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ABSTRACT

Using the time-of-flight method on the IBR-30 pulsed neutron source in the
0.465-200 keV energy range, measurements were carried out to determine the total
transmissions and the self-indication functions in the radiative capture cross-section
for metallic samples of **U of various thickness. For radiative capture the
dependence of the measured data on the multiplicity of registration of gamma rays
was investigated. From the experimental data the authors derived the group-averaged
total cross-sections (for the BNAB data system) and also the resonance self-shielding
factors of the total and radiative capture cross-sections. The average resonance
parameters - the neutron and radiative strength functions and scattering radii - were
evaluated with the aid of the EVPAR program. The results are compared with other
data.



Introeduction

In the unresolved resonance region, direct information on the resonance structure of
neutron cross-sections may be obtained from the experimental average cross-sections and the
total aﬂd partial transmission functions. These important integral characteristics of the cross-
sections can be used to determine more accurately the average resonance parameters
(strength functions and scattering radii) and obtain the resonance self-shielding factors of
cross-sections in the BNAB system of group constants [1,2] which is used in practical
nuclear reactor and radiation protection calculations. However, in order to measure the
transmission, high-intensity sources, high-efficiency detectors and massive thick filter
samples are required. Consequently, experiments of this kind have not been very widely
performed to date. At this point in time, only the total transmissions in uranium-238
samples have been adequately measured (over 10 papers). References [3, 4], which present
results for the temperature dependence of transmission values, are worthy of note. The
partial transmissions for the radiative capture and scattering cross-sections (these are also
called self-indication functions) have also been measured and are presented in Refs [4-9].
However, these transmission data were mainly obtained using thin filter samples and a small
range of thicknesses. Unfortunately, the divergences between the results in these papers go
beyond the limits of experimental error and their interpretation is not unique. Since
uranium-238 is a very important reactor raw material, the nuclear physics constants for it
need to be refined using an improved experimental technique. We therefore measured the
total transmissions and self-indication functions in **U radiative capture on the 1000-metre
path length of the IBR-30 pulsed fast reactor using an all-wave neutron detector with *He
counters [5] and a gamma-ray scintillation detector with Nal(Tl) crystals [10] operating in

multiple registration mode. From the experimental transmissions we obtained the resonance
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self-shielding factors and determined the average resonance parameters in the unresolved
energy region.
Experimental methodology

The measurements were carried out using the IBR-30 facility operating in booster
mode with a multiplication coefficient of 200 at a mean thermal power of 10 kW, a neutron
burst length at half-maximum of 4 us, and a burst frequency of 100 Hz. The total and
partial transmissions were measured simultaneously in good geometry conditions for an
energy range of 0.1-200 keV. The neutron detector, consisting of an annular battery of
16 type SNM-18 °He counters, was situated 1006 m from the neutron source and a
scintillation detector with 16 Nal(Tl) crystals was located at 502 m. The filter samples,
made of metallic #*U, in the form of discs 195 mm in diameter and of varying thickness,
were placed in the neutron beam 242 m from the neutron source. Both detectors (for
registering neutrons and gamma rays) have apertures to accept the radiator samples, cover
a solid angle of almost 47-steradian, and have a radiation registration efficiency of 6% and
80% respectively when the signal pulse registration thresholds are optimal. To measure the
total transmissions, a polyethylene disc 80 mm in diameter and 10 mm thick was used as a
radiator sample and, to measure the partial capture transmissions, thin samples of metallic
2813 0.00238 nuclei/b thick and 80 mm in diameter or an equivalent background scatterer
sample made of natural lead 0.00316 nuclei/b thick and 80 mm in diameter were placed
inside the gamma-ra'y detector. To reduce the background, cadmium and boron carbide
filters were placed permanently in the neutron beam, in order to eliminate recycling
neutrons. Apart from the external shielding, the gamma-ray detector had an internal shield
- a paraffin and boron carbide converter with an overall thickness of 65 mm - and a vacuum

tube was inserted in the aperture. Two monitor counters, located 60 m from the source,
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were used to monitor the source strength. All the information from the detectors and
monitors in the form of time spectra (one from the neutron detector and 16 multiplicities
from the gamma-ray detector) was stored in the measuring module [11] which processed the
spectra @d produced the transmissions at the same time as the measurements were being
taken.
Measurement results

During the measurement process, time spectra were accumulated with filter samples
of seven different thicknesses in the neutron beam and without any filter samples in the beam
for an energy range of 110 eV;IO MeV. These spectra were compressed into the smallest
number of channels within the limits of the energy groups of the BNAB system of constants.
The transmissions were determined in the form of the integral characteristics of the cross-
sections:

_Nm) -{F,(m)+F(m} M(©0)
N(0) - {F,(0) +F(0)} M(n)

T, = [oBeBre "dE| [ @(E)e(BIE, ()

AE AE

where T,(n) is the total transmission or self-indication function for a sample of thickness n;
¢(E) is the neutron beam spectrum; &(E) is the detector efficiency; o,(E) is the total cross-
section; N(n) and N(0) are the detector counts with the filter sample in and out of the beam
respectively; F,(n) and F,(0) are the variable background components; F.(n) and F,(0) are
the constant background components; and M(n) and M(0) are the monitor counts.

