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Delayed neutron yields: Time dependent measurements and a predictive model
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The delayed neutrons from neutron-induced fission in U, Np, Pu, 'Am, Am, ' Cm, and ' Cf were

studied for the first time; those from '"Th, '"U, "'U, '"U, '"Pu, "'Pu, and "'Pu were measured again. The data

were used to develop an expression for the prediction of the absolute delayed neutron yield, and the prediction of
delayed neutron emission with time. This approach accurately predicts observed delayed neutron yields and decay
characteristics. A fission product yield model was used in conjunction with delayed neutron emission probability to
analytically predict delayed neutron characteristics. The results of this analysis are in excellent agreement with

experimental values.

RADIOACTIVITY Delayed neutron yield. from thorium and transuranium ele-
ments, measured and calculated values.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURES

Predictive models for fission yields have been
based primarily on yield data taken on isotopes
near stability. These models and the data have
been reviewed in detail elsewhere. ' ' However,
less attention has been given to the time-depend-
ent-delayed neutron yields from fission and how

they affect the overall fission yields. This area,
as reviewed recently in the IAEA Vienna meet-
ing, ' is of importance in the design and estimation
of performance characteristics of reactors with
reprocessed fuels. In order to construct a reli-
able model for yield predictions in a wide variety
of fissioning systems a data base as large as pos-
sible is necessary.

We have modified and extended a computer-con-
trolled system for the automated measurement
of time dependent neutron emissions. Using 'He
ionization chambers and BF, counters we have
measured the time dependent gross beta-delayed
neutron yield for a variety of systems ranging
from "'Th to "'Cf. Using these data we have then
constructed a fission-yield model which reliably
predicts the yields of neutron-rich nuclei. These
data and the modeling have allowed us to investi-
gate the odd-even effect over a broad range of
fissioning nuclides. Section II presents the details
of our experimental measurements; Sec. III,
the results; and in Sec. IV we discuss our model-
ing of the fission yields.

In order to measure delayed neutron yields of
the transuranium nuclides which were available
only in small quantities we utilized the high neu-
tron flux available at the Livermore Pool-Type
Reactor (LPTH). It should be noted that previous
studies, such as those of Keepin, ' required gram
quantities. In contrast, samples used in this work
ranged from micrograms for nuclides with large
thermal fission cross section to several milli-
grams for materials with low thermal fission
cross sections.

A. Irradiation system

The irradiation, transportation, and measure-
ment of samples were performed under computer
control. A block diagram of our transportation
system is shown in Fig. 1. This system, under
control of a PDP-8 computer, was used to send
rabbits containing samples to the core of the
LPTR. The rabbit's flight in the pneumatic tube
system was monitored by several photosensors
that reported the rabbit's ~ssage to the monitors
under PDP-8 control. Arrival of the rabbit at
the core irradiation position was detected by a
sound sensor. After predetermined time the
rabbit was sent to a counting station located 46
m from the core and 2.40 m below ground level.
This location provided sufficient shielding to
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FIG. 1. Block diagram of automated sample irradia-
tion system.

FIG. 2. Diagram of the delayed-neutron detector
(taken from Lawrence Livermore Lab Report No. UCID
16911-76-3).

eliminate any background neutron activity. The
counting station, consisting of 20 'He ionization
chambers placed concentrically around the sam-
ple and embedded in polyethylene, is shown in
Fig. 2. The 20 detector tubes were connected so
that the dead time of one counter did not affect
any of the others. This gave an efficiency of
about 30% with a dead-time constant of about 3.1
p. sec that was capable of tolerating count rates
up to 100000 counts per second.

A second neutron counter was constructed clos-
er to the reactor to allow the start of counting
at times as early as possible. The detector sys-
tern is shown in Fig. 3. This system provided a
flight time of 300 msec for the rabbit. It consist-
ed of a single BF, tube embedded in polyethylene
and shielded from the sample by 13 rnrn of lead.

B. Target material Composition

Since fission cross sections at thermal energy
are normally much larger than those at high en-
ergy, small impurities of fissile nuclides could
bias the results of fast fission studies. As an
example, the presence of 0.1% "'U in a "'U sam-
ple would bias the results and even lesser
amounts would lower the observed yield. This is
because the total yield of "'U delayed neutrons is
about one-third the yield of ~"U. Samples with

very large thermal cross sections, such as "'Cf,
' 'Cm, and '4'Amm required little concern about
impurity contamination. In other cases, such as

Th, 'Np "Am "'Pu, and "'U, pure sam-
ples were obtained by chemical means. Mass
separation was required in the other cases. For
example, "'U (93% enriched) was readily avail-
able but a special ultrapure "'U (99.999% "'U
cadmium covered) was found suitable for study.
Ultra pure "'Pu (0.033% fissile impurities) was
studied with and without cadmium covering and

no difference was observed, so it was considered
acceptable. Mass separated standards of '4'Pu,
"'U, and "'Pu were also obtained.

