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Lo INTRODUCTION

In this chapter we collect and discuss the experimentel information on the reac-
tion parameters

Tg» 1}‘, Ty @ Yy and 1,

for the three most important fissile nuclides under bombardment with neutrons of

2200 m/sec velocity. The notetion is described in the next sub-section. \We have
given only very cursory discussions of the experimental technigues, but have attompted
to outline some of the difficulties and uncertainties encountered, and have noted

some of the special features of the individual experiments. MNore detailed accountas
of the experimental methods have been given by others, by HARVEY & SANDERS (1956) for
example, and in the references which are cited in the tables,

In sections 4.3 to L.B we collect and analyse the many experimontal data.
Weighted mean values for the various parameters are determined, from the most direct
measurements of each. Howsever the parimeters are linked by the relationships

(1 + a) T =0, (he1)

(1 + c(} = \j (402)
and the measurements form an over-determined set. Consistent values of the various

parameters have therefore been calculated by a least-squares analysis of the weighted
means, and the results are given in the table of recommsnded values in section 4.9.

In weighting the various data we have tended to reject those derived from measure-
ments made in the broad neutron spectra of reactor lattices. Knowledge of reactor
spectra is still very limited and, in correcting measurements to 2200 m/sec it is all
too easy to bias the estimates towards the preferred value. Moreover, to appraise
the reliability of re-:tor theories it is desirable to have data available which are
relatively independent of' those theories

L+11 Notation

We use the notations of GOLDSTEIN (1957) and of WaSTCOTT (1958, 1960). The
definitions are given in chapter 1, but we list here some of those which are used
repeatedly.

E energy of incident neutron in a siationary frame of reference

v its velocity

s effective temperature of the thermal component of the neutron spectrum from
a reactor or moderator

Tm the moderator temperature

#E) energy distribution of the neutron flux

ofE) cross-section per atom for neutrons of energy E
o sbsorption cross-section, 0y = Op ~Og

o fission croas-section




c:rs scattering cross-section

O total cross-section

UY radiative capture cross-section
§(E) average of o for neutron energies near E
o effective cross-section in the experimental spectrum
&= [KE)eo(E).aE/ [¢(E)V(Eo/E)AE
= (g + rs)g® in the notation of WESTCOTT (1958, 1960)
2 = q“!/(rF, the cepture to fission probability ratio
@ =8/2
v the average number of neutrons evolved per fission

1(E) the average number of neutrons evolved per neutron absorbed in the fissile
materiel, with incident neutrons of energy E

FHE)or(B) o0, (B)25/ [ E) o, (E) 4

2200 w/sec, standard velocity

= 0.025297 eV, the corresponding neutron energy

Eo/k, k being Boltzmann's constant

297.59°K = 20.44°C

U_O’ao"']o’ values of g,a,n for monokinetic neutrons of velocity v,

gy Ty S, symbols used in WESTCOTT's (1958, 1960) formalism; see chapter 1.

L]

Il

]

o obd o W
1

Various other symbols are used, but they are defined in the particular sections where
they ocour,

L.2 CORRECTION OF EXPERIMENTAL DATA

It may be noticed that many of the data listed in this chapter differ slightly
from the values given in the referencess Usually these small changes have resulted
from revision of the standards used in interpreting the measurements, or from correc—
tion of measurements in broad spectra to obtain values for monokinetic incident
neutrons of 2200 m/sec. Usually we have listed the experimental results for the
broad spectra also.

4e21 Revision of standards

Many of the date were obtained by comparative measurements and we have revised
the reported results, using for reference cross—sections the values recommended in
chapter 3, Table 3.



Assay of thin samples of fissile materials has often been made by absolute alpha
counting, We have revised the reported results using the half-lives and specifio dis-
integration rates recommended in chapter 2, Table 2.

The standaerds we have used are collected, for convenience, in Table lLe1.

] TABLE 4.1

Reference standards used in re-evaluations

Element or nuclide Parameter
CROSS~SECTIONS AT 2200(m/sec)
Lithium o = 710 + 145 barns
Boron
ANL standard Uh = 7577 % 340 barns
Harwell standard Gy = 16742 % 345 barns
Unspecified dy = 757+7 + 7 barns, for measurements
in America, Canada, or Russia
— | ~
Sodium Oot = 0e234 & 0.007 barns
Mangane se Oot = 1317 £ 0.1 barns
I Gold o, = 98.4 + 0.52 berns
act s
i SPECIFIC ALPHA ACTIVITIES:
Uranium (natural) 150446 + 2.5 alphas/min.mg
9:39 21050 + - 120 alphas/mine|g
pu*® 136100 + 190 alphas/min.ug
g ATOMIC ABUNDANCE IN NATURAL URANIUM:
(0.7200 + 0.00052)%

L.22 Correction to 2200 m/sec

Many measurements have been made in broad neutron spectra, in reactors and ther-
mal columns, or in neutron beams from these sources., For convenience and generality
it is necessary to correct the results to an incident neutron velocity of 2200m/sec.
If the measurements were made with thin foils or dilute samples the correction fac—
tors may be estimated with the help of Westcott's formulae and tables; WESTCOTT (1958,
1960)s It is usually necessary to guess the neutron spectra involved, and in asses-
sing the uncertainties it should be borne in mind that:

(i) Westcott's g and s coefficients may be in error;
(ii) the effective temperature of the thermal component of the neutron spectrum
may be uncertain;



Sub-cadmium spocira.

these components to have
absorption integrals listed in Table L.Z2.

TABLE 4.2

For many experiments cadmium=difference techniques were used.

To make some allowance fof the rumps of the epithermal neutron spectra we assumed
/g distributions between 0,11 and 0,47 eV, and used the

Sub~cadmium epithermal sbsorption integrals

-0.}-&? eV 0.47 eV
aB dB
f op(BX5 f op(EXg
0.11 eV 0e11 eV
1/v absorber O.LBSO‘O

“"; 28l barns 255 barns

U“:“ 290 " 2,0 "

Pu 2250 1320 "

This treatment is obviously extremely crude, but it is probably good enough for our
purpose. An alternative epproach is to use the formula

with t = ,fi;'j_-}; }c U th'i
w ! -]

in which, for consistency, all quantities used on the right hand side sre to be those
tabulated by WESTCOTT (1960), and T, Ty are in the absolute temperature scale. £ is
the epi-cedmium resonance integral.

eaub-Cd = g + r(s-t3/o°)
fJ'O 1 -—O-fa-_ﬂert

4.3 SCATTERING CROSS-SECTIONS

L.31 Introduction

The absorption cross-sections of the fissile nuclei are usually determinsed from
the total cross-sections by subtracting the scattering cross-sections. The total
cross-sections have been measured with neutron spectrometers by theaB'anggggaion
method, and are about 600 to 1000 barns in the thermal region for U , and Pu*®®,
To determine their absorpiion to about + 1 percent it is necessary to know the scat-
tering cross-seclions to within about + 5 barns,

The following phenomena affect the low energy neutron scattering in the hanvy
isotopes:

i‘tg Potential scattering, for whioh the cross-section is about 11 barms.
2) Resonance scattering, from neighbouring resonances at positive and negative
resonance energies.



Interference between neighbouring resonances of like spin,

Coherence efflects, which depend on the chemical environment and configuration,
end are not usually very noticeable above about O.1 eV.

(6) Thermal motion of the scattering atoms.

Ejé Interference between resonance and potential scattering.

The data on the scattering cross-sections of U“a 298 and Pu?®® are meagre and
itan.a; prudent to compare these data with those for other haavy nuclides, specifically
Th and U?

4.32 Potential scattering

In most applications the potential scattering is taken to include the scattering
effects of the more distant resonancess Small variations inopg¢ result, over a
broad energy scale, if there is a group of strong resonances o? the sgme parlty and
total angular momentum. Each of the three nuclides U°°%, 0°°® and Pu® % hes non-
zero spin, so that two states of the total angular momentum ere excited by interaction
with slow neutrons, and somewhat different values of lhe potential scattering may be
essociated with each state, These comments suffice to explain thattrpot is neither
uniquely defined nor uniquely determined.

The potential scattering is not expected to vary much betwaen neighbouring
heavy elements. SETH et al. (1958) calculated that of Th®°? and U®°° from their total
cross-sections in the energy range 1 to 80 eV, and also from transmission measure-
ments in the keV region, The results were:

Tot [Th?*®?*] = 412.0 % 0,3 barns

%pot [U?%®] = 10,7 #* 0.3 barns
A somewhat lower value for U238

g 9+2 + 0.3 barns

]

Obot

may be estimated from the total cross-section data in the region 0.2 to 5 eV, which
moy be found in BNL325. This reduction is probably caused by destructive interference
with the strong resonances at 21, 37, 66 and 103 eV,

Multi-level analyses of the low energy cross-sections of U?°2 and U?®® are cited
in the next section and are consistent with the free-atom scattering data listed
there., If the potential scattering is adjusted to give the best consistency below
1 eV one finds:

233
Ubot UU ]

238
%ot (]

1341 barns, for VOGT's (1960) analysis
9.5 barns, SHORE & SAILOR (1958)

"

113 barns, for VOGT's (1958, 1960) analyses.

The U?®® analysis wes somewhat incomplete, Negative energy resonances were not teken
into account explicitly and this is probably the reason for the anomalously high value
needed for the potential scattering at low energies.



- : : : 239
BOLLINGER et al. (1959) estimated the potential scattering of Pu®®® from
og = Op = (1 + a)crp in the range 29 to 38 eV, where the resonances are particularly
weak so that between resonances o ® oiots Although (1 + ¢) is not known very
reliably op is very small betwecn the Tesonances, so it was possible to estimate og
with fair accuracy. The data indiccted that

ot [P*®*® ] = 10.5 + 0.5 barns

The data cited above illustrate that the potential scattering is not uniquely defined
and that it veries slowly with neutron energy. As a {ypical value for the heavy
nuclides one might assume

O'Pot = 10-9i1._} barns
with the corresponding "nucleon radius"
r = (1.50 + 0.09) x 102 ca
defined by
N 20, 2/3
Opot, = I (A +1)

where A is the mass number of the target nucleus

L33 Free—atom scottering

The scattering cross—sections of U?®3 and 3% have been measured at epithermal
energies by OLEKS: (1958) and by FOOTE (1958)e Their results are given in Table Le3.
Eorlier measurements of oy [U®®®], by LELKONILN, were reported by SAILOR (1956) at
Geneva, but appear to have been superseded by the work of FOOTE.

TJ‘LBI.IE l+¢3

Epithermel scattering cross-sections of U??2 and y?3s

u?% | oumksi (1958) | poorz (1958)
E ev g barns E eV 9y barns
0.27 134 + (10%) 0e271 ka7

<35 1243 " 0756 1ot + 0ok

45 1340 4 14044 12k

55 122 o 181 12ekh

65 1241 . 251 1249

l?ll- 12-8 L £+.31 ) ¢5

-85 11 .9 = ?l-ﬂ-l- 11 -O i-. Oa?

) 1245 " Uncerteinties are for counting
2409 1146 + (15%) stctistics only. Gross uncer-
2e 11 1442 v tzinties probably as for U233
3e31 1246 e




MOORE & REICH (1960) and VOGT (1958, 1960) have fitted multi-level resonance formulee
to the low energy total and fission cross-sections of *®® and U*°°, Their enalyses
are consistent with the observed epithermal scattering data and may be used for pre-
diction of the "free-atom" scattering cross-sections in the thermel region, First
however, notice that the calculated scatiering can be brought into much closer agree=
ment with the measurements by smell adjustments of the assumed potential scatiering.
The "free-atom" scattering at thermal energies is then predicted to be:

o, W?° = 13.3 barns, from MOORE & REICH (1957)

12.8 barns, from VOGT (1960)

16.3 barns, from SHORE & SAILOR (1958) using the
formulae of MOORE & REICH

%a [UzaB]

1640 barns, from VOGT (1958, 1960)

It will be noticed that opg [U*2®] increases at low energies. This is caused mainly
by a very strong negative-energy resonance., However the uncertainty of the extra-
polation cannot well be assumed less than + 1 barn,

No direct measurements of the scattering by Pu®®® have been reported. VOGT (1960)
made s multi-level analysis of the low energy total and fission cross—sections, but
this analysis is very far from being unique. The main features in the thermal region
arise from the well-lmown resonance at 0.3 eV and another in the renge =-1.2 to
40,02 eV approximately. Probably these two levels are of different spins and do not
interfere., Allowing for the effects of these two resonances on the potential scat-
tering the "free-atom" scattering in the thermal region may be estimated:

Cpq [Pu®®®] = 1247 + 17 barns

Contributions of the more distant resonances at positive and negative energies must
cancel to some extent and cannot be calculated from the data available.

4.3 Molecular binding, and Doppler effect

The effects of chemical binding in an inchoate configuration, and of the thermal
motion of the atoms, can be evaluated by the formulae of MARSHALL & STUART (1959);
see particularly equation (70) of their paper. The effects are small for thermal
neutron scattering by heavy atoms at normal temperetures, so that the scattering
differs negligibly from the "free-atom" cross-—section discussed in the previous sub=-
section,

L4435 Coherence

No measurement has been reported of the low energy neutron scattering, E g 0,2
eV, from Uzaa, U”s, or Pu®®*®, The scattering from pure metallic U?%® must be
wholly coherent, becausg the nuclide has zero spin, From powder diffraction studies
et 0,074 eV SHULL & WOLLAN (1951 ) estimated the coherent scattering cross-section of
U**® to be 9.0 + 0.5 barns, This is indistinguishable from the "free-atom" scattering
cross-section of 8.8 + 0.3 barns estimated at the same energy from opot [U°*°] = 9.2
barns, see sub-section 432, and the perameters of the 6,7 eV resonances In contrast,
U?2, U*®%, and Pu?®® have non-zero spins, which may give rise to some "spin inco=~
horence", However, the elementary theories availeble suggest that the incoherence



should be small, probablyg O.1 barns. Evidence that the scattering from U?*?, and
U®3%, is largely coherent may be gleaned from the measurements at long wavelengths by
SAFFORD et al, (1959 and 1960).