Equation (1) may be used both to determine the total transmissions and the self-
indication functions. In the latter case, the detector efficiency is proportional to the
radiative capture cross-section, which implies that the resonance cross-section self-shielding

will be enhanced. The constant background level in the spectra was determined using the
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lower resonances of tungsten and cadmium, samples of which were permanently placed in
the neutron beam.

When measuring spectra using the gamma ray detector for a specific filter sample
thickness, the variable background components were determined with the aid of an equivalent
lead scatterer according to the formula:

Fv — N(Pb) n(U) OS(U) Ts(U) M(U)

: . . , 2
n(Pb) " a(Pb)" T(U)," M(Pb), @

where N(Pb) is the number of neutrons registered which were scattered by the lead sample;
n(U) and N(Pb) are the numbers of nuclei per cm? for the uranium and lead radiator sample;
o,(U) and o,(Pb) are the mean scattering cross-sections for uranium and lead respectively;
T,(U) is the partial transmission of the uranium scattering cross-section; T(U) is the total
transmission for uranium; M(U) and M(Pb) are the monitor counts in the measurements
with the uranium and lead radiator sample.

The variable background was also determined using aluminium (35; 85; 140 keV) and
manganese (0.337; 2.4 keV) resonance filters in the total and partial transmission
measurements.

Since the time spectra of all the multiplicities from the 1st to the 16th were measured
simultaneously with the gamma-ray detector, the partial transmissions were also obtained for
all the multiplicities and for the sum channel. It should be noted that the background
components in the spectra decrease as the multiplicity increases. For instance, in spectra of
the third multiplicity the background level is 10-100% lower than in the sum spectra. The
background levels increase with decreasing energy and increasing filter sample thickness

within a range of 10-95% with a background determination accuracy of approximately 3%
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and 0.5 % respectively. The background in the neutron detector spectra did not exceed 15 %
over a wide energy range and was only slightly dependent on the filter sample thickness.

The experimental transmissions obtained are shown in Table 1. The errors in the
transmissions amount to 1-2% for small attenuations and reach 10-30% for transmissions of
0.1-0.05. Figure 1 shows the self-indication functions for various multiplicities and they
agree within the error limits.
Analysis of measurement results

At high energies, the total and partial transmissions agree within the limits of
experimental error, which indicates that there are no resonance self-shielding effects in the
radiative capture cross-section. The non-exponential shape of the total transmissions
indicates that there is resonance blocking of the total cross-section in all the energy groups
shown. There is good agreement between the total transmissions obtained here and in the
investigation performed in Ref. [14] on the same 1000-metre path length of the IBR-30 but
with a different detector and an inferior energy resolution (the neutron burst length was
100 us). This may be clearly seen in Figs 2-4 which show the observed cross-sections

g,,= 1 InT for various filter sample thicknesses as a function of neutron energy. For large
n :

filter sample thicknesses, the observed total cross-sections tend to a constant value which is
close to the potential scattering cross-section.

By extrapolating the cross-sections given in the region of small filter sample
thicknesses, the average cross-sections at zero thickness can be determined. However, this
procedure is very indeterminate owing to the high experimental errors at T = 1. Therefore,
the method of subgroup representation of the mean cross-sections and functionals such as the

transmissions and the resonance self-shielding factors is more acceptable [12]. In this
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instance, the experimental transmissions are approximated by the sum of the exponential

functions. Only two exponents are required to describe the transmissions in this experiment:
T(n)=a.e (1 -a)e 7 <62>=a,0,,+(1-a)o, , ®)
-0, N —Oaht
T(n)=a,e " +(l-a,)e " <0,>=a,0,,+(1-a,)0,,, “)

1 | a/(o,*0)+(1-a)/(a,+a,)

<0>|a, (o, +a ) +(1-a)/(a,+a,)’

®)

Sf(o)=

aYI/(O’Yl + Go) +(1 _ayl)/(oryl + 00)

a,/(o,,+0,)+(1-a)/(a,+0)

flo)= (6)

where a;, a,, are the contributions of the first subgroup cross-sections; o, 0y, 0,,, 0, are
the subgroup cross-sections; o, is the dilution cross-section; and f(o,), f (0,) are the
resonance self-shielding factors of the total cross-section and the radiative capture cross-
section.

The optimum subgroup parameters were found using the method of least squares.
Table 2 gives the mean group cross-sections obtained in the experiment and data from other
sources.

The experimental total cross-sections in all the works cited [9, 13, 14] agree with the
data in this paper within the error limits, as do the evaluated data in Ref. [2]. However,
therz is a marked trend towards higher cross-section values in this paper and in the
experiment reported in Ref. [14] which was also performed using the 1000-metre path length
of the IBR-30. In addition, it should be noted that the experimental data in Ref. [13] were
obtained from total transmissions measured using monoenergetic neutrons with an energy

resolution of approximately 60% at 10 keV and 10% at 200 keV, a set of filter samples
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with thicknesses ranging from 3 to 250 mm, and a measurement aperture several orders of
magnitude smaller than in our experiment. These features of experiments [9] and [13] could
result in the transmissions being too high and, correspondingly, the average group cross-
sections being too low.