Some samples had to be rejected as summar-
ized in Tables I and II. A "'Pu sample with 1%
"'Pu impurity was rejected and a "'Pu sample
contained enough '4'Pu to prevent obtaining any
useful results. A very pure sample of '4'Am still
contained enough '4 Arn to bias the results so it
was rejected. Finally, a "'Cf sample contained
enough "'Cf to cause an unacceptable spontaneous
fission neutron background.

It is important to note that the data provide a
check on the sample purity. As discussed later
in this paper, it is possible to predict with good
accuracy the total delayed neutron yield a nuclide
will have. This yield varies dramatically from
nuclide to nuclide and so a sample which gives a
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FIG. 3. Diagram of the neutron detector located on the reactor top.

Nuclides of interest

TABLE I. Simple samples.

Assay

232Th

32U

233U

23FNp

238P

239P

24f Pu

24'Am

242A tn

245Cm

249Cf

Chemically purified thorium {&99.5$ 232Th)

Isotopically purified U (99.99% U)

Sample contained 4 ppm U, 95.1 U, 0 5k U, 0.8@ U,
0.1 3 U, and 3.5%

3 U enriched to 93.7.
Sample contained 0.7% Th, 0.1% U, 0.01% Pu, and the rest Np.

Isotopically purified Pu containing «0.1% +U, 0.1 Pu, and the
rest 238Pu

Chemically purified sample containing 0.01@ Pu, 93.6 39Pu, 5.7Q
Pu and 0.65% Pu.

Isotopically separated plutonium containing & 0.1% 2 Pu, 0.1@ 242Pu,

and the rest 4 Pu.

Chemically purified Am from the decay of 4 Pu containing
1.8% 3~Np, & 0.1@all other fissile impurities, and the rest 4 Am.

Isotopically purified 24 Am~ containing 0.79 Am, 99.21 4 Am~,
and & 0.007% 243Am.

Isotopicaliy purified ~Cm containing 0.281% 44Cm, 0.215 4 Cm,
0 013% 4 Cm, 0.231% 4 Cm, and the rest 24~Cm.

Chemically purified 49Cf from the decay of Bk containing & 0.1
fissile impurities.
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Nuclide of interest

TABLE II. 1Afficult samples.

Impurity Solution

238

240p

242p

244p

243Am

'44Cm

25i ~

235U

'4'Pu

24i p
24iAm

245~

Uee of high purity t+U covered with cadmium
(99.999% 8U).

Sample not used.

Use of high purity 242Pu, checked with cadmium
covered sample (99.90% 2Pu).

Data dominated by 4 Pu fission. Data not used.

Data dominated by 'Am fission. Data not used.

Sample not used.

Data dominated by spontaneous fission neutron
background. Data not used.

different absolute yield required further investi-
gation. Such an example was the "'Pu sample.
The absolute yield observed is considerably lower
than expected (probably due to the even-odd ef-
fect). This could have been due to impurities
("'Pu and '"Pu) with lower absolute yields and

large thermal cross sections. However, covering
the sample with cadmium would have decreased
this effect and the change would have been noticed.
Covering a sample of pure ' Pu with cadmium
mould have no effect since thermal neutrons do
not cause fission in "'Pu. In a nuclide with a
large thermal fission cross section (such as '"Pu
or "'Pu} the ratio of fission in a bare sample to
a cadmium covered sample is about 10. Since no
change was observed in the delayed neutron yield
of the "'Pu sample, the low absolute yieM mas
assumed to be real.

C. Transit time correction

Due to the relatively long transit time, a fraction
of the shortest delayed neutrons was missed. We
analyzed Keepin's delayed neutron yields and found
that the fraction of the delayed neutrons observed
at t = 0.4 sec to that at t = 0.0 sec was a function of
the quantity A, /Z, , where A, and Z, were the
composite mass and charge of the fissioning
material, respectively. This assumption has some
basis in that the larger the ratio A, , /Z, the more
neutron rich the fission products that are pro-
duced. Specifically, the fraction of delayed neu-
trons missing at t = 0.4 sec was derived from the
equation

Ji =1 — =1.9207 ~ -4.788+(+}.y(t=0 4)
'

2,
This correction was then applied to the observed

delayed neutron yield at t = 0.4 sec to give an ab-

solute yield at t = 0 sec. The correction was of the
order of 1 and so the error associated with this
correction was small (0.+}.Typically, this did
not change the result at all. In all cases except
"'Th and "'U the effect was minimal. For nu-
clides where a short-lived group was observed
(that is, 0.7 sec '}no correction was applied.
For nuclides where a short-lived group was not
observed it was assumed that a short-lived group
with low yield was missed due to the long transit
time. In these cases the correction was applied.
The difference between the observed yield (extra-
polated to t =0) and the calculated absolute yield
using this correction was assigned to a short-
lived group. In all cases this group was very
small. We adopted Keepin's suggested value of
0.514 +0.013 sec for the average half-life of his
group V neutrons (= 1.85 sec ') to this short lived
group.

