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1. NUCLEAR DATA

1.1.  NUCLEAR DATA FOR STANDARDS

A.J. Deruytter

From 12 to 16 November an Advisory Group Meeting was organized at CBNM-Geel

by INDC(IAEA) and NEANDC(OECD) Standard Sub-Committees with world-wide parti-
cipation. For this meeting an invited paper (1) was presented on the require-
ments for nuclear standard reference data from the users' point of view with
the following abstract:

"The requirements from the users' point of view for nuclear standards
reference data with respect to accuracy of the data, traceability
(documentation), representation (i.e. numerical values with uncer-
tainties and correlation matrices, parametrization), availability of
materials in suitable form (well-defined layers, gases) and applicabi-
lity in real life detectors (Q-values of reactions, type of particles
or photons produced, smoothness and magnitude of cross—section) w1ll
be discussed.

From these primary requirements additional requirements follow for
internal consistency (via ratio measurements), for verification of
physical constraints (total cross—section, inverse reaction), for
additional basic information (angular distributions of reaction pro-
ducts, fragment energy distributions, description and understanding
of the basic processes).

The user is seen as the measurer who determines values of partial
cross—sections or other quantities relative to one or more of the
selected standard reference data."

A Summary Report of this IAEA Advisory Group Meeting was presented at the
UK Nuclear Data Forum held on December 18, 1984 at AEE Winfrith (UK) (2).

1.1.1. Neutron Data for Standards

IniehcompaniAon o4 neutrhon fLlux deteatonb

C. Bastian, K.H. Bockhoff, A. Brusegan, F. Corvi, H.-H. Knitter, J.A. Wartena,
H. Bax, C. Bilrkholz, R. Pijpstra, R. Vogt

Neutron flux detectors play a crucial role in partial neutron cross section
determination. The uncertainty of the neutron flux data obtained with them
has a large impact on the quality of the partial cross section data, in
particular when high accuracies are requested.

(1) To be published "Proceedings IAEA Advisory Group Meeting on Nuclear
Standard data".

(2) Ibidem.



Two papers were presented at the IAEA AGM on Standard Reference Data at Geel
dealing with CBNM detector intercomparisons, of respectively low and high
efficiency detectors. The abstracts read:

"Part 1: Low efficiency detectors.

Four detectors, currently in use at GELINA for the determination of
the neutron flux spectra were intercompared. All the detectors combine
low count rate and high transparency for the neutron flux. The four
detectors (3 ionization chambers and one parallel plate proportional
counter) and their advantages and disadvantages are briefly described.
Two different methods of background determination are described, cri-
ticized and results are compared.” '

"Part 2: High efficiency detectors.

An intercomparison of highly efficient neutron flux detectors is under
way. The neutron spectrum investigated is that emitted from the modera-
tor surrounding the neutron producing target of the Geel electron

Linac and the energy of interest ranges from thermal to about 1 MeV.
The results of two intercomparisons are reported here: one deals with

a thin ®Li~glass scintillator and a '®B ionization chamber. The second
is concerned with the same ®Li-glass and a multiplate ?°°U fission
chamber. Good agreement is obtained in the first case for the range

4 eV to 2 keV and in the second case from 8 eV to 100 keV."

Measurement of 6LL/708(n,a) choss section ratio

C. Bastian, H. Riemenschneider

There is a never ending quest for improving the accuracy of the 6

Li(n,a) and
10 |

B(n,a) cross sections since these are as standard reference cross sections
basic for the determination of almost all partial cross sections in the eV
and keV neutron energy range. For a consistency control of both cross sec-
tions, but also for an improvement of the standard data base as a whole, the
accurate determination of the (n,a) cross section ratio of 6Li and 10B is
important.

The results of our measurement of this cross-section ratio were presented at
the TAEA AGM on Standard Reference Data. The abstract reads:

"The charged particle emission of °LiF and '°B sample layers placed
alternatively in the neutron beam of GELINA was detected by scintilla-
tion in Xenon gas. In order to compensate for the anisotropy of the
emission each sample is deposited on the inside of a hollow cylindrical
quartz support. Recording of a dummy sample support was also included
in the measurement sequence. The ratio of °Li to '®B(n,a) cross sec—
tions, thus measured under the same conditions, agrees up to 400 keV

with point data deduced from ENDF/BV, within the measurement uncer-—
tainty."



Fission choss-section of 235 between 0.025 eV and 30 keV

C. wagemans*, A. Deruytter, R. Berthélémy, J. Van Gi1s*

11 eV 1.0 keV
The fission integrals I, = J o(E)dE and I, = J o¢(E)dE are
7.8 eV 0.1 keV

important as secondary standard for the normalization of fission cross-sections.
An interim report of these integrals has been presented at the IAEA Advisory
Group Meeting on Nuclear Standard Reference Data (Geel, November 1984), with

the following abstract:

"New measurements of the **°U(n,f) cross-section relative to 19B(n,a) Li
have been performed in the neutron energy region from 0.02 eV up to
30 keV under various experimental conditions. From these data, the
fission integrals I1 = flleV of(E)dE and I2 = fl'o keVv Of(E)dE kave

7.8 eV 0.1 keV

been calculated. These results are compared with the literature, and
the present status of the integrals L and 12 is reviewed."

To verify the influence on these integrals of the neutron flux monitor end

of the permanent neutron filter used, an additional measurement has been

performed.
Evaluation of the thermal neutrhon constants of 233u, 235u, 239Pu and 247Pu
and the {ission neuthon yield of 252C5

E.J. Axton*

The importance of these data stems from the role they play in the prediction
of the neutron economy in nuclear power reactors. The continued appearance
of new data has prompted a continuous re-evaluation of the data over the
years. The Maxwellian data have been introduced in the previously published
evaluation (1) which only used monoenergetic data. This updated evaluation
has been presented at the IAEA AGM on Nuclear Standards Reference Data. The
abstract reads:

SCK-CEN Mol, Belgium.
Visiting Scientist from NPL, Teddington (UK).
(1) E.J. Axton, “Evaluation of thermal neutron constants of 233U, 235U,

*3°Pu and **' Pu and the fission yield of **2Cf" European Applied
Research Reports - Nucl. Sci. Technol. Vol 5, No.4 (1984) pp 609-676.



"In 1982 a simultaneous least-squares evaluation of the thermal neutron
constants of 233U, 235U, ?%%py, and ?*'Pu together with the fission
neutron yield from the spontaneous fission of *°?Cf was performed with,
for the first time, a full covariance matrix for the input data. The
input data set was limited in that measurements in Maxwellian reactor
spectra were excluded. (A) Concurrently, a similar evaluation was per-—
formed at Brookhaven which included the Maxwellian data set but which
did not have an input covariance matrix, although the more important
correlations were handled by other methods. (B) In the present work
the Maxwellian data from B has been added to A, and the differences
between the input and output data for the various evaluations are
discussed.”

It was stressed at the IAEA AGM that whenever the fitted values are propa-
gated in reactor calculations they should always be accompanied by the
associated correlation matrix.

Fissdion fragment mass, kinetic energy and angularn distribution 4on

Chr. Straede, C. Budtz-Jgrgensen, H.-H. Knitter

The complete knowledge of mass-, energy-, and angular distributions of
fission fragments provides a basis for the theoretical understanding of

the process. The knowledge of angular distribution is moreover important

in the evaluation of experimental fission cross section measurements in
which fission fragments are detected in a small range of angles.

A paper was presented at the IAEA Advisory Group Meeting on Nuclear Standard
Reference Data, 12-16 November 1984 at CBNM. The abstract is as follows:

"A double Frisch gridded ionization chamber has been used for the
measurements. For both fission fragments the mass, kinetic energy
and emission angle is found. Data have been measured at different
neutron energies, E , ranging from thermal to 6.0 MeV in steps of
0.5 MeV. The measured angular anisotropies will be shown. A fit,
based on statistical theory, to earlier measurements of negative
anisotropies for E_ < 0.2 MeV will be discussed.

The measured total"kinetic energy averaged over all fragment masses,
TKE(E ), shows a sudden decrease at E ~ 4,5 MeV in agreement with
earliér measurements. This sudden decPease can not be explained by
the measured change in the mass distribution. The present data of

TEE(ED) as function of mass-split reveal that TKE(EH) decreases
with E for mass splits around the 104/132 split “as predlcted by
calculatidns of B.D. Wilkins et al.. It is also seen that TKE (E )
increases with E_ for the symmetric and the extreme asymmetric

.. n
fissions, The very structured mass distribution from approximately
cold fragmentation will be presented.”


http://ne.utn.on

Because of the nature of this IAEA meeting the content of the paper is concen-
trated on the angular distribution data, and the fragment mass and kinetic
energy distributions are only presented briefly. These data will mainly be
discussed and interpreted in the frame of the scission point model of

B.D. Wilkins et al. (1). This model seems to be able to explain many of the
structures found in the measured mass and kinetic energy data. Contacts have
been made with B.D. Wilkins for further discussion of the model and related
data. '

Finally the cold fragmentation data for thermal induced fission can be com-
pared with several other measurements, e.g. with data measured by U. Quade

et al. (2). In Fig. 1.1. the data from (2) and the present data are compared
for the total excitation energy of the fragments with high kinetic energy at
a yield Tevel, such that each mass only occurs for 1 out of 105 fissions in
total. The total kinetic energy for the fragments at this yield level is
subtracted from Q-values for the splits. The Q-values are taken from Moller
and Nix (3) and weighted with the yield of the different isotopes for each
mass. The agreement between the data of (2) and the present data is rather
good.

64 © U QUADE et al. (1984)

Fig. 1.1, Total excitation 4 PRESENT DATA
enengy as function of the
Light fission pragment mass
gorn thermal newtron Linduced
plssion 0f 2350 at such high

kinetic enengies that for 0
5 -1

{Q>-TKE [ MeV]

each mass only 1 out of 10

80

fotal fissions L8 concerned

(1) B.D. Wilkins, E.P. Steinberc and R.R. Chasman, Phys. Rev. Cl4, 1832
(1976).

(2) U. Quade et al., Cold Fragmentation of 234U and 236U. The International
Symposium on Nuclear Fission and Related Collective Phenomena and
Properties of Heavy Nuclei, Bad Honnef, October 1981,

(3) ?. M?;]er and J.R. Nix, Atomic Data and Nuclear Data Tables 26, 165
1981). T



The present measurement contains further information on the cold fragmenta-
tions induced by neutrons with energy En between 0.5 and 6 MeV. These data
are at present being interpreted.

A thesis on the discussed subjects is being prepared by Chr. Straede.

Newtron emission grom the spontaneous §ission 04 252C6

C. Budtz-Jdgrgensen, H.-H. Knitter, R. Vogt, H. Bax

252

The spontaneous fission neutron spectrum of Cf is used as a standard

spectrum in instrument calibrations. Several attemps have recently been
made to give a theoretical description of this spectrum. However, these
theoretical approaches suffer from a lack of knowledge about the mechanism
of the fission emission i.e. the fraction of scission neutrons, emission
during fragment acceleration, etc. There is therefore a strong need not
only for precise neutron spectrum data, N(En), but also for double- or
multiple-differential measurements, (N(En,en,A,TKE)) which can help to

clarify the nature of the fission neutrons.

252

The results of a measurement of the angular distributions for Cf fission

neutrons with respect to the related fission fragments were presented at
the IAEA Advisory Group Meeting on Nuclear Standard Reference Data, Geel,
12-16 November 1984. The abstract of the paper reads:

"The gridded ion chambers developed at CBNM provide a powerful tool
for measurements of fission fragment angle, kinetic energy and mass
distributions simultaneously with an angular efficiency close to 47,
They can also serve in measurements where fission neutron spectra
are studied as function of these physical quantities. Preliminary
tests have been made with a fission chamber loaded with a **?Cf
source of ~ 4 x 10° fissions s™'. The fission neutrons were detected
with a 4" x 1" plastic scintillator and conventional time-of-flight
electronics. The coincidence resolution between the neutron detector
and the fission chamber was < 2 ns. The neutron detector was placed
2.05 m from the >*?Cf source with a direction normal to the chamber
electrodes. The cosines of the angles ¢, between this direction and
the path of the light fission fragments were determined using the
chamber anode and cathode pulses. At higher neutron energies it can
be seen, that the neutrons are emitted mainly in the direction of
either the light or the heavy fragments, confirming that most of
the neutrons are emitted from the fully accelerated fragments."

A 252Cf source on a thin backing has been received, and the investigations

are continued with a multiple-differential measurement, (N(En,Bn,A,TKE)),

of the 252Cf prompt fission neutrons.


http://Hc.xxXA.on
http://�ponta.no.ouA

Feasibility study for nuclear charge determination of #Lssion fragments

F.-J. Hambsch, H.-H. Knitter, C. Budtz-Jgrgensen, Chr. Straede

Frisch gridded ionization chambers are used at CBNM in measurements of fission
fragment parameters such as fragment energy, mass and fragment emission angle
with respect to the incident neutron beam or with respect to emitted neutrons
in case of spontaneous fission. However, up to now information on the nuclear
charge was not obtained although it would complete the information. The ioni-
zation density along the fragment track is also a function of the fragment
charge and it is hoped that the nuclear charge can be determined from the
measurement of the ionization density. The ionization density distribution
was experimentally obtained from the differentiated anode signals in addition
to the two energy and angle informations of a twin ionization chamber (1).
These parameters were measured for thermal neutron induced fission fragments

of 235U. The evaluation with respect to fragment charge is being made.

Assaying of targets forn nuclean measwrements with a gridded Lonizaticn chamber

C. Budtz-Jgrgensen, H.-H. Knitter, G. Bortels, H. Bax, R. Vogt

Two papers "Assaying of Targets for Nuclear Measurements with a Gridded Ioni-

235

zation Chamber" and "Assaying of U Fission Layers for Nuclear Measurements

with a Gridded Ionization Chamber" were presented at the 12th World Conference
of the International Nuclear Target Development Society, Antwerp, September
1984 and at the IAEA Advisory Group Meeting on Nuclear Standard Reference
Data, Geel., November 1984, respectively. The abstract of the former paper
reads:

"An ionization chamber with a Frisch grid is used to determine both
the energy (E) of the charged particles emitted from the sample
positioned coplanar with the cathode, and the cosine of the emission
angle (¥) with respect to the normal of the cathode. Using the com-
bined information on cos ¢ and E, problems in particle counting due
to sample absorption and scattering effects can be circumvented and
sample source strengths are readily determined to an accuracy of
0.3 7. However, it is emphasized that the source strength can be
determined from the particles emitted in a large solid angle close

(1) Chr. Straede, C. Budtz-Jgrgensen, H.-H. Knitter, Fission Fragment Mass,
Kinetic Energy and Angular Distribution for *3°U(n,f) in the Neutron
Energy Range from Thermal to 6 MeV. IAEA Advisory Group Meeting on
Nuclear Standard Reference Data, 12-16 November 1984, Geel.
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to 2n steradian, which means a considerable higher efficiency than
for the conventional low geometry counting techniques. Moreover,

the present method, within reasonable limits, is insensitive to
source shape and thickness homogeneity.

The technique will be illustrated by measurements of alpha particles
and fission fragments emitted from a set of four vacuum evaporated
UFs . three electrodeposited and one suspension-sprayed *?°Us;0s layers.
The energy and angular distributions of alpha particles and of the
heavy alpha recoils emitted from a self transferred *?*Ra source will
be discussed. The low energetic alpha recoils mightobe useful as
probes for the investigation of ultra thin (< 400 A) layers.”

During the investigations it was demonstrated that the heavy recoil nuclei

228Th decay chain can be detected with an ionization

from alpha decay of the
chamber.  Their measured pulse height spectra yielded also information on
the Tocation of the decaying nuclei with respect to the source surface. The
recoils can, because of their short ranges < 400 E, be used as sensitive

probes for the characterization of ultra thin sources and layers.

1.1.2. Non-Neutron Data for Standards

This sub-project contains both measurements and evaluation of radionuclide
decay data.

Data measunements and standarndization of 478@

D. Reher, E. Celen, B.M. Coursey*, B. Denecke, H.H. Hansen, D. Mouchel,
R. Vaninbroukx, W. Zehner

At the occasjon of an international comparison on activity-concentration

measurements of a 47Sc solution (1), some decay data which were not very

47Sc is of importance

accurately known, have been measured. The nuclide
for efficiency calibration of y-ray detectors for energies of about 160 keV.
An internal report (2) on these data measurements has been written having

the following abstract:

(1) D. Reher, E. Celen, B.M. Coursey, R. Vaninbroukx and W. Zehner, Standardi-
zation of a *?Sc solution, CBNM Internal Report GE/R/RN/26/83, 1983.

~(2) D. Reher, H.H. Hansen and R. Vaninbroukx, The decay of 47Sc,
CBNM Internal Report GE/R/RN/12/84, 1984.

Visiting Scientist from NBS, Washington, USA.
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"Decay data of 47Sc have been re-measured applying various methods. The
following results were obtained: The half life, T;,, = (3.3501 £ 0.0005)d,
the v-ray emission probability, P = 0.677 £ 0.004, the transition proba-
bilities for the two B~ branches, Pﬁ = 0.326 £ 0.014 and Pﬁ = 0.674 %
0.014, the endpoint energies of the ' 'two B~ spectra, E, = >(600.5 %
1.9) keV and E = (439.0 £ 1.6) keV, and the K-shell ' 'internal con-
version coefficidnt, a_, = 0.00409 £ 0.00021. These data have been com-
pared with results obtalned from previous measurements.'

The data will be combined with those measured at NPL and LMRI and be published
in a joint paper in 1983.

H.H. Hansen, D. Mouchel, R. Vaninbroukx, W. Zehner

The nuclide 133

Ba is widely used as radioactivity standard for detector cali-
bration. The exact knowledge of the half life is most important. JRC-Geel
is following the decay of this nuclide for several years. New sets of y-ray
spectra for the determination of the half Tife of 133Ba have been recorded
with the HPGe detector and with the NaI(T1) spectrometer. The measurements

will be continued.

G. Bortels, B. Denecke, W. Oldenhof, R. Vaninbroukx

An accurate assay of a suitable sample for actinides can be performed by
a-particle or y-ray spectrometry provided that the a-particle and photon-
emission probabilities are well known.

For the nuclide 234

U, which is the major contributor to the disintegration
rate of most enriched uranium samples, detailed a~-emission-probability data
are lacking, the estimated accuracy being only about 4 % <1). Also the
accuracies of the photon-emission probabilities are only about 10 % and
hence accurate new measurements are required. Such measurements increase
confidence in the completeness and consistency of the decay scheme (1). The
required accuracies are 1 % and 2 % for the a-particle and photon-emission

probabilities, respectively (2).

(1) A.L. Nichols, in Transactinium Isotope Nuclear Data - 1979,
IAEA-TECDOC-232, IAEA, Vienna 1980, p. 67.

(2) A. Lorenz, Fifth Research Coordination Meeting on the Measurement and
Evaluation of Transactinium Isotope Nuclear Data, INDC(NDS)-138/GE (1982).
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Alpha-particle emission probabilities

The probabilities per decay P, P and P for emission of a particles
ao’ ab3 al7d 230

to the ground level and the 53- and 174 keV levels in Th, respectively,

were measured. The corresponding a-particle energies are about 4776, 4724

and 4605 keV. Figure 1.2 shows the corresponding peaks in the a-particle

pulse-height distribution. A1l other a-emission probabilities, the sum of

which is Tess than 10—6, can be neglected. The Pai values were obtained by

measurements of I . = Ni/ENi in various solid angles € and by extrapolation

;
to 2 equals zero. Ni is the number cof events recorded in the as peak. A
small permanent magnet was used to reduce the number of conversion electrons

reaching the detector.

105 5

=}
™~
I
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o
=
PR S I U N U

Fig. 1.2, Typical a-particle

234 100 . T - !
Apectrum of u 200 400 600 800

CHANNEL NUMBER

The results for Pai are presented in Table 1.1. The quoted random uncertainties
(68 % confidence interval, n = 16) are obtained from linear regression analyses.

Table 1.1.  AlLpha-particle-emission probabilities in the decay of 234,

Typica]
Levels in Egrrzig?z?;ng Emission Uncertainty components
230 p probability
Th energy 230Th Tail
(keV) (Pai) Random influ- | correc-
ence tion
174 keV 4605 0.00206 + 0.00004 | 0.00002 | 0.00001 | 0.00003
53 keV 4724 0.2842 + 0.0005 0.0003 0.0001 0.0003
0 4776 0.7138 + 0.0005 0.0003 0.0001 0.0003
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230 234

U

samples and to the peak-tailing corrections. The uncertainties due to inter-

The systematic uncertainties are mainly due to the Th grown into the
ferences by the other uranium isotopes and by background pulses were found to
be negligible. These results, for which a substantial effort has been devoted
to reach a high accuracy, are about 30 times more accurate than the values

given by various evaluators (1’2).

