{ international Atomic Energy Agency o [NDS}-1£ E +Special
w

INDC INTERNATIONAL NUCLEAR DATA COMMITTEE

PROCEEDINGS OF THE CONSULTANTS' MEETING
ON DELAYED NEUTRON PROPERTIES,
VIENNA, 26-30 MARCH 1979

Agust 1979

{AEA NUCLEAR DATA SECTION, WAGRAMERSTRASSE 5, A-1400 VIENNA






DC (MDS ) - 107 /G+Special

PROCEEDINIGS OF THE CONSULTANTS' !TSETIIC
ON DELAYED NZUTRON PROPERTIES,

VIENNA, 26~30 MARCH 1979

August 1979






- iiji -

FOREWORD

The Consultants' Meeting on Delayed Neutron Properties was
convened by the IAEA Nuclear Data Section at IAEA Headquarters
in Vienna, Austria, from 26 - 30 March 1979, following a
recommendation by the International Nuclear Data Committee
(INDC). The meeting was attended by 13 scientists from 7
menber states.

The main objectives of the meeting were to review the
current requirements for delayed neutron data with special
emphasis on energy applications, to review the status of de-
layed neutron data and try to resolve the existing discrepancies
in experimental data, and to formulate specific recommendations
for necessary future work and its coordination.

' These proceedings contain the papers. presented and dis-
cussed at the meeting as well as the report on the final con-
clusions and recommendations of the meeting related to the
following subjectss:

- Requirements for delayed neutron data (for reactor design,
power reactor operation, critical experiment operation and
interpretation, reactor dynamics and safety);

- Delayed neutron yields;

-~ Delayed neutron branching ratios;

- Delayed ncutron energy spectra (including equilibrium and
near—-equilibrium spectra, decay-group spectra, separated

precursor spectra and theoretical spectra).

As a2 result a number of new measurements, compilations and
evaluations were recommended in areas where no or only few data
exist or where existing data are discrepant.






COLTERT
R

Foreword

Review of the requirements of delayed neutron data for
the design, operation, dynamics and safety of fast

breeder ard thermal power reactors (Ph. Hammer)
Review of delayed neutron yields in nuclear fission
(R.J. Tuttle)
Review of delayed neutron branching ratios
(G. Rudstanm)
Review of delayed neutron energy spectra
(K.L. Kratz)

Delayed neutron yield and decay constaaﬁg for
thermal neutron induced fission of U
(S. Synetos, J.G. Williams)

Note: A correction to the delayed neutron yields
of Besant et al. (J.G. Williams)

Delaygd neutron spectrum measurements using
a “He spectrometer (D.R. Weaver, J.G. Owen
and J. Walker)

lieasurement of averagze neutron energies by a
counting rate ratio technique (P.L. Reeder
end R.A. Yarner)

lote: Delayed neutron emission probabilities -
SOLAR 1978 (P.L. Reeder)

Error ang}ysis of the delayed neutron spectrum
from ~'Br measured by a proton recoil counter
(P.X. Ray) .

Spectroscopy of delayed neu ggns from continuously
separated precursors in U fission
gE.S. Kenney, P.XK. Ray)

Abstract)

Delayed neutrons and symmetric fission

(B.P. llaksyutenko, A.A. Shimenskij) (Abstract)

Conclusions and recommendations

Appendix A: Teeting Agenda
Appendix B: List of Participants

iii

29
69

1C3

205

207

239
263

265

273

275

277

290
292






REQUIREMENTS OF DELAYED NEUTRON DATA

FOR THE DESIGN, OPERATION, DYNAMICS

AND SAFETY OF ¥AST BREEDER AND THERMAL

POWER REACTORS

Ph. HAMMER

= INTRODUCTION -

1. Delayed neutron characteristics play an important
role in various reactor applications through the direct part

they have in the kinetic response of a reactor [f1/.

These Delayed Neutron Data include for each fissile isotope :

- the absolute delayed neutron yield a(e) :

- the group half lives and yields corresponding to the
Keepin 6 group scheme usually adopted for the delayed
neutron calculations /2/ li(e), ai(e) ;

- the delayed neutron spectra xd(e) ;

- eventually, fhe delayed neutron precursors for spe-

cific applications (fuel failure detection)

. At the design level, the Delayed Neutron :Constants (D.N.C.)
are used to determine the integral delayed neutron parameters
which characterize globally the reactor from the kinetic point
of view : the effective delayed neutron fractio Peff, the ef-
fective delaved neutron decay constant leff amd the "in hour"
value. These parameters, which are issued from neutronic cal-

culations are used for the dynamic and safety studies.

. Por the reactor operation, the D.N.C. are needed either
for the control rod calibration (Inverse kinetics methods,
or for the direct measurement of the core reactivity level
(Reactimeter). In both cases, the D.N.C. are used as input
data which must be sufficiently reliable and accuracte to

provide significant measured results.



. Por the fuel failure detection, the characteristics of
the delayed neutron precursors must be known : delayed neutron

emission probabilities (Pn) and fission yields.

. From the dynamics and safety points of view, the
D.N.C. are directly used to describe the transient neutronic
phenomena issuing from reactivity changes which may result

from any perturbation (in the cooling'system for example).

2. It must be noted that for power reactors, the accu-
racy requirements concerning the D.N.C. vary stromgly with
the purpose of their use. Obviously in the design sitvation,
a ' +ugh estimate of the integral delayed neutron data is
guite sufficient (= % 10%), and fherefore the D.N.T. used
have not to be accurately known. The situation is quite the
same for the dynamics and safety s;udies, where many physicalr
'processes involved : temperature evolutions, coolant behaviour,
reactivity feed back, are not completely known and cannot
be well represented. In this case, the uncertainties corres-
ponding to the neutronic pafameters are smaller than the 6ther
ones, and in particular no special requirement is presently

made for the D.N.C.

Por the reactor operation; a better accuracy is required
for the Beff and leff parameters (=~ 5%) in order to obtain
significant reactivity measurements using the calibrated con-
trol rods. Such measurements, if they are sufficiently accu-
rate, may give informations on several core parameters as the

internal breeding gain or the power aml temperature coefficients.

Por fuel failure detection pfoblems, the order of ma-
gnitude requested by designers on the delayed neutron pre-
cursor. characteristics is = 20% (periods, Pn) for the pre-

cursors having a period greater than one second /3/.



3. In fact, the most constraining requirements concer-
ning the accuracies on D.N.C. do not come from power reactor

applications but from critical experiments.

In this case, fBeff is used as a conversion factor between
experimental results and calculated ones. As far as reactivity
is concerned, i.e. mainly for the following measurements :

- control rod antireactivity /4/ ;

- sample reactivity worths /5/ :

- sodium void effects /6/, ' Doppler effect...

In 6rder to obtain a significant calculation to experi-
. ment comparison between the experimental results, originally
expressed with the Beff unit, and the calculated ones direc-
tly available in AK/K, one has to use a value of Beff with
an- uncertainty as low as possible. Thié implies to have a

reliable and accurate set of DP.N.C.

It must be noted that in some cases the problem of accu-
racy of Beff can be avoided by choosing other units to express
the reactivities under study :

- for the control rod ahtireactivities, the critical
balance technique /7/ lead to compare calculated and
measured critical radius variations instead of AK/K
valaes ;

- for the sample reactivity worths, the values are mostly
expressed with respect to a 235 U sample effect consi-

‘dered as a reference /8/.

4. At the last IAEA Panel devoted to Fission Product
nuclear data (BOLOGNE 1973) /9/, several conclusions concer-
ning the D.N.¢c. were drawn : they are briefly recalled here

before discussing the present target accuracies for the D.N.C.



a) Absolute_total delayed neutron_yields :
The situation is considered satisfactory for all fissile

nuclides from the reactor design and operation point of view.

Nethertheless, the 238 U and 239 Pu yields corresponding
to the "fast"” fission have to be improvedto meet the * 5%

accuracy.
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The use of 6 groups seems to satisfy pratical require-
ments. The data for the group half lives and yields given
for thermal and fast fission show only small differences
which are probably not significant when considering various

fast reactor spectra.
c) gg£§ged neutron precursors :

For most pratical purposes, the chemical and isotopic
identity of delayed neutron sources is unimportant except

when chemical processes may be - of interest.
d) Energy_spectza :

The neutron energy spectrum per delayed neutrons as

one group is available but. no complete time dependant spectra.

Since, this panel a quite important work has been perfor-
med to improve the D.N.C. /10/ new evaluations of the delayed
neutron absolute yields /11/ and /12/, integfal experiments
performed to check the available data /13/, new evaluations of
the delayed neutron spectra /[f14/.



In this paper, one attemps to define the target accuracies
for the D.N.C. (i.e. absolute.delayed neutron yields, decay
constants, delayed neutron spectra) from the design point of
view and to compare these reguirements to the present situa-

tion resulting from all these recent improvements.

In section I, the relation betwenn the D.N.C. and the
reactor integral delayed neutron parameters are recalled and

discussed, and the target accuracies are defined for the D.N.C.

In section II, the present situation of the D.N.C. 1is

compared to these requirements.

Some further improvements are suggested ,
on the basis of the analysis of integral experiments perfor-
med at the SNEAK critical assembly /13/.

I - RELATIONS BETWEEN THE DELAYED NEUTRON INTEGRAL PARAMETERS

Beff, Aeff AND THE DIFFERENTIAL DATA -

The integral parameters characterizing the delayed neutrons
in a reactor : effective delayed neutron fraction, mean decay -
constant, are deduced from the individual delayed neutron data
corresponding to each fissile isotope present in the core by
heutrénic calculations which take into account the flux and
‘the importance distributions throughout the reactor : ¢(E,r) ,
055, ).



The delayed neutron data used are :

- the absolute yield a(e) of delayed neutrons emitted
by each fissile isotope "e" ;
Sometimes instead of this absolute yield a{e), one
considers the natural proportion f8(e) of delayed
neutrons to prompt neutrons,'for one fission :
Bre) = 2(e)
be consigered as pratically constant between = 0.1 MeV
and 4 Mev /10, 11, i2/ this is not the case for R(e).

« But it must be noted that if a(e) can

Nethertheless numerical tests have shown that the use
of B(e) instead of a(e) for the determination of
the effective delayed neutron fractionleads to a va-

riation < 1% of the Beff values.

- The reparfition of the delayed neutron yield a(e) in
six groups with differént decay constants li(e). This
repartition is the one adopted by Keepin /15/, which
has in fact no physical basis /10/, but provides with
six exponentials a good fit of the real decay curve
for the precursors . This repartition is gquite widely

used in the design calculations.

- The energy distribution of the delayed neutron emit-
ted by each fissile isotope : xf(e,E)..This spectrum
does not seem to depend}strongly of the fissile iso-
tope but is more related to the precursor family.

An approximation generally used in design multigroup

calculations consists In assuming that : x?(s) = S(E-Eé).

where Ei is the energy level for delayed neutron emitted

in group i. As an example the following table gives the
approximation done in the CARNAVAL system used at CEA

for fast breeder neutronic calculations :



Delayed neu- |Decay cons~ | Energy range (KeV)
tron group tant (235 U) | for delayed neu-
Sec. trons

1 55 183 < E < 302
2 22 498 < E < 821
3 6 498 < E < 821
4 2.2 498 < E < 821
5 0.5 302 < E < 498
6 0.2 498 < E < 821

In a reactor including k regions, the effective frac-

”

tianof delayed neutrons epmitted by the fissile isotope "e

in the group "i", is given by :

n, ai(e) a0 d o)
B;(k,e) = —I-ﬁ-z N(e,k)[d-fde' O(E*,x)X; (E )fdscf(e,z,-k)ws,r) (1)
k v ° o

X

™
where INF = E ﬁ;/d&?' df(E’,r)f(E')de Ef(E,r)d>(£',s)
P ° '

Vk

For each fissile isotope "e"},the effective fraction is

~ n
B(e) = ZZ Bi(e,k)
. i

k

given by :

For each group *"i", the effective fractimis given by

Ei = ZZ Ei(c,k)
k e



' Por each reactor region "k", the effective fractio is

k) = ZZEi(e.k)

The tot&l effective fractionof delayed neutronsis

Yerr = Z.'g(e, - Z:E(i) - Z:%(k)

From equation (1), it'appedrs that the accuracy on Beff

given by :

depends upon the uncertainiies on the following paramciers :
- a(e) ;
- Xgle) s .
~ the spatial calculations of ¢(E,r) and ¢ (E,r)
- O(e) and vcf(e)

a) Effective delaged neutron fractio per element :

The following table presenpts the delayed neutron fractions
corresponding to the various fissile elements for a typical
fast power plant of the SUPER-PHENIX size (beginning of cycle

situation) :

x - ‘ -
Isotope B;(e).10 3 B}(e).zo 3 Ei(e)
Beff  *
235 U 673 12.4 3.4
238 U 1585 165 46.2
239 pu 214 149 41.7
240 pu 277 10.6 3.0
241 pu 533 19.9 5.6
242 pu 483 0.3 0.1

¥ Values deduced from the Tomlinson data /16/.



The two major contributions to Beff are due to 238 U
and 239 Pu (= 42 %). The other isotopes : 235 U, 240 Pu,
241 Pu, have much lower contributions (= 4 %) and the 242 Pu

hag a negligible effect on Beff.

The main requirements will therefore concern the 238 U
and 239 Pu total absolute yields, loss restrictive accuracies

being needed for 235 U, 240 Pu, 241 Pu yields.

b) Effective delaged neutron fractio per reactor zone

For each reactor zone, the effective delayed neutron
fractionis determined by using flux and importance distribu-
tions ¢(r,E), ¢*{r,E), which are calculated with the diffusion ap-
proximation. The following table presents the contributions of

the different core zones for a 1200 MWe power plant :

. , -5 v
Region "k" Beky.10 B(k) %

Beff

Core inner 227.1 64

zone

Core outer 121 34

zone

Radial

blanket 3.1 !

Axial

blankets 5.7 2

IXf the diffusion approximation is appropriate for the
core zones, it may lead to important Calculation to Experi-
ment deviationson the spatial flux distribution in the blan-
kets. But, this deviation will have no significant influence
on the Beff determination due to the small contribution of

the blankets (3%) to the total delayed neutron fraction.
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‘E) Group decay constants Ai and mean decay constant A £f

The group decay constant Ai are deduced from the indivi-

dual data Ai(e) per isotope either by combination of Ai(e) /117

Y ce) B e
e

- ' (1)
i z gi(e)
e

or co. bination of I/Xi(e)'/ll/ :

~ax (2)
i z’éi(e)

It must be noted that due to the very c¢lose values of Xi(e)
for the various fissile isotopes /11/, these different proce-
dures for calculating Ai and A do not lead to very different

results (differences lower that 2%).

Typical gfoup values A; for a fast breeder of 1200 MWe are

given as an example here under : pne can observe how they are close to

the group constant given for each fissile isotope in Table I :

Group 1 2 3 4 5 6

; sec 0.0129 |0.0313 |0.1346 |0.3442 |1.3764 |3.7425

The corresponding mean decay constant is :

X = 0.0883 sec”?



Por light water reactors,
during the cycle is quite important : the 235 U enrichment
decreases by = 1%.
Therefore,
gnificantly (by

example the following table gives the delayed neutron fractions

=

- 11 -

for a 900 MWe power plant :

the fuel composition variation

1% and the 239 Pu content

increases by =

30%) during the life of the reactor.

the effective delayed neutron fractiomvaries si-~

As an

x Beginning of 1life End of 1life
Isotope . Bi{e) 'g 'g
¥, (e Bile) | Bice ite) |
geff %eff
235 U 641 597 85.4 307.7 61.8
238 U 1480 102 14.6 112.1 22.5
239 pu 204 / / 78.5 15.7

* Value deduced from the Keepin data.

One notes that for thermal power reactors it is necessary
to know with an equivalent acchrapy the 235 U, 238 U, and
239 Pu data.

I-4/ Target _accuracies on D.N.C. deduced from the power

I-4/ Target _accuracies _on D.N.C. deduced from the
Ie

ctor and critical_experiment requirements :

L e e A ke ko L R = =L PR I e qp=tp= P = AP i sy

. Absolute delaged neutron gields :

The accuracies asked for the absolute delayed neutron
Ayields are deduced from the global accuracy which is required
for Beff and which takes into account :

- the necessity of a low uncertainty for reactor physics

applicatio;s (= * 3 %) ; |

- ‘the requirements of designers for both fast and thermal

power plants (= * 5 %X).
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" Therefore, the present required accuracy on Beff is * 3%
(10).

In the determination of Beff (cf. Section .I-!/), one

can assume that there are presently the following uncertain-

ties coming from to the various terms involved in eguation (1) :

- ¢(B, )9, ¢ (r,B) : £ 2 %
- Of(e), ch(e) : % ;75 b 4
- Xg(E) : 2 0.5 %

(An error on the delayed neutron spectrum has no signi-

ficant influence on the Beff value : see here after § II-2/).

Assuming that these uncertainties are independant., to
achieve the target accuracy on Beff one has to determine the
absolute yields with a *+ 1.5% error margin for the major fis-

sile isotopes (235 U, 238 U, 239 Pu).

Por a fast breeder, if the major fissile isotope yields
are determined with a * 1.5% uncertainty, one has to know the
Plutonium higher isotope data with an uncertainty of t 7% to

achieve the target accuracy on Beff.

The following table summarizes the target accuracies for

the absolute delayed neutron yields of the main fissile isotopes

present in fast breeders or thermal power reactors :

235 U 238 U 239 pPu 240 Pu 241 Pu 242 Pu 241 Am

1.5 % 1.5 % 1.5 % * 7 %

+

7 % 20 % 20 %

. Decay constants, Ai and gield repartition aigeg :

The six groups delayed neutron scheme and the correspon-
ding decay constants evaluated by Keepin /15/, are adopted
in the most recent D.N.C. evaluations : in particular, Tomlin-
son /16/, Tuttle /11/, Cox /12/.
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One has to note that the group decay constantski do not
depend very much either upon the fissile isotope e, as shown

in Table I or upon the energy of the fission (fast or thermal,
cf. /16/).

The following table gives mean values of Ai for all the
main isotopes (U and Pu), and compares the dispersion associa-
ted to these mean values with the uncertainties applied to the
individual values Ai(e)'and given in /f11/ :

Delayed |Mean Value Dis-
Neutron Ai for all per- Err?r
Group U and Pu sion
1 0.0129 * 1.3% =t 3%
2 0.0309 + 3.3% =t 3%
3 0.130 + 6.7% =t 8%
4 0.337 +t 4.9% = 6%
5 1.405 + 8.1% | =10%
6 3.710 * 8.9% = 15%

One notes that the differences between ki(e) correSpondin§

to one group and various isotopes are not really significant due

to the error margins.

The present accuracies: given on the ki seem sufficient for

the kinetic calculations.

As to the yield repartition ai(e) for each isotope, the
values have been determined by KXeepin /15/ with uncertainties
which do not depend much of the isotope but rather of the

group i. The mean value of these uncertainties are given here-

after :
[Delayed neutron group| 1 2 3 4 | 5 6
ean uncertainty on 15 2.5 20 7 12 20
i (%) -

The present uncertainties on ai{e) seem acceptable for the

reactor applications. In particular Beff is not sensitive to the

ajyl{e) modification /17/.
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. Delaged neutron spectra :

Presently, most of the design calculations for fast bree-
ders or for thermal reactors uses a very rough representation
of the delayed neutron spectra. A typical assumption is to
admit that in each group of the Keepin scheme, the delayed
neutron are emitted at the same mean energy. The mean energies
used may_be those of Hughes et al., or of Burgy et al., or
Batchelor and Hyder. But one has to note that the discrepancies
between these three mean energy evaluations have in fact no
real consequence on the multigroup. calculations. This is shown
for fast bfeeders in the following table where the French CAR-
NAVAL 25 groups scheme is compared to the mean energies of de-

layed neutrons given by various authors /16/.

Delayed CARNAVAL Hughes Burgy Batchelor
Neutron SCHEME et al. et al and Hyder
Group (KeV) (KeV) {KeV) (KeV)
1 183 - 302 250 + 60 300 % 60 250 * 20
2 498 - 821 560 * 60 670 * 60 460 + 10
3 498 - 821 430 t 60 650 +100 405 + 20
4 302 - 498 620 + 60 - | 910 %= 90 450 + 20
5 498 - 821 420 * 60 1 400 = 70 /

In fgpical design calculations for hight water reactors,
2 or 4 groups only are used and therefore the delayed spectra

have no influence on the integral results.

Por fast reactors an improvement of the calculational me-
-thod implies to have the delayed neutron spectra for the 6

groups with an accuracy of =*20%. This improvement seems neces-
sary for the Beff calculations performed for critical experiments in order to
reduce the uncertainty on this parameter. Presently, the influence of assump-
tion made on the delayed neutron spectra may reach 0.5 to 1% in some cases /!18/.
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The efforts suggested concern the accuracy on the spectrum
compaonents : *20% (which is not yet reached in the lower part
of the spectrum : E < 0.5 MeV /14, 16/) and the evaluation of
h th

and 6

spectra for the St delayed neutron groups.

With an accuracy of 20%, it must be noted that the diffe-
rences between the spectra evaluated for one delayed neutron
group, but corresponding to different fissile isotopes are
not significant /14/ and therefore, it does not seem necessary to de-

fine a set of six spectra per fissile isotope.

II - COMPARISON OF THE PRESENT AVAILABLE D.N.C. TO THE

REQUIREMENTS -

To perform the reactor calculations involving the D.N.C.,

several sets of recommended yields are available.

The oldest one given by Keepin A5 1is still widely used

as well for the thermal power reactor as for the breeder ones.

More recent evaluations have been proposed by Tomlinson /16/,

Cox /12/ and Tuttle /11/.
a) Values for fast breeders calculations
The following table gives the various recommended yields

and the dispersion (10) between the values proposed for each

isotope :

.oo/.o.
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Keepin Tomlinson Tuttle Cox LVisper-|.
1965 1972 1975 1974 sion
s 0.0165 0.0165 0.01697 0.01668 |, ..
+ 4.5 % + 1.8 % + 1.2 % + 4.2 % t 1.
0.0412 0.0440 0.04508 0.0460
ve t6.1% t 4.8 % + 1.3 % t 5.4 % t 4.7%
0.0063 0.0064 0.00655 0.00645
Pu3d t 7.1 % + 3.1 % + 1.8 % + 6.2 % * 1.6%
0.0088 0.0088 0.0096 0.0090
Pud0 | 4152 4 +10 % +11.5 % +10 % t 4.2%
0.0154 0.159 0.160 0.0157
Pudl | 4,4 3% +10.0 % +10 % + 9.6 % t 1.7%
0.016 0.0228
Pud2 / 431,29 % 11 v / +24.8%
0.0496 0.0520 0.0545 0.0527 :
Th2 £ 6.0 % £ 7.7%- | %£2.1% +7.6% |¥94 %
0.0070 0.0069 0.00698 0.0740
U233 | 4 g 6 t 2.9 % + 1.9 % + 5.4 % * 3.2%

- The 235 U values are quite in agreement

and the disper-

sion is lower than *he maximum uncertainty (* 1.5%) accepted

+ 3% on Beff.

to achieve the target accuracy of

- The 239 Pu results are in good agreement,

the dispersion

has the maximum value compatible with the accuracy required for

Beff.

- The 238 U values have a dispersion significantly higher

than the limit uncertainty which is researched (* 1.5%).

- For the Pu higher isotopes 240 Pu and 241 Pu,

one has

to note that there are good agreements between the different

evaluations,

certainties.

but the results given have high experimental un-
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- = For 242 Pu, the important discrepancy between the two

available results should be reduced.
b) Values for thermal reactors :

The following table give the recommended values for ther-

mal fission according to various evaluations

Xeepin Tomlinson - Tuttle Dispersion

1965 1972 1975 10
I R R
S I RO T P
Puass| 00080 |, 0008 | ssose |y

For the thermal values, for each isotope, the dispersion .
between the various evaluations is higher than the target ac-

curacy (* 1.5%) previously quoted for the absolute yields.

c) Analgsis of integral measurements :

In order to test the various evaluationsof the absolute
yields, integral measurements of fBeff have been performed on
the critical facility SNEAK at KARLSRUHE and reported in detail
in /13/. The cores on whiéh the Beff measurements are perfor-

med are successively loaded with Uranium and PuO._,-~UO.,, and their

2 2
compositions are given in /13/.

The analysis performed at CADARACHE with the 25 groups
CARNAVAL III cross-section set and various sets of absolute
delayed neutron yields show the same tendancies as the ones

-previously given by Fischer in /13/.



However,
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a systematic discrepancy of 2% between the Cal-

culation to Experiment deviations presented in /13/ and the

ones given hereafter can be attributed to the differences exis-

ting between the two cross-section sets used.

This discrepan-

cy is not significant with the experimental uncertainties.

The two following tables present the experimental results

(issued from /13/),

and the calculated ones,

and the Calcula-

tion to Experiment deviations corresponding to the various sets

of delayed neutron yields

Core Fuel/Diluant Exgsjii:nent ngzfn Tomlinson zg;;;z d {:;;gii
9c1 U/Na 758 + 3.5% 704 712.6 734.6 740.6
9c2 Pu0,-U0,/Na|422 % s%| 368.1| 381.7 | 392.1 | 395.1
7A Pu0,-U0,/C |395 % 3 % 363.3| 377.2 | 386.1 389.1
7B Pu0,-U0,/U04429 * 3 4 398.8| 407.4 417.1 419.9
E ; Cz Keepin Tomlinson Tuttle
\y combined
9c1 7.7 £ 3.5| 6.4 * 3.5} 3.2 + 3.5
9c2 14.6 + 5 10.6 + 5 7.6 = 5
7A 8.7 % 3 4.7 * 3 2.3 + 3
7B 10.1 + 3 5.3 ¢ 3 2.8 + 3
/COMMENTS/
. Uranjium core : 9C1 :

The Beff values are significantly underestimated by the
Keepin and Tomlinson sets : this is due mainly to the 235 U
data according to the following sensitivity coefficients of

Beff : .
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8
8B as
-y / 3 0.8
ig/‘saB 0.2
B a8 °

The Tuttle yields provide a calculated value of Beff
which is in good agreement with the experimental result

within the error margin.

A more refined analysis of the available yields would
be necessary to determine if it is still necessary to increase
slightly (by 1 to 2%) the a5, a8 values recommended by Tuttle
- for 235 U , an increase.by 2% of the Tuttle recommended
yield would amount to give more weight to values as
those obtained by Masters (1969) or Clifford (1972)
quoted in A1/ ;
- for 238 U , there are some values significantly higher
than the one recommended by Tuttle (cf. /11/ and /12/)},
but it must be noted that the Beff measured in 9Cl is
not very sensitive to the 238 data : an increase by 2%

of the a8 leads only to an increase of = 0.5% of Reff.

. Plutonium cores : 9C2, 7A, 7B :

The following table gives the Beff sensitivity coeffi-
cients for the three Pu fuelled cores (the 235 U, 240 Pu con-

tributions can be neglected for these cores) :
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The Keepin and Tomlinson sets provide underestimated
values of Beff for the three cores, and these underestimations
can be attributed both to the 238 U and 239 Pu data, accor-

ding to the sensitivity coefficients given hereabove.

The Tuttle yields give calculated Beff which are in good
agreement -within the errors bars- whith the measurements for
the SNEAK 7A and 7B cores;but a underestimated value of Beff
for SNEAK 9C2.

Therefore, it should be examined if the 239 Pu recommen-
ded yields havenot to be slightly increased : this corresponds

to accept the tendancy given by Cox /12/.

Increasing a9 by =2% (a9 = 0.669 instead of a9 = 0.655)
leads to increase feff by = 1% for the cores under study. This
would lead to a mean value of the Calculation to Experiment

deviation which remainswithin the error bars.

A significant global comparison of the various sets of
absolute delayed neutron data yields iIs presented in the fol-
lowing table where are given the Beff calculated for a fast

reactor of the PHENIX slize (250 MWe)

b .
Keepin Tomlinson Tuttle Tuttle yields
set set set except Pu3d
a9 = 0.00669
Beff )
10-5 311.5 3¢6.5 357.9 361.5

X Set which is presently recommended for the delayed neutron calcula-
tions for fast breeders at CEA.
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The delayed neutron spectra are obviously of higher
importance for fast breeders than for thermal reactors,
as far as the calculations of the.integral delayed neutron

parameters are concerned.

Nevertheless, as it has been said before, these delayed
neutron spectra are not systematically used in the reactor
calculations. Moreover, several -analysis show that the Beff
determination is not very sensitivite to delayed neutron spec-
tra, provided one respects the mean values of the energy levels

corresponding to the delayed neutron emissions.

For example in /18/, it is show that the replacement of
a delayed neutron spectrum by the assumption of only one energy
group modifies Beff by less than 0.5%. The same observation

has been made for the SNEAK cores studied hereabove.

The same conclusion appears in /17/ where the sentivity
coefficients of Beff to the delayed neutron spectra in the PEC
reactor are less than 0.5% for the 235 U , 239 Pu , 238 U iso-
topes, and in /14/ where various delayed neutron spectra are

tested.

Several data sets are presently available : the Batchelor
and Hyder data /19/ and more recently the Fieg spectra /20/,
which are in rather good agreement with the precedent ones,

and the Shalev and Cuttler spectra /21/.

The Fieg measurements as will as Shalev and Cuttler ones

concern delayed neutron ébectra per isotope 235 U, 238 U, 239 Pu

and per delayed neutron group.
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These data are presently sufficient for the design cal-

culations of fast or thermal power reactors.

Nevertheless some improvements are ncessary in view of :
- calculations corresponding to dynamics studies /14/ ;

- accurate determination of Beff for critical assemblies.

- These improvements concern :
- completeness of the six group spectra (in most cases
group 5 and 6 spectra are not determined /11, 12/ ;
- the energy range (measurements should go into = 100 KeV) ;
- informations on the sSpectra corresponding to 240 Pu

and 241 Pu for the fast breeders.

The aim of these improvements'is to provide spectra known
with an accuracy of = 20% which could be used: —-either to provide
"realistic”"mean spectra for the six delayed neutron groupswhich °
are independant of the isotope, for design calculations ;

_ -or to allow refin
calculations in which the spectra used depend on the delayed

neutron group and the fissile isotope (critical assemblies).

The Keepin 6 group scheme is widely used for power reac-
tor applications : this scheme has been adopted by recent eva-
luations : Tuttle /11/, Cox /12/, Saphier et al. /14/, Tomlin-
son /16/, which confirm that this scheme is well suited to the

delayed neutron decay problems.

There is presently no real incentive to modify this scheme

from the reactor designers or from the reactor physicists.

As said before the accuracies on Ai and a, seem presently

acceptable for all reactor applications.



- 23 -

- CONCLUSION =-

During the last years, an gquite important work has been
performed on the D.N.C.. In parallel, the requirements for
reactor applications have become more precise and more cons-
training :

a) in view of power reactor operation ;

b) in order to improve the reactor physics analysis per-

formed on the critical experiments.

Taking into account the power reactor and the critical
facility requirements concerning the D.N.C., one aims to de-

termine Beff with a * 3% (10) uncertainty.

Such a target accuracy leads to uncertainties on the
absolute delayed nettron yields much smaller than the ones

suggested at the last FPND panel held in BOLOGNA (1973).

In order to achieve . this aim, supplementary efforts are
needed to improve the D.N.C. :

- The total absolute yields should be known with a
235 U
241 Pu.

* 1.5% (10) accuracy for the major fissile isotopes

238 U - 239 Pu, and with a t 7% accuracy for 240 Pu
- Taking into account the present situation of evaluated
sets for absolute delayed neutron yields, an affort should be
done to have more consistent evaluated results, especially
for 238 U and 239 Pu (fast reactérs), 235 U (thermal reactor)
to reach the * 1.5% accuracy : the present dispersion between
the various evaluated results is significantly higher than
the maximum uncertainty required for the evaluated results.
- Moreover, the opportunity of a slight readjustment of
the absolute yields for 238 U and 239 Pu should be examined
"if one takes into the integral experiment results. In the light
of these experiments, one observes that the Tuttle evaluation

/11/ provides the best absolute yields presently available.
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- The independancy of the absolute yields with respect
to energy between 1! KeV and 4 MeV seems to be clearly esta-
blished /11, 12/. However, complementary informations would
59 necessary between 4 and 14 MeV for the fast breeders, es-
pecially for media with relatively hard spectrum (fissile
zones of heterogeneous cores).

= The delayed neutron spectra preéently known should be
improved especially in the lower energy range (E < 400 KeV)
with a target accuracy of = %t 20%. If the spectra associated
to different fissile isotopes are not different within the
error margins, an evaluation of neutron spectra per isotope
appears unuseful for power reactor calculations. In this case,
the major effort will concern the delayed neutron spectra per
group of the Keepin scheme.

= The Keepin scheme and the associated decay‘constants Ai
and relative abundances ai(e) seem presently well fitted to
the reactor applicationsand no real incentive appears to modify

the scheme at this moment.

-00o~-
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TABLE I

DECAY CONSTANT Ai(e) PER DELAYED NEUTRON GROUP AND FISSILE ELEMENT (Xi(e) sec-l)

Group i
1 2 3 a 5 6
Isotope

U - 235 0.0127 0.0317 0.115 0.311 1.4 /3.87
U - 238 0.0132 0.0321 0.139 0.358 1.41 4.02
Pu- 239 0.0129 0.0311 0.134 0.331 1.26 3.21 é
Pu- 240 0.0129 0.0313 0.135 0.333 1.36 4.04 |
Pu- 241 0.01286 0.0299 0.124 0.352 1.61 3.47

* Pu~ 242 0.0129 0.0295 0.131 | .0.338 1.39 3.65
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DELAYED-NEUTRON YIELDS IN NUCLEAR FISSION*

by
R. J. Tuttle

Energy Systems Group
Rockwell International Corporation

Abstract

Measurements of delayed-neutron yields from nuclear fission induced by
neutrons, charged particles, and photons are reviewed and used to derive
a recommended set of yields for neutron-induced fission. The energy
dependence of neutron-induced yields is examined in detail.

INTRODUCTION

Emission of delayed neutrons following nuclear fission is a rare
event constituting at most a few delayed neutrons per hundred prompt
neutrons. Yet, this uncommon phenomenon is extremely significant in the
control of nuclear reactors and in the interpretation of reactor experi-
ments, and warrants the development of precise and accurate data. The
fission process in nuclear reactors is induced by neutrons of a wide
range of energy. However, other fission processes can contribute
additional information to assist in developing a more complete set of
data.

This review summarizes the current status of delayed-neutron yield
measurements for various forms of nuclear fission, and concentrates on
the development of a recommended data-set for neutron-induced fission.
These recommendations are based largely on yield values for fission of
five nuclides, induced by neutrons with energies ranging from thermal to
15 MeV. This continues and extends the evaluation presented previously (1).

* Revised May 1979
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NEW DATA AND REVISIONS

Since the previous evaluation, some data has been more formally
published, or has otherwise been revised by the researchers. One set
of measurements with greatly improved precision has been reported. In
addition, some results noted in that evaluation, but not adjusted nor
included in the analysis, are more completely treated here.

Notea, 1969 (Ref. 2)

Yield measurehents were made for thermal fission of U-233, U-235,
and Pu-239, and for 14-MeV fission of Th-232 and U-238, all relative to
thermal fission of U-235.

The reported values were adjusted to account for neutrons of the
shortest half-1life group, using the fractional yield data of Keepin (3)
for thermal fission, and of Herrmann (4) for 14-MeV fission. The
adjusted values were converted to interrelated ratios for use in the
evaluation.

Kull, et al., 1970 (Ref. 5)

Samples of U-235 and U-238 were irradiated by bremsstrahlung with
endpoint energies of 8 and 10 MeV. Group yields were determined using
the group half-lives reported by Nikotin and Petrzhak (6). Total yields
were not determined.

Brown, et al., 1971 (Ref. 7)

Yields from fission of Pa-231, Th-232, and U-238 at 14.8 MeV were
reported.

These were adjusted for the loss of the two shortest half-life
delayed neutron groups, using the fractional yield data of Herrmann (4).
The application of this correction to Pa-231 is very uncertain; an
uncertainty of +20% was assumed for this correction.

Clifford, 1972 (Ref. 8)

Yield measurements were made with U-235 and U-238 fissioned by
neutrons in the reflector of VIPER.

As the work described under Besant, et al., below, progressed,
improvements in the calibrations and data analysis were developed, and
McTaggart (9) suggested that the uncertainty previously reported for
U-235 should be increased from 0.0008 to 0.0015 and for U-238, from
0.0025 to 0.0050. Following completion of the new measurements, McTaggart
(10) recommended disregarding entirely the values previously reported.
These values have been omitted from this evaluation.
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Chulick and Reeder, 1971 (Ref. 11)

A cyclotron was used as a source of r-(He-3) and a-particles in the
energy range of 20-34 MeV to cause fissions in bismuth, thorium, and
uranium (presumably natural U). The targets were mounted within a
neutron counter consisting of a parafin moderator and four BF3 or two
He-3 neutron detectors. Targets were repetitively irradiated and counted
with timing sequences selected to allow analysis of different half-life
precursor groups.

These ekperiments measured the cross section for production of
delayed neutrons. With measured and estimated fission cross sections,
the delayed neutron yields were derived.

Interpretation of these results and comparison with delayed neutron
yields at low excitation energies (induced by 0-4 MeV neutrons, photons,
and spontaneous) is difficult because of the high excitation energy
(15-40 MeV) and the consequent fissioning of many different nuclides
after evaporation of various numbers of neutrons.

Caldwell and Dowdy, 1975 (Ref. 12)

In an extension of the measurements described previously by Caldwell,
et al., (13), samples of Th-232, U-233, U-234, U-235, U-236, U-238,
Np-237, and Pu-239 were irradiated with bremsstrahlung produced by an
electron linear accelerator. The bremsstrahlung end point was varied
from 8 to 13 MeV.

Neutrons were counted by an arrangement of 53 He-3 detectors in a
polythene cube. Delayed neutron counts were recorded between 1inac
pulses, after the prompt neutron flux following a fission had decayed.

The fission rate was derived by analysis of the prompt neutron
counting data. The earlier results have been superseded by the data in
this reference.

Miyao, et al., 1975 (Ref. 14, 15)

Additional measurements with Th-232 (Th02) and U-238 (U308)
fissioned by bremsstrahlung pulses from a betatron using the method
previously developed by Moscati and Goldemberg (16) have been described.
The end-point energy in these measurements extended from 13 to 38 MeV.

These measurements concentrated on the variation of group yields with
bremsstrahlung energy. Little variation was found at 30, 20, 30, and
38 MeV for U-238, or at 15 and 20 MeV for Th-232. Comparison of total
yield at 20 Mev with that at 13 or 15 MeV showed a slight increase at the
higher energy, 7% for Th-232 and 9% for U-238, contrary to an expected
decrease due to the increase in second-chance fission.
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Lukens and Bramblett, 1976 (Ref. 17)

Samples of highly enriched (93.13-93.28% U-235) U308, U02, and UC2
were irradiated in a thermal flux. Delayed neutrons were counted for
50 sec, after a 30-sec irradiation and 30-sec delay, by pneumatically
transferring the sample to a multiple BF3 detector counting system.

It was found that the UQO2 samples exhibited delayed neutron yields
that were greater than those of the U308 by 3.1, 4.1, and 5.0% for dif-
ferent sample types. The uncertainty in these differences is about
*1.2%. The U02 and UC2 samples showed essentially identical delayed
neutron yields.

While these measurements do not provide information of use in
developing the evaluated data set, the implications are significant
and will be discussed later.

Besant, et.al., 1977 (Ref. 18)

Samples of U-235, U-238, and Pu-239 were irradiated in the copper
reflector of VIPER, in the same manner as developed by Clifford (8).
VIPER was used to produce neutron pulses with a full width at half
maximum of 400 us having a spectrum similar to a fast breeder reactor.
This spectrum is somewhat softer than those previously used, in GODIVA
(3), ZEPHYR (19), and EBR (20). Following irradiation, each sample was
transferred to a neutron counter in less than 35 ms.

The neutron counter consisted of two separate detectors, one a
Li-6 zinc sulphide scintillator and the other a B-10 glass disc. Delayed
neutrons emitted by the transferred sample were thermalized in a poly-
ethylene cylinder surrounding the sample position. The scintillators
were placed adjacent to the polyethylene but were shielded from direct
gamma radiation from the sample by lead.

The performance of these detectors was well characterized in terms
of energy and spatial sensitivity, dead time, and counting efficiency.

The fissions in each sample were measured by determining the La-140
activity produced in a thin foil during the irradiation. This was done
by counting the 1596-keV gamma-ray from La-140 using a Ge(Li) detector,
after sufficient delay that all La-14Q activity was produced as daughter
activity from Ba-140. The yield of this gamma ray was correlated with
the number of fissions by use of calibrated fission chambers for each
nuclide.

Different size samples and different pulsed irradiation conditions
were used. The results were combined and analyzed with a complex least-
squares fitting routine. Alternate analyticail methods were used as
checks of the results. Corrections of from 3.8% to 7.6% were made,
using Keepin's group abundance and decay constant data, to account for
delayed neutrons emitted prior to the start of counting. This delay was
oc:asioned by high count rates requiring large dead time corrections.
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In addition to the absolute delayed neutron yields for the three
nuclides, these measurements have also determined the group abundances
and decay constants. These were compared with Keepin's values and the
comparison shows occasional differences outside of the estimated uncer-
tainties. Comparative calculations were made of the period-reactivity
relationship using the two sets of parameters and showed differences of
Tess than 3.5% in the reactivity values.

4 The absolute yield values were modified by the authors to account
for the lower delayed neutron yield above about 5 MeV, as shown by Krick
and Evans (21). ‘

The effect of an isotropic neutron emission from the Am-Li neutron
source used for the neutron detector calibration has been calculated to
change the calibration factor by 1.4% (22). The delayed neutron yields
have been increased by 1.4% for this evaluation.

No adjustments have been made for this evaluation.
Schrack 1978 (Ref. 23)

Measurements were performed specifically to investigate the -
chemical dependence reported by Lukens and Brambliett, for U02 and U308.
Gamma-ray measurements were inconclusive. Fission rate measurements,
using a split fission chamber, showed no significant difference in
fission rate for the two forms, compared to the estimated overall uncer-
tainty in the measurements (+ 0.2%). Delayed-neutron measurements were
performed using identical masses of U-235 as U02 and U308 (from the same
standard material) sealed in quartz ampoules. Samples were irradiated
in a reactor thermal column and then counted for delayed-neutron activity
with an irradiation/delay/count cycle of 100 sec/100 sec/100 sec, to
emphasize the longer lived groups. The ratio of U02/U308 delayed neutrons
was found to be D.9914 +0.012 for seven pairs of samples in two separate
experiments.

While these measurements support the assumption that delayed-
neutron yields are independent of chemical form, the significance of the
effect demands further investigation.

