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NEUTRON CROSS SECTIONS OF PMSEQDYMEUM, 

YTTERBIUM AND LUTETIUM 
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SUMARIO 

A secçio de choque total foi medida para os dxidos das 
terras raras praseodímio, iterbio e lutécio para a energia dos 
neutrons variando de 0 , 0 1 5 a 0 , 5 electron volts com especial aten 
ção para conseguir valores na energia térmica 0 ,025 ev. Para es~ 
sas medidas, usou=se no reator do I.E.A, um monocromador de neu
trons a cristal de calcita natxiral. As amostras dos dxidós foram 
fornecidas pelos laboratórios de pesquisa .da Orquima S.A.. Veri
ficou-se, experimentalmente, a pureza do praseodímio cuja secção 
de choque ê a mais sensível a itnpurezas de alta secção de choque, 
fazendo-se a medida destas antes e depois de um processo de pixri 
ficaçSo que deveria diminuir a concentração do gadolíneo de \m 
fator superior a cem. A concordancia dos resultados obtidos indi 
ca que as amostras de dxidos usadas no presente trabalho conti"̂  
nhara quantidades desprezíveis de gadolíneo e samário. A correção 
das secções de choque, devida â presença da reflexão de segunda 
ordem dos cristais, foi feita experimentalmente medindo-se a se£ 
ção de choque conhecida do ouro no intervalo conveniente de ener 
gia. Era um destes elementos, o lutécio, existe uma ressonância " 
nuclear dentro do intervalo estudado. Os parâmetros encontrados 
para essa ressonância coincidem com os valores publicados, mas 
com uma melhor aproximação. Cálculos com a fórmula de Breit-
-Wigner para essa ressonância no lutécio e para a secção de cho
que do praseodímio mostram que nenhum estado ligado, na vizinhan 
ça, ê necessário para explicar a grandeza e forma dos resultados' 
experimentais. Provas de um estado ligado existem no caso do itér 
bio. "° 

SOMMAIRE- : 

Ia section efficace totale des oxides des tearres rares 
praseodymium, ytterbium et lutetium a été mesurée dans 1'inter -
valle d'énergie de neutrons 0 , 0 1 5 à 0 , 5 electron volts, en fai
sant spéciale attention quant à obtenir des valetirs à l'énergie 
thermique 0 ,025 ev. Pour ces mesures, on a utilisé au réacteur 



de l'IEA un monocixroniateur.;de neutrons â crystal de caleite na
turel. Les échantillons'dès oxides ont été fournis par les laho 
ratoires de l'Orquima S„A.o On a vérifié, expérimentalement, ïa 
pureté du praseodymium dont la section efficace est la plus sen 
sible à des impuretés de haute section efficace, en mesurant la 
section efficace de l'échantillon avant et après un procédé de 
pxrrificatd.on qui devait diminuer là concentra,tion du praseody -
mium d'un facteur supérieur â cent. L'accord des résultats obte 
mis indique que l'échantillon employé â notre expérience conte
nait des qxiantités négligeables dé gadolinium et samarium, La. 
correction des sections efficaces, due à la présence'de la re
flection' de deuxième ordre des cristaux., a été faite, expérimen 
talement, en mes\irant la section efficace connue de l'or dan? 
l'intervalle convenable d'énergie. Quant à l'un de ces éléments, 
le lutetium, il y a une résonance nucléaire dans l'intervalle 
étudié. Les paramètres trouvés pour cette résonance coincident 
avec les valeurs publiées, mais avec une meilleure approxima
tion. Des calculs avec la formule de Breit-Wigner pour étudier 
cette résonance" du .lutetium et la section efficace' du praseody
mium montrent qa'il n'y a pas besoin d'un état lié, ou voisina
ge, poui' expliquer la grandeur et la forise des résultats expéri 
mentaux. Des preuves d'un état lié existent dans le cas de ''i^ 
J-tterblum, 

ABSTRACT 

The total'neutron cross section of oxides of the rare 
earths praseodymium, ytterbium and lutetium has been measured 
within the neutron energy range from 0 , 0 1 5 "to 0 , 5 electron volts, 
very special attention having been given to obtain values at the 
thermal energy 0 ,025 ev. For these measurements, a crystal neutron 
monochromator with natural calcite crystals was used at the USA 
reactor. The oxide saxE l̂es were supplied "by the Orquima Industries 
S / A. The purity of the praseosymium, which is most sensitive to 
high cross section iHipurlties, was checked experimentally by 
measuring the cross section of the sample before and after a 
purification process which reduces the gadolinium concentration by 
more than a factor ©f 1 0 0 , The consistency of the results indicates 
that the satt̂ le used in these experiments contains a negligible 
amount of gadolinium and samarium. The coireetion to the cross 
sections due to the presence of second order reflection from the 
monochromator crystal was made experimentally by measuring the " 
well-lmown gold cross section in'an appropriate"energy interval. 
In one of the elements, lu te t lm, a nuclear resonance exists within 
the energy range studied. The parameters found for this resonance 
agree "with the published values but with improved accuracy, OalcTil-' 
ations with the Brelt-Wigner foimtla for this resonance in lutetium, 
and for the cross section of praseodymium, show that no nearby bound 
state Is necessary to explain the magnitude and shape of the 
experimental results. Evidence of a bound state exists in the case 
of ytterbium. 



