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Chapter I - NUCLEAR PHYSICS CONSTANTS

DELAYED NEUTRONS AND THE PHYSICS OF FISSION

B.P. Maksyutenko

New method for determining relative yields of delayed neutrons

In reactor kinetics calculations it is necessary to know the absolute

and relative yields of delayed neutrons resulting from the fission of various

substances by neutrons of different energies. The yield of delayed neutrons

from the i precursor Y. can be found if one known the yield of a given mass

in fission, P(A.), the probability P(Z. , Z .) of a given charge Z. occurring

in the given mass A. in the case of the most probable charge Z ., and the

probability of radiation of delayed neutrons by this precursor P .:

Y. = P(A.) P . 2 P(Z.,Z .) (l)

1 v 1 ni v i T p i ' v '

where 2 denotes that a cumulative yield is being considered. Since P . is

independent of energy, P(A.) can be determined experimentally, and we would

only have to find P(z., Z .) in order to calculate Y. for any energy of

fission-producing neutrons. However, the intensity of existing fast neutron

sources is not high enough to make this feasible. At the present time the

charge distribution has been established only for the case of ^J fission

by thermal neutrons and 15 MeV neutrons. Thus we are left with the purely

experimental method of determining the delayed neutron yields. This involves

analysing the whole of the delayed neutron decay curve and determining the

ratio of the yields from different precursors (for example, Y./Yi» where Y,

is the yield of a group with half—life ~55 sec), and then finding the total

absolute yield (from all precursors together, in another experiment). These

data may be also used to calculate the absolute yield of delayed neutrons from

any precursor.
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With the aid of radiochemical and mass spectrometric methods i t has so

far been possible to identify 37 fragment-precursors, i .e . to establish their

Z. and A. values and, in addition, their P . values and their half-lives.

Unfortunately expansion of the decay curve by the best available method -

the least squares method - serves to segregate only six contributors at most.

Hence we get only a very rough solution, because each of the six separate

groups represents the relative yield of delayed neutrons from several precursors.

It would be desirable to segregate a larger number of these in the expansion.

M.Z. Tarasko has found a way of doing this /~lt2_/ and- has demonstrated i t s

possibilities by obtaining a numerical solution for a system of equations with

a thirtieth-order Gilbert matrix. Now the question is to what extent a given

specific statistical selection ( i .e . a given experimental result) is adequate

for extracting a larger number of exponents. This will be illustrated below by

comparing the results obtained by expansion of the delayed neutron decay curve
235

resulting from thermal fission of U with radiochemical data. But now let us

consider the possibilities offered by this expansion.

In Table 1 the delayed neutron precursors are arranged in descending order

of half-life. Some of them have widely differing half-lives whilst others agree

within the limits of experimental error. The latter have been grouped together.

In the expansion of the decay curve, as we can see from Table 1, the net yields

of three bromine isotopes (with masses 87, 88, 89) can be determined. Thence

we can find the probability of a given charge occurring in fission:

-,Z •) - Yi (2)
P F - I T Tni 1

where the right-hand side is determined entirely from experimental data. Since

from Eq. (2) we know that

P ( Z'V = 0J?
 exp 1 £•" / ' (AZ- = z-zJ' (3)
A

and since from Eq. (3) i t is apparent that

Z = kA +J , (4)
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we can now proceed to the P(Z, A) dependence £"AJ» The scheme for this

transformation of co-ordinates, i . e . the transition from A = const., assumed

by Wahl /~2_7, to Z = const., is illustrated in Fig. 1.

Such a transformation results in a quadratic parabola on the semi-

logarithmic scale:

in P(Z, A) = aA2 + M + q (5)

where the coefficients a, b and q are a combination of the coefficients

k, £ and a. Assuming A = 87, 88, etc. and solving the system of equations

in expression (5), we obtain the values of k , i andij as well as Z andA Z

for the bromine isotopes.

In addition, we can find the distribution of the probabilities of

radiation along the A axis for these fragments (since Z = const.):

P(A.)7 . = Y./P .
v x Z = const. 1' ni

Thus, as shown schematically in Fig. 2, we find two distributions,

P(A i) z = const, and P(Z±)k = const.

in two mutually perpendicular planes* If the primairy mass distribution is

used in this construction, we obtain the fragment energy surface without

allowance for the gamma radiation energy.

Now let us turn again to the determination of Z for fragments and to

delayed neutron yields from the other precursors. The values of P(Z, A.)

can be found for two isotopes of iodine (with masses 137 and 138) using

expression (2) in the same way as for the bromine isotopes. Let us assume

that the distribution width is the same in both cases (i.e. for bromine and

iodine isotopes); it can easily be shown that the relationship between the

values of P(Z, A) for the three isotopes of bromine and iodine (the latter

are denoted by strokes) should then be the following:

(6)

where the indices 1, 2, 3 denote the values of P(Z A) for bromine-87, 88 and

89 and iodine-137, I38 and 139. All the quantities in expression (6) are

known except P' - the value of p(z, A) for iodine-139. By determining this
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and then using the corresponding values of P and P(A) for iodine-139, we

find the delayed neutron yield from this precursor. In this way we isolate

the contribution of the iodine-139 precursor from the delayed neutron yield

of the group of precursors with a mean half-life of ~2 sec.

Furthermore, as can be seen from Table 1, apart from the isotopes there

are also isobars, for example bromine—87, selenium—87 and arsenic—87; bromine—88

and seleniunt-88, etc. Since

> Zp>

Y, P P(Z, Z )
1 nx p'

(the subscript 1 refers,for example, to bromine—87 and the subscript i to

selenium-87) and

in P(Z~1' V = J_ (&-Z-0.5), (8)
P(Z, Zp) O2

 p

it is possible, using the value of Z determined for a fragment with mass 87,

to calculate from equation (8) the ratio of the probabilities of occurrence

of a given charge and then to determine from equation (7) the ratio of the

delayed neutron yield from selenium-87 to that from bromine-87. A similar
87

calculation can be done for As.

After isolating the delayed neutron contribution of the precursors

"i and Se in the group with a half-life of ~2 sec, we know that the

remainder must be the contribution from the precursor As plus a slight

addition from TCr. In the same way it is possible to separate the contribution
87 9^

of Se from Rb and split up the group with a half-life of 5»9 sec.

We can sum up the procedure as follows. First we use the new method of

expanding the decay curves, to classify the precursors according to the only

criterion available - the precursor half-life. The second stage involves

constructing the charge distribution for the bromine isotopes and then using

it to calculate the delayed neutron yields from the pure precursors contained in

the groups, which are a mixture of the yields from precursors with half-lives

coinciding within the limits of experimental error.
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From the above analysis it is clear that we can not only determine the

delayed neutron yields from a larger number of precursors than is possible

with the normal least squares method but that we can" also find the charge

distribution parameters for any energy of fission-inducing neutrons. Apart

from the above formulae the following relationship derived from Eq. (3) may

be used to determine AZ in the case of individual precursors:

2o 2ln P ( 2 i ' Zpi ) = AZ 2 - A Z2 (9)
Pl

*1

Here the subscript 1 relates to bromines—87 and the subscript i to any other

precursor.

Thus, if expansion to a larger number of exponentials is performed,

we can:

1. Find the relative yields of delayed neutrons from pure precursors

instead of a mixture of them, and furthermore from that part of

the precursors which makes the predominant contribution to the total

delayed neutron yield in both thermal and fast fission;

2. Find the charge distribution parameters and the most probable

charge for delayed neutron precursor fragments resulting from

fast fission of various substances; and

3. Determine the energy surfaces of fission fragments (bromine

isotopes) and investigate how these change with a variation

in energy of the neutrons causing fission.

Cumulative yields of fission products for Z = const. We propose to

show that there is another method of determining delayed neutron yields

which is based not on the charge and mass distribution but on knowing the

cumulative yields of precursor fragments (fission products).

Let us assume that the distribution of cumulative fission product yields

when Z = const, is:

(A-A )2
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where P(A, A ) is the probability of a fragment of mass A occurring with the

most probable value of A (for given Z) and a is the distribution width.
P ^

Table 2 shows calculated values of a and A for isotopes of bromine, krypton,

rubidium, iodine and caesium based on data in Ref. /~6_/. Fig. 3 shows the

fission product mass distributions for Z = const. The mean width IT =

1.482 - O.O85. The values closest to this are observed in the case of rubidium,

iodine and caesium isotopes, their mean value being a" = 1.509 - O.O64. The

width of the krypton isotope distribution differs considerably from the mean.

The relationship between Z and A is illustrated in Fig. 4» The straight

lines running through the points for the bromine and rubidium isotopes and

through the second pair of points - for iodine and caesium isotopes - are

parallel, the slope being:

K = Z2~Z1 = 2 = 0.515
A -A
P2 P l

The point for krypton isotopes falls outside this relationship. If the same

rule is assumed in this case, the krypton isotopes should be assigned the

value A = $0. The broken curve in Fig. 3 shows the distribution of krypton

isotope fission products on the assumption that its width is 1.509 and the

peak is at A = 90*

Table 3 shows values of A—A for isotopes of bromine, krypton, rubidium,

iodine and caesium as well as experimentally determined and calculated fission

product yield probabilities normalized to the yield of rubidium isotopes for

o = I.509. In Fig. 5 "the small circles indicate experimentally determined

values of P(A,A ).

As can be seen from Table 2, the Gaussian distribution parameters were

calculated for three mass numbers in each group of isotopes. The yields of

rubidium isotopes, for example, are known for six mass numbers and differ by

three orders of magnitude. However, as can be seen from Table 3 and Fig. 5»

there is good agreement with the calculated values.

The results obtained can now be used to determine the delayed neutron

yields. Since

P(A, Ap) = Y./Pn.,
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the delayed neutron yields of three bromine isotopes (with masses 87, 88, 89)

can be used to find the distribution parameters for P(A,A ) and then the
90 91 ^

delayed neutron yields from Br and Br. Since the distribution width is
1^7 1^8

identical and the delayed neutron yields of I and I are knowni the yield
139

of I and its delayed neutron yield can be found. In short, the whole of

the procedure described in the previous section can be carried out using the

law established for the mass distribution with Z = const, instead of the charge

distribution. The accuracy of determination of the delayed neutron yields will

be better, moreover, since there is no need in these calculations to make use

of mass yield measurements.

Practical applications. As we have mentioned, the mathematical possibilities

of the new method have been demonstrated by obtaining a numerical solution of a

system of equations with a 30th order Gilbert matrix j_ 1_/. Now we must investigate

to what extent our experimental results (from the point of view of statistics

and resolution) enable us to solve the problem in hand, which is to isolate a

larger number of precursors than can be segregated by the least squares method.

The total count we normally obtain under the decay curve when investigating

the yields (depending on the energy of the fission-producing neutrons and on the

element) is from half a million to several million pulses (in the series of

measurements from 5 to 20). This statistical accuracy would seem adequate for

determining a larger number of parameters than the six obtained by the least

squares method. There are other factors affecting the accuracy of the results

but dealing with them all would occupy a whole book. We shall concentrate on

one principal factor. In this case the problem should be formulated as follows:

what must be the total count under the composite decay curve and what must be

the channel widths in the measurements for it to be possible to determine the

initial intensities of two or more exponents with given half-lives when the

curve is expanded into its components. This condition may be written comparatively

easily for a composite curve consisting of two exponents,, although the equation

obtained is quite difficult to solve but, when there are more than two, even the

formulation is unknown. In that case the only feasible method which we found

for checking the correctness of the expansion of the decay curve was a series

of mathematical experiments, in which the complete decay curve is expanded for

different half-life combinations (the basis for their selection can be proved

sound). A delayed neutron decay curve resulting from thermal fission of ^J



was used for this purpose and the results of the expansion are compared

with radiochemical and mass spectrometric data in the section below entitled

"Analysis of results".

Another equally difficult problem is calculating the errors in the ratio

of the group yields, but we shall not dwell on this here for the reasons

mentioned above. We have selected the simplest method, whereby both the

results themselves and the errors are determined as the mean of the results

of expanding seven decay curves, each of which is the sum of seven to nine

exponents obtained in individual measurements.

A further mathematical problem is that of analysing precursor build-up

and decay. Heretofore the decay curve has been represented as a sum of exponents:

N = La. exp(-X ±t) (10)

where N is the counting rate and a. and \. are the initial intensity and
th 1

decay constant of the i group of delayed neutrons. This is valid as long

as we are considering beta decay of precursor fragments formed instantaneously

during fission (direct yield). In the case of Br and Br the yield of their
87 ftft

precursors from beta decay of Se and Se is appreciable and allowance should

be made for the cumulative yield of bromine isotopes via the chain

87Se B ^ 87Br S ^ 8?Kr

This gives Eq. (10) the form

N = S a e~* i* + age(e"
X Br* - e~* Set) (ll)

i

i.e. contributors with negative yield appear. Fig. 6 shows the decay of bromine

after disconnection of the source of fission-producing neutrons as well as the

build-up and decay of bromine resulting from decay of selenium. Although the

latter contribution is small, the beginning of the decay curve is distorted.

A detailed analysis of this problem indicated that when the decay curve is

expanded from the sixth second after removal of the source there are no significant

distortions in the results.

Precursor half-lives. Many factors have pointed to an incorrect

determination of the half-lives of several isotopes. Analysis of various

ways of expanding the decay curves has corroborated this suspicion, and we

were obliged to resort to a systematic recalculation of half-lives.
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Ref. /5_7 indicated a linear dependence of the logarithm of the

half-life T on the mass number A of a precursor fragment for bromine

and iodine isotopes, i.e.

in T = rA + b (12)

(see Pig. 7)» The physical reason for this relation is the linear dependence

of the beta decay energy Q on A, so that Eq. (12) may also be written

in T = r'Q + b1 (13)

Fig. 8 shows the family of curves for even and odd isotopes of bromine,

krypton, rubidium, iodine and caesium. Their behaviour is regular with

the exception of the rubidium isotopes. The nuclei of the rubidium isotopes

have no anomalous features distinguishing them from the neighbouring element-

isotopes of bromine and krypton and such an anomaly in the half-life dependence
89 90

on A is not justified. Using the most reliable half-life values for Rb, Rb
91

and Rb we found from Eq. (12) the half-lives of the rubidium isotopes with
139

mass numbers 92, 93 and 94 and corrected the value of the half-life for I.

This was the first correction which we had to make to the precursor table (see

Table ll).

Probability of delayed neutron radiation. Of course distortions in the

determination of half—lives were also bound to cause distortions in the

experimentally determined values of P for the isotopes in question. Analysing

the different ways of expanding the decay curves confirms this conclusion,

which was in fact the reason for carrying out the investigations.

Amiel /~6_/ showed that the proportion of beta decays resulting in

delayed neutron radiation P is related to the energy AE by the expression

P n = K ( A E )
m (14)

where

AE = Qfi-Bn

Here Q is the beta decay energy of a precursor fragment and B is the neutron

binding energy in the emitter nucleus. The best value of m found by Amiel on

the basis of all available experimentally determined values for P _ is 1«51,
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Pig. 9 shows the dependence of P on A E in double logarithmic scale.

As with the half-lives, the rubidium isotopes display anomalous behaviour.

The dependence of A E on A for Z = const, was investigated and found to be

linear, i.e.

A E = sA + p (15)

Table 4 shows the results of calculating the coefficient S for even and odd

isotopes of the above elements (in cases where this is possible) and for all

isotopes irrespective of parity. From Pigs 10 and 11 and Table 4 it can be

seen that the light fragments — bromine, krypton and rubidium isotopes — have

practivally the same value of the coefficient S, whilst in the case of the

heavy fragments the values differ for even and odd A. This table also presents

values of A - the mass corresponding to A E = 0, i.e. P = 0. Thus for all

the above elements we have established the lower limit for the mass of a fragment

at which the isotope of a given element can no longer be a delayed neutron

precursor (PTT = 0 for all A<A_). The ultimate aim of the investigation was

to correct the values of P for rubidium isotopes and to calculate it for those

isotopes for which experimental data were lacking. We assumed that the most

reliable values of P were those determined for bromine isotopes, so we used

them to find m for the light fragments and to calculate P for rubidium and

krypton isotopes. Table 5 shows the calculated values of ra for both light and

heavy fragments* An anomalous value is observed for odd iodine isotopes. The

1^7
value of P for I is one of the most reliable. On the other hand, the m

obtained from experimentally determined P for odd caesium isotopes is the

same as that obtained from two calculated values of P for odd xenon isotopes
IV)

(m = I.676 and 1.688). Using m = 1.69, we get P = 17.2$ for J 7I. Expansion

of the decay curve shows that this is approximately twice the true value. The

reason for this anomaly is hard to explain at present.

After correcting the values of the half-lives and PTT, the precursor

table looks somewhat different: there is now a group with a half-life of

14 sec (92Rb) whilst the group with a half-life of 2.67 sec (94ttb) disappears.

There is also a change in the delayed neutron yields from various precursors.

These were found by multiplying the calculated values of P(A, A ) by the corrected

values for P • This is the second correction we made to the precursor table.
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Methods of measurement and results. Now let us turn to the method of

measurement used. We shall not describe it in detail, since it is quite

well known, but shall dwell only on a few important details. A sample of

powdered, JQffo enriched U enclosed in a cylindrical aluminium container

35 n™ in diameter and weighing 0.7 g was irradiated for 5 min and then

transferred to the counter unit located 2.5 m from the target. At that

instant the neutron source was disconnected. The neutrons were obtained

from the T(p,n) He reaction in a Van de Graaff generator and were slowed

down by a polyethylene block. The decay curves were recorded by a 512-

channel analyser with a channel width of one second.

The decay curves were expanded from the 6th second after conclusion

of irradiation of the sample. The channel width was set at one second from the

6th to the 60th channel and at 5 seconds thereafter to the end of the decay

curve.

The procedure for expanding the decay curves is described in Ref. £"lj*

Initially expansion is done by the least squares method and Table 6 shows

the results of such expansion to four exponentials. To obtain a more precise

comparison, the same half-lives were used as in Ref. /~8_7 for the case of

thermal fission of U. In Ref. £"&J the expansion was performed to six

exponentials, but in fact 12 parameters were determined (relative yields and

half—lives). Since the problem was non—linear in this case, it is not surprising

that the accuracy of the results in Ref. / 8 _ / is inferior, despite the very good

statistical accuracy. Our problem is linear (only the relative yields are

determined) and the number of parameters is only one-third of that in Ref. /8_y.

After preliminary expansion by the least squares method, giving the background

and total count in the period from termination of irradiation to commencement of

recording and from termination of recording to infinity, the area under the curve

is normalized and the curve is expanded by the new method ^~1, 7_7« Table 7

shows the results of expanding the measured decay curves. Also given are the ratios

of the yields of the delayed neutron groups obtained by calculation, incorporating

the corrections mentioned above. Table 8 presents the results of expanding by the

least squares method £ 8_7 into nine groups (this can be done artificially).

Table 9 shows the relative delayed neutron yields obtadned by radiochemical and

mass spectrometric methods £~&J» Table 10 shows relative delayed neutron yields
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calculated from the relative fission product yields, the charge distribution

and the P systematics (we shall call these "systematics data")*

Comparison of the results shows that expansion of the decay curves "by

the new method gives considerably better agreement with the radiochemical

investigations than the least squares method (9 exponentials).

It should be noted that the new method has further possibilities and

that the results can be even better. For this we need more accurate

determination of the half—lives by radiochemical and mass spectrometric

methods and more accurate definition of PTT»

This concludes the first stage in the calculation of the relative

delayed neutron yields which involves using the only criterion we have

available at present - the half-life - to segregate contributors with

half-lives from 55 to 1.7 sec (the shortest-lived group with T = 1.7 sec

of course includes the residue of all shorter—lived groups and is thus

essentially a "barrier" group).

The second stage involves using physical laws to separate precursors

having half-lives that coincide within the limits of experimental error,

since the mathematical possibilities are now exhausted. The relation

P(A, Ap) = Y/Pn

enables the mass distribution parameters to be calculated for bromine isotopes

(masses 87, 88, 89). These parameters allow us to determine the delayed neutron

yields from other bromine isotopes. Further, knowing that the distribution

width is the same for isotopes of different elements, and knowing also the

delayed neutron yields and values of P for two isotopes of iodine (137 and 138)

and rubidium (92 and 93)» we can find the delayed neutron yields for any iodine

or rubidium isotope. These elements make by far the largest contribution to the

total delayed neutron yield. Moreover, although the measurement and treatment

of the decay curve are commenced when the contribution of the short-lived groups

is practically zero, it is still possible to determine their yield.

Thus, although we started off with the more modest and limited aim of

trying to identify the contributions of the pure precursors of bromine isotopes,

the possibilities of the mathematical method and the physical laws are such as

to enable us to segregate the bulk of the precursors.
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An investigation of the delayed neutron yields from fast fission of

various nuclei is also a basis for studying fission fragment mass and

charge distribution behaviour.

Analysis of results. We have deliberately left -;his section to the

end so as not to obscure the main arguments.

Resolution. By this term we mean here the accuracy of determination

of the relative yields of contributors to the composite decay curve. This

is governed by the channel grouping selected (the choice of channel widths

in the analyser), the statistical accuracy of the measurements and the method

of calculation. The following table demonstrates that under sufficiently

rigorous conditions - a difference in half-life of 6-1% - the yields differ

by factors of 1.5-2 (the yields of the 15«5 and 14«4 sec and the 6.3 and

5.9 sec groups). This means that the yields are still not equalized: in

the limiting case where the half-lives are the same the yields must have an

equal probability. This shows that the choice of width grouping is correct,

the statistics are completely satisfactory and the method is sufficiently

accurate. The weak contributors, as experience shows,, cannot be isolated

even with a large difference in half-lives (for example 5b, the yield of

which is 7% of the yield of bromine-87).

T (sec) Y ^

55.65 1

24.4 4.10

15.5 1.59

14.4 1.08

6.3 O.58

5.9 O.84

4.45 4.8

2.1 6.57

1.7 1.24
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Comparison of calculations by the new method and the method of least squares.

Even the artificial version of the calculation by the least squares method

(Table 8) gives correct.yield ratios (i.e. in agreement with radiochemical and
1 37

mass spectrometric data - Tables 9 and. 10, groups 1 and 2) only for I and

Br; the yield of Br is distorted by an additional contribution (~30%) from

Rb; the yield of I is 2.5 times too low (300^ error of determination) and

the following groups represent the yield from a mixture of four or five precursors.

• The new method of calculation makes it possible to identify the yields of

a larger number of contributors in the same half-life range, i.e. it has better

resolution and, moreover, it gives much better agreement with the radiochemical

data, as can b*= seen by comparing Tables 7, 9 and 10. This is the great advantage

of the new method. However, its possibilities have yet to be exhausted. More

accurate results (even better agreement with radiochemical data) will be

obtainable if certain half-life values are determined more accurately.

Calculation of delayer neutron yields from short-lived isotopes and

identification of contributors from mixed groups. Below we calculate the

delayed neutron yields from " Br (T = 1.6 sec), ™ I (T = 3.2 sec) and

I (T = 0.8 sec). Since the decay curve is analysed only from the sixth

second after the source of fission-inducing neutrons has been switched off, the

contribution of groups with short half-lives is only a few per cent and includes

components from other contributors with similar half—lives. Therefore the

accuracy with which the yield of a group with T 1.6-1.7 sec can be determined

by direct expansion of the decay curve is low whilst the contribution of the

group with T "0.8 sec cannot be determined at all. On the other hand, the
139 93 137

contribution of I cannot be separated from the contribution of Rb and Te

(see Table 7) because their half-lives are identical. Using the cumulative

yields from isotopes of bromine with masses 87, 88 and 89 and of iodine with

masses 137 and 138, (obtained by expansion of the decay curve) together with

the values for P , we were able to determine the delayed neutron yields of

the above isotopes from expressions 5a and 6.

It would be possible to show the errors associated with calculating the

yields of isotopes which are not obtained directly by expansion of the decay

curves, or which are isolated from mixed groups. However, a better illustration

can be obtained by comparing the calculation results with existing experimental

data from radiochemical investigations. The results are given in the table below.
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The good agreement between the calculated and radiochemical (experimental)

data is a fine illustration of the possibilities of the new method. It

might be considerably better still in the case of the iodine isotopes if

there were not some uncertainty in the value of PTT«

A

87

88

89

90

137

138

139

140

1

1.78

2.82

2.80

3.91

1.2+

1.17

O.56

YA
exp.

+

+

+ 3.76++

+

+ 1.78
++

++

+ o.5i++

calc.

Bromine

-

-

-

3.45

Iodine

-

-

0.94

0.32

P
II

isotopes

2.5

4

7

12

isotopes

4.8

2.5

6

12

P(A,

exp.

0.400

0.445

0.400

0.815

0.490

V
calc.

0.

0.

0.

288

156

026

+ From expansion of our decay curve.

++ Data from radiochemical investigations.

Charge distribution. We shall not return to this problem because it

has been considered in previous papers /l»9_/» In particular, it is shown

in Ref. /~9_7 n o w ^ n e method of successive approximations can be used to

isolate the direct yield from the cumulative yield for bromine isotopes.

The accuracy with which the charge can be determined is 0.1-0.2 charge units

essentially just as good as the direct method.
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Explanations for Tables 7-10

1. a. is the absolute delayed neutron yield from the i precursor
A 1

in 10 fissions;

2. "Total" is the number of delayed neutrons from a given precursor

recorded from the end of irradiation to infinity:
oo

N . = J a.m # le X tdt = a. t . (l6)
1 1 v '

This quantity characterizes the relative statistical accuracy of the yield

determination for each precursor. E N . is the total delayed neutron yield

from all groups from the end of irradiation to infinity. Since the calculation

is performed in ralative units, the tables include values for a.T.. It is a

familiar fact that even with a different set of expansion parameters — half—lives -

one can obtain practically the same accuracy of fitting to the experimental data.

This is clear from the figures presented.

REFERENCES

jTlJ TARASKO, M.Z., PEI ( ins t i tu te of Physics and Power Engineering, Obninsk)

Preprint No. 156 (1969).

/~2_7 WAHL, A.C. et a l . , Phys. Rev. 126 (1962) 1112.

.£3_J PAPPAS, A. et a l . , I n t . Conf. peaceful Uses atom. Energy (Proc. conf.

Geneva, 1955) 1» UN, New York (1956) 19.

/~4_7 MAKSYUTENKO, B.P . , TARASKO, M.Z., PEI Prepr in t No. 145 (1968).

/~5_7 STEHNEY, A.P. , PERLOW, G.J . , I n t . Conf. peaceful Uses atom. Energy
(Proc. Conf. Geneva. 1958) 15., UN, Geneva (1958) 384.

£~6_J AMIEL, S., Physics and Chemistry of Fission (Proc. Conf. Vienna, 1969)

_1 IAEA Vienna (1969) 5^9.

fl_J MAKSYUTENKO, B.P., TARASKO, M.Z., Physics and Chemistry of Fission

(Proc. Conf. Vienna, 1969) _1 IAEA Vienna (1969) 939.

/~8_7 KEEPIN, G.R., Fiziceskie osnovy kinetiki jadernyh reaktorov

(The physical bases of fast reactor kinetics) (Russian translation

of English original) Atomizdat, Moscow (1967).



- 17 -

Table 1

Delayed neutron precursors and values; of P and Z

No.

1

I .
2.

3 .
4.
5.
6.

7.

8.
9.

10.

IX.

12.
13.

14.

15.
16.
17.

r i / 2 sec

2

55,65 + 0,20
24,4
24,9

+ 0,4
+ 0,2

I5,ar> + 0,10
11,3
6,3

5,89
5,8
4,48
4,45
3,5
2,67
2,2

+ 0,3

+ 0,04
+ 0,5
7 0,02
+ 0,30
7 0,5
7 0,04
±0,3

2,028 + 0,012
2,0
1,86
1,73
I,69€
1,69
1,68
1,6
1,4
1,29
1,24
1,05

>

0,36

+ 0,5
± 0,01
+ 0,01

5 + 0,021
+ 0,13
±0,02
±0,6
± 0,4
+ 0,01
±0,02
+ 0,14

> I
>I
>l
0,8
0,15
0,4.
+.0,02
0,3

Precursor

3

Br"
I'"
Cs""
Qr"
C £ '̂ ^
0 O
T \1S

R8"
Se*7

Te"17

H^
SeH

fls*r

l'n

Krn

Xe11"
S 6 ' j y

Cs'"J

Cs'"*
Br"
As"
Kr9y

Xe l H 2

Csm

Xe I H i

Xc | l r < <

Xe l lfr

T ISO

Br"
R8*f

I"11

p n ^

4

2,5 + 0,4
4,0 + 1,3
0,073+0,011
4,0 + 1,4
0,03+ 0.C2
2,5 + 0,6
1,65+ 0,30
0,4 + 0,1
0,012+0, CO4

7 +~2
. ?

11,1+ 1,1
6,4+ 2,5

22,Oh 5.
6,07l,7

0,04+ 0,0007
0,054+0,009

8+2
1,13+0,25
0,2770,07
11,5+0,4

. ? -
2,6+0,5

0,45+0,08
I,io7o,25

?
?
?

12+8
?

. ? .
7,10+0,93

?

ZP

5

34,52 .
53,26 +
54,97 +
34,91
51,77 +
53,45 +
37,39 +
34,52 ~
36,81 +
35,42 +
53,26 7
37,84 7
34,91 ~*
33,G8
53,82 +
36,81 +
54,97 +
52,40 +
55,92 7
55,36 7
35r84 7
34,52
37,39 t
55,35 +
56,40 +
55,92 +
56,40 7
56,as "
54,34 +
38,40 +
36,32 +
38,40 7
54,97 +

0,12
0,04

0,11
0,10
0,10

0,04
0,12
0,12
0,15

0,12
0,04
0,04
0,15
0,10
0,04
0,10

0,10
0,04
0,25
0,09
0,25

.
0,03
0,19
0.09
0,19
0,04
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Table 1 (continued)

18. 0,23 + 0,02
f 0,2 »

IS. 0,135+ 0,010

12,7 + 1,5

>20

33,20 + 0.24
37,84 + 0,15
39,14 "

+ The grouping of precursors with half-l ives below 1.7 sec i s
arbitrary, as can be seen from the table.

Table 2

Distribution width and values of A for cumulative yields
of fission products

Bromine
isotopes

A j PU^)

87 2,28
88 2,78
39 2.42

6 1,721

Ap 88,09

A

92
93
94

Krypton
isotopes

PU.Ag)

1,68
0,53
0.08

1,165

91,64

A

92
93
94

Rubidium
isotopes

P(A,Ap) i

5,18
4,0
1,9

1,434

91,98

Iodine
isotopes

Caesium
isotopes

A j P(A,Ap) j A i PCA.A^)

137
138
139

4,11
2,63
1,10

1,469

136,57

141
142
143

4,60
3,1
1,43

1,623

140,46
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Table 3

Distribution of mass yields of fission products for Z = const^

Element

Br

I

Cs

• - . . - - . • -

Kr

A

87
88
89
90
91

92
93
94
95
96
97

137
138
139
140

141
142
143

__I44

90
91
92
93
94

A - Ap

- 1,09
- 0,09

0,91
1,91
2,91

0,02
1,02
2,02
3,02
4,02
5,02

0,43
1,43
2,43
3,43

0,54
1,54
2,54
3A54_

0
I
2
3
4

P(A,A)
exper.

2,28
2,78
2,42
1,40
0,40

5,18
4 ,0
1.9
0,66
0,1.7
0,02

4,11
2,68
1,10
0x24

4,60
3,1
1,43
0JI

_
-
1,68

0,1.3
0,08

P(A,A ) norm,
exper.

4,24
5,17
4,50
2,60
0,744

5,16
4,0
1,9
0,66
0,17
0,02:

4,98
3,24
1,33
0,291

4,86
3,27
1,51

_ _ _ 0 . t 4 3

-

2,14
0,678
0,102

P(A,A )
calc.

4 , 0
5,17
4,30
2,33
0,82

5,18
4,12
2,11
0,70
0,149
0,0205

4,97
3,30
1,41
0,389

4,86
3,07
1,25
O.33

5,17
4,14
2,14
0,728
0,153
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Table .4

Values of coefficients S and A in the relation AE = S A + p

Element

As
Se
Br
Kr
R0
Y
Sn
Sg
Te
I
Xe
Cs

Even
A

2,100
. -

0,993
0,990
0,923

—
-

1,50
-

0,320
0,205
C.425

Value of S

Odd
A

-

0,848
0,890
0,908
0,970

-
-
-

0,640
0,318
0,480

All
A

2,100
0,610
0,930
0,932
0,921
0,970
2,510
1,50
0,400
0,676
0,295
0,465

Even
A

83,56
-

86,05
91,75
91,52

-
-

133,09
-

120,38
140,00
139,55

Value of AQ

Odd
A

_

-

85,60
90,32
91,39
96,87
—
—
—

134,75
140,41
140,08

All
A

83,25
85,57
85,84
91,47
91,48

_
132,97
132,92
134,88
134,96
140,51
139,93

Table 5

Element

i—
i

Gr

Kr

R8

A

2

87
88
89
90
91
92
92
93
94
95
92

Values of P

Assumed
value of

P I I

3

2,5 + 0,5
4.0 + I

7 + 2
12 + 3

-
-
-
-
-
-
-

and m

m

4

I .

I .

for delayed neutron precursors

Experimental
value of

I I

5

2,5 + 0,5
4,0 + I

29 7 + 2
12 + 3

-
-

0,040+0,007
29 3,3+0,5

-
- .

0,012 +0,004

Calculated value

Our
own

values

6

13,9
18,6
0,32
4,28
5,44
8,77
0,70

Ref. /~6_7

7

13.8 + 1,6
20,2 + 2,3

0,5
3,5 + 2,7
4,7 + 0,5
8,3 + 1,0

0,5
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Table 5 (continued)

1

pg

Y

I

cs

I

Cs

Xe

I

2

93
94
95
96
97
97
98
99

138
140
142
144
137
139
141
143
145
143
145
137+
139

2

0
I
4

0
I

I
2

*

.5 +
12+

,27+
,10+

.8 +
6 +

,073j
,13+

• & +

.2 ±

3

0,6
8.
0,T
0,3
1,3
2

t.0,011
0,25

1,1
1,7

4

1,29

1,29

2,56
2,35
1,10

0,292 ?
1,68

1,69

1,69

5

1,8 + 0,5
7,5 + 1,9
7,1 + 0,9

12,7 + 1,5
20
-

0,8 + 0,4
-

2,5 + 0,6
12 + 8

0,27+ 0,1
1,10+0,3
4,8 + 1,3

6 + 2.
0,073+ 0,011

1,13+ 0,25
-
-
-

6

3,21
5,60
8,8
12,1
15,8
0,14
1,20
4,9

-
-
-
-
-
—
-
-
6,9

2,94
17.2

7

2,5 +
4,8 +

8,3+
12,1+
16,6+

0
0

4,2 +

3,8 7
9.8 +

2,2 +
6,7 +

0
3,0 +
4,7 +
1,5 +
2,2 +
2,2 +
6,7 +

1,9
0,5
1,0
1,4

.1,9
,5
,8
0,5
2,9

1,1

1,7
.0,8
,5
2 ,3
0,5

1,1
1,7
1.7
0,8

We assumed that: P
II (

137D - 4.1 m = I.69.

Table 6

235
Relative delayed neutron yields in thermal fission of U

obtained through expansion of the decay curve
by the least squares method

sec

55,72
22,72

6,22
2,30

Own

6,159
5,757
11,23-

data

I
+ O.OM"1^
+ 0,054
+ 0,19

Data

6,65
5,95
12,0

from

I
+ 0
+ 0
+ I

Ref. /~8_7+

,65
,89
,3

Expansion into six groups by least squares method.

The error in the half-life is not taken into account; if it
were, the error in the yield ratio for any group would be from
4 to %,
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Relative delaye
of the

Table 7

neutron yields obtained through expansion
decay curves by the new method

No.
group

T+

sec
T

sec Precursor Y./Y.X

V 1

I
2.

3 .
4.

5.

6.
7.

8.

9.

55,65
24,4

16,3
14,0

6,3

4,45
3,3

2,1

1,7

55,65
24,9
24,4
16,3
14,0
11,3
6,3
5,9

4,45
3,5
3,3
3,2
2,5
2,2
2,15
2
1,86
1,73
1,696
1,69
1,6

ZI37
Br 8

E?2

SS'3 < t

TI38
~ <n
Se*7

B8-9

T e I 3 7

E?3

jI39

Cf42
Se*
AF

K^2

Xe141

sl35

I
0,06
3,67

0,67
0,05
1,27
0,08

0,11
2 45
1,3!
0,15
0,87
If64
0t3I
0,01
0,01
0,60
0,25

• & •

3,73 3,91+0,14

2,06 1,78+0,10

0,72 1,11+0,09

1,35 1,22+0,10

3,02 2,82+0,18

3,87 4,32+0,28

2,98 3,27+0,33

0,86 2,14+0,40

2,82
Total = 237.2

The hal f - l i fe on which the expansion of the decay
curve was based.

Calculated value.

Prom expansion of the decay curve.

When P = 5$.
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Table 8

Results of expanding to nine exponentials by the least
squares method"1"

Group No. T sec Y./Y.

I
2
3
4
5
6
7

54,5
24,4
16,3

6,3
4,4
.2,0

( 1.6 + 2,4 )

3,63 + 0,90
2,9 7 1,2
0,5 + 1,6
6,2 + 2,0
2,2 7 2,7
6,7 + 2,2 Total = 238.62

+ Data from Ref. /~8_7.
* We show only seven of the nine groups since the other two

have shorter half-lives and cannot be compared with our
resul ts .

Table 9

Relative delayed neutron yields in theiroal fission of
(radiochemical data)

235,U

Group
No. T sec Precursor a. Total

I
2

3
4
5

6

7
8

54,5
24,4

24,9
16,3
11,3
6,3
5,86
5,9
4,5
4,48
2,67

2,028

I '17

Cs

S 6 " "

fts"

5,9 + 0,4
21,7 + 3,6

0,345+ 0,05
12,1 + 3,3
0,280+ 0,004

10,3 + 1,6

. 6760.
0,56 + 0,14
18,8 + 5,7

0,06 + 0,02
17,2 + 2,4

9,7 + 0,8

3,
2,
0,

3,
.

3,
2,

I

82 +

15 7
048+

05 +

3 +

98 7

0,69

0,60
0,001

0,51

1,0
0,46

55,65

93,14

34,08
0,54

18,48

I4t68
7,96
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Table 9 (continued)

1

9

10
I I

2

2,0
2,2
1,86
1,696
1,69
1,68
1,73
1,6
I 4
1,29
1,24

3

T ' »SeM

Kr92

X e 1 4 1

fts
Kr«
Xe142

4

12,7 + 3,6
5,1 +'2,0

0,07
3,5 + 0,3

1,6
0,84
0,06

16,2 + 5,2
9

1,38
0,14

5

4,83

1,0 +

2,8»+
7

0,26+

+ 0,74

.0,1

0,9

?

6

9

I

4

0

,76

,70

,48

.34+?

2 » 240,81

Table -10

Relative delayed neutron yields in thermal
fission of235(j (systematics data)

No.
group

T Precursorsec
a i a i / a i Total

I
2

3
4
5

6

7
8

54,5
24,4
24,9
16,3
11,3

6,3
5,89
5,9
4,5
4,48
2,67
2,028
2,0
2,2
1,86

B r "
I'1 7

&r M

r3*
R8*3

Se97

B r "

ggW
/is*5"

r*M

5,7
19,7
0,33

12,1 + 3,3
0,18
6,73
7,2
0,44
16,94
0,06
14,2
8,0
6,60
4,16
0,07

I

3,59
2,23
0,032

2,59

3,05
2,54

3,43

55,65

87,60
35,33
0,36

15,65

13,55
6,79

6,94



Table 10 (continued)

9

10

n

1,696
1,69
1,68
1,73
1,6
1,4
1,29
1*24

SB1*"

X e 1 4 1

B r "
At"

Xe142

3,88
1,64
0,84
0,06

1,75

0,14

1,14

0,31

1,94

0.40
2=230,61

Table 11

Half—lives calculated, from systematics and obtained
by identification

Element T , seccalc.,
T., . secident.,

I39

14,0 + 1,2
3,3 £. 0,5

0,8
3,2

4,48
5,9
2,67
2,5



Fig. 1 Scheme for constructing the charge distribution curve for Z = const.



Fig. 2 Radiation probability distribution.
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MEASUREMENT OF 235U AND ''39Pu FISSION CROSS-SECTIONS
WITH A NEUTRON SLOWING-DOWN TIME SPECTROMETER

A.A. Bergman, A.E. Samsonov, Yu.Ya. Stavissky,
V.A. Tolstikov, V.B. Chelnokov

Introduction

235 239
The fission cross-sections of U and Pu were neasured on a neutron

spectrometer using the neutron slowing-down time in lead /~1, ?-J» The

energy range of the spectrometer enables the relative energy dependence of

the cross-sections to be determined from ~ 50 keV down to thermal. The

cross—section curves were normalized to the thermal fission cross—section obtained

from additional measurements in a graphite prism moved up against the main
*/

lead moderator prism-' .

Method of measuring cross—sections

In the main measuring channel of the lead moderator (Fig. l) we studied

the count in a fission chamber containing a layer of the material of interest

as a function of slowing—down time, If.(t). The neutron density I-rXt) was

measured with a detector having an efficiency proportional to ~ l/v (BF -counter).

Then, as shown in Ref. /~2_7, we have

If(t)
^ = Kf<of(E).YE > = Kf .of(E) .VE .(1 +6 ) (l)

where v(t) is the mean neutron velocity at an instant of slowing down, o (E)

is the fission cross—section for nuclei of the substance under study,

<of(E) YE> represents averaging over the neutron spectrum N(E,t) in the

moderator at time t , 6 is a small correction allowing for the substitution
<o

f.(E)V E>-|q1(E).'yE and related to the width of the neutron energy spectrum

N(E,t) and the energy dependence of the cross-section under investigation,

a (E), and Kf is the normalizing factor.

The mean neutron energy and the si owing—down time t (|isec) are connected

by the relation

183 / (t + O.3)2 £~keVj (2)

This method of normalizing cross-sections in a graphite prism was
proposed by A.A« Bergman.
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If the correction 6 can be neglected, the expression for determining

the neutron energy dependence of the cross—section takes the form

If(t) 1

°f ( E ) •
Kf

The energy dependence of the cross—sections can be normalized /~2_J

to resolved resonances having known parameters /~3_7 o r to the thermal

cross—section. However, with weak spectrometer resolution it is not

always possible to isolate resonances with reliably determined parameters

in the cross—section being measured. Furthermore, if the cross—sections

have low resonances with energies of the order of a few tens of eV, the

statistical measuring accuracy in the thermal region will be unsatisfactory

in consequence of the large drop in neutron density in the moderator

IB(t) = const. t~°*
35 . e"*/* (4)

where T is the mean neutron lifetime (~ 890 |isec) in the lead prism, and

in consequence of the long times relative to the neutron burst (~ 2000 (isec)

to which the thermal region corresponds in this case («• l/v law). A

sufficiently intense thennal neutron spectrum can be obtained in a graphite

prism placed close to the main lead moderator prism (Pig. l). When the

times relative to the neutron burst exceed 1500 jisec, virtually total

thermalization occurs in a graphite prism with a characteristic dimension of

~ 1 m. This permits the thermal fission cross—sections of OJ and Pu

to be reliably normalized.

Method of normalizing to the thermal cross—section
in a graphite prism

A graphite prism with dimensions of 120 x 60 x 60 cm was used for

normalization to the thermal cross-section. A boron detector was employed

to investigate the dependence of neutron density Ifl (t) in the graphite

prism on the time relative to the neutron burst. The results of measure—

ments of I (t) in Pig. 2 show that the curve of in I (t) has a linear

trend which sets in at t > 1000 jisec after formation of an equilibrium

spectrum. In this time range the integral neutron density in the graphite

prism is ten times higher than in the measuring channel of the lead prism.

The graphite prism was also used to investigate the time dependence

of the fission chamber count, I_ (t). By analbgy with Eq. (l) we have



th. JCf <of(E) . YE >W (5)

from which we obtain an expression for calculating the normalizing factor

from measurements in the graphite prism:

where a" is the thermal cross-section averaged over the Maxwellian spectrum
-th

in the graphite prism with mean energy E .

Results of measurements and their treatment

The energy dependence or("E) for " ^J was investigated with a fission

chamber containing 15 mg PuOp, and the dependence o"f(E) for Pu with a

fission chamber containing 1.6 mg and 12.4 mg PuOp. The chambers were

filled with a mixture of argon (200 mmHg) and C02 (10 mmHg).

The amplifier circuit of the ionization chamber includes an amplifier

with a "Siren" type discriminator. The time dependence of the detector

counts was studied with the 256-channel analyser of the Measuring and

Recording Centre at the Lebedev Physics Institute of the USSR Academy of

Sciences

The results of the measurements contain a correction for the deviation

of the boron cross—section °io-n(n»a) fr°m "the ~ l/v law. The correction

was calculated with allowance for an expression describing the energy

dependence o (E) derived from Ref. £ 5_/»
B

a 6 l 0 ' 3

10,, (barn) = , - 0.286 (7)
B TE (eV)

and is ~ 10% when E = 40 keV and ~ 2$ when E = 2 keV.

The correction for weak spectrometer resolution, 6 , i s calculated

on the basis of theoretical estimates of the resolution £~2j. To determine

o we expand <a f(E).»E> in terms of E - E, restricting ourselves to the

first two terms:

j2/«

< o iro-^ _ i a ICEM J_ ^ _ a v i •
a f

dE2 E I



Obviously, the correction 6 is a relative quantity in the second term

of the expansion:

o o 2

6 = -I- (£—£ + — — - — -̂ ) . £IL (g)
E

If the cross-section obeys the a ~ l/v law, then 6 = 0; if a.. = const.,

then

6 = - T * ^2 (9a)
E

The correction to the cross—sections estimated in accordance with Eq. (9)

is not more than 2$ at E - 50 keV, when the resolution of the spectrometer

is at i t s worst (~ 100$).

Discussion of results

The results of the measurements of the energy dependence of the fission
235 239

cross—sections of U and Pu nuclei are shown in Fig. 3« The fission
239 . 235

cross—section ratio a- Pu/a,, U is shown in Fig. 4»

The cross-sections were normalized to the thermal spectrum in the

graphite prism. The thermal cross-section values used for calculating

the normalizing factor are given in Table 1. The normalizing factors
239

calculated for the fission cross-section of Pu on the basis of the

resonance at E = O.296 eV and the resolved group of resonances at

E = 7»85—32.3 eV with well-known parameters /~3_7 agree within the error

limits with the value calculated from the thermal cross—section (Table 2).

The standard deviation of the measurements is due mainly to the

normalizing error, the s ta t i s t ica l error (~ 2$) and the error in extrapolating

the time/energy relation (2) into the range of small (E < 1 eV) and large

(E > 10 keV) energies £"°-J. The error in normalizing to the thermal

cross-section (~ 3$) is largely attributable to s ta t i s t i cs and counting

instabil i ty in the graphite prism.

I t should be noted that the effect of diffusion cooling, estimated

from formulae given in Ref. £"&J, reduces the temperature of the spectrum

in the graphite prism by 12$. But, as follows from the graphs in

Ref. /~7_7, the value of 3*f »E used for normalizing the fission cross-

sections does not vary more than 0.2$ as a result of th is .

The results of our measurements of o\,(E) for U in the energy range

above 5 keV are on average 9-12$ lower than the data recommended by Hart £8_/

and the disagreement with the results of Knoll /~9_7 at 30 keV is about 10$.
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In the 0.07-10.0 keV energy range our results; are in good agreement

within the limits of measuring error with averaged selected data /~1O-14_7

which we assigned to the mean value of the averaged range of energies.

2 ̂Q
The results of our measurements of o JE) for Pu in the energy-

range E < 6 keV agree with the averaged data reported from Harwell /~5_7

and the recommended data of Hart /3_7 and Pursov et al. /~15_7«

For energies E > 6 keV there is a systematic deviation averaging

12-1555 from the data given in Refs /~5» 8, 15_7« The disagreement with

the averaged selected data /~14» 16, 17_J7 i-s proba.bly also partially due

to the inadequate resolution of our method of measurement compared with

those used by the authors of the selected data.

The values obtained for the cross—section ratio -p/ °f a r e ^n

good agreement with averaged values of Gilboy and Knoll / l8_7.

Agreement with the recommended values of Hart /~8_7 is very good. The

recommended data of Davey f_ 19_7 appear somewhat high compared with our

experimental data.



Table 1

Thermal cross—section values used for normalizing the
graphite prism measurements

^ p a

E = 0.0253 eV 580.2 - 1.8 barn £~20j 741.6 - 3.1 barn £~20j

f O.977 /"7_7 1.052 /~7_7

"cL 566.8 barn 740.6 barn

Table 2

Normalizing factors calculated for measurements
on 3-Tu using a fission chamber

Method of calculation

0.

0.

0.

487

500

514

Kf

i 0.

i 0.

- 0.

015

057

051

From the thermal cross-section in the
graphite prism

From the group of resonances at
EQ = 7.85-32.3 eV

Prom the resonance at
Eo = O.296 eV
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Table 3

Numerical values of '' U fission cross-section

E, eV CT
f, barn E, eV a

f f barn

43500
28100
19700
13900
II20Q
8840
7180
5940
4700
3600
2570
1970
1660
1400
1170
950
800
700
580
460
370
310
265
220
185
165
145
125

1,84
2,07
2,33
2,55
2,80
3,01
3,28
3,55
4,00
4,61
5,35
6,24
6,88
7,56
8,13
8,66
9,88

10,58
11,75
12,26
13,37
15,50
18,22
20,05
19,57
20,05
20,53
21,32

± 0,14
+ 0,13
± 0,13
± 0,13
± 0,14
± 0,14
± 0,15
+ 0,15
+ 0,16
+ 0.18

I 0,21
± 0,24
± 0,27
+ 0,28
+ 0,33
± 0,35
+ 0,39
I 0,43
I 0,47
+ 0,49
+ 0,56
+ 0,62
± 0,73
+ 0,80
+ 0,78
+ 0,80
+ 0,82
+ 0,85

105 22,11 + 0,88
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Table 4

239
Numerical values of Pu f i ss ion c r o s s -

section

E, eV CT
f, barn E, eV ° f , barn

43500
28100
19700
13900
II20O
8840
7180
5940
4700
3600
2570
1970
1660
1400
1170

950
800
700
580
460
370
310
265
220
185
165
145
125

1,41
1,44
1,54
1,65
1,72
1,85
1,97
2,14
2,33
2,53
2,80
3,31
3,94
4,54
5,42
5,75
5,86
6,20
7,88
9,43
9,61

11,87
15^02
16,55
16,62
16,57
17,42
19,68

±0,11
+ ° . 1 0

+ C,09
+ 0,09
+ 0,08
+ 0,08
+ 0.08
± 0,09
± 0,09
+ o.io
+ Q,II
+ 0,13
± 0,16
+ 0,18
+ 0,22
+ 0,23
+ 0r24
+ 0r25
+ 0,32
± 0,38
+ 0,39
+ 0,48
± 0^60
±0,66
+ 0,66
± 0,66
±0,70
+ 0r79

105 26,0 + 1,0
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Table 5

E,
eV

43500
28100
19700
13900
II200
8840
7180
5940
4700
3600

Numerical

0239/235
°f / Of

0,763 + 0,036
0.691 7 0,63
0,657 + 0,054
0,643 7 0,046
Ct6II 7 0,040
0,615 +. 0,040
0,599 7 0,037
0r603 7 0,035
0,580 + 0,033
0,548 7 0,031

values of fission cross-sectior

° f(E)239Pu/° f(E)235U

E,
eV

3100
2220
1790
1500
1250
1070

880
760
640
520

a 2 3 9 / 2 3 5

°f /af

0,537+0,031
0,519+0,30
0,530+0,030
3,604+0,034
0,636+0,036
0,666+0,038
0,640^0,036
0,570+0,033
0,625+0,036
0,775+0,043

E,
eV

4OT
370
310
265
220
IJ35
H35
145
125
105

ratio

239/ 235
a f /°f

0,767+0,043
0,687+0,040
0,761+0,043
0,823+0,047
0,823+0,047
0,846+0,048
0,82o7o,047
0,847+0,048
0,916+0,052
I.I757o,O67

/"l_7

/~2_7

/~3_7

£~4_J

/~5_7
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Scheme of main lead moderator prism and of the graphite

prism for normalizing cross-section curves to the thermal

value.

Key:

1 = prism of lead moderator

2 = position of zirconium-tritium target

3 = channel in which fast neutron "burst is recorded

4 = main measuring channel

5 = graphite prism

6 = measuring channel of graphite prism



Pie. 2 Dependence of neutron density in the graphite prism on time

relative to the neutron burst, 1^ (t).

Key:

1 = graphite prism located at the side of the lead moderator

closest to the target

2 = graphite prism at the side furthest from the target

i

--UB3

J

Energy dependence of fiesion cross-sections of
Pu nuclei.
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MEASUREMENT OP THE PARAMETER a(E) FOR 2 3 9 P u WITH A
NEUTRON SLOWING-DOWN TIME SPECTROMETER

A,A. Bergman, Yu.Ya. S t a v i s s k y , V.R. Chelnokov, A.E. Samsonov,
V.A. T o l s t i k o v , A.N. Medvedev

Introduction

Systematic measurements of the parameter a(E) = a (E)/O «(E) - the
c x

ratio of the neutron radiative capture cross—section to the fission cross-

section — for plutonium-239» which largely determines the conversion ratio

of fast reactors, are being performed in many laboratories. Estimates of

a(E) from experimental values of the total cross-sections and the fission

cross-sections indicate that the accuracy with which <Z(E) can be obtained

is no better than yjfo f_^^-J» Therefore, direct measurements are very

important.

The difficulty with direct measurements of a(E) lies in separating the

radiative capture and fission events, since both are accompanied by the

emission of prompt gamma rays. Where time-of—flight measurements are

concerned, the experimental values contain a considerable uncertainty due

to scattering on nuclei of the specimen and to the difficulty of measuring

the background. The method with which we are concerned here, using a

neutron slowing-down time spectrometer with a lead prism /~2, 3_7, permits

measurements of a(E) in the energy range below ~ 50 keV. The essence of

the method is that sample and detector are placed in an isotropic neutron

field which is not affected by neutron scattering on nuclei of the sample

or the detector material. The low gamma background of the spectrometer

makes it possible to record gamma rays with a gas proportional counter,

in which the recording efficiency is proportional to the radiation energy

£~Aj 5_7« The efficiency of recording a capture or fission event is

accordingly proportional to the total energy of the gamma cascade and is

independent of possible variations in the gamma-ray spectrum.

The relative energy dependence of <x(E) was normalized with a well—

thermalized neutron spectrum produced in a graphite prism placed close

to the main lead moderator prism. The necessary thermal spectrum

constants are already known with a high degree of accuracy £~6t



1. Measuring procedure, detectors and counting equipment

239
A sample of Pu and a gamma detector were placed in the measuring

channel of a lead moderator (Pig. l) and the dependence of the detector count

on the slowing—down time, I (t), was measured:

I (t) = const, fe . a (E) + £ . a (E)"| . <p(t)
Y L c c 1 i j

= K^ [ac(E) + B . of(E)] . <p(t) (l)

where S = ef/e is the ratio of the efficiencies of recording a fission
I C

event and a capture event from instantaneous gamma rays, <p(t) is the neutron

flux, and K (n ,M , £ ) is the normalizing factor, which depends on the

effective thickness of the sample n , the count of the monitor M and the

efficiency of recording a capture event for nuclei of the sample under

investigation.

Measurements with the gamma detector were alternated with counts in
239

a fission chamber, If(t), containing layers of Pu::

If(t) = Kf . of(E) . <p(t) (2)

where Kfl(n ,WL.,e ) is the normalizing factor, which depends on the effective

thickness of the layer in the chamber, n^t the count of the monitor, I/L., and

the efficiency of the chamber, e .

Dividing expression (l) by (2), we obtain the basic expression for

determining GL(E):

Kf I (t)

a(E) =T • i ^

The mean neutron energy E (keV) and the si owing-down time t ((isec)

are linked by the empirical relationship £~2>_J

E = l83/(t + O.3)2 (4)

For recording prompt gamma rays from fission and. radiative capture,

a gas proportional counter is used £~4t 5_7 ̂
n which the efficiency of

recording gamma rays is approximately proportional to their energy. In

this case the efficiency of recording capture and fission events is affected

very little by variations in the gamma—ray spectrum and is determined solely

by the total gamma—ray energy per interaction:

e = const . B

(5)
£ = const . E f
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where B is the neutron binding energy in the nucleus and E~ is the total

gamma-ray cascade energy per fission event.

From expression (5) i t follows that the normalizing constants K-/K and

6, which are characteristics of the detectors, are constant over the

investigated range of energies.

The amplifier circuit of the detectors incorporates a UIS—2 broad

"band anti-saturation amplifier. The time dependence of the detector

count was analysed by the Measuring and Recording Centre of the Lebedev

Physics Institute /~8_7» Since the time resolution of the spectrometer

is - 15^1 the analyser has groups of channels with pulse widths ranging

from O.25 (isec at the beginning to 64 (isec at the end of the cycle.

The low resolution of the spectrometer rules out reliable determina-

tion of the normalizing constants from resonances with well-known values

of a(E ), so the usual practice is to normalize on the basis of the

thermal values. As the graphite prism (Fig. l) is moved up to the lead

"cube" and fed with the neutron pulse from the lead, alternate measure-

ments are made inside i t of A I„ with the fission chamber and of AI
thY

of the sample in question with the gamma counter as well as of AI of

a non-fissionable standard sample:

AlJh= Kf . o£ h . A«pth (6)

Al t h
+ = Kst . a th

+ V h (8)
yst y cst T v '

where o_ , a and a are the thermal fission and radiative capture cross—
1 c cst

sections averaged over the neutron spectrum in the graphite prism and

A9 is the thermal neutron flux.

Relations (7) and (8) are dependent because the condition in

expression (5) is fulfilled for the proportional gamma counter, so that

for samples with uniform geometry we have

K n .M .eX n ,M ,BX

_I =
 x x c x x n (9)

K s t~n +.M + . e s t n..M , .B s t

Y st st c st st n

After simple transformations we obtain from relations (6), (7) and

(8) the normalizing constants:
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Y "I
' Y

where a = a /a ' is the ratio of the thermal radiative capture and
c l

fission cross—sections averaged over the thermal spectrum.

2. Measurements in the lead cube

The measurements in the lead moderator of the spectrometer were

performed with a neutron burst frequency of 312.5 and 625 Hz and a burst

duration of ~ 0.5

Measurements of the effect due to the sample were alternated with

measurements of the gamma background (background sample in gamma counter)

and measurements of the natural radioactive background from the specimen

as well as measurements with the fission chamber. Luring the measure-

ments the mean square spread of the counts in the channels was monitored,

an especially important procedure in the case of small slowing—down times.

In measurements with the gamma detector the signal to background

ratio is ~ 25% in "the energy range 0.1-2.0 keV and ~ 15% in the energy

range 2.0-8.0 keV. Above E - tt.O keV the signal to background ratio

deteriorates owing to the increase in background close to the neutron

burst; this means that it is essential for the position of the burst to

remain stable relative to the beginning of the cycle.

(a) Allowing for activation

The activation of the specimen, A, was determined from the ratio of

the count rate during measurement with a sample in the gamma counter I (t)

to the count rate during measurement with the fission chamber I^(t) at the

end of a cycle lasting 3200 fisec, when i t can be assumed with sufficient

certainty that the cross-section under investigation follows the ~ l/v law:

I (t) - A Al th

V V

If(t) Alf

The correction for activation of the specimen decreases sharply with

decrease in t and does not exceed 1% in the 0.1-50 keV energy range.
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(b) Allowing for recycle neutrons

The correction for the contribution of recycle neutrons in a 3200

cycle is negligible. The contribution of recycle neutrons in a 1600 f*sec

cycle is determined from the time dependence I (t) in measurements with a

3200 (isec cycle, in the time range from 1600 to 3200 fxsec.

