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1. Introduction

The emission rate, i.e. the number of neutronstedhihto the #t solid angle, is the basic
quantity characterising radionuclide neutron sosirde this paper, the equipment and the
techniques used at the D.I. Mendeleyev InstituteMetrology (VNIIM) for the measurement
of the emission rates are described.

The VNIIM laboratory for neutron measurements ofesafacilities for accurate
measuring neutron emission rates using three imdigpe absolute methods [1, 2, 3, 4]. The
relative standard uncertaintids< 1) do not exceed 0.7 % for each of these methods

2 Equipment and experimental techniques

2.1 The manganese bath method

This method is used in almost all national labaratbengaged in neutron measurements.
It is therefore not described it here in detaile MNIIM manganese bath is a cylindrical tank 0.85
cm in diameter and 0.95 cm in height, which is mafistainless steel and filled with MngO
solution. The bath has no system for circulatiorthef solution. The photons resulting from the
decay of®Mn are detected with a scintillation detector whislplaced in the bath after removing
the source from the bath and stirring of the maagarsulphate solution.

The correction for leakage of neutrons from the enatbr is determined experimentally.
In contrast, the corrections for capture of thermalitrons by impurities and for capture of
thermal and fast neutrons by sulphur and oxygefenand structural materials is calculated.

The equipment is used to measure the neutron emisge of radionuclide sources in the range
from 10 s* to 16 s* with a relative standard uncertainky=1) of 0.55 %.

2.2 Thegold foil activation method

This method is a well-known method too, althoughds used as widely as the manganese
bath. No national metrological laboratory employdds method in the key-comparison
CCRI(I)-K.9.Am-Be (1999 - 2005) and only two lafatories, PTB and VNIIM, used it in the
comparison CCRI(111)-K.9.Cf-252 (1978 - 1984) [5].

If a neutron source is placed in the centre oflatively big moderator (in present case,
water), its emission rat® can be determined by

B=4n]2anH¢T(r) r2dr (1)

whereny, oy and¢+(r) denote the number of hydrogen nuclei per unitinad, the cross section
for capture of thermal neutrons by hydrogen and tttermal neutron fluence rate in the
moderator at the distancerom the source centre, respectively. Thus, thesgion rateB can
be determined from the known cross-sectigrandd(r).
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The VNIIM installation is a cylinderical stainlesseel tank, 110 cm in diameter and
130 cm in height, which is filled with bi-distilledvater. Gold activation detectors are used for
the measurement of the thermal neutron distribupiggn). One of the special design features of
this equipment is the system for the displaceménh® detector and the source support. This
system causes a minimum distortion of the neuisdd. fThe position of the gold activation detector
relative to the source centre is determiend witbrasertainty less than 0.1 mm.

The equipment is used to measure the neutron emissies of radionuclide sources in the
range from 10s” to 5-16 s* with a relative standard uncertaink/=1) of 0.55 %. The activity of
%Ay in the gold foils is measured using (g and 41B-y coincidence facilities.

The other two methods are described here in maisl deecause they are not so widely
known.

2.3 Associated particle method

If the ratio between the number of neutrons andggth particles emitted in the neutron
producing reaction as well as the spatial distidsubf reaction products is known, the neutron
emission rate can be determined by a measureméime oiumber of associated particles emitted
into a certain solid angl@. The neutron fluence value can be calculated byetjuation

N
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whereN, €, k(3), Q andn denote the associated radiation counting rateetfi@ency of the
associated radiation detector, the asymmetry aoeffi of the associated radiation, the solid
angle in which the associated radiation is recoatetithe ratio between the number of neutrons
and that of associated particles, respectively.

Unfortunately, this well-known technique can notused directly for the determination of
radionuclide neutron sources emission rate. Howdher emission rate of radionuclide sources
can be determined by comparison with the emissitmnaf a neutron generator using a ‘comparator’
device.

