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NEUTRON* CROSS SECTIONS OF P r , Y b , . L u , E r , Ho aiuLTm , 

t , R . L . Zimmerman, L . Q . Amaral , R. F u l f a r o J j t M.C. , M a t t o s , , , 

_; , M., Abreu and R. S t a s i u l e v i c i u s ,t , , ; , 

KESUMO 

Foram medidas por transmissão as secções de choque totais do praseodímio, iterbio, 

lutécio, erbio, holmio e túlio, para neutrons, no intervalo de energia 0,001 a 1,0 eV, dan-

do-se uma atenção tôda especial quanto à obtenção de valores da energia térmica 0,025 eV. 

Dsou-ae, no reator de pesquisa tipo piscina do Instituto de Energia Atômica, um espectróme

tro de cristal acoplado a-um monocromador mecánico e um chopper lento. Foram-nos fornecidas 

amostras dos óxidos, na forma de pé, em alta pureza, tendo-se tido grande cuidado em elimi

nar a contaminação por terras raras que têm alta secção de choque para neutrons. Os datte f£ 

ram analisados para se determinar as secções de choque de absorção e de espalhamento nuclea 

res. Foram considerados os efeitos das ressonâncias nucleares e do espalhamento paramagnéti 

co-atômico» No caso do lutécio, apresentamos os parâmetros da primeira ressonância. Nos ca

sos do túlio e hólaio, os valores experimentais das secções de choque de espalhamento pera-

magnético são comparados com aqueles esperados usando-se as funções de onda eletrônicas cal 

culadas» 

RÉSUME 

On a mesuré par transmission la section efficace totale du praseodyme, ytterbiu» , 

lutetiua, erbiua, holœiun et thuliuo, pour les neutrons dans l'intervalle d'énergie 0,001 à 

1,0 eV, en faisant spéciale attention quant à obtenier des valeurs à l'énergie thermique... 

0,025 eV„ On a employé, au réacteur de recherche type piscine de l'Instituto de Energia Atô 

mica, un spectroaètre à cristal acouplé à un monochromateur mécanique et un chopper lent. 

* Publicado era Nuclear Physics A95 (I967) 683-693; (C) North-Holland Publishing Co., 

Amsterdam 



Des échantillons en poudre des oxides nous ont été fournis avec haute pureté, en faisant 

spécialement attention pour éliminer la contamination par des terres rares de haute sec

tion efficace pour les neutrons. Les données ont été analysées pour déterminer les sec

tions efficaces d'absorption et de diffusion nucléaires. On a considéré les effets des ré 

sonances nucléaires et de la diffusion paramagnétique atomique. Dans le cas du lutetium , 

on présente les paramètres de la première résonance. Dans les cas du thulium et holaium, 

les valeurs expérimentales de la section efficace de diffusion paramagnétique sont compa

rées avec celles espérées en utilisant les fonctions d'onde électroniques calculées. 
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A b s t r a c t : T h e t o t a l n e u t r o n c r o s s s ec t i ons o f p r a s e o d y m i u m , y t t e r b i u m , l u t e t i u m , e r b i u m , h o l m i u m 

a n d t h u l i u m h a v e b e e n m e a s u r e d by t r a n s m i s s i o n w i t h i n t h e n e u t r o n e n e r g y r a n g e 0.001 t o 

1.0 eV , w i t h spec ia l a t t e n t i o n g iven t o o b t a i n v a l u e s a t t h e t h e r m a l e n e r g y 0 .025 e V . A c rys t a l 

: s p e c t r o m e t e r c o u p l e d w i t h a m e c h a n i c a l m o n o c h r o m a t o r a n d a s l o w c h o p p e r w e r e u s e d a t 

t h e s w i m m i n g p o o l r e s e a r c h r e a c t o r o f t h e I n s t i t u t o d e E n e r g i a A t ô m i c a . P o w d e r s a m p l e s o f 

t h e o x i d e s w e r e s u p p l i e d in h i g h p u r i t y w i t h p a r t i c u l a r c a r e t o e l i m i n a t e c o n t a m i n a t i o n b y 

t h e r a r e e a r t h s w h i c h h a v e h i g h n e u t r o n c r o s s s ec t ion . T h e d a t a w e r e a n a l y s e d t o d e t e r m i n e 

t h e n u c l e a r a b s o r p t i o n a n d t h e n u c l e a r s c a t t e r i n g c ro s s s ec t i ons . Effects o f n u c l e a r r e s o n a n c e s 

a n d o f t h e a t o m i c p a r a m a g n e t i c s c a t t e r i n g w e r e c o n s i d e r e d . I n t h e c a s e o f l u t e t i u m , t h e p a r a 

m e t e r s o f t h e first r e s o n a n c e a r e p r e s e n t e d . I n t h e cases o f t h u l i u m a n d h o l m i u m , e x p e r i m e n t a l 

v a l u e s o f t h e p a r a m a g n e t i c s c a t t e r i n g c ro s s s ec t i ons a r e c o m p a r e d w i t h t h o s e e x p e c t e d f r o m 

c a l c u l a t e d e l e c t r o n i c w a v e f u n c t i o n s . 

