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Abstract

The experimental studies of the energy dependence of the delayed neutron parameters for various
fissioning systems has shown that the behavior of a some combination of delayed neutron
parameters (group relative abundances a and half lives T; ) has a similar features. On the basis of
this findings the systematics of delayed neutron experimental data for thorium, uranium,
plutonium and americium isotopes have been investigated with the purpose to find a correlation of
DN parameters with characteristics of fissioning system as well as a correlation between the
delayed neutron parameters themselves. Below we will present the preliminary results which were
obtained during this study omitting the physics interpretation of the results.
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Abstract

Methods and set-up for measurements of trace level content of fissionable nuclides based on the
delayed neutron counting technique are presented. It is shown that the electrostatic accelerator
based method using the °Be(d,n)*°B reaction as a neutron source allows to determine the content
of fissionable nuclides in ultra trace level (nano gram). New method for the determination of
isotopic content of the sample is proposed. This method is based on the new systematics of the
average half life of delayed neutron precursors for different fissioning systems.
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CORRELATION PROPERTIES OF DELAYED NEUTRONS
FROM FAST NEUTRON INDUCED FISSION

V.M. Piksaikin, S.G. Isaev
Institute of Physics and Power Engineering, Obninsk, Russia

| ntr oduction

The knowledge of the time dependence of b - delayed neutron emission is of great
importance for the development of reliable data base required both for reactor-physics analysis
and for the investigation of nuclei which are far from the valley of stability. Since discovery of
delayed neutrons the time dependence of delayed neutron emission from neutron induced
fission was studied in more than 238 experiments [1]. In parallel to the experimental studies of
aggregate DN emission from neutron induced fission the group parameters of delayed neutron
emission were calculated using microscopic approach (summation technique) [2]. These
calculations are based on the knowledge of the emission probabilities values P, half-life values
and yields of individual precursors of delayed neutrons [3].

One of the main results of the aggregate DN decay curve measurements was that the
group periods (or decay constants) for various fissioning systems for fast neutrons induced
fission do not differ from each other [4]. But one should take into account that possible
differences in the group decay constants are difficult to be observed because of the strong
cross-correlation between DN group parameters and background intensity values in the
process of least-squares fitting (LSF) analysis of composite decay curve [5,6]. The time
dependence of DN emission is governed not only by half-life of DN precursors. The relative
abundances of DN are also important in forming the DN decay curve of the concrete fissioning
system. Until now there are difficulties in choosing the consistent set of DN parameters even
for the most studied nuclides. Set of DN parameters in ENDF/B-VI file is based on the data
obtained in the frame of the microscopic approach [2]. But reactor experiments [5,7] have
shown inconsistency of this set and appropriate experimental data based on the aggregate DN
decay data.

With the purpose to find the criteria for choosing the best set of DN parameters for
various fissioning systems the work was done on the investigation of systematics and
correlation properties of delayed neutrons from fast neutron induced fission.

Correlations between delayed neutron parametersfor fast
neutron induced fission of Th, U, Puand Am

During our experimental studies of the energy dependence of the delayed neutron
parameters for various fissioning systems it was found that the behavior of a some
combination of delayed neutron parameters (group relative abundances a; and half lives T, )
has a similar features. On the basis of this findings the systematics of delayed neutron
experimental data for thorium, uranium, plutonium and americium isotopes have been
investigated with the purpose to find a correlation of DN parameters with characteristics of
fissioning system as well as a correlation between the delayed neutron parameters themselves.
Below we will present the preliminary results which were obtained during this study omitting
the physics interpretation of the results.



It is difficult to hope that comparison of DN group parameters @; and T; separately will
be successful because of their strong cross-correlation resulting from the LSF procedure used
in processing of the aggregate DN decay data and other reasons [5,6]. Therefore the delayed
neutron parameters under investigations are the following

1) the average half-life of delayed neutron precursors

i=6
an=(aaT).
i=1

where @ and T; - relative abundance and half-life of i- th group of delayed neutrons
respectively in the six group presentations. (The average half life value for the exponential
distribution of the precursors’ life times fully determines the above distribution);

2) total delayed neutron yield Ng.