The VNIIM neutron laboratory has a unique equipmfmmtthis purpose — a spherical
moderator 4 m in diameter (see Fig. 1). The spisemgade of pure reactor graphite and consists
of twenty horizontal layers with about two thousdoholcks. There is a spherical cavity 40 cm in
diameter at the centre of the moderator. A vertite@nnel 90 mm in diameter is used to place
the radionuclide neutron sources at the centrédefcavity. The 175 mm horizontal channel is
used to place the neutron generator target atehecof the cavity. Two other 90 mm diameter
channels transverse the sphere close to the ceravdty with an inclination of 24° to the
horizontal. All open space in these channels lsedilwith graphite inserts. A thermal neutron
detector is mounted in one of the inserts of ed@noel. This detector can be displaced in the
distance range from 27.5 cm to 202 cm from thereawitthe moderator sphere.
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Fig 1: Experimental set-up with the huge graphite momeraphere in the rear, the fast
neutron generator in front and one of the authidid)(in the middle

The source located in the moderator centre emstsniautrons which interact with carbon
nuclei and are moderated to the thermal energiase $he diffusion length of thermal neutrons
in graphite is about 52 cm and the moderator ra@uabout 2 m, this moderator can be
considered quasi-infinite. The spatial distributminthermal neutrons in the moderator volume
can be studied by displacing the thermal neutroreatler. The detector is designed for a
constant efficiency in the fluence rate range fohs'cm? to 16 s'cm™

At VNIIM, monoenergetic neutron reference fieldgshwenergies of 2.5 MeV and 14 MeV
are produced with a special neutron generator. feiserator can also be used with the
moderator sphere. The target chamber providesdbsilglity to determine the emission rate of
monoenergetic neutrons by counting the associadtedged particles. In accordance with its
metrological purposes, the neutron generator masrdoer of special features:

The target chamber construction ensures a minimistortdon of the neutron field and

makes it possible to count the associated parttiesfixed solid angle. The chamber is a

stainless steel sphere, 50 mm in diameter and th8nrthickness. The neutron production

target, the semiconductor detector for counting ahsociated charged particles and the
apertures defining the solid angle are mounted special tube in the chamber. The
distance between the target and the aperturedd find can be measured with very small
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uncertainty. Thus, the reproducibility of the gedmeefactor is ensured even when the
target or detector are replaced.

The analysing magnet provides separation of tiferdifit charge states of deuterium ions
which is required to produce monoenergetic neutagimtion.

The neutron generator is operated without targelimg. This limits the ion current
(20 pA at maximum) and consequently the neutron emissienbut it allows an essential
decrease in distortion and attenuation of theahiteutron radiation.

The generator can be moved on rails and is equipptda beam tube 2.5 m in length.
This makes it possible to place the neutron geoetatget chamber in the central cavity
of moderator (see Fig. 2).
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Fig 2: Cross section of the spherical graphite moderatan in diameter, with a horizontal
channel for inserting the target of the neutronegator in the centre, a vertical channel for
inserting sealed sources from the top and two adarfor measuring the fluence of thermal
neutrons as a function of the distance to the eentr

These features facilitates the comparison of thgtroe emission rate of radionuclide
neutron sources with the neutron fluence measuitdtie associated particle technique:

The ratio between the moderation length and thermeatron diffusion length in graphite

is such that neutron leakage does not depend onehtons energy in the range up to

20 MeV

There is a spherical layer in the moderator atdist&ance of about 79 cm from the centre

where the ratio of thermal neutron fluence to reusource strength does not depend on

the initial neutron energy in the range from 0.2@MeV (see Fig. 3).

There are no reactions in graphite increasing thmber of neutrons up to energies of

about 20 MeV;,

The facility is practically insensitive to the amguasymmetry of the primary neutron

field.
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Fig 3: The count rate of the thermal neutron detedttfr) as a function of the distanceo
the centre as measured for selected neutron sounoemalised to unit neutron emission
rateB. The expanded diagram clearly shows an intersecticall curves except that for the

Sh-Be and Ra-Bg{n) sources at about 78 cm, independent of the speettdron fluence of
the source.

The total number of neutrons in the sphere is prtap@l to the integrab of the count rate
N(r) of the thermal neutron detector over the spheheme.

Ssz(r)rzdr (3)
a

Herea; = 0.2 m and, = 2 m denote the of the radius of the centraltgavith the neutron
source at its centre and the radius of the modesgiwere, respectively. The source strergyth
of a radionuclide neutron source can be calculited the source strengy, of the T(d,njHe
neutron source measured using the associatedlpdetitinique and the integr&sandS of the
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counting rates of the thermal neutron detector omeas for the T(d,n) source and the
radionuclide neutron source.

