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DELAYED NEUTRON SPECTRA BY DECAY GROUP FOR FISSIONING
SYSTEMS FROM zz7Th THROUGH ZS3Fm

T. R. England and M. C. Brady*

Los Alamos National Lakmratory
Los Alamos, New Mexico, USA

ABSTMCT’

The quality and quantity of delayed neutron precursor data has greatly
improved over the past approximately 15 years. Supplementation of the data
with model calculations and rhe use of models to extend the number of
precursors to271 is now practiced. These dam along with improved fission-
product parameters, permit direct calculations of aggregate khavior for many
fissioning nuclides. The results can even by approximated using a few (usually
six) temporal groups. This papers ummanzes an extensive four-year effort to
provide a complete setof evaluated data and emphasizes its use to generate the
temporal ap rox.imations; precursor data and group values are intended for

Linclusion in NDF/B-VI.

IN’IRODUCI’ION

Most applications of delayed neutrons use an approximate temporal group
representation of measured aggregate darn 1 Such data have been limited to the few fissioning
nucl.ides that have aggregate mcasurement$ and even these have inadequate or no spectral
mcasuremcntk

Improvements in the experimental techniques of isotope separation and neutron
spectroscopy have made the study of delayed neuuon emission from individual precursor
nucli@ more ctical and productive OV= the ~t flftecn or so years.. The quantity MJ

rquality of the elayed neutron emission probabiki+ and particularly M neutron emission
spectra for the individual nuclidea have been
for use in cslctdations of aggregate behavior e

7 unprovd Such data are still inadequate
individual precursors. We have evaluated

the measti data, supplemented it with model
r

tm for completeness, and added model
vaiues for robable unmetw.rcd premrsors.

d
e resulting extensive data base will be

incorpola into ENDF/B- VL

~s paper can only briefly describe the dam base. We will concentrate on its use to
produce aggre ate delayed neutron yields, halflives, and spectra in the classical six-group

. frepresentation or 43 fissioning systems tlorn ~~ to ~5Frm Group data are also required in
ENDF/R-VI. Comments &ridobservations made concerning the use of more than six time
groups arc included. ‘he ap@ication of the data in both its explicit and reduced (six temporsl

P
up repmsentat.bn) fores m rhe pointreactorkinetics equaoons arc also discussed. Results

mm betu+ffcaive calculation in a simple Gdiva-type aywm are presented, but this paper
will conccnuate on the pcursor data base and emhti the tempmal group rcprcsentalions.

“ M.C. Btiy,prwmly wih NuctuarEn@ncdn#AppUcalknu Dep, OakRAdgeNationalLAnmtmYt



])R)Z~(_JR DATA BASE

Based on cnergetics, ap~mximately 271 fission products should be delayed ne~.tron
prmursors.Only a brief descrip ion of the types and sources ~f data for precursors, including
fission-product yields, can be given here, along with a summary of the relative importance of
the expuimenttd ~ata vs that prcwided by various model calculations.

Fission-product yields me based on a preliminary evaluation for ENDF/B-W.2 This
comprises dm.aat one or more ;~cutron incident energies [denoted as thermal (T), fast (F), and
high (H) and for spontaneous fission (S)] for 34 fissioning nuclides. Forty-three cases are
included in this paper for 28 fissioning nuclidcs. Most of the yields are based on models.

Emission probabilitks (Pn values) for 85 precursors have ben measureds and
evaluated.4 The evalua~on also provides a fit to the parameters in the systematic Herrmann-
Kxatz equations used to predict the unmeasured Pn’s.

Spectm for 34 precursors have been measured.~8 Th.ixtyof these were found to be
inadequate in k measured ercrgy range and had to be supplemented with nuclear models.91*0
The same models were used to estimate the specm for the remainin

asllrJ
237 p~CMSO1’S. TWO

rnodds were used. ~C BETA COdCIOWU MCd to CXtCd 30 = specua Otherwise we
usrd a modified evarmration model. described in Ref. 11. because it has the virtue of
p=u~ng the shape df typical spcc~ without the need to kow, as does the BETA code,
energy levels,

Tl
ins, and parities of precursors and daughters; such dam arc unknown for most

short-levcd nuc .des. Figure 1 shows a comparison of measured and model results.

b-—//.....//\
(
.....,\,..%.,..

~ORb

EXP (Malnz-1983)
BHA MODEL
EVAP MODEL

0,6 1 2.8 3 3,8

Fig. 1. Delayed neutron spectra for nuclide %Rb.



