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1 Introduction 

One uf the main problems to be resolved under the JINR research project 
"Eneigy™ is to find out optimal conditions for neutron generation in massive 
blocks of heavy metals (Pb, Bi, Th, U) by relativistic nuclear beams [1]. 
Methodic ensuring of this problem requires precise and reliable measurements 
of such values as total number of generated neutrons, beam fluence of the 
accelerator, energy spectrum of moderated neutrons, ratio of fission and ra
diation channels of slow neutron absorption in the target. These values being 
the primary ones determine in the result most important functions of opti
mization of physical and technical parameters such as mean energy worth of 
neutron generating, heat production, nuclear fuel breeding etc. 

This paper dedicated to a method of determinating the total number of neu
trons generated in a lead target. 
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2 Determination of the Total Number of Neutrons 

2.1 Neutron Transfer in a Lead Target 

The Lead target represents a rectangular parallelepiped with the dimensions of 
50x50x80 cm3. The beam of relativistic nuclei accelerated at the synchropha
sotron with the cross "profile" of ~ 10 cm2 reaches the central part of the 
target due to the enter channel with the depth of 20 cm. 
A hadron shower of inelastic nuclear interactions products, particularly, nu
clei, nucleons and pions is flamed up in the target. In the process of energy 
dissipation of the shower neutrons play special part. Neutrons as products of 
fragmentation, fission, spallation and complete destruction of the nuclei and 
in contrast to other charged products do not lose their energy for ionization 
and take part in nuclear reactions up to binding energy of the neutron in the 
Lead nucleus. The field of neutron generating in the reactions (n,2n) is com
pletely kept within the target limits, consequently by the number of generating 
neutrons the target was equivalent to an infinite lead medium. 

Such an affirmation is valid for Lead just because of its high fission threshold, 
but it is non correct for U and Th. 

Subsequent moderation if neutrons takes place exclusively owing to elastic 
collisions with nuclei and the number of scattering before the emergence from 
the target in transversal direction to the beam is ЗЯ2/2А: and at R — 25 cm, 
A ~ 3 cm, it is no less than 100. 

Natural Lead is sufficiently transparent for slow neutrons [2]: by absorption 
cross section (<та = 0.17 b) it is comparable to Zirconium (aa = 0.1 - • b). Thus 
a lead block of limited dimensions essentially represents a slow neutron source. 

In order to localize neutron field in a small volume and simultaneously to 
enhance neutron registration sensitivity owing to increasing absorption cross 
section at low energy the neutron generating target is built up with a more 
strong than Lead moderator and absorber. Water was chosen as such a mod
erator. Macroscopic absorption cross section of water is equal to £ a = 2.2 m~l 

and slowing down power is equal to £53, = 135 rri"1, where £ is average loga
rithmic energy loss, E„ is macroscopic scattering cross section. 



2.2 Experimental setup 

Experimental setup of the target, beam monitors and neutron detectors is 
shown in fig. 1. 

Slow neutron detectors 

Rclaiivisue nuclear beam 

Strong neutron moderator 

Weak neutron absorber 

I 

\ 

Activation and 
back detectors 

Beam monitors 

Fig. 1. Schematic diagram of the longitudinal and transversal sections of the setting 

The beam axis coincides with the symmetry axis of the target. Parallel to 
the axis narrow slits were done for activation detectors from uranium foils in 
contact with solid state track detectors to be placed. 

An organic glass bath filled with water was placed on the top of the target. 
Water represented simultaneously a neutron moderator, a medium for U and 
W detectors placing and a dissolvent of the soda detector. 

Integral detectors for beam fluence monitoring are placed on the input of the 
target; fission chambers - monitors of secondary neutron intensity - are located 
inside of the target. Fission chambers are used for time factors evaluation 
thereby the number of nuclear interactions in activation detectors. 

Here the time factor is dimensionless quantity: T = E Wj - T,, 

where Ш{ = ££f- = ^ ^ - is weight of irradiation time, 

Ti = ^ ( 1 - e-*«) • e-** • (1 - e"*3) 

Ф, - secondary neutron flux (fission chamber reading). 

This factor takes into account variation of the beam intensity during the ex
periment. 
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3.3 Procedure of extraction the Total Number of Neutrons from the Measure
ment data 

Most of the neutrons produced in the target are absorbed in water moder
ator because of transparency of natural Lead to slow neutrons. Therefore in 
the first the number of those neutrons has to be determined. For that rea
son using different activation detectors the number of nuclear interactions 
(n„) within themselves is determined. Multiplying this number by the ratio 
of the moderator volume to the detector volume (Vm/Vd) and by the ratio of 
the macroscopic absorption cross section in Hydrogen to that in the detector 
(Ен/Sd) one can determine the number of neutrons absorbed in the moderator 
at Ф(г, E) = const). 

In order to determine the total number of neutrons it is necessary to take into 
account a number of corrections which can be conditionally divided into two 
groups. One of them is connected with neutron physics parameters both of 
the target and the moderator such as space distribution of the neutron flux, 
energy spectrum of slow neutrons and albedo on the boundary lead-target. 
Another group of corrections is connected with the construction features of 
the target and moderator, especially their forms and dimensions. 