S Kag
SO I(O,(n,a.)

The contribution of epithermal neutrons to the gnéds S and & is determined by the Cd
difference method.

The correctionk,q for loss of neutrons in the graphite due toajfreactions were
calculated using the Monte-Carlo method and alserdéned experimentally for several types
of sources using a method based on incomplete ratoler

For these measurements, a radionuclide neutroncesour a spherical polyethylene
moderator with radius is placed in the cavity of the graphite spheres €bunting raté(r) of
a thermal neutron detector located at the pointafistant sensitivity’ is measured. With the
increase of the polyethylene moderator radjube number of neutrons emitted from its surface
with an energy exceeding the threshold of the r@actC(n,a)-°Be is reduced. Extrapolating
the dependence of the quantity ((r)/Ng) to zero thickness of the moderator, the emission
rate of a ‘negative source’ in relative units istadbed, i.e. the value of the correction for
absorption of neutrons by graphite. H&gdenotes the counting rate measured for the source
without the moderator.

For monoenergetic neutrons with an energy of MeY, the correction for absorption in
graphite was determined in a separate experimeiniceSthe threshold of the reaction
2C(n,a)°Be is at 6.18 MeV, this effect does not contribe neutrons from the reaction
D(d,ny’He. Therefore the correction for 14.1 MeV neutroas be obtained from the ratio of
counting ratedNrq n andNpq,,) measured in the graphite sphere for the reactl‘@hm)“He and
D(d,ny’He and from the ratio of emission rat®gy ) andBr,,) determined using the associated
particle method for these reactions.

B [
’ B N
D(d,n) D(d,n)

The experimental determination of these correctisns good agreement with Monte-
Carlo calculations. The equipment is used to meath@ neutron emission rate of radionuclide
sources in the range from*H3 to 510 s* with the relative standard uncertainti&s=(1) of 0.7 %.

B=B, (4)

2.4 Calorimetric method

Radionuclide neutron sources based on the spontarfission of*’Cf, */Cm, *®Cm,
23%py, 2%y etc. are used in metrology in additionden] sources. In these sources, neutrons are
produced as a result of spontaneous fission ev&hesemission rate can be determined if the
spontaneous fission activity, i.e. the number of fissions per unit time, of thencipal
radionuclide and the average numberof neutrons per fission event are known with a
sufficiently small uncertainty. Hence, the emissiate of such sources can in principle be

7
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calculated from the amount of fissionable nucldijcl can be determined by precise weighing.
The most suitable nuclides for such neutron souaresCm and °Cf, which are not
fissionable by thermal neutrons, and can be pdrifiell by modern radiochemical methods.
They have a suitable half-life and a low intensifyassociateg-radiation. The neutron source
strength of such sources is given by

B=v{l+k) [l+k,) Ok, O ©)

Here k; is the number of neutrons produced lmynj-reactions in the construction
materials per spontaneous fission event of theciméh radionuclidek, is the number of
neutrons resulting from fissions of other radiomdes, i.e. decay products or impurities, per
fission event of the principal nuclide amg denotes thecorrection for neutron capture by
construction materials.

The fission activity”A; can be determined by measuring the thermal ptWezleased by a
source using a calorimetric method. Two types &fedintial calorimeters were used for this
measurements. One of them is a tungsten spherma0d diameter with a central cylindrical
cavity 20 mm in height and diameter. The other rialeter is a copper cylinder 25 mm in
diameter and 55 mm in height. The thickness ofcdlerimeter walls can be varied from 2 mm
to 8 mm. Using this technique, the energy depodigdiifferent kinds of radiation can be
measured. Both calorimeters are placed in a rayéil thermostat. All measurements are
performed in a room with a constant temperatur@0£0.3)°C.

This amethod is very convenient because the energy eelefathe source results mostly
from the principal radioisotope{Cm or **3Cf). The remaining part, resulting from other
radionuclide present as impurities or decay pra&jwan be taken into account by corrections.
According to the data provided by the manufactutieg, relative uncertainty of the isotopic
composition at the time of packaging of the soudimss not exceed 0.3 %. This fact minimises
the uncertainty due to the influenoé other isotopes. Moreover, the constructioaterials of
the source contain only negligible amounts of liglhtments (except oxygen) which could
increase the neutron source strength due o) feactions.

