November 1967 KFK 705

Institut fir Angewandte Kernphysik

A Study of Neutron Resonances of Vanadium and Manganese

G. Rohr, E. Friedland

CGESELLSCHAFT FUR KERNFORSCHUNG M. B.

KARLSRUHE



https://core.ac.uk/display/197579674?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1




Nuclear Physics A104 (1967) 1—16; @ North-Holland Publishing Co., Amsterdam

Not to be reproduced by photoprint or microfilm without written permission from the publisher

2.C

A STUDY OF NEUTRON RESONANCES OF VANADIUM AND MANGANESE

, G. ROHR and E. FRIEDLAND ft
Institut fiir Angewandte Kernphysik, Kernforschungszentrum Karlsruhe 1t

Received 10 July 1967

Abstract: Total neutron cross sections up to about 200 keV have been measured for vanadium and
manganese. A multi-level formula was employed to compute the resonance parameters. Spins
were assigned to 21 levels in vanadium and 42 in manganese.
The distribution of level width obeys a Porter-Thomas distribution only in the case of man-
ganese; possible reasons for the deviations observed in vanadium are proposed.
The most probable strength functions were computed as (8.2*%2) - 10~ for vanadium and

(3.1£%9) - 10~* for manganese.

For both nuclei no spin dependence of the strength function is found; unfortunately the
statistical uncertainty of the strength functions for different spin values cannot exclude a
(2J+1) dependence. In the case of vanadium it can be shown that intermediate structure effects
may influence very strongly the result for the spin dependence of the strength function in

different energy intervals.
For manganese, a spin cut-off parameter of 2.53%7 from the reasonance parameters was

0.3
deduced.

1. Introduction

Total neutron cross sections in the keV region are of considerable interest for
the theory of nuclear reactions. Nevertheless, the existing data are still quite un-
satisfactory due to the difficulties of high-resolution spectroscopy in this energy range.
Most experimental data on s-wave neutron strength functions in the medium-mass
region are based on a small number of resonance parameters measured over a limited
energy range only. As the neutron strength function must be considered as a statistical
property of the nucleus, these determinations suffer from large uncertainties and might
be seriously affected by an intermediate structure.

To get reliable values for the strength function, it is not only necessary to determine
a sufficient number of resonance parameters but also to do this over an energy range
large enough to average out any possible intermediate structure effects; this is especi-
ally important if the spin dependence of the strength function is to be investigated, as
doorway states might cause accumulation of resonances with the same spin at certain
energies.

A study of a large number of resonances in a particular isotope would further yield
valuable information on the statistical properties of excited levels and allow the
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2 G. ROHR AND E. FRIEDLAND

direct determination of the spin cut-off parameter appearing in the statistical model of
the nucleus.

Firk et al. '), have measured the parameters of six resonances of vanadium up
to 25 keV. Measurements at higher energies were performed with the cyclotron of
the Columbia University by Garg et al. *). Spin values have been assigned for six
resonances between 20 keV and 100 keV by these workers. The cross section between
30 keV and 70 keV was also measured by Morgenstern et al. ®) using the linear
accelerator at Saclay. No spins were given in this case, only the resonance energies
were tabulated.

Manganese too has been investigated by the latter two groups. The Columbia
group gives spin values for 16 resonances with energies up to 60 keV, while the Saclay
group determined the spin values of 14 resonances between 10 keV and 74 keV.

It was the intention of this work to measure the cross sections of vanadium and
manganese up to about 200 keV with sufficient precision to allow the determination of
all major resonances in the energy range covered.

2. Experimental method

The total neutron cross section was measured by the time-of-flight method em-
ploying a 3 MeV van de Graaff accelerator producing 1 nsec pulses. The neutrons
were generated in a thick lithium target by the (p, n) reaction. Up to about 60 keV,
a boron slab, viewed by four scintillation crystals perpendicular to the neutron beam,
was used together with a flight path of 6.2 m. At higher energies a proton recoil
detector at a distance of 10m from the target was employed. A more detailed
discussion of our spectrometer has been given elsewhere ).

