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Intrcduction

The purpose of this Note is to provide a procedure for creating artificial
input data corresponding to test spectra of any desired shape or complexity.
These input data can then be used to test the accuracy, resolution, convergence

and other characteristics of neutron spectrum unfolding codes.

The results of a few tests using the SWIFT Monte Carlo unfolding program
(Ref. 1) are included as examples in this report. SWIFT selects the four best
spectra from the many "histories" based on a worst case ball comparison and

computes the average of these spectra.



Spectrum Unfolding

Various unfolding methods are based on solving the homogeneous Friedholm

equation which, in discrete form, is

n
C, = §= N(E;)R,(E;)AE; r

r ‘1 ?,m (1)

taken over m detectors and n energy increments.

C. = response of detector r
8E; = ith energy increment
Rp(Ei) = response matrix element corresponding to detector r and energy group i

N(Ei) = differential neutron fluence (dN/dE;) for the ith energy group.

Equation 1 can be rewritten as

n
Cp = z [ﬁ(Ei)A%;] R.(E;) (2)

where the quantity in brackets represents the number of neutrons {(actually,
n/cmz) having energies in the range AEi,

In practice the C, are measured, R.(E;) are calculated, and a spectrum
N(Ei)AEi vs E; is obtained by unfolding. N(Ei) and dose-related quantities are
calculated from the unfolded spectrum. It is useful for test purposes to create
test data C that, when properly unfolded, will yield test spectra having

certaln desired characteristics.



Test Spectra

Single-group test spectra are the simplest test spectra for which detector
responses can be calculated. The respcnses Cr of the r detectors for a unit

single~-group spectrum in energy group i=k are (from Eq. 2).

C.= [?] R.(Ey) r=?,m (3

Such single-group responses C  are listed in the r=1,8 columns and i=1,31

rows of Tables 1 through 4. The four tables contain values of four different
response functions (Refs. 2 and 3) corresponding to various detector size and

polyethylene sphere density combinations.

Complex multiple-groups test spectra can be constructed by summing selected

single-group elements in chosen proportions.

Examples

Several examples of multiple-group test spectra have been constructed and
unfolded using SWIFT. Tables and graphs of the output are included in this
report. Estimates of the rate of convergence with respect to number of
histories are discussed in Ref. 1. The number of Monte Carlo histories used in
this analysis was 3.15 x 106. All examples were constructed using the Cr values

of Table 1.



Example 1: Peaks in Groups 23 and 25

Cr = [1] RP(E23) * [1] Rr(E25) (%)

Input detector counts for this spectrum were constructed by summing
corresponding elements in rows 23 and 25 for each of the m-=8 columns of Table 1.
The input counts and counts recalculated following unfolding are listed in
Tables 5A and 5B together with the results %N(Ei)AEi' N(Ei) and other quantities
of interest. 1In this case all four individual (and hence the average) spectra

show peaks in the correct groups in proper proportion.

The spectrum is listed in cclumns 10 and 11 of Table SA and plotted in
Figure 1A in such a way that visual intergation is posszible. The area under the
curve for each energy bin is proportional to the neutron fluence within that
bin. The figure shows the spectrum contains peaks in groups 23 and 25 in proper

proportion.

It is clear from the results of this test that SWIFT unfolded the spectrunm

correctly.

Example 2: Peaksa in Groups 1 and 12

C]" = E).ﬂ RI"(ET) + E)-g RI"(E12) (5)



This spectrum was constructed by adding 0.7 times the elements of row 1 to 0.3
times the elements of row 12 for each column r of Table 1. The SWIFT output is
shown in Tables 6A and 6B and Figure 2. SWIFT unfolded this spectrum with only
partial success. The reapective areas under the peaks in group 1 and the
combination of groups 12 and 13 of Fig. 2A are approximately in the proper
proportion. Inspection of columns 3, 5, T and 9 of Table 6B shows that 3 of the
4 individual spectra are correct but the fourth deviates from the expected
spectrum. One could expect that SWIFT would eventially find a suitable fourth

spectrum if more histories were run.