The coherent elastic scattering from polycrystalline samples exhibits sharp dis-
continuities at low neutron enevgies. However, in analysing the slow neutron trense=
mission data for U*°%, U?°®, or Pu”®?, it is quite customary to treat op(E) as a
smooth function of the neutron energye. To determine cp(E) from such an analysis we
must subtract a smoothed scattering cross-section, This locally averaged 6'3(3) is
the main objective of the discussion that followss.

With an ideal polycrystalline sample &#g(E) would probably be sufficiently well
represented at thermal energies by the "incoherent approximation", PLACZEK et al.
(1951 ), sketched in the preceding sub-section. In practice the coherent scettering
may vary considerably from one sample to another in consequence of extinction effects,
or because the orystallites are not randomly oriented. Extinction results from large
grain size with small mosaic spread and has the effect of reducing the effective
coherent: cross-section; '"'TTAKER & BEYER (1939), WEISS (1952). Preferential orienta=
tion of grains is common in rolled or extruded metal ssmples, The angular distribu=-
tion of the coherent scattering from a single crystallite is highly anisotropic, sc
the integral cross—section can be strongly affected by preferred orientation of the
grains. In transmission measurements with rolled gold foils CARTER et als (1953)
found that the coherent scattering at thermal energies was reduced as much as 50
percent by extinction and orientation effects. They also meessured the transmission
of a powdered sample and it may be inferred that the coherent scattering was about
25 percent low in the thermal region; HARVEY (1956) attributed this to extinction
effects.

The total cross-section of U?®® is given in BNL325 as a function of the neutron
energy, from transmission measurements with thick metal samples, By subtracting the
absorption cross-section it can be shown that g [U>2°] is about (10 + 6) percent
below the "free-atom" socattering, for neutrons of around 0,025 eV. This reduction
may be due to extinction or to grain orientetion. The chemical binding would be
little affected if these samples could be transmuted into e (or ik s Or U”"', or
U?%°%), so we should expect og/op, to remain unchanged. In practice, of course, much
thinner samples are used for slow neutron transmission measurements with U?33 opr U°98,
80 the extinction and orientation effects may be different. Considering the magni-
tude of the effects observed with gold samples it is reasonable to assume generally

~ = ~ 2
og = (0.90 + 0.23) 0, &t ~0.025 oV,

for metal samples of 1?33 . or U225, The same assumption may be applied to Pn?*? also,
with a small increase in the uncertainty.

L4+36 Recommended values for thermol neutron scattering

From the considerations of the preceding sub-sections we have estimated the
velues listed in Table 4.4 for the scattering cross-sections of U®33 (285 (238 gpng
PW?® at about 0,025 eV.



TABLE 4.k4

Recommended socattering cross-sections rfor U?33, U238 (238
and Pu???, with neutrons of about 0,025 eV

Nuclide Nature of sample 6‘5, barns
Free atoms, and liquid 1360 + 14
compounds
i Polycrystalline powders 124 + 14
Sintered " » 124 + 240
Metal (rolled, or extruded) 117 + 342
Free atoms, and liquid 1640 + 243
compoundas
prae Polycrystalline powders 1562 + 243
Sintered " " _ 152 + 2.9
Metal (rolled, or extruded) Ao 4 42
Free atoms, and liquid 8.8 + 0.3
compounds
| e Polycrystalline powders Bel + 0.5
Sintered . Belk + 142
Metal (rolled, or extruded) Bel + 241
Free atoms, and liquid 127 + 17
compounds
Pu®3? Polycrystalline powders 1241 + 147
Sintered " " 1241 + 243
Metal (rolled, or extruded) Mok £ 347

The samples are assumed to be at normal temperatures, around 20°C. Even with
mixtures of uranium isotopes, or U~Pu mixtures the incoherent scattering is likely
to be rather small, and the tabulated oross-sections should remain valid,

Lol ABSORPTION CROSS~SECTIONS

L4t Methods of messurement

The absorption of slow neutrons by U*®?, U*®%) or Pu®®® gives rise to radiative
capture or to fission., As there are two distinct reaction processes the gross absorp-
tion cross-section cannot be dirsctly measured by observing the product nuclei or the
~ reaction products, It can be measured only by observing the destruction of the

-0~



absorbing nuclei by a sufficiently large noutron irradiation, or by observing the
attenuation of the neutrons by a sufficiently large mass of the absorbing material.

Direct measurements in broad neutron spectra. A few direct measurements of oy have
been made by compeiative methods in broad neutron spectra, and they are listed in

Table L4.5. KUKAVADSE et al. (1956) used alpha counting and mass spectrometry to com-
pare the destruction of U233 and of Li® caused by intense irradiation of small samples
in a reactor. SPIVAK & YEROZOLILISKY (1956) made transmission measurements in wide

beam geometry, with neutrons from a shallow hole in a graphite thermal column.

Special devices were used to annul the effects of neutron scattering. The samples

were relatively thin, the thicknesses being chosen so that each had approximately the
same transmission. All the samples were assumed to be 1/ absorbers, and boron was
used as a standard to eliminate the uncertainties and mathematical difficulties assocla=-
ted with the complex geometry, the spectrum and angular distribution of the incident
neutrons, the transmission hardening, and the variations of detector efficiency with
neutron energy and direction. GRZEN et al. (1957) made comparative measurements of

op [U?*® ] using a local pile oscillator in the reflector of BEPO., The fission neutrons
evolved have a relatively small effect, as they migrate away from the detector during
moderation, and this effect was measured with the help of a calibrated neutron source.

Transmission meosurements of the total cross-—sections. The absorption cross-sections
of U™™Y, U3, anl Mu*®", have most often been determined from the total cross-sections
by subtraction of the scattering. The total cross—sections have been measured by the
trgnsmission method in good geometry., The results are listed in Tables 4.6, 4.7 and
4.8,

Several of the early transmission measurements were made using neutron beams
from thermal columns; FERMI et al. (1944), ANDERSON & MAY (1944), ZINN & KANNER (1945).
Similar measurements with calibrated pyrex and gold plates, were used to determine the
effective temperature of the incident neutron spectrum. The calibrations were made
with monokinetic neutrons from neutron spectrometers.

The most reliable measuremsnts of op are those mede with monokinetic neutrons
by using one or another of the verious forms of velocity selector, The excellent con-
sistency of recent Amorican messurements may be seen from the data listed in Tables
L.6 and 4.7. Different spectrometers were used, and samvles of different oriezins.
For typical accounts of the problems and techninues of this method the reader is
referred to the pavers of MELKONIAN (1949 and 4951 ), LEONARD et al. (1953), SAFFORD
et al. (1959), and BLOCK et ul. (1960).

To evaluate oq2200 m/sec) as accurately as possible it is a common practice to
fit a simple smooth function of the neutron energy to the transmission data at neigh-
bouring energies. In this way the counting statistics are improved, but at the same
time small discontinuities in the coherent scattering in the same energy range are
smoothed away. The scattering cross-sections are discussed rather fully in the previous
section, and preleri=d values of the smoothed cross-sections, Eg, for neutrons of about
0,025 eV arc given in Table L.le

Lel2 Correction of broad-spectrum data to 2200 m/sec
Hardening factors. Self-screening factors

A transmission measurement in good geometiry with a broad neutron spectrum

R



determined the transmission

(31-03)

is the detector efficiency for ncutrons of energy E,

where quE; is the distribution of the incident neutron flux,
e(n
x 1is the thickness of the absorbing sample in atoms/barn.

If the energy dependence of ¢(i).e(E) is known, together with that of the totel cross-
section ch(E&S/ow , one can compute hxop® as a function of oy’ from difinition

exp(- TO) = right-hand side of equation (4e3). (Lek)
Then o‘T° can be calculated from the measured transmission, using
hIO'TO = 1n 1/1‘,‘ (11-.5)

A transmission measurement necessarily demands a sample which is not thin so that in
general the "hardening factor" h cannot be expressed in terms of the coefficient

g + rs) of WESTCOTT's (1958, 1960) formelism, Hardening factors for 1/v absorbers in
Maxwellian specira have been evaluated by ZAHN (1937), LAPORTE (1937) and WESTCOTT
(1959), and can be used whenever rrT(E) can be written in the form & + b/v, with a end
b constant.

If the sample is fairly thin the cxponent in equation (1.,.5) can be expended
giving

1-t~SI E)eclE)Onl E)dAE (1,,.6
e i JOE).e(E).AdE :

where
S(I) =3 1"12“16;‘.[""...’ (l;..?)

with & suitably chosen value of E‘T, moy be called the "sa].f‘—-éhielding factor", In
comparatlve measurements the sclf'-shielding factors will cancel, very nearly, if the
samples are thin and about equally transmissive,

If also ¢(E) is constent and if the voriations of oy(E) are very small compared
with o;(E)

1=t ¥ 5z ). x5, + o-;.(g + rs)V(rT_/41)] (L4.8)

Lelt3 The experimantel date

Direct measurements of o) for U“’, U**® and Pu’“, from comparative experiments
in broad spectra ere listed in Teble L4.5. ‘e give no weight to any of these data,
except to that of GREEN et al., (1957) which, for convenience, is listed again in
Toble Leb.



Total oross-sections from transmission measurements are given in Tables lf..G, Le7
and 4.8, together with the volues of oy derived by subtraction of the scattering.
We used the scattering cross-sections given in Tcble L.k From the discussion in sub-
section L4.35 it will be appreciated that the coherent scette{:‘iru; can vary f{rom one
sample to another, and that a lerge part of the uncertainty in oy stems from this
variation. In consequence op 2lso mey be expected to vory slightly i‘r?m ?na sample
to another. However in celculating the uncerteinty in-the-mean of oy it is necessary
to bear in mind the small systematic element in the uncerteinty of og.

The experimental methods have been outlined in sub-section l4.41; the following
notes discuss some of the corrections needed:

A. KUKAVADSE et al. (1956) used samples about O.1, mean-free-path thick, so thove
was oppreciable self-shieldinge Corrections were m:.d? asswning-that the incident
neutrons were isotropic with a laxvellien spectrum; 1/v absorption was assumed,
To secure o sufficiently large burn-up the irradistion was made in the reactor
core. It seems very unlikely that the epithermal neutron flux was negligible
although the sample was irradiated "in a water filled channel". We have roughly
corrected the result to 2200 m/sec by guessing the reactor spectrum and using
WESTCOTT's (1960) tables. However we prefer to give no weight to the result
because of the uncertainties in ths neutron spectrum and the resonance self'=
shielding.

B. SPIVAK & YEROZOLIMSKY (1956) used samples only about 0,04 mean-free-path thick,
and almost equally absorptives, All samples were treated as 1/y absorbers. It
is not practicable to correct the results for deviations from the 1/v law,
because the detector efficiency varied with neutron energy and the geometry was
very complexe The angular distribution and spectrum of the incident neutrons
mey have been distorted by the proximity of the moderator surface and of a
cadmiuvm disc in the beam well. For these reasons we give no weight to the
results,.

C. GREEN et al. (1957) used small dilute samples in DpO solutions, They were about
equally absorptive, so that the self'-shielding effects shoull cancel, approxi-
mately. The local oscillator has a '/y neutron detector; the epithermel component
of the neutron spectrum was very weak with r ~ 0,000 ; none of the sample nuclides
has a resonance in the thermal regions Under these conditions the measurements
give relative values of o3(xT), where T is the neutron temperature and k is
Bolizmann's constent. The moderator temperature was probably about 20 + 10°C, but
no estimate is avaeilable of the distortion of the spectrum by the material of the
oscillator and sample. Fortunately each of the materials compared has nesrly
1/v absorption, so that the results are insensitive to the uncertainties in the
neutron spectrum,

D, FERII, ANDERSON, ZINN, and colleagues made several transmission measurements in
good geometry, using neutrons from thermal columns. The effective neutron tem=
perature was calculated from the transmission through a pyrex plate, the plate
having been first calibrated with monokinetic neutrons from a slow-neutron
chopper., ZINN & KANNER (1945) also used a gold plate which had been calibrated
with the chopper and with a crystal spectromster, The observations were inter—
preted by treating all samples as 1/v absorbers with constant scattering cross—
sections. We have revised the results for U“a, assuming that v.o_'g(E) is constant,
but it has not seemed worth while to calculate revised hardening corrections for
U22% and Pu?®, The method of measurement is very indirect and we give no weight
to the results,

e
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Absorption cross-sections of U"

3

TABLE 4.5

» U end Pu’ " for neutrons of 2200 m/sec, from comparative measurements in broad neutron spectra,

|

U233 U235 Pu239
Reference Aamns b b Weight Method and comments
Destruction of U“' and I.is through reactor :L;;x;nadhtion gompued, by mass-
spectrometry and alpha counting, givipg o3 (U Vop [1i8] = 0.66 + 0.03.
KUKAVADSE et al. (1956) |595 & 38 C  |de assume o;° = 950 + 20 barns for ;ii? a.na have corrected for non-1/v
absorption ﬁ;— U#2%, See § Lek3, Note A
Transmission msasurements in wide~bsam geometry with neutrons from a
SPIVAK & YEROZOLIMSKY thermal column, Scattering effects annulled. Thin samples used, with
(1956) 58 £ 131652 £ 14{1001 £ 22 O |40 g4 standard, We assume o° = 758 + 7 barns for boron, See § L.43,
Note B
Comparisons in thermal spectra gave the ratios to oy [B] of 0,784 + 0,008,
BURGOV (1956) 594 + 8 |692 1149 0 [0u914 anmd 4,517, respectively. We do not know the msthod of measurement
and so cannot correct to 2200 m/ssc
Comrar:l.sons with boron and gold using a local oscillator in EEPO gave op
Ses |[[P°%]/0; [BE 0.738 + (3%), and oy [BYop [Au] = 7.94 + 0.09. We assume
GREEN et al. (1957) 571 + 15 Tabls |alternatively that 013 = 7572 + 345 barns for Harwell standard boron, or
Le6 |98.4 + 0,5 barns for gold, The uncertainty given in the reference appears|

to have been over-estimated, See also § L4.43, Note C
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TABIE Lo6

