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Abstract In the procedure of neutron fluence measurement in the whole energy range (104eV~18 MeV), in the irra-

diation chamber of a UZrH reactor, the neutron energy spectra are unfolded using the method of minimizing directed

divergence and SAND-II, which are used broadly at home and abroad. These methods belong to the iterative methods.

In this article, the procedure of the spectra unfolding using the two methods is described in detail. The neutron spec-

trum distribution unfolded by the two methods agree well with each other. In the end, the major differences of the two

iterative methods are compared with each other, and the main factors affecting the accuracy of the spectra unfolding

with the iterative method are discussed.
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1 Introduction

The neutron spectra measurement is often made
by means of foils. The foil is placed in the position of
interest, irradiated for a known time, and then the
quantity of some radioactive nuclides produced is as-
sessed by counting - or y- radiation. Thus, an estimate
of the reaction rate for the production of the nuclides is
obtained.

By using materials with a cross section, which
vary with energy in a distinctive manner, an estimate
of the neutron spectra can sometimes be obtained. In
the pulsed case, the activated foil detectors satisfy the
following type of activation integral equations:

D Ao BB 12ed )

where [ is the number of the foil detectors used in the
experiment, 4;is the experimentally determined activ-
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ity per target nucleus of the i™ foil detector at the end
of the neutron pulse emission, ¢(E) is the ener-
gy-dependent activation cross section, 4; is the decay
constant of the /" foil detector, ¢ (E) is the neutron
fluence per unit energy interval.

The procedure of determining unknown neutron
fluence spectra by solving Eq. (1) is called unfolding
spectra. As the relations among gi(E), ¢ (E), and E are
very complicated, it is very difficult to solve Eq.(1)
directly, and the neutron fluence can be approximately
solved only under some hypothetic conditions. Hence,
different assumed conditions form different methods
for unfolding spectra. The development of solving
spectra can be divided into two stages: -2 the stage
before 1967 can be summed up as the solving “accu-
rate” spectra stage. There are many different methods,
such as, the subsection approximation, the zigzag line

approximation, various orthogonal polynomial expan-
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sions and so on®>*. The activation equation (1) is ex-
panded in different forms by the methods mentioned
above, and later the solution for the spectra is resolved
by solving Eq. (1). The solution of neutron fluence is
unique, because the number of the unknowns is equal
to that of the equation, however, sometimes there may
exist some inappropriate perturbations on the shape of
the differential fluence, or some values of the solution
may be negative, in which case these solutions do not
have any physical meaning.

After 1967, the iterative method was introduced
to overcome the shortcomings of the methods men-
tioned above. As the number of equations in this case
is much less than that of the unknowns, the freedom of
the system is rather high, and the iterative method can
only come up with an appropriate solution according
to the physical conditions. The iterative method is bet-
ter in many aspects than the above-mentioned methods,
and it is used extensively. The typical method is
SAND-II B, SAND-II is used most extensively, and
the method itself has been improved. Besides, the
method of minimizing directed divergence is consid-

ered to be one of the better spectra unfolding methods.

2 Basic principle of the iterative method

The iterative procedure of solving neutron flu-
ence using the iterative method consists of the follow-
ing steps: (1) the discretion of Eq.(1) at the first step;
dividing the whole energy region into J intervals , with
J>>[. Under this condition Eq.(1) can be written as:

J
A =24 0,0AE, 2)
Jj=1
AE; =E;, - E,
i=12,1
J=12,0d

where J is the total number of energy intervals, ¢ is
the differential fluence of the j" energy interval, AE; is
the width of the j" energy interval, and o; is the reac-
tion cross section of the i foil in the j™ energy interval;
(2) selecting an initial approximate input spectrum

¢? (G = 1,2,-+-,J) based on all the physical information
available for the given case; (3) calculating the activi-

ties A’ (i = 1,2,---,]) of the foil detectors by inputting

¢j9 into the linear equation (2); (4) comparing the

calculated 4’ with the measured activities 4" (I =

1,2,:++,1), and then, after the first iteration, the iterative

spectra ¢jl. can be obtained by modifying the initial
spectra ¢j(.’ with the difference between the measured

and calculated activities; ¢Jl. (G =12, ), as the new

input spectra, are used to calculate the foils’ activities
again. Repeat steps (3) and (4) until the iterative spec-
tra satisfy a certain criterion. The last iterative spectra
are the solution.

SAND-II and the method of minimizing directed
divergence, all belong to the iterative method, and the
principles of unfolding spectra by the two methods are

introduced briefly as follows.