Photon-emission probabilities

The disintegration rates, No’ of the sources used were measured by a-particle
counting in well-defined low solid angles, and the photon-emission rates, Nph’
for the most important y and X rays were measured using an efficiency cali-
brated high-purity-Ge detector. The uncertainties on the detection efficien-
cies were estimated to vary between 0.5 and 2 % depending on the energy region
concerned. The photon-emission probabilities Pph were obtained from the ratios
Nph/No after applying several corrections such as those for photon self-absorp-
tion, summing effects and differences in the source diameters with those of the
calibration sources. The results are listed in Table 1.2.

Table 1.2.  Photon-emission probabilities in the decay of 734,

] Photon energy Photon-emission probability, Pph
Nuclide (keV) -
. Recent measurements
This work Nuclear Data Sheets (not included in NDS)
234
U | 1.1 Th, | 0.0022 + 0.0001 0.0022 + 0.0001
13.0() Thi, | 0.0360 + 0.0007 0.0366 + 0.0008
16.2(E) Thi, | 0.0530 + 0.0012 0.0487 + 0.0010
19.0(F) Thi, | 0.0123 + 0.0003 0.0105 + 0.0004
Total ~ThLX | 0.1035 + 0.0014 0.0981 + 0.0013
53.20 (1.26 + 0.02)1073 (1.19 + 0.10)107°
89.95 Thk , | (2.53 + 0.07)107
93.35 The,, | (4.15 + 0.10)10™
120.88 (3.41 + 0.08)107 (8.10 + 0.40)107*

(1) Y.A. Ellis, Nuclear Data Sheets 21, 493 (1977).

(2) C.M. Lederer and V.A. Shirley, Table of Isotopes, 7th Edition,
John Wiley and Sons, New York (1978).
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The quoted uncertainties, corresponding to a 68 % confidence level, take into
account random uncertainties, estimated from the various individual results
obtained from the different sources, and the uncertainties in the disintegra-
tion rates NO and the photon-emission rates N h For comparison, Table 1.2
gives also the values recommended by the Nuclear Data Sheets (NDS) (1) and
the results of recent measurements (2) not included in NDS.
Epg§j§§egpz>gf;ﬁbe_Pa_agd_Pph results

The total transition probability, P for de-excitation of a given level by

v rays and conversion electrons is Zgua1 to the sum of all transitions popu-
lating that level. Since for the 121-keV and the weak higher levels no cross-
over v rays are observed, the probabilities for depopulating the 121-keV and
53-keV levels are equal to the sum of all a-particle transitions to the respec-

tive level and to all higher levels. The guantities P " and Pph are related

by the equation a = Ptr/Pph - 1, where a is the total ?nternal—conversion
coefficient for the v transition considered.

The results for the total conversion coefficiehts deduced from our measurements
are given in Table 1.3 together with theoretical values obtained from Rosel

et al. (3). The excellent agreement between the experimental and theoretical
values supports the reliability of our results and improves appreciably the

234

confidence in the completeness and consistency of the U decay scheme.

Tabfe 1.3.  Internal-conversion coefbicients in the decay of 234U

Level in Corresponding Transition and photon-emission Total internal conversion
25'0 photon energy probabilities coefficients a
Th
(keV) 3
Ptr Pph x 10 Experimental Theoretical
174 keV 120.88 0.00206 + 0.00004 | 0,341 + 0.004 5.04 + 0.11 5
53 keV 53.20 0.2862 + 0.0005 1.24 + 0.02 231 + 4 233

(1) Y.A. E1lis, Nuclear Data Sheets 21, 493 (1977).

(2) C.E. Bemis, Jr. and L. Tubbs, Absolute L-Series X-Ray and Low-Energy
Gamma-Ray Yield for Most Transuranium Nuclides, U.S. ERDA,
Report ORNL-5927 (1977) p. 93.

(3) F. Rosel, H.M. Fries, K. Alder and H.C. Pauli, Atom. Data and Nucl.
Data Tables 21, Nrs. 4,5 (1978).


http://coe.fi
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The investigation is finished and the results have been published (1).

2380, alpha-activity fraction in the NBS plutonium SRM 946 and 947

G. Bortels, A. Verbruggen

At the 1981 and 1983 seminars on alpha-particle spectrometry, which were
sponsored by the International Committee for Radionuclide Metrology (ICRM),
several authors have shown that for radionuclides of high specific activity,
measured in a lTow geometry, peak-area ratios can be determined with an

accuracy of better than 0.5 % and even 0.1 % (2’3).

In order to provide a
sound basis for the evaluation of accuracies at this level, the need for
multinuclide reference materials, standardized for a-activity ratios, and
for reference a spectra was expressed at the 1983 Harwell Seminar (3).
Mixed plutonium sources are very well suited in this respect since the

a-particle spectra contain a simple group of two singles (238

239+240

Pu) which is
well separated from a complex Pu group.

Moreover, the accurate mass-spectrometric measurements of abundances and

the rather well known half lives of the plutonium isotopes provide important
additional information to the a spectrometrist.

The NBS SRM's are still the only plutonium reference materials available today.
Although the 238pu abundance in the SRM's 946 and 947 is low, these are well
suited for improving a-peak-analysis codes. The authors have therefore under-
238Pu/239+240
materials. The results of the measurements are shown in Table 1.4.

A paper has been presented at the 6th ESARDA Symposium, Venice (Italy),
May 1984 (%),

taken accurate measurements of the Pu a-activity ratios in these

(1) R. Vaninbroukx, G. Bortels and B. Denecke, Int. J. Appl. Radiat. Isot.,
35, 1081 (1984).

(2) Alpha-Particle Spectrometry Techniques and Applications, Proceedings of a
Seminar of the ICRM, Geel, Belgium, 1981 (Eds. G. Bortels, G.A. Brinkman
and W.B. Mann), Int. J. Appl. Radiat. Isot. 35, No. 4 (1984).

(3) Proceedings of the Second Seminar on Alpha-Particle Spectrometry and Low-
Level Measurements, Harwell, England, May 10-13, 1983 (Eds. K.M. Glover,
M. Ivanovich and A.E. Lally), Nucl. Instr. and Meth. 223, 617-618 (1984).

(4) G. Bortels and A. Verbruggen, Accurate measurement of the 238Pu Aloha-

Agtivity Fraction in the NBS Plutonium SRM 946 and 947, 6th ESARDA Sympo-
sium on Safeguards and Nuclear Material Management, Venice, Italy,

14-18 April 1984, edited by L. Stanchi (ESARDA Symposium Secretariat,
JRC-Ispra, 1984), p. 431.
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238 239+240
Pu

Table 1.4. Results of the / Pu a-qetivity ratio
measurements as of 1 Apnil 1984

SRM 946 SRM 947
Mean 0.4873 0.5187
Overall uncertainty
for the mean
standard deviation + 0.0004 + 0.0005
95 % confidence level + 0.0008 + 0.0010
Number of measurements 20 21
Uncertainty components
random (st.dev. for
the mean) + 0.0003 + 0.0004
minor peaks + 0.00005 + 0.00005
tailing correction + 0.0001 + 0.00005
impurities and background -- -~
241Am separation + 0.0002 + 0.0002
Overall uncertainty for
the mean (st.dev.) + 0.0004 + 0.0005

Hatd Life of “*Tpu

R. Vaninbroukx

This half-life value is requested (1) to 0.5 % accuracy for mass-determina-
tion and non-destructive assay. In an attempt to solve the apparent dis-

241Pu half-1ife determinations, direct decay

crepancies in the results of
measurements using a high-purity Ge detector were started about 1.6 years

ago.

(1) A. Lorenz (ed.), Third IAEA Advisory Group Meeting on Transactinium
Isotope Nuclear Data, Uppsala, 21-25 May 1984, INDC(NDS)-158 (1984).
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Four sources sealed into small Al boxes were used. For two of them the Am-Pu
separation was performed about nine years ago, while for the two others the
separation was done just before the present measurements. The changes in the
count rates in the peaks of the UKa2 X-ray and the gamma rays at 148.6, ;2?.6
and 208.0 keV were observed. The first two peaks are completely due to Pu.
For §2§ 164.6 and 208.0 keV peaks small corrections for the contribution by
the

can be calculated accurately from the 241Am content determined by evaluating

Am grown into the samples had to be applied. These corrections, which

the count rates in the 60 keV peak, amount to about 2.6 % for the nine years
old sources and 0.35 % for the two others. Over the period of observation,

only 8 % of the 241
fit is still of the order of 2 %. The preliminary result obtained is

Pu atoms decayed and the uncertainty on the least squares

(14.26 + 0.25)a. This value is in good agreement with the results of

(14.33 (1)

|+

0.02)a, obtained by a recent mass-spectrometric measurement

R. Vaninbroukx, G. Bortels, B. Denecke

For non-destructive assay of Pu samples and environmental studies a-particle
and y-ray emission probabilities of 242
about 5 % (2).
because of the Timited information on these data (3), new measurements were
performed at CBNM.

The 242

in the y-ray-emission-probability measurements the

Pu are required with accuracies of
Since only very few experimental data are available and

42Pu. For the materials used

241

Pu sample used contained 99.85 atom % 2
Am grown into the
sample was separated before starting the measurements. The ratio of the
282py activity to the total Pu activity was 0.8637 + 0.0003. This value was
calculated from the isotopic analysis of the sample by mass spectrometry and
from alpha-particle and gamma-ray spectrometry. Small corrections for the

241Am ingrowth after the separation were applied. The disintegration rates

(1) P. De Biévre, M. Gallet, R. Werz, Int. J. Mass Spectr. Ion Phys., 51,
111 (1983). o

(2) A. Lorenz (ed.), Third IAEA Advisory Group Meeting on Transactinium
Isotope Nuclear Data, Uppsala, 21-25 May 1984, INDC(NDS)-158 (1984).

(3) Y.A. Ellis, R.L. Haese, Nuclear Data Sheets for A = 242, Nucl. Data
Sheets 21, 615 (1977).
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of the sources used were measured by alpha-particle counting at well defined
solid angles. The overall uncertainty on the disintegration rates was esti-
mated to be + 0.1 %. The source used for the alpha-particle spectrometric
measurements has been prepared without Am/Pu separation by sublimation in

242

vacuum at the CBNM Sample-Preparation Group. An amount of Pu with an activi-

ty of about 2660 Bq was deposited in a spot of 12 mm in diameter on a stainless

238,239,240,241

steel disc. Other nuclides present in the source were Pu and

241Am. The total alpha activity of the source was about 6100 Bq.

The alpha-spectrometric measurements were done using a surface-barrier detec-
tor of 100 mm2 active area in connection with a small magnet which eliminated
most of the conversion e]ectrons'(l). The relative solid angle Q/4n'used in
the measurements was about 1 %. A series of 18 measurements, runs of 3 hours
each, was made. These spectra have been added together, after correcting them
for instrumental drift, to obtain 3 spectra for analysis. In the spectrum
analysis, corrections have been made for peak tailing. The results have been

2,3)

corrected for extrapolation of the solid angle &> 0O ( and for inter-

ferences mainly due to the 241

Pu impurities present in the source. A typical
alpha-particle spectrum is shown in Fig. 1.3.

The gamma-ray emission rates were measured with calibrated high-purity Ge
detectors. The uncertainty on the detection efficiencies was estimated as

+ 1.5 % for the v rays at 44.9 and 103.5 keV and + 0.5 % for the v rays at
158.8 keV. Small corrections for self-absorption of the v rays and for summing
effects were applied. The main uncertainty for the three peaks were due to the
contributions by other Pu isotopes. A typical v ray spectrum is shown in

Fig. 1.4.

The results are summarized in Table 1.5. The quoted uncertainties, corre-
sponding to a 68 % confidence level, take into account random and systematic
uncertainties.

(1) G. Bortels, W. Oldenhof, in: Annual Progress Report on Nuclear Data 1983,
NEANDC(E)252"U" Vol. III, Euratom/INDC(EUR)-018/G (CBNM, Geel, 1984)

p. 80-81.
(2) G. Bortels, B. Denecke, R. Vaninbroukx, Nucl. Instr. and Meth. 223, 329
(1984).

(3) R. Vaninbroukx, G. Bortels, B. Denecke, Int. J. Appl. Radiat. Isot.,
35, 1081 (1984).
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Table 1.5.  Alpha-parnticle and gamma-ray emission probabilities

in the decay of Pu
Emission probabilities
Levels Corresponding
in energies (a) « Py P
) theor i
23 £, £, {0}
(keV) (keV) (keV) Measured Calcutated (c) Adopted Measured Calculated {d) Adopted
w07 | ases | 158.8 1.86 (8.6 +0.7 3108 | (8.6 +0.7 )10% | (3.0 0.2 )107® (3.0 +0.2 y107°
s | arss | 1035 | 1l.6 (2.90+0.14y107% | (3.2200.13)10™ | (3.0740.14)10™% | (2.63+0.09)10"% | (2.37+0.12)107° | (2.55+0.10)107°
a5 | 4856 44,92 | 626 0.2352+0.0017 | 0.2329+0.0060 0.235040.0017 (3.72+0.07)10™ | (3.75+0.08)107" | (3.73+0.073107*
o | a9 0.7645+0.0017 0.7647+0.0017{e)

(a) fFrom £11is and Haese, Nucl. Data Sheets 21, 615 (1977) -

(b} Total internal-conversion coefficients of the v transitions, from Risel et al.,
Atom. Uata and Nucl. Data Tables 21, 293 (1978) (estimated uncertainty + 2 7}

{c) Calculated from P‘r measured and conversion coefficient <x:Pu:(lm)P7-Sum P, to higher levels
(d) Calculated from P, measured and conversion coefficient «:P_=Sum P (to considered level and higher levels):{ls)

{e) 1-Sum P" to higher levels

The measured alpha-particle and gamma-ray emission probabilities, combined
with theoretical values for the total internal-conversion coefficients,
yield finally a consistent set of data. The uncertainties of the deduced
values are considerably smaller than those previously adopted (1).

The 1investigation is finished and the results will be published.

243, 739

Am-"""Np

R. Vaninbroukx, G. Bortels, B. Denecke, W. Zehner

239Np are often needed for decay heat

239

Photon~emission probabilities for
calculations (2) and for the determination of the Pu accumulation in

reactors (3). The most practical way to determine the photon-emission

(1) Y.A. Ellis, R.L. Haese, Nuclear Data Sheets for A=242, Nucl. Data
Sheets 21, 615 (1977).

(2) A. Lorenz, Second IAEA Advisory Group Meeting on Transactinium Isotope
Nuclear Data, Cadarache 1979, Summary Report, IAEA, Vienna (1979).

(3) V.K. Mozhaev, V.A. Dulin and Yu.A. Kazanskii, Sov. A. Energy 47, 566
(1979). T
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243, 239

Am-

The nuclide 243Am is long-lived and can be accurately standardized by a-
239

probabilities is to perform measurements on the radioactive pair Np.

particle counting. Generally, the 2.4-day
with 243
for efficiency calibration of photon detectors

Np is in secular equilibrium
Am. This pair could also be used as a long-lived reference material
(1,2) in the energy range 40
to 340 keV, if the photon-emission probabilities were accurately known. It
should be noted that, for the same solid angles of the detection systems,
the corrections for summing effects between coincident photons are much
243Am-239Np than for 133
for the calibration of photon detectors in the same energy range.
243pm-230p, a material obtained in 1979 from ORNL,

Oak Ridge, was used. The radionuclidic purity of the sample was determined

lTower for Ba, a nuclide which is frequently used

For the measurements on

by a~particle and y-ray spectrometry. The only impurity which could be
241 241, ,243
Am/
0.0027 + 0.0001. From these measurements it could also be estimated that
any contribution to the disintegration rate by other impurities was smaller
than 0.1 % of the 243

tion on stainless-steel backings. The diameter of the active spot varied
243

detected was Am. The activity ratio Am was found to be

Am activity. Seven sources were prepared by drop deposi-

between 6 and 12 mm and, the amount of
to 243Am activities from 7 to 43 kBq. »
The photon emission probabilities Pph = Nph/No were obtained from the ratio

Am between 1 and 6 pg, corresponding

of the photon-emission rates, Nph’ measured with a calibrated HP-Ge detector

and the disintegration rates, No’ measured by a-particle counting. Similar
corrections had to be applied as for the measurement of 234U.
A typical photon spectrum is shown in Fig. 1.5.

The results are given in Table 1.6. For comparison, Table 1.6 gives also

(3,4)

the values recommended by the Nuclear Data Sheets (NDS) and the results

(1) V.K. Mozhaev, V.A. Dulin and Yu.A. Kazanskii, Sov. At. Energy 47,
566 (1979). T

(2) I. Ahmad and M. Wahlgren, Nucl. Instrum. Methods 99, 333 (1972).
M.R. Schmorak, Nuclear Data Sheets 21, 91 (1977).
(4) Y.A. Ellis-Akovali, Nuclear Data Sheets 33, 79 (1981).
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of recent measurements (1-3) not included in NDS. The results obtained by

Atmad and Wahlgren (4) fop 239 2%3pn, although included in the NDS,
are also given. They are quoted with considerably lower uncertainties than
the NDS values and have perhaps been somewhat underweighted in the evalua-

for Np and

tions. The present measurements improve the accuracy status of the photon-
emission probabilities. The measurements are finished and the results are
published (®).

350

(1) D.I. Starozhukov, Yu.S. Popov and P.A. Privalova, Sov. At. Energy
42, 355 (1977).

(2) V.K. Mozhaev, V.A. Dulin and Yu.A. Kazanskii, Sov. At. Energy
47, 566 (1979).

(3) S.P. Holloway, J.B. Olomo and T.D. Mac Mahon in K.H. Bockhoff (ed.),
Nuclear Data for Science and Technology, D. Reidel publishing Co.,
Dordrecht (1983) p. 287.

(4) 1. Ahmad and M. Wahlgren, Nucl. Instrum. Methods 99, 333 (1972).

(5) R. Vaninbroukx, G. Bortels and B. Denecke, Int. J. Appl. Radiat. Isot.
35, 1081 (1984).
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Table 1.6.  Photon-emission probabilities in the decay of

239 and 243am
Photon-emission probability, Pph
Nuclide Photc():ee\:}r)\ergy Recent measurements Ahmad and Wahlaren
This work Nuclear Data Sheets (not included in NDS) Ref. 6 (1972)
23%p | 61.48 0.0129 + 0.0002 | 0.0096 + 0.0013
99.55 Puk 0.1360 + 0.0030 0.1450 + 0.0060
103.76 Puk_ | 0.2220 + 0.0050 0.1970 + 0.0080 0.2220 + 0.0080
106.13 0.2750 + 0.0080 | 0.2270 + 0.0130 0.2660 + 0.0100 0.2780 + 0.0090
181.71 0.0007 + 0.0001 | 0.0011 + 0.0001 0.00075+ 0.00008
209.75 0.0346 + 0.0005 | 0.0324 + 0.0024 0.0336 + 0.0014 [ Ref.(3)| 0.0342 + 0.0010
226.42 0.0028 + 0.0002 | 0.0034 + 0.0004| Ref.(1) | 0.0024 + 0.0003 ) (1977)
228.19 0.1121 + 0.0018 | 0.1072 + 0.0064 \(1977) | 0.1178 + 0.0084 0.1140 + 0.0030
254.41 0.0012 + 0.0001 | 0.0010 + 0.0002 0.0011 + 0.0001
272.84 0.0008 + 0.0001 | 0.0008 + 0.0001 0.0008 + 0.0001
277.60 0.1438 + 0.0021 | 0.1410 + 0.0040 0.1500 + 0.0050 0.1450 + 0.0040
277.60 0.1430 + 0.0024 ?‘f;é‘;’)
285.41 0.0077 + 0.0002 | 0.0078 + 0.0007 0.0093 + 0.0006 0.0076 + 0.0002
315.81 0.0160 + 0.0003 | 0.0159 + 0.0011 0.0163 + 0.0007}Ref.(3) 0.0152 + 0.0005
334,30 0.0208 + 0.0003 | 0.0203 + 0.0018 0.0210 + 0.0010 0.0195 + 0.0007
2n | 43.53 0.0604 + 0.0013 | 0.0504 + 0.0060 0.0610 + 0.0016 0.0550 + 0.0030
74.67 0.6850 + 0.0150 | 0.6000 + 0.0600 { Ref.(2) | 0.6700 + 0.0IOO)Ref.(S) 0.6600 + 0.0300
86.79 0.0035 + 0.0001 | 0.0031 + 0.0004{ (1981) | 0.0033 + 0.0001 3 (1983)
142.18 0.0013 + 0.0001 | 0.0011 + 0.0002 0.0012 + 0.0001

M.R. Schmorak, Nuclear Data Sheets 21, 91 (1977).
Y.A. E11is-Akovali, Nuclear Data Sheets 33, 79 (1981).