Total cross—section of U?®? for nsutrons of 2200 n/sec, from 'ransmission measurements, and derived values

of the absorption cross-section

o o
T I3 :
Reference Bt Bans Weight Method and comments
Transmission of thermal neutron beam through UzOg samples, relative to that
a 5 ; of 2 pyrex plste which hef been calibrated with & slow=neutron chopper,
ANDERSOK & MAY (1944) [562 29 |1550 49 | © ipiyieed using dsotopic amalysis by RALL & DELPSTER (1946) and assuming
v x op(E) is consiant. See § 4o43, Note D.
Method as sbove, Oviginal dats corrected assuming that v x Op(E) is con=
ZINN & FAINER (1945) | 576 3 45(56 £15 | © |44 4 in the thermal region. See also § hes3, Note D,
Pﬂﬁgg)& WIS TEER 597 & 101585 + 11 |C.Z BNL slow=neutrorn chopper, with highly enrichzd metsl sampies,
N !
y ! i'l‘*;m—af—!‘lis,ilﬁ, using a pulsed cyclotron, Tabuler data are listed by
HIRITIN et a1, (1956) 580 + 20| 568 4+ 20 |0.05 |BGELSTAFF (1937); averaging v x op near 0,025 eV gives & result S barns
lower,
— § L s Harwell slow-neutron chooper end crystal spectrometar, with highly enriched
; N Q 06 e k E ]
FATTENDEN (1956b) 600 £ 151588 3481 O | omies of U0p and of uranium metel. Ses § L3, Note Eo
GREEN et al, {1957) 51 415 |0.02 |[From Teble 4,5. 4 pile cscillator messurements,
806 &+ 2 |57h4,+ 3.8]140 Columbie University ¢ tal tromet ing tel and liguid 1
n z L 2,2 5, o i ivers rys spectrometer, using metel juid samples
SAFFORD et al. (1560) |5g7 ¥ 5 |57 5 5.2]0.6 |respectively. See § ki3, Fots P,
SIMPSON et al. (1950) 587 + 6 |575 + 6.8/0.L | MIR fast chopper, with rolled metal sample preparsd at Los Alamos,
BIOCK et ale (1960) 587 & 3 |575 + L4|{C.8 | ORNL fast chopper, with rolled metal samples., See § 4o43, Note F.
Weighted megn value 575 + 3.1| The uncertainty quoted allows for a systematic component associated with oy

Tl TN
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TABLE L7

Total cross-section of U??® for neutrons of 2200 m/ssc, from transmission measurements, and derived values
of the sbsorption cross-section

o o
T A w
Refereace » b eight Mathod and comments
ANDERSON et al, (1944) 662 4+ 16 |6LB & 17 0.02 |Time-of-flight, using a pulsed cyclotron.
Transmission with thermal neutron beam; reletive to that of e pyrex
FERMT et ale (1944) 648 + 13 633 + 14 0 |plate which had been calibrated with a slow-meutron chopper. See
L.43 Nots D, Revises data of FERMT et al. (1943)
ZINN & KANNER (41945) 650 + 15 |635 + 16 O [Metkod as above, See alsc § L.l3, lote D
Columbia Universitw Tims-of=flight, using a pulsed cycloiron and & highly enriched metal
unpublished work (1548) 670.5 656 4 20 0.03 |3amles Result possibly too low, by < 3%, beceuse of an unexplained
cited by MELKONIAN et o < 2 variation of detector efficiency with counting rate
al, (1953)
Time~of=flight, using a pulsedl cyclotron and rolled metal samples
MELKONIAN ot ale (1953) 693 + 5 679 + 645 0s2 |~20% enrichment, op calculated from smooth curve fitted to the data
neaer 2200 m/sec
Harwell slow=neutron chopper, with metel samples of 81,%: enrichment.
EGELSTAFF (1954) 729 315 |15 + 15 0.06 |The original value, 739 barns, was later revised for an error in the
velocity calibration; see LYIW & PATTENDEN (1956), EGELSTAFF (1956)
Hanford crystel spectrometer, This is the result of a single obser—
LEORARD (1954) Tk + 4 |687 2 6 Oe¢3 |vation at 0.,0253% eV. A value & barns higher is obtained from a smooth
l curve fittad to the data in the range 0,02 to 0,C3 oV
PALEVSKY et al, (1954) | 700 +5 686 4 645 0.3 |BNL slow-neutron chopper, with highly enriched metal semples
: o Tunic-of'-f'light, using a pulsed cycloiron, Result calculated from
VIKITIN et 21l. (1956) 710 + 20 |696 + 20 005 [aate 1n the Fiige 0,02 o 003 ¥
- - RFT slow-neutron chooper, from smooth curve fitting the deta in the
MOSTOVOI et ale (1957) |683 669 03 | ange 0.02 to 0,03 eV
BOLLINGER (1957) 694 4+ 2 680 + 47 | Ous |ANL fast chopper. No details available
— 698.7 + 4oB|68LeT + 644 | 0,3 |Columbie University crystel spectrometer, using metal and liquid
SAFFORD et al. (1959) 695.3 + 148|67943 + 2,9| 1.0 |samples respectively
SIMPSON et al, (1960) 690 + 10 |676 4 14 O.1 |MIR fast chopper, with metal foils
BLOCK et al. (1960) 693 + 5 679 + 645 | 0.3 |ORNL fast chopper, with rolled metal samples

Weighted mean values

The uncertainty quoted al ows for a systematic component associated with og




TABLE 4.8

Total cross-section of Pu?®® for neutrons of 2200 m/sec, from transmission measurements, and derived values
of the gbsorption cross-section

=)

P
Reference b A Weight Mathod and comments
Details not available, Mathod probably as described in § Lolt3 Note D,
ANDERSON et ale (1944) Result cited by HARVEY & HUGHES (1953) may be some amendment of the
original value
ANDERSON et al. (1545) 1045 + 25 | Ot Time-of=flight, using a pulsed cyclotron. No details available
Time=-of=flight, using a pulsed cyclotron. Value given here is from an
HAVENS et al. {(1951) 1047 + 20 0.2 enalytic formula fitted to the date, SCHWARTZ et al. (1 95?) clted a
value about 7 barns higher
zndnlgg;{.;n & PALEVSEY 101k s 11 | 1.0 |BNL slow-neutron chopper, No details evailable
ABOV (1955) 1039 + 14 | 043 Benf crystal spectrometer
NIXITIN et al, (1956) + 3001029 + 30 | 0.2 |Time-of-flight, using a pulsed oyclotron
Hanford crystal spectromster, using same sample as HAVENS et al. (1951 )e
LEONARD et ale. (1956) 1037 + 14 | Ou4 |Velue given here is from smooth curve fitting the data near 0,025 eV,
Measured value at 2200 m/sec is 8 barns higher
Harwell slow-neutron chopper, using samples of powdered PuOy, Result
PATTENDEN (1956a) = 1038 1 30 | 0,2 corrected for P and oxygen present
RFT slow-neutron chopper. Value given is from a smooth curve fitting
HOSTOVOT et al. (1957) 1033 06 |ine data in the range 0,02 to 0.03 eV
BOLLINGER et al. (1958) 1004 + 11 | 140 |ANL fast chopper
ted t ted -wi
Wedutted san wlin 102 + 841 The uncertainty quo allows for a small systematic component associa with

%




E. PATTENDEN (1956b) reported op[u 2991 = 590 + 15 barns at 2200 m/sec, from
measurements with a slow-neutron chopper and a crystal spectrometer, However
the data show a step near 0.025 eV which is not found in any other measurements
and is probably spurious. Smoothing the date locally gives the somewhet higher
value of op® listed in Table L6, but we prefor to give no weight to the result.

F. It can be seen from Table 4.6 that SAFFORD et al. g1960) and BLOCK et al. (1960)
made some of the most precise measurements for U??3, However the samples vere
all prepered at Oak Ridge from a common stocke To avoid bies we have somewhat
increased the woights given to other measurements.

4.5 FISSION CROSS-SECTIONS

451 Methods of measurement

The direct absolute mesasurement of a fission cross—section involves the follow=-
ing elements:-

(1) Determination of the fission rate dwring neutron bombardment of a fissile
sample,

223 Assay of the f'issile material,

3) Measurement of the neutron flux through the sample.

The fission rate may be measured by observing the ionisation produced by the
fission-fraguents, by use of photographic emulsions or of ionisation chambers (fission
chambers). Usually ionisation chembers have been used, with 2= counting geometry.

In ideal conditions this should permit all the fissions to be detected because the
two fragments fly aspart in opposite directions,

Usually the fissile material has been used in the form of a thin foil., To mini=-
mise absorption of the fission fragments the foil is made as an almost weightless
deposit on a smooth flat support. The fissile materials are alpha active and it is
necessary to bias the fission counter so that it will discriminate against the alpha
particles. This results in the loss of some weak fission pulses also, for which a
correction must be made, The amount of fissile material which can be used is limited
by its alpha activity. If the rate of alpha emission is too high the bias must also
be high, to prevent saturation of the counter by a pile-up of alpha pulses during the
resolving time. The correction for loss of fission pulses is then correspondingly
large and uncerteain,

£ closely releted problem, which has received little attention, is that of the
effective counting geometry. A proportion of the fission fragments emerges from the
foil at almost grazing angle, and it may be imagined that the efficiency of their
detection is influenced by the uniformity and flatness of the foil and the nature of
the backing material, as well as the bias voltage. Recently DERUYTTER (1950a) has
developed a 4 wfission chamber. This requires the use of a nearly trensparent backing
for the fission foil, but improves the discrimination against alpha pile-up, However
it cannot be said that the problem of the effective counting geometry is completely
removed .,

hssay of the fissile sample must ultimately be based on weighing, with isotopic
analyais by moess-spectrometiry and alpha spectrometry, but the problem is complicated
by the mezgreness of the fissile deposit on the foil, and the assay measurements are
often very indirect. Tor typical examples of the methods used the reader is referred
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to the papers of ALLEN & FERGUSON (1957), BIGHAM et al. (1958), and RAFFLE (1959).
The fundamental adventege of the novel technique described by SAPLAKOGLU (1958) is
that the saople assay is by a fairly direct route, With enriched U%°% the alpha
activity stems mainly from the small proportion of U224 present, so that assgy by
gbsolute alpha counting is not very precise., Soms authors have overcome this diffi-
culty by comparative fission counting against a foil of naturel uranium, which can be
essayed by alpha oounting, However it looks es if this technique throws away

much of the advantage of using enriched uranium,

Measurement of the neutron flux may be by activation, of gold or manganese for
example, followed by ebsolute p—-cpuntm% or by counting the alpha particles which
result from neutron capture in Li° or B'Y, To minimise scattering corrections it
seems desirable that the flux monitor should be sited as nearly as possible in the
seme position end environment as the fissile sampies To illustrate this remark, note
that in the early measurements of TUNNICLIFFE (1951) the neutrons scattered in the
foil backing would have caused about 6% of the fissions. These scattered neutrons,
howzver, being isotropically distributed, would mostly have missed the flux monitor
which was some inches away. On the other hand, the albedo of the walls and end of
the BFz chamber used as flux monitor would have enhanced the neutron count rather
than the fission count,

4,52 The experimental date

Absolute measurements of the fission cross-sections are collected in Table 4.9,
and a number of relstive measurements are given in Table 4.10. A few of the earliest
meczsurements have been opitted, and for some of the unpublished data we give references
only, if the information aveilsble at second-hand is incomplete or inconsistent, The
velues in the tables mostly differ a little from those given in the references as a
result of corrections which are discussed in section L4.2.

Some of the more recent experiments have been re-examined by HANNA 1960). How=
ever he was unable to discover why the results of the careful work on UF*® by FRIESEN
et al, (1956) and by SAPLAKOGLU (1958) ave so far from the preferred value.

In most experiments fission counting and alpha counting were done with ionisation

chanbers; however POPOVIC and his colleagues (1953, 1955) used photographic emulsions
for these purposes.

IEONARD et al. (1956) measured the U*°® fission oross-section, and also compared
that of PW®® with it., However we prefer to interpret the latter measwrement as an
absolute measurement of the plutonium fission cross-section in which "U23t £54]
played only an intermediery role. In this way the uncertainties in assay of the U225
foil are climinated. Similay arguments may be used in relation to the measurements
by BIGHAM et al. (1959). These however, in view of their quality and self-consistenay,
we have presented in both tables, so they are given more waiag;lt then is at first
apparent. SAFFORD & MELKONTAN (1959) measured 1 + « for U*°°at 0,00291 eV. By
using edditional date we have derived values for both op and 1 + a at 0.0253 eV. The
original datum appears in two roles, and this was taken into consideration in the
weighting.