Th and ' 'U were treated somewhat different-
ly. Because these two nuclides were extremely
neutron rich, the correction needed was signifi-
cant. However, both of these nuclides were stud-
ied by Keepin so that accurate information was
available about the decay from t = 0 to t = 0.4 sec.
In these two cases the shortest-lived group yield
and decay constant was modified to accurately re-
Qect the decay observed from t = 0 to t = 0.4 sec.

D. Energy sensitivity of detector

Energy sensitivity of the delayed neutron count-
ers was of serious concern since a change in
counter efficiency with neutron energy would give
a distorted count rate. This is because delayed
neutrons are similar to gamma rays in that those
with the highest energies also tend to have the
shortest half-lives. Thus, if a counter had a
higher counting efficiency for low energy neutrons
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one would observe an increase of the 55 and 22
sec groups relative to the shortest-lived (most
energetic) groups. Plots of data taken with the two
delayed neutron detectors used in this work were
compared with plots of Keepin's data (taken with
an energy insensitive detector). No variation was
observed for any nuclide. Since there is a very
large change in relative group yields from "'Th

3 U to 33U' and 3 Pu this was considered a
sufficient check on the energy sensitivity of the
counter.

E. Yield normalization

The y-ray spectra used in the absolute yield
normalization was taken with one of the four
mated coaxial Ge (Li) detectors associated with
the pneumatic system. Each counter was set in
an identical movable holder to provide variable
but reproducible counter geometry. Measure-
ments were begun about 30 min after irradiation
and extended over eight hours. Another measure-
ment was taken 24 h later to emphasize the longer-
lived fission products. A similar measurement
was taken on a ' 'U standard so that the ratio of
fissions in the sample to those of the "'U stand-
ard was found. This ratio incorporated the pub-
lished fission yields of the fission product in
question for both '~'U fission and fission in the
sample. In general, we were able to identify and
use over a dozen different fission products to es-
tablish this ratio. The one exception was ~'Np.
In this case, the decay of "'Np formed from neu-
tron capture precluded gamma counting below 1
MeV. Fortunately, several fission products have
gamma energies above this energy and these were
used to find the fission ratio. The 60 keV gamma
peak associated with ' 'Am caused counter dead-
time problems. This was reduced by shielding the
gamma counters with 1.5 mm of cadmium.

III. EXPERIMENTAL RESULTS

We measured the following time-dependent beta-
delayed neutron yields: "Th, "'O', "'U, "'U,
2 U Np 3 Pu P 241Pu 2PU Am
"'Am, "'Cm, and ~'Cf. For these, a least
squares fit of the time-dependent neutron data
was made and the results are given in Table III.
In addition, several nuclides were measured but
had to be discarded because of severe contami-
nant problems. The discarded nuclei were "'Pu,
'4'pu, '4'Am "4&m, and '"Cf. Details of con-
taminants and specific reasons for discarding
each case is given in detail. elsewhere. '

Our data compare well with Keepin' and Cox"";
however, for the long-lived groups our uncertain-

ties are much smaller. This is due to better sta-
tistics available from the high fluxes used. The
count rate several seconds after irradiation in
this work was several hundred times that obtained
by Keepin from his multiple irradiations. For the
shorter-lived groups this work had larger uncer-
tainties due to the nonpulsing nature of the exper-
iments and the significant transit times.

In all cases, the longest-lived group (group I
or "Br) agrees well with the values quoted else-
where. For group II the agreement is also ex-
cellent except that in the cases of "'U and "'pu
our analysis has sepa, rated the '3'I and the "Br
contributions into two groups. Beyond group II
agreement is not expected unless the same pre-
cursors are incorporated into the same groups.
The total yield, however, is not affected by the
groupings.

A. Fission yields for Br and +I

The groups I and II, the longest in time, are
due solely to "Br for group I and predominantly'"I for group II. The half-life obtained for "Br
from our neutron measurements is 55.23+ 0.13
sec, which agrees reasonably well with the mean
measured value" of 55.6+0.2 sec.

The best P„vlaeufor "Br is 2.38 +0.08%.'
P„is defined as the fraction of decays which re-
sult in neutron emission. By dividing the observed
group I yield by 2.3+ the cumulative fission yield
of "Br is obtained. The results of this calculation
are listed in Table IV. Also included are exper-
imentally measured cumulative yield values listed
in Rider and Meek. ' In some cases the cumula-
tive fission yield of "Br is not known or uncertain
so in these cases the cumulative fission yield of
the beta decay daughter "Kr is included with a less
than sign (&) because the yield of "Kr is definitely
greater than that of ~Br.

