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TOTAL IffiUTROW CROSS SECITOU OF HOLMIUM AND THULIUM 

R o Fulfaro, Marieta C o Mattos and R « Stasiulevicius 

RESUMO 

Foi raedicla a secçao de choque total do hôlmio e túlio, para neutrons de energia 

entre 0,001 e 1 clstron volt. Foi usado o B c p e c t r ô m e t r o de cristal do lî A acoplado a um se. 

letor aecaKico de velocidade psTB. eliminar reflexões de ordeci superior do cristal. Amos­

tras de Ho 0 » TB 0 eii; p6 foram priparadas en alto grau de purs¡;a, tomar.do-ae cuidado 
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eapocial eai eiiaiiaar conLaajnaçEo por i«rras raras de alta seoçao de choque, para neutrons. 

Pode-se obter irifoniacnes definidas sobre o raio da ¿rhita eletrônica 4f através de medi­

das precisas da secçio de choque total num grande intervalo de comprimentos de oada conhe­

cidos, Nossas medidas, levando ein conta o espalhaaiento pararaagnetico, permitiram-nos a de­

terminação das seoçÕes de choque parciais, algumas delaa com melhor precisão do que havia 

Sido publicado anteriormente. 

La section efficace de l'holmixuo et du thulium a été ueaureo pour les neutrons 

d'cnergîe entre 0,001 et 1 electron volt. spectromètre à cristal de l'IEA a été employé 

acouplé à un sélecteur mécanique de vitesse {.cur éliminer les réflexions d'ordre supérieur 

du c?iistal. Des eotiautillons de Ho^ 0^ et Tnî  0^ en poudre ont été préparés avec haute pure, 

té, en faisant Sî écialeraeiit attention pour élicriner la contamination par des terres rares 

de haute section efficace pour les neutrons. Des informations définies sur le rayon de l'o£ 

bite slsctroaique 4f peuvent être obtenues par d e s mesijres précises de la section efficace 

totale dans un lar^e intervfiils de longueurs d'onde connues. Nos mesures, en prennant comp­

te de la diffusion paramagnétique, nous ont pernis la determination des sections efficaces 

partielles, quelques unes a-TOc meilleur precision qu'il avait lté publié précédemment. 



. 2 

""•''te! tc.tal i xu t íoa croaa seot'iofi f o r b'jJ.'sí'.!:'!! E-W' thul: iie. ¡ceasiftcl by 

t r^08»í«si0R fcT Kevtroe er.«rgí«« betweo 0.00^ l electron TO It. TVi»? IB','', crystal 

3pí?;troi»?":ei" I, í ed tog-aber with a meehaulial TOlícity 3 ? Í e c t o r t o f í j in ics /a h ightr order 

rftf Isc'ti oi^E fr---m ¡ h e f r v i t n - l . T'íA'iiar aasaples í-*" Ho_̂  '"̂ ^ '<:•''••'- iiterp í . r e p s r R j j "i hlg'̂ '. 

paf i tYj taKi:Qg p ' r í vcal':-." ce. e to e i i s irü t--' .-jíwtf.sjnat.ioa >'-'r the rar.? (íoríí:,-; o f high neutron 

cross seotioíft. l< í j . n i l s i-¡r£nt ••xi v:i th - rs.Ari^ ot the. 4f í l e ú t r o s o r b i t s be given by 

aeo'srate to t a l arass stistiiit; «ii?fc3!»'efie?i' s <'?r a wide rar'ge o f k/̂ -'ara waveietujths. Ouf 

iteasuremar.t-i,, taki.r.g ' into "'ccmiirl: -Dh'' paraffiajirae t:ic sca+.tarlng, iiaye enabled us to .lete.rsijne 

the partía.'! crof?3 - - - ' c t i o ' i s , . soae witK ' tetter ae--"'ira'.'y th'iij. th'-.s« previou.sly pi ibl ished. 

In a progrfsm cJ.' total cross section measurements of the 

rare earth elements at this Institutej, holmiurn and thulium were 

given special attentlcai^ because of the Interesting interaction 

between the nein-rons and the a'tomic electrons^ and because of their 

high absorption cross section for thermal neutrons o Being holmium 

and thuliuro present in the fragmen'ts of nuclear fission, their cross 

sections pla,;;- a.n importara- part in reactor phj^sics calculations v/hich 

must predict t.he effects of rie'jtron absorbe'rs in a nuclea'r reactor. 

Thuliarn^ ij'- a (n̂ , ̂  ) reaction becomes Ite"̂  that has a 

half-life of 129 clays and emits a 8 4 KeV gaiaraa ray, being for this 

reason u s e d as a lovi energy gainma source in industry and medicine. 

T̂ ie source of neuxrons for this v̂ ork was the Instituto de 

Energía Ato/ni ce. swimmins pool research reactor operated at 2 MW. 