In weighting the data we have preferred to ignore the measurements in ths ille

known reactor spectra, and have generally given reduced weight to those using neutrons
from thermal columns,

-1 9=



"o

TABLE L.9
Fission cross-sections of U233, U225, and Pu®?® for neutrons of 2200 m/sec

% at 2200 m/sec

O

Reference bl U?%E | pu??? |Weight|in broad liethod and comments
barns barns barns specirum
BATIEY et o1, (1944) ? Unsublizhed, Commerisons of U23®rith boron and lithium
DEE?;EE)& LIRSHEERGER ? Unpublished. Comparisons of #?® with ectivetions of Au and Mn
MARSHALL (1944) 592 + 25 0.4 577 Comarison with lithium in thermel column spectrum
Comperdison of natursl U with boron, in narsffin block with Ra- Be
STSTAS & DF - = £%Q ~isource erd Cd differences, The Cd retio for U was very low,
BISTAS & PATRO (1949) 957 £ 13 9 227 2 18l surrmsting eoprecieble fest-rission of U335 2esult not corrscied
for finite thickness of fiesion foil, so mey be 57 low
FACCINT & GATI (1950 s . .
Wit revinida sitak vy 611 =+ 21 o 584 4+ 18 ;i.mtﬂ:rli atove with lithium 28 stenderd. The Cd ratios were
COHEN et al. (1952b)
Measurements at 0,050 eV with neutrons from & crystal spectro-
TUMNICLIFFE (1951) 512 » 30 0 meter which wes also used to measure the energy dependence of o,
Assay by sbsolute alphe counting, with EF3 chamber as flux moni-
657 + 60|10 tor, Scattering of neutrons by foil backing and BF3 counter give
rise to large uncertainties; see comment in § 4,51
BARLOUTAUD & L.%Q'UE 621 + 14 0 599 4+ 12 Comparison of naturel U wiih activaetion of ¥n in a resctor
(1952) = < = "“| neutron besm, with Cd differsnces
BOPOVIC & GRTVELAND 584 & 15 C.3 |569 + 14|Measuremsnts with netursl U in thermal column and reactor core
'(19,5) e respectively, U assayed by alpha counting, TFission and elpha
e 587 + 17 0 564 + 14|counting by use of photosrephic emulsions. Sodium asctivation
used to monitor neutron flux
POPOVIC & SIELAD Method as ebovs, Ieasurementa in thermsl columm only. Alpha
: (‘é;ﬁ) Dty 525 + 17 0.4 526 + 17lcount may not have been corrected for U?°? contant of sample. s0
; result mey be slightly too low
GERASINOV (1956) 625 0 An old unpublishsd USSR value, by comparison with lithium
: 525 c USSR recommsndad valuss, Msthod unpublished, These data may
GERASIMOV (1955) 570 (0] have been derived from gy by using data on gz, or Vand 1, s0 We
720 o] do not use them when averaging




TABLE 4.9, continued
Fission cross-ssctions of U?°%, U?®%) and Pu®®® for neutrons of 2200 m/sec

|

oy at 2200 m/sec 8
Reference ! 722% ¢ Pu*®® |Wedight|in broad Yethod and comments
baras barns barns spectrun

Comparison with Au activation using monokinetic neutrons of
0410 eV, from a crystal spectrometer which was also used to

FRIESEN et al. (1955) 5.3 + 6 0 measure the energy depenience of op. Assay by comparative alpha
counting against a standard which had besn foll assgyed by iso-
tope dilution
Measured as abovs by comparison with the U**® foil, Bvidence
rsported by RAFFLI (1959) throws some doubt on the assay of the

IT0IASD et ale (1955) 676 + 21046 s ¥hich is thereiore best treated as a purely nominsl inter—

mediary in determinstion of the plutonium cross-section,
Samples were of severazl different iso‘to?ic compositions, nons
epparently containing mors than 308 Pu®°?

Novel tachnique permitting rather direct assay of the fissile
SAPLATOGLU (1958) 605 + 6 (s 8 sample, Flux determination indepsndent of any stendard cross-—
; section, but the monitor wes remoie from ths fissile sample

-1

514k £+ 6 1 514 # 4.8 Irrediations in & large Dy0 thermal cclurmn st~27%C, o [u233)
 measured absolutely in comrparison with golé cctivation, the
570 + 6 0.5 |555.7#5]|801d foils being disposed around the periphery of the fission 5
BIGHAY of al. (19%8) foil, and in the same plane, U'*® and P??° compared with P23
2 et ale (195 7%0 + 9 |1 780.147.4 |and with one another., Pu??? asseyed by sbsolute zlpha counting.

U283 and R2% by isotope dilutions with comparative alphs and
fission counting, In revising UP°® ond P?%° dats ve treated the

0223 43 2 nominal intermediary

506 + 17 Oudr Recalculated from the date given in RAFPIEfs paper., The three

3+ 13 Ca3 514 + 13|date for each nuclide are respectively from measurements with

5L + 14 0 | 515 + 14 |monckinetic neutrons from a slow chooper, neutrons from a ther-

584 + 18 0.3 mal column, and sub-Cd neutrons from a2 reccior core. Assay of

RIFFIZE (1959) 595 + 11 0.2 580 4 11|the fission foils was by verious methods end the recaleulation
553 +12 0 538 + 10|makes use of some measurements which RAFFLZ recorded but did not

700 &+ 20 0.6 use, The weighting of cormpanicn measurenents is also revised,
686 + 14|0.5 72k + 14|The nsutren flux was monitored witk a £¥3 chanber, calibrated by
645 + 2910 768 * 25|gold activation in a thermal beam, The gold semple had the =same

environment es the fission foils




TABLE 4.9 continued

Fission cross-sections of Uz'”, 0235, and Pu2?? for nuetrons of 2200 m/sed

op at 2200 m/sec

Reference fasse U238 1 py*®>  |yeight|in broad ¥ethod and comments
barns barns barns spectrum
538 + 6 0.7 1 + g measured at 0.00291 eV. To derive op at 0.0253 eV we
SAFFORD & MELEONIAN used data on op and on the energy dependence of by SEPPI et
(1959) al, (1958) and by SAFFORD et al. (1959)s See also section 4.6
585 + 6 1 Counting rates of Lx fission—chamber e.;xoi 810 chamber compared,
using neuirons from a slow chopper. B'Y chanber calibrated bty
DERUYTTER (19500) gold activation in sub-Cd spectrum from thermal column; the spec-
trum was analysed with the chopper
Weighited means 5L | 587 707
K 749 s 540 = 4 18
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TABLE 4,10

Relative measurements of the fission cross-sections of U°*, U**®, and P¥3® for neutrons of 2200 m/sec

Op ratios at 2200 m/sec Jbserved
. ratio in
Reference 0233/5235 P4259/0235 ?u239/11253 Weight brosd Method and comments
spectrum
;CDERSON & IUSIE (1944) 2 Unpublished
De WIRE (1944) ? Unpublished
Measursments in thermal column of CP2. U??® assay
ANDERSON & MAY (194%4) |C.883 + 0,018 0.4 |0.307 + 0,017|ty absolute alphz counting; U3%% by weighing and
volumetiric dilution
ZINN & KANMIER (1545) 0.903% + 0.018 0 0.927 + 0,014 As eboves Methods of asszy not reported
COHEMN et ale. (19526, 1423 + 0,051 0 Comparisons of Fu with natural U in a resctor
1952b) * I He neutron beam. Assay by comparative alpha counting
1,288 + 0.018 0s6 14397 4 0.,007| Comparisons of Pu with natural U in beams from
= top thermal column and reactor core respectively,
COCKROFT (1952) Assay from comparative alpha counting andi alpha
14289 + 0,053 o] 1651 + 0,01 3] spectrometry
Comparisons in reactor neutron beam, with Cd
AUCIAIR et al, (1956) 1440 + 0,034 0.2 [1.587 1 0.016|differences, Beam spectrum end energy dependence
of cross—ssctions observed with a slow chopper
0,919 + 0,027 0 0.948 Comparisons of gross fission-produce ectivities
1233 + 0,035 (o] 14515 after irradiaztion in ceniral moderator of TTR,
MoMILLAN et al. (1955) Assumes that activity per fission is independent
of target nmuclide
0.921 + 0,008 ] 0.6 |C.5LE Comparisons in thermal column of CP3, Ma%:ar'
1.328 + 0,024 Ouk  |1e440 weighting and volumeiric dilution, and for
SELLARS et al. (1955) by ebsolute alpha counting also. Isotopic analy=
sis not discussed
Comparisons in reactor neutron beam, with Cd dif=-
PRATT et al. (1956) 1425 & 0.06 0 14725 3 04027 ferences. Neutron temperature said to be 222°C
0.9089 + 0.0066 1 [0.9333 See comments in Table 49
BIGHAM et al. (1958) 14297 + 0,014 1 144038
1 .1.29 -t 0.015 1 1 .50115
Weighted mean values 069107 + 0.0077{14301 + 0.016|14431 + 0,017 Note that all tie measurements listed above were made in broad neutron |
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L6 CAPTURE TO FISSION RATIOS

lie61 Methods of measurement

For a direct measurement of the ratio of capture and fission cross-sections,

« = /oi,,

a fisslle sample 1s irradisted and the changes in its isotopic composition are then
determined by mass-spectrometry or by alpha spectrometry. The number of fissions may
be determined from the destruction of the fissile isotope, or from fission-product
activities, or otherwise, In order to obtain measureble changes in isotopic composi~
tion comparatively long irradiations are necessary at high flux, In practice every
such irrediation has been made in a reactor core, and little effort has been made to
characterise the irradiation spectrum. The high resolving-power of the multi-astage
spectroms ters now available will permit the use of the less intense neutron fluxes

available in thermal columns so that the uncertainties of the irradiation spectra can
be greatly reduced,

The next step is to estimate «,, for monokinetic neutrons of 2200 m/sec, from
the values of & obtained with broad neutron spectra. The fissile samples have usually
been fairly thin so we were able to use WESTCOTT's (1960) tables, af'ter guessing the
neutron spectra; see § 4.22., Available evidence shows that ¥, the neutron yleld per
fission, i1s sensibly constant over the slow neutron region, and therefore the energy
dependence of (1 + g) is the same as that of 1/n

Beasurements of 1 + « have been made by a different technique with neutrons of
long wavelengths; COCKING (1958), SAFFORD & MELKONIAN (1959). Essentially the trans-
mission and the fission rate are compared, Calculation of @, from such a measurement
can at present only be done by using data on the energy dependencies of fission and
absorption cross-sections.

Le62 Experimental data for U?32

Only three measurements of the capture to fission ratio have been reported, and
they are given in Table lL.11. There is an error of sign in one of the genetic rela-
tionships given by INGHRAM et ale. (1956)e For this reason the result was recalculated
by CHAPMAN (1959) and was found to be somewhat sensitive to the neutron spectrum,
through tho velue assumd for $;[0?%® ] in allowing for U*®® burn-up. The uncertainty
is enhanced by our ignorence of the extent to which resonance absorption in the dilute
U?%® in the sample is shielded by the U°®® in the reactor fuel. KUKAVADSE et al.
(1956) avoided this difficulty by isotope dilution after the irradiation, This
technique is more complex, and the samples used were rather thick, see note A of
B Le43, s0 in Table 411 we have increased the uncertainty quoted by the authors. The
value of g is not much changed on golng from a reactor spectrum to 2200 m/sec, because
a is fairly constant in the thermal region, and indeed over almost the whole energy
range except at the 2.3 eV resonance., The evaluation of the correction and its uncer=
teinty have been discussed in some deteil by EVANS & FLUHARTY (1959). We have used
their estimate of the uncertainty, but have preferred to re-evaluate the corrections
themselves from the tables of WESTCOTT (1 9603.
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T/BIE Lot

Capture to fission ratio, a, for U?*® with slow neutrons

Ref'erence

!

Value in
experimental
spectrum

Corrected
to
2200 m/sec.

Corments

INGHRAM et al,
(1956)

0.(36
_t 0.00?

0.095
_t 0.w9

Hnas-specirone ter
analysis before and
af ter irradiation in
NRX reactors
Orizinal valve 0.0976
+ 040018 recalculated
with revised cross-
section data.

KUKAVADSE et ale
(1956)

0.0968
I Oam

0.0961
_t 0.%8

Absolute alpha
counting, and mass-
gspec trometry af'ter
reactor irrsdiation.
Reported value

/(1 +2)=0,0870 + 0,003
increased by 14% to
allow for U?** burn=up
during irradiation.
EVANS and FLUHARTY
(1959).

COCKING (1958)

Oe113
+ 0.018

Measurement of 1 + g
with cold neutrons of
ebout 0,011 eV

VWieighted meen valus

0,0958
b 2 OUMB

The close agreement of the first two data in Table 4.11 1s probably somewhat

fortuitous,

neutrons of long wavelength.

