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NUCLEAR DATA

1. NEUTKON DATA

1.1 CROSS SECTIONS OF ACTINIDES

Evaluation of the thermal neuiron condiants o4 Z33U, 235u’ ngPu and Z47Pu

ZSZC6

and the {issdon neutron yield of

£.J. Axton*

The above evaluation will be published as a European Applied Research Report.

The abstract reads as follows:

"The thermal neutron constants comprise Ehe thermal neutron (2200 m.s_])
absorption and fission cross sections, ¥ (total number of neutrons emitted
per fission), and m (total number of neutrons emitted per neutron captured)
for the nuclides 233U, *?°U, **°Pu, and **'Pu. v for *°?Cf is included
because it is widely used as a standard for the measurement of » for neutron-
induced fission of the other nuclides. 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 conti-—
nuous re—evaluation of the data over the years. Owing to the correlated
nature of the measurements these evaluations necessarily take the form of
simultaneous least—squares fits to all the data together with updating older
data in terms of newer values for standard cross sections, half-lives, etc.
In the past, the more important correlated errors have been dealt with by
treating them as independent variables to be fitted in the evaluation. The
purpose of the present exercise is to investigate the effect of treating
all correlated errors by the introduction of a full covariance matrix.
Results for various subsets of data, and comparisons with previous evalua-
tion are presented.

The results of the calculation are shown below.

Uncertainty

Vo ggu 2.488 .006
233 2.427 .005

o B 2.876 . 007

SayPu 2.937 .007

cf 3.766 .005

o g;u 574.1 b 1.8 b
el 681.5 b 1.7 b

ST 1017.7 b 3.8 b

Pu 1378.9 b 12.7 b

Visiting Scientist from NPL, UK



o, ,2)§§U 531.9 b 2.4 b
239U 584.7 b 1.7 b
540U 748.3 b 2.4 b
“Hpy 1018.0 b 10.0 b
»
o ;jgu 42.2 b 1.8 b
2390 96.8 b 1.8 b
241 Pu 269.4 b 3.4 b
Pu 360.9 b 5.6 b
V_T 233U/252Cf L6607 .0015
.
ratios _35U/252Cf . 6445 L0012
) 52
2395, /2525 7637 .0016
2 2
2415,/2520¢ .7800 .0017
n ?);:;U 2.305 . 0063
2390 2.083 ,0055
241 Pu 2.115 .0069
Pu 2.169 .0083
-
| +a Egéu 1.079 . 004
23 1.166 .003
54 Pu 1.360 . 005
Pu 1.355 . 006
o SULPHUR .525 b .129 b

a

When propagated into reactor calculations this data should always be
accompanied by the associated correlation matrix."

33

'u and 235u

4
Fissdon cross-section of °

C. Wagemans*, A. Deruytter, R. Barthélémy, J. Van Gi1s*

235

233U(n,f) measurements have been analysed. For the U(n,f) reaction,

The
a new series of measurements has been started, in which the neutron energy
region from thermal up to 30 keV is covered under different experimental
conditions. One of the goals of these measurements is the accurate deter-
mination of the secondary normalization integrals

1leV 1000eV

i) of(E)dE and ! o
7.8eV 100eV

F(E)dE.

Preliminary results of these measurements have been presented at the IAEA

235

Consultants Meeting on the U Fast Neutron Fission Cross Section (Smolenice,

CSSR, 28 March -~ 1 April 1983). These measurements will be continued.

SCK/CEN Mo1, Belgium



At the same conference, a review has also been given of fission cross-

section normalization problems.

. . . . .. . 235
Analyscs o4 Lnteumediate stauctune {n the {issdion cnoss section o4 li+n
3 3 y

F. Corvi, H. Weigmann, L. Ca]abretta*, M.S. Moore**

235U+n

High resolution measurements of fission and capture cross sections of
were performed by Corvi et al (1) in the energy range from 2 to 85 keV. A
plot of the measured fission-to-capture ratio of/o7 from 6 to 33 keV is

given in fig. 1.

e e
30

5
ENERGY [keV]

Fig. 1. The {isslon-to-capfure cross-
section ratic fon 235u+n vs neutron

enengy 4aom 6 Lo 33 kel

These data were recently analysed in order to extract the energy dependence
of the average s-wave fission width Ff and neutron strength function SO. A
correlation analysis of the various measured quantities Ofs 0,5 0, =

op + 0, a = 07/0f and the derived parameters F% and So indicated that the
large fluctuations in a can only be due to fluctuations in F%. These are
much larger than those expected from a statistical model which assumes
fission widths distributed according to a chi-squared law with a few degrees
of freedom. The structure found was then simulated by using a double humped

(1) F. Corvi et al., Proc. NEANDC/NEACRP Specialists' Meeting on Fast-
Neutron Capture Cross-Sections, Argonne, 1982, Rep. ANL-33-4, p. 347

*
Bursary of the Commission of the European Communities, now at Catania

University, Italy

bl Los Alamos National Laboratory, USA



barrier model that takes into account coupling of Class I and Class II states
in exactly the same way as was used successfully to describe structure in sub-
threshold fission. Simulated and experimental data were then compared by
applying both the Wald-Wolfowitz runs-distribution test and the Levene-
Wolfowitz runs-up-and-down test. Best agreement with the observed structure
was found using an average spacing for Class II levels DII = 210 + 70 eV.
Under the assumption that the symmetries in nuclear shape are the same for
the first and second wells, this Teads to a difference of 2.74 + 0.14 MeV
for the Class I and Class Il minimum, in reasonable agreement with the
fission systematics of Bjgrnholm and Lynn (1).

A paper on this subject has been submitted to Phys. Rev. C.

Fission {ragment mass- and enengy distribution {on the spontaneous 44ssion

o4 £y

C. wagemans*, P. Sch111ebeeck*, A. Deruytter, R. Barthélémy

238Pu, no information is avaijlable on the

For the spontaneous fission of
characteristics of the energy- and mass-~distributions of the fission frag-
ments. In the frame of a systematic study of these characteristics for the
Pu-isotopes, measurements have been performed at the BRIl reactor. A mixed
238Pu-239Pu sample "¢ used, allowing a direct comparison of the 238Pu(s.f.)
with the 239Pu(nth,f) characteristics. A partial analysis of the data reveals
the presence of very prominent fine structures in the mass distribution. The
analysis will be continued and the results will be interpreted and compared

with our corresponding data for 240’242’244Pu(s.f.).

Fisalon 4nagment mass- and enerngy distnibution 4orn the themal neutron

. . 239 Lo
induced 4is8don of 3% and the spontaneouns 4LssL0n 04 240p,,

E. A]]aert*, C. Wagemans*, A. Deruytter, P. Schil]ebeeckx*, R. Barthélémy

In addition to the experiments perforined at the linear accelerator, two

further measurements were performed at the BR1 reactor. In the first one

a 19 ug/en’ mixed 23%pury-2*%ur, Tayer (24 2 P%ur, - 76 3 P0ury),

(1) S. Bjgrnholm and J.E. Lynn, Revs. Mod. Phys. 52, 725
SCK/CEN Mol, Belgijum
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, . R 40 9
Table 1. Man charactenistics ¢4 the Puls.4.) and the Pu (nﬂl, 4]
{ragment mass and eneagy distaibutions. The ewions are onby
statistical
Low geometry measurement "4z " geometry measurement
B%utn g f) 20py(5.%.) B%u(n 0 f) 280p,5.5.) 240,05 £.) tota)
EK (Mev) 175.38 + 0.01 177.04 + 0,12 175.40 + 0.01 177.40 + 0,10 177.28 + 0,08
.
£, (Hey) 177.65 + 0.01 178.76 + 0.12 177.67 + 0.01 179.16 + 0.10 179.00 + 0.08
o (veY) 12.15 12.15 12.50 12.51 12.37
K
—_ "
£ (MeY) 163.29 + ©.01 103.18 + 0.09 103.32 + 0,01 103.43 + 0,07 103.33 + 0.06
£, (MeV) 74.36 + 0,01 75.56 + 0.09 74.35 + 0.01 75.73 + 0.07 75.67 + 0.06
—
mo (amy) 100.30 + 0.01 101.32 + 0.06 100,27 + 0.01 101.31 + 0.05 101,31 + 0.04
- - r
"y 6.64 5.74 6.63 5.74 5.78
- %
m,  (amu) 139.70 + 0.01 138.68 + 0.06 139.73 + 0.01 138.69 + .05 138.69 + 0.04
Peak yield( )| 6.08 7.57 6.01 7.49 7.52
PV (5 pts) 114 577 119 559 566
4 6 4 4
N 02 10 10 1.9 x 10 1.5 x 10 2.5x 10
9 35
: T
8] o--0 Py(st}) 504 o 0py(s ]
L e Bpulnt) X I ® 2%pyint) @
| JPQ‘. ? 254 fc ° °€
6 4 ? ? ?“ ﬁ: §o
- 4 I — & %
S 3 g b i» 35 =2 © o0
it - . = ) °
2 44 % ¢ z o * @
2 é K é a = 159 & ®o0
4 % q -1 ) .
14 « ' 4 W 8 @
# : H % 1o+ ‘é fo
3 # ' ' & » K %
1 . ' ()
¢"¢°' H S LY s 3 ©
! £ L i
04 e T T LR, T T
10 80 30 100 1o 120 130 %o 150 160 1 130 %D 150 160 170 180 190 200 210 220 230
(amu] [mev]
Fig. 2. Preneutron fragment Fig. 3. Total kinetic energy fon
240 239 240 239
mass 4on Pu(s.4.) and Pu(n, 4] Pu(s.4.) and Puln, 4)
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evaporated onto a 29 ug/cm2 polyimide foil, was sandwiched between two © cm2
surface barrier detectors, resulting in an almost 4r detection geometry.
This "sandwich"” was mounted straight in the collimated neutron beam. In