111.6 thermal r^eutron flux measure;^ Kith gold foils near the core of 

the reactor Is 2.4 x 10'neutrons/cm^.seo» 



A crystal spectrometer and a mechanica.l velocity 
selector, constructed at the Institute de iinergia Atomica s 
workshop, were used as monochroraators. Order contamination wa:< 
eliminated from the beajni by using the crystal together with the 
mechanical velocity selector. 

Tlie crystal spectrometer v/as first located close to tĥ : 
ro'-;.';tor In a. radial beani-holej as shown in Fisure 1. la.tei'̂  the 

coLLiftUiroa H«.8 AMPuntM USCaiMntATORS t U L E l i S 

MISH 
V O L T A S C 
S O U ' L Y 

C O L L I M A T O * M* . I C R Y S T A t • ^ O t T C C T O N 

AMD S H I C L O I N « 

S C A W C A T C M E H 

figure 1 - aohecEtic cUagraic of t.hs cryst-P-L opectromoter 

crystal and the selector v.'ere loca/ted at one of the tangential 
beam-holes, as shoim in Figure 2. The thermal flux outside the 
radial port was found to be k x 10^ neutrons/cm'"/sec. and 

8 
l.k X 10 neutrons/cm'/sec. outside the tangential port. Tne 
crystal spectrometer angles can be reproduced v;ithin a precision 
of 0.01 degree. Ihe measurements were made v.'ith crystals of calclt:.;, 



aluminium anci mica, having interplanar distances of 5-05? 1 . 2 1 and 
9.8k Angstroms, respectively. VJith the calcite crystal the angular 
resolutiondetermined mostly by the initial collimation^ was 10 

minutes and at thermal energy the resolution in energy was 2.0)^. 

(. U B R I ^ I C A T I O N 
A N D 

VACUUM PUMP 

Br c£TF^rrF 

V E l . O C ' T - C C ^ T K O L S Y S T E M 

r.j HIGH OtNS' lV 
COWCHfTf 

figure 2 - Schematic diagram of the mechanical velocity selector together 
with the crystal spectrometer 

The mechanical velocity s e l e c t o r g i v e s a neutron 
energy with a resolution which depends on the rotation velocity, 
and on the helical channel inclination. The resolution was of 
about 50^ in v^avelength. Tlie final resolution was determined by 
the crystal spectrometer and order contamination was completely 
eliminated by the mechanical velocity selector. 

Coramercial boron tri-fluoride detectors, enriched in 
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the isotope B"*"̂ , v;ere used for neutron detection. 

Ihe samples of holmiura and thulium oxides were suppli­
ed by the Chemical I:iigineering Division of this Institute. The 
separation method employed, using ion exclriange resins, assured 
us the degree of purification required for this experiment 
(99,?> for holmium and 99,9'^ for thulium). 

The samples were placed in aluminium containers and 
introduced into the beam in a reproducible position. The 
transmission througli the sample uas obtained by measuring the 
counting rate with the sample in the beaiv̂ , and the rate obtained 
with an identical empty sejnple holder in the beam. The back­
ground was subtracted from each counting. The containers were 
designed to give a transmission v/hich minimized the time required 
to reduce the statistical errors 

To avoid the influence on the transmission of the 
fluctuations of the reactor power, the transmission measurements 
were repeated several times in cycles, according to a routine 
designed to cancel linear drifts. The detector pulses were 
amplified, analyzed and counted by two independent electronic 
systems. 

The total cross sections were calculated from the 
(2) 

transmission measurements. The conventional formula^ ' has been 
used for the errors. The calculations were made by the lEA 
134-1620 computer. The correction due to oxygen was made simply 
by subtracting the free atom oxygen cross section of 5 .8 bams 
per atom. 

Figures 5 and h show the results obtained for holmium 
and thulium, respectively. 
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Nf l lTRON E N Ë R C V ( E V ) 

Figure 3 - Total neutron cross section of holium as a function of neutron energy. The 
absorption cross section,{T^, which is dependent on and the calculat-

et paraiaagnetic cross section, G"-gm, aj"« shown. 

.0001 .001 
N E U T R O N E N E R G Y ( E L E C T R O N V O L T ) 

Figure 4 •=- Total neutron croas section of thulium as a function of neutron energy^ The 
absorption cross s e c t i o n , w h i c h Is dependent on l/SfT, and the calculat-

sd paramagnetio cross section, ff^ , are showno 
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l̂ ie total cross section of holrriium and thulium, Oi^,y 

consists of three completely independent partial cross sections,. 
Tnen, 

< ^ =' o;r • K ' • 

v.'here 0^ and ^ are the nuclear scattering and absorption, 
respectively, and 0^ a the paramagnetic cross section, due 

pim 

to the interaction betiveen the magnetic moment of the neutron 
and tiiat of the atonu 

The paramagnetic scattering component to the neutron 
scattering 1ms been ca.lculated b;/ using the paramagnetic form 
factors calculated^'^^ with Hartree-Fock wave functions for isolat­
ed ions of rare earths and using the values tabulated by Blume , 
Freeman and V/atson „ 

Nuclear scattering was assumed to be independent of 
energj'- in the interval measured and the a,bsorption cross section 
Vías assumed to vary as 1/ y^over almost all the range of this 
experiment. 