COCKING's (1958) meesurement wes made with effectively monokinetio
Unfortunetely the variation of ofE) at very low neutron

energies is not known so that his result gives no informaticn on g [U%%%],

4463 Experimental data for U®®®

The data on the capture to fission ratio for U?®® are given in Table L 12. Most
of the measurements were by mass-spectrometry after irrediations in resctors, with
1little or no ettempt to characterise the neutron spectra, Corrections to 2200 m/seo
have been evaluated by using WESTCOTT's (1960) tables, with plousible assumptions
about the neutron temperatwes and the spithermal fluxes, It is difficult to make

any convincing essessment of the uncerteinties involved, and measurements in thermal
spectrae are much needed,
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TABLE Le12

Capture tc fission ratio, g, for U?°" with slow neutrons

F Value in 1 Corrected
Ref'erence experimental to Weight Comments
spectrum 2200 m/aec
DEUTSCH et al, |0.188 0a173 Mass=specirometry, with radio=
(1946) + 0,008 + 0,012 [ 0,02 [chemical determination of no. of
(probable error) fissions, Irradiation in Oak
Ridge reactor gave very low
yield 1P /u%®® ~ 0.03%
- ditto = 0188 O0s172 As above, Irradiation in
+ 0,011 + 0,017 Hanford reactor gave rather low
(probable error) yield U?%¢/u 25~ 0.2%
WILLIAMS (1946) |0.177 0.165 140 | Mass-spectrometric analyses of
+ 0,006 + 0.007 U**® production and U*®° burn-
upe Irradiation in Hanford
reactor give U°°®/UF%% ~ 2%
KANNE et al, Oe1 7L 04165 Irradiation in NRX. Two=-stape
(1956) + (10%) 4 0,026 | 0.4 | mass=spectrometer for UF°°
(probable error) assay, but no. of fissions
crudely estimated, from radio-
chemical yields of Cs'®? and
TINGEY & 0418 04177 0«3 |Irradiation in MTR
VANCE (1955) + 04012 + 0,012
CRAIG et =al, 0e194 Sections of fuel element highly
(1958) + 0,002 0,184 irradiated in NRX. Analyses by
'+ 0.006 0.7 |mass-spectrometry and by alpha
BIGHAM et al, 04187 - spec trome try, respectively
(1959) + 0.003
COCKING (41958) |0.172 Measurement of 1 + g with nearly
+ 0,022 monokinetic cold neutrons of
about 0,0011 eV
SAFFORD AND O™ 0.159 0.9 |Measurement of 1 + g at 0.,0029M
MELKONIAN (1959)| + 0.009 + 04014 eV. Transformation to 2200 méec
discussed in text
CORNISE (1960) |0.200 0.189 Irredietion in DIDO, U*% burn-
+ 0,008 + 0,008 | 0.5 |up measured by mass-spectrometen
relative to the U*®* present in
low sbundance, and from gross
fission-product 4 radiation
o 0.0077 See § 1*-.63’ Note A
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The ueasurements by COCKIITG (1958) and by SAFFORD & MELKONIAN (1959) were mede
with essentially monokinetic neutrons at long wavelengths, EIstimation of g from
these data deponds at present on the accuracy of reletive measurements of o end op
at the enerpgies of interest. Tho most suitable data anpear to be those of SEPFI et
ales (1958) and of SAFFORD et al. (1959), who measured o; at long wavelengths and in
the thermal region, using crystal spectrometers. Relative measurements of op at

0,00291 and 0,0253 eV have been made by the same two groups, and the results ere cited
by SAFFORD and MELKONIAN (1959). Using the values 1,171 for (1 + o) at 0.00791 eV,
which was reported by the authors lasti named, the following estimates are obtained
for ¢ at 2200 m/sec:

Origin of cross-section data used® ”o[u“a]
SEFPI et al. (1958) metal samples 0179 + 0013
SAFFORD et ale. (1959) metal samples 0164 + 0.01L

ligquid samples 0.152 + 0.007

The weighted mean valve 1s g = 0159 + 0.014, wherein the uncertainty of the initial
datum is included.

The dispersion of the data presented in Table 4.12 is not inconsistent with the
uncertainties quoted thoru., However, in weighting the data the following comments
should be considered:

A. The majorily of the duta are [rom saumples irralisted in nucleer resctors, and the
uncertainties givan in the table for these data should be increased by + 0.005
to 21low for systematic errors in the corrections to 2200 m/sac.

B, TFor the rirst two messurements in Table 4412, reporied by DEUTSCH et ale (1946)
the atomic ratios of U*?®/U*®® after irrediation were very low, It is difficult
to beliove ths o.bsol'l'ra accuracy of the mass-spectrometiric analyses could have
Leen better than + 30,5 end + 5,0 respectively,

C. educed weight is given to thas result by CORNISH (19u0) for similar reassons., He
irradiated very small samples of lll{'hly‘ erriched U??% on pluninium foils, Decause
of contamination from natural urcnium present in the aluminium, 'the mass-
spesironetric assessments of U?*® bwn-up depend on comparisons with the U2
which was present in low sbundance only. There is likely to be q atrong systema-
tic element of uncertainty in the measurements,

|
i

D, KANNE et al, (1956) used o mass-specirometer of high resolution, t"liut mede only
a cruie maasurement ot the nuuber of fissions. They were more int?rda'bed to
study the relative varialions of a over a broad energy range.

E. The measurements reporied by CRAIG et al. (1958) and by BICHAM et all. (1959)
followed a prolonged irradiation which gave a good yield of U?®, Nowever the
samples were sliced from a thick fuel element. Elaborate calculati by
KUSHNERIUK (1959) have been used to infer a, from the observed resulls, but the

*We have assumed Oy = 16.0 + 0.7 barns per 0*®® atom in the liquid samples| both at

long wavelengths and in the thermsl regions For the metal samples oy = 1 4 1 barn
at 0.00291 eV, and 14.4 + 3.7 barns at 0.0253’ eV.




complexity of the environment detracts very much from the reliability of the
result,

It may reasonably be argued that greater weight should be given to the measure-
ment by SAFTFORD & MELKONIAN ?1 959) since the other data are from integral measurements
whose correction to 2200 m/sec is based on guess-worke However the datum in que;istion
has also bhcon used, in § 452 and Table 4.9, for direct determination of o_rE.O [Ua ]
so0 that in twuct it has been given double weight.

o0l Experimental data for py?8®

Only two measurements of the capture to fission ratio in Pu have been reported;
they are given in Table 413 and it may be seen that the measurements were only of
low precision,

The measurements reported by KANNE et ale (1956) appear to have been made about
1947. The uncertainty in the result ariscs mainly from the fission yield data which
were used. Corroction to 2200 m/sec is quite sensitive to the neutron spectrum,
For a rough cstimate we have used the parameters of WESTCOTT (1960) assuming T = 80
to 220 °C for the effective temperature of the thermasl neutrons, and r = 0.03 to
0,09 for the epithermnl intensity in the Hanford irradiation. Then

1 + (AR o (1 + 8) (449)
with £ = 0,093 + (1.8%).

TABLE 4413

Capture to fission ratio, g, for Pu with slow neutrons

Velue in Corrected
reference experimentsl to Comments
spectrum 2200 m/sec

Irradiation in Hanford pile. No. of

0.4,.2 fissions from fission-product analy-
KANNE et al, + (15%) 06310 sis, Pu®*% assayed by spontaneous
(1956) (probable + 0,090 fission rate beflore and af'ter irradia-
tion
COCKING (1958) 04300 04300 lieasurement of 1 + a with cold neu-
+ 0,040 + 0,10 trons of about 0.0011 eV
= = _————
Mean valua 0.30C5
+ 0410

To calculate of 2200 m/sec) from COCKING's (1958) measurement with cold neutrons
one must have recourse to available data on the energy dependence of Op and O3 in
the energy range 0,0011 to 0.,0253 eV, These are very inexact, giving at best




f = 10&)_:_" 0.07

for the correction factor of equation (L.9).

Le7 THE AVERACE NUMBER OF NEUTRONS EMITTSD PHR FISSION

L1 Methods of measurement

To measure w, the average number of neutrons evolved per fission, one must be
able to count fission events and the neutrons emitted. In order that the fissions
mey be counted it is nocessary to use a very thin fissile sample and a reasonably
low fission rate, The intensity of the fission neutrons is consequently very low,
often lower than that of the fast neutron background, Various methods have been
used to overcoma this difficulty; for examples the reader is referrwvd to the papers
by SNYDER & WILLIAMS (1944), KALASHNIKOVA ot al. (1955), and SANDERS (1956). For
most measurements of V the neutrons have besen counted in coincidence with fission
events, This greatly alleviates the problem of distinguishing the fission neutrons
from the nesutron background, and also eliminates the need to know the absolute
efficiency of the fission counter, However it should be noted that the yleld of
neutrons from fission is correlated with the mass retio and energy of the fission
fragments, and there is a directional correlation also, In measuring v with coinci=
dence techniques care must be taken to ensure the random sampling of fission events,
and this may be done, for instance, by trying to count nearly ell the fissions.

To moasure y absolutely the efficiency of the neutron counter must be determined
absolutely. Usually this has been done indirectly, by using a standard neutron
source for example; (the relisbility of the source calibrations is briefly examined
in the next section). In recent work the efficiency of the neutron counter has been
measured by observation of "essociated cherged particles"; DIVEN et al. (1956),
COLVIN & SO¥ERBY (1958). This method is not only more direct, but also permits
:alibration of the counter efficiency as a functicn of neutron energy.

For relative measursments of §, with different fissile nuclel for example,
absolute calibration of the neutron zounter is unnecessary. It is important nonethe-

less, to ensure that the response is insensitive to the small differences between
the spectra of emitted neutrons,

4e72 Corrections to published data

Neutron-source calibrations

Calibrations and comparisons of neutron sources have been discussed in detail
LARSSON (1958), RICEH.IONDH& 958), and GEIGER (1960)s They showed that there is goo&by
agreement between source strength measurements by verious techniques in different
laboratories, HNone of these authors has made a "least squares" analysis of all the
available date, and a complete review is much needed, We do not attempt that here
but have oritically re-examined the data collected by LARSSON (1958) and RICIHMOND '
(1958). Recommended values of the source strengths which are of interest in the
present context are given in Table Lell, and a few gensral comments follow:
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A

B.

C.

TABLE Leo1l4

Output of some standard neutron sources; recommended values

Output at given
Sources Ak Nanton/rens Reference and comments

Los Alamos No. L (6.0¢ x 106) + (5%) WALKER (1944); rovised as

Ra=~ @ -Be Auge-Dec., 1944 noted in 8 4471, note B
Ios Alamos No. 43 (9.19 x 106) -+ (5%) WALKER (1944); by comparison

Ra= @ -Be with LA source No,., 44 above
USSR N,22 (5496 x 106) + (3%) EROZOLIMSKY & SPIVAK (1957)

Ra~ a -Be Juns, 1951
Oxford (6.20 x 10* + (1.6%) | RICHMOND (1958); revised as
M Th- y -DEO 25th Jan., 1955 noted in § 4.71, note C

! il
Harwell (24036 x 10%)+(1.7%) | RICHMOND (1958); by compgrison
Pu®4% spont, fiss. 19567 with the strength of the Oxford
source chout 1956-7

Natural U 15.6 + (L%) Typical value. See § Le71,
spont,fiss, sources per Kz, note E

There is inconclusive evidence suggesting that the strength of the Harwell
Ra-g-Be source mey have fallen by 6.6% about 1951=2, Evidence for a 3% loss .
of intensity from the Los Alimos source no. 40 has been cited also, by COON
(1955)s Such changes might result [rom mechanical vibration for example, or
from radar leakage. Because of these possible chenges the early measurements
on the Harwell and Los Alamos sowrces con have no weight in evaluating calcule=
tions for the post 1955 era.

Conversely, the intensities of the Los Alemos sources in 194) should be inferred
from the contemporanocus studies by WALKER (19&4)- His calibrations have been
increaged in Table Le1k, by 2.2% to allow for sbsorption of fast neutrons by
the 01° (n, a) reaction, and by 0.2 for sbsorption by the sowrce itself of
neutrons thermalised in the water bath,

Three independent calibrations of the Oxford photo-neutron source are listed by
RICHMOND (1958). 1In correcting the later measurements to the date of the first
calibration a half-life of 1.90 years was assumed. However both the available
date. MEITNER (1918) and KIRBY et al. (1956), indicate a half-life of 1,910



years, ond this leads to the value given in Table /.14 for theiygiglrbed mean of
tha three direct calibrations, The sirength of the Harwell Pu spontansous
fission source was obtained by comparison with the Oxford source acbout the end
of 1956, and we have revised the rosult correspondingly.

De Several similar small corrcctions may be made to the other calibration data
reviewved by LARSSON (1958) and by RICHLOND (1958)s Dy clhiance these data together
then exaotly corroborate the value proposed in Table /14 for the strength of the
Oxford source, and they were taken into account when evaluating the uncertainty.
The Russian source calibrations by ZROZOLIMSKY & SPIVAX (1957) appear by com-
parison to be 0.5% too low, but it has not been worth while to modify the
original value,

E. Spontaneous fission sources of natural uranium have also been used. Recent
reports, WALTNER & LEONARD (1959), LITTLER (1959), suggest that the spontaneous
neutron output from a smell sample is (1543 +0 65 neutrons/Kg sece A slightly
higher velue is proposed in Teble 4.1l to allow for the fast neutron multie
plication which must occur in sources of practical size.

Delayed neutrons

In tables L.15 and L.16 below, V has been used to denote the average number of
neutrons evolved per f'ission, including both prompt and delayed neutrons, In many
of the experiments colncidonce techniques were used so that only the prompt neutrons
were observed, The delayed-neutron yields which we have added are, from KEEPIN et
als (1957) and COX et al. (1958):

No. of delayed neutrons

Fissile nucleus per fission

U233 + thermal neutron 0.0066 + 0,000
U235 + L) s 0.0158 + 0.0007
Pu239 + " " 0,0061 + 0,0004
Cf252 spontaneous fission 0.,0086 + 0.0010

This correction i1s very small and its contribution to the uncertainty of § is
quite negligible.

4473 The experimental data on ¥

In Tables L4415 and 4416 are collected the results of absolute and relative
measurements of ¥ for fission of U*?%, U®%5 and Pu®?® by slow neutrons, Absolute
measurements of ¥ for spontaneous fission of Cf?*? have akso been made, and ¥ [U??%]

can be deduced by the use of comparative data, so these results have been included
also in the tables,

For most of the measurements the fissions were induced by bombardment with
thermal neutrons or with neutrons from thermsl reactors. [However the results can
equally well be interpreted es 2200 m/sec. values, because with slow neutrons v is
virtually independent of the bomberding energy, and even on a broader scale the rate
of increass of ¥ is o about 0,12 (neutrons/fissmn) per leV; see for instance
BONDARENKO et al, (1“% The insensitivity of ¥ to small changes of the incident
energy is an expected consequence of the fact that v is averaged over a very broad
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population, Measurements using monochromatic neutrons confirm this expectation for
both U?°% and Pu®®® over the range 0,025 to O.4 eV, within the experimental uncertainty
of % to 1 percent; ses for example LEONARD et al, {1 955), and AUCLAIR et al. (1956).

