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ABSTRACT

A new iterative unfolding code, TWOGO, was developed to analyze Bonner sphere
neutron measurements, The code includes two different unfoldiny schemes which
alternate on successive jterations. The iterative process can be terminated
either when the ratio of the coefficient of variations in terms of the measured
and calculated responses is unity, or when the percentage difference between the
measured and evaluated sphere responses is less than the average measurement
error. The code was extensively tested with various known spectra and real

multisphere neutron measurements which were performed inslde the containments of
pressurized water reactors,
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INTRODUCTION

Numerous Bonner sphere neutron measurements were performed to characterize
neutron flelds inside pressurized water rcactor (PWR) containments for neutron
dosimetry purposes(loa). A code, TWOGO, which utilizes two different unfolding
methods was developed to obtain approximate solutions of the neutron spectral
distribution from a limited number of measurements. The Gold'® and Srofield
iterative techniques are identical and can be applied with some success to unfold
Bonner sphere neutron measurements(gh therefore they were selected as one of the
methods. The second is TWomey‘s(s) iterative nonlinear unfolding technique., The
latter 1s applied to a mathematically identical problem, the indirect estimation
of particle size distributions from a limited number of measurements of the number
of particles transmitted through filters with known filtration characteristics.
Both methods provide nonzero and positive solutions, on the condition that the
initial estimates are also nonzero and positive.

The simultaneous use oi two different methods 1In one unfolding code is
somewhat unique, The selection of the two methods used here is based on
extensive numerical experimentation and computer tests, which Indicate that the
two methods when used in conjunction provide faster convergence and more stable
solutious of multisphere measurementis than by using only one or the other of the
methods, Moreover, a somewhat novel arresting coundition is applied in the
unfolding code, and a part of that arvesting coundition is bullt into the first
algorithm. The 1IWOCO code 1s short and the unfolding time is reasonable, only
3 minutes per spectrum on the IBM 360-60 or 1.5 sec on the CDC-6600 computers,
This advantage might make the present code applicable to microcomputers, where
the length of the code and fast convergence are essential,

The determ?-ation of a physically appropriate neutron spectral distribution
1s a formidable problem since in this case the neutron spectral information in
26 energy intervals 1s attempted tv be obtained from as few as six measurements.
Also, in practlce, multisphere neutron measurements have varying and occasionally
very poor counting statistics, such as 50% (one standard deviation) in an extreme
case. [If thermoluminescence detectors arve used in place of a single eLiI(Eu)
scintillator, as the thermal neutron detector at the center of the Bonner spheres,
neutron spectral and Intensity variations may occur over the extended location
where the seven detector system is spread out. This may cause variations 1in
the individual detector response in excess of the expectnd experimental errors,
Also, incorrect subtraction of the unwanted accumulated TL signal during handling
and transit can cause serious errovs.

To extract a physically approprilate solution when lacking sufficient measure-
ments, a priori conditilous are utilized; these pertain to the smoothness of the
derlved spectrum, a rapldly declining differential neutron flux at the high enevrgy
end of the spectrum, the knowledge of the gencral shape of the trial vector, and
a positive nonzero solution, Extensive computer tests with experimental data,



as well as pseudo and perturbed pseudo measurements show that the present
unfolding code performs very well provided proper arresting conditions and trial
vector are used. The spectral results are very good for up to 10% random measure=-
ment errors, are good for up to 20% random errors, and are quite acceptable for up
to 50% errors, The integral quantities, such as neutron flux and dose-equivalent
;ates are accurate within *20% even for 50% random errors. These accuracies can
be considered acceptable for routine neutron dosimetry purposes,

NEUTRON SPECTRAL DETERMINATION

The use of a few spherical moderators with thermal neutron detectors at
their centers to determine the neutron spectral distributlon in a wide energy
range, In an unknown field, was suggested by Bouner in 1960(6). The system
conslsts of a few, 6 -~ 11, spheir.cal polyethylene moderators with 6LiI(Eu) or
1OBFS proportional counters at their centers which measure the (n, &) reaction
rates, The true counting rate, Yi’ measured with the ith Bonner sphere is
defined as