D.I. Starozhukov, Yu.S. Popov and P.A. Privalova, Sov. At. Energy

42, 355 (1977). .

V.K. Mozhaev, V.A. Dulin and Yu.A. Kazanskii, Sov. At. Energy
47, 566 (1979).

S.P. Holloway, J.B. Olomo and T.D. Mac Mahon in K.H. Bockhoff (ed.),
Nuclear Data for Science and Technology, D. Reidel publishing Co.,

Dordrecht (1983) p. 287.

I. Ahmad and M. Wahlgren, Nucl. Instrum. Methods 99, 333 (1972).
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Current status of nuclear decay data of transactinium nuclides

C.W. Reich*, R. Vaninbroukx

A paper has been presented at the third IAEA Advisory Group Meeting on

Transactinium Isotope Nuclear Data, Uppsala, 1984 (1). It has the fol-

lowing abstract:

"In 1977, the IAEA organized a Coordinated Research Programme to
address the needs for highly accurate actinide-nuclide decay data
identified at the first Advisory Group Meeting on Transactinium
Isotope Nuclear Data, held in Karlsruhe in 1975.

During the years of its existence, this CRP has made signifi-
cant strides towards achieving the goals outlined at Karlsruhe

"and subsequently refined at a second Advisory Group Meeting, held
in Cadarache in 1979. In this paper, the make—up of the CRP and
its work in the areas of decay-data measurement and evaluation
are presented and its significant accomplishments summarized.

We also discuss the contents and philcsophy of the final report,
containing the results of the measurements and evaluations carried
out by the CRP participants, to be published following the planned
termination of this Programme in November, 1984."

Evaluation of selected decay data for some actinides

R. Vaninbroukx, W. Bambynek

As a part of the CBNM contribution to the IAEA Coordinated Research Programme
on the Measurement and Evaluation of Transactinium Isotope Decay Data, the
published values for some selected data have been critically reviewed and

recommended values are proposed for the following decay parameters (2):

231Th : gamma-ray-emission probabilities

232U-208Pb decay chain : gamma-ray-emission probabilities
235U : gamma-ray-emission probabilities

239Np : gamma-ray-emission probabilities

280py & half Tife

(1) C.W. Reich and R. Vaninbroukx, Current Status of Nuclear Decay Data and
Report on the IAEA Coordinated Research Programme on the Measurement
and Evaluation of Transactinium-Isotope Nuclear Decay Data, Transactinium
Isotope Nuclear Data - 1984, IAEA-TECDOC-3361 (International Atomic
Energy Agency, Vienna, 1985) p. 275.

(2) R. Vaninbroukx and W. Bambynek, Evaluation of Selected Decay Data for
some Actinides, CBNM Internal Report GE/R/RN/15/84, 1984,

Idaho National Engineering Laboratory, Idaho Falls, USA.
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241
243

Am : half life and gamma-ray-emission probabilities
Am : half life and gamma-ray-emission probabilities
The data will be published together with the contributions of other collabora-
tors of the Coordinated Research Programme in the IAEA Technical Report Series.

Emission probabilities of selected gamma rays for radionuclides used as

R. Vaninbroukx

For the reliability of the results of gamma-ray measurements with efficiency-
calibrated detectors and for the intercomparison of these results, it is
essential that the available most accurate data for the calibration radio-
nuclides are used by all investigators.

The evaluation proposes a set of values which is estimated to consist of the
current "best" available data. For the detector calibration, the gamma-ray
energies are considered to be known to the required accuracy and have been
adopted from the Nuclear Data Sheets. Here only the emission probabilities
are evaluated.

The nuclides for which emission-probability data are given are subdivided
into two categories:

1. Primary calibration gamma rays.

In this category only nuclides are considered which:

- can be accurately standardized,

- have an appropriate half life,

- are available with high radionuclidic purity,

- have a simple and well known decay scheme, so that corrections for summa-
tion effects between coincident photons are small or can be calculated
accurately.

2. Secondary calibration gamma rays.

In this category nuclides which may be helpful for detector calibrations, but
which do not fulfil all the above mentioned criteria, are considered. A paper
on this subject has been presented at the IAEA Advisory Group Meeting on
Nuclear Standard Reference Data, Geel, 12-16 November 1984,

Tables 1.7 and 1.8 Tist recommended values for primary and secondary calibra-
tion v rays, respectively.
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Table 1.7.  Primany calibration gamma rayb

E Emission probability (P )
Nuclide (kez) Recommende value !
22 1274.5 0.99935 + 0.00020
Ma 1368.6 0.99994 + 0.00002
2754.0 0.99878 + 0.00008
46s¢ 889.28 0.99984 + 0.00001
1120.5 0.99987 + 0.00001
lor 320.08 0.0985 + 0.0009
%1 834.84 0.99975 + 0.00001
¢o 14.41 0.093  + 0.002
122.06 0.8563 + 0.0015
136.47 0.1062 + 0.0010
58¢o 810.78 0.9944 + 0.0002
50¢co 1173.24 0.9989 + 0.0002
1332.51 0.99983 + 0.00001
%570 1115.55 0.5065 + 0.0020
8y 514.00 0.988  + 0.005
88y 898.02 0.942  + 0.004
1836.0 0.9930 + 0.0005
b 702.63 0.9982 + 0.0001
871.10 0.9939 + 0.0001
P | 765.80 0.9980 + 0.0002
1094 88.03 0.0368 + 0.0005
13 391.69 0.649  + 0.002
L5 336.23 0.459  + 0.002
125 35.49 0.0660 + 0.0010
134cs 604.70 0.9763 + 0.0004
795.84 0.8552 + 0.0004
137¢s 661.66 0.852  + 0.001
139ce 165.85 0.799  + 0.001
14lce 145.44 0.486 + 0.004
1%y, 411.80 0.9556 + 0.0007
203y, 279.20 0.8150 + 0.0008
24 26.35 0.0241 + 0.0005
59.54 0.359  + 0.003
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Tabfe 1.8. Secondary calibration gamma rays
£ Emission probability {P ) £ Emission probability (P))
Nuclide (ke~\’/) Recommended value ! Nuclide (kez/) Recomnended value
Be | 477.60 0.1045 + 0.0010 152, 121.78 0.2840 + 0.0023
Soun | 246.75 0.9887 + 0.0003 204.70 0.0751 + 0.0007
1810.72 0.272 + 0.008 344.28 0.2658 + 0.0019
2113.05 0.143 + 0.004 411.12 0.0223 + 0.0002
6co | 846.76 0.99925+ 0.00006 44398 0.0312 + 0.0003
1037.84 0.1411 + 0.0005 778.90 0.1296 + 0.0007
1238.29 0.663 + 0.005 964. 1 0.1462 + 0.0006
1360.21 0.0426 + 0.0002 1085.9 0.1014 + 0.0006
1771.35 0.1548 + 0.0004 112.1 0.1354 + 0.0006
2034.76 0.0776 + 0.6004 1408.0 0.2085 + 0.0008
2598.46 0.1696 + 0.0004 1821, 100.11 0.1423 + 0.0025
3253.42 0.0770 + 0.0012 152.43 0.0702 + 0.0008
P20 | 728.20 0.4415 + 0.0020 222.10 0.0757 + 0.0008
756.73 0.5450 + 0.0025 1121.3 0.3530 + 0.0020
Pre™ | 140.51 0.890 + 0.002 1189.0 0.1642 + 0.0010
H0ugm 1 44681 0.0372 + 0.0003 1121.4 0.2720 + 0.0022
657.76 0.9440 + 0.0010 1221.0 0.1157 + 0.0008
677.62 0.1040 + 0.0008 192y, 295.96 0.287 + 0.001
687.02 0.0644 + 0.0003 300.46 0.298 + 0.001
706.68 0.1660 + 0.0010 316.51 0.830 + 0.003
784.28 0.0470 + 0.0004 168.07 0.477 + 0.002
763.94 0.2239 + 0.0008 588.59 0.0449 + 0.0002
818.03 0.0732 + 0.0004 604.41 0.0811 + 0.6004
834.68 0.727 + 0.003 612.47 0.0528 + 0.0003
937.49 0.3431 + 0.0012 207g; 569.70 0.979 + 0.001
1384.30 0.2625 + 0.0008 1063.66 0.741 + 0.003
1475.79 0.0399 + 0.0002 1770.2 0.0687 + 0.0004
1505. 04 0.1304 + 0.0004 232 238.63 0.435 + 0.002
M 1 17128 0.902 + 0.003 and 241.00 0.0404 + 0.0005
245.35 0.940 + 0.002 28, 510.80 0.0825 + 0.0014
245 | 602.73 0.9800 + 0.0010 decay 583.14 0.3060 + 0.0017
645.46 0.0730 + £.0010 chains 727.18 0.0662 + 0.0006
722.79 0.1130 + 0.0020 at equi- | 860.37 0.0450 + 0.0005
1690.98 0.0566 + 0.0009 librium | 2614.6 0.3586 + 0.0006
2090.94 0.0566 + 0.0009 23, 43.5 0.0605 + 0.0013
133, 53.16 0.0219 + 0.0003 and 74.7 0.685 + 0.015
79.62 0.0262 + 0.0007 239, 106.13 0.272 + 0.002
81.00 0.341 + 0.005 at equi- | 228.19 0.1127 + 0.0013
276.40 0.0716 + 0.0004 Vibrium | 277.60 0.1438 + 0.0021
302.85 0.1831 + 0.0007
356.02 0.6200 + 0.0014
383.85 0.0892 + 0.0005
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Emission probabilities of selected X nays forn radionuclides used as detectonr-

W. Bambynek

The availability of high-resolution solid-state detectors has extended the
field of X-ray spectrometry towards lower energies. Usually, Si(Li) detec-
tors are used for energies between 5 and 25 keV and planar high-purity
germanium detectors for 25 to about 100 or 150 keV. Accurate efficiency
calibration of these detectors requires reliable standard data.

The current status of the X-ray emission probabilities of radionuclides
useful for detector calibration was reviewed. Experimental, compiled
and/or evaluated data were considered. The Tliterature between 1965 and
1984 has been scanned.

In the present work transition energies are considered to be known with
sufficient accuracy. They were not evaluated. Half lives were given

only as indicative values. Data for both quantities were taken from

C.M. Lederer (1) and D.C. Kocher (2). A list of recommended emission
probabilities is given in Tables 1.9.a, 1.9.b and 1.9i<3:3 including

A paper has been presented at the IAEA Advisory Group Meeting on Nuclear
Standard Reference Data, Geel, 12-16 November 1984.

information on the availability of the radionuclides

(1) C.M. Lederer and V.S. Shirley (eds.), Table of Isotopes, 7th Edition
(J. Wiley & Sons, New York, 1978) (1978).

(2) D.C. Kocher, Radioactive Decay Data Tables (Technical Information
Center, US-Department of Energy, 1981), DOE/TIC-11026 (1981).

(3) G. Grosse and W. Bambynek, International Directory of Certified Radio-
active Sources, Physics Data 27-1 (1983).
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Tabfe 1.9.a. Primany calibration nuclides and thein recommended KX-ray

emission probabilities

Huclide Tl/Z (a) Z Element EK“ (b) PK“ (c) EKB (b} Pkﬁ (c) PKX (c) é\i/?::l)a’-(d)
{keV) (%) (keV) ) (%)
Yy 330 d 2 T 4.51 17.9 (11) 4.93 2.4 (2) | 20.3 (10 1
Ser 27.7 d 23 v 4.95 20.1 ( 6) 5.43 2.7 (1) | 22.8 ( 3y 13
Sy | 312.7 4 24 Cr 5.41 22.6 ( 4) 5.95 3.0 (1)) 25.6 ( 8) 14
S5¢e 2.7 a 25 Mn 5.89 24.9 ( 5) 6.49 3.4 (2) | 28.3 (10) 12
¢ | 207 4 % Fe 6.40 51.0 { 2) 7.06 6.9 (3) | 57.9 (34) 12
55¢o 70.8 d 2% Fe 6.40 23.5 ( 4) 7.06 3.2 (1) | 26.7 (10) i1
6520 | 244.4 d 29 Cu 8.04 34.1 ( 6) 8.91 4.6 (1) ] 38.7 (9) 12
63, 64.8 d 37 Rb 13.38 50.0 ( 8) | 14.98 8.7 (8) | 58.7 ( 8) 10
ddy 160.6 d 3 Sr 14.14 51.3 (8) | 15.86 9.2 (2)| 60.5( 8 1
Wy | 4g4 4 47 Ag 22.10 82.1 (18) | 25.01 17.3 (7) | 99.4 (20) 12
iy, 2.8 d 8 oo 23.11 68.4 (20) | 26.18 14.5 (6) | 83.0 ( 2) 5
Wsn | 115.1 d 9 In 24.14 79.6 (18) | 27.36 17.2 (6) | 9.8 ( 6 7
125 60.1 d 52 Te 27.38 | 113.4 (30) | 31.12 25.0 (8) | 139.0 (30) 14
Blgg 9.9 d 54 Xe 27.75 60.1 (15) | 36.20 14.0 (5) | 74.1 (10) 2
9% | 137.7 ¢ 57 la 33.30 63.9 (17) | 37.98 15.3 (8) | 79.2 (22 11

Table 1.9.b. Secondary calibration nuclides and theirn recommended KX-ray

emission probabllities

wetide | 1) (07 element | £, (ken)®) | b (kev)(®) £ (kev)(®) P (0| by (€ ﬁ??}l;'(d)
676s 334 |30 8.63 9.5  (12) 9.57 6.9 (6) | 56.4 (13) 8
Tose | 49.5d |33 As 10.53 8.9 (30) 11.72 7.6 (6 | se.5 (a0 10
B 1614 a1 w 16.58 9.27  (20) 18.66 1.79 (10) | 11.06 (14)

o | e6.0n {43 Tc 18.33 93 (4 20.66 19 (2| 1.2 (5 10
W03, | 3544 {45 &n 20.17 7.29  (28) 22.78 1.51 (6) 8.80 (30) 6
123 .00 |52 Tc 27.38 70.5  (20) 31.12 15.9 (6) | 86.4 (20) 3
B33, | 1054 |55 s 30.85 98.0  (16) 34.9 - 35.9 23.0 (5) | 121.0 (16) 13
B7cs | 3024 {56 &a 32.06 5.66  (18) 36.3 - 37.4 130 (&) 7.0 (2 14
Wee |3254 {59 pr 35.85 13.2 (4 40.6 - 42.0 3.2 (2 | 164 (5 8
B2, | 13562 |62 sm 39.91 9.1 (12) 45.3 - 46.6 4.9 (3)

64 Gd 42.75 0.648 (22} 48.5 - 50.0 0.176 (18) |1 74-8 (12) 10
ez | Pz Bkl | Pl B | Pret Erarz| Pro2
ety | (1) | en | @ |kev)| (3 (kev) | (%)

Wl Fs31n |80 Hg | 68.96]27.6(10) ] 70.12 | 46.9(18) | 80.2 | 16.2(40) | 82.5 | 4.5 (2} 95.2 (16) 2

2035 | 46.6a |81 T | 70.83] 3.8 2)| 72.87 | 6.4 2) [82.5 | 2.2( 1) | 8a.9 |o0.63 (3)]13.0 ( 4 12

D75 | 33.4a |82 o | 72.80 22.6(12) | 74.97 | 38.2(20) |84.9 | 13.0010) | 87.3 | 3.9 3y |77 (a0) 3
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Table 1.9.c.  Secondary calibration nuclides and thein recommended LX-ray
emission probabllities

mctide | T, 0]z grement £, (P p () fg (V] p (D pg () Ny (e) g (P) jp (e) fp (€] é\;n]a;_ila-(d)
(kev) (%) (keV) (%) (keV) (%) (%) | (%) (%) Y
207g; | 3340 |82 pb | 9.18 {0.51 (6)] 10.45 | 9.58(15)(11.3-15.4 | 19.6 (22){11.6-15.8] 4.5(6)| 3a.2(20) 3
238y, | 3a4a fo2 v .62 |0.26 (3] 13.60 | 4.1 (2)] 17.0 | 6.2830)| 0.8 | 1.21)] 11.8( @) 3
By lazpza Lo wp |11.0 [0.86 (3)]13.9 133 @) | 178 |19.4 ()| 208 | 4.9(2)] 38.5( 8)] 12

) half lives are taken from 0.C. Kocher

) LEnergies are taken from C.M. Lederer

) Uncertainties in units of the last digit{s) are given in parentheses
)

The figures indicate the number of producers offering reference solutions with certified activity
concentration, G. Grosse and W. Bambynek

Fluonescence yields

W. Bambynek

A re-evaluation of the K-shell fluorescence yield, w,, has been performed.

K)
There are about 100 new results since the last evaluation in 1972 (4).

In addition to the various techniques to measure w, directly, there are

K

methods which yield the product of the relative K-capture probability PK

and the fluorescence yield v About 90 of those measurements have been

K-
evaluated and included in the file.

For the calculation of the PK values electron-wave functions have been used
according to Mann and Waber. Exchange and overlap corrections of Bahcall

and of Vatai were employed, as recalculated by Chen, for Z < 58, and the

(1) D.C. Kocher (1981), Radioactive Decay Data Tables (Technical Information

Center, US-Department of Energy, 1981), DOE/TIC-11026

(2) C.M. Lederer and V.S. Shirley (eds.)(1978), Tables of Isotopes,
7th Edition (J. Wiley & Sons,; New York, 1978)

(3) G. Grosse, W. Bambynek, Physics Data 27-1, (1983).

(4) W. Bambynek, R.W. Fink, H.-U. Freund, Hans Mark, C.D. Swift, R.E. Price
and P. Venugopala Rao, X-Ray Fluorescence Yields, Auger and Coster-
Kronig Transition Probabilitites, Rev. Mod. Phys. 44 (1972) 716.
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ones of Suslov and of Martin and Bichert-Toft for Z > 58. The method of
calculation is described elsewhere (1).

Following a thorough evaluation of all experimentally determined values a
set of 118 results was selected which were judged to be most reliable.

These results were obtained from measurements using carefully prepared
sources and after making all necessary corrections. Unfortunately, in the
majority of publications the information is incomplete. It is therefore
probable that some "good" results were omitted from the 1ist of selected @y -
Furthermore, the uncertainties quoted by various authors are not strictly
comparable because they were determined on the basis of different principles.
We have re-estimated the uncertainties and used their squared reciprocals as
weights in the calculation of mean values.

The values of the selected data were fitted to the relation

K - = B1.Z1
1 - Wy i=0

and a detailed polynomial regression analysis was performed. Starting from

a linear relation powers of the independent variable Z were generated to
calculate polynomials of successively increasing degrees. For each polynomial
of degree p some statistical quantities were calculated: The regression coef-
ficients B. (i =0, ..., p), their standard deviations s(Bi), the t values t;
which were used to test the null hypothesis for the regression coefficients,
the confidence coefficients Si which indicate the statistical confidence with
which Bi is different from zero, the multiple correlation coefficient r and
res The term with the lowest t
value was discarded. A new set of regression coefficients and the other quan-

the residual standard deviation of the fit S

tities mentioned above were calculated and the null hypothesis for the new
regression coefficients was tested. Again the term with the lowest t value
was eliminated from the polynomial. This procedure was continued until only
one term remained. We have analysed polynomials up to the seventh degree in
ascendant and descendant order.

(1) W. Bambynek, H. Behrens, M.H. Chen, B. Crasemann, M.L. Fitzpatrick,
K.W.D. Ledingham, H. Genz, M. Mutterer and R.L. Inteman, Orbital
Electron Capture by the Nucleus, Rev. Mod. Phys. 49, 77 (1977).
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A detailed study of the results indicated that the polynomial up to the
third order yields a statistically very reliable approximation to the
experimental points wj;h r = 0.99940, Sres = 1.3?2%, (Si)min = 99.99 %, s
BO = (3.70 + 0.52)-10 °, B1 = (3.112 + 0.044)-10 =, B, = (5.44 + 0.11)-10 7,
By = -(1.250 + 0.070) 107,
In Fig. 1.6 these fitted @y values are compared with the theoretical results
from relativistic Dirac-Hartree-Slater (DHS) calculations of Chen et al. (1)
and with the experimental data of the present evaluation. The DHS results
are in excellent agreement with the selected experimental data and the fitted
data.

2

0.8

0.6

“K

0.4

—— THEORETICAL DHS
0.2 e FITTED
1 EXPERIMENTAL

0.0 s

0 20 ' 40 60 80 100

Fig. 1.6. K-shell flucrescence yield as function
o4 atomic numbenr

The results of the evaluation will be published.

(1) HM.H. Chen, B. Crasemann, Hans Mark, Relativistic K-shell Auger Rates,
Level width, and Fluorescence Yields, Phys. Rev. A 21, 436 (1980).
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1.2. NUCLEAR DATA FOR FISSION TECHNOLOGY

1.2.1. Cross Sections of the Actinﬁdes

235) in the sub-

thermal region are part of a campaign to improve the accuracy of the tem-

The measurements of the fission cross-section and eta of

perature coefficient of thermal reactors, which relates to reactor safety.
The measurements are initiated by french and british requests to CBNM.