The correction for the contribution of recycle neutrons in a series

of measurements with a 1600 usec cycle is ~ 0.5$ in "the 0.1-50 keV energy

range.

(c) Correction for counting losses

The correction for counting losses is determined by the finite

resolving time (x - 4 usec) of the counting system. This correction is

important with small t because of the higher background close to the

neutron burst. It was introduced in the results of the measurements with

the sample and in the background measurements, in accordance with the

expressions

f^{ (13)
1 r

r\ = j^- ,J m(t)dt
(14)

where m(t) is the number of pulses counted in the channel situated in the

range from t to t + A per unit time, n(t) is the number of pulses entering

that channel per unit time, and f is the neutron burst repetition frequency.

The correction for counting losses is ~ 4% at E — 50 keV and drops

sharply to - 0.5% at E - 5 keV.

(d) Correction for spectrometer resolution

The correction to a(E) for poor spectrometer resolution (AE/E — 35%

at E - 1 keV and AE/E - 70% at E - 40 keV) was calculated from the

theoretical evaluations of the neutron spectrum in Ref. /~3_7«

The correction for resolution in the 0.1—50 keV energy range does

not exceed ~ 5%»

3. Measurements in the graphite prism

The measurements in the graphite prism which is moved towards the

main prism of the lead moderator were performed with a neutron burst

frequency of 312.5 Hz and a width of ~ 2.0 (isec.
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(a) Thermalization of the neutron spectrum

A well-thermalized spectrum is necessary for normalizing the constants

obtained from the graphite prism measurements to thermal values.

Measurements with a boron detector (BF ..-counter) in the graphite prism

(Fig. 2) show that the thermal neutron density decreases with a constant

relaxation of a = 710 sec ". Using this value and data from Refs /~9, 10_

estimates were made of the thermalization time in the graphite prism and

these indicated that a thermal spectrum with near-4Iaxwellian distribution

is established at times of t > 1000 (isec.

To check the establishment of thermal equilibrium, measurements were
239

made of the ratio of the count from the Pu fission chamber to that of

the boron detector,, and of the ratio of the count from the gamma detector

with the cadmium sample to that of the boron detector (Fig. 3)» as functions

of time relative to the neutron burst. As can be seen from Fig. 3» an

equilibrium thermal spectrum can be guaranteed at t > 1500 |isec.

(b) Allowing for activation

For the measurements in the graphite prism with the gamma counter,

allowance must be made for activation of the sample, which is quite
?39

significant in the case of ' Pu. This is done on the assumption that

the length of the cycle (3200 (isec) is small compared with the lifetimes

of the radioactivities produced. We take the difference between the

counts of the gamma detector over two equal time intervals of ~ 800 (isec

at the end of a cycle, AI . A similar procedure is followed for the

fission chamber count, in that the quantities Al and AI- in the ratio

(A 1 /Al~ ) are reduced to a single thermal flux.

(c) Allowing for neutron flux depression

The flux depression in the prism during the cycle due to neutron

absorption in the specimen was estimated from the experimental ratio of

the count from the boron detector with the cadmium sample inserted in

the channel of the prism to the count without the cadmium sample (Fig. 4).

The results of the measurements show that the effect of depression in the

time range up to 3200 \isec is not more than 5$» Allowing for the

difference in absorption in the samples under investigation and the cadmium

sample, we find that this effect is less than 0.5$ for the samples under

investigation.
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Absorption during passage of neutrons through the sample was allowed

for on the assumption that each neutron traversing the sample covers an

identical path equal to the mean distance through the sample £(n = Ni, at/cm ),

As shown in Ref. /~H_7» when no ~ 5» "the difference in the paths traversed

may be neglected without giving rise to errors greater than 3-5$. In our

samples no ~ 0.2, so that this difference can be neglected.

The relative reduction in the count due to attenuation of the neutron

flux is

„ / 0 ( v ) - v ( l - ^
g ) dv no t h (nath)2

Q(V) ,vo dv f 3

where Q'(V) and v are neutron density and velocity respectively, o (v ) = a v /
+v»

is the neutron absorption cross—section and a is the absorption cross-

section at an energy equal to kT (v = 2200 m/sec).

The numerator in expression (15) describes the neutron absorption in

the sample with allowance for attenuation of the neutron flux, whilst the

denominator represents absorption without attenuation of the flux. Integra-

tion was performed after expanding the exponential term. Succeeding terms

of the expansion give divergent integrals but the validity of expression (15)

was verified by numerical integration for different thicknesses of the

samples investigated.

A correction for absorption was introduced in the results of the

measurements with samples and also in the background measurement (back-

ground container of the gamma counter). The correction for absorption

in the samples used in the measurements in the graphite prism did not

exceed 13$.

4. Results and discussion

Measurements with the proportional gamma counter were performed for
— 2l 20

PuO_ samples of different effective thicknesses (n = 4.4 x 10 ; 4«2 x 10

and 1.7 x 10 at/cm ) with a Pu content of ~ l.&fo. For normalizing

purposes measurements were also carried out in the graphite prism with

samples of Ag and Ag (n = 4*3 x 10 at/cm ) and ^ Au (n

= 1.8 x 10 at/cm ). The fission effect was measured with ionization

fission chambers filled with a mixture of A (200 mmHg) and C0,> (10 mmHg).

Because of the high intensity of the spectrometer only a comparatively
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sraall quantity of fissile material need be used in the chamber and i t is

fairly easy to separate the fission fragment count from the alpha particle

^background. For our measurements we used fission chambers containing

1.6 and 12 mg 239PuO2.

The thermal cross-sections used for determining the normalizing

constants are given in Table 1. The absolute error due to normalization

is shown in Table 2 as a function of a(E). From the measurements in the

graphite chamber we obtained the value B = 0.802 + O.O56.

The results of our measurements of the energy dependence of a(E) for
239

Pu are shown in Fig. 5 and compared with the data of other authors.

The numerical values of a(E) are shown in Table 3» Our own data in- the

0.2-7 keV energy range are in agreement with averaged data obtained by the

time-of—flight method in linear accelerators /l6—18_7 and in the neutron

spectrometer of the cyclotron at the Institute of Experimental and

Theoretical Physics /~15_7«

In conclusion, the authors wish to thank I.M. Frank and I.Ya. Barit

for the opportunity to conduct measurements on the neutron slowing-down-

time spectrometer; F.L. Shapiro for his interest in the work and useful

discussions; V.N. Konov, G.V. Muradyan and Yu.V. Eyabov for their

discussions of the method and the results; I.V. Shtranikh and colleagues

of the Radioelectronics Department of the Lebedev Physics Institute for

organizing and carrying out the work at the Measuring and Recording Centre.

of the Institute; and N.N. Gonin, Yu.A. Dmitrienko, V.M. Polyakov,
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Table 1

Thermal cross-sections used for noimalization

Values at E = 0.0253 eV Values for Maxwellian
spectrum

of = 741.6 i 3.1 barn £lj 1.055

a = 0.3659 - 0.0039 /"V7 1.088

0th = 780.2

a t h = 0.3982

a =. 98.6 i 0.3 barn £~6_J 1.005 - 99.1

107, o = 63.6 i 0.6 barnc 1.004 o^n = 63.8

Note: o t h = f.a (E = 0.0253 eV) where f i s the Westcott factor /"9_7«

Table 2

Absolute error in o(E) due to normalization

0,40
0.60
0,80
1,00
1,20

1
0,06
0,07
0,08
t),I0
0,11

Note: The normalization error derives largely from the measuring
stat ist ics in the graphite prism (1-2$), the error in the
absolute weight of the samples (~ 4$) and the uncertainty
in the dependence of the gamma counter efficiency on the
gamma-ray energy (~
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Table 3

P *3Q

Numerical values of a(E) for Pu

E, keV

6,0
5,0
M
3,2
2,6
2,1?
1,7?
I,*7
1,23
1,05
0,92
0,80
0,70
0,60
0,53
0,»7
a,w
0,35
0,30
0,27
0,23
0,20

a(E)

0,96 + Q,T2
1,00 + 0,12
1,05 • Q,I5*>
I,OB • 0,12
1,15 + 0,12
1,36 + 0,12
1,40 + 0,T2
1,19 + 0,15*^
I,I« + 0,11
1,15 + 0,10
1,16 + O.I'O
1,13 + 0,10
X,20 + 0,11
1,20 + 0,11
1,15 * 0.10
0,95 + Q,U*]

1,01 + 0,09
1,16 + 0,10
1,10 + 0,10
0,9* + 0,10
0,90 + 0,10
0,81 + 0,09

Note: The table shows the statistical error in the measurements
of a(E) except in cases marked with an asterisk, where
the total error is given.
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Fig, 1 Measuring set—up

1 = Lead "cube"

2 = Position of zirconium-sodium target

3 = Channel in which the fast neutron burst is recorded

4 = Main measuring channel

5 = Graphite prism, 60 x 60 x 120 cm

6 = Channel of graphite prism
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Dependence of neutron density in the graphite prism on time

relative to the neutron burst Ith(t):

1 = Graphite prism placed at the side of the lead "cube" closest

to the target;

2 = Graphite prism placed at opposite side.
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Fi g . 5 Energy dependence of a(E) for Pu

• Own data

* Sukhoruchkin, 1970
Ryabov, 1970

« Scintillation tank

© Fission chamber 220 nsec/m

o Fission chamber 15 nsec/m

o Hopkins, Diven, 1962

# Spivak, 1956

*v* De Saussure et al.1966

k Andreev, 1958
Gwin et al, 1970

• metal foils
a fission chamber
• Sowerby et al. 1970
^ Czirr, Lindsey, 1970
+ Farrell et al., 1970
v Muradyan, 1971

o Kazansky, 1971
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ENERGY AND MASS DISTRIBUTION OF FISSION FRAGMENTS
PRODUCED IN SPONTANEOUS 244cm FISSION

I.D. Alkhazov, O.I. Kostochkin, S.S. Kovalenko
L.Z. Malkin, K.A. Petrzhak, V.I. Shpakov

The authors present the results of bilateral measurements of the

kinetic energies of fragments from spontaneous fission of Cm which were

carried out using surface-barrier silicon detectors.

A preparation of isotopically pure Cm (<0.001 wt% Cm) approxi-

mately 3 mm in diameter, coated onto an aluminium base, was placed between

two semiconductor detectors. The thickness of the preparation together

with its carrier was less than 10 |ig/cm . The thickness of the base was

80 ng/cm . The distance between the detectors was set at 1 cm. The

diameter of the sensitive area of the detectors was 7 mm. The working

surfaces of the detectors were diaphragmed to avoid losses in the pulse

amplitude measurements when fragments strike the edges of the sensitive

area of the detectors. The geometrical efficiency of recording fission

fragments was T/Om The detectors used in the measurements were selected

from commercially available models on the basis of energy resolution,

reverse current and the permissible bias voltage. The resolution of the
239 .

detectors used, measured with Pu alpha particles was about 1—2%, the

reverse current was no more than tenths of a microampere and the bias

voltage was not less than 25 V.

The energy calibration of the apparatus was carried out with the aid

of unilateral fragment spectra from thermal fission of U, using the

method proposed by Schmitt ]_ 1_/.

The time resolution of the apparatus (4 1 10 sec) permitted an

alpha particle loading of the detector of the order of 3-4 x 10 sec .

On that basis approximately three spontaneous fissions per minute were

recorded. The probability of alpha particle pulses covering fragment

pulses was about ?,%.

To avoid drift of the detector characteristics due to radiation

;e caused by the high alpha activity of the Cm preparation, nc

more than 10 spontaneous fission events were recorded by one pair of

detectors,

recorded.

damage caused by the high alpha activity of the Cm preparation, not

one
0 A A

detectors. In all, about 65 000 spontaneous fissions of Cm were
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The peak to valley ratio was 14:1 in the U calibration spectra

and 4:1 in the Cm energy spectra. The peak to valley ratio in the
0 A A

Cm mass distribution was 15:1. The comparable value obtained by

Bennett and Stein f^J for ^'Cf was 12:1.

The accuracy with which the energies and accordingly the masses of the

fission fragments can be measured depends on the stability of operation of

the apparatus during measurement, the accuracy of the energy calibration,

the superposition of alpha particle pulses on fragment pulses and the

statistical measuring errors. During measurement the continuous stability

of both the amplification circuits and of the pulse height measurement

was checked every 30 minutes with the aid of a precision pulse height
239

generator and a reference Pu alpha particle source and, in addition, the

positions of the peaks in the unilateral fragment spectra were checked every

three hours. Peak displacement did not exceed 1%.

The calibration errors are compounded from errors in Schmitt's

calibration formulae /"*1_7 and. errors in the determination of the

positions of the peaks in the unilateral spectra of '" U and Cm

fragments. The errors in the coefficients do not in any case exceed the

errors given by Schmitt f^3_/ f°r ̂ e kinetic energies of fragments from
23S

thermal fission of U, i.e. 0,6%, The errors in fixing the peaks are

determined by the statistics accumulated in each series of measurements

with one pair of detectors. As already indicated, the number of Cm

fission events was of the order of 10 , the same as the number of fissions

in the calibration spectrum. An idea of the accuracy of the energy

calibration may be gained from the following consideration. Schmitt /~1_/

proposes determining the calibration constants from the formulae
Al A2

" A , - aPT b1 = A, - a'PT- - p p - - p _ P — «3 ~ L - - -4 - - L
Li n JJ n

where P^ and P represent the position of the peaks of heavy and light

groups of fragments in the unilateral energy spectrum, and A-,, Ap» A-j and

A- are constants relating to the particular fissionable nucleus. The
O A A QT C O /I /I

constants for Cm were determined from the position of the U and Cm

peaks in each series of measurements. The constants for the different

series did not differ from each other by more than 0.2%. Their mean

values are as follows:
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Ax = 23.952

A2 = 0.0355

A3 - 91.437

A4 = 0.1398

The correction to the mean values of the kinet ic energies to allow

for overlapping of the pulses from alpha pa r t i c l e s and fragments i s the

product of the overlapping probabil i ty and the height of the pulse from

the alpha pa r t i c l e , i . e . not more than 200 keV. The appropriate

correction was made to the data given below. An over-all estimate of the

above measuring errors showed that the standard deviations in the

determination of the mean kinet ic energies and the masses are no more

than - 1%.

The resu l t s of the measurements were reduced to a form corresponding

to fragments before the emission of prompt f ission neutrons by a method

similar to that proposed by Schmitt £~bj• To determine the number of

neutrons emitted af ter f iss ion, the to ta l number of neutrons in each

fission event was measured with a l iquid s c in t i l l a t i on counter and the

dis t r ibut ion of neutrons between fragments as a function of mass was

calculated from T e r r e l l ' s "universal" curve

The data obtained are shown in Tables 1-3. Table 4 shows the mean

to ta l k inet ic energy <K?> » the mean energies < K > and<K.>and the

mean masses <M,> and<Mj> of the l ight and heavy peaks, the standard

deviations of the mass d is t r ibut ion o and the t o t a l k ine t ic energy

dis t r ibut ion o . The table also includes similar data from the l i t e r a -

tu re . I t wil l be seen that our own data dif fer from those of other

authors. These discrepancies can be explained as follows. In Ref. /~8_7,

where the measurements were performed with semiconductor detectors , no

correction was made for the mass—dependent pulse—height defect of pulses

from fiss ion fragments, so that the fragment energies are too low.

Moreover, in Ref. /~8_7 and- also Ref. /~7_7 f the energy cal ibrat ion was

based on old and too low values of the kinet ic fragment energies for

thermal f ission of ^OJ obtained by Fraser and Milton /~9_7» If

Schmitt 's data £~bj had been used in Ref. /"~7_7» "the resu l t s would have

agreed well with ours. In Ref. /~6_7, the to t a l k inet ic energy i s

clear ly too high owing to the poor time resolution of the equipment.
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Table 1

Distribution of the number of 44Cm spontaneous
fissions in relation to the total kinetic
energy and mass of the light fragment before

neutron escape

Mass

MeV

220

218
tu
214

732

210

206

2 »

204

2O>

2Oi

IMS

1%

194

1 «
1%

IBS

186

1*4

UZ

ISO

(76

174

no
in
ITC
IC8

166

164

Ifi2

160

156

IX
W4

86

3

7

10

14

19

24

n
28

28

23

27

26

24

22

20

1«

m

i

1
>
s

10
It

20

ZJ

29

34

39

4J

42

42

45

•7

54

31
26

23
IB

90

J
2

2

I

3

lil

21

30

36

44

50

54

Ml

59

5*

55

52

47

39

36

28

23

19

92

i
2

4

7

10

n
29
44

57

*»

75

B:

Be

87

78

74

6V

61

49

37

35

30

22

20

3
4

t
11
16

31
SO

« ?

83

98

112

120

130

119

ioe
9 9

88

69

51
39

35

27

21

IS

»t>

2

3
4

6

9

17

31
56

84

99

121

140

162

181

187

18?

K5

150

133

HI

96

76

59

47

38

27

20

16

98

1
2
4

5
*

2U

37

64

101

1*5

J79

214

236

24/

2t J

in
257

231

20J

m
us

102

8?

62

48

36

26

20

17

100

I
2

4

e
19
41

77

122

1/6

250

2 8 3

iii

361

386

:3i

y*

m
21

250

III

166

156

122

95

72

Si

<i2

32

25

20

IB

Mi

I
4

10

23

52

UA

155

224

306

5tO

4 1 8

4<jJ

488

<>%

\*A,

431

3G4

311

2V4

228

177

138

102

75

»

52

36

28
22
17

13

104

1
1

I
5
9

n
38
72

125

191
261

341

419

476

535

558

575

545

505

4S5

367

*^7

268

217

164

123

93

6?

53

40

31

26

20

15
12

I Ob

-4

e
16

36

83

131
194

267

351

450

511
556
570

Stt.
572

532

491

434

362

204

252

180

ue
105

80

52

<<e
37

50
24

19

16

II

108

9

21

36

« 4

ioa
ieo
235

ill)
J85

454

50?

544

539

VI

495

459

4rs
35B

296

238

104

142

III

e7
58

52

40

SI

26

23
21

19
15

110

14

JO
50
77
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Table 2

Mean total kinetic energy "̂ EjP* of Cm spontaneous fission fragments
and i t s standard deviation in relation to light fragment mass

«,/aeu/

<B£/U3»/

M,/aey/

<E.>/U3B/

^ t . /«3»/

86

166,9

8,4

108

191,2

10,8

88

168,9

9,0

110

192,3

10,6

90

170,8

9,1

112

193,2

11,8

92

173,5

9.3

114

192,6

12,6

94

176,0

9,4

116

190,2

13,8

96

178,3

9,8

118

187,2

14,5

98

181,3

9,9

120

182,2

14,3

100

184,4

10,2

122

179,5

13 ,6

102

186,8

I0,C

104

188,8

10,2

106

190,4

10,4

MeV

amu

amu

amu

amu

Table 3

Mean light fragment mass<M> and i t s standard deviation ° as a function of EL.

154 156 158 160 162 164 166 168 170 172 174 176 178 180 182 184 186

99,9 99,4 99,3 99,3 99,5 99,3 99,4 100,0 100,7 101,0 101,4 102,0 102,5 103,0 103,J 104,0 104,5

I I , J 11,1 10,7 10,4 10,1 9,6 9,1 8,8 8,6 8,3 7,9 7,5 7,1 6,7 6,b 6,2 6,0

188 190 192 194 196 195 200 202 204 2C6 208 210 21? 214 ?I6 218 220

05,0 105," 105,9 106,3 106,8 107,2 107,6 108,0 108,3 108,7 109,2 109,5 109,8 110,3 110,8 III ,3 111,5

5,7 5,4 5,3 5,1 3,0 4,9 4,7 4,6 4,4 4,3 4,2 4,0 3,9 3,7 3,6 3,7 3,6

I
—a



Table 4

Energy and mass distribution characterist ics of fragments from spontaneous fission of
244,

Smith et Malkin et Bolshov et Vei-Ven
al./"5_7 al. f6j al. flj Chelnokov £~Qj

Our own data

Mean total kinetic energy (MeV) < &>

Standard deviation of total kinetic energy
distribution (MeV) CL,

Standard deviation of mass distribution
(amu) aM

Energy of light fragment peak (MeV) E,

Energy of heavy fragment peak (MeV) TL.

Mass of light fragment peak (amu) M,

Mass of heavy fragment peak (amu) M~

185.5 182.3*2.3 180.2*]

11.9

M o s t p r o b a b l e v a l u e s

IO5.5

80

117*4

86±3

Half width
19

103.4-1.5

104*0.5

140±0.6

188.6*1.6

11.5

5-9

Mean values

107.5*1.2

104.6*1.0

I

ro

I
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ABSOLUTE FISSION FRAGMENT YIELDS FROM H Pu FISSION
INDUCED BY SLOW NEUTRONS

N.V. Skovorodkin, A.V. Sorokina, S.S. Bugorkov,
K.A. Petrzhak, A. S. Krivokhatsky

For the development of reactor engineering we need to know the fission

characteristics of Pu, including its fission product yields. At the

commencement of this investigation data were available on the stable isotope

yields of the heavy fragment peak / I , 2-J and the yields of various radioactive

isotopes ( I, Cs, T5a) /~3_7 and-, when our investigation was finished,

two further publications appeared /4» 5_7 which for all practical purposes

do not duplicate our data. Using the radiochemical method we determined
89 90 9S 99 111

directly the absolute cumulative yields of Sr, Sr, y^Zn, yyMo, Ag,
U 2Pd, 115Cd, 115mCd, 132Te, 14°Ba, 141Ce and 144Ce, and we also determined

the relative (to Ce) cumulative yields of 16 radioactive isotopes of rare

earth elements and Y resulting from slow fission of Pu. The targets

were irradiated in a water-moderated and cooled reactor with a neutron

spectrum having a cadmium ratio for gold of ~ 3«

The plutonium for the targets was cleaned by ion exchange. The

targets were dissolved in the presence of isotopic carriers and special

conditions were created to promote exchange of antimony, molybdenum and

zirconium with the carriers. The separation and cleaning of all the

isotopes was done by ion exchange chromatography with a minimum of deposition.

The chemical yield of Mo and Ce was determined by colorimetry, the yield

of Sr by the complexometric method and the yield of the other isotopes by

gravimetric analysis. The rare earth elements and yttrium were also

separated by ion exchange chromatography using alpha-nydroxy isobutyrate

of ammonium £"&J» The carrier employed was lanthanum so that we were

able to separate all the elements virtually without carrier.

The absolute number of disintegrations was measured in a 4ufl flow-

type propane counter. The active substance was coated on gold-plated

organic films with a surface density of ~ 10 mg/cm . The maximum surface

density of the active substance was 50 mg/cm . The absolute activity of

the rare earth isotopes was measured in the 4TCB counter through an Al

filter with a thickness of 6 mg/cm . The correction for beta particle

absorption was determined experimentally for each isotope. The decay
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curves were analysed "by computer by the least squares method. The

standard deviation of the total number of atoms of all the various
* 141 I44 *

isotopes was 1.5—2$> except for Ce and Ce where it was 2.7 and 3.3%
respectively.

The number of fissions in the plutonium target for radiochemical

analysis was determined from the number of tracks produced in a mica

detector by the fission of a known amount of plutonium coated on the

mica detector, which was irradiated in the reactor together with the
2 39target in a special assembly. To allow for the contribution of Pu

239 241
fissions, we used Pu and Pu fission cross—sections determined

for the reactor spectrum in Ref. £"lj» The fission fragment recording

efficiency of the mica was determined with a calibrated Cf source

as 96.7 i 0.7$. The contribution from Pu fissions was not more than

The standard deviation of the values obtained for the number of

fissions in the plutonium target was 2—2.5^. The yields obtained are

given in Tables 1 and 2. In the calculations allowance was made for

the cumulative yield of precursors £^&J»
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Table 1

Absolute cumulative yields

Isotope Half-life used Absolute cumulative
yield in %

CcL «S

Ce

5C, 36 days (d)

28,1 years (yr)

o o , ^ n

7,5 d

21,6

53,5

77,7

12,60

32,51

284,3

I f 2I + 0,03

l,k& + 0 t0*

4,08 + 0,12

6,]3 + 0,16

0,586+ 0,015

0,223+ 0,058

0.C34I+ 0,0010

0,0056+ 0,0002

4,49 + 0,12

5,64 +0 ,11

4,81 + 0,14

4,08 + 0,14
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Table 2

Relative and absolute cumulative yields

Isotope

ci-CL

& *

/vOi

Pm

Q " ~
€>rrt
ft i5£

tu
r* f5r

rpQM

*l The

Half-life

3,85

32,51

33,40

13,59

5,98

11,06

2,64

1,8

53,09

28,40

47,1

9,4

15,21

15,15

18,0

7,20

58,8

used

d

h

d

h

d

yr
h

h

h

h

h

d

h

h

d

d

; slight differences

Yield

to

1,10

It 17
0,952

1,06

0,739

0,574

0,577

0,361

0,573

0,207

0,128

0,0401

0,0417

0,0319

C.0II3

0,00200

0,409

relative
144CeV

+ 0,02

+ 0,02

+ 0,020

+ 0,01

+ 0,022

jt 0,008

+ 0,023

+ 0,010

+ 0,014

+ 0,010

+ 0,003

+ 0,0010

+ 0,0007

'+ 0,0008

+ 0,0002

+ 0,00004

+ 0,007

in the relative yields

Absolute cumula-

tive yield in %

4,50

4,78

3,88

4,31

3,01

2,34

2,35

1,47

1,52

0,846

0,522

0,163

0,170

0,130

0,0462

0,00815

1,67

+ 0,17

+ 0,18

+ 0,16

+ 0,15

+ 0,14

+ 0,09

+ 0,13

+ 0,06

± 0.0B

+ 0,050

+ 0,022

+ 0,007

+ 0,006

+ 0,006

+ 0,0018

+ 0,00032

+ 0,06

compared with
Ref. /6_7 a r e explained by the fact that our table includes
the results of one further experiment. The yields for
5 Sm, 5 En and 5^Sm have been calculated on the basis of

a more accurate half-life for ̂ S m , 9.4 - 0.1 h /~8_7.
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CALCULATED CROSS-SECTIONS FOR ELASTIC AND INELASTIC SCATTERING OP
0.3-1.5 MeV NEUTRONS BY ATOMIC NUCLEI

I.K. Averyanov, A.E. Savelev, B.M. Dzyuba

Introduct ion

In a previous paper we considered an opt ical model of e l a s t i c and

i n e l a s t i c s ca t t e r i ng of 2—6 MeV neutrons.-

n op1

The object of the calculations described here is to investigate the

optical potential parameters for lower incident neutron energies

(E = 0.3—1«5 MeV). The optical potential parameters were determined from

experimental data on differential elastic scattering cross-sections for

neutrons with energies of 0.3» 0.5, 0.8 and 1.5 MeV; the scattering nuclei had

A = 23-238. The Hauser—Feshbach method was used for estimating the

differential cross—sections for elastic scattering of neutrons by a compound

nucleus.

Results of calculations

As before, we used the standard optical potential:

V(r) - Vj (1 + eip (S-J-
5)}" + i V2 e%p( - (*-=•£) J

The geometric parameters of the optical potential, V , a, b and the parameter

of the spin—orbital interaction V, were fixed as constants for all nuclei and

for all incident neutron energies. The parameters V, and Vp were varied to

obtain a .satisfactory description of the experimental data on the differential

cross—sections for elastic scattering of neutrons.

The results of the calculations are compared with the corresponding

experimental data in Pigs 1—9 of Appendix I. In the figures points indicate

the experimental data, the broker} lines indicate the theoretical differential

cross—sections for potential elastic scattering and the solid lines are the

sum of the theoretical differential cross-sections for potential elastic

scattering and the differential cross—sections for elastic scattering by a

*J ATTERYANOV, I . K . , SAVSLEV, A .E . , DZYUBA, B.M.., Bjul . i n f . Centr. jad .
Dannym, i s s u e No. 6 (1969) 236.
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compound nucleus. The constant potential parameters and the parameters V-,

and ̂ 2 obtained 'by the trial and error method for all the nuclei under

investigation are shown in Table 1.

It is clear that for nuclei starting with Zn and increasing in weight,

the parameter V~ is constant for all nuclei and varies only with neutron

energy (at E = 1.5 MeV V_ is constant for all nuclei). The parameter V,

varies at all energies, decreasing as the atomic weight of the target

nucleus increases. This variation is due to the d€:pendence of V-, on the

neutron excess in the nucleus. For certain nuclei lighter than Zn, a

considerable spread of V, and VV, values is observed at neutron energies

below 1 MeV. This is connected with specific features of these nuclei

which are apparent in the resonance structure of the: cross-sections.

In Figures 1-3 of Appendix II the theoretical differential cross-

sections for inelastic scattering of neutrons (curves) are compared with

the corresponding experimental data (points). The theoretical curves

were obtained by the Hauser—Feshbach method for calculating the elastic and

inelastic scattering cross—sections for scattering of neutrons by a compound

nucleus. The optical potential parameters used in deriving the theoretical

curves in Appendix II are presented in Table 2.

All the experimental data on the differential cross—sections for

elastic and inelastic scattering of neutrons and also the target nuclei

characteristics were taken from Refs Jj l-26_y.

A comparison of the parameters V, and V^ in Tables 1 and 2 shows

that as a rule they are in good agreement.

The satisfactory agreement of the theoretical differential cross-

sections with the experimental data allows the hope that with the aid of

the parameters in Table 1 it may be possible to predict with a certain

degree of accuracy the differential cross— sectioas for elastic and inelastic

scattering of neutrons by nuclei for which experimental data are still

lacking. This is possible for nuclei which are characterized by a smooth

dependence of the cross—sections on neutron energy (Zn and heavier nuclei).

In the case of lighter nuclei it is possible to predict the cross—sections

averaged over the resonances*
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Table 1

a . 0.65 f; b = O.98 f; r = 1.25 f; V. - 6 MeV

E = 0 . 3 MeVn E
n

0 .5 MeV E
n

0 . 8 MeV E = 1 . 5 MeV
n

MeV MeV MeV MeV

A
A

P

Ti

Co

ft
In
Y
At

On
It
6a.
M

Th
V

54,5
56tO
55,0

55,0

45,0
44,0

56TD

53,3

54,8

49,0
47,4
47,0

47,5

46,5

2,0
2,0
2,0

2,0

38,0

5,0
5,0

2,0

2.0

2,0

2,0
2,0
2,0

2,0
2,0
-2,0

2,0

57,0

45,0
45,0
45,0

54,8

50,3
48,5

45,3

45,0
45,0

41,0

2,5

5,0
5,0

2,5

2,5
2,5

2,5

2,5
2,5
2,5

2,5

I yv {

56,0 3,5

47,0
50,0
56,0

56,8

54,2

49,4
47,5

46,0
45,0
45.0

5,0
15,0
3,5

3,5

3,5

3,5
3,5

44,3 3,5

3,5
3,5
3.5

40,0 3,5

67,0 4,6

59,0 4,6
59,0 4,6
55,0 4,6
52,6 4,6
54,0 4,6

49,0 4,6

49,0 4,6
48,0 4,6
48,0 4,6
48,0 4,6
48,0 4,6

46,0 4,6

45,0 4,6

41,0 4,6
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Table 2

a = O.65 f; "b = O.98 f; rQ = I .25 f; V = 6 MeV

Nucleus

No"
w

Mo3*
M >oi

En

C,98
1,50

T C T

0,78

1.10

G.7I

0,50

0,56
r> c c

MeV

V l

66,0
67,0

4S.G
59.0

50,0

42,5

42,9

4L.7

40,8

V 2

4,0
4,6

4.7
3,5

4,1

3,2

2.5

2,7

2,7

Key to Figures (Appendix I and II)

M3B = MeV

Md/cTep = mt)/sr

B M . M . = Centre of mass angle (cma)

•yp
Level
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Appendix!

fZn

o* 35* m' 3* /a;* UN-

ig. 1
Fig. 2
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Appendix II
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OPTIMUM PARAMETERS OF THE NEUTRON OPTICAL POTENTIAL
OP THE 23°U NUCLEUS

G.V. Anikin, A.G. Dovbenko, L.Ya. Kazakova, V.E« Kolesov,
V.I. Popov, G.N. Srairenkin, A.S. Tishin

Introduction

In the 20 years which have passed since the first papers on the optical

model appeared ^ 1 , 2_y, it has become common practice to calculate the cross-

sections for the interaction of fast neutrons with different nuclei by a

method based on solution of the Shroedinger equation with complex potential.

Essentially the optical model is the only sufficiently universal means of

calculation capable of reproducing the main features of the experimental

data on fast neutron scattering which characterize the entrance channel of

a reaction.

With the statistical theory first developed by Hauser and Peshbach /~3_7

it is also possible to calculate the cross—sections of the inelastic processes

accompanying the formation of a compound nucleus. Thus with suitable develop-

ment the optical model could become the basis for a theoretical description and

evaluation of experimental data on the neutron cross-sections of a wide range

of elements which are very important for reactor construction.

A detailed description of the various nuclear reactions requires knowledge

of the "sticking" probabilities T . for different values of the orbital and
*»3

total moments, imparted by a neutron to a compound nucleus. In the optical

calculation the probabilities T . are obtained quite naturally. However, in

Ref. l_ 4_/ it is shown that their values depend very much on the shape and

values of the parameters of the optical potential employed. Unfortunately,

there is as yet no agreement as to what the analytical form or the potential

parameters in the optical model should be. It is true that definite progress

has been made in the interpretation of the optical potential. Some authors

have tried to obtain it from the familiar characteristics of the nucleon-

nucleon interaction (see for example Ref. /5_7)« But in most cases we find

a purely practical approach to the problem, based on a desire to find a good,

and as far as possible economic, means of approximating experimental results

of a particular kind; in this respect our study is no exception. Our main

problem was to find an optical potential for U which would provide a more

or less reliable basis for calculating neutron cross—sections, in particular

for channel analysis of the fission process and also for interpreting
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experimental data on small-angle neutron scattering /~6_7. U was chosen

as one of the heavy nuclei which have been subjected to the most thorough

experimental investigation. Besides, the use of an optical model and its

physical substantiation are in practice closely related problems.

An important physical criterion of the optical potential is its

universality in the sense that for a given nucleus the same potential

parameters must at least give the best fit of the theoretical values to the

experimental ones for different types of interaction cross—sections. In

the ideal case the potential selected for the best description of the entrance

channel characteristics, for example the total cross-sections, should automati-

cally provide good agreement between other theoretical cross—sections and the

experimental values.

In our work, potentials derived from the condition that they must give

the best description of the total cross—sections and the angular distri-

butions of elastically scattered neutrons, are further evaluated in terms

of their description of inelastic scattering.

Recently developed non-local interaction theories /~7_7 indicate that

the parameters of the local potential should have a specific energy dependence.

The dependence observed in practice applied only to the real part of the

potential. For the bulk of the imaginary part it is usual to obtain an

increase with rising neutron energy instead of the predicted decrease

The U nucleus is non—spherical. For such nuclei there exist cross-

section calculations based on the use of a generalized optical model /~9_7«

Experience shows that calculations involving a non-spherical potential are

very time—consuming even when modern computers are used /lO_/.

Bearing in mind above all the convenience of practical evaluations and

calculations, we have concentrated our attention here on finding the average

parameters of a potential in simple form, in the range of energies relevant

to fast reactor physics. In selecting the parameters we considered experi-

mental data on the scattering of 0.075—15«2 MeV neutrons.

The energy-independent parameters for the U nucleus published earlier

by Auerbach and Moore /~H_/ relate to a narrower energy range (0.57-1*25 MeV).

It is undesirable to use these parameters beyond the limits of the stated

range /~4_7» since they give a low value of the cross-section for the forma-

tion of a compound nucleus.
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Procedure for fitting the parameters

The shape of the optical potential was selected as

-4JQ = Vo.f(r) + i(W1.f(r) + W2.g(r)) + V^.h^lo* .

The form factor of the real part of the potential is written in the usual

form proposed by Woods and Saxon:
r - R, -1

f(r) = [ 1 + exp (-—4 3 •
cL

It is also used for the "volume" component of the absorption term, which

includes moreover a second component allowing for the contribution of

"surface" absorption. The radial dependence of the latter is in the form

of a derivative of the real part:

r -
g (r) = 4 exp (

However, this expression includes additional parameters — the radius R?,

which determines the localization of the absorption peak, and the

parameter b defining the width of this peak. The Thomas form is used in

the spin—orbital term for h(r):

h ( r ) = ( j L ) I I M£ |.v ' vm c' r d r

3 3
In these formulae R-, = r, y"A , R- = r~ Â , A is the atomic weight of the

nucleus, m is the mass of a jt-meson, c is the velocity of light and fi

is Planck's constant.

Calculation of the cross-sections and the fitting of the parameters

was done with a programme similar to that published in the paper by

Popov et al . /~12_7« The potential parameters were selected solely on

the basis of experimental data characterizing the reaction entrance channel,

i .e . the total cross—section and the angular distributions of elastically

scattered neutrons.

The calculated angular distributions included a correction for elastic

scattering by a compound nucleus. This correction, which is cjuite con-

siderable at low energies, was calculated semi-empirically as the difference

between the calculated cross-section for the formation of a compound nucleus

and the experimental cross—section for inelastic interactions divided by 4*»

with the assumption of isotropic scattering.
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The automatic procedure for fitting the parameters may be summed

up as follows:

1. The initial potential was used to calculate the total and

differential cross—sections for 14 neutron energies in the

chosen energy range. Then we estimated the sum of the

squares of the relative deviations of the theoretical curves

from the experimentally determined cross-sections, i .e .

14 N exp., v theor., >
? ? ? 1 <• 1 ° ^ i ' n ' ~ a *• i ' n J p

" "* [ £ { , i f E n ) }

(1)
14 ot

eXp'(En) - of601"' (Bn)

n-1 a+ P ' ( E )
t v n '

The factor" B allows for the best statistical accuracy of the

experimental total cross—sections compared with the angular

distributions;

2. A test method was used to determine the direction of variation

of one of the parameters in which H decreases. In the selected

direction the parameter was varied successively 2-3 times by a

standard step, the value of which was selected separately for

* each parameter. If the relative minimum in H was not attained,

the step was doubled but the change of a given parameter with

increased step was continued only in the following parameter

variation cycle whereupon the same procedure was repeated for

another parameter;

3» If the step exceeded the standard value in reaching the

relative minimum for any of the parameters, it was halved until

the position of the minimum could be found with the accuracy of

the standard step. For the parameters V , V , W-, and Wp the

standard step was 0.1 MeV and for the parameters a, r-, and rp

it was 0.01 f. Attainment of the absolute minimum was noted

by the absence of a reduction in H with variation of any of the

parameters in either of the two directions.

2
It should be noted that at the end of the H minimizing process it

is more economical "to use the other procedure included in the programme,

whereby the transition to the following parameter is made only after the

relative minimum is attained. This reduces the number of tests.
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The programme provides for limiting the variation of a parameter
2

if the rate of decrease in the sum H does not exceed a given level. It

is clearly advantageous to use this procedure in two cases - at the

commencement of the operation, when it is desirable to segregate the group

of parameters which have the strongest effect on the minimization process

(we shall call these "strong" parameters), and in the case where one of

the parameters has a tendency to drift into the physically unreal region

without any significant improvement in the approximation of the experi-

mental data. This situation often occurs with "weak" parameters, for

example the spin—orbit parameter.

2
The use in our programme of the quantity H instead of the more

2
usual x t where the errors in the experimental values come under the

summation sign in the denominator, derives, on the one hand, from the

absence of errors in a certain number of the angular distributions employed

and, on the other hand, from a desire to assign slightly more weight to the

differential cross-sections at large scattering angles. The latter contain

much more information about the detailed structure of the optical potential

than the first diffraction peak, although it makes a major contribution to

the integral elastic scattering cross-section.

Results

The form of the optical potential used here enables three of- its

variants to be investigated, i.e. potentials with purely surface

absorption (W-̂  = 0), purely volume absorption (Wg = °) and combined

absorption (W-, ̂  0, W~ / 0). The investigation was performed as

follows. For the surface and volume variants we found those sets of

parameters which gave the best approximation of the total cross-sections

alone (B = 10 ) and the angular distributions alone (B = 0) as well as

sets which took both these groups of experimental data into account (B = 9)»

The groups of parameters obtained are given in Table 1, the top line of

which shows the values of B (see formula (l)) that determine the nature

of the experimental data to which the corresponding group of parameters

relates. The factor B = 9 means that the accuracy with which we know

the total cross-sections is at least three times better than the accuracy

of the angular distributions.

It should be noted that the attempt to describe the total cross-

sections alone did not yield a set of parameters with combined absorption.

The automatic search gave either surface or volume absorption.
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The last two lines of the table show figures for H, and Hg, i.e. the

standard deviations of the theoretical curves from the experimental values

(for the total cross-sections this is the averaged curve).

Figs 1—3 show cross—sections calculated with the parameters from Table 1

and compare them with experimental data taken largely from Refs /~13_7 a-n̂L

/l4_/» Pig. 4 reproduces inelastic neutron scattering cross—sections with

excitation of different levels of the U nucleus, also in comparison with

experimental data. As in Fig. 3f "the results are given for a group of

parameters selected with the coefficient B = 9 for "the three types of

absorption. The cross-sections o(n,n') were calculated using the programme

of Kolesov and Dovbenko /~15_7» compiled with allowance for the Hauser-

Feshbach statistical theory but with no allowance for level width fluctua-

tions.

Discussion of results

O "3 ft

1. The main conclusion to be drawn is that for a U nucleus it is

possible to find groups of parameters which, on average, satisfactorily

reproduce the experimental data on neutron scattering over the whole range

of energies relevant to reactor physics.

2. If the object is to describe all the experimental data on

scattering, the best results are supplied by the potential with combined

absorption. Generally speaking, the difference in the results obtained

with the three types of parameters is quite small and each individual

type of cross-section can be reproduced by any of them.

3. From Table 1 it can be seen that the groups with B = 0 and with

B = 10 differ appreciably, especially in regard to the parameter a. A

possible reason for this is the non-spherical nature of the U nucleus,

which was not allowed for in our calculation. It may be that for reproducing

the angular distributions it is essential to have a sharper nuclear boundary,

whereas the total cross—section of prolate and chaotically grouped nuclei

as a whole can be effectively described by a potential with a more blurred

edge.

4» Around 15—18 MeV in the case of the spin—orbit coupling, as can

be seen from Table 1, there is an individual isolated minimum in the value
2

of H , if the search is performed with B = 0 or B = 9i i .e . allowing for

the angular distributions. The reason for this is as follows: in the

range around 15-18 MeV the parameter V fluctuates when we try to follow
so

the energy dependence of the parameters of any of this three potentials with-

out defining any one of them. However, with such values of the spin—orbit

parameter it is impossible to get a good description of the total cross-

sections with an energy—independent optical potential.
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Of course, in the search for a compromise it is the "weak" parameters

which are farthest from their true values. Besides, the real value of the

parameter V can be established only with the aid of neutron polarization

data.

5. Note that in the 0.6-2 MeV energy range the theoretical curves

badly reproduce the experimental angular distributions. In Ref. /~H_7

there is an analogous situation with energies of 1.17 and 1.25 MeV, although

the parameters in that case were selected for a narrower energy range. If

we assume variation of the parameters with energy, an ideal description of

the experimental angular distributions is possible for virtually all the

neutron energies under consideration here. However, some of the parameters

reveal an energy dependence which is difficult to explain physically.

Thus, for example, the parameter a in the potential with volume absorption

at energies 0.6-1.25 MeV deoreases to 0.2-0.3 f. With surface absorption

in the same energy range the parameters Wp and V increase 3 or 4 times.

Without excluding the possibility of errors in the experimental data, we

may take it that the irregularity in the variation of the parameters probably

arises from the simplified form of the interaction potential.

The authors would like to thank L.N. Usachev, V.S. Stavinsky,

N.S. Rabotnov and other members of the Theoretical Department for several

useful discussions on the problems encountered here. They would also

like to express their great indebtedness to the staff of V.V. Bulychev's

department for extensive computation work.



Table 1

Neutron optical potential groups

Absorption

No. of
group

6

<*» f

I

IO6

V 41,5
1,31
0,36

W4 MeV -

^ f
6 , f

tf*/

1,17
0,95

cV 4,9

Surface

I I

9

43,2
1,28
0,29
-

4,7
1,17

1,0
3,3

0,137 0,077
^ 0 , 1 7 1,2

I I I

o

41
I
0

5
I
0

17
0
3

,9
,3
,25
-

,6
,05
,95

,d
,054
,6

IV

0
43

I
0

10
I
0

18
0
7

.3
,29
.27

,1
,72
,5
,037

I

IO6

44,3
1,25
0,6
3,6

-
-
-

0

0,1
0,79

Volume

I I

9-
43
1,26
0,56
4,5

-
-
-

3,1

o.os1;
1.2

I I I

9
39

I
0
4

14
' 0

2

,1
,35
,36
,2

,9
,058
,2

IV

0
42

I
0
5

17
0
9

,2
,31
,3

m

,04
,7

Combined

I I

9
40,9

1,31
0,46
2,1
5
1,06
0,72
0
0,061
0,64

I I I

9
38

I
0
I
5
I
0

16
0
I

,9
,35
,31
,5

,26
,64
,4
,054
,4
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(a)

at 10 E.MJI

0 "3 A

1 Total interaction cross-sections for U calculated

with volume (a), surface (b) and combined (c) absorption.

The theoretical curves correspond to the parameter group

numbers given in Table 1:

I, III, IV.
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r~ r~i~T i 1

2 -

..: M I I J 1 I i i i

at
• i l l .L-LLL

Fig. 2 Cross-sections for the formation of a compound nucleus.

The notation is the same as in Pig. 1. The experimental

points represent the total inelastic interaction cross-

section.
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Cos 9 centre
of mass

Fig. 3 Angular distributions of elastically scattered neutrons.

The theoretical curves are given for the No. II group

of parameters with combined ( ), volume (— )

and surface ( * — — ) absorption.
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i / / co* \ v *"• !

r 1 •»^=5

Fig. 4 Ebccitation functions of various '" U levels.

The notation for the theoretical curves is

the same as in Fig. 3*
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DIFFERENTIAL CROSS-SECTIONS FOR INELASTIC SCATTERING
OF NEUTRONS BY Cr, Mn, Fe, Co, Ni, Cu, Y, Zr,

Nb, W AND Bi NUCLEI

G.N. Lovchikova, O.A. Salnikov, G.V. Kotelnikova
A.M. Trufanov, N.I. Fetisov

Introduction

This paper supplies differential cross-sections for inelastic scattering

of neutrons in the form of graphs and tables for an initial neutron energy

of 14.36 MeV.

The differential cross—sections were measured at 30 intervals over the

neutron scattering angle range 31 -151 with an uncertainty in the angle of

AO = - 8 . The energy spread due to this uncertainty and to the thickness

of the target was 0.14 MeV, so that the initial neutron energy was

14.36 i 0.14 MeV.

The measurements were performed by the time—of-flight method in

cylindrical geometry, the resolving time of the spectrometer was 5—8 nsec,

the flight path was 2 m and the neutron recording threshold - 100 keV. The

spectrometer is described in more detail in Ref.

The differential cross—sections incorporate corrections for multiple

scattering and neutron flux attenuation in the sample; these were calculated

by the Monte Carlo method.

In analysing the results it is of interest to consider the angular

distribution of scattered neutrons as a function not only of the scattering

angle 0 but also their energy, i.e. o(Eo,E,-&). For this reason the experi-

mentally obtained spectra of inelastically scattered neutrons at different

scattering angles were split up into several energy intervals — from 0 to

3.0 MeV, from 3.0 to 4.2 MeV, from 4.2 to 5.4 MeV, from 5.4 to 6.4 MeV and

from 6.4 "to 14»4 MeV. Differential cross—sections were calculated for

each energy interval. The method of measuring the spectra and the method

of processing the results are described in Refs [_ \J and j_ 2_/.

The data on the angular distributions of inelastic neutron scattering
1 °°

are given in the form of a series /~3_/! °(n) = T~ fi a P,(n), where

a. is the expansion coefficient, P is the Legendre polynomial of order i

and \L is cos 9 .
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Three terms of the expansion were sufficient for representing the

existing angular distributions. The curves drawn through the experimental

points resulting from analytical expansion of the angular distributions in

a Legendre polynomial series are shown in Pigs 1-11.

Table 1 shows the Legendre polynomial expansion coefficients.

The differential cross—sections obtained by the authors are shown

in Table 2. The errors indicated on the graphs and in the tables are

the mean square statistical errors which do not include the error of the

cross—section for scattering by carbon.

The uncertainty in the normalization of the spectra to scattering by

carbon is 10%. Figs 12-14 compare the differential cross-sections for

cobalt, zirconixun and bismuth measured by other authors /~4_J^ and "the

differential cross—sections obtained by the present authors for approxi-

mately the same energy ranges (denoted by black dots).

In conclusion the authors wish to thank M.D. Bityutskaya and

E.S. Chernichenko for their help with the calculations and with the

formulation of the data.
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Table 1

Coefficients for expanding the differential cross-sections in Legendre polynomial series

3
4
5
6

Element

Energy range,
MeV

,0 + 4,2
,2 + 5,4
,4 + 6,4
,4 + 14,4
0 + 14,4

0,188
0,110
0,069
0,199
1,419

a o

o,
0,
0.
0,
0.

Chromium

a l

0502
0374
0264
0877
2460

0,0132
0,0071
0,0043
0,0205
0,0612

a 2

0,203
0,113
0,068
0,167
1,608

Mangane

a c a l

0,0470
0,0241
0,0132
0,0223
0,1395

S 9

0,026
0,019
0,013
0,045
0,146

a 2 a o

0.I9I
0,117
0,077
0,°30
1,614

0.

c,
0,

o,
o,

Iron

a.

0442
0230
0178
0438
2376

a .

0,0066
0,0044
0f00I3

-0,0295
0,0071

I
I—'

o

Element

Energy range,
MeV

Cobalt

a o a l a 2

Nickel

ao a l a 2

Copper

a o a l a 2

l'Q
o*i'2 ° ' 2 1 5 ° - 0 3 9 9 ° ' 0 2 1 1 0.128 0,0355 0.CI38 0,2143 0,0533 0.0^09

t* '* ° ' 1 1 6 ° ' 0 2 3 8 ° ' 0 1 4 6 °.O72 0,0214 0,0106 0.1237 0,0365 0 0049
l>* * ° ' 4 0,069 0,0154 0,0110 0,045 0,0139 0.0081 0,0785 0,0269 0 0009

J * 2 ' J ° '1 8 3 ° '°521 0>(X7° ° '1 3 4 ° '°445 O'0352 ° ' 2 2 6 9 0.H65 0,0028
0 + 14,4 1,772 0,1563 0,1391 1,056 0,1827 0,1409 1.9352 0.3361 4) OT'ffi



Table 1 (continued)

Element

Energy range, MeV

3,0 + 4,2
4,2 + 5,4
5,4 + 6,4
6,4 + 14,4

0 + 14,4

Yttrium

a o

0,229
0,120
0,071
0,163
2,577

a l

0,0573
0,0376
0,0265
0,0827
0,3395

a 2

0,0244
0,0083
0,0046
0,0079
0,2785

Zirconium

a
0

0,209
0,101
0,059
0,155
2,298

a l

0,0314
0,0213
0,0151
0,0518
0,2056

a2

0,0251
0,0133
0,0082
0,0079
0,1296

Niobium

a
0

0,270
0,130
0,071
0,155
2,738

a l

0,0489
0,0339
0,0233
0,0664
0,2214

a2

-0,0005
0,0030
C.0033
0,0126

-0,1170

o
Oo

Element

Energy range, MeV

3,0 • 4,2
4,2 + 5,4
5,4 ¥ 6,4
6,4 + 14,4

0 • 14,4

0
0
0
0
3

a o

,317
,152
,086
,208
,474

Tungsten

a l

0,1211
0,0792
0,0529
0,1580
0,6463

a 2

0,0141
0,0189
0,0163
0,0665

- 0,0557

Bismuth

a
0

0,4114
0,1705
0,0842
0,1524
4,0039

a l

0,0837
0,0512
0,0319
0,0632
0,3823

a2

0,0573
0,0424
0,0304
0,0656
0,4103
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Table 2

Differential cross—sections (nfn) + (n,2n) mb/sr

Chromium

31°
61°
91°

121°
151°

0 -

67,
74,
68,
6 1 ,
S3,

2 ,

5+1
8+1
I+I
2+1
5+1

98

,4
,4
,3
,2
,3

! 2.

18,
17.
14,
12,
12,

98-4,22 j

5+0,9
4+0,9
4+0,8
2+0,7
4+0,7

4,22-5,

II .
10,
8,
6.
6.

1+0,
9+0,
4+0,
7+0,
7+0,

37 J

9
8
7
6
6

5

7
7
5
4
4

,37-6

.1+0.
,2+0,
.3+0,
.1+0.
.1+0,

,43

8
7
6-
5-
5

j 6,43-14,32

19,7+2
22,0+1
14,9+1
10,4+1
11,7+1

.3

.7
,4
.2
,2

Manganese

31°
61°
91°

121°
151°

0 - 2,98

84,2+1,6
91,1+1,6
80,9+1,4
79,9+1,4
85,9+1,5

| 2,98-4,22

20,4+1,0
18,0+0,8
14,6+0,7
14,4+0,7
14,0+0,7

j 4,22-5,37

11,3+0,9
10,1+0,7
7,9+0,6
7,9+0,6
8,3+0,6

} 5,37-6,43

6,7+0,8
6,1+0,6
4,7+0,5
4,8+0,5
5,2+0,5

j 6,43-14,32

16,1+1,7
14,7+1,2
I0,9j.I,0
12,2+1,0
14,1+1,0

Iron

31°
61°
91°

121°
151°

0 - 2 ,

81,7+1
84,7+1
82,4+1
68,4+1
76,1+1

98

.8
,7
.6
.4
.6

1 2,98-4,22

19.5+1,2
15,6+0,9
16,0+0,9
13,1+0,8
12,5+0,8

U
12
9

10
8
7

22-5,37

,7+1,2
,0+0,8
.1+0.9
.2+0,7
.5+0,7

1 5,37-6,43

8,6+1,1
5,7+0,7
6,9+0,8
5,5+0,7
4,8+0,6

j 6,43-14,32

26,8+2,8
16,3+1,6
21,4+1,7
18,4+1,5
12,9+1,2
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Cobalt

31°
61°
91°
121°
151°

31°
61°
91°
121°
151°

0 -

93
102
91
89
97

0 -

60,
58,
48,
51,
52,

2,98

,4+1,6
,0+1,6
,G*-I,5
,4+1,4
,6+1,6

- 2,98

3+1,1
1+1,0
8+0,9
0+0,9
8+1,0

j 2,98-4,22

20,7+0,9
18,9+0,8
16,0+0,7
15,5+0,7
15,5+0,7

j 2,98-4,22

13,8+0,7
10,7+0,6
9,8+0,5
8,9+0,5
8,3+0,5

j 4,22-5,37

11,5+0,8
10,1+0,7
8,4+0,6
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r î t -

i

JT

t

1

• z

/ —

-

1
1
!

f

I

a*

T

i
I

__

T

.-,

r
I

i
!

j

J

—

—

fl6 04 05 .0 -0.2 'DM -US "(3 ~i

Cos 8, MB.



- 129 -

NB

I 20° [nxit)+[n,2n)

01 06 04 02 0-02-04 -Q6 -Of T»
CasQ/K&



_ 130 -

CJ

Q .

3

t

4

0

25

iS

5

0

—

- —

—

—

—

-

—

—!_

1

—

—

....

-

| -

i

*—.

1—

i

•

i

!

1 |

"-

• -

_

1
—

--

-

—

-

i
- • • - -

-
--

-
-

ti
Sr.

- i

—

—

1

- t

;

—

—

—

-

1
i

it

L..

L

• —

-

. . .

1

-1

-

-

-

r-
J

—

—

....

—

:

...

—

.._

- •

• > -

- -

. . .

-

t

._
r

—

...

A

I

-a

—

...
-

....

£
I

-

k

i—

—

—

I
I

]
!

!
!

—

—

—

—

—

—

- o

—'—f—i— is

5

0

I at ae a* 02 o -0.2 -QA -QB »QS ^
Cos 6, MS.



- 131 -

a1

260

220

ISO

tea

'

20

Q

30

20

10

0

E

E

_ _

- / •

—

—

—

-

•r—

:

—

—

1—

CMSU

~ \

~-^

_..
E

~\

z

--
-H

——

._

—

—

i

—
—

r

—

—

—

—

. . .

-

. . .

. . . .

—

—

—

_

—

—

—

-—

—

-

En

L

—

__
t—
I"

En

—

- - ...

-i

•—.

:

• — ^

—

—

~

-

• — - ~

i n

g

—

—

*

7Mii

—

\

- -

—

—

I"

- •

-

-I

—

—

—

I s

N

--

—

w
260

{n,n'}+{n.2n)
220

i8O

20

30

as as at 02 o -02 -at -QS -at -1

CosBtnfiB.



- 132 -

81

1

ft

10

6

2

40

SO

0

- -

/

]

- —

CA
/

—

tec

—

le

—

ut • vyi

—

ft

— -~

Er

i 1

?/

L

—

'ZZ

—

-*-

£r

._

• - .

7

- •

r "

._.

—~

73

f~

-

--

—

—

E

—

...

—<

—

-

—

w

- io

J M Q6 aH (L2 0 -0.2 - « -Q6 -Ql



- 133 -

at
O
=5

2

i

Z6C

240

220

20

<0

0

1

j

—
—

IC/v

sJ t

• 1

|

E
HU

i:*•
!_M

/
j

1 |

f
1

i f

WHU

I

- 4 -
—

j

—
f r

—

I

T -

I

- -

!

t

—I

H
1

—~
i

i

£r

—

—

—

h - • - • • j

14-J
LT

i1
—

M

i

I*

i

!

_

i—

i

1f
—,

1

t —

—

7

: j
r"
~-

— •

—

—

\-
—

—

—

—

pi

2S0

{nn')*[n,2n)

260

240

220

SO

no

20

3D

20

i tt 02 0 -fl2

CO56I/M&

"06 -Q|



- 134 -

SO -

10

20

I jo

a

r
40 -

3

I*
t o

-

• ^ -

- -

—

I-

• - -

—

1 ""
1

—

~ -

•--

— -

—

—

—

~

I
I

l£n

—

—

r
1

=

—

5

—

—

|

7+r

—

—

—

5 /

1

ft

I

L

i

—

—

—

Bi

20

1 02 OB at 02 0 -02 -G4 -Q6-0i "i



- 135 -

•x

a

a

100

80

60

40

2O

0

30

2V

10

o

—

-1-
(WDTE

—

1—i

1

T
- M

i
f CHAHte OFS

1 —

\ &

—

FW

. _

——«

™

i

: - • (

15

r
L

15
£

P-

i

M
n1-

M
V

:M

-Y

—.

1

—

_

- 1

N£

0"

?—

JV

T

7

k

1
—

—

—

—

100

60

6O

40

2O

0

30

20

10

O

10 o.& O6 Z 0

cos€»
-az -OJ



- 136 -

Q

<
S
j
j

?
i

/so

loo

50

0
fb

5o

z5

o

iir
- r

f

—
- •

T

—

—

— — •

. . . .

-

<

. . .

- -

- i

r
t
14-

4-
1

±

|l'r. ivn. •

" 1 '
(wore

14. Me>

En'--4

-i-

--

4-
T

I

+H

CHAN6IT OP

' 1J T
.0-12.0 S
—

H

i

1 •

X

—

r—

J

SCALE)

ev

————

-i —

150

too

50

0

50

a

1.0 0.8 O.S a 4 0.2 0 -01 -0.4 -0.6 P.6 -J

cos 8
CM

500

too

500

200

too

0

l . Z S

I"

—

—

—

- •

r -

—

I' f

-

—

—

—

\
r

i

i

—

—T—

• -

1

— ,

•1

. L.
i

!