In section 4 each of these corrections will be considered. Here the summary 
correction is presented as Q, so the total number of neutrons generated in the 
target (Na) is 

Alogarithm for determining the total number of generated neutrons described 
above is shown in fig. 2. 

(i) Measured and evaluated information 
5 7 Area of photopeak in 7-rays spectrum 
Ptr Fission fragments track density 
n„ Number of nuclear interactions in detector 
Nn Total number of generated neutrons 

(ii) Nuclear and atomic data 
Т1/2 Half-life of a nuclide 
£ 7 Energy of 7-rays 
I-, Quantum yield of 7-rays 
ц(Еу, Z) Gamma-ray attenuation coefficient 
R Effective range of fission fragments 

(iii) Parameters of the experiment 
e Registration efficiency 
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Nuclear and atomic 
data: 

-T1/2 ' 
• ET and l, 
-u(E, ,Z) 
-R 

Parameters depending 
on material propcrlics: 

•4 , -q , - q. 

Number of 
nuclear interactions 

in detector: 

"n 

Parameters of the 
experiment: 

-МгИз 
-I(t) 
-G 
-D 

Total number of 
generated neutrons: 

Parameters depending 
on construction features: 

-vm/\fa 



' ь h, *з Irradiation, cooling and measurement time 
I(t) Beam intensity 
G Measurement geometry factor 
D Dimensions of detectors 

(iv) Parameters depending on materials 
S H / ^ Ratio of macroscopic cross sections of neutron absorption in water 

and detector 
gi Effect of space distribution of neutron 
<fe Effec1" of neutron spectrum 
<?з Effect of neutron absorption in target 

(v) Parameters depending on construction 
Kn/^b Ratio of water and detector volumes 
94. Qa i <le Correction factors related to the neutron escape through lat

eral sides, lateral edges and butt-end of the target, respectively. 

2.4 Accuracy and Confidence of Determinating Neutrons Number 

The reliability of optimazitig the parameters of the supposed electro-nuclear 
reactor depends on the accuracy and the trustworthiness of determining the to
tal number of neutrons generating in the massive target by accelerator beams. 
Therefore it makes high demands of this number determination technique. On 
the other hand this task is not only responsible but very difficult one because 
it is complicated to take into account a great number of parameters. Some of 
these parameters concerning to the nuclear spectroscopy and neutron physics 
are known with high precision, in the same time some of them require to be 
specified. 

In order to improve the trustworthiness of neutrons number determinating a 
number of arbitrary parameters was minimized due to supplementary mea
suring all of the unknown values. Because of difficulties to describe processes 
of neutrons generating in intranuclear and internuclear cascades and in deex-
citation of high energy nuclear states not a parameter of the model was used 
in the experiment, thus the measurement technique was model independent. 

Because high statistical accuracy was reached in our experiments systematic 
errors were the main ones. There are principal difficulties in attempts to de
crease those errors. Namely difficulties of precise calibrating of 7-rays and 
fission fragments registration efficiencies due to semiconducor and track de
tectors do not allow to reduce precision limits of our measurements less then 
±10%. 

Criterion of confidence of the results was mutual consistence of essentially 
different parallel methods. In the next section four methods used for that 
reason are described in detail. 
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3 Determination of the Number of Nuclear Interactions in Detec
tor Volume 

3.1 Gamma Spectra of Activated Metallic Natural Uranium Foil 

Choice of Uranium as an activation detector of slow neutrons do not connected 
with its advantages over other detectors, for instance in sensivity or precision. 
It is dictated by features of further investigation technique with an extended 
uranium target. Nevertheless Uranium as an activation detector posseses a 
number of merits: 

- High abundance of the isotope 238U (99.3%) 
- High values of neutrons radiative capture cross section (<rth = 2.68 b and 

Ir = 275 6) 
- Reaction products have highly convenient half-lives for off-line experiments: 

239U (23.5 min) and 239Np (2.35 days) 
- Presence of sufficiently intensive lines in 7-rays spectrum of the daughter 

product 239Np with energy 228 and 278 KeV which lies in the interval of 
the high efficiency of Germanium spectrometer. 

This method was used successfully in [3,4] for investigation of neutron space 
distribution within Lead target. In the present paper side by side with other 
methods wc use it for r terminating the number of neutrons emerged from the 
target. In this case neutrons were moderated in water up to thermal energies. 
Metallic Uranium foils with thickness of 1 mm and area of 50 mm2 were used 
as detectors, The weight of each of those detectors was approximately equal 
to 1 gramme. 

The chosen thickness provided sufficient activation of the detector and in the 
same time coincided to the optimum self-absorption value of 228 and 278 KeV 
7-rays. Self-absorption coefficient к = 0.63 was calculated for uniform activity 
distribution with the use of well known values of /J. (see fig. 3) by formula: 

fc-j5<1--,-> 

where // - is attenuation coefficient, d is thickness. 