For the purpose of easy comparison of the present results with existing systematics a
parameter P which characterizes the fissioning nucleus was chosen as in the Tuttle's
evaluation [8]

P=-(A-32)%A./Z,

where A; and Z - mass number and atomic number of compound nucleus respectively. In
general the Z%/A parameter can be taken as well as having the same scaling factor.

In the analysis only experimental data (Ng , & and T;) were used (exception - the
Waldo's delayed neutron data for **°Pu [9]). In the first approximation the authors of the
present work took the data which have been obtained preferably at one experimental set-up
and included the wide range of investigated nuclides. The experimental data under
investigations are presented in the Table 1. It should be noted that the fast neutron induced
fission were considered in the analysis and only for the rare measured isotopes such as °Th
(Gudkov’'s et al. data[10]) and **Am (the Saleh’'s et al. data[11]) the thermal (***Th) or close
to thermal (**Am) data were taken into consideration. But according to our estimations this
exception does not change the obtained results.

The uncertainties of the average half-life values are not accounted for the correlations
which exist between the relative abundances and periods values obtained on the basis of the
aggregate DN activities data and the L SF procedure.

Systematics of the aver age half-life of delayed neutron precursors
for different fissioning systems

It was found that the average half-life of delayed neutron precursors <t> for the
isotopes of thorium, uranium, plutonium and americium can be presented by the following
expression



&; fi= ay >exp|(az (- (A - 32) %A, 1 )] (1)

where index i is related to the certain fissioning systems (thorium, uranium etc.). The above
expression (1) was presented in the form

In(&;f) = ag +ay[- (A - 32) %A/ Z] 2
ag = Inay

and the appropriate delayed neutron data from the Table 1 were analyzed for obtaining the
values az; and & on the basis of the LSF procedure. The results of the LSF procedure (solid
lines) and original experimental data from the table 1 are shown in Fig.1. The obtained a&; and
& values for each considered element are presented in Table 2. It is seen from the Fig.1 that
the average half life values for each considered element can be presented by the expression (2).
The best approximation was obtained for uranium isotopes. This can be explained by the
quality of the data for uranium isotopes as being the most investigated nuclides.

Correlation of thetotal delayed neutron yields and the average
half-life of delayed neutron precursors

It was found that the total delayed neutron yields Ng and the average half-life of
delayed neutron precursors < t > for the definite fissioning system, can be presented by the
following expression

nld =C_|.i )éiFFZi, (3)

where index i is related to the definite fissioning systems (thorium, uranium etc.). The
expression (3) was presented in the following form

In(n}) =c, +c, An(&, N (4)
C3 = Ingy

with the purpose to obtain the Cy; and Cz values for each considered fissioning systems
(thorium, uranium etc.). In the LSF analysis of the equation (4) the uncertainty of the average
half life value for the definite fissioning system were taken as it was equal for all authors. The
magnitude of this uncertainty was equal to the average value over al data related to the given
fissioning system. The obtained results of the LSF procedure (solid lines) and the original
experimental data from the Table 1 are shown in Figs.2, 3, 4 and 5. The appropriate Cy; and
Csi values for each fissioning system under consideration are presented in Table 3. It is seen
from the Figs. 2, 3, 4, 5 that the data on the total delayed yields follow the dependence
determined by the expression (4).

In the present analysis the each Ny value corresponds to the <t > value from the same
work. But the analysis could be done using < t > values which are obtained by preliminary
averaging over appropriate experimental data or can be taken from the evaluation according to
expression (1).



