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Act ivat ion cro~-sections for neu t ron  capture have been  measured s t  an  energy of 
14.5 MeV for lS~ relative to a ( le~  = 1975 mb. Gamma-ray  spectra  
of the  product  nur were messured with a HP Ge-detector. By systeraatically vaxying 
the geometrical ar ranseraent  the  correctior-= due to the influence of lower enexgy neutrons  
could be  determined.  The corrected act ivat ion c&pture ~ s e c t i o n  s t  14.5 MeV is found 
to be  1.0 4" 0.2 mb.  

1. I n t roduc t i on  

The activation technique is a relatively simple method to measure fast neutron 
cross-sections. Applied to (n, 7) cross-sections appear to be dif¡ primarily due 
to sccompanying background neutron sources. On the average, the background 
neutrons ate of a much lower energy than the primary neutrons. Even a small 
contamination by background neutrons can seriously disturb the measurements, 
because the (n, 7) croes-section generally increases rapidly with decreasing neutron 
energy [1-5]. This cont&mination would be particularly serious for deformed nuclei, 
for which even a 1 %  fraction of low energy neutrons can disturb the activation 
results considerably [6]. 

The neutrons with lower energy thsn the primsry neutrons, ate produced pri- 
marily by (n, nY), (n, pn) and (n, 2n) reactions in the sample and in the surrounding 
material in the target-sample assembly. This type of neutrons ate called secondary 
neutrons and their influence was first established experimentally by Valkonen and 
Kantele [2]. In messurements, where we have utilized the reaction T(d, n)4He for 
the production of monoenergetic 14 MeV neutrons, the projectiles may also gener- 
ate a bsckground of low-energy primary neutrons from D(d, n)3He reactions. The 
influence of this type lower-energy neutrons would be serious when an old T-target 
is used for a long time by which the d-contamination could achieve a high value. 

14.5-MeV neutron capture crces-sections in le~ have been measured with 
activstion technique by Kantele and Valkonen and have been found to be 1.0+0.4 mb 
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[3]. The purpose ofour experiment is to measure the same cross-section with another 
type activation technique, a Water-cooling Neutron Generator, type NA-3 (made 
in Hungary) and present measuring counting techniques. 

The reaction l~176 7)161Gd is suitable for investigation of the effects of 
low-energy neutrons. 16~ is a deformed nucleus and has a high capture cross-sec- 
tion for neutrons with low energy. The influence of low-energy background neutrons 
has been studied by systematically varying the target-sample arrangement. 

2. E x p e r i m e n t a l  a r r angeme n t  and  p r o c e d u r e  

The experiment was carried out at the NA-3 Neutron Generator at the Insti- 
tute for Pl�91 Protection, Kostinbrod, Bulgaria, which produces neutrons with ah 
energy of 14.5 MeV through the reaction T(d, n)4He. We have used tritiated tita- 
nium targets (2 mg/cm 2) on a 0.4 mm thick molibdenum backing. The deuterons 
were acce|erated to 120 keV. Beam currents around 1 pA were used. The beato 
spot diameter was typically 4 mm. The relative time variation of the neutron flux 
during the irradiation was measured and the activation results were corrected for 
the time variation effects. 

The target is of rotating type and cooling is provided by water, which is 
in contact with all backing of the target. The target holder is made of stainless 
steel. The target head is made of aluminium. Consequently, because of existing 
constructive conditions, the minimal possible layer of cooling water is 1.3 mm; the 
Al layer between the target and samples is 2.7 mm; the minimal distante between 
the target and samples is 4.5 mm. 

