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ABSTRACT

An analysis has been made of the existing experimental data for v (E)
of 232Th, the average number of neutrons emitted per fission of 2327y,
This analysis suggests that a single linear function of the neutron energy
describes the data within their uncertainties, The parameters of the lin-

ear function and their uncertainties are given,
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An evaluation has been made of the existing experimental data on GE(E)
of 232Th, where G;(E), the average total number of neutrons emitted per
fission, is the sum of ;;(E) and ;;(E), the average numbers of prompt and
delayed neutrons emitted per fission, This evaluation was made for possi-
ble inclusion in Version V of the Evaluated Nuclear Data File., The values
of ;;(E) of 232Th included in ENDF/B-IV were compiled in November 1966 and
modified in May 1969,1 with a further modification of the delayed-neutron
yield made in 1974 on the basis of an evaluation by Cox.?

A detailed evaluation of the neutron energy dependence of V(E) of
232Th was performed in 1972 by Manero and Konshin,3 who assumed a poly-
nomial to describe the data and established the degree of the polynomial
in the fitting procedure. They noted that only one experimental point
existed between 4 and 14 MeV and that the precision of the measurements
in the energy region above 14 MeV was poor. They also noted that the re-
porting of the experimental uncertainties was not consistent from one data
set to the next,

Manero and Konshin described the neutron energy dependence of G?(E)
for 232Th by two polynomials, the first being of second degree and apply-
ing to the energy range from the fission threshold energy to 1.6 MeV and
the second polynomial containing only the first power of the neutron en-
ergy and covering the neutron energy range 1,6 to 16 MeV., They stated
that the second degree polynomial was not justified statistically but
that four different experiments obtained values of GE(E) below 1,6 MeV
which suggests a nonlinear behavior of ;?(E) in that energy region. 1In

an earlier evaluation,Davey“'had used two linear relations for Gé(E) that

intersect at 1.57 MeV.



Figure 1 shows a plot of RP(E), the existing data for the ratio of
GE(E) for 2%2Th to G? (spontaneous fission, 55 = 3.756) for 2°2Cf. The
comments of Manero and Konshin® concerning the quality of the data near
14 MeV, the paucity of data between 4 and 14 MeV, and the suggested
nonlinear dependence of G;(E) on E can be appreciated by examining Fig. 1.
Only the data of ref. 16 have become available since ref. 3. Most experi-
mental measurements of V(E) for 2%2Th recorded sé(E) relative to G; for
252¢f or to G;(E) for some other isotope that could in turn be related
to v_ for 252Cf as described in ref. 3. The data of ref. 16 were
normalized using 5; for #°2Cf. The solid line in Fig. 1 represents the
values Rp(E) for 2%2Th recommended in the present paper. Since ;é for
252¢f is also subject to evaluation, for the remainder of this discussion
the magnitude of<§(E) will be considered relative to 5? for 2%%cf,

Howerton® suggests that the onset of reactions such as second chance
fission 0(n,n',f) makes it unlikely that a strictly linear dependence of
RP(E) on E would be expecfed above v 5 MeV. An examination of Fig. 1
shows that the slope of a linear relation of Rp(E) vs E depends upon the
energy range chosen for determining the parameters of a linear relation.

Table I lists the experimental values®~1®

of Rp(E) shown in Fig. 1,
along with the associated uncertainties, and the values recommended in
this work. Linear least-squares analyses of the various experimental
data sets (refs. 12, 13, or 14) yield values of the slope which differ
by more than 50%Z. As an exampie, for the energy range 1.3 to 4.1 MeV,

slopes derived from the data sets of refs. 10 and 11 differ by a factor

of two when analyzed using a weighted least squares method. Manero and
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Fig. 1. Ratio of Gi(E) for 2%2Th to Uﬁ for 252Cf as a function of

neutron energy 1.4 to 16 MeV.

6 7 8 @9 10 11 12 13 14 15

Neutron Energy {(MeV)

(Experimental data from refs., 6-16.)