HEUTROM CROSS SECTIQHS OF PEASEOBiqfflDM, 

YTTEimTOM MP LUTETIDM 

lETROtOCTIQN 

The neutron cross sections of the rare earth nuclei 
have received very special attention. Because these rare earths 
are present in the fragments of nuclear fission, their cross 
sections play an important part in the calculations of reactor 
physicists who must predict the effects of neutron absorbers in 
a nuclear reactor. In addition, the rare earth nuelei are among 
those which have a higher than the average absorption cross 
section below 1 Mev because their radius has a size, relative 
to the neutron wavelength, which greatly augments the effective 
penetrability of the nuclear surface ^. Finally, mos of the 
rare earth nuclei possess a number of nucléons intermediate 
between the numbers required to close the nuclear shells. This 
last fact explains why the rare earth nuclei have a large number 
of nuclear levels available for studf,ing with thermal and fast 
neutrons. The parameters of these levels often enter into 
reactor design-calculation, and are of great importance to 
theoretical nuclear physics as well. 

While these reasons have prompted experimental 
2 

physicists to8 collect a large amount of data , a few elements 
still exist whose cross sections have never - been measured in the 
thermal neutron energy range, or for which existing measurements 
show discrepancies relative to the methods used for their 
determination. 

Although the measurements themselves are in principle 
very simple, the materials are often very rare and difficult to 
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purify sufficiently. 

¥e are fortunate in Brazil to have a large source of 

rare earth materials in the mineral monazite, and a local 

industry well equipped to separate and purify the individual 

rare earths. One of these industries has isolated many of these 

materials in quantities and degrees of purification unknown 

elsewhere in the world, 

¥e have chosen to concentrate O T ^ efforts on the total 

cross sections of praseodymium, lutetium, and ytterbium in, the 

thermal neutron energy range because no measurements exist, and 

because for lutetium and ytterbium reasonable extrapolations of 

the existing measurements of the total cross sections at higher 

energy, together with reasonable assumptions of the potential 

scattering, do not agree with the absorption cross section 

obtained with pile oscillators. 

This paper is identical to Publicação lEA n? 51> in 

Portuguese version, except for minor tipogrâphical corrections. 

EKPERIMEaiTAL APPARAMS 

The neutrons for this work were produced in the Instituto 

de Energia Atómica reactor, a Babeock Wilcox swimming pool research 

reactor designed to operate at a maximum power of 5 Mw, During 

most of this experiment the reactor was operated eight hours each 

week at 2 Mw for the purpose of this experiment,.for the product

ion of radioisotopes-, and other purposes as well. Becently, when 

increased radioisotopes demand and additional experiments requir

ed it, the reactor schedule was enlarged to two such irradiations 

each week routinely, and with low-power irradiations the other 

days of the week. The policy always has been to operate the 



reactor on a schedule and at power levels to accommodate every 

coordinated request by the various divisions requiring 

irradiation facilities. 

The neutron ciystal spectrometer was located close to 

the reactor on one of the fovirteen horizontal experimental ports. 

The neutron beam was allowed to pass from the moderator close to 

the edge of the core through an air-filled tube and collimator 

to the spectrometer outside the shielding. The. thermal flux, at 

the neutron radiator, measured with gold foils, near the core of 
12 2 

the reactor is 2oh . 10 n/cra / second with the reactor at 

2 Mif. A lead gate was provided to close the beam port. 

The mechanical apparatus that constitutes the crystal 

spectrometer was constructed in the shops of the Instituto de 

Energia Atómica and consists of a steel column which supports 

both the crystal mount and the moveable ama of the detector. The 

detector arm may move through an eirc of 90° iii the • horizontal 

plane starting from the direction of the main beam. Angles.may 

be read on a vernier scale with a precision of 0.01 degree. 

The spectrometer design and the detection system are 

siMlar to what hás been described in the literature published 

some time ago 5'^'^'^.. 

The supporting mount of the crystal has six degrees of 

freedom and may be adjusted manually to optimize the alignment. 