Y, =Io R, (EXp(E)dE, (1)

where R;(E) Is the response function of the 10 Bonner gphere and @ (E) is the
true differential neutron flux, The experlmentally determined counting rates,
By, arc subject to the errors, éi, and cannot be expected to be equal to Yis
which is to say that

B, =Y, +€,. (2)

Since the detector response functions, R, (E), are known only In group averaged
and discretized form, with matrix elements Aij’ Equation 1 is rewritten iIn
discretized form as the set of quadrature formulae,

Bi=<2:l Aijl'jALj'*ei, i=1; v ’nl (J)

where m is the number of detectors, n is the number of energy intervals, €y is
the combined experimental measurement and response matrix errors, and F; 1s the
differential neutron flux in energy interval j., A consequence of the conversion
to quadrature formulae, when n is small and the energy intervals are wide, is
that the solutlon vector T for the neutron spectral distribution, even when all



€y = 0, will only approximate the true differential neutron flux ©(E). Therefore
the scope of this report is not to solve Equation 1 for ¢(E), but rather to

obtain approximation of it in the form of ¥, Since the number of discretization
or mesh points, n, 1s larger than the number of response functions, that is the
number of Bonner spheres, m, the solution of the discretized equations, Equation
3, is not unique. In practice, approximate mathematical techniques and a priori
conditions may be used to extract physically acceptable solutions. Another source
of nonuniqueness 1s that, even if all €, = 0, the finite resolution of the
experimental device destroys some of the information in the true differential
neutron flux, Q(E), such as the effects of closely spaced resonance absorption‘v).
Generally, at least for dosimetric purposes, a solution vector, f, is acceptable
1f the calculated detector responses corresponding to ¥ are in good agreement

with the experimental responses. Furthermore, certain minimum conditions have to
be satisfied, such as the sum of the error squares, Q (as obtained from Equation
3 by substituting the solution vector T obtained yet in an undefined way) which
has a minimum value and can be written as

1 iq
= e 8
min Q - L 6‘1 4)

The energy range of the neutron field in the PWR containment with fission
spectra as sources covering 10 decades and the selected energy intervals of the
response matrix A of Equation 3 are distributed fairly uniformly on a logarithmic
scale, Therefore, it is convenient to express the energy on a logarithmic scale,
and in the case of the TWOGO code, in base 10. The lethargy here is defined by the
integral form

u = log (E/1 MeV),
that is
E = 10", (5)
or the differential form

dE = 1n 10 Edu, (6)

The true differential £lux ®(E) can be obtained in terms of neutron flux per unit
lethargy, C(u),

d
Q(E) = C(u) Ei\i = C(u)/(ln 10 E) (7a)
or the discretized differential neutron flux, Fj’ in terms of discretized C

J)

&3.!



Auj
Fjucjﬁ;’ y=1, ..o, m. (7b)

Then Equation 3 can be written as

Z Aijchuj +e i=1, ..., m. (8)

To extract 1 physically acceptable solution, E, which also satisfles Equation
4, or a similar requirement, two recursion formulae are applied. First, according
to Twomey's procedure, one starts with a trial vector, E°, whose general shape is
the same as E(u), the true solution of Equation 1, At each iteration, the previous
solution 1s modified over the entire reglon where the response function is nonzero,

and the (4 + 1) estimate of Cj is

=[1+Ki<

) 1) maitAAuAu )] €

b

I
—
=

J=1 ... ,n
k=1, ... , n )
where
n
*-ZAcza i=1 (10)
By = 1j7] uj’ SR W

th
1s the calculated response of the 1 Bonner sphere in terms of the trial or the
previous solution vector (7,

The scaling factors K, in Equation 9 have two purposes, namely:

1

1, Ki regulates the rate of convergence and prevents oscillation, and

2. K, may include a welghting factor, W

i
min(P,)
W, o= ""T‘L (11)
i
to obtain
K, =Kw , £ =1, ... , m (12)



whore K = 0,5 and Pi is the one standard deviation error assoclated with the ith

sphere measurement, min(Py) being the minimum value of these errors, i.e. the
error of the best measurement,

The introduction of a welghting factor is an addition toﬁTwomey's recursion
formulae. The modification of the previous solution vector, C, is repeated in
sequence for all the m detectors, preferably in order of increasing statistical
accuracy.,

While using Twomey's algorithm no restrictions are placed on the random
error components, on the other hand, the Gold(a) and Scofield(4) algorithms,
which are incorporated into the present code, only evolved from '"the application

of this method tec an exact problenfﬂa) . Therefore, let all e¢; = 0, and using

rewrite Equation 8 in matrix form.

-3 )

B = GC (13)
"F = ¢'G¢ (14)
or
Vo= 7C (15)
where
L o= GTG.
The pseude inverse
| T (ORI (16)
results In a solution of
T =A% (17)

which 1is not unique since m < n, There are more unknowns than equations in
Equation 13, which 1s called the underdetermined case, and LEquation 13 has an
Infinite number of least square solutions. The scolution is the best in a least-
square sense and 1s of minimum length(a).



When the rank of a matrix is very high, as in this case, the determination
of A¥* 1is not very practical and an iterative technique can replace the direct
matrix inversion method and still obtain a solution for C. The Gold and Scofield
algorithm offers an alternate solution of ¢ from Equation 15, Starting with a
trial solution, the approximation to T Ls obtained at each (k + 1) iteration via
the recursion formula,

-cv/}:njjLj P=1, e, (18)

k L+
where C, = C 1 of Equation 9,

J N

These algorithms, Equations 9 and 18, are repeated until min Q (specified
later) 1is found, or a point is reached where the rate of convergence is so poor
that any further iteration is of little value,

It was observed when using only the Gold and Scofield recursion relation
that the convergence might not be monctonic at all times and an occasional local
minimum might precede the true minimum'®s ) | This was manifested in the failure

of an arresting condition which simply required that the residue, S, defined as

m

S = Z (Bi-B’;)Q

1=1

reaches a minimum value. In the 1WOGO code, to avoild the termination of the
jteration after such an occurrence, the test for the minimum is performed on the
mean value, Q,, of two average absolute fractional differences of the last eilght
or twelve 1lterations. The new test quantity min Q1 ls defined as

win Q1 = (Pg + PS)/Z, (19a)

1
where PZ is given by
%

i B
Z ,1 . -' (19b)

S

and ls Lhe average absolute fractional difference between the measured and calcu-

lated responses in terms of the measuved sphere counts, and Pg is glven by



'v
]
]

m
z (19¢)

1=l

" Lf"

and 1s the average absolute fractional difference between the measured and calcu-
lated responses in terms of the calculated sphere responses. The values of Qq,
PY, and P? can be converted to percentage values by simply multiplying the
quantities by 100. These percentage values of these quantities will often be
used instead of the fractional values.

There is a close relationship between the value of PE and the correction
term of Twomey's algorithm, Equation 9. According to thils term, convergence 1is
reached for the 1D detector if Bi/Bf = ], Due to the measurement errors of By,
simultaneous convergence cannot be expected or achieved for all m detectors
simultaneously, It 1is not unreasonable, however, to expect that in the case of
statistically good measurements both PQ and Pg, or even the sum of them also will
reach a minimum value in the neighborhood of the gsame number of iterations, which
is expressed above by Equation 19a,

The conditlon for terminating the iterations can be further improved 1f, in

conjunction with Ql’ a second test quantity, here called the convergence criterion,
Qy» defined by

Q, =1~ =, (20a)

also reaches minimum or optimal value, Pgn is the coefficient of varilation between
the measured and calculated sphere responses, and Ls

m Ba‘r 2

nn o . -l)

o z (1 i (20b)
1=1

similarly P;n is
m B, 2
NG ERY (20¢)