The corrected group yields were obtained by
correcting for the difference between A, and the
decay constant for "Br (0.01247 sec '). The time
at which group I and group II yields are the same
were taken as the reference time. At this time
the neutrons being observed are those of "Br. By
extrapolating back using the decay constant for
"Br, instead of that for group I. The equations
used were

Y ~, exp(- A. ~, I,) =A, exp(- A.,f,),
so that

I'~, =A~ exp [- (A.~
—Xs,)to] .

The agreement in cumulative yields is excellent
except for "'U and "'pu. The latter case may be
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TABLE IV. Calculated cumulative fission yield for ~Br.

Fissioning
nuclide

232Th
232U'

233U
235U

238U

237Np

238p

239p

240p
24i p

242p

"'Am
242Amm

"'Cm
249 Cf

Br delayed
neutron yield

per fission

0.180(7)R

0.052 (4)
0.055(4)
0.056(1)
0.048(4)

0.036(3)
0.019(3)
0,190(9)
0.022 (3)
0.018(1)

0.019(3)
0.018(2)
0.017(1)
0.0122 (9)
0.0072 (6)

Derived Br
fission yield %

7.61(39)
2.81(18)
2.31(19)
2.35(09)
2.02 (18)

1.51(14)
0.84(13)
0.80(5)
0.92(13)
0.76(5)

0.80(13)
0.76(9)
0.71(5)
0.51(4)
0.30(3)

Rider and Meek
recommended

yield %

&7.15(20)

2.20(13)
2.27(14)
1.36(44)

&1.44(4)
&1.73(7)

0.73(4)
&1.01(16)
0.61(5)

&0.80(6)
&0.86(14)

a Number in parentheses is error &&10, e.g., 0.180(7) =0.180+0.007.

due to a problem in the group I yield data reported
here. In the case of "'U there is very poor agree-
ment. The problem is not in the group I yield be-
cause Keepin's group I yield gives even worse
agreement. %'e suggest that the reported cumu-
lative fission yield in Rider and Meek is in error.
In view of the difficulty in making cumulative yield
measurements this could be possible. A more
severe problem is that the cumulative yield of
"Kr, which must be larger than that of "Br, is
also reported as a lower figure.

B. Fission yield for I

A similar, though more complicated, analysis
can be made for the yield of '"I from group II
data. In general, in group II the major contribu-
tor is '"I with smaller contributions from "Br
and '"Te. The contribution of "Brdecreases with
increasing fissioning nuclide mass so that in most
instances well over 89)& of the contributions come
from ' 'I. The contribution of 88Br and x36Te was
estimated using the fission yield model described
later and was subtracted from the observed group
II yield (T,~, = 23 sec). The fission yield of "'I
is then calculated by dividing by the P, value of
'"I of 6.6 +0.6.' The results of these calculations
are shown in Table V.

Rider and Meek' list a few experimentally mea-
sured cumulative fission yields which agree wel. l
with the values obtained by this analysis. They
also list recommended fission yields using cal-
culations where measurements are not available.

These values also agree with the values obtained
by analyzing delayed neutrons. For several nu-
clides, however, no report of fission yields has
been made and this analysis provides new infor-
mation.

C. Other values

Among the values reported by Keepin' for ab-
solute delayed-neutron yields was the absolute
yield of "'U fast fission. His other data agreed
with prior and subsequent work but the absolute
yield of "'U differed significantly. Work by
Evans" indicated a higher yield even after cor-
rections for a miscal. ibration of a "Mo source
was applied. Keepin relied on "Mo counting to
determine the number of fissions. It appears that
the same value of "Mo yield" was used for "'U
and 'U. The value for ' U is 1.08+0.03 times
larger than that for "'U. If his value is corrected
by this amount, it agrees with all other published
values for "'U fission. Table VI shows the pub-
lished values and a mean value weighted by the
quoted uncertainties of the individual reported
values. The values are taken from Tuttle. " The
yield from fast neutron fission of "'U is 4.44
+0.23 neutrons per 100 fissions.

IV. DISCUSSION

A. Parametrization of total delayed neutron yield

For fissioning systems, the yield of beta-del. ay-
ed neutrons follow the quantity (A, —3Z, ), where
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TABLE V. Calculated cumulative yield for 37I.