the second measurement a more classical lTow geometry configuration was used,
“n which a 57 ug/cm2 target was viewed by two collinear 20 cm2 surface
barrier detectors placed outside the neutron beam.

Since the BR1 reactor was only operational during the day, a good alterna-
tion of 239Pu(nth,f) and 240Pu(s.f.) measurements was possible, allowing a
careful detector calibration via the 239Pu(nth,f) reaction. So a sequence
24OPu(s.f.)-239Pu(nth,f) measurements was performed (in both

geometries) which were analysed individually and summed afterwards.

of separate

The main results of both measurements are summarized in Table 1., which
clearly shows that the low and the "d7" geometry measurements are in good
“pu(ng, ) and the “40pu(s.f.)

fragments mass- and energy-distributions is given in Fig. 2 resp. Fig. 3.

agreement. A graphical comparison of the

2
rrom these measurements it is clear that the fissioning system L40Pu behaves

in a very similar way as 242Pu, i.e. a higher average total kinetic energy

for 240Pu(s.f.) than for 239Pu(nth,F), a much higher peak yield, more pro-
nounced fine structure and a narrower mass-distribution for the spontaneous
fission than for the neutron induced fission. These differences can be

(1)

A final report on these measurements was written and submitted to Physical

explained in terms of the static scission point model of Wilkins et al.

Review.

. . 247
Fisaion cross section o4 Pu

J.A. Wartena, H. Weigmann, C. Blirkholz, R. Pijpstra

The measured fission cross section of 242Pu in the threshold region is shown

in fig. 4 together with a cross section calculated from the statistical model.
The model assumes two fission channels for each K < 5/2i and one channel for
X

K = 7/2i within the first 400 keV above the lowest barrier, together with

the associated rotational bands.

The parameters of the Towest barrier (assumed K = 3/2i) are:
EA = 5.87 MeV EB = 5.2 MeV
ﬁwA = 0.8 MeV ﬁwB = 0.52 MeV

(1) B.D. Wilkins, E.P. Steinberg, R.R. Chasman, Phys. Rec. C14 (1976) 1832
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Beiow threshold, the fission cross section of 242Pu shows a large amount of

structure.

This is illustrated in fig. 5 which shows the measured fission

cross section between 200 keV and 500 keV neutron energy.
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Fig. 5. The measured 4is8iom choss section of 242HL between 200 and

500 kel neutron energy
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Below 70 keV neutron energy individual neaks are observed, most of which are
interpreted as intermediate structure resonances due to Class Il states in
the second wall of the deformation potential. A total of 98 Class II states
has been observed.

A statistical analysis has been started which attempts to reproduce the
characteristic features of this structure. Sequences of Class I and Class II
levels with spin J < 5/2 are generated from the relevant distribution laws:
Fission and coupling widths of Class II levels for each fission channel are
sampled from Porter~Thomas distributions with expectation values calcuiuted
from the ralevant fission barrier parameters. The same sequence ~f transi-
tion states is assumed as was used for the statistical model calculation in
the threshold region. The Class I levels with spacing D(J=1/2) = 17.5 eV
are given neutron widths also sampled from Porter-Thomas distributions with
energy dependent expectation values corresponding to strengtin functions

s, = 0.9207, s = 2.6:107%, 5, = 1.4-107%. The coupling between Class I
and Class II levels is introduced in the usual way, again allowing for
Porter-Thomas fluctuations of the individual fine structure fission widths.
From the sequence of rasonances constructed this way, the contribution of
each Class I level to the fission cross section is calculated, and the
results compared to the experimental observation,

In the region of resolved Class Il states, i.e. below 70 keV neutron energy,
the quantities compared between the statistical calculation and the experi-
ment are the number of peaks with a fission area above the energy dependent
experimental detection limit and their average fission area.

In the range 200 keV < E < 500 keV, the quantities adopted as a measure of
the amount of fluctuation in the cross section are:

. the relative variance v = E%T Z(1 - a/as)z, where the sum is over the n
data points representing the cross section o, and o in a smooth cross
section of the form o = exp(a En - b), where a and b are adjusted such

as to minimize v.

. the number of runs, r, for o being above (h) and below (£) o
Again the quantities v and r as obtained from the statistical caicula-
tion, are compared to their experimental counterparts.
The conclusion from the comparison of the statistical calculations with
experiment in both energy ranges, E < 70 keV and 200 keV < E < 500 keV,
are as follows:
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° the spacing of Class Il levels must be of the order of DII(J=1/2)= 1 keV;
this implies that about half of the groups of fission resonances observed
below 4 keV neutron energy must ba due to p-wave neutron interaction.

] the lower energy data require a higher outer barrier (EB = 5.6 MeV) than
was obtained from the statistical model calculation in the threshold
region. The value obtained in the latter calculation is, however, very
sensitive to assumptions made about strength functions and competition
from inelastic channels. thus we regard the value of EB = 5.6 MeV
obtained from the low energy data as more reliable.

. the amount of fluctuations observed in the energy range
200 keV < E < 500 keV, expressed by means of the quantities v and r is
approximately reproduced by the statistical calcuiation, indicating that
the assumption made with respect to the number of fission channels, and
the assumption of complete damping of vibrational resonances are approxi-
mately correct.

Neutron capiune measwrements on Z47Am

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

A series of neutron capture measurements have been performed at GELINA with a
1.74 g metallic 241Am sample (2 x 2 cm2 disk), canned in a stainless-steel
cylinder. These test measurements were made at a flight path of 10 m. in the
neutron energy range from 0.5 keV up to 300 keV. The gamma-ray detectors were
two C6D6 liquid scintillators, shielded by a 5 mm lead cap. To suppress the
gamma-flash, a 5 mm thick lead stop was kept permanently in the 50 cm long,
supplementary beam collimator tapered to a 2 cm hole-diameter. Neutron scat-
tering by the stainless-steel container was found to be negligible. For the
flux measurements with the boron sample, the 0.6 mm thick 108 disk was placed
in the same position as the 241Am sample.

The background was obtained by means of the black resonance technique using
S, Na, Co and Ag filters. With these experimental conditions and a linac
repetition rate of 800 Hz, we checked the feasibility of performing first a
relative measurement for the average capture cross secticen. Qur results have
been normalized at 10 keV to those of Harwell (Gayther et al.).

University of Antwerp, RUCA, Belgium
ORNL, U.S.A.