In the case of making neutrons space distribution in order to exclude influence 
of detectors weight differences the number of nuclei was normalized due to 

7 



; 

-

-

г 

-

-

W 
и 

22
8-

^ 

К 

1 " 

27
8 

—
 

• & 1 

1 1 1 1 1 1 | 

^ w 
V-u 

\ L _ : 

-&*). d-0.19B/cm2 

10° 

к 

ю-' 10' 
101 103 

ET(KeV) 

Fig. 3. Calculated values of 7 — rays self-absorption coefficients in U and W foils 
400 Г 

400 500 
Channel 

Fig. 4. Inner calibration of 7-rays energy of irradiated natural uranium foil 

both weighting on precision balance and comparision of 7-rays intensity of 
the isotope 235U for instance 186 KeV line. 
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Energy calibration of the spectrometer was carried out with aid of not only 
external sources but also uranium detector itself, i.e. 235U and 23SNp lines (see 
figs. 4 and 5). Calibration of spectrometer efficiency was carried out with the 
aid of high precise standard sources. Numerical coefficients a and b were found 
for each 7-spectroir.eter due to fitting the experimental data to the straight 
line in logarithmic co-ordinates and using them registration efficiency of 7-rays 
with the given energy was determined with an accuracy of 10%. 

Gamma-rays of 239Np with the energy of 277.62 KeV and quantum yield of / = 
0.145 were the main information bearer of the number of neutrons absorbed 
in 238U [5,6]. It is the most intensive line in the spectrum of this isotope, 
moreover, there are no other long-lived isotopes with the same energy among 
the products of the U(n,7) and U(n,f) reactions. The spectrum of the isotope 
134Tc which the fission product of 235U contains 278 KeV line. But because of • 
its short liaif-lifc (42 ruin) its influence can be neglected in spite of high yield 
(7%) if cooling time /2,- for all of irradiations is less than 2 hour (t2, > 37\/j). 
In some cases when enhancing of statistics is required the second intensive 
line with the energy of 228.14 KeV and quantum yield of 0.114 was used. This 
line coucrets with the 228.2 KeV, / = 0.88 line of the long-lived (78 h) isotope 
132Te which is the fission product of 235U and is produced with the high yield 
(4%). Although these lines are difficult to be resolved at Ge(Li) spectrometer 
the presence of intensive lines such as 522 (15.6%), 630 (13.5%), 667.7 (98%), 
772.7 (75%), 954.6 (16.7%) of daughter nucleus I32I allows in principle to 
take into account contribution of 132Te into the value of 228 KeV photopeak 
without spectral expansion. It is necessary to discuss other sources of possible 
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Fig. 6. Measured values of registration efficiency of 7-rays with the aid of 
Ge(Li)-detectors 

errors. Natural radioactivity of Uranium-Radium and Thorium series contains 
7-rays with energy close to two Neotunium lines: 279.4 (228Ac), 277.35 (208T1), 
226.1 (234Pa), 228.5 (228Th). lowever in our experimental conditions that 
background was negligible in comparision to Neptunium activity indicated in 
the Uranium detector. 

When determining the number of nuclear interactions in the detector during 
irradiations it is necessary to take into account variations of the beam intensity. 
In section 2 monitoring of beam intensity with the aid of counter of secondary 
neutrons operating as multiscalcr was discussed. Here we shall consider the 
time factor of 239Np accumulation and decay during irradiation, cooling and 
measuring the uranium detectors. Proceeding from the comparision of half-
lives of 239U and 23UNp one can assume that on the expiry of cooling time 
(2,. which is equal to several 239U half-lives, time factor is determined only by 
23!'Np decay as if it is a direct product of neutron capture in 238U. Nevertheless 
we shall consider a general expression for Tj and quantatively estimate the 
precision of such assumption. 

From the Batheman-Rubinson equation [7,8] worked out for 239U —i-»239Np 
—!* 239Pu chain it is easy to get: 
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Л21\\ LAi — Л2 A i — Л2 J 
1 Лл Гл.—Лз*а< Р—Altai л +^л^ ( 1 - •-*""> I V ( l -•-**> - V ( l - e~A i 

where the first term is related to Neptunium accumulated during the irradia
tion time ii,, the second one is related to Neptunium produced after tu during 
the cooling time t2i-

Opening the brackets gives 

tlilA2lAi — Л2) 

-A^)( i-e-A,t">-A, ,a'( i-e"A,i 
Taking into account that A2 -C Ai and neglecting the second item we obtain the 
following experession which is in agreement with above mentioned affirmation, 
i.e. 

Ti ~ -r\-(l - eAai")e-*a'M(l - e*»'1) 
A2tii 

The error which could appear after discarding the second term may be esti
mated from the ratio of the second and first terms: 

A| 1 - е-л ' (» 1 - e -Al 'w 1 - e_Al'» 
Q = —— X X X 

A? 1 - е~Аг'» 1 — e-Aa'M 1 - e_Aj'3 

The first multiplier is equal to 4.8 • 105, other three ones depend on a choice 
of times tUl t2i and t3 respectively, which are the parameters of the given 
experiment. Depending on the beam intensity of the accelerator (consequently 
on the activity, which is induced in the detector) those times were chosen in 
our experiments approximately equal to tu ^ 0.2 /1, <2i — 10 Л and t% ~ 3 h, 
the values of three multipliers were equal to 120, 10~6 and 30, respectively, 
i.e. a < 10~6. 
Because of small dimensions of the uranium foil (rf = 8 mm) in comparision 
to Gc(Li) detectors volume (40 and 120 cm3) used in the preset experiment 
the value of the geometric factor G was assumed to be equal to 1 when the 
location of the Uranium foil concurs with center of the butt-end of germanium 
detector frame. 