{=1 1

The supposition that min Q; is a good arresting rondition is based on the
following arguments. Starting out with a reasonable Lrial vector, Eo, the conver-
gence per Ilteration near a physically acceptable solution should be uniform and
both P?“ and P must be small and converge to the same quantity. In other words,
1if m is large enough the fractional differences should have zervo mean. Therefore,



a solution vector C is acceptable if the ratio P:n/Pgn is equal to unity, or Qg

zero.,

The numerical values of Qq and Q, during and at the end of the iterations
help to qualify the solution vector indlcating whether it is acceptable or not,
Here four scenarios will be discussed, which based on numerical experimentations
can be expanded;

Q > 0 |Q2| >> 0
0, >0 = 0
Q= O lq,| > 0
Q= 0 ‘Qzl ~ 0

and these might indicate:

1. Bad measurement, not a reasonable trial spectrum, too few or too many
lterations,

2, Poor quality measurement, however, the solution vector is reasonable and a
situation occurred where once of the measurements, say By, might also be
suspect, TIf the iteratlons are continued, oscillation will set in,

3. The trial vector probably is not a good starter or the iterations already
have gone too far, and the optimal solution vector already has been passed.

4., The quality of the measurements is good and the solution vector is acceptable.

‘hese ideas are implemented in the computer code and illustrated later in the
unfolding of real and pseudo measurewments,

A false minimum of Q1 or Qp can be avoided 1f the following conditions are
met. Let TX denote Q; after the kD jteration, Then, using an eight point test,
the iteration cycle is stopped Lf

- k- - - - -
T 2 Tk > and T( 6 P Tk } and Tk ! T ’l‘k 3 and Tk z Tk 2.

A more stringent test is the twelve point test. In this case the iteration
is terminated if

- - - - - - -l
R B AP L P L N



Generally 1f min Qp 1s not found, however the value of Q; Is less than a preset
value, say 5%, the unfolding procedure is terminated at 100 iterations, otherwise
at 200 iterations. The Intermediate results at 100 Llteratlons are also printed,

The selection of trial vector & will affect the rate of convergence and
its choice should depend on the nature of the measuvements. To unfold PWR
contalnment neutron measurements, the trial vector may be one of the calculated
typical scalar neutron flux spectra emergent from various reactors at mldcore
plane. Similarly, to unfold cosmic-ray neutron measurements, a 1/E neutron
spectrum is a good trial vector,

THE TWOGO TEST RESULTS

The performance of TWOGO was evaluated. ‘'The operation and use of the
arvesting conditions based on the test quantities Q; and Q,, as discussed in the
previous section, were tested by unfolding exactly known spectra, such as pseudo
mulfil-sphere neutron measurements based on calculated recactor, accelerator
shielding, cosmic ray, fisslon, and mono-energetlc neutron spectra., A set of
eight detector pseudo measurements werec usced Iin all the tests and the neutron
spectra were unfolded Into 26 energy bins, from thermal to 25 MeV neutron
enargles, The test spectra were smooth and continuous as well as mono-enevgetic
to test the rate of convergence., The accuracy of derived quanticies such as
total neutron flux, average energy and dose, was tested with pseudo measurements
having knowu random measurcment errors Incorporated Into such measurements.,
These pseudo measurements were geunerated by random sampling from the cumulative
Gausslan distributions. 'These data sets have mean values of the exact pseudo
multisphere detector counts used in the tests, and the standard deviations are
taken to be 5, 10, 20, 30 and 504 of the wean values,

The following test spectra were used to generate the pseudo measurements:

1. llomogeneous water - moderated reactor neutron spectrum in the core position

(1, 0)®)

2. Homogeneous water - moderated reactor neutron spectrum in the beryllium
. 8
reflector position (10 - Be)( ',

3. 0ak Ridge Health Physics Rescarch Reactor leakage neutron spectrum at 3 m
distance from the core (HPRR)(9>.

4, Accelerator side-shielding uneutron spectrum on the outside of a 2 kg/cn?
thick lron shield (2 kg Fe)uo).

