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Tota l Neutron Cross Sec t ions of Lanthanum and Praseodymium

in the Energy Range from 20 to 240 keV

Kazuaki NISHIMURA, Yoshimaro YAMANOUTI+), Shiro KIKUCHI+^

and Tsuneo NAKAGAWA+^

Radioisotope and Nuclear Engineer ing School , JAERI

( Received December 23, 1976 )

Total neutron cross sections for La and Pr in the energy range from

20 to 240 keV were measured by using monochromatic neutrons, which were

produced by the Li(p,n) Be reaction. The energy spreads of incident neu-

trons were about 18 keV for La and about 8 keV for Pr. The measured tota l

neutron cross sections, with s t a t i s t i c a l error of 2 - 5% for La and 2 - 3 %

for Pr, were compared with other available data. The average to ta l neu-

tron cross-section data for both nuclides were interpreted in terms of a

spherical optical-model potential . S-wave strength functions S for La and

Pr were deduced from the optical-model parameters obtained by f i t t ing to

the average to ta l neutron cross-section data; i . e . S = 0.46 _ n*no X10
O U . U J

for La and S = 1.0 n'no XI0 for Pr. The result of total neutron cross
O — (J . (Jo

sections for La in the energy range from 70 to 140 keV with the energy

spreads of about: 2.8 keV is also presented.

+) Division of Physics, Tokai, JAERI
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I. INTRODUCTION

The experimental data of the total neutron cross sections for lantha-

num and praseodymium are not numerous in the keV region lower than 250 keV.

Miller et al. measured the total neutron cross sections in the energy

range from 50 keV to 3.2 MeV with an interest to find gross structure.

Their data were sparsely distributed in the lower energy region. The re-

2)
suit of Newson et al. showed no remarkable structure in the energy range

from 1 to 100 keV for lanthanum, and they reported appearances of fluctu-

ating cross sections for praseodymium in the energy range from 0.5 to 150

3)
keV. The measurement for lanthanum made by Tabony et al. in the energy

range from 30 to 650 keV, with the incident energy spread of about 10 keV,

indicated rather large fluctuation from 4.1 to 5.5 barns below 200 keV.

4)
Wynchank et al. made the measurement for praseodymium from 10 eV up to

340 keV with the time-of-flight method, and obtained resonance parameters

below 10 keV. They presented fluctuating cross sections in the lower keV

region and smoothly varying cross sections in the higher keV region.

The experimental data of S-wave strength function to be compared with

optical model prediction are relatively few in the mass number region

139 141
around 140, where neutron magic (N=82) nuclei such as La and Pr are

included. Most of the data on the S-wave strength function for these nu-

clei were deduced from the analysis of individual resonances, except for

the data of Seth et al. being deduced from average total neutron cross

sections for lanthanum.

In order to provide further experimental data of total neutron cross

sections and to deduce the S-wave strength function from fitting to the

average total neutron cross sections, the transmission measurements for

- 1 -
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lanthanum and praseodymium were performed in the energy range from 20 to

240 keV with the energy spread of about 18 keV for lanthanum and about 8

keV for praseodymium. The average total neutron cross sections obtained

from the present transmission measurements were compared with an optical

model calculation. From the optical model parameters obtained by fitting

to the average total neutron cross sections, S-wave strength functions

were deduced for the both nuclides.

139 141
The closed-shell nuclei such as La and Pr behave like lighter

nuclei, and the better chance of detection of pronounced fluctuation in

the total neutron cross section would be expected for these nuclei at low

energies. Thus, another measurement of the total neutron cross section

for lanthanum was made to find structure, if any, at the lower energies

from 70 to 140 keV with a narrow energy spread of about 2.8 keV. Fluct-

uating cross sections were observed, and the result is presented in this

report.

II. EXPERIMENTAL

The plane view of the experimental arrangement is shown in Fig. 1.

A) Source

Monoenergetic neutrons were produced by using the Li(p,n) Be reac-

tion. The neutrons emitted from the lithium target were collimated by a

polyethylene collimator in the direction of 6 = 100 +1.8 with respect

to proton beams from the JAERI 5.5-MV Van de Graaff accelerator.