Knowing the values considered above functions of efficiency of the 7-spectrometer 
(e-,), self-absorption coefficient (K), quantum yield (I), geometric factor (G) 
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and time factor {Tt = E щ • Ti) and experimentally measured area of the 278 
KeV photopeak (57) the number of neutrons absorbed in uranium detector 
by radiative capture channel can be calculated. It is equal to the number of 
239Np nuclei produced at irradiating the target and is determined by formula: 

3.2 Fission Fragments Registration Due to Solid State Track Detectors 

Thick (20 ^m) lavsan sheets were irradiated in contact with the same uranium 
foils which were activation detectors. 

Lavsan detectors (polyethyleneterephtalate plastics) were etched in 6.25 N 
NaOH at 60" С for 90 min. At these conditions of treatment diameter of 
tracks of fission fragments reaches 2 - 2.5 fi which allows to scan easily under 
an optical microscope at the magnification 500X-600X. 

The number of fission events, i.e. the number of neutrons absorbed by Uranium 
nuclei and caused their fission is determinded from registered track density 
p t r (cm -2) by formula: 

where S<i - is the area of the uranium foil (pti • Si - total number of tracks) 
£ = 0.90 is registration efficiency 
К = 2 x 10~3 is self absorbtion coefficient 
i = 2 is the number of fission fragments per fission 
G = 1/2 is a geometry factor 

One can see that this formula is analogous to the formula obtained in the case 
of 7-rays measurements. However the corresponding numeral values differ from 
each other. For instance, because of large electric charge of fission fragments 
their registration efficiency is many times as high than in the case of 7-rays, 
but self-absorption coefficient is on the contrary many times as low. 

The most serious problem for this technique is fission fragments absorption 
in the Uranium foil itself because fission fragments have a wide spectrum of 
mass, charge and energy. Therefore an average value is considered: effective 
range /Jeff, and the ratio of effective range to the foil thichness is taken as 
self-absorption coefficient K. 

In [9] the dependence of effective range of Uranium fission products on the 

12 



atomic numbers of the elements contained in the matter and the type of di
electric detectors which registered fission fragment*; /as obtained. In the case 
of lavsan detectors effictive range of fission f r^ „.ts in the Uranium was 
found to be equal to 5 mg • cm - 2 with an accuracy >•": 10%. It means that the 
maximum depth from which fission fragments are escaped and registered in 
lavsan is equal to 2.67 /im. Hence for metallic uranium foil with the thickness 
of 1Q3 /mi self-absorption coefficient is equal to klt ••-- ?.67 • 10~3. 

On the other hand the surface of the Uranium foil placed in air medium is 
gradually covered with the layer of Uranium oxide-protoxide Lf3Oa which can 
strongly decrease effective range of fission fragments. Using an empiric formula 
which is fit for practically any elemental composition of the medium. 

Яел (mg • cm"2) = 0.046 V ^ . ^ - f - 0 . 7 8 , 

where сч is atomic concentration of i-th component 
Zi - its atomic number, we can be conviccd that effective ranges in 

metallic Uranium (5 mg-cm-2) and in Uranium oxide-protoxide (2.2 ingcm - 2 ) 
differ from each other more than two times. 

Thus determination of self-absorption coefficient of fission fragments in the 
uranium foil requires its surface to be cleaned up to metallic glitter. This 
procedure is sufficiently a difficult one, especially when a large number of 
foils is used. In this case we used the foils with uncleaned surface and self-
absorption coefficient was determined due to the comparision of track densities 
from cleaned and uncleaned foils jointly irradiated in the neutron field. Track 
density from foils used by us accounts for 80% of the case of the clean metallic 
surface, i.e. К = 0.8 • К,, = 2.1 • 10~3. This method of determinating the coef
ficient R is rightful only in that case when the thickness of the foils compared 
are identical and more than the thickness of the oxidation layer many times. 
Effective range corresponding to К found in this way is equal to 2.1 mg-cm"2 

which is in coincidence with the value calculated above by the empiric formula 
for uranium oxide-protoxide. However this coincidence is only evidence of the 
fact that the thickness of the oxidation layer was no less than effective range. 

3.3 Mmsure.vw.nt of24Na activity in an Aqueous Solution of Soda 

The choice of the isotope 23Na as an activation detector of slow neutrons in 
our experiment was caused by a number of its properties: 

- Activation cross sections by thermal and resonance neutrons 0.53 b and 
0.31 b, respectively, arc sufficient to achieve high sensitivity 

13 

http://Mmsure.vw.nt


- Half-life of the daughter nucleus 24Na (15 h) is optimum for off-line mea
surements 

- High quantum yield (> 95%) and high energy (1.37 and 2.75 MeV) of 7-rays 
allow to operate with a thick layer of weak solution. 