Example 3: Peaks in Groups 23, 25 and 27

CP = [1] RP(EZS) * [{] Rr(EZS) * [1] RP(EEV) (6)

This example is an extension of Example 1 with a third group added. The SWIFT
output is found in Tables TA and 7B and Figure 3. It is expected that one third
of the fluence would be found in each of the three groups. However, columns 5
of Table 7TA and columns 3, 5, 7, 9 of Table 7B show that SWIFT has failed to
produce the proper spectrum. Three of the four individual spectra properly
placed about one third of the fluence in group 23 but group 25 incorrectly
contains the rest of the fluence. It is possible that spectra containing 3 or
more peaks could be resclved by SWIFT if enough histories were taken (See

Ref. 1), However, the cost in CPU time to give this a true test is prohibitive.



Example 4: Peaks in Groups 1, 2, 3, and 4

Co = [1] BptEy + [1] ReEp) + [1] Ru(Eg) + [1] Ru(Ey (D

This test is constructed by adding the first four elements in each column of
Table 1. The SWIFT results are shown in Tables 8A and 8B and Figure 4. The
#N(E)DE values in the tables show that one fourth of the fluence is in group 1
but the remaining fluence is in group 3. Figure 4A shows this graphically as
histogram areas. The error bars in the figure are small and would mislead one
into thinking that a correct solution had been obtained if the test spectrum

were not known.

The results of Examples 3 and 4 show that complex spectra unfolded by SWIFT
may likely be in error, especially if too few histories are included in the

analysis.

Example 5: Equal Fluence in All 31 Groups

31
Cr i §=1 [1] Rr(Ei) (8)

The m=8 detector input data are the sums of the n=31 elements in each of the 8
columns of Table 1. The SWIFT results are listed in Tables %A and 9B and shown
in Figure 5. SWIFT yields the fluence in group 1 with a small error and the
remaining flux is spread (apparently) randomly among the remaining thirty

groups. These results are not Inconsistent with what one might expect.



However, the large error bars would indicate that the spectrum is not

sufficiently resolved.

It should be noted that in Examples 2, U4, 5 and other tests not shown, the
part of the spectrum contained in group 1 appears correct and has a small error

even if the rest of the spectrum is incorrect or uncertain.



Comments

Single- and double-group spectra can usually be unfolded by SWIFT with good
resolution provided a sufficient number of histories are run (Ref. 1). However,
more complex test spectra and actual measured spectra probably can not be
unfolded in precise detail by SWIFT, at least using reasonable amounts of

computer time.

This is not to say that SWIFT is not useful in spectral analysis. On the
contrary, to put the problem in proper perspective we must focus on what
information is usually sought when unfolding codes are used. An important goal
with spectrum measurements is to obtain information about dose, dose equivalent,

and quality factors.

For four of the five examples described in this Note (see Table 10) dose,
dose equivalent and quality factor wvalues from SWIFT are within a few percent of
the expected values calculated from the original test spectra. This is, indeed,
encouraging. However, the discrepancy in Example 3 illustrates the effect

errors in the unfolded spectrum can have on dose-related quantities.

The moral here, if a moral is to be drawn, is that future emphasis should
go toward understanding errors and limitations in dose-related quantities

obtained with unfolding codes.



Summary

Input data for single-group test spectra are listed in the tables. Five
examples are shown to illustrate the method of constructing multiple-group test
spectra from the single-group input data. Such multiple-group spectra can be

used to test the characteristics of spectrum unfolding programs,

The Monte Carlo program SWIFT was used to unfold the speectra in the five

examples. Some of the successes and limitations of SWIFT are pointed out.

Acknowledgment: Appreciation is expressed to Alex Elwyn for reading a draft of

this Note and for offering valuable suggestions.