Apart from the total cross-sections, the resonance self-shielding factors of the 2*U
neutron cross-sections were obtained from the subgroup parameters derived from the
transmissions. The results of this treatment and data from other sources are shown in
Table 3. The data obtained by different authors from the same basic transmissions using
different methods are worthy of note. Thus, the results in Refs [14] and [15] differ by 30%
in some energy groups, even though the original data were identical. Clearly, these
divergences are caused by the fact that, in Ref. [14], the self-shielding factors were
determined using the subgroup method, whereas in Ref. [15] they were determined using the
average resonance parameters. In Ref. [15], lower values were also obtained for the average
group total cross-sections compared with Ref. [14].

As can be seen from Table 3, the experimental resonance self-shielding factors from
the present investigation agree within the limits of experimental error with the experimental
data in Ref. [9] and do not contradict the results of the evaluation. in Ref. [2].

The measurement results for the total and capture transmission functions in the
4.65-200 keV energy region were used to evaluate the mean resonance parameters, i.e. the
scattering radii, neutron and radiation strength functions. This was done using the EVPAR
program [16, 19].

With the EVPAR program, all kinds of experimental data can be taken into account
in the evaluation (average, total and partial cross-sections - ¢, 0., ¢,). The latest version

even allows one to take account of the transmission functions, including those measured
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using the self-indication method. This program uses Hauser-Feschbach-Moldauer formalism
to calculate the average cross-sections. The total and partial transmission functions are
calculated in a multi-level approximation which takes account of inter-resonance interference,
Doppler broadening of resonances and fluctuations in neutron widths. The parameters of the
calculation models used in the EVPAR program are the scattering radii R,, the neutron
strangth functions S, and the radiation strength functions S., for neutron waves with orbital
angular momenta 1 = 0,1,2. The maximum likelihood method is used in the program to fit
the calculated data to the experimental data. It is important to note that the calculation
results in the EVPAR program can be presented in ENDF/B format as a section of the
corresponding file with energy-dependent parameters (MF = 2, MT = 151, LRU = 2 - see
description of formats in Ref. [17]).

Table 4 shows the average resonance parameters obtained here by fitting the
transmission data, and compares them with results from other sources. The values obtained
for the strength functions S, and S, and for I" , and D, agree well with the results of
averaging the resolved resonance parameters. With regard to the scattering radii R, in order
to make the data at low and high energies agree, it was necessary to introduce the energy
dependence of the parameters R, R, = R/ (1-0.2 x E MeV). Figures 2-4 compare
experimental results with calculated curves from the present work. Figure 5 also shows the
calculated energy dependences of the total and radiative capture cross-sections for “**U in
cornparison with the experimental data. Table 3 presents the self-shielding factors which
were calculated with the GRUKON program [18] from the evaluated mean resonance

parameters. They are very similar to the results in Ref. [15].



-10 -

In conclusion, it should be noted that the mean resonance parameters, cross-sections

and resonance self-shielding factors obtained from the transmissions agree with the

evaluations in other works and can be used to refine the neutron constants for 2*®U.
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Table 1

Total and partial transmission levels for 2*U

Group|’ n (mm) 1 2 4 8 16 32 64
No E, (keV)
’ n 0,004780,00858 {0,0190(0,0380{0,07641 0,153{ 0,306
(nuclei/b) :
Tt[14] - - - - - - -
8 {200- 100 Tt 0,961 {0,887 {0,812 0,668 -0,456( 0,209| 0,045
T7 0,959 (0,801 {0,830 | 0,666 0,446| 0,218 0,050
Tt[14] 0,935 0,874 10,800 | 0,629} 0,407} 0,174 0,038
8 |100- 46,5 Tt 0,939 (0,836 ({0,757 | 0,644] 0,335| 0,162 _0,0358
T7 0,941 {0,901 |0,804 | 0,835 0,424} 0,186| 0,036
Tt[14] 0,926 |0,866 0,795 | 0,606| 0,373} 0,172} 0,033
10 46,5-21,5 Tt 0,947 |0,861 0,771 | 0,613} 0,387} 0,158{ 0,0358
' T7 0,916 (0,866 [0,764 0.589 0,374} 0,142| 0,030
Tt[ 14} {0,919 0,883 0,786 | 0,593} 0,376| 0,162| 0,032
11 |21,5-10 Tt 0,930 |0,856 0,758 | 0,596| 0,376| O, 156 0, 0365
T7 0,908 |0,847 0,744 | 0,536 O,.331 0,123} 0,022
Tt[14T 0,314 0,855 |[0,766 | 0,584( 0,362| O0,167{ 0,034
12 j10 - 4,65 Tt 0,933 (0,850 |0,751 | 0,602{ 0,371| 0,157 0,0378
T7 0,922 10,831 0,714 | 0,518 0,311} 0,108} 0,023
Tt[14] 0,914 0,831 10,770 | 0,560| 0,360 0,162 0,045
13 14,65-2,15 Tt 0,908 |0,820 0,725 | 0,581 0,356} 0,147 0,0413
TW 0,772 0,724 0,556 | 0,379| 0,377| 0,050 -
Tt[14] 0,898 0,807 {0,759 | 0,591} 0,330 0,186} 0,054
14 |2,15- 1,0 Tt : 0,897 0,810 (0,718 { 0,584] 0,382} 0,186| 0,0618
TW 0,636 [0,490 |0,371 | 0,248] 0,160 0,040 -
Tt[14] - - - = - - -
15 |1,0-0,465 Tt 0,930 {0,844 {0,755 | 0,592 0,436 0,212 Q,06486
T 0,530 {0,359 {0,304 | 0,193 0,Q91 0,033 -
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Table 2