Synetos and Williams, 1979 (Ref. 24)

Samples of uranium metal foil enriched to 95.54% U-235 were irradi-
ated in a thermal column of the University of London Reactor (CONSORT II)
and pneumatically transferred to a delayed neutron detector, following a
10-min. irradiation. The delayed neutron detector consisted of a water
tank containing two BF, counters placed near the sample location in the
center of the tank. Fqssions in the sample were determined by counting
? gamma-ray from the decay of La-140, produced from the 12.8-day half-

ife Ba-140.
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The neutron detector was calibrated by use of an Am-Li neutron
source, relying on the similarity of that spectrum and delayed neutron
spectra and on comparative efficiency calculations using different
spectra to assure minimal error in the calibration due to spectral
effects, The fission-rate measurement was calibrated by use of a
fission counter to determine the absolute fission rate at the irradi-
ation location along with a foil for determination of the associated
La-140 production.

The transit time of the sample to the detector was 0.38 sec, and so
most of the delayed neutrons in Group 6 (0.23 sec half-life) were not
detected. Time-dependent delayed neutron count data were analyzed into
five groups, resulting in group parameters similar in value to the
corresponding Keepin parameters. The Keepin six-group parameters were
used with total delayed neutron count data to determine the yield.

No adjustments have been made for this evaluation.

A complete summary of reported measurements, updated from the
earlier evaluation, is presented in Table I. Measured values for the
five most s1gn1f1cant nuclides and the results of various calculations
are shown in Figures 1-5.



TABLE 1

DELAYED NEUTRON YIELD MEASUREMENTS

Sheet 1 of 13

Ener Yield
Reference (MeV?y Adjustment Basis
Reported Adjusted :

20981 Charged - Particle Fission

Chulick & Reeder, 29.1 0.0009 + .0001mb Two shortest-1ived groups missed,

1971 33.7 0.0172 + ,0024mb delayed neutron production cross section
reported.

231Pa Neutron Fission

Brown et al, 1971 14.8 0.0060 t 25% 0.0080 + .0026 Increased 34% for Groups 5 and 6.

232Th Neutron Fission

Sun et al., 1950 14.0 max 0.08 + 0.03 0.08 + 0.03 No adjustment. Used in 1imited ratios.

Brunson et al., 1955 3.0 3.09xY, 23U + 174 0.0568 + 0.0145  Added 7.8% for 6 groups. Probable error
converted to standard deviation. Inter-
related ratios.

Rose & Smith, 1957 3.0 0.038 + 0.008 235 0.0375 + 0.0090 Absolute, added 4.3% for 6 groups;

also reported as 2.21 ¢ 0.27fo u relative, added 1.8% for 6 groups.
Probable error converted to standard
deviation. Interrelated ratios.
Omitted.

Keepin et al., 1957 3.5 0.0496 + 0.0020 0.0505 + 0.0052 Probable error converted to standard

deviation.
reduced.

Systematic errors not
Spectrum effect corrected.

-gi—



TABLE I Sheet 2 of 13
DELAYED NEUTRON YIELD MEASUREMENTS
Yield
Reference %;i;?y Adjustment Basis
Reported Adjusted
Maksyutenko, 1959 2.4 3.4 2 0.28th 235U 0.0571 + 0.0051 Interrelated ratios.
3.3 3.18 + 0.26xY, 235, 0.0534 + 0.0048 Interrelated ratios.
15.0 5.11 + 0.38xU, U 0.0835 + 0.0069  Evaluated yield for 23°U. Used in
Timited ratios.
McGarry et al., 1960 14.0 0.058 = 0.014 0.058 + 0.014 No adjustment. Used in limited ratios.
Shpakov et al., 1961 14.5 0.075 + 0.007 0.0782 + 0.0075 Added 4.3% for 6 groups. Used in
limited ratios.
Herrmann, 1966 14.0 0.019 + 0.005 0.0218 + 0.0030  Evaluated yield for 23°U. Error
reduced from 2x standard deviation.
Masters et al., 1969 3.1 1.94 + 0.11Y 5 232Th 0.0566 + 0.0042 As reported by Evans ef al.
14.9 0.030 + 0.003 0.030 ¢ 0.002 and interrelated ratios.
Keepin, 1969 14.1 1.19%2 + 0.14 0.0311 + 0.0037 Divide by o, = 0.366 b, recalibra-
tion of neutron source.
14.9 1.232 + 0.11 0.0287 + 0.0026 Divide by o, = 0.410 b, recalibra-
tion of neutron source.
Notea, 1969 14.0 0.77 £ 0.30xY, 3%y 0.0170 £ 0.0072  Added 1.8% for 6 groups. Inter-
related ratios.
Benedict, 1970 14.0 0.0191 + 0.0065 0.0209 + 0.0042 Error reduced from 2x standard

aDe]ayed neutrons per atom/100 incident neutrons.

deviation. Interrelated ratios.
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TABLE I Sheet 3 of 13
DELAYED NEUTRON YIELD MEASUREMENTS
Yield
Reference %aecgy ‘ Adjustment Basis
€ Reported Adjusted :
Cox & Dowling 1.3 - 1.6 0.0505 N.0525 + 00,0040 Added 1.8% for 6 groups. Inter-
Whiting, 1970 related ratios.
Brown et al., 1971 14.8 0.0269 + 15% . 0.0286 + 0.0048' Increased 34% for Groups 5 and 6.
Adjusted to g = 0.404.

232Th Photofission
Moscati & Goldemberg, 12, 20 0.0285 + 0.008 0.0285 + 0.008 No adjustment.
1962 ,
Nikotin & Petrzhak, 15 0.038 + 0.006 0.038 + 0.006 No adjustment.
1966
Caldwell et al., 1973 8 -12 0.0280 + 0.0012 0.0280 + 0.0012 No adjustment.
Caldwell & Dowdy, 1974 8 -13 0.0280 + 0.0028 0.0280 + 0.0028 No adjustment.
232Th Charged Particle Fission
Chulick & Reeder, t21.7 0.022 + .004 0.022 + .004 No adjustment.
1971 123.3 0.021 + .003 0.021 + .003

T28.9 0.013 £ .002 0.013 + .002

733.8 0.0044 + ,0009 0.0044 + .0009

019.9 0.053 + .010 0.053 + .010

@28.9 0.018 + .002 0.018 + .002
233U Neutron Fission
Brunson et al., 1955 0.0 0.39xY, (éggu? + 7.5% 0.00629 + 0.00073 Reduce 6.4% for 6 groups. -Probable

0.2 0.414xY, U) + 7.5% N.ONES2 + N.NNN75 error converted to standard deviation.

Interrelated ratios.

—LE—



TABLE 1

DELAYED NEUTRON YIELD MEASUREMENTS

Sheet 4 of 13 ~ -

£ Yield
Reference (ae;§y -Adjustment Basis
€ Reported Adjusted
Rose & Smith, 1957 1.0 0.0074 + 0.0006 235 Absolute, added 2.3% for 6 qroups;
also reported as 0.429 + 0.026xY ¢ U 0.00737 + 0.00080 relative, reduced 0.3% for 6 groups.
Probable error converted to standard
deviation. Interrelated ratios.
Keepin et al., 1957 0.0 0.0066 + 0.0003 0.0066 + 0.0007 Probable error converted to standard
1.45 0.0070 + 0.0004 0.00729 + 0.00081 deviation. Systematic errors not
reduced. Fast fission spectrum
effect corrected.
McGarry et al., 1960 14.0 0.0142 + 0.0042 0.0142 + 0.0042 No adjustment. Used in limited ratios
!
Masters et al., 1969 3.1 1.79 + 0.10xY,. 233y  0.00751 + 0.00061 Evaluated yield, Y.. 233 , and w
14.9 0.0041 + 0.0003 0.0041 + 0.0003  as reported by Evah? et al. ®
Keepin, 1969 14.1 1.09% + 0.10 0.00439 + 0.00041 Divide by o, = 2.374 b, recalibration
of neutron source.
14.9 1.092 + 0.11 0.00433 + 0.00044 Divide by o, = 2.406 b, recalibration
of neutron Source.
Notea, 1969 0.0 0.345 + 0.086xY, 235y 0.0082 + 0.0026  Reduced 0.3% for 6 groups. Inter-
related ratios.
Conant & Palmedo, 0.0 B = 0.0027 + 0.0001 0.00674 + 0.00042 Multiply by v = 2.498, adjusted
1970 uncertainty.
Krick & Evans, 1970 0.1 - 1.8 0.0075 + 0.0006 0.0075 + 0.0006 As reported by Evans et al.

aDe]ayed neutrons per atom/100 incident neutrons.
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DELAYED NEUTRON YIELD MEASUREMENTS

Yield
Reference %g:;§y Adjustment Basis
Reported Adjusted
233U Photofission
Caldwell & Dowdy, 8 -13 0.00553 + 0.00044 0.00553 + 0.00044 Mo adjustment
1974 .
234 Photofission
Caldwell & Dowdy, 8 -13 0.0094 + 0.00094 0.N0094 + 0.00094 No adjustment
1974
235U Neutron Fission
S
Snell et al., 1947 0.0 B= 0.010 + 0.002 N.0176 + 0.0054  Corrected for 235y fissions. Probahle &
error converted to standard deviation.
Hultiply by v = 2.4229.
Hughes, et al., 1948 0.0 - = 0.00755 + 0.00050 0.0183 + 0.0026 Multiply by 7= 2.4229. Probable
. error converted to standard deviation.
Increased energv correction uncertaint
Brunson et al., 1955 0.0 1.017 xv. (23) + 112 0.0175 + 0.0028  Probable error converted to standard
0.29 (referenge) 0.0172 + 0.0023 deviation. Interrelated ratios.
Rose &% Smith, 1957 1.0 0.0174 + 0.0014 0.0174 + 0.0019 Absolute, added 3% for 6 groups.
Probable error converted to standard
deviation. Interrelated ratios.
Keepin et al., 1957 0.0 0.0158 + 09,0005 n0.0158 + J1.N016 Probable error converted to standard
1.45 0.0165 + 0.0005 0.01675 + 0.0017 deviation. Systematic errors not

reduced. Fast fission spectrum effec:
corrected.
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DELAYED NEUTRON YIELD MEASUREMENTS
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Ener Yield o
Reference (MeV?y .Adjustment Basis
Reported Adjusted .
Maksyutenko, 1959 0.0 (reference) 0.0173 + 0.0012 Interrelated ratios.
2.4 1.03 + 0.04xY, 23y 0.0178  0.0012  Interrelated ratios.
3.3 0.99 + 0.04xY, 235, 0.0171 + 0.0012  Interrelated ratios.
15.0 1.86 + 0.06xY, 2°U 0.0304 +0.0015  Evaluated yield for 23°U. Used in
limited ratios.
McGarry et al., 1960 14.0 0.022 + 0.005 0.022 + 0.005 No adjustment. Used in limited ratios
Herrmann, 1966 0.0 (reference) 0.0221 + 0.0031 Interrelated ratios.
Masters et al., 1969 3.1 1.89 £ 0.11xY 235) 0.0173 + 0.0012  Evaluated yield, Y. 23°U , and
as reported by Eva*? et al.
Keepin, 1969 14.1 2.12% £ 0.17 0.0094 + 0,0008 Divide by o, = 2.164 b, recalibra-
tion of neutron source.
14.9 2.14a +°0.17 0.0092 + 0.0007 Divide by o, = 2,226 b, recalibra-
tion of neutron source.
Notea, 1969 0.0 (reference) 0.0254 + 0.0081 Interrelated ratios.
Benedict, 1979 0.0 {reference) 0.0217 + 0.0039 Interrelated ratios.
Cox & Dowling 0.25 - (reference) 0.0170 + 0.0011 Interrelated ratios.
Whiting, 1970 1.50
Conant & Palmedo, 0.0 G = 0.0065 + 0.0003 0.0157 % 0.0010 Multiply by v = 2.4188, adjusted
1970 uncertainty.
Krick & Evans, 1970 0.1 - 0.0163 + 0.0013 0.0163 + 0.0013 As reported by Evans et al.
1.8
Clifford, 1972 0.63 0.0174 + 0.0015 Omitted.

aDe]ayed neutrons per atom/100 incident neutrons.

"OV"'
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DELAYED NEUTRON YIELD MEASUREMENTS
Yield
Reference | %ags?y ' Adjustment Basis
Reported Adjusted '
Cox, 1974 0.96 0.01650 + 0.00100 0.01650 + 0.00100 No adjustment.
. 1.97 0.01657 + 0.00100 0.01657 + 0.00100
2.98 0.01696 + 0.00100 0.01696 + 0.00100
3.98 0.01666 + 0.00100 0.01666 + 0.00100 -
Besant et al., 1977 .0.63 0.0164 + .0006 0.0166 + .0006 Revised by Williams for anisotropic
calibration source.
Synetos and Williams, 0 0.0156 + 0.0010 0.0156 = 0.0010 As reported for 6 groups.
1979 ’ ' '
235U Photofission
Nikotin & Petrzhak, 1966 15 0.0096 + 0.0013 0.0096 + 0.0013 No adjustment.
Caldwell et al., 1973 8 - 12 0.0102 + 0.0004 0.0102 + 0.0004 No adjustment.
Caldwell & Dowdy, 1974 8 - 13 0.0102 + 0.0008 0.0102 + 0.0008 No adjustment.
236U Photofission
Caldwell & Dowdy, 1974 8 - 13 0.0160 + 0.0013 0.0160 + 0.0013 No adjustment.
238U Neutron Fission
Sun et al., 1950 14.0 max 0.08 + 0.03 0.08 + 0,03 No adjustment. Used in limited ratios
Brunson et al., 1955 2.7 2.23xY, 23U +7.57 0.0463 £ 0.0071  Added 21% for 6 groups. Probable

error conver;ed to standard devia-
tion. Interrelated ratios.

"'LV"'
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DELAYED NEUTRON YIELD MEASUREMENTS
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: £ Yield .
Reference (ae;?y - Adjustment Basis
ev) . " Reported Adjusted
Rose & Smith, 1957 3.0 0.037 + 0.004 235 0.0386 t 0.0052 Absolute, added 7.5% for 6 groups;
: ©2.20 ¢ 0.15xYf U relative, added 5.3% for 6 groups.
. Probable error converted to standard
. deviation. Interrelated ratios.
Keepin et al., 1957 3.01 0.0412 + 0.0017 0.0421 + 0.0043 Probable error converted to standard
deviation. Systematic errors not
' : reduced. Spectrum effect corrected.
0.0 ' (Reference) 0.0173 = 0.0012 Interrelated ratios.
Maksyutenko, 1959 2.4 2.58 * 0.14th 235U 0.0426 t 0.0027 Interrelated ratios.
3.3 2.45 0.17xYt 235U 0.0404 + 0.0031 Interrelated ratios.

15.0 4.60 £ 0.28xY, °%U  0.0752 £ 0.0053  Evaluated yield for 25U, Used in
1imited ratios. |

McGarry et al., 1960 14.0 0.066 + 0.017 0.066 + 0.017 No adjustment. Used in limited ratios. W

I

Herrmann, 1966 14.0 0.022 + 0.003 0.0282 + 0.0040 Error reduced from 2x standard
deviation. Interrelated ratios.

Bucko, 1966 14.7 L6xY, 23 s 108  0.0261 £ 0.0028 Evaluated yield for 235y,

Masters et al., 1969 3.1 1.71 + 0.10xY 235U 0.0474 + 0.0032 As reported by Evans et al. and

14.9 0.0283 + 0.0013 0.0283 + 0.0013  interrelated ratios.

Keepin, 1969 14.1 A3.27a + 0.27 0.0280 + 0.0024 Divide by o, = 1.154 b, reca]ibra-
tion of neutron source and fission
caunter.

14.9 0 3.32% £ 0.27 0.0262 + 0.0022  Divide by o, = 1.250 b, recalibra-
tion of neutron source and fission
counter,

Notea, 1969 14.0 0.96 ¢+ 0.29th 235U 0.0209 + 0.0074 Added 5.3% for 6 groups. Inter-
related ratios.

Benedict, 1970 14.0 0.0228 + 0.0082 0.0277 + 0.0058 Error reduced from 2x standard

deviation. Interrelated ratios.
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NELAYED NEUTRON YIELD MEASUREMENTS

£ Yield
Reference (ae;?y Adjustment Basis
¢ Reported Adjusted . e
Krick & Evans, 1970 1.8 - 7.0 - Energy-dependent yield normalized to Ratio of evaluated yield for 238U to
Masters, 1969 Masters, 1969,
Cox % Dowling 0.9 - 2.4 0.0406 . 0.0436 + n,NN28 Interrelated ratios.
Whiting, 1970
Brown et al., 1971 ‘14.8 0.0182 + 15% 0.0230 ¢ .0039 Increased 34% for Groups 5 and 6.
- Adjusted to op = 1.240.
Clifford, 1972 2.77 0.0492 + 0.0050 , Omitted.
Cox, 1974 1.97 . 0.04390 + 0.00260 0.04390 + N.00260 No adjustment.
2.98 © 0.04347 + 0.00260 0.04347 % 0,00260 !
3.98 0.04288 + 0.00260 0.04288 + 0.00260 a~
(¥Y)
Besant et al., 1977 2.77 "0.0439 + .0017 0.0445 + .0017 Revised by Williams for anisotropic !
; calibration source.
238U Photofission
Moscati & Goldemberg, 12, 20 0.036 + 0.008 0.036 + 0.008 No adjustment.
1962
Nikotin & Petrzhak, 1966 15 0.031 + 0.004 0.031 + 0.004 No adjustment.
Caldwell et al., 1973 8 - 12 0.0291 + 0.0009 0.0291 + 09,0009 No adjustment.

+

Caldwell & Dowdy, 1974 8 - 13 0.0291 + 0.0020 _ 0.0291 + N,0020  No adjustment.
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DELAYED MEUTRON YIELD MEASURFMENTS
: Yield
Reference Eges?y Adjustment Basis
€ Reported Adjusted : :
238U ‘ Charged - Particle Fission
Chulick & Reeder, T21.4 0.012 + .002 0.012 + .002 . No adjustment.
1971 123.3 0.013 £+ .002 0.013 + .N02 -
128.7 0.016 + .003 0.016 + .003
733.8 0.007 = .001 0.007 £ .001
a19.8 0.030 + .003 0.030 + .003 No adjustment.
a24.5 0.0086 + .0007 N.0086 + .0007 '
a28.6 0.014 + ,002 0.014 + ,002
237Np Photofission
Caldwell & Dowdy, 8 - 13 0.0047 + 0.0004 0.0047 + 0.0004 No adjustment.
1974 .
239Pu Neutron Fission
Wilson, 1947 0.0 0.46xY, (235) 0.0076 Evaluated yield for 23°U, Omitted.
de Hoffmann & 0.0 8%%/82% = 0.47 + 0.07 0.0090 + 0.0015  Multiply by ratio of 5(1.189). Reduce b
Feld, 1947 1.9% for 6 groups. Increase uncer-
Eggnty for vo,, evaluated yield for
u.” Omitted.
Brunson, et al., 0.0 0.36fo (235U)t 7.5% 0.00604 + 0.0N068 Reduced by 1.9% for 6 groups. Inter-
1955 related ratios.
235 ' 240
0.42 0.405fo U/ = 7.5% 0.00692 + 0.00082 Also reduced by 2% for Pu delayed

neutrons.

Interrelated ratios.
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DELAYED NEUTRON YIELD MEASUREMENTS
‘ Yield
Reference Eae;§y — Adjustment Basis
e . Reported Adjusted
Rose & Smith, 1957 1.0 0.0070 + 0.0006 235 _ Absolute, added 3.5% for 6 groups;
also reported as: 0.406 0.024fo U 0.00721 + 0.00082 relative, added 0.9% for 6 groups.
Probable error converted to standard
' deviation. Interrelated ratios.
Keepin et al., 1957 0.0 0.0061 * 0.0003 0.0061 + 0.0007 Probable error converted to standard
1.59 0.0063 + 0.0003 0.0064 + 0.0007 deviation. Systematic errors not
reduced. Fast-fission spectrum effect
t corrected.
Shpakov et al., 1961 14.5 0.0130 + 0.0015 0.0135 + 0.0016 Added 3.5% for 6 groups. Used in
. , limited ratios.
Masters et al., 1969 3.1 1,60 + 0.09xY.. 23y 0.00664 + 0.00047 Evaluated yield, Y,e 23°Pu , and
_ 14.9 0.0041 + 0.0082 0.0041 + 0.0002  as reported by Evaf? et al.
Keepin, 1969 14.1 1.'13a + 0.10 0.00424 + 0.00038 Divide by o, = 2.5478 b, recalibra-
tion of neutron source.
14.9 1.20% + 0.11 0.00439 + 0.00041 Divide by o, = 2.6142 b, recalibra-
tion of neutron source.
Notea, 1969 0.0 0.31 + 0.12xY, %3y 0.0076 + 0.0032  Added 0.9% for 6 groups. Inter-
related ratios.
Conant & Palmedo, 0.0 B=0.0023 + 0.0003 0.00661 + 0.00078 Multiply by v = 2.8733, adjusted
1970 . uncertainty. .
Krick & Evans, 1970 0.0 - 1.8 0.0062 * 0.0005 0.0062 * 0.0005 As reported by Evans et al.
Cox, 1974 0.96 '0.00674 + 0.00043 0.00674 + 0.00043 No adjustment.
1.97 0.00669 + 0.00043 0.00669 + 0.00043
2.98 0.00640 *+ 0,00043 0.00640 + 0.00043
3.98 0.00663 *+ 0.00043 0.00663 + 0.00043
Besant et al., 1977 . 0.74 0.00598 *+ ,00022 0.00606 + Revised by Williams for anisotropic

aDe]ayed neutrons per atom/100 incident neutrons.

10.00022

calibration source.

-gv-
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DELAYED NEUTRON YIELD MEASUREMENTS

Aneet iz Orv 14

. Yield
Reference Energy .  Adjustment Basis
(Mev " Reported Adjusted :
239Pu Photofission
Nikotin & Petrzhak, 15 0.0036 % 0.0006 0.0036 + 0.0006 No adjustment.
1966 A '
Caldwell et al., 1973 10.2 - 12 0.00372 + 0.00013 0.00372 + 0.00013 No adjustment.
Caldwell & Dowdy, 1974 10.2 - 13 0.0037 + 0.0004 0.0037 + 0.0004 No adjustment.
240Pu Neutron Fission
Keepin et al., 1957 - 2.13 0.0088 + 0.0006 0.0092 + 0.0011 Probable error converted to standard
deviation. Ratio of Keepin values
- to evaluated values. Spectrum effect
corrected.
Keepin, 1969 14.1 1.49% + 0.13 0.00631 + 0.00056 Divide by o, = 2.2566 b, recalibratio
of neutron source.
14.9 1.422 + 0.12 0.00597 + 0.00051 Divide by o, = 2.275 b, recalibratior
of neutron Source.
241Pu Neutron Fission
Cox, 1961 , 0.0 . 0.0154 = 0.0015 0.0162 + 0.0016 Reviﬁsg by Cox and evaluated yield
‘ for u.
Keepin, 1969 14.1 2.06% + 0.19 0.00762 + 0.00071 Divide by o, = 2.5852 b, recalibra-
tion of neutron source.
14.9 1.99% + 0.18 0.00732 + 0.00067 Divide by a, = 2.5996 b, recalibra-

aDe]ayed neutrons per atom/100 incident neutrons.

tion of neutron source.

!
»
o

|



TABLE 1 Sheet 13 of 13
DELAYED NEUTRON YIELD MEASUREMENTS

Reference %az;gy rield i\djustméht Basis
~ Reported Adjusted .
242Pu - Neutron Fission
Krick & Evans, 1970 0.7 - 1.3 0.015 + 0.005 0.015 + 0.005 As reported by Evans et al.
252Cf Spontaneous Fission
Cox et al., 1958 | (0) 0.0086 ¢ 0,0010 0.0086 + 0.0010 No adjustment.

-y -
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INTERPRETATIONS

The energy dependence of delayed neutron yields is currently not
well defined. The recommended values at 14-15 MeV result from rejection
~of the absolute values of all measurements made prior to 1966, for no
objective reasons other than disagreement with predictions and the post-
1966 measurements. The yields in the low energy range have been assumed
to be constant with energy, and this is moderately well supported by the
experimental data, although a detailed calculation shows an increase
from 0 to 3 MeV, that is also suggested by the measured values.

This calculation, by Alexander and Krick (25), uses the fission
yields and neutron emission probabilities of 47 identified delayed-
neutron precursors. '

The delayed neutron yield calculated in this manner for U-235 shows
an increase of about 6% from 0 to 3 MeV neutron energy. While the
evaluated yields produced by separate processing of the thermal- and
fast-fission measurements for U-235 do not support this variation, it
should be noted that only four measurements (Besant, Keepin, Rose, and
Brunson), provide 40% of the weight in determining the fast-fission
yield. These four measurements may all involve spectrum-dependent
corrections. Unfortunately, it is likely that the results of these
corrections will be consistent with whichever energy dependence is
chosen for calculating them.

Keepin's values for fast and thermal fission show increases in the
yield in the fast spectrum relative to that in the thermal spectrum,
amounting to 3.3% for Pu-239, 4.4% for U-235, and 6.1% for U-233, using
unadjusted values.

The data of Krick and Evans, produced by use of monoenergetic
neutrons from 0.05 to 1.75 MeV, have been fit, by the least squares
method, to a linear relation: - ’

) = : AY
Y(E) = - Yo + AF -
This shows the following values and uncertainties for AY/AE:
U-233 (414.7 + 3.9) x 1077 d.n./MeV
U-235  (+9.2 & 15.8) x 107> d.n./MeV

Pu-239 - (+12.6 * 3.4) x 10™° d.n./MeV

. This analysis demonstrates an increase in yield from 0.05 to 1.75 MeV
for U-233 and Pu-239, but not for U-235.

The measurements by Masters, et al., (26), used the same fission
counters and Pu-238-Li neutron source as were later used by Krick and
Evans. Therefore, the major systematic errors should be the same for
these two sets of data. Comparison of the zero-energy intercept values
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obtained from the linear least-squares fits to the Krick and Evans data

with the yields measured at 3.1 MeV by Masters shows the following
values for AY/AE:

Yo ¥(3.1) AY/AE

U-233 0.007359 0.007400 (1.3 ¢ 13.3) x 1070
U-235 0.01629 0.01720 (29.4 + 34.1) x 10™°
Pu-239  0.006106 0.006600 = (15.9 * 12.6) x 10~

The value observed for U- 235 is essentially identical to that

der1ved for a linear increase from 0 to 3 MeV in the Alexander and Krick
calculations.

The values measured by Keepxn show a similar effect between thermal
and fast-spectrum fission (adjusted for the flux spectrum to a plateau
value, assumed valid at 3 Mevg The values for AY/AE are:

U-233  (15.3 + 24.4) x 107°
U-235  (31.7 + 47.6) x 107°
Pu-239  (10.0 + 22.9) x 107>

-—

While individually these values do not show any increase in yield

with energy, taken together they support a definite increase between 0
and 3 MeV.

Attempts to represent the delayed-neutron yield as a sum of yields
from the different compound nuclei, formed in different proportions in
first-chance, second-chance, and third-chance fission reactions as a con-
sequence of pre-fission neutron emission, have not been completely
successful. These attempts, shown here and in the previous evaluation,
rely on the use of partial fission cross sections and yields for low-
excitation fission of each compound nucleus.

Since this is a very mechanistic model ~ above the second-chance
threshold, there are two compound nuclei fissioning and the resultant
yield should reflect this, and similarly for third-chance fission — the
discrepancy is not easy to explain. Either the representations of the
partial cross sections are considerably inadequate, or the yield values
reported by Krick and Evans are too low in energy (by ~1 MeV) and too
low in yield (by °10%). Comparison of the yield curve calculated by
Alexander and Krick for U-235 with that using the partial cross sections
derived graphically by Davey (27) shows more agreement between the
calculations than with the measured values. Similarly, relatively
little difference is shown between the yield curve using the partial
cross sections calculated for Pu-239 by Gardner (28) and those graphically
derived by Davey.

As shown previously (1), the measured yield values can be reproduced
by the partial cross section method, but only by accepting severe competi-
tion between fission modes: second-chance fission becomes dominant with
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increasing energy, only to be replaced by third-chance fission as that
becomes energetically possible. In addition, the threshold energies
needed for this agreement seem low.

The competition between different fission modes can reflect relatively
small differences in the fission barrier height. For example, calculations
by Moller and Nix (29) show differences of only about 3.8 MeV between
asymmetric fission (which is highly probable) and symmetric fission
{which is relatively improbab1e§. This small difference in barrier
height produces a factor of 600:1 between the two modes of fission.

The difficulties with this model may arise from a different relative
population of the two different spin states formed in the fissioning
nucleus, when it is formed directly by neutron capture or excitation by
a photon, from when it is formed sequentially by neutron capture and
neutron emission. It appears likely that emission of a neutron from one
spin state of the compound nucleus will be more probable than the other,
because of neutron binding energy differences, leading to a greater
frequency of second-chance fission from the resulting spin state in the
fissioning nucleus than when that nucleus is formed directly. Similar
considerations would apply to third-chance fission. .-

These differences would lead to different delayed neutron yields in
second- and third-chance fission from those expected, thus resulting in
erroneous predictions of the total yield as a function of energy.

The calculations by Alexander and Krick suggest that the delayed
neutron yield from each compound nucleus is a function of excitation
energy of that nucleus, and therefore, dependent on the incident neutron
kinetic energy. This is explained as a consequence of a greater pro-
duction of fission fragments with even atomic number, relative to those
with odd atomic number, at Tow excitation energy, with a decrease in
this effect as the excitation energy increases.

Thus, the failure of the partial cross section model to adequately
Treproduce the measured values with reasonable cross sections may be due
“to the simplistic use of constant (energy-independent) yield values for
each of the compound nuclei involved.

Energy-dependent yield curves can be only estimations at this time,
and several representations may be equally valid considering the uncer-
tainties in the data. Cox (30) provides a form easily adapted to com-
puter processing of the data. The yield is assumed to be constant in
the low energy range (below ~ 4 MeV), linearly decreasing between about
4 to about 7 MeV, and then constant through 15 MeV to 20 MeV. As an
alternative, Cox shows a somewhat greater yield above the intermediate
energy transition region, with another linear decrease at 14-16 MeV.

The anomalous behavior of the yield for U-235 in different chemical
forms, reported by Lukens and Bramblett, raises the question of differ-
ences in delayed neutron yields for reactors fueled with different fuel
materials, with resultant systematic errors in the application of
measured yields to reactor physics analysis of different reactors.
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Lukens and Bramblett suggest that the differences observed may
result from a modification in the de-excitation and decay modes of the
delayed neutron emitter Kr-87 (daughter of the precursor Br-87, the
major contributor to Group 1, the longest half-life group). In support
of this suggestion, it was found that the gamma-ray emission following
beta-decay of Kr-87 was greater for U308 than U02, indicating an increase
in the beta-decay branch relative to neutron emission. The relative
activities of two other fission products, I-134 and Mo-101, showed no
difference. This effect would be the result of chemical modification of
nuclear properties after fission.

~ This particular mechanism can produce only part of the observed
difference. The fraction of delayed neutrons from Group 1, calculated
for the irradiation, delay, and count times used, is 0.19. The observed
change in Kr-87 activity, 6.6%, would therefore be expected to produce a
corresponding change of 1.3% in the total delayed neutron counts. The
greatest fraction of delayed neutron counts in these measurements result
from Group 2 (0.78), which consists predominately of two precursors,
Br-88 and I-137.

It has been observed that large differences in fission product
yields can occur for the two different spin orientations of the captured
neutron (31,32). Whether the differences in the atomic environment
caused by the different oxides can alter the fission probability for
thermal neutrons of different spin states is not clear.

The comparative measurements by Schrack provide a basis for continued
reliance on the assumption of freedom from chemical effects. However,
this question is of concern both in applications of the data and in the

theory of fission, and measurements with a variety of compounds would be
of value.

Since measurements of delayed neutron yields are now approaching
accuracies of the order of the observed difference, the chemical form
may have an impact on the derived yield value. The chemical forms used
in delayed neutron measurements in the thermal and fast reactor energy
.range are listed in Table II.

“This shows that forms other than metal have rarely been used and,
in fact, have negligible effect on the evaluated yields. Only in the
data of Brunson is there a possible indication of this effect. The
values reported for Th-232 (metal), U-238 (metal), and Pu-239 (metal and
Pu02) tend to be somewhat high relative to the weighted averages for
these nuclides. The values reported for U-233 (U308) are low, while
those for U-235 {metal and U308) are scattered. The deviations of the
yields for the various nuclides, relative to their assigned uncertainties,
show a pronounced difference: for the U-233 sample, all are negative,
with an average value of -1.2, which is unusually large; for Th-232,
the average is 0.3; for U-235, 0.3; for U-238, 0.4; and for Pu-239, 0.5.
While this supports the contention that the chemical form may have an
effect on the post-fission pnenomena, since the U-233 sample was U308,
it could also result from a systematic error in the U-233 measurements.
The accuracies involved (12-25%) are clearly inadequate for this to be
anything more than a suggestion.
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TABLE 11

CHEMICAL FORM OF DELAYED NEUTRON SAMPLES

Measurement 232y, 233 By 238, 239p,,
Snell U308
‘Hughes metal
Brunson | metal U308 metal, metal metal,

U308 Pu02

Rose metal? metal? metal? metal? metal?
Keepin " metal metal metal metal metal
Maksyutenko metal? ‘metal? . metal?
Masters metal metal metal metal  metal
Notea ? ? ? ?
Cox 7 metal metal metal
Conant metal metal metal
Krick metal metal metal
Cox ? ? ?
Clifford metal metal
Besgnt metal metal metal
-Synetos “metal
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Another possible suggestion of this effect 1ies in integral measure-
ments related to reactivities and the delayed neutron fraction. Fischer
(33) finds that for several SNEAK assemblies fueled with U02 and U02-Pu02,
there is better agreement between measured values of eff and values
calculated using yields recommended in the previous evaluation (1) than
those using Keepin's values, which are generally somewhat lower, by
about 5%. Measurements at LASL, with metal assemblies, are consistent
with the Keepin values (34). This would suggest a possible increase in
yields for U02 which would be consistent with the observed relative
lower yield for U308,

REVISED EVALUATION

The present evaluation consists of a revision and updating of the
previously reported evaluation. It reflects the current values of
measured delayed neutron yields and has been expanded to include measure-
ments made with D-T neutrons at about 14-15 MeV. The method used is the
same: diverse measured values that have been adjusted to the extent
possible to minimize systematic errors are combined in a weighted
average based on consistent estimates of the uncertainties. Both rela-
tive and absolute measurements are utilized, with the relative values
converted to interrelated ratios so as to fully distribute the infor-
mation among the nuclides involved.

The yield measurements reported for fission caused by 14-15 MeV
neutrons appear to form two groups: one of high values, measured prior
to 1966, and one of low values, measured later. The cause for this
discrepancy has apparently not been identified. The lower (more recent)
group of values is in reasonable agreement with current predictions and
may be assumed to have benefited from technical advances in the measure-
ment methods and equipment relative to the older group. The higher group
of values are consistent within themselves when compared between isotopes
at 14-15 MeV. Therefore, only limited ratios, between isotopes for high-
energy fission, have been derived from these values and used in the
evaluation. ' '

-As in the previous evaluation, the present analysis shows expected
uncertainties (those based on a weighted combination in quadrature of
the individual measurement uncertainties), that are generally larger
than the observed uncertainties (those based on the weighted standard
deviation of the individual measurement values about the weighted
average). For the five isotopes involved in the weighted averaging
(with thermal and fast data combined), this is: o

232, 233 235, 238 239,

Expected, 3 3.9 3.3 1.8 2.2 2.3
Observed, ¥ 2.8 3.1 1.7 1.6 2.0

For the recommended delayed-neutron yields, the larger of the two
uncertainties derived in the evaluation has been assigned to the value.
The method of treating the interrelated ratios has been changed to more
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properly reflect the weight of these entries in determining the uncer-
tainty in the evaluated yield. This has resulted in increases in the
estimated uncertainties compared to the previous evaluation.

The total delayed neutron yields for low excitation are well
-represented by an exponential function involving the mass number and
proton number of the fissioning nucleus. This was first suggested by
Moscati and Goldemberg (16) as exp-K(2Z-N), was modified to exp-K(3Z-A)
by Caldwell and Dowdy (12), and recently has been described in detail by
Pai (35). The yield for fission of a specific nuclide is proportional
to the overall neutron emission probabilities of the resulting fission
fragment chains. The individual probabilities are assumed by Pai to be
proportional to exp-Bn/T, where Bn is the neutron binding energy of the
delayed neutron emitter, and T is the nuclear temperature associated
with the total beta decay energy. These parameters can be related to
the fission fragment mass and proton numbers through a variational mass
formula. Through averaging over the pairs of light and heavy fission
fragments, Pai is able to show that the factor 3 in the variable (3Z-A)
is an approximation to derived values of 3.11, 2.97, and 3.03, depending
on the data set used. ‘ - )

Using the low-energy yield values for 17 reactions (neutron-fission,
photofission, and spontaneous fission), the parameters obtained with a
weighted least squares fit are: .

log ¥ = 11.29 + 0.3871(Ac-3Z) +11.72 .

Modifying the fitting variable to (Ac-3Z)(Ac/Z) reduces some of the
variability associated with the different values of Z and results in a
fitted equation of:

log Y = 13.81 + 0.1754(Ac-3Z)(Ac/Z) +10.7% ,

which has a slightly lower variance and so has been used for predictions
of yields in this evaluation. This relation is shown in Figure 6. (The
slope coefficient (0.1754) in this equation cannot be multiplied by an
“average value of (Ac/Z) as done by Pai for comparison with the slope
.coefficient (0.3871) in the other form, because the intercept values are
significantly different.)

The validity of the systematic fit to low-energy yield data, using
the parameter (Ac-3Z) (Ac/Z), for neutron-induced fission, photofission,
and spontaneous fission may be tested exactly only for two pairs of
reactions. These pairs and the corresponding (measured) delayed-neutron
yields are:

U-233+n 0.00688 £ .00012

U-234+r 0.00900 + .00094
and

U-235+n 0.01662 *+ .00018

U-236+Y 0.01600 + .00130
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For the first reaction pair, the difference in yields is 2.7 times
its expected standard deviation, while for the second pair, the differ-
ence is only 0.5 times its expected standard deviation. Assuming a
Gaussian distribution for these differences, the probability of these
differences being this great or greater is 0.7% for the first and 62%
for the second. Thus, the results.of this comparison are ambiguous.

The chi-squared test, however, indicates a very low probability
that the d1spers1on of the points about the fitted 1ine would result
from chance, given the assigned uncertainties. Therefore, this fit must
- be accepted at the present time as only a means for estimating yields -

and not a true representation of the behavior of the various fission -
reactions.

An interesting trio of reactions that could indicate the effect of
the different fission reactions is:

Pu-239+n
Pu-240+Y
Pu-240 spontaneous fission

The characteristics of neutron-induced fission of Pu-239 and spon-
taneous fission of Pu-240 (except for delayed-neutron emission) have
been compared in detail by Deruytter and Wegener-Penning (36). In these -
two reactions, the excitation energy of the fissioning nucleus differs
by the b1nd1ng energy of the neutron, about 6.4 MeV. Use of bremsstrah1ung
from electrons of 8 - 10 MeV would result in similar excitation energies
for the photofission reaction as for the neutron-induced reaction.:

The reactions for which predictions have been made using this
equation are:

231
Pa (n,f) 4 0108 + 0.0012
236, ¢ 0.0105 # 0.0011
U (nf) 60221 + 0.0024
237y (n.6)
237 ’ © '0.0323 '+ 0.0035
Pu (n,f)
238 ’ 0.00325 + 0.00035
Pu (n,f)
’ 0.00467 * 0.00050
240p, (n,f) 0.0098 '+ 0.0011
241p, (n,f) 0.0142 + 0.0015
242

Pu (n,f) 0.0208 + 0.00022

Some of these have been used to develop recommended values for
significant nuclides or other nuclides which are candidates for measure-
ments.

An alternative method of estimation may be applied to Pa-231. The
delayed neutron yield for high-energy neutron fission (14.8 MeV) as
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measured by Brown, et al., has an adjusted value of 0.0080 * 0.0026.
The ratio of high-energy fission yields to low-energy fission yields is
relatively constant for the various nuclides for which information is
available, lying in the range of 1.48 to 1.97. The weighted average is
1.69, with a standard deviation of 0.13. Using this ratio and the
adjusted value from the measurements by Brown, an estimate of 0.0135 #
0.0045 is obtained.

Combining these two predictions in a weighted average gives:
0.0111 + 0.0011

As in the previous evaluation, two analytical predictions of the
yield for Pu-242 have been combined with the single measurement to
achieve a more accurate value. These three values are:

0.015 + 0.005 measured by Krick and Evans (21)
0.0282 + 0.0052 calculated by Bohn (37)
0.0208 + 0.0022 present analysis

The resultant value is 0.0221 + 0.0026, where the assigned uncertainty
is that determined by the weighted standard deviation and is larger than
expected from the assigned uncertainties. Because of the large uncer-
tainty in the measured value (+33%), this value has 1ittle weight in
determining the recommended value. This value is, therefore, poorly
supported.

Analytical predictions, based on the logarithmic representation
discussed earlier, have also been used to improve the quality of the
yield values for isotopes with only one measurement. For Pu-240, the
predicted value of 0.0098 + 10.7% is combined with the measured value
(Keepin 1957) of 0.0092 + 11.8% to produce a recommended value of
0.0095 + 7.9%. For Pu-241, the predicted value of 0.0142 + 10.7% is
combined with the measured value (Cox 1961) of 0.0161 * 10.0% to produce
a recommended value of 0.0152 * 7.3%. 'While this value is recommended
for both thermal and fast fission, it should be noted that there is no
Jnformation regarding the energy dependence in this energy range.

The ratio between yields at high energy to those at low energy has
been used to complete the estimates of high energy yields for isotopes
for which no measurements have been made, U-234, U-236, Pu-238, and
Pu-242. :

The results of this evaluation are shown in Table III. The major
sources of the changes noted in the current recommended values are the
high-accuracy values reported by Besant et al., Synetos and Williams,
and the elimination of Clifford's values. Yields determined partly or

wholly on the basis of analytical predictions are indicated by
parentheses.

The possibility of a difference in yields for thermal- and fast-
fission (fission by thermal-spectrum neutrons and fast-reactor-spectrum
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TABLE III
RECOMMENDED DELAYED-NEUTRON YIELDS*

Nuclide Thermal Fast 14 MeV
B, - (0.0111 * 0.0011)  0.0080 + 0.0026
. 10.0% '
232y, - 0.0531 + 0.0023  0.0285 + 0.0013
| 4.2% 4.6%
233, 0.00667 + 0.00029 0.00731 + 0.00036 0.00422 + 0.00025
4.3% | 4.9% 5.2%
234 : (0.0105 *+ 0.0011)  (0.0062 + 0.0008)
| 10.7% 13.3%
235 0.01621 + 0.00050 0.01673 * 0.00036 0.00927 + 0.00029 -
_ 3.1% 2.1% 3.13
236, - (0.0221 + 0.0024)  (0.013 + 0.002)
10.7% 13.3%
238, - 0.0439 + 0.0010  0.0273 + 0.0008
2.3% 2.9%
238p,, - (0.0047 + 0.0005)  (0.0028 + 0.0004)
| 10.7% 13.3%
233p, 0.00628 + 0.00038  0.00630 + 0.00016 0.00417 + 0.00016
6.0% | 2.5% 3.7%
240p,, - (0.0095 + 0.0008) = 0.00671 + 0.00050
7.9% 7.5%
241p,, (0.0152 + 0.0011) (0.0152 + 0.0011)  0.00834 + 0.00070
. 7.3% 7.3% 8.4%
242, - (0.0221 + 0.0026)  (0.0084 + 0.0011)
11.8% 13.3%

* Values influenced by

empirical estimates

are shown in parentheses.
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neutrons, respectively) that was suggested, albeit weakly, in the previous
evaluation has essentially disappeared in the present evaluation when

the yield values are grouped according to thermal fission and fast

(0-4 Mev) fission. Only U-233 shows a significant difference; U-235 sug-
gests a difference, while Pu-239 shows essentially none.