Baking soda ХаНСОз as a carrier of Na was chosen -ilso because of its chem
ical and physical properties: 

- Good solubility of soda in water in a wide range of concentration and tem
perature enables to prepare solution of high homogenczation. Baking soda 
in contrast to calcinated one does not produce a sediment with temperature 
variations. 

- The other elements contained in soda molecule: H, С and О are not activated 
by slow neutrons and have low absorption cross sections of 7-rays. That is 
the advantage of soda over sodium chloride. NaCl. 

- Cheapness of soda and lack of aggressive effect are one of its advantages. 

In water moderator with volume of 80 litres soda was dissolved up to concen
tration of 1-2%. Such a weak solution represented a distributed to whole bath 
"system of molecular detectors" of slow neutrons. The general experimental 
setup (fig. 1) was not changed in all the runs of measurements. However the 
volume and concentration of soda solution in the bath, activation detectors (U, 
W, U+SSNTD) setting in it and even the material of the bath were changed 
to optimize and calibrate different parameters of the experiment. 
After each irradiation the solution in the bath is carefully intermingled for 
accumulated radioactive MNa nuclei to be homogenized. After that in order 
to determine the average number of nuclear interactions in the volume unit 
of the moderator a small part of the solution is separated (0.25 -r 0.5 1) and 
poured into a thin-walled (0.5 mg • cm - 2) cubic capacity. 

The algorithm of determination of the number of nuclear interactions is the 
same as in the case of uranium foil which is in detail discussed in section 3.1. 

7-rays spectrum measurements were carried out at a Ge(Li) spectrometer 
of sufficiently large volume (120 cm3) to increase registration efficiency of 
13G9 KeV 7-rays. 

Product of geometric factor G and self absorption coefficient К for the solution 
sample was determined in the following way. Small quantity of soda previously 
activated by neutrons and measured at G = 1 was dissolved in the water of the 
same volume as sample's one. The solution obtained was poured into sample 
capacity and its activity was measured again at the same spectrometer at the 
same operating conditions. Due to comparision of the 1369 KeV photopeak 
areas in the spectra of dissolved and insolved soda with regard for the back
ground and time shift the value of KG was found to be equal to 0.19. If one 
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Fig. 7. Geometry of irradiation and measurement of Tungsten detectors 

takes into account that energy of 7-rays is high and the average atomic charge 
Z of water is small, then К — 1 and G = 0.2. 

3-4 Measurements of Tungsten Wire Detectors Activity 

Each of methods considered in previous sections has its advantages: Uranium 
foils being concentrated in a small volume did not provoke a strong distur
bance of the whole neutron field; soda solution as a detector distributed in a 
large volume did not require neutrons distribution to be measured. In order 
to combine those advantages into the one method parallel experiments with 
Tungsten detectors were carried out. 

Tungsten was chosen as an activation detector for the following reasons. Con
siderable abundance of the 186W (28.6%) isotope in conjunction with high 
slow neutrons absorption cross section of this isotope (40-400 b) ensure high 
sensitivity and accuracy. The facts that half-life of the daughter isotope 187W 
is equal to 23.9 h and slow neutrons do not activate other isotopes of Tungsten 
essentially facilitate spectrometric measurements in off-line regime. 

Tungsten wires with diameter of 1 mm and a length of 2 cm were used as 
neutron detectors. During the irradiation of the Lead target by accelerator 
beam 32 detectors were uniformly set in the moderator and after irradiation 
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their summary spectrum was measured at a 7-spectrometer in geometry of 
radial disposition (fig. 7). Geometric factor at such a location of detectors was 
found by special measurements to be equal to 0.7. 

Determination of the average number of nuclear interactions in one tungsten 
detector was performed using several spectral lines: 479, 552, 618, 625, 686 
and 773 KeV. These lines have sufficiently high intensity which is caused by 
a high population probabilities of 187Re levels in the range of 600-800 KeV at 
/J-decay of 187W and a low multipolarities of electromagnetic transitions via 
which discharge of these levels takes place (figs. 8 and 9). 

Morever we deal here with a highly rare decay scheme: all of these transitions 
are not cascade ones, i.e. the nucleus which emmit 7-quanta from one of these 
energies can not emmit 7-rays of other energies. This situation allows to write 
a formula for the number of nuclear interactions in a rather generalized form: 

дг _ Efe i S^j/ e^Kj 
" Z2GTYT=ih 

where i means summation over different spectrum lines. The value of m can 
vary from 1 to 6 at any combination of lines. However a combination ensuring 
sufficient statistical precision is prefcrcd. At a high activity of detectors only 
one line is sufficient (479 or 686 KeV) and in this case the formula (4) gains 
the form of (2). 

All of the values consisting in the formula (4) are determined in the same way 
as in the case of Uranium foils. Particularly, self-absorption coefficients K, are 
determined from the known experimental data /i; when an uniform activation 
of detectors is assumed. On the other hand such a assumption is not obvious 
because high absorption cross sections of slow neutrons in Tungsten may lead 
to the self- screening. Because of it values of K\ were verified by additional 
experiments which showed an absence of such an effect at the wire radius of 
0.5 mm. 