The time resolution of the experimental set-up with the boron-slab detector was
determined as a function of the neutron energy by measuring the time width of the
478 keV y-line originated in the lithium target and by taking into account the transit
time of the neutrons through the detector volume and the channel width of the analyser.
The energy resolution was found to be 0.6 nsec/m at 60 keV. For the proton recoil
detector one gets in a similar way a resolution of 0.39 nsec/m at 220 keV.

The time of flight was measured with a digital time coder (HC98 from Intertechnique)
with a smallest channel width of 1 nsec and a large time range (4 usec). Both spectra,
with and without sample, were stored in the memory block of a CAE RW 510
computer. The background was estimated during the same measurement by observing
the intensity in the time spectrum just above the maximum neutron energy.

For best results, the transmission should be kept between 0.6 and 0.8. To ac-
complish this, different sample thicknesses were used. In the case of vanadium metal
sheets with thicknesses of 1.39x 10?2, 2.78 x 10?2, 5.55x10%% and 11.16x10%*?
atom/cm® have been employed. Manganese which was only available as a powder,
was placed into aluminium containers. For a comparison measurement, aluminium
foils of the same thickness as the container walls were placed in the neutron beam.
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Sample thicknesses were in this case 2.18 x 10?2, 4.36 x 1022, 8.72 x 10?2 and 17.44 x
20%2 atom/cm?.

As with a van de Graaff generator, the place of origin of the neutrons is rather well
defined, the physical size of the samples could be kept small. A few gram of sample
material is quite sufficient, so that with the same setup, separated isotopes can be

studied.
3. Analysing technique

For the analysis of the data, only s-wave scattering has been considered. The
probability that p-waves contribute appreciably to the cross sections is extremely
small due to the minimum of the p-wave strength function near 4 = 50. Further-
more the penetrability for / = 1 is such that the existence of resonances broad enough
to be resolved experimentally is rather unlikely.

Because both isotopes investigated have rather complex spectra, the multi-level
formula which results from the R-matrix theory has been employed ®). For s-waves,
the cross section is given by

¢ =42y g, [Sinz oy + 252 ¢J—x1251n2 ﬂ , 1)
J 1+XJ
with
S ®)
Z} I';/2(E;;—E)
¢y = ka(1-Ry), (3)

where a is the radius of the nucleus and g; the spin multiplicity. The widths and
resonance energies I,; and E,; are to be determined from the cross section curve;
R, takes into account the influence of the resonances outside the measured region.
It was found that the cross section between the resonance peaks could be better
fitted by eq. (1) when a slight energy dependence of R; was assumed. In eq. (3)
therefore the expression

R; = A;+B;(E—Ey)+C;(E—Ey)* | 4)
was used with Ey; the midpoint of the measured energy range. The parameters

A;, By and C; were chosen to give the best fit away from resonance peaks for the
complete energy region.

For comparison between the theoretical cross section and the observed results, the
finite resolution of the spectrometer has to be taken into account. To achieve this the
multi-level formula was folded with the experimental resolution function, assuming

the latter to have a Gaussian form.

4. Results
4.1. RESONANCE PARAMETERS
The vanadium data. In fig. 1, the experimental cross section is shown. The solid line
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6 G. ROHR AND E. FRIEDLAND

represents the multi-level formula calculated with the resonance parameters given in
table 1. For the non-resonant part, the parameters of table 2 were used in eq. (4).
Parameters of 21 resonances above 20 keV have been determined. The results of the
Columbia group are given together with ours. Also given are five resonances below