88Br and i36Te
Fissioning Group 2

contribution Calculated~ Observed %
(+20@) TI yield % ' I yield

Rider and Meek (Ref. 6)
recommended

value $

232'U

233U'

23+
238U

237Np

238p

239p

240p

24ip
242p

24iAm
242Am$$

24'C
249Cf

252Cf

0.704(27)
0.131(10)
0.230 (36)
0.358(7)
0.557 (42)
0.244 (24)
0.142 (22)
0.183(9)
0.238 (16)
0.324(17)
0.316 (104)
0.146(18)
0.195(13)
0.179(12)
0.094(7)
0.0347 (9)

0.433
0.0995
0.140
0.158
0.162
0.087
0.040
0.048
0.059
0.065
0.086
0.024
0.039
0.032
0.012
0.020

4.1(1.4)
0.48(34)
1.4(7)
3.0(6)
6.0(1.0)
2.4(5)
1.5(4)
2.0(3)
2.7(4)
3.9(5)
3.5(1.6)
1.8 (3)
2.4(3)
2.2 (3)
1.25(17)
3.0(3)

5.15(82)

1.67(10)
3.46(21)
5.31(85)

2.57 (21)

3.86(23)

5.39(59)

1.65(7)
3.22 (19)

2.90 (67)

2.43 (14)
2.58 (59)
4.13(25)
3.70 (85)

2.29 (73)

Number in parentheses is error X10, e.g. , 0.704(27) = 0.704 +0.027.

A, and Z, are the composite mass and charge of
the fissioning material. " A Priori dependence
on the mass to charge ratio of the parent nuclide
(A, /Z, ) which is normally about 2.57 might be
expected. However, another effect is also ob-
served. Since the heavy fission peak is approxi-
mately constant, an increase in A, causes the
light fission yield peak to shift. Delayed-neutron
precursors are concentrated in two groups near
the light and heavy fission yield peaks (A = 90
and A =140). Increasing the mass of the fissioning
material, A, , causes the light fission yieM peak
to shift away from the light delayed neutron pre-
cursors. The result is a decrease in the delayed
neutron yield. To compensate for this loss, the

mass to charge ratio must be increased by more
than 2.57. It is not surprising then that l.caving
the quantity (A, —SZ, ) constant leaves the de-
layed-neutron yield constant. Increasing the quan-
tity increases the delayed-neutron yield exponen-
tially. A least-squares fit of the observed delay-
ed-neutron data in the form"

Yn„(per 100 fissions) = exp(a+ bZ, + cA, )

was made. It was found that the neutron-induced
fission data fits very well, whereas some of the
photofission and spontaneous-fission data fit but
with greater dispersion. This could be because
the quoted uncertainties on these data are too

TABLE VI. Reported 3 U delayed-neutron yields (Ref. 14).

Investigator Neutron energy
Yield (neutrons/
100 fissions) (Ay)

Keepin (1957)
Tomlinson (1972)
Manero and Konshin (1972)
Brunson (1955)
Maksyutenko (1959)
Maksyutenko (1959)
Masters et al. (1969)
Cox and Whiting (1970)
Clifford (1972)
Cox (1974)
Cox (1974)
Keepin (adjusted)
This work (1980)

Fission
Fission
Fission
2.7 MeV
2.4 MeV
3.3 MeV
3.1 MeV

0.9-2.4 MeV
1.8 MeV
2.0 MeV
3.0 MeV
Fission
Fission

4.12(25)'
4.40(12)
4.60(25)
4.76(74)
4.37 (35)
4.15(38)
4.84(36)
4.46(29)
4.72 (25)
4.39(26)
4.35(26)
4.45(30)
4.65(35)

~ Number in parentheses is error x100, e.g. , 4.12+0.25=412(25).
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small or that these are somewhat different pro-
cesses.

The least-squares fit of the available data (ex-
cluding "'Np photofission, "'U photofission, and
"'Cf spontaneous fission) gives the following ex-
pression with an accuracy of +9%:

Yo„(per100 fissions)

=exp(16.696 —1.144g, +0.3VVA, ) .
Figure 4 is a plot of the measured delayed-neutron
yields versus YD„that have been reported in this
work or elsewhere. Correlations such as this are
quite useful in estimating delayed neutron yields
for unmeasured nuclides. For example, the con-
trjbution of Pu fissjon or 36U fjssjon jn reactors
with these minor contributors can be estimated
using such a correlation. If actinide burning re-
actors are ever designed, unmeasured delayed-
neutron yields will have to be estimated in this
way.

The time dependent nature of the beta delayed
neutrons can be estimated. In Fig. 5 we have
shown the relative delayed-neutron yield (normal-
ized to unity) with time for all avaiable data.

I ) I I I I I

From this plot we can calculate the uranium equi-
valent mass for all the nuclides studied where the
uranium equivalent mass of a nuclide of mass A
and charge 2 is 92(A/Z). If this quantity is cal-
culated for each nuclide, an orderly progression
exists from U to U including the non-uranium
nuclides. Thus, it is possible to not only esti-
mate the total delayed-neutron yield for a given
nuclide, but the time dependent nature of the de-
layed neutrons as well. Reactors utilizing re-
cycled fuel or burning actinides are likely to have
inventories of fissioning nuclides which have not
been studied. The delayed neutrons from these
nuclides can have a perturbing effect on the sta-
bility of such reactors. "