10
Ref'erences

1. 0°Brien, K. and Sanna, R. 1981, "Neutron Spectrum Unfolding Using the Monte

Carlo Method,"™ Nucl. Instr. and Meth. 214, p. 547-549,

2. Sanna, R., 1973, "Thirty One Group Response Matrices for the Multisphere
Neutron Spectrometer Over the Energy Range Thermal to 400 MeV,™ USAEC,

HASL-267.

3. Couch, J., 1984, "Response Matrices for Polyethylene Bonner Spheres of

Density 0.92 g/cm3,“ Fermilab Radiation Physics Note U43.



1

Tables

Table 1 Detector Input Values for Single-Group Test Spectra. Ux4 mm LiI

Detector and 0.95 g/cm3 Density Spheres.

Table 2 Detector Input Values for Single-Group Test Spectra. 8x8 mm Lil

Detector and 0.95 g/cm3 Density Spheres.

Table 3 Detector Input Values for Single-Group Test Spectra. Uxl mm Lil

Detector and 0.92 g/cm3 Density Spheres.

Table 4 Detector Input Values for Single-Group Test Spectra. 8x8 mm LiI

Detector and 0.92 g/cm3 Density Spheres.

Tables 5A, SB Example 1 SWIFT Analysis
Tables 6A, 6B Example 2 SWIFT Analysis
Tables TA, 7B Example 3 SWIFT Analysis
Tables 8A, 8B Example Y SWIFT Analysis
Tables 9A, 9B Example 5 SWIFT Analysis

Table 10 Comparison of Dose, Dose Equivalent, and Quality Factors for Examples.
Calculated values are from original test spectra. SWIFT values are

copied directly from Tables 5A-9A.
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Table 3
THESE DETECTUR INFUT VALUES WILL YIELD SINGLE CROUP TEST SPRECTRA WHEN UNFOLDED WITH SWIFT