For holmium and thulium^ the nuclear resonance spacing 
is about 6 electron v o l t s T h e first resonance at 5.92 electron 
volts, for both of them, has no effect on the assumptions concern­
ing the dependence on enerQ/- of the nuclear absorption cross 
sections, except for the higher energies. Nuclear scattering 
contributes little to our experimental data, except for the high 
energy limit of our experiments, where its effect is noticeable. 

Ihe value of the nuclear scattering was determined in 
the region of higher energies, where it dominates, and where there 
is no influence from paramagnetic scattei'lug. 'Ihe determined' 
nucle.ar scattering for holmium is 

ty = 10 barns, 
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arid for thulium, 

0^^ 12 barns, 
s 

Huclear absorption dominates at lovj energies and may be 

quite well determined by subtracting the asymptotic value of the 

parajpagnetic scattering, 

= 65»? " 1 ,3 barnii, for holmiu:n 
^pm ' 

or 
(T̂ j.̂  = 55»4 * ,7 barns, for thulii.im, 

(-.) {f-:\ 
calculated ^' from the holmium or thulium magnetic moment Tlio 

nuclear absorption cross section thus determined from our data, 

for nolmium, is 

¿ ^ = 6 1 bar-ns, 

and, for thuliujii, is 

CK = 10!;.,7 barns, 
a 

reduced to their values o.t thermal neutron energy .025 electron 

volts. Our extrapolation to thermal or,drg.y correctly accounted 

for the deviation ci iro;b t a e 1 / f^nrve, • 

With the £i.im of i!bla:_.s:an;, lidi'.: iaformation about the 

thermal absorption cross section of thu3 liun, we calculated the 

contribution of all the known resonances, (j , and this added 
^ "^res' 

up to 73 ba.ms. Since,hovreverj, Ql = 105.7 barns, there were 
a 

still about 53 bams left to be explainedRemembering that, 

when nuclei are bombarded by slow neutrons, effects due to levels 

below the neutron binding energy in the compound nuclei are 
(7) 

generally observed^ ', the values for the absorption cross section 

and for the contribution of all the resonances indica.ted that the 

53 barns had to be due to those levels. 
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One ox our aims in ana.lyKJng , for thuliUii, iv^f.d %ne 

establishment of limiting values for our experimental \-a.lue of (J^. 
s 

We verified that the contribution due to bound Gtato;s coss not 
Influence our detetniiinatloD of the nuclear scc-tteriiig. However, 

lias been calculaxed bani.ng on the tabulated resonance 
parametevij tiiat have certain errors. Thus we determined 
rf = 7 3 ~ 1 0 barns. JJaving analysed the r-lations in (f u i"<is res 
and having adjusted (V for each case, i n such a way that tae 

s 
experimental points could be expls.iaed^ the maximum and minimum 
variation in (f^ was calcu': 
we determined, for thulium. 

variation in (f___ was calculated from the axperimertal data. •Dnus 

o V, , . .lar n s . 

By compounding the deviations in (J ,̂ and the standard deviat ion 

in (f^ can be evaluated; 

0 ^ = 1 0 5 . 7 - 5 . 0 bams. 

Besides t h i s , the experimental value of the thermal 

paramagnetic cross section v--'as determined by subtract ing (J^ and 
{f^ from the therm.al total cross section. Taus, for thuliimi, a 

value, 

~ 1 6 . 8 - 5 . 5 b a m s , 

\\'e,s obtained which agrees with the calculatedvalue for tlie 
thermal enerf̂ '-, tiia.t is 

/T" 16.'? hams. V pm 

The curve for the total cross section of thulium, described by the 
experimental points, vjas formed hy trie cui'ves of the calculated 

CT", (T and (T . 
a^ s pm 

file:///-a.lue
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A similar analysis was made for the holmium data, for 

obtaining the errors in and (T . We obtained, for holmiura. 

and 

(T = 1 0 i 1 . 5 b a m s s 

ci = 6 l - 5 b a m s . 

at thermal energy. 

I V - CONCLUSIONS 

Figure 5 shows, for holmium, our experimental points 

after having subtracted the contributions due to nuclear scattering 

and absorption. 

