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Description is given of experiments carried out in a heavy water (Ispra 1) 
and a swimming pool (Avogadro RS 1) reactor. 

Use has been made of detectors showing a reaction cross section of threshold 
type. The following reactions have been chosen : Np-237 (n, f) ; Í/238 (n, /) ; 
TA232 («, / ) ; S32 (», p) P-32; Ni-58 (», p) Co58; A1-27 (n, p) Mg-27; Fe56 
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Description is given of the methods used for the determination of the reaction 
rate by beta or gamma activity measurements. 
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FAST NEUTRON SPECTROMETRY IN PILE BY 
THRESHOLD DETECTORS 

SUMMARY 

Description is given of experiments carried out in a heavy water (Ispra 1) and a swimming 
pool (Avogadro RS 1) reactor. 

Use has been made of detectors showing a reaction cross section of threshold type. The following 
reactions have been chosen: Np-231 (n, f) ; Γ/-238 («, ƒ) Th-232 (n.f); S-32 (n, p) P-32; Ni-58 [n,p] Co-58; 
Al-27 («, p) Mg-27; Fe-56 («, p) Mn-56; Al-27 (n, a) Na-24. 

Description is given of the methods used for the determination of the reaction rate by beta or gamma 
activity measurements. 

Comparison is reported of two methods suitable for the fission rate determination. 
From the activation data by different elaboration methods fast neutron distribution spectra have 

been calculated ; a new method has been proposed. 
Critical comparison of these methods has been made. The experimental data elaboration has been 

carried out using an IBM 7090 digital computer. 

1 — I N T R O D U C T I O N 

1.1 The fast neutron fluxes knowledge is a question frequently proposed in reactor problems. 
Threshold reactions are a very useful tool in the determination of the fast neutron fluxes. 
Many are the advantages in using threshold detectors : 

a) they have small dimensions and therefore they can be placed easily in the chosen irrad
iation positions. 

b) they cause a negligible perturbation in the measured neutron fluxes. 

c) their activation rate measurement is not a difficult task. 

d) they are generally not sensible to gamma-flux apart (y,/) reactions. (*) 

One the other hand some difficulties must be pointed out : 

a) the experimental data interpretation (see 1.3 and 4.). 

b) the activation rate values may be uncorrected for contaminant activities in the target. 

(*) The photofission cross section for U-238 and Th-232 becomes higher than 0.01 mb at about 5 MeV and 
never exceeds 10 mb (1). In that energy region, above 5 MeV, it is reasonable to think that the number 
of gamma per fission is about 1/200, and consequently that the photofission is, in this case negligible. We 
have not till now photofission cross sections for Np-237 and PM-239 , but it is reasonable to think that 
also in these cases the photofission effects are negligible. 



1.2 The successful use of a threshold reaction for measuring fast neutron requires that : 

a) the half-life of the product nucleus and the effective cross section of the parent are such 
to allow a suitable counting rate. 

b) the decay scheme of the product nuclide is well known to permit an easy counting and an 
exact standardization. 

c) the effect of the competitive reactions is negligible or exactly measurable. 

d) the cross section of the reaction is a known function of the energy. 

The threshold reactions used in this work are of (n,p), (n,a) and («,ƒ) type and are reported 
in table I. 

TABLE I 

Reaction 

Np-237 (n, ƒ) 
U-238 (»,ƒ) 
Th-232 (n, ƒ) 
S-32 (n, p) P-32 
Ni-b8 (n, p) Co-58 
Al-27 [n, p) Mg-27 
Fe-56 (it, p) Mn-56 
Al-27 (η, a) JVe-24 

r A° = 
J φο (Ε) σ (E) d Ei*) 

1174. χ 10-27 
312. χ 10-27 

71.9 χ ΙΟ-2? 
65.7 χ ΙΟ-2? 

110. χ 10-2 9 

3.83 χ ΙΟ"2? 
0.953 χ 10-27 
0.580 χ 10-27 

(mb) 

1 450 
580 
140 
308 
550 

80 
50 
70 

A°laeff 

0.809 
0.538 
0.513 
0.213 
0.200 
0.0385 
0.0190 
0.00828 

Eeff 

0.68 
1.48 
1.56 
2.99 
3.09 
5.46 
6.42 
7.52 

(*) -φο(Ε)=0. 483 e.-Ε sh \/2 E (watt) 

Fig. 1 and 2 show the cross section vs. neutron energy curves for the used threshold reactions. 
The values have been taken from BNL 325 - 2nd Edition and from a compilation of H. Liskien 
and A. Paulsen (2). 