The crude alignment of the spectrometer was made 

periodically by exposing photographic plates to the residual 

gamma beam of the reactor. The BF^ neutron detectors were used 

for final alignment. The latter was used in its normal position 

on the spectrometer- arm to establish- accurately the position 

of thé undèflected beam - of neutrons -from the reactor. 

Later, with the detector arm at some larger angle, 
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the crystal was moimted and adjusted to optimize the counting 
rate. 

An auxiliary experiment was performed with the 
spectrometer apparatus with a theodolite and a mirror in place 
of the crystal. It was verified that the Bragg angle could be 
reproduced to less than one minute of arc. In addition, this 
experiment confirmed that, although a relatively large backlash 
existed in the two-for«one spectrometer gearing, the two-for-one 
condition could be maintained within less than three minutes 
during an operation that Involved many changes in the 
spectrometer angle. 

In the cross section measurements, no difficulty was 
encountered either in reproducing an angle, or in maintaining 
the tiTO-for-one condition over a large range of angles. 

The cross section measurements were taken with a 
natural crystal of calcite whose interplanar;'- distance was 
3,03,10°° cm. 

Commercial boron trifluoride detectors, enriched to 
90/0 in the isotope B"*"̂  and filled to a pressure of 120 cm Hg, 
were used for the main detection^ shielding of boric and 
paraffin was coaxially arranged with the detector. The monitor 
system in the direct beam used a counter of the same type but 
with lower efficiency awing to the high flux in the direct 
beam. A system of three independent channels was used, two for 
the main system and one for the monitoring system. The cooiponents 
of the main system were as followss 

1, Stabilized high voltage supply. . -
2, Pre-araplifier with cathode follower. 
3, Linear amplifier. 

Pulse-height discriminator. 

6 



5 . Scalers, recorder, and ratemeter. 
6, Remote controls for spectrometer. 
7« Electronic voltage stabilizer. 

(See figure 1 . ) 

A large fraction of the electronics, including 
essential eonipoments, was manufactured by local industiy from 
advanced modem designs. 

A beam»catcher of concentric layers of boric acid and 
paraffin has been built thinking of the biological protection of 
the spectrometer staff. Behind the beam-catcher, a wall was built 
of barium concrete bricks with about half a meter thickness. 

The control of the neutron flux, from the exit of the 
first collimator t© its entrance into the beam catcher, has been 
done by three different processes: 

1 . Thioretlcal calculation, considering only the beam 
opening. 

2 . Gold foil method. 
3. With a BFj counter. 

Some of the results, normalized for 2 Hw, can be seen 
in Table I, We adopted as standard position in every experiment 
the angle formed by the detector and the direct beam * equal to 
25 degrees, which corresponds for the calcite to a O.OkJQ 
electron volts energy; at this energy the number of neutrons 
counted by the detector is 2phk0 n/sec. 

The satBi)les, prepared as described in the next section, 
were placed in aluminium holders and Introduced into the beam in 
an accurately reproducible position. The transmission through 
the sample was obtained by measuring the counting rate with the 
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satrrple in the beam, and the rate obtained with an identical 
empty sample holder in the beam. A small backgroimd was 
subtracted from each countingj this background was obtained by 
rotating the crystal away from the Bragg angle enough to remove 
all coherently scattered neutrons. The sample holders were 
changed manually and the counting rates recorded manually. 

To avoid the influence on the transmission ©f the 
variations of the reactor power and the Instability of the 
electronics, we took the following precautions: 

1. The transmission measxirements -were repeated, several 
times in cycles of about five minutes,, according 
to a routine designed to cancel linear drifts in 
the counting rate. 

2 . The flux of the reactor was monitored during the 
measurements with-an Independent detector and 
electronic system, 

3. The main detector pulses irere amplified, analyzed-
am.6. counted by two Independent electaronlc systems. 
In this xray, the stability of the systetas could be 
tested continuously by the relation between the 

. two counting rates. 

k. The high=voltage sources, amplifiers, and analyzer 
were connected to electronic stabilizers of the '.S 

alternating current power. 

SAMPUE PREPARATION 

The oxides of praseodymium, lutetium, and ytterbium 
were placed in containers designed to give the best, transmissioi 
in the energy range from 0 . 0 1 to O.if electron volts, taking for 
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the cross sections in these intervals averages extrapolated 
from the values already Imown. 

The san̂ jles used were supplied by the Orquima S /A . 
laboratories; the method employed, using ionic resins, assured 
us of the degree of purification necessary for these 
experiments. 

The effects of sample contamination by water were 
noticed in the first meastirements by the increase of the measur 
ed cross section with time. To avoid this contamination, the 
samples were calcinated for one hour at ^OQ'^ C and stored in a 
dessicator dtiring the measiarement interval. Uext, the saniple 
weight was checked during the.experiment and the cross section, 
measured for an energy of Q.OkjQ electron volts, was presented 
graphically against the date of- the experiment; no variations 
larger than the experimental errors were observed. 