Fission cross-section measurements of 233, at Low energles

C. wagemané*, A. Deruytter, R. Barthélémy, J. Van Gi]é*

The experimental set-up has been optimalized for measurements at very low
neutron energies (down to 1 meV). The measurements are scheduled to start
in January 1985. Preliminary measurements were reported at the IAEA
Advisory Group Meeting on Nuclear Standards Reference Data. The paper has
the following abstract:

"Accurate new neutron induced cross—section data in the sub-thermal
energy region were requested recently by reactor physicists. To
fulfill these requests, a liguid nitrogen cooled methane moderator
was installed at GELINA, resulting in a five times increased neutron
flux below 20 meV. 935
Preliminary measurements of the U(n,f) cross-section in the meV-
region and the influence of the cross=-section shape on the Westcott
gf—factor are discussed."

235 Ain sub-thenmal region

J.A. Wartena, H. Heigmann, C. Biirkholz, R. Pijpstra

An experiment has been set up to measure the energy dependence of eta, the
235U, in the thermal
U sample (93 % enrichment)

number of neutrons produced per neutron absorbed, in
and sub-thermal neutron energy regions. A thick 235
is placed in the neutron beam at a 7 m flight path station of GELINA. The
thickness of the sample is such that it is essentially black for the neutron
energies of interest. Neutrons emitted from the sample are detected by four
NE-213 1iquid scintillation detectors foreseen with pulse shape discrimination

for neutron identification. The relative neutron flux is measured by two

SCK~CEN, Mol, Belgium.
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b 35

Li and °
positioned upstream from the Tiquid scintillator detector. The actual

parallel plate proportional counters loaded with U, which are
measurements on eta will use neutrons from the "cold" (1liquid methane)
moderator of GELINA when it will be available.

Up to now, a number of tests have been performed with the usual polyethylene
moderator which were intended to investigate backgrounds and dead-time
effects. It turned out that the rate of events accepted by the pulse shape
discriminator circuits is sufficiently high to cause important dead-time
effects in the 1iquid scintillator detectors for neutron energies above
about 100 meV. The first measurement campaign with the "cold" moderator

is foreseen for early 1985. '

Neutron capfure measwrements on 247Am

G. Vanpraet*, E. Corne]is*, G. Rohr, T. van der Veen

A series of neutron absorption measurements have been performed for the

241Am sample in the neutron energy range

first time with a pure metallic
from thermal to 600 keV. The absorption cross section which is predomi-
nantly capture is technologically important for assessing the effect of
this non fuel actinide on reactor core neutronics and also waste management
due to its long term (~ 500 y.) decay activity.

An improved shielding facility housing the two C6D6 liquid scintillator
capture detectors, was used to carry out the time-of-flight measurements

at a distance of 8.577 m from the neutron source. The electronic signals
are sorted out in 16 pulse height groups of 8k time-of-flight channels.
This two-parameter information is required for the Maier-Leibnitz weighting
method in which the detector response is proportional to the total energy
released in the capture process.

The metallic sample was prepared for the joint ORNL-EURATOM experiment by
the Isotope Research Materials Laboratory, ORNL, from a batch of highly
pure americium oxide by vacuum reduction-distillation techniques. The
thickness of the 2 ¢cm x 2 cm disk was 1.063 x 10—3 atoms per barn. A

0.6 mm thick O
of the neutron flux according to the reaction

B4C disk was used as a capture sample to measure the shape
10B(n,a7)7L1'. The thickness

corresponds to 4.6 x 1073 atoms per barn.

University of Antwerpen, RUCA, Belgium.
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A critical background evaluation of the time dependent background was made
by the black resonance technique using S, Na, Co, W and Ag filters as they
deplete all primary neutrons at their characteristic resonance energies.
This allows to evaluate the remaining background at these energies. For
the flux measurements the same technique was applied. A Cd filter was

kept permanently in the beam to prevent time-overlap from accelerator burst-
to-burst neutrons.

The data taken at a repetition rate of 800 Hz have been analyzed between
600 eV and 200 keV and normalized to well resolved and saturated resonances
in 2*aAn at 0.576 and 1.270 eV respectively. Values of the differential
cross section have been averaged over decade intervals and represented in
Table 1.10. They have a statistical uncertainty of 0.5 %. An accuracy

of 5 % is obtained by assuming a 15 % uncertainty on the background. For
normalization and flux procedures an additional systematic error of 0.5 %
is estimated.

Table 1.70. Newtrnon capturne cross sections of 247Am
AE, (keV) <oy > AE_ (keV) <oy >
0.6-0.7 17.064 9- 10 3.512
0.7-0.8 13.678 10~ 15 3.299
0.8-0.9 13.618 15- 20 2.897
0.9-1.0 11.604 20- 30 2.453
1.0-1.5 11,963 30- 40 2.199
1.5-2.0 8.947 40- 50 1.934
2.0-3.0 7.690 50- 60 1.770
3.0-4.0 6.111 60~ 70 1.635
4.0-5.0 5.007 70~ 80 1.513
5.0-6.0 4.608 80- 90 1.457
6.0-7.0 4,280 90-100 1.387
7.0-8.0 3.992 100-150 1.159
8.0-9.0 3.670 150-200 1.054
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The final results are compared in Fig. 1.7 with experimental results obtained
by other investigators. Our data agree very well with those of ORNL and
confirm the earlier observed discrepancy with those of Harwell and KfK,
ranging from 10 to 20 % above 15 keV.

20
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Fig. 1.7.  Neuthon absorption cross section of 247Am comparied
with the data of ORNL, AERE Hawell and KEK in the
enengy nange 1 kel to 200 kel

24 Lo ,
3Am gissL0n choss section measurements

H.-H. Knitter, C. Budtz-Jgrgensen, R. Vogt, H. Bax

This cross section is needed and requested to estimate the production of
higher actinides in fuel elements.

The data taking of this experiment at an eight meter flight path station of
"GELINA was ended in the very beginning of this reporting period. The data
cover a neutron energy range from 0.8 eV to some 100 keV. The 1list data
evaluation has started and a complete time-of-flight spectrum for 243Am(n,f)
is shown in Fig. 1.8.
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For further evaluation of the data also the GELINA neutron spectrum shape at
the position of the 243Am—samp]e must be known. For this purpose the 243Am
ionization chamber was replaced by a 6L1'F ionization chamber with two back-
to-back positioned 6L1F—1ayers. The 6L1'F layers had a thickness of 75 ug/cm2
and a diameter of 28 mm, the same as the diameter of the 243Am—samp]e.
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With this detector the GELINA neutron spectrum shape was measured. The
evaluated neutron spectrum was fitted in the neutron energy range between
1.6 eV and 10 keV with the function

B(E) = Ea,+[3\/ E

where E was taken in MeV. The parameters were determined by the method of
least squares to a = (-0.8721 + 0.0013) and § = (-0.497 + 0.033) Mev /2,
The errors are only of statistical nature as obtained from the least squares
fit.

Fission gragment mass- and energy distrnibution for the spontancous §Lssion

C. Wagemans*, P. Schi]]ebeeckx*, A. Deruytter, R. Barthélémy

The analysis of the 238

Pu(s.f.) measurements has been completed. The fission
fragment mass-distribution is given in Fig. 1.9, which clearly shows fine

structures due a.o. to the neutron shells with 82 and 88 neutrons.
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SCK/CEN Mol, Belgium.
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In Fig. 1.10 the average (single) fission fragment kinetic energy is plotted
as a function of the fragment mass. This curve shows the well-known constant
behaviour of the 1light fragments' energy, the dip in the symmetric fission
region and the energy decrease for the heavy fragments. These results have
been presented at the Neutron Interlab Seminar at Braunschweig (June 1984).
They will be further interpreted after comparison with other spontaneously
fissioning Pu-isotopes.
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Fission fragment mass- and enerngy distribution for the spontaneous fL88Lon

P. Sch11]ebeeckx*, C. Wagemanék, A. Deruytter, R. Barthé&lémy

The measurements are part of a systematic study of the fission characteristics

of the plutonium isotopes.

238

Pu and 240Pu has been studied rela-

239

Previously, the spontaneous fission of

Pu as calibration reaction.
242

tive to the thermal neutron induced fission of

Pu(s.f.) charac-
239, 242,

Pu layer were each

The same experimental set-up was used for the study of the
teristics. In the present experiments, a high quality combined

target was used. A 1.5 ug/cm2 239 2 242

Pu and a 5.8 pg/cm
evaporated on a 16 ug/cm2 polyimide backing and then put together.

The experiments are finished and the analysis is being done. The fission
fragment mass-distribution is given in Fig. 1.11, which clearly shows fine

structures due to neutron shells with 82 and 88 neutrons.

SCK/CEN Mo1, Belgium.
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The average pre-neutron emission kinetic energy of the fragments EK is

equal to 180.5 MeV, which is about 1 MeV lower than the corresponding value

obtained after calibration relative to 241Pu(n f).

th’

Ion chamben test in unshielded dinect Linac beam

F.-J. Hambsch, C. Budtz-Jgrgensen, H.-H. Knitter

For measurements of neutron.induced reactions in the 1 to 2 MeV neutron
energy range, the most intense neutron source available at CBNM is the bare
uranium Linac target. For measurements of fission fragment parameters in
this neutron energy range a gridded ion chamber was tested with respect to
its response on the y-flash from the linac target. The response to the y-
flash corresponded to a fission fragment energy of ~ 45 MeV. Since we want
to perform fission fragment energy measurements at the time of appearance of
235UF4

loaded ionization chamber was tried. A test measurement was run for a period

the y-flash, an electronic subtraction technique using a dummy and a

of 4 weeks to determine the countrate in certain energy bins above 1 MeV and
to measure the energy resolution of the compensated ionization chamber
response as function of neutron fligth time (what is the energy jitter due
to the compensated y-flash). The data evaluation is going on and should
answer the question whether the planned measurements can be made with suffi-

cient accuracy.



- 4] -

1.2.2. Cross Sections of Structural Materials and Fission Products

A large fast power reactor contains about 25 (volume) per cent of stainless
steel, half of which is iron, one quarter nickel and the rest mainly chromium.
The neutron capture data of these primary structural materials influence the
critical enrichment, the breeding gain and in particular the Doppler coeffi-
cient which is most important for safety considerations. The steel contri-
butes to more than 60 % to the Doppler effect, whereby 70-80 % of this share

is due to the 1.15 keV resonance in 56

Fe. These data demonstrate the impor-
tance of the neutron cross sections of these structural materials. They have
been and are subject of extensive investigations at the Linac, for which sepa-
rated isotopes for each of the three elements have been made available by the
US Department of Energy.

56Fe

Discrepancies in the resonance parameters of the 1.15 keV resonance of
have caused the Nuclear Energy Agency Nuclear Data Committee to form an
ad-hoc international task force to solve the problem in a concerted action.
149Sm is an important fission product. Capture data for this isotope are

required with priority for nuclear fuel burn-up calculations.

500& neutrhon captunre

F. Corvi, R. Buyl, A. Brusegan, G. Rohr, T. van der Veen

High resolution neutron capture measurements were carried out at the Geel

linac on a 43 g sample of Cr,0, enriched to 95.9 % of 50

203 Cr. The Tlinac was
operated with 4 ns burst widths and the flight path was 58 m long. The data
were normalized to the capture area of the 1.63 keV resonance whose parameters
were determined in a separate transmission experiment. A total of about 140
resonances in the range 1 to 300 keV were analysed with the shape code FANAC:
neutron widths from high resolution transmission experiments of Poortmans et al.
were introduced as fixed input in the code.- For each resonance, a value of the
capture area and of gF7 is given. The distribution of gF7 values is inspected
in order to derive information on the resonance spin under the assumption of
an approximate constancy of Fy. The data are compared with the ORNL results

which cover the region up to 200 keV.
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Neuwtrhon resonance parameteirs or 50Cn grom high resclution trhansmission

* Kk . Kk
I. Van Marcke , F. Poortmans , L. Mewissen

The two data sets from the 200 meter (moderated neutrons) and 400 meter
(unmoderated neutrons) measurements have been analysed with the multi-Tevel
shape fitting code MULTI. The analysis is completed. Neutron widths are
obtained for 300 resonances between 28 keV and 800 keV. For an important
fraction of the resonances, the spin and parity was deduced from the peak
total cross section, resonance-potential or resonance-resonance interference.

Resonance parameters of 52Cn

G. Rohr, R. Shelley, A. Brusegan, F. Corvi, L. Mewissen**, F. Poortmans**,
T. van der Veen

High resolution neutron transmission and capture measurements have been
performed at the 150 MeV Geel linac with a pulse width of 4.5 ns and with

a repetition rate of 800 Hz. Enriched 52Cr—oxide samples have been employed
at 200 m as well as at 400 m and 60 m covering energy ranges up to 1 MeV

and 600 keV for transmission and capture respectively. The 400 m transmis-
sion measurement was performed with unmoderated neutrons. The capture cross
section data were obtained with C6D6-detectors applying the weighting tech-
niaue and for the transmission data NE-110 plastic scintillators have been
used.

The relative flux has been measured with a boron-slab detector of 3 mm thick-
ness using C6D6—detectors to view the 478 keV photons. The absolute calibra-
, tion of the capture data has been done with the transmission value of the

52Cr. The data sets have been

almost pure capture resonance at 1.63 keV in
analysed by means of MULTI, FANAC and TACASI computer programmes.
The resonance parameters of about 80 resonances have been determined in the

energy range below 400 keV.

Visiting Scientist.

**  SCK-CEN Mol, Belgium.
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Resonance parameterns of 53Cn

A. Brusegan, F. Corvi, L. Mewissen*, F. Poortmans*, G. Rohr, R. Shelley,
T. van der Veen, C. Van der Vorst

One capture and three transmission measurements of 53Cr were performed at
CBNM at flight distances of 60, 50, 200 and 400 m resp. with GELINA operated
at 4.5 ns burst width and 800 Hz repetition frequency. The 400 m transmis-
sion measurement was carried out in an unmoderated neutron beam.

In the capture measurement two C6D6 detectors viewed the Cr sample (96.4 %

enriched in 53

Cr) and the capture events were weighted following the
Maier-Leibnitz method.
The Cr sample was replaced by a 0.3 cm thick boron-slab during the flux
measurement and the capture yields were normalized to the an-Fy/F value
of the 1.63 keV resonance of 52Cr, present as an impurity (3.44 %) in the
sample.
The transmission measurements were carried out with two different detector
systems:
1) a 0.5 cm thick boron-slab viewed by two 4x3" NaI(T1) detectors, placed
at 50 m distance from the neutron source.
2) a 2.5 cm thick NE-110 scintillator and 4 RCA-4516 PM's for the 200
and 400 m measurements.
Resonance parameters were deduced from the complete set of measurements by
means of FANAC, TACASI and FANAL computer programmes up to 200 keV. For
s-wave resonances it is intended to extend the analysis of the high resolu-
tion transmission spectra up to 350 keV.

Newtrnon nesonance parameters for 54Fa grom high resolution thansmission

E. Corne1is**, L. Mewissen*, F. Poortmané*, I. Van Marcke***

Two data sets are available for analysis; a first one covering the energy
range between 30 keV and 500 keV from transmission experiments on a 200 meter
flight path with moderated neutrons and a second one covering the energy

SCK/CEN Mol, Belgium.
University of Antwerpen, RUCA, Belgium.
Research fellow.
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range from 250 keV up to 19 MeV from a 400 meter flight path length experiment
with unmoderated neutrons.

The first data set had been analysed previously only for the s-wave resonance
structure using the multi-Tevel R-matrix code FANAL. This analysis is repeated
now using the code MULTI also for the resonances of higher angular momentum.
The resonance parameters are available up to 400 keV and the analysis for the
region 400 keV - 1 MeV is in progress.

Thansmission measurements of the 1.15 keV resonance Ln»56Fe

A. Brusegan, C. Van der Vorst

Two independent high resolution transmission measurements of the 1.15 keV
resonance in 56Fe have been completed at 99.4 m flight distance.

The two Fe samples, respectively 1 mm and 6 mm thick, were cooled down to
the 1iquid nitrogen temperature to reduce the Doppler effect.

GELINA was running at 800 repetition rate and with a burst width of 1 ns.
The background in the 'vicinity' of the resonance was determined with the
black resonance technique (Bi and Na filters permanently in the beam) and

is of the order of 4 %.

The data analysis of the transmission will be carried out with the area code
Atta-Harvey and with the shape code Siob.

Newtron capture in the 1.15 keV resonance of 56Fe using Moxon-Rae detectorns

(NEANDC Tashk Force)

F. Corvi, C. Bastian, H. Riemenschneider, T. van der Veen, K. Wisshak*

The capture measurements of the 1.15 keV resonance performed in Geel and

Oak Ridge yield values of the kernel A7 which are about 20 % Targer than the
values derived from transmission. Since the capture measurements were per-
formed in both laboratories with the same type of detectoré, i.e. liquid scin-
tillators (either C6D6 or C6F6) and the weighting method, it is interesting

to try other detectors: for this reason we have set up at GELINA a measure-
ment which makes use of Moxon-Rae type detectors with converters of bismuth,

Kernforschungszentrum Karlsruhe.
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bismuth + graphite and graphite. These detectors have been currently employed
at the KfK Van de Graaff mainly in the measurement of large s-wave resonances.
The experiment was performed at a flight distance of 28.4 m. A top view of
the experimental set up used is shown in Fig. 1.12.

GRIDDED__IONIZ, CHAMBER

W8 1z40pg/cm? back-lozback.

C_CONVERTER.
s

Fig. 1.12. Top view of the i
experimental set up

Li_glass DETECTOR (#=50).

The three capture detectors are placed with their axis at 120° with respect

to the neutron beam direction. The sample of 8 cm diameter consists of 0.5 mm
thick metallic iron enriched to 99.87 % 56Fe, "sandwiched" between two gold
foils of thickness 20 and 30 micron respectively. The reason for using such a
composite sample is to cancel the effect of detector instabilities, due mainly
to variations of PM gain, and also to be independent of any normalization of
the integrated neutron flux. The neutron flux shape was measured at the same
time as capture by a double gridded ionization chamber placed in front of the
capture sample and having at its centre a cathode with back-to-back deposits
of 10B of thickness 40 ug/cmz.

Besides the measurement in the geometry of Fig. 1.12, a second run with

higher statistics was performed, in which the detectors were placed with

their axis at 90° with respect to the neutron beam axis. In this way their
efficiency could be increased by almost a factor two. In between the two
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runs the capture sample was removed and a 0.5 mm thick 6Li-g1ass scintillator
was introduced in the beam in order to have an independent measurement of the
relative neutron flux. The analysis was carried out with the area programme
TACASI and the data were normalized on the top of the 4.9 eV saturated gold
resonance.

The results are summarized in Table 1.11. For each of the two runs, corre-
sponding to the two detector configurations at 120° and 90°, and for each of
the three detector types, values of L and of the kernel anry/F are given.
The errors are those directly obtained from TACASI: they are statistical

only and correspond to lo. Besides that, a maximum systematic uncertainty

of 3.8 % is estimated as a sum of several independent components.

Table 1.11.  Summary of the nesults of the capture measuwrements
nelative to the 1152 el resonance in 56Fe

Ru Converter Uncorrected Results Correction Final Results
un Material Factor
(1) - - LA
r, Al = or, L, /T ) A7 = Kogs A7
(meV) (meV) eff (meV)
I 120° Bi 80.5 + 2.2 70.6 + 2.0 0.883 62.3 + 1.8
I 120° Bi +C 80.5 + 2.2 70.6 + 2.0 0.964 68.1 + 1.9
I 120° C- 66.6 + 1.6 59.7 + 1.4 1.076 64.2 + 1.5
IT 90° Bi 77.8 + 1.5 68.5 + 1.3 0.883 60.5 + 1.2
I 90° Bi + C 79.3 + 1.5 69.7 + 1.3 0.964 67.2 + 1.3
IT 90° C 65.0 + 1.1 58.4 + 0.9 1.076 62.8 + 1.0

(1) Uncorrected neutron widths obtained by fixing F7 = 574 meV.

The kernel va1ues‘A7 are then multiplied by correction factors to obtain the
final values A;. These factors correct for deviations of the detection
efficiency from a linear dependence with y-ray energy: a discussion on how
to calculate them can be found in (1).

(1) K. Wisshak, F. Kdppeler, G. Reffo and F. Fabbri, Nucl. Sci. Eng. 86,
168 (1984). T
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From the data Tisted in Table 1.11 the following conclusions can be drawn:

- For each detector type, the results of the two runs with the 120° and 90°
configurations agree well within the (statistical) errors. This indi-
cates that there is no appreciable anisotropy of the gross capture v-ray
spectrum in the 1.15 keV resonance in agreement with the assignment p-1/2.