Finally, let us discuss one more detail of tungsten detectors technique. Because 
neutron absorption resonance integral in ш W exceeds the corresponding ther
mal cross section by more than an order some parts of the moderator with 
low cadmium ratio in principle can provoke a distortion of the results. 

In spite of the fact that the lower layer of the Tungsten detectors was located 
at a height of 5.5 cm from the bath bottom (fig. 7) and most of neutrons in the 
water layer of thickness less than 3 cm were in the epithermal range of energy 
(fig. 12) the latter did not exert influence upon the number of absorption in 
the detector averaged cover the whole bath volume. 
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Fig. 9. ,3-dccay scheme of 187W 

4 Determination of Parameters Depending on Materials and Con
struction 

4 Л Space Distribution of Neutron Flux in the Moderator 

Distribution of neutron flux in the target and the moderator was determined 
due to measuring the number of Uranium fi.ssion fragments by means of solid 

• s ta te nuclear track detectors. These distributions are shown in fig. 10, where 
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Fig. 10. Track density distribution inside of the target and in the moderator 

Z is the distance from the front edge of the target, R is the distance from the 
beam axis. Distributions bearing onto the inner part of the target are in good 
agreement with the results of [3] where such distributions were measured by 
means of fission chambers. 

Decreasing of the track density with mooving off to the beam axis is con
nected with geometry and its linear reduction is evidence of weak absorption 
of slowing-down neutrons in the target. Sharp increasing of the track density 
(10 times) at the transition from the target border (Л = 25 cm) into the 
moderator (R = 28 cm) is caused by the enhancing of the fission cross section 
at low energies. The thickness of 3 cm of hydrogenous medium on this way 
(0.5 cm of organic glass and 2.5 cm of water layer) exactly coincides with the 
moderation length of neutrons in such substances. 

Z-distribution of the track density in the moderator, which can be wittingly 
attributed to the 235U fission by thermal neutrons, strongly resembles the 
distribution within the target where 238U fission by fast neutrons has also 
to be of importance (fig. 10). Fig. 11 shows Z-distribution of neutron flux 
at R = 28 cm measured by means of two parallel methods: measuring the 
number of nuclear interactions due to radiation in 238U and fission in 235U. 
Those measurements were carried out with the same foils of natural Uranium. 
The coincidence of these two measurements is quite obvious and it is evidence 
of the correctness of the measured distributions. Data reffereing to the point of 
Z — 33 cm were used for determination of the number of nuclear interactions 
in the Uranium foil because it is the maximum point of the distribution and 
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Fig. 11. Z-distribution of the neutron flux in the bath according to the data obtained 
by two parallel methods 

due to the integration of the values normalized to this point we obtained the 
average of the neutron flux along the lenght of the bath. It was equal to 0.7. 
Analogical measurements showed that the average of the neutron flux along 
the width of the bath is also equal to 0.7 of the maximum in the half of the 
width. 

Track density distribution along the bath height is shown in fig. 12 (white 
points). One can see from it that neutron field in fact utterly lorrfhrd in the 
water layer of the thickness of 20 cm. The distribution achieves its maximum 
at the height of 3 cm. This fact testifies that at the first three centimeters not 
all the neutrons are moderated up to the thermal velocities. It is confirmed 
by measurements by means of Tungsten detectors high sensitive to epithermal 
neutrons (black points). The average flux density along the height obtained 
by means of integration of its normalized values was found to be equal to 0.4 
of the maximum. 

The parameter q\ (sec section 2.3) defining the variation of neutron fiux spatial 
distribution can. be expressed as a product of the average neutron flux in three 
reciprocally perpendicular directions, i.e. q\ — 0.7 • 0.7 • 0.4 = 0.2. An absence 
of necessity to measure these parameters indicates the one of the advantages 
of the method of soda bath in comparision to the methods with localized 
uranium detectors. 
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Fig. 12. Neutron flux distribution along the bath height 
4-2 Energy spectrum of slow neutrons 

It is easy to show that spectrum-averaged cross section acg of any nuclear 
reaction in the field of slow neutrons, corresponding thermal cross section 
<7lh and resonance integral I are connected with each other by the following 
expression: 

0th 
_-L = _LM_. 

Ceff CR L<7th •a 
where CR - cadmium ratio. Fig. 13 shows calculated by means of this formula 
effective cross sections of the reactions used in the present investigations in 
the range of cadmium ratio from 1 to 1000. 

In the case of CR > 10 efective cross sections are close to thermal cross 
sections and in the range of 1 < CR < 10 their value can vary between <7th 
and I,. The cross section of the reactions 186W(n,7) and 238U(n,7) vary by 1 
and 2 orders, respectively. Such strong variations are connected with a great 
number of resonances of these nuclei. This property of Tungsten was used for 
determination of an average cadmium ratio which is the integral characteristic 
of the spectrum. 
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Fig. 13. Dependence of neutron absorption cross sections on cadmium ratio 