Lithium-fluoride was evaporated onto the molybdenum backing plate of

0.3-mm thickness within the limited area of 5-mm diameters. For the pur-

pose of keeping good vacuum and efficient heat conduction, indium wire of

- 2 -
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1-mm diameter was used as a gasket. The dimension of the lithium target

assembly is presented in Appendix I. The outside of surface of the moly-

bdenum plate was cooled by the jet spray of mist, and no lithium-fluoride

ran out during the bombardment of proton beams of about 5/J-k.

Neutron energy spreads resulting from the collimator opening of + 1.8C

were calculated by kinematics of the Li(p,n) Be reaction, and the spreads

were + 1.1, + 2.8 and +4.1 keV at neutron energies of 15, 80 and 150 keV,

respectively. In order to determine the thickness of the lithium target

experimentally, two different methods were used; i.e. a. rise-curve method

at threshold and a time-of-flight technique . The two estimations of

the incident neutron energy spread based on the above methods were in good

agreement within experimental error of about 5%. Experimental procedure

and a typical result are presented in Appendix II. The neutron energy

spreads (full width at half maximum) thus obtained were about 18 keV for

the measurement of lanthanum, and about 8 keV for praseodymium.

B) Collimator and shield

The length and outer diameter of the polyethylene collimator was 40.8

cm and 4.4 cm. The inner diameters of the collimator were 1.57 cm and

4.18 cm at the front and rear edges, respectively. The distance from the

lithium target to the front edge of the collimator was fixed at 24.5 cm.

The polyethylene collimator was inserted into a 3-mm thick copper

pipe, which was of 40 cm in length and 4.4 cm in inner diameter. The cop-

per pipe was embedded in a paraffin neutron shield. The dimension of the

paraffin neutron shield is shown in Fig. 1. A 10-cm thick layer of lead

was attached at the rear side of the neutron shield.

C) Detector

A neutron detector assembly was placed behind the paraffin neutron

4 -
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The total neutron cross sections of carbon obtained
with the present procedure. The measurement was
carried out to check applicability of the present
procedure. The solid curve shown is an evaluated
cross-section curve9'. The dashed curves represent
cross-section curves of ± 2% deviation from the evalu-
ated cross-section curve.
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shield. The detector assembly consisted of twelve Hitachi BF« counters,

a polyethylene scatterer and a paraffin moderator. The Hitachi EB-125

BF_ counter was of 2.65 cm in diameter and 20.5 cm in effective length,

and contained 96% enriched BF,. gas of 500 Torr.

Twelve BF_ counters were divided into two groups, and the two groups

corresponded to two electronic circuit systems. In the electronic circuit

system, the pulses from the six BF« counters were added, amplified and fed

into a fast sealer. The neutrons scattered by the polyethylene scatterer

placed at the center of the detector system were moderated by the paraffin

moderator and detected by the twelve BF» counters. The A-B section of the

detector assembly shown in Fig. 1 and the dimension of the polyethylene

scatterer are presented in detail in Appendix III.

D) Samples

The samples studied were metallic cylinders of the following geomet-

rical sizes : 1.20 cm in length and 2.50 cm in diameter for lanthanum, and

2.01 cm in length and 2.50 cm in diameter for praseodymium. The sample

thicknesses of lanthanum and praseodymium were 0.0328 X10 atoms/cm and

24 2
0.0580 X10 atoms/cm , and gave average transmissions of about 0.86 and

about 0.75, respectively. The sample purities of both elements were 99%

139
and 99.9%. The both natural elements are nearly monoisotopic ( La,

141
99.91%) and monoisotopic ( Pr, 100%), respectively.

E) Procedure

The samples were mounted on a remote control sample changer and were

placed at the front of the polyethylene collimator. The counts with the

sample in place and the counts with no sample were measured alternatively,

until the total counts in the respective runs of sample-in and sample-out

amounted to more than 40,000 counts. Then the total neutron cross section

- 6 -
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O and its statistical error Aa were estimated from the following formu-

las :

= (l/n)ln(l/T) and AoT/aT = (AT)/(T.lnT) (1),

2
where n is a sample thickness in atoms/cm and T is transmission, i.e.