*k
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As shown in F1g. b a comparison 15 made ot our results with measurements of
Harwell and ORNL (Weston et al.) obtained with an oxide sample. These
results for the total absorption cross section which is practically equal

to the capture cross section between 10 and 250 keV, are given with an
accuracy of 10 and 12 % respectively, but the two results normalized between
1 and 2 keV to ORNL are discrepant by up to 20 % between 10 and 100 keV.

ves DRNL
-— HARWELL

~— CBNM

CROSS - SECTION {barn |
3

- — v . : - v
28 3o 33 35 38 L0 43 45 L8 50
LOG |ENERGY ev|

241

Fig. 6. Capturne crnoss section of Am

More recent results of KfK (Wisshak et al.) give absolute data points (not
shown here in Fig. 6), using the ENDF/B-IV cross section for gold, with a
total uncertainty of 4 to 6 % for energies between 20 and 160 keV. The KfK
data agree very well with the data of Harwell and meet even the required
accuracies for cross section data. Our data fit in shape and slope consis-
tently with Harwell and consequently with KfK. However we still have to
normalize to absolute values obtained via a few well known low energy reso-

nances in 241

Am. When flightpath 2 becomes available these measurements
will be done with other, suitable neutron beam parameters using Cd instead
of B as overlap filter. The emphasis will be on an optimal signal-to-back-
ground ratio to achieve a high statistical accuracy by impreving our experi-
mental set-up, using a large shielding facility, made available to us by

SCK-CEN Mol.
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s . 243
Fosscon cress section measurements o4 Ain

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

There are three priority 1 requests from countries of the European Community
to measure this cross section in a neutron energy range from thermal to

15 MeV. These requests and the Targe difference of 30 % between the neutron
induced fission cross section inferred from charged particle induced fission
and the, at present available, experimental neutron induced fission cross
sections in the MeV region prompted us to start a measurement of this quan-
tity. Two samples of 0.2 mg and 1.1 mg 243Am prepared by spraying of a sus-
pension of Am-oxide on stainless steel backings with active circular areas

of 28 mm diameter were tested in an jonization detector. It was shown that
neither of the targets was homogeneous enough to obtain a clear discrimina-
tion between alpha particle and fission fragment signals, and thus to measure
absolutely the fission cross section.

The thinnest of the two available samples, however, allows to measure the

relative fission cross section ratio between 243Am and 235U. This quantity
was measured at the Van de Graaff in the
neutron energy range between 0.2 and 4 MeV. 263am(n.f)

Since in the neutron energy range between
50 eV and 10 keV there exist only data
from one bomb shot experiment, the same
fission fragment detector which was used
at the Van de Graaff was then installed at
an eight meter flight path at GELINA.

Fission cross section ratio data were @

accumulated over a period of several weeks, g

covering an energy interval from about L i

0.8 eV up to the MeV-region. Fig. 7 shows FE 50 %

a plot of the time-of-flight spectrum

obtained with the americium fission frag-

ment detector. In the region below 50 eV, . :5$ ,W_A',m
where until now no fission cross section NEUTRON ENERGY [eV]
measurements exist, the time-of-flight .
] ) .g Fig. 7. The relative 243Am(n 41/
spectrum shows some thirty statistically 735 :
Uln, §) cross section data as

accumulated over a period o4
severnal weeks

relevant resonances. No attempt has yet
been made to come to a quantitative
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analysis of the data, since no absolute normalization is possible at present.
For this normalization a thin and homogeneous americium sample prepared by
electroplating is needed, which was demanded from CBNM's sample preparation

group.

Low enengy neutron measurements

The observed discrepancy between measured and calculated values of the tem-
perature coefficient of criticality for thermal reactors has shed doubt on
the validity of the shapes of the existing 235U n measurements and 238U(n,"r)
data, at the low energy side of the thermal neutron spectrum (l). An ad hoc
Working Group has been set-up to study the feasibility of such measurements
at the linear accelerator of CBNM and - since the response was positive - to
tackle the problems.

.. . 235 :
Fission cross-section measurements of 3 U at low neutron energies

C. Wagemané*, A. Deruytter, R. Barthélémy, J. Van Gi]s*

After a series of test measurements, a pilot experiment to determine the
235U(n,f) lTow-energy cross-~section was performed under the following experi-

mental conditions:

moderator thickness: 12 cm (polyethylene, not cooled)
- linac repetition freguency: 25 Hz; pulse width: 2 us
- 25 ug/em® BLiF foil back-to-back with a 100 wg/cm® 235UF4 foil

235U(n,f)-fragments detected with surface barrier

- 6Li(n,a)-partic1es and
deterctors.

From these measurements the of(E)v/E curve from 5 to 500 meV (Fig. 8) was
calculated, which was normalized to earlier results (2 in the energy region
from 20 to 60 meV. In Fig. 9 the present results from 5 to 150 meY are com-
pared with the data of Deruytter et al., showing an excellent agreement

(1) J. Bouchard et al., Nuclear Data for Science and Technology,
Proceedings of the Int. Conf., Antwerp, Sept. 1982, p. 21-27

(2) A.J. Deruytter, J. Spaepen, and P. Pelfer, Journ. Nucl. En. 27 (1973) 645

SCK/CEN Mol, Belgium
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above 10 meV. Below this energy, the data of Deruytter et al. are slightly
lower. Their experimental conditions, however, were optimized for the deter-
mination of an absolute af(0.0253 eV)-value, and not for measurements at

extreme low energies.

. o Z¥U(n ) this work

100 - ® Deruytler BR2

.
& 100

"h. . « 901 QP
» - = %
80 .'°.n_ » cboo
. hd oioo
O
70 . 80 * Ceo Cev o,
[ T T T — *J‘ 70 ¥ T —
00 01 a2 03 04 05 000 a0s 010 a1s 020
ENERGY [ev] ENERGY [ev]
Fig. §.  Fissdion choss section Fig. 9.  Fissdion cross section
2
o4 235 o4 55u

Accurate measurements below 5 meV require the installation of a cooled modera-
tor, which will strongly increase the neutron flux below 10 meV. In this
respect, several tests have already been performed.

. 23 .
Capture cross section measurements of 8U at low neutron energies

F. Corvi, R. Buyl, M. Riemenschneider, T. van der Veen

A key role in the accurate measurement of the shape of a cross section vs
neutron energy is played by the neutron flux detector. This detector should
be thin in order to be used in transmission even at sub-thermal energies and
should have a cross section strictly 1/v over the range of interest. Our
choice has been a gridded ionization chamber of the continuous gas flow type,
having back-to-back coatings of 108 of 5 ug/cm2 thickness. A gas mixture of
95 % Ar and 5 % CO2 at atmospheric pressure could be used. Due to the very
thin deposits, it is expected an almost 100 % detection efficiency for both
a and 7Li particles.
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The chamber was built and successfully tested with a Linac neutron beam at

a 10 m Tong flight path. Both 4He and 7L1 peaks are well resolved and the

7L1 peak-to-valley ratio is of the order of 90 to 1.

Resonance Data of 238, [International Task Force)

F. Poortmans (local task force member) - SCK/CEN Mol, K.H. Bockhoff

One of the concerted actions organized by NEANDC concerns the resonance
parameters of 238U above 1.5 keV (for the other task force see Chapter 1.2).
ORNL, Harwell, JAERI and CBNM have agreed to join this action.

In the frame of this task force the data obtained from the extensive measure-
ment campaign on 238U at GELINA which was finished in 1975, were critically
reviewed and data reduction was repeated. The results were sent to the NEA
Data Bank from where they were disseminated to the other involved labs for

an independent analysis.

1.2 CROSS SECTIONS OF STRUCTURAL MATERIALS

Neutrnon scattering width of the 1.6 kel resonance in Zon

A. Brusegan, C. Van der Vorst

Within the framework of the structural materials programme at CBNM Geel,
high resolution neutron transmission measurements have been performed in
the energy range from 500 eV to 100 keV on natural Cr (metallic) and
enriched 52Cr (oxide) samples.

The same samples were measured under different running conditions of the
150 MeV Linac (GELINA):

a) 4.5 ns burst width and 4 kW
b) 14 ns burst width and 9 kW (rotary target).

Two 4" x 3" Nal(T1) detectors, piaced at 48.9 m flight distance, were viewing

a 0.5 cm thick %,c stab.
The background was determined with the black resonance technique (Bi, Na, S)

10 . -2 . .10
B4C filter, 1.93-10 " atoms/b thick in B, was set in the beam as

and a
anti-overlap filter. The purity of the oxide sample was 99.74 ¢ (+ 0.02 %),

giving a thickness in °2cr of 1.133-1072 atoms/b.
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The two natural metallic samples, respectively (0.117 + 0.003) cm and

(0.187 + 0.004) cm thick showed a relatively important irregularity in the
thickness. The density of the sample has been taken as 7.014 + 0.182 g/cm3.
After reduction to transmission spectra, the data have been zanalysed with a
modified version of the shape analysis code SIOB (1) in order to deduce the
resonance parameters of the 1.6 keV resonance in 52Cr.

For the metallic sample, the characteristic (Debye) temperature at room tem-
perature is 450 K, which gives a Doppler width much larger than the resolution
width which was calculated by Bignami et al. (2).

For the oxide compound the Debye temperature is unknown and a value of 353 K
has been assumed for the effective temperature: in Table 2 the results of

the oxide sample spectra are given for completeness.