16



TABLE I. Ratios RP(E) of ;%(E) for 2%2Th to 55 for 252cf

Exp. Values Present Evaluation
E (MeV) Rp(E)a ARP(E)b Ref. No. RP(E)C
3.5000 0.6097 0.0190 4 0.6387
1.4000 0.6603 0.0530 5 0.5583
2.3000 0.5857 0.0270 6 0.5928
3.7500 0.6310 0.0240 6 0.6482
15.7000 1.1022 0.0350 6 1.1054
14.2000 1.2034 0.0530 7 1.0481
1.6000 0.5695 0.0110 8 0.5660
1.4200 0.5841 0.0160 9 0.5591
1.6100 0.5522 0.0100 10 0.5664
1.8000 0.5612 0.0150 10 0.5736
2.2300 0.5775 0.0130 10 0.5901
2.6400 0.6022 0.0140 10 0.6058
3.6000 0.6390 0.0270 10 0.6425
7.4500 0.8022 0.0160 10 0.7898
14.8000 1.0769 0.0160 10 1.0710
14.9000 1.1448 0.0350 10 1.0748
1.3900 0.6132 0.0200 11 0.5579
1.9800 0.5847 0.0090 11 0.5805
3.0000 0.6044 0.0250 11 0.6195
4.0200 0.6374 0.0180 11 0.6586
1.4800 0.5785 0.0260 12 0.5614
1.5600 0.5564 0.0190 12 0.5645
1.6400 0.5660 0.0190 12 0.5675
2.0500 0.5687 0.0180 12 0.5832
2.4600 0.5895 0.0140 12 0.5989
2.8600 0.5873 0.0140 12 0.6142
3.2700 0.6414 0.0200 12 0.6299
1.6500 0.5639 0.0200 13 0.5679
1.3500 0.5677 0.0155 14 0.5564
1.5000 0.5717 0.0083 14 0.5622



TABLE I. -continued-

1.6250 0.5805 0.0069 14 0.5669
1.7000 0.5650 0.0069 14 0.5698
1.8000 0.5642 0.0072 14 0.5736
1.9130 0.5797 0.0080 14 0.5780
2.1000 0.5896 0.0091 14 0.5851
16.0000 1.0801 0.0206 14 1.1169

a =T S (252 =T ()
Rp(E)—\)p(E)/\)p( cf) vP(E)/3.756

Uncertainties, quoted by author, for least square fitting the weights
used were [AR]™?

€ Values are from the relation: RP(E) = 0.5047 + 0.0383 x E,.



Konshin made a single linear fit to the data shown in Table I which
differs from their recommended values (from the two-segment fit) above
1.6 MeV by about 0.8%Z. Although the observed values of Rp(E) for 2%2Th
may depart from a linear dependence on E near the fission threshold
energy, the quantity and quality of the data do not seem to justify more
than a single linear function of E to describe the data.

Table II, which was taken from ref. 3, lists the experimental datal’"22
on SA(E), the average number of delayed neutrons emitted per fission. There
is no differential experimental data on ;&(E) between 3.5 and 14 MeV. It
was assumed that a linear function of the neutron energy described the
experimental data shown in Table II adequately, and the GA(E) values
calculated from the relation are shown in Table II. A value of 0.054
+ 0.002 was derived for the intercept G&(o) for %3%Th which is in accord
with the value of 0.055 * 0.001 given in the evaluation of Tuttle.??®
Interpolated values of G&(E) were divided by 5; for %°2Cf (3.756) and
added to the experimental values for RP(E) to yield Rt(E)' These values
of Rt(E) were fit to a linear function of neutron energy to derive the
recommended results for 2%2Th. Table III gives the linear relations
found for RP(E), G&(E), and Rt(E) along with the parameters and the
elements of the parameter covariance matrix, and the linear relation
given in ENDF/B-IV. For comparison Table IV gives the derived experi-
mental values for Rt(E) along with the recommended values and the difference
between the experimental and recommended values divided by the experimental
error. For convenience Table V gives the relative covariance matrix

calculated using the parameters for Rt(E) given in Table ITII.



a

TABLE II. Delayed Neutrons from 2327h Fission
Exp. Values Present Evaluation

E(MeV) v, (E) A9, Ref. No. V&(E)b
2.4000 0.0537 0.0044 15 0.0500
3.3000 0.0502 0.0041 15 0.0484
15.0000 0.081° 0.006 15 0.028
14.5000 0.075° 0.006 16 0.028
14.0000 0.0140 0.0050 17 0.0294
3.1000 0.0570 0.0050 18 0.0487
14.9000 0.0300 0.0030 18 0.0278
14.9000 0.0300 0.0030 19 0.0278
1.3000 0.0465 0.0030 20 0.0519
1.3500 0.0490 0.0025 20 0.0518
1.4000 0.0540 0.0020 20 0.0518
1.5000 0.0505 0.0020 20 0.0516
1.6000 0.0530 0.0025 20 0.0514

From ref, 3.

bCalculated using the relation: GA(E) = 0,0543 - 0,00178 x E.