- The corrected kernel values averaged over the three detectors are
A; = 64.9 meV for the 120° configuration and A; = 63.5 meV for the 90°
configuration. If we take as a reference the value A7 = 55.7 meV from
the ORNL transmission data, we notice that the present results exhibit
the same trend as with the total energy detectors, i.e. the kernels are
larger than in transmission though here the effect is less pronounced:

13 to 14 % as compared to 17 to 23 % for C6D6 and C6F6'

- The uncorrected results for the graphite converter closely approach the
transmission value. This fact is interesting because, if corrections are
negligible, it is possible to use such a detector also in cases where the
capture y-ray spectra are unknown, e.g. in all 56Fe resonances. However,
to prove that such an agreement is not a mere coincidence due to the
special shape of the 1.15 keV capture spectrum but is more generg;, one

Fe,

Cr and 60N1') where capture and transmission can be directly compared.

should extend the present exercise to other resonances (e.g. in
52

High resolution neutron trhansmission measurements on the nickel Lso0Zopes

58,360,067,

. * *
L. Mewissen , F. Poortmans

A first series of transmission experiments has been started on a 200 meter
flightpath, covering the energy range from 30 keV up to 450 keV. A second
series of measurements on a 400 meter flightpath and unmoderated neutron
beam, covering the energy range from 250 keV up to 20 MeV is planned.

SCK/CEN Mol, Belgium.
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’495m(n,7) average capture

F. Corvi, A. Brusegan, T. van der Veen

Sizeable discrepancies exist between recent differential experimental data,

integral data and evaluations based on resolved resonance parameters for

the important fission product nucleus 143

149

Sm. For this reason the average
capture cross section of Sm was measured at the Geel 1linac in the energy
range from 1 keV to 1 MeV. Two different ways of data normalization were
used, one based on comparison with a gold standard, the other based on the
saturated resonance method applied to the 14.9 eV resonance. Relative
neutron flux was measured with a Li-glass scintillator up to 100 keV and

235

with a U fission chamber above.

High nesolution thansmission measurements of thick iron filtens

A. Brusegan, C. Van der Vorst

The transmission through a composite "filter", consisting of Fe, Al, S, Ti
(respectively 35 cm, 23 ¢m, 7.5 cm and 0.5 cm thick), has been measured at
GELINA.

The experiment has been performed on demand of Dr. H.G. Priesmeyer (IKK - Kiel
University and GKSS Forschungszentrum, Germany), who also supplied the filter.
The linac was running at 800 Hz repetitﬁon rate and 1 ns burst width. The
transmitted neutrons were detected at 98.2 m flight distance by a 0.5 cm
thick 10B slab + 4 [ (4" x 3") NaI(T1)] detectors shielded by a "castle" of
lead and L12003.

The neutron energy range under investigation extended from 1.6 keV up to

1.06 MeV.

‘In the first part of the experiment ("run 1"} the transmission spectra through
Fe, Al. S and through Fe, Al, S, Ti have been measured together with the flux
and the background (black resonance method).

The second part of the experiment ("run 2") was devoted to an accurate study
of the background and, in particular of its "slope".

In "run 2", the 108 slab was replaced by a 0.62 cm thick carbon scatterer and
measurements were performed for the same 4 cases of "run 1".

The gain of the PMs has been stabilized during the whole experiment:
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133

v-rays from a Ba source (E7 < 382 keV) were detected simultaneously with

the 478 keV y-rays present in the reaction 10B(n,a7)7L1'. A special device
stabilized the H.T. of the PMs, by monitoring the amplitude of the signals

from the 133Ba Y-rays.

In Fig. .1.13, the "24.3 keV Fe window" is shown for the two cases: a) no Ti
in the beam; b) Ti in the beam. The plotted spectra have no background sub-
traction and are normalized simply to equal "monitor counts".

€00

4004
@
Z
3
8
) 2001
Fig. 1.13. "The 24.3 keV Fe
window" :
a} Al+Fe+S composite filtern; 0 P /A s e e
b} AL+Fe+S+TL composite filten NEUTRON ENERGY [keV]

In Fig. 1.14, the "windows" in the energy range from 225 keV to 375 keV are
plotted. Above 30 keV, spectra measured with the Ti sample in the beam show
"little differences" with those spectra obtained with no Ti in the beam.
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High nesofution total crhoss section measwrements on 2070y,

R. Kohler, L. Mewissen*, F. Poortmans*, J. Theoba]d**, H. Weigmann

207Pb are part of a thesis work of a research fellow.

The measurements on
They take profit of the ultra-high resolution power of the Tinear accelerator
neutron time-of-flight spectrometer, and contribute to a better understanding
of the basic neutron interactions.

A transmission measurement was performed at a 400 m flightpath using a 1 ns
time-coder. The linac burst width was controlled with a monitor detector
with 200 ps time-resolution which records the width of the gamma-flash from
the linac target. The burst width was less than 1 ns during the complete run.
Figure 1.15 compares the resolution available with these parameters to the
207pb4n with J = 0-3.

The measurement covered the neutron energy range from 200 keV to 20 MeV.

expected average spacing of resonances in

Resonance structure is observed up to about 2.5 MeV neutron energy, with
most of the individual resonances being resolved up to 1.5 MeV.

001
' 00,123

0.001

0.0001
L Hotely

0.00001

LEVEL SPACING [MaV1]

208Pb 1E'6:

compared to experimental resolu-

Fig. 1.15. Level spacing

tion 17 ] [ S 1 L1
0.1 1 10
EXTTATION ENERGY [NeV]

SCK/CEN Mol, Belgium.

o Technisch Hochschule Darmstadt.
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Figure 1.16 shows as an example the measured cross section around 1.9 MeV
neutron energy: The energy resolution of the time-of-flight measurement is
seen from the indicated width of the peak at 1.944 MeV.

The data are being analysed with the multi-level R-matrix routine MULTI (1).

The routine has been modified to allow different channel radii for each
spin-parity component.

Fig. 1.16. Total cross
section o4 207Pb between ‘ ' '
1.93 and 1.97 MeV . O ke

T
960 1970

The analysis will be possible in an essentially complete way up to about
800 keV neutron energy. It will primarily yield the neutron widths of
resonances, and for most of the resonances with a neutron width larger
than the experimental resolution, it will give the spin of the resonance.
For many spin 1 resonances the parity cannot be determined unambiguously,
mainly because a superposition of s- and d-wave contributions may produce

a resonance shape very similar to a p-wave resonance.

Newtnon capture gamma-rays grom ZgSL

P.W. Martin*, J.A. Wartena, H. Weigmann

This work is intended to contribute to a better understanding of the neutron
resonance capture. It uses the high resolution capability of GELINA.

(1) G.F. Auchampaugh, LANL report LA-5473-MS (1974).

University of British Columbia, Vancouver, Canada.
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The resonances of 2851 have previously been studied by high resolution
transmission measurements (see PPR January-June, 1983). In order to
further investigate the structure of the observed resonances, a measure-

ment of the high energy capture gamma-rays is being performed. Of

29

interest are E1 transitions to the ground state of “7Si in connection

1)

with theoretical work ( in a single particle model, as well as Ml

transitions which are expected to be comparatively strong in Si due to
the possible 4722 o 473/2
N = 14 subshells.

The experimental set-up is the same as in the measurements on

spin flip transitions across the P = 14 and
207Pb
capture gamma-rays, again uti]izihg the 130 m flight path station of
GELINA. Two runs on Si samples of different thickness have been per-
formed, and data reduction is presently in progress.

303t and 4]Ca(n,a)38An reactions in the nesonance region

C. Wagemanék, H. Weigmann

o 33 41

Th S(n,a)3OSi and Ca(n,a)38Ar reactions are of importance for
astro-physical calculations.
The study of the 335(

are being combined with total cross section measurements performed at

n,a) reaction has been finalized, and the results

ORNL in order to yield a complete set of resonance parameters.
The study of the 41
to 1 MeV neutron energy. About 40 resonances have been observed so far.

Ca(n,a) reaction has been continued and extended up

These measurements will be continued.

(1) M. Micklinghoff and B. Castel, Proc. Int. Conf. on Neutron Capture
Gamma-Ray Spectroscopy, BNL 1978; Plenum Press, NY 1979.

*  SCK-CEN Mol, Belgium.
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New pe&épect&ueé on Zhe Level density of compound resonances

A paper with this title has been published (1). The abstract reads as

follows:

"The level density of compound resonances observed at neutron
separation energy is subject of closer investigation and
interpretation. The structures in the level density parameter
as a function of the mass number allow the determination of
the hierarchy of the compound states and the definition of a
base line which represents the level density parameter of
spherical nuclei with no residual interaction and no shell
effects. Using the base line a method becomes available
enabling the separation of the residual interaction from pro-
perties of the average potential defined in the framework cf
the shell model. The following examples in different mass
regions are discussed: the change of the pairing energy due

- to the blocking effect at A = 70; the breakdown of the pairing
correlation at A = 105 is interpreted as neutron-proton inter-
action; similar effects in the mass region 150 < A < 170 are
discussed with neutron-proton interaction and the backbending
phenomen. Finally it will be shown that there is no enhancement
of states due to collective properties of nuclel at high excita-
tion energy.'

(1) G. Rohr, New Perspectives on the Level Density of Compound Resonances,
Zeitschrift fiir Physik A, Atoms and Nuclei X 318, 299 (1984).
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1.3.  NUCLEAR DATA FOR FUSION TECHNOLOGY

Determination of doubfe-differential neuthon emission cross section for 1

E. Dekempeneer*, H. Liskijen, L. Mewissen*, F. Poortmans*

This cross section will be determined in view of its importance for the
neutron spectrum in blankets of fusion reactors.

Measurements of the response functions for the NE-213 scintillators were
performed on a 100 meter flight path but suffered from pile-up effects in
the energy range between 1 MeV and 3 MeV. For this reason a second series
of measurements were done, using the 400 meter flight path. A first run

of double-differential neutron emission experiments on 7Li has been com-
pleted. The experiments were done with a thin metaliic sample (0.0325 at/b)
for emission angles ¢ = 24, 60, 90, 120, 150, 160 degree and for incident
neutron energies between 1.6 and 16 MeV. The data are normalized to the

235U fission chamber.

shape of the incident neutron flux as determined with a
The absolute values of the cross sections will be based on the differential
126 below 2 Mev.

The analysis of the data has been started.

elastic cross section of

Neutrnon angular distrnibution fon 7LL(n,n’)7LL* (478) prnom Dopplen-broadened

H. Liskien

Blankets of future fusion reactors have to contain lithium as tritium
breeding material and natural lithium contains 92.5 atom % 7L1. Therefore
neutron transport calculations need double-differential 7Li cross sections
as input data. However, scattering experiments at higher neutron energy
cannot separate by time-of-flight the transition to the first excited state
(478 keV, 73 fs, 1/2°) from the ground state transition. Our knowledge on
the angle-integrated inelastic (Q = -478 keV) cross section stems from
experiments observing the C.M.-isotropic 478 keV y-line. It is demonstrated
that the missing neutron angular distributions can be deduced from the

Doppler broadened shape of this y-line.

SCK~CEN Mol, Belgium.
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A test measurement was conducted at a neutron
energy of about 8 MeV using a metallic Tlithium
sample (3.7 cm @ x 3.0 cm) enriched to 99.98 %
in 7L1. The 70 cm3 pure germanium detector
used for the detection of the 478 keV y-rays
was mounted in a collimator made out of paraf-
fine, 1ithium carbonate and lead to shield it
against primary neutrons and y-radiation not
originating from the sample. The neutron
source was pulsed (= 2 ns) and conventional
electronics applied for n/y event discrimina-
tion by time-of-flight. In contrast to
earlier experiments the observation angle

was not kept constant, but varied (between

~ 45° to =~ 135°). As may be seen from

Fig. 1.17 the observed y-1ine changes its
position and shape depending on the obser-
vation angle a. Its width is about ten

times the resolution of the Ge-detector,

which was determined to be 1.7 keV FWHM

under realistic background conditions

with a 7Be-source.

Fig. 1.17.  The changing position and shape
0f the Doppler-broadened 477.6 kel y-Line
§rom % compared to the calibration Line
4rom 7Ba—dacay

20001

10001

10001

<
r

1000+

COUNTS [kev 1]

1000+

111°

1000




The analysis of these spectra is based on the following relation for the

Doppler-shift energy AEy:
- Y . . .
AE = — Vg (cos 9 pg COS @ + sin & 5 sine sin a)

where both VI AB and &LAB are determined by &CM’ and averaging over the

azimuthal angle ¢ has to be performed. A Monte Carlo programme to simulate

such Doppler-broadened y-lines has been written which takes into account

(1) energy- and angle-distribution of the primary neutrons,
(2) elastic neutron scattering in the sample,

(3) the combined effect of'stopping power and half life,
(4) ~-detector resolution.

As may be seen from Fig. 1.18 all these corrections lead only to minor

changes in the line shape. Point (2) is responsible for the low energy

tail, point (3) leads to a shift towards the original y-energy, while
points (1) and (4) smear out the spectrum. Analysis to use the Monte-Carlo

results in a least-squares fit procedure is underway.
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Be(n,t) cross sections

H. Liskien, S. Qaim , R. Widera, R. Ws1fle"

In view of the importance of beryllium as a potential neutron multiplier
material in fusion reactors it is intended to extend the Be(n,t)/Al(n,a)
ratio measurements. v

Results in the compact source-sample geometry have confirmed the relatively
large (~ 20 mb) Be(n,t) cross section. The project is delayed due to an
error of the sample supplying firm: instead of the ordered metallic samples
we received beryllium oxide ceramic samples.

(n,t)-cnoss sections of Be, V and In

S. Qaim ., R. Wo1fle", H. Liskien, R. Widera

In continuation of earlier work on systematics of tritium production cross
sections (1) we have irradiated beryllium, vanadium, indium and tantalum
samples by neutrons of 16 to 20 MeV produced by the T(d,n)4He reaction.
The expected low cross sections necessitated a very compact source-sample
assembly so that all the neutrons emitted in the forward hemisphere are
used. Nevertheless, irradiations of more than two days per element were
necessary. In the case of Be the neutron fluence determination relies on
the 2/A1(n,a )%
distances between the beryllium pieces forming the sample. The neutron

Na cross section: Aluminium foils were inserted at regular

fluences for the vanadium, indium and tantalum irradiations stem from the

51V(n,a)483C, 115In(n,2n)1141nm, and 181Ta(n,2n)1_80Tam.

Activity counting of the end products was performed in a calibrated Ge(Li)-

internal standards

detector.

As in the earlier work the (n,t) reaction rate was determined by vacuum
extraction of the accumulated tritium and its activity determination by
Tow-Tlevel autocoincidence B-counting in a gas proportional counter filled
with methane. Data analysis is ongoing.

* KFA Jiilich.

(1) S. Qaim, R. Wo1fle and H. Liskien, PR C25 (1982) 203.
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Culn,a) and Ni(n,a) cross sections in £he 5 to 10 MeV neuthon energy hange

E. Wattecamps, F. Arnotte, H. Liskien

Copper is foreseen as structural material for future fusion reactors (magnets,
limiters, etc.). Its behaviour will be strongly influenced by neutron-induced
helium production. However, our knowledge on the Cu(n,a) cross section is

poor (Fig. 1.19.a). Best estimates have been obtained by using the

activation data of Winkler (1) and theoretical results for 65

Cu(n,a) from
Hetrick (2), which, however,

contribute only to a small

fraction. 1 Cu (n,a) (al
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(1) G. Winkler, Proc. Europhysics Topical Conf. p. 417, Smolenice, 1982.
(2) D.M. Hetrick et al., ORNL-TM-9083, Aug. 1984,
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The a-particle yield from a 2.8 mg/cm2 thick copper layer was determined for
five average emission angles (14°, 52°, 80°, 110°, and 141°) in the neutron
energy range of 5 to 10 MeV in steps of 0.5 MeV.

The Cu(n,a) cross sections are small, typically 2 to 20 mb, and therefore
development work was needed to obtain reasonable counting rates and accep-
table signal-to-background conditions.

The necessary small source-sample distance excluded measurements relative to
the n-p scattering cross section. Instead measurements were performed rela-
tive to the Ni(n,a) cross sections which have recently been determined by
two independent measurements (Fig. 1.19.b): the data of Paulsen et al. (1)
were obtained with our multi-angle telescope relative to H(n,n) while the
data labelled (aim were derived from his recent activation results for 58N1,
62Ni, 64N1 (2 and theoretical results for 60Ni and 61Ni, which contribute
only marginally. Both sets agree reasonably. The quality of the Cu(n,a)
measurement is illustreted in Fig. 1.20 by the various a-particle spectra,
Cu-foreground minus Ta-background, observed under 80°. The Coulomb barrier
hinders the emission of low-energy a-particles and from measurements with

Ni it is known that emitted a-particles have at least 4 MeV energy. The
spectra were therefore evaluated down to 3.2 or 3.9 MeV. In the neigbour-
hood of this bias and below, the background increases rapidly.

Nevertheless, for neutron energies above 7 MeV the statistical uncertainty

on the integrated spectra is small and the arbitrariness of the choice of

the lower bias is negligible. For neutron energies below 7 MeV the statis-
tical accuracy of the alpha-spectra be]ow*S MeV is poor. They are slightly
but systematically positive, though statistically some negative values are
expected.

Cu/Ni(n,a) cross section ratios as obtained after integration over the a-
particle energy and over the emission angle are given in Fig. 1.21 together
with a best estimate curve as defined above.

Uncertainties of the experimental results vary between + 4 and + 17 % for
neutron energies between 10 and 5 MeV, respectively, while the best estimate
curve should be accurate within + 16 %. Independently from the neutron energy
all measured cross section ratios are higher than the best estimate curve and
this difference is not yet understood. It corresponds to 1 mb at 5 MeV and

4 mb at 10 MeV.

(1) A. Paulsen et al., Nucl. Sci. Eng. 78, 377-385 (1981).
(2) S.M. Qaim et al., Nucl. Sci. Eng. 88, 143-153 (1984).
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2. NUCLEAR METROLOGY

2.1.  RADIONUCLIDE METROLOGY

The work in radionuclide metrology proceeds along three Tines:

- preparation of special standards,

- participation in international comparisons as quality control,
- improvement of measurement techniques to increase the accuracy.

The standandization of NLoblum-93m for use as a Reference Material for

B.M. Coursey*, R. Vaninbroukx, D. Reher, W. Zehner

The reaction 93Nb(n,n')93me is very useful for the determination of fast
neutron fluences especially for radiation damage studies of reactor pressure
93

vessels. The “°Nb" is assayed almost exclusively by counting the 17-keV
KX-rays with Si(Li) or pure Ge semiconductor detectors.

The present work was initiated to develop a benchmark reference material for
the European reactor community to provide a consistent basis for the measure-
ment of neutron fluence with niobium dosimeters.

Niobium-93m has been standardized by liquid-scintillation counting with an
uncertainty in the radioactivity concentration (No) of 0.8 %. Particular
attention was paid to systematic uncertainties due to the chemical charac-
teristics of the solution and to the non-detection probability of the liquid-
scintillation detector for the low-energy conversion electrons.

Solutions 1 M in HF and 1 M in HNO3 in teflon vials were found to be stable.
Two different types of liquid scintillators were used. The highest efficien-
cies were obtained with Scinti Verse II and Aqualuma Plus scintillators
deaerated with argon gas. In the best cases less than 1.5 % of the events
produced two-photoelectron pulses. Extrapolations were developed to find
the non-detection probability and the number of one-photoelectron events.
Figure 2.1 shows the Tliguid-scintillation spectra observed for three samples.

Visiting Scientist from NBS, Washington, USA.



Figure 2.1.a is for an unquenched sample and demonstrates a near-Gaussian full-
energy peak for the 31-keV transition. Figure 2.1.c is for a quenched sample
and shows the Poission distribution characteristic of the RCA 8850 phototube.
Figure 2.1.b shows the intermediate case.
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Fige 2.1, Ligqudd scintillation spectra of nlobium-93m.
Fig. 2.7.a: Unquenced sample in Aqualuma PLus scintillator.

Fig. 2.1.b: Moderately quenched sample in ScintiVernse 11
seantillaton.

Fig. 2.1.c: Severnely quenched sample in Lumagel scintiflator.

Solution samples of the calibrated material in teflon vials were sent to
twelve laboratories (Table 2.1). The six Taboratories marked with * agreed
to measure the X-ray emission rate for the 17-keV KX rays (NKX). The proba-

bility for emission of KX rays, P defined as the ratio NKX/NO, is needed

KX?
for routine measurements with niobjum neutron dosimeters in order to convert

KX-ray emission-rate data to neutron fluence. In previous measurements at

CBNM and PTB, there was a 7 % discrepancy in this parameter (1’2).