. .5
Table 2.  Shape analysis resulits for Zhe 1626 eV resonance Ln ’ZCA,
assuming F7 = 0.5 el

o Black resonance
Nr Sample Teff (°K) rn (meV) Filters
1 0.117 cm 324 29.9 + 1.1 S, Na, Bi
thick natural
2 metallic 324 29.2 + 1.5 Na, Bi
3 0.18 cm 316 26.7 + 0.7 Na, Bi
thick natural
4 metallic 316 28.2 + 0.5 Na, Bi, Al
5 316 30.3 + 0.7 S, Na, Bi
6 Cr203 353 30.3 + 0.8 Na, Bi
7 353 30.4 + 0.8 S, Na, Bi

As published by Kopecky et al. (3), the spin and parity of the 1.6 keV reso-
nance in %cr is J = (3/2)".

(1) G. de Saussure, D.K. Olsen, and R.B. Perez, Rep. ORNL/TM-6286
(2) A. Bignami, C. Coceva, and R. Simonini, Rep. EUR 5157e (1974)
(3) J. Kopecky, R.E. Chrien, and H.I. Liou, Nuclear Physics A334 (1980) 35-44
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The simultaneous catculation of the capture and neutron widths results in a
large dispersion of the F7 values suggesting a low sensitivity of the experi-
ment to the capture widths.

In Table 2 the resuilts of the shape analysis are quoted only for the fixed
value I‘7 = 0.5 eV: the neutron widths are given with tneir statistical
uncertainties.

Taking a weighted average of the first 5 determinations of Fn deduced from
the metallic samples spectra, yields Fn = (28.5 + 0.3) meV (statistical error
only). The assumption of broad limits (+ 50 %) on the quoted r‘7 value,
introduces a supplementary uncertainty of 1.4 meV on Tﬁ. A 3 % systematic
uncertainty is deduced from the uncertainty of the sample thicknesses and
densities: the resulting final value of the error on Fh is 2.6 meV.

Fnrv + 3.6

The calculated value of g becomes (53.9 _ 5 0) meV. It must be said

r
that a reduction of 10 % in Teff for the oxide measurement implies a change

of Fn of 1.6 %.

In Fig. 10 the continuous line reproduces the SIOB fit to the experimental
transmission data measured with the 0.187 cm thick metallic sample. The

I‘nfiy
r

quoted results for Fh and g should be considered as preliminary.

TRANSMISSION
o
]

0.4 T T T T T T T T T T
1806 1610 1614 1618 1622 1626 1630 1634 1638 1642 1646
ENERGY | eV ]

Fig. 10. Shape analysis it to the
1.6 kel nesonance trhansmission data
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The capture area of the 1.6 keV resonance of szr

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

Precise resonance data of the 1.6 keV resonance are interesting for the

following reasons:

e 52Cr is included as contamination in all samples of separated chromium

isotopes used in the capture measurements performed at Geel and the

1.6 keV resonance can be applied to normalize the capture data. This
resonance is a pure capture resonance (Fn < Fv) and hence the capture
area can be measured very accurately in a neutron transmission experi-
ment. Normalization with this resonance has the advantages that there

is need neither for a special normalization run nor for extrapolation

of the neutron flux from the eV range to the keV-range as would be the
case for Au- and Ag-resonances generally used for this purpose. Further-
more the hardness of the y-ray spectrum of the normalization resonance

is similar to that of the resonances which have to be measured.

o To see whether or not a similar discrepancy exists between the transmis-
sion and capture measurement results as that observed for the 1.15 keV
resonance of 56Fe, measured by Tiquid scintillation and by the weighting
technique. This discrepancy has led to the 56Fe-task-force and is still

not explained.

The main neutron capture measurements for the Cr-isotopes have been performed
at a 60 m flight path. However, before analysing the data and especially in
view of the points mentioned, a special 30 m flight path normalization meas-
urement has been performed and analysed and the results for the 1.6 keV reso-
nance compared with those obtained from the transmission measurement reported
above.

This 30 m capture measurement was performed using two C6D6 liquid scintilla-
tors viewing a natural Cr sample containing 8.592x1021 atoms.cm_z. The
detectnr events were weighted according to the energy of the detected photons
resulting in a detector response proportional to the total energy released in
the capture process. Recording of the events, amplitude and time, was done
with a Nuclear Data ND 6600 data acquisition system. The neutron flux was

measured using a 0.5 mm Tithium glass scintillator.
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For normalization purposes 1 mm Ag and Fe samples have been used. Addition-
ally the Fe normalization has been repeated with both Fe and Cr samples in
the neutron beam. The capture area (A) of the 1.6 keV resonance in 52Cr

determined for the different normalizations is:

3.0 meV
2.5 meVy

- using 5 Ag-resonances between 16-71 eV: A = 58.0

+
56Fe: A= 48.75 +

- using the 1.15 keV resonance in
The capture area obtained when normalized to Ag is in very good agreement
with the transmission result obtained with an oxide sample of “"Cr; i.e.

A =57.2 + 4.0 meV. However the capture area normalized to the resonance
parameters of 56Fe obtained in transmission yield a 19 % smaller value.

We conclude that there is a discrepancy between the capture areas obtained
from transmission and from capture measurements for the 1.15 keV resonance
in 56Fe, but not for the 1.6 keV 52Cr and also not for the 1.6 keV 57Fe
resonance (1).

One possible explanation of this discrepancy is the known hardness of the
v-ray spectrum of the 1.15 keV 56Fe resonance (2). However the y-ray
spectrum of the 1.6 keV 52Cr resonance is very soft and in fact comparable

to those of Ag and An resonances.

Analysis of capture data of the other measured resonances

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

The analysis has been finished for resonances up to 300 keV using literature
values for Fn. It will be repeated as soon as the Fn values from transmission
measurements performed at GELINA become available.

Resonance parametess of 53Cn
High nesclution neutron caplure cross section measwrements

A. Brusegan, F. Corvi, G. Rohr, R. Shelley, T. van der Veen, G. Van der VYorst

The 53Cr capture yield has been normalized to the area of the 1.6 keV reso-

nance of the 52Cr isotope, present as a 3.44 % impurity in the sample. The

{1} G. Rohr, A. Brusegan, F. Corvi, R. Shelley, T. van der Veen, and
C. Van de Vorst, Proc. of Int. Conf. Nuclear Data for Science and
Technology, Antwerp 1982, p. 139

(2) G. Rohr, Proc. Spec. Meeting on Fast Neutron Capture Cross Sections,
Argonne, 1982, NEANDC(US)-214/L, p. 394
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analysis of the capture data is in progress. It will be completed as soon as
the resonance data from transmission measurements at GELINA become available.
In fig. 11, the measured capture yield of 53Cr, reduced to capture cross
section, is plotted versus the neutron energy for the four s-wave rescnances
at 4.2, 5.7, 6.7 and 8.2 keV. The shape of the resonances is strongly influ-
enced by multiple scattering and prompt background contributions which make
the analysis very difficult.

Similar problems appear at higher energy, where several resonances have large

neutron widths.
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Resonance parameters o4 54Fe

A. Brusegan, F. Corvi, G. Rohr, R. Shelley, T. van der Veen, G. Van der Vorst

A detailed description of the present 54Fe neutron capture measurements has

been published previously in the Proceedings of the International Conference (1)
held in Antwerp in 1982 and reported in the second Programme Progress Report of
Nuclear Measurements of the same year. Resonance parameters and capture areas
were given up to 200 keV and compared with the results of B.J. Allen et al. (2).

(1) A. Brusegan, F. Corvi, G. Rohr, R. Shelley, T. van der Veen and
G. Van der Vorst, Proc. Int. Conf. on Nuclear Data for Science and
Technology, Antwerp, 1982, p. 127

(2) B.J. Allen, A.R. de L. Musgrove, J.W. Boldeman and R.L. Micklin,
AAEC/EUO3. (1977) and Proc. Spec. Meeting, CBNM, Geel, 1977, p. 447
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Actually, the analysis has been extended up to 300 keV, but using a modified
version of the shape analysis programme FANAC extended by the following

features:

- the number of mesh points in the cross section tables has been increased
up to 4100

~ the resolution can now be described either ty a Gaussian or by a XZ_
function. The latter, already defined in the original version of the
programme for v = 4 degrees of freedom, has been modified to accept any
value of v. In the present anaiysis the empirical value » = 24 has been
adopted, which has to be compared with » = 17 given in the calculations

of Bignami et al. (1).

Above 244 keV, the resonance neutron widths have been taken from a recent
analysis of a new high resolution measurement of the 54Fe total cross section
performed by Cornelis et al. (2). These results are still considered as
preliminary.