Total delayed neutron yields from fast neutron induced fission
of isotopes of Th, U, Pu, and Am

The expressions (1) and (3) can be used for obtaining the values of total delayed
neutron yields for any isotope of Th, U, Pu and Am elements on the basis of the following
expression obtained by simple derivations

Ng = dy eXp[dzi (- (Ac- 32)A ! Z)] )
dy = cya?, dy = ayCy

The obtained dependence of the total delayed neutron yields on the parameter -(A. -3Z)AJ/Z
was presented in the logarithmic form for each fissioning system |

Inng = dg +dy (- (A - 32)A,12),

~ ~ (6)
dg = Cy *+Cyag,dy = ayCy;

with the purpose of easy comparison with the Tuttle’s equation [8]
Inng =1381+01754(A. - 3Z)(A./ Z) (per 1fission)

It must be noted that the expression (6) obtained in the present work is independent
from the Tuttle's one and based on the systematics < t > from A., Z and correlation between

Ng and < t > values derived from experimental data. The comparison of the total delayed
neutron  yield values obtaned on the basis of the  systematics

&;n=ay; >exp[(a2i (-(A.- 32)xA. 1 Z)] and correlations between the delayed neutron

parameters N i d =G 4, 2 in the present studies with the appropriate data of the Tuttle’'s
evaluation is presented in Fig. 6 where the Tuttle's data are presented by a dash line.
Numerical values of ds; and d, | parameters are presented in Table 4.

According to the present systematics the following Ny dependencies were obtained for
the considered elements

Inng =12.7479+ 01644( A, - 3Z)(A. / Z) (per 1 fission) for thorium isotopes,
Inng =12.7887 + 01648( A. - 3Z)(A. ! Z) (per 1 fission) for uranium isotopes,
Inng =12.8389+ 01669( A, - 3Z)(A. / Z) (per 1 fission) for plutonium isotopes,

Inng = 68201+ 01097(A. - 3Z)(A. ! Z) (per 1 fission) for americium isotopes.

It is seen from Fig. 6 that the whole set of the total delayed neutron yields data cannot
be presented by only one equation as it was done before and each element (isotopes of definite

element) has its own dependence of Ng on parameter - (Ac-32)AJ/Z. The thorium and



uranium isotopes have a similar dependence. The dependence Ny for Pu has the same slope as
in the case of U and Th elements but has a paralel shift relative to U and Th data. The

dependence of Ny on parameter - (Ac-3Z)AJ/Z for the americium isotopes has significantly
different character. Therefore according to these preliminary studies the attempts to introduce
more complicated parameters with the purpose to get better agreement with all experimental
data is doubtful.

Analysis of ENDF/B-VI delayed neutron data

The ENDF/B-VI data was presented in the form of equation (2) and the comparison
was made with the appropriate systematics data. The results of comparison were presented in
fig.7. The systematics data are presented by solid lines. The ENDF/B-V| data are presented by
the separate points. It is seen from the fig.7 that the average half life values for uranium has
approximately the same overall dependence as it is in the systematics data. But it is important
to note that the most studied isotope *°U (having the best known fission yield data) is outside
of the systematics dependence. The discrepancy in the time dependence of DN emission for
% were observed in the reactor based experiments. The dependencies of < t > values for Pu
and Am elements obtained from ENDF/B-VI data base are significantly defer from the
appropriate systematics dependencies obtained in the present work. And as in the case of **U
isotope the < t > value for well studied ***Pu isotope is significantly deferent from the
systematics value. The reason of the observed discrepancies must be carefully investigated.

Conclusion

On the basis of the analysis of DN experimental data it was shown that the average
half-life of DN precursors for Th, U, Pu, Am elements can be presented by the exponential
dependence on the fissioning nucleus parameter -(Ac-3Z2)AJZ within experimental
uncertainties. It was shown that the total delayed neutron yield values for each considered
elements correlate with the appropriate values of the average half life of DN precursors. These
properties of delayed neutrons allowed to obtain the independent systematics of the total DN
yields for Th, U, Pu and Am elements. According to this systematics it was shown that the
well known dependence of Ng on -(Ac-32)AJZ parameter has a more complex structure than

it was assumed until now [8] - each of the considered element has its own Ny dependence on
this parameter.

Preliminary analysis of ENDF/B-VI delayed neutron data on the basis of the present
systematics showed that the DN parameters @; and T; obtained by the summation method
must be carefully checked with the purpose to find the source of their disagreement with
experimental data.

As a result of the present findings some of the possible application of the reported
results are the following. The obtained systematics of DN parameters can be used

- for testing of DN measurement techniques and the L SF procedures;
- for testing the existing DN parameters data base;



- as a criteria for testing the summation calculation procedure and appropriate input
data (P, and fission yields as well as the distribution of precursors between the DN

groups).