5. Cosmic-ray neutron spectrum in the atmosphere (COSMIC)Ol).



6. Bare *°% Cf fission neutron spectrum assCf)O” ‘

7. Monoenergetic neutron sources in any one of channels 1, 3, 9, 15, 18, 22
and 25.

These spectra were used originally to test an unfolding code which uses only
the Gold and Scofield algorithnél-e),

Exact Pseudo Measurements

In this section the operation of the code is 1llustrated with pscudo measure~-
ments based on exactly known spectra. The unfolding is terminated 1f min Q1 is
found, or at 200 iterations. In this section the value of the test quantity Qp 1is
not. used yet to terminate the lteratlons.

To unfold the exact pseudo measurements to 1% accuracy, that is Q; s 1%, only
~40 lterations are needed., However, practice showed that about 200 iterations are
needed to obtain on the average less than 0.1% deviation among the input and
output multisphere counts as measured by Ql‘ Such high accuracy has only minor
interest in neutron dosimetry, since in practilice the staitistical errors in the
measurement distribution usually have a much larger average relative standard
deviation than 0,1%,.

The results of unfolded exact psecudo measuremernts based on the two moderated
reactor spectra, 10 and Hy0 - Be, after 100 and 200 itevations respectively, are
compared with the true spectra In Figures 1 and 2, The convergence of each of
these pscudo measurements 1s excellent and the average percentage deviatlons as
measured by P; are 0,08 and 0.19, 'The values of the test quantity Qy, Equation
20, are 9.00 in both cases, which indicates chat the residuals are nearly randomly
distributed around a zero mean and the quantitles Pg and PE are equal, From the
progress of the iterations during the unfolding, rapld convergence is observed at
the first 20 iterations after which the improvement 1is less than 0.02% per
lteration. The unfolding of the HPRR leakage spectra also produced excellent
results, 0.19 average percentage difference as measured by Pg and Q, is 90,01 at
20 iterations. The integral quantities are reproduced to within 1% or better,
The trial vector in all three previous cases was a calculated midcore leakage
spectrum of a PWR,

Although not the primary purpose of this code development program, 1/6 type
neutron spectra were also unfolded. ‘The unfolded results of the accelerator
side-shielding and cosmic~ray ncutron spectra ave comparcd with the true spectra
tn Figures 3 and 4, ‘The number of iterations are 115 and 200, respectively, The
average percentage errors measured by Pg are 0,63 and 0.12, and Q, are 0.0% and
9.00, visual {nspection of the progress of the unfolding, that is the value of
Pg, PE and Q, indicated that the unfoldings proceeded smoothly, and the conver-

gence is qulte rapld, ‘“The unfolded cosmiceray spectrum shown {s obtained at a

- 10 -



very broad local minimum of Q; at 115 iterations., Although the convergence
resumed agailn at 130 iterations, there was no significant change by 200
tterations, Both of the unfolded spectra are in very good agreement with the
true spectra, even though the small peak in channel 16, corresponding to 17 keV,
of the accelerator side shlelding spectrum is not exactly reproduced, The

trial vector in both cases was a 1/E neutron spectrum,

The accelerator side-shielding and cosmic~-ray neutron spectra were also
unfolded starting with a reactor-type trial vector, Convergence in both cases
was satisfactory. lowever, the integral quantities, after an equivalent number
of {terations as done with the 1/E trial vector, were only accurate to about 4%,
The reason for the discrepancy is due to the order of magnitude of the dlfferences
between the reaclor type trial spectrum and true spectrum in energy bilns 24, 25 and
26,

The energy response of neutron detectors and spectrometers is usually calcu~
lated, and the detector responses are normalized with the aid of neutron sources
whose absolute neutron emission rate and spectral characteristics are known, Such
absolute calibrations of neutron spectrometers can be performed with bare 283 ¢¢
fission neutron sources and monoenergeltic neutron sources. Accordingly, TWOGO
was tested with pseudo measurements of 282 0f fission and monoenergetic neutron
sources,