N U C L E A R R E A C T I O N S P r , Y b , L u , E r , H o , T m (n , n ) , E = .001 t o 1.0 e V ; 

m e a s u r e d a n X ( E ) ; d e d u c e d c r n A , f f n S ; H o , T m d e d u c e d p a r a m a g n e t i c s c a t t e r i n g , 

L u d e d u c e d r, 'JT n °. N a t u r a l t a r g e t s . 

1. Introduction 

The interpretation of the total interaction between slow neutrons and rare-earth 
atoms involves both the high density of nuclear resonances and the magnetic forces 
between the neutrons and unpaired orbital electrons. Previous measurements of 
rare-earth neutron cross sections have often not been over a neutron energy range, 
appropriate for the analysis of these interactions. 

This work describes an effort to measure and to analyse the total cross sections of 
Pr, Yb, Lu, Er, Ho and Tm over an energy interval (0.001 to 1.0 eV) such that it is 
possible to determine the nuclear interactions and the paramagnetic interaction owing 
to their different energy dependences. Some of the results in this work have been 
published previously 1 ~ 3 ) . 

High purity powder oxides were supplied by the 1EA Chemistry Division. For the 
samples which are particularly sensitive to contamination by the rare earths which 
have high neutron cross section, cross-section measurements were made before and 
after a final purification to insure that an otherwise undetectable quantity of gado
linium was not affecting the results. A crystal spectrometer coupled with a mechanical 
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velocity selector that eliminates order contamination 4 > 5 ) was used for most meas
urements; part of the lutetium results were obtained with a slow chopper time-of-flight 
equipment 6 ) . 

2. Data analysis 

The total cross sections calculated from transmission measurements are shown in 
figs. 1-6. The oxygen cross section was subtracted incoherently at all energies. 

For isolated rare-earth atoms at ordinary temperatures, the total neutron cross 
section may be expressed as the sum of three partial cross sections 

o = > . + * , +ffp», 

where a„ is the nuclear absorption cross section, crs the nuclear scattering cross sec
tion and <xpm the paramagnetic scattering cross section, which results from the 
electromagnetic interaction between the magnetic moments of the neutron and that 
of the atom. A transmission measurement, such as we used, while yielding a relatively 
precise value of the total cross section, gives information about the partial cross 
sections only through their known different dependences on neutron energy. 

The nuclear scattering <rs although generally consisting of resonance scattering, 
given by the Breit-Wigner formula, potential scattering and sometimes coherent in
terference between the two, is constant near thermal energy unless the total cross 
section gives evidence that a nuclear resonance falls in this region. In those cases, 
its behaviour was calculated from measurements of the resonance parameters. 
Coherent effects in the oxide crystals occur at lower energies, where the nuclear 
absorption usually dominates, and were neglected. 

The absorption cross section aa varies with energy according to the Breit-Wigner 
formula whose parameters must be determined experimentally. In general, nuclear 
resonances far removed from the thermal neutron energy, as well as bound states, 
must be considered to calculate the departure from a l/v dependence near thermal 
energy. 

The behaviour of the paramagnetic scattering cross section is given by the average 
magnetic form factor of the unpaired atomic e lec t rons / 2 in the formula 

\mc2/. 

where n and y are the magnetic moments of the atom and of the neutron, respectively, 
and are expressed in Bohr magnetons, and e, m and c have their usual meaning. The 
asymptotic value at neutron wavelengths greater than 10 A for which the form factor 
approaches unity depends only on the magnetic moments. In every case we analysed 
our data using the asymptotic value calculated from the known atomic magnetic 
moments 7 ) . In two cases, holmium and thulium, the paramagnetic cross section is a 
large fraction of the total cross section such that information about the form factor 
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may be derived from our measurements and compared with form factors calculated 8 ) 

f rom the 4f wave functions of Blume, Freeman and Watson 9 - ) \ L ^ ¡ , v " ' 

Qual i ta t ive ly , our analysis procedure may be described as follows: At very low 

energies, nuclear absorpt ion dominates and may be well determined by subtract ing 

the nearly asymptotic value of <r p m and an estimated valué ; óf¿ r¿ . The impor tan t 

vá t í eófnuc léá r ' ab ' só rp t ión at thermal energy is then obtained by extrapolat ion from 

the ' low-energy value, calculating the depar ture from l/t> dependence caused by the 

known resonances and by the most probably bound states. T h e bound state para

meters are fortunately restricted by the knowledge of their contr ibut ion to low-energy * 

absorpt ion; i.e., the difference between the observed absorpt ion and that from all the 

positive resonances. 