B. Generalized fission yield model

Generally independent yields can be fit to a
Gaussian distribution; that is, the relative inde-
pendent yield is divided by the chain yield and
plotted as a function of fission product for a given
mass. The resulting Gaussian gas been found to
have a width parameter of o, =0.56 while its cen-
troid is quoted by the parameter Z~. ' Recent
studies indicate a value of 0.53 may be more ex-
act. For a fission product of mass A and charge

252Qf

Q Spontaneous fission ( C&)

Q Photofission

0 Neutron induced fission

mTh

U

238 U (~)

232Th ( )
(~U

241 Pu J' 2CP

I

1.0

233U (

238PU

~U 237(tip (~)

01' I I I I I I I I I I I

-1.2 -1.0 -08 -0.6 -0.4 -0.2 00 02 04 06 0.8 1.0 1.2

16.698 —1.144 Zc+L378$ Ac

I

1.4 1.6

PIG. 4. Plot of the total delayed neutron yield for var-
ious nuclides versus the quantity {16.698 -1.144Z,
+ 0.3769Ao), where Z~ and Ao are the composite charge
and mass of the fissioning nuclide.

0.1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

t (sec)

FIG. 5. Plots of the relative delayed neutron yl.eld for
various nuclides with time.
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Z the relative independent yield (RIY) is given by
the equation

2+Os 5

Rl Y = C (1+a)
2 Oo05

(z -z, )'
exp —,' dz,

20'

where C is a normalizing constant (so that the to-
tal of all relative independent yields in a chain is
unity) and a parametrizes the even-odd effect. If
the variable X is defined by the equation

Z~ values for thermal fission of "'U and "'U. A
plot of the resulting values as a function of mass
is shown in Fig. 6. In calculating these values,
the even-charged nuclides result in Z~ values that
are on the average 0.11 charge units less than the
average. Qdd-mass nuclides give a Z& of 0.11
charge units larger than the average value Z~.
We have parametrized the quantity Z~ for U~' as
follows:

Z-Z
0'g

and

Zp =0.4153A —1.19, A& 116

then E(X) may be defined as the integral quantity
above so that

RI Y = (I + a)E(X) .

Z =0.4153A —3.43, A& 116 .
For thermal fission of "'U, the equation has the
form

F(X) values are tabulated by Bevington. " Inde-
pendent yields may be calculated by multiplying
the relative value by the chain yield and the curn-
ulative yield may be obtained by summing from
z =0 toz =Z, where Z is the charge of the nuclide
of interest.

In the case of the even-odd effect, if the charge
is even, a is positive and if it is odd, a is nega-
tive. For thermal fission of U and U, for
instance, the even-odd effect is about 22%.

An accurate formula for Z~ would allow the cal-
culation of fission yields for any fissioning nu-
clide and any fission product of interest. Suffic-
ient experimental data" are available to calculate

and

ZA = 0.4153A —0.856, A & 116

Z~= 0.4153A —1.19+0.16V 236-92 ~, for A & 116
C

Zq = 0.4153A —2.94, A & 116.

A least squares fit of the value listed in Rider and
Meek' gives essentially the same result. We as-
sumed that deviations of Z~ for other nuclides
would only depend upon the composite mass to
charge ratio; hence, for any composite system
of mass A, and charge Z, we used the following:

I

235U Zp

Zp41— 0.4153 A — heavy

42
I

'
I

'
I

'"
I I

'
I

'
I

'
I

'
I

0.4153 A —1.188 light

39

38

I

~e 36
Zl0
CL

8

37

35

40 —~ 233U PL light
235 U

33

55

53

52

x

CL
N

I
V

Zl
CI

0
CL

33 50
82 84 86 88 90 92 131 133 135 137 139 141 143

Fission Product Mass

(Light)
Fission Product Mass

(Heavy)

FIG. 6. Plot of Z& values versus znass for 3 U and 3 U for light and heavy fission products.
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2~=0.4153A-3.43+0.243(236-92~, for A& 116.A

c

The values chosen fit the observed values for
"'U and "'U. Thus, for a fissioning material of
mass A, and charge Z, the fission yield of a fis-
sion product of mass A and charge Z can be cal-
culated. No attempt has been made to insert an
even-odd effect which is the major difference be-
tween the approach used here and that used by
Rider and Meek. Their formulation for Z~ was
derived by using a correlation reported by Neth-
away. '

We used the cumulative fission yield model des-
cribed above and the most current p„and half-life
values for all the known del.ayed-neutron precurs-
ors to calculate not only the total delayed-neutron
yield from fission but the time dependence of this
yield. The p„and half-life values we used here
are given in Table VII and were taken from Rud-
stam' and from Rider and Meek. ' The results of
these cal.culations are summarized in Table VII.
Not only is the calculated absolute yield compared
to measured values, but the relative yield (nor-
malized to unity) at several times is also compared
to observed values after a continuous irradiation.