-

—

-—

—

—

—

--

F

...
—

—14- M

—
— •

(•V
=0

L
.5

L
-4

IHOTC CHANG

14 Mcv' 1
E '̂ 4.0-12

—

T
J.

...

- —-

t

—

—

i

I0 t̂ cv

_..
T
tr

._.
-

E Of SC/\

1
.0

—

r

Mev

— •

- — *

—

— .

—

5O0

500

200

1—I— 100

0
15©

/oo

75

SO

45

0
1.0 O.i O.« O.4 O 2 O -0.Z - -0.6 -O -1.0

Bi

COS ff
CN



- 137 -

ENERGY SPECTRA OF INELASTICALLY SCATTERED
NEUTRONS FOR Cr, Mn, Fe, Co, Ni, Cu, Y,

Zr, Nb, W AND Bi

O.A. Salnikov, G.N. Lovchikova, G.V. Kotelnikova,
A.M. Trufanov, N.I. Fetisov

This paper supplies the energy spectra of inelastically scattered

neutrons with initial energy of 14.4 MeV for scattering angles of 31 ? 61 ,

91 f 121 and 151 with angular resolution of - 8 .

The spectra were measured by the time—of-flight method in cylindrical

geometry. The resolving time of the spectrometer vras 6—8 nsec, the analyser

channel width 2.6 nsec, the flight path 2 m and the neutron recording

threshold ~ 100 keV.

The measuring procedure is described in Refs J_^-J and f^^-J* When

the spectra were processed, corrections were made for counting losses due

to the dead time of the spectrometer, the effect of the position of the

collimator and the scatterer on the count of the monitor, for background due

to cosmic rays and sample activation, and for multiple neutron scattering in

the sample and attenuation of the direct flux. This correction was calculated

by the Monte Carlo method using a programme developed in the Institute of

Physics and Power Engineering. All the spectra were normalized to the same

monitor count and were reduced to the same geometrical conditions for each

element separately.

Since for all nuclei the primary neutron energy exceeds the neutron

binding energy in the target nucleus, the measured spectra are in fact

composite spectra of neutrons from the (n,nf) + (n,2n) + (n,pn) reaction.

The data for the energy spectra are given in the form of graphs and tables.

The errors of the different points in the energy spectra are mean square

errors which take into account the statistical errors in the measurement of

the spectra, errors in measuring the efficiency and the uncertainty of the

flight path.

The spectra provided can be used for reactor shielding and core calcula-

tions and for other practical purposes as well as for theoretical studies of

nuclear properties.

In conclusion the authors wish to thank M.D. Bityutskaya and

E.S. Chernichenko for performing numerous calculations and formulating the

results.
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Tables 1-11

Key; XpoM

MapraHeu,

3Kejie3o

Ko6ajibT

HwKejib

Me^t
HTTPHM

UwpKOHMM

HMOSMM

Bojib$paM

BMCMyT

MaB

ycpeAHSHHbiw cneKTp

= Chromium

= Manganese

= Iron

= Cobalt

= Nickel

= Copper

= Yttrium

= Zirconium

= Niobium

= Tungsten

= Bismuth

= MeV

= Average spectrum
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17, 97
17,44
16,93
IG,:3G
15,95
15,50
15,10
14,63
M,25
IS, 53
13,40

12,94
12,4G
I I ,W
11,50
10,93
10,61
10,18
9,75
8,31
b,U5
8,33
7,CG
7,36
0,81
6.30
5,1-0
S.27
4, GO
4,14
3,77
3.5C
3,51
3.31

3b, T5
S&.B6
68,U

91.90
1C2.C0
112.63
130,97
144,96
lo-i.C".
106,iO
182,74
j.o2,I3
i.Vi.CC
164,33
•102,04

156,11
151,54
149,05
145,1C
140,7:
137,46
132.96
12(3,0?
123,60
110,35
II2,?>
106,93

100, >JG

IW.27

6i,<32

7 5 , G&
6<J,CD

63, i4
57,39
51,50
45,95
40,74
3!i,83
31,-0
2G.73
V.2,81

i9,^5
16,17
13,24
IC.fiS"
8,«
S.59
5,06
3.W

61°

3

+

z

±
+
t
t
±

±
±
±

i

i
i
i
+

i
t

t
t

4-

•>

+

+•

f

+

+

X E

20,64
17,17
15,95
15,CQ
1..04
13)52
13,58
13,57
15,11
14,02
14,46
1-1.00
10,64
I3,D0
13,19
12,7e
12.45
12,03
11.53

11,12
10,62
10,12

a,oo
9,02
6,bi
a,04
r ' .£2
6, S3
C.47

5,ya
3,10
5,01
4,54
4,10
a, 70

£.55
2. if,
2.13
1.65
1,62
1,43

JI r. 3 o

91

4

3iT,93
50,13
67.U7
63,'J7
91,5*

10ti,41
11^,9-:
12V,C4
I4j,i.cj
i;-7,<o t
1GB, W -
I7G.S3 t
174,31, -
167,91 i
1G5.G3 t
•163.C6 ±
I5M,C6 i

14b,GO *
142.38 i
138,57 t
134,46 ±
120,58 *
12G,4I i
122,22 ±
117,43 ±
112,52 *
107,54 t
102,13 *

90,24 I
91,12 t
35,43 t
79,72 £•
74,02 i
60,50 i
63,07 t
5U,29 t
53,41 t
46,62 i
4o,SS t
39,oG i
o5.<5 i
31,52 t
i.7,62 t
23,95 t
2U.33 i-
!6,fcd t
13,79 i
a ,65 Z
8,U5 i
6.S7 i
5,14 ±

0

19,40
16,63
15,12
.14,26
13,58
13,40
13,45
13,15
14,37
14,07
13,70
13,33
J3.03
12,72
12,39
12,06
11,70
11,32
10,94

10,50
10,09
9,65
9,20
8,72
e,25
7,04
'MI
6/j?
6,55
6,12
5,71
5,32
4,93
4,50
-1,10
3,65
3,20
2,7a
2,47
2,04
1,73
*,"4C

121°

5

16.00
2<:. 17
31,39
42,19
•17,90
55,53
62,57
72, G4
8V,57

IOO.SC t
119,22 t
135,0b -
144,03 t
145,45 -
145,74 t
140,12 ±
139,82 i
132 •, 45 t
led,48 i
124,53 1
120,21 ±
115,7B ±
110,97 ±
106,52 i
101,90 ±
97,00 ±
92,29 t
e7,07 *

Ui.62 ^
7ti,36 i
71,14 i
65,90 i
60,93 t
56,31 i
51,95 i
47,62 t
43,37 ±
39,35 i
35,50 t
31,B9 i
26,oa t
25,22 t
22,17 t
19,36 t
16,71 i
i4,:5 i
11.73 i
9,#t £
7.J7 i
-3,35 t

•

17,21
14,66
13,19
12,61
12,20
I2.C7
12.23
[2,04
13,59
13,17
12,86
12,41
11,97
::i,52
::i,i8
10,7B
10,44
10,03
9.65
0,19
8,75
a,30

. 7.86
7,42
7,01

G.G4
6,aj
5,87
5.50
5,15
4,7b
4,45
4, Us;
3,74
3,43
3.11
i,7J
2.44
:;,19
1,85
I,5»
1,35

33,54

VI ,23
67, c;;
95,17

10S.7G
115,21
130,92
141,25
144,42
150,06
159,12
100,23
I5C.&4
I£G,i59
if!, o7
151,48
142, ?4
126,76
134,19
129.10
124,06
119,37
112,93
107,09
100,74
94,73
83,50
8L, 25
V6,ji
70,45
6-1,79
59,37
54,82
50, Kb
4 J , S 3
4 I , 6 2

37,41
33,-7
29, SS
2G.03
22,06
Is), 36

Ta

T

6

+
T

i

+
4.

4

+

+

t
+

±

±
i
±
f

i

t
t
1
t
+

t
t
t
+

+

.16,26 £
13, --.< 1
1D.B5 i
8 ,53 i
6.B5 :
5.15 £
3,S5 i
3.49 £•

Dl°

21,46
IC.-35
14,154
13,CS
13,19
13,04
13,17
15,03
14,54
14,17
13,77
13,25
12,79
12,32
11,87
11,36
10,33
10,42
9,89

9,40
ti,87
8,33
7,85
7,34
6,94
6,54
C.l'j
5,73
5,37
4.9G
4,56
,,22

3,45
3,08
i,74
2,09
2.05
1,79
1,47
1,20
C.98

JllHMlt

cuexrp

•36,2)
41,S3 *
56,9-i
10,95
77,£.;
K,9«
95.78

10S.I9
1Z2.C-I
132,37 i
146,53 *
150.45 -
iei.ci t
I5&.32 i-
150,3? *
158,83 i
103,25 i
145,01 *
14/-:,39 *
130,34 i
133,86 *
129,66 *
124,90 *
120,32 -
115,23 i
IC9.9Z i
1C4.77 t
99,10 i

93,41 ±
67,89 i
S2,17 t
76,52 t
70,65 t
65,79 t
CO,69 ±
55,9& t
51,03 t
46,29 t
4i,67 t
37,31 i
J3.18 i
29,16 i
25,37 1
21,C2 t

io,2s) t
12,39 £
10,33 t :
?,y« i j
ti.14 i '
+.bi 1 r

7

9,51
7,72
6,82
6,37
6.C5
5,96
6,01
5,95
6,79
6,62
6,44
6,24
6,07
6,89
V 7?
•J , t*j

5,65
5,36
6,19
4,99

4,79
4,59
4.37
• , u r

4.15
3,93
3.74
3.5G
3,36
3.17
2,93
2.?a
2,59
2,41
*•,<•-

2.02

1.U4
1,GG
1,47
. , 29

.15

.03
,93
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i

0,H.2
O.i.'S
0, i «
O.̂ l̂
Ci-ii
0, I'GS"

0,29c
0,3*3
0,300
0.4J
C.450
0,5id
0,524
0,689
li.uoa
C,?fl
1,162
1,303
1,3(55
1,426

1,491
1,560
1,635
1,715
1,001
1,093
1,993
2,101

2,218
2,346
2,4S4
2,535
2,601
2,982
3,182
3,403
3,647
3,919
4,222
4,552
4,945
5,379
5,872
6,437
7,037
7,842
6,725
9,767

11,008
12,503
14,328

10,14
••.'<:.:•*

31,05
. 1 6 , VM

42,16
•i1.', 64
Si .04
57,16
G " , ? : ' !

' : > , ( • - . '

6-), (.»:-

? t : . <•

llJ.iC.
I3!i,82
155,17
164,01
ICH , ?0

IGJ.65
162,G3
161,14
].r-8,C7

I5!'i,57
IE4.40
151,23
147,01
142,20
137,17
130.93

[23,88
116,68
L09.00
100,35
91,74
83,84
76,30
68,70
60,97
53,74
47,00
40,85
35,35
30,03
25,36
21,19
17,47
14,13
11,22
8,93
6,99

. 5,15
3,96

t

2

i

1

-

t
-
±

-

-

—

-

—
t

±

4

-
-
—
—

—
—
—
—

4.

X

X

13,52
11,o?
I0,o9
10, Sd
11, .1.4
11,04
1 > ,61
14,26
13,9-3
13,48

Io.^S
13. JO

12.7C
32,71
12,09
11,80
11,64
10,03

10,44
10,18
9,63
8,95
8,36
7,92
7,28
6,80
6,31
5,75
5,27
4,91
4,43
4,03
3,70
3,33
2,99
2,75
2,45

'2,23
2,19
2,25
2,27

3 1 .
4 3 .
5:\
74,

Po,
t>9.

?d,
l l u .
124.
w .
153,
163.
IG9,
174,
161-,
lt .2,
175,
107,
ir,5,
161,
i L S ,

15?,
142,
145,
140.
135,
130,
123,

117
110
102

93
85
77
70
62
55
48
41
36
30
26
22
18

15
12

9

7
6
4
3

3

01
<J;
'.U
23

lit

4fc"
32
ai
76

'>;. £
09 -
&' £
l^ £
SO t

28 £
"1 -

So *
90 £
oo £

01 x

U5 £
78 £

SH £
53 £
12 £
99 £

,02

.15

,92
,65
.79
.21
.74

,33
,35
.91
.13
,98
,30
,14
47

,24
,36
,89
99
15
83
67

|O
L

19
IC
13
1L

12
iZ

12
13
t o

12
'.2

12

n
n
u
i i

10
i!)

t
£
i

i
-

t
±

i
i
i
i
i
i
i

t
-
£
i
i

K 0

.01

,4

, i

,4
.4
, ' " •

iO
, T

a

4
6
0
;J
9
o

7

4

e

i
,?G
,75
,25
,0
7

2
2

,08

9
9
8
8
7
7

6
6
5
5
4
>*

3
3
3
2
2
2
2

I

I
I

.75

.37

.73

.18
,66
,07
,56
.10
,53
,05
,65
,20
.81
.52
,16
.84
,60
,29
,00
77
50
31
21

TABLE

b A JI i. r

9 i 0

4

29,64
40,44
54,40
liV.L-ij

73,53
8i,26
yi,37
99,3$

114.01
129,59 £
140,17 -
142,5;. £
14V,50 £
160,23 i

172,27 £
173,47 £
163,47 £
154,Si £
151,10 £
14V,t0 £
I.-.",31 -
130.34 -
ici.Oi; £
Ii9,6U £
U4.07 £
110,7! £
113,14 -
107,18 £

100.61
94,11
06,05
79,73
72,48
613, £5
59, C4
53,31
46,06
40,85
35 ,U
CO,10
25,55
21,38
17,73
14,52
11.73
9,29
7,21
5,56
4,^3
3.C6
2,24

19,4
15,1

4

I
12,47
11,50
il,58
11,9a
11,87
11,2
12,i
12,3

u
B

11,98
11,7 0

11,19
10, d
IC.GB
IU.C 7

°,79
9,56
6,95

i 8
- 8
- 7
i 7
t 6
i 6
i 5
— o
£ 4
+ /
™ *1

i 4
i 3
i 3
i 3
i 2
i 2
i 2
4 i,
t I,
4 1.
4 . I .
•" 1 ,

4 o,

.49

.21
,62
,09
,69

,21
,70
,37
,06
39

,07
66
26
04
72
40
19
95
66
48
27
07
98

,. .0

5

28,24
37,1'2
52,64
64,74
70,57
79, Oi
B7.V4
36.14

itii.'.G/
.23,i3 £
I4i/J7 £
15J.06 £
le'2,42 £
IG5.I6 t

165,36 £
103,32 £
ir-6,40 £
142,35 £
140, j9 -
145,24 - .
I 3 J , I 3 £

135,42 -
131,24 -
126,70 i

iL'I.^g i

115.01 i

110,43 t

IW,!5 l'

97,16 i
90,28 A

83,34 -
76,44 *
69,C5 t

63,36 i
57,42 ~
51,40 i
45,56 i
40,00 -
34,74 i
29,76 -
25,30 i
21,33 i
17,67 -
14,44 i
11,62 -
9,15 i
7,07 i
5,40 -
3,96 ±
2,60 t

1,82 4

IG.1'0
14,30
12.7J
12.04
11,70
i i ,39
11,IP
10,73
12.25
11,38
l i , G 9
1 1 . 2 3

10.80
10,51
lO.i'J
I,"3
5.41
S.09
6,46

0.10
7,66
7,13
6,71
6,21
5,76
5,38
4,96
4,52
4,17
3,78
3,39
3,00
2,79
2,46
2,23
1,98
1,74
1,54
1,35
1,11
0,95
0,82

&

I " 1

G

54,70
47,05
W.-J:
81, \S
ee.4-7
?7,ii3

100,'Ji
120,bJ
130,42
154,:")0 £
16'J ,0B t

.'65,87 £
173,38 £
100,73 s

Io3,?2 £
ioc,o:- £
172,SO £
165,43 £
161,75 £
151,46 £
152,52 -
147,33 r-
142,35 £
136.54 £
130,45 -
123,03 £
116,90 t

!09,6(. t

101,51
93, GI
BG.62
78,22
70,88
Q'\ , J.O

57,73
51,45
45,22
33,50
34,21
29,43
25,24
21,37
17,98
14,97
12,31
9,92
7,8b
6,28
4,87
3,63
2,73

232H

a

20,
Ib,
13,
12,
12,
Yc
I'/.,

I i

13,
12,

I I ,
1 1 ,
11,
10,
IC.
9.
y ,

+

i
-
t
t
t
t
i.
i

t
t
t
i
i

±
+
i
i
i

±
i
i

±

Hi

36
94
75
y i

00
03

;.;,]

CI

'I'i
31

BI
46

10
42
C9

SB

o,
0,
7,
6,
6,
5,
5,
5 .
4,
4 ,
3 .
3 ,
3 ,

2,
2 .
2.
I ,
T
•*• i

l .
I ,
o,
o,

46
12
48
96
4G
ya
49
10
61
17
81
44
09
6^
52
25
04
81
57
40
18
96
83

ycpemeHHHlt
cneKTp

7

23,30
30,30
52. W
G5~,J9

7 1 , CO

7y,o;
97,59
97,36

110,02
Iii4,?l £
KG.04 £
144,£4 -
103,13 *
163,25 *•
171,DO *
172,87 £

160.35 £
157,00 £
154,C3 £
149,60 £
146,26 -
142,37 £
137.57 ±

j'<.v'?3 £
121,by £

108,04
100,97

93,45
85,73
78,03
71,02
64,2?
57,52
50,79
44,49
38,62
33,25
28,49
24,08
20,18
16,72
13, G7
10,97
8.65
6,83
5,24 :

3,91 '
2,89 :

0.
6.
5,
5.
5,
5.
5,
5.
5.
5,
r,

5,

5,
5,
s,

4 ,

4,
4 ,

±
±
±
i
i
£

t
-
i

t
t
>r

£'
4-

-

-

-

t

35
64
76
39

32
35
32

15
97
77

02
47

31
15

CO
67

56
25

4

3
3
3
3
2
2

2
i:

2
7

I
1
1
I
I
1
0
0
0

c
0
0

.OS

,91
.65
.41
. I t )

,96
,74
,55

,12
,95
,77
,60

,4G
,32
,18
.07
,95
,64
,75
,07
,62
,59
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TABLE 5
111; K B i \>

61° 91° 121° cnerrp

1
C.1CV
O.'.oG

0,^41
C.tvo
C,2*2
C,u'.:3
C,3t">0

0,403
C.-lfc:-
C.0I8
C,t>94
0,<>6y
0,Gc*3
G,SC,

I.ii-2
*,3oa
1,365
1,426
1,451
1,560
1.635
1.715
i ,8U
1,533
4,933
2,I0i
2,218
2,346
2,484
2,635

2.HJ2
3,162
3,-lUj
3.M7

«',222

•1,9-lii
S.373
5.L72

7,L1>7
7,642

9.767
I1.C08
12,503
14.328

G.42
A0. 18

2C.V.5
12,''"4
V.I-/X
it',?:'
3C.I-4

,s,B.;

69,so
65,57

UG, 14
131,bO
140,31
13-5,43
129,60
IcS.49
122,77

118,48
115.27
111,56
107.92
113.1-0
S9.7S
9b, 95
?i,67
BV.19

1 b2,77
7b.12
73,26
rn I')DO ( l c

C3.3V
58,74
b3.7'J
4rt,4ll

33 ,69

18 is?
IS,;-?
12,l.<b

b.37
G.GG
5,16
3.91

2

£
-
£
4

£

*
£
£
4

£
£
£

-
£
1
t
t
t
£

tl.33
i4,o5
12, o:
IC.78
I'J,4i
10,41
10.45
1C.03
12.58
12,15
11,77
11.30
IC.GO-
IC.Go
10,13

9,75
9, SO
2,23
8,86

tO,57

£

r

+

+

*

t

t

t

£
£

L',14

7,40
C.'JJ
l>,63
G.30
b,;i7

'% >!

4,114

l! l4
3,6::
.1 52

• **•-

3,!M

% ' i 1

2.4G
1,55

2,Co

3
i'2,15
31, C4
44,0^
i«,3G

5-:, x
67,02
7o,Vii

So,<is>
Ki.,35
114,41
115,25

l i t 4̂

124,04
116,63
113,05
110,73
107,73
lW.4o
101.65

•J6.72
•-5,59

SI, W
ee,?2
B4.37
6C.3C

7b, MG

71, tl
G6.30
61.39

51,22
tc.ss
sl.L'6
37,20

2u,Vl
2^,91
• ' i ^ 1 ^

IU.61
• r , 11

11,56

5,3b

3 19

i

t
i
t
i
t
t
£

t
t
£
£
4

£
£
£
t
t
£
t
1

£

19,29
14,09
11,97
10.52
9.8J.
9.49
9.25
6,75

10.66
IC.5C
10.C8
9,77
9,44
3.12
0.C4
6,56
6.24
7.S6
7.G0

7.31
r,y7

1 C.03
£G.2G

-

v

4

4̂

j;
f
4

£

li,22
4,07
4,57

4,25

3,'CG

3.11

r*-..
• * •

1 72

1,35
1.23

4
ie,27
2£,77
30.3i
36,65
42,70
4',. 57

56.CO
65.96
74.54 t 81.57
84,87 t 14,05
'J6.78 t 10,96

101.76 £ 9.72
1TO.63 £ 9,03
1./V.93 t 6,55
10F.60 £ 8,13

95, W t 7,51
S3,53£ 10,10
9i,66i 9,35
69,341 8,96
8:,02£ 6,66
B4,97£ 8,35
82,7££ 7,99
80.511 8,03
7 7 . 3 1 7,5i
74.93£ 7,14
7:,2t i 7,?7
6u.97t 6,7ft

G5.29 tC.41
G1.V6 £G,34
57,lJ3 £5,93
53.'J3 £5.51
49,90 £5.38
4b,D2 £5,02
42,12 £4,GO
30,24 £.l,4d
34,aS £-1,15
30,Ui £3,7r,

•>T V 4 •> T

W),4V' ±2.97
17.04 SJ.OI
iti.ia £2,r.i

HI.6U £ 2,16

i.,72 £ i/ja
7.10 £ 1,69

!>,?U £ 1,53
4,37 £ 1,33
3,11 £ 1,C3
2,35 £ 1,00

5
17,17
W.59
33,49
41. G6
4J.f3
50.82
5b, 7<
Gi,i"8
71,50
DC,14 t
91,87 t
?3,b9 £

104.40 £
111,41 t
U7.50 t
115,72 £
IC7.23 ±
100.57 ±
93.24 £
25.54 £
92,64 £
03,89 £
87.12 £
04,38 t
81,10 t
77.56 i
73.P3 t
63,!« t

(ib,77
1.1.3'J

56,'.HJ
52, L5
47,57
43,22
3y,04
34,7'J
3(;,GC

£3,22
19,'je
17,OU

14,4b
12,iO
10,: .1
'I.4U

6,70
5,32
4.15
3, (6
2,47
1,70

18,56
13,74
11,27

'9.87
9,31
9.C4
»,G4
7.97

lU.lb
3.90
'3.53
J.04

<1,7I
t),3i
0,05
V.55
V.44
7.19
0.70

10,46
tc.iv
£ 5.8U
4 t,,4u

£4,7o
14,47
£4,11
£-,77
£3,52
£3,̂ 1
12,93
£2,71
£ 2,49
£ 2.. 27
£ *,,12
£ I,«2
£ 1,72
£ 1.0C
£ 1,39
£ 1,17
£1,00

to.au

14.40
20,74
60,3b
40. ZU
44,14
C-0,17
5t,03
65.17
75,50
6C.43
9 M 5

111.67
119,i3
127,52
135,35
132.62
118.39
IG7,y7
103.04

93,91
94,€9
90,44
86,51
8* .74
76.51
74.10
7G.IS
65,94

G1.27
bG,7G
52.24
47.G.I
43,40

35,77
3«.,̂ G

Z,',rt2

17.55

lb.iy
I3.M
11.40

U*.I3
f..t7

o.r.s
4.3s:'
3.44

6

t
t
t
£
t
4

£
£

*
t
4

£
£
4

4

4

4

4

£
£

4

£

4

4

4-

fr

£
4

t.
£
*

19,93
14,64
11,90
10,69
1C.2Q
10.05
9,63
6.G3

10,57
IC.2O
9,75
9,30
0.74
8.42
0,02
7.72
7,33
7.C9
6.W

6,J4
6,05

5. IB

4,22
3.92
3,64
.1,37

2 , CO
2,4ii

1,'Jii
i,70
J,t3
1,37
1,1'/
O.91/

0.63

15,30
21,93
X,62
39.14
42,87
4e,35
54,o:
60,81
70,17
8w.5Q
92,00

loi, ta
100.10
115,B4
123,18
123,70
115,04
100,77
106,03
10?,67

99.46
96.45

7

t
•
£
4

£
t
£
±
£
£
1
X
1

93.33t
90,23
6S.S8
82.93
79,31
75,39
71,CO
GG.TC
G2.JI
07,71
53,03
4ti,G4
44,44
40,1G
3b, 'JI

2:!;S
IS, 'G9

M.'l9
I, ;J2

'/[.10
6,11
4.7J
3.GU
2.VS

4

•
X.

f.

<

4

4

£
£
4

£

4

4

4

1
£
4

4

£

£
£
£
£

9,03
6,43
5.20
1,62
1,37
1,26
1,14
J.85
1.87
I.G3
\ 50
4,33

4,00
3,87
3.. S3
3 , CO
0,38

. 3,30
3,16
3,02
2,85
2.69

2,39
2,24

1,'JTi

1,H2
1,70

M 4
1,33
1.23
1,13
1.C4
0,95
L",05
I), 78

3,73
3.70

3.65



TABLE 6

M E JI B

AUV 63C 93g I23C
I53C c&eierp

0,102
0,136
0,182
0,221
0,241
0,265
0,292
0,323
0,360
0,403
0,455
0,Sl3
0,524
0,603
C,3C3
0,261
1,162
I.3C3
1,365
1,426
1,491
1,560
I,G35
1,715
1,801
1,893
1,993
2,101

38,88
51,30
71,36
87,12
95,14

105,26
113,24
121,73
130,35
140,19
149,87
155,79
169,31
162,94
108,73
187,31
180,14
174,52
172,37
IC-5,54
IB5.C4
161i07
Io7,?.o-
153j08
147,76
l42»S9
137,75
131,64

± 20,30
± 16,80
* 15,34
i 14,71
i 14,31
i 13,74
i 13,12
i 16,65
i 16,25
±15,74
i" I5r27
i 14,80
i 14,47
± 14,02
i 13,66
± 13,35
i 12,SO
± 12,44

0,100
0,132
0,178
0,215
0,235
0,257
0,284
0,314
0,350
0,392
0,443
0,503
0,578
0,670

1,130
1,271
1,327
1,386
1,449
1,517

1,667
1,751

1,233
2,043

86,14
116,52
I57,72
191,80
209,69
23.1,54
256,95
273,51
283,33
28b,64
287,71
277,75
259,03
266,60
261,45
2-16,51

203,94
198,16
191,35
I5«t2G
177,71
171,79-
165,38
153,16
150,53
143,31
135,96

i 26,62
± 22,63
i 20,58
1 19,46
± 18,56
± 17,42
i 15,75
i 13,54
± 17,89
+ 17,15
i' 16,50
+ 15,EM

-+ 15,33
i 14,86
±14,32
± 13,75
i 13,22
± 12,66

69,02
93,31

113,15
123,63
136,03
150,64
160,51
IU7,58
208,27
223,62
234,69
240,31
242,59
23o,85
213,94
190,54
176,07
171,49
166,05
160,36
155*29
150,34
145,09
139,43
132,68
126,8G
120,11

i 21,72
- 19,92
t 19,10
± 18,64
i 17,72
£ 16,27
i 14,67
i 16,23
± 15,72
± 15,00
i 14,47
± 13,S2
£ 13,56
± 13,04
± 12,64
± 12,10
± 11,66
± 11,12

36,32
52,05
70,56
66,76
94,25

104,05
115,73
128,57

163,06
186,63
205,78
214,45
216,02
208,&6
195,27
176,39
163,39
153,53
153,00
147,21
141,47
136,07
130,78
125,19
118,71
112,66
106,45

* 19,31
* 17,13
i 16,06
i 15,35
±.14,53
* 13,62
± 12,43
* 14,62
± 14,18
± 13,58
± i3jO4
± 12,43
± 11,95
± 11,43
± 10,99
± 10,49
± IG,II
± 9,59

54,65
72,45
98,30

119,63
131,19
146,40
159,73
178,78
196,41
215,95
233,42
239,2?
237,37
251) VJ1
990 "TO

204,04
154,78
171,05
I6S.I9
160,68
154,74
148,83
142,74
136,78
130,11
122,67
115,84
109,01

± 21,22
1 18,66
i 17,27
i 16,33
i 15,23
i 14,16
x 12,8?
i 15,G3
i 14,56
±14,11
± 13,47
+ 12,£4
± 12,35
± 11,94
± 11,38
± 10,39
± 10,36
± 9,88

53,93
72,27
98,25
119,69
I?0,?8
144,65
159,26
174,21
166,07
203,22
216,25
222,66
226,10
Z'rJt , 55

190,54
11 i, tiC'

173,35

153, S£>
151,64
146,22
140,13
133,53
127,27
120,63

± 9,83
* 8,58
* 7,95
± 7,60
= 7,23
i 6,76
* 6,18
r. 7,26
i 7,05
A 6,78
* 11 c3

- 6,23
i 6tG3
± 5,86
i 5,66
i 5,45
i 5,24
i 5r01



TABLE 6 (continued)

;.i K A. h

•ji->AOJiiCH.:r- r'UiJt'.i

2,213
2,346
2,484
2,635
2,601
2,982
3,182
3,403
3,647
3,319
4,222
4,562
4,945
5,379
5,872
6,43?
7,08?
7,842
8,725
9,76?

11,003
12,503
14,328

125,66
118,96
112,07
104,71

97,29
90,35
63,66
76,22
C6,s2
61,75
54,85
48,28
42,19
36,59
31,5?
27,20
23,04
19,25
15,93
12,87
10,38
8,02
6,00

31°

±
±
±

£
t
£
-
i

t

£
£
£

±
£
£
£
£
£
£

±

12,04
11,45
10,98
10,45
9,90
9,40
9,02
8,45
7,95
7,49
7,00
6,50
6,14
5,70
5,33
5,04
4,72
4,39
4,13
3,82
3,7(5
3,76
3,44

n <••'•'

E.lU

2,15?
2,281
2,416
2,563
2,724
2,900
3,095
3,310
3,548
3,812
4,108
4,439
4,812
5,235
5,715
6,266
6,900
7,636
0,497
9,513

10,725
12,184
13,966

63°

128,68 £
121,04 ±

113,24 £
104,99 £
97,11 £
89,53 t

82,13 £
74,76 £
67,54 £
60,78 i
53,93 £
47,79 £
41,76 £
36,33 £
31,68 £
27.23 £
23,17 £
13,35 £
16,20 £
13,uG £
10,47 £
o,04 £
5,84 £

12,14
11,59
il,05

10,41
9,90
lJ,3?
8,85
8,30
7,83
7,30
6,80
6,35
5,86
5,40
5,02
4.61
4,20
3,74
3,34
2,85
2,49
2,09
1,72

113,78
iO6,65
09,23
92,05
84,96
77,72
70,73
64,15
57,65
51,24
45,09
3 J , 4 I

34,14
23,48
25,27
21.42
17,99
14,85
12,2?
9,8?
7,85
5,82
4,35

93°

£ 10,64
£ 10.C6
£ 9,57
+ r
- o , Ji>
- 8,45
£ 7,84
£ 7,8b
- 6,83
£ 6,C6
- 0,86
£ 5,39
£ 4,93
£ 4,50
£ 4,11
£ 3,76
£ 3540
£ 3,01
£ 2,72
£ 2,38
£ 2,03
£ 1.74
£ 1,43
£ 1.19

I

10U.32
92,98
37,59
01,^3
74,68
68,25
62,32
56,3?
5U,o6
4u,08
3J.55
34,51
29,72
25,21
21,2d
17.6b
14,42
11,48
9,09
G , %

5,11
3,58
2,34

- y , l 6

£ 8 , 6 5

"" 8 , <iU

- 7,75
- 7,30
£ 6,78
1 6,3b
£ 5,89
•*• 0 • V J U

£ 4,70
£4 ,33
£ 3,98
£ 3,57
£ 3,30

£ 2,70
£ 2,40
£ 2,1?
£ 1,83
£ 1,5?
£ 1,24
£ 1,co

J.5J

i02,O8 £ 9,34
94,80 £ 8,8?
C? , 5 L - b , 33

LsO.79 £ 7,81
7-1,02 £ 7,28
67,4.: £ 6,87
61,CO £ 6,38
54,72 £ o,95
4b,<Ji £ 5,50
43,03 - 5,10
37,35 £ 4,68
32,21 £ 4,30
27,3c; £ 3,90
22,7b £ 3,56
18,85 £ 8,26
15,33 £ 2,98
12,23 £ 2,70

9,62 £ 2,45
7,53 £ 2,22
5,11 £ 1,94
3,94 £ 1,64
2,88 £ 1,08
2,08 £ 1,18

cneKTp

1 1 4 , 0 9 - 4 , 8 u

100,01 £ 4,34
92,75 £ 4,09
85,61 - 3,86
n ^ n i^ "*" "> F ^

71,9? £ 3,43
£5,24 £ 3,20
58,75 £ 3,00
52,3? £ 2,79
46,16 - 2,59
40,44 £ 2,40
35,03 £ 2,22
30,09 £ 2,04
25,73 £ 1,89
2 1 , ? ? - ! , ? - •

18,18 £ 1,59
14,91 £ 1,44
12,20 £ 1,32
9,57 £ 1,16
(",OJ - i , l o

5,6? £ 0,98
4,12 £ 0,86



H T T P H K TABLE 7

E. MaK.
1

0.102
0,136
0,182
0,221
0,241
0,265
C,2S>2
0,323
0,360
0 ,4 I J3

0,455
0,510
0,594
0,609
0,808
0,961
1,162
1,308
1,365
1,426
1,491
1,560
I.C35
1,715
I , SOI
I.U93
1,333
2,101

31°

2 •

14,23
19,63
26,06
32,51
35.04
39, C?
43,45
47,79
53,28
59,45 *
67,70 ±
77,51 ±
88,61 ±

101,11 ±
107,42 ±
99,75 t
63,53 ±
73,51 1
70,52 t
67,29 ±
645I4 t
61,34 ±
58,49 +
55,73 ±
52,88 ±
50,09 ±
47,34 +
44,41 t

16,93
13,03
10,46
9,26
8,86
6,51
7,70
6,58
8,51
8,19
7,73
7,36
?,04
6,70
6,40
6,13
5,54
5,5?
5,31

61°

3

26,23
36,02
47,95
58,65
64,93
71,03
60,42
68,06
59,90

108,25 t
122,19 ±
126,76 ±
120,82 +
113,26 ±
106,o9 +
So,14 ±
84,93 ±
75,42 t
71,78 +
67,87 +
63,94 ±
60^14 +
53,31 ±
52,74 ±
49,08 ±
45,60 ±
42,2? +
38,85 ±

17,1?
13,44
11,43
9,98
8,92
8,10
7,37
6,40
7,86
7,44
7,04
6,68
6,31
5,97
5,68
5,39
5,13
4,86
4,56

91°

4

16,58
25,06
34,20
41,77
46,15
50,01
56,59
63,19
7G.36
78,11 ±
87,64 ±
96,48 ±

103,68 ±
101,24 £
92,94 +
80,79 ±
68,17 ±
60,60 t
58,04 ±
55,29 ±
52,42 ±
49,77 +
47,13 t
44,57 ±
41,95 +
39,34 ±
36,89 ±
34,34 ±

15,88
12,59
10.15
9,06
8,19
7,28
6,31
5,42
7,14
6,73
6,37
5,93
5,69
5,39
5,10
4,86
4,6?
4,43
4,18

121°

5

18,10
24,01
32,65
40,22
44,0?
49,01
53,97
60,58
67,21
75,50 ±
85,76 ±
67,91 ±
90,76 t
92,95 ±
90,90 ±
82,65 ±
70,83 ±
62,75 ±
59,73 ±
56,4? t
53,12 ±
50,02 ±
46,65 1
43,74 +
40,55 ±
37,40 ±
34,48 ±
31,56 i

15,10
12,6?
10,18
8,80
7,99
7,32
6,53
5,63
7,57
7,21
6,76
6,33
5,89
5,53
5,23
4,94
'4,69
4,42
4,16

151°

48,17
65,76
89,41

108,28
114,57
120,32
124,44
125,38
126,18
124,74
118,07
107,32
97,11
83,10
82,15
75,49
73,93
67,57
64,86
61,76
58,53
55,36
52,09
48,80
45,40
42,07
38,91
35,71

6

± 20,84
± 15,16
± 11,84
+ 9,81
± 8,44
± 7,39
± 6,75
± 6, Go
i 6,42
± 6,03
i 7,56
± 7,08
± 6,70
± 6,31
± 5,95
± 5,64
± 5,33
t 5,02
± 4,75

7

ycpe;aHeHHHit

oneicrp

7

25,0?
34, :o
46,05
5G,3o
6L.95
6b,t>9
71,77
77,14
63,39
89,-21 ± 7,73
SC.25 t 5*99
99,59 i 4,64

100,20 ± 4,20
99,35 ± 3,79
96,02 + 3,46
88,17 ± 3,11
76,29 + 2,69
67,97 t 3,51
64,99 ± 3,37
61,74 + 3,18
58,43 ± 3,00
55,33 + 2,84
52,18 ± 2,68
49,12 ± 2,54
45,9? ± 2,42
42,90 ± 2,30
39,93 ± 2,18
36,97 + 2.06



TABLE 7 (continued)

11 T T P H &

E

2.
2,
2,
2 .

2,
2 ,
3 ,
3 ,
3 ,
3 ,
4 ,
4 ,
4,
5,
5.
6,
7,
7.
8 .
9,

I I .
12.
14.

MsK.

I

213
346
484
635
801

982

182
403
647

919

222

562

945

379

872
437
087

842

725

767
008

503
328

41,33
38,33
35,29
32,28
29,35
26, G6
24,19
21,78
19,41
17,20
15,08
13,14
11,41
9,04
8,46
7,19
6,04
4,95
4,01
3,24
2,65
1,99
1,52

31°

2

+

£
+

£
+

£
£

£
+

£
£
+
4-

£
+

±
+
4-

4-

+
+

5,01
4,71
4,46
4.17
3,89
3.68
3,47
3,25
3,10
2,91
2,71
2,54
2,39
2,22
2,08
1.96
1,82
1.G3
1,55
1,45
1,46
1,53
1,48

35,45
32,27
29,26
2S.-12
23,71
21,21
10,92
16,69
14,56
12,58
10,76

9,04
7,52
G.iV
5,01
3,99
3.09
2,29
1,04
1.14
0.75
0,48
0.22

3

4-

£
+

+
+

+

+
+

+

•f

+
4-

-
h

+
4-

+
4-

+

+

+
+

0

4

4

3

3

3
2

2

2

2

2

2

1

1
I
i

1
1

0

0
0

,28

,02

,76

,53
,31
,11
,93
.76

.61
,45
,30
,15
,01
, 8 8

, 7 5

, 6 3
. 5 1
.37

. 2 1

,U5

,91
, 8 3
,77

31,82
US, 44
27,15
24,92
22,76
20,75
18,04
16,02
15,06
13,27
11,GO
10, C4
8,57
7.21
6,02
4,95
3,99
3,13
2,42
1,79
1,32
I , DO

0,74

o i O

cnerap

4

£ 3
£ 3
- 3
£ 3
£ 3
• • a.

£ 2
£ 2
1 2
i o

£ 2
£ i
£ l
£ i
£ l
£ i
£ i
£ i
£ i
£ o
£ o
£ o

* o,

!vo
. 48

,28

,uv
, 90

,73
,55

,40

,26

.11
,96
,84

, 7 0

,56

,43
, 3 3

.19

,06
.92

,"'8
,68

,61

uj.cy £
2f>, 02 -
23,50 £
21,10 £
18,87 £
16,87 £
15.09 £
13,41 £
11,78 £
10,50 £

8,93 £
7,65 £
6.GO £
5,45 £
4.52 i
3.70 £
2,96 £
2,29 £
1,73 —
1,16 £
0,05 £
0,64 £
0,43 £

3

3

3

3

2

2

2

2
2

2

i

I
1

I
I
I
I
1
0
0:

0;

o,

,'Jf.J

, 65

,4G

,17

,95

.77

,59
,44

,29

,16
. 0 1

,88

.76

,t'14

,53
,43
.33
. 21
,U3

,95

,82

,70
,62

e

32,59 £
29,6-i -
:-:G,7b £
23,94 £
21,25 £
18,85 £
16.60 £
14,42 £
i2,38 £
10,50 £

8,78 £
7,24 £
5,89 £
4,71 £
3,72 £
2,87 £
2,15 £
J.,56 £
1,09 £
0.68 £
0,43 £
0,27 £
0,12 £

4,47
4,14
3,87
3,59
3,33
3,11
2,9i
2,72
2,54
2,38
2,20
2,06
1.91
1,78
1,66
1,55
1.41
1.28
i,15
1,01
0.B6
0,72
0,62

33

31
1:13
26

23

2C

16

14

12

11

9

7

6

5

4

3,
2
2

I,
1,
0,
0,

7

,98 £
.14 £
,33 £
.73 £
,19 t

.87 £
,73 £
,65 £
,64 £
,77 £
,02 £
,42 £
,90 £
,67 £
,54 £
,54 £
,65 £
,84 £
,lb £
,60 £
,20 £
,88 £
,61 £

1
1

I
1
i

I
I
I
I
I
1
0
0

c
0
0,

c
0
0

0

0

0

o,

. i'4
, 8 i

,70
,59
,48
.40

•> T

, 2 3

,16

, 0 9
,02

. 9 5

, 8 9

, 8 3

,77
,72

,67

, 6 0

,54
, 4 9

,44

,42
,39



TABLE 8

U H P K 0 K H U

I
0,102
C.I36
0,102
0,221
0,241
0,265
0,292
0,323
0,360
0,403
0,455
0,518
0,594
0,639
C.8C3
0,961
1,162
1,308'
1,365
1,426
1,491
1,560
I,CcE
1,715
J.801
1,893
I £93
2.-I0I

18,28
20,28
35,85
44,00
48,09
54,2?
60,48
66,66
74,61
83,6?
57,03

109,49
1.16,30

i

129,9?
ISC,71
127,55
125,51
122,52
lie,43
114,27
r:;i3//3
1.04,03

39,27
93,13
86,95
60,42

0

c

i
4-

• • •

+

+

+

i

•r

-

t

20,55
15,29
12,60
11,23
10,42

3,63
9,71
Sy50

11,53
11,52
11,18
10,76
10,27

9 r<"!
%52
8,85
3,r/3
8,02
7 ; 62

25,90
37,54
5G, 26
61,56
63,25
76,50
85,36
94,38

105,62
119,36
138,02
144,21
147,95
153,66
154,44
148,28
136,91
128,15
124,19
119,40
.114. IS
103,76
102,98.
96, °,1
30,35
G-..73
77,08
v 0,-14

6 j 0

3

t

+

+

i
+

+
+

+
4-

+
+
+

+
+

18,72
14,76
12,65
11,62
11,22
10,88
10,33
9,55

10,95
10,44
io,ro

9,65
9,18
S,70
5,31
7,83
7/iO
6,96
G. 45

26,19
37,05
50,99
62,57
69,25
76,40
67,07
9G.41

107,43
118, ?'?
129,17
133,86
136,25
135,36
131,1b
126,41
120,56
114,4?
111,52
107,7?
103,38

58,87
93,92
33,85
83,38
7", 67
71,97
6 b ,96

91

4

+

+

+
+

i
t
+

t
t
+
+

T

+
+

+
+

0

20,68
15,73
12,71
11,33
10,54
9,75
9,21
8,71

10,58
10,13
9,85
9,31
8,83
3,55
8,05
7,52
7,33
6,82
6,29

I

24,05
33,93
44,80
54,61
60,91
66,08
74,32
82,65
92,56

102,66
115,14
122,02
124,70
125,77
122,97
119,27
114,75
109,86
107,20
103,90
100,05
96,07
91,81
87,17
81,96
75,46'
71,07
65,29

2T°

r

±

+

+

_

t
+

+
+

+

+
T

+

+

+

+

15,26
13,60
12,00
10,63

9,90
9,22
8,73
8,28

10,32
9,90
9,57
9.06
8,64
8,25
7,64
7,38
7,01
G.65
6,i&

29,97
41,69
55,51
67,94
75,40
83,28
93,25

101,84
114,11
126,96
137,32
136,95
135,08
133,26
130,08
126,52
121.77
117,12
114,76
III.83
IG7.9O
J.04,00
99,49
94,48
86,77
82,65
76,68
70, Lri

151°

+
±

+
+

+

1
+

+

+

+
+

+
• ( -

•f-

4-

+

19.41
14,85
12,27
10,98
10, IB
9,51
9,06
6,61

10,50
10,08
9,74
9,37
b,9I
8,51
6,13
7,61
7,21
f-,33
6,33

rfeH

cnenrp

24,68
35,30
47,46
5c,18
64,38
71,30
80,10
68,39
98,67

110,30
123,34
129,30
132,C6
133,70
132,74
130,09
124,94
119,43
116,54
113,09
108,79
104,40
99,58
94,46
63,77
82,76
76,75
70,45

7

+
+

+
+

+

t
t
+
+
+
+

+

+

+

t
t

8,51
6,64
5,55
4,99
4,67
4.41
4,21
4,CO
4,86
4,66
4,51
4,31
4,11
3,93
3,75
3,51
.3,36
3,1?
2.95



rn
E, f&l^.

I
2,213
2,346
2,434
2,635
2,801
2,532
3,182
3,403
3,647
3,919
4,222
4,562
4,945
5,379
5,872
6,437
7.DS7
7,842
8,7^5
9.767

II.GLO
12,503
14,328

72,
67,
6C,
54,
4&.
4L',
37,
32,
2 3 ,
£4,

2 1 .
17.

o9

07
43
T O

03
££
70
S7
56
56
01
90

15,18
12,
10,

9.
7,
6 .
4 .
3 .
3 .
2 ,
I .

82
60
04
48
10
92
90
10
51
6d

31

2
+

4

t
£
4
4
+
+

+
+

4
4
i

—

±

7.16
6,73
6,19
5,75
5,33
4,90
4,54
4.28
3.S8
3,61
3,38
3,12
2,87
2,69
2,49
2,31
2,17
2.1*
1,84
1,77
1,79
I,8U
1,86

63
57
51
4!S
-10
3b
31
27
23
20
17
14
12
10.

a.
6,
5.
4,
o

2.
2,

I .

6

,63

»•-->•

,05
,33
,00
, 32

,07
,C6
.41
,04
,08
,45

,17
,19
49

,33
71
56
58
66
0?
62

1,22

3

4

i
+

4
4

+

+

+
+
4r

+

5,98
5,53
5,14
i v /^J

4,33
4.04
3..7I
3,47
3,20
2,96
2,75
2,55
2,34
2,19
2.05
i.a7
1.74
I.CO
1.41
1.23
1.05
0,95
0,82

K 0

59
54
43
43
38
33
29
25
22
19
16
13
11

9
8

6
5
4
3
2
2

1

1

TABLE

n v

,S4
,25
,67
.34
,33

.91

.01

.91
,25
.01
,13
,60
,4G
,59
.01
,G6

,52
,53
. 6 9

.29

.42
,98
,66

ft

4

±
+

4
+

+

+

4

+

8

0

6
5
5
4

4
4
3
3
3
•a

2
2
2
2

I
I,
I .
I .
I .
I .
I .
c,

(continued.

.01

.58

.07

.80
,41
,00
sB0

,51
,17
,00
,76
49
35
20

38
87
73
51
38
23
03
92

0,85

)

<21

59.42
53.67
48,12
4ii,7G
37,63
33.03
28,79
24.79
21,02
17.66
14,73
12,16
10.00
8,17
6,63
5.34
4,20
3.37
2,63
1.92
1,60
1,22
0.89

o
t
t
+

+

+

±
+

+

+

+

+

±

+

4

4

o

5
5
4

4

4
3
3
3
2
2
2
2,
2

I,
I,
1,
1.
I .
• »

I .

.79

.38
,\A
.57
,18
,85
,56
,26
,97
,74
,51
29
12
95
80
67
53
39
25

I I
0,95
c.
0,

82
75

63
57
50
44
39
34

29
25
21
IB
15
12
10
8,
7
5,
4,

2,
2 ,

I .

ue

. 4 9

,05
.73
.72
.04
.03
,50
,38
,55
.17
,23
,70
,53
65
Oil
72
54
til

60
01
42

I.OI
0.6*

la&fitu'j 8

151°

+

+
jr

+
+

+

±
+

+

+

+

±

+

+

+

+

5
5
5
4
4
3
3
3
2
2
2
2

I
I .
T
•*• i

I .
I .
I ,
I .
0 .
o.

,9U

. 4 8

,00
,53
,14
, 79

M
,1?
,88
,61
,41
19
S8
82
67
53
43
27
12
93
85

0.70
0 . 60

y

C4.

57
51
46
40
35
31

27
23
19
16
14
I I

a

8
6
5
4

3

2,
2

I,

cpejtmeHfr
cnexrp

,05
,85
,81
,05
,63
,60
,38
,22
,36
,89
,83
.16
.87
,88
,20
,75
,51
,41
,49
72
13
66

7

±

+

+

+

+

+

+

+

4-

+

+

+
+

i
+

±

2

2
2
2
2
I
1

I
I
I
I
I
I,
o,
o,
o,
o,
o.
c.

.76

.58

.36
,19
,01
,85
.71
,59
,45
,34
24
14
05
S3
90
83
7?
70
63

0,58
0,53
0.
0 ,

50
48

I



TABLE 9

0,102
0,135
C.I62
0.221
G,241
0,255
C.2S2
0,323
0,330
6,403
0,455
0,518
0,534
0,£33
O.S06
0.9GI
1,152
1,303
1,355
I,4£S
1,431

I,5uO
1,635
1,715
I 5CX
1*833
I.9S3
2,101

31°

2

26.36
37,DG
51,34
65.14
72,56
£2,14
92,37

ICtf.SI
113,61
135,17 -
i£C,14 -
I7-o.7S ±
175,SO -
Ifo.74 t
153,81 i
160,67 ±
158,10 ±
155,07 ±
150,SS ±
150,04 i
146,45 t
142,98 t
1.25,49 t
133,30 i
127,44 £
121,06 t
114,18 1
205,72 i

2C.93
17.14
15,31
I3.S8
12,91
12,14
11,63
11,38
14,23
14,04
13,50
13,01
12,31
12,35
11,81
11,51
11,01
10,39
3, S3

61°

3

54.B7
77,59

111,68
126,6.1
13SB92
154,55
167,91
176,72
l£:2,t;l
2G2,bo *
215/26 t
230,90 ±
239,60 ±
235,75 t.
222fb3 -
2C4.SS i
187,47 £
175,46 t
173,C4 t
165.73 ±
I5S.46 t
154,43 i
145,75 ±
142,32 t
135,77 £
127,SO t
.120,48 *
112,G3 t

21,39
18,15
16,99
16,58
16,04
15,00
13,92
12,88
14,49
13,98
13,57
12,97
12,58
12,13
11,71
li.23
10.70
IC,20
9, GO

91°

4

45,50
64.39
83.64

111,59
122.19
137,99
154,81
173.07
191,30
206.C5 t
213.69 i
214,50 i
211,34 *
2C&.64 t
IS7.-32 i
163.66 i
169,30 t
163,83 —
I57.C7 i
152,59 £
147,11 t
141,96 i
135,71 -
131,12 i
123,71 i
117,10 t
110.55 t
102,77 ±

21,43
17.88
15.63
14,79
14,13
13,37
12,52
11,67
13.41
12, S2
12.48
11.96
11,53
11.15
10,71
IC.2I
9.81
9,73
8,77

121°

5

73,46
102.33
136,73
167,42
170,C4
165,7C
191,05
193.71
1S5,36
195,73 ±
193,55 i
I9A,ti5 -
190.94 *
163.17 i
170.99 i
159.S6 ±
149.S8 t
144,17 ±
141,15 ±
137,34 i
132,99 -
128,60 i
123,23 -

118,48 i
112,4i i
105,65 ^
9i?44 -
92,20 i

21.35
17,2C
15,06
13.94
^2,96
11,95
11,18
10,51
12,63
12,31
11,67
11,40
10.33
10,43
I0.C5
9.62
3.16
8.73
8,22

151°

6

63,29
67.59

1x9.71
I4S.45
166,81
179,43
190,20
197.34
202,52

206.06 i
207,58 *
206,90 i
iLC'i.,07 —
192,5V ±
179,67 i
166,34 -
154,93 *
147,15 -
144,17 i
140,46 i
135,63 —
131,15 -
127,07 -
121.34 -
115,61 -
108,85 i
102,23 i
34,43 i

22,12
17,83
15,77
14,48
13.51
12,46
11,55
IC,82
12,87
12,49
12,10
11,59
11,11
10,79
10,39
9,90
9,44
8,96
6,38

ccexrj

7

52,70
73,79

ICi,66
124. Oo
135,30
147,97
159,27
168,93
180,14

163,76 £
196,09 i
204,19 ±
203,77 t
197,57 i
186,86 *
175,12 ±
163,% *
156,73 t
153,88 ^
149,43 ±
144,33 -
139,82 -
134,85 t
129,51 -
122.99 ~
116.II t

109,37 i
101,63 -

9,59
7,89
7,C7
6,61
6,24
5,82
5,45
5,13
S,G5
5,69
5,69
5,46
5*23
5,09
4,20
4,70
4,49
4,27
4.G2

o
I



TABLE 9 ( c o n t i n u e d )

li ii GEI1M

^^
E N'.aaN.

1

2,218
2,346
2,484
2,635
2,601
2,982
3,182
3,403
3,64?
3,919
4,222
4,562
4,945
5,379
5,672
6,48?
7,087
7,6-12
6,725
9,707

Il.OUu
12,503
14,528

99
90
S3
76
68
61
54
48
42
37
31
27
23
19
16
13
lu

b
6

4
3
2
1

,09
,92
.51
.15
,15
,63
,75
,75

.71
,12
.97
,35
,36
,49
,12
,16
.56

, c «

,3b

,92

,52

,41

. 51

31°

2

* 9.40
i 8,66
± 6,23
2= 7,6?
* 7,LO

i 6,59
± 6,10
i. 5,62
± 5,26
i 4,87
i 4,46
± 4,13
£ 3,91
i 8,49

i 3,03
-I- t no- /., lu
+ •» ly .

i IJ.37
i 2,12
i 2,09
i 2,1?
i 2,01

103,46
94,50
80,10
77,89
69,06
61,34
54,22
47,24
40,73
35, OU
29,41
24.G3
20,50
16,69

13.80
; T r\-
J.J. , UO

0,74
6,75
o,13
o 191-*

C.Ol

1,00
1.14

6L°

3

- 9,01
i 8,39
i 7,60
i 7,24
£ 6,61
± 6.L9
£ 5,61
± 5,15
i 4,70
i 4,32
£ 3,9^
- 3,01
£ 3,31
i 3,0C
i 2,83
£ -.55
- 2,34
i 2,13
i 1,87
i 1,01
i 1,30
i 1,14
t u.98

8 <,

7 9 ,

? I ,
6 4 ,
57 .

50,
4 3 ,

3 b ,

3-»
27 ,

l o ,

15.
12,

3.
? .
5,
•i |

3 .

2,
i ,

u ,

77 i
30 ±
24 ±
D2 ±

26 1

10 ±
61 ±
68 ±
09 ±
47 ±
37 ±
77 t
6Z t
22 i
20 t
6? i
55 i
?c t
ido i
07 i
12 ±

8u ±

4

5.:, 20

7,70

7.11
6,58
CO?
5,56
5,13
4,66
4,27
3,86

8 , J 8

2,62
2,39
<.,1?
1,98
i , 7 ?

i ,55
1,34
i,xQ
0,90
0,74

84,73
77,49
70,26
63,13
56,13
45,19
48,24
37,59
32,05
27,04
22,57
18,05
15,26
12,31
9,85
7,73
G,L5
4,60
3,44
L',51
i.73
1,21
0.73

- 7 ,67
- 7,15
£ 6,65
i 6,16
— J , U J

i 5, i5
1 4.73
t 4,33
t 3,95
i 3,59
i 3,29
i 3,01
± 2,73
i 2,49
i 2,29
i 2,08
i 1,89
1 1,72
t i, 52
; i .oi
- i.i.
i 0,39

oC b'3
79,38
71,87
63,59
56,44
49,70
43,36
37,23
31,75
26,53
21,96
18,06
14,59
i i ,6b
9,i9
7 13
5,44
4,3G
i;,9d
^.,16
1,47
0,91
L-,52

51

6

i

i

i

i

i

i

t
±
i
4-

±
i
t
i

4-

u

7,86
7,32
6,74
6,14
5,65
5,15
4.71
•1,29
3,88
3,54
3,21
2,91
2,04
^,44

1,34
i , Lit

1,49
1,30

<J,8C>

0,6?

Ycpe/ji
cue-

b j | b * ~-

73,2u i
70,46 ±
62,81 i
D5,?9 t

49,24 ±
42,94 ±
07,06 t
3i,C4 ±
26,06 £
^2,20 £
16,51 £
15,12 t
12,23 t
9,70 i
7,67 t
5,S3 £
4,43 £
3,32 £
2,33 -
I.iC t
0,95 i

rD

rl

3,78
3,51
3,2a
3,03
2,78
2,56
2,06
2,16
1,98
1,82
1,66
1,52
1,40
1,27
1,1?
1,07
0,97
0,89
Q.oO
0,70
0,62
0,67

0,51



-,

K),x\JZ

0,136
0,182
0,221
0r24I
0,205
0,292
0,323
0,360
0,403
0,455
0,518
0,594
0,639
0,803
0,961
1,162
I """-S
1,365
1,423
1,491
1,560
1,635
1,715
I, SOI
1,693
1,993
2,101
2,218
2,346
2,484

JLY.UJ

24,26
32,57
40,35
44,75
50,18
55,29
61,63
70,59
79,22
93,03

107,99
122,23
133,59
140,03
142,02
137,90
131,58
125,56
124,59
120,16
115,61
110,72
105,77
39,89
23,91
87, S3
82,16
76,12
70,22
64,47

31°

2

- 19,03
i 14,72
± 12,35
i 11,40
r 11,12
- 10,86
- 10,53
i 10,28
- 13,52
- 13,02
i 12,53
2 12,11
i 11,70
- 11,30
- 10,90
J r -••/- < ^
- J-U,'ii.