T = (N-j. - N )/(N - N, ) . Here, N , N and N, are sample-in, sample-out

and background counts, respectively. These counts were normalized to the

monitor counts, M. The background counts N, in the sample-in and sample-

out measurements were assumed to be equal.

The background measurement was carried out by plugging the hole of

the copper pipe with a polyethylene solid cylinder of 26.5-cm long and

4.4-cm diameter. The counts with the plug (plug-in counts, N,,) and the

n

counts without the plug (plug-out counts, Np) were measured as a function

of incident neutron energies. The results of 1SL and N.,, are shown in Fig.

D r

2 by closed and open circles, respectively. The percentage of the plug-in

counts to the plug-out counts, i.e. the ratios of N /N,,, were an order of
o r

0.3 - 0.8% in the whole neutron energy range, as shown by dashed curve in

Fig. 2. The plug-in counts N were assumed to be the same as the back-

ground counts N in this experiment, and they were estimated from the curve

of N../M in Fig. 2.

Correction for single inscattering by the. sample into the collimator

8)

was estimated using a formula similar to that quoted by Miller . The ef-

fect of inscattering was about 0.12%, indicating appropriateness of the

present geometry, and no correction for inscattering was applied to the

data.

F) Measurement of the total neutron cross section of carboa

In order to check the experimental apparatus and procedure for the

present work, especially propriety for the estimation of the background

- 7 -
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shown by closed circles, where the energy spread of neutrons is 18 keV.
The results of Miller et al.1) and Tabony et al. 3^ are shown by open
triangles and open circles, respectively.
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counts N, , the total neutron cross section of carbon was measured in the

neutron energy range from 10 to 250 keV. The neutron energy spread used

was about 5 keV. The size of the carbon sample was 2.50 cm in diameter

and 1.18 cm in thickness, and its quality was of reactor grade. The sam-

pie thickness was 0.094 X10 atoms/cm , and the transmission was the or-

der of about 0.68.

The result of the total neutron cross-section measurement for carbon,

which was obtained by the experimental procedure mentioned in E), is shown

in Fig. 3 by the closed circles. The solid curve in Fig. 3 indicates an

9) •
evaluated cross section curve for carbon * The dashed curves indicate

the + 2% deviation from the evaluated cross-section curve. The result of

the measurement was in good agreement with the evaluated cross-section

curve within the statistical error of about 1.7%. It was, therefore,

ascertained that the present experimental procedure and apparatus were

reasonably applicable for the measurement of the total neutron cross sec-

tion with about 2% of systematical uncertainty.

III. RESULTS

The measured total neutron cross sections for lanthanum and praseo-

dymium are plotted by the closed circles in Figs. 4 and 5. The data of

Wisconsin and Duke are also shown in the figures by open triangles

and open circles, respectively. The statistical error was estimated to

be + 2 - 5% for lanthanum and + 2 - 3 % for praseodymium, and it is shown

by error bars in the figures. The present results for lanthanum and pra-

seodymium, as well as for carbon are listed in Table I.

The present results for lanthanum and praseodymium were corrected

_ 9 _
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Fig. 5 The present result of total neutron cross sections for praseodymium is
shown by closed circles, where the energy spread of neutrons is 8 keV.
The present cross-section values are systematically lower (about 10 to
20%) than those of Miller et al.1^, which are shown by open triangles.
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for sample thickness, especially at lower energies. Doppler width, aver-

age reduced neutron width <P > , average level spacing<D> and potential

scattering radius R' were needed for the correction. These values for

both nuclei were taken from BNL 325 3rd edition . The correction for

sample thickness was estimated to be 2.1% for lanthanum and 5.3% for pra-

seodymium at the neutron energy of 30 keV by using a simple model of res-

onances . Due to the 1/E variation in the resonance peak cross section,

the correction decreased to less than 1% above 36 keV for lanthanum and

above 80 keV for praseodymium.

The present: result for lanthanum shown in Fig. 4 was in good agree-

3)ment with Duke's; one below 160 keV. Both results indicate variation

with the width of about 40 keV. The agreement of the present result with

Wisconsin's one was not so good below 40 keV and at 160 keV.