TABLE 1
Resonance parameters of vanadium

Present results Results of Garg ef al.
E(keV) I'y(keV) J E(keV) J
4.17%) 0.5084+0.006 4 4.16 4
6.89 2) 1.28 --0.014 3 6.80 3
11.81 %) 5.5 +0.05 3 11.68 3
16.60 %) 0.35 +0.04 4 16.23 4
- 17.4 &) 0.35 +-0.04 4 16.99 3
21.65 0.79 40.05 3 21.75 3
29.45 0.19140.02 4 29.63 3
39.3 0.57 40.04 3 39.54
48.15 0.15 4-0.02 4 48.15
49.55 0.63 40.04 3 49.48
51.95 0.1154-0.02 4 51.98
53.0 0.98 +0.04 3 53.0
62.9 3.80 +0.10 3 63.9 3
68.1 4:7¢ +06:10 4 68.6 4
- 83.0 1.20 4+0.05 4 82.6 3
87.6 3.20 +0.08 4 87.5 4
110.8 0.25 +0.03 3 110.5
113.5 0.11 40.01 4
114.8 0.08 +0.01 3 1144
116.6 2.40 +0.08 4 116.0
118.7 20.5 41.0 4
118.7 0.13 +0.02 3 118.5
134.7 3.20 +0.15 4 134.2
141.3 3.60 +0.15 3 140.6
1457 1.50 +0.10 3 145.5
152.9 3.50 +0.15 4 152.7
3) Ref. 1),
TABLE 2
The influence of the unknown resonances outside the measured range on the phase shift (for
vanadinm)
J=3 J=4
Ey = 90 keV A 0.35 : —0.15
B 5.0 -10-3 7.5 - 1073
E < Ey C —1.1 - 104 —1.2 -10
A 0.35 —0.15
B 50 -10-8 7.5 -10°3
E> Ey C 1.18 - 10¢ 1.3 -10*
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TABLE 3
_ Resonance parameters of manganese
Present results Results of Morgenstern ez al. 3)
E(keV) , I'nkeV) J E(keV) In(keV) J
53.4 0.0910.01 2 53.28 0.08 2
57.45 0.814:-0.03 3 57.38 0.42 3
58.0 0.064-0.01 2 58.06 0.95 2
59.5 0.2740.02 3 59.48 0.75 2
59.95 0.104-0.01 2
64.1 1.0140.05 3 64.13 0.80 3
66.6 0.161-0.02 2 66.46 0.12 3
69.55 0.141-0.02 3 69.47 0.17 2
70.07 0.32-+0.02 2 70.0 0.27 3
73.9 0.714-0.04 3 73.88 1.0 2
81.3 , 0.44-4-0.03 2
84.35 1.3140.05 3
96.05 0.2140.02 2
98.2 : 0.454-0.04 3
103.7 0.27-40.02 2
104.9 1.51£0.06 2
107.0 0.414-0.04 2
109.4 1.32+0.13 2
110.9 1.8340.15 3
116.1 0.4740.03 3
118.4 0.714:0.04 3
123.5 0.51+0.05 2
127.0 2.034:0.20 3
. 128.1 1.514+0.15 2
129.5 1.2140.15 2
131.0 0.2240.03 3
142.1 0.554-0.06 3
151.3 0.41-40.08 2
155.8 1.024-0.10 2
158.7 0.9240.05 3
166.9 0.314-0.05 2
172.2 1.7240.15 3
176.9 0.324-0.03 3
179.9 0.354+0.05 2
181.0 0.2540.05 3
184.4 1.00+£0.15 2
186.2 2.204-0.20 3
188.5 0.814:0.10 3
193.9 0.304-0.03 3
197.6 -+ 0.62+0.05 2
203.4 2.704-0.30 3
207.7 2.804-0.30 2
TABLE 4
The influence of the unknown resonances outside the measured range on the phase shift for manganese
A B C
Ey = 150 keV E < E, 0 +1.0-10% —4.0- 108

E>E, 0 +1.0-10°3 +4.0-10°
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20 keV which were taken from the paper of Firk ef al. '). For the resonance at
29.45 keV, we find a spin disagreement with the result of Garg ef al. A spin of 3, as
stated by them, must lead to interference with the resonance at 21.65 keV and
depresses the cross section to about 2.5 b at 29 keV. The observed minimum between
these two peaks of 6.3 b can only be explained by assuming a spin of 4. A further dis-
crepancy is found near 84 keV. Here Garg et al. assigned different spins to the two
resonances at 83.0 keV and 87.6 keV. The marked interference dip between these two
peaks, however, show quite clearly that both resonances must have the same spin. A
pure superposition of the two resonances, which would result from different spins,
yield a minimum cross section between these two peaks of approximately 6 b, which is
about three times as large as the measured cross section.