The absence of gadolinium in a quantity that could 
affect the value of the measured cross section was checked by 
measuring the cross section before and after a pxirification 
process which would reduce the gadolinium concentration by more 
than a factor of 1 0 0 ; no variations of the measured cross 
sections larger than the experimental error have been noticed. 

were 
The stoichiometric formulae used for the oxides 

8 

Lu^Oy YbgO^ and Pr^O^^, 

On the- two former oxides small differences from these 
formulae do not affect the measurements, because lutetium and 
ytterbium have cross sections much higher than oxygen. For the 
praseodymium oxide the assumed formula was ^^^'^2.1' '^^^^ 
formula has been determined after the one-hour calcination at 
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'° G, by dlssolviag the oxide ia hydrochloric acid, in the 

presence of potassium iodiie. The free iodine corresponds to 

the active o^gen, not stoichiometric, existing in the Pr^O^o 

This iodine is titrated with sodium thiosulfate (appendix I). 

CROSS. SECTIOU CALCEfLATIONS 

For the cross section measurements^, the counts "were 

taken in cycles of about five minutés» In the calculations the 

corresponding couiats and the respective times were added; calcul

ations were made for the two channels, independently, using the 

formula 

•g °o 

where 0̂  is the cross section of the element, I is the total 

counting rate with sample, I^ is the total counting rate without 

saraiile, Bg is the total background counting rate with saraĝ le, 

Bg is the total background counting raté without sample, B is 

â constant that depends on the chemical composition of the 

sample, and 
1̂  m 

n = c c ' • 

A« (perpendicxilar area) 

in this formula, & is the molecular mass of the compound, £ 

depends on the sample stoichiometry and m is the sample mass. 

The conventional formula has been used for the error. 

Calculations were made ttinS® for each one of the two 

channels, independently, by different coi^utors and the four 

results have been coiipared, in order to eliminate calculation 

''̂  err Or s. 
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For ytterbium and praseodymium there is only the 
correction due to Gxygeno For lutetium, in addition t© the 
correction due to oxygen, a correction due to Q^^fo of 
ytterbium oxide has to be madeo 

The second order correction tras made by using as 
standard sample gold, whose microscopic cross section, for a 
certain energy (first order), is know with precision. The 
formula used for the second order correction was? 

g"^ 0^ - ̂  m .i^k(i-e^^ ^2^) (A.i) 

(see appendix il)» 

C01.IPABIS0H WITH TICE BREIT-mGlER FOEMUEi 

The Breit-Wlgner formula, as is. shown in fortMla 
(Aa3), appendix III, has been con5)ared with the experimental 
values of ytterbium. We did not measure escperimentally the 
cross section near tlie closest resonance peaJc, which we know is 
due to the Yb^^^ isotope^ but we worked in a region where its 
influence can be felt. In the ealciaation of the cross section 
due to this resonance at = 0,597 ev, we assumed the values ' 
0̂  = lc28 bamso ev^, 0,075 ev, where 0̂  is the 
cross section value at energy E^o 

Kie Breit-Wigner formula becomes 

o 
E * =f + - ™ ' (2) 

k (E, - 0o397) t 0»0053 ^JE^ 

where a is a parameter that can be adjusted and. that dependis 
on distant resonance absoiTptionSo In order to adjust this 
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theoretical foi-mmla t© the escperitaental ctarve, ve determined 

the cqnstamts Q^- l8 bams and a s 8oO bams m'^'^i it can 

be seen in figure 2 that ^ ' - fll 

F 

!Che formula used for the lutetium data was the 

formula (Ao2) that is shoiim in appendix IIl^ It is known that 

lutetium has a very h i ^ spin, equal to 9 or 1 0 , and so g is 

very close to 1 /2 , 

i t 6 

For Lu ' we asOTmed f ̂  0>OP£h 
g = 0,5 

•where ^ t?a-s assumed "by eoK^arison ̂ fitk values for nearby 
s 

nucleio 

GoiBtparing the theoretical and e:jq)erimental curves, the 

parameters and were determined, and the following 

Values were obtained? f^- 0.0581t i O0OO3 ev, 

: r ® ' = 0,0,00201 t OoOOO00ii- S T , and for the constant 
® 1/2 

a = 10 bamso ev ' » For tlie resonance energy the value obtained 

was - 0»1Í4-1 Í O¿O02 ev» Bae resxilts obtained are conigared 
with tlie experimental points in figures 5 and 