Mean group cross-sections <¢,> and <o, > for **U

S(r:up E‘; keV) ;:P)' <:‘p'> <°_'t>.[_13] <o >[8] <o >[14] |<o >[2]
- t Yy
g | 200-100 |11,5%0,3]10,8+0,3]11,7+0,1 - 12,020,5| 11,53
9 | 100-46,5 |12,8:0,3|12,0+0,3|12,7+0, 1|12, 420,3| 13,0+¢0,5| 12,57
10 |46,5-21,5 |13,920,4|14,2+0,4|13,5+0,2{13,7+0,3| 14,6:0,5| 13,46
11 |{21,5-10,0 .|15,50,5|17,5+0,8|14,5%0,2|14,620,4| 16,5%0,5| 14,48
12 |10,0-4,65 |15,5%0,5|20,1+1,0}16,4+0,3{16,5%0,5| 17,3+0,8| 15,88
13 |4,65-2,15 |20,7£0,7| 111#11 - - 20,040,8| 18,95
14 |2,15-1,00 |24,0¢1,0| 112¢12 - - 22,2¢1,0| 22,19
15 | 1,0-0,465|24,0¢1,0| 176%18 | = - - 24,0%1,0| 23,70
Table 3
Resonance self-shielding factors for the 2%U total and radiative
capture cross-sections
Growel £, kev) Brperi- {0 a1 o) (141 | 1151} (2l
£, |0,88+0,04|0,957 0,94 - - 0,950
81200 - 100 |, 14 00 0,986| - - - - lo,e8s
£ 10.75%0,04 0,926 0,910, 9465002510, 8650, 04| = 0,915
al100 -s6,5 |, * s
2 |£, |o.s5%0,02/0,962| - |0,8800,014| - - Jlo,gs8
f |0,77%0,04|0,840(0,83|0, 864%0, 031 |0, 82+0, 050, 774 |0, 855
10}46,5-21,5 |.* : ' '
275 ir, |0,94%0,02(0,914 - |0,93120,024 - 0,879}0,910
. f. |0,68%0,04]0,65710,76|0, 77720, 035 |0, 70%0, 050, 5440, 755
11}21,5-10,0 {* . |
#7270 |f, lo.8420,0310,765| - |0, 86820, 005 -, |o.781/0,830
f, [0,68%0,04|0,588|0, 680, 617%0, 044 |0, 60%0, 07 |0, 4720, 658
12/10.0-4.65 f, |0.78+0.04 |0, 665 - - - 0,653 0,719
- 1f [0.51%0,03[ - | - = 0,44%0,10] - |0,447
1314,65-2,15 £, |0.510,03| - - - - - lo,501
f_[0.36%0,03[ - |- = 0,39%0,10] - 10,407
14/2,15-1,00 r_lo.36%0,02) - - - - - 10,304
f_[0,35%0,03| - |- = = = 10,365 .
1511,0-0.465 |, 15 440,02 - - - - - |o0,183

<)
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Table 4

Mean resonance parameters for **U

S 10 ¢ r . Dl (eV) R (fm)

Source - -
1=0 1=1 1=0 1=0 1=1| 1=0|1=1

This work |1,10+0,05|1,70+0,20(23,5:0,7 20,8 |6,9 9,35(8,0
(31 |0,89+0,01|1,87+0,03 24,8 . |20,8" |6,9]9,01{9,01
(191 |0,93+0,03]2,30:0,07]22,9%0,7|20,8" |4,4]s,35(6, 70
[20] |1,14 2,0  [222 21,6 |7,2(9,13|8,13
(71 |1,1140, 112, 200, 20]22,9¢0,9|20,8 |6,9] - | -

= Parameter fixed during optimization.
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Fig. 1. Dependence of capture transmission in uranium-238 on the gamma-ray

registration multiplicity for various filter sample thicknesses.
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ABSTRACT

The measurements were performed using the y-ray multisectional 4w-detector,
placed on the 500 m flight path of the pulsed neutron booster IBR-30 of LNP, JINR.
The combination of multiplicity spectrometry with the time-of-flight method made it
possible to identify vy-capture and scattering events in isolated resonances and to
determine spins, and neutron and radiative resonance widths. The measurements
made it possible to assign spins for '“’Sm resonances up to 900 eV and to determine
the neutron strength functions for both spin states. The radiative widths for
25 resonances of *’Sm were determined up to 300 eV. The level positions of
25 resonances in the energy range up to 3 keV and the values of T'; and T, for a
number of resonances up to 1.5 keV for ¥ Sm were obtained.

Introduction

The motivation for studying neutron radiative capture is the fact that this process is
not yet completely understood physically and has also still not been fully described
thecretically. The application of gamma-ray multiplicity spectrometry in conjunction with

the time-of-flight method [1] is producing extensive experimental information on radiative

capture in the resonance region of neutron energies and on resonance level characteristics.
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When s neutrons are captured by non-zero spin nuclei, the resonance levels of the compound
nucleus divide into two groups according to their spin. Since the data on resonance spin are
extremely fragmentary, attention is being focused on those gamma-cascade characteristics
which demonstrate systematic dependence on the spin of the resonance levels.