When different data are available from the same reaction, average values have been used. 
In the energy ranges, where experimental data are not available, values obtained by inter
polation have been used. 

Recently a collection of threshold detector cross section has been published by R. Beaugé (3) 

for account of the Euratom Dosimetry Group. This collection was not used in the present 

work being posterior to the data elaboration. 

1.3 The experimental data obtained by threshold detector measurements may be expressed in 

the form : 

At = φ (Ε) σι (E) d E (1) 

indicating the reaction probability per second for one nucleus of i-th isotope in the diffe

rential neutron flux φ(Ε). 
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In fact At is the experimental value obtained by 

-λ t 

Dt e i 2 

At = (2) 

Ni (1  e~Vi) 

where 

Di = activity (dis/sec) of the reaction product 

λ{ = decay constant of the reaction product 

¿i = irradiation time 

¿2 = cooling time 

Nt = target atom number 

When ηthreshold detectors are used, there are ηintegral equations (1) where <p(E) is the 

unknown differential flux. 

The resolution of equations like (1) is not possible without assumptions on φ(Ε). 

Several methods were proposed for the solution of (1). 

A survey of these devices is reported in section 4. 

2 — EXPERIMENTAL 

2.1 — Irradiation facilities 

Measurements were carried out in the Ispra 1 and Avogadro RS I reactors. The Ispra 1 

is a heavy water moderated and cooled reactor using 90 % enriched uranium fuel with a graphite 

reflector (CP 5 type). Avogadro RS I is a swimming pool reactor fuelled with 20 % enriched 

uranium. 

The positions used for the sample irradiation are : 

in the Ispra 1 reactor the P H 3 pneumatic tube and the 8 positions of the 4 D H 1 facility (fig. 3). 

in the Avogadro RS 1 reactor the channel D 3 in the reactor core (fig. 4) : the samples were placed 

in a vertical assembly of 4 cylindrical graphite blocks. Each block, 6.8 cm in diameter and 10.5 cm 

high, has 7 irradiation positions. The 9 positions in which samples were irradiated are shown in 

fig. 5. 

The samples were irradiated into 3 types of containers according to the irradiation positions. 

a) For the pneumatic tube the targets were located into a "VITON" (rubber) cylindrical con

tainer (useful dimension : 60 mm high χ 24 mm in diameter). 

b) For the 4 DH 1 facility were used aluminum spherical containers 0tnt = 28 mm. 

c) For the irradiations in the Avogadro RS 1 reactor the samples were put into quartz containers. 

All the irradiations were made under 1 mm of cadmium in order to decrease the rate of 

(η,γ) and («,/) reactions on the impurities of the sample. 

Fig. 6 shows the VITON, aluminum and cadmium containers. 



2.2 — Target preparation 

For the irradiations only solid targets were used : high purity metal discs or high purity 
salts. 

The salts were irradiated as powders or as thin layers on platinum discs. These thin layers 
were obtained by drop evaporation or by electrolytic deposition. 

2.3 — Source preparation 

For the measurements of the induced activity the following types of sources were used : 

a) Target not handled 

b) Suitable reaction product separated by chemical methods (in liquid or solid state). 

The sources were always prepared in a geometrical form apt to the used detector. 

2.4 — Radiation detectors 

In this work the following radiation detectors were used : 

a) A Geiger Müller counter with thin window for beta rays. 

The counter efficiency was previously determined by standard sources. 

b) A 3 " X 3 " Nal (Tl) scintillation spectrometer for gamma rays. This detector (an integral line 
produced by Harshaw Co.) was operating in connection with a 256 channels pulse analyzer 
and was shielded by 10 cm Pb (fig. 7). 

This detector was calibrated for suitable solid or liquid sources and for several distances 
using isotopes standardized by ipi beta-gamma coincidences. 

The photoefficiency curves are reported in fig. 8 - a) and b). 

c) A 2pi proportional counter for alpha particles. 

d) A gridded ionization chamber for alpha pulse analysis. 

e) Two 40 mm 2 and 200 mm2 superficial barrier solid state detectors for alpha pulse analysis 
prepared by the Nuclear Chemistry Laboratory of Ispra. 

2.5 — Catcher method 

2.5.1 — Fundamentals 

In the other methods the threshold detectors fission rate is measured by determination 
of the activity of one fission product of known yield and decay scheme. 