“FThese values not included in analysis.



TABLE III, Evaluated Output Linear Relations for V Data and Variance Coefficients for 2*°Th

X =A+ 8a+ (B + &b) x EMeV)

Data A SA B &b c11? c122 c22® 2 /DEP
Present R_(E) 0.505 0.004 0.038 0.001 9.00x10™%  «1.65x107°%  0.644x10"° 1.6
Present V4(E) 0.054  0.002 ~0.0018 0.0002 1.21x107% -0.11x10"% 0.022x10"% 2.3
Present R (E) 0.519 0.0038 0.0378 0.0010 9.00x10™° -1.65x107°  0.644x107°% 1.6
ENDF/B-IVC R_(E)  0.495 0.042

3Flements of parameter

b

Chi square divided by

CBased on Ub for 2%5%¢f

= 3.748

degrees of freedom

(output) covariance matrix: ©A

U

x2/pF)*/? x c11'/?



TABLE IV. Average Number of Neutrons Emitted per Fission of 2321y

Relative to 5% for 2520f, Experimental and Evaluated

Derived Exp. Values Evaluated b
E (MeV) R_(E) SR_(E) Rt(E)a b/6R _(E)
3.5000 0.6225 0.0190 0.6514 -1.52
1.4000 0.6741 0.0530 0.5721 1.92
2.3000 0.5990 0.0270 0.6061 -0.26
3.7500 0.6436 0.0240 0.6609 -0.72
15.7000 1.1090 0.0350 1.1123 -0.09
14.2000 1.2109 0.0530 1.0556 2.93
1.6000 0.5832 0.0110 0.5797 0.32
1.4200 0.5979 0.0160 0.5729 1.57
1.6100 0.5659 0.0100 0.5800 -1.41
1.8000 0.5748 0.0150 0.5872 -0.83
2.2300 0.5909 0.0130 0.6035 -0.97
2.6400 0.6154 0.0140 0.6189 -0.25
3.6000 0.6518 0.0270 0.6552 -0.13
7.4500 0.8130 0.0160 0.8006  0.77
14.8000 1.0841 0.0160 1.0783 0.36
14.9000 1.1520 0.0350 1.0821 2.00
1.3900 0.6270 0.0200 0.5717 2.76
1.9800 0.5982 0.0090 0.5940 0.47
3.0000 0.6174 0.0250 0.6325 -0.61
4.0200 0.6499 0.0180 0.6711 -1.18
1.4800 0.5922 0.0260 0.5751 0.66
1.5600 0.5701 0.0190 0.5781 -0.42
1.6400 0.5797 0.0190 0.5812 -0.08
2.0500 0.5822 0.0180 0.5967 -0.80
2.4600 0.6028 0.0140 0.6121 -0.67
2.8600 0.6004 0.0140 0.6273 -1.92
3.2700 0.6543 0.0200 0.6427 0.58

1.6500 0.5776 0.0200 0.5815 -0.20
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TABLE 1IV. -continued-~

1.3500 0.5815 0.0155 0.5702 0.73
1.5000 0.5854 0.0083 0.5759 1.15
1.6250 0.5942 0.0069 0.5806 1.97
1.7000 0.5786 0.0069 0.5834 -0.70
1.8000 0.5778 0.0072 0.5872 -1.31
1.9130 0.5932 0.0082 0.5915 0.21
2.1000 0.6030 0.0091 0.5985 0.49
16.0000 1.0870 0.0206 1.1236 -1.78

8Calculated from the relation: Rt(E) = 0.5192 + 0.0378 x E

bA = Exp. value of Rt(E) - evaluated value
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TABLE V. Relative Covariance Matrix>
E 1 2 3 4 5
1 1.40 2.69QE—05
2 2.00 2,381E~05 2.194E-05
3 4.00 1.503E-05 1.662E-05 2.115E-05
4 8.00 2.312E-06 8.916E-06 2.770E-05 5.491E-~05
5 16.00 -1.286E-05 ~2.749E-07 3.553E-05 8.737E~05 1.492E-04

8Calculated from the output parameters of Table III for 2327,
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