T 9,36
* 9,48
2 9,01
2 8,55
- 3,07
i 7,58

61°

3
«i2,VU

31,71
43,54
53,07
53,99
65,89
73,96
81,38
93,16

105,37 ±
121,97 ±
T43,46 *
157,56 t
168,27 ±
163,69 ±
159,67 ±
145,26 -
135,71 i
132,83 £
125,07 i
122,72 ±
117,49 ^
112,07 i
106,39 ±
93,33 i
93,33 2
66,57 £
79,52 ±
72,20 ±
65,31 i
58,73 ±

14,99
13,20
12,52
12,07
12,10
11,83
11,23
10,41
12,57
12,05
11,67
11,21
10,75
10,36
9,97
3,49
9,06
8,62
8,06
7,54
7,00
6,53

TABLE 1

B 0 JI B fr P

91°

4
24,76
36,14
48,20
53,73
66,53
73,93
82,17
91,63

104,59
117,28 ±
130,13 ±
142,03 i
153,73 £

159,84 ± .
156,66 ±
148,58 ±
138,06 i
129,66 ±
126,00 ±
121,44 ±
116,56 ±
111,70 i
106 ,.43 ±
100,88 ±
94,90 i
88,48 i
82,03 ±
75,47 ±
63,67 ±
62,18 -
55,73 ±

0

A M

18,89
14,72
12,47
11,87
11,60
11,10
10,51
9,87

12,07
11,63
11,12
10,67
10,25
9,80
9,38
9,01
8,56
8,15
7,66
7,19
6,67
6,20

5
' 23,43

31,82
43,38
53,54
58,45
65,87
72,51
81,06
92,34

101,37
109,49
116,23
126,09
137,18
IW.25
141,89
131,53
121,16
117,18
111,93
106,45
100,93

95,28
8^,74
83,48
77,38
71,32
64,95
58,40
c2,07
46,05

121°

2 17
2 13
± II
i 10
1 10
1 10
1 ic
1 9
2 II
± II
2 10
r 10
± 9
- 9
- 8
- 8
- 7
2 7
1 7
- 6
- 5
- 5

,69
,59
,49
,59
,43
,35
,09
,42
,60
,33
,85
,23
,70
,24
,77
, 36
,90
,50
,02

,59
,04
,66

TaCtaHua 10

23,08
32,35
43,45
54,86
60,66
67,57
74,66
83,04
95,01

108,45
120,15
135,93
148,74
154,67
150,41
137,23
121,17
110,61
1^6,41
101,85
96,65
92,21
87,25
82,00
76,20
70,31
64,63
58,33
52,99
47,44
41,99

[51

5

+

±
+
+

+

2

+

+

+

+

+

+

±

+
+

t
+

±

0

18,
14,
12.
I I .
I I ,
10,
9,
8.

I I ,
10,
10,

9,
9,
8,
6,
n
/ ,

7,
7,
6,
6,
5,
5.

54
16
27
67
34
75
62
80
14
75
16
78
23
80
38
97
47
13
66
22
60
38

cneKrp

5
22,19
31,25
42,23
52,31
57,88
64,70
71,72
79,76
91,14

102,34 ±
114,95 ±
129,15 -
141,67 £
150,71 -
151,31 ^
145,88 £
134,98 i
125,94 2
122,19 £
117,58 i
112,51 2
107,59 i
I02,35vi
£6,95 -
90,90 -
84,68 -
78,50 2
72,18 2
65,68 £
59,45 2
53,39 i

8,00
5,30
5,46
5,15
5,06
4,91
4,68
4,37
5,46
5,27
5,05
4,84
4,63
4,44
4.25
4,06
3f86
3,67

3,25
3,02
2,82

IV)



TABLE 10 ( c o n t i n u e d )

B 0 J! L 4> P A M

i

2.635
2,801
2,982
3,182
3,403
3,647
3,919
4,222
4,562
4,945
5,379
5,872'
6,43?
7,037
7,842
8,725
9,76?

II,0C8
12,503
14,328

58,78
53,14
47,93
43,04
36,19
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Figs 1-55
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ISOMER RATIOS AND GAMMA SPECTRA IN THE RADIATIVE
CAPTURE OF THERMAL NEUTRONS

A.G, Dovbenko, A.V. Ignatyuk, V,A. Tolstikov

Introduction

Present investigations of the mechanism of neutron radiative capture

by nuclei involve, essentially, the interpretation of three groups of

experimental data: total radiative capture cross—sections, cross—sections

for the formation of the isomeric state in radiative capture, and spectra

of the cascade gamma rays produced. Wide use is made of statistical models

of nuclear reactions to describe these data theoretically. If the total

radiative capture cross—sections are investigated with such a model, it is

possible to obtain data on the level density of the compound nucleus formed

with excitation energy closse to or above the neutron binding energy /~1_7,

and the cross-section for the formation of isomeric states provides a basis

for studying the relationship between level density and angular momentum /2_y.

A statistical description of the gamma spectra produced in radiative capture

provides a means of studying the level density for excitation energies

considerably below the neutron binding energy / 3_/« I"t emerges that the

shape of the spectrum is sensitive even to the discrete primary low—excited

nuclear levels £4_/«

Investigation of the garrun spectra of radiative capture provides the

most complete information on the radiative capture mechanism and, in the

case of many nuclei, the difference in the shape of the gamma spectrum from

the results of calculating spectra with the statistical model has served

as a basis for developing new models of direct / 5 _ / an(^ semi—direct (or

collective) L&J capture mechanisms. It is clear that for these nuclei

the total radiative capture cross—sections and the cross—sections for the

formation of the isomeric states should also be described by a direct or

collective capture model. However, the results of numerous investigations

have so far been very inconsistent. The radiative capture cross-sections,

the absolute values of the radiation widths and the isomeric ratios at

neutron energies of not more than a few MeV are reasonably well described

by the statistical model over practically the whole mass range of stable

nuclei / 7» 8_/ investigated, whereas the gamma spectra of many nuclei are

harder than predicted by the statistical model /~9_7«
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To get a consistent explanation of the above experimental data we

must determine to what extent the discrepancies in the gamma spectra can

be accounted for by the parameters of the statistical model and establish

the contribution of the direct process to the radiative capture cross-

section for neutrons in the intermediate energy range.

In this study a statistical model is used to calculate the gamma

spectra associated with thermal neutron capture, and also to calculate

the ratios of the level populations in the ground and long-lived isomeric

states formed as a result of these gamma transitions. Unlike earlier

authors /~3» 4_7» in calculating the spectra we took account of the

dependence of level density on angular momentum. We also investigated the

effect on the shape of the spectrum and on the isomeric ratios of different

theories concerning the energy dependence of the excited state density and

the dependence of the gamma transition probability on energy and on the

angular momentum transmitted.

1. Basic relations

For describing multistage decay of an excited nucleus via gamma-ray

emission it is convenient to use the method developed in Ref. £}>J* Let

us consider this process, taking into account the effect of angular

momentum on the probability of radiative transitions. We shall denote

with y, (E,J,t) the population after emission of the k gamma quantum of

a state with energy E and spin J at instant t. The variation of population

with time is described in Bohr's classical model of compound nucleus decay £ 1

by the kinetic equation

where f1 (E,j) is the total radiative decay width of the state (E,j) and

F (E',J'-»E,J) is the width of radiative transition from the state (E',J')

to the state (E,J), E being the maximum excitation energy.

The initial condition for equation (l) is written

(2)
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where y (E,j) is the population of the state (E,J) at the initial moment

of time. When a thermal neutron is captured the nucleus has an excitation

energy E = B and momentum J = | I — /2 | , where B. is the neutron binding

energy and I is the target nucleus spin. It is then convenient to write

-Eo) (2a)

Integrating Eq. (l) with respect to time, we obtain
Co

(3)

We then determine

r

Here W, (E.j) is the relative probability that in the gamma decay process the
th

excited nucleus was in the state (E,J) after emission of the k gamma quantum

and S(E',J'~> E,j) gives the relative probability of radiative transition to

the state (E,J).

Since any excited state will decay in an infinite period of time, we

have y(E,J,0°) = 0 and equation (3) can be re—written in the form

If there is an isomeric state in the system i ts population may be

defined as

Wf£«,^Iv/K(<w,*,J (6)

The isomeric ratio describes the relative probability of formation of

a nucleus in the isomeric state and is usually determined experimentally as

7-



- 204 -

where o and o are the cross—sections for formation of the isomeric and
m g

ground states in the given reaction. On the "basis of the above relations

the isomeric ratio is determined as follows:

(7)

where the i n i t i a l condition (2a) i s expl ic i t ly taken into account.

Since!1 (E,J ~* E - e Y,J ' ) determines the probabil i ty of emission *of a

gamma quantum with energy £Y during the t rans i t ion from the s ta te (E,j) to

the s ta te (E - ey ,J ' )» "tne number of gamma quanta emitted at instant t from

the s ta te (E,J) may be written as

The number of gamma quanta with energy ey emitted during decay of the state

(E,J) may thus be written

frO ,//J$

For the total number of gamma rays with energy ey we obtain

The gamma—ray spectrum will now be defined as

o

On the basis of the initial condition selected in expression (2a) above,

we have

(12)
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The total number of gamma quanta emitted is given by the formula

0

The above relations make use of the underlying assumption of Bohr's

compound nucleus model that the mode of decay of the excited state is

independent of its mode of formation. In this case the correlations of

the gamma quanta must be determined solely by conservation of angular

momentum and there should be no other correlations. The presence of such

correlations vjould mean that the whole approach was incorrect.

In the statistical model the widths are expressed in terms of the density

of the final nuclear states and to describe this it is normal to use the Fermi

gas model £~IOJJ, This method was used to calculate the gamma-ray spectra

(neglecting angular momentum) in Refs /~3_7 and /~4_7 and to calculate the

isomeric ratios in Refs £"\1—1~}>J, Below we shall shew that existing data

on radiation widths and level densities are not accurate enough.

For analysing isomeric ratios it is common to use the highly simplified

description of Huizenga and Vandenbosch £2_y in which only a small number

of cascades is considered (~ 3—4) and the isomeric ratio is determined

simply by the spin dependence of the level density. The simplicity of

this approach is of course very attractive but the results of Refs /~H-13_7

show that the accuracy is not good enough for a reliable quantitative

analysis of experimental data.

2. Description of mean radiation widths

Let us now consider existing inform6i,tion on radiation width characteristics.

Simple relationships for the widths of gamma transitions of different multi-

polarity from state i to state j were obtained by Weisskopf on the basis of

single-particle estimates /~10_7« Comparison of these estimates with existing

data for light nuclei has shown that on aiverage they are valid, although there

are fairly large discrepancies in individual transitions /~14_7'» If the states

of the excited nucleus have sufficient density, we are interested mainly in the

value of the radiation width averaged over a large number of possible transitions.

For mean widths of different multipolarity we have
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U
where A is the mass number, ey is the gamma-ray energy, Q. is the density of

the initial states with given spin and parity and D characterizes the mean

distance between degenerate single-particle levels (sub-shells). The

numerical values of the constants were obtained by Wilkinson £~^-AjJ and.

correspond to the measurement of P in eV? e and D in MeV, and Q. in MeV .

Initially, Weisskopf estimated D at ~ 0.5 MeV but the value now used is

D ~ 15 MeV. It is often included in a constant whose value is found by

fitting to experimental data /~8»9_7«

Recently, another approach has been evolved for calculating V based

on the principle of a detailed balance linking the direct (n,y) and the

inverse (y,n) reactions. Here it is assumed that the behaviour of the El

transitions in the nucleus formed as a result of the (n,y) reaction is

governed by the same physical processes as the giant dipole resonance in

photonuclear reactions. Approximating the photoabsorption cross—section by

means of Lorentz's formula on the assumption that its validity extends to

energies of 6—8 MeV - which are of interest from the point of view of the

gamma radiation emitted during neutron capture — Axel £ 15_/ obtained an

expression for the width V of El transitions to the ground state:

where eg is the energy of the giant resonance and Vg is i t s width. To obtain

a relation for evaluating a large number of nuclei, Axel /~15_7 recommended

Pg = 5 MeV and eg = 8O.A~ ' . Then for gamma quanta with energies of

6—8 MeV expression (15) takes the simple form

d"*A*' (16)rf0L s6.htd<A

where P . and D. = — are in the same units and £y is in MeV. Note once
yoi 1 Q . T
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again that expressions (15) szid (l6) were obtained only for transitions to

the ground state. Therefore their use for calculating the radiation widths

of transitions to excited states rests on the assumption that the shape of

the photoabsorption energy dependence is determined solely by the gamma quanta

energy and is independent of whether the nucleus is in the ground or the

excited state.

Note also that even the experimental data on the width of the transition

to the ground state relate only to the 15—20 MeV region in the photoabsorption

cross-section where a giant dipole resonance exists, and that there are

practically no experimental data for the 6-10 MeV region, so that extrapolation

of expression (15) to lower gamma transition energies also requires verifica-

tion.

One of the ways of experimentally verifying the dependence of Py on the

energy of the gamma quanta emitted is to analyse the gamma spectra resulting

from radiative capture of neutrons with energies in s. range AE which

contains a sufficiently large group of resonances ("average capture"). Now,

thanks to the development of a new technique — Ge—Li gamma detectors — it has

become possible to obtain neutron capture gamma spectra with very good

resolution, by dividing the high energy part of the spectrum into separate

lines.

In an experiment of this type the intensities of the gamma lines in the

high energy part of the spectrum are proportional to the radiation widths

ry,i,j in the sense defined above, and one can obtain the dependence of the

radiation width on gamma-ray energy. The results of these investigations

are given in Fig. 1 /~l6_J7, which shows the radiation widths Py,i,j of the

high energy part of the capture gamma Espectrum for the isotopes Gd and
-I rQ

Gd. The results of the experiment are compared with the energy dependence

of Fyij according to Weisskopf (~e ) /~10__7, Axel /"~15_7 an(^ with the
Y5 Y

dependence ~ e . It can be seen that the values obtained for

in the 6.5—8.5 MeV energy range do not agree with the energy dependence cal-

culated according to Weisskopf. The experimental dependence is more

sharply defined than e and can be described approximately by both s. and

expression (l5)« It is impossible, however, to draw any more definite

conclusions, since the experimental data were obtained for a limited energy

range and their accuracy is insufficient. Analysis of the spectra for other

nuclei such as ^Ta, w, 0s and ' Pt also shows that the dependence of

Pyij on ey is in any case more sharply defined that e
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Considerably less study has been devoted to the mean widths cf the Ml

and E2 transitions. Recently obtained experimental data /l6_/ have shown

that the mean widths of Ml transitions for gamma-ray energy about equal to

the neutron binding energy are an order of magnitude less than the widths cf

the El transitions. Such a relationship is in quantitative agreement with

an estimate of the widths based on expression (14). It is not clear, however,

to what extent the result obtained depends on the energy range considered. If

it contains a giant :T1 resonance, the mean radiative widths of the magnetic

transitions in this energy range may be comparable with the mean widths of the

electric dipole transitions. Bollinger j_ L6_/ attempted to analybc- the

effect of the giant Ml resonance by studying capture gamma—ray spectra from

the reactions Sn(n,y) Sn and Sn(n,y) Sn. The energy dependence

of the widths which he obtained is shown in Fig. 2. Owing to the paucity

of experimental data available it is impossible to establish definitely whether

there is a giant resonance in the intermediate neutrons of Ml transitions, DUX

it appears that the transition intensity in the 6-9 MeV energy range fluctuates

rather strongly.

Prom expression (14) one would expect electric quadrupole transitions to

be considerably weaker than dipole transitions, so that their contribution to

the mean radiation width would be negligible. But here too it is not certain

whether this relationship holds for low-energy transitions,. The collective

characteristics of the lower excited states may be such that quadrupole

transitions are amplified, and this must be allowed for in calculating the

mean radiation widths of nuclei in the low excitation energy range.

For calculating thermal capture gamma-ray spectra /~3» 4_7 axi<^ the

corresponding total radiation widths _/~8_7» it is usually assumed that the

nucleus decays only by way of electric dipole transitions. In calculating

the isomeric ratios _/2, 11, 12_y a small contribution of other transitions

is admitted only at very low excitation energies. This brief examination

of the data on mean radiation widths indicates that the assumption that EJ

transitions dominate throughout the excitation energy range may not be correct;

at any rate it is not possible at the moment to assess the accuracy of this

approximation.

If the number of excited states involved in the decay process is large

enough, the spectral density of the gamma quanta will be proportional to

the number of states:

(17)
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Here rij(ey) coincides with the widthsdefined above - see expression (14) -

and Q(U,I,K) is the density of final states with excitation energy u = E-ey,

the corresponding momentum I and parity u.

Since the relationships given above for the population of states and gamma-

ray spectra contain the relative decay probability

the results of the spectrum calculations do not depend on the constants used

in expression (14)» and are influenced only by the energy dependence of

Q(u,j) and ^Yij(ey)« Levels of different parity are distributed on average

with equal probability /l7_/ so that even in deriving the basic relationships

we did not classify the transitions according to parity. Below we shall

consider only dipole transitions and ignore the quadrupole contribution. The

energy dependence in expression (18) should then be determined as a composite

energy dependence of El and Ml transitions with allowance for their relative

intensity.

3. Density of excited nuclear states

A description of the mean radiation width relying on the statistical

approach (17) requires us to know the density of the excited nuclear states

over the whole range of excitation energies and angular momenta investigated.

Since there are no direct experimental data for this wide range, it is

necessary when calculating to employ various model-based estimates of level

density which are fitted to existing experimental data only at certain points.

It is most common in such calculations to use simple analytical relation-

ships for level density obtained with the Fermi gas model£l7^!

(20)

The basic parameters of this model are the level density parameters, a,

and the spin dependence parameter
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Since this parameter depends on the excitation energy uf it is more convenient

to use the moment of inertia F = —r a< m > as a parameter, or even <m > -

the mean square of the projection of the single—particle moment of states

close to the Fermi energy.

For u in these expressions we use the effective excitation energy,

defined as

CO for odd-odd nuclei

U - £ - S"? where3 = {An0? Az for odd nuclei (22)

(_̂N * ^ a f° r even—even nuclei

This way of determining the effective excitation energy corresponds to

the phenomenological calculation of residual interactions in nuclei with

different parity of the nucleon number. The pairing parameters A are

determined here on the basis of the even-odd nuclear mass differences £lQt 19_7«

For a large number of nuclei the level density parameter, a, was found

by analysing experimental data on neutron resonance density / o , 19, 2O_7.
2

Selection of the parameter <m > involves some uncertainty which leads to

inconsistency in the parameter a derived by different authors. Thus the

authors of Refs /~8, 19_7 used a value of<m > = O.I46 A ' whereas in later
2 2 A r- -7

investigations the value employed is<m > = O.24 ' ]_ 20_/. The latter
value corresponds better to the theoretical determination of < m > /~21_7«

The chief merit of the Fermi gas model is the simplicity of the results

it yields — see expressions (19)» (20) and (2l). However, existing theory

on the structure of the excited nucleus raises doubts as to the suitability

of such a simple model for describing level density in a wide excitation

energy range. A lot of experimental data are in direct contradition to

Fermi gas model results /22_y. To describe a large set of nuclear

characteristics it is more logical to use a superfluid nuclear model based

on the fundamental relations of the theory of superconductivity £22_y.

The expression for level density obtained with this approach is more

complex. The following relation was used in this investigation:

S,, is nuclear entropy, determined for protons as
Z

(24)
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where K (x) is the Macdonald function. The pre—exponential functions are:

> (25)

Relations (24) and (25) take a similar form for neutrons, it being

necessary only to replace the parameters g7 and A by gN and A . The

parameter A defines the effect of pair correlations and is obtained by

solving the equation

tvfi A£ Me (na A2) when fi >A *P
J ^ r (26)

a)

where 15\ = 1.76/A . A similar equation is written for A .

The above expressions are functions of the thermodynamic temperature

t = 15 • For a given excitation energy u, the temperature t is the solution

of the equation

* - * £ ) (27)

The dependence of the thermodynamic functions on temperature for this model

is shown in Pig. 3»

Thus in the superfluid nuclear modeil the level density energy dependence

is determined by four parameters: the density of single—particle proton

states g™ and neutron states g,, and the pair correlation parameters A „ and

A . These parameters are equivalent to the parameters a and b in the

Fermi gas model. If i t is assumed that A = A = A and g? = gN = g/2»

the level density in Eq. (23) will be a function of only two parameters.

This reduction in the number of parameters considerably simplifies their

determination in analyses of experimental data; however, theoretical detei>-

mination of the parameters A ^ and A shows that they almost always differ /

It should be noted that in the superfluid nuclear model A does not vanish
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for an odd number of protons or neutrons, and the observed even—odd

differences in the excited state densities are associated with the difference

of l/4gA for even and odd nuclei £"^J»

The dependence of level density on angular momentum in the superfluid

model is similar to relation (19) in the Fermi gas model except that the spin

dependence parameter takes a different form:

The moment of inertia is determined as

( * * ) when/>/*?» (29)

w h e n •/**M
The expression for F is similar.

In the general case m_ 5/ nL,, but this difference has very little effect

on the calculation of the level density spin dependence. To reduce the

number of parameters in the calculation, it was assumed that
—2 —2 2 A
m = m^ = 0.25 A ' , where the numerical value of the coefficient is obtained
from calculations on the single-particle spectrum of the shell model £~2lJ,

For near magic nuclei the level density energy dependence is more complex

and cannot be described by any of the above models for constant values of the

level density parameter, a (or g) /22_y. For such nuclei it is accordingly

best to make direct use of level density calculations on a given spectrum

of single-particle states of the shell model. The results of these calcula-

tions provide a fairly good description of the experimental data on the

excited state densities of magic nuclei in the barium-cerium range (A ~ 140)

and in the lead range /~24_7«

Calculations of the low energy part of the spectrum of cascade gamma

radiation are considerably affected by the discrete character of the spectrum

of the primary excited nuclear states /~4_y« If an experimental scheme

of the primary nuclear levels exists, it is convenient, when calculating

the radiation widths to separate out the transitions to explicit low-lying

states or, what amounts to the same thing, to represent the level densities

in the low energy region in the form

Ji (u, if)*ld(u- £i>d3h > (30)
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where E- and J. are the energy and spin of the i excited level.

This method of determining the density also enables allowance to be

made for the probability of radiative transition to the ground state and for

the effects of an energy gap in the spectrum of excited states of even-even

nuclei,

4. Results of calculations

For calculating gamma-ray spectra and the relative population of the

isomeric levels it is necessary to determine the population of excited

states resulting from transitions with a given number of gamma quanta — see

Eq» (5)« This was found by successive calculation of the probabilities of

transitions in each cascade, but for these calculations it is particularly

important to choose the optimum number of cascades. This problem can be

avoided by summing Eq. (5) in terms of the possible cascades and reducing the

solution of the resulting integral equation to a system of differential

equations /~3t 4_7« However, this approach is convenient only for a fairly

simple energy dependence of the radiation width (~ e ); and since the

behaviour of the radiation width can be more complex, we preferred the method

of successive cascade analysis for calculating the spectra. Comparison of

the results of those calculations with the results of solution of the

differential equations in Refs /3» 4_7 showed that t'ae optimum number of

cascades is ~ 50 and that the calculations are not sensitive to any further

increase in the number of cascades.

Troubetskoy axid Strutinsky /3» 4_/ have shown that the low energy part

of the gamma-ray spectrum cannot be obtained with a continuous level

distribution function (level density) close to the ground state and "ftiat it

is necessary to allow explicitly for the discrete character of the spectrum

of the primary excited nuclear states - see Eq. (30)« In our calculations

in the low excitation energy range we therefore used discrete levels, the

energy and angular momentum of which were selected in accordance with

Refs /~25_7 and /~26_7» This choice of levels also removes to some extent

the indeterminacy associated with the use of the level density formulae -

expressions (19)—(27) — in the low excitation energy range. If excited

states arose (not the observed isomeric states) which could not decay via

dipole transitions, we then took into account transitions of higher multi-

polarity. The consideration of the latter was analogous to the assumptions

concerning gamma transitions of the final cascade used by Huizenga and

Vandenbosch £"^J for investigating the isomeric ratios. These transitions

have practically no effect on the gamma-ray spectra calculations and usually
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have very little effect on the calculation of the population of the isomeric

states. They are mainly required for correct normalization of the isomeric

ratio - see Eq. (7).

Let us now see how our calculations are affected by differences in the

energy characteristics of the excited state density and in the energy dependence

of the radiation width.

Fig. 4a shows the experimental gamma-ray spectrum for thermal neutron

capture by a Hf nucleus /~26_7 and the results of calculating the spectrum of

the Hf(n,y) Hf reaction for thermal capture to a state with momentum

J = 3» The spectra resulting from the formation of a compound nucleus with

momentum J = 4 differ only marginally from those given in the figure. Pig. 4b

shows the excited state density used in the calculations; the broken line

shows the boundary below which the discrete level scheme was used. The

Fermi gas model parameters were taken from Ref. £20_y and correspond to

experimental data on neutron resonance density. The parameters of the super-

fluid nuclear model were selected so that the density of the nuclear states

in this model at an excitation energy equal to the neutron binding energy was

the same as the neutron resonance density. This was achieved by selecting

the quantity g = g = g^ with parameters A and A taken from Ref. /~23_7«

The results of the calculations are also greatly affected by the choice of

different relations for the radiation widths - see expressions (14) and (15) -

and by the difference in the level density characteristics. The Fermi gas

model with the usual radiation width dependence (~e ) gives spectra which

are too soft. This conclusion is not in contradiction with the calculations

in Refs /~3_7 3Jl^i /~4_7i since they employ a level density which is too low

in the high excitation energy range. Use of the Lorentz radiation width

relation - Eq. (15) - improves the agreement with experimental data and it

can be seen that with suitable choice of level density it is possible to

achieve quite a good description of the experimental conditions; the level

density curve should then fall between the curves given in Fig. 4b« When

allowance is made for discrete levels in the range ey ~ 1.2 MeV, lines are

obtained in positions corresponding to the experimental ones, but their

intensity is 3—4 times higher. The Lorentz relation also gives intense

lines in the high gamma-ray energy range which are not present in the experi-

mental data. Since our calculations have an average statistical character

they cannot be claimed to describe the separate lines, the intensity of

which depends considerably on the structure of the wave functions of the

initial and final states of the corresponding transitions. The integral

spectral characteristics obtained in the calculations, the mean number of

gamma quanta per capture and the isomeric ratio for the 8~ state, are given

in Table 1.
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Table 1

1i Fermi gas model
Superfluid nuol-ee.r j

model tY 1

• 7 1 :
j r r ( i o ; fr <\.LJ i •_
3,5

3.6

3 0,012
H 0,0017

3,0

3,1

0,0065
0.00033

3,1

3,2

0,013
0,0012

2,5

2,6

0,0049
0,00014

Experiment

5,6^4,7

0.0037

The mean number of quanta is calculated from a spectrum withe y ̂ 0*1 MeV,

i.e. the contribution of very soft gamma rays is not allowed for. A

corrected value for gamma peak intensity is used for calculating the mean

number of gamma quanta with ty ~ 1.2 MeV. This correction has a value

Any = 0.4-0.6 in the different variants of the calculations. The calcula-

tions performed give the correct order of magnitude of the isomeric ratio.

The isomeric ratios provide a means of studying the behaviour of the

level density spin dependence, but such a study is very much limited by the

fact that we can observe the population of only two states. The information

would be more complete if the population of a larger number of states were

investigated for a given nucleus. A method for the experimental derivation

of this information was considered in Ref. J_ 2r]J. The mean population of

low-lying states with different spin was derived from the gamma peak intensity;

the relative populations obtained for radiative capture of a thermal neutron

by a l)y nucleus are shown in Pig. 5a C^]J» Fig. 5b shows the total

gamma-ray spectrum for this reaction /~26_7» With relations (5)-(7) it is

possible to calculate the population of these states and Fig. 5 compares

the results of the calculation with experimental data. Only the results of

the Fermi gas model calculations are shown, because for this nucleus the

spectra calculated with the level density - Eq. (23) - are considerably at

variance with experiment. As with the reaction Hf(n,y) Hf, considered

above, the use of the Lorentz relation for the radiation width gives too

high values for the intensity of the gamma lines in the high energy part of

the spectrum. Fig. 5^ shows how variation of the level density parameter, a,

affects the results.
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Fig. 6 shows the relative populations of low-lying discrete levels in

the reaction Lu(n,y) Lu for a thermal neutron /27_/. As in the case
177

of Dy, the gamma-ray spectrum of Lu is "best described by the Fermi gas

model, so the results of calculating the relative population of the states

are given only for this model. The distributions indicate how the choice

of momentum of the initial state affects the calculation of the relative

population, and it may be concluded that in the case of thermal neutron

capture the state with momentum J = 13/2 is to be preferred.

5. Discussion of results

The calculations have shown that allowance for the effect of angular

momentum on the radiative transition probability produces a spectrum of

cascade gamma quanta softer than the spectrum obtained in calculations not

allowing for this effect /~3, 4_7» The spectra of intermediate and heavy

nuclei (far from the magic numbers) calculated with a radiation width energy

dependence of ~ ey and with level density according to the Fermi gas model,

are usually much softer than the experimental spectra. Using the Lorentz

curve to describe the radiation width gives harder spectra which describe

the main part of the spectrum quite satisfactorily. However, in the case

of discrete low—excited states this dependence usually gives unduly high

values for the intensity of high-energy gamma transitions.

For even~even nuclei the agreement of the theoretical spectra with the

experimental is better if the level density energy dependence obtained with

the superfluid nuclear model is used. This model is much more consistent

than the Fermi gas model in describing a wide range of experimental data /~22_7«

However, before it can be used widely for calculations of this kind, it is

necessary to have a more clearly defined selection of model parameters for a

wide range of nuclei.

With allowance made for the discrete structure of the low-excited states,

the calculations describe sufficiently well the mean population of levels
p

with different spin. The spin dependence parameter employed, < m > = 0.25 A 2/3

corresponds to the solid-state value of the moment of inertia /~21_7« T n e

integral characteristics of the radiative capture spectra for thermal

neutrons - the mean number of gamma quanta and the isomeric ratio - are less

sensitive to the choice of model parameters than the shape of the spectrum,

and therefore a good description of these does not always serve to verify

the adequacy of the model employed.
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It should be noted in connection with the statistical description of gamma-

ray spectra considered in this paper that correct choice of the radiation width

and level density parameters does not produce the hard, spectra observed for

nuclei with near—magic proton or neutron numbers. The best example of this

is provided by the spectra for thermal neutron capture by nuclei in the Au-Pb

range /~26_7» The impossibility of describing them statistically has already

been discussed /~9_7 an(^ 'tne above method should not be used for describing

the isomeric ratios in the case of these nuclei.
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12 14 IS IB ?0

Gamma-ray energy, MeV

Fig. 1 Gamma energy versus mean width of electric dipole transitions

for l5 Gd and 1 5 Gd nuclei £"l6_J.

Gamma-ray energy, MeV

Fig. 2 Gamma energy versus mean width of magnetic dipole t r a n s i t i o n s
•I -| Q "I Qrt

for Sn and Sn nuclei /~l6_7»
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«t

fw
V

Pre—exponential

Temperature dependence of the thennodynamic functions

of the superfluid nuclear model. The broken line shows

the "behaviour of the Fermi gas model level density

(Eq. (19)).
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t, MeV • » • • u. MeV

Fig. 4 (a) Gamma cascade spectra for thermal neutron capture. The

experimental spectrum was obtained for a natural mixture

of Hf isotopes £~26_7; the calculated results are for
177

the reaction Hf(n,Y)» The solid line shows the

results of calculations with level density according to

the superfluid nuclear model - Eq. (23); the broken line

shows the results obtained using the Fermi gas model -

Eq. (20).

1 = Energy versus radiation width - Eq. (14);

2 = Curve of Eq. (15).

(b) The excited state density used in the calculations.
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«r

•"•+

i I

i, MeV

(a) Relative populations of low-lying states of a By-

nucleus 0 are experimental data, . are calculations in

the Fermi gas model with radiation width according to

Eq. (14)» x are the same with radiative width according

to Eq. (15).

(b) Gamma-ray spectra. The notation is the same as in

Fig. 4a.
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Fig. 6 Relative populations of low-lying states of Lu.

Notation is the same as in Pig. 5&»
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CROSS-SECTIONS FOR THE RADIATIVE CAPTURE OP NEUTRONS
BY SILVER, 1 9 7 Au, 2 3 2 T h AND 2 3°U NUCLEI

Yu.Ya. S t a v i s s k y , V.A. T o l s t i k o v , V.B. Chelnokov,
A.E. Samsonov, A.A. Bergman

Introduction

197
The cross-sections for the radiative capture of neutrons "by silver, Au,

010

Th and U nuclei are of interest for nuclear theory and reactor design.

This paper presents the results of measurements of the average cross-

sections for the radiative capture of neutrons by Ag, Au, Th and u

nuclei in the energy range below 50 keV, performed with a neutron spectrometer

on the basis of the slowing down time in lead £ 1, 2.J,

The energy dependence of the cross—sections was normalized with respect

to the resolved low—order resonances and also to the thermal cross—sections

from measurements in a graphite prism placed close tc the lead moderator /~3__/.

The data obtained here are compared with the results of other authors.

Measuring procedure

In the channel of the lead moderator the count of prompt gamma rays

from radiative capture in each sample was measured against the slowing—down

time J (t) and the neutron density Jg(t), using a detector with an efficiency

proportional to - l/v (BF^ - counter). Then, as shown in Ref. £"lji we have
3

°C(E) =

where o (E) is the cross—section for radiative capture by nuclei of the
c

sample, and K (n", M, £ ) is the normalizing factor depending on the effective
X C

thickness of the sample n, the monitor count M and the efficiency of recording

a capture event e .c

The mean neutron energy E (keV) and the slowing-down time t ((isec) are

related by the empirical expression /~2_7

E . 183 g (2)
(t + 0.3)
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Detector

A gas proportional counter was used for detecting the prompt capture

gamma rays. By surrounding its walls with lead (with total thickness d>Re,

where Re is the path of a secondary electron formed by a gamma quantum) and

filling it to a high pressure (10 atm + 4% CCL) it is possible to obtain an

approximately linear dependence of gamma—ray recording efficiency £y on

gamma energy Ey:

£y - const.Ey (3)

In this case the recording efficiency for a radiative capture events
c

is determined solely by the total gamma-ray cascade energy, i . e . the neutron

binding energy in the nucleus B (since the neutron kinetic energy may be

neglected):

e - const. B (3a)
C *1

and is unaffected by variations in the gamma—ray spectrum from resonance

to resonance

The accuracy of expression (3a) can be estimated from measurements on

the proportional gamma counter with different samples. Since the normalizing

factor K , calculated from resonances with known parameters or from the thermal

cross-section £"2>, ij and referred to the sample thickness n and the neutron

flux, depends only on the capture event recording efficiency e , it is possible
c

to determine the function £ (B ).

The values of the normalizing factors obtained by measurements with the

gamma counter for different samples are shown in Pig. 1, Processing the

results by the least squares method gives a value K /n x B = 0.945 — O.O37»

whence it follows that expression (3a) is fulfilled for the gamma detector

used in the measurements with an accuracy of — 4$»

Measurements and processing of results

The measurements were performed at a neutron burst frequency f = 625

and 312.5 Hz. The neutron burst time was set at the lowest value

(~ 0.5 msec) in those measurements in which it was important to obtain the

energy dependence of the cross—sections in the keV energy range (with small

slowing-down times).
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The amplification circuit of the gamma counter includes an antisaturation

UIS—2 amplifier with a "Siren" amplifier discriminator. The time dependence

of the detector count was investigated on the 256—channel analyser of the

Measuring and Recording Centre at the Lebedev Physics Institute /~6_7.

During the measurements of capture in the sample and the gamma background

of the spectrometer (without sample), the activation of the detector was

maintained at saturation (counter irradiated for ~ 10 min before the start

of each series) so that it could be discounted in the processing of the

results. The capture measurements were alternated with measurements of the

natural gamma background of the samples (thorium and uranium) on the deactivated

counter. The contribution of the natural background, which was constant at

equal intervals over the whole time range, was allowed for by simple sub-

traction. The activation of the sample was determined from the ratios of the

number of counts recorded with a sample in the gamma counter and the number

recorded with the boron detector (with no activation) in the analyser channels

corresponding to the energy range in which the investigated cross-section

approximately follows the l/v law:

(4)

whence it is not difficult to obtain an expression that will give the

correction for activation:

i 11

, , J - J
a = J - J . -Jf £ (5)

Y J B " J B

The estimation of the other corrections and possible measuring errors,

performed in accordance with Ref. £ 7_/t results in a. slight error (less

than 1—1 •5^) in the cross—sections investigated.

The energy dependence of the cross—sections was normalized to resolved

resonances with known parameters £lj and to thermal capture cross-sections

obtained from measurements in the graphite prism placed close to the

main prism of the lead moderator [_}>J» In addition, measurements with a

gamma detector for which expressions (3) and (3a) are satisfied make it

possible to normalize with respect to measurements on samples with well-

established radiative capture cross—sections. Then, if the investigated

sample and the standard sample have the same geometry, we find
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n .M .eX n .M ,BX

* * ° X X n
= K +

 X X n
+ (6)

n ,.M ,.e n ,M ,.B
st st c st st n

"" XX

where K , n , M , e and B are respectively the normalizing factor, the

sample thickness, the monitor count, the recording efficiency for capture

events and the nuclear binding energy of the sample; and K ,, n ,, M ,,

e and B are the same quantities for the standard sample. The values

of the normalizing factors obtained in measurements with the samples investi-

gated are listed in Table 1. The errors quoted are mainly statistical

but are also due in part to uncertainties in the resonance parameters

employed £"&J*
Results and discussion

Silver. The energy dependence of the cross—section for radiative

capture by silver nuclei was measured with samples of the natural isotopic
21 21 ?

mixture in two effective thicknesses (4»3 x 10 and 2.2 x 10 at/cm ).
The results are given in Fig. 2.

The data obtained here are in agreement with the results of previous

measurements with a slowing—down time spectrometer f^lj (normalized to the

resonance at E = 5*19 eV). Agreement with the other data presented in

Fig. 2 is good within the limits of measuring error.

Gold—197. The energy dependence of the cross—section for radiative
197

capture by Au nuclei was measured with samples of two effective thicknesses
p "i OA p

(1.8 x 10 and 6.0 x 10 at/cm ). The results of the measurements are

shown in Fig. 3.

The data obtained here are also in agreement with earlier measurements

made with a slowing—down time spectrometer ̂ f45_y (normalized to the resonance

at E = 4.9 eV). Agreement with the data of other authors obtained mainly

by the time-of-flight method is good.

232
Thorium—232. a (E) for Th nuclei was measured with samples of ThO9

C p-i p-i pi Jr

in three effective thicknesses (9.6 x 10 , 4.0 x 10 and 1.0 x 10 at/cm2).

The results of the measurements are given in Fig. 4 and compared with data

of other authors.

The data from Refs /"*8_7 and £ 14—2O_7 are given in their original form

whereas the data from Refs ̂ ~1O-13_7 have been renormalized as described below.

Note that the numerical data of Refs /~8_7 and £"l"l-2oj were not available to

us, the corresponding data being derived from the graphs in those publications.
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Macklin and co-workers /~13_7 measured the cross—section for Th by

the activation method. In calculating the cross—section from the experi-

mental data the authors used K = 0*9 as the gamma quantum yield per decay

event for gamma quanta with E =311 keV, However, according to the decay

scheme of Pa /~22_J7, only K, = O.36 beta decays would give quanta with an

energy of 311 keV; K? = 0.59 'beta decays will give quanta with E = 3H keV

in a cascade with quanta of lower energy. Obviously, then, only K2/2 quanta

will reach the crystal unaccompanied by a cascade quantum and will be recorded

at the 311 keV photopeak. The other half will be recorded in the aggregate

peak of the cascade. However, because the soft quanta will be absorbed very

efficiently in the sample and the crystal container, there will be an

additional fraction of 3 H keV gamma rays recorded in the 311 keV photopeak.

Thus the true fraction K of gamma quanta per beta decay lies between the

values K.. + K?/2 and K, + K?. For making estimates it is natural to take

K = (K, + 3/4 K«) - Kp/4; the corrected cross-section then becomes

56O i 150 mb.

•I Q r r

The data of Ref. /~10_7 were renormalized using ano I for fast
c

neutrons based on the curve from the atlas /~23.J7« Also, the latest

recommended value of cr 'x = 6.2 b was used instead of 5»66 /~23_/«
In Ref. £~12jJ the o Th curve was measured in relation to the cross-

section of the B(n,a) reaction. The results have been re-evaluated by

us and adjusted to give ° (24 keV) = 615 mb /~l6_y.

The results in Ref. ̂ ll_y have been renormalized with allowance for

the new fission cross—sections from Ref. ^21_/.

Our data in the energy range above ~ 5 keV agree within the limits of

measuring error with the data of most other authors. In this range and

also in the range below ~ 5 keV there is, however, significant disagreement

with the data of Refs /~17_7 axid £"2oJ7* Ii; i s difficult to pinpoint the

causes of this disagreement without having detailed information on these

particular studies. However, it should be noted that when comparing the

data of different authors it is essential to allow for differences in

resolution and sample thickness (blocking effect).

Uranium—238. The energy dependence of the cross-section for radiative

capture by U nuclei was measured with U^On samples of three effective

thicknesses (7.1 x 10 , 3*9 x 10 and 1.3 x 10 at/cm ). The results of

the measurements are shown in Pig. 5«
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Preliminary data on the cross—sections for radiative capture of neutrons

in U were published earlier /~24_J^. Here these data are given in definitive

form after more precise definition of a number of experimental constants

associated with the normalization of the cross—section energy dependence.

In Pig. 5 o ur data are compared with the results of other authors, which

are presented in their original form apart from Ref. /~12_7, where, at the

suggestion of one of the authors, the data were renormalized to a
c

(23.5 keV) = 439 mb.

In comparing our data with the data of Ref. f~2O~7 one should remember

that the latter were obtained with a U specimen thinner than ours

(n = 1.3 x 10 at/cm ), so that the blocking effect should be comparatively-

slight.

In conclusion the authors wish to thank Mr. I.Ya. Barit for giving them

the opportunity to use the spectrometer and the facilities of the measuring

centre at the Lebedev Physics Institute; also Mr. Yu.A. Dmitrenko,

Mr. V.M. Polyakov and the staff of the Radiogroup for their help with the

measurements, and I.V. Syutkina and E.N. Zhukova for their assistance in

processing the results.
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Table 1

Normalizing factors obtained in measurements with the
samples under investigation

Sample

Silver

Gold-197

Thorium-232

Uranium—238

Method

109,Ag resonance

K
X

Eo = 5.19 eV

Thermal cross-section
b

Au resonance EQ = 4.906 eV

Thermal cross—section
b

232mlTh resonances
eV

With respect to

U resonance
eV

With respect to

gold-197

gold-197
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Table 2

Numerical cross—sections for radiative capture
of neutrons by Ag nuclei {o (E))

c

E, eV o , barn
c

43600 0,78 + 0,09.
34600 0,84 + 0,09
28200 0,94 + 0,09
23200 0,99 +0,08
19800 1,05 + 0,08
16800 1,10 + 0,08
13500 1,21 +0,08
11000 1,28 + 0,08
8850 1,35 + 0,08
7200 1,42 + 0,09
5950 1,47 +0,09
5000 It61 + 0,10
4150 1,63 + 0,10
3600 1,78 + 0,11
2900 1,88 + 0,11
2450 2,05 + 0,12
1950 2,25 + 0,13
1550 2,49 + 0,15
1300 2,90 + 0,17
1100 3,09 + 0,18
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Table 3

Numerical cross—sections for radiative capture of neutrons
by 9'Au nuclei (o

E, eV a^, barn

43600 0,45 + 0,05
34600 0.52 + 0,05
28200 0,61 + 0,05
23200 0,73 + 0,05
19800 0,82 + 0,05
16800 0,92 + 0,06
I5I00 0,96 + 0,06
13100 1,03 + 0,06
11250 I,, 12 + 0,07
9800 1,24 + 0,07
7900 1.45 + 0,09
6400 I ,,68 + 0,10
5800 I,92 + 0,12
4900 2,, II + 0,13
4000 2 ,,35 + 0,14
3600 2 ,,56 + 0,16
3200 2,77 + 0,17
2750 3,rI2 + 0,19
2400 3 ,,42 + 0,21
2200 3,64 +0,22
1920 3,98 + 0,24
1780 4,34 + 0,26
1550 4,93 + 0,30
1350 5t5I + 0,34
1130 6,02 + 0,36
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Table 4

Numerical cross—sections for radiative capture of neutrons
by 232Th nuclei (a ( E ) )

F, eV a , barn

34600 0,50 + 0f0S
23200 0,63 ± 0,05
17300 0,73 ±0,05
I3I00 0,85 ± 0,06
9350 0r96 ± 0,06
7600 1,00 ± 0,06
6200 1,05 i 0,07
5000 1,14 + 0,08
4100 1,23 + 0,09
3300 1,34 + 0,10
2700 1,47 + 0,11
2300 1,66 ± 0,13
1750 Ir82 + 0,14
1350 1,90 + 0,15
1130 1,95 + 0,15
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Table 5

Numerical cross-sections for radiative capture of neutrons
by 23% n u c i e i ( a ( E ) )

c

E, eV a _, barn

30500 0.41 + 0,05
25100 0,45 + 0,04
2IC00 0,50 + 0,04
17900 0,58 7 0,04
15400 0,59 + 0,04
13800 0,64 + 0,04
II700 0,65 ±0,04
10370 0,69 + 0,05
9200 0,69 +0,05
7470 0,74 + 0r06
6160 0,82 + 0,06
5170 0,87 + 0,07
4480 0,90 +0,07
3820 0,96 + 0,07
3410 1,05 + 0,08
2990 I,II + 0,08
2640 1,14 + 0,08
2350 1,20 + 0,09
2100 1,23 + 0,09
1720 1,30 +0,09
1430 1,44 + 0,11
1200 1,64 + 0,13
III0 1,78 + 0,14
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RADIATIVE CAPTURE OP NEUTRONS BY 2 3 U IN THE BR-[3 REACTOR CORE
SPECTRUM (URANIUM CARBIDE VARIANT)

V.I. Ivanov, V.A. Tolstikov

Introduction

The cross—sections for radiative capture of neutrons in U are very

important for fast reactor calculations because radiative capture in U

is one of the factors that determine the breeding of nuclear fuel in fast

power reactors.

A number of authors have performed critical analyses of experimental

data on o for U over a wide range of neutron energies. Taking these

analyses as a basis and using theoretical calculations in the low neutron

energy range, it has been possible to obtain recommended curves of average

radiative capture cross—sections for c' U over the eV to 15 MeV energy range.

The recommended data have been used to establish a system of multigroup

constants for radiative capture in U which may be used for reactor calcu-

lations.

In order to check and correct the systems of multigroup constants,

measurements of a for U have been made in know.i (or at any rate compara-

tively well known) broad neutron spectra.

In this investigation measurements were performed in the core spectrum
2 ic

of the BR-5 reactor, fuelled with ^Qffo enriched U in carbide form.

Experimental set-up

For the experiment one of the fuel assemblies in the first complete

row of the reactor core (4«6 cm from its vertical axis) was replaced by an

experimental assembly in the form of a hexahedral cassette which, instead of

fuel elements, supported a stainless steel can containing spectrometric

samples of U. The samples covered the region from the lower boundary of

the core to the steel reflector formed by the tops of the assemblies.

Fig. 1 shows schematically the position of the Eiamples inside the reactor

as well as some of its structural features.

Irradiation was carried out for about somewhat over a day (1.008 x 10 sec)

at nominal reactor power. The flux at the centre of the reactor was taken to
1 4 n/cm2 /be (5.61 i O.65) x 1014 n/cm

See Appendix.
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Calculations allowing for neutron flux distribution showed that sample

No. 1 located 4.7 cm from the core centre received an integral flux of

5.48 - O.63 x 10 •* n/cm , and sample No. 2 (r = 5.6 cm) a flux of

5.4I — 0.62 x 10 n/cm . After irradiation the experimental assembly was

cut up by remote handling in the hot cell and the uranium samples were removed

for measurement.

Measuring procedure

The alpha activity of the unirradiated and the irradiated samples was

investigated with a semiconductor alpha-spectrometer incorporating a surface-

barrier silicon <

of about 40 keV.

2
barrier silicon detector with a working surface of about 2 cm and resolution

Results of the measurements

After a few small experimental corrections, the radiative capture cross-

sections may be calculated from the formula

239
T P u

1 * * ^ ' \ \ ^ .' (1 )

239 ^
where T P u is the half-life of 239Pu equal to 2.44 x 104 yr fl_J, and

T is the half-life of U equal to 4.51 x 10 yr £~l_J» These are mean

values based on data in Ref. / l _ / ; ft is the integrated neutron flux, which

for sample Mo. 1 was 5*48 - 0.63 x 10 n/cm and for sample No. 2 was
+ 13 2 2 3 9

D , 2 3 8
n

5.41 - 0.62 x 10 n/cm ; and A Pu/A u is the experimentally determined ratio

of the alpha act ivi t ies for Pu and U, equal to I.64I - 0.029 for sample

No. 1 and 1.649 - 0.031 for sample No. 2.
Substituting these constants in formula (l) we obtain
238
a = 162 £ 19 mb for sample No. 1 (r = 4.7 cm)
n»Y

238II +
a = 165 - 20 mb for sample No. 2 (r = 5.6 cm)

The error in the cross—section is determined by (a) the uncertainty in the

half-lives of Pu and U, which does not exceed - 0.5$, (b) the error in the

determination of the integrated flux, equal to 11.6$ (see Appendix) and (c) the
239 , 238

error in measurements of A Pu/A u - the ratio of the alpha activities of

plutoniura and uranium - which does not exceed - 1.5$.
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The total error in the determination of a for U is - 12%. Pig. 2
n»Y

shows the distribution of the numbers of neutron captures (a q>) /( a <p)

over the core of the BR-5 reactor.

Comparison of the experimental results with theory

Ref. [_^-J provides theoretical values of neutron spectra for various

distances from the reactor centre.

Averaging the recommended group constants for o of U /~3_7 over

the neutron spectrum, we obtain 136.3, 138.4» 136 and I36.9 mb for r = 0.9,

3.2, 4.6 and 6.1 cm from the reactor centre.

As indicated above, the measurements gave values of 161 and I64 mb for

distances of r = 4«T and- 5«6 cm respectively. Thus the results of calculation

and experiment differ by lj/o, although they agree within the error limits.

APPENDIX

Neutron flux, in reactor centre

As a result of the appearance of new experimental data we have revised
235 239

the multigroup constants for the fission cross—sections of U and Pu which

were used previously £ 2_J as reference values in the experimental determination

of the neutron flux in the reactor centre.
The experiment to determine the neutron flux in the reactor centre was

239
based on an average fission cross—section for Pu of 1.79 »̂ This value

239

was obtained by averaging the 26 group constants for the Pu fission cross-

section £ 4_7 o v e r 'the theoretical neutron spectrum in the reactor centre f_ 2_y.

239
The revision of the constants resulted in a value: for the average Pu

fission cross—section in the reactor centre of I.67 b. Allowing for this, and
using the experimental data of Ref. £~2 7, we found <p = 5»6l - O.65

, . 2 " max
x 10 n/cm sec for the flux in the core centre.

The authors wish to thank all the staff of the BR-5 reactor for their help

in irradiating the experimental assembly, Mr. A.I. Gentosh for preparing the

U samples and N.A. Bulanova and E.N..Zhukova for their help in preparing

the paper.
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0 ~X ft

Fig. 1 Schematic arrangement of U samples in the BR-5 reactor

and some design features of the reactor

1 = Top cover — biological shield; 2 = Steel reflector formed by tops of

fuel assemblies; 3 = Part of fixed nickel reflector; 4 = Fixed nickel

reflector; 5 = Space inside fuel assembly; 6 = Steel end reflector;

7 = Core; 8 = Experimental assembly; 9 = U samples; 10 = Movable

compensating cylinder; 11 = Shield compensator; 12 = Part of bottom

reflector with the shafts of the fuel assemblies; 13 = Central bypass

channel; 14 = Bottom reflector; 15 = 0K-50 channel (irradiation channel)

at r s= 430 mm from centre of reactor; 16 = Central pipe with sodium

coolant; 17 = Space for dropping control elements; 18 = Water tank of

biological shield.
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down up » «.cm

01$K

Fig. 2 Capture d i s t r i b u t i o n in U along the ve r t i c a l at a d is tance

r = 4.6 cm from axis of BR-5 reac tor ( r e l a t i v e trend)
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MEAN RADIATION WIDTHS OP NEUTRON RESONANCES

S.M. Zakharova

This contribution is a supplement to Ref. J_ Z--7O_7 and contains (see

Table l) experimental data on the radiation widths of neutron resonances

published in the period from January to September 1970. The averaging was

performed on the same assumptions as were made in Ref. /"~Z~7O_7, i.e. if the

discrepancy between different published results does not go beyond the limits

of the indicated experimental errors, then

1

whereas in all other cases

(2)

where n is the number of references if we have the mean radiation width of

a given resonance, or the number of resonances if vre have the mean radiation

width of a given isotope. Table 1 contains only those resonances for which

new data have appeared. The mean radiation widths P of the remaining

resonances used for obtaining the mean radiation widths of the isotopes (see

table column headed Remarks) may be found in Ref. /~Z-7O_7. The notation

used in Table 1 is the same as in Ref. /~Z-7O_7. The mean radiation widths

obtained with formula (2) are indicated with an asterisk.
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Table 1

Key:
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p e 3
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K3B
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m-66
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OT

IIpojiojixeHMe =

6e3 y^&Ta =

I7pn ycpe^HeHMM
3TOT pe30HaHC He

Isotope

mV

eV

r e s

Ref.

Remarks

Averaging with resona.nces

keV

MeV

Area method

Shape method

ShCh-66

As siiming

of

(continued)

omitting

This resonance omitted from averaging
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GAMMA RAYS PROM RADIOACTIVE CAPTURE OP PAST NEUTRONS
IN Pe, Ni AND Cu

A.T. Bakov, O.A. Shcherbakov

The radiative capture of neutrons is one of the main processes involved in

the interaction of neutrons with nuclei in the reactor spectrum region. For

estimating the energy release in core structural materials, calculating the

composition and size of the shielding and so on, it is often necessary to have

a detailed knowledge of the capture gamma ray spectrum and its dependence on

neutron energy. At present there exist "group spectra" of gamma rays from

the radiative capture of thermal neutrons jT 1_7, which are usually used for

such calculations. But, as was pointed out long ago and has been stated

again more recently in a number of publications / 2 , 3_/» "the gamma—ray spectra

associated with radiative capture depend on the energy of the absorbed neutrons.

In this study we measured the energy spectra of gamma rays from radiative

capture of fast neutrons by Pe, Ni and Cu nuclei. For each element samples

of the natural isotopic mixture were used. The neutrons were produced by the

T(p,n) He reaction in a Van de Graaff accelerator. The measurements were

performed in annular geometry at kinetic incident neutron energies in the

ranges 150-370, 36O-56O and 58O-84O keV.

The gamma-ray detector was a single—crystal scintillation spectrometer

with stilbene crystal (0= 50, h = 45 mm). The measured pulse distributions

were processed by the smoothing differentiation method. After averaging the

results of several measurements and subtracting the background, the gamma-

ray energy spectra were corrected with the aid of a 90th order correction

matrix (energy step 100 keV) and corrections were made for self—absorption

of gamma rays in the sample.

Table 1 shows the gamma-ray yields per 100 captures in 500-keV wide

energy intervals, calculated by the formula

L. q>(E )dE
Y._ = 100 4jr± • 1 1 (B̂  + E )

where &E = E. - E., f(E ) is the capture gamma-ray energy spectrum,

B is the mean neutron binding energy and E is the mean neutron kinetic
n n

energy.



- 261 -

In calculating B we assumed that the contribution of the individual

isotopes to the mean binding energy would be proportional to their fraction

in the natural isotopic composition of the element,, The last two columns

of Table 1 show the number of gamma quanta per 100 captures and the energy

spread of captured neutrons due to the thickness of the target and the

geometry of the experiment.

For the "smooth" kind of spectra shown in Table 1 an important factor

is the error associated with differentiation of the pulse distributions.

The error is below 15% except for those spectra marked with an asterisk,

where it is

For comparison Table 2 presents data on capture gamma-ray yields from

Ref. /~3_7» Comparison of the gamma-ray spectra given in Tables 1 and 2

for the various neutron energies shows satisfactory agreement when allowance

is made for measuring errors.

The authors wish to thank Yu.A. Kazansky for his constant interest in

the work and the valuable advice he rendered during the discussion of the

results.
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Table 1 and Table 2

Key:

3jieMeHT

M3B

K3B

= Element

= MeV

= keV



TABLE 1

9JI8-

¥6 HI

Cu

h

"T
!

I
I

13

13

17

17

20

22

19

20

,5

,0

••

,1
,0
,2

,8
,4

28,

r
i
13

13

16

16

16

13

15

18

7

1.5
2,0

.5

,6

,2

,7

,B

.6

,1
,7

14,6

I*i5
16,7

13,8
14,6
15,0

13,5
14,3

19.

2
3

15,

15,

18,

II ,

13,

12,

10,

12,

2

.5
,0

7

8

8

9

2
3

4
4

| 3,0

1 3 ' 5

16,0

16,1

17,0

IT.7

11,5

9,4

10,1

10,6

18,6

1 3,5
| 4 . 0

14,8

15,0

15,0

11,0

12,1

9,2

9,1
11,0

J 4,0

15,4

15,2
15,1

10,2

12,0
12,7

7,6

8,3

15,8

1 4
' s
1
12,

13,

14,

12,

9,8

9,4

7,6

b,7

,5
,0

8

8

6

I

! 5
1 5

12,

n,
12,

9,7

II,

II.

9,3

9,1

16

,0
,5

5

5

5

0

9

,8

| 5 , 5
1 6,0

10,4

9,9

11,0

8,7

9,1

7,7

10,0
10,2

! 6,0
[6 .5

10,9

9.9

9,4

11,7
7.9

10,6

8,6

8,1

23,4

1 6,5
1 7,0

10,7
10,5

10,5

4,0

5,7

3,0

6,7

7,6

I 7,0

I ? f 5

9,6

y,3

B.9

12,3

9,2

13.7

9,6

7.4

15,4

1
1

8

7

7

7,5
8,0

,0

,7

,7

IB,8

15,4

9

8

8

,2

,2

.6

!

I

4,

4,

5.

9.
12

13

II

8,0 j
8,5

,4

2

5

7

4

,2

.5

,1
24,7

8,5
9,0

0

1,0

1,3

0,6

2,6

3,9

14,2
13,0

T

1
1

r
9,0 1

' • ! . !
0

0

0

2,4

0,7

1,2

5,2

7,2

I3.C

0

0

0

0

I
)

9,5
10,0

0

0

0

,52

,3

,8

.3

,3

187

189

213

183

187

189

182

192

178

K3B

150*370

360*560

580*840

150*370

360*560

580*840

150*370

360+560

580*640



TABLE 2

Cu

til

Ev , M3>

4,8-5,2

6,6

5,2-5,6

-

5,6-6,0

6,9

-

6,0-6,*

8,5

3

4

6,*-6,8

3,9

6

6

7

6,8-7,2

9,3

7

7

8

7,2-7,6

5,5

8

9

9

7,6-8,0

12,8

24

10

II

8,0-8,4

-

8

17

9

8,4-8,8

-

9

10

II

8,8-9,2

-

II

II

12

15 • 300

10 t 20

55 «• 75

265*335

ro
OS



- 265 -

RKh'KKENCES

£\J TROUBETZKOY, E . , GOLDSTEIN, H., Nucleonics 18 ( i960) 17.

/~2_J7 BERGQVIST, I . , STARFELT, N. , Nucl. Phys . 3£ (1962) 353.

/~3_7 BERGQVIST, I . , STARFELT, N. , Ark. Fys . £3 (1963) 435.

/ ~ 4 j 7 DVUKHSHERSTNOV, V.G. e t a l . , P r i t o i y Tekh. Eksp. ^ (1969) 39.



- 266 -

ANGULAR DISTRIBUTIONS OF PHOTONEUTRONS IN THE INTERACTION
OF 23-MeV ELECTRONS WITH COPPER, TUNGSTEN

AND LEAD TARGETS

V.P. Kovalev, V.P. Kharin, V.V. Gordeev

Using the LUE-25 linear electron accelerator and targets of copper,

tungsten and lead, measurements were made of the angular distributions of

photoneutrons in relation to target thickness and diameter.