The present: cross-section values for praseodymium plotted in Fig. 5

show systematically lower values than Wisconsin's data . Their data

were higher by about 1.1 barns (20%) below 120 keV and 0.5 barns (10%)

above 140 keV. In order to check reliability of our data, transmissions

were remeasured at 15, 30, 140, 180 and 235 keV with about same energy

spreads of 6.0 and 8.2 keV as before. Thus, it was confirmed that the

previous cross-section values were reproduced within statistical error

of 2 - 3%.

The present: data for praseodymium were also compared with the time-

4)

of-flight measurement of Wynchank et al. , which indicated much reso-

nances in the lower energy region. A fairly good agreement was obtained

above 35 keV between both measurements, although our data were sparsely

distributed in the energy region compared.

In the case of lanthanum, another measurement for the total neutron

- 11 -
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Fig. 6 The result of total neutron cross sections for lanthanum in the energy
region from 70 to 140 keV, measured with the smaller energy spread of
neutrons of about 2.8 keV. The solid curve indicates fluctuation of
the measured cross sections, and the dashed curve represents a part of
the cross section curve drawn through the experimental data of Fig. 4.
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cross section was performed to find fluctuating behaviour with a narrower

energy spread. The choice of lanthanum was made due to its smaller bind-

ing energy (E =5.161 MeV) and, hence, its larger average spacing (<D> =

0.24 keV) compared to those values (E =5.844 MeV and <D> =75 eV) of pra-

seodymium. The result of the measurements with the thin Li targets of

about 2.8 keV is shown by closed circles in Fig. 6, and the numerical data

is listed in Table II. The result obtained by the thick targets of about

18 keV is also shown in Fig. 6 with a dashed curve. In fact, marked fluc-

tuation is observed as compared with the dashed curve, even though the

statistical error of the fluctuating cross section was relatively large

(about + 7%) due to low intensity of the incident neutron flux.

The fluctuation observed might be explained as statistical fluctua-

140

tion of the compound nucleus level density for La at excitation ener-

gies from 5.231 MeV to 5.301 MeV. The energy range of excitation studied

was rather small to make a significant average, so that auto-correlation

analysis was not applied to the observed structure. At the present time,

no explanation we can give about the nature of the observed structure.

IV. COMPARISON WITH OPTICAL MODEL CALCULATION

The energy spreads in the incident neutron beams were about 18 keV

for lanthanum and 8 keV for praseodymium. It was hoped that such spreads

might be sufficient to provide an energy average over the resonances in

the compound systems of both the magic neutron nuclei. However, structure

was actually observed in the measured total neutron cross sections, as

shown in Figs. 4 and 5. Even though the optical model cannot reproduce

such structure, it is interesting to see how accurately this model can

- 13 -
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describe the average behaviour of the total neutron cross sections, espe-

cially in the keV region lower than 250 keV.

In order to compare with the optical model calculation, it is reason-

able to use average smoothed cross sections rather than measured fluctuat-

ing cross sections. The average cross sections a(E) were obtained from

12)
the measured cross sections cr(E) by the use of AVERAGE code , in which

the average cross section a(E) was defined as

E + h
1

O(E) = / 0(E)dE (2).
AE

Here, AE is the energy width of the average.

Three different values of AE, i.e. 50, 75 and 100 keV, were tenta-

tively chosen to see the change of smoothness on the calculated cross sec-

tion curve of a(E). No appreciable difference was found in the both shapes

of F(E), being calculated with AE=75 keV and AE=100 keV. Then, AE=75 keV

was finally adopted in the present calculation. It is noted that actually

a smaller value of AE than 75 keV was taken at the both energy regions of

E <E<E,+75 keV and E2~75 keV<E< E 2, where Ê ^ and E 2 denotes the lowest

and highest incident energy of neutrons in the measured cross sections

a(E), respectively. The average cross sections a(E) thus obtained are

presented in Figs. 7 and 8 by the dashed curves of A.