However, energy dependence in this range may be obscured by the
combination of results measured with broad-spectrum neutrons and mono-
energetic neutrons over an extended energy range. Such energy dependence
is supported by several individual measurements and the calculations of
Alexander and Krick, as discussed earlier. These indications have been
used to derive an alternate representation of the delayed-neutron yields
for U-233, U-235, and Pu-239.

Evaluation of the data with the assumption of an increase in yield
from thermal energy to 3 MeV followed by a decrease to a constant value
from about 7 to about 11 MeV, with another decrease through 14 MeV, has
resulted in a representation of the yields similar to that of Cox.
These are shown in Figure 7. The energies and yields defining this
representation are:

Energy 0 3 7 1 14.5
U-233 0.00680  0.00748  0.005 0.005 0.00422
-y-235 0.01644  0.01738  0.010 . 0.010 . 0.00923

© Pu-239 0.00622 0.00659  0.0048 0.0048 0.00417



DELAYED NEUTRON YIELD (n/FISSION)

- 63 -

0.020 Y T | S SIS SRS SRS G RN mmane ¥ T T
0.018} 25y 4
0.018 4
0014} 4
0.012¢ .
0.0101 \
oot P ' :
mm.“ |
239p,, —_—
0.004 -
0.002 .
o o I A 1 A 1 B . { 1 1 e 1 N I R T
Y0 1 2 3 4 56 6 7 8 9 10 1t 12 13 14 15 16

NEUTRON ENERGY (MeV)

Figure 7. Representation of delayed-neutron yeilds

for U-233, U-235, and Pu-239 with assumed
energy dependence



- 64 -

RECOMMENDATIONS

There are significant gaps in the energy-dependent yield measure-
ments, with no information between 4 and 14 MeV for Pu-239 and none at
all between 7 and 14 MeV for any nuclides. This energy range should be
investigated, preferably in conjunction with Tower and higher energy
measurements with the same samples and equipment. The low energy range
is still poorly defined and high precision measurements are needed from
a few keV to 4-5 MeV. The lower part of this range may be investigated
by use of photoneutron sources such as Sb-Be (23 keV), Ga-D (140 keV),
Na-D (265 keV), La-Be (770 keV), and Na-Be (964 keV), which provide well-
established and stable neutron energy distributions.

Measurements should be made with additional nuclides. Those that
‘appear practical for this purpose include Pa-231, U-234, U-236, Np-237,
and Pu-238. The nuclide Pa-231 exists in nature in radicactive equili-
brium with its parent, U-235. Significant guantities are accessible in
high purity, both chemically and isotopically (38). It has a fission
cross section comparable to that of Np-237 (39,40) and so is a possible
candidate for delayed neutron measurements that would extend the range
of (Z,A) for fast-reactor neutron fission.

The calculational method of Alexander and Krick should be applied
to other nuclides for which the necessary data is available or can be
estimated. This should be done especially for Pu-239, for which energy-
dependent data are particularly lacking.

The accuracy of delayed-neutron yield measurements should be 5% or
better, or the results will not contribute significantly to the evaluated
yields. Measurements should be as comprehensive in energy and include
as many nuclides as possible. The spectrum of incident neutrons should
be as well characterized as possible. :
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Delayed-Neutron Branching Ratios of Fission Products

- a Status Report

G Rudstam
The Studsvik Science Research Laboratory,
S-611 82 Nyk&ping, Sweden

Abstract

The delayed-neutron branching ratios of fission
products have been reviewed, and the average values have
been evaluated for 65 nuclides (including a few isomers).
The report reflects the situation at the end of March,
1979.

l. Introduction

In my review on delayed neutrons at the IAEA

meeting on fission product nuclear data at Petten in Septem-

ber 19771} I drew the conclusion about branching ratios
" that only half of the precursors had ratios which coulqd
be considered to be known with good accuracy. As for the
other half the ratios were either unknown or data from
different investigators were in such a serious disagreement
that remeasuring seemed necessary. Finally, cases with
only one published ratio needed checking.
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The reason for this rather unsatisfactory state
of matters.- can sometimes be traced to indirect methods
of determining sample strengths, notably by the inter-
mediate use of fission yields for which estimated,and
often quite unreliable, values have been used. However,
also cases where direct methods for measuring the strengths
have been used are occasionally unreliable and discrepan-
cies amounting to factors of two or three, or tens of
standard deviations, are not uncommon. The conclusion
to be drawn is that the investigators have had a very in-
complete knowledge about the uncertainties in their measure-
ments, perhaps oﬁerlooking serious systematic errors.

The first condition for a successful determination
of the branching ratio is that the precursors are obtained
in a reasonably pure form, preferably by both chemical se-
paration and mass separation.‘ A good example of this is
mass separation of alkali isotopes using surface iéni-
zation to remove other elements. dnly mass-separated
samples may also be acceptable although this usually im-
plies resolving decay curves containing 2 - 3 components.
Only chemical separation may also be used, but it is more
difficult than only mass separation because the number
of components in the decay curves becomes considerably
larger.

As the branching ratio is simply the ratio between
the number of neutrons emitted and the sample strength,
the accuracy is détermined by the accuracy which one can
reach in the determination of those quantities, and here
the reliability of the calibration of the counters be-
comes crucial. The uncertainty of the results is often
determined by systematic calibration errors rather than
by counting statistics.

2. Experimental methods

2.1 Neutron counting

The neutron counting is usually performed by means

of 3He-- or BFj-counters after moderating the neutrons. 1In

these counters the neutrons give pulses which are larger
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than pulses induced by gamma rays, and a discrimination
against gammas can easily be made. The counters are very
energy-sensitive, however, and their response will depend
on the amount and arrangement of moderating material.

Thus the response of the neutron detectors has to be de-
termined as a function of neutron energy. This can be
done by means of monoenergetic neutrons, for example, from
(p,n)-reactions induced by protons from a Van de Graaff-
accelerator. An example of the energy-dependence may be
taken from Reeder et alz) who give an efficiency of 47 &
at 200 keV and 42 % at 800 keV for their detector. On
the other hand, Ristori et ala) find very little energy-
dependence of their counter, or about 4 % in the range
from zero up to 1.5 MeV. At any rate,the possible energy-
dependence must be considered, and discrepancies between
different determinations might have their roots in a
negligeance of this effect.

With the energy-dependence of a counter determined
one needs to know the neutron spectrum in order to apply
the correction. If the response function is linear, how-
ever, it is sufficient to know the average neutron energy.
This is easily seen if the efficiency function, i.e. the
probability of detecting a neutron of energy E, is given
by e(E), and the neutron spectrum is described by the nor-
malized function ?(E)dE. 'Then, the probabilityAP of
detecting a neutron will be equal to

Emax

P = _/ ~“(E) e(E) 4E
o
and, if ¢(E) = a + bE

P = a + bE.

Measured average neutron energies range from
about 200 keV to 600 keVl). A 10 % change between 200 and
800 keV would then correspond to an efficiency difference
of 7.5 % between different precursors if we take the Reeder
detector as an example. This estimate shows that the
energy depéndence of the response function must be taken

into account.
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A commonly used method is to use calibrated
neutron sources for detector calibration. If this is
done it is necessary to use a source with a spectrum
which is typical for the delayed-neutron precursors.
Thus, an americium~lithium source with an average neutron
energy of about 400 keV is a proper choice whereas a plutonium-
beryllium source with a much harder spectrum (average
energy several MeV) would be unsatisfactory.

2.2 Determination of the sample strength

2.2.1 Beta counting

The sample strength is often determined by counting
the number of beta decays in the sample and, if there
are several beta-decaying components, to follow the decay
of the sample decomposing the decay curve into its compo-
nents. What is needed is then a calibrated beta-counter.

There is no need to discuss the calibration pro-
cedure here. It might only be mentioned that at Studsvik

we have used the By-coincidence technique with mass-sepa--

rated samples of isotopes of indium and tin (125’127In

125,127,129

!

Sn) for the purpose.

A correction for the presence of conversion elec-
trons may occasionally be important.

2.2.2 Ion counting

Another method to determine the strength of a mass-
separated sample is counting the ions which reach the
collector. This method can only be used if there is just
one kind of nuclides in the ion beam. This is the case
when surface ionization is used to single out isotopes
of rubidium and cesium.

A comparison between ion counting and beta counting,

extended over several rubidium and cesium isotopes, gave
2)

a good agreement”™’.
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2.2.3 Determination of the number of atoms formed by decay

Several investigators have determined the number
of atoms of a certain precursor in a sample by counting
the number of atoms of a more long-lived decay product.
This technique requires that the sample formed originally
was free from daughter activities, or contained a known
amount of such activities. An example of the method is
given by Talbert, Tucker, and Day4) who determined the
number of 141 141

the gamma~-rays of energy 1.36 MeV emitted by the isobar
141

Xe and Cs atoms in their samples by counting

La. Obviously, an accurate figure for the transition
probability of the particular gamma-ray chosen for the
measurement is needed, and the uncertainty of this branching
ratio often limits the precision of the determination of

the delayed-neutrbn branching ratio.

2.2.4 Indireét methods

Many of ‘the older determinations of delayed-neutron
branching ratios have been based on indirect determinations
of sample strengths via fission yields. This is perfectly
satisfactory if experimental values of the fission yields
are used. The method is more doubtful, however, if it
rests on estimations of fission yields, the reason being
that an appreciable fine structure has been revealed in
" the yield pattern. Ihe regular variation of the indepen-
dent yiélds anticiéated in earlier estimates has proved to
be wrong, and the relative deviations from a smooth
behaviour may reach 30 % 5); There does not yet exist a
sufficient amount of experimental data to make possible an
estimate of the effect with the desired accuracy. 'There-
fore, branching ratios determined by indirect methods in-

- volving estimated yields must be regarded with caution.

3. Analysis of delayed-neutron branching ratios

3.1 Outline of the analysis

In this chapter the branching ratios will be dis-

cussed for precursors from gallium to lanthanum. Published
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or otherwise reported data are presented in a number of
tables which also contain indications about the method
used in the experiments, notably how the sample strength
was determined. The neutron counting has been similar in
all experiments, and there is no need to specify it.

In cases with several determinations their weighted
average value is calculated and given at the bottom of the
tables. When evaluating these averages the determinations
which are based on estimated fission yields have been re-
calculated using recent fission yields for cases where the
yield figures used are clearly stated in the articles
(cf. ref.s)). If the information necessary for a recalcula-
tion is lacking, or contradictory, the indirect values’
are excluded from the evaluation of the average value if
direct measuréments are also available.

The possible occurance of undetected systematic
errors in the Pn-value measurements was pointed out in the
introduction of this report. The presence of such errors
is revealed by an unexpectedly large spread among the
data, i.e. the sum of chi squares (sz) is larger than
the number of degrees of freedom (n-~l).In this review
an'attempt has been made to account for the systematic
errors by multiplying the error deduced from the data by
the correction factor

—
F = /z2x2/(n-1)
in cases w;th F> 1.

For easy reference the facility, or the laboratory,
where the investigations have been carried out and the
year of publication are also given in the tables. The
names appearing there refer to the following techniques
and places (within brackets: elements processed):

ARIEL On-line isotope separator at CEN,
Grenoble, (noble gases),

HARWELL Chemical separation techniques used at
Harwell,

LOHENGRIN Recoil mass separator for unslowed fissica
products at ILL, Grenoble, {(all elements),

MAINZ Chemical separation technigues used at
the University of Mainz,
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MOL Chemical separation techniques used
at C.E.N., Mol,

ORSAY Mass spectrometric technigques at Orsay
(alkali metals),

OSIRIS On-~line isotope separator at Studsvik
(wide range of elements),

OSTIS On-line mass separator at ILL, Grenoble,
(alkali metals),

SOLAR On-line mass spectrometer at Pattelle,
Richland, (halogen and alkali elements),

SOLIs On-line mass separator at Yawvne (hélogen
and alkali elements),

RUSSIA Russian work using chemical separation
techniques (laboratory not stated in the
article), '

" TRISTAN On-line mass separator at Ames (halogen

elements and noble gases).

3.2 Gallium isotopes

The information about branching ratios for gallium
isotopes eranates from the OSIRIS grcup7). ‘The method
of sample strength determination has been beta counting.
The results obtained are given in Table 1.

Table 1

Branching ratio of gallium isotopes

Nuclide Pn-value, % Comment

79ga "0.094+0.016 Contribution from

792n (so far unknown)

cannot be excluded

80q, 0.80:0.06
8lga 11.9:1.0
82

Ga 21.922.3
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3.3 Arsenic isotopes

For 84As only one determination has been published.

It is based on experimental fission yieldse). The value ob-

tained was 0.13:0.06 $%. A recalculation using a new ex-
perimental yield valueg) decreases the Pn-value to 0.09:0.05 %.
The still lower value 0.05:0.03 % is obtained using the yield

0.40 % communicated by Kratz32).

Table 2

Branching ratio of 8sAs

Determination Result, % Method Reference
1 22+5 Estimated fission Harwell-68 (10)
' yields
78+8 EXperimenS?l yield (recalculated)
from ref. -
2 235 Estimated fission Mainz-~73 (8)
yield n
62:10 Experimental yield
. from ref.9) (recalculated)
3 228 Experimental fission Udmmgruvﬂs
yields (11)

All the determinations seem to agree well. The first
two are based on estimated fission yields which are con-
siderably higher than a recent experimental valueg). - Using
the latter brings the branching ratios up to 78 % (no. 1) and
62 % (no. 2), or about three times the determination no. 3.
The average value deduced for the recalculated determinations
and the determination no. 3 is 53:18 %. In this case the cor-
rection factor takes the high value of 7.7. A multiplication
of the error by this factor leads to the trivial result that
any Pn-value from zero to 100 % is compatible with the ex-
perimental determinations. Thus, we are left in a very un-

satisfactory situation and have to put Pn = 5050 %.

Table 3
. 86

Branching ratio of As
Determination Result, % Method Reference

1 3.871°] Estimated fission yields Mainz-73

: (8)
18f§ Experimental yield from
ref.%) (recalculated)
2 10.5:2.2 Experimental fission Lohengrin-

yields 78 (11)
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The.high value estimated for the fission yield in
the first determination leads to a low P -value. An ad-
justment using an experimental value from ref.? gives the
result 18 %. The average value is

Pn = 123 %.

With a value of 1.4 for the correction factor F the error
increases to t 4 3.

For 87

44 £+ 14 % (Lohengrin-78
mining the sample strength is based on experimental fission
yields.

As only one value has been published:
ll)). The method used for deter-

3.4 Selenium isotopes

Table 4
Branching ratio of 87se
Determination Result, % Method . Reference
1l 0.25+0.06 Experimental fission Mainz-70 (12)
yields
2 0.23£0.07 Comparison with P, of Mol-70 (13)
daughter '
3 0.16:0.03 Comparison with P, of Harwell-71 (14
daughter

The average value of all the determinations
is Pn = 0.19 + 0.03 §. The correction factor F is close to
uniﬁy and .does not chance the error.

Table 5
Branching ratio of 888e
Determination Result, & Method Reference
1 0.18+:0.10 Comparison with Mainz-70 (1:

Pn of daughter

2 0.75+0.06 Comparison with Harwell-71 (1l¢
Pn of daughter

There is a large discrepancy between the experiments.
‘Both are based on comparisons with the Pn-value of °®Br for
which too low figures have been used (no. l: 4.0 %; no. 2:
4.7 %). Both determinations are therefore doubtful. As

an average one obtains
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Pn = 0.620.3 %

. Because of the large spread the correction factor

--takes the -high value of 3.9. A corrected error would then

be

+1.2
-0.6 %.

89

For Se there exists only one published value

(Harwell-71%%)) which is

Pn-value of

Pn = 5.0:1.5 8.

This value is based on a comparison with the
89Br for which the low value 8.8 % was used.

It must therefore be regarded with caution.

reported (Lohengrin-75

fission

Also in the case of 31

15))’

Se only one value has been
and this is based on estimated
yields. The value is

3.5 Bromine isotopes

Table 6

87

Branching ratio of Br

Determination Result, % Method Reference
1 3.120.6  Beta counting Russia-64 (16)
2 2.1+0.3 Gamma-counting of
_ long-lived daughter Mol ~-71 (17)
3 2.3:0.4 Estimated fission Mainz-72 (18)
yields :

2.5%0.4 Experimental yield (recalculated)
from ref.?

2.5%0.3 Ion counting Solar-77 (19)
2.6+x0.4 Experimental fission

yields Mainz-78 (20)
2.3320.14 Beta counting Osiris-79 ( 7)

vestigators as regards the branching ratio of

average

There is a satisfactory agreement among the in-
87Br. The
value of all determinations comes out to be

Pn = 2.38+20.08 %.

The correction factor F is less than unity and does

not change the error.
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Table 7
< 88
Branching ratio of Br
Determination Result, % Method Reference
1l 6.0+1.6 Beta counting Russia-64 (16)
2 4.3+0.5 Estimated fission Mainz-72 (18)
yields
7.0£0.7 Experimental yield (recalculated)
’ from ref.
3 7.4+£0.5 Ion counting Solar-77 (19)
4 6.5+0.7 Experimental fission
yields Mainz-78 (20)
5 6.3+0.4 Beta counting Osiris-79 (7)

The average value is

Pn = 6.720.2 %.

The correction factor is less than unity and does

not change the error.

Table 8
Branching ratio of 89Br
Determination Result, % “Method ' Reference
1 7+2 Beta counting Russia-64 (16)
2 7.2:1.8 Estimated fission Mainz-72 (18)
yields

15.322.7 Experimental yield (recalculated)
from ref.9)

3 16.9+1.7 Ion counting Solar-77 (19)

4 12.522.0 Experimental fission
yields Mainz-78 (20)
S . 13.820.9 Beta counting Osiris-79A( 7)

The average value of the determinations is
Pn = 13.5%21.3 %.

The low determination no. 1 gives a large contri-

bution to the sum of chi squares, and the factor F becomes
as large as 2.0. Thus, the corrected error is * 2.6 %.
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Table 9

Branching ratio of 908r

Determination Result, % Method Reference

1 113 Estimated fission Mainz-72 (18)
yields

56 +10 Experimental yield (recalculated)
from ref.9)

2 22.6%3.1 Beta counting Lohengrin-75
‘ (15)
3 18.9%3.9 Experimental fission Mainz-78 (20)
yields

In this case the recalculated value for determination
no. 1 is excluded because of contradictory yield values. Ref.g)
reports the fission yield of 9oBr to be 0.287 & whereas
Kratz>2) quotes 0.68 * 0.08 %. The latter value leads to a

Pn—value of 24+4 %, in agreement with the other determinations.

The average value of the determinations nos. 2 and 3
is

P = 21.2%2.4 &.

n

The factor F is less than unity.

Table 10

Branching ratio of 913:

Determination Result, % Method ' Reference
1 9.9+2.0 Beta counting Lohengrin-75 (15)
2 14.1+3.6 Experimental Mainz-78 (20)

fission yields

The average value of the determinaticns is

P =10.9:1.8 %.
n

The correction factor is less than unity.
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Table 11

Branching ratio of 9?'Br

Determination Result, % Method Reference
1 21+8 Beta counting Lohengrin-78
(11)
2 24.5+10.2 Experimental fission Mainz-78 (20)
vields

The average value is
P, = 22:6 %. ,
The correction factor is less than unity.

3.6 Krypton isotopes

Table 12

Branching ratio of 92Kr

Determination Result, % Method Reference
1 0.040+0.007 Gamma counting of Tristan-69
long-lived daughter (4)
2 0.0323:0.0026 Beta counting Ariel-75 (2

The average value of the two determinations is
P = 0.033:0.003 &%.

The correction factor is less than unity.
Table 13 '

Branching ratio of 93Kr
Determination Result, % Method Reference
1 3.9+0.6 Estimated fission Solis-68 (22)
yields :
2 2.6*0.5 "Gamma counting of

long-lived daughter Tristan-69 (4

2.8:0.5 Gamma branching ratio (recalculate
from ref.33)

3 1.920.2 Beta counting Lohengrin-75
(15)

4 1.92+:0.14 Beta counting Ariel-75 {(21)
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The indirect determination no. 1 is excluded giving,
as an average of the other determinations, the branching ratio

P, = 1.9610.14 $.

By multiplication with the correction factor (1.2) the error
increases to ¥ 0.17 %.

For 94Kr a Pn-value of 5.7+2.2 % obtained using

beta counting for the determination of the sample strength
has been published (Lohengrin-?Sls)).
also gives the value of 1.6:0.9 &, determined.using esti-
mated fission yields in the evaluation. This result is

The same group

therefore indirect and, moreover, it is not independent
of the first result since the neutron counting data were
the same. The direct determination is prefefred Here
although its error is larger than that of the other result.
Thus

Pn = 5.,7+2.2 %.

3.7 Rubidium isotopes

Table 14
Branching ratios of 92Rb
Determination - Result, % Method Reference
1 © 0.01220.004  Gamma counting = Tristan-69 (4)
of long-lived
daughter
2 0.0125:0.0015 Beta counting Lohengrin-75 (15)
3 _0.012 = 0.002 Ion counting Solar-77 (19)
4 0.0118:0.0008 Ion counting Solar-79 ( 2)
5 0.0104+0.0012 Beta counting Osiris-79 (7)

The average values of all determinations is

Pn = 0.0116:0.0012 s.

The correction factor is less than unity and does not
change the error.
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Table 15
Branching ratios of 93Rb
Determination Result, % Method Reference
1 2.6:0.4 Estimatéd fission Solis-68 (22)
yields
2 1.65+£0.30 Gamma counting of
long-lived daughter Tristan-69 ( 4)
1.752£0.32 Gamma branching ra- (recalculated)
tio from ref.3
3 1.43:0.18 Ion counting Orsay-69 (23)
4 2.1:0.6 Estimated fission Mainz-72 (18)
yields
1.77£0.50 Experimental yield (recalculated)
from ref.
5 1.24+0.14 Beta counting Orsay-74 (24)
6 1.16+0.08 Beta counting Ariel-75 (21)
7 1.2+0.1 Beta counting Lohengrin-75
. (15)
8 1.86+0.13 Ion counting Solar-77 (19)
9 1.66+0.13 Ion counting Solar-79 ( 2)
10 1.97+0.22 Beta counting Solis-79 (25)
11 1.39:20.08 Beta counting Osiris-79 ( 7)
The average value of all the determinations except
the indirect one (no. 1) comes out to be
P, = 1.39+0.08 %,
In this case there is'a considerable spread among the data,
and the correction factor becomes 2.3. Thus, the error
should be corrected to ¥ 0.18 &. -
Table 16
Branching ratio of 94Rb
Determination Result, % Method Reference
1 11.1#1.1 Ion counting Orsay-69 (23
2 112 Estimated fission Mainz-72 (18
. yields
1022 Experimental yield (recalculated)
from ref.
3 8.5:0.9 Beta counting Orsay-74 (24
4 9.6x0.8 Beta counting Lohengrin-75 (:
5 13.7:1.0 Ion counting Solar-77 {19
6 9.7+0.5 Beta counting Ostis-78 (3
7 12.4+0.9 Ion counting Sclar-79 ( 2
8 11.1:+0.9 Beta counting Solis-79 (2¢
9 10.1+0.6 Beta counting Osiris-79 Y
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The average value of all the determinations

is
P =
n

10.4:0.6 s.

The factor F is 1.8 giving the corrected error % 1.1 &%.

Table 17

Branching ratio of 95Rb

Determination Result, % Method Reference
1l 7.1£0.9 Ion counting Orsay=-69 (23)
2 8.5+0.9 Beta counting Orsay-74 (24)
3 8.4:0.5 Beta counting Lohengrin-75(15)
4 11.0+0.8 Ion counting Solar=77 (19)
5 8.6x0.5 Beta counting Ostis-78 (3)
6 10.8:0.8 Ion counting  Solar-79 (2)
7 8.2:0.8 Beta counting Solis-79 (25)
8 8.8:0.6 Beta counting Osiris-79 (7)

The average value of all the determination is

P = 8.820.4 s.
By multiplication with the correction factor 1.6 the error

increases to f 0.6 %.

Table 18
Branching ratio of 96Rb
Determination Result, % Method Reference
1 0 12.7+1.5 Ion counting Orsay-69 (23)
2 13.0:1.4 Beta.counting Orsay-74 (24)
3 17.0+1.2 Ion counting Solar-77 (19)
4 12.5+0.9 Beta counting Ostis~78 (3)
5 17.7+1.3 Ion counting ~ Solar-79 (2)
6 14.2+1.2 Beta counting Solis~79 (25)
7 13.5£0.9 Beta counting Osiris-79 (7)

The average value of all the determination is
14.2+0.8 .

The correction factor is 1.8 which leads to a corrected

Pn =

error of 1 1.4 %.
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Branching ratio of 97Rb

Determination Result, % Metheod Reference
1 27.2+3.0 Beta counting Orsay-74 (24)
2 35.9:22.6 Ion counting Solar-77 (19)
3 25.2+1.8 Beta counting Ostis-78 (3)
4 32.5+2.6 Ion counting Solar-79 (2)
5 21.5x2.5 Beta counting Solis-79 (25)

The average value of all the determinations is

Pn = 27.8:2.5 %.

The spread among the data is large and the correction

factor becomes 2.3 which gives an increase of the error

to * 5.8 &%.
Table 20-_
Branching ratio of 98Rb

Determination Result, % Method Reference
1l 13.3x2.1 Beta counting Orsay-74 (24)
2 18.4x2.9 Beta counting Ostis-78 { 3)
3 16.5*2.3 Ion counting Solar-79 { 2)
4 16.7+1.6 Beta counting Solis-79 (25)

The average value of all the determination is-

Pn = 16.0x1.0 %.

The correction factor is less than unity.

Using an isotope separator attached to a reactor
Peuser et a126) have determined the branching ratio for

the precursor 29 to be '

‘Pn = 153 %.
This value was obtained by a comparison with the Pn-value

of 98Rb.

3.8 Strontium isotopes

Branching ratios have been determined for Mgr

and 98Sr using beta counting of mass separated samples as

\
a means to determine the sample strengths (Solis—7925')-

The results are

97Sr: P

n
98, ..
Sr: Pn

0.27+0.09 %.

0.3620.11 %.
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The branching ratio has been determined to

3.422.4 &% for

99

Sr in an experiment where the sample

strength was determined indirectly via estimated fission

yields (Lohengrin-75

3.9 Yttrium isotopes

15)).

The SOLIS group'(Solis-7925)) also give branching

ratios for 97Y

and 98

Y using beta counting for sample

strength determination,arriving at the results

97Y: P

98Y: P

A value

99Y (Lohengrin

n

n.

_7515)

0.0620.02 %,
= 3.44+0.95 %.

of 1.2+¢0.8 % has been determined for
) in an experiment using estimated

fission yields for the strength determination.

3.10 Indium i

sotopes

The branching ratios of indium isotopes have
been determined both at Yavne (Solis-7925)) and at

Studsvik (Osiris-7977).

Both series of experiments were

direct ones using beta counting to determine the sample
strengths. There is a serious disagreement between the

results, however, as is apparent from Table 21.

Table 21

Branching ra:ios of indium isotopes

Nuclide Pn—value, Pn-value, Comment
Solis-79 Osiris-79 concerning Osiris-79
1271 <0.15 0.65:0.05 (1/2" isomer)
. <0.03 (9/2%-1somer)
128 . . +
In < 0.20 0.057+0.008 (mixture of 3 -and
8 -isomer with si-
129 milar half-lives)
In 3.520.5 (not yet evaluated
because of problems
with the half-lives
13oIn 4.3+x1.4 1.38+x0.,09 (mixture of 3+— and
8 -isomer with si-
131 milar half-lives)
In 5.5:1.5 1.73+0.26 (probably a mixture
of two isomers)
l321n 4.3+0.9




-~ 87 -
More work is needed to sort out the discrepencies.

the cases are complicated because of the existence of
isomers. ‘

3.11 Tin isotopes

The LOHENGRIN group (Lohengrin-7515)) gives two
Pn-values for 134Sn, 24+15 % and 158 %. Presumably, the
sample strength determination is based on estimated fission
yields in both cases. The déterminations are not inde-
pendent of each other, but a simple average is still taken
giving

Pn = 17+7 %.

3.12 Antimony isotopes

Table 22
Branching ratio of 10.4 s isomer of 134Sb
Determination Result, % Method Reference ,
1 0.08:0.02 Estimated fission Harwell-68 (10)
' yields
0.09:0.03 Experimental yield (recalculated)
from ref. '
2 0.090+0.015 Experimental Mainz-77 (27)
fission yields

3 0.114:0.008 Beta counting Osiris=-79 ( 7)

The average value of the determinations is

P = 0.108:0.007 8.

The error is increased to * 0.008% by multiplication
with the correction factor 1l.1. '

Table 23
135
Branching ratio of Sb
Determination Result, % Method Reference
1 ) 82 Estimated fission Harwell-68 (1C

yields

27:14 Experimental yield (recalculated)
from ref.

2 19.922.1 Experimental fission Mainz-77 (2
yields
3 14=1 Beta counting Lohengrin-78(1:

4 18.7*2.6 Beta counting Osiris-79 (-
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The determinations give the average value

Pn = 15.6%1.4 %.

The correction factor 1.5 increases the error to * 2.1 %

Table 24
Branching ratio of l36$b
Determination Result, % Method : Reférence
1l 32+14 Estimated fission Mainz-77 (27)
yields :
2 19:9 Estimated fission Lohengrin-78
yields (11)

The average value of the determinations is
P, = 23:8 %, B

The factor F is less than unity.

3.13 Tellurium isotopes

Table 25
Branching ratio of 136Te
Determination Result, % Method Reference
1 0.7¢t0.4 ‘Estimated fission Mainz-77 (27)
yields _
2 : - 2.0t1.0 Estimated fission Lohengrin-78
" yields 11

The average value of the determinations is
Pn = 0.9:0.4 %.

The correction factor is less than unity.

Asghar et al (Lohengrin-?Sls))have published the

- value 2.5:0.5 & for the branching ratio of 13/Te. This
was obtained using beta counting as a means of determining
the sample strength,and it is preferred to the indirect
(and not independent) value of 1.3:0.8 % given in the

same reference.

138Te where a direct

The situation is similar for
determination of 6.3:2.1 % is preferred to an indirect

determination of 4.6+2.5 % (Lohengrin*?Sls)).
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3.4 Iodine isotopes

Table 26
Branching ratio of 1371
Determination Result, % Method Reference
l 3.020.5 Beta counting Russia-64 (16)
2 4.7:1.0 Beta counting Mainz-69 (28
3 8.6:1.2 Gamma counting Mol-71 (17)
of long-lived
daughter
4 5.2:0.7 Estimated fission Mainz-72 (18)
yields
6.8+1.1 Experimental 5)(1:'ecalculated)
yield from ref.
5 6.1:0.8 Beta counting Lohengrin-75 (15)
6 8.5+0.9 Ion counting Solar-77 (19)
7 6.1+0.5 Experimental Mainz-78 (20}
' fission yields
8 6.7:0.4 Beta counting Osiris-79  ( 7)

The determination no. 1 seems to be too low. It

18) that this may be caused by the pre-

136

has been suggested
sence of short-lived isomers of I, unknown at the time
of the experiment, in the samples. This determination is
therefore doubtful. As an average of all the other deter-

minations is obtained
Pn = 6.6:x0.4 ?.‘

The correction factor becomes l.4 which increases the error
"to +0.6 8. ' o

Table 27
Branching ratio of 1381
Determination Result, % Method Reference
1 2.0+£0.5 Beta counting Russia-64 (16)
2 " 3.0+0.8 Estimated fission Mainz-72 (18)
yields
5.1¢1.9 Experimental yield (recalculated)
from ref.
3 2.58+0.22 Beta counting- Lohengrin=-75
(15)
6.0+3.5 Ion counting Solar-77 (19
4,520.9 Experimental Mainz-78 (20

fission yields
6 5.4+0.4 Beta counting Osiris-79 ( 7;
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The experimental Pn-values of 1381 are scattered

with one set of values in the range 2 - 3 % and the others
around 5 %. We may perhaps exclude the old determination
no. 1 which might be low because of unsatisfactory tech-
niques, but there is no reason to discard the value no. 3.
Thus, the case is in an unsatisfactory state and needs further
checking. Two average values are derived, one excluding
no. 3 and the other including the same determination. The
results are:

5.3:0.2 % (excluding no. 3)

3.3:0.6 % (retaining no. 3)

In the former case the correction factor is less than unity
leaving the error unchanged whereas it becomes as large as
3.2 in the latter case increasing the error to * 1.9 s.

-

Table 28
Branching ratio of 1391
Determination  Result, % Method Reference
1 103 Estimated fission Mainz-72 (18)
yields
186 Experimental yield (recalculated)
from ref.32)
2 10.2+0.9 Beta counting Lohengrin-75 (15)
3 10.1:+3.6 Experimental Mainz-78 (20)
fission yields
4 8.9:0.6 Beta counting Osiris-79 ( 7)

The average value of all determinations comes out to
be

P = 9.4:0.5 &%.
The correction factor is close to unity and does not change

the error. The yield used for recalculating determination no.

1 is 0.51 £ 0.14 % (from ref.>2)),
Table 29
Branching ratio of 1401
Determination Result, % Method Reference
1l 3213 Estimated fission Mainz-72 (18)
yields
51232 Experiment?l yield (recalculated)
from ref.>
2 21.74+5.6 Experimental fission Mainz-78 {20)

vields
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The average value of the determinations is
P = 236 $.
The correction factor is less than unity.

Kratz (Mainz-7820)) has determined the branching
1411 to be

P, = 39:13 &.

ratio of

3.15 Xenon isotopes

Table 30
Branching ratio of 141Xe
Determination Result, % Method Reference
1l 0.054+0.009 Gamma counting of Tristan-69(4)

long=-lived daughter

0.070+0.012 Gamma branching ratio (recalculated)
from ref.34)

2 0.0426t0.0023 Beta counting- Ariel-75 (21)

The average value of the determinations is

P = 0.044:0.005 %.

The error is adjusted to + 0.011 % by means of the correction
factor 2.2.

Table 31
Branching'ratio of 14ZXe
lDetermination Result, % - Method : Reference
1 0.45:0.08 Gamma counting of Tristan-69 (4)

long-lived daughter

0.47:0.08 Gamma branching ratio (recalculated)
from ref.35)

2 0.406+0.034 Beta counting Ariel-75  (21)

The average value of the determinations is

Pn = 0.42:0.04 %.

The correction factor is less than unity.
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3.16 Cesium isotopes

Table 32
. . 141
Branching ratio of Cs
Determination Result, % Method Reference
1l 0.073:0.011 Gamma counting of Tristan-69 ( 4)

long-lived daughter

0.095:0.014 Gamma branching ratio (recalculated)
from ref.

2 0.053+0.003 Beta counting Ariel-75 (21)
3 0.043:0.007 Ion counting Solar-77 (19)
4 0.034+0.002 Ion counting Solar-79 ( 2)
5 0.028:0.002 Beta counting Osiris-79 ( 7)

There is a wide spread among the data which indicates
systematic errors. There is no reason to exclude any of the
determinations, however. The average of all the determina-
tions comes out to be

Pn = 0.036%0.005 %

The correction factor is exceptionally high, or 4.1, which
increases the error to ¥ 0.021 &.

Table 33
142
Branching ratio of Cs
Determination Result, % Method Reference
1 0.27:0.07 Gamma counting of Tristan-69 (4)
T - long-lived daughter :
0.28x0.07 Gamma branching ratio (recalculated)
from ref.35) :
2 0.285+0.020 Beta counting Ariel-75 (21)
3 0.096:0.008 Ion counting Solar-77 (19)
4 0.094:0.007 Ion counting Solar-79 ( 2)
5 0.082+0.008 Beta counting Solis-79 (25)
6 0.092+0.006 Beta counting Osiris-79 ( 7;

The results are divided into two groups, almost a
factor of three apart. It seems plausible that the lower values
which have much lower limits of error, are the more reliable
ones, and the average value has been evaluated from the deter-
minations nos. 3 - 6. One possible source of error in the de-
terminations nos. 1 and 2 is the similarity of the half-lives
of 142 142

sults.

Xe and Cs which might affect the analysis of the re-
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= 0.091 £ 0.003 %.

The correction factor is less than unity.

It may be noted that retaining determinations nos. 1

and 2 would lead to an average value of 0.098 % with a cor-

rected error of 0.067 %.

Table 34 A
Branching ratio of 143Cs
Determination Result, Method Reference
1l 1.1310.25 Ion counting Orsay-69 (23)
2 1.95+0.14 Ion counting Solar-77 (19)
3 1.7420.12 Beta counting Ostis-78 ( 3)
4 1.7920.13 Ion counting Solar-79 ( 2)
5 1.9+0.2 Beta counting Solis-79 (25)
6 1.4720.10 Beta counting Osiris-79 (»7)
The average value of all the determinations is
Pn = 1.6820.10 %
The correction factor is 1.7 which increases the error to
+ 0.17 %. '
Table 35
Branching ratio of 144Cs
Determination Result, % - Method Reference
1 1.10%0.25 Ion counting Orsay-69 (23)
2 4.320.3 Ion counting Solar-77 (19)
3 2.9520.25 Beta counting Ostis-78 ( 3)
4 2.89:0.38 Ion counting Solar-79 ( 2)
5 4.07:0.32 Beta counting Solis-79 (25)
6 2.67t0.17 Beta counting Osiris-79 «7)

The determination no. 1 definitely seems to be too

low, and it is therefore excluded from the evaluation of
the average value.
since it is disagreement with the new determination (no.
from the same group.
3-6) is
= 2.9620.27 %.
The correction factor is 2.2, and the error is increased
to t 0.6 &. i

minations (nos.

Pn

The determination no. 2 is also excluded

4}

The average value of the other deter-
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Table 36
Branching ratio of 145Cs
Determination Result, % Method Reference
1l 12,1+1.4 Beta counting Orsay-74 (24)
2 21.8:1.5 Ion counting Solar-77 (19)
3 12.5+3.0 Beta counting Lohengrin-78(11)
4 12.2:0.9 Beta counting Ostis-78 ( 3)
5 13.0+0.9 1Ion counting Solar-79 ( 2)
6 19.5+1.5 Beta counting Solis-79 (25)
7 13.2:0.9 Beta counting Osiris-79 ( 7)
Determination no. 2 is excluded for the same
reason as the corresponding determination for 144Cs.
' The average value of the other determination is '
The factor F is 2.0 which increases the error to + 1.8 %.
Table 37
Branching ratio of 146Cs
Determination Result, % Method Reference
1 14.2+1.7 Beta counting Orsay-74 (24)
2 13.2:0.8 Beta counting Ostis-78 (¢ 3)
3 11.3:2.5 Ion counting Solar-79 ( 2)
4 13.1+1.3 Beta counting Solis-79 (25)

The average value of all the determinations is

Pn =

The correction factor is less than unity.
The only published branching ratio for
(ostis-7828)) is

P =
n

13.2+0.6 %.

25.423.2 %.

3.17 Barium and lanthanum isotopes

147Cs

The SOLIS group (Solis-7925)) has recently de-

termined branching ratios for

147Ba

14

l488a, and

147La
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using beta counting as a means of determining the sample

strengths. The results are

14754 P_ = 5.21:0.52 %,
1484, P = 23.9:2.1 .
1471 ,. P_ = 0.50£0.17 %.

The branching ratios for the barium isotopes are sur-
prisingly high in the light of mass formula predictions
about the neutron window36).

4. Summary of delayed-neutron branching ratios

All the average branching ratios discussed in
the preceding chapter have been collected in Table 38
for easy reference. The corresponding values from the
petten review!) are also included in the table.

Note that the errors of the Pn-values have been correc-
ted by multiplying them by a factor of size square root
of the sum of chi squares divided by the number of degrees
of freedom. Therefore, the errors may sometimes appear
large compared to the errors of the Pn-values given in

the Petten review.

Table 38

Summary of average delayed-neutron branching ratios

Nuclide Pn-value, % Pn-value, % Comment
Petten-77 Vienna-79
796a - . 0.094+0.016 Possible contribution
from 79zn
" 80g, T - ' 0.80%0.06 Only one determinatior
8lc. - 11.941.0 "o, "
826, 21.9%2.3 T "
84, 0.1310.06 0.09#0.05 - " " .
85,5 2313 50 50
86as 10.5%2.2 12 4
87As 44:+14 44 +14 Only one determination
875e 0.21%0.03 0.19%0.03
885e 0.15%0.09 0.6*12  Large discrepancy
89 =0.6 between experiments
Se 5.0x1.5 5.0%1.5 Only one determination
Olce 21+8 218 - . "
87
Br 2.37+:0.14 2.3820.08

885, 6.9%0.3 6.740.2
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Table 38 cont.

Nuclide Pn-value, 3 Pn-value, 3 Comment
Petten-77 Vienna-79

89y 13.5+2.3 13.5+2.6

305, 21.2+2.4 21.2+2.4

lpr 10.8:1.7 10.9+1.8

925, 22:6 2216

92¢r 0.033:0.003  0.033%0.003

I3xr 2.0£0.3 1.96+0.17

S4gr 2.2:1.4 5.7+2.2

92ph 0.012:0.001 0.0116:0.0012

3pb T 1.38:0.11 1.39:0.18

94pp 10.6:0.7 10.421.1

93 rb 8.9£0.5 8.8:0.6

®ro 14.2:1.0 14.2:1.4

37 gy 3013 2816

98rb 15.0+2.4 16.0£1.0

99pb - 15+3 Only one determination
gy - ©0.27£0.09 - . "
98g, - 0.36+0.11 L "
Fsr  3.452.4 3.4+2.4 - n
My 1.6%0.3 1 0.06£0.02 T .
98y - 3.4%1.0 - " "
By 1.240.8 1.2+0.8 .- n "
1271n - 0.6520.05 (1/27) Two sets of data

£0.03 (9/2%)

128, - 0.057+0.008

(3+ +8-)
128, - 3.5+0.5
1301, - 1.38 +0.09

(3% + 87)
131p, - 1.73+0.26
132

In - 4.3+0.9

for indium isotopes,
at wvariance with each
other, have_been repor-
ted (rfs. 7) and23)).
In this table 129In is
taken from ref.23) and
the others from ref.7).
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Table 38 cont.