The experiments were performed with a straight 23—MeV electron beam

directed at the centre of the target. The targets were placed 20 cm from

the output window of the accelerator. The threshold reaction P(n,p) Si

was used for detecting neutrons. The experimental set—up was similar to

that used in Ref.

The angular distributions of photoneutrons for lead targets are shown

in Fig. 1. The thickness of the lead targets varied from 11 to 53 mm and

the diameter from 30 to 80 mm. Statistical measuring errors were less than

yfo. The forward shift of the angular distributions is due to inelastic

loss of neutron energy with increasing target thickness /~2_7« Similar

results were obtained for the copper and tungsten targets. The table shows

the results for copper and tungsten targets of various dimensions. The data

were normalized at <p = 90 .
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tso- or ur xr n- so' JO- Angle

Angular distributions of photoneutrons

Angular distributions of photoneutrons for a lead

target as a function of diameter (0 - mm) and

thickness (h — mm)
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Table 1

Title: Angular distributions of photoneutrons in relation to

diameter and thickness of copper and tungsten targets.

Primary electron energy 23 MeV.

Key:

MaTepwaji

Mejib

= Target material

= Target diameter 0(mm)

= Thickness h (mm)

= Angle

= Tungsten

= Copper
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PHOTONEUTRON YIELDS AS A FUNCTION OP THE DIAMETER AND THICKNESS OP
COPPER, TUNGSTEN AND LEAD TARGETS

V.P. Kovalev, V.P. Kharin, V.V. Gordeev

The results of this study are an extension of investigations aimed

at developing a pulsed photoneutron source with isotropic distribution on

the basis of a linear electron accelerator /l_y.

To this end photoneutron yields were investigated experimentally as

a function of the diameter and thickness of copper, lead and tungsten

targets at an electron energy of 23 MeV.

The total photoneutron yield was measured from neutron stopping in a

paraffin sphere 30 cm in diameter. A thin indium foil at the centre of

the sphere served as slow neutron detector. The experiments were performed

with a straight electron beam directed at the centre of the target. The

targets were placed 20 cm away from the output window of the accelerator.

The neutron detector was situated at an angle of 90 to the direction of

the incident electron beam.

The experimental results are given in the figures in the form of

relative yields of photoneutrons from copper, tungsten and lead as a

function of the thickness (Pig. l) and the diameter (Pig. 2) of the targets.

The statistical measuring error was less than 2%.
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ABSOLUTE YIELDS OF THE REACTIONS 12C(y,n) AND l6O(y,n)

V.P. Kovalev, S.P. Kapchigashev

The activation method was used to measure the yields of (y,n) reactions

from carbon and oxygen at maximum bremsstrahlung beam energies of 22 and

24 MeV. The bremsstrahlung source was a tungsten target 6 mm thick. The

distance from the target to the samples was 25 cm. The current supplied to

the target was >-5 11A. The samples used were thin Plexiglas (Cj-HnCL) and

distilled water. The irradiation time was 10 min. The induced activity

of the samples was measured with a scintillation gamma spectrometer, in order

to separate the annihilation gamma quanta with energy 0.511 MeV.

The data obtained were normalized to the known yield of the Cu(y,n) Cu

reaction

The yield of the (y,n) reaction for the element under investigation,

a (Eym), was determined from the formula(

o (EYm) = o_ (Eym).

where n and n are the nuclear densities of the sample and of copper,

respectively; N (0) and N (o) are the counting rates at the moment of

termination of irradiation; t is the irradiation time, and e and e

are the respective output efficiencies of gamma quanta with energy O.5H MeV

resulting from Q+ decay.

The results of the measurements together with the data of other authors

are presented in Table 1.

Prom the table it can be seen that the yields of the (y^) reactions

from carbon at E = 22 MeV and E = 24 MeV are in good agreement with the data

of Price, Haslam and co—workers, and are 4»5 times lower than the values

obtained by Montalbetti and co-workers. For the yield of the (y»n) reaction

from oxygen our data are in satisfactory agreement with the data of other

authors apart from Price and Thorson. Note the paucity of data on the

yield of photoneutrons from C and 0 for bremsstrahlung with a maximum

energy of 24 MeV.

REFERENCE

ROALSVIG, J.P. et al., Can. J. Phys. j&, 5 (1961) 643.
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Table 1

Title: Absolute yields of the reactions c(Y,n) G and 0{y,n) 0

Key:

B e,u,MHHu,ax
-= in

neutrons
mole—roentgen

= Elements

= Present work

Ilpaftc = Price (195°)

XacnaM H J i p . / l 9 5 l / = Haslam et a l . (1951)

MoHTaji6eTTK u j , p . = Montalbetti et a l . (1953^

HaTaHC M XajinepH = Nathans and Halpern (1954)

Bap6ep K .up. = Barber et a l . (1955)

= Cook (1957)

= Thorson (1957)

= Haslam et a l . (l°-6l)

a Literature

= See Ref.

KJK

TopcoH

XacjiaM H j ip .

JIuTepaTypa

CM.
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TABLE 1
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REACTIONS INVOLVING LIGHT NUCLEI AND CAUSED BY CHARGED
PARTICLES ARISING FROM I4.6 MeV NEUTRON INTERACTIONS

B.L. Lebedev, F. Nasyrov

Calculations and measurements were performed to establish the yields

and cross-sections of the 11B(p,n)11C, 10B(p,a)7Be, 16O(p,a)13N, l8O(p,n)l8F,
13C(p,n)13N, 12c(d,n)13N and 7Li(p,n)7Be reactions in H,BO,f H

 1OBO,,

(CpH ) , (C?D ) , LiOH and (C00H)2.2Hp0 induced by recoil protons and

deuterons produced in the elastic scattering of 14*6 MeV neutrons, Experi—
1 £1 1 8

ments were performed to determine the yields of the 0(t,n) F reaction

in H BO , PL BO., and LiOH induced by tritons resulting from the interaction

of neutrons with boron and lithium nuclei.

The irradiation of various materials with neutrons induces various

nuclear reactions, including reactions that give rise to charged particles

such as protons, deuterons, tritons, alpha particles, etc. The charged

particles in turn cause secondary reactions in various elements. These

secondary reactions are thus a source of varying degrees of radioactivity

in reactor structural materials and neutron shield materials. For example
1 1 "I Q

"Tf and F are formed in reactor cooling water through the reactions
-1/' -t-N -iO I O *-t

O(p,n) •% and O(p,n) F /""l—3_/, and Be is formed in boron shielding

through the B(p,a) Be reaction. Moreover, reactions induced by secondary

charged particles are used to obtain radioactive isotopes in reactors £&r&Jm

Naude and Peisach £9_/ measured the cross--sections of a number of reactions

in boron, carbon, nitrogen and oxygen, caused by recoil protons and deuterons

arising from the interactions of 14.5 MeV neutrons.

Here we have calculated and measured the yields and the cross—sections

of reactions induced by secondary charged particles in certain reactor and

biological shield materials, following irradiation with 14.6-MeV neutrons;

the materials in question were polyethylene - ( C g H j , deutero-polyethylene -

(C9D ) , boric acid in the natural isotopic mixture - H,BO,, boric acid 85$
10 10

enriched in B-H, BO , lithium hydroxide - LiOH and oxalic acid (COOH)2.2H2O.

Calculation of the yields and cross—sections
of secondary reactions

The number of reactions in one gram of a substances due to secondary

charged particles arising from the interaction of monoenergetic neutrons

with that substance is given by
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E

<*-»i n On N • /V(B)«S f f j f r } ^ 1 (1)
{ { ^

where n is the number of nuclei of the element in which fast charged

particles are formed by interaction with neutrons, n. is the number of nuclei

of the element in which reactions are induced by secondary charged particles,

CT is the cross—section for the formation of charged particles, N is the

neutron flux per unit area, (p(E) is the secondary charged particle spectrum,

O(E) is the cross-section for the reaction induced by the charged particles,

and -r=r is the energy lost by a charged particle along its track, in MeV/g/cm .

Changing the order of integration in Eq. (l), we find

E
max

where

max

P(E) = f <P(B)dE (3)

E

is the probability that a charged particle will be formed with energy greater

than E, i.e. the integral secondary charged particle spectrum. From Eq. (2)

it follows that the mean cross—section for secondary charged particles is

Q
" = ( 4)

max

o

Here we have calculated the yields and cross-sections of a number of

secondary reactions induced by recoil protons and deuterons resulting from

the irradiation of the substances under study with 14.6—MeV neutrons. The

differential and integral recoil proton spectra were calculated on the

assumption of isotropic scattering of neutrons by protons, and the recoil

deuteron spectra were calculated from the differential cross—sections for

neutron scattering by deuterons supplied in Ref. /lO_/«
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The integral recoil proton and deuteron spectra are shown in Pig. 1.

The cross—sections for neutron scattering "by protons and deuterons were

taken to be O.67 b /~H_7 ajnt^i 0.61 b /~10_7 respectively. The slowing-down

capacities of -the investigated substances for recoil protons and deuterons

were calculated from the proton and deuteron ranges in different elements

/ l 2 , 13_7» The yields and the cross-sections of secondary reactions induced

by protons and deuterons, calculated according to formulae (l) and (4), are

shown in Table 1. Only recoil protons and deuterons produced by elastic

neutron scattering were taken into account, since the number produced by

other mechanisms is negligible in the substances with which we are concerned

here. The last column of the table shows the sources of the excitation

functions for charged particle reactions used in the calculations.

Measurement of the yields and cross-sections of
secondary reactions

The measurements were performed by the activation method. Me studied

the reactions l6O(p,a)13N, l80(p,n)l8F, 11B(p,n)11G, J'°B(p,a)7Be, 7Li(p,n)7Be,

C(p,n) N and C(d,n) N induced by recoil protons and deuterons in

materials irradiated with neutrons of energy 14*6 - 0,,2 MeV. In addition,

we were able to determine the yields of the 0(t,n) P reaction in H^BCL,
10 10

H-i BO, and LiOH induced by tritons from neutron interactions with B,
7

^ B and Li nuclei.

Neutrons were obtained in the T(d,n) He reaction with a low voltage

generator which accelerates deuterons to an energy of 120 keV. The samples

were in the form of tablets 25 mm in diameter and 5—10 mm thick. For

irradiation they were set at 0 to the deuteron beam at a distance of 15 mm

from the target.

After irradiation the activity induced in the specimens was recorded

by a single—crystal scintillation spectrometer with a Nal(Tl) crystal

80 x 80 mm in diameter and an AI-256 multichannel analyser. The yield of

the reactions producing N, C and F was determined from the counting

rate of pulses in the photopeak from 0.511 MeV gamma quanta accompanying the
10 1 1 1

decay of these nuclei, and the yield of the B(p,a) Be and Li(p,n) Be
reactions was determined from the counting rate of pulses from 0.480 MeV

7
gamma quanta accompanying the decay of Be.

The absolute yields of the secondary reactions were determined by

comparison with the yield of a reaction having a well-known cross-section,
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viz. the Cu(n,2n) Cu reaction: the cross-section for this was taken as

970 mb /~H_7» The data on gamma quanta yield per disintegration, gamma

quanta energy and half-lives were taken from Ref. f_ 14_7«

Table 1 shows the measured secondary reaction yields compared with the

theoretical values. It can be seen that there is good agreement. An

exception is the formation of P in H.J3O , H BCL and LiOH, where the experi-

mental yields considerably exceed the theoretical. We believe this is due

to the contribution of the O(t,n) F reaction with tritons produced in

neutron interactions with Bf B and Li. The table also includes the

experimental values of the average cross—sections for recoil protons and

deuterons, determined from the experimental yields by means of Eq. (4)«

Some of these cross—sections are compared with the results of Naude and

Peisach /~9_7 an(^ ^ c a n ^ e seen that their values are higher than ours.

This is due partially to the fact that we averaged over the range from

0 to E whereas Naude and Peisach averaged from the threshold energy

E., to E . The disagreement is also explained to some extent by the
vliX llllA

fact that they used different standard reactions, and the difference in

neutron fluxes to the samples determined with these reactions was as much as

40$. In view of this it can be considered that our results are in agree-

ment with the results of Ref. ̂ ~9_7»

Prom our results it will be seen that in certain materials containing

boron and lithium which are not activated directly by neutrons it is

possible for short-lived and indeed long-lived activity to arise through
7

the formation of Be in reactions induced by secondary charged particles,

and this must be taken into account in the design of biological shields.
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Table 1

Yields and cross-sections of secondary reactions

REACTION SAMPLE £ , n / c m
(-mb

THEORETI- EXPERI- t-HEORET]]
CAL ''MENTAL 'i CAT, 1

LITERATURE
REFERENCE

0%n)Ftt

O*(i,n)F'l

HgBOg

XiOH
(COOH)-ZlhO
'COOHl-ZHJ

H36 C
•XiOH

XiOH

XiOH

b"(p.n)C"

C%n)Na

2c OX

9,7
9,8
6,3

10,7
0,25
0,27
0,27
0,24

11,9+1,0
10,7+1,0
11,1+1,0
9,0+1,5

0,30+0,006

0,77+0,10
1,9 ±0,2
5,9 +0,6
0,5+0,1
1,6 +0,2
5,6 4^0,6

17,2 21+2,0 28+9
17,2 18,6+2,0
20,0 22,7+2,0
15,5 18,4+3,0
210 252 + 42
232
232
280

15,9
28
3,0
5.3

42,7
3,6
8,8
15,7

38,6

81,0

13,7+2,0

2,7+0,5
_

2,7+0,3

63+6
6,1+0,9
_

27,9+2,5

62,6v_5,0

105
185
102
180

18,1
97
238
87
212
212

90+13

95+14

120+12

26,6^2,5
I63±25

155+15

165+15

[15]

[IS], [17]

160+50

250+100

,[20]

[19] £20}

[21]
[22]
[19]

[19] ,[23]
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KINEMATIC ANALYSIS AND TABLES OF NEUTRON ENERGY AND
ENERGY SPREAD VALUES FOR (p,n) REACTIONS

G.A. Borisov, R.D. Vasilev, V.F. Shevchenko

The (p,n) reactions produced with electrostatic accelerators are widely

used as sources of monoenergetic neutrons. To make practical use of such

sources, it is necessary to know how neutron energy varies with the proton

escape angle and proton energy and also to know the factors causing neutron

energy spread. These questions are the subject of Refs /~l-9_7» i-n which

neutron energies and energy spreads were determined with kinematic equations.

The results of the calculations are presented in the form of tables and

graphs.

To assist with the calibration of different types of neutron detectors

for monoenergetic neutrons and the measurement of cross—sections, the authors

of this article have compiled energy tables for neutrons produced in the

^T(p,n)3He, 'Li(p,n) Be, 4-?Sc(p,n)4-;>Ti, ̂  V(p,n)-) Cr and ^Cu^n) ^Zn reactions.

In addition, a quantitative assessment was made of the factors responsible for

the neutron energy spread, principal among these being uncertainties in the

proton energy values and the target thickness, as well as the Doppler effect

due to thermal motion of the target atoms. The authors also estimated the

effect on neutron energy of the uncertainty in the masses of the particles

involved in the reaction and in the reaction energy Q. The results obtained

differ from those published earlier in that they supply more detailed neutron

energy data for the above reactions in the proton energy range from the

corresponding thresholds to approximately 3 MeV together with additional

information on how the Doppler effect influences the neutron energy spread

at various target temperatures, as well as data from a comparison of neutron

energies obtained using a relativistic equation, two non-relativistic

approximations and one classical approximation. The calculations were per-

formed using more accurately defined values for particle mass and Q /~10, 11_7»

In this abridged report only those results will be presented which are not

reproduced in the literature or which differ from published data.

The neutron energies presented in Tables 2 and 3 were calculated with the

relativistic equation (34) described in Ref. /5_7» Apart from the data given

in the tables, neutron energy values were calculated on the basis of two non-

relativistic and one classical approximation in accordance with formulae (38)

and (55) also from Ref. /~5_7» Comparison of the results shows that the

relativistic equation should be used for calculating the energies of neutrons
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from the T(p,n) He and Li(p,n) Be reactions, because if the calculation

is done with the non-relativistic or classical approximation there is a

difference in neutron energy values of the order of 0.1$ which can reach

several per cent in the near—threshold proton energy range. This difference

is negligible (about 100 eV) for the 4^Sc(p,n)45Ti, 51V(p,n)51Cr and

Cu(p,n) Zn reactions.

A quantitative assessment of the factors responsible for the neutron

energy spread was carried out by the method described in Ref. j_ 5_/» The

results of evaluations for neutron escape angles of 0 f 60 and 120 in the

laboratory system of co-ordinates are presented in Table 4. The spread in

neutron energies, AE-, and AEgt is due to the energy spread in the beam or

target and to the Doppler effect, respectively. AE-. was determined from

the relation AÊ ^ = f(E +AE) - f(E - AE), where E is proton energy and AE

is the proton energy increment, taken to be 0.5 keV. AE? was calculated

from the formula AEO = 2(E, - E-.) /~5_7f where E, is the maximum
I ^ 3 max 3 *" -/ 3 max

neutron energy allowing for the Doppler effect and E, is neutron energy

without allowance for the Doppler effect. The values of AEI and AE~

given in Table 4 relate to target temperatures of ~ 20 and ~ 200 C respectively.

Prom Table 4 it is clear that the energy spread of protons in the beam or

target has the most significant effect on the energy distribution of the

neutrons.

The effect of the uncertainty in the values of Q, conditionally taken

to be 1 keV and leading to the uncertainty in the neutron energy values AE_,
was estimated from the formulae supplied in Ref. ]_&J* The resulting data

are listed in Table 4 and can be used for correcting the neutron energy values

in Tables lt 2 and 3 in the event of more accurate values of Q becoming

available. The uncertainty in neutron energy resulting from the uncertainty

in the masses is about 0.01%.
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Table 1

T i t l e : Neutron energy T (keV) for angled (degrees) and proton energy

T (keV) in the laboratory system of co-ordinates

Key:

MOB
K3B

= MeV
= keV

Table 2

Title:

Key:

Title:

Key:

As above.

As above.

As above.

As above.

Table 3

Table 4

No caption.



TABLE 1

3HepraH

9
0

10
20
30
40
50
60
70
80
90

100

no
120
130
140
150
160
170
180

[5

HeiiTpOHOB Tn. (K3B)

1147^4 j

288,19
279,50
254,47
216,13
169,11
119,06
72,04
33,71
8,69

1150 i

291,45
282,74
257,66
219,23
172,09
121,93
74,79
36,35
11,16
1,30
0,15
0,05
0,02
0,01
0,01
0,01
0,01
0,01
0,01

flji>i yrJ ia @ (rpaj;)
CHCTeMe KOOPHHH

1155 |

297,65
288,90
263,70
225,10
177,74
127,34
79,93
41,18
15,41
3,80
0,94
0,35
0,18
0,11
0,03
0,06
0,05
0,05
0,05

1160 j

303,81
295,02
269,71
230,92
183,33
132,66
84,95
45,80
19,32
6,29
2,05
0,86
0,47
0,30
0,22
0,17
0,15
0,13
0,13

v. '.jiisprv:
:aT

1165 J

309,94
301,11
275,67
236,70
188,87
137,90
89,86
50,26
23,04
8,78
3,35
1,54
0,86
0,56
0,41
0,33
0,28
0,26
0,25

Ifl npOTOSIOB

II7J j

316, Ci
307,15
201,60
242,43
194,34
143,08
94,67
54,60
26,64
11,28
4,77
2,33
1,34
0,89
0,65
0,52
0,45
0,41
0,40

Tp (K3B)

1175

322,09
313,17
287,49
248,12
199,77
148,19
99,41
58,84
30,15
13,77
6,29
3,22
1,91
1,28
0,95
0,76
0,66
0,61
0,59

B JI£lOopiiTO

S 1180

328,11
319,15
293,34
253,77
205,16
153,25
104,08
63,00
33,59
16,27
7,88
4,20
2,54
1,73
1,29
1,04
0,90
0,83
0,81

PHOil

j 1185

334
325
299
259
210
158
108
67
36
18
9
5,
3
2
I
I,
I,
I,
I,

j

.11
,10
.16
,39
,50
,26
,68
,09
.97
,76
,52
,25
.24
,22
.67
,36
.18
,03
,05

1190

340
331
304,
264
215,
163,
113,

71,
40,
21,

II .
6,
3,
2,
2,
I ,
I ,
I .
I .

,08
,03
,96
,97
,80
,23
,23

,11
,31
,25
,20
,35
,99
,77
09
70
48
36
33

CO
VJ1

- 938, 25921 MaBjM^= 2808, 88257 Mas ; M* =939 , 55274 USB;
C = - 0,76384

2808, 35298 I/.3B;



TABLE 2

3H6PPHR HefiTpOHOB Tn (R3B) JUlff yTJia 0

cacrewe
H SHeprKZ npOTOKOB Tp (K93) B Jia<5op£TOpHO&

0
10
20
30
40
50
60
70
80
90

ICO

no
120
130
140
ISO
I6Q
170
180

l j 1920 |

121,30
117,64
107,11
90,97
71,18
50,12
30,32
14,19
3,66

fy = 938,

1922

124,41
120,75
110,21
94,05
74,23
53,13
33,29
17,08
6,31
1,50
0,36
0,13
0,07
0,04
0,03
0,03
0,02
0,02
0,02

25921 M3B

1925

129,00
125,33
114,76
98,56
78,63
57,50
37,52
21,05
S,72
3,75
1,45
0,67
0,37
0,24
0,18
0,14
0,12
0,11
0,11

t MTLt =

| 1930 j

136,50
132,61
122,19
105,90
85,80
64,49
44,19
27,18
14,69
7,49
3,77
2,06
1,27
0,87
0,65
0,53
0,46
0,4i
M I

6534, 7S-IV3
Q = - I .

1935 |

143,34
140,13
123,44
113,04
92,34
71,20
50,53
32,93
19,77
11,23
6,36
3,83
2,50
1,77
1,36
1,12
0,97
0,90
0,88

: MSB; M

I94C

151,03
147,30
136,54
120,01
9S.62
77,70
56,63
38,46
24,49
14, £3
9,16
5,63
3,96
2,89
2,25
1,87
1,64
1,52
1,48

o = 939
64406 Mas

I 1945 j

158,10
154,34
143,50
126,83
ICS,25
84,04
62,55
43,61
29,10
18,72
12,04
6,00
5,60
4,17
3,30
2,76
2,44
2,27
2,22

, 55274 Mas;

1950

165,06
161,26
150,35
133,54
112,74
90,23
68,34
49t05
33,64
22,45
15,00
10,29
7,38
5,59
4,47
3,78
3,36
3,13
3,C3

I 1355

171,93
166,11
157,10
140,14
IIS.12
96,31
74,01
54,18
38,12
26,20
18,01
12,67
9,28
7,13
5,76
4,90
4,37
4t03
3, S3

M,Bztt 6535, II530

f I960

176,71
17 4, be
163.76
146,65
125,4i
102,29
79,56
59,34
42f55
29,95
21 , OS
15,14
11,2?
3,7?
7,15
6,12
5,48
5,12
5,02

KBB;

r
oo
ON
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TABLE 3

KeitTpC'iOB ? „ (KOJJ) jym yraia 6 (rpan) H 3iieprn:i nyoTonon
Tp (K3B) B jiaCSopaTopnoft

2906

2950

3000

£ 3050
J 3100

1> 3150
^ 3200
^ 3250

J1 3300
3400

1566

1600
1650

^ 1700

~° 1750
-^ 1800

^ 1850

> 1900
* 1950

2000

2166

2170

c5 2180
2190

*~N 2200

J_ 2220
^ 2240
O 2260
55 2280

2300

i °°
5,
60,

115

168

221

273

325
377

428

531

3

43
97

149

200

251

302

353

404
455

3,
8,
20,

31,
421
64,

85,

106,
127,
148,

,39

,50

,98
,66

,85

,69

,29

,70
,08

.94

,86
,18

,24

,76

,95

,93

.75
,46

,ca
08
61

61

90
91

47

69

70
56
32

| 10°

5,01

60,06

115,06

168,45

221,06

273,18

324,96

376,50

427,86

530,14

3,87

43,68

96,92

148,93

200,39

251,53

302,46

353,25
403,91

454,49

2,96

8,53

20,49

31,76
42,75

64,28

85,47

106,45
127,29
148,03

i 20°
4,52

59,03

113,76

166,90
219,28

271,20
322,80

374,17

425,36
527,33

3,65

43,16
96,16

147,99

199,29
250,29

301,09
351,75

402,29

452,75

2,7e
8,28

20,15

31,35
42,28

63,71
84,82

105,73

126,50
147,17

] 30°
3,78

57,52

111,67

164,39

216,41

268,00

319,31

370,39

421,31

522,78

3,32

42,32

94,94

146,47

197,51

248,28

298,86

349,31

399,66

449,93

2,50

7,90

19,60

30,68
41,52
62,79

83,76

104,55
125,22
145,79

j 40°
2,86

55,46

108,88

161,03
212,57

263,72

314,62

365,32

415,88

516,66

2,90
41,21

93,30

144,42

195,13

245,58
• 295,87

346,04

396,12

446,13

2,15

7,40

18,80

29,80
40,51

61,56

82,35

102,98

123,50
143,93

; 50°

1,88

53,02

105,54

156,99

207,93

258,54

308,93
359,17

409,28

509,22

2,43

39,88

91,32

141.95
192,22

242,29

292,21

342,04
391,79

441,49

1,77

6,82

18,02

28,75
39,29

60,08

80,64

101,07

121,41
141,67

Hp = 938, 25921 MSB; Mn = 939,55274 KSB; M«fc =41875, 5934
= 41877, 1410 M 3 B ; Q & M = -2,841 M3B;fty = 47453, 3423 MOB;

6= 47453, 5830 M3B;.0M>.W= -1,5341 MSB; NL^6C479, 0120 HSB
= 60479, 8500 M O B ; ^ ^ = -2,1318
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o

"^

-^

i5

r

j
! Ep

1881
1900
1920
2000
2500

1020
1160
1200
2000
2500

2908
2910
3000
1568
1600
I7Q0
2167
2163
2100

i
i

f ^n

37,87
84,47

121,24
230,52
786,65

75,74
303,7.7
351,90
1202,50
1711,32

8,67
11,72

115,49
6,83

43,85
I49r?.4

4,56
5,97

31,90

7,09
1,87
1,56
1,25
1,06

7,20
1,22
1,18
1,02
1,01

1,60
1,46
1.08
1,35
1,10

1,47
1,38
I, II

0°
fa E;

1,87
0,55
0,43
0,31
0,19

2,34
0,29
0,26
0,13
0,11

0,25
0,23
0,15
0,14
0,10
0 09
0,16
0,15
0,12

I A E 2

2,40
0,70
0,56
0,40
0,24

2,99
0,36
0,33
0,17
0,14

0,32
0,29
0.19
0,13
0,13

0,21
0,20
0,15

~] A%3

6,45
2,10
1,74
1,39
1,13

8,36
1,47
1,39
I , I I
1,08

1,62
1.49
1,10
1,46
I,II

1,52
1,39
1,13

i

t * - / i r

0,00
0,00

30,32
121,95
586,38

0,00
84,95

122,20
727,61

1088,02

4,10
6,68

101.79
4,46

38,38
139A13

2,73
3,69

27,57

A E,

0,00
C.OG
1,52
1,02
0,90

0,00
0,99
0,89
0,72
0,72

1,35
1,23
1,02
1,16
1,03
1,00
1,25
1,19
1,04

60°

J t-

0,00
0,00
0,54
0,36
0,33

0,00
0,50
0,44
0,43
0,47

0,22
0 r20
0,16
0,13
0,11
0.10
0,14
0,14
0,12

j

o.
0
0
0
0

0
0

F "

,00
,00
,70
,46
,42

,00
,65

C,53
0
0

0
0

o
0
0

o
0
0
0

,55
,60

,28
,25
,21

,17
.14
13

,18
,17

,15

Us,
0,00
0,00
1,74

1,17
1,00

o,cc
1,39
1,23
0,95
0,92

1,37
1,26
I.C4
1,24
1,05
T no

1,20
1,06

i
i

i ^n. i

0,00
0,00
0,00

29,42
321,61

C,CO
0,47
r- r- ,

248,65
418,49

0,71
1,95

79,00
T £K~

29,37
120,90

0,69
1,59

20,57

T?rf>

^ Sr {

0,00

coo
coo
0,49
0,62

0,00
C,07
0,17
0,34
0,34

0,56
0,70

C.75
0,89
I J 2
0,69
0,75
0,90

0,00
u,uu

0,21
0,34

C,00
0,03
0,11
0,33
0,42
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0,11
0,16
0,09
0,11
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0,03
0,09
0,11

0,00
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0,27
0,44

0,00
0,06
0,14
0,42
0,53
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0,14
Q,t2l
—, >- T

0,14
0 16
0,11
0,12
0,14

JAE,

0,00

o.co
0,01
0,58
0,74

0,00
0,10
0,27
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RECOIL PROTON SPECTRA IN A HYDROGEN-FILLED
PROPORTIONAL COUNTER

A.N. Davletshin, V.A. Tolstikov

Measurement of monoenergetic neutron fluxes by the recoil proton method

involves determining the quantity N. ,, the number of interactions of incident
HIT

neutrons with a known number of hydrogen nuclei. The recoil protons arising

from elastic scattering of neutrons by hydrogen nuclei have a rectangular

energy spectrum in the range 0—E. where E^ is the incident neutron energy.

Since the detector recording the recoil proton energy has finite geometry

and the electronic equipment has a certain energy threshold, it is not

possible to measure the recoil proton energy spectrum without distortion.

For this reason N. . can be determined only by comparing experimental results

with a theoretical recoil proton spectrum. The accuracy of the value of

N. , obtained in this way depends upon how well the experimental conditions

are allowed for in the calculations.

Figure 1 shows a typical experimental set up for measuring a mono-

energetic neutron flux. A proportional counter filled with hydrogenous gas

is irradiated by a plane—parallel neutron beam. It is assumed that the

ionization produced by a recoil proton in the gas of the counter is proportional

to the energy lost. The differential spectrum of the recoil proton energy

losses (hereafter called recoil proton spectrum) is determined experimentally

in the sensitive volume of the counter. The shape of this spectrum is

governed both by the recoil protons produced in the sensitive volume of the

counter with length H and diameter 2R and by the protons escaping from the

insensitive volume at the front with a length equal to the maximum range of

a recoil proton, i.e. of a proton with energy E = E . Some recoil protons

will lose part of their energy in the wall of the counter or in the gas

outside the sensitive volume.

Thus, the problem is to calculate the differential recoil proton

spectrum Q(x) formed in the counter and the quantity Kff, which will enable

us to determine the spectrum of recoil protons produced in the sensitive

volume of the counter, for which the number of hydrogen nuclei is known.

Here and below x = E /EL| i»e. the recoil proton energy in incident neutron

energy units, whilst the index 1 denotes normalization to 1.
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Clearly,

KH = i + N u;
v

where N̂  is the number of tracks of recoil protons escaping from region 1

(Pig. l) in the sensitive volume and N is the number of tracks of recoil

protons formed in the sensitive volume (regions 2, 3 and 4).

We can then v/rite

N (x)
N
i _ ? ̂
int ~ e (x)

v^ ;

where II (x) is the number of recoil protons recorded with energy^ x;(

ev(x) = KH . ex(x) (3)

1
e
x(x) = J Q1(x)dx (4)

X

Several publications describe the results of calculations of

Q (x) = K^ . Q-i(x) performed by the analytical method /~l-3_7 sai^i i-ne Monte

Carlo method /~4_7» ^ ^ 'these calculations were done on the following

assumptions:

(1) Neutron trajectories parallel to counter sjcis;

(2) Interaction density constant over counter volume.

The range-energy relationship is given either in the form of a table of

average ranges ^~2, 4_Ĵ  or by the approximate formula R = c x E ' , where

c is a constant /~1, 3_/» The calculations performed by the analytical

method are notable for the limitations imposed on the maximum range of recoil

protons; the most rigorous limitations are imposed in Refs /l» ^-Jt which

have R(ER) < 2R, whilst Ref. /~3_7
 has R(\) & 6R. These calculations will

be compared below.

In order to increase the accuracy of neutron flux measurements, it is

necessary to calculate recoil proton spectra with more careful allowance

for the conditions under which they are recorded. This makes it possible

to assess the quality of data from earlier calculations as well as their

range of applicability - and hence the reliability of cross-sections

obtained with them.
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The recoil proton spectra were calculated here on the following

assumptions:

(1) Neutron trajectories parallel to counter axis;

(2) Density of interactions between neutrons and hydrogen nuclei

in the sensitive volume of the counter inversely proportional

to (R + Z) , where R is the distance from the neutron source

to the point Z = 0 with Z varying in the range O-H+q (Fig. l);

(3) Incident neutron energy equally distributed over the range from

E n - AE to E n + A E;

(4) The energy recorded by the counter is a random value distributed

according to the normal law with parameters E Q and o(Eo,)f where

EQ is the energy lost by a recoil proton in the sensitive volume,

calculated on the basis of the geometrical conditions of

track formation and the range—energy relationship:

i(E )
CT(EQ) = — " • %>. It was assumed also that the dependence

2.36
of the counter resolution on recoil proton energy n(E ) is

described by the formula

where the constant A is determined by experiment.

The calculation was done by the Monte Carlo method. The programme was

compiled so that by appropriate selection of the values of R . ^E and A it

would be possible to exclude the effect of any one of these factors on the

results of the calculation. Likewise, it is possible to analyse separately

the effect of any of assumptions Nos 2-4 on the shape of the calculated

spectrum. In particular, by putting R^ = «>, AE = 0 and A = 0, we obtain

a recoil proton spectrum calculated on the same assumptions as in Refs ̂ ~1—4_7«

Fig. 2 shows the recoil proton spectra, Q (x), calculated by the methods

described in Refs £1—3_/ and with our programme using the Monte Carlo method

(this of course agrees with the calculation performed with the programme

described in Ref. £~AJ)» On the whole the spectra are in quite good

agreement except for the earlier work / 1_/. If we take as our standard the
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spectrum calculated by the Monte Carlo method, the spectrum calculated

according to Ref. f_^-J is lower in the centre and higher at the ends than

the Monte Carlo spectrum. With the spectrum calculated by the method

described in Ref. j_ 3_/ we find the reverse situation.

A more accurate impression of the differences between these calculations

is gained by comparing e (x) for the different spectra. These quantities

and their values in relation to e (0.6) for the Monte Carlo spectrum are

given in the table: also given are the corresponding values of KH and £,(0.6).

Thus we can see from the foregoing discussion that the differences in
e (x) calculated by the various methods depend both on the shape of the

spectrum (the trend of £ (x)) and on K^. The closer the calculation

conditions are to the limitations imposed on a particular analytical method,

the more the shape of the "analytical" spectrum obtained by that method will

differ from the Monte Carlo spectrum. The difference in the values of K^

largely depends on the form of the range—energy relationship used in the

calculation. Since an experimental range—energy relationship was used in

Ref. /2_y and an approximate empirical formula H(E) = C X E where n = 3/2

in Ref. /~3_7» w e ma»/ expect that the K calculated in Ref. /~3_7 will be

higher than the true values, since n ~ 1 for low energy protons entering

the sensitive volume of the counter from the frontal volume. These conclusions

are confirmed by the results shown in the table. The calculation conditions

are close to the limit for Ref. /~2_7; accordingly the essential difference

in e (x) is attributable to the difference in e (x), and the values of KH

are approximately the same. For the counter involved (see caption to Pig. 2)

the calculation of the spectrum at E = 900 keV will be the limiting case

for the method according to Ref. /~3_7» an<^ ̂ e following results are obtained:

£.(0.6) = 0.1077, KH = 1.140. Calculation by the Monte Carlo method gives

e (0.6) = O.O874, K,, = I.O69. In this case the difference in e (x) is due
I n V

to the significant difference in the values of en(x) and K .̂

Thus, the analytical methods of calculating recoil proton spectra described

in Refs f_ 2, 3_/ give approximately equal results for conditions not close to

the limitations imposed. But, since the limitations imposed in Ref. / 3 _ /

are less rigorous and the results are obtained in the form of an analytical

formula and not as tables, as in Ref. J_ 2_y, they should be preferred in

cases where the experimental conditions approximate the assumptions made in

the calculation.
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As remarked above, our programme enables spectra to be calculated with

more detailed allowance for experimental conditions. Fig. 3 shows the

results of calculating a recoil proton spectrum, Q,(x), with allowance for the

point neutron source, the spread of incident neutron energy around the mean

value and the energy resolution of the proportional counter. For comparison

Fig. 3 also shows a spectrum calculated with the same assumptions as in

Ref. / 4 7» Calculations with separate allowance for each of the above
*• -1 E^ - AE

factors show that the differences in the spectra for x < or
^I " l°{&n) n

x< - are caused by variations in the density of the interactions

in the sensitive volume of the counter. Thus, if the experiment and the

corresponding calculation are performed in conditions where R does not

satisfy the condition R > > H, the results of the calculation will differ

greatly from the case where R =°°. For R =°° we have £,(0.6) = 0.265;

K^ = 1.040, and for Ru = 6 cm, e^O.6) = 0.284, K^ = 1.297. The corresponding

difference in the values of N. .is 25%. If R » H , the spectra will coincide

at the recoil proton energies indicated above and the N. , calculated from
xn"t

them will agree to within the limits of error.

It is well known that for the kind of target normally used the neutron

energy spread is comparable with the mean energy at neutron energies below

100 keV; moreover, the resolution of the proportional counter at such recoil

proton energies has a strong effect on the spectrum shape. Under these

experimental conditions the polychromaticity of the neutron source and the

counter resolution will affect the shape of the recoil proton spectrum over

the whole recoil proton energy range. Therefore, these factors must be

allowed for in the calculation of the spectra if distortion is to be avoided.

But it should be remembered that in this energy range there will be a greater

error in the calculation than at energies above 100 keV, since the range-

energy relationship and the dependence of the resolution on proton energy are

less accurately known.

Method of
calculation

A 7
C2J
CiJ

Monte Carlo

%(0.6)

0.322

0.263
O.278

O.276

Rel. value
e (0.6)

1.16

0.95
1.01

1

Standardization
coeff. K̂

1.045

1.045

1.049
1.040

e
\ 0.6

0.308

0.252

0.265

0.266
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MAXIMUM RESOLVING POWER OP IONIZING RADIATION DETECTORS

I.V. Gordeev, Yu.S. Gerasimov, V.A. Koshelev

In order to assess the maximum resolving power of various types of

ionizing radiation detectors, it is necessary to know the Pano factor /~1,

The Pano factor may be written

where quantum-mechanical and statistical averaging is performed (I is

ionization in each collision event).

To obtain a correct result, it is necessary to know the cross—sections

of all processes occurring when a particle passes through a substance

(ionization, excitation, charge exchange, elastic scattering) as well as

the energy transmitted in each collision event (the energy transmitted and

the square of the energy transmitted averaged over the cross-section of a

given process).

We calculated the Pano factor for the scattering of hydrogen protons and

atoms by hydrogen atoms. For these processes the calculation is simple and

reliable and is of practical value for investigations of neutrons passing

through organic substances and biological tissues and also for work involving

hydrogen-filled chambers. The results show that the Pano factor for the

passage of heavy particles through a substance may considerably exceed

the Fano factor for the passage of electrons through the same substance .

The higher the ratio of the mass of the incident particle to the mass of

an atom of the substance, the higher the Fano factor. This "unusual"

result is largely due to the contribution of elastic scattering to the

Pano factor. This contribution is negligible for electron scattering but

is considerable when heavy particles are involved.

At comparatively low energies an appreciable contribution is also made

by the charge exchange process. Consequently the resolving power of an

instrument may be considerably lower in the case of ionization caused by

heavy particles than it is in the case of ionization caused by electrons.

The contribution due to elastic scattering and ionization was calculated

theoretically in the Boron approximation, which is valid at proton energies

above 25 keV. This was done because there is still an almost complete lack

of data on the cross-sections for elastic scattering by hydrogen and on the

energy distribution of secondary electrons formed as a result of ionization.
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Mainly experimental data were used for the remaining processes, supplemented

where necessary by theoretical data.

The results of the calculations are given in the form of tables and graphs.

Stopping powers and ion—formation energies £were also calculated.
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Table 1

Mean energy of ion-formation during passage of electrons and
protons through helium

1,055 1,217 1,27 1,35 1,4142 1,49 1,72 1,922 2,008 2,46 2,84 4,48 6,35

Ee(eV) 13,5 15 20 21,8 24,5 27,2 30 40 50 54,5 81,7 108 272 544,6

Ep(keV) 25 27,5 36,7 40 43,9 50 55,1 73,4 91,8 100 150 200 500 1000

- 62,4 49,8 29,1 32,4 34,6 37,3 40,1 42,1 42,2

27,9 26,7 28,2 28,5 28,9 29,3 29,6 30,2 31,4 32,3 37,8 39,2 41,5 41,7

V/ O

/v is the ratio of the incident particle velocity to the velocity of a Bohr °
Q

V/ O
/ v i t h t i f t h i i d t t i l l i t

Q

electron, v = 2.1&77 x 10 cm/sec.
o

is the incident electron energy in eV; E is the incident proton energy

in keV.

and "n are the differential energies of ion-formation for incident electrons

and protons respectively, expressed in eV per ion pair,



Table 2

Differential Fano factor, Pd- f , for passage of electrons

and protons through helium

Ee(ev)

Bp(keV)

(diff.:

(diff.:

0,448

-

5

) 0,44

-

0,635

-

10

0,52

-

-

0,778

-

15

0,57

-

-

0,,896

-

20

o,,53

I

-

25

0,5

-

-

1,22

-

36,72

0,45

-

-

1,27

-

40

0,415

-

-

1,36

25

45,9

0,38

I

0,38

1,414

27,32

50

0,27

0,82

0,33

1,49

30

55,08

0,26

0,53

0,49

I,

50

91

0,

0,

I*

92

1

,8

31

25

21

2,008

54,46

3,17

136,1

100 250

0,35

0,31

1,13

0,62

0,32

1,94

4,48

272,

500

0,71

0,35

2,03

5,31

3 381

700

0,75

0,38

1,97

6,35

,2 5

1000

0,8

0,4

2,0

/vo, E and E are the same as in Table 1.

F and F are the differential F'ano factors for incident

electrons and protons respectively (diraensionless

quantities)

[

o
I—I

I
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ACTIVATION DETECTORS FOR NEUTRON DETECTION
(Review)

R.D. Vas i l ev , E.A. Grigorev, V.P. Yaryna

In the All-Union Scientific Research Institute for Physico-Technical

and Radiotechnical Measurements a programme has started to select, process

and standardize nuclear physics constants for measurements of neutron field

characteristics by the activation method. This survey, which marks the

first step towards fulfilling this task, is devoted to selecting the most

up—to—date data on isotopes widely used for neutron—activation measurements,

and is designed to supplement and improve on earlier surveys /7» 16, 27,

29, 49, 50J.

1, Resonance detectors

Table 1 contains a list of isotopes suitable for use as resonance

detectors for neutrons on the basis of the (n,y) reaction. Columns 2-4

of the table show the chemical symbol of the isotope, its percentage concen-

tration in the natural mixture and the activation reaction. Data on the

use of these reactions for recording neutrons are contained in Refs /~3t 7»

16, 17, 19, 29, 6O_7; in particular, for 1 ^Dy and ^Cl, see Ref. /~27_7,

for P see Ref. £~55_J, for Lu see Ref. £~2>l_J, for Rh see Ref. /~23_7, for

* Cr see Ref. /~26_J and for Cu and F see Ref. /~25_7. T^ (col. 5) is

the half—life of the product nucleus resulting from the activation reaction.

The half—life data are taken mainly from Refs /~8, 15_/; otherwise the

source is indicated beside the half—life in the table. A. j/sec J is the

decay constant, calculated from the half-life (in seconds) with the formula

^ (1)

E /""eV_7 (col. 6) is the energy of the fundamental resonance of the reaction.

For Dy and P the first resonance of the activation reaction lies above

100 keV, so they may be used as detectors with a cross-section subject to the

l/v law. The data are taken mainly from Refs /~1, 2, I6_J.

o , is the cross—section for the (n,y) reaction induced by thermal
act

neutrons. The data are taken mainly from Ref. /~1_/.

J ^~barns_7 (col. 8) is the resonance integral of the activation

reaction determined by the formula
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0.55
The data were selected from Refs / 1 6 , 18, 22, 23, 27, 29, 30_/; the

1 Q7
resonance integral of the Au(n,y) reaction (1550 b) was taken as the

standard.

E MeV (fo) (col. 9) is the beta particle energy from decay of the

radioactive product; the figure in brackets shows the external yield of

particles with that energy as a percentage of the number of disintegrations,

E MeV(%) (col. 10) is the gamma energy and the external yield of

gamma rays with that energy as a percentage of the number of disintegrations.

The decay data were selected from Refs /~3, 5, 7, 8, 10, 12, 14, 15_7«

Information on associated reactions occurring simultaneously with the

basic reaction in detectors consisting of natural isotopic mixtures is given

in column 11. This column also indicates certain decay characteristics as

well as the thermal neutron reaction cross—section or the resonance integral.

2. Resonance parameters

Table 2 contains information on the parameters of the fundamental and

neighbouring resonances for the most widely used detectors. Columns 2 and 3

show the chemical symbol of the isotope—detector and ER (eV) — the energies

of the fundamental (see column 6, Table l) and neighbouring resonances of

the (n,y) reaction. Column 4 shows the spin of the ground state of the

target nucleus (i) and column 5 shows the total momentum of the compound

nucleus (j). Sufficient data are supplied for calculating the statistical

factor g:

2J+1
8 = 2(21+1)

P, eV (col. 6) is the total resonance width, P , eV (col. 7) the width

for gamma—ray escape, P , eV (col. 8) the width for neutron escape, and

<s , barn (col. 9) the experimentally measured total cross—section at the

resonance.

The table was compiled mainly on the basis of data from Ref. £"l_J»
197

In the case of 7 A.u a careful analysis of the contributions made by the

various resonances to the activation process has been performed by

Brisbois Hi^J* The diversity of the data on P for "TJa has been
1
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analysed in Ref. / 35_7» The first reliable data on P for Cl are given

in Ref. /~4O_7» The data on P for Cl are very approximate /~28_7, although

it had already been concluded in Ref. /~3_7 'that the 25.5 ksV resonance made

the primary contribution to activation. The bibliography includes references

to investigations of the resonances of Rh /~41_7; Cu and Cu /~34_/;

Mg, Pe and 3 C^J'i ^ ^ C^J"

3. Threshold detectors

Table 3 contains a list of isotopes used as fast neutron detectors on

the basis of threshold reactions of the (n,f), (n,n'),(n,p),(n,a)and (n,2n)types.

Columns 2—4 show the chemical symbol of the isotope, its percentage

concentration in the natural mixture and the activation reaction.

Data on the use of these reactions for recording neutrons are contained

in Refs /~45, 49, 50, 52, 54, 57_7 for U 5 I n , 3 2S, 58Ni, 24Mg, 2?A1, 5<5Fef
31P and 4Zn, in Refs /~49, 51_7 for 237Np, 232Th and 2 3 U, in Refs £~26, 53, 70_J

for 54Fe, in Ref. /~55_7 f o r 103Rh, in Refs /~52, 57, 6lJ for Ti,

in Refs /~56, 62J7 for 35C1, in Ref. /~45_7 f o r 28Si, in Ref. /~57_7 for 63Cu,

in Refl £b^>J for ^Cu and in Ref. /~*45_7 for P and I.

Tj^ (col. 5) is the half-life of the product nucleus resulting from the

activation reaction. The data are taken mainly from Refs

J is the decay constant calculated from the half—life in seconds

using formula (l).

E fff MeV (col. 6) and a , mbarn (col. 7) are the effective reaction

threshold and the effective cross—section at the threshold, which are related

by the expression

00 as

Jo (E)<P (E)dE = CT
eff/?(E)dE (4)

0 E
eff

where O(E) is the activation cross—section and ?(E) is the differential

neutron spectrum.

The shape of the neutron spectrum and the criteria for choosing E „„

and a are described in the original sources and will not be repeated here;

all the recommended values of E __ and a satisfy the ^J fission spectrum

with an error not exceeding 10$. The source from which the values of E

and o were derived is indicated in the table. a mbarn (col. 8) is the

mean cross—section in the fission spectrum, determined by the relation



- 305

f a(3)<p(E)dE = a j<p(E)dE (5)
0 0

E ,MeV {%) (col. 9) is "the beta particle energy from decay of the

radioactive product; the external yield of particles: with that energy is

shown in brackets as a percentage of the number of disintegrations.

E ,MeV (fo) (col. 10) is the energy and external yield of gamma rays

as a percentage of the number of disintegrations. The decay data were

derived, from Refs /~3, 5, 7, 8, 10, 12, 14, L5_J7.

Information on the associated reactions occurring simultaneously with

the basic reaction in detectors consisting of the natural isotopic mixtures

is given in column 11.

Column 12 gives the reference from which the energy dependence of the

activation reaction cross—section is taken.
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Table 1

Resonance detectors

Key:

= Isotope

f0 = Concentration fo

= Reaction

ceK = S e c

3B = eV

6apH = barn

M3B = MeV

ConyTCTByK)mne = Accompanying reac t ions

Footnote to Table 1:

*/ At the I.46 eV resonance only 79% of neutron captures result in

activity with Ti_ = 54 min /~3_7»

Table 2

Resonance parameters

Key:

M3OTon = Isotope

3B = eV

6apH = barn

Table 3

Threshold de tec to r s

Key:

M30T0n = Isotope

= Concentration fo

- Reaction

cen = sec

3B = eV
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MOB = MeV

= eff

= mbarn

= Accompanying reac t ions

lMTepaTypa = Reference

CMo = s e e

T r a n s l a t o r ' s note: the key to Russian abbreviat ions in columns 5 a^d 11

of Tables 1 and 3 i s as follows:

or Mac

JLH o r A H

6

M6apH

aKT

jieT

ccaepac

ceK

M o r MMH

= h

= d

= b

= mb

= act

= yr

= content

= sec

= min



Table 1

7*» JHSO- iCoaepi peQui.uai Ti/2 t Bo X (fact (£f/{ » EJJlfd : c- #/j? / * / ) fCotryroTByimme pe

i_1T_fTi. ! _ 1 _A_^_ i _ ii __I /«/>»_i^i_7^;_jfc.._??: ?&^:6P']Li
i i i ~2~ i 3 i ~ _, ~4_ _ : _ _ 5_ _ i " I _6~ ~ i " _7_ " i _8" i " "" ~9~ j l _ _ "iO _ *" 7 _ II

y v / v Y> 800il00 OT °-29(2)
1.19(13) 0.095(14)
!•«««) ^ ^

2 5 P 100 -"p/w-J^M.SOtO.OISH. // 0.19+0.010.092 1.707(100)- *>P(* p)*'&-2

3 ' ^ U 2,60^^)1^6.75+0.05,^1. 0.176(1) 0.208(1) 9ltW
!/o"SLa(nlff

tmLu;i¥'inc>
Uj) , 0.142+0.005 2I0O+I50 978 0.384(3) 0.113(3.2)
'V'1.188-10"° 0.497(90)

*tf/ift 100 /J/$,f) /?/u4.4I+0.02;,i-ui, 1.88(1,85)0.556(1,9) fik{»M)fl/tSlSjUuH

/)»'''2.6I9-I0-d 1,257+0.002 11+1 83 2,44(98) 0.051(100) Br 0.02.(IOQ) ' 61 /, (?5

5 J 9^77 ^ J» 54.0+O.SMJIH. 0.60(8) 2.12(17) ^ W " X f a r f " ^ '
ne.fi) * I.45I+0.02 198+3 3440 0.87(36) 1.77(2) ' %

^ ^ 2 . 1 3 9 - X O - 4 1.00(56) 1.29(80)
I )HM 0.1341,52(210)

6 <w6tf 97,40 Uu(njij Lu^ 3.69+0.04qac. 1.1(6.5)

„ ' V ^ - - - ^ - 5 2-61t0-01 I9 -̂9476 i-2(93-6)
10. %^fc .* .%P.I« 0.3e(I,

a) 3.92+0.01 64+6 860 1.77(47) 1,53(33)
^ 7.I56-I0"6 ~ 185(52) 1.37(9)

0.08(48)



I l l

8.!!

4_ _ l 5

2.695+0.002SH100 0.295(I)
J5J 4.906+0.010 98.8+0,3 1550

/ f t f//?/2.976'I0-6 "" 0.957(99)

48,65

10 M«Slu 26,63

IN

12

1 3

42

I 0°

1 5
til

0.412(95.7)

0.087(6-1) 1.506(14)

a,vrvvr* 5.20+0.01 3,2^0.4 12400.5306) 1.476(5)
O.II6frI.38(295)

lie' e.007'10"6

8,03*0.01

18,84+0,02 38+2

0.645(40) 0.1(34)
3163 0.720(38)

0.825(22) 0.07(8)

0.866(0.82)
484*622(80) 0.775(4.75)

1.304(20) 0.687(31,4)

0"7

tie

I 328.I0

26.8+0,Iiao 47.0+.0.2 6,1*0.2

*If68(79> 2,088(6.5)
2,5+0,5 138 2.39(21) 1.69(50)

0,6fI.4

7,183'IQ"6

* Z

lit m
30±3

40,3 1,76(12) 2.64fl,49(0,64)
2.41(32) 1.21(5,8)
2.95(55) 0.65(6.3)

0.56(38)

14.1 1.27*1.71(76)2,5(3,5)

2.2(24) 1,6(96)
0.32+0.92(100)

96.8+J0.3 3.9+JD.8 53 0.8+I,7(I00) 0.96+0.07

72.4±0.6 8,2±0.8



1*111I»I I 1*1 I i I I I»I I I 1 1 1 1 1 I I § IIC 1111»I I I»111 JSL _ 11 Ilfl I
1 6 ^ 0 100 Tcfof'Co }5.28±0.0IaeT I32±I 37.2+0.6 74.6 0.318(100) 1.33(100)

ftj/(W 4.I7*I0"9 " 1.17(100)

, 0.75(16) 2,12(15)
17 .sJ/n 100 ^ r fy ; /l{f)2.576+0.002iao 337+1 13.3+0.1 14 1.05(24) 1.81(24)

*%^7472 ' I0~ 5 2.86(60) 0.845(99)

0.573(38) 1.34(0.05)
18 S ^ 69,1 Cl^CaJ2.88+0.08WO 577+1 4.5I±0.23 4.68 0.656(19)

V^.-I0- - ,43, O.SIK3B,

19 S7« 34*49 ftftrf'^^Nl-Z »»• 1500+500 1.22(13)
W 0.04+.0.0I - 0.2+2.46 1,14(17)

' 3 ' 7 ^ 6 7'ICT6 (821 D 85(32 M
« ^ 6 ' 7 I 0 ( 8 2 ) ° -* 32.5)

0.78(65)
20 i 5 ^ l TOO tyfakrftya J5.05+D.05iac 2900+50 0.531+0.008 0.301,4(100) 2.76(100)
«:u // xu« W ^ i , 2 7 9 - I ( r 5 " 1.37(100)
21 f,V 99,76 *V(JV4**<\?^3.76+0.02MHH. 4I62t7 1.9+0.3 2.15 2.73(100) 1.44(100)

"OtX 3 - 0 7 " 1 0 " 3

22 f!Ct 4»3I Wbt(»Jr/^v27.8+0.Iaa 5500+500 14.6+1,5 7.11 tf0.76(100) 0.325(9.8)

23 ffC^ 24,6 *tlforl3fe>37.29±0.04MHH 1.11(31) 2.19(47)
it,JU 25500+500 0.56+0.12 - 2.77(16)

* 3.097-IO"4 4.81(53) 1,64(31)

100 V b 1 1 - 2 - * 1 ? 1
 2V00̂ IC«O 0.00^0.0^ 2.3 6.42(IC0) 1.63(100,

ASF 6 *I8'I0

UpainetaHBe B pesoHance 1,46 3B toJitKo 795? 3axBaTofl HeflipoHOB QpHfioAHT ft aKTHBHOctn c i*L =54 MBH



- 315 -

Table 2

pe30HaHC0B

: r ~ y 7 ~ r~ ~" V ~ £, 7 ~ ~ C 7 " 4,
£_ _ _ :_ _ 1 _ 1 _ i* : ip i ifi i _ S? P*>
I _:_2 :_ _3_ _:_ 4_ i. 5 j . 6 : 7 i 8 i _ _ 3

1,457 5 (75+2)'IO"3 (72+2)"IO"3 (3.04+0.05)l0~3 38500+1000
1 ^yn, 3.86 9/2 4 (8I+4)*I0-3 (8I±4)*Kr3 (0.354+0.015)'IO"3 4 8 °

9.12 5 (82+40)I0~3 (80+40)I0~3 (I.57+0.I6)I0~3 780

w 4.906 2 0.140+0.03 0.124+0.003 0.0I5G+0.0004 3700C+500
2 y^f^- 58.1 I 0.II5+0.0I5 I0.II2+0.0I5 =(2,3+0.14)IO~3 -

60.3 3/2 2 0.206+0.020 0.130+0.020 0.076+0.005 ^=450+130

78.7 I 0.157+0.015 0.140+0.015 O.OT67+0.0000 <i/v=32+8

5.20 I 0.153+0.003 0.140+0.003 0.0I25+0.000I 34000+1000
<09n ~ ~ ~

3 wJla 30.5 1/2 I 0.132+0.013 0.125+0.013 (8.0+0.3)10"° 3530+.640
40.2 I 0.142+0.019 0.I37+0.0I9 (5.0+0.4)I0"3 4^=34+10

* „ Sm. 8.03 0 0.201+0.008 0.07I+0.0I0 0.130+0.005 210000+2000

18.84 0.369+0.007 0.052+0.006 0.317+0.005 4/^=(7+I)I0
5 '%W 171.5 0 0.092+0.020 0.0G5+0.020 0.027+0.003 4500+1200

219 0.602+0.040 0.062+0.006 0.540+0.040 6^ =450+50

6 '&L<1 72.4 7/2 0.150+0.030 0,120+0.030 0.030+0.003
7 &Ca 132 7/2 4 5.57+0.10 0.45+0.05 5.12+0.04 9700^. 1800

337 2 22.5+1.0 0.5+0.1 22+1
8 £jUtiW& 5/2 3 14.6+0.7

2375 3 400+10

^ 5 7 7 2 I.4I+0.05 0.55+0.07 0.86+0.03 1550
9 Jut, 2060 3/2 I 43.8+2.0 0.4 43.5+2»0 626

2660 2 4.7 " 4.5+0.5

* A/ 2 9 0 ° X 0.35+0.04 424+13
1 0 {{Ma 54000 3/2 2 1400+200 " g£=750+40

_„, 5500 2.9+0.9 1600+200 473
1 1 >»<̂ r 28700 0 510+50

38700 1820+460

8700 0.5 ^/>40±7
12 "Q£ 25500 3/2 1 - 2 5 '«£= 250+15

' ^ 47000 2 - 1 4 y / I =236+12



Table 3

IIoporoBHe

:Conep:

* • A jlSafiH \
rpaTypa

: 12
Airr.. , ,1

5__;__6_i_7_i_JL_iJL

0.65 1420 .. HOC

IOO

8 Zfo 95,72 * / « M ^ 4.4+0.4480
** 4 I.15

99,3

5

6

1.60

1.60

2.750-I0-I0""4

0.80 950 1093

302 174 0.96(5)

145
f48j

1.9 120
T45]

I I

100 MP(*,p)'rSi 2 '64i°-02T* 0.22(0.01)
f[ 2,55 122 30.5
srt) 7.292*I0~5 Mai [43] 1,48(100)

£(20).

