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Results of measurements of the total neutron cross sections and radiative-capture cross
sections of molybdenum are presented. They were obtained with the use of a linear electron
accelerator and a time-of-flight neutron spectrometer. The highest resolution in the meas-
urements of the total cross sections was 0.006 usec/m. The parameters of a number of res-
onance levels are determined with allowance for interference between potential and resonance
scattering. The strength function I"—gl/D for each of the isotopes is also determined. Several
weak levels ascribed to the p wave have been detected. The question of the identical position
of levels belonging to different isotopes is discussed.

1. INTRODUCTION

DATA on the position and parameters of nuclear
levels obtained thus far by neutron spectrometry
techniques largely refer to a natural mixture of
isotopes. However, the investigation of a number
of characteristics dealing especially with the posi-
tion of the levels and the distribution of the dis-
tances between them require the study of separated
isotopes by neutron spectroscopy. Knowledge of the
physical characteristics of separated isotopes is
also necessary in a number of cases for the prac-
tical use of materials in nuclear power.

In the present paper we consider the results of
the study of the total neutron cross sections and
the radiative-capture cross sections for separated
isotopes of molybdenum in the 7—15 000 eV inter-
val. The choice of molybdenum for this study was
based on the following considerations: a) Molyb-
denum has a large number of even-even isotopes,
for which the relation between the position of the
levels should have a particularly simple character;
b) the atomic weights of molybdenum isotopes lie
in a region where, according to the optical model
of the nucleus, a large number of resonances con-
nected with the capture of p neutrons should be
expected; ¢) the data on molybdenum available in
the literature (%] were obtained in 1955—1956 with
poor resolution; d) molybdenum is a construction
material used in nuclear power.

2. APPARATUS AND SAMPLES

The measurements were made with a neutron
spectrometer[3] with a linear electron accelerator

as a pulsed source ofneutrons.?

The length of the electron pulse was 0.6 usec,
the channel width of the time analyzer was 0.577
usec, and the pulse repetition rate was 100 ppm.

The total cross section measurements were
made with a flight distance of 109.14 m. The
samples were placed 5.5 m from the target. The
collimator diameter at the position of the samples
(depending on the sample dimensions) was 42 or
62 mm. The neutron beam was filtered by a layer
of B! of thickness 0.11 g/cm?.

The neutron detector consisted of 230 propor-
tional counters placed in a common aluminum tank
filled to atmospheric pressure with BF; gas en-
riched to 80% B’. The detector area was 2500
cm? and the detector thickness in the direction of
the neutron beam was 17.6 cm; the maximum delay
time for the occurrence of the counter pulse rela-
tive to the moment of neutron capture by boron
was 0.5 usec. A special nonlinear circuit'’- was
used to apply the initial y-ray pulse.

Information from the apparatus located in the
neutron beam was fed to a 2048-channel analyzer
with an electrostatic memory tube and a magnetic
drum.

The beam spectrum, after subtraction of back-
ground but without correction for the detector
efficiency, was approximated to an accuracy of
better than 5% for the entire energy interval by the
following function (E ineV):

YPreliminary results of the measurements were reported at
a working conference on slow-neutron physics at Dubna.[*]
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N (E) = const (140/E™® + E/108).

With the diameter of the collimator aperture
equal to 62 mm near the samples, the counting
rate in the time-analyzer channel of width 0.577
usec was ~50 hl.

The radiative-capture cross-section measure-
ments were made with a flight distance of 15.1 m.
The y-ray detector consisted of a NaI(Tl) crystal.
The apparatus for the radiative-capture cross-
section measurements has been described in de-
tail in 64,

The separated molybdenum isotopes in the
form of metallic or trioxide powders of molybde-
num were poured into aluminum containers with an
internal diameter of 50 or 70 mm and a plane-
parallel bottom and cover (wall thickness 0.5—0.8
mm ), packed down, and rolled in. We prepared
13 samples with an abundance of at least 75% for
the principal isotope. The samples of natural
molybdenum were prepared from metallic slabs 1
mm thick. The molybdenum purity in all the sam-
ples was at least 99.9%.

3. ANALYSIS OF THE RESULTS

The total neutron cross sections were deter-
mined from the attenuation of the neutron beam by
the sample of the investigated material and were
calculated from the usual formula:

1 1
O = ry In —77(—5)— s
where n is the number of atoms in 1 cm? of the
substance and T(E) is the sample transmission.

The experimental data on the total cross sec-
tions were analyzed by the area method with the
aid of the well-known Hughes diagrams (7] per-
mitting the determination of the resonance param-
eters with allowance for the Doppler effect and the
resolution of the neutron spectrometer.