Nuclide Pn-value, % Pn-value, % Comment
Petten=-77 Vienna-79
134g, 1727 17+7

1345, (10 s) 0.086+0.012 0.108+0.008
135

sb 13.9+2.4 15.622.1
136g;, 23:8 23:8
136, 0.9:0.4 0.9:0.4
1377¢ 2.2+0.5 2.5:0.5
1387 5.6:1.6 6.312.1
1374 6.7:0.5 6.6%0.6
1381 2.6:0.3 5.320.2 The value decreases to
’ 3.2¢1.9 if a value from
ref.15) is included.
139¢ 10.2:0.9 9.4:0.5
1404 2216 2316
1411 39:13 39+13 Only one determination
14lye 0.043:0.003 0.044+0.011
1424 6.41:0.03 - 0.42:0.04
14lcg 0.053:0.004 0.036:0.021
142, ~0.18 0.091:0.003
1430g 1.82:0.12  1.68:0.17
144cg 3.0£0.7 3.0£0.6
14504 14.3:1.9 13.3:1.8
14644 13.4:0.7 13.2:0.6
147Cs 2543 25.4+3,2 Only one determination
1475, - 5.2 t0.5 " " "
1485, - 23.9:2.1 = » "
147

La - 0.50:0.17 " " "
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5. Estimates of Pn-values

If no Pn-value has been determined for a parti-
cular nuclide one may have to resort to theoretical or
semi-empirical estimates of this quantity. Already be-
fore the Petten meeting it was shown by Rudolph and

29) that theoretical calculations of branching

Kratz
ratios did not lead to very accurate results. It seems

to be just as good to use a simple semi-empirical approach
based on the idea that the branching ratio should increase
with increasing relative "neutron width", described by

the parameter (QB- Bn)/(QB- C) where QB is the total

beta decay energy of the parent, Bn the neutron separa-
tion energy of the daughter and C a cut-off energy depen-
ding on the nuclear type involved. A commdnly used

approach (cf. ref.30)) is to put
- - _ ~n
r, = (- B,/ 005~ )},
and to determine the exponent n empirically. Values of this
exponent varying between wide limits - from 2 to 6 -

11,19, 30)

have been found , and one cannot expect very

accurate branching ratio estimates from this approach.

6. Discussion

On the whole the situation concerning delayed-
neutron branching ratios has improved considerably since
the Petten meeting in Séptember 1977. sStill, a matter
of concern is the systeﬁatic deviations apparently present
in the measurements of brdnching ratios and revealed by
an unexpgctedly large spread of data for several nuclides.
This is an unsatisfactory situation.

} Among the discrepancies might be mentioned
the indium isotopes where we have two series of measure-
ments, one at SOLIS, Yavne, and the other at OSIRIS,
Studsvik, which are at variance with each other. It
should be noted that the indium isotopes are difficult
cases. Almost all of them have one or two isomers, and
the half-lives of these states are often similar to that
of the ground state. In addition, one may have to take
the parent cadmium isotopes into account. Presumably,
they will also be delayed-neutron precursors.
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Other grave discrepancies appear for 85As, 88Se,

138 141 142 144Cs, 145Cs.

II CSI Cs' and

The list of known precursors for which no
Pn-value has been reported is now very short. It

83 83 84 123Ag 133s 143Xe.

consists of Ga, Ge, Ge, n, and

’
This means that we now have measurements for 62 precursors,
or more than 90 % of the 68 cases among the fission pro-
ducts. Since the Petten meeting in the Fall of 1977 14
new branching ratios have been determined. It would be

of value, though, to check branching ratios by independent
reasurenents in the cases where only one determination -
has been carried out (cf. table 38).

100 100

The recently detectéd nuclides Rb, Sr,

148 31)

and Cs (ref.
precursors, and they have to be added to the list of pre-
. cursors for which the Pn~va1ue remains to be measured.

) are. presumably delayed-neutron
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Review of Delayed Neutron Energy Spectra

Karl-Ludwig Kratz
Institut fur Kernchemie der Universitiat Mainz, Mainz, Germany

ABSTRACT

A brief review on fast neutron detection techniques is given, with
particular emphasis on their application for measuring g-delayed neutron
spectra from fission products. The effects of possible errors in the spectra
from the two most common detection methods, proton-recoil spectrometry and
3He(n,p) spectrometry, are discussed. The availability of experimental data
on neutron energy spectra of individual precursors, group spectra and (near-)
equilibrium spectra is surveyed. Some properties of individual delayed
neutron precursors which are indirectly connected to application are repor-
ted and discussed, like g-strength functions and their influence on average
energies of g- and y-spectra, Pn-values and g-decay half-lives of short-lived
fission products.

I) INTRODUCTION

Many authors have stressed the importance of delayed neutron energy
spectra in reactor static and dynamic calculations. Recent reviews containing
references to the work up to 1976 can be found in the papers of Saphier et

. |1]| and Rudstam |2]|. These evaluations are based on about 20 spectra of
1nd1V1dua1precursors measured by Shalev and Rudstam |3-7| who used
He(n p) spectrometry. S1nce, on the one hand, a comparison of their spec-
tra with those measured via He(n,p) spectrometry by the Mainz-group |8-16}
indicates differences especially in the low-energy spectrum parts, and on
the other hand, boththese data sets are in considerable disagreement with
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spectra from proton-recoil spectrometry |17-19|, a critical review of the
available neutron energy spectra seems to be worthwhile. As already pointed
out |20|, this disagreement in the spectrum shapes may have strong influences
on the calculations of the effective neutron energy distribution in nuclear
fuel from either summation of individual spectra |1]| or their analytical
representations |2], or from direct measurements of (near-) equilibrium
spectra with different spectrometers |17,21-24].

I11) FAST NEUTRON DETECTORS

During the last j@ars the interest in fast neutron detection techniques
has considerably grown, and in many fields neutron spectroscopy became a
standard method. The developments of the last years were mainly aimed
at applicability and reliability of known detection techniques. In this
respect there was remarkable success, however, there is still a growing
need for much better accuracy of neutron experiments.

With reSpect'to thefprincipa] detection methods one can still rely on
earlier literature, e.g. |25,26]; a recent review on fast neutron detectors
by Zeitnitz |27| can be found in the Proceedings of the Int. Conf. on the
Interéctions of Neutrons with Nuclei. Therefore the following survey will
be restricted to the application for measuring g-delayed neutrons from
fission products in the energy range 0.01 MeV to about 4 MeV. The most
common techniques used are

a) proton-recoil spectromtery
b) time-of-flight measurements
c) 3He( n,p) spectrometry.

Very clean measurements of fast neutron energy spectra can be performed
with recoil proton telescopes. In these spectrometers energy and direction
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of the proton from a hydrogen rich material are measured with scintillators
or semiconductor counters. Using pulse shape discrimination in a CsI(T1)
proton detector, for example, one is able to measure neutron spectra down
to very lower energies |28|. However, the main reason why this technique

is not commonly used in g-delayed neutron spectrometry, is the very low
efficiency of the order of 1075,

The usual proton-recoil system uses methane or hydrogen filled
proportional counters with several atmospheres pressure and y-ray
discrimination via pulse-shape analysis |17,18,22|. A typical electronic
set-up for a two-parameter proton-recoil spectrometer |22| is shown in
Fig. 1 and described further in Tab. 1. The system resolution is shown

voltage
® f mnesigns
SLOW CHANNEL Preamp @ FAST CHANNEL
(pulse-height channel) (rate of rise channel)
res—-1
3 1 foa Wide-
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lnTeﬂ%ce ?2
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(N1 622)

Fig. 1: Two-parameter proton-recoil spectrometer (from Ref. |22]).
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Tab. 1: Two parameter components> of the proton-recoil spectrometer [22].

10.

11.

12,

13.

14.

18,

16.

17.
18.

Prot.on-Recoi.l Detector
Power Iksigﬂ 1556A—High voltage power supply for biasing detector, range of 0 to 6 kV.

Wide-Band Charge-Sensitive Preamplifier—Designed by J, M. Larson of Argonne National Laboratory, ldaho
Falls, ldaho. The device was built at CWNR using a circuit board supplied by J. M. Larson.

ORTEC 450 Research Amplifier—A pole-zero-compensated semi-Gaussian linear amplifier. The differen-
tiation and integration time constants were set to 3 msec.

Canberra 1464 Restorer/Rejector—The active baseline restoration, busy, strobe, aud linear—kate features
cf this device were uscd. This component was modified to provide a strobe-logic pulse, framing the linear
output for the time the input pulse exceeded tke discriminator level.

Coincidence and Delay (UWXNR)—This component was a combination of an ORTEC 418A Universal Cotnci-
dence unit and a shaping and delay circuit built at the UWXR. This combination ANDED the count enable
signal, restorer strobe, and the fast side stretcher busy signal. These three conditions being true resulted
in a logic pulse being sent to the cofncident input of the ADC. The logic pulse was delayed and shaped so as
to open the ADC linear gate during tbe peak amplitude for the fast and slow channels. The fast-channel rise
time was such that the delay amplifier would ring. The delay time was selected to permit the ringing to
settle out prior to opening the linear gate.

ORTEC 451 Timing Filter Amplifier—This amplifier differentiated and amplified the preamplifier signa'.
The unit was modified to allow selection of 70-nscc differentiation time constants.

ANL MS18-4 Pulse Stretcher—This unit provided for reshaping the differentiated preamplifier signal to a

pulse width of ~10 usec. The inverters in this component were modified to obtain a factor of 10 increase in
gain.

Canberra 1547 Delay Amplifier—The delay amplifier was used to provide the necessary time delay to obtain
coincidence of the fast and slow channel signals.

Northern Scientific 625 ADC—The ADC was used in the 256 x 256 two-parameter gated-coincidence mode.
The x and y inputs were direct coupled and the linear gate was controlled by the coincidence input.

Hardware Divider (CWNR)—This device was designed and built at the UWNR to calculate the digital ratio of
the two 8-bit words supplied by the ADC,

Computer-Divider interface (UWNR)—This component provided an octal display of the information to be
transferred to the computer and the necessary logic-leve) changes to transfer the data.

Varian DMI 622 ‘Computer—This ma'chine is an 18-bit 8K machine. The primary functions were data storage
and handling. The 1/O capabilities included TTY, paper tape, and CRT display.

Delay and Count Enable Generator (LWNR)—This component provided the count enable signal to the coinci-
dence and delay unit after a preset delay. The sequence was initiated by a pulse from the sample position

‘' 8$ensor.

ORTEC 715 and 431 Dual Counter/Timer (715) and Timer/Scaler (431)=These units were used to monitor
fast and slow channel count rates. The 715 was the master unit setting the time base.

Canberra 490C Blind Timer~This device provided the system live time as d:splayed on 17. . The timer was
gated off during the 40-usec signal processing time and during sample irradiation and cooling.

DAsplay (UWNR)—This unit displayed the live time accumulated by the blind timet.

Sample Position Sensor (UWNR)—A pboto-translstor device actuated by the llnear motor a.rmature {ndicating
the sample was in the counting position. This output was used to start 14. ’

*Component numbers refer to labels in Fig. 1.
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jn Fig. 2; it includes both numerical unfolding effects and the intrinsic
resclution of the detectors. With this system, time dependent neutron
spectra from the thermal-neutron fission of 235U were measured by Sloan

:\:30- 4
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!25- o
g
3 0l ]
o
;:15" \ ]
=<
= 0 ‘ :
—
z st -
é 0 2 A L 'l A L. A A A A  — A A R

2 4 6 8 w0 2 4 6 8 100 5

ENERGY (keV)

Fig.- 2: Detector resolution of the two-parameter proton-recoil
spectrometer from Ref. |22].

and Woodruff |22|. This same system,following some modifications, was
used by Eccleston and Woodruff |17] to measure two-parameter data of
near-equilibrium delayed neutron spectra produced by fast-neutron-inducsd
fission of different fissile isotopes. The main problem in analyzing
these data is the transformation of the registered two-parameter data

to one-parameter proton-recoil distributions. Examples of the two-parametzr
dataof |17| are shown in Fig. 3. Events at low specific jonization values
are induced by y-rays, whereas neutrons produce events at higher values.
After correction for the y-ray pulses, the residual one-parameter proton-
recoil distributionsobtained from a weighted summing across the proton-
recoil peaks are smoothed using frequency filtering [29| to improve the
statistical properties of the data. Neutron spectra are then obtained

by differentiating the proton-recoil distribution using the Bennett and
Yule PSNS code |301.
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Fig. 3: Two-parameter data from a 235y sample corresponding to four
different energy intervals (from Ref. |17]).
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A comparison of (near-) equilibrium delayed-neutron spectra obtained
- by proton-recoil spectrometry |17,22] with those from 3He-spectrometry
11,21,23,24| show considerable differences in the energy distributions.
Though Eccleston and Woodruff |17| have considered a number of possible
bias effects in their spectra they conclude that there still remain
unresolved differences especially in the low-energy portion of delayed
neutrons (see Sec. III).

As an example for individual precursor spectra obtained with both
techniques, in Fig. 4 the neutron spectra of 93Rb and 94Rb at low energies
are given |31|. The proton-recoil spectra show some intriguing structure with
good energy resolution, but unfortunately the poor statistical accuracy
makes comparisons with the data from 3He-Spectrometry [12,31] rather
jnconclusive (see Sec. III).

A similar methane filled proton-recoil proportional counter was used
by Ray and Kenney |18| to measure the delayed-neutron spectrum from 87g,
beyond 100 keV. Instead of discriminating pulses arising from y-rays via
pulse-shape analysis, they used a thick boric acid/paraffine neutron filter.
When this filter was positioned between the source and the counter, the
proton-recoil spectrometer represented events primarily induced by y-rays.
Data taken without the filter represented both y-ray- and neutron-induced -
events. The difference between .these two sets of data with proper corrections
for neutron transmission through tﬁe filter and y-ray scattering by the
boric acid/paraffine mixture represented events induced by neutrons alone.
The resultant energy distribution of 87Br delayed neutrons, compared to
the data from 3He-spectrometry obtained by Shalev and Rudstam [3,7] is
shown in Fig. 5. The spectrum from proton-recoil spectrometry differs
significantly not only from that measured by Shalev and Rudstam, but also
from that obtained by the Mainz group |10,11|. A detailed error analysis
of the spectrum from proton-recoil spectrometry has been performed by Ray
|19} to determine if bias in measurements might contribute to the apparent
softness in the energy distribution compared to the data from 3He-spectrometry.
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Fig. 5: Energy distribution of delayed neutrons from 87Br (from Ref. [18]).

It is concluded, however, that the possible errors are not large enough to
account for the large discrepancies between the different measurements (see
Sec. III).

In principle, the best method for precise measurements of fast neutron
energy spectra is the time-of-flight (TOF) technique [26,27|.Through the
development of accelerators capable of delivering beam pulses of good
quality, of large organic scintillation detectors, ahd of fast electronics,
the energy resolution in TOF neutron spectroscopy has the same quality as
ihat obtained for charged particles. The method is basically very simple:
The flight time of a neutron ejected from a target is measured over a
distance and the neutron energy calculated from it. The start pulse is
taken from a pickup coil in front of the -target or from an associated
particle emitted in the reaction (in the case of delayed neutronsfrom the
g-particles emitted 3}0-155 prior to the neutrons) and the stop pulse from
the neutron detector.

The electronics of a typical TOF spectrometer consists of fasttiming
circuits for start and stop signals, a time-to-pulse height or a time-to-
digital converter, and a circuit for pulse shape discrimination. The energy
resolution AE is determined by the time uncertainty at, since the flight
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distance d can be measured with high precision. The expected energy
resolution is therefore |26,32|

3/2
aF = -2 £ - B Ot

The real resolution in the experiments includes, of course, the
energy spread of the beam and the target thickness, as in charged particle
detection. However, the TOF technique is the only spectrometer type where
the energy resolution is not an inherent factor of the system; it can
essentially be defined by the experimentalist.

Though many large facilities are descibed in detail in the literature
(for recent examples see Refs. given in the survey article of Zeitnitz |27]),
it is somewhat astonishing that this technique has up to now not become a
common detection method in g-delayed neutron spectroscopy.

During the past five years there have been reported a few (partly
preliminary) TOF spectroscopic data by Crawford et al. |33-37|. In their
latest experiments a specially fabricated thin plastic scintillation
counter was used to detect B-particles, and two neutron counters were placed
at different distances and angles from the g-detector. The first detector
used a large liquid scintillator (NE 213 with 30 cm @ x 2.5 cm thick) to
‘cover the neutron energy range from about 200 keV upwards. It was placed
1 m from the g-detector. Three XP 1040 photo-multipliers operated in an
"any 2 out of 3" coincidence mode viewed the 1iquid scintillator. A conven-
tional zero-crossing type pulse shape discrimination system was used to
reduce the efficiency of the liquid scintillator to the detection of y-rays
(by a factor of about 55)‘wh11e having only small effects on the neutron
detection efficiency. Pulses from the g-detector started a time-to-amplitude
converter which was stopped by pulses from the neutron detector. The second
detector used a lithium glass scintillator and covered the whole range
from just above thermal neutrons. This detector is intensitive to y-rays of
less than 1 MeV but, unfortunately, does respond to photons of higher energy.
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~ As an example the TOF neutron spectrum of 95Rb from the liquid scin-
tillator |37] is given in Fig. 6. It covers the energy range from about
100 to 1200 keV, and shows good overall agreement with the spectra obtained
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Fig. 6: Neutron spectrum of 95Rb from the TOF-technique using a liquid
scintillator |36].

from 3He(n,p) spectrometry |6,7,12,31|(see also Fig. 20 d in Sec. III).

Though the analysis of the-low-energy part of the 95Rb spectrum from the
lithium glass detector is not yet complete |37|, the raw spectrum given in
Fig.7 exhibits some interesting features. In agreement with the results of the
Mainz-group who used a 34e ionization chamber |12], there is a prominent group
of delayed neutrons at 13.7+0.2 keV. The width of this group was found

to be 0.9 keV. In addition there are further significant peaks in the

low energy spectrum at 11.2 and 25.5 keV, their widths being about 2 keV,

and numerous other peaks at higher energies. A complete analysis of these

9SRb data, especially the determination of the detector efficiencies, is in
progress. ‘

Further preliminary TOF neutron spectra exist for the precursor isotopes
85y, 89490, 94y 135 and 1371 |34].
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Fig. 7: Low-energy neutron spectrum of ““Rb from the TOF-technique using

a Jithium glass scintillator (from Ref. |37]).

A few years ago, after a detailed study of various types of fast neutron
spectrometric techniques, Shalev and Cuttler |21,38] decided that a 3He gas
proportional counter provided the best combination of energy resolution
and detection efficiency for the spectroscopy of neutrons in the energy
range 0 to 2 MeV. Though in the meantime several types of high-pressure
3He proportional counters and 3He jonization chambers have become available
commercially, 3He-Spectrometry is not yet a sfraightforward technique and
the properties of these detectors were up to recently not well understood.



- 115 -

With the 3He(n,p) detection method neutron energy spectra for 33 individual
precursors have been measured [3-16,31], including those of primary interest
‘for nuclear technology. However, for 14 out of these spectra the low energy
part up to about 100 keV is lacking and there is a general discrepancy in

~ the energy/intensity distributions between the OSIRIS- |3-7| and the Mainz-
neutron spectra |8-16|. As noted in |20|, these discrepancies call for
detailed studies of the 3He-speétrometer characteristics with particular
emphasis to detector resolution, efficiency and possible spectrum distortion
effects. Recent publications on this subject can be found in Refs. |20,21,
24,39].

The latest versions of the 3he spectrometers [40,41| are cylindrical
gridded ionization chambers with guard tubes to reduce fringing fields.
Neutrons are detected through the reaction

3He +n » p+ 3H + 763.8 keV

This reaction has a smooth and rather well measured cross section in the

energy range of the delayed neutrons. Competing reactions with comparative
cross sections are 3He(n,n')3He and 1H(n,n')lH.

The spectrometers are filled with a gas mixture of about 6.5 atm [40],
and 10 atm pressure |41|,respectively; the gas mixture consists mainly of
3He, Ar and methane. The active volume of the ion chamber is 5 cm @ x 15 cm:
Because of the high sensitivity of the detector to thermal neutrons the
Cuttler type spectrometer |41] is surrounded by a thermal neutron shield
consisting of a 2 mm layer of boron nitride powder sandwiched between
0.5 mm sheets of cadmium. The boron is added to suppress epithermal neutrons.
With this shield, the thermal neutron count rate is reduced by a factor
of about 50, thus preventing possible neutron-neutron pile-up. The Shalev
type detector is enclosed in a shield of boron carbide and cadmium which
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reduces the thermal neutron response by a factor of 20 |24|. The influence
of boron and cadmium on the detection efficiency is negligible above 1 keV.

‘Further details on the construction of the 3He detectors can be found in
Ref. |21].

The electronic system for delayed neutron spectroscopy with two identical
3He-spectrometers of the Cuttler type |39| operated in parallel is outlined
in Fig. 8. The anode and guard tubes are kept at 3000 V and the grid
voltage at 850 V. A low-noise charge-éensitive preamplifier is connected
directly to each ion chamber to minimize distortion due to pickup. Signals
from the preamplifier are processed with a normal dc-coupled Gaussian
amplifier and base Tine restoration is used to reduce low frequency pickup.

ise

Fig. 8: Electronic system for delayed neutron spectroscopy with two
3He spectrometers operated in parallel [39]

The signals are then given to an analog-digital converter, and after
passing an ADC-multiplexer the spectral data from both spectrometersare
stored in a multichannel analyser. Other electronics normally used in the
experiments are a ratemeter with a discriminator set arbitrarily at 76 keV
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for monitoring the y-ray counting rate and digital stabilizers with
precision pulse generators for zero and gain stabilization. For delayed
neutron spectrum measurements, the pulsers are only operated during
intermission of the experiments. With stabilization the energy shift of
the pulsers peaks can be kept within 0.2 keV over an energy range of
0-2 MeV during five days of operation [39].

The energy calibration of the 3He spectrometers and their response
function to monoenergetic neutrons is usually obtained with neutrons
from the 7Li(p,n)7Be reaction produced with Van de Graaff accelerators.
In Ref. [39], the result of an absolute calibration of the spectrometers
which is accurate to about 0.1 % of the incident neutron energy served
as the basis for a subsequent pulse height calibration of the electronic
system with precision pulsers. The pulse generators (Ortec Model 448) were
modified to give alternately two pulses with different analyser channel
locations, one at the position of the thermal neutron peak and the other
for the conversion gain. The pulse amplitudes were calibrated in keV by
normalizing them to the location of the thermal neutron peak. By comparing
these values with the absolute energy calibration from the 7Li(p,n)7Be
measurements the linearity of the electronic system was determined.
The response function of the 3He spectrometers |39| is shown in Fig. 9
for some examples. Scattered neutrons from the detector and the surrounding-
material and wall effects give a continuous pulse distribution between
the fast and thermal neutron peak. Of major influence are recoil effects
in the elastic scattering of neutrons with protons and 3He nuclei. The
recoiling nucleus can have energies from zero (grazing collision) to a
maximum of 3/4 E (backscatter). An edge similar to that of the Compton
edge familiar in Ge(L1) spectra is observed in the soectrum at this latter
energy. Because of the Q-value of 763.8 keV of the He(n,p) H reaction,
this recoil effect appears beyond the thermal neutron peak only for neutron
energies larger than approximately 1.0 MeV.
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The major difficulties with 3He spectrometers which have an impact on
neutron spectroscopy, especially the energy resolution, are:

-a) wall effects resulting from incomplete energy loss of one or both
reaction products within the active counter volume,

b) recoil effects from elastic scattering of neutronswith 34e and Iy

nuclei,

c) spread in pulse rise time due to location and orientation of the
reaction product tracks relative to the central wire,

d) y-ray sensitivity; y-rays interact with the spectrometer walls and
the counter gas giving rise to pulses smaller than the thermal peak,
but high y-ray input rates cause spectrum distortion because of neutron-y
pile-up, ‘

e) accoustic effects, which have a similar influence as y-ray pile-up and
may lead to spurious pulses in the neutron spectrum.

——fel. Infensity -

9 : Response of the 3He 1on1zat1on chamber to monoenergetic neutrons
produced by the L1(p n) Be reaction. E is the incident neutron
energy deduced from the measured proton energy and the reaction
kinematics; E is the pulse height distribution obtained from
monoenerget1c neutrons with E The peaks marked with an asterisk
are due to a secondary react1on 7L1(p n) Be* (from Ref. |[39)
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Energy resolution

Variations of track orientation relative to the central anode wire
produce a large spread in risetime of the pulses, e.g., 0.2-1 ps for
thermal neutrons and up to 7 us for 2 MeV neutrons. This relatively long
charge collection time would imply long amplifier shaping times (8-10 us),
leading to problems with pile-up effects and base-line shifts. Short
amplifier shaping times-(& 2 us) on the contrary improve the energy
resolution at low energies at the expense of resolution at high energies.
A compromise of TRC = 5 us was found to be the optimum for the particular
application. Under normal experimental conditions an energy resolution
of better than 12 keV for thermal neutrons and about 20 keV for 1 MeV
neutron was achieved for the Cuttler type |39]|. For the Shalev type a
resolution of 14.6 keV for thermal neutrons and of about 45 keV for 1 MeV
neutrons is reported by Weaver et al. |24].

Pile-up effects

It is the advantage of the 3He spectrometers that due to the intrinsic
discrimination by the Q-value of 764 keV of the 3He(n,p)3H reaction, the

pulse amplitudes of y-ray quanta are well below the thermal neutron peak.

At high counting rates two different pile-up effects leading to a distortion
of the pulse height spectra can be expected: pile-up of y- on y-ray pulses

and pile-up of neutron on y-ray pulses. To visualize these effects, two pulse-
heightdistributions of 92Rb delayed neutrons with different y-ray counting
rates are given in Fig. 10.

Whereas y-ray intensities up to about 5'103 cts/s at the 76 keV discri-
minator level do not interfere with the neutron spectrum, pile-up between
photon and neutron pulses may severely degrade the resolution of the counter
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Fig. 10: Pulse height distributions of J2Rb delayed-neutrons with different
y-ray counting rates (from Ref. [16]).

This distortion was measured for the thermal neutron peak of the Cuttler

type spectrometer |39|. The pile-up leads to a broadening of the peaks (Fig.11)
adding a tail to the high-energy shoulder which increases with the y-ray
counting rate. It can be fitted by an exponential functfon, and because

of the proportionality of its relative amplitude to the y-ray counting

rate, a simple correction of the pulse height spectrum is possible |21].

The positive energy shift AE due to the pile-up is shown in Fig. 12. The
results indicate that y-ray counting rates of 1500 counts/s can be tolerated
without serious deterioration of resolution |39].
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Fig. 11: Distortion of the thermal neutron peak by pile-up of neutron
and y-ray pulses plotted vs. the y-ray counting rate at the
76 keV discriminator level (from Ref. [39]).
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Fig. 12: Energy shift AE of the thermal neutron peak due to y-ray pile-up

plotted vs. the y-ray counting rate at the 76 keV discriminator
level (from Ref. |39]).
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As delayed neutron emission is always accompanied by intense 8-
and y-ray emission, the sensitivity of the spectrometer to pile-up from
high-energy B-particles and y-rays may be the limiting factor in delayed
neutron spectroscopy. The total counting rate can be reduced by inserting
lead between the source and the detector. Lead has, in addition to a high
absorption cross section for g- and y-rays, a high threshold energy for
inelastic neutron scattering. The influence of lead absorbers on the energy
resolution and the peak shape of monoenergetic neutrons was tested with
neutrons from the 7Li(p,n)7Be reaction. A 2 mm thick lead absorber increases
the tenth-width of the neutron peaks by approximately 10 %, whereas the
half-width is not affected |21,39].

In practice for low input-rates it was found sufficient to use 2-3 mm
thick layers of lead. The inf]uence of these absorbers on the peak shape,
jts energy and the spectrometer detection efficiency is negligible.

Microphonics

The long, thin anode wire of the spectrometer is very sensitive to vibratio
and accoustical noise resulting in significant deterioration in the detector
resolution. These effects were studied for the Cuttler type detector with
‘Signa]s_of various frequencies, obtained with an audio amplifier [39]. By
obsérving the amplifier oufput, up to 30 resonance frequencies were found
between 50 Hz and 26 kHz and were shown to cause an appreciable broadening
of peaks produced by a pulse generator applied to the test input of the
preamplifier. Fig. 13 shows a series of such peaks obtained without and
with the influence of sound waves at 11.4 kHz of increasing signal-to-noise
ratios. In addition to a considerable broadening of the peak already observed
at a low signal-to-noise ratio, pulses of random amplitudes appear at higher
ratios lying beyond and below the original peak. In practice these effects
were observed during experiments at a fission fragment separator combined
with a gas-jet transport system even though the noise level from pumps and
eigen-vibration of the jet were lower than the noise level usually occuring
at reactor installations.
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Neutron scattefing

Distortion of neutron spectra due to room scattering and scattering
from the experimental set-up and the counting sample itself is an important
effect which cannot be suppressed but only minimized. To investigate this
effect, the known delayed-neutron spectrum of 17y [42] was measured under
conditions particularly favourable to detection of scattered neutrons |39].
From Fig. 14 it is evident that the main intensity of the scattered neutrons
is found in the thermal neutron peak region, exponentially decreasing
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with increasing energy. For normal experimental conditions (Fig. 14,
spectrum (a)), the amount of scattered neutrons with En > 40 keV is
less than 7 %. However, strong spectral distortion is observed under
conditions favouring neutron scattering (Fig. 14, spectrum (b)): The
intensity of the thermal neutron peak is increased by a factor of 50,
and neutron scattering also extends in energy to En~3 1.1 MeV.
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Fig. 14: Delayed neutron spectrum of 17N; (a) measured under optimum

conditions, (b) measured with a thick counting sample (from
Ref. |39]).

Another even more serious effect is an appreciable increase of the
half-width of the neutron peaks due to tailing on the low-energy side.
If in the computer analysis of the spectra no provision is made for
tailing ef%ects, an appreciab]é shift of the calculated peak centroids
follows. However, under the conditions applied to "normal" experiments
peak shape distortion and energy shift 1ie within the standard deviations
of the whole electronic system |39|.
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Efficiency measurements

Data on the efficiency of the 3He neutron spectrometers have been
obtained by several authors |21,23,24,31,39l. The most complete set of
data in the energy range 19 keV to 2.77 MeV from Franz et al. [39] is
shown in Fig. 15 along with the 3He(n.p)3H cross section. Including un-

b T T T T LB M S B o i o T

T T 017 TF7Y

o This work
a Luttler
-—teinp) M cross section

L] l'llv']

A3 41l

n‘ I 22 a3 a3l dodo il 22l
S0 00
——r Eq [ko¥)

3He fast neutron spectrometer,

Fig. 15: Relative efficiency of the
normalized to previous méasqrements, along with the 3He(n,p)3H

cross section (from Ref. |39]).

certainties in corrections applied for the magnet calibration data of the

Van de Graaff, degradation of proton energy in the LiF target used, and
the absolute efficiency of the BF3 long counter, these efficiency measure -
ments are reported to be accurate to about 5 %.

The most significant features of the efficiency variation are

a) a decrease at low energy which follows the 1/v variation of the
3He(n,p)3H cross section, and the rapid decrease in efficiency above
1 MeV where wall effects due to charge collection problems become
severe;
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b) a departure from the smooth monotonic decrease in the efficiency with
energy in the vicinity of En ~130 keV and En ~ 340 keV.

Working with spectrometers of the Shalev type |40|, a similar efficiency
distribution in the vicinity of 350 keV was reported by Evans and Krick |23!,
and Reeder |31, and at about 250 keV by Weaver et al. |24].

While the features noted in (a) are well understood, the mechanism(s)
giving rise to the effect noted in (b) are not obvious. There are indications

that these dips arise from the boron nitride/carbide shielding of the de-
tectors.

Evans |43| also reported the presence of low energy "spurious" peaks
in neutron spectra which seem to rise to a maximum intensity with neutron
energies near 400 keV. In addition he noted that the intensities seemed
to increase when an iron shield was inserted into the neutron beam. Franz
et al. |39| have searched for such peaks in their spectra but find no clear
evidence for them. For neutronsof similar energy a small increase in in-
tensity above the thermal peak was noted but the effect appeared small
compared to that observed by Evans. These observations suggest that diffe-
rences in spectrometer construction may be important.

Wall effects and 3He recoil” distribution

In order to separate the continuous wall effect distribution and 3He
recoil events from the pulses produced by the 3He(n,p) reaction dual
parameter risetime and pulse height analyses in the delayed neutron
spectrum measurements were performed by several authors [23,24,44,45]|.

In the work of Ohm et al. |44] a pulse shape analyzer (Ortec Model 458)
was used to analyze the risetime and pulse height distribution of the 17N
neutron spectrum |42| from a Cuttler type 34e jonization chamber. Fig. 16
shows the distribution of the pulse risetimes for different pulse height
intervals. For low pulse heights (energies) only one narrow component at
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Fig. 16: Distribution of the pulse risetimes in the delayed-neutron
spectrum of 17y (from Ref. |44]|)

about 0.5 us is observed. With increasing pu1§e height its position

changes only little, whereas its 1ntens1ty decreases in favour of a

broader component reach1ng up to 5 us. This trend can easily be explained
by the increasing 1on1zat1on tracks in the spectrometer gas with increasing
incident neutron energy. The analysis also showed that the centroids of the
fast neutron peaks were not located in the same pulse height interval for
all risetimes; however, the deviations were found to be considerably
smaller than those reported by Weaver et al. |24|. Since, in addition,

no significant deviation in the pulse risetimes between peaks and plateaus
(due to wall effects and 3He recoil) could be observed, the pulse shape
analysis was regarded unnecessaly for the Cuttler type spectrometer. Further
tests on this subject are in progress, however.
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In a contribution to this review article, Weaver et al. |24] describe
a similar two dimensional analysis of pulse height and pulse risetime for
a Shalev type detector which seccessfully eliminates 3He recoil events.
An apparent shift in the neutron peak centroid relativeto the pulse rise-
time was also observed for their spectrometer, and after correction their
dual parameter analysis yielded a resolution at 1 MeV improved by a factor
of 1.7. A similar improvement of the final resolution of a Shalev type
detector was also reported by Evans and Brandenberger |45|. Due to the
lower gas pressure of this spectrometer compared to the Cuttler type,
stronger wall effects appear, which werefound by Weaver et al. |24] to be
correctly described by the formula of Batchelor, Aves and Skyrme |46].
These predictions were used in their spectrum analysis for stripping the
continuous wall effect distribution.

Analysis of the pulse height distribution

Several methods for spectral analysis may be applied. The most commonly
used is an iterative technique originally developed by Greenberger and
Shalev |47|. In their program a set of premeasured detector response
functions for monoenergetic neutrons is taken to fit the entire spectrum
in a least squares approach and to subtract the continuous pulse distri-
bution below the respective fast neutron peaks. Similar subtraction pro-
cesses applying fixed detector response functions are used by Evans and
Krick |23], Weaver et al. |24| and Rudstam |48|. Franz et al. [39] reported,
however, that the actual response function (i.e. the ratio of continuum
height to full-energy neutron peak) is very sensitive to the experimental
conditions. Therefore they used response functions adapted to the ex- ,
perimental conditions during the spectrum measurements by varying the peak-
to-plateau ratio.

Besides this continuum subtraction, corrections for thermal neutrons and
y-ray pile-up are considered by all authors |23,24,39,47,48|, before the
residual 'net' pulse height distribution is converted to a neutron spec-
trum by division by the efficiency function of the detector.
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The errors introduced by this unfolding procedure, including all possible
uncertainties in response function, efficiency, correction for scattered
and thermal neutrons and y-ray pile-up, were estimated by Weaver et al. '2¢' to
be about 7 % in the region 100 keV to 1 MeV. Below 100 keV the error is
expected to be about 10 %, and above 1 MeV where the counting statistics
are poorer about 10 to 20 %. From tests, Evans and Krick [23] obtained
similar overall intensity uncertainties in the final snectrum.

However, though the main properties of the e jonization chambers seen
to be well understood by now, there still exist discrepancies between (near-)
equilibrium and individual precursor neutron spectra accumulated by various
authors with the same type of spectrometer, and there is disagreement among
the data obtained with different detection methods.

As an - arbitrarily chosen - example, in Fig. 17 the 143Cs delayed
neutron spectrum accumulated by Shalev and Rudstam |6|, Reeder |31| and
Ohm et al. |14] is shown. In comparing the spectrum measured by Ohm et al.
with that of Shalev and Rudstam, fairly good agreement is found for peak
energies and relative intensities in the energy range above 100 keV but
disagreement exists for the absolute intensities. Part of this discrepancy
may lie in the ~17 % of the total intensity that 1ies below 100 keV which.
was not resolved from thermal and background events toward lower energies

in the spectrum of Shalev and Rudstam. However, it would appear that this
cannot account for the complete différence; it may be due to the additional
" effect of scattered neutrons in the energy range 100-400 keV giving rise to-
a considerably larger ' continuum’ underlying the peak structure in their
spectrum. Though in the spectrum of Reeder the low energy range seems to
be well resolved, the strong 23 keV neutron peak seen in the spectrum of
Ohm et al. is not observed, presumably due to poor counting statistics and
worse energy resolution. Nevertheless, the overall speétrum shape, and
probab]y also the average neutron energy En’ is in better agreement with
the Mainz-spectrum than the O0SIRIS-spectrum. These discrepancies in the
data of individual precursors appear for most spectra measured by the
latter two groups. They are probably due to spectrum distortion from back-
ground and scattered neutrons and insufficiently known response functions
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which are most evident in the low energy part of the spectra. However,
as has been shown |9-16,20,39| a considerably improved energy resclution
“down to En < 10 keV can be achieved by minimizing spectrum distortion
effects. A further big advantage are the resultant small corrections
(usually < 10 % of the total spectrum intensity) required to account for
the detector response function.

II1) ENERGY SPECTRA OF INDIVIDUAL PRECURSORS

It is only since a few years that neutron spectroscopy of individual
precursors has become possible primarily due to the combination of fast
separation techniques using radiochemical methods |49] or mass separation
|50| with high-resolution SHe ionization chambers |21,38]. As examples for
neutron spectra measured after rapid chemical separation of individual
precursors, those of the four nuclides 85As, 87Br, 1355b and 137I which
represent characteristic pairs in the light and heavy mass region in fission
are shown in Figs. 18 and 19 |9-11,51,53|. The members of each pair differ
only by a pair or protons and the corresponding neutron emitters have
N = 51 or 83, respectively, leading to nuclei with major closed shells
after neutron emission. For the nuclides 87Br and 1371 the neutron decay
proceeds entirely to the ground state of the final nucleus; for 85As and
135Sb, however, the large energy windows (Q8 - Bn) result in neutron emission
to several excited states. While in the cases of 87Br and 1371 the maximum
neutron energies~of about 1.3 MeV and 1.7 MeV, respectively, are in agreement
with the energy range (QB - B

§) available for neutron emission, a dominant
feature of the spectra from 8

As and 1355b is the absence of appreciable
neutron intensity at high energies. For 85As the intensity above 1.6 MeV
is less than 3 % and for 13-SSb the intensity above 2.2 MeV is less than

4 %, respectively, of the total, even though ranges of 4.9 MeV (As) and
4.2 MeV (Sb) are possible. Through y-ray studies is has been possible to
demonstrate that this effect is due to strong neutron emission to excited
final states |9,10,52].
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As examples for neutron spectra from isotope-separated precursors,
the energy spectra from 92-98Rb are shown in Figs. 20 and 21 |12,16,53|.
The number of neutrons counted with E > 10 keV 1ie between 25000 ( Rb)
and 970000 (95Rb) total counts per spectrum. In order to demonstrate the
good energy resolution obtained in these experiments, the pulse-height
distribution from 95Rb decay is shown in the upper part of Figure 20 d.
A strong 13.6 keV peak containing 5 % of the total neutron intensity of
the spectrum can still be resolved from the thermal neutron peak.

Two main features of the Rb neutron spectré are: Similar to 85As
and 1355b delayed-neutron spectra (see Figs. 18,19) only little high-energy
neutron intensity is seen in all Rb spectra though energy ranges up to
5.8 MeV (98Rb) are available for neutron emission. Moreover, a systematic
variation of the peak structure and the overall spectrum shape with mass-
number within this isotope sequence is observed. Neutron spectra of odd-
mass Rb precursors decaying into even-even Sr nuclei exhibit prominent
line structure accounting for the majority of the total neutron intensity.
In all these spectra a sudden drop in neutron intensity above about 850 keV
is evident. On the other hand, even-mass Rb precursors decaying into odd-
mass Sr final nuclei show a larger continuous neutron distribution super-
imposed by only a few strong peaks which contain less than 20% of the total

intensity. In these spectra the main neutron intensity is concentrated at
energies below 400 keV.

As has originally been demonstrated by y-ray singles measurements |12,31,
53] the strong neutron emission to excited states in the Sr Final nuclei
explains the above mentioned absence of appreciable high-energy neutron
intensity and the variation in the spectrum shape. As an example, Figure 22
shows the decay of 93'95Rb to levels in 92-94Sr. It is clearly seen that
in the case of the even-even final nuclei 925r and 94Sr neutron emission
can only lead to a few excited states which are widely spaced, whereas in
the case of the final nucleus 93Sr a total of about 30 narrowly spaced levels
at‘excitation energies up to 3 MeV are available for neutron decay. Thus,

many neutron branches with comparable intensities superimposed lead to the
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complex neutron spectrum of the even-mass precursor 94Rb,with only a few

strong neutron lines well resolved. Similar results were obtained for the
partial neutron feeding of excited states in the other Sr final nuclei.
This "odd-even effect" in neutron spectrum shapes is also observed for
the bromine, iodine and cesium isotope sequences |4-6,10,13,14,16].

"‘Recently, neutron emission to excited final states has been demonstrated
by Crawford et al. |54] using a direct 8ny-triple coincidence technique,
and by the Mainz-group |12,53,55| measuring ny-coincidence spectra. As
examples, the results for 94Rb and 95Rb decay are given in the next figures.
Fig. 23 shows the singles neutron spectrum of 95Rb (upper part), together
with the partial spectrum in coincidence with the 837 keV y-rayé correspon-
ding to the 2* » 0% transition in 94Sr (middle part) and the spectrum of
neutron decay to the ground state of the final nucleus (lower part). Com-
bining ny-coincidence and y-singles data |12,31,53|, one can deduce that
about 59 % of the total neutron emission lead to the ground state of 94
about 37 % to the 2¥-state and only a total of 4 % feed the four higher

Sr,
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excited levels between 1926 and 2604 keV in 94Sr (see Fig. 22). In this

case the singles spectrum thus represents a superposition of only two
intense partial spectra, their individual neutron peaks still being well
resolved. The strongest neutron 1ines.appearing in the singles spectrum

are seen in only one or the other of the partial spectra, not in both.