An optical model code TOTAL was used to calculate total neutron

cross sections. The optical model potential V used in this work was the

following :

= - VQf (r) - iWsg(r) + v j - ^ f a 7 ^ - ^ (3),

- 14 -



J A R I) I - M 6 8 8 3

f ( r ) = [ 1 + exp{(r - RQ) /a}] 1 ,

g ( r ) = 4 exp j ( r - R ) / b } / [ 1 + exp{(r - R )
s s

Here, V and W are the real and imaginary potential depths, V is the

spin-orbit potential depth, a and b are the diffuseness of the nuclear

surface for the real and imaginary potential well.

Calcualtions of automatic parameter search for V and W were per-

13) 2

formed on FACOM 230-60 computer by the use of TOTAL code with % -fit-

ting to the average cross sections a(E) obtained above. The values of R
14)

and R were fixed to R =R =1.275 fm by taking into account the results ,

which had been obtained by Fission Product Working Group of the JNDC.

The value of V was fixed at 7.0 MeV. The diffuseness parameters a and

b were also fixed as 0.62 fm and 0.227 fm, respectively. The latter value

is equivalent to 0.50 fm of diffuseness in Gaussian type potential. These

values of the diffuseness parameters are the same as used in the works of

Moldauer , Engelbrecht and Fiedeldy and Malan et al.

The following energy dependence of the optical model potential was

adopted in the present automatic parameter-search calculation, as used in

the refence 14, i.e.

V = V - 0.25E(MeV) and W = W - 0.20E(MeV) (4).
O o

As the initial values for V and W in equation (4) , V=46 MeV and W=14 MeV

were taken from the work of Moldauer . The results of automatic para-

2
meter search for V and W, which gave a minimum value of % in fitting to

the average cross sections o(E), were V=45.25 MeV and W=9.81 MeV for lan-

thanum, and V=45.88 MeV and W=15.33 MeV for praseodymium. The large dif-

ference in imaginary potential W for such neighbouring nuclei is consit.L-

ent with the fact of rapid rise of S-wave strength function in this mass

number region.

- 15 -
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The total neutron cross section curves for lanthanum and praseody-

mium calculated from the sets of potential parameters, in which the above

final values of V and W were included, are shwon by the solid curves mark-

ed with 1 in Figs. 7 and 8, respectively. The upper and lower curves

marked with 2 and 3 in the same figures give a measure of + 5.2% devia-

tion from the curves marked with 1 at the neutron energy of 100 keV.

This deviation corresponds to + 0.24 barns in the case of lanthanum and

+0.25 barns in the case of praseodymium.

At first, the upper and lower cross-section values having + 5% devi-

ation were tentatively adopted at the neutron energies of 50, 100, 150

and 200 keV by taking maximum experimental error of 5% into account. So

as to pass the upper and lower curves through around the tentative cross-

section values, a series of optical-model calculation was extensively

performed by changing the values of V and W, which were not so much dif-

ferent from those of the curve 1. In this calculation, the dependence of

the shape and absolute value of the cross-section curve on the values of

V and W were systematically taken into account.

Among a series of calculated cross-section curves, the upper and

lower curves indicated in Figs. 7 and 8 were finally determined; where

2
the tC -value of the curve 2 was chosen to be equal to that of the curve

3. The potential depth parameters V and W corresponding to the cross-

section curves 1, 2 and 3 are shown in the inserted tables in Figs. 7

and 8.

In the TOTAL code, transmission coefficent T, for S-wave neutrons

can be calculated from a set of optical potential parameters, i.e. V, W,

V , R , R , a and b, and the S-wave strength functions S is deduced
so o s o

from the formula of S = T. /2KjE(eV). The results of S corresponding

- 16 -
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Fig. 7 A comparison of the average total neutron cross-section curve A (dashed
curve) for lanthanum with the cross-section curves of 1, 2 and 3
obtained by optical model calculation. The cross-section curve of 1,
which gives a minimum x2~value» w a s determined by automatic parameter
search for potential depth parameters V and W, by using the TOTAL code
to fit the average total neutron cross-section curve A. The upper and
lower cross-section curves of 2 and 3, which have about same )(2"~value>
give a measure of ±5.2%-deviation from the cross-section curve 1 at
the energy of 100 keV. The values of V and W, by which the curves of
1, 2 and 3 were calculated, are shown in the inserted table.
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-4
to the curves of 1 in Figs. 7 and 8 at E=100 keV were S =0.46 X10 for

-4

lanthanum and S =1.0 X10 for praseodymium, respectively. The varia-

tions of S -values depending upon the neutron energy from 20 to 240 keV

were less than 4% for lanthanum, and less than 8% for praseodymium.