The simple count of nuclides having measured data is misleading, lle 85 having
measured Pn values account for 80% or more of the total emission rate ~ld the 34 having
measured spctra account for 67% or more of the total. These contribunons at reactor
shutdown depend on the fissioning nuclide; e.g., for 235U thermal fission, the respcccive
conrnbutions are%% and 84%.

The largest effofi in the evaluation was directed at model estimates of unmeasured
spectra and the expansion of the incomplete measured s~tra This effort and the models are
summarized in Refs. 9 and 11; it will be described in complete detail when Ref. 12 is
published

REDU~ON OF DATA INTU DECAY AND SPECIlL4 GROUPS

The use of a few tem~ral groups to represent the behavior of a large, unknown
number of precursors started W@ aggregate expcriumnts. It is still a C-ol,venientapproximation
for usc in applications and can be duplicated from aggregate calculations of the individual
prccu.nors.

lhe fission product depletion*, CINDER-10, was used to calculate the activities of
all precursor nuclkh for various cooling W (to 3(N)seconds) following a ~pt irradiation
in each of the fissioning systems. These nuclide xtivities were folded in with the evaluated
emission probabilities to produce a p ate delayed neutron emission values. The delayed
neutron activity curves as illustm J! m ig. Z can be approximated mathematically as a sum
of N expmenetinls mpresendng N-time-gtwqx

(1)

Id

10’

100~“~
01234

1’!ME (8)

Fig. 2, Total v# for eight fuels vs b (pulse).



The parameters Al M Ii in ~. (1) ~ dek@td using a nonlinear, least-squares fitting

code. The data represents a pulse irradiation, unplying that Al is the product of the group
decay constan~ 11,id the group yield per fission, ai.

Initial calculations for 235U(F), 238U(F), and 2S9PU(F)were performed using dine,
six,nine, and twek groups. Increasing the number of groups fkom six to nine resulted in a
significant improvement in the fic however, the results from point kinetics calculations using
both the six- and nine-group fits for prcxnpt changes in reactivity did not reveal any si@lcant
differences. 12s1S

Based on these results and the general acceptance of a six-group rcprcscncation, the fits
for the remaining 40 fissioning systems were performed only for six-groups. Table I presents
the normalized group abumlrmces ml decay constants for all 43 fissioning sytcms.

TABLE I

Delayed Neutron Six-Group Paranmtcrs

Fission
Nuclido

Th227T

Th229T

Th232F

Th232H

Pa231F

U232T

U233T

U233F

U233rt

U234F

U231H

U235T

U235F

U235H

U236F

u236H

U237F

alpha
lambda
alpha
lambda
alpha
1Wlb&
aLpha
lambda
alpha
lambda
alpha
lambda
alpha
1ambda
alpha

1ambda
alpha
lunbda
alpha
!●fnbda
a1pha
1 ●mbda
● Lpha
lambda
alpha
lambda
● lpha
1amcla
● lpha
lambda
● lpha
1●mbda
●lpha
1ambda

1

0.1027
0.0128
0.0067
0.0120
0,0364
0.0131
0.0326
0.0130
0.0026
0.0129
0 1360
0.0128
0.0674
0.0129
0.0859
0.0129
0.0900
0.0128
0.0550
0.0131
0.0808
0.0129
0.0380
0.0133
0.0350
0,0133
0.0458
0.0131
0.0302
0.0134
0.0430
0.0131
0.0178
0,0138

2

0.2182
0.0354
0.1907
0.0330
0.1259
0.0350
0.0997
0.0350
0.2230
0.0347
0.2745
0.0350
0.1927
0.0333
0.2292
0.0347
0.2007
0.0378
0.1964
0.0337
0.1880
0.0364
0.1918
0.0325
0.1807
0.0327
0.1688
0.0356
0.1722
0.0322
0.1540
0.0333
0.1477
0.0316

Group
3

0.1304
0.1090
0.1297
0.1123
0.1501
0.1272
0.1431
0.1307
0.1608
0.1150
0.1509
0.1073
0.1383
0.1163
0,1781
0.1193
0.1912
0.1271
0.1003
C.121O
0,1791
!).1256
0.1538
0.1219
0.1725
0.1200
0.1769
0,1246
0.1619
0,1202
0.1719
0.1252
0.1445
0,1211

4

0.3555
0.2677
0.3807
0.2760
0.4406
0.3287
0.5062
0.3274
0.3805
0.2056
0.3052
0,2557
0.2790
0.2933
0.3516
0.2862
0.3604
0.2901
0,3877
0.2952
0.38f10
0.2981
0.3431
0.3169
0.3868
0.3026
0,4079
0,2962
0.3841
0.3113
9.4018
0.3030
0.3864
0.3162