In this work we have also used the catcher method in which the fission rate is measured 
by comparison of the total gross gamma activity of the fission products originated in threshold 
detectors and the same kind of activity originated in the thermal fission of Pw-239. 

8 



The reliability of the method is based on the validity of the following fundamental hypoth
esis : 

— the gross gamma activity of the fission products of the threshold detectors and that of Pu-239 
fission products follow the same decay law, in the first 3 hours after the end of the irradiation, 
being the irradiation and counting conditions the same. 

The validity of this law has been experimentally checked by some authors (4, 5, 6) and 
also in the present work (see 3.4). Due to the presence of the gamma activity of the not fissioned 
atoms and of the (η,γ) reactions on the fissionable atoms, it is not convenient to count with the 
fission products, all the irradiated material. In order to avoid the above difficulty and an eventual 
chemical separation, it has been therefore proposed to catch the fission products containing the 
source on a suitable material and to stop the (η,γ) reactions recoils by an absorber located between 
the source and the catcher. 

The effect of the gamma activity from (η,γ) reaction on the monitor is particularly disturb
ing in the case of Np-237, due to the Εγ~ί MeV, the T\j2~2.id and the high production cross 
section of Np-238. 

2.5.2 — Irradiation geometry 

The fissionable material, deposited on a Pt disc 17 mm in diameter, is subsequently covered 

b y : 

— Al foil of 0.3 mg/cm2 sup. dens, to stop( η,γ) reaction recoils; 

— Al catcher of 7 mg/cm2 sup. dens, to stop the fission products; 
— two Al catchers identical to the first one to allow the subtraction of the activity produced by 

the irradiation in catcher material itself. 

The whole is contained in an Al capsule keeping all the foils adherent and covered by 
1 mm of Cd. 

The effect of the absorber on the Np-238 recoils is shown in fig. 9. 

It is possible to see that : 

— The Np-238 activity is only present in the absorber (fig. 9-1, 9-2). 

— The 850 KeV accompaining the Np-238 activity is surely originated from a fission product 
with half-life inferior to that of Np-238. 

In fact (fig. 9-1) it is stopped in the first catcher and (fig.9-3) the gamma spectrum of the 
absorber about 12 hours after the irradiation does not show any important activity besides 
that of Np-238. 

— The percent of fission product gamma activity with Εγ > 0.661 MeV stopped in the absorber 
about 1 hour after the irradiation is about 6 %. — This value is obtained from the ratio of 
the areas under fig. 9-1 and fig. 9-2 with Εγ > 0.661 MeV. 

This value agrees reasonably with that reported by ref. (6). 

An exploded vision of the irradiation device is shown in fig. 10. 
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2.5.3 — Catcher materials 

An experimental study has been carried out in order to choose the best material to be 
used. 

A perfect catcher should have the following properties : 

— no activity induced by neutrons 

— good foils homogeneity 

— no heating deformation (heating due mainly to the capture gammas of Cd) 

— no neutron absorption 

In the following table are shown the materials checked and their properties. The activa
tion is compared with that of the same mass of electrolytic high purity aluminum. 

Material 

graphite 

nuclear graphite 

colloidal graphite 

teflon 

polythene 

lead electrolytic 

* Irradiation time : 10 min.; cooling 

TABLE 

Activation 
γ > 661 KeV * 

5 

1 

2 

50 

0.5 

0.1 

; time : 1 h. 

II 

Heating 
deformation 

no 

no 

no 

no 

yes 

? 

Homogeneity 
of foils 

bad 

bad 

not very good 

good 

good 

difficult to obtain 

The material we have chosen is the electrolytic high purity aluminum. If obtainable in 
thin homogeneous foils, the best material seems to be the electrolytic lead. 

2.5.4 — Irradiation and counting 

A 10 minutes irradiation time has been chosen for the following reasons : 

1) to avoid the predominancy of long lived fission products. 

2) a shorter irradiation time would produce an insufficient activity in our experimental conditions. 

3) a shorter irradiation time would require deposits too thick for : penetrability of fission pro
ducts, alpha standardization of deposited material, homogeneity of the deposit. 

4) a longer irradiation time would increase the interfering activity of iV«-24. 

The gamma activity of the catcher foils with and without fission products were counted 
by a 3 " Χ 3 " Na I (Tl) scintillation crystal. 