In this paper we present the results of a study of the radiative capture of resonance
neutrons by the isotopes '’Sm and *Sm in the resolved resonance region using the
multiplicity spectrometry method. These isotopes were chosen for investigation because
7Sm has a ground-state spin of 7/2" and after s-neutron capture forms level systems with
spins of 3~ and 4 . This makes it possible to verify whether there is a correlation between
the level spin and gamma-ray characteristics during de-excitation. Furthermore, the radiation
widths, which are known for several low energy resonances of this isotope, show significant
fluctuations [2]. This means that they need to be validated. In contrast to '“’Sm, the even-
even isotope '*®Sm has a spin of J = 1/2 for all the s resonances, but only five of its
resonance energy values are known. This made it advisable to acquire more comprehensive
information on its resonances, to determine their neutron and radiation widths, to obtain data
on its capture gamma rays and to compare them with the data for '¥’Sm.

The experiment

The measurements were performed with a "Romashka" 47 multisection scintillation
detector [1], positioned on the 500 m flight path of the IBR-30 pulsed neutron booster at the
Dubna Joint Nuclear Research Institute’s Neutron Physics Laboratory. The booster had a
capacity of 10 kW and a multiplication factor of 200. The neutron burst lasted about 4us,
the resolution of the spectrometer was 8 ns/m and the pulse repetition frequency was

100 pulses/s.
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The detector had 16 separate sections, each of which consisted of an NaI(T1) crystal
of 122 x 122 x 152 mm, was viewed by its own photomultiplier and had a vacuumized
through channel to allow passage of the collimated neutron beam and to enable the samples
to be positioned inside the detector (Fig. 1). A more detailed description of the detector and
its parameters is given in Ref. [3].

The time-of-flight of the neutron and the gamma-ray coincidence multiplicity were
recorded for each neutron capture event. The recording system stored a capture event and
its parameters whenever the total energy of the gamma quanta registered by the detector fell
within the range of 2-8 MeV. The pulse recording threshold of each detector section was
0.1 MeV.

This type of pulse recording system, combining the time-of-flight method with
multiplicity spectrometry, made it possible to measure simultaneously 16 time-of-flight
spectra corresponding to the coincidences for different multiplicities and to obtain a three-
dimensional representation of the gamma-ray multiplicity distribution for individual
resonances (Fig. 2).

Neutron scattering events were recorded at the same time. For this purpose a boron
n-y converter containing a moderator was positioned inside the detector and the scattered
neutrons were recorded by registering the single monoenergetic gamma rays with an eﬁergy
of 0.48 MeV from the '°B(n,ay) reaction. The converter also shielded the detector from the
scattered neutrons. It should be noted that this is a very effective method of measuring
neutron scattering and that it also extends the range of resonances available for measurement.

The information arriving from the detector was classified, stored and recorded on

16 x 4K files per 2 us for each channel in a special measuring module.
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The samples were arranged in the centre of the detector at a flight distance of
501.9 m. They comprised oxides (Sm,0;) of the enriched isotopes ’Sm and *!Sm of two
thicknesses, packed into thin-walled aluminium containers of 100 mm in diameter. The
isotopic composition and thickness of the samples (according to the isotope being measured)
are presented in Table 1.

The neutron flux was monitored using two *He SNM-17 counters arranged outside the
neutron beam at a distance of 60 m from the source. In order to suppress the background
of recycling neutrons, cadmium (1 mm) and boron carbide (10 mm) filters were positioned
in the beam throughout the experiment.

Results

Several series of measurements were performed for each sample of samarium. The
measurements lasted a total of 168 hours for '’Sm and 171 hours for *Sm. As an example,
Fig. 3 shows parts of the time-of-flight spectra during recording by the detector of quadruple
coincidences of capture gamma rays and neutron scattering events for a '’Sm sample with
a thickness of 3.45 x 10* at/b.

Figure 4 shows the time-of-flight spectra for neutron capture and scattering for ***Sm.

The energy values of the neutron resonances were determined with respect to the
reference resonance energies for 2*U [2]. By virtue of the consistency in the conditions for
measuring the U and Sm samples and the methods used to process the results, the values for
Sm resonance energies are virtually free of systematic errors. The resonance energies
obtained in the 15-900 eV range for '’Sm and the 15 eV-3 keV range for **Sm are given
in Tables 2 and 3 respectively. As can be seen from Fig. 4, in the energy range indicated,

more than 20 resonances of "**Sm are observed. However, owing to poor resolution in the
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range above 1 keV, it is not possible to confirm that all the resonances shown for this range
are single ones.
@ Multiplicity spectra and resonance spins

Initial processing of the measurement results made it possible to determine the S,

areas under the resonance peaks for time-of-flight spectra for different values of multiplicity

k, with k ranging from 1 to 7 and to determine the fraction of capture eventsp, = S,/ Y_ S,
k

corresponding to a simultaneous recording by the detector of ¥ gamma quanta and also the

average multiplicity values <k> = :z kp, foreach resonance. The multiplicity distributions
k

thus obtained for two resonances of '“’Sm are presented in Fig. 5. The <k > values for the
“7Sm resonances are shown in Fig. 6. It can be seen from the diagram that the resonances
are divided in terms of the <k> values reasonably clearly into two groups corresponding
to spin values of 3~ and 4 in the case of resonances for which the spins were known (up
to ~ 400 eV) [2, 4].