M DETECTOR [R5 DENSITY

=8>
GRP ENERGY BARE 2 INCH 2 INCH B OINCH 8 INCH 10 INCH 12 INCH 18 TRCH
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2. S31&0E~07 & 0753E-C1 % 1903E-01 7. IB37E-01 3. 4491E~01 9. 0270E-02 2. 4030E~-02 1. 2R34E-0Z 4. 141 RE~(4
7. 9O30E-0F I 4393E-01 1. 0248E+00 8. 6126E~(1 4. 23BRE-01 1. 1071E~01 4. 1671E-D2 1. BO87E~-0Z 5. 1G5PE-04
. 1020E-06 4. B7ABE-01 1. 069FE+00 9. 7249E-01 4. 9656E-01 1. 2998E-01 4. 88B4E-0Z 1. 768BE~02 & 0329E-04
4 40108-06 3 B739E-C1 1. OB9CE+GD 1. D411E+00 9. 5432E-01 1. 4448E-C01 % SOVIE~-02 1. 9920E-02 6. B4&FE-04
# A230E-06 2. BEEDE-GL 1. 0143E+00 1. 0786E+00 6. 0709E-~01 1. 6132E-01 6. 0657E-02 2. 1936E~02 7. S964E-04
1. 7950E-0% 2. 1603E~01 9. 4994E-01 1. 0926E+00 &. 5103E-01 1. 78517E-01 &. SBIIE-0F 2. 3BR7E-Q2 8. 31iBE~04
4. 22BOE-0% 1, 3B7BE-01 B. 7533E~01 1. OBB5E+00 6. B938E-01 1. 8845E-01 7. 0944E-02 2. S653E-02 $. 0127E-04
B 9410E-00 1. 1463E-01 7. 2678E~-01 1. 0706E+00 7. 2275E-01 2. Ci3PE-01 7. 5F09E-02 2. 7451E~02 9. 7113E~04
1.B920E~04 B 2554E~02 7. 1846E-01 1. 0424E+00 7. 5183E-01 2. 1423F-01 8. ORS7E-02 2. 9260E~02 1. Q4RZE-0OD
4. 0310E~-04 3. BF7IE-02 6. A301E-01 1. 0065E+00 7. 74682E-01 2. 2709E-01 8. 59S9E-02 3. 1102E-02 1. 1151E-03
8 L040E-04 4 1096E-02 5. 7195E-01 9. 6496E-01 7. 9777E-01 2. 3996E-01 9. 1119E~02 3. 29BBE-02 1. 1902E-032
Lo7PE0E-00 2 8730E-02 5. 0620E-01 7. 2008E-01 8. 1576E~01 2. 3326E-01 9. 4553E-02 3. 4982E-02 1. 2702E-03
5. 8U20E~-03 2. 0310E-02 4 45%94E-01 B. 7350E~01 8. B198F-01 2. 4754E-01 1. 0251E-01 3. 7180E-02 ). 2585E-03
5. 0480E-02 1. 3303602 2. 70BPE-01 8. 2658E-01 8. 4863E~G1 2. 8401E~01 1. 0952E-01 3. 9782E-02 1. 1&430E-03
1. 7040E-02 1. 1498E~02 3. 4006E-01 7. B024E~01 8. 67461E~01 3. 0926E-01 1. i875E-01 4. 3232E-02 1. 6013E-03
3. LOV0E~0 8 VS511E-02 2. R165E~01 7. 3388E-01 9. 006FE~01 2. 3&526-01 1. 3268E-01 4. @502E-02 1. 81238-03
7.6350E-02 6. R113E-03 2. 4A274E-01 6. B326E-~01 9. 4B9BE-01 3. 88%4E-01 1. 5722E-01 5. 8017E-02 2. 1983603
L 97608-01 9. ZG27E-03 1. 9307E-01 4. 1980E~01 1, Q107E+0G 4. 7788E-01 2. OR35E-01 7. 7027E~02 3. 0143E-03
3.17AGE-QT 1. 46BBE-0R 1. 4402E-01 5. 3013E~01 1. OS87E+00 &. 2211E-01 2. 9421E-01 1. 2013E-01 5. H011iE-03
& 3F30E-0G1 3. 3B67E-03 2. Z19ZE~-02 4. 0714E-01 1. QEETE+00 B. 174%E-01 4. 6113E-01 2. 2104E~01 1. 4549E-07
1. 2370E+00 2. 1544E-03 5. 4062E-02 2. B&17E-01 9. 4275E-01 1. O746E+00 7. 6472E-01 4. 6493E~01 6. S336E-03
2. DF30E+00 1. 4310E~03 2. 63&2E-02 1. 5930E-01 &. 7633E-01 1, 0193E+00 8. G557E-01 6. 4190E-01 1. BOLAE-01
2. 2210E+00 8, 1679E~C4 1. iB&BE-02 7. 9972E~02 4, 1967E-D1 8. 325&4E--01 8. 4483801 7. 7570E-01 2. 7619E-01
T O310E+G] 4. GUIOE-04 4. BOG4E-03 3. D1&8E-02 2. 1844E-01 5. 3F03E-01 &. 4242E~-01 6. 6063E-01 4. §565E~01
POSLQ0EH0T 3 £683E~04 8 ABYIE-0D 1, VO41E-02 1. OS0BE~CL 2. 4613E-01 3. 2605E-0G1 3 4647E-01 2. B480E-C1
ZOUPSUREH0] H 4014E~Cd 1 4920808 1 0141E-02 6. 41&61E-02 1. 7085E~01 2 1710E-01 2. 3979E-01 2 2B51&E-01
S.8730E+01 1. 3024E~04 7. 92BYE~04 6. B44TE~C32 4. 4364E~02 1. 2323E~01 1. 6149E-01 1, B4B4AE~01 1. 954BE-01
1. 0150E+02 9. FHEERE-CS 7. 62346E~-04 3. 3B4BE-03 3. 8679E-02 1. 02%0E-01 1.3883E-01 1. 4360E-01 1. 91R4E-01
1. 7080E+0E 4 2E9BE-05 4. 1BO3E-04 4 SBOSE-03 3. 14676F~02 9. 5759E~02 1. 328B4E-01 1. 4078BE~01 2. 03131E-G1
G.0AL0EHOR B T7ESE-0D 5. 2507E-04 4. 0441E-03 2. 8383E-02 8. 8714E~-02 1. 2521E-01 1. 5420E~-01 2. 0542E-C1