Preliminary analysis of ENDF/B-VI data showed that the relative abundances and half
lives data for the most studied in respect to fission yield data (fission yield is believed the main
source of uncertainties in the summation method) ***Pu and ***U isotopes according to the
present systematics are not correct;

- for the prediction of the DN parameters for elements for which there is no
experimental data;

- for the evaluation of the DN parameters. The total delayed yields can be calculated
on the basis of expression (5) and numerical values of the coefficients from the table
4 for the thorium, uranium, plutonium and americium isotopes. Appropriate data for
neptunium and protactinium isotopes can be obtained in the first approximation by
the linear interpolation of the dependence of ds; and dy; coefficients (see table 4)
on the atomic number of fissioning nucleus.

The present systematics gives the possibility to improve the total delayed neutron data
Ng through performing the measurements of the aggregate DN decay curves only.

It should be noted that in the present analysis only the restricted part of the available
experimental information on the DN parameters were used. The uncertainties of the average
half life values must be calculated using the information on the correlation between the DN
group parameters [6]. Therefore the obtained results (the coefficients in the tables) should be
considered as preliminary data. The authors understand that the work must be continued with
analysis of all available experimental information on the DN parameters.

The work was made under the Russian Foundation for Basic Research, grant No. 96-
02-174309.
Acknowledgment

The authors would like to thank Dr. A.A. Goverdovski for his permanent interest,
support and fruitful discussions during this work.



References

[1]
[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

G.D. Spriggs, J.M. Campbell, "A Summary of Measured Delayed Neutron Group
Parameters’, Report LA-UR-98-918, Rev.1, 1998, June 6.

M.C. Brady, T.R. England, "Delayed Neutron Data and Group Parameters for 43
Fissioning Systems', Nucl. Sci. Eng., N0.103, 1989, p.129-149.

G. Rudstam, "Delayed-Neutron Branching Ratios of Fission Products - a Status
Report", Proc. of Consultants’ Meeting on Delayed Neutron Properties, Vienna, 26-30
March, 1979, INDC(NDS)-107/G, P.69.

G.R. Keepin, "Physics of Nuclear Kinetics', Addison Wesley Publishing Co., Reading,
M assachusetts, 1965.

G.D. Spriggs, "In-Pile Measurements of the Decay Constants and Relative
Abundancies of Delayed Neutrons', Nucl. Sci. Eng. 114, 1993, p.342.

V.M. Piksaikin, Yu,F, Baakshev, S.G. Isaev, L.E. Kasakov, G.G. Korolev,
V.1. Milshin, "Measurements of Energy Dependence of Relative Abundances of
Delayed Neutrons and Group Periods of their Precursors from Fast Neutron Induced
Fission of 2’Np", Atomic Energy (in Russian) to be published in 1998.

P. Mohanakrishman, C.P. Reddy, "Estimation of Measured Control Rod Worths in
Fast Breeder Test Reactor- Effect of Different Delayed Neutron Parameters’, Nucl.
Sci. Eng. 122, 1996, P. 359.

R.J. Tuttle, "Delayed-Neutron Yields in Nuclear Fission”, Proc. of Consultants
Meeting on Delayed Neutron Properties, Vienna, 26-30 March, 1979, INDC(NDS)-
107/G, P.29.

R.W. Waldo, R.A. Karam, R.A. Meyer, "Delayed Neutron Yields: Time Dependence
Measurements and a Predictive Model", Physical Review C. Vol.23, No.3, 1981,
p.1113.

A.N. Gudkov, A.V. Koldobskii, S.V. Krivasheev, N.A. Lebedev, V.A. Pchelin, "Yields
of Delayed-Neutron Groups in Thermal-Neutron Fission of ***Th", Sov. J. Nucl. Phys.,
Vol.49, No. 6, 1989, p.960.

A.N. Gudkov, V.M. Zhivun, A.V. Zvonarev et al., "Measurements of the Delayed-
Neutron Yields in the Fission of *°U, °U, *'Np, **Pu, and ***Pu by Neutrons from
the Spectrum of a Fast Reactor", At. Energy, Vol.66, No. 2., 1989, p.100.