In many of the experiments the fission neutrons were detected with "wax castle"
counter assemblies, consisting of a ring of BF3 chambers embedded in a matrix of paraf-
fin waxe Inevitably such devices are quite sensitive to variations of the neutron
speotrum, and this is confirmed by the observations of KENWARD et al. (1958). Proton-
recoil counters also have been used for fast neutron detection, and suffer even more
strongly from the same defect, The large liquid scintillation counter used by DIVEN
et al, (1956) has a much more uniform response, and so too do the boron-pile counter
%f gsog.vm & SOWERBY (1958) and the water-bath technique used by BOWMAN & THOMPSON

1958).

The following considerations affect the weighting of the data:

(a) KENWARD et als (1958), MOAT et al. (1959), and COLVIN & SOWERBY (1959) all used
the same standard source for calibration purposes, so there is a large systematic
component in the uncertainties of their results in Table 4.15. In the same table
the data of JOHNSTONE (1954) and of SANDERS (1956) ore similarly correlated,

(b) The spectra of the various spontoncous fission and "mock-fission" sources used
for calibration purposes are all rather uncertain; see TERRELL (1959) and BONNER
(1959). These uncertainties affect the reliability of the measurements obtained
with wax castle and proton~recoil counters,

asa

(6) The ebsolute measurements of ¥ for U'°° and Cf *°~ are of low weight when (a)
and (b) have been taken into accounte To simplify the analysis we treated them
as estimators of B[U®2®], by using the weighted mean ratios from Table 4.16.
The loss of accuracy is negligible.

(d) The fission-rate comparisons used by MctLILLAN et ale (1955) are based on the
unproven assumption that the gross activity of f'ission products 20 to 130 minutes
after fission is independent of the fissioning nuclide., These measuremonts are
better interpreted as giving relative values of 7 ofp; see Teble 4.18.

(e) Values for ¥ of Cf*®*® were published by CRANE et ale (1955 and 1956), but are now

considered to be erroneous; CRANE (1960). A revised value is given by BOWVMAN &
THOMPSON (1958), and is listed in Table L4415, but few details are available.
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TABLE L.15

¥, the average number of promt and delayed nsutrons emitied per fission under slow-nsutron bombrrizent

cf!!?
Reference gras U 298 | spontansous|iieisht Mothod and comments
fission
SIYDER & WILLIAMS (194%) | 2455 0.03 |Sample at centre of large graphite moderator, Fission neutrons detected
+ 0453 by In foils irn Cd ot various distconces froo the seTple, end comparad
with neutron field from Los llamos Fa=g—3Be source lo. 435. Source
strength taken from tzble L.1k, but reduced by (1,5 1 1)% o allow for
cbsarption by threshold reactions in the graphite and for self-
abgsorption of moderatel neutrons
KALASHNTIKOVA et al, (1955)|2.63 0.05 |Coincidence technique. Wax-castle neutron counter, calibtated with a
+ 0,08 neutron source whose spectrum was "very similsr" to that of fission
neutrons, Original result recalculated and delayed neutron contribu-
tion added, Source calibration probaply by method of EROZOLIVSKY &
SPIVAK (1957)
JOHNSTONE (1954) 2.5 0.02 |Apparatus ond metiod sensibly the seme as used by SUDERS (1956); see
+ 0.1 below. Result was corrected to include delayed neutrous
DIVEN et al. (1956) 2.428 0«10 |Coincidence technique using incident neutrons of BO keV, leutrons
+ 0,060 counted in lerge Cd loaded liquid scintellator, Direct calibration by
associated particle method, Corrected to thermal emergy and to include
delayed nsutrons
SAIDERS (1956) 2.42 0.02 |Coincidence technique. Wax—castle neutron counter calibrated with
+ 0411 nstural uranium spontansous fission source., Original result corrected
for source strength eas in Table 1, and to include delayed neutrons
BOTMAN & THOMFSON (1958) 3.8 0.05 | Apparently revision of earlier work by CRANE et al. (1955, 1956)s They
4 0416 compared neutron output of sample with that of calibrated Ra-Pe source
by activation of Mn in a water bath. Fission rate observed separately,
KENWARD ot al, (1958) 2421 0.19 |Coincidence technigue., Waex-caestle neutron counter calibrated with
* 0.041 Harwell P*4° spontaneous fission source, Delayed neutron yield added
to original datum
HOAT et al., (1959, 1960) 3.69 0,02 |Comparison with Harwell Pu®‘’ spontansous fission source, using & wax-
x 0,07 castle counter, Neutron spectre were thought to be the same, Fission
rate determined separately
COLVIN & SOWERBY (1959) 2418 0,18 |Coincidence mathod, Boron-pile neutron counter celibrated with Harwell
% 0043 Pu2k0 spontaneous fission source. Delayed neutron yield added
COLVIN & SOWERBY (1960) 2435 1 As sbove, Boron-pile calibrated directly by asscciated particls method.
+ 0,024 Preliminary result, so we treat uncertainty as s+ 1%
Weighted meen values - 2,438 s
+ 04020
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Relative values of §, for slow-nesutroan induced fission of US33, [@3% and Pu??® a,d ior spontaneous fission of Cf

TIELE aaT4,

Reference

ysae
yass

Py 239
RLL

Pu23®

Cr 2s

U 338

Welight

Method and comments

SNYDER & WILLIAMS (1944)

1.17
+ 0,021

|
|
|
|

0.1

Sample at centre of large graphite moderztor. Fission
neutrons detected by activation of In foils in Cd at
various distances from sample. Fission rates observed
separately

DeWire et al. (1944)

1.029
+ 0.010

1.177

+ 0.009 |

Coincidence technique. Fission neutrons detected with
proton-recoil counter. Original data 1.033 and 1.182
corrected to include delayed neutrons

ANDERSON & MAY (1944)

Fission rate comparisons in thermal column of CP2 reactor
Neutron outputs compared in that of CP3, by activation

of In foils in Cd at various distances from sample.
Result suggests neutron spectrum in CP} thermal column

is harder

to

JOHNSTONE (1954)

Apparatus and method essentially the same as used by
SANDERS (1956) below, who obtained almost identical
results which he amended subsequently. Presumably
similar amendments are needed here. Revised to include
delayed neutrons

MoMILLAN et al. (1955)
GAERTTNER et al. (1958)

1.027
+ 0.034

1.247

Fission rates compared from gross fission-product activ-
ities, assumed independent of fissile nuclide. Neutron
outputs compared by reactivity changes both inside and
outside a Cd sandwich. HResults recalculated, and
"probable errors" converted to standard errors. Ve could
not reproduce original values 1.017 and 1.251 from the
data reported

KALASHNIKOVA et al.

1.035
+ 0.010

1.188
+ 0.012

0.3

0.3

Fissions and neutrons counted simultaneously but not in
coincidence. Cd filter in incident beam for background
correction. Coincidence measurements using a wax—castle
neutron counter gave results which agreed within

experimental uncertainties. Effects due to small diffe
ences of fission neutron spectra were thought negligible

DIVEN et al. (1956)

1.042
+ 0.022

1.229
+ 0.028

1.566

+ 0.025

0.07
0.06
0.6

Coincidence technique with incident neutromns of 80 keV,
using large Cd loaded liquid scintillator as neutron
counter. Hesults corrected to thermal energy and to
include delayed neutrons

Continues next page



TABLE 4.16, continued

Relative values of ¥, for slow-neutron induced fission of U'®®, U??%, and Pu "% and for spontaneous fission of Cf 25°
a23a 289 Pu’“ ] cras: )
Reference _!'l'lg By i Weight Method and comments
SANDERS (1956) 1.006 | ' 0.2 Coincidence method, with wax-castle neutron counter.
+ 0.017 [1.179 - 0.05 Original results revised, SANDERS (1960), to 1.010 and
+ 0.033 ; | 1.184 for prompt neutrons, and are amended here to
! | l | include delayed neutrons. Uncertainties quoted allow
; f | + 1% for possible effects of small differences in the
{ { | spectra cf fission neutrons
. 3 = 5
!
JACOE (1958) | 1.160 | 0.1 | Coincidence method, with wax-castle neutron cownter. . No
| + 0.020 | | allowance for possible effects of small differences in
; | | figssion-neutron spectra. Result 1.165 amended to include
i i | delayed neutrons.
L
DeSAUSSURE & SILVER (1953) {1.020 i | j 0.3 . Goincidence method, with proton-recoil counter as fast
+ 0.010 | | | . neutron detector. Uncertainty of only + #% allowed for
| 1.222 'I possible effects of small differences in spectra of fission
| # 0.010 | neutrons. Results amended to include delayed neutrons
MOAT et al. (1959) 1 1.542 1 Coincidence method, with large liquid scintillator as
+ 0,019 neutron detector. Improved dead-time corrections, MOAT
(1960) give 1.546 with 75 keV neutrons on U??%,
Amended here to thermal energy and to include delayed
| neutrone
COLVIN & SOWERBY (1959) 1.025 | 1 : foincidence method, with boron-pile neutron counter.
+ 0.006 | 1.191 1 | Results corrected to iaclude delayed neutrcas
+ 0.007 [1.163 | 1 I
WERBY (1959) | 1.511 ) A tentative result from boron-pile measurements, believed
+ 0.011 to contain errors resulting from high fission rate
Weighted mean values 1.025 1.194 1.163 1.551
+ 0.006 | + 0.008 | + 0.009 | + 0.021 ,
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4,8 THE NEUTRON REGENERATION FACTOR, ETA

L.81 Introduction

We define 1 as the average number of primary fission neutrons emitted per
neutron absorbed in the fissile material;

n =y oi?/dh’ (4410)
where prompt and delayed neutrons are included,
The ounly direct sbsolute measurements of 7 are those recently reported by
MACKLIN et al. (1960), but considersble number of indirect determinations have been
attempted.

4.+82 Direct measurements

n is a diwen: ionless parameter so that, in principle, it can be determined by
comparative measurements, With an incident beam of slow neutrons:

1)  The semple can be made thick enough to absorb almost thé whole incident flux, yet
without serious self--absorption and multiplication of the fast neutrons produced.

ii) Only fission neutrons are evolved, end they can be readily distinguished from
the bombarding neutrons,.

So, apart from corrections,

_ No, of neutrons emitted per unit time
"= Yo, of neutrons incident per unit time

The numerator and denominator of this expression cen be compared directly if the neu=
tron counting system has a response which is insensitive to variations of neutron
energy from the thermsl region to several MeV. For example, MACKLIN et al. (1960)
measured the activation of manganese in a large water bath,

Relative values of y for different fissile nuclides can be measured by less
exacting teschniques, using separate counters to observe the incident thermal neutrons
and the emitted fission neutrons, Measurements of this kind have been reported only
by RICHMOND (1955), who used a wax~cestle counter assembly to detect the fission
neutrons, Unfortunately this kind of detector is rather sensitive to variations of
neutron energy, so the results may bs in error by about + 0.3 percent because of
small diff'erences bestween the spectra of the fission neutrons from the different
fissile nuclides.

By using thin fissile sample in & similar arrangement JAFFEY et al, (1955 and
1959) made comparative measurements of ypp, which may slso be expressed as ¥ op. The
seme criticism applies.

4,83 Indirect measurements

Estimates of v mey be derived from measurements of various kinds in critical and
sub-criticel a:iemblies, Many of the estimates are best regarded as test of the
thecraticel approximations used., However two clesses of experiment merit closer

s Yo =
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attention and are discussed in the following sub-sections. Apart from small correction
terms these measurements usually determine relative or absolute values of the para=-
meter,

(1) Ty, ™ ¥y By

Although n is only determined indirectly from this expression it is important that,
because m ~ 2, uncertainties of 1% in x or in o yield only about ﬂ% uncertainty in

Ne
REACTIVITY EXPERIMENTS
Many estimates of n have been derived from reactivity perturbetion experiments,

from pile period determinations, control-rod movement, or by oscillator techniques,
The measurements are comparative, determining i

i fs‘b(E) ["F' ﬂ(E) ™ W(E)] U'A(E)O dE

J$(E)H(E)e op(E)e AE

(Le11)

In this expression:

¢§E; is the distribution of the neutron flux

W(E) is the worth or importance of a neutron of energy E at the sample position
relative to that of a tharumal neutron,

Wp ds the average worth of a fission neutron, at the ssmple position.

op 1is the absorption cross-section of a non-fissile absorber used as a standard

for calibration of the reactivity scale.

The other symbols are defined in sub-section 4,11. Usua neerly all the neutron
abrorption in the samples occurs below about 1 eV, and W(E) is not expected to vary
significantly from unity in this energy reglon, so that equation (4.11) can be written
~ T L.
X = (wfi-1) §/8, (he12)

Correction to 2200 m/sec gives

Xo = (Wgmo = 1) a0/, (4a13)
Gp a Ga -~ 1\9a°
g2 & (3? 1);":3 (4etk)

where G denoted the g+rs of Westcott's symbolism: WESTCOTT (1958, 1960)e. In equation
(Le14) the major uncertainty is that arising from the first term on the right hand
side; the second is only a small correction term.

W._, varies from one location to another, but is usually about unity in thermal
reaotog systems, It differs from unity because of the following possibilities:

a) Fast neutron multiplication in the fuel or in the sample.

b) Neutron migration to positions of higher or lower worth during moderation, This
includes the possibility of leakage from the assembly.




o) Resonancs capture during moderation,

d) Differences of detector efficiency for neutrons of different energies, Usually
there is enough moderator between sample and monitor that this effect may be
ignored.