Table 4
THESE DETECTOR INPLT VALUED WILL YIELD SIMNGLE GROUP TEST SPECTRA WHEN UNFOLDED WITH SWIFT

BXg8 MM DETECTOR P2 DENEBITY
GRF ERERGY EARE 2 INCH 3 INCH D INCH 8 ITnCH 10 INCH 1z INCH 18 TNCH
i & 43A0E~OE 7. ZRS4AE-01 4. S&62E-01 3. 4398E-01 1. 723FE-0! 4. 857BE-02 1. 9179E-02 7.304BE-03 3. 1118E-04
P S BLEOE-07 b GTERE-CGE T 23960E-01 7. 4821E-01 3. 7254E-01 1. 0339E-01 4. O5F2E-02 1. 3394E-02 &, 5718E-04
2 o BI20E-07 8. 4A3GRE-01 1. C421E+00 8. 9438KE-01 4. 5771E~01 1. 26B3E-01 4. F719E-D2 1. 8829E-02 8. 0661E-0G4
4 2. 1020E-0& 4, 3723E-01 1. QSR2E+00 1. DO4&3E+00 5 358BE-01 1. 4893E-01 5. 833&E-02 2. 2073E-02 9. 4933E-04
D 4 4510E~05 3. R739E~01 1. 0660E+0C 1. O731E+00 5. 9970E-01 1. 6784E-01 & 572BE-02 2. 4855E-02 1. O733E-00
& 9. ADBOE-GA 2. S685E~01 1. 01561E+00 1, 1071E+00 &, B345E-01 1. B48RE~01 7. 2392E-02 2. 7366E-02 1. 1B64E--03
7 1. 9950E~05 2. 1603E~C1 9. 4705E~01 1. 11&7E+00 6. 9942E-01 2. 0066E-01 7. B64SE-02 2. P720E-02 1. 2935E-03
& 4 PRBOE-0S 1. SO7BE-01 §. é847E-01 1. 1077E+00 7. 3906E-01 2. 1581E-01 B. 4670E-02 3. 1994E-02 1. 3976E-03
g 2. P3105-05 1. 1463E-01 7. B663E-01 1. OBASE+QQ 7. 7292E~-01 2. 20B3E~01 9. 05F0E--02 3. 4231E-02 1. ROOIE~-03
1 1. B930E-04 § 2554E-02 7. 0584E-01 1, 0312E+00 8. 0I82E-01 2. 4509E-01 9. 63934E-0F 3. 64BIE-02 1. &054E-CGD
11 4. 03410E-04 5 BY7IE-02 & 2B859E5-01 1. 0104E+00 8. 2615E-01 2. 5962E~-01 1. 02546E~01 3. B771E~02 1. 7121E-03
b 8, 5540E-04 4, 1096E-02 5. 5631E-01 &, £424E~-01 8. 4441E-01 2. 7410E-01 1. OB6PE~-01 4. 1113E-02 1. 8J17E-QC
13 1. 72&0E~-02 2. 87R0E-02 4 89BLE-01 9. 1513E-01 8. 4204E-01 2. BBYIE~01 1. 1514E~-01 4. 3592E-02 1. 93H2E-03
14 3. BOS0E~-03 2. 0310E-02 4. 2930E-01 B. 6475E-01 8. 7617E-01 2. 0470E-01 1. 2217E~01 4. 6322E-02 2. 0466E-00
18 £ C4ARIE-0Z | S303E-02 2. 7430E-01 8. 143&E~01 8. 9033E-01 3. 2B17E~01 1. 3048E-01 4 9551E-02 2. 2183E-03
16 1. V040E-02 1. 1498E-02 3. 2393E-01 7. 646BE-01 9. 0B47E~0Q1 3. 4665E-01 1. 4136E-01 5. 3B2IE-C02 2. 419BE-C3
17 3. 4070E-02 8. 7511E-03 2. 7391E~-01 7. 1492E-01 9. 3603E~01 3. 8103E-01 1. 5773E-01 4. 0359E-02 2. 7273E-03