' 1 58

• £r O,SZ3(23) C,3iS(SZ) 0,Z6 (t,S)
") "'3k Kr)'""« Jfc; J ^ ; ^ - ̂  7Z(3,S)

£t Ul U3)0,S7(Z$)

I



8 Zrt*3.89 * * ' g / l f I2.88+0.08H. 1.34(0.6)
2.60 129 27 +0.66(19)

i.«-nr« f46] M (43) o.5iI(38, > r ^ ™ -

fdl ZibSB'ICT* 3,00 372 60 0.528(100) 0,835(100)^
** ^ o 1 [53]

TO -WV nc & TfJHD^F TA KH.n nyiwrt O rjfi Ton ^A T rrnn/Tnn\

5,532'I0-7 [48]

i I i J2_:_3_ i _ _ 4 : 5 _ _ i :_6_ i 7 _ j . _8_ i 9_ _ i _ _I0 _ i _II .. : 12 _ j .
0.57(38)

I-/4
» S ^ . T . ' W ; * 7I-3*°-2»i

 2.70 430 ro * o . M H , 5 , o . 8 W i » g g ^ t ( _ Ii65>69
I.I25-I0-1 [48] [49j (85.5) 0.511(29) %<!wM\tu<i!w<'X

10 {{if 95,0I8 lfyyi! W P I4.50+0.04flH ^mi^Sl-^^-j^i^P.t^t^^ 1,69
A{ 5.532'HT7 2.65 252 60 1.707(100) - < •• •• -
^ [48] [49]

II % Fe 5,84 "A^/J) Mn 3I3.5±0.7JIB 4"&/»l+)"re;J,t-~';*WW J.65

100 ^ » « ^ ̂  9.54+0.08M. 1,59(42) 0,837(70) A
/ / 4.50 48 2,9 &/,#(«») X » 6 5

I.2I0-I0-3 1.75(58) 1.02(30) ̂ ^ ,
[48] [43]



i I _J 2 _: I i 4 : _ 5 :_ 6_:_ 7 _:_8_ _: _ 9 _ i 10 j . _ II j . 12

I* /vSl 92,27
' 5.50 125 4.0 2.865(100) 1.79(100)

5.0* IO"0' [48j [43]

Ti 1.
5.5 12.6 0.357(100)

9.526-I0-7 [52j [63] 0.892(100)
iiJf
£r 1,17. I

prho

16 * Z » 5I,«6 ' ^ J . / ^ 64-3tf.4wc. 2.273(100)
1/0 ^ r f I 6.20 15,5 1.75(0.016)

• 6994-io~6
r i
[48]

18 V . 9T 68 ̂ / l % * ± a ( 5 ) 2' I ( 5 )

18 */-e 91,68 «fW^* 6j60 60 0#S2 I#05(24) 1.81(23)
<YJ 7.472-I0"5 2.86(60)

[48] [54]0.33(I) 0.845(99)

19 **Tl 73,9* %^'Se. I.83+0.04W 1.32(100)
** *l 7.0 50 O.f.s 0.640(100) 1.04(100)

4.383-I0"6 [45] [52] 0.984(100)

17 P{>.. BO 9 <&fAL»)"/K' 2,564+0.008^. 0.523 0.6(29) 1.49(11) ^ / - . y ^ ; i ' ^ ; f t < « W 4 « « V / T C T m

"Ca 7.357-I0"5 2»]



: 2

20 nCo
27

21

22

^Coln/fAln. 2,576+0.002*1
>| 7.10 13.8

7.472'I(T5 [48]

15.05+0.05*

0.33(1)
0.75(15)
1.05(24)
2.86(60)

7.15 128 1.3 1.4(100)

1.279'IQ-5 £48J f5°l

'"Mlnsftf* 15.05+0.051.

1.279'10
.-5

23 ^f /29 ,50

2* 100

7.45 82.5 0.61 1.4(100)

[48] [3]

i[ 6.68*I0"7 9.90 1224 4.0 % (100)
[48] [47]

0.39(6)
0.87(29)

II .0 1000 1.7 1,25(9)

[48] [47] £,p+(5l)

0.57(38)
8+0.08^1 II .2 608 0.31

: 10 _

2,12(15)
1.81(23)

0.845(99)

2.76(100)
1.37(100)

2.76(100)

1.37(100)

0.965(0,5)

0.521(3.9)
0.440(95)

0.86(0.8)
0.75(3.6)
0.65(33)
0.511(5)
0.38(31)

1.34(0.6)
0.511(38)

II : .12

1,/ttfOO)
; £ g

»i (S6) 0, '92. (3, S).

f, 74VSS ) , Ef 102/30) O,

1,58,65,
68

1,02(30)0,(37(70)

; X.

1,67(16)1,0(77)}

p
£> P, 70; r
' aTJ(n,*) 41"34; 60of, o-r zj

/ 09(b,S) 1, 69 (SO) 0+ /, t,Sf<33)

CM.
1,66,67



4 1 § :_ 6 _ i _7_ _:_ _8_ jt ? : 10 i II

26 ^ , 1 0 0 JL.A.AJ'fU 3I3t5i0.7 m II.7 740 0.13 * 0.528(100) 0.835(100) ~ -»' ^ - . , . « ^ ^ , ±,»B

2.558'IO"8 [48j [47j

27 *\F 100 "F(»M"f I09.72+Q.08M /+ (97? <*Ft"+)KeF;H.s6&i£fi£.W«X>H 53
^«/ 12.8 50 0.611(194)
*0 1.053'HT4 [48] % (3)

28 fit, 69,1 Xu,(n,2tiju*. 9.9±0.2MFH. 1,66
** rl 12.9 526 0.073 / ' 2.91(100) 0.511(196) "*•

V« I.I7-KT3 ' - " "

o
1



321

Chapter II. REACTOR CONSTANTS AND PARAMETERS

NEUTRON FLUX RELAXATION LENGTHS AND RETHERMALIZATION LENGTHS
IN GRAPHITE AND WATER (RESULTS OP A STUDY OP NEUTRON

THERMALIZATION EXPERIMENTS)

G.Ya. Trukhanov, Yu.A. Safin

Introduction

For a number of years investigations have been carried out in the I.V.

Kurchatov Atomic Energy Institute on neutron thermalization in a graphite-

water system with a large temperature gradient over a wide range of graphite

temperatures from 133 to 823 K.

Reports on these investigations containing preliminary analyses of the

experimental data have been presented at IAEA conferences /"~1, 2_7» More

recently publications have appeared / 3—7_/ giving a detailed analysis of the

experimental data obtained in both the low and the high graphite temperature

ranges.

In this article the data of Refs /~3-7_7 o n neutron relaxation and re-

thermalization lengths in graphite and water are combined and generalized,

and a detailed comparison is made with the results of other authors /"ll, ^J*

A short description is given of the experimental set—up and the method

used to derive the primary relaxation length and the rethermalization lengths

from the experimental data.

2. Experimental section

The experimental equipment consisted of a graphite prism measuring

100 x 100 x 59•5 c m with a water tank adjacent to one of its sides
o

(100 x 100 cm ) (Fig. ]). In the initial series of measurements (series A/l/)

an oblong tank measuring 175 x 175 x 5° cm was used but in subsequent

measurements (series B/2/) this was replaced by a cylinder 38 cm in diameter.

The graphite was heated electrically by elements positioned on the five

faces of the graphite prism. Stainless steel pipes for circulating the

coolant were installed in the same plane as the heating elements. In order

to obtain a low graphite temperature (133 K), liquid nitrogen was used.

The graphite prism and the water tank were separated by a heat shield

consisting of two stainless steel foils 100 microns thick and one aluminium

foil 200 microns thick. The other fourfeces of the graphite prism were

insulated with a 20—cm thick layer of ultra light-weight chamotte, which
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in turn was covered with a layer of "boron carbide. The prism was then

enclosed in an aluminium tank.

The water moderated and cooled WWR—2 reactor was used as the external

neutron source. The reactor provided a means of obtaining a wide (50 x 50 cm)

beam of thermal neutrons. One of the faces of the graphite prism was placed

close to the reactor core. The thermal neutron spectrum measured on this

face (with a near—Maxwellian distribution) and the spectrum temperature depend

on both the reactor power and the graphite temperature. Neutron beams were

extracted from various points of the graphite with the aid of a continuous

channel 17 mm in diameter passing through the centre of the prism along the

axis of symmetry of the system and filled with graphite inserts of different

length. The neutron beam was extracted from the water via a movable

aluminium tube closed at the end, having a diameter of 14 mm. The neutron

spectra in the beams extracted from different points in the graphite and the

water were measured by the time—of-flight method.

The measurements were performed with a mechanical chopper having one

plane-parallel slit 5 n™ wide and a 160-channel time analyser. The 150 rara-

diameter rotor of the mechanical chopper was made from glass-fibre-reinforced

plastic containing boron. The neutron detector employed was an end-window

proportional counter filled with enriched BP, gas. The resolution in the

time—of-flight measurements was 20 ^sec/m.

The graphite and water temperatures at which measurements were carried

out are indicated in Table 1. The temperature nonuniformity was 7$ i-n the

graphite and yf0 in the water.

Experiments at identical graphite and water temperature were carried

out for checking purposes.

The neutron spectrum was calculated from the counting rate in the

channels of the time analyser, using a familiar relation /~8_7 which takes
*/ **/

into account the rotor transmission function—' , counter efficiency—' , the

dependence of the effective flight path on neutron energy (by displacement

of the effective neutron recording centre in the counter), the dependence

of neutron absorption and scattering in air between the end of the tube and

the detector, and the neutron background.

No corrections were made for selector resolution in the thermal range

or for neutron counting losses, since they were less than the statistical

measuring error.

The effect due to penetration of the wall of the rotor slit was taken into
account.

**/ The counter efficiency was determined experimentally.
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Neutron spectra consisting of a vector neutron flux <P (z,v, l) were

measured at the following distances from the temperature jump:

(a) In graphite: 0; 0.5; 1.0; 2; 4.5; 9.5; 19.5; 29.5; 39.5;

49-5; 59.5 cm;

(b) In water: 0; 0.1; 0.2; 0.3; 0.5; 0.7; 1; 1.5; 2; 3; 5

and 7»5 cm.

By way of example • ' Pig. 2 shows; the spectra of the vector flux

9(z,v,l) in graphite and water at different distances from the thermal

barrier (graphite temperature 594 K, water temperature 302 K).

The experimental spectra were used to obtain the mean values v, v and 1/v

averaged over the neutron density v~ ^p(z,v,l) and the corresponding

temperatures of the neutron gas (see for example Ref. £"lj)» In addition,

by fitting the Maxwellian curve to the experimental distribution of v.<p(z,v,l)

in the region of the distribution peak, a neutron gas temperature

T = 7k(]/v '
 w a s obtained, where - is the inverse velocity corresponding to the

most probable velocity in the v.flp(v,z,l) distribution. Figs 3-6 show the

spatial distribution of this temperature at various graphite and water

temperatures. In addition, the integral thermal neutron density in water

was measured by the activation method in the series B experiments. Pigs 7-9

show the results of these measurements at different graphite and water

temperatures in semilogarithmic scale.

3. Method of obtaining neutron flux relaxation
lengths from experimental data

The results of the experiments (spatial trend of neutron gas temperature

and integral thermal neutron density) enable us to estimate the neutron flux

relaxation length in water. The neutron flux relaxation lengths are by

definition equal to the reciprocals of the discrete eigenvalues of problems

arising in the separation of the variables in the kinetic equation. They are

determined solely by the properties of the medium, irrespective of the nature

of the sources. This means that they contain information on the scattering

law of the medium and that, being derived from experimental data, they can be

useful for checking theoretical models of the scattering kernel. On the

other hand, knowledge of some of the primary neutron flux relaxation lengths

and the corresponding eigenfunctions makes it possible in some cases to

construct approximate solutions of the kinetic equation with a fair degree

of accuracy.

*»*/ For detailed information on the space-energy neutron distribution in

this system see Refs £~6t ij.
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As shown in Ref. /~3_7» which explains the meaning of the relaxation

lengths obtained "by various methods of solving the kinetic equation, the

diffusion length L , which is the reciprocal of the zero—eth discrete eigen-

value x and the first relaxation length L-, = x, (and in certain cases

also Lp = x~ ) can "be obtained by analysing the asymptotic behaviour of the

density or any other integral quantities (such as mean neutron velocity or

neutron gas temperature). We shall demonstrate this using the example of

the integral neutron density and the neutron gas temperature, confining

ourselves to the plane case and the condition that there are only two

discrete relaxation lengths, L and L-,. The consideration is based on

Ref. £3_/» In our assumptions, the asymptotic part of the vector neutron

flux (for Z > l/x ) where x = min[Z,(E)J is the boundary between the

continuous and discrete parts of the spectrum of eigenvalues of the kinetic

equation, 2 (E) being the total cross—section for neutron interaction with

the substance) can be represented in the form

Here f (n,E) (n = 0;l) are eigenfunctions corresponding to the discrete

eigenvalues x and x,, and C (n = 0;l) are expansion coefficients.

For the neutron integral density we have

where P are the corresponding angle and energy integrals—' in Eq. (l).

Hence it follows that, if we describe the experimental neutron density

n (Z) by the asymptotic part ( Z > — ) with an expression like Eq. (2),

it is in fact possible to obtain the fundamental relaxation length L and

the primary relaxation length L-, provided the experimental conditions

correspond to those with which formula (2) was obtained.

The eigenfunctions f ((JL,E) and f-^HfE) are solutions of the sourceless
kinetic energy equation (sourceless $lso at infinity). This means that
f (n,E) and f-.((i,E) do not contain a — term. Therefore the upper limit
in the energy integration of these functions can be taken as infinite.

See footnote above.
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Let us now find the asymptotic expression for neutron gas temperature.

Using the same assumptions made when obtaining formula (?), we obtain for

Z>-i-.

(4)

Expression (3) can be converted to

(6)

When Z>L we obtain the relation
r

(7)

which coincides with the familiar asymptotic expression for neutron gas

temperature, T(Z) ~1lo + (To ~TcJ>)cxp(-J^\ , if L is taken to represent the

so-called neutron gas temperature relaxation length (see, for example, Ref. £

Approximating the asymptotic behaviour of the experimental neutron

gas temperature with formula (6) or (7) will give a relaxation length L ,

which is related to the neutron flux relaxation lengths by expression (5),

provided the experimental conditions correspond to those under which

expressions (6) or (7) were obtained.

Thus, if the diffusion length L is known, the primary neutron flux

relaxation length can be obtained from the neutron gas temperature relaxation

length with the formula

L.
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Note that in formula (4) "the neutron gas temperature is determined as

proportional to the mean square of the neutron velocity. However, the neutron

gas temperature is often determined as "being proportional to the square of the

mean velocity If(^)/
J){Tt"^^') • o r inversely proportional to the square of

the mean inverse neutron velocity i^ff)) ( ̂'/y " \ y ) / • ^n these cases

it is necessary, using formulae similar to Eqs (6) or (7), to analyse

• • • ( 8 a )

and

respectively with the asymptotic form.

All the calculations performed above can easily be generalized to the

case where there are more than two discrete eigenvalues. Obviously the

procedure for obtaining the lengths L and L-, will be the same (provided L-, is

considerably greater than Lp) in an analysis of the region where Z > Lp.

However, the problem of establishing succeeding neutron flux relaxation lengths

is much more complicated because higher eigenvalues, if they exist, are usually

similar to each other and difficult to separate.

4« Method of obtaining neutron rethermalization lengths
from experimental data

In accordance with the conventional terminology /~1, 9» H_7» re~

thermalization length is the name given to one of the two relaxation lengths

of the method of overlapping groups in the P-, approximation. The second of

these is called the diffusion length. The difference between these relaxation

lengths and the true neutron flux relaxation lengths considered above, as

shown in Refs /~4 f 5_7» is that they may be used to try to describe the

neutron flux over the whole range of variation of the spatial variable with

uniform accuracy, whereas the true relaxation lengths give the correct

asymptotic behaviour of the neutron flux. We shall demonstrate this using

the equations of the method of overlapping groups in the P, approximation

for a two—region plane infinite system. In accordance with the basic

assumption of the method of overlapping groups, the neutron flux y(z,v)

at any point Z for either of the regions of the two—region plane system is

represented as
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where Xi(v) a n d X?(v) are trial functions representing; a neutron spectrum in

an infinite medium filled with the substance of the given region. In the

P-, approximation the weighting functioms vn(z) and v~(Z) satisfy the familiar

system of equations given in Ref. /~1, SjJ-

(10)

where the notation of the physical quantities is that conventionally

employed.

The fundamental difference between Eq. (9) and Eq. (l) is that instead

of the eigenfunctions and the eigenlengths for the given medium Eq. (9)

contains certain other functions and lengths. It is clear that, when the

trial functions X#(v) ^adly reproduce the eigenfunctions of the problem,

formula (9) will give an unreliable asymptotic representation of the neutron

flux. However, formula (9) is not designed to give the correct asymptotic

form. It is arrived at describing with uniform accuracy the neutron spectrum

over the whole range of variation of Z.

This means that the relaxation lengths of the method of overlapping

groups are not universal. Their degree of universality is evidently

directly related to their proximity to the true relaxation lengths. Thus

the relaxation lengths of the method of overlapping groups, including the

rethermalization length, are of interest for the following reasons:

firstly, they are a kind of approximation to the corresponding true

relaxation lengths; secondly, they can be used in conjunction with the method

of overlapping groups for solving reactor problems; and, thirdly, they are

a certain integral characteristic of the experiment.

The relaxation lengths of the method of overlapping groups (diffusion

length and rethermalization length) are characteristic numbers in a system

of conventional uniform differential equations with constant coefficients /lO_/.

They can be found if the parameters D, ,2 -(i=l,2) and the rethermalization
r~*2 2r*\

cross-sections 2 and £ are known. Obviously thesse relaxation lengths

will depend not only on the properties of the medium but also on the form of

the trial functions.

In the particular case where one of the rethermalization cross-sections

may be neglected (in the first region ZI.£ s:0 1 this means that the

trial function Xn(v) ^ a s a near—Maxwellian distribution with the temperature
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2»1
of the first region; in the second region, £„ = 0, it means that the trial

function X2(v) ^Las a near-4Iaxwellian distribution with the temperature of the

second region), we obtain for the first region

and

and for the second region

and /fjp&lJZ (12)

2~* 1 l~* 2
where L ^ and L_̂ o are the diffusion lengths and L , and L , are the

rethermalization lengths.

The rethermalization length can also be derived from the neutron gas

temperature distribution, using expressions (6) and (?), if the following

conditions are observed.

A relationship such as Eq. (6) for neutron gas temperature is obtained

with the method of overlapping groups when in the system of equations in

expression (10) the source terms S-, and So for one of the regions can be

equated to zero and, consequently, the solution of the system within the

limits of that region can be put in the form of the sum of two exponents

(with coefficients), one of which contains as parameter the diffusion

length L^ and the other the rethermalization length L ,. The neutron gasi) rx

temperature relaxation length, L , obtained with the method of overlapping

groups is associated with the diffusion length LD and the rethermalization

length L . by a relation similar to Eq. (5)*

Thus with Eq. (6) it is indeed possible to derive the rethermalization

length from the experimental neutron gas temperature distribution, provided

our assumptions regarding the thermal neutron source correspond to the

experimental conditions. It should be borne in mind, however, that Eq. (6)

must be used over the whole range of variation of the spatial variable Z

(note that in the case of the true relaxation lengths formula (6) is fulfilled

only when Z >l/x ) . A relation such as Eq. (7) for the neutron gas tem-

perature is obtained with the method of overlapping groups in the case where,

LI - LU - LI



- 329 -

for the system of equations in expression (lO), apart from the source terms

S-, and Sp being equated to zero, it is assumed that the diffusion coefficients

and absorption cross-sections have no energy dependence, i.e. when D-, = Do

and 2 = 2 . If these assumptions correspond to the experimental conditions,

formula (7) may "be used to obtain the rethermalization length from the experi-

mental neutron gas temperature. In this case the parameter minimization

range should coincide with the whole range of variation of the spatial variable.

5» Results

5•1. Relaxation lengths in water

Using the method described in section 3, we analysed the asymptotic

part of the spatial distribution of the integral thermal neutron density

(Figs 7—9) and- the asymptotic behaviour of the experimental neutron gas

temperature in water (Figs 3—6).

The behaviour of the integral thermal neutron density was analysed as

follows: on the basis of Eq. (2) the asymptotic part of the neutron density

was described by a function n(%.)~P0£, ~ 'lo + PjC . The fundamental length

L and the corresponding weight P were determined by graph (Fig. 7)» Then

Po' £Xfi (~ 'Lol was subtracted from the initial curve (the curve of

nC£.)~P ££P(~^J/ ) ̂ s S^ven ^n ^ n e same figure under the curve of n(z)) and

the first relaxation length L-, was evaluated in the same way. The results

of the analysis are given in Table 2.

No temperature dependence of the fundamental relaxation length L in

the 300—343 K water temperature range was detected within the limits of

experimental error. The fact that the value obtained is on average some-

what higher than the values supplied by other authors (see, for example,

Ref. /~16_7), is apparently due to the contribution of epithermal neutrons

slowing down in water with a length of about 2 cm /~2__/.

Table 2 also shows relaxation lengths L obtained by analysing the

asymptotic behaviour of the neutron gas temperature in water with the method

described in section 3« The parameters g, b and 1/L. were determined by

minimizing the corresponding functionals by the method of successive

approximations, using the "Tempel-3" and "Tempel—2" programmes ̂  10_7 based
* /

on formulae (6) and (7)» The minimization-' was done in the range
Z = 0.7—8 cm (here Z is the distance from the thermal barrier in water).

For the case where the graphite temperature was 133 K and water
temperature 297 K, minimization was performed in the range
Z = 0.5-2.1 cm.
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The primary neutron flux relaxation lengths L-, were determined from the
*/

relaxation lengths L with aid of relation (5) •

The mean value of the first relaxation length in water, L-, , based on

activation measurements, is ~ 0.44 cm, whilst the mean lengths derived with

formulae (6) and (7) for the asymptotic part of the neutron gas temperature

are ~ 0.32 and ~ 0.40 cm respectively.

The relaxation lengths L-, derived from activation measurements are less

reliable because the graph subtraction process involves large errors. The

disagreement with the relaxation lengths obtained with formulae (6) and (7)

is quite considerable. However, it should be noted that formula (6) is

preferable to formula (7) for analysing experiments in the asymptotic part,

because it begins to describe the asymptotic part of the experimental curve

at lower values of Z than formula (7)» In our case this is important

because there are very few points in the asymptotic part.

The values obtained for L. are much lower than the maximum possible
I

value for water of —- = 0.74 cm* On the one hand this may mean that only
x

a fundamental relaxation length exists in water and the values of L,

obtained are the result of an attempt to describe a continuous spectrum

of eigenvalues with one discrete eigenvalue. On the other hand, the fact

that they all fall into a definite range (0.27-0.42 cm) within the error

limits may indicate that a quasi—discrete relaxation length exists in the

range of the continuous spectrum for water, much as quasi-discrete damping

constants can exist in the non-steady-state thermalization problem (see,

for example, Refs /l3i 14_J' Unfortunately, no final conclusion can be

drawn as to the existence of L-. in water on the basis of this experiment,

because there are not enough Z points in the asymptotic part,

5.2. Rethermalization lengths in graphite and water

The rethermalization lengths in graphite and water were obtained by

analysing the spatial dependence of the neutron gas temperature using the

method described in section 4»

The parameters g, b and T— were determined by minimizing the corres-
Lr

ponding functionals by the method of successive approximations, using the

"Tempel-3" programme /~10_/ based on formula (6). Minimization was done

in the range Z = 0-3 cm for water and Z == 0-2°..5 cm for graphite (here Z

is the distance from the thermal barrier). The rethermalization lengths L .

*/ In the analysis of the series B experiments the relaxation lengths in
water were obtained on the assumption that the dimensions of the system
were infinite in the transverse direction. Numerical evaluations of
the effect of two-dimensionality indicate that the corrections to the
relaxation lengths are only fractions of a per cent and may be neglected.
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for graphite and water were calculated from relaxation lengths obtained with

the method of overlapping groups, using Eq. (5a)« The results obtained for

graphite are given in Table 3 and for water in Table: 4»

It can be seen that the neutron rethermalization length in graphite

depends strongly on the graphite temperature. This reflects the chemical

bond effects in graphite. The results agree wall with Bennett's results

^11_/, which indicates that the rethermalization length in graphite

approximates the true primary relaxation length.

The rethermalization characteristics of waier were calculated with

the "Emodis" programme /lO_y. The differential scattering cross—sections

for water were calculated with the Nelkin model /~15_7 using G.F. Liman's

"PRADIS" programme. The results of the calculations are given in Table 5»

The neutron rethermalization lengths in water obtained here by

analysing the experimental curve of neutron gas temperature and those

obtained in Refs / l l , 12_y are at variance, coming within the range

O.?6—0.57 cm. No specific dependence on the temperature of the neighbouring

region was observed. The neutron rethermalization lengths in water obtained

with the aid of the Nelkin model do depend on the temperature of the

neighbouring region, though only very slightly.

The reason for the disagreement, in our opinion, may lie in the fact

that the rethermalization lengths were obtained with constants D(E),£ ( E ) ,

2 (E) and H(E) derived from independent experiments and averaged over the
s

trial functions of both regions. This means that the rethermalization

lengths depend directly on the choice of initial constants and the form of

the trial functions.

In addition, the disagreement of the rethermalination lengths in water

indicates that a neutron physics characteristic of water such as the re-

thermal ization length is not universal. Thie disagreement, and also the

fact that all the rethermalization lengths are much lower than the limiting

value for the true discrete relaxation lengths in water (~ 0.74 cm), may

be taken as additional evidence of there being no primary relaxation length

in water.
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Table 1

Key:

CepuH A/l= series A/l/

Cepufl B/2= series B / 2 /

Table 2

Neutron flux relaxation lengths in water

Key:

HoMep OKCnepHMeHTa = Number of experiment

no KaKOM (popMyjie BbiMMCJieHO = Formula employed

pejiaKCaufHM, CM = relaxation lengths, cm

Table 3

Rethermalization lengths in graphite

Table 4

Rethermalization lengths in water

Table 5

*/Retheralization properties of water (Nelkin model—')

*J Scattering by oxygen was taken into account in accordance with the
gas model (the mass of the nucleus was assumed to be 16).

Table 1

I Cepufl A/I/ I Cepufl E/2/

Tc f OR 443 594 725 823 133 133 303 359 443
T,to , °K 238 302 305 305 297 343 303 304 294

HepaBHOwepHOCTB TswnepaTypu no ofoeMy rpaui'Ta cocTaiuiHJia 7 ° , a
SKcnepaMGHTU npK owiHaKOBOil Te.MnepaType rpa:JjiTa H BOJIU 6'rijm
C



Table 2

panaiccamiH noTona HefiTpoHOB B

HoMep SKonepsMeHTa ; I

IIo KaKofi $op-
Myjte BOTKCjieRO

(2)

(6)

(7\
\ f /

>v 7c. ,°K ! 133

pe^aK- ^>J ' i 297
caijnH, >>. •
CM \ '

Lo
Li

U
L,
U
L<

3,0 + 0,15

0,45+ 0,15

0,29+ 0,03

0,27+ 0,03

),40+ 0,04

3,35+ 0,04

2

133

343

3,04+0,15

0,43+0,15

0,30+0,03

0,27+0,03

0,45+0,05

0.39+0,04

3

443

298

3,2+0,2

-

0,37+0,04

0,33+0,03.

0,50+0,05

0,42+0,04

4

594

302

-

-

0,43+0,04

0,37+0,04

0,47+0,05

0,40+0,04

5

725

305

-

•

0,36+0,04

0.32+0,04

0,50+0,05

0,42+0,04

6

823

305

-

-

0,40+0,04

0,35+0,03

0,48+0,05

0,41+0,04



Table 3

peTepMajnraamni B rpagsrce

Tc ;0K

L\.} CM
Lt f^£ y CM

I

133

297

155

18 t 3
10+ I

2

133

343

155

15,6+3,2
9,2+1,1
9,6+0,5*'

3

443

298

454

7,4+0,7
5,6±0,6

4

594

302

596

6,3+0,6
4,9+0,5
4,2+0,2**'

5

725

305

726

5,1+0,5
4,I±0,4
3,5+0,23BBI)

6

823

305

830

4,9+0,5

3[5io,23 B a a £

7c.

I44°K,
523°K,
690°K,
828°K,

~ 283°K
» 299°K
• 308°K

- 3I5°K



°K
CM

OH

Table 4
B

133

297

307

0,30+0,03

0,26+0,03

133

343

356

0,47+0,05

0,41+0,04

443

298

303

0,52+0,05

0,44+0,04

0,35+0,04*

594

302

310

0,44 + 0,04

0,38 + 0,04

0,36 + 0,04***

*) lHtO - 292°K,
) T 293°K,

295°K,
71

= 4I0°K
« 558°K
« 720°K

Table 5
OBofloTBa BOTIU (UOAOHB HejncKHax)

725

305

310

0,45 + 0,04

0,39 + 0,04

0,55 + 0f05;

8L3

305

315

0,48 + 0,05

{0,41 + 0,04

155

155

380

453

596

725

8B3

T2 . °H

307

356

310

305

310

310

310

THa0« °K ;

297

343

304

500

300

300

300

3,00

3,12

2,99

2,83

2,85

2,85

2,85

0,123

0,119

0,187

0,189

0,201

0,211

0,217

3,73

3,74

2,82

2,72

2,54

2,41

2,35

0,735

0,821

0,689

0,765

0,748

0,724

0,710

Ut •-
0,339

0,374

0,514

0,491

0,514

0,534

0,547

Ha no raaoBOft ( uacca Hapa nonaraJiaoib panaoli 16 ),
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± JL J -J J. *J Zi .1 J. J£ JL Ji Ji Jj Ji J&

Series "B

Fig, 1. Scheme of experimental ri

1 = Core of WWR—2 reactor, 2 = Reflector, 3 = Thermal insulation,

4 = Reactor shield, 5 = Graphite, 6 = Channels for extracting beam,

7 = Heat shields, 8 = Cadmium plus boron carbide, 9 = Aluminium tank,

10 = Water, 11 = Movable shield of WWR-2 reactor, 12 = Collimators,

13 = Mechanical chopper, 14 = Vacuum pipe, 15 = Detector shield,

16 = Detector.
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_2. Neutron spectra in graphite (at a distance of 29.5 cm ( • );

4.5 cm ( © ) from the thermal barrier) and in water (at a

distance 0.2 cm (A) and 3«0 cm (£) from the thermal bar r ie r )
o

at a graphite temperature of 594 K and a water temperature
of 302°K.
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Graphite Thermal
Carrier Water

Fig. 3» Neutron temperature distribution in graphite and water at a
o o

graphite temperature of 133 K and water temperature of 297 K
and 343°K.

neutron temperature

temperature of the medium

neutron temperature

temperature of the medium

Water temperature 297 K

Water temperature 343
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Graphite Thermal
Carrier Water

ji ~H If t £

Fig. 4» Neutron temperature distribution in graphite and water at a

graphite temperature of 359 K and a water temperature of 304

0 = neutron temperature
— — — = temperature of the medium
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i a n i « * i i t i 4 i t ? C M

Fig. 5» Neutron temperature distribution in graphite and water at a graphite

temperature of 443 K and a water temperature of 298 K (5^t= neutron

temperature, — — — = temperature of the medium) and at a graphite

temperature of 7^5 K and a water temperature of 305 K ( o = neutron

temperature, = temperature of the medium).

I i « } 1 t m

_6. Neutron temperature distribution in graphite and water at a graphite

temperature of 594 K and a water temperature of 302 K (~b = neutron

temperature, - — — = temperature of the medium) and at a graphite

temperature of 823 K and a water temperature of 305 K (^ = neutron

temperature, — - — = temperature of the medium).
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Intergral thermal neutron density in water at a graphite temperature

of 133 K and a water temperature of 297 K (0 = integral thermal

neutron density, 9 = integral thermal neutron density after
-Z/Ldeduction of the term P & Jo).

r-H )
•

\

t I

1 I

v\
Is t

c' : 6

1
1

Integral thermal neutron density in water at a graphite temperature
o o

of 133 K and a water temperature of 343 K. Notation same as
Fig. 7.
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Fig. 9» Integral thermal neutron flux in water

0 = graphite temperature 443 Kf water temperature 294 K
o o

• = graphite temperature 359 K, water temperature 304 K
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RESONANCE INTEGRALS OF ELEMENTS WITH Z>90

Yu.P. Elagin

A resonance integral is the name usually given to the quantity

(1)J -
i.e. the cross—section integrated over the Fermi slowing—down spectrum.

The lower limit E^ is usually the effective cadmium cut-off.

Resonance integrals of fission, radiative capture and absorption

are distinguished by the form of the cross-section under the integral in

formula (l). A number of publications supply data on activation resonance

integrals. In principle, the activation integral should coincide

numerically with the capture integral, but often these values are identified

separately in accordance with the method of measurement. Normally the

mechanism of only one disintegration is analysed in activation measurement

and the resultant activity may or may not be proportional to the total

absorption cross—section.

Near an isolated resonance the cross-section of, say, radiative capture

o (E) is described by the Breit-Wigner formula:

-/

(2)

where a = 4t̂ - g ~sr is the total maximum cross-section in the resonance,o o P

E and E are the incident neutron and resonance energies respectively, P is

the total resonance width, P and P are the partial widths for emission of

a neutron and a gamma quantum, 2*X is the neutron wavelength at the

resonance energy and g is the statistical weight of the level. If the_
conditions E » kT and E » P are fulfilled and if i t is assumed thato
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in the resonance region, we obtain

X~W-0$-jrr (3)

It is usually assumed that the total capture resonance integral I is

described sufficiently accurately by the expression

JL

r + V (4)

where all the resonances i are summed and

The resonance integrals of fission and absorption can be represented in a

form similar to Eq. (4)»

Note that the I ' component of the integral is sometimes omitted from

the resonance integrals supplied by investigators.

The table below lists the resonance integrals of infinite dilution

for isotopes with Z>90« The data are arranged ass follows:

(l) The first column indicates the type of resonance integral -

abs = absorption

fiss = fission

act = activation

capt = radiative capture

If it is known that a particular experimental value does not
l/v

contain the I ' term, this is indicated with an asterisk.

(2) The second column shows the value and the associated error (in

barns) obtained by the author(s).

(3) The third column shows the cut-off E^. The value of E^ is given

in tenths of electron-volts. The symbol TP corresponds to the

thermal spectrum.
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(4) The fourth column indicates the method used to obtain the

resonance integral, and the following abbreviations are used:

ACT — activation method

TOF - time-of-flight

BUR — burn—up in reactor

GAM - total gamma radiation of fission products

ION — ionization chamber

MSA - mass spectrographic analysis of fission products

OSC — oscillator method

EST - estimated from known data

CAL — calculated from resonance parameters

REA — reactivity method: variations in reactivity

REC - recommended value

FIS — fission counter

COM - comparison (back to back)

THE — theoretical estimate

(5) The fifth column shows the normalization standard employed. In

most measuring procedures the values obtained are normalized

to some standard. The most generally used standards are the
197 59isotopes Au and Co. The values adopted for the resonance

integrals of these isotopes have varied to some extent with

time. The brackets contain the value of the integral (in barns)

used by the author(s).

(6) The sixth column gives the reference to the publication from which

the data were obtained. The following abbreviations were

employed:

AE — Aktiebolaget atomenergi, report series Sweden

AECL - Atomic Ener. of Canada Limited, C.R., rep. ser. Canada

AEEW - Winfrith report series UK

ANL — Argonne National Lab. report series USA

ANS — Trans. American Nucl. Soc. USA

AT - Atomn. Energ. USSR

BAP - Bull. American Phys. Soc. USA

BAPS - Bull. American Phys. Soc. USA

BICJD - Bjul. inf. centr jad Dannym USSR

BNL — Brookhaven National Lab. report series USA
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CEA/R - Centre d'etude nucleaires, Saclay, rep. ser. France

CYP - Canadian Journal of Physics Canada

CRC - Nat. Res. Coun. of Canada, C.R. rep. ser. Canada

CRRP - Chalk River report series Canada

DP — Du Pointde Memours Co. Savannah

- river lab. reports USA

GA - General Atomic Div., General Dynamic Corp. rep. ser. USA

IN - Reports Idaho op-office, AEC UK

JNE — Journ. Nuclear Energy Netherlands

NP - Nuclear Physics USA

NSE - Nuclear Science and Engineering Japan

NST - Nuclear Science and Technology

Nucl - Nucleonics USA

ORNL - Oak Ridge Nat. Lab. report series USA

PR - Physical Review USA

WAPD/T - Westinghouse, Atomic Power Div. rep. ser. USA

WASH - AEC, Washington reports to the NCSAG UK

PrNE — Progress in nuclear energy, London

55 Geneva. International Conference on the Peaceful Uses of
Atomic Energy (Proc. Conf. Geneva, 1955) UN, New York (1956).

58 Geneva. International Conference on the Peaceful Uses of
Atomic Energy (Proc. Conf. Geneva, 1958) UN, Geneva (1958).

66 Paris. Nuclear Data for Reactors (Proc. Conf. Paris, I966)
IAEA Vienna (1967).

66 San Diego. Reactor Physics in the Resonance and Thermal Regions
(Proc. Nat. topical Meeting, Am. Nucl. Soc, San Diego, 1966)
Goodjohn, A.J., Ed., MIT Press, Cambridge, Mass. (1966).

68 Washington. Neutron Cross—Sections and Technology (Proc. Conf.
Washington, D.C., 1968) Goldman, D.T., Ed., Gov.
Printing Office, NBS Spec. Publication No. 299,
Washington (1968).

(7) The seventh column indicates the laboratory where the results

were obtained, and the following abbreviations are used:

AE-AB - Atomenergi, Studsvik, Stockholm Sweden

ANL - Argonne National Laboratory USA

BET - Westinghouse, Bettis Atomic Power Lab., Pittsburgh USA

BNL - Brookhaven National Laboratory USA

BNW - Battelle-Northwest, Richland, Wash. USA

CRC - Chalk River, Ontario Canada

PAR — Pontenay—aux-Roses, Seine France

GA - General Atomic, San Diego, California USA

GEL - B.C.M.N. EURATOM, Geel Belgium



- 348 -

HAR - AERE, Harwell UK

Hanf - Hanford Laboratories USA

JAE - Japan Atomic Energy Research Inst. Japan

KAP - Knolls Atomic Power Lab., New York USA

KPK - Kernforschungszentrum, Karlsruhe PRG

LRL — Lawrence Radiation Lab., Livermore USA

MTR - Phillips Petroleum Co. Idaho Palls USA

ORL - Oak Ridge National Laboratory USA

SRL - Savannah River Laboratory USA

SWD - AB Atomenergi, Stockholm Sweden

WES - Westinghouse Research, Pittsburgh USA

WIN - AEE, Winfrith UK

(8) The eighth column gives the date (year) of publication.

To determine the resonance integral (see formula (l)), the microscopic

cross—section is integrated over the l/E flux. However, very few experi-

mental systems have exactly this spectrum. Sometimes investigators make

corrections to the measured values to allow for spectra deviating from the

l/E law. In our table the resonance integrals are given as obtained and

published by the authors without any assessment of their reliability.
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Table

Resonance integrals of isotopes with

AK

Bn
Bac

ra
MK
MG

Oc

Ov,

pn
Pe

PK

CI

Cp

Te

MHH

A3

JKeHeBa

= ACT

= TOF

= BUR

= GAM

= ION

= MSA

= OSC

= EST

= CAL

= REA

= REC

= P I S

= COM

= THE

= min

= AT

= Geneva

GaH-JIwero = San Diego

BaniMHr.

napnac

EMUHH

KMlIflJI5

^ Washing.

= Paris

= BICJD

= BWDC
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Table

1 !

aba

fiss

capt
abs

a c t

a c t

a c t

ac t

abs

abs

abs
a c t

a c t

a c t

a c t

abs

abs

abs

capt
a b s

abs

capt
capt
ac t

abs

abs

abs

a b s

abs

abs

ac t

2 f

Th

84+4
Th - 229

240

Th -230
996+40
1020+30

Th- 232
69,8
67+5
67+3

61,8+12,0
93
85+10

106+10
85+10
83+6
84+5

82,7+1,8
87+4

81,2+3,4
82,5+1,7

79+4
84

86+5
Th - 233
500+150
400+100
400+100
Pa - 231
1200
1200+200
1560+55
480

Pa- 233
1072
1200+400
470+90

( — I.2UHH)

Pe

3 !

5

5
0 ,5

5
5

5

5
3 , 5

5

5
5

5
5

3
5
5

1

1

5

3
5
5

aonaiicn

4 I

0 c

AK

Oc
AK

AK

Pe
pn
On
Oc
AK

AK

AK

AK

Oc
Pe

pn
PK

On
AK

pn
PK

PK

Ou
AK

ue HHTerpaJin M3OTOIIOB C

5 I

B

Co(74)

AU(1558)
Au

Au, In
Li(32,2)

AU(1513)

AU(1565)
AU(1510)

A U ( 1 5 6 O
AU(1462)

AU(154O)

AU(1579)
Au

AU(1565)

Co(75)

6 I

CEA/R-2486

JI3 8,47

CJP 40,194

PR 176,1421

Px-ITE 1,179

JUTE 2,243

2,22

3,507

BSE 4,649

BSE 6,100

JNE 12,32

JNE 11,95
AEEff 163

GA -3069

USE 19,244

CEA -2486

NSE 21,406
rrsE 22,121

HP 76,196

B u d 24,108

PH 155,1330

USE 6,100

JNE 11,95

BAPS 4,414

WASH 1029

BSE 12,243
Hucl 24,108

58 IeHeBa
BSE 6 , 1 0 0

CJP 38,751

90.

7

PAR

CRC

ANL

ORL

ORL

AI
ORL

HAR

OltL
WIN

GA

KPK

PAR

MTR

BET

HAR

GA

BHL

ORL

ORL

ORL

MTR

MTR

MTR

GA

ORL

ORL

CRC

! 8

64

60

62

68

56

56
57
57
58

59
60
60
62

62
64
64
65
65
66
66
67

58
59
60

59
60
62
66

58
59
60
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1

act

act

abs
capt

capt

abs

abs

aba

fiss
abs

oapt

fiss
fiso

fiss

fiss
fiss

fiss
fiss

fiss
fiss
fiss

fiss

fise
fiss

abs
abs

abs
aot
oapt
oapt

capt

capt

capt
oapt

oapt
oapt

•bs

ff

u

u

D

D

1 2

460+100

930+135
920+90

820

842+35

901+45

224+40

- 232

280+15
320

540

220

- 233

833
900+100

865+40

761+17
743+24
753+36

820+65
798+26

764+44
780

735+15

771+49
850+90

927+30
1200+200

917
147+7
300+100

147+5
147+7
138+10

135+7
137

140+13
135+8

- 234
710

1 3

5

5
S

5
5
•

5

5
5
5
5

5

5
5
5
5
5

5
5

5
5

5

5
5
5
5
5

3

1 4

AK

AK

MC
PK

AK

PK

MC
PK

PK

PK

PK

On
AK

Ta
Ta
MC
Ta
AK

PK

AK

Oa
PK

Ou
MC
MC
MC
MC
PK

He
AK

1 5

Co(75)

Co(75)

Co(75)

Co(72)

Li(32,2)

Co(75)

Co(75)
Au,B,In,Li

A U ( 1 5 3 5 )

In(279O)

A U ( 1 5 5 5 )

A U ( 1 5 5 3 )

Co(72,5)

Co(72)

Co(75)

Co(75)

A U ( 1 5 5 5 )

Co(72,3)

A&(1555)
Co(72)

I 6

CJP 38,751

CJP 38,751
ORNL -3320

Nucl 24,108

NSB 29,408

NSB 28,133

jfS 3,507

NSB 21,257

Nucl 24,108

Nucl 24,108

Nuol 24,108

58 leHeBa
NSE 6,100

NSE 17,, 144

CRRP -1183
AECL -1910

AECL -1910
AHS 7,272

NSE 22,121

66 CaH-flnero
Nucl 24,108
AJfS 10,220

NSE 29,1

A3 28,359
PG Colnb 3A3
NSB 6,100

Nucl 24,108
AENDC(US)28L
NSE 6,100

WASE -1033
NSE 17,144
ANS 7,272

66 CaH-Hnero
Nucl 24,108
ANS 10,220

NSB 29,t

BAP 1 187K 6

1 7

CRC

CRC

0HL

GA

BBT

MTH

ORL

GA

GA

GA

ORL

ORL

ORL

CRC
CRC

CRC
KAP

BET
KAP
GA

ORL

BET

KTR
CKL
GA

ORL

ORL

ORL
KA.P

KAP
GA

OHL
BBT

SHL

! 8

60

60

62

66
67
67

57

65
66
66

66

55
59
63

64
64

64
64

65
66

66
67

67
70

57

59
61-
62

59
61

63

64
66
66

67
67

56
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1

oapt

abs

capt

fiss

fisa

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

abs

abs
abs
abs

act

capt

capt

capt

capt

capt

C3pt

capt

east

abs
act

act
act

act

oapt

I 2

700+100

66 5~
700

U - 235

271
292
300+50

276+11

263+12

272+8

298+.14

275+9

274+10

288+18

292

279+8

269+16

280

275+16

222,0+2,0

258

274+11

450+100

445
420

380

271+25

150+50

144+5

148+7

133+7

140

143+7

136+8

U ^ 236

310

400

350
350+40

257+22

400+100

r 3 !

5
5
5,5

5
5
6
4,5
4,5

3,9

4,1

5
5
5
5
62

5

5
5
4,1

5

5

3,9
5
5
5
5
i,a

5
5

4

Ou
PK

PK

4K

On
Ta
Ta
Ta
Ta
Ta

AK

On
Ta
AK

PK

Cp
CJl

Ou
On
PK

ou

MC
MC
PK

AK

r 5

A U ( 1 5 5 8 )

A U ( 1 5 3 5 )

A U ( 1 5 3 5 )

A U ( 1 5 3 5 )

In(2790)

Au

A U ( 1 5 5 3 )

A U ( 1 5 5 0 )

Co(72,5)

Co

A U ( 1 5 3 5 )

A U ( 1 5 3 5 )

Co(72,5)

An
Co(48,6)

r 6 l

NSE 6,100

Hucl 24,108

BNL 982,22

55 SeHeBa

WASH -192

RSE 6,100

NSE 9,341

DP -817

CRRP -1183

CRHP -1183

EANDC(E)33L

BHL 325 Sup2

ANS 7,78

GA -5944

AE 181

66 CaH-flwero
Hucl 24,108

USE 29,1

68 BauiHKr. ,475

NSE 35,350

A3 28,359

USE 6,100

GA -5944

Bucl 24,108

7

ORL
GA

B1TL

ANL

ORL
BET
SRL

cnc
cnc
SWD

ZAP
GA
AE

KAP
GA
BET
GEL

LRT,

OEL
GA
GJS

68 Bamnjir.,I2?l5RL

ANL -5800

USE 6,100

EAMDC(can)20L

AHS 7,78

66 CaH-flnero
Hucl 24,108

66 IlapKK 2,17

HSS 29,1

A9 24,351

BAP -1,187K6

WASH -191

ML -5800
58 SeHeBa

JHB 7,81

USB 6,100

AHL
OHL
CRC
KAP
ZAP
GA
CRC

BET

BNL
OBI.

ABL
OHL
CRC
ORL

1 8

59
66
66

55
57
59
61

63
64
64
64
64
64
64
65
66
66
67
68

69
70
59
64
66
68

58

59
63
64
66
66
66
67
68

56
56
58
58
58
59
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1

capt
capt
capt
capt
capt
abs

oapt
capt

abB

abs
ac t
ac t
abB

abs

aot
abe

a c t
abs

a c t

oapt
capt
abB

abs

abs
abs

capt
abB

abs
abs

capt

abs

abs

oapt
fiBB
fiSB
oapt

0 -

U -

Hp

Up

Hp

Pa

2

381

320

400+40
350+25
417+25
400+40

350+25
300

- 237
290

• 238
276+12
281+20
279+20
224+40
269~
280+15
285+25
282+8
200+10
277+10
280+12
278
270

- 237
870+130

945+130
500

905
850
900+30
715+5
- 238
1500+500
- 239
415
- 238
3260+280
25+5
25
150

! 3

5
5

5,5
5
5

5
5

5
5

5

5
6,2
5,5

5

27

5,5
5

5

5

5

5
6

5,5
5,5

! 4

AK

PK

PK

AK

pn

0o
pn
On
Oc
AK

Ta
PK

PK

Oc

Oc
.PK

Pe

pn

PK

MD

PK

PK

! 5

AU(1558)

AU(1558?

LiC?1)

AU(1513)

AU(1535)

An

AU(1535)

AU(1579)

AU(1510)

AU{1513)

AU(1558)

Au

Co(36,4)

I

WASH

H u c l

BNL

GA

NSB

6 !

1041
24,108
982,22
9057
32,265

68 BauiHHr. 1271

NP A141, 577

fl 3, 159

68 Bamnnr.,1271

PR
JNE

PR
A3
NSB

NSE
JNEA

NSB

DP

ANS

99,10
2,243
105,661
3,507
4,649
5,100
12,32
14,358
-817
7 ,,27

BNL325 Sup 2
Nuol
NSE

58 Si

A3
JNEA

BNL
ANS

24,108
25,12

GH3Ba

6 ,,569
12,32
982,22
10,259

G8 BauiHHr. , 1 2 7 1

IK

BMUHj

- •1195

1 5, 159

68 BaiuHiir.,1271

Nuol

CJP

24,108

33,147
58 SeuoBa
BNL
BKL

982,22
982,22

7

MTR

GA

BNL
GA

SRL

SRL

SRL

BNL
ORL

ANL

AI

ORL

HAH

WES
SRL
SRL

BNL

GA

HAH

HAR

BNL

MTR

SRL
MTR

SRL

GA

CBC
CHC
BHL

BHL

! 8

62

66
66
68

68

68

70

68

68

55
56
57
57
58
59
60

62

63
64
66

66
66

58

59
60

66

57

68
66
68

68

66

57
58
66
66
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1

abs

abs

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

fiss

abs

abs
abs

capt

capt

capt

fiss

abs

abs

act

abs

abs
capt

abs

capt

abs

abs

abs
capt

capt

fiss

fiss

fiss

fiss

fiss

fiss

I 2

168+.15

169

Pil - 239

2000+200

327+22

324+9

319+12

314+9

385+18

301+10

333+15

288

365+26

330+30

330+30

460+23

3500+500

472

656+26

1500+300

184
P<5+6 °

11000+2800

9000+3000

8700+800

10000+2800

11300+1000

9000+1500

8700+800

8700+550

8270+500

8620+700

8280

8000

8035

Pu - 241

1800+300

557+33

541+14

573

545
55Q+40

r 3 T

5

5
5
4,5
5

5

5
5
5
5

1,5
5

5
5
5

5

2

1.5

5

5
5,5
5

1.5
5
4,5
5
5,5
5

on
CA
CA

CA

CA
PK

PK

Qu
PK

oa
PK

Oc
AK

AK

Oc
Oc
Oi*

AK

Oc
Pe
PK

PK

pn

On
CA
CA
PK

PK

'I 5

AU(1535)

Au

AU(1535)

In, Li

AU(1550)

Au

Li(32,2)

AU(1510)

AU(1525)

AU(1513)

AU(1535)

Au

HSE

6 " T"

30,355

68 BamwHr.,1271

HSE

HSE

CRRP

6,100

9,341

1183

EANDC(E)33L

AECL

AECL

AE

1910

1910

-181

3NL 325 Sup 2

Hucl

HST

A3,
A3,
A3

HSE

Hucl

CHC
HSE

Hucl

24,108

4,43L

24,351

28,359

1,27(ffo,3)

6,100

24,108

-633

6,100

24,108

58 leaeBa

55 Eei

A3 I
CHC

A3 2
58 Ke
HSS

HSE

CJP

aeBa

H? 3
-633

, 240

HeBa
6,100

5,32

38,57

AEEff-B 115

HSE

Hucl
BHL

HSE

HSE

CHRP

Hucl
BHL

A3

17,144

24,108

982,22

« 5,159

6,100

9,341

-1183
24,108

982,22

28,359

7"

MTR

SRL

ORL

BET

CRC

SWD

CRC

CRC

AE

BFL

GA

JAE

ORL

GA

CRC
ORL

GA

CRC

CRC

BAR

ORL

BHVf
CRC

BAR

Hanf

GA

BNL

QHL
BET

CRC
GA

BHL

T~l

67
68

59
61

54

64

64

64

65
66

66

67

68
70

56

59
66

56
59
66

SB
55
56
56
57
58

59

59
60

62
63
66
66
68

59
61
64
66
66
70
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1

aba
aba
aba
capt
capt
capt

fiss
abs
capt
capt
a b s

capt
capt
act
capt

capt

fiss
fisa
fiss
ac t
capt
capt
capt

capt

capt

capt

capt

fiss

abs

flea
fiss

fins

! 2

2800+500
712

13C9+15
1000+300
139
260

Pu - 242
0,6
1275+30
1300+20
1050+150
1280+60
1100
1150
1180
1061

Pu - 244
35±7

Am - 241

8,5
21 +2
21 +2
900

1600

1470+135
2100+200
( — 16 <jac)
300+30
(•—152 q . )
850+60
(—•"-16 qao)
250+40
(—152 O
1472

Am - 242
< 300
Am - 242m

7000+2000
1570
1570^110

l a - 243
1,5

! 3

1,5

1.5
5

5,5

5
1.5
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USE OP THE ITERATION METHOD FOR RAPID UNFOLDING OF
A SPECTRUM OF ARBITRARY FORM

V.S. Troshin, E.A. Kramer—Ageev, R.D. Vasilev

E.I. Grigorev, G.B. Tarnovsky, V.P. Yaryna

Work is being carried out in the All-Union Scientific Research Institute

of Physico-Technical and Radiotechnical Measurements aimed at standardizing

the methods and equipment used for neutron measurements, and the Institute

is now preparing, in conjunction with the Moscow Engineering—Physics Institute,

to issue instructions for unfolding fast neutron reactor spectra from

measurements of induced activity in threshold detectors. These instructions

are centred around a rapid method for unfolding fast neutron spectra /""l_7f

using the effective threshold cross—sections.

The effective threshold cross-section calculated for different types

of spectra are given in Refs /~2—5_/• Ref. £ 5_7 recommends optimum values

of the effective threshold (E _f) and the effective threshold cross—section

(a ) for a group of spectra comprising the fission neutron spectrum and

fission neutron spectra after passage of neutrons through layers of poly-

ethylene, carbon, iron, lead and nickel. The values obtained agree with

EURATOM recommendations £~A_J»

When unfolding neutron spectra not included in the above group, errors

may arise due to differences between the recommended effective threshold

cross—sections and the cross—sections corresponding to the spectrum being

constructed. To increase the accuracy of unfolding such spectra, we

propose a method of iterative refinement of the results of the unfolding

which involves redetermining the values of o for constant values of

E „„. This method of iterative refinement simplifies the calculation
GI X

compared with the method employed in Ref. /~6_7, in which the effective

reaction threshold is redetermined for each iteration.

The unfolding of a spectrum by the rapid iterative method is done in

the following sequence:

(l) The neutron spectrum is unfolded by the method described in

Ref. /~l_7f using the effective threshold cross-sections

supplied in Refs £~lt 5_7 (
zer0 approximation).
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(2) Using the exponential form of the spectrum obtained in the

zero approximation £./" (wj and the well-known dependence

of reaction cross—section on energy [vi (£)J , we calculate

the activation integrals R. for the i reaction:

A C * '

where Jr (Eu) is the differential flux density at the lower

boundary of the k interval, and the coefficient \i, is

calculated from the formula

. (2)

For convenience we have tabulated the values of the integrals

for -2 < nk <:2 for the intervals 0.5-1.5; 1.5-2.5; ....;

9.5-10.5 and 10.5-17 MeV. The dependence of J. on ji, is given

in Figs 1—12, and the following numerical key has been adopted

for the reactions:

9 - «//« (r.tP); ,0 -*%<*,» ; {1 -
 iSCt ̂ ) ; 1Z~ **M (n, p)

^ j fap); Af- ; ^ )

For the reactions 237Np(n,f), 103Rh(n,n') and 15In(n,n»), the

contribution of neutrons with energy less than 0.5 MeV was taken

into account when calculating the integral J(|i) in the range

0.5-1.5 MeV. For the remaining reactions this; contribution is

negligible.
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(3) The effective threshold cross—sections are derived from the

calculated activation integrals in a first approximation:

3,*(£t. eff ; '

where Cj/b (E. „_) is the integral flux density of neutrons

with energy above E. -„, obtained in the zero approximation.

(4) The integral neutron flux densities are determined in a first

approximation, using the experimental values of the activation

integrals and the effective threshold cross—sections obtained

in a first approximation:

« * » •

(4)

(5)
(5i eff

and the spectrum is unfolded in a first approximation J^^-J*

The iteration process is repeated until the differential flux

densities in the centres of the energy intervals obtained in

two successive approximations agree to within ~15% (this figure

is accounted for by the errors in the method used and the

calculations).

By way of example Pig. 13 shows a spectrum unfolded on the basis

of two iterations which differ considerably from the fission

spectrum.
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'meV

Fig. 13 Results of unfolding a spectrum similar to the spectrum

from a Po-Be source by the rapid method using two i t e r a t i o n s .

(a) Integral spectra

O,A,Q are the integral neutron flux dens i t i e s in the

f i r s t , second, and th i rd approximations respect ive ly .

^ , ^ . i ^ a r e ^ e a e r o » f i r s t and second approximations

respect ive ly .

Differential spectra

_ ^ _ _ _ _ _ _ = in i t ia l spectrum

. . _ = unfolded spectrum — zero approximation

— — — — — — = unfolded spectrum — f i rs t approximation

= unfolded spectrum - second approximation
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NEUTRON SPECTRUM CALCULATIONS IN THE ?1 APPROXIMATION

V.S. Shulepin

In Ref. /~*1_7 a system of equations was obtained for calculating

the neutron spectrum in any region of a reactor in the P, approximation.

From these resul ts , the following algebraic equations can be written

for determining the slowing-down spectrum:

t'i

where

(la)

(The integrals are taken over the volume of the region);

9 (r), 9*\r) are the coefficients for expanding a flux of neutrons

of the j energy group 9 (r, ̂  ) in a Legendre polynomial series relative

to the angular variable

2 , S^ are the group removal cross-sections:
oy» ly to v

2 , 2 are the cross—sections for transition from group •* to group j;

S | S are the volume and surface sources of the region respectively; and

L is the leakage parameter.

The various possible ways of selecting the quantities S , S and L

are discussed in Ref. /l_/«

In this paper we derive a formula with which the desired quantities <p

may be written concisely. Let us determine 9? from the first equation of

the system in expression (l) above and 9, from similar equations, and then

substitute these expressions in the second equation, so that we have:
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The latter equation may be written as follows:

7 (3)

where:

is;
p-3.

Note tha t E = Z, = 0 when p ^ q . I t wil l be seen tha t equations (2)

and (3) are completely equivalent for any j . The f inal expression for

cp takes the form:

All values of <p can be calculated successively (j = 1, 2, ...,) with

formula (4).
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CALCULATION OF BOUNDARY CONDITIONS FOR A "BLACK" ROD

P.E. Bulavin

In Ref. £~\J the neutron balance method /~2_/ was used to obtain the

following expression for the effective boundary conditions for a "black"

rod situated in a non-absorbing infinite medium:

p*. 4/3 - a<P(a,) , (i)

where

.,/., / * . * . , , - * „ , / *«.v>,w5.,«. e«+•-*», ( ^

r = the radius of the absorbing rod and Z = the macroscopic

scattering cross—section of the medium.