The samples of pressed Gd203 were made with a diameter of 8 mm in all 
cases and different thicknesses (260 mg/cm2-670 mg/cm2). Measurements of the 
activation cross-section for gadolinium were performed with various target-sample 
geometries, lrradiation times ate generally 11 ruin with beam currents of typically 
1 pA. The various irradiations were performed with new targets with the purpose 
to reduce the deuteron contamination of the targets. 
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Fig. 1. Dependence of the apparent ~ctivation cross-section on the elTective distance between the 
target ~atd the sample. Ststistical uncertainties ate given 
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The gamma rays from the induced ar were measured by a HP Ge-de- 
rector "ORTEC" with an active vo]ume of 166 cm s a n d a  resolution of 1.9 keV 
for the 1332.5 keV ~-line of ~~ The strongest gamma-ray ]ine 360.9 keV (I.~ = 
60.6 + 6.0 %) in the decay of 161Gd (T1/2 = 3.7 min) was used [8]. Like a moni- 
tor reaction we used 16~ 2n)159Gd reaction, known to have a cross-section of 
1975 -t- 185 mb [7]. The strongest gamma-ray line 363.3 keV (I r = 10.8 + 1.0 %) 
in the decay of 159Gd (T1/2 = 18.56 h) we used is very clase to the 360.9 keV 
]ine from the decay of lelGd, but the two lines are we]l resolved in the spectra. 
The lelGd activity measured typica]ly 11 min, but lSgGd activity measured around 
1 hour. Severa] seta of measurements were performed and the results show good 
consistency. 
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Fi& 2. Dependr of the &ppaxent activation cross-section on the Gd-sample tlª Statistical 
uncertaintie~ ale given 

3. Expe r imen ta l  resul ts  

The results from measurements with various target-sample srrangements ate 
shown in Figs 1-4. We have used the same representation as Va]konen and Kantele: 
"apparent cross-section', which mesns the va]ue obtained from comparison with 
the known crose-section of le~ 2n)159Gd reaction at 14.5 MeV neutron ener- 
gy. The latter reaction has a r which decreases rapidly with der 
neutron energy snd was used as monitor. Severa] seta of measurements were per- 
formed to establish the influence of primsry low-energy neutrons from d(d, n)3He 
reactions. The results show that we use a new T-target for one of two irr�91 
tions, the bsckground of these neutrons does not influence the va]ue of measured 
cross-sections. Thus, the geometrica] effects observed on the apparent sctivation 
r would then be caused by secondary neutrons. 
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Fi& 3. Dependence of the 8pparent activation cross-section on the thidmess of Al layer betwee~ 
the target and the smnple. Statistical uncertainties ate given 

3.1. Dependence of apparent activation cross-section 
on effective target-sample distance 

The influence of secondary neutrons, produced in materials surrounding the 
target and the sample or room-scattered neutrons can be studied through an in- 
vestigation of the dependence of the total observed activation yield on effective 
target-sample distance. The  total  observed activation yield, Y(n, 7), can roughly 
be described by 

Y ~ ~14- ~z4 + 0"0. ~o + ~1" ~1, (1) 

where ~x4 is the croes-section to be measured, r is the effective capture cross-section 
for room-scattered neutrons, ~rl is the effective capture cross-section for secondary 
neutrons. Here ~14, ~bo and ~1 are corresponding neutron fluxes. 
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Fi& 4. Dependeace of the apImrent activatic~ ~ s e c t i o n  on the thickneu of water layer between 
the tarset and the sample, St&tistical uncerta~nties ate given 
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Thus, 

We define an app�91 cross-section for 0.app by 

Y ~ 0.app �9 ~b14- 

0.app = 0.14 "~" 0.0" ~ 0  .~. ~0 
~14 0.1 " ~14" (2) 

The distance dependence from a point source le 

1 
~14 ~ r~. 

The room-scattered neutron flux le assumed to be uniformly distributed, i.e. 

~b0(r) = constant. 