We should mention also that in equation (4.11) it has been implicitly assumed
that the neutron importance at the sample position is sufficiently isotropic that
sample scattering effects may be ignored.

If Wp can be estimated from theoretical considerations mo can be evaluated abso=-
lutely, and many authors have made use of this possibility. However no detailed
investigation has been reported of the accuracy of such theoretical estimates of Wg.
We prefer to take the view that in general the reactivity measurements are primarily
measurements of Wp. However, if several different fissile nuclides are compared,
the relative values of (7o = 1)010 can be determined also. From equation (L.13)

a0 0,0
('r]o—‘l)':!"“o 2 o {xo + (1-wg) ?’;3] (4e15)
F .

On taking ratios the faotor rrpo/'WF drops out, and in the correction term small errors
in Wy and in o ,° cancel in part and may be ignored. Wp can be evaluated well enough
by using equations (L4.13) and (L4e14), together with the preliminary data from Table
h'.1 7.
TABLE Lo17
Preliminary data used for approximate evaluation of WF and

of small correction terms in equations (L4.14) and (4.15)

Value assumed
Parameter at 2200 m/“o’ Origin
GA[U’“] 575 + 3 barns Weighted mean values
G'A[Ua“ ] 681 + 4 barns from Taebles 4e6, L7
o, [Pu®*?] 1024 + 8 barns and 4.8
n[0*??] 24296 + 0,010 ] MACKLIN et al,
n[0?°%] 2,077 + 0,010 (1960)
o, [B] See Table L.t
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GWIN & MAGNUSON (19602) made reactivity measurements with small samples at the
centre of a large internal thermal column ("flux trap") of Hy0. In this assembly W
hed an unusually large value, about 2,3 apparently., Therefore Wpnm >>1, and instaas
of equation (4e15) it is more appropriate to write

gor,G, . G,00
FO'FO Q—W&[FEX-PGAO_AO}
F F Fp

(4e16)

On taking ratios the factor o,9/Wp drops out. The second term in the braces is rela=-
tively small and may be estimated from the preliminary data in Table 417 without add=-
ing seriously to the uncertainties,

CRITICAL EXPERIMENTS IN SIMPLE GEOMETRIES

A very detailed series of sxperiments, with homogeneous aqueous solutions of
fissile materials in large spherical end cylindrical containers, have been made at

the Oak Ridge national laboratory, THOMAS et al. (1956 )*, MAGNUSON & GWIN (1959), end
GWIN & MAGNUSON (1960b).

For oriticality with fissile material of high isotopic purity

(R faq)=1 (4417)

averaging over the neutron spectrum throughout the system. In this expression q is
the non-leakage probability, which is close to unity for a large system; f is ths
neutron absorption rate, in the fissile material as a fraction of the total absorp-
tion rate in the medium, and it is calculated from the observed critical dilution
and the absorption cross-sections of the constituent atoms.

From equation (4e17) it can be seen that the measurements determine

(a §-1)5/5, =R (4418)

where &) is the absorption cross-section of the fissile material, R is the ratio of
diluent atoms to fissile atoms, and Cp is the average absorption cross-section of the
diluent atoms. The spectrum averages involved are similar to those of the preceding
sub-section, and equation (l4.18) is entirely similar to (4s12). Since gu the measure-
ments permit the valuation of

(e = 1)oy° (4419)
exactly as in equation (Le15)

The experimental study of homogeneous systems of simple geometric configurations
should stimulate relatively detailed mathematical studies, The use of large well-
moderated systems reduces the uncertainties in determining q and in the nsutron spec-
trum, The use of dilute fissile material of high isotopic purity simplifies the
calculation of sabsorption effects during moderation, Thus the measurements permit
the absolute evaluation of (n = 1 )c-Ao with good accuracy.

*The data of THOMAS et al. (1956) have been revised by FRANCIS et al. (1957) and
further revisionsare cited by MAGNUSON & GWIN (1959).
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L.+8)4 Correction of experimental data to 2200 m/sec

Absolute measurements of eta, and comparative measurements between different
fissile nuclides, have not yet been made with monokinetic bombarding neutrons. Only
broed neutron spectra have been used, so that corrections are needed to derive data
for neutrons of 2200 m/sec.

Thick sample measurements. In the direct measurements of eta the whole incident
neutron flux is absorbed in the thick sample, so the measurements give

fi= HE)er(E)edl/ #E).dE (4020)

Notice that the flux is not weighted by an absorption cross-section, so that to obtain
a measurement of m in the low energy region it is essential to curtail the epithermal
component of the neutron spectrum. RICICIOND (1955) and MACKLIN et al. (1960 used
Cd-dif'ference techniques.

The latter authors made a rather detailed study of all the corrections needed for
their mecsurements of m and of the uncertainties involved; corrections to 2200 m/sec.
were included. RICHMOND (1955) corrected his results for the effects of the rump of
the epithermal spectrum below the Cd cut-off, so that his data refer to a Maxwellian
neutron spectirum ot o temperature of perhaps (70 + 40)°C. To transform them to 2200
n/sec we have assumed

' >33 l o2 ] Pu2o?

/10 | 1.000 + (0.6%) | 04995 + (0.45%) l 04958 + (0.8%)

Thin sample measurements. The other measwrements have all been made with relatively
thin or dilute samples. We have converted the results to 2200 n/sec by using the forma=
lism and tables of WESTCOTT (1960), and making allowances for the uncertainties of the
neutron spectra and of the g and s coefficients, The conversion is based on equation
(4410), and the fact that ¥ is virtually independent of the bombarding spectrum in a
thermal reactor. For examples, see equations (L.ﬂh), (L.15) and (h.16). It is worth=
while to comment that for the reactivity experiments this treatment is only aspproxi-
mately correct. To bring about a measurable change of reactivity one must use a
macroscopic amount of the absorbing material, so that small spectral distortion and
self-shielding effects are inevitable. However these effects are no doubt much
reduced by using samples in the form of dilute solutions in Dp0, and in comparative
measurements the effects must balance to some extent if the samples are reasonably
woll-matcheds See for comparison the discussion in § 4.42.

485 Experimental data for eta

The experimentel methods outlined above, and various modifications of them have
been used to obtain values of

n (=1)9,, noy

The experimental data are collected in Tables 4,18, 4419, 4,20 and 4.21. For
the most part the tables should be self-explanatory. Table 4.20 can be most easily
understood by referring to sub-section 4.83. The measured values of

-dc_..




(Wrnv1)011? = % are given in the third column, These results were transformed to
2200 n/sec by using equation (4.14) and WESTCOTT's (1960) tables, with reasonable
guesses at the neutron spectrum, Thence Wp was evaluated sufficiently accurately, by
using the preliminary data of Table 4e17. The velues of Wy obtained in this way are
given in column 4, and the values which were used in the references are given there
also in brackets, for comperison. Finally relative velues of (mn, - 1)0’ 0 wore cal-
culated by using equation (4.15) and ere given in colums 5 mlrz of’ Tablo L.20.

In weighting the data we have preferred to reject those derived from measurcments
in heterogoneous lattices, both on general grounds end because the neutron spectra
involved are necessarily very uncertain.

To put the data on e consistent basis, to correct to 2200 m,/sec, and to give
each result in the most appropriate form, it has been necessary to recalculate the
majority of the results, In some instances we were unable to reproduce exactly the
original values from the date reported. A variety of techniques has been used for
reactivity perturbation measurements and in the following notes we draw attention to
some of the speciezl features of the different measurements, and to some of the uncer-
tainties incurred.

A. The measurements of SPIVAK & YEROZOLIMSKY (1956) were similar to typical reactivity
pertubation measurements, see f§ L.83, but were made in a large graphite thermal

colum, Care was taken to obviate the effects of neutron scattering by the samplese

The neutron sbsorption rates in the samples were compered by a broad beam trans-
mission experiment, eliminating the need for sample assay. This latter experi=-
ment is triefly discussed in § 4.43, note B. Corrections are needed because the
detector response was not independent of neutron energy, and because the inci-
dent neutron spectrum may have been affected by the proximity of the noderator
surface and of a cadmium disc, We have only been able to make rather crude esti-
mates of these corrections. The weight factor Wy was determined by "poisoning"
the graphite. The result depends on a somewhat uncertain extrapolation and we °
have preferred to treat the measurements as yielding only relative wvalues of 7.
We could not reproduce exactly the reported value for n[U®*°®®] from the data in
the reference., Unfortunately the absorption cross—sectiongsderived from the trans-
mission experiment are not very plausible, see Table 4.5, and greatly reduce
confidence in the resulis for mn.

Be (McMILLAN et al. (1955), later referenszc GAERITNER et al. (1958), made an extensive
series of measurements, including reactivity perturbations with novel cadmium
difference techniques., Additional reactivity and activation measurements were
made to analyse the neutron spectrum. Several fission parameters may be evaluated
more or less independently from the observations, The results suggest rather
strongly that introduction of the cadmium caused a significant change in the
reactivity scale, This is not surprising since the reactor used is small and
highly inhomogencouse. We have recalculated the results using the standards from
Table 41 and subsidiary data from Table 4«17, and have transformed them to 2200
n/sec, However we give no weight to these results because of the umartaintiea
of interpretation mentioned above.

Ce An extensive series of measurements was reported by ZINN & KANNER (1945). Reac-
tivity measurements were made in the CP2 reactor using a pyrex standard of
unspecified composition., It was calibrated by measurements with neutron spectro-
meters, but the calibration is unreliable and should be ignored, Transmission
experiments with a thermal neutron beam relate the pyrex standard to “A[U“a]’
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but similar measurements with U?3% cannot be used until the correct "hardening
factor" is computed for this non-1/v absorber. The residurl data may be inter—
preted as in Table 4,20, The samples were not withdrovmn to a position of zero
flux gradient in the swing measurements, so very small scattering corrections
should be made,

CRUIKSHANK et al. (1948) have given a detailed account of a series of pile oscil-
lator experdments with U®®®, whioh we interpret as s measurcment of Wy, only.
Semple 6 appeors to have lealnd during the course of the work, ond for on unbiassed
evaluation of the date we felt it necesscry 1o assign z large wcertainty Lo the
assay of this sample. In recalculation we also used a revised value of (2,105 +
0.012) x 10! disints/min, mg. for the decay rate of U?%°,

MUEHIHAUSE (1952 and 1959) and HARRIS & ROSE (1953) made pile oscillator measure-
ments in the Dp0 moderated reactor CP3! Tho reactor was large, with highly
enriched fuel and, as HUGHES (1956) has remarked, these factors permitted an
unusually satisfactory theoretical estimate for Wp. Comparison with the other
data in Teble 4420, columns 5 and 6, suggest that the reectivity of UP®® has been
overestimated by (L + 2)i% from MUEHLIAUSE's meesurements.

ALICHANOV et al. (1956) made resctivity measurements at the centre of a D50 modera=
ted reactor, both with completed lattice, and with fuel elements removed from the
central zone to make a thermal well of 70 cm diameter. Dilute samples were used
in Do0 solutions. There was a slight uncertainty in the control rod calibration
for the larger recctivity perturbations. It was felt that more accurate results
aight be obtained by first measuring the small effect of a sample of 1#®® with
boron. Then the U?2® and Pu®?® samples were compared with a pure U?3? sample of
about the same reactivity.

e were unable to reproduce the reported results from the reactivity data
in the reference. Consequently our recalculations have a somewhat uncertain
basis, but fortunately this has not seriously augmented the uncertainties of the
derived ratios of (Tb -1)010 given in Table 4.20, columns 5 and 6,

An extensive series of measurements with plile oscillators in DIMPLE and GLEEP
have been reported by CABELL et al. (1960). Several of the samples were enalysed
both at Harwell and at Oak Ridge, and there was good agreement as to their assay
and isotopic composition. However there remains an unexplained systematic dis=
crepancy between the reactivities of U?°® samples of American and British origins,
The American material appears to be (3.3 + 0.8) percent more reactive. The

data given in Table 4,20 are the mean values taking all samples into account.
Because the oscillation periods were short some of the dealyed neutrons were not
at saturation intensity throughout the pulse, The data in Table 4.20 have been
corrected for this effect.
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Table L.18

Eta for U233, U235 and Pu239, with incident neutrons cf 2200 m/sec

Reference

Absolute

p233

7
U35

values

‘Pu.l 39

Relative values

Unz/uns

135

Pu? 37U

N'v.ial.t

Method and comments

ZINN & KAMNER (1945)

1.114 + 0.006

Absorption of thermal peutrons in "grey”
samples; 54% transmission. The analysis
given is extremely crude and many correc—
tions ought to be made

RICHVOND (1955)

1.102 + 0,021

1.006 + 0.023

0.2

Absorption of reactor neutrons in thick
samples, with Cd—differences. Fisaion
neutrons detected with wax-castle counter.
Original data 1.108, 0.969, corrected to
2200 m/sec. See sections 4.82 and 4,84

SPIVAK &
YEROZOLIMSKY (1955)

1.1¢1 + 0,015

0.986z 0.02%

Neutron yield in graphite thermal column
compared with absorption by borom. e
have corrected results to 2200 m/sec. See
section 4.B5 note 4

McMILIAN et al. (1955)
CAERTTHEE et al. (1958

1.067 + 0.049

C.963 + 0,036

Reactivity measurements with 2nd without

& Cd sandwich. Results recalculated using
standard from Table 4.1, dut derivation is
extremely complex See section 4.85 note B

MACKLIN et al. (1960)

2,296 + 0,010

2.077 + 0.010

\"‘-..._

1

1

Direct measurement with thick samples, by
activation of Mn in wnter bath. Incident
neutrons from D20 tank next io reactor
core, with Cd-differences. The 3 datz are
not independent. See sections 4.82 and

| 4.8y

. Weighted mean values

2,296 ¥ 0,012

2.077 & 0.012

1.104
+ 0.0078

1.006 + 0.023

We have enlarged the uncertainties assigmed to
the three data of Macklin et al. so that we may
treat them as independent

P =
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TABLE L4.19

Absolute values of (M=1 )crA for U™ and U®® with incident neutrons of 2200 m/sec

=)o, at 2200 m/sec | Values in
A thermal
Reference g 239 22 spectrun Method and comments
component
Criticality measurements with dilute homogeneous agueous
737.6 + 840 739 + 7 |solutions of fissile material in spheres and cylinders.