A.N. Gudkov, S.V. Krivasheev, A.B. Koldobskii, E.Y. Bobkov, Y.F. Koleganov,
A.V. Zvonarev, and V.B. Pavlovich, "Determining Delayed-Neutron Group Yields for
Fast Neutron ***U and **Am", Sov. Atomic Energy, Vol.67., No. 3, 1989, p.702.

H.K. Saleh, T.A Parish, S. Raman, N. Shinihara, "M easurements of Delayed-Neutron
Decay Constants and Fission Yields from **°U, *'Np, **Am, **Am", Nucl. Sci. Eng.,
Vol.125, 1997, p.51.

C.B. Besant, P.J. Challen, M.H. McTaggart, P. Tavoularidis, J.G. Williams, "Absolute
Yields and Group Constants of Delayed Neutrons in Fast Fission of *°U, #*U, and
2Py, J. Br. Nucl. Energy Soc. Vol.16, 1977. p.161.

G. Benedetti, A. Cesana, V. Sangiust, and M. Terrani, "Delayed Neutron Yields from
Fission of Uranium-233, Neptunium-237, Plutonium-238, -240, -241, and
Americium-241", Nucl. Sci. Eng. Vol.80, 1982, p.379.



Tablel

Experimental delayed neutron parameters

Isotope | -(Ac-3*Z)*Ac/Z | Average half-life,s | Total DN yield, | Reference
%
29Th 102.2222 16.1872 + 1.7429 1.73+0.13 Gudkov(th.)
22Th 95.7889 7.0721 + 0.4071 5.27 + 0.40 Waldo
22Th 95.7889 6.9779 + 0.5897 4.96+0.20 Keepin
Isotope | -(Ac-3*Z)*Acl/Z Average half-life | Total DN yield | Reference
22y 108.9022 14.3717 + 1.3821 0.44 +0.03 Waldo
23y 106.8261 12.2852 + 2.6682 0.74 + 0.04 Waldo
23y 106.8261 12.3962 + 0.9936 0.70+ 0.04 Keepin
23y 106.8261 12.1575 + 1.5285 0.78 + 0.04 Benedetti
25U 102.6087 8.5012 + 0.2417 1.67 + 0.07 Waldo
25U 102.6087 8.8271 + 0.6001 1.65 + 0.05 Keepin
25U 102.6087 8.8378 + 0.9575 1.64 + 0.06 Besant
25U 102.6087 8.7763 + 1.9440 1.59 + 0.04 Saleh
235y 100.4674 7.3477 + 1.1848 2.24 +0.23 Gudkov
28y 96.1196 5.2409 + 0.5470 4.60+0.25 Waldo
28y 96.1196 5.3194 + 0.3599 4.12+0.17 Keepin
28y 96.1196 5.4918 + 0.4496 4.39+0.17 Besant
Isotope | -(Ac-3*Z)*Acl/Z Average half-life | Total DN yield | Reference
28py 109.3298 11.5871 + 2.7142 0.46 + 0.07 Waldo
28py 109.3298 11.2468 + 1.4339 0.41 + 0.02 Benedetti
“py 107.2340 9.9626 + 1.1105 0.65 + 0.05 Waldo
“py 107.2340 10.1544 + 0.5655 0.63+0.03 Keepin
“py 107.2340 10.3506 + 1.3112 0.60 + 0.02 Besant
2py 105.1170 9.0461 + 3.3965 0.88 + 0.06 Waldo(rec.)
20py 105.1170 9.3292 + 0.8691 0.88 + 0.06 Keepin
20py 105.1170 9.7678 + 0.8152 0.91+ 0.04 Benedetti
20py 105.1170 8.3947 + 1.6539 0.88 + 0.09 Gudkov
241py 102.9787 7.5900 + 0.7403 1.57 + 0.15 Waldo
241py 102.9787 7.7299 + 0.7081 1.60 + 0.09 Benedetti
21py 102.9787 7.8503 + 0.8640 159+ 0.14 Gudkov
242py 100.8192 6.5097 + 2.1127 1.86 + 0.09 Waldo