For pmseodyraium the experimental points are for 

energies much lower than the one of idle nearest resonance peak, 

that is for E^ - 85»5 ¿Vo In the region where we work, that is, 

in the range from 0 , 0 1 5 to 0 ,5 ev, the first term of the formKila -

{ko2)g that is shown in appendix III, becomes negligible and the 

cross section varies as a faction of energy according to'the 

formula 

s 

the eomstants ^ and a are determined in order to adjust the 
g Ota 



tkeoi-etleal eurve to tke experimeiatal omej we obtaiaed the 

values 

. 3i 5 barns 

a = 2,05 bams« gy'^^O 

The results can be seen in figure 5» 

RES0EÜTIOH 

Tile ener^ resolution of a neutron crystal mono-

ehromator is determined to some extent by the initial 

collimation, the collimation on the arm of the spectrometer, and 

by the mosaic structure of the crystal. It is seldom determined 

•wholly by one or two of these as may be observed in the 

llteratxire. 

It is commora practise to optimize the counting rate by 

perf oming an aitóliary experiment with the spectrometer arm fixed 

and varying the angle of the crystal. The well-lmown "rocking 

curve" is the result, 'Bie half •̂ fidtk, A © ^ , , of this nearly-

symmetrical curvé is determined in general by the geometry of both 

collimators and by the mosaic structure of the crystal, and it may 

be approximately given by 

(5) 

where iAQ ^ and £^©^ are, respectiv-ely, tke half 

widths of the angular divergences of the two collimators, and of 

the angular distribution of the micro-crystals in the mono

chromator. Each has been well approximated to have a Gaussian 

shape, here assumed to be equal in both vertieal and horizi^ntal 

directions« 
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In the cross section experiment it is clear that 
neither the spectrometer arm nor the crystal is moved and the 
resolution, or half-width of the prohability distribution of the 
Bragg angles experienced by the neutrons detected, is a complicat 
ed function of the three parameters and 2' xa 
particular it is not always simply related t© the rooking curve. 

In 

If the collimation angle on tke spectrometer arm, O^^, 
is larger than 
approximately by 

+ 2 
til' 
, the resolution, E, is given 

'1 

The resolution is tkus mostly determined by tke larger 
of the two angles un.der the radical, and is not related to a 
sensitive way to the resiilts of the "rocking ciirve" experiment. 

If 
the resolution is 

R = 

is muck smaller than both and 2 m 

m 
or 

R = 

if 

if 
( 5 ) 

Thus tke resolution is determined by tke smaller of tke 
two angles considered before, and it is more readily related to 
tke widtk of .tke rocking curve by allotring 
equation (3), 

go to zero in 

Only for the values of tke spectrometer arm collimator 
intermediate between tke two extreme values considered above does 

effect tke resolution and may be used as a convenient way 
of ckanging it. 

. li^ . 



With the nattiral caleite crystal used throughout our 
experiments the i-ocking curve was oh served to have a half width 
of 22 minutes. Ulhe angular divergence of the collimators was 
measured to be l^ minutes for the first, and 15 minutes for the 
second, or spectrometer arm collimator. Equation (5) then gives • 
the mosaic structiare of the crystal to be about l8 minutes. In 
praetisey, tke second collimatorc was designed to have 15 minutes 
of angular divergence, in order to leave the resolution almost 
entirely determined by the crystal structure, in this case. 

The eolliimtors were constructed of steel, and the 
effect of reflection from their walls may be neglected. 

With E = < £ j 0 ^ = 18 minutes, as in equation (5)^ there 
is no resolution correction to our results, except for tke ease of 
lutetium. Tke peak cross section of lutetium requires a 25̂  

resolution correction and tke effect on tke otker parameters is of 
tke same order. 

Our experimental results, calculated as has been describ 
ed in tke preceding section, are skown in table II. 

In eack case, our restilts nay be used for determining 
tke value of tke total cross section at tkermal energy. By using 
tke tkeoretlcally ealcxilated bekavlour of tke cross section at low 
energy, many points may kelp to determine the value of tke tkermal 
cross section and tke partial cross sections n g and > W may be 

s a 
determined as well, although wltk less accuracy. The results of tkis 
analysis appear in Table III, together witk previoTasly publiskfed 
results, eomparison only may be made for tke partial cross sections, 
since no previous measurements of tke total cross section at tkermal 
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e s s r s i ' " exist» 

Table III shows that our measurements of the 

praseodymium total crbss section agree with the previously 

published resiü-ts, ¥e must place a relatively large experimental 

error on our partial cross sections because of the uncertainty 

in finding the correct division of the total cross section into 

the two components, 

Sifflilaâ ly with lutetium^ the previously published 

absorption cross section agrees with our total cross section 

considering the uncertainty in estimating the scattering cross 

section. 