(1) R. Vaninbroukx, Int. J. Appl. Radiat. Isot., 34, 1211 (1983).

(2) W.G. Alberts, R. Hollnagel, K. Knauf, M. Matzke and W. Pressara, in
Proc. Fourth ASTM-EURATOM Symposium on Reactor Dosimetry, Gaithersburg
1982, Kam, F.B.K. (ed.), NUREG/CP-0029, Vol. I, p. 433.
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Table 2.1.  Distribution List for niobium-93m nadioactivity
Regenence Material forn neutrnon dosimetry solution §403

*  Idaho National Engineering Laboratory (USA)

*  (Central Bureau for Nuclear Measurements - Geel (B)
Energieonderzoek Centrum - Petten (NL)
Kraftwerk Union - Erlangen (D)

*  Laboratoire de Metrologie des Rayonnements
Ionisants - Saclay (F)
GKSS Forschungszentrum - Geesthacht (D)

*  Physikalisch-Technische Bundesanstalt - Braunschweig (D)

Atomic Energy Establishment - Winfrith (UK)

Studiecentrum voor Kernenergie - Mol (B)

Atomic Energy Research Establishment - Harwell (UK)
*  National Physical Laboratory - Teddington (UK)
* National Bureau of Standards - Washington (USA)

*  KX-ray emission rate measurements.

Preliminary values for PKX measured by CBNM, NBS (1) and PTB (2) are given
in Table 2.2. A1l the CBNM and PTB measurements were done with calibrated
semi-conductor detectors and thus depend on systematic uncertainties in the
calibrants. The NBS measurements with a defined-solid angle detector do not
rely on standards of other radionuclides. Measurements at INEL, LMRI and
NPL are in progress. An internal report on these measurements has been
prepared (3).

(1) J.M.R. Hutchinson and P.A. Mullen, private communication, 1984,
(2) K. Debertin, private communication, 1984,

(3) B.M. Coursey, R. Vaninbroukx, D. Reher and W. Zehner, The Standardiza-
tion of Niobium-93m for Use as Reference Material for Reactor Dosimetry,
CBNM Internal Report GE/R/RN/11/84.
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Table 2.2. Probability fon KX-ray emission, PKX’ fon 73\
wsAing No determined in this wonk
Laboratory Detector PKX a)
CBNM high purity Ge (ENERTEC) 0.1123 + 0.0018
high purity Ge (DSG) 0.1140 + 0.0019
Si(Li)-1I 0.1129 + 0.0019
Si{Li)-1I 0.1125 + 0.0021
NBS defined solid angle 0.1099 + 0.0018
detector
PTB high purity Ge 0.1117 + 0.0020
Si(Li) 0.1097 + 0.0020
overall mean of seven
measurements 0.1119 i-0'0018

In all instances, the uncertainty is intended to approximate one
standard deviation and include the uncertainty in N_ (0.8 %) combined
in quadrature with the uncertainty in the NKX measurements.

Low-enerngy X-ray standards

W. Bambynek, G. Grosse

Quantitative X-ray measurements with Si(Li) detectors below 5 keV are
hampered by lack of suitable efficiency calibration sources. Well
standardized radioactive sources are available in the energy range down
to 4.5 keV. CBNM has developed techniques to produce and standardize
calibration sources below 4.5 keV (1).

The principle of these sources is the excitation of fluorescence KX rays
from low-Z elemental or chemical compound foil by Mn-KX rays emitted in

the 55Fe decay.

(1) A. Kacperek, B. Denecke, D. Reher and V. Bambynek, Nucl. Instr. and
Meth. 192, 109 (1982).
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The method to characterize sources emitting A1-KX rays of 1.49 keV is inves-
tigated in order to improve the accuracy. In particular the reproducibility

of the peak-evaluation technique has been tested. Three 55

Fe sources,
produced by different methods and each covered with an 0.01 mm thick A1\f011,
were measured in a solid angle of 1.37 % of 4= sr. In total 33 measurements
were performed. The reproducibility of the 5.97 keV Mn-KX-ray peak was found
to be on the average 0.3 % and that of the 1.49 keV Al-KX-ray peak 0.8 %.
However, these figures vary due to changes of the counting-gas density in

the flow counter.

To reduce these variations a static pressure regulator has been installed
which nominally controls the gas pressure wiﬁhin 50 Pa (about 5 mm H20)°
Measurements are in progress to test the effect of the pressure control on
the counting rate of the 1.49 keV peak. In addition, the various corrections
to allow for the systematic deviations are investigated.

International comparison 04 activity measurements of a 7231 solution

D. Reher, R. Vaninbroukx

The results of the international comparison of activity concentration meas-

urements of a 1231 sofution, carried out in 1983, have been evaluated and a

123

joint paper on this subject has been published (1). The nuclide I is of

importance in nuclear medicine.

The results of the participating laboratories are given in Table 2.3 and

125

Table 2.4, the latter providing data on the I impurity measurements. The

123

standard deviation of the weighted mean of the I activity measurement 1is

less than 0.3 %, which is a very satisfying result.

(1) D. Reher, R. Vaninbroukx, B. Chauvenet, J. Morel, R. Vatin, M. Woods,
S. Lucas, C. Ballaux and R. Jacquemin, Standardization of '?31[,
Int. J. Appl. Radiat. Isot., 35, 923 (1984).
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Table 2.3.  Reponted 1234 activity concentration values at the
neperence time
. . Activity . *
Standardization 4 Uncertainty
Laboratory concentration

method (Bq/mg) (Bq/mg)
CBNM 4z (PC)A,X-y coincidence 501.0 + 2.7
gamma-ray spectrometry 500.4 + 3.8
LMRI gamma-ray spectrometry 500.0 + 5.7
ionization chamber 500.4 + 1.4
NPL jonization chamber 502.3 + 1.2
SCK-CEN 4r gamma-ray counting 495.2 + 1.4
IRE gamma-ray spectrometry 512.6 + 11.8

Corresponding to one standard deviation of the

mean taking into
g (1)

account class A (random) and class B (systematic) uncertainties

. .,k
Table 7.4. Impuwiity measurements at reference time
125 -
I Activity . *k
Laboratory Detector concentration Uncertainty
(Bq/mg) (Ba/mg)
CBNM High Purity Ge and Si(Li) 6.4 + 0.4
LMRI High Purity Ge and Ge(L1) 6.06 + 0.25
NPL High Purity Ge 6.5 + 0.2
. *hk
SCK-CEN dny[ NaI(T1)} integral 6.16 +.0.06
IRE Si(Li) 6.0 + 0.2
*

The bulk of the activity and impurity measurements were made near the
reference time which was one day past the end-of-bombardment (EOB).

Corresponding to one standard deviation of the mean taking into (1
account class A (random) and class B (systematic) uncertainties )

*k

Tk

123

After decay of I.

(1) P. Giacomo, Metrologia 17, 69 (1981).
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Thind international comparison o4 7338a activity concenthation measurements

D. Reher, E. Celen, R. Vaninbroukx

The third international comparison of 133

Ba activity concentration measure-
ments was again organized by the BIPM. The solutions were distributed by

the NBS. Although the discrepancies in the previous forerunner comparisons
were not explained, this exercise was carried out on a large scale involving
less experienced laboratories.

At the occasion of the first exercise in 1981 CBNM found a 1.5 % significant
difference between the activity concentrations of two ampoules (1). This
discrepancy could not be explained, neither by the producer of the solution,
nor by the evaluating BIPM. The spread of the resuits of the participants -
all experienced laboratories - was unusually high.

At CBNM the calibrated NaI(T1) gamma ray counter, having an efficiency stabi-
lity of 10-4 per year over the past 20 years, was used to measure the relative

133Ba solutions from all

disintegration rate of the sources prepared from the
comparisons. These measurements were consistent with the results obtained by
the 4n (AX)-r-coincidence method, used in the standardizations.
Each batch of ampoules, i.e. of each comparison, was measured by the BIPM and
the distributor using calibrated ionization chambers. Such measurements can
only check the total activity per ampoule, but not the repartition of the
activity within an ampoule.
CBNM participated in this 3rd large scale comparison using the 4m (AX)-y-
coincidence method. The result was 1163.0 + 1.4 Bg/mg at the reference date.
This result is consistent with previous results as the calibrated NaI(T1)-
gamma-ray counter measurements have shown.
This third comparison will not explain the large spread of the previous results.
Therefore a thorough study of the reasons for the earlier discrepancieslggould
Ba

solutions which could be caused by the precipitation of insoluble Ba compounds.

be carried out, especially on possible inhomogeneities of carrier free

(1) D. Reher, E. Celen and R. Vaninbroukx, Determination of the Radioactivity
Concentration of Two '*?Ba Solutions in the Frame of an International
Comparison, CBNM Internal Report CBNM/RN/6/81 (1981).
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International comparison of activity-concentration measurements of a 7OQCd

D. Reher, E. Celen, U. Watjen, W. Zehner

In the past ten years 109

Cd has been recognized as a very useful radionuclide
for the efficiency calibration of silicium and germanium detectors in the
10-100 keV energy region. The emission probabilities of the X and v rays of
109Cd are not known with sufficient accuracy to improve considerably the
efficiency calibration of semi-conductor detectors. The main reason for this
is the rather large uncertainty on the measurements of the desintegration
rate.

On behalf of Section II (Mesures des radionucléides) of the Comité Consultatif
pour les Etalons de Mesure des Rayonnements Ionisants (CCEMRI) the Bureau
International des Poids et Mesures, Sévres, is launching an international

109

comparison of activity-concentration measurements of a Cd solution.

Six experienced laboratories (see Table 2.5) were invited to exercise a trial
comparison. The 109

Office of Measures (OMH) during Mid-December.

Cc solution was distributed by the Hungarian National

Table 2.5. Parnticipants o4 the 709Cd comparison

1. Atomic Energy of Canada Ltd. (AECL)
2. Bureau International des Poids et Mesures (BIPM)
3. Central Bureau for Nuclear Measurements (CBNM)

4. Laboratoire de Métrologie des Rayonnements Ionisants (LMRI)

[$2]
.

National Physical Laboratory (NPL)

6. Physikalisch Technische Bundesanstalt (PTB)
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The CBNM will participate in this comparison using the 4r-pressurized propor-

tional counter, the 4rCsI-sandwich spectrometer, and calibrated Si(Li)~- and
109
Ccd

solution (Nr. 109-Cd-8402) which was prepared from a solution bought in 1982

Ge-spectrometers. These instruments were tested in standardizing a

from Amersham International.

109

A new method to standardize Cd is being developed as well: efficiency

652n as a tracer. This

tracing using the 4x (AX)-y-coincidence method with
method should give more accurate results than any other method because the
influence of decay-scheme dependent corrections on the result is extremely
109Cd itself cannot be standardized by the 4n (AX)~v-

coincidence method due to the long-lived metastable state at 88 keV.
65

small. The nuclide

Because no suitable cadmium isotopic tracer is available ~“Zn was chosen.

This method is only applicable if 652n and 109

Cd can be precipitated in
mixed crystals as source deposit. This was verified by analyzing ZnS-CdS
deposits on vitreous-carbon backings using the CBNM RBS-PIXE facility. Six
targets were scanned with a He™ beam of 2 MeV having a diameter of about

1 mm. A number of 39 RBS spectra from 4 targets were evaluated and the
ratio of the areas of the Cd- and Zn-peaks were determined. In Table 2.6
these results are collected. The small spread of the Cd/Zn ratio indicates
that the deposits are formed by (Cd,Zn)S mixed crystals of a constant

composition.

Table 2.6. Results of the RBS measurements on the Cd/In natio

forcet i 7 i
measurements ratio
3 12 2.13 0.10
4 13 2.10 0.15
5 5 2.17 0.03
6 9 2.21 0.09
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65Zn

was standardized to better than 0.3 %. Sources containing accurately known
65 109

For the purpose of the efficiency-tracing measurements a solution of

quantities of the ““Zn and Cd solutions were prepared by the pycnometer

method. The droplets were kept under a HZS atmosphere for about two hours

in order to precipitate the Zn-Cd-sulfide. The solubility products of ZnS

-22

and CdS are smaller than 10 which indicates a rapid and quantitative

precipitation even from these very diluted solutions, if HZS is available
in surplus.
Ten sources of different 109Cd/652n-act1’vity ratios were measured by effi-

ciency extrapolation using absorber foils for the variation of the efficiency.

65

The efficiency curves obtained were different from those of pure ~“Zn measure-

ments. Furthermore, the efficiencies of open, uncovered sources were much less

65

than those obtained from the pure ““Zn sources. The results of these first

measurements show an unusually large spread and several percent deviation from
those obtained with calibrated Si(Li) spectrometers.
The investigations are continued.

Propernties of a 4n-Cs1(TL)-sandwich spectrometern forn the measurement of

B. Denecke

A 4n-CsI(T1)-sandwich spectrometer was constructed and installed. An internal
report (1) has been written with the following abstract:

"In the energy region between 10 and 200 keV only a few radionuclides
are available to be used as standards for the efficiency calibration
of photon detectors. To increase the accuracy and reliability for
interpolated values on this curve, calibrations should be performed
at as many different energies as possible. The calibration sources
should be measured with high accuracy by an absolute method.

For this purpose a photon spectrometer with almost 100 % efficiency
has been developed. It consists of two windowless CsI(T1)-scintilla-
tion crystals sandwiching radioactive sources on thin plastic foils,
reaching a solid angle of detection very close to 4m steradians.

To stop all particles which disturb the photon detection, bowler-
hat—shaped absorbers are introduced between source and detectors
which fit into semi-spherical cavities machined in the crystals.

The absorbers are fabricated in various thicknesses by hot pressing
of polyethylene.

(1) B. Denecke, Properties of a 4n-CsI(T1)-sandwich spectrometer for the
Measurement of Photons with an Energy between 10 and 200 keV, CBNM
Internal Report GE/R/RN/19/84 (1984).
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The optimal shaped absorbers minimize photon attenuation and improve
essentially the response of the spectrometer resulting in a full-
energy peak having a minimum of low-energy tailing. The counting
efficiency is calculated by a computer programme, using Monte-Carlo
simulation of the detection process. The absorption in the backing
foil, the gas, the plastic absorbers and the transmission through
the detector edges are taken into account.

The sandwich spectrometer will be used to measure the emission rates
of the 60-keV 7 rays in the decay of **'Am and the 88-keV Y rays in
the decay of '°°Cd. A preliminary result of the KX-ray emission
probability of °3Nb™ is obtained to be 0.111 = 0.003. The expected
uncertainty of photon-emission rates is estimated to be 0.5 %.
Finally, possible improvements of this prototype spectrometer are
discussed."

Figure 2.2 shows the mechanical structure of the sandwich spectrometer.
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ALpha-parnticle peak shape

G. Bortels, P. Collaers

In a number of studies on the asymmetrical response of surface-barrier
detectors to 4He and other ions it was shown that the convolution product
of a gaussian and an exponential weighting function produced a good approxi-

mation for the experimental peak (1-3)
234

We have examined the performance
of this peak fitting model using U a-particle spectra. These spectra
had been produced at CBNM for the measurements of the a-particle emission
probabilities. Care had been taken to improve the long-term peak ;gzbi1ity
e U

spectra had been measured using a passivated ion-implanted detector of

and to reduce the interferences due to conversion electrons. Th

20 mm2 active area without a diaphragm and for a solid angle of about 0.04 sr.
It was found that, in this case the model could not describe adequately the

too important experimental peak tailing. Taking the sum of an exponential and

a constant as the weighting function, the expression for the peak model becomes

2
)

p(u) = A exp [ (u-u)/r + 02/(27 101 - erf(((u-u)r + 02)/(OTNQ))]

+BI[1 - erf((u-u)/(ov2))]

where u is the energy, o and = are parameters of respectively the gaussian

and the exponential, u is the mode of the gaussian, A and B are the parameters
for respectively the peak height and the tail height. The first term of the
expression is simply the convolution product of a gaussian and an exponential;
the second term stands for the convolution product of a gaussian and a constant.

Stagiaire from the "Industri€le Hogeschool Kernenergie", Mol, Belgium.

(1) A. L'Hoir, Thése 3éme cycle, Université Paris (1975).

(2) G. Amsel, C. Cohen, A. L'Hoir, Experimental Measurements, Mathematical
Analysis and Partial Deconvolution of the Asymmetrical Response of
Surface Barrier Detectors to MeV/*He, '2C, '*N, !0 Ions, in: Ion Beam
Surface Layer Analysis, eds., 0. Meyer, G. Linker and K. Kippeler
(Plenum Press, New York, 1976) p. 953.

(3) A. L'Hoir, Nucl. Instr. and Meth. 223, 336 (1984).
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With some approximation, the second term can be replaced by its convolution
with an exponential which allows for some tailing correction to be made
over the entire spectrum prior to actually fitting the peaks.

Figure 2.3 shows the result for one of the 234

U spectra mentioned above.
Work on the use of a different weighting function and spectra which have
been measured with a small diaphragm in front of the detector is in

progress.
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Fig. 2.3. Alpha-parnticle spectum of ot gitted with the
convolution product of a Gaussian and the sum
of an exponential and a constant
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ELEGANT, an electron-, gamma- and alpha peak specthum evaluation proghamme

G. Bortels, D. Reher, W. Westmeier*

The peak fitting programme "ELEGANT" formerly named "GEELEE" has been
extended for the fitting of alpha-particle spectra, using a long range
exponential function for extensive low-energy peak tails. This version
has been tested successfully for spectra containing mixed electron and
gamma-ray peaks.

Even in cases of multipletts, consisting of electron and y-ray peaks,
these components can be separated, as is shown in Fig. 2.4. After the
first tests it can be stated that the programme is (i) simple to use,
(i1) numerically very stable, and (iii) flexible in its options.

The programme architecture is very modular which allows changes and
expansions rather easily.

We have tested the performance of ELEGANT also for the analysis of alpha-
particle spectra using reference spectra of NBS plutonium, SRM 947 and
234U. These spectra have been measured at CBNM.

The spectrum A is one from a measured set of spectra whereas B and C are
the sum of several spectra. The number of counts in spectrum B is nine
times that in spectrum A. Care has been taken in these spectra to reduce
peak drifts and interferences due to conversion electrons. The results
are shown in Table 2.7. The results from ELEGANT were obtained by summing
the areas of the individual peaks in the spectra. Their uncertainties
were obtained from the quadratic summing of the uncertainties on the
individual peaks. They represent one standard deviation for a single
analysis.

The reference values for B and C were obtained from a larger set of meas-
urements and the quoted overall uncertainties correspond to one standard
deviation for the mean. The uncertainty of the reference value for
spectrum B corresponds to one standard deviation of the single measurement.
It is concluded that the results of ELEGANT in all cases agree with the
reference values.

University Marburg, FRG.
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Table 2.7.  Comparison of nesults from the code ELEGANT with
rneference values measured at CBNM

Spectrum Material Ratio Result from Code Reference
No. ateria measured ELEGANT value
A Plutonium | (P ,./P ) 0.409 + 0.010 | 0.4087 + 0.0014
SRM 947 @437 a07238,
238py/239+240p,, 0.512 + 0.016 | 0.5190 + 0.0012
B Plutonium | (P ,./P ) 0.411 + 0.008
SRM 947 a3’ a07238,
230py 2334240, 0.522 + 0.005 | 0.5185 + 0.0012
C 234 P _./P 0.402 + 0.014 | 0.3982 + 0.0007
2537 Pac .402 + 0. .3982 + 0.

Comstruection and characterization of a Pulse-Shape-Discrimination-Liquid-

B.M. Coursey*, E. De Roost, D. Mouchel, ¥W. Zehner

Pulse-shape discrimination based on the full time of a liquid-scintillation
pulse is a commonly-used technique for reducing the gamma-ray component in
neutron detectors (1), and the beta-particle + gamma-ray component in low-
level alpha-particle detectors (2). A pulse-shape-discrimination Tiquid-
scintillation (PSDLS) system has been built at CBNM for use in standardizing
mixtures of alpha- and beta-emitting nuclides, such as the pairs 243Am—239Np
and 237Np—233Pa. The Tiquid-scintillation detector is optically coupled to
a single, vertically-mounted RCA 8850 phototube. A schematic of the elec-
tronic system is shown in Fig. 2.5, The normal pulse-height distribution is
obtained from the dynode pulse while the timing information is extracted
from the anode pulse.

(1) G.J.H. Jacobs, Neutron Energy Spectra Produced by a-Bombardment of Light

E]eTgnts in Thick Targets, Thesis Technische Hogeschool Eindhoven, 1982,
p. 15.

(2) J.W. McKlveen, V.J. McDowell, Nucl. Instr. and Meth. 223, 372 (1984).