In the high energy capture cross section of 54Fe, background and multiple
scattering contributions can hardly be distinguished and, in particular,
separated from the yield of the very large s-wave resonances. In those
cases, where the neutron widths are of the order of 20 keV, important
corrections related to prompt background contributions must be introduced.
Data below 200 keV will be analysed once more in order to take into account
the effects of the asymmetric resolution function.

Resonance parameterns of SéFe

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

Resonance analysis

The following improvements were introduced in the shape programme FANAC in
order to better describe the resonance structure at high neutron energy and

in conditions of high resolution:

- the number of mesh points describing the energy zone under investigation
was increased from 3060 to 4100;

(1) A. Bignami, C. Coceva and R. Signorini, Rep. EUR 5157e (1974)
(2) E. Cornelis, F. Poortmans and L. Mewissen: private communication
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- the Gaussian resolution function used up to now was replaced by a xz-
function with v = 24 degrees of freedom. Such an option, which was
already present in the original FANAC programme was implemented in order
to correctly take into account the asymmetry of the moderation time jitter.
The value of v = 24, which was derived from best fitting the data, has to
be compared with the value v = 17 calculated by Bignami et al. (1) for

the region above 30 keV.

An example of fit with such an asymmetric profile is shown in Fig. 12 for the
*°Fe doublet at E_ = 102.8 - 103.2 keV.
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Fig. 12.  Fit of the “°Fe capture
doubfet at 102.8 - 103.2 keV with an
asymmetnic resolution function
{programme FANAC)

Since a systematic discrepancy was noted between the resonance parameters
obtained from FANAC and those obtained from the area programme TACASI for
the same isolated resonances, this last programme was also carefully re-
examined. Several improvements were introduced, the most important of which
is also an increase in the number of mesh points up to 3000 in order to more
completely cover the energy region reached by a neutron after a single scat-
tering in the sample. The 56Fe capture data were re-analysed with such
improved programmes; moreover the energy region under investigation was

(1) A. Bignami, C. Coceva, and R. Simonini, Rep. EUR 5157e (1974)
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extended up to 350 keV and parameters for a total of 115 resonances were
deduced. As a consequence of the improvements done, the discrepancy between
the results of FANAC and TACASI has practically disappeared.

Measurement of the scattered neutron sensitivity

In order to precisely determine the capture widths of s-wave resonances one
must know the contribution to their capiure areas due to prompt detection of
scattered neutrons. To meet this goal, a measurement of the scattered neu-
tron sensitivity as a function of energy was recently carried out in the
following way. The counting rate of a 7 mm thick graphite sample, which
scatters about 27 % of the neutrotis, was compared to that of a 0.5 mm thick
gold sample. "Black resonance" filters of S and Na were continuously kept

in the beam in order to monitor the background around 102 keV and 2.85 keV.
In the graphite sample run, a sizeable dip was apparent at about 102 keV,
corresponding to a signal-to-background ratio of 1:1, while practically no
dip was visible at 2.85 keV. Additionally, an "open beam” run was performed,
always with the same filters in place: the TOF spectrum from such a run was
then taken as a background for the other runs after normalization to the same
counting rate at 102 keV. The results are compared to those of other detec-

tor set-ups in fig. 13.
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Qur neutron sensitivity follows the same trend as the Oak Ri ge detectors but
is a factor 2 to 5 Tower. This is probably due to the absence of fluorine in
the scintillators and of any massive material in the vicinity except for a
Tight aluminium support. After correction of the F7 of s-waves for the above
effect, the final data including parameters for 115 resonances have been
presented at the Consultants' Meeting on Nuclear Data for Structural Materials,
IAEA, Vienna, 2-4 November 1983, under the title "The Neutron Capture Cross

Section of 56Fe from 1 to 350 keV".

1.15 keV nesonance o4 56Fe
(International Task Fonrce)

G. Rohr, A. Brusegan, F. Corvi, K.H. BGckhoff

The large difference in Fn values (about 30 %) of the important 1.15 keV reso-
nance as they were obtained on one hand from neutron transmission and on the
other hand from neutron capture measurements is the matter of concern of this
task force. The discrepancy was first observed by G. Rohr. On request by
the task force 1eqder F. Perey (ORNL) the data from two different capture
measurements on E’Fe performed at CBNM (run I and run II) were re-examined

in each detail, because the resulting capture areas of the 1.15 keV resonance
differed on the average by 10 %. A partial explanation for this deviation
has been found but no hint could be discovered Teading to an explanation of
the Fn discrepancy between capture and transmission results.

CBNM transmission data obtained in 1982 were sent to ORNL for analysis.

High nesolution neuthon thansmission measurements in "0k,

. x . *k *k .
E. Cornelis , L. Mewissen , F. Poortmans , H. Weigmann

The analysis of the high-resolution (0.0l ns/m) total cross section experiments
on 56Fe is completed.

The neutron widths were determined from a shape analysis of the data using the
Reich-Moore multilevel routine MULTI up to the threshold for inelastic scat-

tering at 850 keV. The assignment of spin and parity of sufficiently broad

Rijksuniversitair Centrum Antwerpen, Belgium

**  SCK/CEN Mol, Belgium
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resonances (resonance width not much smaller than resolution width) could be
done on the basis of the resonance shape and peak total cross section. The
best overall fit of the data was obtained with a channel radius R = 5.0 fm.
In total 188 resonances were analysed in the energy range from 240 keV up to
850 keV. For 80 among them, the spin and parity was determined. This has
yielded the following results for the strength functions in the energy range
from 240 keV up to 850 keV:

S, = 2.6 N 8:2 x 107 (24 resonances)
S1 = 5.0 i }'? X 10_4 (30 assigned p-wave resonances)
S, = 2.8 i 8'? x 1074 (26 assigned d-wave resonances)

By comparing our results with the ENDF/B-V evaluation, good agreement for
the s-wave structure but quite important discrepancies for the p-wave and

d-wave structures are noted.

Resonance parametens o4 57Fe

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

High resolution neutron transmission and capture measurements have been
performed at GELINA with a 4 ns pulse width. An enriched 57Fe—oxide sample

has been employed at 50 m and 60 m, covering energy ranges up to 100 keV and
600 keV for transmission and capture measurements respectively. The detecting
system consisted of a pair of 4" x 3" NaI(T1) detectors together with a 5 mm
1084C slab for transmission and a pair of 4" x 3" C6D6 liquid scintillators

for the capture measurement.

The neutron resonance parameter results obtained from the transmission measure-
ment for the 1.6 keV resonance have been used to normalize the capture measure-
ment. For the capture yield the so-called weighting technique has been applied
whereby the capture events were weighted acgording to their amplitude informa-
tion in order to achieve a detector efficiency proportional to the total gamma
ray energy released in the capture process. The relative neutron flux was
measured with a 3 mm thick 10840 slab using the capture detectors to view the
478 keV photons associated with the neutron absorption 1OB(n,a7)7L1' reaction.



- 27 -

Comparison was also made with the flux measured by a 6Li glass detector below
100 keV and with that measured by a multiplate 235U fission chamber above

100 keV, giving an agreement within 3 % up to 400 keV.

The data sets have been analysed by means of modified versions of the multi-
level FANAL and FANAC programmes and the single level TACASI programme. The
low inelastic scattering threshold (14.4 keV) for spin J = 1 resonances ana-
lysed with the muiti-level Reich-Moore formalism, including the elastic and
one inelastic channel, enabled the determination of the inelastic scattering
cross section by means of the transmission measurement (1). A typical neutron
capture cross section for 57Fe fitted by the FANAC programme is shown in

Fig. 14.
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Fig. 14. Neutnon capfure cross section fitted by the R-matriix shape code
FANAC overn the energy range 23 fo 44 keV

Neutron resonance parameter results for 120 resonances up to 200 keV were
presented at the Antwerp conference (2) and tabulated along with earlier
capture data published by ORNL. A comparison of the two capture area data
sets, for well resolved p-wave resonances where our statistics are good, is
best done in three energy ranges. Firstly below 20 keV, where two large

(1) G. Rohr and K.N. Miller, Z. Physik 227 (1969) 1

(2) G. Rohr et al., Int. Conf. on Nuclear Data for Science and Technology,
Antwerp 1982, p. 139
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s-wave structures are predominant and ten resonances are compared, our
results are on average 15 % higher than those of ORNL. Between 20 keV and
50 keV agreement within 2 % is achieved, while over the rest of the energy
range analysed, where as mentioned earlier broad s-wave resonances, poorer
statistics and also a higher level density have made the analysis rather
difficult, our results average 7 % higher. The agreement between ORNL and
CBNM averaged over the whole energy range is within 8 % although this figure
would be somewhat improved were it not for the large low energy discrepancy
which may be caused by an incorrectly determined neutron flux. It should
also be noted that the ORNL data have since been increased by 3.6 %, thus
bringing both data sets to within 5 % of each other. Our uncertainties
include statistical and systematic errors due to the background, neutron
sensitivity, relative flux and inconsistency of our two analysis programmes
as discussed earlier, but not for the difference in spectrum shape because
of the unsettled situation of this problem.