4.1.2. The manganese data. The results for manganese are given in fig. 2 and tables 3
and 4. Parameters of altogether 42 resonances have been computed, 33 of which
are determined for the first time. The resonance parameters as given by the Saclay
group are included in table 3 for comparison. The agreement is not very good.
At 58 keV, we find only a small resonance superposed on a large resonance at 57.45
keV, while Morgenstern ef al. found a large resonance at 58.06 keV superposed on a
smaller one at 57.38 keV. They therefore assumed that the sharp minimum at 59 keV
is a result of interference between the resonances at 58 keV and 59.5 keV and assigned
a spin value of 2 to the latter peak. From our results, however, it is obvious that the
resonance at 59.5 keV interferes with the one at 57.45 keV, therefore spin of 3 must be
assigned to that level. Superposed on this peak is a smaller resonance at 59.95 keV,
which has not been noticed before. Furthermore our results show a reversed order of
the spin values for the four resonances between 66.6 keV and 73.9 keV. In general the
multi-level formula fits the experimental results very well. Deviations at some energies
may be explained by unresolved resonances.

4.2. DISTRIBUTION OF REDUCED NEUTRON WIDTHS

Generally it is assumed that the reduced neutron widths with a given spin and
parity are distributed to a Porter-Thomas function, viz.

1 1
P(x) = e, 5
(x) o | (3)
where
x = I%re,

To test the distribution one has to keep in mind that resonances below a certain width
have escaped detection. By assuming the validity of eq. (5), it is possible to estimate
the number of missed resonances, if the experimental resolution limit is known.
In this connection, the resolution limit must be considered as the smallest width from
which parameters can still be found; with the analysing technique employed this is
about § of the instrumental resolution width.

Applying this separately to the two different spin systems, the results in tables 5
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and 6 are obtained for vanadium and manganese, respectively. The number of levels
N, the average level distance D, the averaged reduced neutron width I'C and the
strength function S as computed directly from the resonance parametets are given
in the first row. In the second row, the corresponding values after correction for
missed levels are tabulated. In table 7 the same parameters are given per spin system
assuming no spin dependence. ;

TABLE 5
Averaged values for vanadium

N D(keV) I o@eV) S (109
. 12 12.6 9.28 7.36
J=23 ngli(:;t “missed level” : <
| 14.3 10.6 7.83 7.38
without . ) i4 11.4 9.5 8.30
J=4 with missed level
16.8 9.6 8.0 8.33
TABLE 6
Averaged values for manganese
N D(keV) I'.%(eV) S (104
. without _, | . 21 172 1.89 2.44
J=2 ith missed level
w 46.2 3.42 0.94 2.80
without _ . . 21 7.30 2.63 3.6
J=3 with missed level
37.8 3.97 1.51 , 3.81
TABLE 7
Averaged values for the nucleides 31V and 5°Mn independent of the spin
N D(keV) I'9eV) S (109
oy without | £ tovel 26 , il.6 9.40 8.05
with  missed leve
31 9.78 7.90 8.07
without 42 7.52 2.26 3.0
55Mn ith “missed level”
w 84 3.78 1.22 3.25

The values for D and I'0 are changed comsiderably by including missed levels,
while the influence of missed levels on the strength function is small. In the case of
vanadium, this correction yields only five unresolved levels, which is unrealistically
low, as 27 resonances too small for the determination of the paramsters have already



12 ‘ G. ROHR AND E. FRIEDLAND

]

50 ' VANADIUM

40+

30t

207

101

I e

05 10 2.0 30 40 50 TIT

Fig. 3. Number of levels N with a normalized reduced width larger than Fn"/l_’n" for 3V. The smooth
curve shows the Porter-Thomas distribution.

MANGAN

50;

30+

20+

10+

—

10 2.0 3.0 40 50 TIT

Fig. 4. Number of levels NV with a normalized reduced width larger than Tn"/fn" for 3*Mn. The smooth
curve shows the Porter-Thomas ‘distribution.