Isotope | -(Ac-3*Z)*Acl/Z Average half-life | Total DN yield | Reference
21Am 109.5368 10.5224 + 1.3794 0.44 + 0.05 Waldo
21Am 109.5368 11.2833 + 1.5397 0.39+ 0.02 Benedetti
“Am 109.5368 10.8596 + 1.1322 049 +0.02 | Sdeh
#1Am 109.5368 9.9757+1.3831 |  ---------- Gudkov
242MAm 107.4316 10.0342 + 0.9304 0.69 + 0.05 Waldo
“8Am 105.3053 10.0646 + 1.3730 0.84+0.04 Saleh

Results of approximation of experimental average DN half life dependence on parameter

Table?2

P=-(A.- 32)*A./ Z

| sotopes | Atomic number ag * a*
(10%)
Th 90 -10.440920 + 0.232768 12.93765 + 0.24030
U 92 -5.686208 + 0.206631 7.645697 + 0.202394
Pu 94 -4.210423 + 0.597558 6.095660 + 0.565445
Am 95 0.378623 + 1.264624 1.812617 + 1.166219
*) the coefficient of the equation IN(&; M) = ag +ay |- (A, - 32) %A, / Z]

Results of approximation of total DN yield dependence on average DN half life parameter

Table3

| sotopes | Atomic number Csi * Coi *
Th 90 6.38930 + 0.19035 -1.27061 + 0.08962
U 92 7.43714 + 0.15498 -2.15597 + 0.07258
Pu 94 8.21954 + 0.55917 -2.73775 + 0.25073
Am 95 16.01973 + 2.77435 -6.05317 + 1.17572

*) the coefficients of the equation In(né) = Cy +Cy AN(&; M) (per 1000 fissions)




Table4

Results of approximation of the dependence of total DN yields on parameter

P=-(A-32)xA/Z

| sotopes Atomic number ds * dy *
Th 90 19.65563 -0.16438
U 92 19.69643 -0.16483
Pu 94 19.74662 -0.16688
Am 95 13.72786 -0.10972

*) the coefficients of the equation

Inng = dg +dy (- (A, - 32)A 1 2),
dy =Cy +Cyag, dy = ayCy
(per 1000 fissions)
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Abstr act

Methods and set-up for measurements of trace level content of fissionable nuclides
based on the delayed neutron counting technique are presented. It is shown that the
electrostatic accelerator based method using the °Be(d,n)'°B reaction as a neutron source
allows to determine the content of fissionable nuclides in ultra trace level (nano gram). New
method for the determination of isotopic content of the sample is proposed. This method is
based on the new systematics of the average half life of delayed neutron precursors for
different fissioning systems.

| ntr oduction

Availability of the method for the identification of ultra trace levels of fissionable
elements (actinides) in samples of varied origins is of great importance for many area of
applications. The commonly used methods of elemental analysis are the neutron activation
analysis (NAA), neutron-induced prompt gamma-ray analysis (PGA), proton-induced X-ray
analysis. The minimum detectable amounts are a function of many factors such as the source
strengths, detector efficiency, geometry, sample quality, interfering reactions and other factors
related to specific experiments. For instance reactor-based PGA method has the highest
sensitivity that allows to obtain for thorium and uranium elements the detection limit
approximately of ~ 1 mg/g [1]. At the present time the alpha spectrometry method with
preliminary chemical separation of actinides is routinely used for the identification of these
elementsin trace levels but it is time consuming.

The method of elemental analysis based on the delayed neutron (DN) activity counting
was estimated as having for thorium and uranium elements the minimal detectable amount ~50
ng [2]. However the developments of more reliable data base for DN parameters and
utilization of high strength neutron sources make it possible to extend the DN counting
technique to quantitative and qualitative analysis of fissionable elements in ultra trace level.