A t high energies, the paramagnet ic cross section is approaching zero, and the 

nuclear absorpt ion has sometimes become small enough to allow determinat ion of 

the scattering cross section. 

At some intermediate energy, in principle, it is possible to determine the para

magnetic scattering cross section and, therefore, the magnetic form factor. The 

relative magnitudes of the cross sections were such that this was possible only for the 

cases of ho lmium and thul ium, as shown in figs. 8 and 9, and discussed below. 

3 . Discussion of results 

3 .1. THE THULIUM CROSS SECTION 

Thul ium is a typical example of the means of analysing the experimental data , and 

fig. 1 shows its to ta l cross section versus energy. The absorpt ion cross section 

dominates at very low energy, where it has a l/v behaviour. Over this region the 

nuclear scattering cross section gives a comparatively small contr ibut ion of little 

influence, and the asymptot ic value of the paramagnet ic cross section is well known; 

the value 35 b is given by the interaction between the magnetic moment of the neutron 

and the one from the ion of thul ium 7 ) . In this region of energy, the absorpt ion cross 

section was determined and afterwards extrapolated to higher energies, taking into 

account the deviat ion from l/v, in the case of thul ium, which is almost entirely due 

to the first resonance at 3.92 eV. At 0.025 eV thermal energy, the total cross section 

was observed to be 134 + 2 b , and we determined the absorpt ion cross section as 

106 ± 3 b . 

The contr ibut ion to thermal absorpt ion by all positive resonances was calculated 

using resonance parameters known within certain experimental errors 1 0 ) . This 

contr ibut ion is 73 + 10 b ; 33 + 10 b is a t t r ibuted to bound states or energy levels 

below the binding energy of the neut ron . , ! 

The curve of the absorpt ion cross .section that appears in this figure is composed 

ó f . t hecpn t r ibu t ion both of positive resonances and of 'bound ' s ta tes . ' the latter gives 

a small deviat ion from \jv for higher energies, that depends 1 oh the 4 paramete r s as

sumed for the bound state! ••<••>•'["• m •fj'iiwttttj ' j i " f r . . 
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The value and the limits of variation of the scattering cross section necessary to 
explain the observed values near 1 eV, where the influence of the paramagnetic cross 
section is known to be of little influence, were determined analysing the contributions 
from positive resonances and from bound states and their uncertainties. A value of 
12 ± 2 b for the nuclear scattering cross section was taken as constant over the 
considered energy range. The error quoted here includes a contribution from the 
uncertainties in the published resonance parameters, as well as the uncertainty in the 
bound state parameters which are, of course, not completely determined. 

0.001 0.01 o.i i.o 
NEUTRON ENERGY, «V 

Fig. 1. Total cross section of thulium. The observed data shown as open circles were analysed as a 
sum of the nuclear absorption, paramagnetic scattering and nuclear scattering, a», <rpm and a„ re
spectively, shown by the solid curves. The functional form avm is shown for reference only and, 
except for the asymptotic value shown here at 35 b, is not used to determine the nuclear partial cross 

sections. 

The curve of the paramagnetic cross section appearing in fig. 1 was calculated 8 ) 
using the paramagnetic form factors calculated with Hartree-Fock wave functions 
for isolated ions of rare earths tabulated by Blume, Freeman and Watson 9 ) . The 
nuclear partial cross sections were determined without the use of this calculated 
curve, except for low energies very near its experimentally known asymptotic value. 
Therefore, the experimental neutron cross sections may be used at other energies 
to determine the paramagnetic scattering cross section. Fig. 8 shows the paramagnetic 
cross section expressed as a ratio to the asymptotic value and the average magnetic 
form factor calculated from the theory of ref. 9 ) . Although there is some indication 
that the form factor falls more slowly at short wavelengths than expected theoretically, 
indicating more diffuseness in the 4f orbits, the discrepancies are not serious. 
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3.2. THE HOLMIUM CROSS SECTION 