NEUTRON RESONANCES 13

been detected experimentally. It is difficult to believe that p-waves are responsible
for these additional peaks, and it must consequently be concluded that the assumption
of a Porter-Thomas distribution is not valid in this particular nucleus. For a study of
the width distribution, therefore, instead of using the missed level theory, all detectable
but not analysed peaks were taken into account. Their widths were taken to be below
one tenth of the average level width. Fig. 3 shows the resulting distribution inde-
pendent of the spin. In this representation, N is the number of levels with a normalized
reduced width larger than I'y/I",. The experimental result is given as a histogram with
a smooth curve representing the Porter-Thomas distribution. As can be seen from the
graph, the agreement is poor; a definite shortage of levels with medium widths is
observed. ‘ o |

For manganese, the missed level theory predicts 42 rpsohances below the resolution
limit. At least 11 of them can be distinguished from the cross-section curve. The rest
might be responsible for the few regions where the calculated cross section is lower
than the observed results. The reduced width of these small levels can again safely
be taken as one tenth of the average value. The resulting distribution is given in fig. 4.
Here the two spin systems were treated separately and added afterwards to get better
statistics. As expected with the above assumption, an agreement with the Porter-
Thomas distribution is found. The agreement is equally good if the spin-independent
distribution is used.

The different behaviour of the width distributions for *!V and *°Mn might perhaps
be explained by shell effects. In vanadium, the f; neutron shell is closed. A nucleon
interacting only with the neutrons of the nucleus will, at excitation energies of less
than 10 MeV form very simple excited states due to the low level density above the
ground state. Most probably only two-particle-one-hole states, which are known as
doorway states, will be created, leading to very broad resonances when decaying into
the open channel ©). If, however, the excitation energy is taken partly or wholly
by the protons of the nucleus, the situation is quite different. Due to the partly
filled f;-proton shell, a large level density is now available, enabling the nucleus to
form more complicated compound states which have, as a consequence of the two-
particle character of nuclear forces, a much longer lifetime. One expects, therefore,
in the spectrum a superposition of two systems with widely differing average widths.
It cannot be expected that such a combination will obey a Porter-Thomas distribution.

In the case of manganese, the proton and neutron shells are both not closed, and a
more uniform distribution is the resuit.

4.3. STRENGTH FUNCTIONS

The strength function of vanadium has been determined before only from averaged
cross sections. In a paper of Buck and Perey 7), a value of 10.4 - 10™* measured by a
group from Duke University, is given. In a later publication, Seth ef al. ®) found a
value of (4.2 +1.0) - 10™%, showing the difficulty of calculating strength function from
averaged cross sections in this case.
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For manganese our results agree with those of other workers 3 8).
We expect that our experimental results for S given in tables 5 and 6 are correct
within 8 9. After the correction for missed resonances these functions are:

($)a° = (8.1+0.7)x 10™* for 51V,
($)28% = (3.34+0.3)x 10~ for *5Mn.

The indices outside the square brackets indicate the energy intervals considered for
the determination of the strength function.

The reliability of the above values as representative of the energy independent
strength function of these nuclei depends on the number of levels in the analysed
energy range and on whether this range is large enough to render the average in-
sensitive to intermediate structure. If the latter is assumed, the most probable strength-
function and the expected statistical error can be estimated by a method given by
Muradyan and Adamschuk ®). Applying this method, we get for the strength func-
tions

S = (8.2522yx 107* for 51V,
S = (3.1792)x 107* for **Mn.

Assuming a spherical symmetrical potential, the optical model predicts a maximum
for the s-wave strength function near 4 = 55 and 4 = 155. The experimental results
“have shown quite clearly that the peak at 4 = 155 is a double peak. Such splitting
was explained by Buck and Percy 7) by collective motions. Their calculations predict
also that the maximum at 4 = 55 is shifted to about 4 = 50 if the nuclei are assumed
to be dynamically deformable in this mass region. Experimental results are at pres-
ent not good enough to distinguish between these two models. From our resuits,
however, it seems that the maximum of the s-wave strength function is nearer to
A = 50 than 4 = 55, which would support the results of Buck and Perey also for
medium-mass nuclei.

