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Cross section curves for radiative capture of neutrons and data on resonance capture integrals
obtained with a neutron-slowing-down-time spectrometer employing lead are presented. The
values of the force functions for p neutrons (S;) and of the quantities Sy = Fy/ﬁ Jg(2J+1) are
determined from an analysis of the energy dependences of the capture cross sections. For
lanthanum §; = (2.0 + 0.9) x 1074, S, = (0.20 + 0.02) x 1074 for praseodymium S; = (1.13}:})

x 1074, Sy = (0.60 + 0.07) x 1074 for tantalum

INTRODUCTION

THE energy region up to 50 keV is most favorable
for observing interactions between p neutrons and
nuclei, because s and p neutrons make comparable
contributions to the capture cross section in this
region, while the contribution of d neutrons is neg-
ligibly small. (1) while ample experimental infor-
mation is available regarding the force functions
for s neutrons, the force functions S; for p neu-
trons have been measured for only a relatively
small number of nuclei, mainly in the region A
~ 100,[1"3] where the function S;(A) reaches a
maximum. In the region A ~ 140—200, where our
present measurements were made, S; has a min-
imum (and S, a maximum ); this, of course, makes
it difficult to distinguish the p-neutron contribution
to capture cross sections averaged over many res-
onances. On the other hand, the experimental de-
termination of S; in this region of A is of decided
interest, particularly in connection with recent
theoretical papers discussing volume and surface
absorption in the optical model and the effect of
nuclear deformation (see -5, for example).

Systematic measurements of the energy depend-
ence of radiative neutron capture cross sections
below 50 keV were begun only recently. Relative
measurements of the cross sections were obtained
above 3 keV for some nuclei at Duke University
using the activation technique. (3] Measurements
at Oak Ridge for E 2 10 keV[?) and E < 8 keV -¢]
employed the direct registration of prompt y rays
from neutron capture.

Capture cross sections of neutrons from an
Sb—Be source (E = 24 keV) and of neutrons from
the Li'(p,n) reaction near threshold (30 keV) have

Sy~ 0.2 x 1074; for gold S; ~ 0.3 x 1074

been measured using the activation techniquel?~11]
and by transmission with spherical geometry. [1%:13]
However, the spread of experimental results ob-
tained by different investigators is still quite large;
gold is a good example in this respect.

Our present measurements represent a continu-
ation of previous work. (4] We used a spectrom-

eter based on the neutron slowing-down time in
lead, [14-16]

RESULTS

Our measurements of the energy dependence of
neutron radiative capture cross sections give the
relative variation of the cross sections and can
be normalized in three different ways: (4]

1) to the known resonance parameters of low-
lying levels of the investigated elements;

2) to the cross section for thermal neutron
capture;

3) to known resonance parameters of a different
element.

Lanthanum. Measurements were made with
three thicknesses (n = 1.5 x 10%!, 3.4 x 10%!, and
8 x 102! atoms/cm?) of samples from three batches
of lanthanum oxide. The capture cross section was
normalized to the 73.5-eV resonance level of lan-
thanum, t177 and also to the resonances of gold,
tantalum, and tungsten in simultaneous measure-
ments (Table I).

Figure 1 shows the energy dependence of the
capture cross section for lanthanum. For E > 1
keV measurements with samples of different
thicknesses yielded identical results. Measure-
ments revealed the level E;=3.06 of La!®® (0.0899
of a natural mixture); the known 0.752-eV level of
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Table I.

Calibration coefficients K of separate series of

measurements for lanthanum, praseodymium,
tantalum, and gold

Normalization

Normalization

region, eV K

Lanthanum, i = 4.7 X.10*! atoms/cm?

Tantalum, fi = 4.6 X 10*! atoms/cm?

to Eo = 73 eV level of La'**| 0,0474-0.008 to 7.2 0.076+0.005
to tungsten 0.035+0.004 7.2—16 0.065+0.003
to gold 0.043+0.009 16—55 0.077+0,002
to tantalum 0.041+0.004 0.3 0.072+0.004

Praseodymium, fi = 8 X 10*! atoms/cm?