5

0.1647
0.5022
0.1729
0.4950
0.1663
0.9100
0.1336
0,9638
0.1050
0.6706
0.1007
0.6626
0.1”L28
0.7943
0.1142
0.7877
0.1090
0.8543
0.1324
0.8136
0,1212
0,8475
0.1744
0.9886
0,1586
0.8495
0.1411
0.8260
0.1775
0.0794
0.1578
o.e802
0.2095
0.9073

6

0.0204
2.0956
0.0312
2.0456
0,0808
2.8203
0.0848
3.1667
0.0401
2.3111
0.0326
2.0254
0.2091
2.3751
0.0409
2.4417
0.0405
2.5314
0,0482
2.5721
0.0420
2.5696
0.0890
2.9544
0.0664
2.0530
0.0595
2.6575
0.0741
2.8405
0.0707
2.0167
0.0941
3.0360



TABLE I (ConL)

U238F

U236H

Np237F

Np237H

Np238F

Pu238F

Pu239T

Pu239F

Pu239H

Pu240F

Pu240H

Pu241T

Pu241F

Pu242F

Am241T

AnG”41F

Am241H

Am242mT

An1243F

CM242F

Cm245T

Cf249T

Cf251T

cf252s

ES254T

FM255T

alpha
lambda
alpha
lambda
alpha
lambda
alpha
lambda
alpha
lambda
alpha
lambda
alpha
lambda
alpha
lambda
alpha
1ambda
alpha
1ambda
alpha
lambda
alpha

1a.mbda
●lpha
1ambda
alpha
1ambda
alpha
1ambda
alpha
lambda
● lpha
lambda
alpha
lambda
alpha
1ambda
alpha
1ambda
alpha
lambda
alpha
1ambda
● lpha
lnbda
alpha
1ambda
●lpha
lambda
alpha
linkxia

------- ------- .-

0.0139
0.0136
0.0195
0.0135
0.0400
0.0133
0.0326
0.0133
0.0216
0.0136
0.0377
0.0133
0.0306
0.0133
0.0363
0.0133
0.0678
0.0129
0.0320
0.o133
0,0534
0.0130
0.0167

0.0137
O.oleo
0.0136
0.0196
0.0136
0.0305
0.0133
0.0355
0.0133
0.0740
0.0129
0.0247
0.0135
0.0234
0.0135
0.0763
0.0130
0.0222
0.0134
0.0246
0.0135
0.0055
0.0157
0.0124
0.0136
0.0073
0.0194
0.0060
0.0149

0.1128
0.0313
0.1184
0.0320
0.2162
0.0316
0.1571
0.0322
0.1845
0.0308
0.2390
0.0312
0.2623
0.0301
(7.2364
0.0309
0.1847
0.0353
0.2529
0.0305
o.le12
0.0329
0.2404

“0.0299
0.2243
0.0300
0.2314
0.0302
0.2760
0.0300
0.2540
0.0308
0.1757
0.0346
0.2659
0,0301
0.2945
0.0290
0.2947
0.0312
0!1780
0.0307
0.3919
0.0294
0.3507
0,0288
0.3052
0.0291
o,314e
0.0289
0.4056
0.0207

0.1310
0.1233
0.1490
0.1214
0.1558
0.1168
0.1589
0.1211
0.1519
0.1189
0.1577
0.1162
0.1828
0.1135
0.1789
0.1131
0.1553
0.1215
0.1508
0.1152
0,1533
0.1191
0.1474
o:i136
0.1426
0.1167
0.1256
0.1154
0.1531
().~145

0.1563
0.1130
0.1754
0.126?
0.1512
0.1152
0.1537
0.1138
0.1419
0.1129
0.1672
0.1130
0.1349
0.1053
C.1736
0.1077
0.1813
0.1068
0.1547
0.1048
0.1766
0.1027

0.3851
0.3237
0.3978
0.3142
0.3633
0.3006
0.3929
0.2933
0.3760
0.3077
0.3562
0.2888
0.3283
0.2953
0.3267
0.2925
0.3605
0.2805
0.3301
0.2974
0.3715
0.2918
0.3430
o.307t3
0.3493
0.3069
0.3262
0.3042
0.3122
0.2949
0.3364
0.2868
0.3589
0.3051
0,3337
0.2394
0.3148
0.2906
0.2833
0.2703
0.3706
0.3001
0.2590
0.2930
0.2693
0.3246
0.2992
0.3024
o.2-iaa
0.3105
0.1940
0.3130