The integral counting is characterized by an energy cut off : in order to have a constant 
reference and to eliminate the disturbing low energy activities and background, a 661 KeV (Cs-
137) cut off was used in all the experiments. 
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2.5.5 — Fission rate determinations 

Following the hypothesis reported in 2.5.1 it is possible to determine the fission rate Ai 

by the equation : 

Ct Ni At 

C Pu N pu øm σ PU 

where 

— d = gammacounting (E > 661 KeV) on the fission products stopped in the catcher 

foil 

— C PU = idem for Pu-239 

— Ν = number of fissionable nuclides 

— øth = thermal neutron flux 

— opu = thermal Pu-239 cross section. 

2.5.6 — Comparison between fission rate determination methods 

The catcher method is affected by the following sources of error : 

1) Subtraction of the catcher activity. — It depends on the ratio between the catcher and catch

ed activities. In our experiments this type of error rarges from about 0.2 % for Pu-239 to 

about 12 % for Th-232. 

2) Thermal flux and P M  2 3 9 thermal activation determination. The amount of this type of 

error is estimated about 4 %. 

3) Assumption of the equality of the decay laws. This assumption is verified, in the experimental 

errors, for the first two hours after irradiation. At the third hour the law is still verified for 

Th-232 and Í7238 compared to Pu-239 while for Np-237 a deviation larger than the experi

mental errors was found. 

The La140 counting method (see § 3) is affected mainly by the followirg sources of error : 

1) uncertainty on the Βα-ίίΟ fission yield. These uncertainties are rather high (see § 3). 

2) uncertainty of the La-140 decay scheme, and particularly on the percentage of 1.6 MeV 
gamma-ray. (Estimated error 2 %). 

3) efficiency of gamma measurements i.e. determination of photopeak efficiency and area. The 
amount of this error is of the order of 1-2 %. 

It has to be reminded that, while in the catcher method the same target can be used 
many times due to the little consumption of fissionable atoms in each irradiation (about IO - 6 %) 
this is not the case for the La-140 method. 

An examination of the above considerations leads to prefer the catcher method. How
ever this method presents two weak points : 

— the irradiation times must be short; the exact knowledge of these times requires therefore 
the use of an irradiation facility like a pneumatic rabbit. 

— the activity measurements must be carried out in the first 3 hours after the end of the irra
diation and begin as soon as possible. 

11 



3 — ACTIVATION MEASUREMENTS 

3.1 — Np  237(n,f) 

a) Target : Np nitrate solution (6 mg) deposited on aluminum foils. Irradiation time several 

hours. The solution was previously standardized by ¿tpi alpha counting. 

Some purity tests were performed on the solution : sources obtained by electrodeposition 

were analyzed by ionization chamber and solid state detectors. 

Fig. 11a shows a typical spectrum of the solution and the presence of Pu-239 (0.43 nuclei %) 

and ylm241 (about 10~4 nuclei %) impurities. 

In order to avoid a wrong value of the Np-237 fission rate due to the presence of Pu-239, a 

separation of Np-237 from Pu-239 was carried out by solvent extraction (TTA). 

Fig. I l o shows a typical spectrum of the purified solution ( P M  2 3 9 < 10  3 nuclei %). The 

Am-2il impurity does not introduce an error in the measurements because the quantity is 

too small and the crosssection too low. 

b) Chemical separation : after the irradiations two methods were used for the sources preparation : 

b. 1) the target and the aluminum were dissolved in 6 N HCl and counted as a liquid source 

(standard volume 5 ml). 

b. 2) the target and aluminum were dissolved with 6 N HCl and Ba-líO was separated by 

carrier precipitation of BaClz by iïC7ether reagent (7). BaCl^ was counted as liquid 

source (standard volume 5 ml). Assumed fission yield of Ba-liO 5 % (8, 9). 

This figure is affected by an error of 7 %. 

c) Counting : the £«140 (12.8 days halflife) activity was determined by counting the 1.6 MeV 

gamma photopeak of the daughter La140 (40 hours halflife) (0.96 + 0.02 gamma/dis.) : 

— at least 10 days after the end of the irradiation to reduce the activity of the shortlived 

fission products (see δ. 1) 

— at least 134 hours after the separation (see b. 2). 

d) Remarks : the activity produced by the competitive reaction Np-237 (η, γ) Np-238, does not 

interfer with the measurements. In fact this gamma activity, very intense at the irradiation 

end, decays sufficiently rapidly (Tl/2= 2 d) and its energy (about 1 MeV) does not disturb 

the 1.6 MeV gammaphotopeak detection. The first irradiations were carried out using un

purified solution. 

The Pu-239 impurities fission rates were evaluated and the results were corrected. 