This is most clearly demonstrated for the 13.6 keV peak which surprisingly
corresponds to a transition to the ot ground state in 94Sr though from

the hindrance of the required f-wave neutrons at this low energy one

would expect it to be seen in the partial spectrum to the 27-state where
p-wave neutrons are dominating. As shown in Fig. 7 of Sec. Ilb, recent
results of Crawford et al. |37| who measured the low energy part of the

95Rb delayed neutron spectrum with an energy resolution of 0.2 keV using

the TOF-method confirm that the 13.6 keV peak consists of a single compo-
nent. Another interesting feature of the partial spectrum to the 94Sr ground
state is the drop in neutron intensity at 837 keV, exactly corresponding

to the energy difference of the ground- and the 2*-state in the final nucleus.
This supports the earlier qualitative explanation that the apparent lack

of high-energy neutron intensity in the singles spectra is due to prefe-
rential neutron decay to excited final states |9,10,12,53|, their confi-
gurations being strongly connected to the main configurations of neutron-
‘emitting states populated in g -decay 156]. .

Quite a different situation is found for 94Rb(B-ny)-decay, where many
Tow-1ying levels in the final nucleus g3Sr can be reached after neutron
emission as is indicated in Fig. 22. Fig. 24 shows several ny-coincidence
spectra (a-d) representing the neutron decay to the 4 lowest excited sta-
tes in 93Sr. The relative neutron branching ratios P: to these levels are
in general agreement with the previous results from y-ray measurements.

The partial spectrum of neutron decay to the ground state (e) was obtained

by subtracting all coincidence spectra from the singles neutron spectrum

of 94Rb (f). Compared to the nearly continuous shape of this singles spectrum,
the partial spectra exhibit clear peak'structure, confirming the above
mentioned explanation that the extent of fine structure in a singles neutron
spectrum depends on the density of levels in the final nucleus accessible
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to neutron decay. In the case of 94Rb the singles spectrum represents a
superposition of 8 partial spectra containing about 95 % of the total

- neutron intensity P§°t = 10 %, and some further 20 partial spectra with
very low P;. Thus, with an average neutron detector resolution of about
18 keV in this experiment the individual peaks of the partial spectra can
no longer be resolved in the singles neutron spectrum.

In the case of 94Rb decay preferential neutron decay to the 93Sr ground
state is observed |55], again indicating that partial widths for g-delayed
neutron emission are not compatible with optical model transmission co-
efficients |57,58| as commonly assumed. In contrast to the 95Rb(e n)-decay
where the intermediate structure of the 95Sr neutron-emitting states favours
their decay to excited final states (2+, 4t ..), the main configurations
of the 94Sr neutron-emitting states seem to be closer connected to the 93Sr
ground state (7/2 ) than to the first excited states (5/2 7/2 > vee)e

This "selectivity in neutron decay" |56|, together with thé shape of
the g -strength function of the neutron emitters |12,51,53,59]| and the

Fermi-function essentially determine the general shape of the experimental
neutron spectra.

b) Calculated Energy Spectra

Using statistical model considerations a substantial number of calcu-
lations of delayed neutron energy spectra [60-63| or "analytic fits" to
the experimental data |2,4-7| have been performed with the assumptions
of a 8 -strength func tion (S ) being constant, proportional to level den-
sity (p) or given by the gross theory of g-decay |64,65|. Since
calculated neutron energy spectra are used to construct effective delayed
neutron energy distributions in nuclear fuel or to deduce average neutron
energies (En) |2,7], it is worth comparing those calculated spectrum en-
velopes with the experimental data.
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When using the "analytical" representations of the neutron spectra
measured by Shalev and Rudstam |2,4-7| in terms of fine structure peaks
superimposed on a gross structure consisting of 1-4 different neutron
wave components, one should have in mind the possible uncertainties due
to the spectrum distortion in the energy range 100 to 300 keV and due to
the cut of their spectra at about 100 keV and 1600 keV, respectively.
Recent neutron spectrum calculations have been preformed by Gjgtterud et
al. |61], Hardy et al. |62| and Prussin et al. |63]|. In these attempts,
g-strength functions were assumed to be proportional to the level density
and average values of partial widths for neutron emission were obtained
using penetrability factors approximating the energy dependence of trans-
mission coefficients. Level dgnsities were calculated with the Gilbert
and Cameron formulae |66]|. In order to obtain detailed spectra, the 8-
and partial neutron widths were distributed amongst levels according to
Porter-Thomas distributions and the levelswere themselves scattered according
to a Wigner distribution. Monte Carlo calculations were performed and
the resultant spectra were smoothed to simulate that due to the finite
detector resolution attendent to the experimental measurements. The
results obtained by Gjgtterud et al. [61]| and Hardy et al. |62] were re-
markable in that the overall spectra bear, at first glance, a dramatic
similarity to the experimental spectra. As far as the calculated neutron
spectra are of interest to application, one can, however, restrict the
discussion to an examinatign of spectrum envelopes and average values of
neutron branching ratios'P;: -

- For those cases, where only one final level can be reached in neutron
emission, the quality of the. fit to experiment seems to be predominantly
dependent on the g-strength function assumed. Taking 87Br as an example,
Gjdtterud et al. |61]| and Hardy et al. |62| - both using a strength function
proportional to level density - reported satisfactory qualitative agreement
between experiment and statistical model calculations. Prussin et al. |63],
however, who performed similar calculations extensively testing the influence
of reasonable variations in the shape of SB’ in optical model parameters
and level densities, in QB within experimental errors and in y-ray widths
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over a large range, found that a strength function proportional to level
density is not correct for 87Br decay and even a constant strength function
~gave a better fit to experiment. From Fig. 25 it is clear that both these
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model strength functions lead to overestimation in the intensity above

0.3 MeV and to underestimation at lower energies. Using an analytical
representation of the experimental SB |11,51| that possesses a resonance
near Bn’ however, gives a substantial improvement in the fit to experiment.

For those cases, where the energy window for neutron emission (Q -B )
is large, the enve]opes calculated under the assumption that only the ground
state is populated |60| do not at all reproduce the tendency of the expe-
rimental spectra at high neutron energies, strongly overestimating the
intensities in this range. As demonstrated by Gjgtterud et al. [61]| intro-
ducing transitions to excited states in the final nuclei causes major
changes in the calculates envelopes, increasing the intensities at lower
neutron energies. Fig. 26 shows, as an example, the calculated neutron
spectrum envelope of 143¢5 |61|, together with the experimental spectrum
from Shalev and Rudstam and their older statistical model fit to this
spectrum |6]. The sudden drops in experimental neutron intensity occuring
at neutron energies corresponding to energy differences between states in
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the final nucleus (see Sec. IIla) are well reproduced in the calculations
of dotterud et al. |61|. Though generally "qualitatively satisfactory"
.agreement with the experimental data was reported |61|, for a considerable
number of precursors with large‘(QB-Bn) the model still predicts too much
neutron intensity at higher energies. This was also found by other authors
|51,53,63| who reported especially for the decay of odd-mass neutron
precursors decaying into even-even finalnuclei an average factor of 6 too
much high-energy neutrons in the calculated spectra.

Several attempts exist to provide better fits to the relative population
of excited states in the final nuclei. The results are demonstrated for the
delayed neutron decay of 8ps. Gigtterud et al. |61| propose to lower
(QB-Bn)-values in order to obtain more resonable spectrum envelopes. As
seen in Fig. 27, this indeed results in a considerable concentration of
neutron intensity at lower energies, but consequently, resultsin an even
greater disagreement between theoretical and experimental P . Similar
statistical model calculations for 85As were performed by Pru551n et al. |63|
in an attempt to simultaneously predict envelopes of neutron spectra
and P -values to excited states with reasonable accuracy. Their calculated
-85As spectrum is shown in Fig. 28 along with a h1stogram representation
of the experimental data. [51,53|. The calculated Pn show a systematic
decrease with increasing energy of the final state and,with some overesti-
mation of the neutron intensity to the ground state, they decrease until,
for the highest—excited level fed by neutrons, the calculations underesti-
mate the P; by a factor of 4-10. The calculatedneutron spectrum is seen to
be considerably harder than the experimental one, the fraction of the neutron
intensity above 1.45 MeV being a factor of about 4 greater than found
experimentally. '

In an attempt to provide a better fit to the Pz the authors arbitrarily
chose an exponential form for the g-strength function with a slope a factor
of two greater than for an exponential fit to the energy dependence of the
level intensity. The P; were then in excellent agreement with experiment
|51-53| but the calculated spectrum showed even worse agreement than that
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obtained with S (E)mp(E) The fraction of intensity for E >1 45 MeV in

this case is a factor of about 7 greater than found in expermment Although
the shift of g-strength to higher energies results in greater neutron
intensity to the higher-lying levels, the transmission coefficients still
favour higher energy transitions. In addition, the authors have tried other
strength functions, such as that derived from experiment [10,51,53|, but
they were unable to simultaneously obtain good agreement with both the P;
and the neutron spectrum with this model.

From the above results, one can conclude that the simple statistical
model generally used to describe delayed neutron emission is not, in fact,
capable of explaining the experimental data. Consequently, one should be
careful in using any “ana1ytic(fits" for individual spectra to construct
delayed-neutron energy distributions in nuclear fuel |[2,7|, since in these
summation procedures the obvious discrepancies to the experimental data
will accumulate. From a more scientific point of view, it seems reasonable
to ask if the statistical model indeed should be able to reproduce the
experimental data |63|. This model assumes that, to a good approximation,
the matrix elements describing decay through all open channels are identical
apart from statistical fluctuations. At sufficiently high energies there is
a wealth of information that suggests this as a reasonable approximation,
although some sort of pre-equilibrium emission has been well documented
. (see, for example, Ref. |67]). For the mass ranges and excitation energies .
considered here; however, this is not the case. The few channels open for |
neutron emission are associated with the lowest energy states of the final
nuclei and substantial variations in their wave functions are found, the
differences being most dramatic for levels of opposite parity where the
major components in the wave functions cannot be the same |56]. Relative
to levels at, or just above, the neutron binding energy, one can also ex-
pect that significant differences in the general makeup of wave functions
can be found, at least over the energy range of a few MeV. It is therefore
completely reasonable to expect that nuclear structure effects will be
observable for these systems, and the calculations of Prussin et al. |63]
support this conclusion.
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As already pointed out in Ref. |20|, the discrepancies in the experimental
neutron spectra from the Mainz-group and those from Shalev and Rudstam,
‘as well as the results from an analytical description of these spectra have
strong influences on the average neutron energies (En) deduced from these
data. Differences in the two sets of experimental data are mainly due to the
fact that the Mainz-spectra cover the whole energy range from near thermal
neutrons (En=10 keV) up to the full energy window for neutron emission
(E7%% =]Qu- B, |) whereas the OSIRIS-spectra are cut at 100 keV and 1600 keV,
respectively, and due to the combined effects of insufficiently known de-
tector response functions and high neutron background.

Since one of the recommendations of the Petten-meeting |2| was the reduction
of uncertainties in average neutron energies, the sensitivity of En to
response function correction and to the energy range of the measured
spectrum was checked. In Fig. 29 the delayed-neutron spectra of the
two non-fission products precursors 29Na and 48K are given |68], the
first one representing a 'hard', the second a rather ‘'soft' neutron spec-
trum. Both spectra consist of a few strong neutron peaks and a relatively
small underlying continuum which represents the detector response and the
neutron background distribution |39|. After subtraction of the continuum,
in the residual 'net' spectrum >98 % of the respective total neutron
intensity is contained in the peaks. In these cases a comparison of the
average neutron energies obtained without and including response function
subtraction may serve as an estimate of the possible uncertainties of En
originating from these corrections (see Tab. 2): for the 'soft' spectrum
the difference in En is less than 20 keV, for the ‘hard' neutron spectrum
about 45 keV. In addition, the sensitivity of En to theenergy range of the
spectrum is demonstrated in Tab. 2; the uncertainties are of the same magnitude
(within 30 to 50 keV). As indicated in Ref. |39], neutron background and
response function (the ratio of continuum height to full-energy neutron
peak) may strongly depend on the experimental conditions, and consequently
may introduce uncertainties in the spectrum analyses, Therefore, in Tab. 2
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Tab. 2: Sensitivity of the average neutron energy (En) to detector response
function corrections and to the energy range of the spectrum

Precursor Neutron energy range |keV| Average neutron energy En [keV]
without | dincluding
response function corrections

nga up to highest-energy peak at - 927+13 970+14
2800 keV - -
0 - 4000 992+14
0~ 4600 | 1010+14
0 - 5300 1017+14

48K up to highest-energy peak at 396+12 413+12
1100 keV : - -
0 - 1385 422+12
0 - 2300 446+12

85as 0 - 1600 653+18 678+23
0 - 2000 683+20 700+25
0 - 2500 711420 724425
0 - 3000 716+20 728425

the possible errors of E of the f1ss1on product precursor 85As are included.
In the 85As neutron spectrum a rather large amount of about 20 % of the total
intensity is due to the detector response distribution. Again, the possible
uncertainty in En is about 20 keV for the continuum correction, and less

than 75 keV for different energy ranges chosen.

From these results one may conclude that the uncertaintiesin En from ex-
perimental neutron spectra are in the order of 20 keV for 'soft' spectra
to maximum 100 keV for ‘'hard' neutron spectra. Compared to the average
neutron energies deduced from the spectra measured by Shalev and Rudstam
in the energy range 100 keV to 1600 keV, it can further be demonstrated
(see Ref. |20]|) that the discrepancies in En for rather 'soft' neutron
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Tab. 3: Average neutron energy En from individual delayed neutron precursors

Average neutron energy En [keV|

Precursor This work Rudstam |2| Reeder et al. [69]
Experimental Analytical
spectrum representation Method A Method B
s 728*2 610%) 570
87gr 217410 170 220 150+10
9%pb  199+10 180+40 120430
Bpp  414+20 340 330 560+10 630+10
%gb 474420 350 310 570+10 610+10
9Rb  508+25 520 540 530+10 540+10
%po 481425 | 560+10 540410
b 533435 >720 >620
Bpy 485435
136, 1033* 20 610 600
1367e 325435 220 210
1371 579+25 510 490 530+50
138; 467430 390 370
Wes 213410 (270) (320) _ 240450
182cs 252415 (200) (200) 240+60 130+20
183cs 276415 240 220 350410 320420
18¢cs 312420 280 310 290+20 330+20
1%5¢cs 331420 860+30 540+20
186cs  406+30 530+70
87cs 507440

%) from Ref. |8]
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spectra are mainly due to neutrons from the energy range up to 100 keV,
whereas for 'hard' spectra the influence of the high-energy neutrons is
dominant.

In Tab. 3 the average neutron energies En deduced from the Mainz-spectra
are presented, along with those obtained from the OSIRIS neutron spectra |2]
and the results of Reeder at al. |69 who used a 3he counter arrangement
consisting of three detector rings with different amounts of paraffine
moderator. It is seen that the Mainz neutron spectra are - for the above
mentioned reasons - on the average 95 keV harder than those from Shalev
and Rudstam. On the other hand, the results of Reeder et al. indicate
even harder spectra than those measured by the Mainz group. A possible
explanation of this discrepancy may 1ie in the fact that these authors
calibrated their detector arrangement with the - obviously too soft -
neutron spectra of Shalev and Rudstam. It is expected that, after a re-

calibration of their system good agreement between the data of Reeder et al.
and the Mainz-group can be achieved.

IV) INTEGRAL NEUTRON SPECTRA

A number of integral determinations of delayed-neutron spectra have
been reported using either 3He(n,p) spectrometry |21,23,24,70| or proton
recoil spectrometry |17,22;71|. Among these, also spectra corresponding
to different half-1ife groups have been measured |21,22,70|. Of special
interest for reactor kinetics are the recent measurements of neutron spectra
from fission of 235 induced by neutrons of different energies [24]. These
data are presented in a contributed paper to this review article.

Another approach has been used by Saphier et al. |1| who composed the
effective delayed-neutron spectra of various fissile isotopes from the
Shalev and Rudstam spectra of 21 individual precursors for thermal-neutron
and fast-neutron fission, weighting the individual spectra by the abundances
of the respective precursors. In addition, the authors constructed neutron
spectra corresponding to the usual six half-life groups'origina1]y proposed
by Keepin et al. ]72]|.
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A third approach is to find a suitable analytical expression for indi-
vidual delayed-neutron spectra describable by a small number of parameters
12,7|. By summing up these semi-calculated spectra weighted by the respec-
tive neutron abundances one is able to construct effective delayed-neutron
distributions in nuclear fuel for any irradiation and cooling conditions.

Comparisons of the (near-) equilibrium spectra calculated by the tech-
nique used in Refs. |1,7| and the integral measurements |17,21-24] exhi-
bit some disagreement. The spectra reported by Evans and Krick |23]
and Weaver et al. |24| using 3He-spectrometry are considerably harder than
those obstined by Eccleston and Woodruff |17 using the proton-recoil tech-
nique. The reconstrocted spectra of Saphier et al. |1| and Rudstam [2,7] _
seem to agree reasonably well with the other 3He-spectromet}:y'data,|23,24[
in the energy range 400 keV to 1600 keV; however, the semicalculated spectra
do not extend below 100 keV and above 1600 keV, and too much intensity is
fourd between 100 and about 400 keV due to neutron background (see Sec. IIl.c)
As an example, the spectra from fast-neutron fission of 235U from Refs. |1,17]
are compared in Fig. 30. Besides the above mentioned sources of error in
the spectra of Saphier et al. |1|, also the possible uncertainties in the
neutron abundances (respectively in the fission yields) of the various
precursors enter the calculations. Apart from this, the deviations from
the spectra of Eccleston and Woodruff |17| may partly be connected to the
~complicated method of analysis of the proton-recoil data (see Sec. Ila). .

The reconstructed spectra |1| corresponding to Keepins' six half-life
groups of delayed-neutrons from thermal-neutron induced fission of 235U
are shown in Fig. 31. The authors claim that all important isotopic spectra
have been measured. The missing spectra are for the short-lived isotopes
contributing to Groups 5 and 6, mainly to Group 6. The contributors to
Group 6 are 89Se, 95Rb, and 97Rb, but only the spectrum of 95Rb, which
is also a contributor to Group 5, was available at that time. Therefore,
in the sixth group, only ~30 % of the spectral emission was taken into
account, attributed to 95Rb. A11 the neutrons emitted in delayed-neutron
Group 1 were assumed to be from 87Br. In Groups 1 and 2, 100 % of the
spectra are known, and in Groups 3, 4, and 5, 98, 94, and 85 %,
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respectively, of the spectra are known. Thus, the data presented in Ref. [1]
were considered a complete set except for Group 6.
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In the meantime further spectra of short-lived precursors have been
measured, and for most of the other isotopes better quality data are
-available by now. An effort to reevaluate delayed-neutron spectra for
reactor calculations using updated sets of delayed-neutron spectra,

P,-values |73], and fission yields |74| would appear to be a worthwhile

undertaking.

A direct way to determine energy spectra corresponding to the six half-
1ife groups is the measurement of unseparated samples of fissile nuclides
with different irradiation and cooling cycles |12,22,70|. Experiments of
this kind can easily be performed at nuclear reactors or accelerators.

Using automated fastrabbit systems, transit times of less than 100 ms are
possible between irradiation and counting position |75,76|. Further advantages
are the availability of pulsed neutron beams, as for example at the Mainz
TRIGA reactor where neutron bursts of 30 ms width and thermal-neutron fluxes
of up to 3.1013 nth/cm2 can be produced |77|. As an example, the time
dependent neutron spectra from a 2-s (Fig. 32) and a 10-s irradiation cycle
(Fig. 33) for different cooling and counting intervals are shown [70],
together with the absolute number of delayed neutrons A N in units of
FS(N/F) where FS is the absolute fission rate of the 23 U sample and

N/F the absolute delayed-neutron yield per fission. These measurements

have been performed in 1970/71 using an old 3He-proportiona'l counter |78]
Qith an energy resolution of about 70 keV for 1 MeV neutrons.

With the substantial improvement in 3He spectrometers in the last few
years, the measurements of time-dependent neutron spectra should be
repeated for the most important fissile nuclides, for different primary
neutron energies and various irradiation-counting cycles. Some studies
of this kind are planned at Mainz.
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V) OTHER PROPERTIES OF BETA DELAYED NEUTRON DECAY

In the preceding sections those properties of delayed-neutron energy
spectra have been discussed which are the most important ones for nuclear
technology. However, there are other properties that more indirectly bear
on problems of fission reactors but that are certainly of high scientific
interest. |

A large number of recent papers deal with the rather fundamental proble
of statistical and/or structural influence on the g-delayed particle decay
mode and on g-strength functions at high excitation energies. One theo-
retical concept for high-energy g-decay starts with statistical nuclear
reaction theories |60-62,79-81}. For nuclei far away from stability the
energy available for g-decay is very large. The decay can therefore procee
to a very large number of excited levels. One is thus concerned with indi-
vidual states of the same type as the resonances observed in the neutron
capture process. The individual transition probabilities and the level
spacings show pronounced local fluctuations, and the most convenient appoa
is then to treat only averages over a large number of states. A very usefu
quantity is the strength function defined |82| as

_ 4.2
SAc - (Yxc)px’

where Yic denotes the square of the over]ap integral between two sets of
nuclear wave functions, N the level density of the states A, and ¢ the
possible exit channels. The overlap integrals are normally referred to as
reduced widths since they are factors of the observed partial widths

I, = 2Py5_ . The factor 2P_ is the barrier penetrability in the exit
channel. For the beta decay a convenient definition of the strength func-
tion has been given |79| as the energy distribution of the reciprocal ft

value,

S,(E) = b(E)/F(Z,0,7E) T, 1,
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where b(E) is the absolute p-intensity per MeV of states at excitation

E, Q8~is the energy available for g-decay, T1/2 the half-life in seconds,
and f(Z,Q-E) is the statistical rate function. The strength functions
describe the average behaviour of the nucleus over many final levels at
a given excitation energy. The individual transition probabilities and
the spacings between the states have wide distributions, and the finite
number of resonances contributing to the average will then give rise to
fluctuations in the observed intensity. Such fluctuationshave been ob-
served in the slow-neutron average cross-sections |83|; and it is generally
accepted by now that they are the origin of the fine structure observed
in the delayed particle spectra |11,61,62,79-81].

In some work on g-delayed particle emission and high-energy 8-decay
the "gross theory" developed by Yamada and Takahashi |64,65,84| has been
used. In their approach they combine a simplified single-particle model
with a superimposed giant resonance behaviour and determine the absolute
strength with the use of sum rules. This theory has proved to be useful
in giving a rough overview on the general g-decay properties of nuclei
far from stability. For most delayed-particle work up to now further
simplifications of the gross theory which do not even fulfill sum rules
have been used |4-6,60-62,79,81| in attempts to interpret experimental
g-strength distributions. Especia]ly'in the recent paper of Hardy et al. |62],
it was concluded, that the examined experimental delayed-neutron data were
consistent in all important aspects'with statistical model calculations,
assuming a smooth g-strength function proportional to level density. In
particular, the authors concluded that no nuclear structure effects in
either the g-decay or neutron emission are required to account for experiment.

The other theoretical concept starts with general nuclear structure
considerations |51,56,85-87|. A recent survey on structures in SB can be
found in Ref. |86]|. In g-decay a neutron-hole proton or a proton-hole
neutron excitation is created. As in the case of neutron-hole neutron and
proton-hole proton states, the coherent movements of the single nucleons
will concentrate the main part of the transition strength for the diffe-
rent multipolarities in small regions of transition energy i.e. in giant
resonances (GR). These collective np and pn states forming the g-strength
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function have been discussed by Ikeda et al. |88| in a generalized Brown-
Bolster1i model and by Petersen and Veje |89] in the random phase appro-
ximation. The GR will deprive the B-decays to levels outside the resonance

of their single-particle strength. One consequence of this for 8 -decay is

the occurence of only small low-lying resonances together with the giant reso-
nance. Some of these “pygmy" resonances were discussed in the early analysis
of hindrance effects from giant resonances |88,90-92|. Today they have been
observed in y-decay of isobaric analog states (IAS) in nuclei near stability
(see for example Refs. [93-95(|), in charge exchange reactions |96], and

also directly in g-decay of nuclei far off the stability 1ine |10,11,51,53,59].
Although these "pygmy" resonances may not strongly affect the ground state

to ground state hindrance factors they will become increasingly important
for nuclei with larger QBi.eﬁfOr nuclei far off stability. When lying inside
the QB window they are expected to completely determine the g-decay properties
of the nucleus |85].

As an example, in Fig. 34 the experimental g -strength functions of
odd-mass Rb precursors are presented in terms of reduced g-transition
probabilities B'(GT) = (4w/g§)-B(GT) versus excitation energy, integrated
over 100 keV intervals |53,59|. As expected from the concept of a strength
function in g-decay |79| and from the prediction of single particle models
|51,56,87|, S 8 for the decay of neighbouring Rb isotopes shows a syste-
matic behav1our as a_function of mass number and g-decay energy Q he
most interesting feature is the appearance of resonances, in Fig. 34 a-e
indicated by dotted Gaussian curves with centroid y and half-width o. Due
to the relatively low QB values |97]| of 8%b and 9le only the lower reso-
nance is accessible to g-decay of these isotopes (Fig.34 a,b), vhereas
for the decay of the heavier precursors (Fig.34 c-e) in addition a second,
stronger resonance centered about 2 MeV beyond the first one becomes visible.
From 89Rb to 97Rb decay the centroid of the lower resonance is but little
shifted towards higher excitation energiés and the half-width of the fitted
Gaussian curves increases only slightly. The second resonance in 93Rb to
97Rb decay located at 6 MeV shows similar trends. These data suggest that

- at least in the vicinity of A = 90 - the resonances in SB are still
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well separated so that they become directly 'visible'. With increasing
mass number, however, the structures in SB seem to be more and more
smeared out, so that for nuclei very far from stability a smoothly in-
creasing strength function may be expected. Notwithstanding this ‘'dis-
appearance' of the resonances due to increasing level density and confi-
guration mixing, there remains the fact that, compared to the gross theo-
ry strength distribution, the experimental g -strength of the heavier

Rb precursors contains about five times more strength in the energy range
4 to 8 MeV. On the other hand, at lower excitation energies the gross
theory systematically overestimates the g-strength. These deviations can,
of course, only be extracted from quantitative analyses and were there-
fore not observed in the hitherto rather qualitative statistical model
treatments |4-6,60-62|. Comparing the shapes of the experimental g-strength
‘functions ,with. the reduced g-transition probabilities from shell

model calculations |56,98], qualitative agreement is observed. For the
lighter Rb precursors (89’91Rb) the calculations suggest that besides

the scattering of valence neutron pairs (\:97/2 -+ ﬂgg/z) only the

(\:pl/2 > np3/2) transition lies below 5 MeV in the Sr emitters. Going

away from the g-stability line, the low lying V87,2 * T9g/7 single par-
ticle strength increases by about a factor of ten due to the increase

of neutron pairs in the valence orbital. In the same way the v37/2 > "99/2
strength increases, whereas the strong Vg2 * "9g/2 strength at about

- 6.7 MeV remains constant _In addition,further single particle configurations
in the range 7.5 to 8 MeV become accessible to g-decay.

Summarizing this part, one must conclude that the g -strength function
of nuclei far from stability indeed shows “pygmy"” resonances and that this
concentration of B-strength can be explained by specific shell model
configurations, i.e. collective core polarization (CP) and spin flip (SF)
states, strongly mixing with the antianalog states (AIAS).

Besides “"selectivity in g-decay” also “selectivity in neutron emission”
has been discussed. As already mentioned in Sec. III, y-spectroscopic
data and recent ny-coincidence spectra have indicated preferential neutron
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decay to certain states in the final nuclei |lé,53,55|. As pointed out

by Shihab-Eldin et al. |56] for neutron emission to even-even final nuclei,
the strong feeding of low-lying excited states may be explained by the
magnitude of particle-hole excitations in the wave functions of the acces-
sible 1levels. To illustrate this, the ground state shell model confi-
guration for a typical precursor (85As,95Rb, etc.) is shown to the left

of Fig. 35. Allowed single particle GT g-transitions lead to configurations
labelled "doorway states". The upper doorway state in Fig. 35a involves a
valence neutron transition into an identical proton orbital, while the
lower doorway state in Fig. 35b represents core neutron g-transitions.
These latter configurations are frequently referred to in the literature

as core polarization (CP) and spin flip (SF) states. It is apparént that
the principal part of the g-strength to levels above'Bn populates CP and

SF configurations. Neutron emission from these "pure" intermediate CP and
SF configurations is absolutely forbidden, and therefore it can occur only

through admixtures in the wave functions of intermediate states obtained
via scattering events that lead to a neutron in an unbound state. In Fig. 35

(to the right), such configurations are shown that can result from simple
one-step, two-nucleon collisions. In Fig. 36, typical configurations of the

ARowed GT 8 tronwtion Cne-sen heo nucieon coliision
—f e - -—.—

.
T — - = :"' ="
. » - 4. . - *

Oseioyea

.egwe

3

» W 20 CoOn 20 OpOn 2p W-h 2 -0
(o) {1-0) (2-0} (3-0 {4-a)

RO G GT Ooorwoy woleyy Meutron  chanaels

.“'o - -— - B
—_— P pos

e buaad :— Eomd 5o and - e | o
o e . * - :OL

20 - 20 OpOn 20 lp-W  2p lp-n 29 2020
Y] {(1-0) (2-» (3-9 (4-0)

K

Fig. 35: Schematic of precursor g-decay to core polarization and spin
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neutron unbound configurations (from Ref. |56]).
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leading terms for the ground state (A) and excited states (B) in the final
nucleus are given. The amplitudes for these configurations are roughly
inversely proportional to the degree of complexity (excitation) as indi-
cated by the number of particle and hole excitations in each configuration
(pairing correlations are implicitly assumed). Thus, a>>B>>y, etc. If one
assumes that one-step collisions are reponsible for predominant admixtures
i.e., intermediate structure, it can be clearly seen, from comparison of
Fig. 35 and Fig. 36, that one-step collision admixtures in CP and SF confi-
gurations can lead to first-order (and higher) terms in the excited states
of the final nucleus, but only to second-order (and higher) terms in the
-grOUnd state.}Theréfdke; b?eferenfia] neutron emission to excited states

is expected in this simple picture |56].

Quite the opposite situation seems to exist for neutron decay to odd-
mass final nuclei. As is discussed in Ref. |55|, for the case of 94Rb(Bn)
decay preferential ground state neutron feeding is observed (see Tab. 4) indi
cating that the main configurations of the 94
closer connected to the 93Sr ground state (7/2+) than to the first excited
states (5/2+. 7/2+ ...). However, with the emission of predominantly p-wave
neutrons as required from angular momentum considerations, moderate agreement

Sr neutron emitting states are
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between experimental and calculated envelopes of partial neutron spectra to
different final states can be obtained as shown in Fig. 37, and as is further
indicated by their first moments (Tab. 4). These comparisons of statistical

Table 4: Experimental and calculated neutron intensities (P;) to different
states in the final nucleus 93$r, and comparison of the first
moment (En) of the respective partial neutron spectra (from Ref. [55]).

Level in Psr Pl |5] of ptot E IkeV|
| keV|  exp. calc.?) exp. calc.?)
ground state - 70.0 52.4 440 489
213 , 6.9 ‘ 24.5 568 584
433 10.6 14.5 422 535
986 5.5 3.6 516 540
higher levels 7.0 5.0 - -

a)Calculated with Se&p(E) assuming p-wave neutrons

model predictions with experimental partial neutron spectra open the possibility
of studying 'neutron spectroscopic factors'; and with the determination of
angular momenta of the emitted neutromsindirectly the spins and parities of
the.final states can be deduced.

The above experimental results and the fact that one is unable to fit
spectra and neutron branching ratios to excited states with any reasonable
g-strength function |63| shows that g-delayed neutron emission does not
follow the trends predicted by optical model transmission coefficients, the
same coefficients which apparently represenf well low energy neutron reactions
in the same mass ranges. It follows from this and the observations above, that
discrete structure effects (i.e., intermediate structure) must be considered
in the description'of g-delayed neutron emission.
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This does not say that statistical properties are unimportant, but only

that a purely stastistical approaéh is unable to satisfactorily describe
g-delayed neutron emission. Very recent results on lighter delayed-proton
199| as well as delayed-neutron precurscrs |68| support the 'non-statistical’
interpretation. As mentioned above, nuclear structures in S have direct
consequences on the decay properties of neutron-rich nuc1e1 for example
g-decay half-lives and B-delayed neutron emission |51,53,59,85,86|. According
to its definition |79]| the g-strength is inversely proportional to the ft-
value, and the neutron emission probability Pn is given as the ratio of
B-strength above the neutron binding energy Bn and of total g-strength,
corrected for the Fermi-integral. Whereas in the latter case the above
mentioned concentration of strength in the enerqy range 4 to 8 MeV - in

the single particle picture mainly due to the P12 and 99,2 transitions -

is decisive in determining the P _-values [98,100], the g-decay half-lives
are predominantly determined by the position and magnitude of the low-lying
97/2 single particle configuration.

Fig. 38 shows a comparison of theoretical Rb Pn:values from different
model assumptions with recent experimental data |100|. In the case of the
gross theory, the neutron emission rates A |65] were transformed to
emission probabilities using for the half-lives experimental data (A)
and values from the gross theory calculations (B) |84|. Both attempts,
however, result in P -va]ues roughly one order of magnitude too small.

;The P -510pe from S mp(E) is too steep, and the absolute values of the
]1ghter isotopes are systematically underestimated whereas those for
heavier nuclides (with large QB) are overestimated. It seems somewhat
embarrassing that next to the shell model,Pn-values those from the assump-
tion S =const. including the cut-off energy C |79} give ‘best' agreement
with the experimental data. In the light of these results any agreement
of theoretical Pn-vaTues from statistical model calculations with ex-
perimental data must be regarded as fortuitous, since the neutron emission
probability strohg]y depends on the location of Q8 and Bn relative to

the position of the resonances in Sg- As for example shown in Ref. |101],
for those precursors in the vicinity of A = 90 where structures in the
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(from Ref. |59]).

strength function are contained within a relatively small energy window
for neutron emission (Q- B ), the experimental P -values are found to be

B .n 87.. 810 92, 92, 97
considerably higher (factors of 5-20 for ~'Se, ~ Br, “"Kr, “"Rb, Y, for
example) than the caluculated values. The systematic deviations of Pn-va1ues
derived from statistical model calculations must therefore be considered
as an inherent result of the structureless shape of SB assumed in these
approaches.

As recently stated by Wohn et al. |102| and demonstrated in Fig. 39,
within an isotope sequence the gross theory |84| underestimates half-
Tives (T1/2) near the g-stability line, whereas it systematically over-
estimates this quantity for very neutron rich isotopes. The simple shell
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“model approach |100] strongly underestimates the half-1ives (by factors

of about 10 to 50) which clearly is the effect of neglecting residual
-interactions, but the trend of the half-1ife decrease with increasing
neutron number follows fairly well the experimental data. To visualize
this tendency in direct comparison with the experimental and the gross
theory half-l1ives, the shell model half-lives were normalized to the
experimental value of 93Rb. In the single particle approach the g-decay
half-lives are roughly inversely proportional to the strength of the
Jowest lying V3772 * 7992 transition originating from neutron pair
scattering out of the valence orbital. With the closure of the c!5/2
neutron subshell in 93Rb (N = 56) the magnitude of the g7/2-strength
increases by a factor of 5 in gst (N = 58). Besides this shell effect,

the position of QB is important for determining the g-decay half-life due
to the rapid variation in the Fermi function which is roughly proportional
to (QB-E)S. However, as can be shown for the 93Rb/gst pair (and similar
for other N = 56/N = 58 pairs) a good choice of the Q -values alone can in
no way account for the sudden T1/2 decrease by a factor of 15, which is well
reproduced by the single particle model (factor of 12). In Ref. |102],

for example, the effect of QB on the gross theory half-lives of Rb isotopes
is demonstrated. One set of QB-va1ues therein is within 50 keV and 390 keV,

n’ \l R T L R L l. L L ‘[ ¥ 1
o ol 2 isomers) ’
Holf -lives of Rb-isotopes

AN |
Eop
2

1

w0

13‘2 [ L R 1 1 1 1 L 1 | 1 1

89 8 9 @2 93 % 95 9% ¥ B 9 W0
Mass number

Fig. 39: Beta-decay half-lives of rubidium isotopes; comparison of experi-
mental data with predictions from the 'gross theory' |84| and
shell model calculations |98] (from Refs. |53,59]).
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respectively, equal to the experimental data for 93’95Rb |100| used in the
shell model attempt |98], and the resulting gross theory half-lives are

shown to decrease only by a maximum factor of 3.2. The T1/2 comparison in

Tab. 5 clearly demonstrates that without doubt the N = 56 shell effect exceeds
possible QB effects in defining the 8-decay half-lives for nuclei in this

mass region.

Tab. 5: Comparison of gross theory |103|, single particel model |98| and
experimental |97| g-decay half-lives of 93'98Rb.

Gross theory |103]| Single particle model [98| Experiment|100|

Isotope Q§a1C(MeV) rel. T1/2 Q:xP(MeV) rel. T1/2 rel. T1/2
(a)  (b)
93pp 7.49  1.00 1.00 7.6 1.00 1.00
% 10.30  0.47 0.32 10.27 0.08 0.47
95pb 8.98  0.39 0.32 8.59 0.09 0.06
%pp  11.76  0.22 0.13 11.60 0.02 0.03
2 9.91  0.24 0.16 9.53 0.04 0.03
%p  13.18  0.12 0.06 10.85 0.01 0.01

The fact that only the single particle approach is able to provide
consistent agreement with experimental data suggests that this model
can account for the real shape and general locations of 'pygmy' resonan-
ces of the B -strength in the A = 90 mass region. As demonstrated above,
these nuclear structures in S8 are decisive in predictions of g-decay
half-1ives and g-delayed neutron emission. Furthermore, the shape of S
also has consequences on the average y-ray energies and the g-spectra
of short-lives isotopes, the first being systematica11y.higher, the second
systematically softer than those predicted from a strength function accor-
ding to the gross theory |64].

8

A1l these data bear on several problems of fission reactors, in particular
on loss-of-coolant accidents and the associated problem of decay heat from
radioactive decay of the fission products. To design emergency cooling
systems to compensate for this heat production, one approach is to identify
those short-lived isotopes that produce the decay heat and then to calculate
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the rate of heat production. Prussin et al. |104| have examined the contribution
and their uncertainties from individual isotopes produced from 235U fission
_products for a burst irradiation and for cooling times (tc) of 10 and 100 s.

For tc of 10 s, more than 97 % of the total decay power is due to about 84
isotopes. By summation of individual contributors, 26 isotopes account for

94 % of the total energy variance, among these being the short-lived halogen

and alkali isotopes extensively studied by the Mainz-Grenoble-Berkeley
collaboration. This data base may be extremely useful for the flexible and
efficient design of next-generation reactors.

As can be seen from Tab. 6, recent y-ray measurements at Livermore |104|
extending up to high-excitation energies on the properties of short-lived
Sb isotopes associated with reactor-safety indicate that compared to previously
accepted average y-decay energy data the new values lie up to 45 % higher.
Again these data support our finding that in the g8 -strength function a
considerable amount of strength is concentrated above about 4 MeV. In the
light of these results, recent calculations on emergency cooling systems
of nuclear reactors |105| based on the gross theory of g-decay should be
regarded with some caution.

Tab. 6: Changes in average y-ray energies of isotopes . associated with
reactor-safety decay heat (from Ref. |104|).

) : Isotope
Value 132gym 1329 1335, 134g,
E_, MeV/fission (previous 2.344 2.488  1.874 2.086
Y , ~work)
E , MeV/fission (present 2.799 2.535 2.531 2.632
Y work )

Percent change 19 | 1.9 45 26
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A discussion of the relevance of the study of neutron-rich nuclei would
not be complete without mentioning that the shape of the B -strength func-
tion is also decisive in predictions of g-delayed fission probabilities and
in this way for the production rates of heavy nuclides by astrophysical pro-
cesses and by thermonuclear explosions |85.86,106-108|.

VI SUMMARY AND RECOMMENDATIONS

Considerable progress on delayed-neutron energy spectra has been made
in the past few years. By now, 33 spectra of individual precursors have
been measured, including those of primary interest for nuclear technology.
However, for 14 out of these spectra the low energy part up to about 100 keV
and the energy range above 1600 keV is lacking. These spectra should
be remeasured, the most important for reactor technology being 79-8lGa,
88-91pgp, 134gpn, 139,1%01  Fyrther precursors still requiring measurement
of neutron spectra are 92Br, 93,9%Kp, 98-1005y S7-100y 137,138Tg 141,
However, there seems to be no strong motivation from a technical point of
view to study these precursors |2].

As was requested at the Petten meeting, further work on assessment of
the properties of different neutron spectrometer types has been done,
_ especially concerning response function and detector efficiency of the 3He-
: {pectrometers and on error analysis of the spectra measured with proton-
.'}ecoil'and'3He(n,p)~techniques. The analyses have not succeeded in clarifying'
the apparent differences in neutron intensities. However, one should have
in mind that by now the main properties of the 3He(n,p) spectrometry seem
to be well understood, whereas in the case of the proton-recoil technique
spectrum subtraction or two-parameter to one-parameter transformations
are not straightforward and may possibly be subject to errors. One possibility
for clarifying the discrepancies could be the measurements of neutron spectra
from individual light-mass precursors like 16C, 17N or 2°Na, “9K, all exhi-
biting very simple line-structure without measurable complex or continuous
neutron distributions.
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Average neutron energies (En) from individual precursor spectra can by
now be determined within +10 keV for 'soft' and +50 keV for 'hard' spectra.
.However, there still remain (the above mentioned) precursors where a con-
siderable reduction of the uncertainties in En is required. For direct
determinations, 1ike with neutron counter ring arrangements (SOLAR-group),
an energy recalibration using the latest spectral data seems to be necessary.

Because of the still existing discrepancies in neutron spectra measured
by different techniques a considerable improvement in the knowledge of
(near-) equilibrium and time-dependent spectra for different fissile
jsotopes at various primary neutron energies is urgently required.
Summation methods using experimental spectra or ‘'analytical represen-
tations' contain rather large uncertainties, last not least due to the
generally insufficiently known total delayed-neutron yields and individual
precursor neutron abundances. A new evaluation with updated sets of delayed-
neutron energy spectra, Pn-va1ues and fission yields would appear to be
a worthwhile undertaking. However, with the experimental possibilities
available at many laboratories, direct measurements of (near-) equilibrium
and time-dependent spectra are to be preferred.

Summarizing, one may conclude that the data set on neutron spectra is
on the average sufficiently complete to permit a satisfactory evaluation
of the macroscopic effects of delayed neutrons in nuclear fuel. Before
defining new specific requirements, at the moment further sensitivity
studies needed to formulate those accuracy requirements for the time
dependence and the energy spectra seem to be of highest priority.
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Delayed neutron yvield and decay constants for thermal neutron induced

'fission of 233y.
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Abstract

Delayed neutron yield and decay constants were measured using
foils of 235y irradiated in a thermal column of the University of London
Reactor. The samples were transferred pneumatically to and from the
irradiation position where a constant thermal neutron flux was maintained.
After each irradiation the delayed neutron emission rate was measured in
a detector consisting of a water bath containing BF3 counters. The
geometry of the detector was chosen to minimize .the neutron energy
dependence of its response, and the efficiency of the detector was
measured using a calibrated Am/Li source.