Gold, n = 1.7 X 10** atoms/cm?

to Eo = 85 eV level of Prt4 0.038+0.006 to 36 0.186+0.008
to tungsten 0.036+0.004 36—110 0,184+0.015
to bromium 0.03940.008 110—220 0.1624+0.011
to tantalum 0.040+0.004 0.3 0.189+0.010

Note. The indicated error limits were based on errors in the employed resonance para-
meters, and in the low-energy calibration on the statistical accuracy and stability of the

measurements.
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FIG. 1. Energy dependence of neutron capture cross sec-
tion for lanthanum samples with @ = 3.4 x 10*' atoms/cm?* (e)
and 1 = 8.0 x 10** atoms/cm? (0). — our data; X from [*]; V
from [’]; ¥ from [®]. Dashed straight line—1/v extrapolation of
the thermal capture cross section;['’] dash-dot curve—experi-
mental; continuous curve (in keV region)—capture cross sec-
tion plotted from the parameters S, and S, given in the text
and S, = 2 x 10™.

La'®® was weak. Below 10 eV the capture cross
section of lanthanum is approximately twice as
large as the thermal neutron capture cross sec-
tion extrapolated according to the 1/v law; this
cannot be accounted for entirely by the indicated
low-lying levels of La!® and La'®®. The enhanced
cross section, as in the case of praseodymium
(see below ), is evidently accounted for by admix-
tures of other rare earth elements. However, the
maximum cross section at ~ 800 eV cannot be ex-
plained by such admixtures, but corresponds to a
group of narrow lanthanum resonances not appear-
ing in the measurements of the total cross sec-
tions. [171

Below 10 keV our measurements are in good
agreement with results reported in (2781

Praseodymium. Measurements were performed
on three thicknesses of samples from two batches
of a complex oxide. The uncertain composition of
the latter led to an error of at most 2% in deter-
mining the mean sample thickness when the calcu-
lation was based on the formula PrgOy;.

Figure 2 illustrates the relation between the
measured effect and the background for a praseo-
dymium sample with @ = 4.2 x 10*! atoms/cm?
measured with a proportional y counter.

Figure 3 shows the capture cross section as a
function of neutron energy. The cross sections
were normalized to the resonance parameters of
Pri# at E;=85eV,” and also to the resonance
parameters of Br, Ta, and W. The agreement
with the calibration coefficients is seen in Table I.

Below 10 keV the measured cross section lies
above the cross section representing 1/v extrapo-
lation from the thermal region (dash-dot curves 1
and 2). This result at low energies is caused by
an admixture of such rare earth elements as Sm,
Gd, Dy, and Eu. (To account for the observed be-
havior of the capture cross section we require
only 0.05—0.1% of each of these elements; the im-
purity analysis was not performed with this degree
of accuracy.) Measurements on samples from two
different batches of praseodymium oxide yielded
different cross section curves at low energies. On

DIt should be noted that the parameters of the 85-eV reso-
nance from [**] and the measurements of L. B. Pinkel’ner,
Yu. S. Yazvitskii et al. were close, whereas those of other
authors ['"] differed greatly. We used the data of Pinkel’ner
et al. The calibration coefficient K for the group of levels in
the region 150—300 eV was weighted 1/2 because of the large
correction for neutron capture after scattering, which was
calculated with considerable error. [*°]
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FIG. 2. Curves of the measured effect and background,
for a thin praseodymium sample, as a function of slowing-down
time.

curve 2 a level appears at ~ 8 eV, which can be
associated with the strong 8.01-eV level of Sm1%2,
In the case of the other batch of praseodymium a
group of levels was noted having the mean energy
~ 6 eV, which can be attributed to dysprosium
(curve 1). The areas of the peaks correspond to
Sm and Dy contents of the order of tenths of one
percent. Agreement with the results given by other
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authors [2:7:8] is satisfactory in the keV region.

Tantalum. Measurements were performed on
two sheet tantalum samples of different thicknesses
and on a sample of powdered tantalum from a dif-
ferent batch. The cross sections were normalized
to levels with known resonance parameters [21,22]
and to the thermal capture cross section (Table I).
The energy dependence of the radiative neutron
capture cross section for tantalum is shown in
Fig. 4; a comparison of the results for three
sample thicknesses shows the self-shielding ef-
fect. At energies above ~ 2 keV the points for
samples of different thicknesses are averaged,
since self-shielding no longer plays a part in this
region. Below ~ 0.5 eV the neutron capture cross
section of tantalum follows the 1/v law. Our re-
sults are in good agreement with (2,61 Above 20
keV our data are 25% lower than in (8,237

Gold. Two metallic gold samples of different
thicknesses were used. The capture cross sec-
tion was normalized to resonance levels with known
parameters [21] and to the thermal capture cross
section. [17]