In contrast, our ytterbium results conflict with the 

existing absorption cross section. In addition, the large 
2 

activation cross section previously observed for the isotope 

168 accounts for 15 bams absorption in normal ytterbium, only 

about 5 bams of which come from the level observed at,. .59T ev. 

A bound state in the isotope I68 near zero neutron energy vreuld, 

of eoxirse, explain this discrepancy and could explain our 

observation that the scattering cross section is higher than is 

expected from potential scattering alone. When the resonance 

parameter and isotoplc assignments of higher energy resonances 

are known, the possible parameters and position ©f this bound 

state can be calculated. 

Another group at the Institut© de Energia AtSraica will 

measure the absorption cross- section of some of the important 

rare earth elements by comparing the neutron age in a solution 

containing the unlcnotm material with that obtained with a 

solution containing a standard material. Moderated neutrons will 

be provided bjr a Van de Graaf. The results of this work- will cheek 

the previous measurements with pile oscillators, and perhaps 

. 16 . 



eliminate the discrepancy between our total cross section of 
ytterbium and the previously published absorption cross 
section (see Table II). 

. 17 . 



APPENDIX 1 / 

DEEEBIINATION OF ACTIVE OXYGEN IN 
PRASEOSMTOM OXIDE 

The principle of this determination is the following: 
the oxide is dissolved in hydrochloric acid in the presence of 
potassium iodide and the free iodine is titrated with 

g 

thiosuphate. The free iodine corresponds to the active oxygen , 

The reagents used were 
a) Starch solution: 2 , 5 g/l - Dissolve in hot water, 

boil, cool, and dilute. Uss solution recently 
prepared. 

b) Sodium thiosulphate, Na^S^O^ . ^E^ 0 , 0 . 1 M 
(2i^,82 g/l) " Weigh 25g of the Salt, dissolve in hot 

water, add O.lg of Na^CO^, cool and complete the volume in a 1 

litre volumetric flask. 
c) Sodium thiosulphate 0 , 0 1 M. Dilute solution b ten 

times. For standardization of thiosulphate^^j 
iodine - Put in a weighing bottle 2 - 5 g of KI and dissolve in a 
Mnimum of water. (.1 to 2 m l ) . Weigh , Add OA or 0.5g-of rê -̂
-sublimated CP. ..iodine 4nd weigh again analitically, 'For 
titration - Transfer to an Erlenmeyer containing 200 ml l/o KI 
solution ( 2g . of KI in 200 ml of water) and titrate with sodium 
thiosulphate, using 5 ml of the starch solution. The correspondent 
reaction is 

2 Wa^SgO^ I^ = 2 Nal Nâ Sĵ Ô j thus, 

thiosulphate title - iodine mass/thiosulphate volume x 1 2 6 . 9 2 . 

d) hydrochloric acid l.t 1 , One volume of CP. hydro-

o 1 8 . 



chloric acid ^ one volume of water, 

e) KI solution - Dissolve lOOg of KI in one litre of 
water. Keep it in a broim bottle. 

The dissolution of oxide was made in one 1 2 5 ml 
Erlenmeyer, with a ground joint, a ground covering and reflux 
with ground adaptation for the Erlenmeyer flask. 

, For the dissolution, weigh (analytically) about 10.0 mg 
of oxide, transfer to the Erlenmeyer with a mlniraara of water, add. 
1 0 ml of the KI solution (lOO mg/l) and adapt the refl̂ x̂ vertieal 
ly. Add, through the reflux, 5ral of HCl 1 . 4 1 and heat during 
5 - 1 0 minutes, until comrplete dissolution of the oxide, maintaining 
a good circulation of water through, the reflux. Take out the heat
ing mantle. Add, through the. reflux, 20 ml of iced water, to wash 
the walls. Cool the Erlenmeyer with iced water, but maintaini|ag 
the reflux adapted..Take, out the Erlenmeyer, titrate immediately • ' 
with thiosulphate 0 , 0 1 M, by using 5 ml of the starch solution. If 
it is impossible immediately -i to titrate, or if it is necessary to 
transfer the Erlenmeyer, close it with the ground covering. 

Blank, 

Repeat the procedure using only 1 0 ml of KI lOQg/l and • 
5 ml of HCl and titrate the free iodine. 

The formula for the calculation was 

W >̂ . ̂ ere V is -the: 

volume of thiosulphate 0 , 0 1 M (already corrected by factor and 
discounted -bhe blank), in millilitres, ra is the mass of 
praseodymium oxide in milligrams, and W is the number of atoms 
of active oxygen per weight-gram Pr^O^. The atomic mass and 
wei^t-grams used were? 

. 1 9 . 