- I 1 1 1 — : — i - T - i -
- T r - r I I - i TT 

C A L C U L A T E D B Y K O E H L E R F O R 2-^-20 

I I T I ] I I 

O E X P E R I M E N T A L O'pi, 
FOR 0- . 10 B 

• B E R N S T E I N ' S POINTS 

, .1 I ! I I L 

N E U T R O N W A V E L E N O T H ( A N G S T R O M S ) 

Figure 5 - ConpariBon between the experioental paronagnetic cross section of holaium, 
obtained after having subtracted the contribution of nuclear scattering and 

absorption, and the theoretical paraaagnetie cross section, calculated from the forn 
factors of Blune, Freeman and Watson^*^ . The older theory quoted by Koehler et al,^^^la 
shown. The apparently discrepant points due to Bernstein et al.^are explained in the text. 
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Some information unavailable the theory can be obtain­

ed by compa,ring experimentally determined paramagnetic scattering 

cross section with that expected from the Hartree-Fock wave function 

calculations, using the values tabulated by Blume, Freeman and 

Watson -̂o One sees that, for our holmium results, the disagreement 

is not "eriouso However, a real test of the theory depends on an 

accurate m.easurement of the nuclear scattering cross section, which 

is not available„ 

Ttie determined values of O^^f for holmium, by Bernstein 

et aJ^ are different from ours although Figure 3 shows that the 

total cr'oss sections agree in the region where their statistical 

errors were corn-parable vjith ourso 'Iheir pair-amagnetic cross sections 

differ from our values which were estimated using more recently 

availal)le infomia-tiont. Their resa3.ts were corrected using a nuclear 

scattering cross section of 13 barns, based on a total cross section 

of 28 barns at =5 eV» From the compilation of all total cross section 

values it seems that 28 barns is at least 5 bams too high, as it 

can be seen in Figure 5 . In addition, the effects of the then unknown 

3=92 eV resonance on the capture cross section at .5 eV (about 1 

b a m ) were not taken into account by them, and the paramagnetic 

scattering cross section at »5 eV" was und.erst:lmated by about 1 baï'̂ a. 

Taken, together, their estimate of I3 barns for nuclear scattering is 

about 3 bams too high. On our lower energy range, the nuclear 

scattering is relatively unimiportantj in the absence of direct 

measurements, a value of 10 * I .5 barns was used based on the 

analysis already described., Finally, analysis with our new value 

of the thermal absorption cross section of 61 - 3 barns instead of 

6k assumed by Bernstein et al. accounts for the remaining small 

discrepancy between the analysis of our results and that of their 

careful measurements. 

Figure 5 , relative to holmisim, also shows the disagreement 

betweeii the older calculation quoted in the experimental vjork of 
(q) do) 

Koehler et aĵ o' , viho used the theory by Trammell • • with liydrog-an -
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like Wi3,ve fiinctions, ejid the calculation based on the publication 
of Bliane, Freeman and Watson % v,'ho used the same theory with 
Hartree-Fock wave functions. Blume, Freeman and Watson noticed this 
disagreement. The interpretation of our results, according to 
Trairanell s theory, favours the smaller hf shell implied by the 
more recent calculations of Bltm;e, Freeman and Watson. 

Measuremen'tsof total cross section of thulium have 
previously been made by Joki and Evans^'^^\ in a smaller interval 
of energy, from .OjS to 1 electron volt; (Ĵ_, at .025 electron 
volts was not measured by them, but, an extrapolated value is 
given for the thermal energy, 

= 15̂ 1 - 5 bams, 

and for the partial cross sections, 

(j'̂, = 6.5 - 3«0 barns, and 

- 127 - k barns. 

VJhen one compares our results, for thulium, in the region 
iN'here they measured, a good agreement is observed. It should be notic­
ed, nevertheless, that in their analysis of data tlie paramagnetic 
interaction was not taken into account and tlriat, if it had been, they 
would have obtained 

110.5 - k barns, 

that agrees with the result obtained by us 

(T' = 105-7 - 3 = 0 baiTn 
3. 



These two values for ^ can be compared with 

(J"̂  = 106 - 20 bams J, 

(12) 
obtained by activation by Seren, Friedla.nder and Türkei Our 
value, hovjever, does not agree vjith the pile oscillator value of 

(f^ = 118 - 6 bams. 

given by Pomerance (15) 

Table I gives our results and a comparison with 
previously published measurements. 

T A B L E I 

Thermal Cross Section 

Element 
The Present Experiüient Previously Published Results 

Refereiis* Element 

(T. (T. 

Refereiis* 

Ho 99.7-.2 61 t 3 10 - 1.5 27.9 97-3 

59.6̂ 11.0 

64:3 

16.5 
24.5 

8 
9 
12 

13 

Tb 134.5^2J3 105.7-3.0 12- 2 16.5 134 - 3 127 - 4 
106 - ?0 

118 » 6 

6.5̂ 3.0 11 
1? 

13 
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