The number of fissions in the foils was measured using a gamma
spectrometer to determine their !40La activity, relative to that of
calibration foils irradiated in an absolute fission chamber.

The measured delayed neutron decay curve was fitted to the sum
of five exponential groups by the least squares method. The total yield
of the five groups was 0.0151 * 0.0007 delayed neutrons per fission. No
‘sixth group was observed because of the transfer time of 380 ms before
counting commenced. When.the six group parameters of Keepin and Wimett
were used together with the total counts observed in this experiment
the total yield found for the six groups was 0.0156 * 0.0010, where
the difference from the previous value is attributable to the presence
of the sixth group.

The period-reactivity relationship was calculated for positive
periods between 0.2 and 900 seconds using both the five group data and
the six group data. These were found to give equal reactivities within
1Z except for periods less than one second.
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Introduction

Measurements of delayed neutron emission rates from unseparated
fission products provide the basis for calculations of time dependent
reactor performance!. In addition one of the two commonly used methods
of establishing reactivity worth in reactors, and the only method usually

available in power reactors relies on a knowledge of delayed neutron
parameters?Z.

Recently knowledge of yields and decay constants of individual
delayed neutron precursors has improved3 and it is possible to explain
the main features of the neutron emission from unseparated fission pro-
ducts by means of these data. It seems unlikely, however, that such data
will replace the delayed neutron parameters obtained from measurements
of gross delayed neutron emission rates in reactor physics applications.
On the other hand the delayed neutron parameters for unseparated fission
products do provide a useful check on the accuracy and coansistency of
more detailed but less precise information obtained from separate iso-
topes.

The parameters used for reactor calculations usually represent
the delayed neutron emission by means of six groups, each characterized
by a single yield and decay constant, so that twelve parameters are needed
for each fissioning isotope. Often these are obtained by combining the
data from thermal and fast neutron induced fission, since no difference
in parameters has been conclusively demonstrated for incident neutron
energies below the threshold for second chance fission'. The most recent
evaluation of delayed neutron data for reactor physicsS does state that
differences between measured delayed neutron yields from thermal and
fast neutron induced fission are statistically significant, but this
may be due to the shortage of recent measurements using thermal neutrons.

~The use of six groups to describe delayed neutron decay data
has followed the practice of Hughes et al® and Keepin and Wimett?7,
although other measurers have reported data in four or five groups.
For a particular set of experimental data the only proper test of how
many parameters should be used is whether or not a significant improve-
ment in the fit to the data can be achieved by increasing the number.
Since this test will yield different results for different experiments,
depending on their statistical precision and on the time domain covered,
it should not be surprising that values are reported for a variety of
numbers of groups. A practical difficulty does arise, however, for the
evaluator who wishes to make use of more than one measurement to obtain
a recommended set of parameters, since it is not obvious how to compare
parameters when the number of groups is different. Indeed, even for sets
of results reported using the same number of groups it is by no means
clear that averaging the parameters is a justifiable procedure. Probably
because of these difficulties in combining data, it has been usual to
recommend only the data of Keepin and Wimett to describe the time depend-
ence of delayed neutron emission. These relative yields and decay con-
stants are often combined with values of total yield obtained by including
data from other sourcesS.
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The present experiments were undertaken with the aims of
measuring the total delayed neutron yield from 235y thermal neutron
- fission to an accuracy of approximately #4Z (lo), which is better
than that of any existing measurements using thermal neutrons, and
similar to that of recent measurements with fast neutrons®, and of
measuring the decay parameters sufficiently well to enable the period-
reactivity relationship to be calculated to similar accuracy.

Experimental Arrangements

Foils of 235U were irradiated for ten minutes in a steady
thermal neutron. flux in a thermal column of the University of London
Reactor. Samples were transferred pneumatically to and from the irr-
adiation position. After each irradiation the delayed neutron emission
rate was measured im a detector consisting of a water tank containing
BF3 counters. The arrangement is shown schematically in Fig. 1. The
count rate was recorded in 2048 multiscaler channels during the first
380 seconds after the end of each irradiation. The samples arrived
at the detector after a flight time of 380 ms. Because of this delay
the sixth group of Keepin and Wimett would not be detectable in this
experiment, but this group has no important effect on the period-
reactivity relationship in thermal reactors.

The samples used in the experiment consisted of metal foils
of 7.5 mm diameter and weighing approximately 35 mg. The material was
95.54% 235U. Experiments were done using one, three or ten of these
foils wrapped in aluminium. The number of fissions was only determined
for the experimental rums in which single foils were used. The total
delayed neutron yield was determined from the total delayed neutron counts
in these rums, together with decay parameters determined from the com-
bined data of runs using also three and ten foils.

The irradiation position was at the centre of a spherical cavity
in one of the graphite thermal columns. The neutron flux at this position
was approximately 108cm 2s ! with a gold cadmium ratio of 700. The angular
distribution of the flux was known to be of the form ¢(u) = ¢$(o) (1l+ay),
where p is a direction cosine measured in the radial direction from the
reactor core and a is a constant. Under such conditions the self shielding
correction for a foil is the same as it would be in an isotropic flux.
The neutron temperature at the irradiation position was not measured,
but was assumed to be 300 + 10°K.
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The samples were mounted in polythene capsules with internal
aluminium spacers. The total weight of the capsule was approximately
12g, which was the minimum compatible with adequate strength to sustain
the decelleration at either end of the pneumatic transfer. To obtain
adequate counting statistics it was essential to perform approximately
20 sequences of irradiation and decay in one experimental run. Irr-
adiation and decay times were ten minutes each in all runs. The cap-
sule was arrested at either end of its flight in an aluminium tube
.5 mm thick and 26 mm O.D. An outer concentric aluminium tube of
44.5 mm 0.D. was used to carry the gas supply for the return flight.

At the detector position the two concentric aluminium tubes were
immersed in a cylindrical water tank 650 mm deep and 580 mm in dia-
meter. The sample was arrested at the centre of this tank for counting.
(See Fig. 1)

The Neutron Detector System

The neutron detector consisted of one or two BF; counters
placed in cylindrical aluminium tubes of outer diameter 26 mm, and
immersed in the water tank parallel to the axial tube in which the
sample was carried. The detectors used were of active length 310 mm
and 25 mm 0.D. filled with 96% enriched boron-10 trifluoride at a
pressure of 70 cm Hg. The supplier was 20th Century Electronics Ltd.,
and their type number was 31 EB 70 G. The counters were insulated
externally using polythene tape and inserted in their aluminium tubes
so that the centre of their active volume was at the same height as
the arrest position of the sample. The radial distance of the centre
of the counters from the centre of the samples was 74 mm. This
distance was chosen on the basis of ANISN? calculations as the one
which would provide the least energy dependence in the neutron efficiency
in the range 50 keV to 2 MeV. '

The BF3 counters were operated at 2.4 kV which gives a gas
multiplication of about 40. Pulses were amplified using a differentiating
amplifier with a time constant of 0.1 us. A pulse height discriminator
was used to reject pulses below about half the height of those at the
peak of the pulse height distribution. The threshold setting was chosen
so that the count rate was exactly halved when the threshold voltage
was doubled. This method of setting provides good reproducibility and
insensitivity to drifts of amplifier gain or E.H.T. voltages. The lack
of gamma sensitivity was checked by showing that the pulse height dis-
tribution obtained from delayed neutron measurements was the same as
that obtained using an Am/Be source which is not a strong gamma emitter.
For some measurements two BF3 counters were connected together to a
single channel of electronics, but for the calibration of the detector
only one BF3 counter was used, and the same single counter was used in
all the delayed neutron runs used to establish the absolute yield. The
- second counter remained in position in the detector at all times, however.
The reason only one counter was used in the most critical runs was that
it was then easier to ensure reproducibility of the electronic settings.
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The output of the discriminator was connected to a scaler,
used to record total counts and for background measurements, and to
a LABEN 8000 multichannel analyser used as a multiscaler. The multi-
scaler was triggered using a pulse from a control circuit of the tramsfer
system. The delay between this trigger and the actual movement of the
capsule from the irradiation position was determined in a calibration
experiment in which a small gamma source was placed in the capsule and
a Nal gamma detector was placed near the irradiation end of the transfer
system. By multiscaling the pulses from the gamma detector it was
possible to determine the time the capsule left the irradiation position.
In the delayed neutron experiments the samples had to pass through the
thermal column for a distance of approximately lm before leaving the
neutron flux, so this portion of the flight tube was surrounded with
cadmium. The analyser was capable of using up to three different
channel widths during a single run, with 'a total of 4096 channels.
The channel widths chosen were 500 at 10 ms, followed by 500 at 80 ms,
followed by 1048 at 320 ms. Thus a total of 2048 channels were used,
covering a total counting time of 380s. 1In the analysis of the data
each channel count was treated as a measurement of count rate at the
time corresponding to the centre of the channel. The error in this
approximation is negligible for the channel widths used.

The dead time of the counting system was measured using the
two source method. A 1Ci Am/Be source and a 10 ug 252Cf source were
used in positions near enough to the BF3 counter to provide high count
rates, without being close enough to interfere, by scattering, with
each other. This was done for a number of source positions and count
rates, and the dead time was found to be 1.50 * 0.09 ps. The highest
count rate used in the experiment was a few thousand counts per second,
so that the uncertainty introduced because of the uncertainty in the
dead time correction was very small.

Calibration of the Neutron Detector

A calibrated Am/Li neutron source was used for the determination
of the detector efficiency. This source was hired from the National
Physical Laboratory where it was calibrated, using a manganese sulphate
bath, with an accuracy of * 0.5Z. The reported source strength was
2.084 x 105 neutrons per second. The source was fabricated at the
Radiochemical Centre, Amersham. It is made of a compacted mixture of
americium oxide, nominally 5Ci, with lithium hydride, doubly encapsulated
in stainless steel. The dimensions are 30 mm diameter and 60 mm height
and the capsule is designated type X14. This type of source was chosen
because the spectrum of a similar one has been measured by Werlel? using
proton recoil proportional counters, and the reported spectrum is very
similar to that of delayed neutrons.
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The Am/Li source was placed in the delayed neutron detector
so that the centre of its active volume was at the same position as
the counting position of the 235U foils. The count rate of the de-
tector was measured several times and the count rate from a 30 mCi
Am/Be source was also measured before and afterwards. This Am/Be
source was then used to check the detector settings each time a
delayed neutron measurement was made.

A number of corrections have to be made to the detector
efficiency obtained using the Am/Li source, and the uncertainty
associated with each of these must be estimated. These corrections
and uncertainties arise as follows:

(a) Volume correction

The Am/Li source is much larger than the foils which con-
stitute the delayed neutron source. Since the 235U foils can be
regarded as effectively point sources we need to correct the
efficiency of the detector measured with the Am/Li source to find
the efficiency for a point source. Since we could not have a small
Am/Li source of adequate strength we used a small 252¢f source to
estimate this correction by measuring the detector efficiency when
the 252Cf source was at the centre of the system and when it was
displaced radially and axially from the centre. By numerically
averaging these results over a volume equal to the volume of the
Am/Li source we obtained the efficiency that the detector would have
for a 252Cf source of the same size as the Am/Li source. This was
found to be 1.4% smaller than that measured with the small 252Cf
source at the centre of the system. The Am/Li source has a different
spectrum from the 252Cf source but since the correction is a small
one we feel justified in assuming that the correction for the Am/Li
source is the same, with an uncertainty equal to 50% of the correction.
Thus we apply a correction factor of 1.014 + .007 to the measured
efficiency. i .

(b) Neutron Self Absorption

The source strength reported by the N.P.L. is the emission
rate of the source in vacuo, obtained after correction for neutron
self absorption occurring in the manganese sulphate bath. When the
source is placed in the delayed neutron detector some of the neutrons
will scatter back into the source and be absorbed. This correction

"was. estimated by calculating the number of neutrons absorbed and their
effect on the detector efficiency using ANISN. The reduction was found
to be 1.0%, so a correction factor of 1.010 * .005 was applied to the
measured efficiency.

Neutron self absorption and multiplication in the 233U foils
was negligible.
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(c) Anisotropy of neutron emission

Because of the size and shape of the Am/Li source it does
not emit neutrons equally in all directions. Data were supplied
by A.G. Bardell of the N.P.L. on the relative emission rates measured
at 10° intervals from the cylindrical axis of the source. These
figures were used in an ANISN calculation to find the difference
between the efficiency for an isotropic source from that using the
measured angular distribution. The correction factor was 0.998.
Because the correction is so small no uncertainty was assigned.

(D Energy spectrum effects

Because the detection efficiency is not independent of
neutron energy we need to correct the measured detection efficiency
to account for the difference between the spectra of neutrons from
the Am/Li source and of delayed neutrons. Three types of uncertainty
also need to be considered: that due to the uncertainty of the Am/Li
neutron spectrum, that due to the uncertainty of the delayed neutron
spectrum, ‘and that due to the uncertainty of the detector response
function.

The detector response function calculated by ANISN was subject
- to considerable uncertainty due to the approximations introduced in
modelling the detector in a one dimensional geometry. In order to
check the response function the efficiency of the detector to 252Cf
neutrons was measured in order to find the ratio of this efficiency

to that for Am/Li neutrons. This ratio was found experimentally to
be 0.75 instead of 0.93 which was the value obtained from the ANISN
calculation. An adjusted calculation was then made with the effective
moderator thickness changed by trial and error to reproduce the observed
ratio of 0.75 for the ratio of the 252Cf to Am/Li efficiencies. When
the delayed neutron spectrum reported by Saphier et alll was used the
efficiency obtained using the original ANISN calculation was 1.011
times that for the Am/Li source. The adjusted ANISN calculation gave
1.008 for the same ratio, a difference of only 0.3% which is so small
because of the close similarity between the Am/Li spectrum of Werle
and the delayed neutron spectrum recommended by Saphier et al. If
instead of the Saphier spectrum the much softer spectrum reported

by Eccleston and ‘Woodruffl? is used the unadjusted ANISN calculation
gives a ratio of 0.979 for the delayed neutron efficiency relative

to the Am/Li efficiency and the adjusted ANISN calculation gives:a
ratio of 1.022. The uncertainty due to the uncertainty of the Am/Li
spectrum as reported by Werle was also calculated and was found to

be * 0.25%Z. 1In view of these results it was decided to apply no
correction to the Am/Li efficiency and to assign an uncertainty of

+ 2,27 to the detector efficiency due to the combined effect of un-
certainties in the neutron spectra and the detector response function.

The corrections and uncertainties found for the detector
efficiency are summarized in Table 1.
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The Fission Measurements

The number of fissions in the 235U foil during an experimental
run was found by measuring the !%*%La activity relative to that in a
calibration foil irradiated in an absolute ionisation chamber.

The !%0La activity was measured about 12 days after irradiation,
by which time the !%0La activity is equal to that of its parent !40Ba
- with a half 1life of 12.789 days. This half life is sufficiently long
that the activity is a good integrating monitor of fissions produced
during the period (up to seven hours) of an experimental run. A Ge(Li)
spectrometer was used to find the intensity of the 1596 keV photopeak.
Foils were counted with their aluminium wrappings, which acted as
catchers of fission products leaving the surface of the foils.

The calibration foils were irradiated inside a demountable
parallel plate fission chamber, where they were positioned close behind
the centre of a thin 20 mm diameter 235U deposit of known mass. The
irradiation position was the same as that used in the delayed neutron
measurements, with the pneumatic transfer system removed. The flux
gradient in this position was known to be small and in the direction
parallel to the planes of the foil and deposit. The fission rate in
the deposit was determined by counting ionization pulses and correcting
in the usual way® for undetected fissions due to non zero discriminator
bias and fission fragment absorption in the deposit. Counts were also
made when no calibration foil was.in the chamber,.and no difference
in count rate, relative to a monitor counter, was found. The deposit
used was one of a series intercompared with NBS deposits and its mass
was deduced from this intercomparison8.

The fission rate in the calibration foil was deduced from that
found in the deposit, after correcting for self shielding in the cali-
‘bration foil. The calibration foil was similar to the ones used in the
delayed neutron measurements, having a thickness of 73 mg cm 2, The
correction was found using the third order exponential integrall3 and
an absorption cross section of 673.5b, corresponding to a mneutron
temperature of 300 K. The effect of scattering was negligible. The
correction was found to be 0.81 % 0.01.

The number of fissions in the calibration foil being known,
the number of fissions in the foils used in the delayed neutron measure-
ments was found directly from the relative measurements of !“40La activity.
Since the two measurements were not made on the same day a 137Cs source
was used to check the stability of the gamma counting system.

A summary of uncertainty contributions in the fission determinations
is given in Table 2.



- 191 -

Derivation of Decay Parameters

The delayed neutron count rate at time t after the end of
a saturation irradiation is given by

c(t) =¢ . —:— . v.g B; exp(-xit) + u(t)

where the detector efficiency
the number of fissions
the duration of the irradiation
the number of neutrons per fission
. .th
the delayed neutron fractloghfor the i~ group
the decay constant of the i~ group
the statistical discrepancy of the count rate from
its expectation value.

If we measure C(t) at many times tj then

=

C. = €.

3 . V. i. B; - exp(-xitj) + u, ,

where the subscript j refers to values at time t. and if we can
estimate 02 , the variance of u, , from the usual 1dws of counting
statisticsa then we wish to find the values of v.B. and A. which
minimize ' ’ ot

1 F
2 mp(u2/c2) = P -2.t.)12
X g(uj/oj) § ;g—. [CJ €. 7 i v 81 exp( AltJ)]

To find the relative yields of the delayed neutron groups, a.,
and the group constants A., the count rates C., corrected for background
and dead time, were obtaified from the sum of Aany runs in which one,
three or ten foils were irradiated. Because the total counts accumulated
for the latest channels was less than 100, these channels were combined
in groups of 8 reducing the total number of data points to 1334. This
was done so that o., the standard deviation on the counts, could be
estimated using thd square root of the counts in the usual way.
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Since the number of fissions in all the runs used was not
known the function minimized was actually

x2=1 4 . [c.-N. Ta .exp(-rt.)]2
. 0% j . 1 i7]
J J 1
where N is an arbitrary normalizing constant. The solution was

found for the values of Nai and A.. The values of a, were subsequently
deduced by setting N = I Na. , so that I a, = 1. 1

The minimization made use of the subroutine E04 GAF of the NAG
libraryl!"*, which is_based on the Marquardt techniquel!3. Five groups of
delayed neutrons were fitted using as a starting guess the values for
the first five of Keepin and Wimett's groups.. Other starting guesses
were also tried and these always led to the same results. Six group
fitting was also tried, but these did not produce smaller x2 values
and two of the decay constants always came out nearly the same as each
other.

The covariance matrix of the ten parameters was printed by the
program and it was found that the non-diagonal elements were all very
small compared with the diagonal elements, so the parameters were
essentially uncorrelated. This is so for the values of A, and Na., but
not for the parameters a, , because correlations are intrdduced b§ the
normalization which make these sum to unity. The solution of this
problem is as follows.

Given independent quantities'x, and their diagonal covariance

matrix |X..| , we have to find . and their covariance matrix ]Aijl,
where : ‘ T :

o; = % /T x; = x; /N

and N 'is the normalizing value = X

e
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90 .

-1 . - 2 o - 2
So s 1/Ix; = x./(Ix,) /N - x, /N (D
1 1 1
' 2 2
And 3;7.| = -x;/(Z %)% = -x;/N (2)
il . i
i'+#i

Now Aij - <6c7.i . 6aJ.> , Wwhere the brackets < > stand for the

expectation value.

ga, = & % &x,,
i cy — i
1 axi.
' a.
and §a, = I j 8x.,
B j' ax ]
i’ T
- da. 3x,
So Aij }.I' Z' i, ] . < thi. . 6Xx.,>
1’ ] axi. axj.
Ja, Ja.
=7 § X (3 X
: 0 L | ax-' axc' * i'j'
i' j i 3

xixj xmc _

d A . 2 + w5 x2
an . N X.. NS x; X.. 'ﬁ'trxi
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These values were calculated and used to find the correlation matrix
Jr..| such that
1)

i

and the standard deviation o, = (Aii

).

The results of the analysis described above are shown in
Table 3 where the Keepin and Wimett 6 group data are also shown for
comparison. The comparison shows that although the parameters for
the first -two groups agree the rest do not. This is not surprising since
we know that these groups do not necessarily have any physical meaning
except when used to calculate the gross neutron emission rates or
other desired functions of these such as the period-reactivity re-
lationship. We note that the uncertainties given in Table 3 are
generally smaller for the present data than for the Keepin and Wimett
data and that the uncertainty information for the latter is incomplete,
since we do not know how the parameters are correlated, although we
may be sure that significant correlations do exist, at least for the
relative yields. On the other hand the present data lack information
on the sixth group, and this may be significant for very short reactor
periods.

Total Delayed Neutron Yield

The total delayed neutron yield was obtained from the total
counts recorded over the period during which the decay was measured,
using only the data from the single foil runs for which the number of
fissions in the sample was known.

The number of counts expected in a time interval tj to tj
after a saturated irradiation is given by

F
Ciz=e.g.y [ Za; exp(-ki t)dt
i
t1
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where y = v. I8, is the total delayed neutron yield per fission.
i
- F a.
oo Ci2=€. TV i T; (efp(-kitl)-exp(-kitz))
%3
Jo Yy =T, Cyple . F . L= (exp(-litl)-exp(—litz))
) i

The times t) and t, were .380s and 380s respectively. The
values a. and A. used were those derived from the decay as explained
in the p%eviouslsection. The uncertainty calculated for y took into
account the uncertainties in the total counts, g , the detector
efficiency, O » the number of fissions, o_ , anfi the decay parameters,
%4i and o i For the decay parameters it was also necessary to take
account o% the correlations, r.. , of the relative yield, and these
have the effect of reducing théJuncertainty in y because the off
diagonal elements are predominantly negative.

The standard deviation, oy , of the yield was given by

2 .. @AY 2, @l g2+ 2Y 2 , gAY 32
(Oy) (ac - 0%+ (ae o )¢ + (aF - op)€ + g(ali . 0y4)

+):):(3-§ )4 Crgs .0
ijai.aaj J

No uncertainty was assigned to the value of T , the irradiation ti:
(600 seconds) or of t; and t;, because the contribution of each of
these was negligible. The size of each of the contributions to the
total uncertainty is given in Table 4.

The value obtained for the delayed neutron yield was,

y = 0.0151 * .,0007 (4.67%), for five groups.
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This value must be qualified by the statement that it refers
to the total yield of the five delayed neutron groups detected and
should be used together with the five group parameters reported in
the previous section. It may not be directly compared with values
for total yield of the six Keepin and Wimett groups. While it is
true that the values of the yield and the five group parameters
reported above are the best representation of the results of the
present experiments, it may arise that in combining the present
results with other data it will be convenient to use the six group
parameters of Keepin and Wimett. For this reason we have calculated
a second value of the total yield, using this time the Keepin and
Wimett group constants shown in Table 3. ' The result was

yg = 0.0156 + .0010 (6.6%), for six groups.

The increase of 3.3% from the previous value is attributable to
the inclusion of group six. The difference is not quite equal to the
4.4% increse one would find by simply adding the group six yield, since
presumably part of the contribution from group six has been accounted
for in the five group parameters. The last value of the yield is the
one which should be used with the six group parameters. In calculating
the uncertainty in this value the uncertainties in the six group para-
meters shown in Table 3 were used and the relative yields were treated
as uncorrelated. :

The Period-Reactivity Relationship

The most stringent requirement for delayed neutron yield and
decay data arises in their use, via the period-reactivity relationship,
to establish the reactivity scale in operating power reactors. In
addition to the type of data reported here it is necessary to calculate,
from a knowledge of the delayed neutron spectra, importances of delayed
neutrons of each group relative to prompt neutron importance. The
importance weighting factors, w, , obtained from such calculations are
normally slightly greater than one for thermal reactors. For the
purpose of comparison between the present five group data and the
six group data of Keepin and Wimett we will here set those weighting
factors to unity and also neglect the effect of prompt neutron life-
time. The period-reactivity relationship is then:
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Values of this function are given in Table 5 for the five group
_ parameters and yield measured in this work. We have also calculated
the reactivities using the Keepin and Wimett six group parameters to-
gether with our yield value obtained using these. The differences
between these two sets of results are remarkably small and show that
the five group parameters reported here are essentially equivalent to
Keepin and Wimett's six group parameters except for reactor periods of
less than one second. '

Conclusions

The measurements reported here have resulted in values of the
yield and decay parameters of delayed neutrons from 235U thermal neutron
fission in good agreement with the values of Keepin and Wimett reported
twenty two years ago, although the precision of the present values is
somewhat better.

Only five groups of delayed neutrons were observed because of
a delay of 380 ms before counting commenced. The total yield of the
five groups was found to be 0.0151 * 0.007 delayed neutrons per fission.

When the six group parameters of Keepin and Wimett were used
the total yield of these six groups was found to be 0.0156 * 0.0010
delayed neutrons per fission. This is the value which should be used
in any future evaluation of yield based on six group parameters.

The period reactivity relation arising from the measured yield
was calculated using both the five group decay parameters discovered
here and the six group parameters of Keepin and Wimett. The results
were the same within 17 for positive’ reactor periods equal to or greater
than one second. It is believed that the present experimental results
do very nearly meet the present target accuracies!® for the calculation
of reactivities in thermal reactors, so far as this isotope is concerned.
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TABLE 1 The efficiency of the neutron detector

Am/Li source
measured efficiency

1.696 x 10 2 + 0.55%

Volume correction factor
Self absorption correction factor

Anisotropic emission
correction factor

Energy response
correction factor

1.014 *+ 0.7%

1.010 £ 0.5Z%

0.998 + NIL

1.000 + 2.2%

Efficiency of the detector
for delayed neutrons

1.733 x 10 2 + 2.4%

TABLE 2 ‘Uncertainties in the fission determinations

Source of uncertainty

Uncertainty * (lg)

Deposit mass 1.30%
Dead time corrections 0.507%
Fission fragment absorption correction 0.357%
Extrapolation to zero bias correction 0.207
Self shielding correction 1.20%
Foil mass 0.037
Y-counting in stability 0.70%
Y-counting statistics (ratio of two 1.00%
foils)

Total uncertainty 2.22




TABLE 3 235y thermal fission decay parameters

Group Keepin et al’ - This work

h a, Ai(s-l). a, Ai(s 1) Correlation matrix for a;
1 .033 £ .004* .0124 tv.0004 .035 * .002 .01226 + ,00012 | 1. .63 | -.42 .27 | =-.15
2 .2i9 t .013 .0305 + .0015 .227 + ,009 .0310 +..0004 .63 | 1. -.54 .32 | -.20
3 .196 + .033 111 . .006 .148 f .023 .099 * 011 -.42 | =.54 | 1. -.62 | -.38
4 .395 + .016 .301 t;.016 403 + .017 .254 + ,020 .27 .32 1 -.62 ] 1. -.38
5 .115 + .013 1.14 + ,22 .187 + .017 .90 + .11 -.15 | ~.20 | -.38 | -.38 | 1.
6 062 + .012 | 3.01 % .43 - -

*
Probable errors reported by Keepin et al’ converted to standard deviation using the formula:

probable error

= 0.6745 x standard deviation.

- 002 -
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TABLE 4 Contributions to the total yield uncertainty
Source of uncertainty Contribution to cy
*
Fission measurement ' 2.27
Detector efficiency 2.4%
Counting statistics in total counts 0.92
Decay parameter uncertainties 3.12
Total uncertainty, oy 4.6%
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TABLE 5 Period-reactivity relation

Period Reactivity
(sec) 6 ngu; ;giigeter7 5 grgu; ;giZ;eter ratio= %_EE%%%
%2 .00605 .00594 .981
.5 .00562 .00555 .988
1 .00511 .00507 .992
3 .00400 .00398 .994
7 .00300 ' .00299 .996
10 .00258 .00258 1.000
30 .00147 .00147 1.000
70 .000838 .000836 .998
100 .000640 .0006 39 .998
300 .000252 .000252 1.000
700 .000115 ‘ .000115 1.000
900 .000090 000090 1.000
-900 -.000098 -.000098 1.000
-700 -.000182 -.000183 1.003
-200 -.000529 -.000531 1.004
-100 . -.00180 -.00187 1.038

Errors : The errors due to detector efficiency and fission
determination and statistical error on the total
count are common to columns 2 and 3 and total 3.47.
The errors due to decay parameters are not shown,
but are independent between columns 2 and 3.
v has been taken as 2.41.
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Note to the participants of the IAEA Consultant's Meeting on
Delayed Neutron Properties, 26-30 March 1979

A correction to the delayed neutron vields of Besant et al.

J.G. Williams, March 1979

The measurements reported by Besant et all, for delayed
neutron yields in the fast fission of 233y, 238y and 23%Py made
use of the same Am/Li neutron source for the detector calibration
as used in the measurements reported at this meeting by Synetos
and Williams2. As stated in ref. 2 this source does not emit
neutrons isotropically because of scattering and absorption within
the source material. This was not taken into account previously.

The effect of this on the detector calibration and on the
yield values reported in ref. 1 has been calculated using a Monte
Carlo Code, MONK3. The resulting correction factor to the efficiency
of the detector was 0.986 * ,0015, so the yield values should all
be multiplied by 1.014. The total reported errors are not changed.

1. Besant, C.D., Challen, P.J., McTaggart, M.H., Tavoularides, P.,
and Williams, J.G., J. Br. Nucl. Energy Soc. 16, 161-176
(1977).

2. Synetos, S., and Williams, J.G., This meeting

3. Sherriffs, V.S.W., "MONK - A general purpose Monte Carlo

neutronics program'. SRD R 86, UKAEA, (1978).
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Delayed Neutron Spectrum Measurements using a 3He Spectrometer

D.R. Weaver, J.G. Owen and J. Walker

A contributed paper for the TAEA Consultants' Meeting on Delayed Neutrons

Vienna - March 1979

Abstract.

Measurements have been made of the delayed neutron spectra from fission

235y induced by primary neutrons of 940, 1440, 1760 and 6000keV; A 3He

of
spectrometer was used, for which supplementary measurements had shown the fast
neutron resolution to be 27keV at 1MeV and had determined the detector
efficiency as a function of energy. Two-dimensionai analysis of pulse height
and pulse rise time was used to eliminate 3He recoil events. The Birmingham
Radiation Centre Dynamitron accelerator produced suitable fluxes of primary

neutrons by bombarding a tritium target with a proton beam that was pulsed

'0.8s on, 1.0s off; this gave a near-—equilibrium production of delayed neutrons.
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1. Introduction.

In nuclear reactor kinetics, the delayed neutron contribution enters
directly into the source term of the neutron balance equation and as a
result the time constant for flux variation caused by a small change in
reactivity proves to be dependent on the delayed neutron lifetimes rather
than the history (through slowing down and diffusion) of a prompt neutron
despite the greater intensity of the prompt neutrons. The difference in
the énergy spectrum of delayed and prompt neutrons is not particularly
significant in thermal reactors, but in fast reactors the average neutron
energy in the core is close to the mean delayed neutron energy and it has
been suggested(l) that the delaye§ neutron spectrum assumed can radically
alter the prediction of time dependent fluxes under fault conditions.

The existing information on the spectra of delayed neutrons from fission
is sparse,with qnly-a few measurements with primary neutron energies in the

2,3

fast region Using a 3He spectrometer measurements have been made on

a 235y sample at four primary neutron energies: 940, 1440, 1760 and 6000keV,

and the results compared with those of other workers. Owing to the disagree-
ment between spectra accumulated by various authors with different spectrometers,

a-fact which was remarked upon at the Petten meeting on Fission Product Nuclear
Data(a), pérticular‘emphasis has been made in this contribution to the methods
employed for determining the resolution and efficiency of the 3He spectrometer.

2. Spectrometer details.

The 3He gridded ionization chamber was supplied by Technion in Israel and
is of the Shalev type(s). It contains 4.2 atmospheres of 3He, 2.1 atmospheres
of argo# and 0.3 atmospheres of methane, and with anode and grid potentials of
2250 and 450V respectively it gave a resolution (F.W.H.M.) of 14.6keV for
thermal neutrons. The efficacy of the grid in giving good resolution was

shown by monitoring thermal neutrons with the grid discomnected, when a

resolution of 65keV was obtained. The reaction in the detector:
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3He +n->p+ T Q = 764keV

leads to long tracks in the gas and consequently there is a noticeable wall
effect; indeed, in this detector, neutrons of energy greater than 2MeV give
proton tracks comparable with the dimensions of the counter and above 2.5MeV
the fast peak has almost completely disappeared. The predictions of

Batchelor, Aves and Skyrme(G)

were found to be appropriate for the wall effect
contribution for neutron energies right up to 1.8MeV and were used extensively
in the analysis of spectra obtained. |

The slow charge collection in this type of counter means that long time
constants must be used with the electronics. This results in the system
being particularly semsitive to electrical noise and vibration. Considerable
care was taken with the earthing of the detector, preamplifier and power

supplies and the spectrometer was mounted on an assembly of two thick steel

plates separated by glass fibre mounted on rubber feet which successfully

)]

restricted vibrational transmission. Franz et al have reported on the

effect of microphonics on the resolution of these detectors.

3He spectrometers are particularly sensitive to thermal neutrons, and in
order to minimise their detection the counter was enclosed in a shield of
'béfon carbide and cadmium which,;educed the thermal neutron response by a
.factor of 20. The dual parameter (pulse height and rise time) analysis
reduced the thermal efficiency still further, as is explained below.

Gamma rays alone do not interfere with the neutron spectrum but, if
there is an intense gamma flux, pile up between photon and neutron pulses
severely degrades the resolution of the éounter, e.g. in a gamma flux of

5)

7 x 105 photons cm-2 8-1 the thermal peak becomes 84keV wide. Shalev( has

proposed the use of the count rate at an energy equivalent of 76keV in a gamma-—

broadened spectrum of thermal neutrons (C76) as a guide to the effect of pile

up on resolution, little influence being seen for C less than 8 counts s-1

76
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kev-l. Owing to the gamma flux from the irradiated uranium, it was

necessary to place a lead shield between the uranium and the spectrometer.

It was found that 5cm of lead reduced C76 to about 1 counts s.']'kev—1 for the
delayed neutron spectra measurements which is well below Shalev's figure of 8.
The lead shield does have the effect of degrading the resolution of the counter
system by multiple scattering of neutrons prior to their reaching the detector;
all measurements of resolution efficiency and delayed meutron spectra were
therefore performed with the same‘counter arrangement which is shown in

Figure 1.

3. Resolution measurements.

a) Single'parameter.

The dual parameter analysis was not used in the initial resolution
measurements as at that stage it was not appreciated quite how marked an
influence this technique has on the width of pulses detected. The single
parameter measurements will be described first. They were performed in the
'low scatter cell' of the Birmingham Radiation Centre which is a room approx-
imately 9m x 9m x 8m, bisected by a grid floor. A proton beam from the 3MV
Dypamitron accelerator was used to produce neutrons in the centre of the room
_by;means of the 7Li(p,nf and T(p,n) reactions. The detector was mounted
sufficiently far from the neutron source to ensure that the energy spread from
tﬁe angle subtended was small. Measurements with a shadow cone showed that
the room-return flux consisted largely of thermal neﬁtrons_and a very small
quantity of fast neutrons of random energy. The lithium target was an
evaporated layer of lithium carbonate which was shown to be 8keV thick by
measurements of the rise in yield at 0° at threshold; tﬁis therefore contrib-
uted an energy spread very much less than the detector resolution. The thinnest
tritium target available as tritium absorbed in titanium from the Radiochemiéal

Centre, Amersham, England, proved to be 68keV thick at threshold. This was
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comparable with the detector resolution but comparisons with measurements made
with the lithium target giving the same neutron energy showed that the effect
of the tritium target thickness could be successfully stripped from measured
spectra to give a consistent value for the detector resolution. Measurements
were made with neutrons at twelve energies from 130 and 1766keV. The

spectra obtained were found to be well represented by two Gaussians plus a
continuous wall effect distribution, the last being correctly predicted by the
formula of Batchelor, Aves and Skyrme(6). It was shown that a continuum, as
used by other workers for the wall effect, was not a good representation. The
reason why two Gaussians are required for the main peak is not certain, but it
is a similar result to that found in the fitting of gamma spectra in Ge(L1)
detectors. The wall effect was stripped from the spectra, and the FWHM of
the resultant peaks obtained. The results are shown in Figure 2 and were
disappointing, the 1MeV resolution, for example, being about &45keV. No
improvement resulted from different combinations of voltage on the grid and
anode and by running the getter built into the detector.

b) Dual parameter.

It was known that it would be necessary to employ dual parameter rise
time and pulse height analysis in the delayed neutron spectrum measurements in
order to separate the unwanted 3He recoil events in the detector from the pulses
produced by the 3He(n,p)T reaction. Without this technique, neutrons of
energies greater than 1MeV could produce 3He recoils of energy‘greater than
764keV and the recoil spectrum would thus obtrude into the neutron spectrum
above the thermal peak. However, separation 1is possible because the 3He recoil
tracks in the gas are on the whole shorter than the proton and triton tracks
and therefore produce pulées which rise faster. The electronics system used
is shown in Figure 3 and a typical resolution function measurement spectrum is
shown in Figure 4 where the pulse height increases from left to right, and the

rise time is short to the rear of the display and long to the front (the pulses
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in rise time channel 1 are missed coincidences and were ignored). The
Canberra 1412 amplifier provided a fast pulse, the rise of which above a
threshold was detected by the Ortec 473 constant fraction discriminator. The
resultant timing pulse‘was delayed and formed the stop pulse for an Ortec 467
time-to-amplitude converter (hence the short rise times were at high rise time
channel numbers). The start pulses for the T.A.C. were obtained from the
cross—-over of a bipolar pulse from.an Ortec 410 amplifier. The double differ-
entiation time constants required in the 410 were set at 2 and 5us in the light
of the analysis of Cuttler et a1(8). It caﬁ be seen from Figure 4 that rise
‘time channels 2 to 11 contain no 3He recoils and so these rise times alone were
used in all subsequent resolution, efficiency and delayed neutron spectrum
measurements. .

This analysis also showed that the centroid of the fast neutron peaks did
not occur at the same pulse height channel for all rise times. Figure 5a
shows the effect for neutrons of 1306keV where the fast neutron peaks from
successive rise time channels have been superimposed; this phenomenon was, in
fact, reported by Shalev(g). It is no doubt due to the long rise time pulses
Jbeing clipped by the 6us time constant shaping circuit of the Ortec 472
amplifier; a longer time-constant was not used as it was found to make the
:_EQtébtor even more sensitive to electrical and vibrational noise and the
resolution, in fact, became worse. Therefore further resolution measufements
were made with the same target arrangement‘as before but now using the dual
parameter electronics. It was found that the shift in the centroid relative
to rise time channel 11 was linear with neutron energy for each rise time
channeli(see Figure 6) making it possible to correct all the recults on to the
same energy scale, the result of which is shown in Figure 5b. After this
correction all rise time channels from 2 to 11 were combined and the wall

effect prdicted by Batchelor, Aves and Skyrme stripped off (it was found that

the rise time analysis only marginally altered the predicted wall effect
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observed in the rise time channels above the 3

He recoils). A double Gaussian
fit was performed as in the single parameter work and the final FWHM values
obtained are shown in Figure 7; it can be seen that the dual parameter
analysis has improved the resolution at 1MeV to the value of 27keV.

A second benefit of the dual parameter analysis can alsobe seen in Figure
4; the vast majority of thermal neutron pulses are of short rise time and by
selecting only rise time channels 2 to 11 most of them are removed from the
spectra. This greatly assists in analysingthe delayed neutron results at

energies close to the thermal peak.

4. Efficiency measurements.

The efficiency of the spectrometer was measured by comparison with a de

Pangher Precision Long Counter(lo)

which had been calibrated against the one
at the National Physical Laboratory, London, England(ll). A similar experi-
mental arrangement to that used in the resolution measurements was employed,
although higher count rates were obtained by having the detector nearer the
neutron source. The tritium target was used at all neutron energies except
below 300keV where the lithium target was used in order to avoid the region
where the T(p,n) reaction produces two neutron energies at each laboratory
_angle (this regime extends from threshold to proton energies at 1160keV).
The Birmingham‘long'coun;er has an efficiency within 5% of that of the
NPL counter and as, so far, no attempt has been made to obtain more tban the
relative efficiéncy of the 34e spectrometer, the NPL calibration figures of

Hunt(ll)

were used directly. Corrections for room in-scattering and air out-
scattering for the long counter are complementary and it is felt that their
overall effect is small compared with the total error on each efficiency value.

When defining the efficiency of the 3He counter it is essential to be
specific about the region of pulses which are being counted. In the two-
parameter analysis it is clear that some of the wall effect pulses are lost in

the high level of low energy events. Therefore a total efficiency has been
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defined which allows for all wall effect events by extrapolating from high
energies by the form given by Batchelor, Aves and Skyrme. All rise time
channels are then summed and the relative efficiencies obtained in this way

are shown in Figure 8. It will be noted that the efficiency rises sharply at
low energies, a fact which has previously limited the lowest energy to which
3He spectra could be unfolded. These results confirm the observation by Franz

et a1(7)

that the measured efficiency falls off more rapidly than the 3He(n,p)T
.cross section.

At about 250keV there is a departure from the smooth monotonic decrease
in efficiency. Despite a search of the cross sections for all the elements
likely to attenuate a d%rect beam (boron, ca;bon, lead, iron) no clear reasocn
can be found for this observation. Franz et a1(7) saw similar dips at 130
and 340keV, whilst Evans and Krick(3) noted one betﬁeen 350 and 400keV.
Shalev(lz) has suggested these may be due to iron in the construction of-some
counters but he believes this should not affect the Birmingham device which
is of different construction. Clearly, there is some variation.in the
behaviour of SHe spectrometers.

As selected rise time chamnels were used in the delayed neutron experi-
ments, the total efficiency as defined above is inappropriate as it includes
eévents at all fisevtimes. ‘Therefore 'effective efficiency' has been defined
by taking only the results in rise time channels 2 to 11 inclusive and considering
only those events above a neutron energy of 15keV, that discriminator level
having been chosen as the lowest emergy that could reasonably be identified
without contamination by the thermal peak. The results of this analysis are
shown in Figure 9 and it will be seen that the efficiency no longer rises at
low energies but, in fact, falls because of the operation of the 15keV dis—
crimination. The shape of the curve can be understood as the combined effect
of the 3He(n,p)T cross section and the tendency of wall effect counts to fall

above the 15keV cut—-off as neutron energy increases; this accounts for the
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maximum observed at about 600keV and the slight minimum around 1000keV. So
far measurements have been made only up to 1300keV but at higher energies the
efficiency can be expected to be moderately flat as the cross section only
varies by 67 between 1300 and 2000keV and at these energies most of the wall
effect pulses lie above 15keV. Thefefore in the analysis of the delayed
neutron experiments a flat efficiency has been used above 1300keV and the least
squares fitted.fifth order polynomial shown in Figure 9 used from 15 to 1300keV™

5. Delayed neutron spectrum measurements.

For the measurements with primary neutrons of 940, 1440 and 1760keV a
proton beam from the Dynamitron was used to bombard a thick tritium target
19

. - -2 . . .
containing about 3.3 x 107~ tritium atoms cm = of the titanium layer (Radio-

-

chemical Centre, Amersham, target TRT100). At zero degrees with 2MeV protons

7 INA—ls—l and in the experimental

this gave a yield of about 1.2 x 10'n sr~
arrangement used resulted in an energy spread of about 300keV at the uranium.
For the 6000keV experiment a deuteron beam was used on a thick deuterium absorbed
on titanium target (Radiochemical Centre, AmerSh;m, target DBT100) and this
produced a similar yield per microamp but an energy spread nearer 700keV.