Experimental method and set-up for content deter mination of
fissionable elementsin samples

Experimental set-up primarily was designed and successfully used for the investigations
of the delayed neutron yields from neutron induced fission of heavy nuclei [3]. The set-up was
installed at the electrostatic accelerator KG-2.5 and has the following main parameters: ion
(proton and deuteron) current - up to 500 A, pneumatic sample delivery system - 150 ms and
1 sfor ‘fall down’ sample delivery system, high voltage - up to 2 MV, neutron flux monitor -
calibrated fission chamber, neutron detector - 30 boron counters embedded in the polyethylene
moderator. Neutron detector efficiency is 0.084 with very low sensitivity to gamma-ray
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background of the sample under investigation. The intensity of the neutron background during
delayed neutron counting period is about 0.008 counts/s per 1 mA of deuteron current in case
of the (d, n) neutron production reactions.

The genera equation for elemental analysis on the basis of the delayed neutron
counting can be expressed as the following:

i=m

N(t,) = Axé F :sﬁ X1- exp(- I,Dt,)) >exp(- It ) + B>xDX,, (1
3 e n &@l- exp(-nl . T) 60
F=(1- exp(-1 t Cexp(-1 T ) 2
i ( eXp( iir ))gl- eXp(- I IT) eXp( i )g((l‘ eXp(_ I iT))Z Zi

A=ess] Ning,

where N(t) - the number of counts registered by the neutron detector in the time-channel tg
with time-channel width Dty, ng - the total delayed neutron yield per one fission, B- the
intensity of neutron background, | ; € & - the decay constant and relative abundance of i -th
group of DN, n - the number of cycles, m the number of DN groups, T - the duration of one
cycle of measurements, which includes the irradiation and the delayed neutron counting time,
tir - irradiation time, e - efficiency of neutron detector, j - the neutron flux, s¢ - fission cross
section, N - the number of atoms of fissionable element (nuclide) under investigation.

Equation (1) and the value of parameters of the set-up allow to estimate the
(detectable concentration) detection limit of fissionable elements (as well as minimal detectable
amount) in the samples for the neutron source based on the °Be(d,n)'°B reaction and deuteron
ion current of 500 A [4]. It was assumed that for the reliable analysis one needs to register
one hundred delayed neutron counts above the background. The result of the estimation for
thorium, uranium and plutonium elements are presented in the Table 1.

Tablel

Sensitivity of delayed neutron counting technique in the analysis
of the content of fissionable elements in the samples.

Minimal detectable amount *, g | Detectable concentration *, g/g
Nuclide Fast neutron | Thermal neutron Fast neutron Thermal neutron
flux flux** flux flux**
25y 6.3-10° 1.5-10° 1.3-10° 3.10°
=%y 1-10° 2-10°
Py 1.10° 2.6-10° 1.9-10° 5.10°
22Th 1.7-10° 3.3-10°

*) Amounts which were obtained at the experimental conditions indicated in the text
**)  Degradation of the neutron flux in the neutron slowing down process was taken into
account.



Ten cycles of irradiation and delayed neutron counting were taken into consideration.
The sample irradiation time was 100 s and the delayed neutron counting time was 25 s starting
at 1 s after the end of irradiation. The total time spent for analysis was 1260 s. The estimation
was made both for the fast neutron flux from the °Be(d,n)'°B reaction at 2 MeV deuteron
energy and for the thermal neutron flux which can be easily obtained by slowing down the
neutrons from the neutron target. Degradation of the neutron flux during the neutron slowing
down process was accounted for.

It is seen from the Table 1 that the set-up under discussion affords to determine the
fissionable elements containing in the sample in trace level. Utilization of many cycles
measurements leads to increasing the sensitivities of the analysis. Moreover in contrast to the
gamma rays and alpha particles analysis methods the delayed neutron counting method has no
restriction on the weight of the sample under investigation that also leads to increasing the
sensitivity of the analysis based on the delayed neutron counting. The detectable concentration
of fissionable nuclides was estimated for 500 g sample.

The combination of the fast neutron flux and the thermal neutron flux analysis allows
to make the identification of the isotopic content of the sample.

M ethod of identification of isotopic content of sample

Until now the identification of isotopic content of the sample in the frame of the DN
counting technique was based on the difference between the values of relative abundances of
the definite DN group for different nuclides [5]. This method requires a high statistical
accuracy of DN decay curve [6] and reliable data base for the DN group parameters (decay
constants and relative abundances). The first condition is difficult to reach because of small
amount of fissionable elements in the sample.