0 r 16 ,00, 
1 = 126.92, 

Pr = livO.92, 
Pr^O^ = 329.8ií- and Wa^S^O^ . 5Hg0 ^ 2i^8,21 

APPENDIX II 

SECOND ORDER CORRECTION 

Being '& the measui-ed cross "section of the standard 
sample, with second order contamination, I^ and direct beam 
intensities, 1^ and i^ beam intensities transmitted through the 
sample, 0^ and 0^ standard sample cross sections, N standard 
sample constant, the direct beam intensity measured is 1=1., 4> Ig, 
the intensity of the transmitted beam is i =* î ôf 1^; if we call 
k the ratio 

call now cross section at the energy E^ of the material, 
studied: = measured cross section at. the energy E. j = ro L c. 
= cross section at the energy E^ = 4 E^ , n = sanóle constant. 
Then, 

" «m 1 + k 

and we arrive at 

m " n In 
. n ( r m . ^2') 

14. k il-e 

. 20 . 
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APPENDIX III 

BREIT»WIGHI2î FORMULA. 

The Breit-Wigner formula determines the cross section, 
7 as a function of energy, E, for one level at E^. 

We define i ° as reduced width for emission of neutrons; 
" n 

it gives a partial probahility for emission of neutrons, reduced 
for the value relative to 1 ev« 

E 

where 1 !^ is the disintegration probability for emission of, 
neutrons; it is a partial width. is the désintégration 
probability for emission of gamma rays. P gives the total 
désintégration probability. It is approximately the width of the 
level at half height. , 

« w 
n 

We substitute for these values in the Breit-Wigner formula, which 
becomes 

2 

f is defined as the isotoplc abudance; g is a statistical factor 
depending on the spin. 

• 1 2 3^1 

2 2 Ifl 

J a I - -15-

. 21 . 



I is the spin of the target nucleus, J is the spin of the 
coapound nucleus and y . is the potential scattering cross 

pOTj section, 3=0^ ^E™ , where - y is the absorption cross a " a 
section due to other resonances« 

The Breit-Wigner fonmila becomes, then. 

fg . 6 5 n x i o ^ rjr.^-^^j^ a, (A.2) 

Calculations have shara, in our case, that the term due 
to the interference between the potential scattering and the 
resonance scattering is negligible. Interference between potential 
scattering and scattering from distant resonances is slowly-
varying and for our purposes simply adds to ®^ot to give scatter 
ing cross section 0̂ , 

^ %2 . • 
For calculating x̂ rhere j L is the neutron 

wavelength, we assumed in -Ehe de Broglie expression 
'\2 h^ 
^ = the following values for Planck's constant h , for 
the mass of the neutron m and for the conversion of units: 

•OS 

h = 6.625 X 1 0 ' ^ erg, seg 
m = 1.6T5 X 10 g 

1 ev = 1.602 :..:x lO""'-̂  erg 
1 barn = 1 0 cm . 

The result is 

,^ 06511 X 10^ 
bams. 

krv E 
The Breit-Wigner formula may be written, then, as follows; 

o 22 . 
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REACTOR S A M P L E COLLIMATOR Ne.Z 
S H I E L D I N S 

AMPLIFIERS DISCRIMINATORS S C A L E R S 

COLLIMATOR He. 1 CRYSTAL a l ^ D E T E C T O R 

AND SHIELDIM6 

BEAEK C A T C H E R 

FIGUHE 1 

Schematle diagptram of the apparatus and the electrosie equipiMntc 

shown Ifl the tnonltor coiunter, placed near the dlrfct beam^ and its 
electronics, wbich were similar to those of the principal detector. 
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EÏSOBE 2 

Cf^ s 18 'baras aad (K Total cross section of srtterbiuM» 

from absorption due to other resonances in addition to the Yb" 

resonance at eaer^ ,597 ev ̂ ere used to obtain agreeaent ̂ t h the 

experimental data», The published values for the parasetsrs were •m®à 

in calculating the contribution of this resonance« Statistical erroa® 

are smller than the esrperiseatal points, except -sfher© tàey ©re 

indicatedo 
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^tal cross sectioa of l u t e t l u i S o The aolid curve through 
the experimental points shows the results obtained iisiag the Brelt-
Wigner forraula that determined the constants a>,ll+l i , 002 ev, 

Q. 058 i o 005 ev and = • 000201 - . OOOOQî  ev, 
(7̂  a 10 bams has been assumed. Mo nearby bound state is needed, 
but the usual contribution from far=.away resonances and from 
scattering are included and are shown by the straight lines« 
Statiatical errors are smaller than experimental points. 
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FIGUHE 

Experimental results of the total cross section 
measurements of lutetium plotted as versus E. Hie solid 
curve through the e3q>erimental points is obtained using the Breit-
"Wi^er formula with the parameters shown with figure 3« VL^ne 

below shows the contribution from other resonances, Hie triangle 
represents schematleally the resolution at the peak energjo 