When samples of sufficiently different thickness
were available, we determined the values of the
radiative (I".y) and neutron (T',) widths. In the
high-energy region, where T', > T, it was suffi-
cient to use measurements with one sample; finally,
in some cases for which the measured values of
the areas on the transmission curves lay in the
region of the Hughes diagrams where accurate
values of the width could not be obtained, the anal-
ysis was made with an assumed value of the radia-
tion width.

Additional difficulties in the analysis arose
when interference between resonance and potential
scattering had an appreciable effect on the shape
of the resonance peak, and consequently, on the
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area under the dip in the transmission curve, i.e.,
for neutron widths which make up an appreciable
part of the total width. In these cases we used a
rather simple method for preliminary analysis of
the transmission curve which permitted us to take
into account all factors affecting the behavior of
the cross section in the resonance region, including
interference, and which appreciably increased the
accuracy of the determination of the resonance
parameters.

The idea behind this method was to bring the
resonance transmission, the deformed interference,
and the overall resolving power of the apparatus
into symmetric form. The sample transmission
in the resonance region was, as usual, considered
as a function of a dimensionless parameter

x =2 (E —Eg)/T

(E is the neutron energy, and E;, and T are the
position and width of the resonance level). If the
energy E, is known, then we find the points T (x)
and T(—x) on the transmission curve and intro-
duce the quantity

T =VT(x) -T(—x).

The interference term is an odd function of x and
vanishes here, so that by applying Hughes’ method
to T* we can determine the resonance parameters.

With the use of the symmetrization procedure,
the errors in the determination of the resonance
parameters could, in principle, depend on the
overall resolution of the apparatus and the uncer-
tainty in the resonance energy. Numerical esti-
mates show, however, that, in the interval of reso-
nance parameters, sample thicknesses, and re-
solving power of practical importance, the error
introduced by the symmetrization of the trans-
mission curve does not exceed the errors of the
area method. The method employed for data re-
duction has been described in detail by one of the
authors.[8

Data on the radiative-capture cross section were
used in conjunction with the results of the total
cross-section measurements for the identification
of the levels and for the determination of the pa-
rameters of the weak levels not appearing in the
total cross-section measurements. Here we used
a method similar to that described by Kim et al.[%’
The total number of detector counts due to the cap-
ture of neutrons in a sample with an energy within
the limits of the investigated resonance is given by
the relation

— T T
SN, = CN(E) VEeF‘ig (1 — e dE = CeN(E) VE [ Ar,
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Table I
{z;; Eo. eV Ty, Mev Tn, eV r ?1' Mev g;év mnli‘:;::gdp(a)fa?:;z;s
1 2 3 4 5 6 7

Mo® | 346.641,0 0.02840,004 1.5+0.2 I,=260+80 MeV
2040430
317026 12.0£1,0 210420 I, >T*
116104220 64.7£13.0 600120 I, >TY
139204260 61.7+12.0 520100 r,>TIv
16660300 42,749.0 33070 r,>T

Mo® | 1519-+9 1.55+0,27 4047 r,= 26080 MeV
168810 0,75+0.2 18+5 T = 260-£80 MeV
5380+ 60 15.3+2.0 20930 "I >r

Mo% | 45.0+0.4] 210460 |  0.175+0.010 26.1+1.5 oy
110.8+2 (0.16+0.03).10-8 {0.0455+0.0030 | 78 r,>rT,
118.3+2 (0.125+0.025)-10-3/:0.0113+0.0022 | 52 r,>T,
159.0+0,3| 26050 | (0.0136+0,002 1.1+0.2 12