The even-odd effect is expected to be large in
nonfissile systems such as "'Th, "'U, "'Pu, and
' 'Pu. Indeed, the measured yields for the plu-
tonium isotopes do appear lower than calculated.
However, for "'Th and "'U the measured yield
does not indicate a significant even-odd effect.
The odd Z nuclides s Np Am, and Am
should not have an even-odd effect and fission-
yield measurements on "'Pu and "'Pu seem to
show no effect either. " In general, the model does
an excellent job predicting the total yield in all
these cases. The only area where there is poor
agreement is at very large masses (for "'Cm, and
249C f

C. Comparison of experimental and calculated total yields

The only comprehensive attempt at calculating
delayed-neutron yields for a variety of nuclides
has been the work of Rider and Meek. ' The ap-
proach used here differs in that we use more cur-
rent p„values and our model. for Z~ is different.
Since Rider and Meek included a postulated even-
odd effect in each calculation, we compare the
experimentally determined values with those cal-
culated by Rider and Meek in Table VQI. Also
included is a calculation using Nethaway's corre-
lation (used by Rider and Meek) but without the
even-odd effect.. For a Z~ correlation Nethaway
uses

Z~(Z, , A, , E*)=Z~(92, 236, 6.52)+a(Z, —92)

+b(A, —236)+ c(E*—6.52),

where for the light mass fission fragments

a = 0.414 + 0.016,

5 = —0.143 +0.007,

and

c —0.0174,

and for heavy fission fragments

a = 0.547 +0.010,

b = —0.188 +0.004,

and

c = 0.051 —0.0023(A „—130),

where A„is the mass of the heavy fission frag-
ment, and g, , A, , and E~ are the composite
charge, mass, and excitation energy of the fis-
sioning system.

In general. , the model used in this work gave the
best agreement with experimental data. Poor
agreement was found only for "'pu, "'Cm and
"'Cf. In these cases the calculated yields were
too high, possibly because of a large even-odd
effect in those nuclides. An indication of this is
that the Nethaway correlation, which has no even-
odd correction, gave worse agreement. Although
the Rider and Meek results agree reasonably well,
they gave poor agreement for ' Np and ' 'pu.
Again, in the case of "'Pu a large even-odd effect
was assumed and perhaps the real effect is smal-
ler. It would appear the large effects assumed
for nonfissile nuclides do not in reality exist.
This only points out the fact that the even-odd
effect is poorly understood.

D. Time dependent delayed neutron yields

Time dependent delayed neutron yields depend
upon two separate quantities. First of all, exper-
iments measure the time dependence of delayed
neutrons normalized to unity. This is the rela-
tive delayed neutron yield with time. Secondly,
the absolute delayed neutron yield must be mea-
sured.

The most accurate relative delayed neutron
yields are those reported by Keepin, ' Cox,~'»
and in this work. The values reported in this
work are more accurate several seconds after
irradiation, but for times immediately after ir-
radiation Keepin's and Cox's values are more ac-
curate. Indeed the values for "'Th and "'U re-
ported here were developed using Keepin's values
for short times after irradiation. For this reason
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TABLE VII.
6 and 7).

Delayed neutron parameters P'„and half-life values) used in this vrork. (Refs.

Precursor
Charge Mass P„Q)

Half-life
(sec)

Precursor
Charge Mass P„g)

Half-life
(sec)

35
55
58
52
35
41
51
56
53
37
33
34
37
35
40
39
57
31
52
37
30
49
53
56
41
54
56
33
49
43
48
51
38
39
33
57
31
53
38
55
49
40
34
35
41
36
56
53
38

87
137
137
136

88
103
134
147
138

93
84
87
92
89

104
97

149
79

137
94
79

129
139
147
104
144
149
86

128
110
128
136

98
100

87
150

82
140

99
145
130
105
90
91

106
95

148
141

97

2.3S
6.6
6.6
0.9
6.7
0.13
0.108
5.2
5.3
1.39
0.090
0,190
0.012

13.5
0.11
0.06
0.81
0.094
2,50

10.4
1.1
3.5
9.42
5.2
0.71
0.73
0.03

12.00
0.057
0.10
0.11

23.00
0.86
5.50

44.00
0.94

21.90
23,00
3.40

13.3
1.38
1.40

11.00
10.9
5.5
9.5

23.9
39
0.27

55.6
24.9
24.4
17.5
16.0
15.669
10.4
10.0
6.53
5.85
5.6
5.6
4.5
4.38
3.783
3.7
2.864
2.86
2.8
2.76
2.74
2.5
2.38
2.23
1.0
1.0
0.917
O.g
0.84
0.83
0.83
0.82
0.8
0.756
0.73
0.648
0.6
0.6
0.6
0.585
0.58
0.559
0.555
0.542
0.535
0.5
0.5
0.47
0.43

39
43
85
32
42
36
41
56
55
54
55
51
31
34
47
50
52
39
36
54
31
32
38
50
52
34
47
37
35
55
53
31
54
50
51
49
34
32
32
55
36
37
35
58
37
49
87
37