3.2 — U  238(n,f) 

a) Target : depleted uranium in metallic form (about 10 mg) containing 350 ppm of U-235 packed 

in aluminum foils. 

Irradiation time : several hours. 

b) Chemical : after the irradiations the sources were prepared by the same methods used for 

Np-237. 

Fission yield of 5a140 5.7 %, error not given (10). 
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c) Counting : see 3.1  c). 

d) Remarks : the epithermal fission rate of (7235 impurities was determined by comparison of 

depleted and natural uranium fission rates. The U-238 fission rates were then suitably corrected. 

3.3 — Th  232(n,f) 

a) Target : high purity thorium metal (about 20 mg) packed in aluminum foils. 

Irradiation time : several hours. 

b) Chemical : after the irradiations the sources were prepared by the same method used for 

Np-237 and U-238. 

Fission yield of Ba140 6.2 % (11). 

c) Counting : see 3.1  c). 

d) Remarks : the Ba-iiO fission yield for Th-232 is badly known. The only value reported is 

6.2 ± 2.0 (11). 

3.4 — Catcher method for Np, U, Th reactions 

a) Target preparation. Deposition by micropipette on Pt backing, evaporation by infrared lamp 

and calcination for 30' of the deposited materials. 

b) Target standardization. By measurements of the total alpha activity in a 2pi counter. A 

spectroscopic study was previously carried out in order to determine the ratio between the 

alpha activity of the monitor and of the other alpha emitters present in the deposit (see fig. 12). 

TABLE III 

Monitor 

Th-232 

Np-237 

U-238 

Pu-239 

Temp, of 
calcin. (°C) 

500 

900 

800 

1000 

Sup. dens. 
(/¿g/cm2) 

2000 

150 

500 

1 

Total a 
(dis/sec) 

60 

6000 

10 

2000 

Other a 
emitters 

daughter 
of Th 

Pu-239 

U-235 
£7234 

Am-2il 

αother 

atotal 

0.76 

0.285 

6 .75x102 

21.9 

In the last experiences Np-237 separated from Pw239 was used. The Pu-239 presence, in fact, 

produces a hardly figurable error due to its high fission cross section. 
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The calculated absorption of the alpha particles emitted and of the fission products in the 

deposits is of the same order of magnitude. I t therefore follows that the error of neglecting 

the alpha autoabsorption in the sources is compensated by neglecting the fission products 

absorption in the sources. 

c) Test of the fundamental hypothesis. 

In fig. 13 is shown an example of Th-232, U-238, Np-237, Pu-239 fission products with 

E > 0.661 MeV, gamma decay. See some remarks about this matter at 2.5  /). 

3.5 — S  32(n,p) Ρ  32 

a) Target : high purity MgSOi (about 100200 mg) in aluminum cans. 

Irradiation time : several hours. 

b) Chemical : after the irradiations two methods were used for the sources preparation. 

b. 1) MgSOi was dissolved in water; carrierfree P32 was separated by adsorption on an 

alumina column and elution with 0.52V NaOH - Na+ ions were eliminated by adsorption 

on a cationic resin (12). 

A known amount of the solution containing only carrierfree P32 was then deposited 

by drop evaporation on metallic discs and counted. 

b. 2) MgSOi was dissolved in water. 

An amount of solution containing 0.5 mg of salt was deposited by drop evaporation 

on metallic discs and counted. 

c) Counting : the β- activity of P32 (Emax = 1.71 MeV) was determined by a GeigerMüller 

counter calibrated : 

— with sources of P32 carrierfree (see 3.5  b. 1) standardized by kpi ß~ counter. 

— with sources of P32 carrierfree standardized by ipi ß~ counter + 0.5 mg MgSOi (see 

3.5  b. 2). 

In the second case the sources were counted with 55 mg/cm2 aluminum absorber to elimi

nate S35 β- activity. 

The β~ activity purity was controlled by following the beta decay. 

d) Remarks : the competitive reactions S34(w,y)S35 and S33(«,^>)P33 do not interfer with 

the measurements. In fact the 535 β- activity (Emax = 0.177 MeV - 88 days halflife) is 

eliminated in the first method by chemical separation and in the second method by counting 

under 55 mg/cm2 ¿/absorber. The P33 β- activity (Emax = 0.250 MeV  25 days halflife) 

is low (about 0.5 % of the P32 activity). 

The (η,γ) and (n,p) activation products of magnesium, mainly Mg-27 (9.5 min. halflife) and 

Na-2i (15 hours halflife), were eliminated by chemical separation (see b. 1) or decay (see 0.2). 