Table I gives calibration coefficients for one
series of measurements on gold. The weighted
mean calibration coefficient was used for normal-

0’ EEETR EEES 143 e
i T = e SEn
FIG. 3. Energy dependence of neutron capture cross T 6(n,y)b U~ Te T i
section for praseodymium samples with i = 4.2 x 10* ~. 1] 1/ il N ‘?Dr i
atoms/cm? (e) and @i = 10** atoms/cm? (0). — our data; N o A 2 Hie 99 '9,. il
X from [2]; A from [*]; V from [**]. Dashed straight line 0°—= T\* \ »_ 2 4 L
at low energies—1/v extrapolation of the thermal cap- SN L S i
ture cross section;[*®] dash-dot curves 1 and 2—ex- e = M 1
perimental for samples from different batches of M ‘-';»_.:, L
praseodymium oxide; continuous curves(in keV region) s “"& I
—capture cross section plotted from the parameters in 0 : IR L
the text with S, = 2 x 10™; dotted curve—analogously NG
using the parameters in [?]. 1T )
1072 | ! |
e 0’ 10% 0’ 0% Eev
10% 5(/7) T T = 2]
—+ b i ; 181
ST ﬁw_ 73“J
* 4
o oL K -iﬁ LR
FIG. 4. Energy dependence of neutron capture 10’ == =
cross section for tantalum samples with i = 2.8 —N -
x 10** atoms/cm?® (0), it = 4.6 x 10*! atoms/cm? <
(®), and 7i = 8.7 x 10** atoms/cm? (0). X from [2]; TN
< from [°]; A from [*]. * from [**]. Dashed and 0° Pogt # 111
continuous curves as in Fig. 1. ekl
w0’ 0° 0’ 1% 103 70* Fev



62

KONKS, POPOV, and SHAPIRO

—{ 6, )b ;
P 310
e iy FIG. 5. Energy dependence of neutron capture
I . v PNEL cross section for gold samples with 7 = 2 x 102
, o At - n WL atoms/cm? (0) and @i = 4 x 10** atoms/cm? (®). X
10 _ 3 Er from [?]; A from [*]; © from [¢]; V from ["]; A from
- S [*]; @ from [°]; m from [*°]; O from [*']; e from [*%];
ot il <O from [®]; * from [#]; V from [*°]. Curves as
. )‘s@ . in Fig. 1.
g
0 A :
4 Xxé%
w0’ 10° 10’ 10° 10’ 0% Eev

ization. Earlier measurements (%] were normal-
ized to resonance parameters given in (17] The
renormalization of old results to resonance pa-
rameters in (211 Jowered the cross section curve
20%, giving agreement with our measurements
within experimental error limits.

The energy dependence of the (n,y) cross sec-
tion for gold is shown in Fig. 5, taking account of
the renormalized results in (%41, In the keV region
our results agree well with [%12,13,6]  Disagree-
ment is observed with results in [7"11,25] obtained
by the activation technique, and the shape of the
curve differs from that obtained at Duke Univer-
sity. (3]

In Table I the calibration coefficients for gold
in connection with the third resonance group and
for tantalum in connection with the second group
are 10—15% smaller than the other coefficients.
This difference reappeared in all other series of
measurements with samples of unequal thicknesses.
The explanation may lie either in inaccurate pa-
rameters of these levels, obtained from total cross
section measurements in [1%21,22] or in the omis-
sion by the same investigators of weak resonances
making an appreciable contribution to the capture
cross section.

It should also be noticed that for gold and tan-
talum a systematic discrepancy is observed be-
tween the activation data, on the one hand, and data
obtained in the direct registration of y quanta from
neutron capture and by neutron transmission with
spherical geometry, on the other hand. The acti-
vation data for gold[7~11,23,25] exhibit a consider-
able amount of mutual discrepancy and are one
and one-half to two times higher than the results
in [2:12,13] and our own data, which are in good mu-
tual agreement. Since gold and tantalum have

strong resonances at low energies, it is possible
that the presence of even a small low-energy neu-
tron background (reflected from room walls etc)
leads to a spurious increase of the capture cross
section for activation.?) A change of the decay
scheme upon passing from the thermal region (to
which these measurements were normalized) to
the keV region can only lead to the appearance of
new decay modes which would reduce the meas-
ured cross section in the keV region, and not the
reverse.