The correlation observed between <k> and resonance spin was confirmed by the
results of the multiplicity spectra calculations performed with a gamma-cascade model of the
decay of the compound states and statistical modelling of the detector response function for
typical '¥’Sm resonances with spins of 3 and 4 . In order to achieve the statistical
modelling a program was set up which applied the Monte Carlo method to calculate the
passage of gamma quanta through the detector, taking into account the successive interactions

between the gamma quanta and the materials of the detector and its shield, until they were
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registered by one of the detector sections. In order to represent the gamma cascade arriving
at the entrance to the detector, we used gamma-cascade models, theoretical descriptions of
strength functions and the available experimental information on the diagram for the low-
lying levels of the corresponding compound nucleus, as described and tested earlier in
Ref. [5]. This method, based on experimentally determined multiplicity values, made it
possible to obtain a representation of the initial, so-called "physical” multiplicity ».

The calculation results obtained for !¥’Sm are shown in Figs 7 and 8. From these it
follows that the correlation between the average multiplicity and the spin for the "physical”
multiplicity is similar to, but even more pronounced than in the case of the gamma-ray
multiplicity observed experimentally.

The existence of this correlation between spin and <k> made it possible to
determine the spins of some 100 resonances of '’Sm in the 15-900 eV energy range. For
the majority of the resonances where the spins were already known, the values were
confirmed. However for five resonances (161.0; 161.8; 359.2; 362.3 and 412.0 eV)
different spins were obtained. For the 65.1 and 257.0 eV resonances it was found that <k >
has an intermediate value, and it was also observed that <k> was energy-dependent within
the limits of the resonances. Thus, <k> varies from values corresponding to a spin of 3~
to values corresponding to a spin of 4 (Fig. 9). This indicates that the 65.1 and 257.0 eV
resonances are previously unresolved dual resonances with different spins.

The measurements also showed that the 94.9 eV resonance belongs to the **Sm

isotope, and not to ¥’Sm.
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The determination of <k> for resonances of the '**Sm isotope gave a value of ~ 2.5,
which is significantly lower than for '*’Sm, where it is found in the range from ~ 3.3 to 3.8
(Fig. 6). No separation of the resonances into groups is observable for the *Sm isotope.
(b) Neutron and radiation widths

Simultaneous measurements of time-of-flight spectra for neutron capture and scattering
made it possible to estimate the neutron and radiation widths of a significant number of
resonances. This was done using expressions for the areas under the resonance peaks - S,
in the neutron scattering spectrum and S in the capture gamma-ray spectrum for all

multiplicities from 1 to 7:

S, = F(E) ¢, AT /T
1)
Sy = F(E) T €, -AI‘Y/I‘
and their ratio:
S8, = €je, T ST, (2)

where F(E) is the neutron flux of the resonance energy E for a single energy range during
measurement of the whole sample area; ¢, and e, are the counting efficiencies for neutron
scattering and capture events, respectively; and A is the area corresponding to the resonance
dip in the transmission curve.

In the case of '*’Sm, the product of F(E)e was normalized with respect to the
resonances with known parameters in the 18-58 eV range. The energy dependence of the
flux has already been measured [6] and in addition was checked against the known *%U
resonances. For the unknown resonance parameters of '“®Sm, F(E)e was normalized with

respect to the number of counts per channel N** at the 95 eV resonance maximum, for
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which the sample in question appeared almost "black" (as shown below, no, ~ 8). The

correlation used was;

S, IN,™ = S,IN,™ = a/AE , 3)
where AE is the time channel width in eV.

The efficiency ratio ¢,/e, which appears in expression (2) was found from experiments
using isotopes with known I', and I', widths. In view of the detector’s high gamma-ray
recording efficiency and the high efficiency of the n-y converter, it was assumed that ¢ and

¢, hardly change from resonance to resonance, and that ¢, is also not dependent on the

scattering material of the target.

In the case of 'Y’Sm, the first five resonances were used in order to determine €,/€..
For '*Sm, owing to the fact that its neutron binding energy and the average number of
gamma quanta in the cascade are significantly lower than for '’Sm, the efficiency ratio was
also determined from measurements with 2*U, for which the <k> value of 2.4 and the
binding energy are considerably closer to the same values for *8Sm. The difference in the
e, /¢, ratio for *Sm and **U due to the difference in ¢, was calculated to be 10%. On the
basis of the calculations and experimental data, it was assumed that ¢,/e, = 0.55 + 0.06.

Once the product F(E)e and the ratio ¢,/e, were known, the resonance widths were
determined on the basis of expressions (1)-(3) and the known dependences of AT',/T" and
AT /T onT,andT,. Since the main concern in the case of '“’Sm was to determine T, and
I', was already known [2], the values for I for most resonances were found using the much
simpler expression (2).