Yisiting Scientist from NBS, Washington, USA.
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LiQuID
SCINTILLATOR
CANBERRA ORTEC 416 A
::5‘; 2160 GATE AND DELAY |—
PSD
PHOTOTUBE GENERATOR
STOP | TiME TO
ORTEC PULSE | CANBERRA
HIGH 265 ANODE START|  HEIGHT 2043
VOLTAGE BASE CONVERTOR
CANBERRA CONSTANT ORTEC 416 A
3002 FRACTION GATE AND DELAY |—
DYNODE DISCRIMINATOR GENERATOR
CANBERRA
1628 A
Low PREAMP.
VOLTAGE ORTEC 13
ORTEC 114
CANBERRA LINEAR CANBERRA
2020 GATE | —»| 8100
AMPLIFIER SES L180 MCA

Fig. 2.5. A schematic drawing of the pulse-shape discrimination LLquid-
seintillation (PSDLS) counting system

The operating characteristics of the new detector were established using
sources of the following radionuclides:

93,,.m

Nb conversion electrons

3H, 36C1 low- and high-energy beta particles

238Pu alpha particles

113Sn, 22Na, 137Cs gamma rays

243, 239 i . .
Am=-"""Np equilibrium mixture of alpha particles and

beta particles.

Some of the more important characteristics are compared in Table 2.8 with
those for the EKCO system which has been used for previous liquid-scintilla-
tion measurements (1).

(1) R. Vaninbroukx, in "Liquid Scintillation Counting: Recent Applications
and Development" Vol. 1, Physical Aspects, Academic Press, New York,
1980, p. 143.
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Lucite adapters allow the same 2-ml glass vials to be used with both the PSDLS
and EKCO systems. The high background for the PSDLS can be reduced by shielding
the detector from external gamma radiation. In preliminary pulse-shape-discrimi-
nation measurements there is about 10 % overlap of the alpha- and beta-particle
peaks in the time mode. The electronic discrimination has been optimized but
the resolution of the peaks depends strongly on the oxygen concentration in the

scintillator. The sample must be thoroughly deaerated with argon gas.

243, 239

also high enough to allow direct 48 (LS) counting. Comparative measurements of
3 239
H and

Preliminary measurements of Np indicate that the detector efficiency is

Np are underway using also the computations from programme EFFY (1).

Table 2.8.  Some characternistics ¢f the PSDL and EKCO Liquid-

Scantillation-Counting Sysitems

PSDLS exco (@)
Scintiilator volume (mi) 2 2 7 15
Counting Efficiency 69 37 56 a4
for 3 (P} (4)
. .. (8)
Figure_of merit (
(keV/e") 2 7 3.5 5.5
Background Counting
(c) ] 1800 19 35 40
Rate (0.5s )
Operating Temperature 45 11.5
(°C) ' '
Phototube
(2300 V) RCA 8850 RCA 8850
Shielding none 2.5-cm Tead minimum
Puise Shape
Discrimination Canberra 2160 none

(a) The "2-m1" vials have a 1.6 cm2

surface exposed to the phototube while

larger volume samples are counted in the Standard EKCO vials which have
a 9.1-c® area on the bottom of the cylinder.

(b) 3

Using NBS H—H20 SRM 4927 standardized by gas counting.
(c) Background includes single-photoeletron (mono's) peak.

B.M. Coursey and D. Reher, EFFY, A Program to Calculate the Fermi

Spectrum and Counting Efficiency of Data Particle in Liquid Scintil-
lators. This report.
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EFFY: A programme to caleulate the Fermd specthum and counting efficiency

B.M. Coursey*, D. Reher

This Fortran IV programme was originally written for the UNIVAC 1100/80
computer at the J.E.N. (1). The calculations performed provide the basis
for a method of standardizing pure beta-particle-emitting radionuclides (2).
In one of the initial subroutines, SPECTR, the theoretical beta-particle
spectrum for a radionuc]ide'is computed. The input data required are the
shape factor (for allowed and various forbidden transitions), the number Z
of the residual nucleus, and the maximum beta-particle energy. The pro-
gramme, with the addition of some input and output facilities, has been
installed on the RNDAS computer (3). Furthermore, a function subroutine

to compute the double-precision hyperbolic sine has been included. The
spectra obtained may be written to the RNDAS experiment data file in the
same format as 1024 channel MCA spectra. They can then be integrated,

printed and plotted using the RNDAS programmes REVINT, PRINTS and PLTSPC,

respectively. Typical spectra are shown ir Fig. 2.6 for 3H and 9OSr.
The average energies for 16 beta-emitting nuclides computed using this
(4-6)

programme are compared in Table 2.9 with some literature values .

The last column in Table 2.9 gives the fraction of decays in the low-energy
- region below 5 keV. The detection of these events is the principal

problem in liquid scintillators which have a threshold of about 2 keV.

) E. Garcia-Torano, A. Grau, Comp. Phys. Comm. 23, 385 (1981).

) A. Grau, E. Garcia—Toraﬁo, Int. J. Appl. Radiat. Isot. 33, 249 (1982).
) D. Reher, A.B. Idzerda, Nucl. Instr. and Meth. 221, 586 (1984).

)

NCRP Report 58, A Handbook of Radioactivity Measurements Procedures,
Appendix A.3, Washington, 1978.

(5) J.A.B. Gibson, AERE-Harwell, private communication to B.M. Coursey,
July 1980.

(6) D.C. Kocher, "Radioactive Decay Tables", Doc/TIC-11026, 1981.

Visiting Scientist from NBS, Washington, USA.
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Table 2.9.  Maximum and average beta-particle energies and the Low-
energy component fon 16 beta-emitting radionuclides

Eﬁ max Eﬁ ave. Eﬁ ave. Decay Events Having
. : : (keV) (keV) E<5 ke
Radionuclide I&EE¥)a) EFFY others  Reterence (%)
CBNM EFFY-CBNM
3y 18.6 5.70 5.68 (1) 49.0
5.69 (2)
241p, 20.8 5.87 5.24 (2) 55.9
5.23 (3)
63y 65.87 17.34 17.13 (1) 20.0
17.16 (2)
14¢ 156.48 49.51 49.47 (1) 5.1
49.35 (2)
PN 159.7 43.54 43.37 (2) 8.0
35
5 167.47 48.96 48.80 (1) 6.6
48.82 (2)
135¢4 205 56.59 56.3 (4) 6.1
2034 212.2 57.87 57.7 (1) 6.0
57. 40 (2)
325 213.0 64.77 64.7 (1) 4.6
64.70 (4)
1470, 224.6 62.11 61.96 (1) 5.5
61.83 (2)
¢4 256.9 77.34 77.2 (1) 4.0
77.22 (2)
91¢ 293.5 84.72 84.6 (2) 3.9
60
Co 317.9 95.89 95.8 (1) 3.3
94
Nb 471 145.70 | 145.6 (1) 2.1
90
Sr 546 199.05 | 195.8 (1) 1.3
195.8 (4)
36¢, 709.5 251.24 | 251.33 (3) 0.8
230.2 (4)

Maximum beta-particle energy recommended by the Reference(s) cited for
this nuclide.

NCRP Report 58, 1978.

J.A.B. Gibson, AERE-Harwell, private communication, 1980.

D. Kocher, Radioactive Decay Data Tables, DOE/TIC-11026, 1981.
J. Blachot and C. Fich, Ann. Phys. 6(Suppl.), 3 (1981).
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When testing EFFY at CBNM it turned out that for high-Z nuclides having a low

241

beta-endpoint energy, e.qg. Pu, numerical problems arise.

For small energy

bins and at low energies, floating overflow occurs in routines computing the

double-precision hyperbolic sine
and the double-precision gamma
function. As a consequence, the
beta spectrum is computed rather
inaccurately. Tc¢ overcome this
problem, the algorithm used to

compute the Coulomb factor should -

be reconsidered and programmed
for higher numerical stability.

Fig. 2.6. Theoretical beta-
particle spectha computed with
programme EFFY

HYDROGEN -3
qux = 18,5 keV

10 15
ENERGY [keV]

20

STRONTIUM-S0
EmOX :546 keV

200 400
ENERGY [keV]

600


http://lkzoh.zAA.daJi

- 83 -

A second subroutine EFFIC computes the counting efficiency for liquid-scintil-
lation detectors for a given nuclide as a function of the figure of merit,
which is the beta energy required to produce one photoelectron at the first
dynode of the phototube. Two versions of EFFY are used at CBNM: EFFYSI and
EFFYCO for single phototube and coincidence systems, respectively. Two dif-
ferent single-phototube systems are in use at CBNM; the EKCO and PSDLS” (1)
systems.

Table 2.10 gives the LS counting efficiency for a single tube system as a
function of the figure of merit for four pure beta emitters. One can use

these data and a radioactivity standard of tritium obtained from other means
(e.g. gas counting) to standardize any of the other three radionuclides (2).
Although EFFY is a very useful programme it should be improved in two ways:

(i) better numerical stability for extreme cases and (ii) computation of uncer-
tainties of the results as a function of uncertainties of the input parameters.

Table 2.10. Liquid scintillation counting efpiclency as a function
04 the figure of merit forn a single phototube system
gon fourn pure beta emittens

Counting Efficiency computed with EFFSI
Figure of Merit (%)
(keV/photoelectron) 3, 63N1 14C 99Tc
1 82.80 93.50 98.28 98.76
2 70.11 88,15 96.84 97.68
5 46.66 75.62 92.81 94 .83
8 34.58 66.09 88.94 92.24
10 29.44 60.87 86.42 90.60
20 16.82 43.22 74.87 83.05
25 13.84 37.64 69.83 79.62
30 11.76 33.30 65.28 76.38

(1) B.M. Coursey, D. Mouchel and W. Zehner, This report.
(2) B.M. Coursey, J.A.B. Gibson, M.W. Heitzman, J.C. Leak, Int. J. Appl.
Radiat. Isot., 35, 1103 (1984).

Pulse Shape Discrimination Liquid Scintillation (PSDLS) counting system.
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2.2. METROLOGY OF NEUTRON FLUX AND DOSE

Newtron dosdimetry via calorimethy

A. Paulsen, H. Nerb, R. Widera

It is intended to extend CBNM's experience in absolute neutron fluence rate
measurements towards neutron dose rate measurements. The indicated instru-
ment for this purpose would be a tissue-equivalent calorimeter. Based on the
experience with the RUG graphite calorimeter the construction of a graphite
calorimeter as an intermediate step is planned.

A11 materials, components and equipment required for the construction of an
NBS-type graphite calorimeter have been produced. The assembling of this
calorimeter will be carried out in 1985.

The design of the tissue-equivalent calorimeter is not yet finished. The
dimensions of the components are roughly fixed, however, up to now it could
not be clarified in what way jacket and shield can be heated homogeneously
and what type of thermoregulation should be applied. The large difference
in the thermal parameters between TE-plastic and graphite prohibits a simple
copy of the graphite calorimeter.

For use with this TE-calorimeter a high intensity neutron field is planned
making use of the Be(d,n) neutron source reaction at Ed = 7 MeV and Id = 20 pA.
Preparatory work was carried out for the required accelerator beam extension
and the experimental area. A neutron collimator was designed and ordered.
This collimator will make available collimated beams as used in neutron
therapy but reduces the dose rate outside the beam to values requested by
radioprotection.

Study of a graphite calorimetern

A. Paulsen, E. Cottens+, A. Janssens*, H. Nerb, L. van Rhee, R. lidera

At the University of Gent (RUG*) a graphite calorimeter of the NBS type has
been constructed for gamma and electron dosimetry. The calorimeter has been
used in an electron beam of high intensity. A contract has been placed with
RUG to transfer the experience and know-how gained at Gent to a working greup

Ministerie van Volksgezondheid, Brussel.
Rijksuniversiteit Gent.
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at CBNM. The graphite calorimeter is built up by four thermally isolated
graphite bodies (from inside to outside): core (i = 1), jacket (i = 2),
shield (i = 3) and medium (i = 4). The medium is kept on a fixed reference
temperature (~ 30°) by an electronic temperature controller. The tempera-
ture differences to this reference temperature, Ti’ of the three inner
bodies are assumed to be determined by a system of linear first order
differential equations:

Pidt = CpdTy + Ky5(T) = To)dt + Kp,(T; - T,)dt
Podt = CdT, = Kip(Ty = Tp)dt + Kyo(T, - T5)dt
Pydt = CodTy = Kyg(Ty - To)dt = Kpo(T, - T3)dt + Ky, Tadt

The symbols Pi’ C1
capacities and the heat transfer coefficients, respectively. The contract

and ij represent the dissipated constant powers, the heat

work focussed on the performance of the calorimeter in the calibration mode,
because the problems of a proper heat 10ss correction arise only in the
electrical calibration, whereas the calorimeter experiences nearly ideal
adiabatic conditions under irradiation.

Equilibration of the absorbed dose calorimeter

The operation of the absorbed dose calorimeter both in irradiation and in
calibration mode requires the achievement of nearly perfect thermal equili-
brium of all the bodies with the thermo-regulated medium.

It is a common practice to search for equilibrium by observation of the
temperature of the different bodies on a recorder, and to dissipate amounts
of electrical energy in the bodies in a trial-and-error procedure. This
works as Tong as the drift rates are positive. For an experienced operator
it takes nearly one hour to reduce this way the drifts below 10-7K s_l.

For short calibration or irradiation runs with a temperature rise of the
order of 0.01 K this is sufficient. However if one wishes to use the calo-
rimeter near its limits of sensitivity, the signal is one order of magnitude
8k 571 should be pursued.
This can hardly be achieved by the above-mentioned trial-and-error procedure.

smaller and correspondingly a drift rate of 110"
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A faster equilibrium procedure has been set up by measuring drift rates of all
bodies to determine their departure from the equilibrium and then to calculate
the energy amounts required to achieve equilibrium using the set of transfer
equations. The problem reduces to-a matrix multiplication between a vector
containing the drifts and a matrix which depends on the heat capacities, the
heat transfer coefficients and the dissipation period. This Tlatter dependence
is however small and one can use a fixed matrix as long as the dissipation
period is small compared to the time constants of the bodies. At present data
from a digital voltmeter are read directly by a microcomputer that also cal-
culates the drift from a lTinear fit to the data and determines the required
dissipation powers and the corresponding voltages (programme DRICOR in BASIC).
In general it is not possible to reach perfect equilibrium through only one
dissipation run because of the imperfections of the method. However, very
often a second run is already sufficient to reach drifts of a few times

1078 571,
bodies (at least of the shields) are still rising. The time required to

Such further runs are only possible when the temperatures of the

achieve equilibrium is of the order of 15-30 min.

New measurement of the\calorimeter heat transfer coefficients

These coefficients can be determined by measuring the equilibrium temperatures
achieved by constant power dissipation in one of the three bodies. However,
for the corresponding measurements the influence of temperature changes of the
medium has to be reduced either by reducing the measuring time, by improving
the temperature stability, or by reducing the calorimeter sensitivity.

Since the achievement of equilibrium takes a too Tong time (1-2 days) the
procedure was accelerated by the same technique already described in the sec-
tion above. For that purpose the code DRICOR was adapted and extended (code
TRACO). The new thermal equilibrium is attained by iterative application of
electrical energy to all three bodies during certain short time intervals and
a continuous application of an equilibrium power to one of the bodies as cal-
culated by the code TRACO,

However, with the normal sensitivity of the calorimeter these improvements
alone were insufficient. In practice it still took 2 to 8 hours until the
equilibrium was sufficiently approximated. This is due to the fact that
thermal drift rates of core, jacket and shield have to be measured successively
with sufficient accuracy during each iteration cyc]é. Furthermore, there does
not exist a reasonable theoretical solution for all possible situations.
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Since a water bath can be controlled to better than + 50 mK a series of measure-
ments was carried out with the calorimeter immersed in an externally controlled
water bath. However, the results were disappointing. The calorimeter drift
rates due to room temperature changes were somewhat reduced but not at all to
that extent one would expect according to the water temperature stabilization.
Obviously there exists another heat path from the inner components of the calo-
rimeter to the outside (electrical connection Teads?) which makes the tempera-
ture of those components still sensitive fo the room temperature although with
a delay of a few hours. This approach was finally discarded.

A successful method was to reduce the calorimeter sensitivity (by use of a
switchable lock-in amplifier) and to dissipate an accordingly higher power in
core, jacket or shield so that the room temperature dependent drifts became
negligible. This method turned out to be very successful and delivered the
most reproducible results.

The final results for the heat transfer coefficients Kij are summarized in
Table 2.11 with the calculated standard error of the mean and number of

measurements.

Table 2.11. Heat trhansfern coefpicients

K12 K23 K3q K13

(mW/K) (md/K) (mW/K) (uW/K)

Mean value 0.705 0.954 5.01 17.8

Standard error (%) 0.14 0.10 0.60 1.2
Number of measurements 8 11 10 7

These results clearly demonstrate the existence of a direct heat 1ink between
1). This heat
leak path is constituted by the core leads which are not thermally attached

core and shield as it was already supposed by Cottens et al. (

to the jacket. The effect is in good agreement with expectations (1).

(1) E. Cottens, A. Janssens, G. Eggermont and R. Jacobs, Proc. Biomedical
Dosimetry, Paris 1980, IAEA-SM-249/32.
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Electrical calibration of the calorimeter

The calorimeter was recalibrated by dissipation of an accurately known amount
of electrical energy in the core. The amount of electrical energy was varied
from about 100 mJ (high level) over 10-20 mJ (medium level) to about 1 mJ
(Tow level) to study the range of applicability of the instrument. Further-
more the dissipation time of these energies was changed between 50 and 1600 s
to study the correctness of the applied heat 1oss corrections. Most of the
calibration runs (115) were carried out with heat loss compensation and only
a few (12) were done under non-adiabatic condition.

There 1is a natural grouping of all calibration measurements by the amount of
injected electrical energy and measuring period. This leads to 15 data groups
containing 3 to 22 measurements each. The resulting experimental calibration
factor is given as

8.452 + 0.012 (+ 0.14 %) Gy/V

with 14 degrees of freedom. This calibration factor is valid for the whole

range of executed calibrations.

Neutron doéiﬁet&y via Lonometrny

A. Paulsen, H. Nerb, R. Widera

CBNM is going to put at the disposal of interested EC institutions standard-
ized neutron fields and irradiation facilities for radiobiological and radio-
protection studies. For this purpose also equipment for ionometric neutron
dosimetry must be set up. During 1984 several instruments were procured.
Total dose determinations will be carried out by means of the T2 (XRADIN)
0.5 cm3 and IC-18 (FWT) 0.1 cm3 ion chambers, both tissue-equivalent. For
these chambers a remotely controlled electrometer was developed. It employs
an operational amplifier 1702 (TELEDYNE-PHILBRICK) with leak currents of

2-6 fA and will be operated with an external digital voltmeter.

The gamma dose contribution will be measured by means of a MG2 (XRADIN)

0.5 cm3 magnesium/argon chamber using the same electrometer system or by
means of GM counters. Of the latter two types will be available: Winfrith

probes (ZP 1300, ALRAD) and GM-2 (18509, FWT), both energy compensated.
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As a neutron beam monitor a flat chamber of 30 cm3 (type 233612, PTW) with
C5H802 as wall material will be used. This chamber will be connected to a
commercially available electrometer (type IQ4, PTW) with a leak current of
10 fA.

The jon chambers (with the exception of the monitor chamber which is an open
air chamber) will be operated with a gas flow system for tissue-equivalent
gas (64.4 % CH4, 32.4 % COZ’ 3.2 % N2) or argon with flow rates between 10
and 100 m1/min. Gas temperature and pressure are measured and digitally
displayed. At a later stage the whole ionometric dose determination will

be computerized. A gamma-irradiation device was ordered for testing ioniza-
137Cs source of 250 Ci
activity giving a dose rate of 0.1 Gy/min at 35 cm distance from the source.

tion chambers and calorimeters. It will contain a

The safety container reduces the dose rate to 0.1 pGy/min at 10 cm distance
from the container surface. The device will be integrated into the accel-
erator safety interlock system.

In 1985 this equipment will be used to determine the neutron absorbed dose in
a series of neutron irradiations to be carried out at the CBNM 7 MV Van de
Graaff accelerator for radiobiological investigations of the radiobiology
department of the SCK/CEN at Mol. The neutron energy will be 2.5 MeV using
the T(p,n)3He neutron source reaction and the dose rate at sample position
(16 cm from the target) will be about 3 mGy/min. The neutron beam size at
the sample was fixed to 60 x 70 mm. A corresponding neutron collimator
screening outside the beam to less than 0.05 of the beam dose was designed
and ordered.