The second�91 neutrons must have a distance dependence between these two ex- 
tremes. Thus, we can roughly write 

0.app ~ 0"14 "~" a .  f ( r )  "J" b. f(r2). (3) 

The influence of room-scattered neutrons and second�91 neutrons from sources 
outside the sample itself can be determined by s measurement of the distance de- 
pendence of the &pp�91 cross section and extrapolation to zero distance. In view 
of the fact that neutron source and samples �91 not points and hsve defined sizes, 
a change of these sizes is siso a change of "effective" distance between the t�91 
and the s�91 [5]. The effective distance is defined by 

f f r . ds~ .3,2 
(r) = f f d s l .  ds2 ' (4) 

were dsl and ds~ are �91 elements of the sample &nd the bearn spot, resper 
and r is the distance between the two elements, lntegration is c�91 out over the 
sarnple and beam spot �91 

The messurements were pedormed with samples 450 mg/cm 2 thick and 8 mm 
in diameter snd the result �91 shown in Fig. 1. 

$.2. Dependence on gadolinilm sample size 

The influence of second�91 neutrons produced in the sample itself can be stud- 
ied by observing the dependence of sample diameter and thickness on the spp�91 
sctivstion cross-section. The influence of sctivation samp]e diameter is taken in- 
to &ccount in the t�91 effective distance (see 3.1). The effect of sample 
thickness wss studied by v�91 it. The measurements were performed at s t�91 
ge t -umple  distsnce of 5 mm and s�91 with a diameter of 8 mm and v�91 
thickn_~~~e__s. The experimental results �91 shown in Fig. 2. 
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3.3. Dependence on target-head thickness and cooling water 

The target hesd is made of aluminium and there ate a 2.7 mm Al layer and 
a 1.3 mm cooling water layer between the target and the sample. Aluminium is 
a material which has a small (n, 2n) cross-section (< 0.17 mb [7]), but water is 
one of the major sources of secondary neutrons from (n, n') reactions. To study 
the effects of these layers the apparent activation cross-section was measured with 
various thicknesses of aluminium and water between the target and the sample. The 
measurements were performed with samples 8 mm in diameter a n d a  thickness of 
450 mg/cm 2 snd constant target--sample distance. The results ate shown in Figs 3 
�91 4. 

The molibdenum target backing is another source of secondary neutrons pri- 
marily from (n, 2n) reactions, but in our experiment the influence of molibdenum 
backing on the apparent activation cross-section is not taken into �91 

$.4. Determination of the activation capture cross-section 

The capture cross-section for the reaction 16~ ~f)161Gd has been deter- 
mined from Figs 1-4. The results indicate a linear dependence of the apparent 
cross-section and the lines through the experimental points have in all cases been 
determined by least-squares fitting. Extrapolation of the line in Fig. 1 to zero effec- 
tive distante gives ah apparent cross-section value corrected for both distance and 
diameter dependenees. After that, this valul was eorreeted for the dependences 
of sample, aluminium layer and cooling water thickness, respectively, taken from 
Figs 2-4. Thus, we obtain a corrected va]ue of the 14.5 MeV neutron capture 
cross-section in 16~ of 1.0 d: 0.2 mb. 

In determining the accuracy of the cross-section value, the followŸ sources 
of error were taken into aceount: 

- statistieal counting error of the 161Gd and 159Gd activities; 
- uncertainties in the least-squares fitting of the experimental results; 
- uncertainties in the gamrna-ray intensities in the decay of ISlGd; 
- uneertainties in the monitor reaetion. 

4 .  C o n c l u s i o n s  

The 14.5-MeV neutron capture cross-section is found to be 1.0 -t- 0.2 mb and 
this value is in good agreement with previous results obtained with activation and 
spectrum methods, 1.0:1:0.4 mb and 0.9 mb, respectively [3,6]. These results indicate 
that the Neutron Generator with water cooling can be used for the determination of 
neutron activation capture cross-sections at 14-15 MeV with an accuracy of ~, 20 %. 
The accuracy can be even better, depending on the decay and half-life of produced 
nuclei, the monitor and counting technique. 
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A comparison with previous activation measurements indicates that in the 
present experiment there is ah additional serious source of low-energy neutrons, 
namely the cooling water. For more accurate measurements, the contribution of 
secondary neutrons can be decreased by using a gas cooling, thin aluminium backing 
and smaller beam spot. 
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