In order to estimate uncertainty of S , the measure of + 5.2% devi-

ation from the curve 1 was chosen in this work. The choice of this devi-

ation resulted in the fact that about 80% of the present data obtained

were included in between two curves of 2 and 3. The upper and lower val-

ues of S were estimated by the use of the optical potential parameter

sets, which corresponded to the curves of 2 and 3 in Figs. 7 and 8. The
results were ( ' , )X10 for lanthanum and ( n\o )X10 for praseo-

— U. UJ — U. (Jo

dymium, respectively. The choice of the curve 2 and 3 was rather arbi-

trary; so that problem remains for consideration in the present method of

estimation on S -uncertainty.

The values of S and their uncertainties obtained are presented in

Table III, together with those obtained by other authors4^ >5)'10^ >18') > .

The present values of S deduced for lanthanum is in agreement with those

of other authors within the estimated error. While, the present one for

praseodymium indicates about 40% lower value than those obtained by the

analysis of individual resonances at eV energies. The parameters of the

20) 21)
potential well may be different for S- and P-wave strength functions '

Therefore, the optical-model calculations for P-wave strength function

could not be carried out simultaneously with the same potential parameter

sets as used in the calculation of S-wave strength functions.

- 19 -
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Table I. Present Results of Total Neutron Cross Sections for La, Pr and C.

1) Lanthanum

E (keV)
n

20

26

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

a +

5.27

4.95

4.94

4.89

4.68

4.52

4.46

4.34

4.29

4.29

4.30

4.42

4.39

4.56

4.48

4.64

4.72

4.72

4.76

4.81

4.62

Aa(barns)

+ 0.18

+ 0.16

+ 0.16

+ 0.16

+ 0.17

+ 0.16

+ 0.11

+ 0.18

+ 0.19

+ 0.13

+ 0.15

+ 0.16

+ 0.14

+ 0.10

+ 0.11

+ 0.12

+ 0.15

+ 0.12

+ 0.10

+ 0.10

+ 0.17

E (keV)
n

145

150

155

161

165

170

175

180

185

190

197

202

207

213

216

219

225

232

237

a +

4.58

4.80

4.50

4.85

4.43

4.76

4.64

4.51

4.91

5.01

5.05

5.03

4.94

4.90

4.70

4.85

4.75

5.04

5.01

Aa(barns)

+ 0.15

+ 0.11

+ 0.15

+ 0.24

+ 0.14

+ 0.12

+ 0.20

+ 0.14

+ 0.21

+ 0.18

+ 0.24

+ 0.25

+ 0.24

+ 0.24

+ 0.22

+ 0.23

+ 0.12

+ 0.22

+ 0.23

125

130

135

140

4.71 + 0.14

4.78 + 0.10

4.65 + 0.12

4.70 + 0.10
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2) Praseodymium

E (keV)

20

25

30

34

38

45

50

55

59

64

69

75

81

86

90

94

99

104

110

115

119

124

130

136

141

a + Aa(barns)

5.94 + 0.17

5.85 + 0.15

6.08 + 0.15

5.84 + 0.12

5.30 + 0.16

5.18 + 0.11

5.30 + 0.12

5.06 + 0.12

5.26 + 0.13

5.03 + 0.14

4.95 + 0.12

4.93 + 0.11

4.39 + 0.11

4.53 + 0.11

4.78 + 0.11

4.95 + 0.11

4.86 + 0.11

4.86 + 0.11

4.94 + 0.11

4.49 + 0.12

4.65 + 0.11

4.71 + 0.11

4.76 + 0.11

5.01 + 0.15

4.85 + 0.11

En(keV)