The uranium sample was kindly loaned by AERE, Harwell, and of a total mass

235 235 38U

U(96.54%7 233y, 3.46% 2

of 105g, 100g were ). It was double wrapped in
pdlytheﬁg film to contain fission products and positioned 2cm from the neutron
-source. The detector was 8cm behind the uranium, the separation being
necessitated by the lead shield. A cadmium shield was used round the uranium
to minimise thermal f}ssion by neutrons moderated in the walls of the experi-
mental area.

It is obviously impossible to detect delayed neutrons in the presence of
the source neutrons and those emitted at the time of fission. The Dynamitron
accelerator was therefore pulsed by deflecting the beam emerging from the ion

source prior to acceleration with an electrostatic potential applied to a plate

in the high-voltage terminal. Timing was by an extermal circuit, with control

* The results presented in Vienna took account of new efficiency measurements
between 1300 and 2000keV.
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information being fed to the terminal by an optical link. The reduction in
primary neutron source strength from the beam~on to beam-off conditions was
better than 106:1. The cycle consisted of a beam-on period of 0.8s and a beam-
off time of 1.0s. Delayed neutron counting took 0.8s and began 0.1ls after

the beam was turned off; this permitted the detector to recover from the huge
overload of the beam—on period and allowed the source neutrons to die away.

The detec tor recovery,groved to be a limiting factor on the intemnsity of primary
neutrons that could be employed; if the source rate was increased above a
critical level the recovery period would suddenly increase to 0.2s or more,
which was not acceptable. " For beam currents of less than 50pA the recovery
time was always less than O.ls. This cycle produced ; near equilibrium dis-
tribution of delayed neutron groups and therefore corresponds closely to that
produced by con;inUOus irradiation. Table 1 shows the contributions expected
according to Keepin's six group formalism(13) for this experiment; equilibrium
conditions and the cycle used by Eccleston and WOodruff(z).

| Figure 10 shows a typical two-parameter spectrum, the fissions baving been
induced by primary neutrons of 1440keV. The spectra from all the experiments
were corrected for the energy shift with rise time as described in section 3(b)
aﬁqve and the rise time groups 2 to 11 inclusive summed; the results are shown
'{;“figﬁres 11-14 (tﬁe 6MeV run contains significantly fewer counts as the
detector recovery limitation on primary source strength wa; particularly severe
at that energy). Figures 11-14 also show tentative assignments of the energies
of prominent peaks and in Table 2 comparison is made with peaks determined from

spectra of separated precursors measured by Franz et a1(7) 1(14’15),

(16,17) and Shalev and Rudstam(ls-zo). The peaks observed in

the spectra from 235U by Evans and Krick(3)

(5)

» Kratz et a
‘Rudstam and Lund
and Sloan and Woodruff(ZI)'and
Shalev and Cutler are also listed in Table 2. The agreement is good below

about 1MeV but above this energy few peaks have been observed by other workers;

however, the structure is believed to be genuine, particularly since wany of
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-the peaks appear in one more than one spectrum.

The pulse height distributions were converted to delayed neutron spectra

by applying an iterative technique similar to that used by Rudstam(zz)

where
the required response functions were derived from the resolution and efficiency
measurements noted earlier. A number of corrections were considered before

final analysis.

a) Source multiplication.

The uranium constitutes a multiplying system and some of the fissions
taking place must be the reéult of prompt neutrons from one fission inducing
a second. There is little that can be done to correct for this effect in the
present situation of poor knowledge of the variation of emitted spectra with
primary neutron energy. Calculations based on the mean chord length in the
uranium sample indicated an 87 contribution from prompt neutron fission.

It is simple to show that an effect of similar magnitude arises from the
fissions induced in the uranium by delayed neutrons during the beam-off period.
Allowance was made by stripping off the appropriate amount of prompt fission
neutron spectrum, but it was appreciated that this was not ideal as much of the
prompt spectrum is at emergies greater than the operational limit of the
ségctrometer and would thus give only wall effect pulses. As it has not been
possible to predict the shape of the spectrum from these high energy pulses,
-no correction has been applied. Nor is it possible to predict whether 3He
recoil pulses of sufficiently long rise time to fall in the selected channels
can be caused by neutrons of energies greater than 2MeV§ experiments to check
these issues are required.*

The corrections applied here are in general agreement with those deter-
mined by Sloan(23) but the multiplication quoted by Evans and Krick(B) appears
to be severzl times that predicted by the mean chord length method.

b) Neutron scattering.

The effect of scattering in the lead and iron of the detector assembly

252

* Measurements have recently been made with a

Cf source and prompt neutron
corrections are now based on these results.
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was taken into account by the efficiency and resolution measurements. The
additional scattering introduced by the uranium sample itself is thought to be
small in comparison with the effect of the lead. It has been mentioned that
the uranium was wrapped in two layers of polythene in order to contain fission
products; this results in 0.5 to 17 of delayed neutrons being scattered in
traversing this material.

c¢) Neutrons generated by energeticggamma rays.

The high thresholds for photo fission and (y,n) reactions make the
probability of contamination of the delayed neutron spectra small.

d) Delayed neutrons from 238U.

. . 8 .
3.5% of the uranium sample is 23 U and although the lowest primary energy

238 . . . .
measurements are not expected to have much U reaction contribution owing to

238U fission cross section at these energies, the 1760 and

the low level of the
6000keV experiments may have about a 37 addition from 238U fission.

e) Low energy fission.

The .cadmium layer around the uranium sample is expected to have removed

all but7 x 10“-10 of thermal neutrons and even at leV less than 0.06 of the

incident flux should have been transmitted.

£f) Room return neutrons.

Measurements of the.die away of source meutrons indicated that the O.1ls
delay between the beam turning off and the delayed meutron counting being
started was sufficient for room return neutrons to be reduced to a negligible
level. Room return of delayed neutrons is estimated tobeless than 0.17 of
detected delayed neutrons.

g) Source neutrons.

The reduction in the source strength was better than 106:1 when switching
from beam-on to beam-off. The absence of any structure in the measured spectra

at energies corresponding to the source further confirm that the source flux

was sufficiently attenuated.
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h) Incomplete rise time discrimination.

Good experience has been obtained with the dual parameter analysis system;
however, the unfolding of spectra is particularly sensitive to any variations
in the rise time analysis system and it is felt that further investigation of
the magnitude of errors associated with jitter in the rise time analysis is
required before the effects can be properly quantified.

i) Incomplete discrimination against the thermal peak.

A low energy limit of 30keV was employed in the unfolding at which level
a single thermal ﬁeak would only contribute 1.5 x 10“5 of its maximum value.
Gamma rays might broaden the peak by adding an exponential tail but at the
level of gamma flux encountered in the experiment the size éf this tail is
expected to have been negligibly small.

j) Errors introduced by the unfolding procedure.

The combination of uncertainties on the response function and efficiency
variation are expected to result in an overall error of 5% for the whole
energy range. This must be combined with the statistical variation in the
number of counts in the pulse height spectra and results in a final error of
+#72 in the region 100 to 1000keV. Below 100keV the error is expected to be
larger as é result of not being able to predict correctly the effect of
scattering. Above 1MeV statistics are poorer and there is greater uncertainty
in the wall effect subtraction; thus a final uncertainty of +15 to 207 is
expected here.

6. Discussion of results and comparison with other workers.

Figure 15 shows all the spectra measured in this work; they have been
normalised to contaiﬁ the same number of counts in the region 210 to 1200keV
as the absolute delayed neutron emission rate has not been measured. The
results are also given in Table 3. One particular feature is the peak at
around 370keV which is present in the 940, 1440 and 1760keV experiments, but

is absent at 6000keV. If the assignment to 1371 in Table 2 is correct it
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137

must imply the I fission yield or the mode of decay alters as the primary

137

neutron energy rises. The occurrence of other I peaks in the 6000keV

spectrum makes the latter possibility the more likely. Figure 16 comparss

the 1760keV spectrum with that of Eccleston and WOodruff(z) and Figure 17
compares the same one with the spectrum reconstructed by Saphier et al(l)

from separated precursor measurements. It is clear that reasonable agreement
exists between these spectra at delayed neutron energies fetween 200 and 900
keV but that this work and Eccleston and Woodruff suggest a higher contribution
than Saphier at lower energies. In fact, even more low energy delayed neutrons
are seen here than by Eccleston and Woodruff. Above a delayed neutron energy
of 1MeV these results compare better with Evans and Krick(3) in that consider-
able numbers of neutrons are seen; it may be that the proton recoil counter
used by Eccleston and WOodruff(z) did not respond well to these high energy
particles. However, the structure seen at around 370keV by Evans and Krick(3)
is not reproduced here despite -similar experimental and spectrometer conditionms
being used in both cases. Finally, it is clear that variations do exist in
the delayed neutron spectra as the primary neutron energy is raised and that
significant quantities of both low and high energy neutrons appear in the
spgctra.
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FIGURE 3: THE ELECTRONICS ASSOCIATED WITH THE e SPECTROMETER.
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TABLE 1

‘Group Yields

Yields expected according to Keepin's group structure for this experiment,
the work of Eccleston and Woodruff (reference 2), and the equilibrium yields

from continuous irradiation.

Group This Work Eccleston and Equilibrium
Woodruff '

1 0.039 0.040 0.038

2 0.221 0.224 0.213

3 0.195 0.197 0.188

4 0.419 0.421 0.407

5 0.114 0.108 0.128

6 0.012 0.010 0.026




" TABLE 2
‘The Principal Peaks in the Delayed Neutron Spectra

'(All energies are in keV)

THIS WORK POSSIBLE PRECURSOR Evans Shalev Sloan
and and and
Ef=940kev Ef-1440kev Ef=1760keV 'Ef-6.0MeV (Peak energy in brackets) Krick Cuttler Woodruff
(3) (5) (21)
33
41
60
68 1377 (17 68 75 76
82 90 90
103
128 130 129 127 875, (130))*Rb(130),
895130y, 1416a (140), 125 125 129
1391 (130
165 1371 (168) , 7R (155) 170 161
178 180 183
213 875y (211), %3m0 (200) 205 210
247 251 255 249 875, (248),1371(255,268) 255 255 240

- €¢€2 -



Table 2 continued.

THIS WORK POSSIBLE PRECURSOR Evans Shalev Sloan
and and . and
E.=940keV | E_=1440keV | E_=1760keV | E_=6.0MeV (Peak energy in brackets) - Krick Cuttler Woodruff
£ £ £ £
......... (3) (5) (21)
268 283
302 875 (312) ,93Rb (305) !
320
325
342 343 878b(339), 2 3Rrb(330) 343 355 351
366 373 360 1371 372) , 3Rb(365) 370 375
390 1371 (390) , 14114141 ¢g (395) 380 390
418 420 420
440
473 464 473 878 (457, 3rb (460)
1371 (476) 467
486 139; 485) 488 480
495 1371 493y ,134sn(500),
938b (490) , 83 As (495) 503 500
520 1371 (514), Bas(516),
938b(520)

- V€2 -



Table 2 continued,

THIS WORK POSSIBLE PRECURSOR Evans Shalev Sloan
and and and
E_=940keV | E_=1440keV | E_=1760keV { E_=6.0MeV (Peak energy in brackets) Krick Cuttler Woodruff
£ £ f £
. (3) (5) (21)
545 543 895y (540) , 137 1(555) 552
564 1371(577) 560 570
610
680
753 750
773 1371 (767, 756) ,23Rb (775)
828
858 850
881 1371 874)
958 950
1093 1371 1092)
85
1111 1106 As(=1110)
1160 1145
1293 13561 (1280)
1334 _1371(1320,1344)

- &ge -



Table 2 continued.

THIS WORK POSSIBLE PRECURSOR Evans Shalev Sloan
and and and
E_=940keV | E_=1440keV | E_=1760keV | E_=6.0MeV (Peak energy in brackets) Krick Cuttler Woodruff
f f f f
(3) (5) (21)
1402 1404 1393
1504 1495 1496
1586 1576
1629
1730 1728
1799
1866 135Sb(1897)

- 9te -



The relative counts per channel are given for 30keV wide channels.
the first channel corresponds to 30keV.

between separate measurements.

Results from the delayed neutron spectrum measurements
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TABLE 3

E, = 940keV (+ 378keV)

9815
1773
1350
896
818
584
596
311
195

]
]

5683
1522
1187
712
809
338
421
239
0

1440keV (+ 324keV)

3352
1483
1391
642
684
423
--286
177
0

8647
1554
1569
1053
999
656
425
- 418

Eg

5439
1698
1438
1049
962
369
347
186

1760keV (+ 362keV)

3319
1766
1344
619
714
505
569

- 206

5383
1456
1086
676
673
445
108
287

3543
1518
1231
806
803
408
353
195

2461
1638
1115
787
313
435
97
242

3211
2066
950
860
689
522
336
120
0

3527
2188
1446
1042

543

704
346
. 223 -

2529
1897
1089
651
546
480
397
214

No normalisation has been

2702
1659
897
765
766
388
387
144

2702
1827
1005
661
830
659
427

2248
1492
920
597
714
391
495
177

2154
1491
960
669
826
456
292
163

2399
1382
1087
828
884
663
574

1931
1306
785
688
755
428
338
127

1890
1404
834
746
821
478
434
128

1731
1605
1034
839
895
745
514

1594
1292
818
686
638
619
222
133

The base of

performed

2060
1674
936
910
779
557
413
139

2386
1809
1141
1083

719

619

352

1903
1603
944
812
363
423
402
47
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Table 3 continued.

Ef = 6.0MeV (+ 734keV)

2399 1680 1112 933 957 729 578 779
490 530 614 645 703 527 524 655
515 502 473 477 337 409 339 386
319 323 207 350 231 270 317 296
342 377 292 254 344 367 297 265
207 259 263 202 207 236 291 276
257 192 240 277 273 0 0 0

Uncertainties:

The combination of uncertainties on the efficiency and response function
measurements are expected to give rise to + 57 in the final spectra over the
vhole energy range. When combined with statistical variations in the number
of counts in the pulse-height spectra a final + 7% is expected in the 30keV
bin width results for the energy region 100keV to 1MeV. Above 1MeV the
poorer statistics cause a final uncertainty of 15-207%. Below 100keV the

error is expected to be greater than 77 due to uncertainty in the scattering
- correction.

(Revision note: These data were presented graphically in Vienna, and super-
cede those in the original version of this paper. The revision incorporated
new detector efficiency measurements from 1300 to 2000keV, later estimates of
the peak shift in the various rise-time slices, and better correction for
prompt neutron contributions by use of counts obtained from a Cf-252 source.
Further measurements of the detector efficiency at energies below 100keV are
-in progress). ’
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ABSTRACT

Ratios of counts in rings of counter tubes embedded in different
thicknesses of moderator are used tc measure average energies of neutrons
from spectral sources. This method offers a rapid technique for surveying
a large number of spectral sources. Consistent agreement between average
energies measured by the ring ratio technique and average energies cal~-
culated from the available spectra for Rb and Cs delayed neutron
precursors has been achieved. Data for 92-98py ana 41MTgg are
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MEASUREMENT OF AVERAGE NEUTRON ENERGIES BY A
COUNTING RATE RATIO TECHNIQUE

I. INTRODUCTION

The concept of using the ratio of counts in banks of counter
tubes embedded in different thicknesses of moderator has been used
previously as a technique for obtaining average energies (E) of neutron
sources.1 In a previous paper2 (called "Paper 1" hereafter) this ring
ratio technique was applied to the measurement of E from precursors pro-
duced by the on-line mass spectrometer facility “"SOLAR". The average
energies reported in Paper I showed significant variations from one precursor
to another as expected from the predictidns of a simple model based on the
“energy window" available for neutron emission. However, absolute values
of E were dependent on a calibration curve of ring ratio versus neutron
energy. This calibration curve was determined from measurements of mono-
energetic neutrons from photoneutron sources, but significant corrections
were required to account for weighting by the shape of the de]éyed neutron
spectrum. The values for E determined by the ring ratio technique differed
‘significantly from E values calculated from the spectra measured by Shalev
and Rudstam by use of a 3He ionization chamber spectromete%.3 Because the
correctiods to the ring ratio calibration curve also were based on the Shalev
and Rudstam spectra, it was disturbing that the two techniques generated in-
consistent results.

- Since the publication of Paper I, new measurements of the energy
Spectra of'de1ayed-neutrons from Rb and Cs precursors have become available
from the OSTIS group.4 These new spectra have much greater statistical
accuracy, better resolution and extend as low as 10 keV in neutron energy.
With the aid of several refinements to the ring ratio technique and the use
of the new spectral data to correct the calibration curve, we are now able
to get internal consistency between the ring ratio technique and E values
calculated from spectral data. This gives us greater confidence in reporting
F values measured by the ring ratio technique for several precursors for
which spectral data do not exist.

Although it is clearly more desirable to have complete spectral data
for all precursors, there are situations involving low neutron emission prob-
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abilities or low fission yields where obtaining the spectral data wou]d_
be quite difficult. The ring ratio technique, although limited to the

- measurement of E only, can give results after short running times and is
useful for surveying a large number of precursors.

11. TECHNIQUE

The SOLAR on-line mass spectrometer facility has been described pre-
vious1y5 and the ring ratio technique was discussed in Paper I. In the
following discussion, we briefly review the ring ratio technique and
describe the modifications which give greater reliability. The new cali-
bration curve of ring ratio versus energy is given and results of ring
ratio measurements for Rb and Cs delayed neutron precursors are presented.

A. Neutron Counter

The SOLAR Neutron Counter (SNC) described in Paper I contained 42
counter tubes embedded in polyethylene moderator. The tubes were arranged
in three concentric rings about a central beam hole with 9 tubes in the
inner ring, 9 tubes in the middle ring and 24 tubes in the outer ring. For
the new series of measurements, only 40 tubes were available so two of the
counter holes in the outer ring were filled with polyethylene rods. In order
to increase the efficiency of the inner ring, extra polyethylene liners were
added between the outer wall of the beam tube and the inner wall of the
-6éntra1 beam hole. The liner downstream from the source was 10.8 cm long
by 1.27 cm thick while the upstream liner was 12.1 cm long by 1.91 cm thick.
A schematic diagram of the modified SNC is shown in Figure 1. The liner
caused a large increase in the efficiency of the inner ring, a small increase
in the efficiency of the middle ring, and almost no change in the efficiency
of the outer ring. The effect of the liner was to increase the total effi-
ciency for a typical delayed neutron spectrum by about 19%.

The counter tubes in each ring were connected in parallel to a separate
preamplifier for each ring. The signals from each of the three preamplifiers
went to separate amplifiers, discriminators, and scalers for each ring.
Standard NIM electronics were used in place of the older elctronics used
previously. Each day before taking data, the pulse height spectrum was
checked for each ring. The standard procedure was to adjust the amplifier
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gains-to center the neutron peak in channel 90 of a 100 channel spectrum.
The discriminator was adjusted to cut off pulses below channel 40 which
was well above any noise pulses or gamma-ray pile up pulses. This gave
about a 6% improvement in neutron counting efficiency over the use of
channel 50 as was done in Paper I. With the discriminator set in channel
40, 87% of the neutron pulses were counted.

B. Absolute Efficiency of SNC

The absolute efficiency of the SNC was redetermined using the same
procedures as given in Paper I. Photoneutron sources were calibrated
against a known 252Cf source by use of the Hanford precision long counter
H2. The calibration experiments were performed in a 1arge'sub—b5§ement room
with the reactor off. The photoneutron source intensities were about the
same as those used in Paper I, but the room background was about a factor of
10 lower. The background taken with a bare gamma source in the standard
source position was less than 2% of the photoneutron count rate. Corrections
of 2.9-3.6% were made for the room-return neutrons. The energy dependence of
the precision long counter was taken from Ref. 6. The sources, neutron ener-
gies, emission rates and coriesponding relative efficiencies of’the precision
long counter are given in Table I.
24NaDZO source was taken as 0.27 MeV
24Na gamma-ray and the binding energy
of_ the neutron in deuterium. Because of concern whether the finite size of
the photoneutron sources mighf'degradé‘the neutron energy, the energy spectra
of the 24NaD,0 and 2

detector. The measured FWHM for the
24

In Paper I, the energy of the
which is based on the energy of the

NaBe sources were measured using a 3He jonization chamber
24Na020 source was .043 MeV and for the
NaBe source, it was .036 MeV. The FWHM for the thermal neutron peak was
.030 MeV. These data indicate that the neutron energy of the 24Na020 source
was considerably broader than the neutron energy from the 24NaB.e source.
Moreover, by calibrating the energy scale with the thermal neutron peak as
zero and the 2*NaBe peak as 0.83 MeV, the 24Na020>peak was determined to be
0.22 MeV. Changing the 24Na020 neutron energy from 0.27 MeV to 0.22 MeV had
a relatively small effect on the efficiency curve but made a significant

change in the ring ratio calibration curve.
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TABLE 1. HNeutron sources used for absolute calibration .

Relative Efficiency

Neutron energy Neutron emission of
Source (MeV) rate (n/sec)d . Long Counter
124680 © 0.024 7.4x10° | .933
28NaD,0 0.22 1.5x10° .957
240a8e  0.83 6.4x10° .998
252.¢ 2.352 1.92x10° .970
RaBe 3.92 3.8x10° .89

aAverage over neutron spectrum

bEmission rate calculated for 00:00 on June 8, 1978
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The 252Cf source was calibrated against a Hanford standard source as

described in Paper I. The emission rate was measured with an uncertainty
of 2%. No new calibrations were performed - the emission rate given in
Table 1 was.calculated from the previous value using the 252Cf half-life
of 2.63 yr. Because the 252Cf source had decayed by almost a factor of
2, it was possible to count the 2526f source directly in the SNC although
dead time corrections of up to 13% were required. The dead time of the
SNC was determined by measuring the counting rates with 1, 3,°4, 5 and S
tubes in the inner ring. The counting rate per tube was plotted versus
number of tubes and the true count rate per tube was obtained by extra-
polating this plot to zero tubes. The dead time was calculated for each of
the five measurements and an average value of 5.15 usec was obtained for the
dead -time. ‘
All the sources listed in Table I were counted in the SNC at the
position corresponding to the deposition point of the delayed neutron pre-
cursors. The neutron sources were also counted at a position 1.27 cm from
the standard position inside the SNC in order to determine the slope of the
efficiency versus position. The average value for the percentage change in
efficiency was 2.7% per cm along the axis of the counter; i.e., a 1l cm
uncertainty in source position causes a 2.7% uncertainty in counting efficiency
The efficiency of each ring is plotted as a function of neutron energy .
in Figure 2. The uncertainty in the efficiency for the 252Cf is estimated
to be 4% due to the 2% uncertainty in emission rate and 3.5% uncertainty in
positioning the source in front of the precision long counter. The photo-
neutron sources were not point sources so an additional uncertainty of 5.5%
was added to give an overall uncertainty of about 7%. The errors shown in
Figure 2 include these uncertainties in absolute source strength. The effi-
ciency curves for the monoenergetic sources in Figure 2 have been extrap-
olated to include the 252Cf data even though 252Cf is a spectral source.
Because the energy dependence of the inner and outer ring efficiencies
are quite different, the ratio of counts in the outer to counts in the inner
js a sensitive measure of the energy of the neutrons being counted. Like-
wise, theratio of counts in the outer ring to the counts in the middle ring
is an independent measure of the neutron energy. The uncertainty in the
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absolute source strength cancels out when taking a ratio of counts in
separate rings. Therefore, the errors shown on the absolute efficiency
curves in Figure 2 do not apply to the ring ratio measurements.

C. Calibration of Ring Ratio Versus Energy

As discussed in Paper I, the ring ratio versus energy curve deter-
mined with monoenergetic sources does not represent the calibration curve
required for sources having an energy spectrum such as the delayed neutron
precursors. For monoenergetic sources, the ring ratio is just the ratio of.
counting efficiencies in the corresponding rings. However, for sources
with a spectrum of neutron enefgies, the ring ratio is the ratio of effective
efficiencies where the effective efficiency is defined as

€eff _ [ N(E) e(E) dE ' (1)
N(E) dE ,
In Eq. 1, N(E) is the neutran intensity as a function of energy and €(E)
is the efficiency of a particular ring as a function of energy. In Paper 1,
the corrected calibration curve was obtained by ca]cu]éting ratios of
effective efficiencies using a number of delayed neutron spectra published
by Shalev and Rudstam.3 The calculated ring ratios were plotted versus
the average energies of the Shalev and Rudstam spectra. Greatly improved
spectra are now available from the work of Kratz, et a1.4 In particular,
their measurements extend as low as 10 keV whereas the earlier spectra did
not_go below. about 100 keV. Many important neutron peaks have been found
'iﬁ this'1ow'energy region. In the present work, we have used the new Rb
and Cs delayed neutron spectra to calculate effective efficiencies for each
ring. In Figure 2, these effective efficiencies are plotted versus the
average energies calculated from the new spectra. The effective efficiencies
for the inner ring 1ie above the curve based on monoenergetic sources while
the effective efficiencies for the outer ring lie below the corresponding
outer curve. Thus, a significant shift in the outer/inner ring ratio is ob-
served between monoenergetic sources and spectral sources. The shift is not
as great for the outer/middle ring ratio since the effective efficiencies of
the middle ring lie close to the curve for monoenergetic sources.
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The calibration curves corrected for neutron spectra are shown in
Figure 3 for the outer/inner ring ratio and in Figure 4 for the outer/middle
ring ratio. The 252Cf and RaBe ring ratios lie on a single straight line
with the calculated ring ratios for the delayed neutron sources. Thus the
calibration curves are now valid up to much higher energies than were the
curves in Paper I.

The. s1ight scatter of points in Figure 3 and Figure 4 from the straight
Jines is an indication of the magnitude of the effect of different shape
spectra on the calculated ring ratio. From among all the spectra available
from the OSTIS group, the worst discrepancy in calculated ring ratios due
to different spectral shapes occurs with 97Rb and 85As. For these two
precursors, the calculated average energies are within 2% of each other.
However, the calculated outer/inner ring ratios differ by 5.5% leading to a
25.4% difference in average energies obtained from the calibration curve of
Figure 3. The calculated outer/middle ring ratios differ by 4.0% leading
to a 23.1% difference in average energy obtained by use of the calibration
curve in Figuré 4. Generally, the deviations from the calibration curve
are much less than the numbers given for 97Rb and 85As.

 Kratz, et a'l,4 have already noted that odd mass precursors tend to have
more peaks in the energy spectrum than the even mass precursors. In Figure 3
and Figure 4, the odd mass precursors are shown as closed points and the
even mass precursors as open points. fhe differences due to odd or even
éharacter do not appear to affect the calculated ring ratios to any great
extent.

I11. APPLICATION

A. Data Collection

Experimental values for the ring ratios of Rb and Cs delayed neutron
precursors were measured in conjunction with measurements of Pn values to be
reported elsewhere. Neutron counts from each of the three rings were re-
corded continuously during repetitive cycles of ion beam-on and ion beam-off.
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During beam-on, the jons were deposited on the first dynode of an electron
multiplier located inside the beam hole of the:SNC. During beam-off, the
ion beam was stopped at an electrostatic deflector and slit assembly located
about 2.4 m from the SNC. In Paper 1, the ion beam had been switched off at
the ion source. However, a test showed that having ion beam present at the

electrostatic deflector increased the background in the SNC by 5%. Thus
switching the ion beam off at the deflector more truly represented the
actual background during beam-on. Background rates were determined after
each data run by counting for 300 sec in the beam-off mode. Background rates
were constant as long as the oven was kept at a constant temperature. Back-
ground counts measured on the same day at the same temperature were combined
to give greater statistical accuracy. Background rates in the present
experiments were about 10 times higher than the rates obfained in Paper 1.
This was due to the 10-times higher neutron flux at the ta}get and the
corregponding increase in the production of neutral gaseous fission pro-
ducts which diffused into the counter in spite of two stage differential
pumping. (See Appendix I.)

The performance of the SNC was monitored daily with the 252Cf source
before starting any data runs. The 252Cf source could not be counted at
the ion beam deposition point when the SNC was in place on the SOLAR beam
pipe. However, a new position for the source was established which could
be accurately reproduced without removing the SNC from the beam pipe. The
ratio of 252Cf counts in each of the three rings between the new standard
bosition and the ijon-beam deposition position was carefully determined. With
-éhe new electronics, the SNC was very stable over the four month data
éo]iéction period and'only'mfhor adjbstments'to the amplifer gains were
necessary to keep the neutron peak amplitude fixed relative to the discrimi-
nator level. The count rates in each of the three rings were constant to
within 1% and no unexplained variations in ring ratios were observed. .

Most of the ring ratio data reported here were taken with a 17-stage
electron multiplier and its tube base located in the SNC beam hole. However,
a set of 11 data runs was taken using a thin Al window and a Si beta detec-
tor in place of the electron multiplier. The ring ratios taken with the
Si detector in place were significantly different from those taken with the
electron multiplier in place. The effects could be explained by assuming
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that the electron multiplier and its associated beam pipe and tube base
caused a 6.9% reduction in the efficiency of the inner ring, a 2.1% re-
duction in the efficiency of the middle ring and no change in the efficiency
of the outer ring. The above changes in efficiency can not be explained by
any possible change in ion beam deposition point between the two configurations,
The most likely cause for absorbtion of neutrons is probably the presence
of boron in the glass liner used to insulate the electron multiplier from
the walls of the beam tube. This liner was not present when the Si detector
was in place nor during the calibration experiments with photoneutron sources.
The above normalization factors for the inner and middle rings were there-
fore applied to all the data taken with the electron multiplier. |

The ratios of net outer counts to net inner counts and net outer counts
to net middle counts were calculated for each data run. Weighted average
outer/inner and outer/middle ring ratios were calculated for each precursor.
Weighting factors were based solely on the statistical counting uncertainties.

B. Results

The weighted average ring ratios for the Rb and Cs precursors measured
in the present experiments are iisted in Table II. The error for an experi-
mental ring ratio was based on the formula:

o= (I o,i-z)_!5 (2)

vhere o. was taken only from the counting statistics. The distribution of

3ndivfdaa1'resu1ts was accounted for by multiplying Equation 2 by the square
root of chi-square per degree of freedom whenever this factor exceeded unity.
Also listed in Table II are the calculated ring ratios based on the effective
efficiencies calculated according to Equation 1 using the energy spectra of
Kratz, et a1.4 It can be seen that the measured ring ratios are in reasonable
agreement with the calculated ring ratios which implies that the corresponding
average energies will also be in agreement. _

The experimental ring ratios were converted to average energies by use
of the calibration curves shown in Figure 3 and Figure 4. A simple exponen-
tial expression was obtained by a least squares fit to the data points shown in
each figure. Average energies and uncertainties were ca1cu1ated from the
analytical expression. The average energy for a given precursor was taken as
the unweighted average of the values from the outer/inner and outer/middle
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TABLE 11. Ring ratios for delayed neutron precursors in SNC

Mass 0/1 (Exp.)®  o/1 (Care.)®  o/M (Exp.)? o/M (Calc. )P

Rb Precursors

92 .509:.027 (3) 1.066+.108 (3)

93 .678+.003 (6) .658 ©1.1972.005 (6) 1.167
94 .678+.002 (14) .688 1.2012.003 (14) 1.203
95 .666+.004 (14) .660 1.190+.007 (14) 1.189
96 .678+.016 (9) .652 - 1.212+.025 (9) 1.167
97 .728+.008 (3) .737 '1.248+.018 (3) 1.269
98 .693+.172 (1) 1.662+.557 (1)

Cs Precursors

141 .556+.030 (3) .564 1.045+.094 (3) 1.054
142 .526:.014 (6) .579 1.016+.031 (6) 1.075
143 .573+.005 (8) 593 1.103+.008 (8) 1.086
144 .561+.006 (9) .608 1.085+.017 (9) 1.110
145 .625+.006 (7) .630 1.149:.021 (7) 1.128
146 .656+.040 (5) .640 1.237+.083 (5) 1.151
147 .697+.303 (1)

3Numbers in parentheseé are number of determinations

bCa]cu]ated from absolute eff1c1ency curves for SNC and delayed neutron

spectra from Kratz, et al.
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TABLE 111. Average energies (keV) of delayed neutron spectra determined
by ring ratios in the SNC and by calculations from spectra
measured by 3He spectrometers.

Mass  SOLAR (SNC)  SOLAR (SHe)? 05715 _(he)® 0S1RIS (3He)
' Rb Precursors
92 20085
93 482417 390 414 340
94 4863 7 420 474 350
95 454115 470 508 520
96 50059 481
97 650246 754
98 >303
- Cs Precursors
1417 21676 213 270
142 182+24 252 200
143 26710 | 390 276 240
144 245216 312 280
145 356227 331
146 500+183 406
147 >69
3Ref. 7
Ref. 4

CRef. 8



- 251 -

ring ratios. The experimental average energies from the ring ratio technique
are listed in Table III. The symmetric errors associated with the experimental
ring ratios give rise to non-symmetric errors when converted to average
energy. For simplicity, the errors shown with the average energy in Table
111 are just an average of the errors resulting from both ring ratios. The
errors do not take into account possible deviations from the calibration
curve due to different spectral shapes. As discussed in Section II C

‘above, the uncertainties due to spectral shape are thought to be less than
+10% of the energy quoted in Table III. In two cases, the errors on the
ring ratios were large and only the lower limit of the aVerage energy is
given.

C. Discussion

The average energies obtained by the ring ratio technique and shown
in Table III can be compared to average energies calculated from measured
delayed neutron spectra. ‘Spectra measured with 3He ionization chamber detec-
tors have been reported by three laboratories. The first set of spectra
viere reported by Shalev and Rudstam working at the OSIRIS on-line separator
facility.3 Average energies calculated from these spectra may be suspect
because the spectra could not be measured below 100 keV and may also be con-
tqpinated by scattered neutrons. The spectra measured by Kratz and co-workers
at the OSTIS facility have good statistics, excellent resolution and extend
mag Tow as 10 keV.4 The statistical and systematic errors in the average
lﬁéufron energy are thought to be 20 to 50 keV. The four spectra which we
héve measured at the SOLAR facility suffer from poorer statistics ‘and not
quite as good resolution but do extend down to about 20 keV.7 A1l three
groups have had to measure the efficiency of their 3He spectrometers in sep-
arate experiments using monoenergetic neutrons from accelerators.

Because the calibration curve for the ring ratio technique is based
on the gffective efficiencies calculated using the OSTIS spectra, one might
expect close agreement between the two techniques. To illustrate the degree
of agreement or disagreement, we have plotted in Figure 5 the average energies
determined by the ring ratio technique versus average energies from the 0STIS
spectra. Many of the data points do fall on a 45° Vine as expected, but
five points deviate outside the estimated error from counting statistics.
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95 97

In two cases, ““Rb and " "Rb, the deviations are comparable to what one
expects from the scatter of calculated ring ratios relative to the least
squares fitted calibration curve. This scatter was ascribed to spectral
shape differences in Section Il C. For 93Rb, the deviation is more than
four times the deviation expected from the spectral shape dependence and
about 8 times the statistical uncertainty. For this odd mass precursor, the
deviation is toward a higher E measured by the ring ratio technique. For
the even mass precursors 142Cs and 14465, the deviations are toward lower E
values measured by the ring ratio technique. For 142Cs and 144Cs, the.combined
rms uncertainty due to counting statistics is $10.5%, whereas the rms deviation
of the experimental E values from the E calculated from the spectra is 25.6%.
The rms deviation expected from spectral shape considerations is only 2.9% - far
less than the actual deviations. Overall, the present data suggest the
possibility that spectral shape differences related to odd/even mass character
are more pronounced than the present spectral data allow. However, additional

data are needed toclarify this situation.

1V. CONCLUSION

In this work we have shown that by use of a few well known delayed
neutron spectra, a calibration curve can be derived for the average energy
as a function of ring ratio. This calibration curve gives consistent agree-
ment between the average energies determined by ring ratios and average
energies calculated from the spectra used to derive the calibration curve.
The calibration curve can then be used to determine average energies from
ring ratio data for those bréédrsors for which spectral data do not exist.
In the present work we have used this procedure to determine the average
energy of 92Rb and lower limits for the average energies of 98Rb and 147Cs.

The significant changes which improved the calibration curve beyord
the one used in Paper I were: |

a. The use of spectral data from the OSTIS group

b. The normalization of ring ratio data taken with an electron

multiplier in the SNC beam hole to ring ratio data taken in a
configuration more closely representing the calibration con-



_253_

figuration (Si beta detector in SNC beam hole).
c. The shift of the energy of the 24NaDZO monoenergetic source from
0.27 MeV to 0.22 MeV.
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APPENDIX 1

Average Energy of Gaseous Fission Products

The background in the neutron counter can be attributed to three
" sources - cosmic ray and electronic noise, operation of the TRIGA re-
actor, and delayed neutrons from neutral gaseous fission products. The

relative contributions from each source are given in Table Al.

TABLE A1. BACKGROUND COUNTING RATES (COUNTS/SEC) DUE TO VARIOUS SOURCES

Cosmic ray
Ring and Noise Reactor " Kr, Xe
Inper .38 .57 2.34 - 6.15
Middle 1 .50 1.36 - 3.40
Quter _=28 - 1.17 1.57 - 4.08
Total .78 2.24 5.27 -13.63

The gaseous background depended on the operating temperature of
the oven. At each temperature the cosmic ray and reactor contributions
were subtracted from the measured background éounting rates to give
a set of counts representing only the contribution from gaseous acti-
vities. Outer/inner and outer/middle ring ratios were calculated for
this gaseous component and plotted versus inner backgrouﬁd count rate
(which was found to be a function of oven temperature). No significant
trends could be observed in these plots. Either the distribution of
gaseous fission products was independent of oven temperature or else
the ring ratio was insensitive to whatever changes might have occurred.
It was therefore assumed that the average value of all the gaseous back-

ground ring ratios was indicative of the average delayed ncutron energy
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of whatever gaseous fission products were present. The average values
for the outer/inner and outer/middle ring ratios were 0.632 + .008 and
1.174 + .014 respectively for 13 measurements. From the calibration
curves of Figures 3 and 4, a final value of 390 + 25 keV is obtained
for the average energy of the delayed neutrons from gaseous précursors.
It is possible to estimate the‘contributions of individual gaseoué
precursors to this background. 1If décay losses prior to the activities
reaching the neutron counter aré jgnored, one can consider three Kr and
three Xe precursors as contributing. .These precursors are listed in
Table A2 along with their half-lives, cumulative fission yie]d (cry),
delayed neutron emission probabilities per precursor decay (Pp), and
calculated delayed neutron yields (DNY).
TABLE A2 GASEQUS DELAYED NEUTRON PRECURSORS

Half-Life  CFY® p b DNY = (CFY)(Pn)

Precursor (sec) (%) _121_ (10-%)
2y .85 1.697 .033 056

By 1.29 .524 2.1 1.10

Myr 208 254 2.2 .56

Wye 173 1.329 .043 .057

142y 1.24 447 .406 81

143y, .30 054 2.6 .139

2Recommended cumulative fission yield from M. E. Meek and B. F. Rider
"NED0-12154-2, Jan.(1977) (unpublished).

bRef. 8
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The time reguired for neutral gases to diffuse from the oven to
the néutron counter (a distance of about 7 m) is not known precisely.
However, the precursors 94Kr and 143Xe with half-lives much less than
1 sec are not expected to contribute significantly. Of the remaining
gaseous precursors, 93Kr probably contributes about 80% of the observed

background and is primarily responsible for the measured average energy

of 390 + 25 keV.

APPENDIX II

Average Neutron Energy of Delayed Neutron Precursors from Revised 1976
Ring Ratio Data

The average energies based on ring ratio data published in Paper I
were redetermined using the modifications described in this paper.
Specific changes were 1) the use of 0.22 MeV for the energy of the
24Na020 source and 2) the use of the delayed neutron spectra from 0STIS
to calculate effective efficiencies. No correction for the presence of
the electron multiplier was needed hefe. The 1976 data were ﬁot taken with
polyethylene liners close to the glass liner of the electron multiplier so

‘neutrons were probably not being thermalized in the vicinity of the glass
(with its unknown boron content).

In Paper I, data taken with three neutron scalers were treated separately
from experiments done with only two scalers available. For this revised
analisis, this distinction was not made.

The revised average energies are presented in Table A3. The errors
shown in Table A3 are somewhat larger than those given in Paper 1 because we
now take the distribution of independent results into account when calculating
the errcr of a mean. The average energies for Rb and Cs precursors now
agree vell with the recent ring ratio data. Table A3 includes some values
for Br and I precursors which were not measured in our recent work.
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Table A3. Average Energy of Delayed Neutrons Based on 1976 Ring

Ratio Data
Precursor E (kev)

87gy 131 + 30
88, 231+ 57
8%, 552 + 377
92pp 112 + 41
93

Rb 477 + 4
9pb 461 + 26
95pb 460 + 24
96pp 474 + 32
b ~750 + 99
% > 89
137, > 94
1414 101 + 41
182, 62 + 23
143 254 + 23
144, 215 + 19
145¢¢ 382 + 26
146 > 550

APPENDIX III

Summary of Average Neutron Energies of Fission Product Delayed Neutron
Precursors. :

In Table A4 are presented the existing data on average neutron energies
measured for separated precursors. The 1976 and 1978 SOLAR data are based
on the ring ratio technique. Three groups have reported delayed neutron
spectra taken with 3He jonization chambers. Average energies have been
calculated from the experimental spectra.



- 258 -

Table A4. Summary of Average Neutron Energies of Delayed Neutron Precursors

1976 1978 e he e
.1 A SOLAR® SOLARD SOLAR® Mainzd 0SIRISE
In, Ga 79 250
Ga 80 240
Ga 81 370
As 85 728 610
Br 87 131+ 30 217 170
Br 88 231 &+ 57 260
Br 89 550 + 380 470
Br 90 460
Br 91 510
Kr 93 390+ 25
Rb 92° 112+ 41 200 + 85 -
Rb 93 477+ 41 482+ 11 %42 414 340
Rb 94 461+ 26 486t 7 460 474 350
Rb 95 460 + 24 454 %+ 15 527 508 520
Rb 96 474 + 32 500 * 59 481
Rb 97 750 + 9% 650 * 46 754
In 129 550
In 130 420
Sn 134 540
sb 135 1033 610
Te 136 325 220
I 137 579 510
I 138 467 390
1 139 _ 370
I 140 450
Cs 141 101 + 41 216 * 76 213 270f
Cs 142 62+ 23 182 + 24 252 2009
Cs 143 254 , 23 267 + 10 390 276 240
Cs: 143 215 % 19 245+ 16 312 280
Cs 145 382 + 26 356 ¢ 27 331
Cs 146 - -. 500 + 183 406

a. P. L. Reeder, J. F. Wright and L. J. Alquist, Phys. Rev. C 15,
2098 (1977) (Data revised in 1979 by P. L. Reeder and R. A. ¥arner)

-

b. P. L. Reeder and R. A. Warner, to be published.

c. P. L. Reeder, in Proceedings of Ames-BNL VWoikshop on 1SOL Systems,
BNL 50847. (Revised data - 1979). '

d. K. L. Kratz, in Proceedings of Second Advisory Group Mecting on
FPND, Petten, September 1977.

e. G. Rudstam, in Proceedings of Second Advisory Group Meeting on
FPND, Petten, September 1977.