Fig. 2 shows the results obtained for holmium. The analysis of the data used the 
asymptotic paramagnetic cross section of 68 b. At thermal energy, an absorption 
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Fig. 2. Total cross section of holmium. The observed data were analysed similarly to those of thulium. 

lOOr F T T T T 1 I I T I 1111 I I I I I I 11 | I — f I I I I Ij-

PRASEOOYMIUM 

I 1 1 1 1 . I T I I I 11 il I I M i n i ] I I I I I 1 1 1 
0.001 0.01 0.1 

NEUTRON ENERGY, eV 

1.0 

'Fig. 3. Total cross section of praseodymium. 

cross section of 60+2 b was determined, the total cross section being 98 + 2 b. The 
contribution of positive resonances has been calculated as 23 ± 2 b, which leaves 
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37 + 2 b to be a t t r ibuted to contr ibut ions from bound states; they cause a small 
deviat ion f r o m l / u in the region: near 1 eV. The limits of this deviation and its most 
p robable value were calculated to determine the value and probable error of the 
scattering cross section which is determined in this energy region. A value of 1 0 + 2 b 
for the nuclear scattering cross section was found. 

Fig. 9 shows the ho lmium results for the paramagnet ic cross section, obtained in the 
same way as for thul ium. Again there is no serious disagreement between the experi
ments and ; the calculated form factors. 

NEUTRON ENERGY, eV 

; Fig. 4. Total cross section of erbium. 

3.3. THE PRASEODYMIUM CROSS SECTION 

Fig. 3 shows the results obta ined for praseodymium. The total cross section at 
thermal energy is 17.6 + 0.5 b , and the thermal absorpt ion is 11 .5+1 .0 b from 
the asymptot ic paramagnet ic cross section of 7.8 b . Al though about 10 b of the 
thermal absorpt ion are due to bound states, the absorpt ion in this case is probably 
l/v because of the large level spacing. Nea r 1 eV the tota l cross section was used to 
determine the nuclear scattering as 3 + 1 b . Because the magnetic moment of pra
seodymium is small, no analysis was made for the paramagnet ic cross section. 

3.4. THE ERBIUM CROSS SECTION 

Fig. 4 shows the total cross section of erbium. The tota l cross section at 0.025 eV 
is 1 9 2 + 6 b , and the absorpt ion value determined at this energy was 150 + 8 b when 
using the asymptot ic paramagnet ic cross section of 56 b . Practically all absorpt ion 
comes from the first resonances at 0.46 and 0.574 eV. Wi th in the experimental errors 
of the resonance parameters published, no contr ibut ion due to bound states can be 
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detected. A nuclear scattering of 15+5 b was used in our analysis. Because the 
absorption is dominant over the whole energy region considered, our data no not 
well determine the nuclear scattering or the paramagnetic scattering cross section. 

.100 
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o 5 0 
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I I 111 ~l i i I i i i 11 1 1—i I i i i i i r — T — i i i i i 

Y T T E R B I U M 

0.001 0.01 0.1 
N E U T R O N E N E R G Y , 

Fig. 5. Total cross section of ytterbium. 
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Fig. 6. Total cross section of lutetium. The experimental points below 0.04 eV were taken with a slow 
chopper. The rest were taken with a crystal spectrometer as with all the other elements. The solid 

curve shows the Breit-Wigner fit. 

3.5. THE YTTERBIUM CROSS SECTION 

Fig. 5 shows the ytterbium results. The total cross section at thermal energy is 
64±2 b with thermal absorption 37 ± 5 b and nuclear scattering 22 + 5 b, when using 
the asymptotic value of the paramagnetic cross section 12.3 b. To this thermal 
absorption, only about 5 b are contributed by the first resonance at 0.597 eV. No 
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other parameters have been published, but the level spacing appears 1 0 ) to be large 
enough so that the rest of the absorption should have a 1/D dependence. 

3.6. THE LUTETIUM CROSS SECTION 

The experimental results shown in fig. 6 are the lutetium total cross section versus 
neutron energy and were obtained with the crystal spectrometer for energies higher 
than 0.04 eV and with the slow chopper for energies below this value. In this case 
there is no paramagnetic cross section, because the magnetic moment of the Lu ion 
is zero. In the energy region measured the isotope 1 7 6 L u presents a resonance due 
mostly to absorption. 

• 63 »2 
l"„*« 022S «0005 meV 

.05 0.20 0.25 0.30 0.10 0.15 
NEUTRON ENERGY, eV 

Fig. 7. Plot of o^fE for lutetium. The experimental points and the Breit-Wigner fit are the same as 
in fig. 6. The triangle shows the resolution of the crystal spectrometer. 