145

150

157

162

167

170

174

179

185

190

195

199

204

210

216

222

227

231

236

240

a

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

4

+ Aa(barns)

.63 + 0.13

.45 + 0.12

.50 + 0.11

.44 + 0.12

.48 + 0.11

.85 + 0.16

.47 + 0.13

.95 + 0.13

.75 + 0.13

.67 + 0.13

.63 + 0.13

.70 + 0.11

.63 + 0.11

.82 + 0.10

.74 + 0.10

.64 + 0.11

.84 + 0.12

.74 + 0.12

.80 + 0.14

.90 + 0.12
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3) Carbon

E (keV)
n

11

19

24

31

41

47

58

60

67

78

87

97

104

115

127

a + Ao

4.73 +

4.57 +

4.69 +

4.58 +

4.54 +

4.52 +

4.54 +

4.53 +

4.54 +

4.40 +

4.56 +

4.40 +

4.37 +

4.33 +

4.33 +

(barns)

0.09

0.08

0.12

0.10

0.10

0.07

0.05

0.11

0.06

0.06

0.05

0.05

0.09

0.10

0.05

En(keV)

146

152

155

165

176

185

205

227

249

i

4.30

4.34

4.17

4.21

4.22

4.07

3.99

3.94

4.02

Aa (barns)

+ 0.09

+ 0.06

+ 0.08

+ 0.09

+ 0.05

+ 0.08

+ 0.06

+ 0.07

+ 0.06
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Table II. Present Result of Total Neutron Cross Section for La,

with the thin targets of about 2.8 keV.

E (keV) a + Aa(barns) E (keV)
n

a + Aa(barns)

70.6

72.2

73.9

76.3

78.8

81.5

83.5

85.2

88.4

88.9

90.1

93.9

95.1

97.6

97.8

100.1

102.8

105.2

107.8

110.2

4.26 + 0.39

4.85 + 0.35

5.61 + 0.39

4.16 + 0.39

3.26 + 0.39

3.87 + 0.39

4.63 + 0.30

4.61 + 0.32

3.65 + 0.27

4.10 + 0.39

4.69 + 0.30

4.99 + 0.32

4.34 + 0.32

5.27 + 0.39

5.60 + 0.32

5.19 + 0.35

4.82 + 0.27

5.41 + 0.38

5.23 + 0.31

4.63 + 0.35

112.9

115.3

116.1

117.9

118.6

120.3

121.1

123.0

123.7

125.4

128.1

131.8

133.9

137.0

139.5

142.1

4.61 + 0.31

4.93 + 0.35

4.94 + 0.27

4.71 + 0.27

4.94 + 0.38

4.93 + 0.27

4.81 + 0.39

4.25 + 0.32

4.55 + 0.38

4.49 + 0.33

4.76 + 0.29

4.16 + 0.45

5.01 + 0.39

4.75 + 0.39

4.91 + 0.37

4.64 + 0.40
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Table III. S-wave Strength Functions S for La and Pr.

La

Pr

So (X1C

0.75 ;

0.7

0.70

0.6

0.46 "

1.72 •

2.04 '

1.72 -

1.0 \

-*>

f 0.25

t- 1.0
- 0.3

(-0.20
-0.14

f- 0.2

f 0.08
- 0.03

f 0.25

h 0.47
- 0.35

f 0.25

1-0.15
- 0.08

Energy range

30-650 keV

0.1 eV-1 keV

0-5.6 keV

20-240 keV

0-10 keV

0-5.7 keV

20-240 keV

References

Seth et al.

18)
Kla Shine et al.

19)Morgenstern et al.

BNL 325 Third Ed.10)

Present work

4)Wynchank et al.

19)Morgenstern et al.

BNL Third Ed.10)

Present work i
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APPENDIX

I. Dimension of the 100°-lithium target assembly is shown in Fig. 9.

Indium Mo Plate Insulator
*0" ring / /

0 1 2 3 4 5 cm

Fig. 9 100 -lithium target assembly.