In this table T, P, ●nd H, rotor to fission neutron

0.2540
0.9060
0.2081
0.9109
0.1659
0.8667
0.1789
0.8841
0.1861
0.8988
0.1590
0.8561
0.1482
fl.8537
0.1702
0.0575
0.17s0
0.8486
0.1795
0.8477
0,1849
0.8462
0.1898
0.R569
0.1976
0.8701
0.2255
0.8272
0.1625
0.0810
0.1724
0.0654
0.1783
0.9536
0.1756
0.8646
0.1656
o.f1820
0.1763
0.8710
0.2054
0.0340
0.1614
0.0475
b.16QQ
0.8037
0.1729
0.8173
0.2010
0.8332
0.1160
0.8072

hc Mont

0.1031
3.0487
0.1072
3.0196
0.0589
2.7600
0.0796
2.7922
0.0798
2.9676
0.0504
2.7138
0.0479
2.6224
0.0515
2.7297
0.0487
2.5587
0.0547
2.0796
0.0550
2.7080
0.0627
3.0800
0.0682
3.0028
0.0716
3.1372
0.0457
2.6879
0,0454
2.6430
0.0377
3.3205
0.0489
2.0107
0.0480
2.8111
0.0375
2.1969
0.0559
2.7686
0.0273
2.465P
0.0242
2.6314
0.0290
2.6159
0.0435
2.7230
0.0218
2,5760
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Having determined the six-group parameters for each fissioning nuclide, the next
logical step was to calculate a consfitent set of six-group spectra

Equation (1) is the mathematical representation of delayed neutron activity following a
fission pulse. The physical representation using the individual fission-product precursor data
is (ignoring coupling)

271

?

-Ajt
n~(t) = AjPnj Y ;j e ,

r
(2)

where YIj is the tit fission ykld of nucl.idej ~d hj is its emission probability.

Both Eqs. (1) and (2) dcsmitx the delayed neutron activity peTf~sion following a pulse
and should be equivalent In the present evaluatkm it is requird that

Al

pkAie ‘ = fti PnkYIke~’ , (3)

where the sulxript i represents mathematical group i, the summation is over all precursors
contributing m group i SIXI& isth hwxion of delayed ncutmns pinked by precursor k that
contribute to group t. It is assured thaf the fission-pruiuct precmcu may contribute to either
or both of the adjacent mathemuica.1 groups dctczmined by the decay constants. [Previous
analyses of indi~idual precursor dam with respect to its reduction to the six-group
representation, simply assi

P
each pmcursw to a particular -p based on either halflife or

1 bounds.6s14] The sum o ~ for any k must be unity. These hctions were determined by
requiring the kast-q,lares m

‘p [+h’ f -++,I
2

. A e-;’+ (1 - ‘J ‘i+l ekl i 1) dt (4)

to be a minimum. 1301SA modilbdon of Newton’s method was used to mum the minimum
of Eq. (4). ?he equilibrium group spectra were tin found as

T01 (E)= fU YCk Pnk ~ (E) , (3

where *(E) is the normalized delayed neutron spec~ of precursor k and YC~is the
cumulative yield * fission fm

r
k.1’hc ~ six-group spectra for u fast

and thermal fission are given in t .3-8 over a l-MeV energy range in comparison with ihe
six-group spectra taken 6UM END /B-V fcx ~%J. Differences between our thermal and fast
spectra arc much less than those with the ENDF/B-V evaluation. All spectra are normalized
such that the integral ow 1 MeV is unity in L- compariwtts,

Using the mcthcd outlined abve, the group-one
r

m shown in Fig. 3, has three
conuibudng precursor nuclides. The precursor ~Br contri tes 100% of its dela ed neutrons

2to gmu one, as is expectd however, two &lditionsl precursors, 1371 and 141 s contribute
G%about 2 of their dela ed neuuons to group one. This result allows the group one specuum

to chtange far different Jss ioning systems, as suggested by ENDF/B-V data.



Precursor anJgToup spectra arci.ncnergy bins of 10keVfor upto300 groups. In
some applications 1 we have used the same bin structure to >8.5 Mev, but these calculations
did not-tie temporal groups.
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APPLICATIONSOF THE GROUP DATA

The accuracy of the six-group parameters is difficult to quantify as it is influenced by
not only the uncenaintics included in che basic data that was used in calculating the delayed
neutron activity ctuwes (i.e., the direct f~sion yields, halflives, and emission probabilities) but
also by the uncertainty introduced by the least-squares fit to that data. Likewise, the calculation
of the uncertainties for the group spectra is not straightforward because of the method used to
calculate the fhctiortal conrnbution tim each precursor to the various groups.