141 , 141,

g. Combined 142Cs + 142Xe

f. Combined
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Figure 1. Diagram of SOLAR neutron counter (SNC). The beam hole radius was 4.48 cm
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before the addition of the polyethylene liners. The radii of the inner,
middle and outer counter rings were 6.35, 8.89 and 12.07 cm, respecti-

vely. @ Counter hole filled with polyethylene.
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DELAYED NEUTRON EMISSION PROBABILITIES - SOLAR 1978

P. L. Reeder

We repeated the measurements which we did in 1976 [Phys. Rev. C 15, 2108
(1977)] using the same neutron counter and ion counting techniques. The
neutron counter was modified slightly to increase the efficiency of the

inner ring and make the ring ratio more sensitive to the average energy

of the delayed neutron spectra. The total efficiency of the neutron counter
was about 47% at 200 keV and decreased to 42% at 800 keV. . We now get good
agreement between average energies based on our ring ratio technique and
average energies taken from the spectra of Kratz, et al. You will note that
our*new values for P, by the ion counting technjgue generally agree well with
our previous measurements except for 144Cs and Cs.

In addition to the ion counting measurements, we also measured P, by the beta
counting technique using a thin Si detector for counting betas. Decay curves
were measured simultaneously- for neutrons and betas and Pp values were ob-
tained from initial counting rates determined by decay curve analysis. Thz
absglute efficiency of the beta detector was measured by counting a source
of 93Y on both the Si detector and a Ge(Li) detector. Other experiments
veritlgd that the Si beta detector efficiency was constant for “°Y, 3,96,95pp
and Cs. The Pp results from the beta counting method are in good agree-
ment with the ion counting data. It should be noted that the ion counting
data and beta counting data are not quite independent measurements since the
same neutron counter and efficiencies were used for both measurements. How-
ever, these results show that there is no systematic difference between the
ion counting technique and the beta counting technique.

.DELAYED NEUTRON EMISSION PROBABILITIES - SOLAR 1978

Element. Mass - Jon Counting . Beta Counting
RB- 92 .0118 + .0004 (3)
93" 1.66 =+ .06 (4) 1.87 £+ .02 (1)
94 12.4 .-+ .2 (8) 12.3 +..2 . (1)
95 10.8 + .1 (12)  -10.3 +°.1 7(2)
96 - 17.7 + .4 (8) 17.2 21.0 (1)
97 32.5 1.4 (3)
98 16.5 +1.9 (1)
Cs 14 - .03 + .000 (1)
142 .094 + .004 (1) .097 +.006(1)
143 1.79 2 .04 (2) 1.70 +.02 (1)
144 2.89 +-.21 (4) 2.92 .13 (1)
145 13.0 + .3 (3) ‘
146 11.3 - 22.5 (1)

Note: Errors given above are random errors. Ion counting data have a
systematic error of 7% due primarily to uncertainty in neutron
counting efficiency. Beta counting data have a systematic un-
certainty of 10.1% due to the 7% uncertainty in neutron counting
efficiency and 7.3% uncertainty in beta counting efficiency.

The numbers in parentheses give the number of measurements.
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ERROR ANALYSIS OF THE DELAYED NZUTRON SPECTRWUM FROU

8TER MEASURED BY A PROTON RECOIL COUNTER

by

Pradosh K. Ray

January 1979

School of Engineering
Tuskegee Institute

ABSTRACT

The effects of possible errors on the delayed neutron spectrum
fromA87Br méasured by a proton recoil proportional counter were evaluated
to detefmine if any of these might contribute to the softness observed in
the measured energy distribution. -Through a qualitative and semi-
quantitative analysis, it is concluded that none of these is large enough

to alter neutron energy distribution significantly.
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1. INTRODUCTION

Delayed neutron spectra from a large number of mass separated and
chemically separated precursors have been measured in the past few
years(l‘s)' Out of these, only one measurement (5, 6) (from chemically
-separated 878r) was performed by a proton recoil proportional counter;
the others used JHe filled counters. The neutron energy distribution
fron 878r measured by proton recoil counter was found to be significantly
softer than those measured by 3He filled.counters(7)s although the locatioms
. of the peaks agreed relatively well. To determine the reason for this
éiscrepancy in the spectral distfibution, a detailed analysis of the
possible errors is made in this paper for the proton recoil counter
measurement. A qualitative agd semji-quantitative approach has been taken
in this study. As will be shown, the error;, if properly accounted for
will alter the neutron energy distribution ;lightly and cannot account for
the large discrepancy.

The errors in a sgectral measurement can be conveniently divided into
fwo groups;

1. Those arising from the operation of the spectrometer

2. Those arising from the physical sét—up of the experiment.

2. ERRORS DUE TO TﬁE SPECTROMETER OPERATION
In a proton recoil counter, the energy spectrum of protons from
neutron collisions 1s.not directly measured. Rather, one measures thg-
electrons collected at the anode from ionizations produced by the recoil
proton track. The output pulse height distribution deviates from the
spectrum of proton recoil energies by a number of distorting effects,

among which the most important is due to the termination of the longer
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proton recoil tracks in the walls and end regions of the counter (wall
and end effect).

These effects can be taken care of by the use of a counter response
matrix.‘i;u, where each rowli; represents a response vector for
monoenergetic neutrons having an energy Eu. Matrix representation of
the detection system takes the form,

y=Kx .. (1)
where, Z.is the observed diz;riggz;on and x 1s the actual distribution.
The input vector X can be obtained through a number of methods available
for spectral unfolding.

In the case of our measurement, it was planned to measure the
counter response functions to monoenergetic neutrons and then use them
in obtaining the corrected proton recoil spectrum. But, this part
of the project could not bz completed due to thé closure of the accel-
erator facility. However, Bennett (&) has found that in thé region where neu-
tron distribution decreases rapidly with energy, neutron spectra tend to
be only moderately influenced by the response function, even thougﬁ there
were rather large changes in recoil proton sgpectra before and after
unfolding. This is presumably due to the fact that neutron enefgy dis-
tribution is a measure of the slope of the recoil proton spectrum rather
than its actual value and in a proton recoil unfolding the slopes change
only moderately.

Alternatively, the departures from the ionization spectrum due to
the distorting effects could be calculated and the appropriate corrections
applied. These corrections are built into the PSNS-N codes prepared by

Bennett and Yule(9). verbinski (10) has compared neutron spectra
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obtained with no corrections as well as with all the corrections in the
PSNS-N codes for fast reactor neutron spectra in the energy range froa
100 Kev to 1 Mev. Even when all the corrections were combined, there were
only small changes in the corrected spectra.

In view of the preceding observations, it seems unlikely that the
use of the response functions would alter the measured spectrum fron
87Br in such a way as to account for the large discrepancy.

During the early stages of the spectrometer operation and check-up,
we have been able to measure a number of response functi&ns from mono-
energetic neutrons in few hundred Kev région using the 7Li(P, n)7Be
-reaction. In all cases; the respouse functions were-similar to those
obtained by other researchers. The flat portion of the proton recoil
response had very little slope indicating that the electric field
distortion and wall and end effects were small. The wall and end effects
were minimized by the large size (1.5 inches diameter) and high pressure
(5 atm. methane) of the counter. Besides, the counter behaved predictably
vhen exposed to thermal neutrons (less than 10% fesolution for the
3He(n, p)3H peak at 764 Kev) and also obeyed the Diethorn equation(ll)
relating gas multiplication to counter volt;ge. Thus, it appears highly
unlikely that the counter was malfunctioning in any way.

The entire spectrum from 87Br was measured at one voltage setting
having a gas multiplication of 3.47. In the field tube region, the
gas gain is near unity. The use of low gas multiplication might suggest
that there were unity gain contaminations to the protron recoil datz in
the lower energy region due to the higher enmergy neutroms. But, all

the measured neutron spectra from 878r are characterized by decreasing
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neutron intensity with energy. Since, only a fraction of these high energy
neutrons would undergo unity multiplication, it is &oubtful that this

could explain the discrepancies. Incidentally, for the methane filled
counters, Verbinski found that the electric field distortion corrections
were sm;11 when low gas gains were used.

During the early phases of our work, we operated the counter at
many different voltages. On all occasions, the recoil proton spectra
would sharply come down to very low values at about 275 Kev and then
decrease at a much slower rate. This bothered us Iimmensely, so much
so, that we undertook to use a different approach (calculating y-ray
iﬁduced responses to the coﬁnter through the measurement of y;ray
spectrum and using monoenergetic y-ray responses to thé counter) to
deduce the neutron induced recoil proton spectra(lz). The results were
similar in both cases. It was reasoned that since, the major part of
the spectrum is only up to 275 Kev, the data ranging from 275 to
275/3.47 i.e., 79 Kev should be relatively free from unity gain

contamination.

3. ERRORS DUE TO EXPERIMENTAL SET-UP
‘The neutron sfectrum from 87Br was measured by using a neutron
filter made of A mixture of boric acid and paraffin, VWhen the neutron
filter was positioned between the source and the counter, the output
of the proton recoil counter represented events induced primarily by
y-rays. Data taken without the filter represented both y-rays and
neutron indﬁced events. The difference between the two sets of data

with proper corrections for neutron transmission through the filter and
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y~ray scattering by the filter represented events induced by neutrons
alone.

In obtaining the neutron spectrum it was assumed that the neutron
filter was 100Z effective in removing the neutrons out of the range
of the proton recoil counter. However, some neutrons after being
scattered would in fact reach the counter and still have sufficient
energy to register a count (the uncollided neutrons that reach the
counter are 1.8% of the total neutrons at 150 Kev and 4.7% at 400 Kev).
These scattered neutrons would be of a lower energy and hence would be
able to produce counts only in the lower channels of the spectrometer.
In correcting the Y-raylinduged responses in the proton recoil counter
with the filter in positioﬁ, these neutron induced lower energy counts would
have to be subtractéd, thus lowering the supposed y-ray induced response
in the initial channels of the spectrometer. Therefore, if this set
of data was subtracted from the total counts, there would be more
events in the lower channels. This, in turn, would tend to make thé
neutron distribution fall even faster with increasiﬁg energy. There-
fore, this interference clearly can not explain the appearance of more
neutrons at low energies.

It could also be.arguéd that the percentage of neutron induced
events was more or less than the computed 13.82% due to errors that had
not been accounted for. To check this possibility, neutron spectra
were éalculated using assumed values for the percentage of neutron

induced events. At a lower percentage of neutrons, the two sets of
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data with and witﬁout the filter become so close toget! r that large
quantities of negative numbers were obtaine& in the su, racted data,
: making the slope negative and physically meaningless. For larger
percen;#ges of neutrons, the peaks become gradually smaller, indicating
the presence of additional smooth baékground counts, a characteristic
of y-ray induced events. Besides, in calculating neutron energy
distribution through the measurement of Y-ray spectrum (our second
.approacy), neutron percentage had to be the same as computed in the
part of the eiperiment using neutron filter. It was invariably found
that only for neutron counts of approximately 14% would the neutron
spectra in the second set of experiments maintain reproducibility

from one run to another.
4, CONCLUSION

From a physical point of view, the existence of the two prominent
peaks with good resolution below 200 Kev indicates that the contamination
Qf the proton recoil data in this region must be relatively small;
because, any contamination tends to reduce and/or distort the peaks.
'Iﬁdégé;:it~ha§,been our experience that y-ray contaminations in the
p;oton recoil spectrum do just that. It is thus concluded that the
possible errors are not large enough to alter neutron energy distribution
significantly and cannot account for the large discrepancy bgtween

the present measurement and those made by the other researchers.
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ABSTRACT

Spectroscopy of Delayed Neutrons from Continuously Separated Precursors

_in 235U fission, E. S. Kenney and P. K. Ray.

Reactor design and safety are extremely dependent upon accurate measure-
ment of neutron spectral distributions and quantitites. The problems sur-
rounding the implementation of research in a university laboratory with chem-
ical solutions of continuously fis;ioning 235U are considerable. The apparatus
must be designed to minimize any form of failure which could relesse activity
to the laboratory and yet allow unobsgructed access to precursor accumulation
vessels for neutron and gamma ray spectral studies:-

The longest 1ived delayed neutron precursor in 235fission is 87Br. Because
it is a gas, it is relatively easy to separate in a fission system and to trans-
port continuously. Carrier bromine gas has been used by the authors to efficiently
carry active bromine from the reaction vessel to a chemical accumulator. The
accumulator is ‘constructed to surround a methane filled proportional counter.

This counter responds to neutrons and gamma rays.' The gamma rays constitute an
interference, a problem which is well knowq.

Simultaneous recording of neutron (proton recoil) spectral data and gamma
-ray spect?al data provided the céﬁputer input to determine the uncontaminated
(free from y~ray effects) neutron spectrum from 87Br; only one of many delayed
neutron precursors. To substantiate the data, neutron spectra were determined
two ways; by the gamma substraction menthod noted and by a seiecgive boron-paraffin
shield. Both methods eliminated gamma contribution. The two methods yielded
the same general results. The existance of difinite peaks in the spectrum is
confirmed (large peaks at 131 and 192 kev and smaller peaks at 337, 420 and 520
kev). The end point energy appears to be 750 kev, a value smaller than previously

believed.
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It is the considered opinion of the authors that research on delayed
neutrons has not been carried out with an expenditure of time and funds equi-
valent to the value of the data in reactor safety and design. Further, the
work can be done in many national labs or at universities. The equipment to
perform this work exists at many locations with the exception of some special
electronic units. Chemical separation systems can be constructed to handle
precursors down to the range of 1 second decay half lives. Transport delays
will inhibit work in the range of 1 second and lower if chemical separators
are used.

The tiﬁe interval discussed here is particularTy important in light of

the uncertainty of energy released after emergency shutdown of a reactor.
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DELAYED NEUTRONS AND SYIMETRIC FISSION

B.P. Maksyutenko, A.A. Shimanslki j
Institue of Physics and Energetics, Obninsk

(not presented)

ABSTRACT

It is shown that at En = 15 MeY, a significant contribution
to the delayed neutron yields is made by fragments from the
symmefric fission region, and in particular by 128In. The
distribution parameters of the frag&ent isotopes at this energy
are calculated and the value of Pn for 128In is determined from
the decay of the delayed neutron activity. The ratios of the

cumilative yields of seven pure precursors at this energy are
calculated.

The full paper has been distributed as report INDC (CCP)-126

and is available on request from the IAEA Nuclear Data Section.
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CONCLUSIONS AND RECOMMENDATIONS

1. Requirements for Delayed Neutron Data

Chairman: Ph. Hammer
Secretary: R.J. Tuttle

For muclear reactors, delayed neutron data are primarily used for
measurement and interpretation of reactivity effects. An additional
use is in the detection of fuel cladding failure.

1. Experimental reactivity (p) is measured by analyzing the time
behaviour of the reactor flux using fractional group yields (a;)
and decay constants (A\i). 5

2. Theoretical reactivity (%—:i) is calculated as the difference of
two eigenvalues.

These two measures of reactivity are related by the effecfiva delayed
neutron fraction (B8):

P = (5

B is calculated as the sum of individual effective group fractions,
given by:

(o 3]
~ 4 - X YRR d ' . d
B; ~Tmp ?N(e,k)’/v;ir odE ®7(E'yr) x; (E') odE aj v of(e,E,k)Cb(E,r)

where INF = gﬁkﬁ'[;-¢*(zv,r) X (E')-/:;EV Zf(ﬁ:,r)cb(E,r)

for eéch reactor region k (core, blanket etc) and each fissioning isotope e.
ey = vi/v ’ Zai - 1
The data required for this calculation are:
vg(e) = the absolute delayed neutron yields

*
®,d = the real and adjoint neutron fluxes

d
Xj yX = the delayed and total fission neutron energy distri-
butions

Of,VUf = - fission and neutron production cross sections
Sensitivity studies show the accuracy achievable in 'é' with current

and desired uncertainties in these data. The major source of uncertainty
'is in the absolute delayed neutron yields.
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The different applications require data of different accuracies
to be of use; for these purposes, P must be known to:

Design + 10%

Power reactor operation + 5%

Critical experiment operation Iable I
and interpretation + 3%

Dynamics + 0%

Safety + 10%

The accuracy: in the total delayed neutron yields in.ihe .more
significant‘zissionable isotopes required to achieve these uncer- -
tainties in B is estimated to be + 9% for a 10% uncertainty in B, 4%
for a 5% uncertainty, and 1.5 to 2% for a 3% uncertainty.

On the basis of Dr. Hammer's sensitivity studies this represents
a more stringent requirement for accuracy than the 3% requested at the
Petten meeting (Report IAEA-213), and data users are requested to confirm
the need for data of this accuracy. Reducing the uncertainty in the
delayed neutron yields to 1.5 to 2% will require additional measurements.

To achieve commensurate accuracy in the experimental determination
of reactivity, the decay curve as represented by the a; and \; values
must be known to better accuracy than at present. Differences between
measured sets of these parameters produce differences in reactivity
values of-about 2%. At present a 6—group representation is still consi-
dered adequate and preferable to alternative group structures in reactor
physics analysis for the sake of simplicity. The possibility of deriving
group parameters from precursor data (Pp, t1/2) and fission yields should
ba looked into with the view of finding a method to determine those para-
meters for unmeasured fissionable nuclides.

For most reactor systems, E is relatively insensitive to changes in
the ‘delayed neutron spectirum. However, current versions of these spectra
show very large differences. The primary need is for group spectra,
which were so far assumed in reactor physics calculations to be indepen-—
dent of the fissioning muclide and the incident neutron emergy, in a form
suitable for use in multigroup calculations with various energy group
structures. The spectra should be known with sufficient accuracy that the
mean energy is known to better than + 20%. This appears to be met by a
spectrum-description using energy bins about 20 keV wide, with 15-25%
uncertainties on the intensities. Efforts should be made to generate
covariance matrices in order to define unambiguocusly the accuracy of the
measured spectra.

Integral measurements of 8 may be used to provide values of this
parameter for use at individual laboratories and may indicate the existence
of biases in the basic data, but should not be expected to provide a basis
for the adjustment of these data. .

For fuel failure detection systems, the fission yields and neutron
emission probabilities of important precursors should be known to + 10

to 20%. :
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Based on significance in power reactor development, the most
important fissionable nuclides can be identified. The most stringent
requirements for accuracy in the delayed-neutron data of these isotopes
are for the interpretation of fast-spectrum critical experiments. The
desired percentage accuracies are shown for the various parameters in
the following table.

Jable II
Nuclide 232, | 233; | 235, | 238; | 239 | 240, | 241,
Yield, vd 3 1.5 | 1.5 3 1.5 5 5

Group parameters
aj, \j» to achieve|
the following
accuracy in rela- 3 1 1 3=~ 1 3 3
tive reactivity
for periods

<3, 3000s>

d

Spectrum, X 25 15 15 25 15 25 25

Individual

precursor yields
and emission » 20 10 10 20 10 20 20
probabilities,
Y¢P,, combined

, The inhour equation is suggested as a means for evaluating the
practical accuracy of a group parameter set. The product of the precurser -
fission yields and neutron emission probabilities is the significant para-
meter for estimating yields and for designing fuel failure detection
systems. Achievement of the requested accuracy will require improvement

in fission yield information.

The accuracies given in Table II appear to be attainable in the
near future through the use of some additional measurements, the resolu-
tion of discrepancies, and more detailed intercomparisons and evaluationms.

If the desired accuracy is not achieved for the absolute yields,
improvement in the accuracy of the other parameters (such as the delayed
neutron spectra) is not of significant benefit.
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II. Delayed Neutron Yields

Chairman: R.J. Tuttle
Secretary: E.S. Kenney

- Requirements for improved data on delayed neutron yields exist for
several significant fissionable nuclides. The quantity of data available
and_the accuracy with which it is known reflects the long-standing interest
in 235y, 238y and 239Pu. With a view towards breeding cycles, data must
be developed and verified for delayed neutron yields as a function_of
neutron_energy for the fuels expected in these systems. Whereas Th,
233y, 235u, 80 and 239Pu have received considerable attention in the
laboratory, the data available are not totally adequate. Certainly at
higher energies, the information on yields must be considered somewhat
speculative. Except in the 14 MeV energy region, the yield values for all
interesting materials are non—existant above 7 MeV. For the important
cases of 232Th and 239Pu, measurements do not appear to exist above 4 and
6 MeV respectively.

The delayed neutron fraction may be expressed as:
Vd

Bmo -

For B, the determination of the fission rate is not necessary. Only
relative neutron counting is required, thus improving resultant accuracies.
For thermal fission, the accurately known value of V is used to derive Vd-
It is therefore recommended to measure B at thermal energy.

Table IIT (page 5) summarizes the extent of the reported research on
delayed neutron yields at this time.  The entries indicate the number of
measurements in each case. Hyphens indicate that measurements are not possi-
ble or, as in the case of spontaneous fission, impractical. Zeroes indicate
a lack of experiments in areas which can be studied. It is clear that
there is considerable room for new research as well as reinforcement in
"older" areas of interest. .

~ Table IV summarizes the.present state of accuracy for recommended
values of the delayed neutron yield for the commonly used fissionable
nuclides:

Table IV
Isotope - Present Accuracy
232
32m 4%

233y 4-5%
235y 2-4%
238y ‘ 2%
239y 3-64
Reactor phycisists' most demanding requirements are for interpretation

of critical experiments, where B mst be mown to + 3%. This may be trans-
lated into a requirement for + 1.5% to + 2% on the accuracy of Vg



‘Delayed Neutron Yield Measurements *

Nuclide 231Pa 232,m 233u 234U 235U 236U 237Np 238U 239?11 240Pu 241pu 2421‘\1 243Am 252cf
Source
thermal 0 - 4 - T - - - 6 - 1 - - -
(0 MeV)
fast reactor 4] 3 3 0 5 0 0 5 4 1 0 0 0 -
mono-energetioc
0~7 MeV 0 3 9 0 5 o 0 5 3 0 o 1 0 -
14 MeV 1 10 3 0 4 0 0 9 3 1 1 0 0 -
photo-fission 0 3 1. 1 2 1 1 3 2 0 0 0 0 -
- \
spontaneous e - - - - - - - - 0 - 0 - 1
¥  Including measurements omitted from evaluation
** Also included in thermal yield measurements
Table III
ReJe Tuttle

- 18 -
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Depending upon how one chooses to view the data of Table IV, it is pro-
bably prudent to draw attention to the need for some additional work on
these important materials.

If one looks at the data for 233U and 232Th, the situation does not
appear to meet the reactor design needs already expressed, particularly
.in light of the present emphasis directed towards the 233U fuel breeding
cycle. 235U and 239Pu data are probably within the design accuracies
needed for reactors involving these fuels. However, for extended fuel
cycles, the build-up of other plutonium isotopes forces attention towards
their delayed neutron yields. A check of Table III shows a very poor
state of affairs here.

It would appear reasonable to continue to examine the progress towards
unifying the data available for such quantities as fission yields and Pj
(branching ratios) values. 1In certain cases (235U, 239Pu) values of the
expected delayed neutron yields can be derived with an error of 4=5% which
in principle should agree with the experimental value of the delayed neutron
yield for 235U. Residual errors here are small enough to warrant consi-
deration of such values in the evaluation of delayed neutron yields. As
more information is accumulated, the many weak areas in Table III may be
at least partially satisfied with fission product yield data and existing
(possibly improved) P, values. As an example the measured yield for 242p;
has an uncertainty of 33% This instance is probably one which can be
improved directly using known Pp values.

The method of maximum likelihood should be used in a future evaluation
of existing data to extract as much information as possible. More measure-
ments are recommended to cover the energy dependence up to ~7 MeV for the
important nuclides.

In order to insure a degree of independence in work, more than one
laboratory should be involved. At present, a great deal of statistical
weight rests upon the results of the U.X. Imperial College — AWRE colla-
boration. It is recommended that similar measurements are made by other
groups and that Imperial College—AWRE extend their measurements to other
important nuclides.
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1I1. Delayed Neutron Branching Ratios (P, = values)

2)

3)

4)

5)

6)

Chairman: G. Rudstam
Secretary: K.L. Xratz

The request from the Petten meeting that P, be measured to + 10%
has now been achieved for all the high yie{‘d precursors except
94Rb and 1381,

For all those precursors where only one P, determination exists,
further measurements are requested. However, for most of these
cases this should have only minor priority because of their small
contribution to the total delayed neutron yield.

A1l Py-values deduced from measured neutron abundances and estimated
fission yields should be recalculated using updated yields.

P,-values based on a determination of the sample strength by counting
y-rays of daughter products should be checked according to the abso-
lute y-branching ratios used.

" For those precursors where systematic deviations exist between

different techniques/laboratories, like for the Rb and Cs isotopes,

a re—~evaluation seems to be necessary. In the meantime averages with
larger uncertainties (according to the xz-rnethod) should be used.

If the re-evaluation will not solve the discrepancies, new precision
measurements for specific precursors should be requested.

Because delayed neutrons are emitted with a spectrum of energies, all
users of delayed neutron counters are advised to determine the energy
dependence of the efficiency of their counters, rather than relying
on an efficiency measurement from a single source.



Table V

INDIVIDUAL PRECURSOR DATA

Pp-values D.N. Spectra mm
me :
Nuolide P::::e;f P:::::."l: Comment. *) te!:l:f:\:e of ::;" me(;‘-:yv)nmg. available Tifz-Group "’c::::‘:')
g - 0.10240.015 | Possible contribution from "zn| JHe 1 100 = 1000 keV no 4 1.1 x 107
804q - 0.8740.05 |Omly oﬁe determination e 1 100 - 800 no 4 5.7 x 1073
81ca - 12.240.9 | % » - 3o 1 80 - 1350 no 4,5 5.7 x 107
82a - 21.061.4 | » » " no 5 3.2 x 1072
84)s | 0.1310.06 | 0.1340.06 |only one determination; no 3 1.9 x 10°2
- - resvaluate P, from fef.[8] .
81s 2313 22:8 Reevaluate P, from Ref.[8] YHe 3 50 - 3500 no 4 2.0
%r | 10.552.2 | 10.542.2 " B0 5 0.51
87Aa 44414 44314 Only one determination no 5 1.8
8% | 0.2130.03 | o.19s0.03 |- no 3 0.10
8830 0. 1540. 09 0.540.3 Large discrepancy between no 4 0.068
experimenta; reevaluate P,
from Rafs. f12,14]
BqSe 5.041.5 5.041.5 Only one determinationg no 5,6 0. 34
resvaluate P, from Ref.[14]
Nge 2148 2148 Only one determination no 6 0.020
87111» 2.3740. 14 2.5410.10 |Reevaluate P, from Ref.[18] 3& 4 10 - 1300 yen 1 2.9
p~recoil 1 100 - 550
88y, 6.940.3 | 6.940.3  |Resvaluate P, from Ret.[18] e 1 100 - 1600 yos 2 1.7
8%, 13.532.3 13.941.0 Reevaluate P, from Ref.[18] 3 1 100 - 1600 yos 3 10. 4
P | 2n.212.4 |21.242.4  [Reovaluate P, from Ref.[18] 3o 1 100 - 1600 no 4 7.8
TOF 1 150 - 2000
MNpe 10.8+1.7  {10.9+1.8 3o 1 100 - 1600 no 5 1.6
92p, 2246 2246 no 6 0.45

1!)

*) The References are given in the Review Paper on Dalagggulleutron Branching Ratioa by G. Rudatam

Contribution = %,0f total delayed neutron yield for using, Rider-¥eek (1977) fission yields

- bae -



‘Table Vi Individual Precursor Data (continued)

Pp=values DI.N. Spectra Directly
"]
P -value, % | P —value, % Datect. Wo. Energy Range | "™23'r® Contri-
Nuclide | N 4 n ' Comment Ty/2~Group
Potten 77 Vienna 19 technique | of meas. (ke V) avai able 1/ bution
9kr | 0.03340.003 | 0.03340.003 | Check on y~abundance [4] no 4 0.033
Pie | 200003 | 1.9500.19 " yen 4,5 0.58
e | 2.20104 | 5.782.2 Only one determination no 6 0.76
928b | 0.01240.001 | 0.011910. 0006 e 1 10 - 800 you 3 0.033
b | 1.3840.11 |  1.3760.08 | Reevaluate P, from Ref.[18] e 3 10 « (Qg-By) yen 3 2.9
Mpb | 10.640.7 10.340.5 | Spread outside 10% L 3 10 = (Qy-By) you 4 10.6
TOF 1 100 ~ (Qg-By)
Py | 8.940.5 8.840.4 e 3 10 - (Qy-B,) you 5,6 |42
OP 1 10 - (Qg-By)
gy 14.241.0 13.940. 7 b 1 10 - (Qg-B,) Yeu 6 1.7
M | 301 27.8+2.5 3o 2 10 - (qp-B,) yos 6 1.2
By 15.042. 4 16.041.0 e 1 10 - (Qp-Byn) no 6 0.028
EELTY - 1543 Only one determination no -6 2.2 x 1073
EAT - 0.2140.09 | = = " no 5,6 | 0.3
9Bsr - 0.3610,11 | » = " no 5 0.18
P5e | 3.412.4 das2.4 | 0 v . no 5 0.68
My | 1.620.3 0.0640.02 | = = " no 4,5 0.23
%y - 3441095 | = = - no a5 6o
Py | 1.240.8 1.240.8 | » » - no 4 1.6
211, - 0.7240.04 (1/2") Two eets of data for no 3,4 0.012
€0.03 (9/2*) indinm isctopes, at variance
128 with each other, have been 3
In - 0.06340.008 | reported (Refs.(7] and [25]). no 5 3.2 x 107
(3* + 8~) | In this table 1¢9In is taken
from Ref.[25] and the athers
129y, - 3.540.5 | trom Ref.{71. 2te 1 100 - 1500 no 4 0.026
13OIn - 1. 3940.08 Discrepancies should be 3Ho 1 150 - 1300 no 5 0. 080
{3* 4+ 8~) | resolved
Y - 1.6640. 19 " no 6 0.027
132]n - 4.1+0,8 Only one determination no 6 0.016
Plsn | 11w 1747 " . " 5o 1 100 - 1350 no 5 11

- Go2 -



‘table Vi Individual Precursor Data (continued)

Pp~values D, N. Spectra Directly
Pp-value, % | P,~value, % Deteot. No. measured Contri-
Nuolide | M ' n ’ Comment Energy Range T, 7/,~Group
Patten 77 | Vienna 79 technique [ of meas. (keV) avatisble | /2 bution
s, [0.08640.012 | 0. 12240.013 no 2,3 0.028
(10 8)
Wso | 13.9+2.4 | 1494101 2o 2 50 ~ (Qg-Bn) no 4 1.3
136g 2348 2348 no 5 0.21
¥ | 0.9+0.4 0.9+40.4 |Error > 10% e 2 10 - (Q,-By) 1o 2 0.78
Vi | 2.240.5 2.540.5 |oOnly one determination no 3 0.62
138p, | s.641.6 63421 | = = " no 4 0.32
U 6.740.5 6.430.4 | Reevaluate P, from Ref.[18) 3he 2 10 = 1500 no 2 1.8
TOF 1 200 - 2000
138 The value deoreases to 3
I 2.610.3 5.410.3 3.640.8 if a value from Ref. Ho 2 10 - 1600 no 3 4.9

[157 ie included.

Reevaluate P, from Ref.[18]
1 | 10.240.9 9.5¢0.5 |Resvaluate P, from Ref. [18] 3he 1 50 - 1600 no 4 5.3
140, 2246 2246 " " 3he 1 100 - 1500 no 5 2.7
a1, 39413 39413 |only one determination no 5,6 0.44
M7% 0.04350.003 |0.04330.003 | Check on y-ebundance [4] no 4 0.032
142ys | 0.4140.03 | 0.4140.03 | " no 4,5 0.10
My 10.05340.004 0.03740.004 | " 3he 1 10 - (q,By) yos 2 0.091
20, | ~0.18  |[0.095:0.004 ' e 2 10 - (Q-B,) yos 4 0.14
Wi | 1.8240.12 | 1.7420.07 e 3 10 - (Q-R,) yoo 4 1.47
Mics | 3.040.7 | 3.0740.25 3he 2 10 - (Qy-8y) yoo 4,5 0.63
5o [ 14.341.9 [ 12.940.5 [The value increases to ™ 1 10 ~ (Q;8,) yos 5 0.43

13.440.9 if a value from Ref.

[25] is included.
1605 | 13.450.7 | 13.240.6 3o 1 10 = (Q-Bn) yoo 6 0.13
M, 2543 25.4+3.2 [Only one determination 3o 1 10 - (q,By) no 6 1.4 x 1073
475, - 5.240.5 " " " no 0. 28
148, - 23.942.1 | n m . no 0.15
L - 0.5040.17 | » m " L . no 0.26
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IV. Delayed Neutron Spectra -

Chairman: J.G. Williams
Secretary: IL.R. Weaver

During the last few years there has been a great increase in the
available information on delayed neutron spectra. These new data have
not always been taken into account in reactor amalysis. Two reasons for
this are that the reliability of the measurements has sometimes been
questioned and that the information is often not in a form which can be
readily used. On the other hand the requirements for spectrum data have
seldom been clearly stated.

As was requested at the Petten meeting, further work on assessment
of the properties of different neutron spectrometer types has been done,
especially concerning response function and detector efficiency of the
e=spectrometers and on error analysis of the spectra measured with proton-
recoil and 3He(n,p) techniques. These analyses have not succeeded in
clarifying the apparent differences in neutron intemsities, so further
efforts are needed.

It has become clear that a significant fraction of delayed neutrons
are emitted with energies less than 100 keV (approximately 20%) or more
than 1.2 MeV (approximately 10%). The effect that these might have on
calculations of reactivity has not been adequately studied. Such studies
should te made so that the accuracy demanded of spectrum measurements at
the extremes of the energy range can be stated.

The current needs of reactor physicists are for equilibrium spectra
and spectra for each of the six decay groups.

Individual precursor spectra are being measured primarily because
of the fundamental interest of these for nuclear physics; it is however
concluded that this type of information can make a contribution to reactor
applications.

The following conclusions and recommendations were agreed for equili-
brium, group and precursor spectra and for theoretical predictions of
delayed neutron spectra.

A, Equilibrium and near—equilibrium spectra

1. Because of the recent increase in experimental information, a new
evaluation of the equilibrium spectra should be performed. Special
attention should be paid in this to those parts of the energy range,
below 100 keV and above 1.2 MeV, not covered in earlier measurements.
Dr. Weaver has agreed to undertake this.

2. The practice of reporting measured or evaluated spectra without
clear information on the uncertainties present should be discontinued.
Systematic errors and the extent to which they are common to different
parts of the energy range or between different spectra must be quanti-
fied in addition to the presentation of random error information.
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3. More spectrum measurements will be needed to resolve existing con-
flicts in the published data, particularly at the extremes of the
energy range. A variety of experimental techniques should be used.

4. Good integral information, for instance average delayed neutron
energies, can contribute valuable consistency checks on the spectrum
data.

5e It has been observed that in reported spectra the unit or dimension
of the data has not always been clearly specified. Relative intensi-
ty per unit energy or per unit lethargy are acceptable. The latter
is often of more direct use in reactor physics.

6. Apericium=lithium sources are in common use for calibration of delayed
neutron yield detectors. It is recommended that new spectrum measure-
ments of these sources should be made, particularly by groups involved
in delayed neutron spectrometry. Details of the source construction
should be specified when measurements are reported.

B. Decay-group spectra

1. Data on the time dependence of spectira from unseparated precursors
remain very sparse. New measurements with the more recent spectiro-
metry techniques capable of covering the complete energy range should
have a high priority.

2. The groups at Mainz, Birmingham and Pacific Northwest Laboratory have
indicated an interest in performing new measurements and they and others
are encouraged to fulfil this requirement.

3. Group spectra constructed from individual precursor data can provide
valuable information provided the full energy range is covered in the
precursor spectra, if necessary by including semi-empirical extrapola-
tions as exemplified by Dr. Rudstam's paper to the Petten meeting
(I1£EA-213). It is expected that almost complete experimential coverage
of the important precursors will be available within about one year.

C. Segarated grécursor spectra

1. Many individual precursor sgectra have now been measured in different
laboratories, mostly using ~“He spectrometers, but also proton recoil
and time-of-flight data are available in some cases.

2. Given the precursor specira and P, values it will be possible to
construct group spectra for any desired set of decay-groups and any
fissioning isotope for which the yields are available. In many cases
these data will be more reliable than any foreseeable data from
direct measurements.

3. Partly because most of these data are so recent no systematic inter-
comparison has been done. In particular the spectra from five isotopes
have been measured in_& number of laboratories and should be inter-
compared. These are O1Br, J3Rb, 94Rb, 95Rb, and 143Cs. Dr. Reeder
has agreed to undertake this intercomparison, at least for the last
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four isotopes. When new data are published authors should compare
their results with previous measurements. In order to make these
comparisons meaningful experimenters must provide uncertainty
information.

4. It will be useful also to communicate pulse height spectra and res-
' ponse functions to theoreticians, so that they can compare their
predictions folded by the response function with the raw measurements.

5 A compilation of peaks and intensities for measured épectra should
be made where the data are good enough to warrant it.

6. A new compilation of mean energies of neutrons from individual
precursors including an intercomparison of data from different sources
ghould be made.

T» A list of precursors of which measured spectra or mean energies are
available is contained in Table V (p. 8-10).

8. New measurements are required for some precursors spectra because
of the lack of data below 100 keV and above 1600 keg Among these
the 1sotones most important for reactors are oBr, 91Br,
134Sn 1391 I, 1401, Farther precursors st:.ll requ:.n a measurement of
neutron spectra are 92Br, 93kr, 94kr, 98sr, Psr, sr, 2Ty, 98y, 99y,
100y, 101y, 1377e, 138‘Ib 1397Te and 1411 (for the relative importance
see Table v) Among these 98Y and 99 are the most important for
reactor technology.

D. Theoretical spectra

In order for theoretical predictions of delayed neutron spectra to
become more quantitative and reliable, nuclear physicists require the
following data to be experimentally determined:

1. ‘The masses of the precursor and the final nucleus. So far we have
- to a great extent to rely on mass formmlae for determination of

(Qg-By)-

2. The neutron branching ratio P to the i~th excited state of the
final nucleus. At present th® available data are very sparse and
the few data existing should be confirmed.

3. The spins and parities of the relevant excited states in the final
nucleus. In many cases there are great ambiguities in the data
_available.

4. The spin and parity of the precursor. So far we have in most cases
to make guided guesses (shell model systematics).
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Aggendix A

Consultants' leeting on Delayed Neutron Properties

IAEA, Vienna, 26-30 March 1979

Meeting Room Wasagasse

ADOPTED MEETING AGENDA

Monday, 26 March

9:30 a.m. Opening, Adoption of the Agenda

Review Paper 1: Requirements of delayed neutron data
for the design, operation, dynamics and safety of
fast breeder and thermal power reactors (Ph. Hammer)

Review Paper 2: Delayed Neutron Yields in Nuclear
Fission (R.T. Tuttle)

Afternoon: Contributed Paper: Delayed neutron yield and decay
constants for thermal neutron induced fission of
U-235 (S..Synetos, J.G. Williams)

Review Paper 3: Delayed Neutron Branching Ratios
(G. Rudstam)

Review Paper 4: Delayed Neutron Energy Spectra
(K.L. Kratz)

;iuesday, 27 March

Morning: Contributed papers and notes

Delayed Neutron Spectrum Measurements using a 3He
Spectrometer (D.R. Weaver, J.G. Owen and J. Walker)

Spéctroscopy of Delayed Nﬁggrons from Continuously
Separeted Precursors in “““U Fission (E.S. Kenney,
P.K. Ray)

§fror Analysis of the Delayed Neutron Spectrum from
Br Measured by a Proton Recoil Counter (P.K. Ray)

Note on the uncertainty of delayed neutron energy
spectra (G. Rudstan)



Afternoon:

Wednesday, 28 March

Mornings:

Afternoon:

Thursday, 29 March

All day:

Friday, 30 March

Morning:

~ 291 -

Measurement of average neutron energies by
a counting rate ratio technique (P.L. Reeder,
R.A. Warner)

Note: A correction to the delayed neutron
Yields of Besant et al., 1977 (J.G. Williams)

Delayed neutrons and symmetric fission [not
presented] (B.P. Maksyntenko, A.A. Shimanskij)

Discussion of requirements

Discussion of branching ratios

Discussion of delayed neutron yields

Discussion of delayed neutron spectra

Closing session: Summary of conclusions and
recommendations
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Appendix B '

LIST OF PARTICIPANTS

Consultants' Meeting on Delayed Neutron Properties
Vienna, 26-30 March 1979

Crawford, G.J. ‘ Kelvin Laboratory, University of Glasgow
Glasgow, Scotland, United Kingdom

Gj8%tterud, O.XK. Fysisk Institut, Universitetet i Oslo,
Blindern, Oslo 3, Norway

Hammer, Ph, DRNR/SEDE, B.P. No. 1

(part-tine) ‘ F-13115 St. Paul-les-Durances, France

Kamelander, G. Inst. fuer Reaktorsicherheit, Oesterr.

(pa.rt—times Studiengesellschaft fuer Atomenergie,

Wien, Austria

Kernmey, Edward S. The Pennsylvania State University
University Park, Penn. 16302, USA

Kratz, K.L. Institut fuer Kernchemie, Universitaet
Nzinz, Friedrich V. Pfefferweg 14,
D-6500 liainz, Fed. Rep. of Germany

Reeder, P. Battelle-Northwest, P.0. Box 999
Richland, Washington 99352, USA

Rudstam, G. The Swedish Research Council's
Laboratory,Studsvik, Fack,
S-611 01 Nykoeping, Sweden

_Sdouz, G. - Inst. fuer Raktorsicherheit, Oesterr.
(part-time) Studiengesellschaft fuer Atomenergie,
Wien, Austria

Takahashi, K. Technische Hochschule Darmstadt, Institut
fuer Kernphysik, D-6100 Darmstadt
.Red. Rep. of Germany

Tuttle, R.J. Rockwell International, 8900 De Soto Avermue
Canoga Park, Calif. 91304, USA

Vleaver, D.R. Birmingham Radiation Centre, University of
Birmingham, Birmingham B15 2TT, United Xingdon

Willians, J.G. University of London, Reactor Centre, Silwood
Paric, Sunminghil, Ascot, Berkshire SL5 7FY
United Kingdom
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J.J. Schmidt
K. Okamoto
0. Schwerer
G. Lammer

Scientific Secretaries

TAEA Nuclear Data Section

N. DayDay part-time

H.D. Lemmel
N. Kocherov