In Flgure 5 the unfolded results of the exact pseudo 383 ¢f fisslon and true
neutron spectra are compared. At 200 iterations the agreement in the energy
interval from 14 keV to 15 MeV, where more than 99.5% of the total neutron flux
is present, 1s quite good. The integral quantities are reproduced within 2%, and
at least 600 {fterations would be needed to get better than 1% accuracy., The
total flux, however, is accurate to 0.2% after 200 iterations. A slightly moder=
ated fission spectrum was used as the trial vector,

The unfolding of exact pseudo measurements of the varilous monoenergetic
sources converges quite slowly. The selectlon of a proper trial vector, however,
could speed up the convergeuce, lere the same trial vector was used as in the
case of the unfolding of the earller moderated reactlor neutron spectra,

The monoenergetlc pseudo measurements in energy bins 1, 3, 9, 15, 22 and 25
were unfolded individually each to 400 and 1200 lterations and are compared in
Figure 6 showing the percentage of the neutron flux per energy bin versus energy
bin (100% is perfect agreement). Due to the shape of the trial vector, which iz
a reactor Lype spectrum, no fast convergence is expected, In unfolding measure-
ments with filtered neutron beams such as scandium or 1iron, the trial vector
should be compatible with the reasurements, The total neutron flux aund dosimetric
quantities after 400 lterations 1is quite accurate, to within 2%, Only the average
energy shows slow convergence, and about 300 iLterations are nceded to obtain 2%
aceuracy,



Effects of Random Errors

Next, the effects of known, synthesized random errors were investigated,
Each group of test data was randomly perturbed to obtain 5, 10, 15, 20, 30 and
504 standard deviation errors. At first only min Q1 1s required to terminate
the iterations, or if no min Qy was found, all the iterations proceeded to 200
iterations, These unfoldings of pseudo measurements will illustrate the presence
of osciliation in the solution vector when the percentage errors are large and
the iterations continue after min Q, 1s found. The same trlal vector, the reactor
midcore leakage spectra was used as In Figures 1 and 2, No significant spectral
distortions were observed in unfolding the slightly perturbed Hy0 ~ Be data with
L and 10% errors as shown In Figures 7 and 8, both at 200 iterations, The
integral quautitieec also reproduced quite well, to better than %, Serious
spectrum distortion and osclllaiion in the unfolded spectra will occur with any
data which has more than 10% statistical error 1if the unfolding proceeds to 200
iterations, In Figure 9 the unfolded results of the test spectrum Hy0 - Be with
15%, in Figure 10 with 30%, and in Figure 11 with 50% synthesized errors are
compared with the true spectrum, each at 200 iterations, The same data at 100
and at 40 ftevatlons show progressively less spectral distribution.

Next the code was tested with 18 different pscudo measurement data sets,
each having synthesized errors. At this time the numerical values of Qp, Q2,
and Pg we. . visually examined and the following procedure was implemented to
extract physlcally acceptable and numerilcally stable results and spectral
information,

1. All the pseudo measurements were unfoided for 200 iterations, The results
were read out at 100 and 200 itera:ilons, and werc accepted if Qi was smaller,
near 100 or 200 iterations, In addition, the convergence has to be smooth,
that is both P} and P} have to decline monotonically and the test quantity
Qp has to be the smallest.

2. If min Q) occurs at less than 200 {teratlons, the unfolding is repeated and
terminated at min Qp, provided min Qy is also in the same neighborhood.

3. If no min Ql exists and min Q, is found, repeat the unfolding and terminate at
min Q. ‘The number ol iterations should be greater than 5,

4, If no min Q) and no min Q2 occurs, and Pg is 5 to 10¢ or greater, a good
cstimate of the spectra and integral quantitics may be obtained around 30
iterations, Also, a new ltrial vector should be tried and the ifterative
process should be repeated slarting at point 1 above,

5. If no min Q; occurs, however, if Pg is stabilized ur the changes in it are

neglipgible, stop the ifteratlons at that point, since further iterations are
not warranted, At the point where Pg stabillzes, Qy also stabilizes, however,

- 12 -



Q; may be a large quantity, A large Q, value may indicate bad data. In any
case, repeat tte unfolding with a different trial vector.