We propose another approach for the identification of isotopic content of sample
which is based on the new systematic of the delayed neutron parameters [7]. According to this

systematic the average half-life of the delayed neutron precursors for the isotopes of thorium,
uranium, plutonium and americium elements can be presented by the following expression

aT fi=a, exp[(a, (- (A - 32)*A, 1 Z)], ®)

where index i is related to the certain fissioning systems (thorium, uranium, etc.), Acand Z -
the mass number and atomic number of the fissioning nuclel respectively. The experimental
data on the average half life parameters were obtained using the formula

6
ar i=4aat,,
i=1

where a and t; are the relative abundance and period of the i-th DN group. The above
expression (2) was presented in the form

INT, fi= ag +a,[- (A - 32)xA, | Z] ©)
8y =Inay
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and the appropriate delayed neutron data were analyzed for obtaining the values & and & on
the basis of the least-square procedure. The results of the fitting procedure (solid lines) are
shown in Fig.1. The obtained & ; and & ; values for each of the considered element are
presented in Table 2. Thus all of the known isotopes can uniquely be identified by only one
parameter - the average half life of the delayed neutron precursors. Therefore for the
identification of the isotopic content of the sample one needs to make measurements and the
least squares analysis of DN decay curve with the purpose to obtain the value of average half
life parameter (for the mixture of nuclides). As compared with the six group parameters
analysis [6] such analysis can be done using decay curves with much less statistical accuracy.

Table?2

Results of L SF analysis of DN experimental data

Element as &,
(109
Th -10.44 + 0.23 12.94 + 0.24
U - 569+0.21 7.65+0.20
Pu - 4.21+0.60 6.10 £ 0.57
Am 0.38+1.26 1.81+1.17
e
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Fig.1. Systematics of the average half life of delayed neutron precursors



In case of presence of two nuclides in the sample the obtained value <T,,> is
connected to unknown value of the fractional amount of the number of atoms of nuclides 1
and 2 by the following expressions

<T12>= (N1S1] M<T;>+ NySz] M<T,>)/(N1S1] M+ N2S2] NMy),
m+ my=1,

where n; ,n, - the total delayed neutron yields related to nuclide 1 and 2, s; , S, - the fission
cross section of nuclides 1 and 2, <T,;> ,<T,> - the average half life of DN precursors of
nuclide 1 and 2, my, m, - the fractional amount of the number of atoms of nuclide 1 and 2
respectively, | - the neutron flux through the sample.

In case of tree nuclides in the sample with two of them which are fissionable by thermal
neutrons (for example *°U, **U, **Pu ) the combination of the fast neutron and thermal
neutron flux analysis will give respectively the average half life values <T;, > and <T;,3> for
the mixture of nuclides which are connected to the fractional amount of the number of atoms
of nuclidesm, , m, , and m in the sample by the following expression

<T12>=(N1S14 thM<T1>+ N2S2 1] thMp<T>)/
o d(N1S1 th M+ N2Somj M),

<T125>=(N1S1) M <T1>+N2Sx] M <T>+N3S3z) {Mz<T3>)/
L J(N1Sy] fMAN S 1 Mp+NgSaj M),

m + mp + mg =1,

where s1 th, s1f and j th, j f - are the fission cross sections and the neutron fluxes for
thermal and fast neutrons respectively. <T > values for thermal and fast neutron induced
fission of al fissioning system were assumed to be equal.

Conclusion

The DN counting technique coupled with the electrostatic accelerator based neutron
source °Be(d,n)'°B is a powerful instrument in performing the analysis of trace level content of
fissionable elements in the samples of varied origins. The combination of thermal and fast
neutron measurements and the analysis of the appropriate aggregate decay curves with the
purpose to obtain the average half life parameters affords to extend the possibilities of the
techniques to the identification of the isotopic abundances in the sample under investigation.

The work was made under the Russian Foundation for Basic Research, grant No. 96-
02-174309.
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