WIN & MAGNUSON
(1960 b)

751 ok =z 10,2

711 4 = 9.3

Ve have recalculated the results with revised standards,
using for n only the data from systems with small neutron

leakage,

See section L.83
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Ratios of (Tl-l} Ca

Table 4.20

for U233, U235 and Pu239 with incident neutrons of 2200 m/sec.

1 2 3 L 5 | 6 7 g
Cheerved Wy He::u;;();s;?::cof l?l-l)CfA .
Reference Jssils (W _|)a for from Uetsﬁt Yethod and comments
auelide N ‘Y 'p| experiments 233 139
in broad : U /Uzas Pu yr3s
epectrun (W ; theer)
Reactivity messurement with borcm as
FERVI et al. (1944) u235 ? stenderd, Too few details are available
U233 0,933 0.867 + 0.008 EBesctivity measurecents in CP2, with
ZLNN & KaNNER (19L5) - 1.007 + 0,021 ] Ty = 0.050. Based on U-RE.."Z‘}B] as
y23s5 0.880 (9.851) standard. See section L.85 note C
uz233 0.815 Feactivity measurcments in CP2 in &
~difto- 0.790 1.010 # 0.030 0 |eub-Cd spectrum. Based on (,['233]
U235 0.734 as etandard
i
Pile cscillator mecsurements in ZEEP
CRUIKSHANK et al. U233 | 0.834 £ 0,063 | 0.892 3 0.035 relative to boron of unspecified origin.
(1948) (0.829) Amzay of U233 by absolute 21lpha aountinq
' Pecalculated: aee section 4.85 note D
u233 | 0.842 + 0.010 Pile oscillator measurements in CP3
MUEHLHAUSE 0.914 # 0,013 | 0,977 + 0.019 o relative to ANL standerd boron, Results
(1952 end 1359) | U235 | 0.791 & 0.010 recalculated sssuming r = 0,024 + 0.01,
(0,915 + 0.007) 1,408 + 0,0L8| O |from Cd-ratio data. See section 4.85
Pu239 | 1,252 + 0.016 note E
4 Pu2 " Contimation of work of NUTHLEAUSE (1952)
RARPIS & ROSE (1953) 4 above. Too few detsils available
. S e
| - u233 1.070 | Reactivity measurements in 2 thermsl
ALICHANOV et al. 1.049 + 0.016 | 1.014 * 0.018 0.5 well at centre of a [pO moderated
(1955) U235 1.026 reacter, with boron as standard., See
(1.013 + 0.005) 1.456 + 0,049 | 0.3 | 4.85 note 7
Pu23g 1.602
w233 0.760
0.856 # 0.013 | 1,031 + 0.026 0 48 above, but in spectrum obteined by
-ditto- U235 0.668 k a : completing the lattice
0.818 + 0.004 1. o. 0
Pu23g 1,083 M.+ 0t

tontinues mext page
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Table 4.20, continued

Ratios of (1 =1)0p for U233, U235 and Pu239 with incident neutrons of 2200 m/ses.

1 2 3 b 5 ] 6 7 8
Observed We Relative vam?’aes of
t 2200 m/sec .
Fissile G; from . weight Method and comments
Ref wen -1 A/“ e od &nd commen
i - g nuclide ( F ) ap expericents 233 P 239 =
in broed U 235 |TW 235
spectrum (\N",- 3 Bsaar.) ! U U
U233 | 0.751 + 0.010 { Reactivity measurements in TTR with
McMILLAN et al, (1955) | 1.004 + 0,022 0 | Cd-differences, using boron as standard
GAERTTNER et al. (1956) U235 | 0.704 & 0.009 0.868 Results revised snd recalculzted. See
| 1.521 + 0.036| O |section 4L.B5 note B
Pu239 | 1.195 + 0.016 |
U233 | 0.826 + 0,007 |
[ = [ 1,010 + 0.016 0 |As sbove, but derived Irem deta in
MCMILLAN et al, (1955) U235 | 0.719 + 0.008 0.881 ccmplete spectrum, with{Cd-difference
G 1.499 + 0.027| © Ly
Pu239 | 1.235 # 0.014
Pile cescillator messurements in =
U233 | 1.103 + 0.011 therra) well in DILPLE, relative to
i - 1.075 + 1.010 | 1.017 + 0.017 1 beren. Neutron spectrum essumed
CABELL et al. (1960) U235 | 1.065 + 0,012 = = Maxvellian et teurersture of moder—
- (1.02 + 0.06)* 1,499 + 0,030 1 ator, 20°C, Ip recalculation the
Pu239 | 1,687 + 0.023 dzta in column 3 were corrected fer
= losa of some delayed neutrcns, See
sectior 4.851 note G
U233 | 0.828 + 0.011
- WD - 0.890 & 0,009 | 1,019 & 0.019 0 | As zdcve, but ceasured in reactor
o u235 0.720 & 0.008 {0 B-”»}‘ spectrum: T = 66 C, r ®=0,0,2
. : (4]
Pu239 | 1.240 + 0.039 1.467 & 0.042
Critiecality experiments with dilute
komogeneous aguecus solutions of
u2 verious fissile materis]l in spheres and cylin-
GWIN & MACKUSCH (1960b) »3 1.009 + 0,015 o |®ers. Cnly preliminary dita ere
U235 various - svailable. Te have revised the

standards and corrected to 2200 r/sec
but the ratio here 18 not independent
of absolute values given in table L.21

Weighted mean values

1,016 + 0,015

1.469 + 0,023

* JOWITT «kal.l1g58)

t LITTLER (1956)
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TARBLE 4-21

Ratios of T]G'A (.t"\-? 0';) for U233, U235 anéd PuZ39 with incident neutrons of 2200 m/sec

'!‘Io;‘ ratios at 2200 m/sec Value in
imental i
Reference 2133 -3 axg::czf&ma Uensit Method and comments
U u23s | Pu??% s ?
Measured in thermal column of CP3 reactor. Fission
, . 0. + 0,015 0 neutrons destected with In foils in Cd sheaths. U233
ANDERSON & MAY (1944) | 0.950 + 0,016 g79 asssyed by wlpha-coun‘ings Driginal walus sorrected
assuning 21050 disints./min. pg of U233
Yo details available. Possibly similar to the mezsurement by
ANDERSON & NAGLE (1944) L4 ANDERSON & MAY above
0.935 + 0,029 0.964 + 0,029 (4] Reactivity measurements with thin samples placed inside or outside
YeEILLAN et 21. (1955) = a Cd box, Fecalculated with revised stendards. e could not
GAERTTNZR et al. (1958) 1.617 + 0,052 | 1.895 + 0.059 0 reproduce exactly the original resulis from the date reported,
= See section 4-25, note B
0,914 + 0,019 0.942 + 0.018 1 Thin ssmples irradiated in & pile neutron beam with Cd-
JAFFEY et al. = 2 [1.670 + 0.01 difierences. Fission neutrons detected with annuler boron
(1955 and 1959) 1.501 & 0.03 «670 £ 0.015 | 0.6 | counter embedsed in parsffin wax and shielded with Cd.
Moderator temperature 35°C. Recaleculated
0.948 + 0.019 1 Reactivity measurements in internzl thermal column, with re=0.015
CUVIN & 1/.0NUSON (1960e) and moderator temperature 25°C, Corrected to 2200 m/sec, with
1.510 + 0.025 1

revised standerds. FHesults are -reliminary. GSee section 4-%3

Weighted mean values

0,931 + 0,022

1.506 + 0.024




TABLE 4.22

Recommended values for reaction parameters of U233, U235
and Pu239 for neutrons of 2200 m/sec

Source of Parameter, Input Recommended
Item [input datum. for neutrons of datum value
Table Ho. 2200 m/sec.

1 46 0,, barns U233 575 + 3.1 57347 + 245

2 be7 U235 | 6806+ 3.6 £80.5 + 2,9

3 48 Pu239 1024 =+ 8.t 1026.7 + 745

4 4e9 O, barns U233 51elt 749 52,5 + 2.7

5 U235 587 + 5.0 5799 % 2.7

6 Pu239 707 + 18 7406 + 5.5

7 4e10 Op ratios  U233/U235 |0.9107 + 0.0077 | 7.90L5 + 0.00L5

8 Pu239/1235 (1. 301 # 0.016 [1.777 + 0,009

9 Pu239/U233 {1,431 # 0,017 |1.412 +0.010
10 4o 11 &= /Op U233 |0,0958 # 0.0063 | C.0938 + 0.0047
1 412 U235 10.1714 + 0.0077 | 2.1734 + 0.0050
12 4e13 Pu239 (0,305 =+ 0.10 |0.786 + 0,013
13 4o 15 V, neuts./fiss U233 _ P.505 + 0,012
15 Pu230 o 2.,2Mm + 0,018
16 Le16 Vv ratios U233/U235 | 1,025 + 0.006 |1.027 =+ 0.CCh
17 Pu239/U235 | 1.194 + 0.008 [1.190 + 0.C06
18 Pu239/0233 | 1,163 + 0,009 |1.156 1 0.006
19 418 M U233 | 2,296 # 0.012 [7.790 + 0,008
20 235 | 2,077 + 0.012 [7.078 + 0,007
22 418 N ratios  U233/0U235 | 1.104 + 0.0078 |1.102 + 0.00L
23 Pu239/U235 | 1.006 # 0,023 |1.C07 + 0,0N°
24 Pu239/U233 — 0,814 = 0,CO8
25 4e19 (n-1)0y, barms U233 737.6+ 8.0 7004  #+ 4.6
26 U235 731.4% 10.2 733.4. + 5.0
27 Puz39 - 1173 +16

28 4420 n-1)0y U233/U235 | 1.016 + 0.015 |1.009 + 0.007
29 ratios  Pu239/U235 | 1.489 + 0.033 |1.530 + 0,020
30 |= Pu239/U233 - 1.516 + 0,021
31 he21 | MOG=90p  U233/U235| 0.931 #* 0.022 | 0.979 4 0,005
32 | ratios  2uR39/U235| 1.506 * 0.024 |1.520 & 0,01C
33 ‘ Pu239/U233 — 1,636 + 0,017

} dS.- barns ] See 8 4.3 and Table 4.4
4
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4.9 RECOMMENDED VALUES

In sections 4.3 to 4.8 we have collected and discussed the many experimental
measurements of the reaction parameters of U*?3, U*?% and Pf?® |, with neutrons of
2200 m/sec, No fewer than 26 weighted mean values are given from the absolute and
relative meassurements of

Fr o Uy ™ ("]"1)013 and 1oy

for the three nuclides, However only 9 of the parameters are independent, so that a
set of consistent values must now be derived, In addition to the obvious relation=
ship between the paramsters the equations

o = (1+c:)0'F
v = (1+a)n
must also be satisfied.

The 26 input data and the recommended values obtained from them by a least=~
squares adjustment are given in Table 4,22, The analysis was done by FOSSEY (1961 ).

Rgoomendod valuss for the scattering cross-~sections are given in Table 4.4 on page
10.

A x? test of the data shows that the deviations of the input data from the
recommended values have 55 percent probability. The differences between the input
data and the recommended values all lie within the uncertainties assigned., In rela=-
tion to the uncertainties the largest shifts are for

o™ ], o [Pu**] /o [U70°], G [U™00],  [Uee]

and n=1)3, [P ) /(14 )a, [U7°°]



L.10

RECOMMENDATIONS FOR FURTHER WORK

In attempting to assess the reliability of the "recommended values" which are

given in Table 4.22 the following featurses appear to be the most questionable and to
require further study experimentally.

1)

3)

)

5)

6)
7)

Many of the measurements were made with thermal neutron spectra, and have been
corrected to 2200 m/sec. In particular, all the measurements relating to eta
were made with thermal neutrons, or with reactor neutrons., Better data are 3
neede%}gn the variation of t) with energy in the range 0,005 to 0.5 eV, for U2 -
and Us22,

Very high accuracy has been claimed for the direct absolute measurements of 7,
although only a single pair of measurements has been reported; MACKLIN et al.
(1960). Better absolute data on 7 and on q would help to confirm their results.

The very extensive and important series of measurements by CABELL et al. (1960),
see Table 4,20 and sub-section 4,85 Note G, appear to show a difference of about
3% in the reactivities of U*™ of American and British origins, The resolution
of this improbable result is very desirable.

Most of the measurements of the capture to fission ratios, q, were made with
samples which had been irredieted in reactor lettice spectra. In general we

have given no weight to measurements in lattice spectra, giving preference to
data obtained with monokinetlc neutrons or with thermal neutrons, However it

was not practicable to maintain this policy towards the data for g. New measure-—
ments with well-moderated neutrons are needed. This recommendation re-emphasises
the need for reliable data on the energy dependence of 1.

To improve the precision of the results attention should be given also to:=
Better measurements of ths paramesters

Tpr @ Op» and 7
for Pu ?®%, For op and v improved comparisons with U *3?or U #3%would be helpful.

Better measurements of the fission cross-sections generally.

New measurements of oy in the range 0. to 0.5 eV for all three nuclides,

1
wn
o]
|
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