In the last point we mentioned that epithermal neutrons were found in the 
water layer on the bath bottoiti by means of Tungsten detectors. One can see 
from the fig. 13 that the cross section of the 235U(u,f) reaction decreases at the 
small CR. values and the cross sections of the ll,6W(n,7) sharply increases. Just 
that very situation is reflected on the distributions measured by two different 
detectors and displayed as furcation in the fig. 12. 
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Nevertheless the reading of two detectors close in with penetrating to the 
depth of the moderator and merge in the end. This fact allows to assume that 
the resonance neutrons quota in the neutron spectrum integerated all over 
the moderator volume is small. The thrustness of this assumption was tested 
due to the comparision of the average number of I87W nuclei produced in the 
one of the 32 tungsten detectors (section 3.4) with the number of 24Na nuclei 
produced in the volume of soda solution sample during the same irradiation: 

"W187 _ ATW18fi gwi86 

"N«24 ЛГлГа23 <?1Ы13 

The results of measurements of the number of nuclear interactions in the 
volume of two different detectors of definite type (see table 1) allowed to 
determine the ratio of "effective" cross sections of the 186W(n,7) and 23Na(n,7) 
reactions: 

"WISS _ "W187/Nwi86 _ g g , 
CTN»23 lN«24/A?Na23 

The value obtained coincides with the ratio of thermal cross sections (<7{{j186 : 
ffNa23 = 71.3) with an high accuracy. This fact allows to affirm that the average 
cadmium ratio of the neutron field is more than 50 (CR > 50), i.e. the admix
ture of cpithcrmal neutrons possible is less than 2%. Consequently there is no 
need to take into account deflection of the spectrum from the equilibrium, i.e. 
one can consider (fe to be equal approximately to 1. 

4-3 Neutron Albedo and Probability of Neutron Absorption in the Target 

Absorption cross section of neutrons by the 207Pb nucleus with one hole on 
the closed neutron shell (N = 126) exeeds absorption cross section by 208Pb 
nucleus with closed neutron shell for 1400 times. Because of it macroscopic 
absorption cross section in natural lead remains fully appreciable and is equal 
to 0.0056 cm"1. This value is only 4 times less more than macroscopic cross 
section in water which is equal to 0.0222 cm - 1 . Therefore the definition of 
lead as weak absorber is highly relative conception and at the calculation of 
the total number of neutrons it is necessary to take into account the quota of 
neutrons absorbed in the target. 

In section 4.1 it have been shown that the water layer of thickness of 3 cm on 
the bath bottom becomes an isotropic source of slow neutrons. It is naturally 
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to assume that some of these neutrons are back to the target and after nu
merous reflections and crossing the boundary between water and lead they are 
absorbed in these media. One can estimate the probability of absorption in 
Lead by means of the macroscopic absorption cross sections and the diffusion 
lengths of both media in the following way: 

0 = IVPII/H'HJO = Spb ' ЬРЬ/ЕНЗО ' ^н2о. 

where the ratio of diffusion length gives the ratici of times of neutron stay in 
both media. Using known experimental data[ll] Ерь = 0.0056 cm - 1 , Ещо = 
0.022 cm"1, I p b = 12.9 cm, LH2o = 2.77 cm we obtain: 0 = WPb/{l - WPb), 
i.e. Wpb = 0.54 

In order to measure separtely incident and reflected components of the thermal 
neutron scalar field we used "double sandwich" method, i.e. a pair of lavsan 
detectors in contact with uranium foil and defended from the other sides with 
cadmium screen. Those detectors were placed on the bath bottom near to each 
other for their readings could be refcred to the same point of measurement. 
Over-cadmium background was measured by means of the third detector de
fended from two sides. Neutron source 2r2Cf was situated over those detectors 
at the height of 3 cm. It's soft spectrum allowed to imitate the zone of neutron 
moderation which occured in the experiment with the beam. 

Analogical measurements were simultaneously carried out with fission cham
bers KNT-8. The same result was obtained in both measurements for Wpb, it 
was equal to 0.59 ± 0.П1. This result is in satisfactory agreement with above 
considered estimate. Thus the parameter taking into account neutron absorp
tion in lead is equal to <ft = 1/(1 — №рь) = 2.44. 

4-4 Transition to the 4^-geometry with Regard for Target Construction 

Calculation of the total leakage of neutrons from the rectangular target using 
the results of measurements on the one of its sides proved to be an complicated 
task. 

An assumption of additivity of four geometrically identic baths is rightful only 
in the case of simultaneous exposition and sufficient large volume. 

In our experiment minimum distance between the points of the opposite sides 
(a = 0.5 in) was equal to four diffusion length of neutrons in lead so that 
an escape through them can be considered as additive one. In regard to the 
neighbour adjacent sides for which minimal distance is equal to 0 additivity 
is less obvious. 
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Fig. 14. Distribution of neutron leakage through butt-end sides of the target as a 
function of the co-ordinates of the sources 

Rather large dimensions of the target (a » L) and axis symmetry of physical 
processes forming the neutron field in it allow to divide neutron escape into 
two parts: 

- Leakage through the lateral sides and fields bordered upon the lateral sides 
(fig. 1) 

- Leakage through the butt-end sides (fig. 14) 