3.6 — Ni  58(n,p) Co  58 

a) Target : high purity nickel metal disc (about 100 mg) in aluminum cans. 

Irradiation time : several hours. 
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b) Chemical : after the irradiation no chemical treatment was carried out on the sample. 

c) Counting : the nickel metal disc was directly counted. 

The Co58 (71 days halflife) activity was determined by counting the 0.81 MeV gamma 

photopeak (1 y/dis.) two days after the irradiation end to allow complete decay of Co58 m 

(9 hours halflife). 

3.7 — Al  27(n,p) Mg  27 

a) Target : high purity aluminum metal disc (about 100 mg) in aluminum cans. 

Irradiation time : several minutes. 

b) Chemical : after the irradiation no chemical treatment was carried out on the sample. 

c) Counting : the aluminum metal disc was directly counted. The Mg-27 (9.5 min. halflife) 

activity was determined by counting 0.83 and 1.01 MeV gamma photopeaks as soon as pos

sible after the irradiation. 

The decay scheme of Mg-27 is not well known. Therefore the Mg-27 activity was evaluated 

assuming the sum of the percent of the 0.83 and 1.01 MeV gamma photopeaks equal to 100 

and utilizing the photopeaks efficiencies obtained from the calibration curves of the crystal. 

The Compton distribution of the 1.01 MeV gamma was subtracted from the 0.83 MeV 

gamma photopeak. The experimental percent obtained for the two gamma photopeaks are 

75 %  (0.83 MeV) and 25 % (1.01 MeV). 

3.8 — Fe  56(n,p) Mn  56 

a) Target : high purity iron metal discs (about 100 mg) in aluminum cans. 

Irradiation time : several hours. 

b) Chemical : after the irradiation no chemical treatment was carried out on the sample. 

c) Counting : the iron metal disc was directly counted. 

The Mn-56 (2.6 hours halflife) activity was determined by counting 0.84 MeV gamma photo

peak. The scintillation detector was previously standardized with Mw56 calibrated sources. 

3.9 — Al  27(η,α) Na  24 

a) Target : high purity aluminum metal discs (about 100 mg) in aluminum cans. 

Irradiation time : several hours. 

b) Chemical : after the irradiation no chemical treatment was carried out on the sample. 

c) Counting : the aluminum metal disc was directly counted. The 7Va24 (15 hours halflife) 

activity was determined by counting 1.37 MeV gamma photopeak (1 y/dis.). 

TVa24 activity from (η,γ) reaction was found to be very small. 

Table IV shows the experimental A¡ values obtained in the Ispra 1 and Avogadro RS 1 

reactors. 
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EXPERIMENTAL RESULTS INTERPRETATION 

4.1 — Introduction 

The experimental data obtained by threshold detector measurements may be expressed 
in the form of activation rates : 

At = 
oo 
φ (Ε) σι (E) d E = 

oo 
φ (E) a (E) d E (2) 
Et 

They indicate the reaction probability per second for one nucleus of i-th isotope in the 
differential neutron flux φ(Ε). 

li η threshold detectors are used, there are η integral equations of the above type (2), 
whose solution should be univocally determined. If η is a finite number, univocal determination 
of <p(E) is impossible : to reach a solution a hypothesis on the mathematical function has to be 
stated. 

Several methods (13) have been proposed in order to solve the system of equations (2). 
They can be divided in two groups : 

a) Mathematical methods : the assumption on φ(Ε) are of purely mathematical type ; 

b) Perturbation methods : the assumption on <p(E) are derived from a fission spectrum φ°(Ε). 

4.2 — Mathematical methods 

Step, Polygonal, Polynomial methods 

Three methods, which are rather similar, assume for φ(Ε) the following shape : 

1) Step function 

2) Polygonal function 

3) Polynomial function 

The η integral equations (n is the number of the threshold detectors used) are transformed 
into a system of linear equations with η unknowns. 

The coefficients of the linear system are functions of the differential cross sections and 
(assumption 1 and 2) of η -\- 1 energy values chosen as discontinuity points for φ(Ε), or (assump
tion 3) of two energy values, bounding the range into which <p(E) will be settled. Complete ex
pressions for the coefficients are reported in (13). 

The use of the first two methods may lead to surprising results. In fact, being the real 
shape of a fast neutron spectrum quite different from the proposed one, if the choice of the boun
dary energy values has not been suitable, it is possible to obtain, in some energy ranges, negative 
values for the differential neutron flux. The figures 14 and 15 show some results obtained by these 
methods, changing the set of boundary energies. 