The total thermal powed released by a source containmgadionuclides is

n
WzZ(\Na,i +va,i): (AJ,iEcx,i +Af,iEf,i) (7)
i=1 i=1
where the indices ‘f’ andx’ indicate fission events with an average enerdgaseE; and other
decay channels with an energy releBgeWith a small exception, these other channelsiare
decays. For example, the total energy release @luedecay and spontaneous fission is about
99.82% of the total decay energy f6iCm.
The relation betweea-decay with half lifeT, and spontaneous fission with half lifeis
given by

N
A—A,Tf- (8)
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The activityA of a radionuclide is related to its atomic mashkalf life T and massn by

_ (N, )In2

Therefore equation (7) for the total thermal poWcan be rearranged as

W = Af ( fOE +Ef0 zp\x Ea|+AY Eflj (10)
i=1

whered;o Ero is theenergy release from spontaneous fission of the naaiionuclide ?(“4Cm or

257Cf) or

WzAfVO Efyo{l_l_ Tf,O E(X,i TfO p—O Zm (

E (1+K) (11)
Tao Erj EmeO i M D & fO( )

Ty

o, J

where K is the contribution to the total energy releasemfrall decay channels except
spontaneous fission of the main radionuclide. Thasprding to the equation (6)

+ +k 12
Efo(1+K)(1 o) i) (12)

The coefficientk, for the contribution of other spontaneously figéigy isotopes to the
neutron emission can be calculated from the folhgnequation

_HoTip & mv;

Kk, = . (13)
? myVo = KTy

For calculation of the correcting factols, ks, ks, K, the specification of the isotopic
composition and the material of the source capsylide manufacturer were used together with
the nuclear data from literature [6, 7, 8, 9, Ije calorimetric method can be used to measure
the neutron emission rates of radionuclide sotirc#se range from f&" to 510° s* with a relative
standard uncertaintk & 1) of 0.8 %.

3 Results and conclusion

A comparison of neutron source strength measuremesing the novel calorimetric
method and the traditional manganese bath methodhasvn in Table 1. The standard
uncertainty of both methods is less than 1%.

The agreement of the results for tA8Cf source confirms the correctness of the
measurement procedure. The difference’f@m-source can be explained by an inaccuracy of
the nuclear data. At present, attempts are beirgr@mbetter understand this difference.
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Table1: Neutron emission rateB of different fission sources as determined witle th
calorimetric method or the manganese bath. Theivelatandard uncertaintiek £ 1) were
0.8% for the calorimetric method and 0.55% for tienganese bath.

B/s!
source calorimetric method manganese bath
2%CmNe 46.8/01 2.6010° 2.7910°
2Cm Ne 46.8/02 2.5310° 2.67110°
257Cf Ne 10-9/01 2.4610 2.4410
SCENe 7-9/12 1.1210° 1.1210°

Internal comparisons of the facilities were carrad to confirm the correctness of the
measuring procedure. During these comparisonghallnecessary corrections and constants
were investigated. The neutron emission rate of fadionuclide sources with different neutron
spectra were measured using the four techniqueustisd above. The results are given in

Table 2.

Table 2: Neutron emission ratdésof four radionuclide sources with different spattreutron
fluences and mean neutron energies as determirntbduwito four different methods. The
relative standard uncertaintids< 1) were 0.7% for the associated particle metBdsb% for
the maganese bath, to 0.55% for gold foil actoratechnique and 0.8% for the calorimetric

method.
Ra-Be{,n) 27t Ra-Be@,n) | Pu-Be,n)
method (E, 100keV)|(E, 21MeV)|(E,=39MeV) (E,=45MeV)
B/s! B/s! B/s! B/s*

associated particle 2.8710° 1.11910° 1.08310° 1.54010
manganese bath 2.8710° 1.12010° 1.08610° 1.53910
gold foil activation 1.11810° 1.07810° 1.53310
calorimeter 1.12010°

The equipment described above is a part of thei&uswtional standard used for the
investigation of the neutron sources and fieldaupaters with highest accuracy. The reliability
of this complex is confirmed by the fact that teiguipment has been used in international
comparisons since 1960.
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