However, the expression for the function>?(a) can be greatly simplified

by integrating analytically over the angles y and v. In fact let us

differentiate9-?(a) with respect to the parameter a. The following

expression is then obtained for the function \//(Q,) ~ CL ~'S9
oLck,

The expression for the function W(a) may now be integrated over the

angle y f as a result of which we obtain

#§ (4)

Integrating expression (4) over the angle v, we obtain
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or, substituting ax for £ , we obtain

(6)

Dividing Eq. (6) by a, integrating 1he result over a and applying

the conditiony^00) = 0, we obtain

or, substituting 4/a for x, we obtain:

When a tends to 0, the limit W(o) = -1 is obtained from formula (5)

whence follows the logarithmic character of the function Q& (a):

(9)

When a »1» by expanding the expression in square brackets in Eq. (8)

into a power series of £/a and confining ourselves to two terms of the

series, we obtain

The results of calculating the functions^b(a) and W(a) from formulae (7)

and (6) on the **Nairi" computer are presented in Table 1.

The accuracy of the calculations is estimated at not less than - 0.0001

for the functionCt) (a) and ± 0.0005 for the function W(a) when a < 0.1. When

a > 0.1 there is an accuracy of - 1 in the last significant figure.

The calculations of the function^D(a) differ considerably from the

results given in Ref. /"\_7 f o r small values of a (maximum deviation 12.6$

for a = 0.025).
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CHAPTER I I I

RADIATION SHIELDING CHARACTERISTICS AND PARAMETERS

RADIATION AND NUCLEAR SAFETY

SPATIAL-ENERGY DISTRIBUTION OF FAST NEUTRONS IN TWO-LAYER
IRON-WATER SHIELDING

A.I . Ganshin, S.F. Degtyarev, V.P. Polivansky, A.P. Suvorov,
V.V. Tarasov, V.K. Tikhonov, S.G. Tsypin, A . I . Shulgin

Fa i r ly extensive t h e o r e t i c a l and experimental data a re already ava i l ab l e

on fas t neutron t r anspor t in homogeneous shie lding l aye r s of varying th ickness

/~1_7» However, t h i s question has "been fa r l e s s well inves t iga ted in the case

of inhomogeneous sh ie lds / ~ 2 , 3, 4_7«

Here the authors report on a study of the space—energy d i s t r i b u t i o n

of a flux of fa s t neutrons with energy E > 0 . 4 MeV in b a r r i e r geometry in

two-layer i ron-water sh ie ld ing . The thickness of the f i r s t l aye r , made of

i ron , was 20 cm in the f i r s t case and 35 cm in the second. The thickness

of the adjacent water sh ie ld was 15 cm in both cases . The source used

was a plane col l imated neutron beam with a r eac to r spectrum £ 5_7» The

t ransverse dimensions of the sh ie ld ing l aye r s and the beam were ~ 70 cm.

The neutrons were detected by means of a single—crystal s c i n t i l l a t i o n

spectrometer with a s t i l b e n e c r y s t a l 3 cm in diameter and 2 cm high, with

gamma-background discr iminat ion based on de—excitation time ]_ 6_7« The

signal and the background were recorded with the shie ld ing l aye r s in p lace ,

and the i n t e n s i t y of the inc ident neutron beam was measured with the sh ie ld ing

removed. The pulse height d i s t r i b u t i o n s were recorded with a "diaphragm"

256-channel analyser and were converted in to energy spect ra by d i f f e r e n t i a t i o n ;

the neutron recording efficiency and the light output of the stilbene crystal

were allowed for by the method described in Ref.

The penetration of fast neutrons in the shielding compositions described

above was calculated by the multigroup method of discrete ordinates in the

2D.7P7 approximation /~1_7» The calculations were performed in plane

unidimensional geometry for a monodirectional neutron beam, using the POZ-1

programme /~8_7» The group constants used for iron and water were obtained
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by averaging over the neutron spectra in an infinite homogeneous medium

consisting of the appropriate material. These constants are given in

Ref. /~1_/. They were verified by calculation of the experimental data for

fast neutron fields in extended iron-water shields / l , 9_7» Pig* 1 shows

experimental and theoretical data on the energy distributions of a fast

neutron flux with energy E> 0.4 MeV behind the iron-water shields described

above. (Geometrical attenuation of the beam has been omitted in the

presentation of the experimental data.) The figure ELISO shows experimental

data on the energy spectrum of a monodirectional neutron beam impinging on

the shields under investigation. By averaging these data within the group

intervals we obtained the data on the incident beam spectrum on which our

subsequent calculations were based.

For comparison Pig. 1 also shows the calculated energy spectrum of a

neutron flux behind 15 cm of water /~1_7 f° r the same incident beam spectrum

together with similar data for layers of iron 20 and 3,5 cm thick /~9_7»

In the case of the 20 cm thick iron layer experimental data from Ref. /~9_7

are also shown and these agree well with the calculated values. Note that

Ref. /~9_7 includes a comparison of theoretical and experimental results for

neutron energy spectra behind 10 and 30 cm thick iron shields. Good agree-

ment was also obtained in these cases.

Prom Pig. 1 we see that there is good agreement in the 1.4 "to 6.5 MeV

range between experimental and theoretical data on neutron spectra behind

iron—water shields (the results agree within the limits of experimental

error). However, a significant deviation (by more than a factor of 2) is

observed for energies less than 1.4 MeV. This is partially attributable

to the fact that the constants which we used for iron /~9_7 and- water £"ioj

for neutrons with E < 1 MeV have not been proved experimentally. Another

possible reason is that, strictly speaking, when calculating inhomogeneous

shields consisting of thin layers (say, less than 4-5 free path lengths),

one ought to use group constants obtained by averaging not over the spectra

in an infinite homogeneous medium (as was done here) but over the integral

neutron spectrum in each layer /~1_7» For calculating these integral

spectra it is necessary to allow for mutual effects of these layers.

Unfortunately no algorithms have yet been devised to allow for this effect.

An improvement can be obtained by using the results of an additional

calculation with a large number of groups for averaging the cross-sections

(this calculation may, of course, be done in a lower approximation).
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Also, averaging over the neutron spectrum in an infinite homogeneous medium

consisting of a homogeneous mixture of iron and water nuclei can be used

as a simpler approximation in the above problem.

Analysis of the fast neutron spectra obtained behind iron-water shields

shows competition between two trends: "softening" of the spectrum by the

layer of iron (due to inelastic scattering by iron nuclei) and "hardening"

of the spectrum by the succeeding mass of water (due to intense slowing-down

of neutrons by hydrogen nuclei). These tendencies are also to be observed

in monolayer shields. For example, a 20 cm iron layer increases the ratio

of the neutron flux in the 0.4-1.4 MeV range to the flux with E>1.4 MeV,

) *^~ *~j <, by approximately a factor of 10 compared with the incident

beam spectrum shown in Fig. 1 (for which the ratio is ~ 1.5)« At the same

time this ratio decreases by almost a factor of 3 behind 15 cm of water with

the same incident beam. The two shields together also reduce this ratio but

to a lesser extent (by a factor of approximately 2.4). Thus, a mass of water) ,
situated behind a 20 cm thick iron layer reduces -,).-,*^~.. *7 ., ..< by a factor

ir^ill > i » 4 Mev )

of approximately 24.

The neutron spectrum behind a two—layer iron—water shield i s , so to

speak, half way between the spectrum in water and the spectrum in iron (at

comparable distances). Note that this has already been demonstrated for

water shields less than 20 cm thick in Ref. £ 3_7, where the authors

investigated the space—energy distribution of fast neutrons from monoenergetic

sources, D(d,n) and T(d,n) in metal-water shields.

Increasing the thickness of the iron layer causes i t s "softening"

capacity to increase, so that at a thickness of 35 cm the rat io Jf-'Z", *T ,,%{
i*\i±i > -L.4 MeV )

is more than 20 times greater than in the incident beam spectrum. However,

the attentuation of the beam of relatively "soft" neutrons is also enhanced.

It is interesting to note that the fast neutron spectrum behind a two-

layer shield consisting of a layer of iron ~ 25—30 cm thick (20 cm according

to experimental data, 35 cm according to calculations) and a somewhat thinner

mass of water (~ 15 cm) is very similar in shape to the incident beam spectrum.

Evidently, it would be possible to choose other iron-water combinations which

would also maintain the shape of the incident beam spectrum. Clearly, if

the iron layer thickness is increased, the thickness of the water layer must

also be increased (but of course to a lesser extent).
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One further conclusion to be drawn from an analysis of the above

spectra is that in two-layer iron-water shields a 15 cm thick water layer

is inadequate for a specific "water" spectrum to be established. This

will begin to show up only when the thickness of the iron layer is

considerably less than 20 cm.

Fig.2 shows the spatial flux distributions of fast neutrons in the

two-layer iron-water shields described above for energies E>2.5 MeV,

E>1.4 MeV and 0.4 MeV<E<1.4 MeV.

Of interest here is the dependence of the neutron distribution close

to the boundary of the iron layer on the material of the succeeding layer.

This dependence is particularly marked for neutrons with E< 1.4 MeV.

For comparison Fig. 2 also shows calculated neutron flux distributions

in water. The attenuation effect of the water varies with i t s position.

For example, for a neutron flux with E > 1.4 MeV, the attenuation factor of

a 15 cm thick mass of water is ~ 6,6 when i t is irrgidiated directly with a

unidirectional beam, ~ 15«5 when i t is located behind a 20 cm layer of iron,

and ~ 19 when located behind a 35 cm iron layer. This difference is due

primarily to the change in the angular distribution of the neutron flux on

passage through the iron layer and, secondly, to the resulting change in

the neutron energy spectrum. The difference betweem the corresponding

attenuation values for neutrons with E> 2.5 MeV is slightly less: instead

of a factor of ~ 3, as in the case of neutrons with E>1.4 MeV, i t is

only ~ 1.6. For neutrons in the range 0.4 MeV< E<1.4 MeV the corresponding

attenuation factors calculated as ~20, ~23O and -580. This strong

dependence of attenuation on the position of the water layer is attributable

to the different degree of "softening" of the neutron spectrum in these

cases.

For comparison, Fig. 2 also shows experimental and theoretical data

on the dependence of a fast neutron flux with different energies behind

layers of iron on the thickness of these layers,t. As can be seen, for

neutrons with E<2.5 MeV the nature of this dependence can differ appreciably

from the spatial flux distribution FQ(x) within iron layers that are backed

by a layer of water*
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Key:

= n/cm W
CM PT

MOB

Bo.ua = water

3Kejie3o = iron

Fig« 1 The energy dependence of the fast neutron flux in layers

of iron and water

Lines indicate calculated data; points indicate experimental data

15 cm water layer /~1_7

20 cm iron layer /~9_7

20 cm iron layer + 15 cm of water

35 cm iron layer

35 cm iron layer + 15 cm water

Incident beam spectrum

, 1
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Fig. 2 "Spatial flux distributions of fast neutrons: of various energies
in iron-water shields irradiated by a plane unidirectional beam.

Results of calculations:

= 2-layer shield, 35 cm Fe + 15 cm HpO

_ _ _ = 2-layer shield, 20 cm Fe + 15 cm

_ . • _ = 15 cm layer of H20 [ l ]

= Results of neutron flux measurements behind
iron-water shields

For comparison, the figure also includes data on Prj(t) - the
neutron flux behind an iron barrier as a function of the barrier
thickness t [9]»

m indicates experimental data

- x - indicates calculated data



- 388 -

^

10*

10'

(0'

! • • •

^7

n-t-

i • • ( • I

i ft
j L

t5cnHJS

20«fi

:1 • •

^-

?Ortft«»^,KP

« t «
"c_i:fi-iff«

' • » * A A A * a
35«O-l5cr.Hj0

T" 3 — E- ir--E- -V it.n-

PHC"J 2 . npocrpaHCTBeauue pacnpe^eJieHHH noroKa fiiictpux
aHepraa B a&seaoBoaHiix 3aninrax npu BX

o(5jryieHHH OHOCEHU MOHOHanpaaneHHHM nyixoit.

i

55 cu + 15 CM ,
3amHta 20 CH + 15 CM ,

- CJtOft BQflU 15 CM I •

H3iiepeHHK noxoKa HefiTpoHOB s a
HUMH aanurraira.

ft cpasueBKH npHBCACEu Aanuue no aaBHCttuocTU >° *' noTOKa
BOB 3a daptepou H3 xenesa OT TOJUIHHU t aioro Gaptepa

& - 3KcnepHiieHT, — x



- 389 -

DIFFERENTIAL ALBEDOS OF FAST NEUTRONS FOR CARBON
AND BORON CARBIDE

T.A. Germogenova, V.A. Klimanov, M.G. Kobozev, V.P. Mashkovich,
E.I. Panfilova, O.G. Petrov, A.P. Suvorov

For solving many problems concerned with the physics of shielding,

dosimetry and radiation technology it is necessary -to know the differential

characteristics of the back—scattered radiation field of unidirectional

neutron beams. This problem has in recent years attracted the attention

of a large number of investigators. A brief review of work on neutron back-

scattering is presented in Ref. /l_7»

This paper reports calculated differential albedo characteristics of

plane unidirectional neutron beams impinging on plane barriers of various

thicknesses made of carbon and boron carbide. The calculations were

performed for plane unidimensional geometry by a special albedo method /~2_7

in the 2DMP-. approximation of the discrete ordinatess method /~3_7« We

used the group constants from Ref. /~4j7 together with a group with

E>10.5 MeV supplemented by data on scattering anisotropy from Refs /~5t 6_7»

Tables 1-4 show the calculated differential flux albedo

A(AE , S ;AE,3,qp) of a plane unidirectional fast neutron beam. These values

characterize the probability of a neutron in the energy group ̂ E , incident

on a scattering medium at angle $ , being reflected at a single solid angle,

described by the angle 9 and the azimuthal angle ? , and thereby falling into

the group A E. The angles % and % are read off from the normal to the

surface of the scatterer, the azimuthal angle f from the projection of the

beam direction onto the surface of the medium. The results are normalized

to an incident flux of intensity 10 n/cm . The calculations were performed

for nine groups of neutrons with energy E>0.1 MeV in the 2D7P_ approximation.

It was found that for neutrons with E >4 MeV the P7~approximation of the

scattering angular distribution is inadequate for describing all the

irregularities of its angular dependence. In some cases the P7-representation

of the scattering angular distribution for carbon and boron assumes negative

values for certain scattering angles sund its use in albedo calculations

accordingly leads, for some values of %, to physically meaningless negative

albedo values. Tables 1-4 show the albedo values only for neutrons with

E < 4 MeV. These values relate to layers of carbon 15 and 25 cm thick and
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layers of boron carbide (density 1.3 g/cm ) 5 and 10 cm thick. When

calculating the differential angular albedos for neutrons with E > 4 MeV

it is necessary to use a higher approximation of the scattering angular

distribution. Prom the data supplied in the above references it can be

seen that a significant azimuthal dependence of the albedos exists only

for neutrons with energy E>0.8 McV at large $ and % .

The theoretical data were verified experimentally with plane scatterers

made of carbon 20 and 40 cm thick. The horizontal channel of the IRT-2000

reactor of the Moscow Engineering—Physics Institute was used as the neutron

source. The neutron beam diameter where it intersected the surface of the

scatterer at normal incidence was 7 cm. The fast neutron detector used

was a scintillation counter based on a 5 x 30 mm ZnS crystal, having virtually

constant sensitivity to fast neutrons with a recording threshold of

E,, - 1.0 MeV /~7_7» T^ e detector was put 2.0 m from the scatterer. The

scattering medium measured 1.8 m across. A special mechanical system was

used to set the necessary angles of $ Q, $and <p. The above experimental

set-up enabled measurements to be made of the flux differential albedos of

fast neutrons with a threshold energy E.. - l«0 MeV. The theoretical

values of this quantity were determined by integrating the data obtained

during this investigation for separate monogroups of AE with allowance

for the energy distribution of reactor neutrons incident on the scatterer.

The experimental values of the differential numerical albedo were obtained

for the angles 9 and £= 0-75 and 9 = 0 and 180 . The maximum

disagreement between the theoretical and experimental values did not exceed

25$. The figure compares the theoretical and experimental data on the

differential flux neutron albedo for a 25 cm layer of carbon.
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Key for tables 1 through 4c

rpaj. = deg

MOB = MeV

Table l a

Differential albedos of neutrons for a 15 cm layer of carbon, &E -, 2.5-4 MeV

Table lb

Differential albedos of neutrons for a 15 cm layer of carbon, AE = 1.4-2.5 MeV

Table lc

Differential albedos of neutrons for a 15 cm layer of carbon, AE = 0.8-1.4 MeV

Table 2a

Differential albedos of neutrons for a 25 cm layer of carbon, AE = 2.5-4 MeV

Table 2b

Differential albedos of neutrons for a 25 cm layer of carbon, AE = 1.4-2.5 MeV

Table 2c

Differential albedos of neutrons for a 25 cm layer of carbon, AEQ = 0.8-1.4 MeV

Table 3a

Differential albedos of neutrons for a 5 cm layer of boron carbide,
AE = 2.5-4 MeV

Table 3b

Differential albedos of neutrons for a 5 cm layer of boron carbide,
AEQ = 1.4-2.5 MeV

Table 3c

Differential albedos of neutrons for a 5 cm layer of boron carbide,
AEQ = 0.8-1.4 MeV

Table 4a

Differential albedos of neutrons for a 10 cm layer of boron carbide,
AE Q = 2.5-4 MeV

Table 4b

Differential albedos of neutrons for a 10 cm layer of boron carbide,
AE = 1.4-2.5 MeV

Table 4c

Differential albedos of neutrons for a 10 cm layer of boron carbide
AEO = 0.8-1.4 MeV '
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9 . , j * E ,
rp sa I J»8B

I

0 2,5 - 4,0
1,4 - 2,5
0,8 - 1,4
0,4- 0,8
0,2 - 0,4

30 2,5 - 4,0
1,4 - 2,5
0,8 - 1,4
0,4 - 0,8
0,2 - 0,4
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0,2 - 0 , 4
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595

1670
3154
1544
812
379

i

45° !

2493
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8000
2485
1223
549

3135
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1356
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2435
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4510
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2730
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1340
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Table 2 a

CM 2,5 - 4 M3B

&. I AE,
rpajn j U3B

0 2,5 - 4,0
1,4 ~ 2,5

0,8 - 1,4
0,4 - 0,8

0,2 - 0,4

30 2,5 - 4,0

1,4 -2,5
0,8 - 1,4
0,4 - 0,8

0,2 - 0,4

45 2,5 - 4,0

1.4 - 2,5
0,8 - 1,4
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Table 2b

flB$$epeaunaji&Bue ajaCeao BeftxpoHOB nun OJIOH yrropofle 25 o n , &E0= 1,4 - 2 ,3 MSB
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0

30
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75
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I t * - 2,5
0,8 - 1,4
0,4 - 0,8
0,2 - 0,4

1,4 - 2,5
0,8 - 1,4
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0,2 - 0,4

1.4 - 2,5
0,8 - 1,4
0,4 - 0,8
0,2 - 0,4

1,4 - 2,5
0,8 - 1,4
0,4 - 0,8

0,2 - 0,4

1

6=o°

3480
6350
3190
1652

3700
6016
3040
1565

3728
5600
2836
1452

2708
3350
1670
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. 1 •! - — •

j 30°

3935
6330
3170
1623

4225
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3016
1538

4144
5440
2819
1428

3418
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1670
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i 45°

4300
6310
3130
1584

4500
5830
2980
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4496
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2789
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3975
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75°

5410
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1334
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2680
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6350
3190
1652

3682
6020
3038
1565

3715
5606
2836
1452

2696
3356
1670

820

30° 1

3935
6330

3170
1623

3980
6018

3013
1538

3915
5616

2815
1428

2835

3406

1666

808

90°
45°

4300
6310

3130
1584

4245
6010
2977

1502

4116

5625

2783

1395

3020
3470
1657

792

1 75°

5410
6060
2800
1334

5320
5840
2673
1267

5220
5552
2511
II80

4252
3760
1546

683

1 .'
I °°
3480
6350
3190
1652

3420
6025

3038
1565

3383
5611
2836
1452

3290
3360
1670

820

I 30°

3935
6330
3170
1623

3740
6170
3010
1538

3570
5818
2811
1428

3260
3610
1661

808

180°....
45° I 75°

4300
6310
3130
1584

4330
6230
2973
1502

4362
5925
2778
1395

3860
3790
1650

793

5410
6060
2800
1334

5200 w
6190 a
2666 '
1267

5014
6060
2500
IIBO

4646
4470
1532

683



Table 2c

flM$$epaHUM8;ii>HU9 QJUQSAO HSJITPOHOB juin CJIOH yrjiepoiib J5 cu , A t -
o = 0 ,8 - 1,4
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0

30

45
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U Q H
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0,2 - 0*4

0,8 - 1,4
0,4 - 0,8
0,2 - 0,4

0,8 - 1,4
0,4 - 0,8
0,2 - 0,4

0,8 - 1,4
0,4 - 0,8
0,2 - 0,4

0=0
4370
6980
3080

4330
6660
2910
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2700

3240
3854
1542

—^
• 1 30"

4600
7010
3050

48tiO

6680
2890

4923
6260
2680

4050
3840
1538

= 0°

~T "'

4890
7030
3000

5340
6690
2850

5460
6270
2645

4670
3860
1529

J 75°

6460
6910
2670

7600
6540
2540

8070
6140
2370

8040
3880
1425

•y— ~
j
i

"T

4370
6980
3080

4319
6662
2914

4226
6254
2702

3223
3856
1542

vf =

*"T ~

!

4600
7010
3050

4537
6695
2885

4440
6290
2677

3390
3910
1535

90°
T
, 4 5 °

4890
7030
3000

4814
6727
2844

4710
6330
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3600
3980
1525

T
I 7-

6460
6910
2670

6532
6657
2534

6225
6320
2366

4950
4270
1416

i
i
J

3° ; o°
4370
6980
3080

4300
6662
2914

4206
6254
2701

3970
3857
1542

1 30

4600
7010
3050

4450
6700
2884

4310
6300
2675

3993
3960
1533

180°

. T0 t «

4890
7030
3000

4850
6740
2842

4815
6350
2639

4320
4040
1521

i° j 75°

6460
6910
2670

6070
6737
2531

5650
6430
2361

4950
4420
1408

i397

i
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enifleao HBRTPOHOB jyin oaort KepflHAS dope S OM ,
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I 1 EZTZHJJ: 75C
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JJ!!
I80c

• I I T U • I — » M | J 1 ,

I 4 5 ° | ? 5 °

2,5 - 4
1 , 4 - 2,5
0,8 - 1,4
0,4 - 0,8
0,2 - 0,4

2120
5320
1013
415
188

1800 1560 2060 2120 1800 1560 2060 2120
5215 5090 4430 5320 5215 5090 4430 5320
1030 1050 1150 1013 1030 1050 1150 1013
422 430 451 415 422 430 451 415
189 190 185 188 189 190 185 188

1800
5215
1030
422
189

1560
5090
1050
430
190

2060
4430
1150
451
185

30

45

75

2,5- 4
1,4- 2,5
0,8 - 1,4
0,4 - 0,8
0,2 - 0,4

2,5 - 4
1,4 - 2,5
0,8 - 1,4
0,4 - 0«8
0,2 - 0,4

2,5 - 4
1,4-2,5
0,8 - 1,4
0,4 - 0,8
0,2 - 0,4

1675
4920
992
412
186

1337
4460
964
406
182

1043
2410
724
318
141

1261
4310
990
419
166

1239
3710
960
413
182

1610
1880
738
324
140

1345
3980
1007
427
187

1535
3370
979
421
182

1990
1780
770
331
140

3050
3230
1135
448
181

3450
2830
1132
442
177

5090
2170
979
352
137

1690
4940
993
412
186

1351
4480
965
406
182

10 31
2435
725
318
141

1510
4850
1010
419
187

1283
4430
983
413
183

1129
2470
744
325
142

1590
4750
1031
428
188

1277
4360
1007
422
185

1266
2520
769
332
143

2120
4260
1143
449
183

2190
4040
1126
443
180

2230
2820
897
354
143

1710
4950
994
412
186

1365
4510
966
406
182

1019
2460
725
318
141

2145
5440
1033
420
188

1970
5240
1014
414
185

910
3350
770
325
144

2140
5630
1065
428
189

2190
5590
1053
422
186

II2I
3910
812
333
146

1710
5800
1183
449
186

1940
6320
1189
444
184

2345
5990
989
356
148

OO

I
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45 75 l
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ii°Ll. iZI
»• 180°

r—

30° 45 [" 75C

0

30

45

75

1,4-2,5
0,8 - 1,4
0,4 - 0,8
0,2 - 0,4

1,4 - 2,5
0,8 - 1,4
0,4 " 0,8
0,2 - 0,4

1,4 - 2,5
0,8 - 1,4
0,4 - 0t8
0,2 - 0,4

It* - 2*5
0,8 - I»4

0,4 - 0,8
0,2 - 0*4

2995

4490
1210

436

3093

4240
1177
423

3088
3959

1133

406

2308
2556

805
281

3285

4490

1235

439

3373

4064

1206

426

3269

3745
1164

409

2659

2405

831
283

3560

4520

1265

441

3547

4032
1238
428

3465

3715

1195
411

3031

2424

857
285

4610

4750
1565

431

4995

4268

1343
419

5248

59%
1301
402

5479

2689

952
281

2995

4480

1210
436

3086

4246
1177

423

3084

3967
1133

406

2305

2531

895
281

3285

4490

1235

439

3300

4272

1*01
426

3241
4U06

1157

4C9

2419

2600

823
284

3560

4520

1265

441

3516
4313

1231
429

3419

4062
iib5
412

2574

2689

844
286

4610

4750

1365

431

4544

4613

1330
419

4456

4431

1282
452

3664
3235

924
282

2995

4480

1210
436

3079
4253

1176
423

3079

3976
TT 33

406

2302
2540

805
281

3285
4490

1235

439

3034
45L2

119?

426

2980

4330

II5Q
409

2376

2898

814
284

3560
4520

1265

441

3234

4662

1224

429

3074

4543

1175

412

2468

3171

850
286

4610
4750

1365

431

4463

5141

1316
419

4273
5225

1263
403

3016

4338

8%
283

i
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USB 9» 0° T 30° 45° I 75° 0° I 30°7 45° F 73° 0° i 30° j 45° T~ 75°
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0
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0,8 - 1,4
0,4 * 0,8
0,2 - 0,4

0,8 - 1,4
0,4 - 0,8
0,2 - 0,4
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4750
1272

3648
4525
1232

3890
4780
1285

3598
4417
1248

3923
4815
1300

3777
4402
1265

4900
4930
1310

5739
4460
1279

3895
4750
1272

3653
4530
1232

3890
4780
1285

3683
4567
1244

3925
4815
1300

3761
4613
1258

4900
4930
1310

4857
4778
1270

3895
4750
1272

3659
4535
1232

3890
4780
1285

3896
4732
1241

3925
4815
1300

401?
4855
1253

4900
4930
1310

4518
5183
1260

I

oo
I

45 0,6
0,4
0,2

-I i*
- 0,B
- 0 , 4

3394
4254
1178

3481
4IU8
1195

3798
4085
I2II

6126
4157
1230

3399
4260
1178

3%7
4305
1190

3586
4360
1203

4791
4581
121?

3404
4260
1178

3702
4530
1185

3891
4696
II96

4464
5175
1203

75 0,8
0,4
0,2

- I
- 0
- 0

.*
•8
• 4

2462
2742
805

3055
2623
820

3539
2622
833

6098
27BI
865

2452 2586
2748 2810
804 814

2767
2888
825

4024
3297
848

2443
2754
804

2405
3046
808

2579
3260
816

3611
4129
829



Table -4a
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ft.

0

30

45

75

M3B

2.5 - 4,0
1,4 - 2,5
0,8 - 1,4
0,4 - 0,8
0,2 - 0,4

2,5 - 4,0
1,4 - 2,5
0,8 - 1,4
0,4 - 0*8
0,2 - 0,4

2,5 - 4,0
1/4 « 2,5
0,8 - 1,4
0,4 - 0,8
0,2 - 0»4

2,5 - 4(0
1,4 - 2<5
0,8 - 1,4
0,4 - 0«8

0,2 - 0,4

$* 0

2764
6975
1958
1015
495

2241
6425
1884
981
477

1826
5790
1786
934
454

1256
2964
1146
601

290

° | 30(

2405
6796
1962
IPII
469

17 91
5696
1871
977
471

1728
4924
I7'72
930
44?

1856
2391
1154
600

285

0°
T - -

2iae
6574

1963

IOC-4

481

1875

5277

1870

970
463

2043

4496

1776
924
440

22^6
2258
1178
599

281

j 75°

2485
5406
1900
912
417

3485
4089
1840
883
401

3891
3601
1779
844
381

53J.6
2517
1301
563

247

- T

| 0°

2764
6975
1958
1015
495

2260
6443
IB84
981
477

1842
5814
1787
934
454

1243
2986
1146
601

290

f = «J0°
•~T

. _ !

67%
1962

ion
489

2050
6298
1890
977
472

1763
5707
1795
931
449

1344
3010
1160
601

287

j 45°

2126
6574
1963
1004
481

1913.
61X7
1894
971
464

1748
5574
1802
925
441

1483
3033
1175
600

284

J " ~~
— 1

2485
5406
1900
912
417

2524
5160
1845
884
405

2566
4857
1770
846
385

2406
3182
I2IG
564

255

i
• o°
2764
6975
1958
1015
495

2279
6462
1885
981
477

1857
5640
1786
934
454

1231
3009
1147
601

290

j 30°

2405
6796
I%2
IOII
489

2734.
6949
1913
978
473

2492
6601
1826
952
450

IIII
3921
1185
602

289

180°

| 45°

2126
6574
1965
1004
481

2704
7078
1927
971
465

2705
6910
1847
926
443

1323
4480
1217
601

286

{ 75°

2485
5406
19-30
912
41?

2087
6755
1682
885
406

2290
7206
1850
847
389

2504
6391
1306
566

259

o
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45

75
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1

i ~'B

1,4 - 2
0,8 - I
0,4 - 0
0,2 - 0

1,4 - 2
0,8 - I
0,4 - 0
0,2 - 0

1,4 - 2
0,8 - I
0,4 - 0
0,2 - 0

1,4-2
0,8 - I
0,4 - 0
0,2 - 0
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.4
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, 4
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• 4
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.8
, 4

flH$$ep
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5500
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5791
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5639
2006
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1845
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425
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794

2851
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t
1

19" o°
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4360
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4020
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1694
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3090
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f= 0

•T
i 30°

4650
5790
1885

4290
5340
1803

4091
4926
1693

3289
2954
1041

0

_T

| 45°

4646
5770
1870

4440
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1793
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1686

3766
2935
1043
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5366
5560
1730

6170
5030
1664
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4665
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2980
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4680
5800
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5497
1806

4025
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1693

2687
3095
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T
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4650
5790
1885
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5495
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4074
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1688

2815
3143
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y
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4646
5770
1870

4420
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1787

4167
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2990
3200
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| 75"
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5560
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3500
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1 T
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4680
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4314
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3380
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5770
1870
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5736
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1671
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5569
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5759
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4836
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Fig. 1. Differential flux albedo of neutrons (with E . E>1 MeV)

for a 25 cm layer of carbon at angles of * = 60 and

? = 0°:

indicates experimental data

indicates calculated data.
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PARAMETERS OP THE REFLECTION FROM IRON OF A FILTERED
FAST NEUTRON BEAM

I.V. Goryachev, A.P. Suvorov, L.A. Trykov

The use of the albedo concept for solving engineering physics

problems such as the passage of neutrons through channels and s l o t s in

shields, the determination of the characteristics of scattered radiation

fields in closed volumes, step-by-step calculation of radiation fields in

separate zones of multi-layer shielding with the assignment of irradiation

and reflection boundary conditions allowing for the effect of adjacent

zones / I , 2_y and so on requires us to determine the reflection parameters

of neutrons which have already passed through a certain mass of shielding

material. The fact that many materials have a pronounced cross—section

resonance structure leads to filtration of the source neutrons at the

cross—section minima and to the associated effect of "filtered" neutrons

interacting with the material of the reflecting layer. Thus i t can be

assumed, for example, that the albedo of a reactor spectrum beam for

materials with a cross—section resonance structure will be very different

from the albedo of a neutron beam transmitted through a layer of material

similar to the material of the reflecting layer and depleted in resonance

neutrons.

The aim of this investigation was to verify experimentally the lower

albedo for iron associated with a filtered neutron beam, to establish the

reflection parameters for the conditions in question, and also to develop

methods of allowing for resonance self—shielding of cross—sections in multi-

group calculations of neutron transmission through shielding.

The methods used for the experimental investigations were similar to

those described in Ref. /3_y« The neutron source was a zero—power

research reactor with a 16 cm thick stainless steel reflector. The

initial neutron beam leaving the surface of the reflector was filtered

with an iron prism 27 cm thick, installed in a channel of the reactor's

biological shield. The neutron detector employed was a single—crystal

scintillation spectrometer with gamma discrimination based on de-excitation

time /~3_7» The flux and dose albedos were determined from measurements of

the neutron energy distributions. The specimen used for investigating the

reflection characteristics was a 19.5 cm thick iron strip.
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The differential flux albedos were calculated by a special method based

on a kinetic equation in the 2D-,P7-approximation of the discrete ordinates

method /2_y. The calculations were performed for seven energy groups with

the ROZ-III programme, using the group constants employed for calculating the

albedos in Ref. £ 4_y multiplied by an additional blocking factor. This

factor was determined as the ratio of the blocked tote.l cross—section,

obtained by measuring the transmission of a filtered beam in narrow

geometry /~5_/» t o "^e total cross—section used in calculations for an

unfiltered neutron beam £~A_J» In the latter values, resonance self-shielding

of the cross-sections was taken into account by an approximate "homogenization"

method £6_J» However, the degree of self-shielding for an unfiltered beam

is much less than for a filtered beam. Table 1 shows the blocked total cross-

sections for a filtered beam and the corresponding values of the additional

blocking factor j . The differential elastic and inelastic scattering

cross—sections were multiplied by this factor, i.e. it was assumed that these

cross—sections are shielded to exactly the same extent.

The nature of the experimental and theoretical results obtained is

illustrated in Figs 1 and 2, which show the energy distributions of reflected

neutrons for different incident beam angles y both for a scalar flux (Pig. l)

and for an angular flux (Fig. 2).

The results indicate that the albedo of the prefiltered beam neutrons

is the albedo of a beam with a "smooth" spectrum, i.e. with no pronounced

reasonance structure. From Fig. 1 it can be seen that the reflected neutron

intensity for a filtered beam in the energy range E< 2.5-3 MeV is several

times lower than the intensity of neutrons reflected from an iron strip of

the same thickness when its surface is irradiated with an unfiltered beam

having a reactor spectrum. The normalization of the integral intensity was

identical for both incident beams. The shape of the unfiltered beam spectrum

and that of the filtered beam spectrum (smoothed by averaging over the

resolution of the spectrometer - Fig. l), differ somewhat. However, as the

present authors have already established in previous investigations, slight

variations in the shape of the incident beam spectrum cause only insignificant

variations in the reflected neutron intensity. Therefore the difference

observed between the reflected neutron intensities of the filtered and

unfiltered beams is caused by the difference in the fine microstructure

of their spectra and not by the difference in the smooth (averaged) shape of

their spectra.
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The data in Fig. 1 also indicate how the effect of the microstructure

of the incident beam spectrum decreases as the angle at which the beam

strikes the surface of the reflecting layer becomes larger. This is

directly due to a reduction in the neutron cross—sections as a result of

their self-shielding and to a corresponding increase in the probability of

straight-line streaming and small-angle scattering.

This conclusion is also backed up by results of calculations of the

integral flux albedos. To illustrate this, Table 2 shows the flux albedos

of neutrons in the 0.4-1.4 MeV range (same energy range before and after

reflection).

Pig. 2 shows the experimental and calculated energy distributions of

an angular flux of reflected neutrons for different angles v with normal

incidence of a filtered beam onto the iron strip. The angle y is measured

from the normal.

Table 3 compares the differential angular albedos calculated for

unfiltered f^lj and filtered neutron beams in the 0.4—1.4 MeV range

(same range before and after reflection). Here we were considering a

plane passing through the projection of the incident neutron beam direction

onto the surface of the reflecting layer (i.e. with azimuthal angle <p = 0 ).

As can be seen, filtration of the beam considerably reduce;- the

differential angular albedos as well (by factors of up to 2—3). However,

the effect is much less for angles of y far from the normal. This is

particularly true in the case of oblique beam incidence giving "sliding"

reflection (such that the reflected beam direction deviates little from

the direction of incidence).

Table 4 compares the theoretical and experimental values of the integral

flux and dose albedos for unfiltered and filtered beams of fast neutrons

with E>100 keV (for the experimental conditions described above) at different

incident beam angles y .

Note that the data in Table 4 for the unfiltered beam relate to a strip

15 cm thick and the data for the filtered beam to a strip 19»5 cm thick.

However, there should be very little difference between the fast neutron

albedos of an unfiltered beam for these two thicknesses, particularly in

the case of oblique beam incidence.
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The large difference between the experimental and theoretical data

for the filtered beam (factors of 2-2.5) - far exceeding the very slight

difference observed in the case of the unfiltered beam (no more than 20-30%) -

is explained by the approximate nature of the assumptions made in deriving

the group constants for calculating the filtered beam albedos. In the first

place, the values of the total cross-section <o> (Table l) used in the

calculations do not, generally speaking, characterize the spectrum of

neutrons striking the reflecting layer, but represent rather the average

characteristics of the neutron spectrum in the filter. Strictly speaking,

the total cross-section for such a calculation should be derived from an

analysis of the transmission curve at the very end of the filter. Such

cross-sections would be smaller than those which were employed in the

calculation and, if they were used instead, beam filtration would be shown

to reduce the albedo values even more. In the second place, the validity

of the assumption that the elastic and inelastic scattering cross-sections

have identical self-shielding has not been verified; and, in the third place,

the assumption that there is no resonance self-shielding of the angular

distributions in neutron scattering is unjustified. As shown in Ref. /~9_7

for neutrons with E > 1.5 MeV, and in Ref. /~10_/ for 1-2 MeV neutrons,

filtration of the beam has the effect of slightly increasing the anisotropy

in the case of scattering into the forward half-space and of increasing the

isotropism in the case of scattering at angles exceeding 90 » compared with

the unfiltered beam. None of these effects were allowed for in the above

calculation because the literature as yet offers no detailed data on the

effect of resonance self—shielding of the differential scattering cross-

sections.

Thus filtration gives a beam depleted in resonances neutrons and thereby

substantially reduces the albedo of an iron reflector 19*5 cm thick. The

experimental data indicate a dose albedo lower by factors of 2.6-3 and a flux

albedo lower by factors of 2.8—3.6. This albedo reducing effect is greater

with normal beam incidence and smaller with oblique incidence. The albedo

versus angle of incidence curve is generally the same as for an unfiltered

beam. However, in the large incident angle range the albedo is somewhat

higher for the filtered beam than would follow from the pattern established

for the unfiltered beam. This is duet) the increase in anisotropy occurring
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with scattering into the forward half-space and to the increase in isotropy

occurring with scattering at angles larger than 90 , which are characteristic

of a filtered beam as mentioned above. This is also the reason why there

is greater isotropism in the angular distribution of the reflected neutrons

for a filtered beam than for an unfiltered beam.

It would also be of great practical interest to investigate the albedos

of filtered beams for iron strips more than 20 cm thick. From the physics

of the phenomena analysed here one would expect a much closer relationship

between neutron albedo and strip thickness for filtered beams than for

unfiltered beams.

It should be noted that in the case of neutron transmission through

realistic shields (i.e. not in narrow beam geometry) consisting of materials

with a pronounced resonance structure of the cross—sections, the flux also

becomes depleted in resonance neutrons; but this depletion is of course

less than in narrow beam geometry and the albedo reducing effect of beam

filtration is correspondingly slighter. In other words, for the calculation

of real shields the data presented here represent in a certain sense an upper

limit on the effect (for ~ 20 cm thick iron strips). Nevertheless it is

clear that when calculating neutron transmission through a channel in an iron

shield for example, one should, generally speaking, use values for the

albedos of the "inleakage" component which differ from the albedos of the

"direct visibility" component.
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Table 1

Blocked total cross-sections <o> and additional blocking
factors £ for neutrons of different energies

Key:

HoMep rpynnbi

6apH

= number of group

= energy, MeV

= barn

Table 2

Theoretical flux albedos of neutrons in the 0.4-1*4 MeV
range

Key:
= degrees

He$MjifeTpoB.>> = u n f i l t e r e d beam £~lj
nywoiy

<!>HjifeTpOB. =\ f i l t e r e d beam

Key:

rpaj.

nyqoK /

Table 3

Calculated differential angular albedos of neutrons
in the 0.4-1•4 MeV range (per steradian)

degrees

unfiltered beam JTlJ

filtered beam

Key:

Table 4

Integral flux and dose albedos of fast neutrons
with E > 100 keV for an iron stripf/

degrees pacneT = calculation £ 8_y

unfiltered beam (fujibTpos .nyMOK = filtered beam

experiment /~8_7 ancnepHMeHT = experiment

= calculation

Note: the figure above the line i s the flux albedo and that below
the line is the dose albedo.
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Table 1

an

1

Houep 1
rpynnu ]

I
2
3
4
5
6
7

3He:iafl OJIOKBPOB;
7 H $3KTOpa JOIK

£ wa aefiTpoHi

SneprHH,

U3B

A - 6,5
2,5 - k
I,* - 2,5
0,8 - 1,-4
0,4 - 0,8
0,2 - 0,4
0,1 - 0,2

jHiioro noJiHoro ceneuHfl
)JIHMTBJa>HOJl O^OKUpOBKH

3B P83JIJ1HHUX 3HeprH»

1 ' ' 1
j «D>,
\

3,68
2,90
1,32
0*65
0,55
0,44
0,50

1.0
0,86
0,446
0,29
0,204
0,191
0,347

Table 2

PecieTHbie noTOKOBue 8Jib0eAO ueBTpouoB c

0,4 - 1,4 Uas

T
I
1

T
I

r
$HJO.Tp03.j

i
!

"T
!
!

0
60

T UejlHJILTpOB.

0,888
0,704

0,422
0,395
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Table 3

c 3HeprneH 0 , 4 - 1 , 4 MSB (Ha

j
inyioK £7]

0 0 0,148 0,055
0 60 0,146 0,066

60 0 0,095 0,033
60 60 0,107 0,069

Table 4

noTOKOBue n AQ3OBue a^Bge^o 6iJCTpb:x HCRTPOHOB

C E ^ 1 0 0 K3B AJIH Se^e3H0fl nJlOCTHHU

~ • He$HJIBTpOB3HHUH nyHOK j *aJH>TpOB3HUU8 tiyiOK

rpog i 3KcnepHireHT ^8] ! paciei [8] I sKcnepaxeHT i pacvei

0^77 IjO6 0^21 0,51

0,82 0,85 0,27 0,48

30

50

0.67
0,73

0.58
0,63

0.96
0,75

0.79
0,62

0.19
0,25

0.183
0,23

0.50
0,47

0.46
0,43

70 P-iiZ 0x54 0.132
0,40 0,40 0,153 0,34

*) nPlffliEIAHHE. Has lepxoB yK838HO noxoKOBoe aatOeao, HOA nepioB -
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Fig. 1« Energy distributions of a

scalar flux of neutrons reflected from

an iron strip for different incident

beam angles y.

— — — — — filtered beam

unfiltered beam

* filtered beam spectrum

The histograms show the calculated

intensities of reflected neutrons

for filtered beams.

r
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\
V-JO

N-V'70*

Fig. 2. Energy distributions of an

angular flux of reflected neutrons for

different angles y with normal incidence

of the filtered beam on the iron strip.

I indicate experimental data; the

histograms represent calculated

values.
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INVESTIGATION OP THE ERROR INVOLVED IN VARIOUS APPROXIMATIONS
OP THE DISCRETE ORDINATES METHOD IN REACTOR

SHIELDING CALCULATIONS

A.P. Suvorov, V.A. Utkin

The discrete ordinates method /~l-4_7 i-s being used more and more for

calculating reactor shielding. When calculating with programmes based on

this method, the work involved as well as the amount of computing time

increase greatly with the number of the approximation; hence it is important

to study the nature of the convergence of the solution to the accurate

solution in relation to this number. This is particularly important for

the solution of optimization problems, when it is necessary to calculate

a large number of variants, and therefore undesirable to use a high order

approximation.

Moreover, whilst the limitations of the computer memory quite often

do net allow calculations of alternative compositions with a large number

of spatial nodes / 3 _ / in high approximations, this is quite feasible in

the case of sufficiently low—order approximations. However, no detailed

study has yet been made of the errors involved in these approximations of

the discrete ordinates method or of the difference between the results

obtained with them and reactor shielding calculations performed with higher

approximati ons.

In this paper the authors compare the results of calculations in the different

approximations of the discrete ordinates method for scalar and angular fast

neutron fluxes in the heterogeneous iron—water shield of a water moderated

and cooled reactor. The shield was a four-layer construction consisting of

two layers of iron 10 cm thick alternating with two layers of water 30 cm

thick (Fig. l). The core composition was assumed to be similar to that

of the reactor at the TES-3 nuclear power station /~5_7«

The calculations were performed for nine neutron groups in the

0.1-14 MeV range. The iron and water constants from Ref. /~3_7 used in

the calculations were verified by calculations based on experimental data

on fast neutron distributions in homogeneous shields consisting of water

or iron /~3_7 an( -̂ in heterogeneous shields of the same materials J_ 6_/»

The calculations were performed with the ROZ-2 programme j_lj in the

2D|TPT approximation of the discrete ordinates method (the 2DM-approximation

of the angular flux and the P -approximation of the scattering angular
Li

distribution) for different N and L. The 2D^ approximation of the
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angular flux /~3_7 involves approximating the flux with values at the 2N

angular nodes, for which the binary Gaussian nodes (roots of the equation

P (2(i-l) = 0) are chosen. The P -representation of the scattering angular

distribution means that the expansion of the angular distribution into

Legendre polynomials is restricted to the (L+l) - term (including the zero

term).

Since the ROZ-2 programme is intended for calculating neutron fields

(and gamma quanta) in non-fertile media only, the reactor shield calculation

is performed for a specific distribution of fission neutron sources in the

core. This distribution was obtained by a calculation with the reactor

programme in the P, approximation of the spherical harmonics method /~8_7,

using a 26-group system of constants (9)» The preser.ce of fertile material

in the core was taken into account, as suggested in Ref. /~10_7, by an

approximate method whereby i t is assumed, in compiling the group constants

for uranium, that neutrons produced in the fission of nuclei by neutrons

of a given group either remain partially in that group or are produced with

lower energies.

The calculated spatial fast neutron flux distributions in the reactor

core and the iron-water shield performed in the 2D P ^-approximation,

together with the virtually identical results of the calculation in the

2D7P -approximation, are given in Pig. 1. These calculations of the scalar

neutron flux for a shield of this particular thickness may be regarded as

accurate for all practical purposes. This conclusion is confirmed by

comparing the results with calculations using the ROZ-3 programme /~H_7

which can be regarded as even more accurate, since in this case the 2D, . -

approximation was used not only for the angular neutron flux but also for

the angular distribution of scattering by hydrogen nuclei ,£ 7» 3_7 (the

P, „—approximation of the angular distribution was used for the other

elements). The adoption of this; "discrete" specification of the scattering

angular distribution for hydrogen nuclei ^7» 11, 3_/ ^-s justified in view

of the poor convergence of the PT-representation of this angular distribution.

For example, even the P, p-representation often leads to negative values of

the angular distribution at many angles where arc cos p\ >^>Ofo and sometimes

also at smaller angles.

Good agreement is found on comparing the calculations of the scalar

neutron flux with E>2#5 MeV in the 2D, ^"approximation of the angular flux
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and in the P, ̂ -approximation of the scattering angular distribution for

hydrogen nuclei, performed with the ROZ-2 programme, and in the

2D,^-approximation, performed with the ROZ-5 programme. For the shielding

composition with which we are concerned here the maximum difference in the

neutron fluxes was less than 2% in the iron layers and less than if, in the

water layers.

Jumping ahead a little, it should be noted here that, although this

difference is small, it is somewhat greater than the difference in the

results of the 2D, ?P, „—calculations and the 2D-.P.-calculations for

N, L ~ 5« Thus the difference between the algorithms used for solving

the problem (matrix factorization in the ROZ-2 programme and the iteration

method in the ROZ—5 programme) and between the respective programme codes

had more effect on the attenuation values than a reduction in the order

of the approximation.

In view of the closeness of the results of the different approximations

there is no point in comparing the neutron flux distributions in the usual

semilog graphs. Instead, the numerical results of the different

approximations are compared in Tables l-5» To facilitate comparison, the

Tables include data on the discontinuity of the neutron flux values at the

boundaries of the different layers compared with calculations using the

2D12P12 (or 2 D7 P7^ approximation.

The following conclusions may be drawn from an analysis of Tables 1-5:

1. If the accuracy of the calculated scalar neutron flux (~ 2Ofo) is

considered adequate (this compares with the present accuracy of

measuring neutron spectra), then for attenuations (a) of more than
1 5

10 —10 it is necessary to use the 2DMP -approximations with

3, L^2, i.e. approximations of a higher order than 2D^P2«

Then with increasing N and L the error in the approximations

decreases, and for approximations with N, L^. 5 "the error in

the scalar flux calculations for attenuations of less than

10-10 (due to the finiteness of the approximation) is virtually

zero (the error due to inaccuracies in the constants and other

factors is not considered here);

2» When N = 1 and 2, the solution of the problem is strongly

dependent on the value of L. This is because the representation
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of the scattering angular distribution of fast neutrons by its

values at only two or four angular points is - owing to the poor

convergence of the P -approximation of the angular distribution -

closely dependent on L. As a result the data of the 2D-,PL- and

2DpPr-approximations may differ by several factors from the

accurate values;

3« On the whole the error in the calculations increases

systematically with flux attenuation, and in this case 2DWPN-

approximations at large distances from the core yields results

which are too low rather than too high. The accuracy of the

2DNP.j calculations is somewhat greater when ft increases than

when L increases;

4. The error in the calculations lias a relatively weak dependence

on neutron energy.

Fig. 2 shows the results of calculations in the 2D,?P ^-approximation

for an angular flux of neutrons escaping from the shielding composition

under consideration. As can be seen, the angular distributions of these

neutrons are well spread out in the forward direction. However, the form

of this spread is reproduced differently by different 2D.P -approximations.

Let us describe the degree of spread with the coefficient of non-

uniformity of the angular neutron flux distribution, which is the ratio

of the maximum angular flux (in the forward direction) to the mean angular

flux (i.e. averaged over all angles of neutron escape). Table 6 shows

the values of this coefficient for different approximations.

It should be noted that, to obtain the coefficient of non—uniformity

of the angular flux, it is necessary to know the values of the flux at

|i = 1, and these are not calculated in the 2IL.P..—approximation because the

only solutions of P considered are those at the Gaussian nodes |± .

Strictly speaking, to obtain the angular flux for other angles it would be

necessary to use the following interpolation formula:

Here L (|i) are the Lagrangian interpolation factors.
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To simplify our calculations the ordinary linear interpolation

(with respect to |i) was used here in calculating P (\i = l).

The coefficient of non-uniformity of the angular flux, characterizing

the degree of forward spread, also to a large extent characterizes the

penetrating power of the flux over large distances. Judging from Table 6,

the low order approximations systematically understate the values of this

coefficient, but the characteristics of the angular flux approach the

accurate solution fairly monotonically as the order of the approximation

is increased. However, in this case we consider the most accurate

results to be those obtained in the calculation using the ROZ-5 programme

mentioned above, i.e. in the 2D,p—approximation of the angular distribution

of scattering by hydrogen nuclei.

Table 6 shows that the error in the approximations can increase

considerably for the attenuation range beyond 10-10 . Therefore the set

of approximations capable of providing a satisfactory description of these

attenuations must be reduced. This will obviously involve the use of

approximations with N^5» L > 3» i.e. approximations of a higher order

than 2D P . Special investigations will have to be carried out to establish

more accurately the limits of applicability of the various approximations

for describing the higher attenuations characteristic of biological

shielding.

Note further £~lJJ that if there are any hydrogen-containing materials

in the shield (as for example in our case), then, because of the bad

convergence of the P -approximation of the "hydrogen" angular distribution

mentioned above, calculations performed in the 2DP -approximations will

not give a very good description of the angular neutron flux travelling

in the direction of the radiation source, i.e. when |i <0. The error of

the low—order approximations is particularly large when the calculations

give negative values of the angular flux for many different angles. However,

when N and L are large enough the integral flux travelling back towards the

source can often be described with relatively good accuracy even in cases

where hydrogen is present /"l2_7» But we will not consider this problem

further here.
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Table 1

Differences in fast neutron fluxes calculated in the 2DMP - and
2D, -P, ̂ -approximations at the core boundary, %

Table 2

Differences in fast neutron fluxes calculated in the 2D-.P - and
2D, pP, 2—approximations at a distance of 10 cm from the core, fo

Table 3

fluxes c
2D _P> -approximations at a distance of 40 cm from the core,
Differences in fast neutron fluxes calculated in the 2D P - and

Table 4

fluxes c
2DP—approximations at a distance of 50 cm from the core,
Differences in fast neutron fluxes calculated in the 2D.TPT — and

N L

Table 5

Differences in fast neutron fluxes calculated in the 2D,.l"',— and
2D..2P..-—approximations at a distance of 80 cm from the core, f>

Table 6

Coefficient of non—uniformity of the angular distribution of a
neutron flux behind an iron-water shield 80 cm thick in the

2DNP:T —approximation

Key for the above tables:

M3B = M e V
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Table 1

<!*ZV
3Ba^8BV!fe noTOKa <S«CTpax seftTponoB,

*L V Z*&U PiZ - npH<5jIHKeHHHX, B3

HOB 30HU, %

3KTHB-

>2,5

71,4

0,1 " 1.4

\ u

I
2

3

5

7

1

2

3

5

7

I

2

3

5
7

I

1,35

0,89

0,57

0,60

0,63

-0,13

0,26

0,98

0,75

0,60

-3,09

0,44
0,39

0,34

0,26

2

6,27

0,41

-0,01

0,01

0,03

5,75

-0,02

0,30

0,26

0»2I

7,86

0,57
0,12
0,14

0,16

3

4,22

-0,40

0,05

0,10
0,08

6,57

-0,32

0,04

0,04

0,04

8,48

0,30
0,11

0,02

0,01

5

22,8

-0,49
-0,04
0,02

0,08

24,8

-0,37

0,02
0,027

0,03

24,4

C.87
0,10
0,026

0,022

7

31,6

1,83

-0,06
0,01
-

29,5

0,55
-0,05

0,02

-

31.7

1,08
0,07

0,028



- 424 -

Table 2

IIOTOKfl 6UCTpUX HOflTpOHOB, paCC1HT8HBHX

PL.~U Z^iiPii, - npH63raaennHX, HB paccTonaaa
1 0 CU OT 8KTHBH08 30HU, %

Et U3B

7 2,5

>I,4

0*1-1,4

j/V \

9,3

6,8

2.4

I

2

3

5

7

I

2

3

5
7

I
2

3

5

7

I

-38 J

2,76

1,81

1,89

1.95

-25,9

2,13

2,49

2,40

2,32

-4,00

0,80

i.n
1,10

2

-28,6

2,93

0,74

0,60

0,50

-14,6

2,91

0,04

0,06

0,10

12,2

1,01

-0,02

0,05

0,11

3

32,5

2,57

-0,31

-0,12

-0,05

21,8

1,12
-0,16

-0,03

0,02

15,6

0,33

-0,07

-0,028

0,028

5

102

8,70

-0,28

0,022

-O,036

76,0

3,49

-0,16

0,029

-0,023

47,7

0,04

-0,06

-0,01

0,0*5

7

150

17,0

-0,13

-0,01

-

104

38,6

-0,16

0,026
-

68,5

4,33

0,01

-O.O^
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Table 3

6ucrpux
^~ npH<5.nnseHMHX, Ha paccTOHHHH 40 CM

OT 3KTHBU0ft 30HH, %

E , USB

7 2 , 5 (

0,1-1,*

,.I02

6,9.I02

8.6.I02

\
N \

I

2

3

5

7

I

2

3
5

7

r
2

3

5

7

I

-93,8

-2*»2
-18,9
-19,0

-19,1

-94,2
-26,0

-20,5
-20,6

-20,7

-94,4

-26,8
-21,5

-21,6

-21,7

2

-92,0

-24 ,0

-0,45
-0,69

-0,85

-92,4

-25,8

-0,29

-0,50
-0,72

-92,1

-26,3

-0,16
-0»29
-0,48

3

-55,0

-9,0

0,62

0,19

0,15

-57,3

-97,7

0,55

0,15

0,13

-60,0
-9,58
0,44

0,05

0,04

5

! 4,85
17,9

0,69

0,01

-0,02I

-2,46

-12,5
0,61

0,024

-O,022

-48,5
5,85
0,48

0,06

0,01

7

81,6

42,0

2,U
0,02
-

55,8

30,0

1,44

0.055
-

40,1
19,5
0,93

O.O2^
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F83JItmne

s 2. P^ Pu"*

Table 4

nOTOKa HefiTpOHOB, P9CC1HT8BH1UC

ua paccTOHHim

50 CM OT OKTHBHOfi 30HH, %

E , U3B

'2,5

, M

CU-I,4

3.3.I03

3.0.I03

I.7.IO3

X
I
2

3

5

7

I

2

5

7

I

2
3

5

7

I

-97,6
-38,2
-28.7
-28,7
-28,7

-974
-36,6
-28,1
-28,1
-28,1

-95,2
-29,8
-23,6
-23, J
-23,7

-96,7
-38,1
-1,25
-1,38
-I.4I

-95,8
-36,6
-1,23
-13,0
-13.3

-92.8
-9,43
-0,23
0,33
0,4)

3

-60,6

-19,1
0,21
0,20
0,19

-63,1
-17,5
0,37
0,15
0,14

-60,3
-5,56
0,29
0,05
0,03

5

23,8
16,0
0,27
0,01
0,022

3,70
10,1
0,19
0,01

74,2
6,15
0,33
-0,02
0,0*3

7

184

54,2
-0,04
-0,04
-

120

36,0
1,54

-0,029
-

81,0
25,7
1,07

-0,11
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Table 5

aHaieBuft noroKa <5HCTPUX HOUTPOROB, paccHUTauuux

u"* u 2 -^tx Pu. ~ npMOjmxeHHHX, as
8 0 CB OT 3KTMBH0B 3OHU, %

E, U9B

>2,5

0,1-1,4

I.5.I05

2,5.IO5

8.9.I05

X
A/ \

I
2

3

5

7

I

2

3

5
7

I

2

3

5

7

I

-99,7
-59,7

-48,5

-48,3

-47,9

-99,7

-59,6

-48,6

-48,3
-48,1

-99,7
-56,6
-46,6

-46,3

-46,2

2

-99,6
-59,6
-6,44

-6,39

-6,36

-99,6

-593
-5,89

-6,05

-6,22

-99,6
-56,3

-6,70

-6,36

-5,92

3

-84,8
-35,5

-2*13

-0,1 <»

-0,21

-35,1

-35,0

-2,08

-0,08

-0,15

-98,6
-31,9

-1,613

- 0 ^ 4

-0,E>

5

-34,2
28^

-1,65

-0,06

-0,05

-36,9

22,5

-L,6I

-0,04

-0,03

3U0

-1^9

co^

7

115
96̂ 6

6,73
0,05

• ~

93»5

az^s
5*48
0,04

-

23,6
43,7

2»a
0,02
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Table 6

K03$$im>ieHT HepaBHOuepHOCTH yrjioBoro

B0T0K8 BeflTpOHOB 33 Sejie30-B0AH0H 331iyiTOlJ TOJimHHOfl

80 c« 3 £ % A

B, Mas

>4

>2,5

2

3

5

7

2

3

5
7

2

3

5

7

I - I

2,10

2,69

3,06
3,42

2,03

2,49

2,77

3,07

1,94

2,33

2,56

2,79

Z = 2

2,12

2,96

3,62
4,29

2,03

2,80

3,15
3,49

1,94
2,64

2,93

3.23

Z = 3

2,19

3,20

4,09
4,41

2,15

2,99

3,70
3,93

2,09
2,81

3,39

3,57

2,40

3,24

4,25
4,53

2,27

3,02

3-80

4,01

2,17
2,83

3.45

3,62

2,39

3,30

4,26
4,54

2,28

3,04

3,81

4,02

2,09
2,84

3,46

3,62

4,58

4,28

3.75
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10 lo «>• sx «a

Flux distribution of fast neutrons of different energies in

the iron-water shield of a water moderated and cooled reactor.