The determination of the resonance parameters involved making corrections to S, and

S, to allow for the contributions made by the recording of capture events in the scattering
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channel (4%) and of scattering events in the capture channel (from 5% to 15% depending
on the neutron energy). A correction was also made to take account of the capture of
neutrons at the target after they had been scattered by the target nuclei. The size of the
corrections was determined through special experiments or by calculation.

In processing the measurement results, we also took into account the contribution of
impurities caused by the other samarium isotopes contained in the samples in addition to the
main isotope, one of these being **Sm, for which analogous measurements have been
performed. The results obtained for this isotope will be published later once they have been
processed.

Using the method described above, we obtained T, for 25 resonances of '“’Sm in the
15-300 eV energy range (Table 2) and the widths T, and " for a number of '“*Sm resonances
(Table 3).

The inclusion of a new parameter - gamma-ray multiplicity - in our studies of the
radiative capture of resonance neutrons using the multiplicity spectrornetry method enabled
us to identify "’Sm resonances in terms of spin and to determine previously unknown spin
values for a number of resonances of this isotope in the 400-900 eV energy range. In turn,
this made it possible to determine more accurately the neutron strength functions for
resonances having different spins, which in the 15-600 eV range were found to be S,(3) =
(6.2 + 1.6-1.1) x 10* for J = 3 and S,4) = (3.0 + 0.6-0.9) x 10* for J = 4, the
difference in strength functions being largely accounted for by the 300-600 eV energy range.
The values for S,(3) and S,(4) in the energy range up to 300 eV agree fairly well with the

results obtained in Ref. [4].
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Determination of the radiation widths of the '’Sm resonances showed that T, varies
only slightly from resonance to resonance without going beyond the limits of the
measurement errors. Thus, the large fluctuations in I', described in Ref. [2] cannot be
confirmed. An average value of <I' > = (75 + 4) MeV was found for resonances with
different spins, together with values for <T', > which, within the limits of error, proved to
be identical.

For "¥Sm, we determined the position of more than 20 resonance levels in the energy
range up to 3 keV. For a range in which there are evidently no missing levels, we found
an average distance between levels of D, = (109 + 10) eV and a strength function
S,(3.2 + 1.0-2.5) x 10* which agrees well with the values for S, in this range of mass
numbers.

For radiation widths of the levels for *Sm, the average value obtained was
<TI,> ~ 45MeV. This is considerably lower than for other samarium isotopes and is one

of the lowest for the nuclei in this mass range.
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Table 1

Isotopic composition of the samples, % Thickness
Sample 147 148 149 150 152 154 10°° at/b
475 96,4 23 06 02 04 01 345 3,62
148sm 3,3 92.3 3.4 0.4 0,4 0,2 33,0 8,25




Table 2. Resonance
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parameters for '“’Sm

Ne E, eV %> J Ty, MeVv
1 18,36 (2) 3,682 (3) 4

2 27,16 (2) 3,438 (5) 3 84 (4)
3 29,76 (2) 3,401 (4) 3 71 (4
4 32,14 ) 3,667 (3) 4 70 (5)
5 39,70 (2) 3,686 44) 4 68 (4)
6 40,72 (3) 3,385(13) 3

7 49,36 (2) 3,670 (5) 4 75 (4)
8 58,09 (2) 3,400 (4) 3 77 (53
9 65,10 (3) 3,45 (3) 3

10 55,10 (3) 3,66 (3) 4 |
11 76,15 (3) 3,664 (6) 4 74 (5)
12 79,89 (3) 3,670 (15) 4

13 $3,60 ) 3,365 (5) 3 76 (5)
14 99,54 (4) 3,605 (7) 4 795
15 102,69 (4) 3,385 (6) 3 76 (T}
16 106,93 (4) 3,655 (T 4 82 (5)
17 108,58 (5) 3,710 (35) 4

18 123,71 (4) 3.370 (6) 3 73 (6)
19 140,00 (4) 3,472 (8) 3

20 143,27 (5) 3,703 (32) 4

21 151,54 (5) 3,317 (D 3 75 (5)
22 161,03 (5) 3,42 (2) 3

23 161,88 (15) 3,61 (2) 4

24 163,62 (5) 3,598 (10) 4 77 4)
25 171,80 (5) 3.668 (14) 4 69 (4)
26 179,68 (6) 3,406 (26) 3

27 184,14 (5) 3,304 (12) 3

28 191,07 (5) 3,390 (14) 3 79 (5)
29 193,61 () 3,643 (35) 4

30 198.03 (6) 3.419 (18) 3 61 (4)




Ne E, eV

31 206,03 (6)

32 221,65 (6)

33 225,28 (6)

34 228,53 (10)
35 240,76 (7)

36 247,62 (1)

37 257,13 (8)

38 257,13 (8)

39 263,57 (9)

40 266,26 (8)

41 270,72 (9)

42 274,40 (i0)
43 283,28 (10)
44 290,10 (10)
45 308,3 (2)

46 312,06 (12)
47 321,13 (18)
48 330,1 @)

49 332,1 (3)

50 340,4 ()

51 349,86 (18)
52 359,32 (15)
53 362,15 (35)
54 379,2 (2)

55 382,4 (3)

56 390,5 (2)

57 396,5 (3)