A reasonable check on th~ grou
c&

abwhnces and decay constants would be to use them
in a point kinetics calculation. These uladons wem performed for step changes in reactivity
in a ZSSU(F) system and the results arc given in Fig 9, The pint kineacs equations were
rnodified13w16fcx the calculation using the explicit precursm data. A total of 386 nuclides were
required in that Ca.lcumionto include the 271 pcrcursors and their parents. Agreement of the
fitted six-groups with the explicit calculations is very good. The results using the ENDF/B-V
six-group parameters is also given for comparison; the numlxx of delayed neumms prcduced is
constant for all cases.

100i /
...,

— Exp!klt 386 nucllde Ilbrary .....”..

I.----”--.. ” ENDF/B-V 6-group
,../ ----

/

... -.....,..’
- Fitted 6-~roupa ...-.....

,’ ..-.. “..D ❑ +$0.50

P ❑ +$0.10

1
p = $0.00

. . . . . . . . . . . .
.,,,, .. .,,, ,,,

J0.1! I
o 5 10 15 20

Time (see)

F’ -.9. Calculataf neutron density following step reactivity (p) inputs for 2S5Ufast fission.



Rossi-alpha (~&mwration time) calculations were performed to insure hat the group
specw produce results which arc consistent with those using the aggregate spcck~ derived
from the individual precursor data The one-dimensional trans rt theory code, 0NEDANT18

!?was used to model a Godiva reactm (a bare sp!me of enriched 5U metal) and to calculate tie
fluxes and adjoim fluxes needed fm the

?
ation calculation. This was accomplished with

a modified version of the PERT-V code g which uses fnt order perturbation tkmy based on
the multigroup diffusion model and calculates the effective delayed neutron fraction, ~eff, and
the mean gerleration time. The PERT-V code allows the user to input either a single delayed
neutron spectrum or individual group qwc~ the results for Rossi-alph& UN , calculated
using each of these options are given below:

Aggregate Spectrum -1.1185x 106 s-l
six-Group spectra -1.1123x 106 S-l.

The pmurbation calculsdions were performed using the six-group decay constants anu

fkmctionalabundances for 2~5U(F’)from Table I, and a total delayed neutron yield of 0.0167
neutrons per fusion, which is the value recommended in ENDF/B-V.

The measured value of a +noted in the Cress Section Evaluation Working Group
‘%Benchmard SpcMcaaons (BNL 1 304, Fast Reactor Benchmark No. S is -(1.11 * 0.02) x

106 s-1. The ratio of the six-group result to the expetint is 1.0020 and that using the
aggregate spectrum is 1.0(?76. These results are in excellent agreement and provide an
adequate suppt of the methods used to derive the six-group specm

SUMMARY

An evaluated library for 271 dela ed neutron recursora has been completed. Six-
~UP pme~ and spectra have been cal 5dated for 4 fissioning systems that are consistent
with the explicit precursor results. Although some disagreement with the ENDF/B-V is
observecL the major improvement has been in the delayed neutron group spectra and in data
produced for unmeasured systems. ENDF/B-V contains six group spectm for only seven
fissioning nuclides and thede are in a very coarse bin structure that extends on.1 to about 1.2

8MeV, whereas the present grmp spectra cover 28 flashing nuclides in a fine 1 =keVenergy
bin structure and extend to 3.0 MeV (the maximum range of the ex@mental data for my
precursor). The nmmalized _ and the group constants to a le~wr degree, appear to be
nearly independent of the incident neutron energy and therefore the vd data recommended for
inclusion in ENDF/B-VI cxmtain ordy one setof grouF mnstants and spectra (usually that of
the fast system) for each of the 28 fissioning nucl.idea. The dela ed neutron yields are a

dfunction of incident neuamn energy, especially for h@henergy (14- eV) fission and are given
as they wem in ENDFiB-V. The actual values for ud recommended for ENDF/B-VI, but not
the abundances or spx~ am those taken i%omthe previous ENDF/B-~ evaluation17 or new]y
evaluated nwasurements. Nuclides with no reported measurement of ~d in the literature were
assigned the calculated values. We have resented some results related to ~e~ and point

ikinetics; these were primmily u- to chak e validity of the precursor and group dam
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