16 . 7. A350E~0D & 9112E-02 2. 2790E-01 &. 60&43E-01 9. 7919E-01 4, 3821E-0C1 1. 8&439E~01 7. 2107E-02 3. 2B90E-00
1% 1. 8740E~01 @ 3027E~02 1. 7987E~01 5. 9374F-01 1 0326E+00 5. 33SBE-01 2. 3951E-01 9. 3344E-02 4. 44693E-02
20 3iTHOE~-D] 1. S6B85E-02 1. 33T4E-01 5. 0245%E-01 1. 0&73E+00 & 83%4E-01 3. 4119E-01 1. 4672E-01 7. 7110E~02
2 & 3950E-G1 3. BS4TE-Q3 B 4498E-02 3. BO8S8E~-01 1. OR01E+00 B. 7696E~01 5. 1976E-01 2 &152E~-C1 2. 013%E-03
22 1. 2870E+00 2. 1546E~03 4. 9099E-02 2. 6402E-01 9. 3682E-01 1. 1192E+00 8. 2922E~-01 5. 2391E-01 & 2437E-03
23 2. SIZ0E4+00 1. 4310E-03 2. 383BE-02 1. 453BE-01 & 4A776E~01 1. O353E+00 . 2925E-0G1 7. 1543E-01 2. 1179E-G1
&4 5 OD10E+00 8 1679E-G4 1. O70BE-02 7. 2302E-02 3. 9595E-01 B. 24P0E~-01 8, 8177&£-01 8. 0886E~01 4. 1531E-01
25 108105401 4. QO10E-D4 4. 3R3PE-03 3. 15&7FE-02 2. 0272E~01 9. 2617E-01 &. 4103E-01 &. 7101E£-01 3. 1433E-01
25 1. Fa20E+01 3. 6603E~04 2. 2432E--03 1. 5304E-02 9 7900£-02 2. SF0L1E-01 3. 2381E-01 3. 4943E-01 2. 9F630-01
=7 TAYSGE+G] 2 4014E-04 1. 2433602 9. 0F69E-03 5. GLS4AE-02 1. £556E-01 Z. 1435E-01 2 4017E-C1 2. 3253E-01
28 5. R7ACE+01 1. SO34E-04 8 94462E~04 4. 13B0F-03 4 1174E~-02 1.1898E-01 1. 9877E~-07 1. 8390E-01 1 9943E-01
25 1 O160GE4+0D 9. THRZE-05 &, 9364E-04 4 B3I7FE-03 3. 3047E-02 9. Y02YE-02 1. 3577E-01 1. 6183E-01 1 9315E-01
30 1. 75GOE+02 &, ZR98E-05 5, TA48E-04 4. 1504E-03 2. 9298E-(2 . 1841E~02 1. 2937E~-01 1. 5826E-01 2. 0364E-01
21 S04 L0E+0D 2 T7ASE~QS 4. 9Q0VE-04 3. AVAPE-03 P. 6436E-0D 8. 4926E-02 1. 2143E-C1 1, 51305-01 2. 0492E-C1
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TABLE 10

Examples

[SalF <N I L N

Comparison of Dose, Dose Equivalent, and Quality Factors for Examples

Dose (rad)

Calc. SWIFT
1.08E-08 1.09E-08
5.26E-10 5.26E-10
Z.05E-08 1.55E-08
2.37E-09 2.36E-09
1.09E-07 1.13E-07

Dose Equivalent {rem)

Calc.

8.23E-08
1.03E-09
1.57E-07
4.72E-09
6.17E-07

SWIFT

8.24E-08
1.06E-09
1.09E-07
4,68E-07
6.28E-09

Quality Factor

Calc.

7.62
1.96
7.66
1.99
5.66

SWIFT

7.59
2.01
7.03
1.99
5.58
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