In connection with the design of nuclear reac-
tors and radiation shielding it is of interest to con-
sider the resonance absorption integral

Ez -

Ro= o B

E,
Table II gives Ry in different energy regions.
Here R,(1/v) =0.440y(0.025 eV), Ry was cal-
culated from the parameters of known resonances,
and R; was obtained from our measurements on
the thinnest sample for the energy region (given
in parentheses) where the parameters of the lev-
els were unknown. The total value of R, is given
in the fifth column. The sixth column gives val-
ues of R, obtained by other investigators mainly
from reactor measurements. In the cases of gold
and tantalum R+ was determined practically en-
tirely from the value of Ry, not from our meas-
urements; therefore a comparison with other
‘‘global’’ values of Ry would be meaningless.

21t is therefore necessary to perform activation measure-
ments for nuclei with strong low-lying resonances using
screens of the same elements as shields against background
neutrons.
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Table II. Resonance
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absorption integrals

Total Ry, barn
i‘ﬁ; R., (1/v),barn R,, barn R,, barn Rye (other authors)
La 3.940.1 [9.240.9 (<730¢V)0.940.1 (>730(¢V)’14.0J_f0.9 L4[25]; 11+3[27)
Pr | 4.970.09 |9.7%0.7 (<300 eV)|2.940.3 (300 eV)|17.6+0.8 11.3[20]: 23.5+9 [27]
Ta* | 9.23%40.44 12.64-1.3 (>1 keV)
Au* | 43.5+0.1 9.6--0.9 C>1 keV)

*Very accurate r
940 eV are given in

T?zjnance parameters of Ta levels up to 300 eV and of Au levels up to
1

We shall finally discuss the force functions for
p neutrons which were calculated from the average
capture cross sections in lanthanum, praseodymium
tantalum, and gold. These calculations followed a
program developed in [!J. However, the small con-
tribution of p neutrons to the capture cross sec-
tion reduces considerably the reliability of the S,
calculation, so that more rigorous accuracy is re-
quired for the s-neutron average interaction pa-
rameters. The initial calculations showed the im-
possibility of obtaining the three parameters from
our curves (the second and third series of calcu-
lations in [1J), Moreover, in the cases of tantalum
and gold we do not obtain completely unique values
of the two parameters Sy and S, = (T'y, /D),
= (F-),/D)l (here D =Dj(2J+1), where Dy is the
average separation between levels with spin J). A
change of 15—20% from the fixed value of the force
function for s neutrons (the error of S; indicated
in one of the best references [21]) changes S; by a
factor of a few. For the given elements our meas-
urements yield only estimates of S; (0.2 x 1074 for
tantalum and 0.3 x 107* for gold). These estimates
agree with [2,8]

It should also be noted that our experimental
capture cross sections for gold and tantalum in
the range ~1—4 keV are 15—20% higher than the
resrl;igs calculated using values of S; and Sy given
in %4,

For La'®® and Pr!!, which are magic nuclei
for neutrons, we have I'y > I'y above 3 keV.
Therefore the s-neutron capture cross section
averaged over resonances depends mainly on ry /D
(as is discussed more fully in [13). An analysis of
the measurements therefore gives I’

/D with
greater accuracy than S. Assuming (T'y /D),
=(T'y /D), = Sy, we obtain:

for lanthanum S, = (0.20 + 0.02)-10™,
S,=(240.9)-10%
for praseodymium S, = (0.60 &+ 0.07)-1074,

Sy = (1.4 Fgg) 107

The last value is one order of magnitude greater
than the result S; = (0.1 + 0.1) x 107 given in
f21, Figure 3 shows the capture cross section
curves of praseodymium calculated from our
parameters (the continuous curve) and from the
parameters in (2] (dotted curve). It can be seen
that the latter disagrees with experiment below
10 keV. This results from the fact that Gibbons
et al.[2] used the higher value Sy =1.1x 1074
In the region above 100 keV, which is not shown
in Fig. 3, the experimental points lie above our
calculated curve. This can be accounted for by
the contribution of d neutrons, whose force func-
tion should have a maximum at A ~ 140.[28]

It may be noted that the values of S; obtained
for lanthanum and praseodymium agree with those
calculated on the optical model using the param-
eters of Nemirovskif (28] (see RY also).

In conclusion the authors wish to thank Yu. A.
Dmitrenko, S. N. Gubernov, A. M. Klabukov, and
E.D. Bulatov for maintaining the proper function-
ing of the apparatus, and Yu. I. Fenin for the com-
puter calculations.
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