1.3 CROSS SECTIONS OF FISSION PRODUCTS

Average captune measurements o4 7493m

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

At a 30 m flight path the capture measurements which extend up to 300 keV
have been finished. A run extending up to 1 MeV is planned for beginning
1984 on a 60 m long flightpath.

1.4  GAS PRODUCING REACTIONS

Measwiement o4 (n,a) cross sections §rom threshold to 14 MeV neutron enengy

E. Wattecamps, F. Arnotte

A multi-telescope system has been used for the determination of (n,a) cross-
sections of Cr, Fe and Ni from 5 to 10 MeV (1) and at 14 MeV (2). Measurements

(1) A. Paulsen, H. Liskien, F. Arnotte, and R. Widera, Nuclear Science and
Engineering, 78, 377-385 (1981)

(2) E. Wattecamps, H. Liskien, and F. Arnotte, Proc. of the Int. Conf. on
Nuclear Data for Science and Technology, Antwerp, Sept. 1982, p. 156
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of other elements with even smaiier cross-sections are envisaged. To under-
stand and possibly reduce the background a detailed investigation of energy
“E", energy loss "AE" and time spread "r" between E and AE was performed by
simultaneous acquisition of these three parameters. The three-dimensional
distributions in E, AE and r were investigated by the analysis of two-dimen-
sional spectra in (AE,E), (E,7) and (AE,7). It turns out that r is energy-
and energy loss-dependent. Areas in the (E,7)- or (AE,r)-distribution that
are typical for a-particles are easy to define but coincide entirely and
solely with all events of the alpha area in the (AE,E) distribution used up
to now. It is therefore concluded that smaller resolving times of triple
coincidences or even an energy dependent time window do not reduce the back-
ground significantly.

The Van de Graaff accelerator provides neutrons from 5 to 10 MeV by the
D(d,n)3He reaction with a strong forward directed neutron yield. The below
described test measurements were performed to see if this source property
could be better exploited than in the hitherto used multitelescope.

The source-to-~sample distance was chosen to be 5 cm (instead of the earlier
20 cm) and the sample-to-energy detector distance was fixed at 9 cm (instead
of the earlier 4.5 cm). No neutron shield was used. jest runs at 8 MeV
neutron energy for a-particle emission at 0°, 22° and 45° from a thin Ni-
sample were performed using a single telescope made of two A~filled AE-pro-
portional counters in front of a 9 cmZ x 100 um surface barrier semi-conduc-
tor acting as E counter. As expected from the angular distributions of the
source neutrons the background (Fig. 1i5b) is much larger at 0° than at 45°.
The net signal (Fig. 15c) amounts to about 7500 counts and illustrates that
the au-particle spectrum below channel 20 (corresponding to approximately

3 MeV) is practically zero, as to be expected from the coulomb barrier
repulsion and as observed in previous measurements. Thus the background
determination at least for 45° and 22° is performed properly down to 1 MeV
alpha particle energy, even though large numbers must be subtracted from
each other.

A second sequence of runs was performed with the single telescope at 22° but
with samples of Ni, Cu and Nb. The alpha particle energy spectra for these
three elements, as observed in runs of approximately 4 hours each, are given
in Fig. 16. The (n,a) yield of Cu is much lower than that of Ni, but measur-
able. The Nb run yielded only 125 net counts above 5 MeV a-particle energy,
but the corresponding background run resulted in only 5 counts for the same
energy threshold.
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We conclude from the above described runs, that an extension of these tests

to backward angles, is justified.

1.5 VARIOUS MEASUREMENTS AND DEVELOPMENTS

Determination of double-differential neutaon emission cross-section §or v

E. Dekempeneer*, H. Liskien, F. Poortmans*

This cross section will be determined in view of its importance for the
neutron spectrum in blankets of fusion reactors. Pulsed neutrons at 40 m
from a bare Y-target at GELINA will serve as primary neutrons up to 16 MeV.
Detection of scattered neutrons occurs in six 5 x 5 cm NE 213 - scintillators
coupled to RCA 8850 photomultipliers. These detectors serve as double
spectrometers. The primary neutron energy is determined by TOF, the energy
of scattered neutrons by pulse-height unfolding.

The calibration of these detectors has been obtained with mono-energetic
neutirons from the reaction T(p,n)3He, D(d,n)3He and T(d,n)4He using the Van
de Graaff accelerator. The absolute scale is based on proton recoil counting
employing a telescope counter.

Fig. 17 shows the results of the efficiency determination for a bias setting
of 171 keVY electron energy. The dotted Tine represents the results from
Monte-Carlo calculations using the code NEFF4 (1) of PTB.

35%
wd .
E’ZD: ] . ._..»...-..;.,
Fig. 17, Edgdlcdency of a 5 am @ x 5 cm ARk I
w g
NE213 scintillaton with a bias setting at I
171 keV electron energy. The dotted Line R e
0 2 3 6 [:] 10 12 "% 18
is the nesuli of Monte Canlo calcufations CHANNEL Eq [MeV

(1) G. Dietze and H. Klein, PTB-Bericht ND-22 (1982)
SCK/CEN Mol, Belgium
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Figures 18 and 19 show selected response functions at 3.0 and 9.5 MeV neutron
energy, respectively. The spectrum shape at lower pulse-heights is deter-
mined by neutron interactions with the carbon nuclei of the scintillator.
Again, the dotted lines are the results from the PTB code NRESPAE (1)
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It is planrad to check these response functions on a relative base with
non-monoenergetic neutrons from GELINA in the final experimental set-up.

On-Line neutnon time of fLight to energy conversion

C. Bastian, P. ter Meer

In conventional time of flight spectroscopy, the digital output of a time
coder is used as the address where to increment the memory of a multichannel
analyser. Nuclear events are thus sorted by neutron time of flight, a

neutron energy spectrum may only be obtained by an off line conversion involv-
ing the flightpath distance and the time lag of the detection chain. In par-
ticular, this means that simultaneous measuréments with e.g. two detectors at
different distances cannot be brought in direct channel-to-channel correspon-

dence on an energy scale.

(1) G. Dietze and H. Klein, PTB-Bericht ND-22 (1982)
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Using an Intel 8086 microprocessor board * connected between a 4 ns CBNM
time coder at the input, and a ND 6660 multichannel analyser at che output,
we designed and tested a PASCAL software package for on-line TOF-to-energy
conversion. This package essentially converts the time of flight address
directly to an energy address on a linear or (optionally) logarithmic scale.
It may handle simultaneously the input of up to 16 different detectors,
provided that they are identified by corresponding tag bits in the time coder
output.

As a test run, we recorded the output of a flux detector through a U
filter. The energy of the resonances can be directly determined on the raw
spectrum of fig. 20 (upper trace) or on the spectrum in which the count rate
fluctuations have been eliminated (lower trace). The recording energy scale

is linear, from 1 eV to 50 keV.
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this board is a part of an INtellec Development System (Series III)
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1.6 STAWDARD NEUTRON DATA

Intercomparnison of neutron 4Lux detectons

K.H. Bockhoff, C. Bastian, A. Brusegan, C. Budtz-Jgrgensen, F. Corvi,
H.-H. Knitter, J. Wartera, H. Bax, C. Biirkholz, R. Buyl, C. Van der Vorst

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.

Over the years a variety of different neutron flux detectors has been deve-
loped and used at GELINA, all employing the conventional neutron standard
reactions.

A campaign of intercomparing the shapes of the response functions of these
detectors in a given neutron energy spectrum has been launched at GELINA.

The goals of this exercise are:

e to improve our knowledge about the relative merits of these detectors

® to prepare for an international intercomparison of neutron flux detectors

® to arrive at an improved knowledge of the neutron fluxes available at
GELINA, in particular at higher energies (MeV range).

The first part of this campaign deals with neutron flux detection in the
Tower part of the neutron energy spectrum of the Linac neutron source which
is enhanced by means of moderators. The detectors to be intercompared are
grouped into two classes:

® high efficiency (count rate) detectors
® Jow efficiency (count rate) detectors.