98
109

90
83

110
92

105
150
143
141
142
135

80
88

122
133
138

99
93

142
81
84

100
134
139

89
123

95
92

146
143

83
143
135
137
131
gl
86
85

147
94
96
93

142
97

132
98
99

3.4
1.7

21.2
0.17
1.3
0.033
2.9
0.24
1.68
0.044
0.091

15.6
0.8
0.6
1.4
0.02
6.3
1,2
1,96
0.42

11.9
10

5
17
6.3
5
4.6
8.8

22
13.2
18
56
1.2
8.6

20
1.73

21
22
20
25.4
5.7

14.2
41
16
28
4.3

16
15

2.0
2.0
1.92
1.9
1.892
1.85
1.8
1.798
1.78
1.73
1.71
1.71
1.66
1.52
1.5
1.47
1.4
1.4
1.29
1.24
1.23
1.20
1.046
1.04
0.424
0.41
0.39
0.384
0.362
0.335
0.328
0.31
0.30
0.2gl
0.284
0.28
0.27
0.259
0.234
0.21
0.208
0.201
0.201
0.196
0.17
0.13
0.119
0.076

and because normal uses of such data include
times immediately after irradiation, Keepin's
and Cox's relative values should be used where
available.

Absolute delayed neutron yields have been mea-
sured by many experimenters for the import nu-
clides. Many of these are more accurate than
Keepin's absolute yields. For this reason the ab-
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TABLE VIII. Comparison of experimental and calculated total yields.

Nuclide
Observed

yield
Calculated yield

this work Q

Rider and Meek
yield $

Nethaway
correlation %

232Th

232U

233U

235U

238U

237
Np

238p

239p

240p

24ip
242p

24iAm

242Am

245C

249~

Cf(sg)
238U(Y+
235U(Y f)

5.27(40)
0.44(3)
0.74(4)
1.67(7)
4.60(25)
1.07(10)
0.46(7)
0.65(5)
0.90(9)
1.57(15)
1.86(9)
0.44(5)
0.69(5)
0.59(4)
0.27(2)
0.86(10)
2.91(9)
1.04(4)

5.24
0.45
0.79
1.67
4.43
1.04
0.43
0.68
1.05
1.57
2.46
0.45
0.69
0.75
0.36
0.86
3.25
1.16

4.66

0.83
1.72
3.31
1.22

0.74
0.86
1.51
1.33

0.63

5.98
0.75
1.11
2.02
4.06
1.29
0.55
0.72
1.11
1.43
1.84
0.48
0.62
0.56
0.20
0.67

~ Number in parentheses is error xl02, e.g., 5.27(40) = 5.27+0.40.

solute yields which should be used are those re-
ported in the Evaluated Nuclear Data Files 8,
version 1V (ENDF/B-IV). ' Thus, absolute group
yields can be obtained by multiplying relative
yields by the END F/B-1V absolute yields. Using
these criteria the group parameters listed in Ta-
ble IX are recommended values.

V. CONCLUSION

%e conclude that total delayed-neutron yields
can be expressed in terms of a simple model that
is accurate for a large variety of nucl. ides from
"'Th to "'Cf. The model does hold in the pre-
viously unmeasured region between '~'Pu and
"'Cf. Secondly, the time dependent decay of
delayed neutrons can also be expressed. Nuclides
with similar A, /Z, ratios have similar relative
decay patterns. Thus, the relative decay pattern
for one nuclide may be estimated by another
measured nuclide with a similar mass to charge
ratio.

Most important, we find that it is possible to
accurately reproduce the observed yield and de-
cay characteristics of delayed neutrons using a
simple fission-yield model and known precursor

characteristics. Cumulative fission yields for
"Br and '"I have been measured directly by
studying the group-wise decay of delayed neutron
emission for a large number of exotic nuclides in
a nondestructive fashion. In addition, we have
compared all reported delayed neutron data and
have presented a recommended set. For work
where short times or short irradiations are un-
important, we find our results to be the most
applicable.

Finally, delayed-neutron studies indicate that
the even-odd effect is not yet well understood.
Nuclides such as "'Th and "'U were supposed to
have large even-odd effects and seem instead to
have very small. effects. Estimates of the size
of the even-odd effect have been made for a large
variety of nuclides.

The delayed neutrons from neutron-induced
fission in"'U "'Np "'Pu, ''Am '~~Am,
"'Cm, and ' Cf were studied for the first time;
those from 232Th 233U 235U 238U 239pu 241P

and 242Pu were measured again. The data were
used to develop an expression for the prediction
of the absolute delayed neutron yield, and the
prediction of delayed neutron emission with time.
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This approach accurately predicts observed de-
layed neutron yields and decay characteristics.
A fission product yield model was used in con-
junction with delayed neutron emission probability

to analytically predict delayed neutron character-
istics. The results of this analysis are in excel-
lent agreement with experimental values.
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