A better solution can be obtained using a larger number of detectors ; however the system 
complexity and the probability of an ill conditioning increase. 
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TABLE IV 

Ispra 1 

^ 

¡§ä 
t^ 
CO 

i n 

PH 3 
4 DH 1/1 
4DÍY 1/2 
4 DH 1/3 
4 D i i 1/4 
4 DH 1/5 
4 D Ü 1 / 6 
4 DH 1/7 
4 DA' 1/8 

4 D i i 1/1 

Avogadro 
RS 1  pos. D3 

rtî 
^ 
CO 

. T H 

1 
2 
3 
4 
5 
6 
7 
8 
9 

«=? 

t  
ITO 

cq 
1 

fe; 

A χ IO"13 

4.17 

246 

320 

249 
258 
142 

156 

cc; 

co 
co 

I 

A χ IO"14 

3.39 

452 

520 

430 
451 
252 

252 

«=? 

cq 
CO 
cq 

A χ IO" 

9.21 

1270 
645 

608 

^ 

co 
cq 

A X IO"1** 

4.07 
6.57 
4.61 
3.27 
2.15 
1.42 

0.869 
0.588 
0.395 

795 
798 
851 
990 
726 
744 
449 
490 

^ 

co 
i n 

A χ 1 0  " 

6.15 
11.17 

7.79 
5.30 
3.59 
2.30 
1.57 
1.02 

0.705 

15.3 

1200 
1180 
1340 
1450 

1080 
697 
775 

^ 

cq 
1 

A χ IO"1« 

2.54 

^ 

CO 
i n 
«li 

A χ IO"17 

7.63 

"3~ 

cq 
1 

A χ IO17 

5.28 
9.71 
6.91 
4.94 
3.35 
2.20 
1.55 
1.06 

0.751 

12.5 

811 
803 
913 
977 
750 
731 
468 
502 

The polynomial method assumption is that the solution be of the following type : 

ψ(Ε) = a0 + ai E + + an-i £ n _ 1 

It is easy to see that this assumption leads to an ill conditioned linear system; in fact the 

coefficient of the k-th unknown in the equation of i-th detector is : 

Cih = 
¡Έη+ι 
E"-^ai(E) dE 
£ i 

I t follows that, with increasing k, the values of C¡¿ exponentially increase. The hyper-
planes that represent such a type of system are nearly parallel. 

By applying this method to our experimental data, we never obtained satisfactory results : 
using 6, 7 or 8 detectors, we never noticed a cosine of the angle between the hyperplanes smaller 
than 0.9999. 
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A typical result obtained by this method is shown in fig. 14. 

All the calculations relative to the above explained methods have been carried out by a 
7090 IBM digital computer. 

Dierckx method 

Theoretical considerations and the analysis of neutron spectra obtained by nuclear emul
sions enable to assume the f ast-neutron spectrum as a sequence of exponential functions. This 
observation, together with a hypothesis on the cross-section's shape, allowed Dierckx (14) to 
elaborate a method that gives satisfactory results. A result obtained applying this method is 
shown in fig. 15. 

It has to be pointed out that the request of linearised cross-sections is a limit for the method 
itself; in fact, in our calculations, in the first energy band the result is not correct (the exponential 
value is too high) because the detector used (U-238 )presents, in that band, a σ(Ε) having a shape 
very far from a straight line. 

In order to avoid the heavy calculations required and to suppress the limiting condition 
on a(E), a modification of the Dierckx's method to be used in connection with a digital computer 
is possible. 

4.3 — Perturbation methods 

A certain number of methods use the fundamental hypothesis that the unknwon shape 
<p(E) is a deformation of a fission spectrum φ°(Ε) : the determination of the perturbation function 
F defined by the expression (3) is, therefore, the new problem. 

φ(Ε) = F. φ°(Ε) (3) 

Uthe (15) proposed for F a polynomial form : 

F = a0 + «ι E + + a„_i E » - 1 (4) 

The difficulties we meet in using this method are just the same we met in the mathema
tical method called "polynomial". 

A second type of perturbation function is suggested by O.W. Dietrich (16). <p(E) is 
calculated by a removal theory, used in the sense that a neutron having once collided is lost 
for the fast spectrum. Following this development line, F results : 

(5) 
1 + a . £-0-725 

where the a value is calculated from the experimental data. 