(Broken l ine = source intensity distribution; CL = number of

fission neutrons per cm ) .
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Fig. 2. Angular distritjutions of neutrons of different energy-

escaping from iron—water shield 80 cm thick.
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BREMSSTRAHLUNG YIELDS OF ELECTRONS WITH AN END-POINT ENERGY
OP 22.5 MeV AS A FUNCTION OF THE ATOMIC NUMBER OF A TARGET

OF VARIABLE THICKNESS

V.P. Kovalev, V.P. Kharin, V.V. Gordeev

According to the theory of Bethe and Heitler /~1_7 radiative energy

losses for an "infinitely thin" target are proportional to Z (Z being the

atomic number of the target). For the "thick" total absorption targets

and "medium" thickness targets used in practical applications, deviations
2

of the Bremsstrahlung yields from the Z law may be expected owing to the

increase in non—radiative electron energy losses, absorption in the target

and multiple emission of photons by a single electron /~2_7. These

processes begin to appear at thicknesses as little as 0.1 Xo (Xo being the

radiation width). Buechner and co-workers /~3_7 analysed experimental

data on Bremsstrahlung yields for total absorption targets made of Al, Be,

Cu, Ag, W and Au (EymaX = 1.25 - 2.35 MeV) in order to find the dependence

of the yield on Z. They showed that for targets whose thickness slightly

exceeds the electron range the Bremsstrahlung yield in the energy range

investigated increases linearly with increasing Z. For medium thickness

targets it can evidently be expected that the yield will vary as ~ Z ,

where 1< k <2.

In order to verify this assumption we used the LUE-25 linear accelerator

operating at an electron energy of 22.5 MeV to measure the forward

Bremsstrahlung yields in the 0—12 angle range for targets of Al, Ti, Cu,

Mo, Ta and W of various thicknesses. The experimental set—up and procedure

are described in Ref.

The experimental results are presented in Fig. 1 in the form of yields

relative to aluminium. The errors in measuring the yields were

The target thickness (t) is expressed as a fraction of the total electron
2

range (R). The curve for thin targets (t - 0.02R) agrees with the Z

dependence and for thicker targets the above assumption is confirmed: the

Bremsstrahlung yield varies as Z , tending to the linear as the thickness

increases.
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CALCULATION OP ATOMIC EXCITATION AND ELASTIC SCATTERING
CROSS-SECTIONS NECESSARY FOR COMPUTING THE STOPPING

POWER AND IONIZATION ENERGY OF A SUBSTANCE

Yu.S. Gerasimov, I.V. Gordeev

The stopping power and ionization energy of a substance exposed to a

flux of charged particles (and neutrons) can be determined theoretically

if the cross—sections of elastic scattering, excitation, ionization and

charge exchange are known and, in the case of ionization and elastic

scattering, the differential cross-sections as well /~1_7« For many

substances these cross-sections are either not known or have been determined

only at isolated points. The situation is particularly bad in the low

energy range, but as it happens knowledge of the cross—sections at low

incident particle energies is important for calculating the effects

associated with secondary electrons.

A common method suitable for calculating the excitation cross-

sections of any atomic substance is proposed here.. The wave functions

needed to calculate the matrix elements were found by two methods: the

Bates—Damgaard method /2_y and a method taking into account the atomic

potential (calculated by the Hartree—Fock method) in which the correct

asymptotic form of the wave functions is conserved.

The cross—sections were calculated in parallel by three methods: the

Born approximation, Ochkur's first exchange approximation and Ochkur's

second exchange approximation.

In Ochkur's first approximation /~3_/» the scattering exchange

amplitude g(q) is expressed by the direct scattering amplitude f(q) as

follows:

In Ochkur's second approximation /~4_7

in atomic units. Here q is the transmitted pulse:, K is the initial pulse

of the incident particle and E, is the excitation energy in atomic units for

the final state (reckoned from the ionization potential).
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The calculations were performed for several elements of the first and

second groups of the periodic table and, for checking purposes, ftr atomic

hydrogen (for which the precise wave functions are known). The results

show that the exchange term always has a large effect on the results in the

range of low incident particle energies. As might be expected, Ochkur's

second approximation gives better results than the first approximation.

However, it is even more important to allow for the atomic potential distri-

bution when calculating the wave functions, and to maintain their correct

asymptotic form.

These wave functions not only give better agreement with experiment in

the high energy range than the Bates-Damgaard wave functions /~2_J7, but also

reduce the cross-section peak in the low energy range. These results make

it possible to select a common method of calculating wave functions and

cross-sections which is suitable for any atoms in the periodic table. The

corresponding cross—sections will be used for calculating stopping power,

ionizing energy, the Pano factor /5_7 and other atomic and nuclear constants.

The calculation was done on the BESM-6 computer.
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Table 1

Gross—section for excitation of the 6p P, level of barium "by
electrons

Key:

3HeprHH 3jieKTpoHO^= Electron energy, eV
3B

BO3 6y)KjieHMHcExcitation cross—sections

"CuiHBaeMbie"BOJiHOBbie= "Joined" wave functions

"AcHMiTTOTMMeCKHe" = "Asymptotic" wave functions
BOJIHOBbie

Legend under table:

The Table show? cross-sections calculated in Ochkur's second exchange

approximation. - Electron energies are expressed in electron volts and the
• ' • - - • '""'-• •• - 1 6 2

cross—seotions in uni]Ls of 10 cm .

The second column shows cross—sections calculated with the "joined"

wave functions and the third column those calculated with the

Bates—Damgaard "asymptotic" wave functions.
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Table 1

CeieBae op Pi JPOBHH <SapnH

Sflepraa

HOB,
/

3B

2,357
2,487
2,617
2,727
2,927
3,127
3,327
3,827
4,427
5,027
6,327
7,427
8,527
12,33
15,43
18,53
21,63
24,73
27,83
30,93
37,33
42,33
62,43
82,53
152,3
202,4
252,5

Ce îeHHn BO3<5ysfl

"CoHBaeime" BoJisoBue

YHKUHH

33,53
45,35
53,16
58,05
64,41
68,66
71,67
75,06
75,81 = 7,581 x I0~15

74,84
70,69
66,75
62,99
52,42
46,15
41,30
37,45
34,30
31,69
29,49
25,85
23,62
17,74
14,34
8,859
7,042
5,879 x I0~16

etJiifl
I
I

i

( I 0 ~ 1 6 CM2)

50,88
69,06
81,16
88,82
98,93
105,8
110,5
116,8
118,7 = 1,187 X in"1*
117,9
112,4
106,7
101,2
85,01
75,15
67,43
61,26
56,21
52,00
48,42
42,52
38,90
29,29
23,73
14,70
11,70
9,776 x I0~I€

B T80Jtnqa npiiBeABBu ceqeHHR, BHiucjieHHbie BO 2-OU OOUQHHOM

HHH O^Kypa. SaeprBH ajieKipoHOB BupasteHU B 3jieKtp0HB0Ju>iax, ceqeasa - 9

BO 2-O& KOJOHKB - C818BHH, BtnHCJieBBUe C DOMOmtD "CmUBaeUilX" BOttBO-

BUZ Qyvsmi, B 3-efl ROJIOBKQ - c nouoqj>D "ecaunToiHiecKHX BOJIHOBHX

BS&TCS
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CALCULATION OP TRANSITION PROBABILITIES AND ATOMIC
EXCITATION FUNCTIONS NECESSARY FOR COMPUTING THE

STOPPING POWER OF A SUBSTANCE

Yu.S. Gerasimov, I.V. Gordeev

As is well known, the excitation function for excitation of atomic

levels by charged particles or neutrons is expressed by the "oscillator

force" /~1_7, which is the square of the modulus of the matrix transition

element multiplied by the transition energy expressed in rydberg (or by

the neutron binding energy):

where R and E. are the initial and final transition energies, v. and v,

are the initial and final atomic wave functions respectively, and V is the

interaction potential.

For electromagnetic transitions in the dipole approximation we have

where g. is the statistical weight of the initial state and r is the radius-

vector.

The main difficulty in calculating excitation functions is to choose

the correct wave functions of an atom of the target. The wave functions

must have the correct asymptotic behaviour and must also be solutions of

the equation for the atomic (or residual nuclear) core. The method of

constructing wave functions is easier to check in the case of atomic

interactions, since the atomic potential (the interaction potential for an

atom and an incident particle) is either well known or can be calculated

reliably.

The calculations were performed in the central-symmetrical field

approximation. In this approximation an atom is represented in the form

of a "core" whose potential has central symmetry and an external "optical"

electron situated in the field of this potential L^-J* The potential

distribution was calculated by the Hartree—Fock method with complete allowance

for exchange effects, spin—orbit coupling effects, relativistic corrections

and other effects. However, the wave function obtained as the solution
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of the Hartree-Fock equations /~2_7 was not used as the wave function of

the "optical" electron. If the atomic energy levels are sufficiently well

known, the wave functions can be obtained by a "semi—empirical" method

/~3» 4_7 based on familiar atomic level theory. The desired wave functions

are solutions of the equation for an electron located in the Hartree—Fock

atomic potential, with the difference that the energy parameter, E,

employed is not the Hartree—Fock level energy but the experimental value

of this energy. Here, it is assumed that the correction to the level

energy obtained from the Hartree—Fock approximation is in fact the best

approximation of the wave function to its "true" value /~3» ^J*

In the case of an atom this equation is written

;=0 (3)

where ¥(r) is the radial part of the wave function /~2_7, d~J~/L£- is the

atomic potential, 2e is the level energy and I is the orbital quantum

number. Atomic units are used throughout /2_y.

We must obtain solutions of equation (3) at the given potential, T£ci±i

and they must be solutions that exhibit the correct asymptotic behaviour.

These solutions can be obtained by "asymptotic" methods /~5_7» In fact,

Eq. (3) is similar to the Whittaker equation, but its solution, with an

arbitrary function Z(r), cannot be expressed as a single analytical formula

apart from the case where Z(r) = const, (when the solution is the Whittaker

function) /~5_7« The asymptotic methods of solving the differential

equations in the complex region give solutions in the vicinity of the

singular points of the equation /~5_7 (̂ n "this case the singular points

are the two points r, = 0 and r_ = °°), and thereby ensure the correct

asymptotic behaviour of the solutions. But, since the asymptotic solutions

are quite accurate even in regions far from the singular points /~5_y»

the two solutions relating to the two singular points 0 and °°can be

"joined" at an intermediate point namely the "boundary" of the atom,

where the logarithmic derivatives •*- of the two solutions are equal.

The complete solution of Eq. (3) is then

(4)

where C is the coupling constant, N the normalizing factor and <P-,(r) and

9?(r) the asymptotic wave functions.
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This method was employed to calculate the wave functions and the

"oscillator forces" for transitions in atoms of the first and second groups

in the periodic table, using the atomic potential V(r) = *r' calculated

by the Hartree-Fock method. This potential, which is approximated by a

smooth function composed of exponents, was introduced in Eq. (3)«

It should be noted that the two wave functions •P-jCr) and V?^) "joined"

in Eq. (4) satisfy simultaneously both boundary conditions at the points

<p,(r) and 9A(r), only their asymptotic behaviour being "incorrect" in the

regions which do not correspond to them. •PjCr) behaves "incorrectly"

when r-»°°, and 9p(r) likewise when r -» 0. Therefore it was possible to

check the correctness of the asymptotic behaviour of the wave function

when r-»<» and the correct allowance for the atomic potential in the

internal region.

For this reason the oscillator forces were calculated with three

forms of the wave functions:

= Alt'• KM+ KMJ , (4)

, (5)

, (6)

where N, N., N~ are the respective normalizing factors, VAT) has the

correct asymptotic behaviour when r-»°° and 9-.(r) behaves correctly in

the internal region of the atom. The wave function in Eq. (6) actually

coincides with the Bates-Damgaard wave function.

Some of the results are given in the table in which the following

notation is used: f is the oscillator force calculated with the aid of

the "joined" wave function in Eq. (4)f f-i is the oscillator force calculated

with the wave function in Eq. (5)1 fp is the oscillator force calculated

with the Bates-Damgaard wave function in Eq. (6), and f is an experi-

mental value. The calculation was done on the BESM-4 computer. For

hydrogen all three methods give practically identical results and agree

with the experimental values. Differences exist only in the third or

fourth significant figure.
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The following conclusions may be drawn. For atomic calculations,

at any rate, correct asymptotic behaviour of the wave function when r ~* <o

is extremely important. Wave functions with incorrect asymptotic

•behaviour are generally unsuitable for calculating physical quantities.

However, allowance for the effect of the potential in the internal

region of the atom is also important and will considerably improve the

agreement with experiment, particularly in the casie of excitation of

the low-lying levels.
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Key:

DjieMeHT

IlepexoA

3KCn.

= Element

= Transition

= exp.

- 4 4 5 -

Table 1

SaetfeH

He

ii

K

a

u

T j

I 1

I 1

I 1

I 1

22

22

4 2

6 2

6*

S 2

S 2

IlepexoA

-2XP

- 3 1 ?

-4XP

-5XP

-2 2 P

-5 2 P

-5 2P

-7 2P

-7*P

-6 2P

- A

j ^
0,350

0,0962

0,03534

0,01933

0,5857

3,056x10"

0,1890

T/-> 0,2402

x / 2 0»0993

I / 2 0,08263

3 / 2 0,1817

i h
0,3054

0,0339

0,03434

0,01724

0,6129

*32,937xI0"3

0,2566

0,3923

0,1631

0,1235

0^709

V

0,5268

0,0553

3,340x10"

f f 3KCn.

0,349
0,276
0,093
0,0734

4 0,0302

I,6C43xI0"f0,0153

0,3244 0,60
0,753
0^744

5,653x10""* 3,I6xK

0,1303

0,1245

0,0634

Q,06IL

0,1213

0,18
0,0091

0,21
Q^)I74

0,105

0,065

0,125

RJ
[i]
fsJ

flOj

r' [12]

$

[iol
I"]
« Il3j

[10]
[10]

ba. 0,9026 1,5496 1,40
0,90 M



- 446-

REFERENCES

£\J BETHE, H., Annls Phys. (LpZ.) £ (1930) 325.

£~2_J HARTREE, D., RasSety atoranyh struktur (Calculation of atomic

structures) Moscow IYA (i960).

flj BATES, D.R., DAMGAARD, A., Phil . Trans. Soc. London, A-242,

(1949) 101.

£~\J WEINSTEIN, L.A., Trudy FIAN (Proc. Lebedev Physics Ins t i tu te ,

Acad. Nauk SSSR) 1£ (l96l) 3.

/~5_7 VAZOV, PORSYTHE, AsimptotiSeskie metody v teor i i linejnyh

differencial'nyh uravnenij (Asymptotic methods in the theory

of l inear differential equations).

/~6_7 LAUDOLT-BORNSTEIN, Zahlenwerte und Punktionen aus Physik,

Chemie und Astronomie (Coefficients and functions from physics,

chemistry and astronomy) Vol. 1, Part I , 6th ed. (1950).

flj SCHIFF, B., PEKERIS, L., "Phys. Rev.", l_3 f̂ A-638 (1964).

/"8_7 "Atomic Transition Probabili t ies", Vol. 1-2, Washington, NBS,

I966-I969.

/~9_7 DALGARNO, A., STEWART, A.L., Proc. Phys. S o c , London, A-76

(I960) 49.

/~io_7 CORLISS, C , BOZMAN, U., Verojatnosti perehodov i s i ly oscilljatorov

70 elementov (Transition probabil i t ies and osci l la tor forces of

70 elements) Moscow, Mir Press (1968).

/ " l l _ 7 WEISS, A.W., ASTROPHYS, J . , 13J3 (1963) 1262.

/"l2_7 PILIPPOV, A.N., Zh. eksp. teor . Piz. 2 (1932) 24.

^~13_7 STONE, P.M., Phys. Rev., 12J C1!?62) H51«

/~14_7 PRISCH, E., OptiSeskie spektry atomov (Optical atomic spectra)

Moscow, Fizmatgiz (1963).



- 447 -

METHOD OP ESTIMATING COOLANT FISSION FRAGMENT ACTIVITY
AND THE RELEASES OF NUCLEAR POWER PLANTS WITH ROD-

TYPE FUEL ELEMENTS COOLED BY BOILING WATER

A.G. Guseinov, M.G. Kobozev, Yu.V. Khariisomenov

1. Introduction

The activity of the primary circuit (surfaces of steam pipes,

separators, turbine, condenser, ejector, etc.) during reactor operation

is largely determined by the activity of the isotope formed in the

0(n,p) N reaction with a half-life of 7«4 sec and gamma emission with

E = 6.1-7.1 MeV.

When a reactor with zirconium-clad rod elements is shut down, the

primary circuit activity will be governed mainly by fission fragment

activity. In our calculations it was assumed that there were no fuel

cladding failures likely to lead to emergency situations.

The basic assumptions for our investigation were:

1. Fission fragments get into the coolant from fuel elements with

microscopic cracks in the cladding;

2. The proportion of failed elements is 0.1$ of the total in the

core;

3» The processes of precipitation, entrainment and distribution

of the fragments between steam and water take place in accordance

with a model used for calculating corrosion products.

To allow for differences in the behaviour of gaseous and solid fission

fragments, we introduce two sets of coefficients, (w,y,k)S and (w,y»k)s,

for gaseous and solid fragments respectively:

w (sec" ) = coefficient of fragment precipitation from coolant;

Y (see" ) = coefficient of entrainment of fragments from the surface

of any part of the circuit;

k = coefficient of distribution of fragments between steam

and water;

i = serial number of a fragment;

q = serial number of a section of the circuit.
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A precise assessment of the fission fragment "build—up in the coolant

circuit would necessitate considering all possible decay chains of

fragments escaping from defective elements. However, the process of

considering and solving all the transport and build-up equations, with

allowance for the time-dependent yields of different fragments, would be

very complex and would require too much computer time. Moreover, after

two years' reactor operation the system will be saturated with concentrations

of the principal fission fragments and these will account for practically

all the circuit activity. Therefore, if we want to know the activity of

the primary circuit in a reactor which has been in operation more than two

years, we can use the absolute cumulative fission fragment yields supplied

in Ref. ,/l_/» which remain steady for a long time after the fission of

one U nucleus.

By absolute fragment yield we mean the probability of formation of a

specific type of fragment (x) in a given fission event, expressed as a

percentage:

where N(x) is the number of atoms of the fragment x, p is the number of

fissions in the A] sample and y(%) is the absolute percentage yield cf

the fragment x.

In this approximation we obtain results which are slightly too high

for fission fragments with half-lives of more than one year and also for

their decay products. There are approximately 21 suoh fragments. Note

that for practical purposes the only long-lived fragment of interest here

is 137Cs (Ti = 30 yr, E = 0.661 MeV).
2 Y

Thus in this approximation there is no need to consider all the decay

chains and accumulations of each fission fragment in correlation with the

other fragments. With only slight loss of accuracy it is possible to

consider the processes of build-up, precipitation and entrainment of

fragments independently of other fragments and their accumulated yields.

Such an approach is justified by the acceptable accuracy of the results and

by the simplicity and completenesss of the treatment.

In the present study the model is applied on a differential basis to

the various sections of the circuit, although the values of the coefficients

(w,y,k) employed are known accurately in orders of magnitude and, in view



- 449 -

of this, it can scarcely be expected that dividing the circuit into

separate sections will give more accurate results than considering the

circuit as a whole. However, the differential approach to calculating

the activity seems desirable if the procedures we intend to follow

subsequently involve variation of parameters, comparison of theoretical

and experimental results, and refinement of the coefficients for

different reactors.

The rate of fragment emission (gaseous and solid) from the fuel

elements was determined with the formula £ 2_7

b, [fT* ) — L
 r nuclei..

I !
— r nuclei..r— I !m fj[ sec

Here: i is the number of the fragment;

v. is the probability of fission fragment escape from a fuel

element can;

3.29 x 10 (fission/sec) is the number of fissions corresponding

to a power of 1 kW;

N, (kW) is the mean power of a fuel channel;

n is the number of channels in the reactor;

y. (%) are the fission yields;

is the relative number of defective fuel elements;

A., is the decay constant of the i fragment; and

m is the number of elements in a fuel channel.

The parameter -==-for fragments with half-lives Ti ^ 1000 sec is

_= _6 _ _ /7i ^ -s

10 -̂ -10 j_1J In our calculations we took it to be 10 J for all

fragments.
2. Balance ecruations for volume and surface activities

For a better understanding of the problem, let us consider the flow

diagram of a nuclear heat and power plant with a boiling water reactor,

as shown in Pig. 1. The following notation is used:

P (kg) is the quantity of water in the q section of the circuit;

P (kg) is the quantity of steam in the q section;
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S (m ) is the internal area of the q section wet by the coolant;

G-, (kg/sec) is the coolant flow rate through the reactor;

G? (kg/sec) is the steam flow rate at the outlet from the drum-

separator;

Gm (kg/sec) is the steam flow to the turbine;

G^ (kg/sec) is the steam flow to the boilers at rated load;

G' (kg/sec) is the additional steam flow to the boilers at peak load;

G (kg/sec) is the water consumption on blow-down;

A . (Ci/kg) is the mean volumetric activity of the coolant in the q

section of the circuit due to the i fragment;

C . (Ci/m ) is the mean surface activity of the q section of the

circuit due to the i fragment;

t (sec) is the operating time of the reactor;

is the internal surface c

wet by the coolant; and

Q 11.

S (m ) is the internal surface of the q section of the circuit

th
P (kg) and P (kg) are the quantity of steam and water in the q

section of the circuit.

The values used for calculating the fragment migration parameters are

listed in Table 1. As can be seen from the table, the gaseous fragments

do not settle on the surfaces but are to be found either in the steam or

the water. Only the solid fragments are precipitated. The distribution

coefficient of solid fragments between steam and water is taken as

6.5 x 10~"4 although, as follows from Ref. /~3_7t the quantity "k" can

vary within the range 6 x 10-0.1 for different isotopes.

Let us write the balance equations for the volumetric and surface

activity of different sections of the circuit at peak load operation of

the plant, when there is an additional flow of steam to the boilers, so

that G' / 0 (see Pig. l).

We shall number the various sections of the circuit in the following

sequence:

1 = core

2 = separator tubes leading up from the reactor to the drum-separator

3 = drum—separator
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4 = turbine

5 = condenser

6 = boilers

7 = condensate pump

8 = deaerator

9 = feed pump

10 = circulation pump

Then the balance equations for the volumetric activity due to the i

fragment may be written as follows:

; • *

(7)

(8)
/>«'•/>* P<r P*

, ^ /> /" (9)

.
pio
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The balance equations for the surface activity of the solid fragments

for the various sections are similar:

(ii)

where q = l, 2, 3, .... 10, ff-<Tr
 f>or 1 - 4> and g%r^T ^or °I r 4«

Here i is the serial number of the fragment and q is the number of the

circuit section.

As can be seen from the system of equations set out in expressions

(l, 11), the quantity A .(t) represents the activity of 1 kg of coolant

in any q section. This quantity characterizes the activity of steam

or water as the case may be. For example, in the fourth section (the

turbine) A.-(t) characterizes the mean activity of 1 kg of steam, whilst

in the eighth, ninth and tenth sections A ^(t) characterizes the activity

of water.

In our system of equations it is also assumed that the decontamination

factor of the biow-down water in the filter is 100$ and that fully de-

contaminated water flows from the filter to the deaerator. In addition,

the coefficients of precipitation of fragments from water and steam are

considered to be identical.

The balance equations take no account of the part of the circuit

linking the turbine with the regenerative feed heater and the condenser (see

Pig. l), because this has little effect on the results.

The system of equations is solved for the uniform initial conditions

J

for any values of £ , t

0
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3« Asymptotic solution of the system of equations 5-6

Let us write this system as follows:

- r
(8)

In the system of equations in expression (8) the coefficients a , and

the source term f have the following values:

(9)

=: ~ •

while for the remainder a
qq'

0.

Since we were estimating fragment activity for a long period of

reactor operation, we looked for asymptotic values of the quantities

A and C for t 0t which should, be supplied by the system of equations

in expression (8) on the basis of the physical picture: of the activity

build—up.
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In fact, it can be shown that the solution of the system for the

case where the effect of the surface activity term is small (as in our

case: y = 5 x 1 0~ ~2 x 1 0~ (sec" ), w = 3.5 x 10""5 (sec"1) takes

the form

(10)

(k) (k)
and the coefficients a and Sv ' are found from the following expressions:

J

(ID

(k)
All succeeding a^^J and Bv ' are found with recurrent relations of the

" q
form

r Clf.f- <*•'•«

CK)

The functions P (t) then take the form
6

where the coefficients y]*', .... Y^2 deVend o n ae a"4 6
e

Substituting Eq. (14) in Eq. (10), we obtain for the volumetric

activities

J? 1 C

,m .
plus the terms containing the products —7 i Tck (m = lf 2f . . . . ) ,

When t~* °° , Eq. (15) gives

£ 41 -
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Rewriting the system in expression (8) in matrix form we have

f t l - cs-tr
(17)

where (18)

The elements C of the matrix C are the coefficients

(see £ 0

(19)

From Eq. (l6) it follows t_hat, in order to find the asymptotic solution

of Eq. (I7)t we can put — = 0. Then for infinite reactor operating time
ax .

we have B^ = -CP, where C is a matrix which is the reciprocal of C.

Solution of the system in expression (8) is considerably simplified

for the case of gaseous fission fragments (k = 1; w = 0; yq = l). In

this case all C s 0 and the system in expression (8) (q= 1, 2, ...., 10)

takes the following form:
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(20)

Analysing the soluiiion of the system in expression (20), we see that the

solution for t ^ 0.5 years is practically the same as for t =°° and can be

sequentially determined from the system

±1 >

The asymptotic solution of the system of equations in expression (l, 11)

gives the following values for the volumetric activity of the different

sections:—'

Ci/kg
(21a)

These values were obtained on the assumption of a reactor power of
125 MW.



4. Estimating discharges of radioactive fission fragments

As can "be seen from the flow diagram of the nuclear heat and power

plant, the radioactive fragments accumulating in the circuit are removed

from the 5th, 6th and 8th sections as the coolant is circulated. In our

calculations it was assumed that the radioactive fragments present in the

steam part of the above sections are entirely removed from the circuit

(see the balance equations for the 5^h, 6th and 8th sections).

The gaseous and solid fragments are distributed between the steam

and water in accordance with the distribution coefficient

[ 1 for gaseous fragments
K = 1 -A

I 6.5 x 10 for solid fragments

Prom the balance equations for the volumetric activity it is easy

to find relations for estimating the amount of radioactive discharges

from sections 5» 6 and 8:

i/d )= Ati tof*"

Ci/dj - *si £L^-£i o.^.,or; BS'-Z. 6sr e ^

(22)

ci/d ) - A P<«fi * A Z£r te%%L&*M*rZ&i

Ft

Here B , B̂ -. and Bo. are the discharges of radioactive fission products

due to the i fragment from the 5th, 6th and 8th sections respectively.

Bj-, B,- and Bo are the total discharges (Ci/d) from these sections. The

total discharge of radioactive fragments into the vent pipe will be

6 * "Z (**i + *<: + B,;) = Bs * ̂  * **• Ci/d (22a)

According to our estimates the total discharge of radioactive fragments

into the vent pipe (for this particular heat and power plant) is ~ 27 Ci/d.MW.

Our discharge estimates, referred to unit capacity, are shown in Table 2.

The results agree satisfactorily with data for nuclear power stations with

boiling water reactors £ 4-6_7 (see Tables 3 and 4)/

Our estimates also show that a hundredfold increase in the distribution

coefficient of solid fragments (K) leads to a hundredfold increase in the

radioactive discharges due to solid fragments. In this case the volumetric

activities for the different sections ? B . (Ci/kg), vary on average by

a factor of 3-5.
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A large variation in the parameter K i s most significant for

sections where discharges of radioactive fragments occur or where -steanS->i
which means that the volumetric activity increases considerably in those

sections with increasing K.

Conclusions

1. The assumptions made in order to obtain upper estimates of the dose

situation at various parts of the circuit are well justified and values

obtained with the model employed are in satisfactory agreement with

experimental data /~4_7> both for the activity of the different sections of

the circuit and for the radioactive discharges.

Our analysis also included a detailed analysis of the fission fragment

spectrum, but the results are omitted here for the sake of brevity.

2. The fission fragment activity of the primary circuit - for a nuclear

power plant of the type considered - is most significant in relation to

releases of radioactivity.

3. To obtain a more universal set of parameters (w,Yfk) it will be

necessary to analyse the sensitivity of the results to variations of all

the parameters, and to compare the theoretical data with experimental

values for similar nuclear power plants.
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Table 1

Parameters for describing fragment migration

Key:

r a 3

T B

cen

= gas

= sol.

= sec

Table 2

Radioactive discharges from sections 5» 6 and 8,
referred to unit capacity

Key:

N? yMacTKOB = No. of sections

KfOpn/cyTKM MBT = Ci/d.MW

TB.OCKOJ1KOB -id fragments
i—SEE*! -1 = B7ci/d.Mw7
I C y T . M B T J *-• ' —'

r a 3 OCKOJIKOB _ ^ s e o u s fragments

,MBT J

wTB+raa OCKOJIK._ Rsolid + gaseous fragments
r KKPH -j" /Gi/d»mJ
i- cyT.M"ir J

Table 3

Radioactive discharges from foreign nuclear power station

Key:

A'3C/MOmHOCTfe = N a m e a n d capacity BblCpoCbl = Discharges (Ci/d.MW)
^I0pM/cyTKH MBT/

P / a ra3w = radioactive gases a3po3Ojin = aerosols

Jlpe3.neH 1 = Dresden-1 (700 MW) Bnr-POK-riOMHT = Big Rock Point (157

ryM6ojifeT-Eeft = Humboldt Bay (165 MW) EjiK-PnBep = Elk River (58

The release data for these stations were obtained after the gases
had been cooled for 18-30 min and passed through aerosol fil ters.
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Table 4

Act iv i ty of rad ioac t ive i n e r t gases discharged (Ci/d.MW)

Key*

A3C

KBB

TapuJibflHO

Bonus

= Nuclear power s t a t i on

= KRB

= Garigliano

= Bonus

PaccMaTpnBaeMaH Nuclear heat and power plant (Fig . l )
AT3U

T a b l e 1
onncaHHH MHrpamw OCKOJIKOB

tn

ceiT1

0

ceiT1

I

-

I 3

C

,5 .ID'5 5

r*
ce K - :

.IO"8

[

6

-

^ . I O " 4
2 . IO"6 io-5 o, i

T a b l e 2

PaawoaKTHBHue BU(5pocu c y^iacTKOB 5 , 6 , 8 ,
K efiHHHUe UOIUHOCTH

s r
te 8 ;(xnpK/cyTKK MBT)

a
6

nt.
L tyt./lltmj

V--"*-

0,08 0,00<i

20,70 5,75

20.7S 5,754

0,15 0,23

- 26,45

0,15 26,68

Pe3yji£TarH no oueHKe -ZQP.WIY.YM paaKoaKTH3HJix BaCpocoB y^ois^
corjiacyuTCH c saHHaun aa« A3C c Kiina::iHMH peaKTopaiAH 4-6 ( c a .
H 4 ) .
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Table 3

BHOpocu 3apy<5esHax A3C ( x )

A3C (i

fiwr-PoK-llc

EiK-PaBep

iOIUHOCTL) j
1

( 7 0 0 UBT)
>flHT (157 UBT)

fcH (165 UBT)

( 5 8 UBT)

BHOPOCH

P/a ra3u

3,1

19

7.4

.0.16

(KMTW/CYTKH IIBT)

j aapo30Jia

0.430.I0*6

0,6* .I0~3

0,36.10"*

0,52.1(T7

* Ha paccHotpeHHUx A3C aaaHae no sufipocaM nojiyieHN nocjie 1 8 - 3 0
BufipacuBaeuux rasoB a OU^CTKM HX C nouosiLD aapO3OX£Hux

Table 4

AKTKBHOCTB BuOpoca pannoaKTHBHUx OsaropoflHux ra30B (K/cyi . UBT)

A3C j
|

AT31I

85

0,125-
0,195

0,0228

O , ^

0,077

0
0

0

0

o

87

,174-
125

,0252

.032

252

0
0

0

0

88

,36-

-

,0322

237

0
0

0

0

0

133

,275-
.54

,0226

,0*6

,062

0
0

0

0

0

135

,39-
,72

.O^B

,0332

,220

135

0,325-
0,83

-

-

0,375

138

0,94-
1.2

0,05

0,0011

I J
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£0

& p-H.

Key:

Fig. 1

Plow diagram of nuclear heat and power plant

1 = Core

3 = Drum-separator

5 = Condenser

7 = Condensate pump

9 = Feed pump

11 = Regenerative feed heaters

Y.B. = Air vent; Ggf GT,

2 = Separator tubes

4 = Turbine

6 = Boilers

8 = Deaerator

10 = Circulating pump

12 = Water purification plant

^, GRf Gnp, (kg/sec)

are the coolant flow rates in different parts of the c i rcui t .
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CHAPTER IV

PROGRAMMING, INFORMATION AND
STANDARDIZATION QUESTIONS

ALGOL PROGRAMMES FOR DETERMINING NUCLEAR PARAMETERS FROM
AN ANALYSIS OF THE EXCITATION FUNCTION

(ERICSON'S STATISTICAL THEORY)

A.I. Baryshnikov

Practical and theoretical investigations carried out since i960 have

shown convincingly that excitation functions measured with high energy

resolution of the primary particles for compound-nucleus reactions at high

excitation energy (12-30 MeV) have a fluctuation structure (Fig. l).

According to Ericson's statistical theory these fluctuations do not have

a resonance character and cannot be explained by the individual nuclear

levels. The fluctuation is the result of interference between the many

partial levels existing within a certain energy interval, called the

coherent energy V, which is the reciprocal of the lifetime of the compound

state.

Even in his very early publications £~1, 2_J Ericson pointed to the

amount of information derivable from the excitation functions and proposed

methods of analysing them to determine a number of nuclear parameters.

Subsequent investigations have explored and expanded these possibilities,

and the various methods of determining nuclear parameters from the excitation

functions and angular distributions have been analysed in detail by the

author in a review paper.

The present paper supplies ALGOL programmes which can be used for

determining nuclear parameters from correlation analysis of the excitation

function and for comparing the theoretical probability distribution with

the experimental histogram of the distribution, Z( ).

I. ALGOL programme for correlation analysis (APKA)

With this programme it is possible to determine:

(l) The auto— and cross—correlation functions for all exit channels of
the reaction

H &



- 464 -

If i j£ j , the cross-correlation function is determined.

If i = j , the auto—correlation function is determined.

(2) When i = j and E = 0 the coefficient of the auto—correlation

function is determined:

C(0) = RiJ (e = 0) • (2)

(3) The coefficient of the cross-correlation function

the numerical value of which determines the degree of

correlation between the channels "i" and " j " .

(4) The normalized mean square deviation, which is numerically equal

to the coefficient of the auto—correlation function ( e= 0):

(4)

(5) The coherent energy (by several methods):

(a) Prom the condition that the auto—correlation function

decreases by a factor of two in relation to R(e = 0) = C(o),

since with e =Pwe have

(5)

(b) By comparing the Lorentz function R(Pfe) with the auto-

correlation function R(e) when e >• P, since

(6)

(c) By analysing the fluctuations of the auto-correlation

function when e> 2P :

-o)f (-f)
where I is the range of energy variation of the

excitation function.
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If the excitation function has a constant mean value over the whole

range I, the auto—correlation function oscillates about the e—axis. These

oscillations are due to the use of a finite range of averaging of I for the

excitation function.

If the mean cross-section of the excitation function is not constant

over the range I, the auto—correlation function will not oscillate about the

e-axis and the results of the auto—correlation analysis (C(o) and F) will

not be true.

Methods of eliminating the effect of the mean cross-section not being

constant are described in the review paper. ALGOL programmes for these

calculations have been compiled but will not be published until they have

been checked numerically.

II. ALGOL programme for calculating the probability
distribution (RVEG)

The RVEG programme can be used to determine:

(l) The experimental histogram of the probability distribution Z( ) for

the excitation function of interest, for different variation

steps- of the argument -2— (from 0.4 to 0.2), where o and <o> are-2

the cross-section and the mean cross-section respectively.

(2) The effective number of reaction channels N f f (number of partial

levels of the compound nucleus which participate in a given

reaction channel) and the proportion of the direct interaction

process, - U& ifo - ^pL ; this is done by comparing the

theoretical probability distribution P(^>) with the experimental
. a \

histogram Z(—£j) with simultaneous consideration of the dual
experimental relationship between N and I/* :

a) C(0)=J-(! -#i) (8)

where _ u - _

J , is the N-l order Bessel function from the imaginary argument.

After putting the Bessesl function in the form of a series (N being an
integer) we have

and the probability distribution becomes

(»
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The normalized mean square deviation is also determined here

from the equation

. (4)

(3) The maximum possible number of effective channels in the reaction

is determined from equation (8) for U~ = 0:

The results of processing the excitation functions (Pig. l) of

the reaction Cr(pp, ) Cr with these programmes are illustrated

in Pigs (2) and (3).

In the case of N not being an integer /~3» A_J we have

T~ (10a)
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Excitation functions of the reaction Cr(p,p) Cr.
The exit channel of the reaction is shown on the
graphs.
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Fig. 2, x o auto-correlation function of the reaction
o = Lorentz function
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Fig. 3» Experimental histogram of Z(-r—) and the

theoretical probability distribution P(~~~*)
52 52 <o>

for the reaction Cr(pp,,) Cr.
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APKA Programme

Initial data

INTEGER

M — maximum number of excitation functions investigated

N - maximum number of points in the excitation function

D — number of points in the auto— and cross-correlation functions

I,J - number of excitation function (number of reaction channel)

REAL

Q - energy variation step in excitation function in keV

ARRAY

F jT~l : M,l : N_^ - ar ray of exc i t a t ion functions

Operating va r i ab les used for con t ro l l ing the output of:

INTEGER

K - the number of the point in the auto- and cross-correlation function

(e is the deviation from energy E)

L — the number of the point in the excitation function (value of

energy E)

W — the number of the point of the auto—correlation function

REAL

A - the sum of the values of the excitation function; the ratio

R [ K ] / ^ [ O ] ; the difference in the values of the auto-correlation

and Lorentz functions

B - the sum of the squares of the excitation functions

SI - the mean value of the cross—section of the J excitation function

being analysed; the value of the coherent energy in keV obtained

by analysing the fluctuations of the auto-correlation function

(see equation (7))«

V - the cross-correlation coefficient

Gl - the noimalized mean square deviation

E - the sum of the products of the terms in the auto— and cross-

correlation functions; the variable value of the coherent

energy in the Lorentz function
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V - the sum of the products of the terms in the auto- and cross-

correlation functions; the maximum number of points in the

excitation function

SUM - the intermediate value

Bl — the mean value of the square of the excitation functions
„ SI +G2 ., .
G = ? - the mean coherent energy

ARRAY

T[ 1 : M, 1 : N ] - the deviations of the excitation function from

the mean values

S [l : M J - the mean values of all M excitation functions

LO [ 0 : DJ — the Lorentz function

R [o : Dj - the values of the auto— and cross-correlation functions

P [l : N] - the excitation function being analysed

CO [ 1 : M J — the values of the auto—corr el ait ion functions when K = 0

(6= 0)
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fl> S, St, Blf Cl, £f K St/fifj a ;

( inpUt of initial data)

COp( Cft/O-2r, /%/V; 2>, Q/j

'T'POO VSi

coftti*E/vr (Jjnput of excitation function array)' j

COMMENT (calculation of mean cross-section and

normalized mean square deviation of the J excitation function

with print-out and filling of T array)

J.-f ST£P t 6WTT^ /* T>O

A;~O; S-'O; Cj:=o
* s j

FOR / • • - / STBP t UASTjU. /t/ go

i

3f: =

,IJ -S£JJ; £i: = S£JJ;

COMMENT (computation of the auto- and cross-correlation functions

and the cross-correlation coefficient with print-out-of their values

and filling of the CO array)

HH- Z--J*t

K:*O STEP t MrtJ. 7> ISO
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• - V* TfJ, L */<J •* TCZi Ljj

Vj/(SCJ]*S£lJ)j

'=O; K: =O;

IF I*J

v: =K€HJ/{sq#r(ClJO£:iJ-* CIJOJOJ]))

£iss conj•=#£*<];

cock( r-°c? -/o\ 3 1 A, v)<

COMMENT (proceed to calculation of coherent energy from

.function),
/vf I-J TH£A/ GOTX> HX

COMMENT (proceed to calculation of the cross-correlation functions

between J channel and the following I ( l > j ) reaction channels)

if
co MM £ AT / /B roc eed to next" excitation function)

IP

(r.fl1 mil at ft coherent ..energy.., r__and Lorentz function)

Hi.

LCOMMMT (determine coherent energy T in keV from fluctuation of

auto—correlation function /~see equation (7)_/

print out)

G, St, GZ'} ft: ̂

fl>O.S Th'EAf 6OTQ HZ)
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:=O; St'-Oj

F0£ *•' ~ W $JEP t i/ATrxi. T> "DO

Coz>(cfiZ-/O>t SI);

OMMENT (determine P in keV by comparing the auto-correlation

and the Lorentz functions and calculate the Lorentz function
with print out)

• = a; s: =o; £: *o; is: = oj s w - oj *: = o.
code rP2.-to't H, st)-

. M-t

/ £ #-3 TH£* B-.-f.S;

f f<<lO

/ /3 : B: - £ * o.i; $UAT: = o;

A: ~

IF S.Urt>O 7HCA/ GOTO H3j

COMMENT (determine mean coherent energy with print out)
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CPZ-IO\ Gj

COMMENT (proceed to calculation of the cross-correlation functions

between the J channels and the following I (l> j) reaction channels)

(print out the values of the auto-correlation function

for K = 0 (e = Q)

coctt. rP2~/o) cojj
cod(cp/i2 ~/o\ CO))
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RYEG Programme

Initial data

INTEGER

P - maximum number of excitation functions investigated

W - maximum number of points in the excitation function

Q - maximum number of points in the probability distribution curve

ARRAY

P [ 1 : P, 1 : Wj - array of excitation functions

C [ 1 : P] - array of normalized mean square deviations for the

excitation functions investigated / calculated /

Operating variables used for controlling the output of:

INTEGER DD - the volume of print out

N — number of effective channels

I - number of excitation function (reaction channel)

L — number of cell in array Ml; number of terms in expansion of the

Bessel function

K — number of interval along the axis fz.ci>

Ql — range of renormalization of histogram

REAL

Al — sum of all points and mean value of excitation function; inter-

mediate values

A2 - intermediate values

J — variation step of /<o> ; value of Wr in the probability distri-

bution P(IJ)

II — intermediate value

M — maximum number of effective channels; intermediate values

D — proportion of the process of direct interaction

Zlf B, Bl, B2, B3t B4, B5, B6, SUM, R - intermediate values

V - normalized mean square deviation of the I excitation function

ARRAY

Nl [ 1 : VJ- excitation function being analysed

Nl [ 1 : W ] - array °/<o> of function being analysed

Z [ 1 : Q ] — experimental and normalized histogram

PR [ 1 : Q ] - array of distribution probability P(U)
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PRP[ 1 : Q J - array of distribution probability P(Vl)

PRR [l : Q ] - arrays of distribution probability after the cyclic

permutation necessary for comparing them

PE [ 1 : DD] - array of numerical output

r[l : 10] - gamma function array (l.O, .95135, .91817, .89747,

.88726, .88623, .89352, .90864, .9:5138, .96177)
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at. At, m, J , i t , AT;

(input of initfial data)
rP/O-2>; P,W,Q) ;

.e], f>£[t •• [
conne/yr so rF*toorcwo'm'Wi'io
ConneMT (input of in i t ia l data)

CDXJ ('&dQ -2 \ F/);I : = 0;

/ calculation of mean square normalized deviation)

EQJL ^'

COMMENT (construction of experimental histogram of the probability

distribution Z(CT/co>) of the I excitation function for variation

step of % o > = (0.4; 0.3; 0.2))

POR Izsi STEP £ UtfTTJ, W SO Hifl], = ̂ ///J/yf/; H: ~2. Sj
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*:H: = I4.-0.S; fog fcr.-^l £ref> i qr£T$.L p po

(\ transfer to new range of

O.2* K» Jd. LH

(*-i) *Ji £*£*/_
^transfer to new value of excitation function)

COMMENT (normalize area under histogram to unity and record
corrected histogram)

^transfer to new variation step of fli/4;o> )
IF I±>1

COMMENT (calculate theoretical probability distribution P(

of excitation function being analysed for variation step of
a/<xo - 0.2, print out proportion of direct interaction process,

number of effective channels N and probability distribution at

specific value of C /""J_7 )

",*> 6, &i,e>2. Bi, &*, BS, B6, SOM,£t v;
M*0', V:= C[lJ; ft: r £/„;
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[2>]:= 999999999;

COD lrP2-tQr, P£)j

FOi U-*t STEP. tVMIZk &t> 20

Li: =£ frE.fl

HHHi S i : = 1 - V » M-

IF Bi*0 TH£A/

BE&TM ft: * AT- i * 0. / ; At:* £ /c flj; Zl:

IF

f/r /'transfer to control point at end of programme)

£_ 8£<0

CpjthietfT(,transfer t« eliminate part of programme)

v /v-i THEjy &gni »£•

COMMENT (transfer to end of programme, recording limiting number

of channels N = 29, and re->recqrding the distribution and the

control point)

transfer xo eliminate part of programme)

TF A/<fS THgjy $V7Z> HZ/*;
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k'l-l STEP i. UVTtL_ & DO

AZ : - i/»i Jf & / 7H£M a:- A

CoryiBjvj ( transfer to eliminate part of programme;

IF A/>1B rtf£Af (rOTO

POR £•* i. Srsp £ Vr/JXL & vg

I

i I

Hi :Ai: = ±/&{ ; £>: = V/l-X>); S2 : = af (.0.1* *');

33 \= £xP(- 012*6*2));

<?£* *:*i Sr£P i. UNTIL. Q %<l

~!€CJ*L J-o.z* K -0.1;

SV.-= VfCO.5* (*•'-£));

55: = £>" 3*3>»&; &$:= ExP( -0.2 * B»y);

cpnri£A/r Ain the absence of d i rec t intfiraction i) •- •->)

IF BS=0 THE A/

IF

cPSl1£-"I (in the presence of direct interaction D f 0)
IF /}«5

IF QS>9

: = SUM+8;
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IF R<5*10f IS THJ/ji

COMMENT (transfer to increase the number of terms in the
expansion of the BesseL function)

IF e/SUM >O.Ol ThLEi? <lPI£- H2L*

COMMENT (print out number of effective channels)

P£fi. H-iJ; = L; PE[u * Aj: * 9696 9(, 969

l:~ L-i; Sun • = M* trf(-'s);C: = Ii*•' /of (-/*);
SUft.= surf » IOf (-!)'>

R : - e "• B£/((*T£- -i)

COMMENT ('transfer to record distribution, input of
overflow)

IF Surix6f/t THE/f agro

COMMBM1 (transfer to increase number of terms in the

expansion of the Bessel function)

IF f?/SUM >ooi ps&y £<2C<2 **;
cerirtE/vr Sprint out number of effective channels)

IF & 1*5 */OftS THEM

Sun:; st/M *• rOf(-tS) * ft * to? (-2)}
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COMMENT (.print out proportion of direct interaction process and

<i±strrbation of probabilities for N £ 2;

Foe *r.= < 5rtP i y^pi a go

flf+vl-sPt/rJ; Li:*U + O *£', P
COMMENT (transfer for cyclic overflow of arrays PRR, PR, PRP and

eliminate part of programme operating only when N = 2)

IF pfy JP

C?dn£¥r /calculation, for N̂ = 2)
IF A/'i 7H£jr £/># kT:=j SJE_P d ct/^TZL

ti:-f/*t) C02> (>2-tO\#)->
Li x * U* i i
P£[L1]: = J ; PS [it + ij:* *;

GOMMMT (transfer to end of programme, recording zero array
of PRR for N » 2)

IJF Bi<o

6:= w/(i-2>)\ 62:- a f (o.z*A/J; S3 •> *
FOG K:-i £rj£fi I UVTljL Q J>£

&t' = 3f (0,5
85- ~ Q*
IF

66* £V*61» &2*&t> * S3 * Q,2I>&6*&1 »B2 *&6 *•
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IF PBP[X] < tof(-t%) THZJJ p

rr

iJ:-l; f>6[Li

/ / 0.5*0

\\

i

IF ft < S* 10 f IS THEAC

BEGJA/

COMMENT (transfer to increase number of terms in the expansion
of the Bessel function)

If &/sun >00£ Tk£M fgro ;

CQrtnz&r ( record number of effective channels)

Pfflt* 3j-'-£; f>££lt + t,]:- $6969696 9

IF <?>5*» lOftS TH£g

L-.-C-i.; SUM:* ri » /Of(-15); G: ~ H - lOJ (~i

Sun;* son* tof(-%).

L -£) p.L) ; ;

-transfer to record probability distribution in view

of overflow)

IF sUM>/of/r Tt/fAf eorg nzrti;

COMMENT C'transfer "t° increase number of terms in the
expansion of the Bessel function)

IF e/svn >a.oi 1teJC ^JJP
( record number of effective channels)
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:- L; Pf[i.l4t/]:= 959555559

IF Qi >5*/0f/S Ttf£M

Sun: - sun «• tof(~is)* ft » /&/{-?);

*>0f 12 ;

ELS£

•62*56' /OfS* 0 3 * 52 * && *• S3* 62 » && * 32 * SUM ;

U]< f0f(~tl) THfJi

MZtri:

COMMiM1 (print out proportion of direct interaction process and

probability distribution for H - 2)

FOR

':= 92 92 92 02 9 ;

COMMENT (transfer to compare histogram with theoretical probability

distribution for two neighbouring N)

IF, /S*2 j£f£* GOTp_ H9;

H8: FOR t:-i

R: r Pfipfe]- Zfie]; &Z : ~ 32

$0
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(transfer to increase N in•theoretical probability

distribution).

ttransf«r to determine point with maximum value in

-probability distribution)

If[ Ql < o ry§A/ qpjv_ nn;
H: - L ~i;

Bi :*Z[K]- PRP[K] ;
COHKEHT-(transfer to increase N in theoretical probability

distribution

IP 3i>Q THesS Gpfg

\ L ' -

GQTD

81 := 2f*J
PE[L{J:= 81 812121? ;

IF &i>O 7H£A/ 6pjg Hi;
H21
H?l:

?£[*•£]: ~iS 49{9191

COJiC~P2-lD\
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COMPARISON OP TECHNIQUES AND METHODS FOR MEASURING THE
PARAMETERS OF INTENSE NEUTRON FIELDS (FIRST STAGE)

G.A. Borisov, R.D. Vasilev, N.B. Galiev,
E.I. Grigorev, V.P. Yaryna

1. Introduction

At the present time the All-4Jnion Research Institute of Physico—

Technical and Radiotechnical Measurements (VNIIFTRl) is carrying out work

aimed at standardizing all the techniques of measuring the basic parameters

of neutron fields (integral neutron flux density, differential flux density,

etc.) based on the activation method.

One task will be to establish the possible causes of disagreement in the

results of neutron field parameter measurements performed in different

organizations. The causes of such disagreement may be:

1. Differences in the nuclear physics constants and activation

cross—sections used;

2. Errors in measuring the activity of activation detectors;

3» Inaccuracy in determining the number of nuclei of an isotope

in a detector;

4. Errors in the method of interpreting the activity values of the

detectors used.

VNIIFTRI is proposing that in 1971-72 all interested organizations

should collaborate in a comparison of the methods and techniques needed

to measure differential neutron spectra.

The aim of the programme is, firstly, to compare the characteristics

of the activation detectors used in different organizations in order to

discover the differences responsible for disagreement and find ways of

eliminating them and, secondly, to establish the most simple and accurate

methods of unfolding differential neutron spectra.

The information contained in the answers to the questionnaire will

enable the Institute to undertake a broad programme of work on the standardiza-

tion of neutron field parameter measurements. The information will also be

used for comparing methods of unfolding neutron spectra and for comparisons

of activations obtained with the most widely used detectors.



2. Comparison programme

The proposed comparisons of detector characteristics and methods

of unfolding spectra will be performed in two stages.

In the first stage the participants in the comparison will send the

Institute information on the reactions and detectors they employ, including

the nuclear physics characteristics of the detectors, and will indicate the

detectors which are most widely used and which they feel should be compared

first of all. This information should be included in the questionnaire

supplied.

In the second stage the Institute will send out to the organizations

which have answered the questionnaire the values of the activation integrals

calculated for one or several test spectra and cross—sections used by a given

participant, and they will be invited to unfold a test spectrum or spectra.

The Institute will compare the results of the unfolding. All participants

in the comparison will be informed of the results.

3. Conclusion

All the organizations taking part in the comparison will be informed

of the results of the analysis of the questionnaires. Similar inter-

comparisons operated by CMEA or the International Bureau of Weights and

Measures might become an important source of information on nuclear physics

constants and cross—sections of interest to those participating in the

survey. The questionnaire should also show whether it would be desirable

later on to hold a conference on the standardization of methods and

techniques of measuring neutron field parameters.



- 489 -

QUESTIONNAIRE

A. Activation detectors

The answers to the first 15 points in the questionnaire should be

incorporated in a special table, the number of the question corresponding

to the number of the table column. A specimen table is attached.

1. What reactions do you use for spectrum measurement?

2. Indicate the values of E „„ used and the reference.
ef f

3. Indicate the values of a „„ used and the reference.

4. Indicate the half-life of the product nucleus and the reference.

5. What chemical compound is used for your detector?

6. What type of material is used and what is its enrichment?

7. What are the shape, size and weight of the detector?

8. How do you determine the number of nuclei of the isotope in the

detector?

9. Minimum neutron flux density with energy above E „„.

10. Irradiation time.

11. Cooling time after irradiation.

12. Method of measuring the activity.

13« Type of radiation measured and its energy.

14« Correction coefficients and constants used in measuring activity

(gamma radiation yield, self-absorption coefficient, internal

conversion coefficient etc.).

15. Method of calibrating the measuring equipment.

16. Supply tables of the activation cross—sections for the reactions you

use, showing the cross-section values together with the permissible

error and the amount of detail you find necessary for unfolding a

differential neutron spectrum.

17. Indicate those detectors which in your opinion should be included in

the first comparison.

18. Would you welcome the centralized issue of tested activation detector

kits?
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B. Methods of unfolding differential neutron spectra

1. Describe briefly your method or methods of unfolding a spectrum.

What in your opinion is the confidence level of the unfolded

spectrum? Where was this method first described?

2. Would you welcome the centralized issue of standard computer programmes

for unfolding differential neutron spectra?

3. What in your opinion would be of most help in standardizing the

process of unfolding neutron spectra by the activation method?
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Tabl e

Key:

•1/2

Mapna M
oGoraiueHne

H pa3

HHCJIO

MMH.nOTOK,

BpeMH

Reaction

E e f f , MeV

o „, , mbarn

H3MepeHHfl =

aKTMBHOCTH

H ero
M3B

I K03$$MU,MeHT3I M
V KOHCTaHTbl
MeToj. r pa j , yM- =

POBKM

JLHH

Chemical compound

Type and enrichment

Shape and size

Number of nuclei

Minimum flux, n/cm,sec

Irradiation time

Cooling time

Method of measuring a c t i v i t y

Radiation and i t s energy, MeV

Correction coefficients and constants

Method of calibration

Days

/O.C.1!. eCTeCT- = O.S.Ch. natural isotopic mixture

U130T0n0B
Ta6jieTKa = T a b l e t , JB 10 mm, 800 mg
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[B3BeuinBaHHe Ha

\Becax

2 waca

Weighing on analytical balance

2 hours

2-3 2-3 days

Gamma spectrometer

Ha

$OTO3$XjieKTMBHOCTH

o.c.r.H.

Gamma—ray yield per disintegration

Calibration of photoefficiency 0.S.G.I.



Table

|

III8B
I

I

.1 I ? .1.

XniuraecKoe! H

•+

13.1 ±
0,5

HHCJIO !MHH.
! n 0 T 0 K

l p u H 4 y
- ! BU - !H3«e- IveHne t

ipoHim !M ero
!8KTMB-!3H6p-
IMOCTH !

O.C.I. Tetfflet- BsBenn-
e C T 6 C T - K8 BUHHe
B8HH8H 0 1 0 UM U8 8118-
CMOOB g 0 0 r flHTH48C-
M 3 0 T 0 - O U U ' KHX
HOB B6C8X

10' 2
18C8

2-3

535- '

_! ! L_«3B_ !

_J II_i--12-..LI3._ ! I*.
Tauua-
cneKT-
poutitp

1

Bwxofl

He pscnsA

33%

-15.

K8
403$i
THBriOCTH

o.c.r.H.
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RECOMMENDED EFFECTIVE THRESHOLD AND CROSS-SECTION VALUES

E.A. Kramer-Ageev, V.S. Troshin, G.A. Borisov,
R.D. Vasilev, N.B. Galiev, E.I. Grigorev,

V.P. Yaryna

I.
2.
3.
4.
5.
6.
7.
8.
9.
10.

n.
12.
13.
14*
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

The effective threshold method for describing threshold cross-

sections is described in Refs /~"l, 2_7« The table below contains the

recommended effective thresholds E „-, the effective cross—sections a

and the errors in the effective cross—sections for the chosen class of

spectra /~3_7» The methods by which the recommended data were

determined as well as a complete list of the references used are

contained in Ref. /~3_7»

Key:

m
MOB

No.

= Eeff' M e V

Table

PeaKU,Hfl

= Error, %

Reaction

a
e f f, mbarn

u/n

I

PeaKuen

2

M3B

3

M(5at)H"*

4

ItorpenjHOCT*,
%

0,65
0,80
1.15
1,60
1,60
2,55
2,60
2.65
2,70
3,00
3,70
4,50
5,50
6,20
6,60
7,10

7,15
7,45
9,90

10,95
11,2
11,70
12,8
12,90

1420
950
302
608
145
122
129
252
450
372
190

48.0
125

15,5
60

13,8

128
82,5
1224
1000
608
740
50

526

2
6
4
2
4
5
9
4
8
8
8

10
6
7
3
3

2
3
2
2
6
2
2
3
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CORRIGENDA

to article by S.M. Zakharova entitled "80— and 21-group
237

cross-sections for absorption of neutrons by Np and

isotopes of gadolinium" (Bjul. inf. Centr. jad. Dannym

Issue No. 5 (1968) 189).

, _., ., . ^z TN D . — (2D observed when 1 = 0
1. On page 193 the expression D(u,j) = ̂ , where D = £ D o b s e r v e d w h e n 1 f Q

, -, , , , , , „/ .̂  — , — (2D
should be replaced by D(u,J) = D, where 0 = ) -

2D observed when 1 = 0
observed when 1 ^ 0

2. On page 193 the expression r = 1.25f should be replaced by

r = 1.31f.

3. In the article it is stated that the factor S, correcting for the

fluctuation of the mean neutron widths, had been taken into account.

In fact, in the programme used for the computer calculation (Ref. /~3_7

in the article) S is assumed to be 1.