220+4 (1.04+0,20)-10-3 0.070+0.014 [180 r,>r,
249+5 (0.35+0.07)-10-2 | 0.022:£0.004 | 50 I, >T,
267.3+0.6 (0,82:0.16)-1073 0.0504+£0.010 | 105 r'>r,
335+10 (2.0540.45)-10-3 0,1124+0.025 {185 r,>r,
358.2:4+1.0 0.4+0.05 21.0+2.5 T, = 26080 MeV
480+10 (5.421.1)-1073 0.25+0,05 | 300 I, >T,
554.7-+1,5| 26050 0.12+0.,06 543 [12]
635+2
679.3+2.5 0,80+0,12 30+4.6 T, = 260480 MeV
;gﬁﬁ‘) 0.48+0.1 16.3 T, = 260480 MeV
—102245
—A147+5
—413%7
—74004200 9.041.0 10011 T, >T,
Mo% | 114.5+2 (0.7540.25)-10-3 | 0.0700.023 340 r>T,
—131.140.2| 26050 17.3+1.3 12
— 2371417 * 0'25?9:%95015 10.3+1 r, [>]-I‘Y
— 3300430 14,8+2.0 260435 r,>T,
Mo | 700000 45| 330480 2.064:0.20 (1)
o .9+0, + .06+0.
5106 OB GAE) 0w | 0.05420.0L |145| T ST,
230+6 (2.0540.45)-10-8 0.135+0,030 |330 r,>r,
267.3+0.6 A
285.4+0,7 0,064+0.012 3.840.,7 T, ='260+£80 MeV
311,7+1,0 (8.0-£2.0)-10-2 0.45+0.11 | 800 rv%rn
396.7-+1.,2| 26080 442
505+3 h Obo,ss%ft%%o 2314 T, = 260+80 MeV
576+2 | 260480 0.67+0.13 28+6 2]
695+20 -
788+3 2.154+0.20 767 [, = 26080 MeV
1255+ 6 340.3 8,1+0.8 T, = 26080 MeV
1519+9
200020
(0.024-0,0014)

Mo?s 12+0.,1| 20046 |(0.0740,005)-10-3 X108 900 | analysis from shape
429.7+1.3 0.070+0.,010 3.4+0.5 T, = 260+80 MeV
467.0+1,4] 26050 0.70+0.08 3244 two-sample technique

6122 0,03540.005 1,440.2 T, = 26080 MeV
816+£3 0.080+0,015 2.8+0.5 T, = 26080 MeV
1103+5
1519+9 1.40+0.21 36.0£5.4 T, = 26080 MeV

255020 1.44+0.20 29+3 T, = 260+80 MeV
330030 4.0+0.3 70+5 r,>T,
9000130 5045 30450 r,>T,
Mol | 99.5+0.2 (0.5640.22)-10-3 | 0.056+0.022 | 320 r,>T,
36341 | 260+80 1.00+0.12 52:£6 12
1067 +5 0.42+0.08 13+£2.5 I, = 260480 MeV
125546 0.315+0,030 9.04+0.9 T, = 260+80 MeV
166810 1.15+0.10 28+3 T, = 260+80 MeV
193612 3.34:+0.20 76+5 r,>r,

*I‘y > T, are the weak levels which can be ascribed to the p wave. In these cases
we have introduced the parameters g’y and g]f‘,‘.’A obtained from measurements of the cap-
ture cross section under the assumption that I‘y =260 * 80 MeV.

**In these cases the values of the parameters were taken from [“] and the position of
the resonances is based on our measurements.
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where € is the recording efficiency of the detector
for neutron capture, N,, are the counts in the time-
analyzer channel, CN(E)VE is the total intensity
of neutrons falling on the sample during the meas-
urements (C = const), and A is the area in the
dip of the transmission curve for the investigated
sample.

Applying this relation to the resonance whose
parameters are known from the total cross-section
measurements, we can determine the quantity Ce.
For this purpose, we used the parameters of the
levels of Mo at 159 eV, of Mo®" at 70.9 and 285
eV, and of Mo®® at 131 eV. Knowingthe magnitude
of Ce and taking r, to be the same for all levels,
we can determine the value of A for the weak
levels (I‘.Y/I‘ & 1) from the radiative-capture
measurements, after which the value of gT")
could readily be determined from the calculated
curves of Ap/A as functions of ngy and T/A
(see reference 10). The quantity Ce and the
parameters gI', determined in this way for the
weak levels depend very weakly on the value taken
for |V namely, I‘.y = (260 + 80) MeV.

4. RESULTS AND DISCUSSIONS

The results of the measurements and the
values of the level parameters obtained from them
are given in Table I.

Besides the molybdenum levels shown in Table
I, we also observed levels lying at 967 + 4, 1200
+ 6, 15682+ 9, 1761 + 10, and 3760 + 34 eV, which
we were unable to assign-to definite isotopes.

Figure 1 shows the behavior of the total cross
section for natural molybdenum.?’ The resonances
detected only molybdenum in good agreement with
our data. We take this opportunity to thank the
authors for sending the preprint.