The total cross section was studied in detail, and the Breit-Wigner parameters 
were determined by adjusting the theoretical curve -to the experimental results. The 
small effects of finite resolution and Doppler effect have been considered. 

In fig. 7 a plot of crN/£ versus the neutron energy with the curve obtained is shown. 
In this energy region there is predominance of the S-wave interaction, and the usual 
Breit-Wigner formula can be used for the resonance cross section. The effect of in
terference between potential and resonance scattering is negligible. The nuclear 
scattering is considered constant over the considered energy region. The influence 
of absorption peaks at other energies gives a l / c contribution. Small deviations at 
the higher energies occur because there is a contribution from bound states. 

The following resonance parameters have been obtained: 

E0 = 0.145±0.001 eV, 
r = 63±2meV, 

r° = 0.225 ± 0.005 meV. 
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From our analysis, it was possible also to separate the absorption and scattering 
partial cross sections at thermal energy, the total cross section being 82 + 3 b. A 
value 8 + 2 b was obtained for the nuclear scattering, leaving a thermal absorption 
of 74+3 b, of which about 11 b are contributed by bound states. 

1.0 

0.5 

o 

_ 1 1 1 1 1 . i i i 

— • — 

— THULIUM • — 

_ 

— 

: / * ' 
yi i i i i i i i 

0 I 2 3 4 5 6 7 8 9 10 
NEUTRON WAVELENGTH, A 

Fig. 8. The average magnetic form factor of thulium obtained from the observed paramagnetic 
cross section divided by its asymptotic value of 35 b. Typical statistical errors are shown. The solid 

curve is calculated from the wave functions of ref . 9 ) . 

0.5 

_ 1 i i i | i i i 1 _ 

HOLMIUM — 
—. • 

T o 

1 . 1 1 1 1 1 1 I ~ 
0 1 2 3 4 5 6 7 8 9 1 0 

NEUTRON WAVELENGTH A 

Fig. 9. The average magnetic form factor of holmium. The statistical errors are relatively smaller 
than those shown for thulium in fig. 8 because the nuclear absorption is greater in the latter case. 

4. Conclusion 

Table 1 shows a summary of the observed total cross sections and the derived 
partial cross sections at thermal energy for the six elements. The partial cross sections 
have greater errors due to uncertainties in the separation of the partial cross sections. 
The nuclear scattering cross sections listed here are not to be interpreted necessari
ly as the potential scattering. Interference with resonance scattering may give scat-
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tering ayherrnal energy larger-or smallerthan the potential scattering by an amount 
dependent on the parameters,of resonances,and bound?states, .which are now in-
su^ciently wçlljk^own. , ; .. . 

Our paramagnetic cross section-qfiholmium..may be•,compared with a similar 
analysis by Bernstein et al. Their paramagnetic cross section differs considerably 
from ours although their total cross sections agree with ours. Their use of 13 b for 
nuclear scattering, 64 b for thermal absorption, and their analysis before the dis
covery of the 3.92 eV resonance all contributed to a prediction of the paramagnetic 
cross section that is lower than ours. 

T A B L E 1 

Thermal cross sect ions in b 

Çtotal j' /^absorption ^scattering 

Pr • 17.6 : 0.5 11.5-i-l .O '"" 3 ± 1 

Y b 64 ± 2 37 ± 5 : V ! 2 2 ± 5 

Lu 
.'•si i> >i it 
C ' - 8 2 ^ 3 

ft , tl •. í . . . - l , ÍJá 
,,,"ti Jpx:±f 4 

8 ± 2 

' ' "• Ei - ' " 192 ' ± 6 1 '' 150 J _ 8 (15=_5) • 

H o 60 3 . 2 1 0 ± 2 

T m | - 134 ! ± 2 i '• 106 : ! 3 1 2 ± 2 

Our observation of the average holmium form factor similarly disagrees with a 
calculation used as a comparison in the experimental work by Koehler et al. 12), 
who used the theory of Trammell 1 3 ) with hydrogén-like wave functions. 

Our results agree with the form factor calculated from the wave functions of 
Blume, Freeman and Watson g ) , who also mention the discrepancy with Trammell. 

The authors want to express their gratitude to the many colleagues who helped with 
the experiments, especially to the reactor staff under the supervision of Azor Camargo 
Periteado'and tó Dr. Brill,'Dí\ "Alcidiò Abrão and Dr. Ludmilla Federgriin, who 
purified and analysed the samples. The authors are grateful to Professor Marcello 
Damy de Souza Santos for his interest and support during the course of the experi
ments, nmx&wli x 
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