As a general rule, the solution, starting with a specific trial vector, which
converges most rapidly and reaches min Q) and min Qy at the smallest aumber of
iterations should be accepted as the best sc ution, Also min Qj should be
compatible with the 1nput error estimate,

Some of the test unfolding results implementing the abouve procedures are
shown in Figures 12 to 15,

Test spectra #2, Hp0 - Be, with 30 and 50% random errors, are compared with
the true spectra in Fi 1res 12 and 13, The {terations were carried out to 10
and 7 fterations where the Qp is zero, In both cases the spectral distributions
are quite acceptable., These results can be compared with the previous unfolding
of the same data set, The average percentage difference, PS, as defined by
Equation 1%b, in the case of 30% random error at 200 lterations (Figure 10), is
9.6. On the other hand, at the present 10 ikterations wheve Qp 1s zero (Figure
12), the Pg 18 11, The convergence rutio defined as

CR =Q, + 1 (21)

is 1.28 and 1,00 for the 200 and 10 tterations,

In the case of 504 random error at 200 iteratlous, the average percentage
difference, Pg, ts 17 and at the present 7 iterations Pg is 17.2, The conver-
gence ratio , CR, {s 1,51 and 1,03, respectively. The unfolded and true gpectra
of these cases are shown in Figures 11 and 13,

Other pscudo measurements having large percentage random errors also can be
unfolded and the iterations terminated where test quantity Qp ls zero, even though
no min Qy can be found. Both the Hp0 and the UPRR pscudo measurements having
50% random errotrs were unfolded and the iterations terminated at Qp = 0, which
occurred at 7 and 12 iterations, respectively. The spectral results are shown in
Figures 14 and 15, ‘The avevage percentage difference , PV, is 10 and 13,
respectively,  No couvergeunce of the Q) values or Pg wercdfound anywhere for 200
iteraktions., In both cases severe oscillations appear by 200 {teratlons, resulting
in somewhat similar spectral distortion as those that occurred at 50% randem
error of the H,0 - Be pscudo measurement shown in Figure 11,

Measurements Inside PWR Containments

Scventy measurements at 10 different nuclear power statious have been performed
by EML(% 3 The PWR's differ in size, design, and construction, The
expected neutron exposure rates at the locations studied varied from about 0.1 to
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500 mrem/h, In this work, multisphere spectrometer systems equlpped with various
thermal detectors wern used, The counting statistics of the measurements varied
from a few percent to about 50%, The err-r of the TLD-equipped multisphere

system measurements was estimated to be 10 to 504. The expected spectral shapes
were consldered to be similar to the reactor leakage spectra obtained from various
calculations. A typlcal neutron spectrum has a thermal peak of varlous intensities
followed by a steeper than 1/E distribution, and then a short 1/E distribution,
Then, depending on the hardness of the spectrum, the spectrum will decline

rapidly.

All the PWR measurcments were unfolded with the TWOGO code uslng the same
procedure as described in the previous section on the effect of random errors,
Cnly three examples of the unfolding will be presented here, The unfolding of a
measurement with good statistics {8 shown in Figure 16, which 1is at NPS~8,
location 18, A good convergence was reached after 36 iterations, This spectrum
is soft and the average energy 1ls only 41 keV, “The next spectrum Is at a locatiloen
outside the personnel entrance hatch of NPS-6, locatlon 7, The counting statistic
is very poor at thls location, Nonetheless, at 18 lterations the unfolding seems
quite reasonable and is shown in Figure 17. A suspected measurement with probably
vary poor statistics is shown in Figure 18, Even this unfolded gpectrum is
reasonable,