Proton recoil detecton

H.-H. Knitter, C. Budtz-Jgrgensen, H. Bax, R. Vogt

A feasibility study for a neutron fluence detector working on the basis of

the neutron proton scattering process was started. This detector is intended
to be used as an absolute neutron fluence detector in measurements of neutron
standard cross sections. The study should finally reveal with what accuracy
the neutron fluence can be measured with this detector. An ionization chamber
with Frisch grid is used to measure the recoil proton emitted from a radiator
foil positioned coplanar in the centre of the jonization chamber cathode.
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The neutron beam enters vertical with respect to the chamber electrodes. The
gas pressure in the chamber is adjusted such that the recoil protons emitted
vertical with respect to the cathode have a range just a little shorter than
the distance between cathode and Frisch grid. Then the pulse height obtained
from the anode is proportional to the energy of the proton whereas the cathode
pulse height depends on the proton energy and on the emission angle with
respect to the normal of the cathode. Both signals together allow in a bipa-
rametric representation an effective discrimination against background events,
since the recoil protons form a ridge within a well defined area as shown in
Fig. 2.7.

~ PROTON AREA

COUNTS

Fig. 2.7. Biparametric spectum of
necold protons measured at 1.885 MeV
incddent neutron energy with signals
from the anode q, and cathode Q% 04

a grnidded Lonlzation chamber

This spectrum is measured at an incident neutron energy of 1.885 MeV. The
events from this area are used to obtain proton recoil energy spectra,

which have to be analyzed to determine the total number of recoils which
were induced in the radiator foil. 1In order to understand more closely

the operation of the detector, measurements with tristearin radiator foils

of different thicknesses were made at the incident neutron energies of

0.297 MeV, 0.597 MeV, 1.096 MeV, 1.496 MeV and 1.895 MeV. These measurements
gave an absolute energy calibration for the detector of better than 0.5 %
above 0.5 MeV and demonstrated the linearity of the response.
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To understand the proton recoil spectrum shapes and to obtain the total number
of proton recoil events which took place in the radiator foil, the experiment
was simulated by Monte Carlo calculations. Here the problem of radiator foil
inhomogeneities became evident and has to be resolved for the next test measure-
ments. Also the problem of the hydrogen content determination of the radiator
foil needs further attention.
The spectrum measurements and the Monte Carlo calculations done so far are
described in a paper presented at the IAEA-Advisory Group Meeting on Nuclear
Standard Reference Data, held at CBNM Geel, 12-16 November 1984, with the
title: "Investigation for a precise and efficient neutron fluence detector
based on the n-p scattering process" and following abstract:

"An ionization chamber with Frisch grid is used to detect the recoil

protons induced by fast neutrons in an advantageous 27-geometry.

The working principles of the detector are explained. Recoil proton

spectrum measurements are made at several incident neutron energies

below 2 MeV using four radiator foils of different thicknesses. These

measurements permit a proton energy calibration of the detector and

the determination of proton stopping powers for the radiator foil

material. Proton recoll spectra are interpreted by Monte Carlo cal-

culations with the aim of understanding closely the spectrum shape
and to obtain the total number of proton recoils."

Internationak gast neutron fluence intercomparison

R. Widera, A. Paulsen, H. Liskien

Neutron cross-section determination demands the determination of a reaction
rate and a fluence rate. The only exceptions are total and total absorption
cross-sections. This makes neutron fluence rate determination a key issue
in neutron metrology. Hidden systematic uncertainties may be found by com-
paring results between laboratories.

CBNM participated in a fast neutron fluence intercomparison running under
the auspices of BIPM (Sévres) which was coordinated by NPL (Teddington) and
115In(n,7)116lnm (Tl/2 ~ 54 min) activation reaction. NPL

provides us with a 4r-8 counter, 6 thin Indium foils and a 60

is based on the
Co check source
(transfer instruments). The quantity to be compared is the activity at the
end of irradiation per unit neutron flux density at the sample position and
per mass unit of the In foil and will consequently be given in units of
cmz.g_l.s. The intercomparison covers the neutron energies 144 and 565 keV.

CBNM participated only at 565 keV.
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After some test runs a series of three measurements with different In foils and
neutron counter distances was carried out during the months April and May.
Neutrons were produced via the 7Li(p,n) reaction at Ep = 2.292 MeV. A LiF
target of 241 ug/cm2 thickness was used. The average proton beam current was
13.6 uA. The wobbled target was cooled by a jet of pressurized air hitting the
target backing. The In foil was irradiated at 0° relative to the proton beam
at 8 cm for about 2.5 half-Tives. The convolution of neutron energy spread

due to target thickness and sample solid angle results in a mean neutron

energy of 561 keV and an energy distribution between 545 and 578 keV. The
neutron fluence rate was determined by means of our proton recoil proportional
counter CP2. The standard gas filling was 1.6 bar methane at 23°C. The
counter was positioned at 0° relative to the proton beam on the target and at
distances to the target of 80 or 180 cm.

Figure 2.8 shows experimental and theoretical proton recoil spectra from this
counter. The measured neutron fluence rate was corrected for air attenuation,
counter in- and out-scattering, attenuation by the In foils and in-scattering
by the target backing. The uncertainty of the neutron fluence rate is mainly
determined by systematic uncertainties and was estimated to be about + 1.6 %.
With the npL 80
mined to have a slope of 0.3 % between 2010 and 2220 V. An operating voltage
of 2100 V was chosen. The 6060 check source was measured 30 times during the
period 13.03 to 29.05.1984 and the counting system was stable within the
statistical accuracy of + 0.3 %. The %0¢a activity was calculated to be

2790 + 1.4 dps on January lst 1984. The background with different inactive

In foils was determined to be 0.79 + 0.01 cps. The 1161nm—act1'v1'ty at the

Co check source the plateau of the counting system was deter-

end of the irradiation was determined by following the first 1.5 half-lives.
An own 116Inm half-life determination taking into account activities up to
five half-lives resulted in T1/2 = (54.1 iiO.Z) min.

At each irradiation a second In-foil was positioned at 15 cm distance from
the target. Its activity was used to determine a correction for a deviation
from the inverse square law of distance dependence. NPL proposed to inter-
prete such a deviation in terms of a constant room-scattered neutron field.
A contribution of 0.8 to 2.5 % of this constant neutron field to the activity
of the In-foil at 8 cm distance was found. The statistical uncertainty of
these f{ggres is large (about 25 %). Another correction for a contribution
of the

ment of the foil activities 10 hours after the end of irradiation. This

In(n,n') reaction to the activity was determined from a remeasure-

correction amounts to 0.76 + 0.10 % at the end of irradiation.
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Fig. 2.8. The proton necodll spectrum (*) agten subtraction of the back-
gound {+) which was determined with a polyethylene shadow cone. The given
histrogramme £s the result of Monte Carlo calculations



- 934 -

The calculated intercomparison values for the three measuring runs reproduce
within + 1 %.

Hidden systematic uncertainties in neutron fluence determinations may be
found by comparing results between laboratories. Under the auspices of

BIPM four branches of such international intercomparisons were organized.
Two of these branches are ended. They were coordinated by NPL and CBNM,
respectively. Results were presented in a common paper at the 5th Symposium
on Neutron Dosimetry (Minchen, September 1984) and at the IAEA Advisory
Group Meeting on Nuclear Standard Reference Data (Geel, November 1984). The
abstract reads as follows:

"Fluence determinations for 2.5, 5.0 and 14 MeV neutrons as
performed in standard laboratories have been compared. Two
methods of intercomparison were used: One is based on the
determination of a Y-rate ratio between '!*™In as induced
by fast neutrons in an indium sample on one hand and °'Cr
from a calibrated source on the other hand and is used at
all energies. The second method is restricted to 14-15 MeV
neutrons and is based on measuring the 23 My Y-activity
induced in a niobium sample.

Results show that the uncertainty contribution from the
transfer methods does not essentially increase the overall
uncertainty and that there is generally consistency".

An extensive report (GE/R/VG/44/84) on our participation in the third
branch has been written and sent to the coordinator. The transfer

instruments belonging to the fourth branch are expected to arrive in
Geel in 1985.
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TECHNICAL APPENDTIX

Van de Graaff Accelerator

Post-acceleration bunching system

A. Crametz, S. de Jonge, H. Liskien, F. Arnotte, P. Falque, J. Leonard,
W. Schubert

In order to improve the energy resolution in fast neutron time-of-flight
experiments, the 1.5 ns FWHM pulses delivered with 400 ns pulse distance
by the vertical, single ended, klystron bunched CN-7.0 MV Van de Graaff
accelerator have been further compressed. The time compression is based
on a two-gap buncher.

Principle of post-acceleration bunching in a two-gap system

From the relation

AE _ 5, At (1)

E t
one deduces that the necessary energy modulation AE should be a linear
function of the time. Therefore, in an ideal bunching system, the applied
RF voltage should have the form of a sawtooth. This can be approximated by
a sinusoidal voltage if only a phase range of + 30° is used. The general
principle of bunching is given in Fig. 1: during the flight time up to the
target, the pulse is compressed in time due to the imposed energy modulation.
The buncher in a two-gap system consists of a drift tube of length £ induc-
tively excited by a RF power. This tube is located between two end tubes at
ground potential,. such that two gaps of length Kl remain. The axis of the
tube has to coincide with the flight direction of the positive ion pulses.
In such a system, the wanted phase change of 180° between the two gaps can

Vo

only be realized for one relative design velocity 6. = ik

e+l =6, (2)
2

where N is the wavelength of the RF power.
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Fig. 1. Representation of the energy modulation versus time
- at entrance (a) and exit (b) of the buncher,
- at the tanget (c),
- Antensity distnibution at the tarnget is given Ln (d).

It can be shown (1) that for a two-gap buncher the optimum bunching amplitude
for singly charged ions is given approximately by the relation:

3

U, = _BTNE. (2-N-R )1/2 (3)

P 4n- e L-sinA P

where g8 = relative velocity of the ions
Es = rest energy of the ions
L = distance between buncher and target
A = Z . ﬁ_o_
2 B

(1) A. Crametz, Internal Report CBNM/VG/33/79.
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The amplitude of the buncher voltage Uop is in turn fixed by the RF power N
and the parallel resistance Rp of the buncher. The internal energy spread
AE of the beam will result in a Tower limit for the obtainable pulse width
given by:

- AE (4)

The energy is modulated following the relation

E(v) = Uop-e~[cos ¢ - coS (p+24)] (5)

and extreme values are given by

+

E, = %2 Uop'e-sin A (6)

If all phases are allowed (DC beam), this energy modulation results in a
spectrum given by

2. g8ylse if E_<E<E (7)

This type of resonator has been developed at the Max-Planck Institut fiir
Kernphysik at Heidelberg for their heavy ion post-accelerator (1) and 1is

used here as post-acceleration buncher. As schematically represented in

Fig. 2. it consists of an Archimedean spiral (D in the cross section plane
of a circular tube. The spiral is grounded by a leg on the tank, a cylinder
of inner diameter 35 cm and length 25 cm. The spiral is formed from two
square 0.93 x 0.93 cm2 Cu-profiles with a 0.7 cm diameter cooling channel
silver soldered together in the radial plane which is coiled up with a pitch
of around 4.3 cm. The drift tube (2) is fixed at the free end of the spiral.
The buncher 1is closed by two metallic end plates parallel to the spiral plane.
The 105 MHz (A = 286 cm) RF power is inductively coupled by a tunable loop
(:) near the leg of the spiral and thermal frequency shifts are compensated
by a servo-operated turning plate () . Spiral. coupling loop, tuning plate

(1) B. Kolb, H. Ingwersen, G. Ihmels, E. Jaeschke, R. Repnow and Th. Walcher,
Rev. Phys. App. 12 (1977) 1571.
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and inner diameter tank are water cooled. The buncher is vacuum pumped to
about 10_7 Torr, using a cryogenic pump connected directly on it. The
length of the spiral is 1/4 of the waveiength associated to the RF power.
The length of the drift tube is calculated for a relative design velocity
Bo = 0.08 which corresponds to 3 MeV protons or 6 MeV deuterons. One
obtains from equation (2) £ = 9.4 cm for a gap of 21 = 2 cm.

Fig. 2. Sectional drawing of a spiral resonator showing spiral @ ,
dnift tube Q) , coupling Loop (3) and tuning plate (4)
Tank innen diameter: 35 cm, daiigt fube fLength: 9.4 cm fon
Bo = 0.08, aperture diametern: 2 cm, gap width: Z cm.
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Synchronization and regulation

To synchronize and drive the post acceleration buncher, the control units
are triggered by a pick-up electrode signal of 2.5 MHz frequency which is
the repetition rate of the ion pulses. The correct synchronization between
this frequency and the RF power of 105 MHz is realized by a gated phase
lock device (GPL). The block diagram in Fig. 3 represents this GPL.

b

PHASE CHARGE VOLTAGE
N ™1 pump s |CONTROLLER -©®
(25MHz) | 5 |COMPARATOR ot ILLATOR =
(105 MHz )

GATING INTEGRATOR

1 MISSING
PULSE
&3 DETECTOR

DIVIDER
142

Fig. 3. Block diagham of Zhe gated phase Lock device (GPL)

To a standard phase Tock oscillator (1) two devices are added: a missing
pulse detector and a gate between the charge pump and the integrator. If
at the reference input, one or several pulses are missing, the missing
pulse detector is activated and inhibits the correction signal from the
charge pump to the integrator. During this time, the integrator acts as
a phase memory, keeping the phase at the output constant. If all pulses
are present the circuit acts as a normal phase lcck oscillator. The corre-
sponding electronic circuit is drawn in Fig. 4 and is such that the input
signals are shaped by a leading edge trigger, composed of circuits 1A, 2A
and 2B, which delivers 200 ns wide negative pulses to the reference input
of the phase detector. The gate input is used for test purpose only to
suppress reference signals in simulation.

(1) MTTL Complex functions, Phase frequency detector MC 4344, Motorola
Inc. 1972.
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The phase detector 3C is switched for the mode zero frequency f, and phase

difference at lock. As long as there is no lock condition, the D flip-flop

1C is cleared by the reference sﬁgna1 and by the fact that the output D1 of

the phase detector is negative. In this way gate 3D is kept open so that

the lock condition can be established i.e. the negative edges of the input

fo/42 and the reference input are coincident, while outputs U1 and D1 of

the phase detector are positive.

The presence of reference input pulses is now detected by D flip-flop 1C,

while the propagation delay of inverters 2C ensures proper set up condi-

tions for this flip-flop. The presence of input reference pulses will keep

the fl1ip-flop in the set condition while the absence of reference input

pulses will clear the flip-flop. During the period in which a reference

input pulse is missing the output D1 of the phase detector goes negative.

This signal which is an input to the charge pump is gated off. Gate 2D

matches for differences in propagation delays.

The output U1 of the phase detector is not gated as U1 stays positive

during the absence of reference input pulses. The tuning voltage of the

VCO voltage controlled oscillator 4A is limited by diodes D3 and D4 to

keep its range within the bandwidth of the output tank circuit of T3.

The clamping point is decoupled with a small capacitor to remove the

spurious 2.5 MHz signal originating from the integrator and having an

amplitude of a few millivolts. The divider determining the frequency

ratio (3B, 4B, 4C) and driven by a fast zero crossing detector (3A) is

of the synchronous type in order to maintain a phase stability as high

as possible.

As the servo loop is in fact open during the absence of reference input

pulses, the phase stability of the 105 MHz output signal during this time

depends on short term stability of the voltage controlled oscillator.

Precautions taken to ensure this are:

- separately stabilized supply voltage and decoupling to one point;

- mechanical stability of the tuned circuit and screening of this
circuit.

As a result no phase drift can be observed even if ten succeeding refer-

ence input pulses are missing.

This output signal is sent towards the radiofrequency divider for the

experimental measurement of the pulse width and the regulation device

of the post-acceleration buncher as represented in Fig. 5.
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Fig. 5. Block diagram of the regulation device horn the posit-acceleration
bunchen

The phase-shifted RF signal is fed through a phase and amplitude regulation unit
and compared with the RF feedback signal. It is then preamplified by a ENI

type 550 L and amplified by a Herfurth type HV 20-80 K 108 unit. A decoupled
forward power signal is utilized for the frequency control of the buncher. It

is also phase compared with the RF pick-up signal and a signal proportional to
the phase difference drives the tuning plate through a servo motor.

Experimental set up

In Fig. 6 are represented the position of the pick-up electrode 36 cm ahead
the entrance of the analyzing magnet, of the post-acceleration buncher just
after the exit slits of this magnet and L = 751 cm upstream of the target on
the 0° exit of the switching magnet, and of the detector.

To determine the pulse width obtainable with the post-acceleration buncher,
the block diagram of the electronics used is represented in Fig. 7.

A stop signal at 2.5 MHz is derived from the 105 MHz GPL signal and is divided
by 42 in the radio frequency divider.

For the start signal, the following set up has been adopted: Coulomb scattered
ions from a 0.6 mg-cm-2 gold foil installed 68 cm before the target, are

observed in the 45° direction at 17 cm from the foil. They are detected by a

totally depleted ORTEC surface barrier detector of 390 ¢m thickness, 25 mm2

active area, 7.2 k& -cm nominal resistivity, operated with an overbias of

150 Volts. Timing and energy signals are sent through ADC's towards an
ND 6660 analyzer.
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Determination of the pulse width with a DC beam.

Measurements were performed with a 2 pA DC 5.4 MeV proton beam

(6 = 0.107) (1). lith the post-acceleration buncher switched off, an
energy resolution of 23 keV FWHM was obtained for the pulse-height
spectrum (Fig. 9.a). When varying the RF power N between 0.9 and 1.9 kW
by steps of 0.1 kW, the maximum energy spread E, - E_ proportional to Uop
has been determined following eq. (6) taking into account the resolution.
From these data a value of Rp = (0.55 + 0.04) MQ has been deduced using
eq. (3). Optimum bunching conditions were found for 1.6 kW in perfect
agreement with expectations from eq. (3) and are represented in Fig. 8.

0.5

0.4

AT{ns)

0.3 1

Fig. &. Optimum bunching conditions at 1.6 kW

(1) A. Crametz and H. Liskien, Internal Report GE/R/VG/40/83.



The energy modulation for optimal bunching is shown in Fig. 9.b together
with the pulse height spectrum to be expected theoretically (dashed curve).
This curve corresponds to eq. (7) when folded with the resolution function
of Fig. 9.a. The corresponding TOF spectrum is shown in Fig. 9.c. Knowing
that in pulsed mode only the cross-over region of the buncher voltage is
used, a window as indicated in Fig. 9.d has been set in the pulse height
spectrum and the corresponding TOF spectrum is shown in Fig. 9.e. For
every cross-over the beam bunches are clearly seen, alternatively time-
focussed and time-defocussed, the integrals over these bunches being equal.
The time-focussed bunches have a FWHM of 0.15 ns.
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Fig. 9. Enengy distrnibution of Coulomb-scattered profons
(@) without and (b) with the optimum bunching switched on.
(c) 48 the conrnesponding TOF spectrum.

Setting an energy window as indicated in (d) rnesults 4in zhe
TOF spectwum (e)
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Determination of the pulse width with a pulsed beam.

In this mode, a 2 pA pulsed 7.0 MeV deuteron beam (8 = 0.086) with pulses

of FWHM = 1.4 ns at the output of the klystron buncher (prebunched beam)

has been used as input for the post-acceleration buncher.

Using the same technique a postbunched beam with pulse widths of FWHM = 0.20 ns
has been obtained and results are shown in Fig. 10. The needed power delivered
by the transmitter was 1.2 kW as expected from eq. (3). The obtained pulse
width of 0.20 ns must be regarded as an upper 1limit. This number contains the
intrinsic time resolution of the electronics used. From the + 2 kV ripple of
the accelerator voltage one may calculate a 0.08 ns theoretical lower limit
following eq. (4).

11.3 ps/ch

COUNTS

e . il
te T CHOPPED = =
“//\::J PED

\1."”‘ POSTBUNCHED ”
TIME e

Fig. 10.  Obtained nesults forn the time nesolution measurements of:
- the post-acceleration bunched pulse : FWHM = 0.20 ns
- Zhe pre-acceleration bunched pulfse : FWHM
- the chopped pulse : FWHM

1.4 ns

]

§.6 ns
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Conclusion

A spiral resonator as developed at the Max-Planck Institut flr Kernphysik
at Heidelberg for their heavy ion post-accelerator has been installed at
the 7 MV Geel Van de Graaff accelerator as post-acceleration buncher.
Synchronization between the pre- and post-acceleration buncher has been
obtained by pick-up signals from the accelerated ion pulses and a phase
lock oscillator to which a missing pulse detector and a gate between the
charge pump and the integrator were added. Pulses of 0.15 ns FWHM in DC
mode and 0.20 ns FWHM in pulsed mode have been obtained. These numbers
are upper limits only as they contain unknown contributions from the
measuring electronics. A theoretical lower limit determined by the ion
energy spread before post-acceleration bunching is 0.08 ns. The needed
RF power for minimum pulse widths and the observed energy modulation are
in perfect agreement with theoretical expectations. Depending on the needs
of future neutron experiments, this new feature can be used to increase
either the TOF resolution at a fixed intensity or the intensity without
losing TOF resolution.
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