2.1 SAND-N

This method was studied successfully by Berg
and McElyoy.l*! The whole energy range of the spectra
unfolding is of 104 eV~18MeV, which is divided into
620 energy intervals. The basic algorithm of the pre-
sent method is described as follows:

After k™ iteration, the calculated activity of the i™

foil in the /™ energy interval is given as
A; = 4oyp; (Ef+1 _E.i) G)

The total activity of the i foil after k™ iteration is

written as
k z k
A" = Z A 4)
=

The ratio of the measured activity to the calcu-
lated activity of the i foil after the k™ iteration is de-
fined as

Mik = Aim /Ai/t %)

To minimize the distortion of the solution’s shape,
the smoothing weight functions are introduced to
smooth the spectra before each iteration. The smooth-
ing weight functions are defined as



No.2 LIU Shuhuan et al.: Unfolding the measured neutron spectra in irradiation chamber of UZrH reactor with iterative method 79

(545 +24"% — 4%)/ 64" j=1

= ZAiIZ( (1, =1, +1)Av'k

1=,

(54 +24;

I<j<J (6)
—A4},)/64" j=J

where /1 and /; are defined as

1 =23, (N-1)/2
1 =1j—(N=1)/2 j=(N+1)2,-J-(N-1)2 (7)
2j—J j=J-(N=3)/2,++J-1
2j-1 =23, (N-1)/2
1,=j+(N+1)/2 j=(N+1)/2,-- J-(N-1)/2 (8)
J J=J-(N=3)12,+ J-1

where the odd number N is the maximum number of
points used in the smoothing weight functions, the
minimum value of N is equal to 5. Using Egs.(5) and
(6), an activity-weighted term Cf can be calculated

using

The iteration is then performed by

4" =4} exp(C)) (10

2.2 The method of minimizing directed divergence

The present method is provided by Doroshenko et
al. . The energy range of spectra unfolding is of 0.4
eV~10 MeV. The iterative algorithm can be summa-
rized as

4" (E)

( ) Am
- Z{ g } (11)
I ” (E) Am L
Z

i=1 ,'

where 4" is the measured activity of the i foil, A4° is
the calculated activity of the /" foil after k™ iteration.

2.3 The criterion of stopping iteration

There are three independent conditions for stop-
ping the iteration procedure: (1) if the value of QX is
smaller than the one value defined as input, where O
is the standard deviation of the ratios of measured ac-

tivity to calculated activity, which is expressed in per-

cents:

{ Z( Am } x100  (12)

(2) if the standard deviation becomes stable within less
than 1% in two successive iterations; and (3) if the
maximum number of iterations specified by the input
are achieved.

2.4 Neutron self-shielding correction

The neutron field will be disturbed when foil de-
tectors (especially the cadmium-covered foils) are
placed in it. The disturbed neutron field is generally
corrected by a self-shielding factor. If the neutron en-
ergy is considered to be the same in every single en-
ergy interval, the neutron self-shielding factors Gj; of
every energy interval can be calculated. Then the reac-
tion cross section of every energy interval can be ex-

pressed as
efflj Gl
i=1,2,---,1 (13)
=12, J

The algorithm of G;;can be found in Ref. [5].

3 Solution

To measure neutron fluence spectra of the whole
energy range in the irradiation chamber of UZrH reac-
tor, 21 types of foil detectors (listed in Table 1), which
are sensitive to different energy regions, are used. The
cross-section data are obtained from the cross section
library ENDF/B-6. All the foils are placed at the center
of the irradiation chamber, with the distance between
the experiment point and the front chamber being 50
cm. The foils are activated even as the pulsed reactor
emits a pulse. Then the experimental (or measured)
activities of the foils are measured with an HpGe
spectrometer. The values of both the measured activi-
ties and the cross sections of the foils are put into the
solving spectra program (NFLUX), which was made
by the first author of this article. As no information has
been obtained regarding the distribution of the neutron
fluence in the whole energy region before the spectra
unfolding, an arbitrary initial spectrum has to be se-
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lected, to iterate initially, and then smooth the shape of
the iterative fluence by hand. The smoothed spectrum,
as a new initial spectrum, is put into the program to
iterate until an appropriate solution is obtained. The
uncertainty of the solution fluence is calculated using
the Monte Carlo method [* 71,

Table 1 Comparison of the measured with the calculated activities

The shapes of the solution neutron fluence ob-
tained using the two methods are plotted in Figs.1 and
2, respectively. The uncertainties of the results in eve-
ry energy group are from 10% to 30% . The compar-
ison of the measured with the calculated activities is
listed in Table 1.