58 398,6 (3)

59 405,1 ()

60 412,0 (2

61 418,3 (2)

62 421.8 (3)

63 4357 3)

64 40,2 3)

65 446,9 (3)

66 458.6 (3)

67 462,9 (3)

68 476,0 3)

69 479,8 (3)
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<k>

3.564 (8)
3.382 (12)
3,395 (12)
3,636 (45)
3,700 (21)
3,558 (10)
3,41 (3)
3,58 (3)

'3.396 (20)

3,578 20)
3,405 (15)
3,402 (25
3,681 (22)
3,53 ()
3,37 (®)
3,62 (4)
3.25 a0
3,381
3,72 (12)
3,63 (9
3,36 (&
3,42 (3
3,57 (5
3,331 D
3,402 21
3,68 (4
3,47 (3
3,34 (3
3,416 30)
3,38 (3)
3,42 (D
3.63 ()
3.29 (3)
3,66 (4)
3,45 8)
3,66 (3)
3,40 (4)
3.58 (5
3,324
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Ne E.eV <k> ¥ r,, MeV
70 486,4 (3) 3,43 (9 3
7i 496,2 (4) 3,46 (4 3)
72 498.6 (4) 3,32 (4 3
73 513,5 (3) 3,42 (2 3
74 528,9 (4 - 3,62 (8) 4
75 532,5 (4 3,40 (10) 3)
76 538,1 3) 3,38 (9 3
77 546,0 (4) 3,46 (4) 3)
78 553,2 (zs) 3,34 (6) 3
79 559,7 (4) 3,29 (6 3
80 563,4 (&) 3,55 )
81 574,3 (4) 3,62 (5 4
82 580,2 (5) 3,21 (5 3
83 587,8 (4) 3,35 3
84 597.4 (4 3,59 4) 4
85 606,0 (4) 3,68 (5) 4
86 617,2 (5) 3,45 (4) 3)
87 634.0 (4) 3,42 (6) 3
88 659.5 (4 3,55 (6) “4)
89 668,8 (4) 3,77 (6) 4
90 697.0 ¢4) 3,60 (4) 4
91 714,0 (5) 3,37 4 3
92 744,3 (5) 3,67 (6) 4
93 796.2 (5 3,34 (D 3
94 808.0 (5) 3,37 (4 3
95 821,0 (5 3,39 9 3
96 836,1 & 3,54 (4 )
97 875,2 (6) 3,36 (4) 3
98 896,1 (6) 3,26 6) 3
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Table 3. Resonance parameters for “4Sm

E, eV Is.MeV 2, MeV Ty, MeV
94,9 (1) 385 (35) 39,5 3,6) 60 (10
140,2 (1) 344 . 2,9 (0,4) 43 (8)
184,4 (1) 780 (70) - 51,5 (5,2) 53 (8)
288.2 (1) 410 (40) 24,2 2,4) 51 (1)
4220 2) 208 (20) 10,1 (1,6) 43 (D
513,52 735 (70) 32,4 3,2 41 (10)
557.4 (3) 92 (15) T 3,906 42 (10)
622,9¢3) . 580 (50) 23,2 2,0) 40 (10)
883,1 (4) 1050 (15 0 35,3 (5,0) 53 (20)
909,6 (5) 2400 (300) 79,6 9,9)

1016 (1)

1157 (1)

1180 (1)

1385 (2) 500 (30) 13,4 2,1

1478 (2) 1450 (200) 37,7 (5,2

1638 (3)

1699 (2)

1860 (3)

1960 (3)

2053 (3)

2145 (5)

2207 (5)

2306 (6)

2415 (6,

2955 8)
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Fig. 1. Longitudinal and lateral sections of the multisection gamma scintillation detector:
1 - collimator, 2 - filter, 3 - Nal(TI) crystals, 4 - photomultiplier - 110,
5 - sample, 6 - converter, 7 - vacuumized channel for positioning of sample,
8 - lead shield, 9 - shield made of B,C with paraffin.
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Fig. 3. Part of the time-of-flight spectrum for (a) quadruple coincidences of capture

gamma rays and (b) neutron scattering events for a '’Sm sample with a thickness
of 3.45 x 10* at/b.
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(b) neutron scattering events for a '“*Sm sample with a thickness of 3.3 x 10* at/b.

The small peaks are the result of '¥’Sm and ***Sm impurities.
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Fig. 5. Experimental multiplicity distribution for capture gamma ray for two !4’Sm
resonances with different spins.
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Fig. 6. (a) Experimental values for the average multiplicity <k> of capture gamma rays
for ’Sm resonances.

(b) Number of resonances in the range A<k> = 0.05 as a function of <k>.
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Fig. 7. Calculated multiplicity distributions for cépture gamma rays for '“’Sm resonances

with a spinJ = 3

———— calculated distribution of the "physical" multiplicity - v;
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Fig. 8. Calculated multiplicity distributions for capture gamma rays for “TSm resonances
with a spin of J = 4 (for key see Fig. 7).
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Specification by channel of average muitiplicity <k> in the 65 eV resonance

region for 'Sm. 7
A slight variation in <k> can be seen between the values which are characteristic

for resonances with a spin of 4 and those which are characteristic for resonances
with a spin of 3 .