The response functions of the detectors of each group will be compared. The
information obtained for each group will be linked by means of one detector
which is common to both groups.

Intercomparison of high efficiency neutron flux detectors

- o B - — ———

The energy range of interest extends from a few eV to about 1 MeV. The types
of flux detectors, their size, the reaction involved, the thickness in at/b
of the target isotope, the flight path station and the Tinac parameters are
listed in Table 3. The detectors 1 to 5 were used one at a time on the same
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Tabfe 3.  Main parametens o4 the intercomparison o4 nigh efdiciency neutron
4lux detectons

]
Detector Flight path Linac Parameters
Size : Thickness Length f at P
Type {cm) Reaction (at/b) Number (m) (Hertz) (ns) (kM)
1 Multi-plate fission chamber p=9.0 | Bynf|oioxw03| 12 28 400 1z 4
2 Aut=0.6mm g =90 | Aung) |3.58x1073 | 14 28 400 12 4
two CSDS scint.
3 105 51abt =0.6m g-80 | Upnar)l 6x107% 14 28 apo 12 4
+ two C.D. scint.
606
4 W sabt-3m 9.0 x 9.0 | Pn,ur)| 0.0 14 58 100 12 1
+ two C.D. scint.
606
5 Oiglass t = 0.5 m g=9.0 | ST [o0.80x107% | 1 58 100 12 1
6 OLiglass t=0.5m p-100 | bi(n,) |0.Bax107Y | 16 58 100 12 1
400 12 4

flight path 14. However, depending on their counting efficiency, the detec-
tors 1 to 3 were placed at a distance of 28 m from the target, while the
others were placed at 58 m. To avoid overlapping from previous cycles, the
sane 108 filter of thickness 5.68 x 10'3 at/b was used throughout. Finally,
detector 6, which was placed on a separate flight path, acted as a sort of
reference detector: its data were recorded during the course of the whole
exercise in order to check the stability of the neutron flux shape and
possibly correcting for small deviations. Background was determined using
“black" filters of S, Na, C, W, Ag. The analysis of the data is underway.
Prior to the continuation of the analysis of the data an action was taken

to improve the programme currently used for background and flux determina-
tion at the Linac. We kept to the idea of the modular programme ANGELA,
originally written in FORTRAN to be executed in batch as a chain of standard
spectrum to spectrum operations (e.g. additions, fits, normalizations, etc...).
The newer tool is an APL workspace, also called ANGELA for ANalysis of fEel
LAboratory results. This newer version is operated interactively. [t does
not put any intrinsic 1imit to the size of the spectra (4096 channels at
most in the former version). It also ensures a complete parallel treatment
of the error propagation, associating to every intermediate result a variance

spectrum (uncorrelated) and a covariance matrix (correlated errors).
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We attempt a comparison of some available experimental data. The result (1)
is an estimate of the flux in the range 1 keV - 1 MeV relying on the older
version for fit operations.

ATl options necessary for the intercomparison are now operational. A com-
plete test run was done with data from Brusegan (B-slab at 30 and 60 m).
The results at 30 m are shown in Fig. 21.

1000000 5
1
100000 5 "]W - B-SLAB, 0.6 mm
‘l N DIST=30m
. 10000 W BACKGROUND
@ ] CORRECTION
& 1000 4
a 3
2
£ 1004
2
o
© 10
] A
14 AN l’ Yy
\\1 r\\
Q. — T —rrr— T T T
1 10 100 1000 10000 100000  IE6

ENERGY [eV)

Fig. 21.  Analysis of detecton comparison

Intercomparison of low efficiency neutron flux detectors

The useful energy range extends here from 7 eV to 100 keV. In a first run
the detectors quoted in Table 4 were investigated.

The intercomparison of the response revealed large deviations from results
to be expected under ideal circumstances, in particular towards higher
energies. The discrepancies are probably due to y-flash effects which

are strong at the short flight paths used. To overcome these effects,

the detectors have been moved to a 30 m station and the measurements were
started again, of course with strongly reduced neutron intensities and
therewith long data accumulation times.

(1) GE/R/LI/105/83 (Internal Report)
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Table 4. Madn parameterns of the (ntercomparison of Low efjicdency wneutrcn
flux detectons

Detector Flight path Linac Parameters

Type ?lﬁ Reaction | WTPIe T?;S‘é;%s N Ler(ﬂ;h (He:tz) (jg) (Em
1 Ion chamber 4.5 B in ) 2 245 2 | 7.53 900 16 | 7
2 lon chamber 4.5 g0} 2 30 2 | 7.6505 800 16 | 7
3 2 ion chambers 4.5 B3yen ) z 193.5 2 7.6105 800 1.6 7
7.6505 800 16 | 7
4 paralle) -late prop. 7.5 10g (a0 2 1.28 2 | s8.607 800 1.6 7

counter

5 Gaseous scintillator +) 6L1'(n,u) 19 mq 2 10.40 300 1.6 7
6  Gaseous scintillator . g inay I mg 2 | 10.40 800 1.6 7

*) Cylindrical samples with an effective area of 200 cm2

Linac newtrnon spectum measurements

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

For neutron detection using the time-of-flight technique three ionization
220, 1),

He respectively were constructed and set
10

chambers detecting the reaction products of the nuclear reactions
08 na)’Li, 7L and OLi(n,t)?
up at a 8 m station of the CBNM Linac. The

first time. It consists of two layers of 1OB, 30 ;.'.g/cm2 thick and with a

B-detector is in use for the

diameter of 4.5 cm, mounted hack-to-back on a common cathode of two gridded
jonization chambers, so that the reaction products are detected in the whole
dn-solid angle. Preliminary tests performed at an eight meter target dis-
tance have shown that the y-flash of the linac induces a signal which is
about two times larger in amplitude than the one detected for the particles.
Therefore, a time interval of ~ 1 us was gated out. The pulse height dis-
tributions obtained then from the cathode and from one of the anodes acquired
during a few minutes are shown in Fig. 22. The 7Li and alpha particle pulses
are well separated from the electronic noise and from neutron-induced counter
gas recoils. This good separation and the timing resolution of about 20 ns
make also this detector able for neutron spectrum measurements at the CBNM
linac.
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Caleulation of newtnon yields 4rom heferogeneous wianium-beryllium targets

H. Weigmann

Approximate calculations of neutron yields from the bombardment of targets
consisting of sequences of U- and Be-plates by 120 MeV electrons have been
made. Monte Carlo techniques have been used for most of the calculations.
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The four targets which wiil be discussed below are scnhematically shown in
Fig. 23: Target A is a pure U-target of 10 cm lencgth; target B consists

of a 3 mm U converter followed by a 20 c¢cm Be block; target C consists of

10 plates of U, each 2 mm thick, and 10 plates of Be, each of 2 cm, arranged
in an alternating sequence; target D has the same Be-plates as C, but the
U-plates have increasing thickness (from 1 to 4 mm) as shown in the figure.

100 mm

3 200 mm

—_— C

220220220220220220220220220220 mm

]

LA D

1201201201201 202202203 203204 20 mm

e

V22
c

Figs 23.  Schematic drawing of the
tangets Linvestigated; numbers are
thicknesses of plates in mm

Several other similar geometries have been tried as well, with results
differing only slightly from the ones discussed below. Since the production
of bremsstrahiung as well as the creation of secondary electrons by photo-
and compton-effect and pair-production at thé energies of interest are
strongly forward peaked, the angular distribution in these processes is
ignored and the electron-gamma cascade is calculated in a one dimensional
model. This represents the most importent approximation in the present
calculations. Also, the angular distribution of the emitted neutrons is
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not investigated, but only the overall neutron production is calculated.
However, within the accuracy which can be expected from a rough model cal-
culation, the assumption of an isotropic emission of the neutrons produced
will not be too crude. The main source of neutrons from U are (y,n), (v,2n),
and (v,f) reactions through the giant resonance. The giant resonance parame-
ters as determined by Caldwell et al. (1) have been used.

The fission neutron multiplicity v as a function of photon energy has been
taken from Caldwell et al. (2). The spectrum of fission neutrons is assumed
to be a Maxwell spectrum with the temperature depending on v as given by
Terrell (3). Apart from the giant resonance part a pre-equilibrium contri-
bution to the 238U
Kaushal et al. (4) on high energy neutron spectra from 55-85-MeV photon

(v,n) reaction is assumed. The experimental data of

bombardment of U have been used to parametrize this contribution.

Since one of the purposes of the present investigation was to look for a
possible improvement in the output of high energy neutrons by the use of

Be as compared to the standard pure U-target, care has been taken not to
underestimate the pre-equilibrium contribution from U but rather to use

a high estimate for it. Nevertheless, this contribution provides the main
source of uncertainty for the comparison below.