These reactor measurements were unfolded also using the Gold and Scofield
algorithm for 1000 lieratlions, and some of these results‘®’ can be compared with
the results obtained with the IWOGO code., The results of the unfolding of the
measurement made at NPS-8, locatlon 8 are very similer and have the same spectral
shapes., ‘The Integral quantities, such as total neutron flux and dose-cquivalent
rates, agree to within 84, The average percentage difference, Pg, is 1.4 for
the TWOGO and 0.5 for the Reference 2 unfolding., The measurement performed at
NPS=-6, Llocation 8, has poor counting statistics and the spectrum of Reference 2
has a flat high energy end, "The unfolding of the 1WOGO code 1s shown in Figure
17, and it seems quite reasonable. The convergence ratio , CR, is 0.8t and 1,04,
and the average percentage difference , Py, is 3.6 and 3,2 of Reference 2 and
the IWOGO code, respectively, The last example, a measurement performed at NPS-5,
location 3, cannol be unfolded with the Gold and Scofield method alone without
addirlonal background corvrection, Using the '1WOGO code this measurement can be
unfolded without any addilional backuround corrvectlon, and is shown in Figure 18,
The CR is unity and Py is 4.8,

Erroy Estimates

Direct calculation of the error propagation through the lteratlve processes
in the IWOGO code is not possible., Some estimates of the errors involved were
obtained from numerical experimeuls and test unfoldings performed with the IWOGO
code, o estimate the errvors of the derived integral quantities, such as neutron
flux and dose equivalent, about 100 numerical experiments were performed using
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both eract and perturbed pseudo measurements, and the deviations of the Integral
quantities of the perturbed measurements were compared with the output average
sphere count errors gilven by Pg. Also, the meximum statistical error of the
input counts and the output average sphere count errors, again given by Pg, were
compared, Although this is by no means a rigorous erruvr estimation, the
following useful observations can be made.

a. The maximum value of the statistical error of the input multisphere counts
is four times the average percentage error based on the Pg of Equation 19b,

b. The deviation of the total flux and dose-equivalent rate from the true

values are three times the average percentage error based on pQ of Equation

19b,

CONCLUSION

An lterative unfolding computer ccde was written using two different
unfolding schemes on alternate iterations, The primary purpose of the develop-
ment was to unfold Iin contalpment PWR neutron measurements using as few as six
Bonner sphere detectors, Since the number of detectors is much smaller than the
energy bins, and the measurement errors can be significant, a priori conditions
are used to help to extract physically meaningful results,

The vunning of the code requires the user to have some famlliarity with
spectral unfolding methods, and thelr limitations, such as the fact rhat lnstead of
exact answers only good spectral approximations can be obtained, The user also
has to have some ldea from physical conslderations or calculations of the general
shope of the expected neutron spectra, The starting of the code required a trial
spectrum which (s avallable from the literature, The user also might genecrate a
trial spectrum based on the knowledge of Lhe neutron field. The best solution is
considered to be at a point during the iterations where the absolute fractional
differences are compatible with the Llnput measurement errors, and the ratio of
the coefficient of varlations, in terms of the mecasurement and calculated sphere
responses, is unity, [If the ralio of the coecfficlent of variations 1s greater or
less than unity then either the input data or the code performance, or both may
be of questionable value, In such cases the unfolding of the data should be re-
peated with a different trial vector to identify possible errors in the input
data, or the insufficiency of the unfolding code,

The computer code was extensively tested with pseudo and real measurements
of reactor, fission source, and cosmic~-ray types of neutvon spectra, The computer
code performs very well in all situations, and the integral quantities, such as
neutron flux and dose, are accurate within #20%, even for 504 random errors in



the measurements, The unfolded neutron spectral information 18 good for up to
30% random errors in the measurements,

The TWOGO code was used to unfold, with two exceptions, all the PWR neutron
measurements, and also the calibration and intercalibration data without introducing
any "correction" of the input data, or without rejection of any of the measured
sphere counts of the input data sets, All the PWR measurements, which are listed
in Reference 2, were unfolded and the results are available,
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