Reactions Measured activity Uncertainty Calculated DeviationV  Calculated Deviation®
Ai/Bq per target of measured activity® 1% Activity® 1%
nucleus activity/% Ai/Bq per target Ai /Bq per target

nucleus nucleus

Na?¥(n,y) Na?* 5.56 x 1071¢ 4.69 5.71 x 10716 2.63 5.47x10°1¢ 1.68

Al”’(n,0.) Na?* 3.78 x 1071° 4.26 3.93 x 1071 3.88 4.06x10°1° 7.45

Al¥(n,p) Mg?’ 1.82 x 10716 3.98 2.01 x 10716 9.76 2.09x1071¢ 14.3

In'"(n,y) In'om 522 x 10712 4.42 5.20 x 10712 0.34 4.25x10712 18.7

Cl¥(n,y) C138 1.09 x 10714 3.78 1.11 x 10714 2.06 1.06x1071 2.44

Sc®(n,y) Sc# 2.08 x 10716 3.07 2.19 x 10716 5.34 2.09x1071¢ 0.61

Ti*(n,p) Sc* 419 x 10720 4.19 4.08 x 10720 2.71 4.20x10720 0.26

Ti*(n,p) Sc*’ 1.65x 10718 4.32 1.89 x 10718 15.2 2.16x10718 30.1

Ti*¥(n,p) Sc*® 5.18 x 10720 5.07 4.82 x 10720 6.89 4.81x10720 7.04

Zn%(n,p) Cu® 2.14 x 10777 4.16 2.23 x 1077 6.92 2.51x107V7 20.3

Cu®(n,y) Cu®* 5.54 x 107 3.28 5.75 x 10713 3.90 5.58x10713 0.73

Co¥(n,y) Co® 1.31 x 1077 3.01 1.32 x 107V 0.85 1.30x107"7 0.029

Ni*%(n,p) Co*® 472 x 1071 5.12 410 x 1071 13.1 4.60x1071° 2.53

Mg?(n,p) Na?* 8.90 x 1071° 4.34 8.95x 1071 0.63 9.23x1071° 3.71

Mn>’(n,y) Mn*®  8.61 x 10714 3.55 8.51 x 10714 1.06 8.16x10714 5.19

Fe’*(n,p)Mn** 7.89 x 10720 5.01 7.90 x 10720 10.1 7.90x1020 0.15

Fe*(n,p)Mn*¢ 3.33x 10718 3.25 3.33x 10718 0.07 3.32x10718 0.34

Au(ny) Au'® 463 x 1074 3.08 4.63 x 10714 0.15 4.59x10714 0.86

Mo®%(n,y) Mo” 1.09 x 10716 3.12 1.09 x 10716 0.13 1.09x1071¢ 0.054

Lu'’%(n,y) Lu'””  3.96 x 10713 3.01 3.91 x 10713 1.07 3.36x10713 15.0

Dy!%(n,y)Dy!®  1.85x 107! 3.17 1.63 x 10711 11.0 1.57x10711 14.5

(1) Results calculated with SAND-II; (2) Results calculated with the method for minimizing directed divergence.
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Fig.1 Distribution of E)~E solved by SAND-II.

4  Conclusions

The results obtained using the two methods men-
tioned above agree well with each other, but their
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Fig.2 Distribution of dE)~E solved by the method

of minimizing directed divergence.

spectra in the intermediate energy region have a little
difference, because the iterative neutron spectrum us-
ing the method of minimizing directed divergence is
not smoothed before each iteration step. The values of
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the calculated activities using the two methods agree
well with the measured activities. In the whole proce-
dure of spectra unfolding with the help of the iterative
method, the main characteristics of the method can be
summarized as follows: (1) the selection of the initial
input spectrum has some effect on the accuracy of the
solution spectrum. The iterative spectrum is especially
dependent on the initial spectrum in the energy region
where there are no sensitive detectors; (2) the uncer-
tainty of the measured activity has more effect on the
accuracy of the iterative solution than that of the cross
section. If the value of the measured activity is bigger
or that of the cross section is smaller than the real facts,
peaks can form in the iterative spectrum, in the foil’s
sensitive energy region; on the contrary, dips are
formed in the shape. This influence can be a little
weak in the foil’s insensitive energy region; (3) the
distribution of the obtained differential neutron fluence
uncertainties is not well proportioned, the values of the
solution’s uncertainties are smaller in the energy re-
gion, which is covered by sensitive foils, otherwise
they are larger. The difficulties, rather inherent in the
problems of foil coverage and activity measurement,
are the non-uniqueness of the solution, and incomplete

or inaccurate evaluations of the reaction cross-section

data. Physically unreasonable structures in the solution
spectrum can therefore be minimized by careful ex-
perimental planning and execution, to assure sufficient
foil energy coverage and accurate activity measure-
ments. This can be done by utilizing all physical in-
formation available, to select an appropriate initial
input spectrum, and by acquiring sufficiently accurate
cross-section data.
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