the same tendency as below 300 eV, i.e.
an apparent loss of levels. For instance, at 700 eV the J=3 staircase is 45 levels too low
with respect to the straight line, and the J=4 staircase is too low by 80 levels. The fig.3
substantiate the fact of a progressive density fall of the both series in the energy
interval between 100 and 700 eV. The ratio of the observed level densities in the range
from 0 to 700 eV, obtained by means of our spin identification (there are 6 spin

unassigned resonances) is (2J+1)*" =126, while the theoretically prediction is
@1+t =1.29.
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Fig. 3. Cumulative graph of 1784f tevels assigned to J=3 and J=4.

A direct evaluation of the neutron strength function from I}, data of ref.!! and

our spin assignment (below 20 eV spins of ref.!! was made for the complete energy
range 0-700 eV as well as for the partial energy ranges of 100 eV. The results are
givenin table 2. The errors in the table taken into account statistical errors and

Table 2. S-wave neutron strength functions of 177Hf for different energy intervals.

Energy interval So(J™=3") So(J™ = 47)
[eV]

0+100 96%23 3.831"(1)'.59% .
00+ 200 2.561328 191949
200+ 300 3567104 5809
300+400 | - 748 | 4243330
400+500 | 4.043% 3.16553)
500 + 600 227381 547549
600+ 700 9533 3.361233
0+300 2.691063 2.20433
300+ 700 250103 3,0810.82

[ o700 T 2568 | 27083 ]

the fluctuations in the evaluation of I},. In the present analysis the capture areas of the
unresolved doublet at 66.69 eV and of the other resonances with unassigned spin have
been attributed to equal parts to two groups with J=3 and J=4. The strength functions
for the two spin series, as calculated from the complete energy range 0-700 eV, were
found to be coincident within the errors. However, the strength function for J=4
shows a significant energy dependence. For instance, in the intervals 100-200 eV and



* 300-400 eV, there is a change by more than a factor of three. The high value of the
strength function for J=4 in the intervals 0-100 eV and 300-500 eV is caused by very
strong resonances in these intervals.

In the plot (fig.4.) of the cumulative sum of the reduced neutron widths, one
can see an apparent change of the slop of the staircase for J=4 and abrupt ascents
separated by a constant intervals of 300 eV. As it is shown by Rohr and Weigman13 in

the energy interval below 300 eV, such ascents could represent narrow "intermediate”
structures with a spreading width.
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Fig. 4. Cumulative sum of reduced neutron widths as a function of energy.

5.Conclusion

The spin has been determined of the 180 resonances of !’ Hf up to 700 eV,
excluding 6 weak levels. New experimental data is obtained on ‘the spin of the
resonances between 300 and 700 eV. The results of this work once more shown the
possibility of ‘the y-ray multiplicity method for determining the spin
of the resonances, even in the case of strongly overlapping levels, such as those at
66.69 eV. A direct evaluation of the neutron strength function from I, data of
BNL-325 and our spin identification is made for the complete energy range 0-700 eV
as well as for partial energy ranges of 100 eV. Our results confirm the nonstatistical
behaviour of the !73Hf levels. We have observed a progressive density fall and a
statistically significant energy dependence of the strength function for J=4 in the energy
interval between 0 and 700 eV. It is therefore necessary to carry out an experiment to
investigate the statistical behaviour of the strength in the energy region of the

- unresolved resonances.
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