The spin dependence of the strength function is one of the questions which is
currently receiving increasing attention. A (2J+ 1)-dependence is proposed by some
workers. Some of the results of Julien et al. 1°) on spin 3 nuclei seem to support this,
while widely varying results have been observed for nuclei with target spin 1. Julien
et al. measured a ratio of Sy/S; = 7 for ""Se, finding the larger strength function
for the smaller spin. The opposite has been found by Ribon et al. 1) and Pénitz 12)
for 1°*Rh; both find a value S,/S; > 2. No spin dependence has been found by

_ Chrien et al. *3) for the rare earths used in their experiments.

All the above mentioned results have in common that they were determined by
considering a very limited energy range only. Intermediate structure effects will
probably be an important factor in those measurements, thus explaining the incon-
sistent results for the different nuclel

To demonstrate this, we have listed in tables 8 and 9, the spin dependent strength
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functions calculated for 50 keV intervals. Especially for vanadium, where very simple
compound states (isolated doorway) are highly probable due to shell closure, strongly
contradicting results are obtained for different energy intervals.

TABLE 8
Energy dependence of the strength function Sy for vanadium

EkeV) 0-50 50—100 100-160
S, 144 -10~4 9.80 - 104 3.4-10¢
S, 2.74 - 104 7.05 - 10~ 17.2 -10-¢
S4/Ss 0.2 07 5
TABLE 9

Energy dependence of strength function Sy for managanese

E(keV) B 50-100 100-150 150-200
S, 1.01 - 10-4 3.96 - 10~ 2.98 - 10-4
S, 34810~  3.22-10-¢ 3.05 - 10~
/S, 3.4 08 1.0

Our results for the total energy range measured are as follows:
vanadium manganese
(S:)18° = (7.4+£0.7) - 1074,  (S,)3° = (2.8+0.5)- 107
(SIS0 = (8.3+0.7) - 107*  (8,)3L% = (3.8+0.5) - 107%.

Applying again the method of Muradyan and Adamschuk, we find the energy
independent values

vanadium manganese
S, = (6.853%) 1074, S, = (2.8733)- 1074,
S, = (1.7535) - 1074, Sy = (39711 - 1074
We therefore get no spin dependence for both nuclei within the statistical un-
certainty. Unfortunately, the statistical error in the above values is so large that a
(2J+ 1) dependence cannot be excluded either. To answer this question it is necessary
to study target nuclei with spin 1 where the difference would be more prominent.
With present spectrometer resolutions, it can be hoped only near the 3s-maximum
of the strength function to find a sufficient number of resonances over an energy
range large compared with the intermediate structure. Unfortunately in this mass
region, pure separated isotopes have to be used. Such measurements are now in
progress in this laboratory.
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4.4. SPIN DEPENDENCE OF THE LEVEL DENSITY

Enough resonances for manganese have been measured to determine the spin

cut-off parameter from the Bethe formula '*), for the compound nucleus 3°Mn.

A value of ¢ = 3.3%}:% is found without missing levels. Correcting for them this

value changes to
o= 25787

The stated errors are the statistical uncertainties as expected from the Wigner dis-
tribution of the level distances. The spin cut-off parameter for **Mn has been given
by Ericson °) as 4.5. It was calculated by making use of the total level density as
found from (d, p) reactions by Green et al. ') and the neutron scattering results of
- Marshak and Newson 7). In this case, the combined level density at the neutron
binding energy for the two possible spin systems was’calculated from only six reso-
nances. Substituting our results for those from ref. 17), the same calculation is found
to yield o = 3.4 if not corrected for missed levels, and ¢ = 2.7 when this correction
is applied. One can see that the values for both methods are in good agreement.

The authors wish to thank Professor K. H. Beckurts for his interest in this work and
for helpful discussions. One of the authors (E.F.) wishes to thank Professor Beckurts
for the opportunity to work in his institute during 1966.
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