II. Thickness of the lithium targets.

The rise-curve method at threshold was used to determine the target

thickness. The excitation curves of neutron yield of the lithium targets

were measured by using a long counter from the threshold to first knee or

maximum of the neutron yield. A typical result of the neutron-yield curve

is shown in Fig. 10(a). The long counter was of a standard type and placed

at a distance of 2.39 m from the target in the direction of Q = 0°. The

thickness of lithium targets corresponding to A Ep was determined by the

rise-width (Af) of the neutron-yield curve obtained.

Another method based on the time-of-flight technique was used for

the determination of thickness of the lithium target. In order to make the

detector sensitive to neutrons, an aluminum can containing 92.2% enriched

B powder of 165 gr was placed at the front of a 17 cc Ge(Li) detector.

The system of the Ge(Li) detector had been assembled for the measurement

of (n,nV) reaction, and was used in the present work for convenience.
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COUNTS

EXCESS
APPARENT
ENERGY

; (KeV

16.00 16.01 16.02 16.03
FREQUENCY f (MC)

0 5 10 15 20
EXCESS PROTON ENERGY AEp (KeV)

Fig. 10(a) Determination of A E p by Fig. 10(b) Determination of 6Ep by

the neutron-yield curve. the time-of-flight tech-

nique.

With this time-of-flight system, the fast and slow neutron groups and

gamma rays from the target were observed at 0 direction. A typical time

spectrum obtained is shown in Fig. 11. From the centroids of these three

peaks, quantity of (K — K )/(Ky— K ) was obtsined; here K , K and K

are channel number of the three peaks as shown in Fig. 11. Then, the pro-

ton energy Ep' at the half-way in the target thickness, which corresponds

to the energy for the quantity of (K — Kf)/(K — K ) , was determined by

the Li(p,n) Be reaction kinematics.
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6x103

5

CO

O
o 2

1
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Li TARGET NEUTRON SPECTRUM
FOR AEP = 19.5 KeV (1O4HS/CH)

9Lab = 0

2.4 KeV
Ks= 390 CH

\

x 20

• ' ' • . . - ' . ' " ' " ' " * • * • " • • . • •

• j . * • • % • ' • ' • ' " " > • • : • " . .

• ' . - J , " \-
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m
 ' • ^

r
* . \ * > , . - . . . • ' • . . . •-

 l

Kf

K r = 9

87 KeV
= 823 CH

\
i

!

I

i
1

r
25CH ~

-

-

-

v 1

200 300 400 500 600 700

CHANNEL NUMBER
800 900 1000

Fig. 11 Time-of-flight spectrum.

Apart from the above measurement, incident proton energy E hitting

at the front of the target was determined by measuring the threshold ener-

gy of the Li(p,n) Be reaction. By taking the difference between E and

E ', target thickness 6E was deduced; i.e. E — E ' = 6Ep/2.

Actually, instead of using the corresponding (apparent) proton ener-

gy E ' and the incident proton energy E p, excess apparent proton energy

AE ' above the threshold and excess (incident) proton energy AE above

the threshold were used. Accordingly, E — E ' = 6E /2 turned into the

following formula : AE '= AE — <5E /2. This formula of AEp' has a linear

dependence with its differential coefficient equal to +1. Therefore, the

intercept on the horizontal axis (AE ) gave the half value of the target

thickness 6E /2, as shown in Fig. 10(b). In Fig. 10(b), a typical result

is plotted for a series or measurement at four different energy protons

incident on the "3.6 keV' target.
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The estimation of the lithium target thickness based on the above

two different methods was in good agreement. For example, the target

thickness of 3.8 keV obtained by the rise-curve method [Fig. 10(a)] was

agreed to the target thickness of 3.6 keV obtained by the time-of-flight

technique [Fig. 10(b)] within experimental error of about 5%.

III. Dimensions of the A-B section of the detector assembly and the poly-

ethylene scatterer, which are shown in Fig. 1} are presented in datail in

Figs. 12 and 13, respectively.

Al tube for
a BF 3 counter

Al tube for
a scatterer

Fig. 12 A-B section of the detector assembly.

Forward

— - 100--- *—70

V
35 0

25 *--

. i.20 0
~r

509>

Fig. 13 Polyethylene scatterer.
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