The minimum volume of the moderator on the lateral sides and within the 
dihedral angles at the lateral sides of the parallelepiped (fig. 1) is equal to 
V = аЬН + т Ш 2 , where H is the height of the water moderator and equal 
to the neutron total absorption length, a and b are the width and the length, 
respectively. Because the bath volume V0 = аЬН, so V = (1 + nH/ia) • 4V0 = 
1.31 • 4V0 = 5.24К0, i.e. the volume of the moderator increases owing to the 
lateral dihedral angles by 31% in comparision with qudruplicated bath volume. 
An estimate for neutron spatial distribution in the conjugated baths is given 
by 

4lV0 + g*0.31 V0 = 9 lV0(l + ^ • 0.31) 
where <ji and q\ are absorption coefficients of neutrons (see section 4.1). 
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Because of the axis symmetry the ratio q[/q\ has to be equal to the ratio of 
corrections of the flux variation along the moderator width correspondingly 
within the dihedral angle and in the bath. Direct, measurements carried out 
by means of tungsten detectors sho.ved that neutron flux linearly decreases 
along the width of the single bath from 1 (in the centre) up to 0.4 (on the 
lateral side of the bath), i.e. correction of neutron absorption along the bath 
width was equal to 0.7 (see section 4.1). Such a correction within the dihedral 
angle must be equal to the flux doubled value on the lateral side of the bath, 
i.e. 0.8 (the cause of doubling is the presence of two baths). Thus, 

?,l '„(l + ^ • 0.31) = qiV0(l + H - £ i . 0.31) = 1.36 • giV0 
<?i 0-7 

A taking into account of the spatial distribution enhances the correction factor 
connected with the lateral dihedral angle only by 5% in comparision to the 
purely volumetric one. 

The coefficient of neutron escape through the lateral sides and lateral edges 
of the target is equal to 17̂175 = 5.44. 

An estimated of neutron escape through the butt-end side will be discussed 
below. 

Let u'i consider the inner side of the target as a system of disk sources localized 
alorg the beam-axis. In the same time these disk sources are substituted by 
point sources placed in their centres. 

A measured distribution of 235U fission fragments track density along the beam 
axis (fig. 10, R = 10 cm) represents in fact the intensities of these sources. 
Fig. 14 shows this distribution as a function W(x) where x is the distance 
from the front border of the target. The graph of the Q(x) function is shown 
in fig. 14 as the sum of the solid angles under which the front and back 
sides (squares 0.5 x 0.5 m2) of the target. The integral / W(x)tt(x)Hx = 0.13 
represents the quota of neutron escape through the butt-end sides, i.e. <j6 = 
уг^з = 1.15(15%). 

5 Experimental Results and Discussion 

(i) The data of two experiments carried out at the sunchrophasotron 18 GeV 
12C+Pb and 3.65 GeV p+РЬ are presented in table 1. 

One can see from the last column that a good agreement has been 
received by using the different methods for determinating the neutron 
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Table 1 

18 GeV 

12 1 2 C+Pb 

3.65 GeV 

p + P b 

Methods 
2 3 8U(n,7) 
23!iU(n,f) 

23Na(n,7) 
2 3 sU(n, 7 ) 
235U(n,f) 
23Na(M 
l 8 6W(n,7) 

Tin 

1.35 • 108 

0.59 • 108 

2.5 • 108 

0.76 • 109 

0.30 • 109 

0.32 • 109 

0.38 • 109 

vm/vd 

0.5 • 106 

1.5-10s 

166 

0.5 • 106 

1.5 - 106 

336 

5.0 • 106 

Е н / S d 

0.12 

0.114 

248 

0.172 

0.114 

505 

0.033 

N„IQ 
1.1-1013 

1.0-1013 

1.0 • 1013 

0.65 • 1014 

0.51 • 1014 

0.55 • 1014 

0.63 • 1014 

total number which illustrates high confidence of the measurements, 
(ii) Prom the measured values of qi wc obtain Q = qi • <fe • . . . • qe — 2.97. In 

the experiments with protons the total number of neutrons in the units 
of Q was determined due to averaging the experimental data obtained by 
different methods (the last column of tabic 1): Nn = (17.2±2.0)1013, and 
the number of incident protons was determined by means of Al monitor 
activity[10j: Np = ( 0.17±0.02) • 1013, i.e. neutron yield was found to be 
equal to: Y = N„/Np = (101 ± 20) neutrons per proton. 

This result shows that the energy expenditure for neutron gener.iting 
by protons is equal to (36±8) MeV/neutron. It is higher approximati K- by 
10% than corresponding energy expenditure in the case of light nuclei of 
the same energy [4]. Nevertheless high productivity of neutron generating 
by rclativistic protons in conjuction with high proton beam intensity 
achieved at modern synchrotrons and linear accelerators of high energies 
remains as the most important factor at creation of intensive neutron 
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Работа выполнена в Лаборатории высоких энергий ОИЯИ. 

Препринт Объединенного института ядерных исследований. Дубна, 1994 

Chultem D. et al. El-94-407 
Measurement of the Neutron Component in a Shower Generated 
in a Lead Target by Relativistic Nuclear Beam 

The present paper describes a method of determining the total number of 
neutrons generated in an extended lead target by relativistic nuclei and protons. 
It is shown that 101 ±20 neutrons per proton are produced in the target with the 
volume of 50>«50x80 cm3 at 3.65 GeV energy of protons. 
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