In Fig. 2 (step-like curve 1) we show the dis-

DAfter submission of this paper, we received a preprint
from Saclay[“] which gave data on the position of the reso-
nance levels for natural molybdenum in good agreement with
our data. We take this opportunity to thank the authors for
sending the preprint.

xLly

tribution of the neutron widths for 37 levels of
Mo%, Mo®7, Mo%, and Mo!®®. The Mo® level at
7400 eV and the Mo level at 9000 eV have been
omitted. The smooth curve corresponds to the
Thomas-Porter distribution for one degree of
freedom. We note that there is a large deviation
of the experimental points from this curve, espe-
cially in the region of small neutron widths.

The agreement is considerably improved if
we eliminate the weakest levels from the experi-
mental data (Mo®® at 110.8, 118.3, 220, 249, 267.3
eV; Mo®" at 230 eV, Mo?® at 12 eV, and Mo!® at
99.5 eV) by considering them to correspond to the
capture of p neutrons. The data for the remaining
29 levels are also shown in Fig. 2 (step-like
curve 2).

Table II lists the mean distances D between
the s levels for each isotope.

For Mo%® and Mo®? we list the mean distances
calculated for a one-spin state under the assump-
tion that the density of the two systems of levels
is the same.

Since the binding energies of the nucleon for
molybdenum isotopes differ by approximately 2
MeV, we also calculated for the different iso-
topes the quantities D* reduced to one excitation
energy of 6.5 MeV (see Table II). The quantity D*
proved to be largest for Mo%?, which has a closed
neutron shell and decreases with increasing atomic
weight. :

In the last row of Table II we list the values of
the strength function for s-waves S = I‘—%/D for

the isotopes studied. It should be noted that the
obtained data, which have large errors, lie appre-
ciably above the results of other experiments [13]
for this region of atomic weights and are in better
agreement with the predictions of the optical model
of the nucleus.

For the case of Mo? we also calculated the
strength function S; for p-waves and obtained the
value (6.3 = 4) x 10, The calculations were made
with the formula
1 <l 1

1
Si=g71 D, ~5E>E
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Table IT

Isotope

mass number 92 %

96 97 98 100

D, eV 240041000 {1000+400| 220450 |10004500| 220450 | 270+80 |[432+£150
D*, eV 7500 1460 1170 1120 570 83 67
So-10% 1.0+£0.7 0.5+0.4/0.55+0.4| 0.8+0.7|0.6+0.30.8+0.,5[0.9+0,6

where gl"I‘1 = gI‘nE‘3/ 2ER, AE = 350 eV is the energy and the data reduction, especially to E. M.

interval in which the p levels were observed, Ex
is the energy at which the neutron wavelength is
equal to the radius of the nucleus, and T'} is the
reduced neutron width for p levels.

Attention is drawn to the fact that the positions
of the resonances belonging to different isotopes of
molybdenum coincide. Thus we note the agreement
between the levels of Mo? and Mo at 470+ 3 eV,
Mo® and Mo®" at 685 + 6 eV, Mo?® and Mo!" at
1085 + 15 eV, Mo®" and Mo!® at 1255 + 7 eV,

Mo and Mo!® at 1680 + 10 eV and also three-
fold agreement for the levels of Mo®?, Mo?, and
Mo at 355 + 10 eV and Mo%, Mo®7, and Mo?® at
1520 + 10 eV. The presently obtainable resolution
and statistical accuracy do not permit the reliable
resolution of all cases of coinciding levels belong-
ing to different isotopes.

Coinciding levels belonging to different isotopes
have also been observed earlier, for example, for
the case of nickel isotopes by Newson et al.l1)
is of interest to estimate the probability of a ran-
dom coincidence of levels of different isotopes.
The expected number @, of chance coincidences of
two levels in an energy interval AE can be esti-
mated from the formula

ngEAEZE'%;

itk
and for a three-fold coincidence we have

1

az = EAE? 3 D.D,D,’

i+k+l
where E is the considered energy interval;
Dj, Dg, D; are the mean distances between levels
for the i-th k-th, and I-th isotope; and m is the
number of isotopes considered.

In our case m = 7, and, setting E = 2 x 103 eV
and AE = 20 eV, we obtain ay = 4.5 and a3 = 1.4.
Eleven double and two triple coincidences have
been observed experimentally in the given energy
interval. The available experimental data are in-
sufficient for an unambiguous answer to the ques-
tion of whether there exists an effect involving the
coincidence of levels of different isotopes.

The authors express their indebtedness to the
staff members who took part in the measurements

Strel’nikov, V. E. Charnko, G. T. Bochkov, S. K.

Sotnikov, D. A. Istomin, and V. A. Kochetkov, to

the linear electron accelerator crew, and also to
V. S. Zolotarev, and his colleagues for preparing
the samples of separated isotopes.
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