We have not used this method because the above removal theory is not correct for 
E < 2 MeV. 
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J. Grundl and A. Usner (17), from the Cranberg (18) and Leachman (19) form of 

<p°(E) = k . go.775E ■y/E, proposed for the fast neutron flux the form 

<p(E) = k . V Ë · e-PE (6) 

The β parameter accounts for the spectrum deformation. 

This method has been used for the analysis of the experimental data reported in 

table IV. The analysis of the PH 3 position data shows that the method can be usefully applied 

with detectors of threshold energy higher than 2 MeV. In fact, large discrepancies in the β values 

have been found with detectors of lower energy. This limitation is substained also by the experi

mental data obtained in the Avogadro RS 1. 

4.4 — Iterative method 

Among the different methods of "perturbation" type the following iterative method may 

be included. First of all E*e/f and a*e/f have to be defined for all the η threshold detectors; the 

asterisk means that the spectrum used to obtain the effective energies and cross sections is a 

fission one. The values we have used are reported in table I. 

In a zero order approximation we may write : 

At = |. 
co 

1{  I <p° (E) at (E) d E =a*effi 
J o 

*F 

φο(Ε)άΕ = a*effi . Φΐ (E*effi) 
E*effi 

It follows 

1>HE*effi) = (7) 
a*eff i 

In the present calculation the value of En+\ has been fixed as 12 MeV. In fact using the 
Watt formula : 

ø° (12 MeV) ~ 2 . ΙΟi . φο (o MeV) 

The values of £"*e//i, £*e//2 , i?*e//(jii), £"(n+i) divide the energy axis into n1 

intervals. In order to solve the problem we assume ψ(Ε) to be a continuous function that in i-th 

interval may be described by the expression : 

-h (E - E ) 

φ (E) = <pi+i . e i effii+υ 

where φι+\ is the value assumed by <p(E) in the inferior limit of (i-\-l)-th interval; in the last in

terval the shape of φ(Ε) is assumed to be : 

A · E 
φ(Ε) = k . e "  1 
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For this last interval we can write the system 

En +1 

Φ1 (E*effn) = 

Φ1 (E*eff(n-1)) = 

* -h E 
(n-l) 

k . e dE 
E* ef f n 

En+1 
-h E 

f n - l 

. 
k . e dE 

E*eff (n-l) 

(8) 

The solution of (8) gives the values of k and hn-\, and then the first order approximation 
φ1 (E) between £*e//(n-i) a n £ i En+1. 

Now for the φι(Ε) complete determination it is possible to use an iterative method. Infact, 
from the knowledge of q>lt+i we may write : 

eff (i+l) 

φΐ (E*effl) = tf» (EV/W+i)) + 

- f t ( E - E ) 
i eff (i+l) 

(pLi+i · e 
'"eff i 

dE 
(9) 

The solution of the equation (9) gives hi and then φλι. 

In this manner in the range E*eff ± — En+i a first order approximated value φ1 (E) is defined. 
An extrapolation to energy lower than E*e/fi is mathematical possible. - By φ1 and ai (E), the 
values Exi of the effective energy in <pl(E) spectrum, relative to σ*β//> are calculated. Now is 
possible to evaluate a new approximation φ2(Ε) by operating in the way above reported, where 
naturally, the E*e//i are replaced by Eli. The method is cyclic, (fig. 16, 17). 

For every cycle we can calculate the values : 

Ah = 
'En+i 

<pk(E) .at (E) dE 
Et 

The comparison between Aki and Α ι gives the reliability of φ(Ε). 

The fig. 18 shows this comparison for 9 iteration cycles. I t has to be remarked that, for 
φ9(Ε), the deviation from Αι experimental values are lower than 1 %. 
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Fig. 3 — Ispra 1 reactor - facilities used in the experiments 
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Fig. 7 — Gamma spectrometer 
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Fig. 9 — Gamma spectra : 1) fission products on catcher; 

2) and 3) absorber. 
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Fig. 10 — Irradiation device used in the catcher method 
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Fig. 14 — Fast neutron spectra 



co 
CD 

10 

Ψ (E) 

10 

10 

10 

10 

-Np/Th/S/Fe/Al(n,«t) 

■Reference Iterative Method Spectrum 
:
Step-Approximation Method Spectra 

-Dierckx Method Spectrum 

L r(E ) < 0 J 

REACTOR ISPRA I 

POSITION PH3 

POWER 3.7 MW 

-»»(EHO -=* 

10 

4 5 6 7 8 

Fig. 15 — Fast neutron spectra 
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Fig. 16 — Fast neutron spectra 
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Fig. 17 — Fast neutron spectra 
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