TABIE I 

Method 

LoeatioiiX^ 
Geometrical 
calculation 

Gold Foil 
Calculation 

B F ^ . counter 
calculations 

First 
Gdllitnator 
exit 

Crystal 

5 . 9 X 1 0 ^ 

6 
5 . 1 X 1 0 

ko2 X 1 0 ^ 

4 . 1 X 1 0 ^ 

2 . 9 X 1 0 ^ 

2 
Values for the flux of thermal neutrons, in n/cm /seg 
nortralizied for 2 Mwo 



TABLE 11*^ 

Neutron energy 
In 
0 . 4 5 6 
0 . 2 9 0 
0 . 2 4 0 
0 , 2 0 3 
0 . 1 8 5 
0 . 1 7 2 
0 . 1 5 9 
0 . 1 4 9 
0 . 1 3 9 
0 . 1 3 6 
0 . 1 3 1 
0 , 1 2 7 
0 . 1 1 8 
0 , 1 1 2 
0 , 0 9 9 4 
0 . 0 8 8 8 
0 . 0 7 2 4 
0 . 0 5 9 5 
0 . 0 4 7 0 
0 , 0 4 3 4 
0 . 0 3 9 0 
0 . 0 3 7 8 
0 . 0 3 2 8 
0 . 0 2 9 0 
0 . 0 2 5 9 
0 . 0 2 4 4 
0 . 0 2 3 2 
0 . 0 2 1 0 
0 , 0 1 8 5 
0 . 0 1 5 0 

YtterbluB 

4 3 + 2 
3 9 + 1 
3 7 + 1 

3 9 + 2 

4 3 . 9 + 0 . 7 

4 5 , 4 + 0 . 9 
4 4 . 2 + 0 . 5 
4 5 . 5 + 0 . 9 
4 8 . 7 + 0 . 3 
5 4 + 1 
5 4 . 2 + 0 , 3 

5 9 . 4 + 0 , 7 

6 8 + 1 

7 3 + 1 
8 6 + 1 

Lutetiua 

7 9 + 1 
1 2 1 + 3 
1 8 7 + 2 
2 6 6 + 2 
3 0 5 + 1 
3 3 1 + 2 
3 4 2 + 1 
3 2 9 + 2 
3 1 0 + 1 
2 6 8 + 1 
2 2 2 + 1 
1 6 8 + 1 
1 3 6 + 1 
1 1 3 7 6 + 0 , 9 
1 0 2 . 9 + 0 . 7 
1 0 2 . 5 + 0 . 4 

1 0 8 + 1 
1 1 4 + 2 
11Ó+2 
1 1 8 + 2 
1 1 8 + 4 
1 1 6 + 2 
1 2 8 + 3 
1 2 6 + 3 
1 3 1 + 2 

FraseodysiuB 

6 . 5 + 2 . 5 
7 , 3 + 0 . 4 

8 . 1 + 0 . 2 

7 , 9 + 0 . 4 

8 , 5 + 0 . 5 

8 . 8 + ^ 0 . 2 

9 . 2 + 0 . 2 

1 0 . 0 + 0 . 2 
1 0 . 8 + 0 . 2 
1 2 . 1 + 0 . 2 
1 2 . 8 ^ + 0 . 0 5 
12.8*15.2 
1 3 . 2 + 0 . 1 

1 4 . 6 + 0 . 3 
1 5 . 4 + 0 . 2 

1 6 . 5 + 0 . 2 

1 9 . 6 + 0 . 4 
1 9 . 5 + 0 , 3 
2 1 . 6 + 0 . 6 

*Tdtal neutron cross sectlsn in barns; statistical errors 
are showa, also. 



TABLE in 

The present experimental Previously published?; 
restalts. 

^otal ^ • ^ 0; • K • 

Praseodymium 
Lutetium 
Ytterbima 

l6o5 - .5 13.0 i. 5 5.3 ^. 5 
118 i 1 108 ± 5 (10 i 5) 
69 t 1 5 1 - 2 18 ^ 2 

11.6 t.6 Koi.k 
122 ± 5 

57 t ij. 12 t 5 

Cross sections for thermal neutrons* The previously published 
results are all taken from D,J« Hughes and R.B. Schwartz, 
Neutron Cross Sections, Ü.So Government Printing Office, (1958)« 
Most of the previously measiired values of the absorption cross 
section were measured Trith a pile oscillator, but the values aré 
eacpressed for a neutron energy of .©255 ev, correcting for the 
effect of the Maxwellian distribution of energies used in the 
escperiment. The scattering cross section of lutetium 
(in parentheses) has been assumed for the purpose of calcxilations. 