The neutron yield from the interaction of photons with Be is due to several
reaction channels. At lower energies (E7 < 18 MeV) essentially three channels
9Be(y,n)SBe*, and 9Be(v,a)SHe with 5He > 4He+n. At

higher energies also 9Be(7,2n) and 9Be(y,pn) come into play. The cross

compete: 9Be(7,n)88e,

sections and branching ratios have been expressed in simple parametrizations

(1) J.T. Caldwell, E.J. Dowdy, B.L. Berman, R.A. Alvarez, and P. Meyer,
Phys. Rev. C21 (1980) 1215

(2) J.T. Caldwell, E.J. Dowdy, R.A. Alvarez, B.L. Berman, and P. Meyer,
Nucl. Sci. Eng. 73 (1980) 153

(3) J. Terrell, Proc. of Symp. on Physics and Chemistry of Fission,
Salzburg 1965, Vol. II, p. 3; IAEA Vienna 1965

(4) N.N. Kaushal, E.J. Winholds, P.F. Yergin, H.A. Medicus, and
R.H. Augustson, Phys. Rev. 175 (1968) 1330



- 41 -

which reproduce experimental data given in ref. (1_4).

The energy distribu-
tion of the emitted neutrons for the lower energy region is obtained according
to the branching ratios into the three competing reaction channels. For the
higher neutron energies again the experimental data of Kaushal et al. (5)

have been used for a parametrization.

The results of the calculations are given in Table 5 and in Figs. 24, 25, 26.
Table 5 gives the overall number of neutrons produced in U, Be, and totally,
for the four above targets, when bombarded with 120 MeV electrons at 10 kW

average power,

Table 5.  Nuwmbens of neutnons produced (10]3 newtrons /s

Target U Be Totally
A 4.08 -—- 4.08
B 0.22 0.47 0.69
C 2.03 0.36 2.39
D 1.77 0.35 2.12

Fig. 24 shows the neutron spectra obtained for the same conditions. Although
the total neutron output from the heterogeneous U-Be-targets (C and D) is
Tower than the one from the pure U-target, the increased intensities at high
neutron energies (above 7 MeV) makes them interesting e.g. for work in the
field of nuclear data measurements for fusion reactor applications.

{1) F. Ajzenberg-Selove, Nucl. Phys. A320 (1979) 1

(2) R.J. Hughes, R.H. Sambell, E.G. Muirhead, and B.M. Spicer, Nucl. Phys.
AZ238 (1975) 189

(3) U. Kneissi, G. Kuhl, K.-H. Leister, and A. Weller, Nucl. Phys. A247
(1975) 91

(4) J. Ahrens, H. Borchert, K.H. Czock, H.B. Eppler, H. Gimm, H. Gundrum,
M. Kroening, P. Riehn, G. Sita Ram, A. Zieger, and B. Zijegler, Nucl.
Phys. A251 (1975) 479

(5) N.N. Kaushal, E.J. Winhold, P.F. Yergin, H.A. Medicus, and R.H. Augustson,
Phys. Rev. 175 (1968) 1330
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In Fig. 25 the heat dissipation within the targets is shown. One of the
main advantages of the heterogeneous U-Be-targets Ties in the fact that the
heat dissipation is distributed over a larger volume, and therefore cooling
of these targets will provide no essential problem.

In order to arrive at a still more uniform heat distribution than obtained
with target C, target D has been included in the study. As seen from

Fig. 24 the neutron output of these two targets differs only slightly.
Finally, Fig. 26 gives the ratios of neutron yields from targets C and D,
divided by the yield from the standard pure U-target A.

Absolute charged parnticle counting using a grnidded <on chamber

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

A method employing the combined energy and angle information from a gridded
ion chamber was developed for precise charged particle counting. The method
was tested both with spontaneous alpha particles and with neutron induced
fission fragments.

As an illustration of the potential of the present technique the measured
cos ¢ distributions of fission fragments emitted from a set of 235U fission
layers are given in Fig. 27.
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From these distributions the absolute number of fission events induced in the
layers can be determined to better than 0.5 % circumventing sampie fragment
absorption and scattering problems.

The experience and results obtained with the present technique were reported
in two papers, "A precise method for charged particle counting employing
energy and angle information from gridded fon chambers" and "“Investigation

of fission layers for precise fission cross section measurements with a
gridded ionization chamber". The first paper was presented at the Seminar

on Alpha Particle Spectrometry and Low Level Measurements (Harwell, May 1983).
The second paper was presented at the IAEA 235 /252Cf Consultants' Meeting
(Smolenice, April 1983) and is accepted for publication in Nuclear Science

and Engineering. Its abstract reads as follows:
" An ionization chamber with Frisch-grid is used to determine both the
energy (E) of the charged particles emitted from the source positioned
coplanar with the cathode, and the cosine of the emission angle (¢) with
respect to the normal of the cathode. In the plane determined by the
variables cos ¥ and E it is possible to identify an area which is unaf-
fected by backscattering and selfabsorption. Events belonging to this
area show an isotropic angular distribution for alpha particles and also
for fission fragments induced by thermal neutrons, which, extrapolated
to 90°, yields the absolute number of events. The capabilities of this
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technique are demonstrated by the investigation of four evaporated 235 yF,
layers and one suspension sprayed >°°U; Qg layer. For the UFs layers the
alpha particle source strengths were determined, and agreement was found
within 0.3 % with values independently measured by low geometry alpha
counting.

The same methcd was applied also to fission events induced by thermal
neutrons. An accuracy for the determination of the total number of
fission events of better than 0.5 % is reached. The longstanding doubts
on the magnitudes of fragment absorption and scattering are in principle
circumvented by the present method and therefore no assumptions on frag-
ment ranges and scattering cross sections are needed. It is also empha-
sized that the present method, within reasonable limits, is insensitive
to source shape and thickness homogeneity."

252

Neuirnon emission 4rom the spontaneous 4ission o4 C4

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

Several attempts have recently been made to give a theoretical description
of the standard neutron spectrum of 252Cf. 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,Bn, A,TKE) which can help to clarify the nature of the
fission neutrons.

The gridded ion chambers developed at CBNM provide a powerful tool for such
measurements since fission fragment angle, kinetic energy and mass distribu-
tions can be determined simultaneously with an angular efficiency close to
4r ., Preliminary tests have been made with a fission chamber loaded with a
252Cf source of ~ 4 x 103 fiss.s'l. However, the source backing, 0.5 mm
stainless steel, did only allow the detection of one fragment per fission
event. Therefore, only a rough distinction between Tight and heavy fragments
could be made based on the fission fragment energy spectrum, The fission
neutrons were detected with a 4" x 2" 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 252Cf source with a direction normal to the chamber elec-
trodes. The cosines of the angles 6, between this direction and the path

of the Tight fission fragments were determined using the chamber anode and
cathode pulses. Figure 28 displays a biparametric plot of the number of

neutrons versus cos 6 and versus the neutron time-of-flight. At higher
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neutron energies it can be seen that the neutrons are emitted mainly in the
direction of either the 1light or the heavy fragment, confirming that most
of the neutrons are emitted from the fully accelerated fragments. It is
planned to continue the measurements with a 252Cf source on a thin backing
which will allow simultaneous detection of both fragments. This will allow
to study the neutron spectra not only as function of the fission fragment

emission angle, but also as function of the fission fragment mass and energy.

International fast neutnon fluence Lntercomparison

H. Liskien, R. Widera

Under the auspices of CCEMRI/BIPM section III, four branches of intercompari-
son are presently going on. CBNM acts as coordinator for that branch which
is based on 115In(n,n')llSmIn. Results have recently been discussed by
CCEMRI III.

Figure 29 shows the results from six laboratories at 2.5 and 5.0 MeV. One
additional laboratory has withdrawn its results in an earlier stage. The
numbers at each result indicate how many individual measurements have been

executed.
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Averaging of these individual results has been performed by properly taking
into account correlations. The smaller of the two given uncertainties refers
to the fluence measurement alone. This demonstrates, that the uncertainty
contribution from the transfer method is acceptable.

At 14.8 MeV partly inconsistencies show up. As most laboratories have also

participated in another branch based on 3

Nb(n,2n), which did not reveal such
inconsistencies, it is concluded that the problem is due to scattered neutrons.
The different response of the detectors is explained in Fig. 30.

For Nb(n,2n) degraded neutrons see smaller activation cross sections than the
primary neutrons. Below 9 MeV there is no response at all. For In(n,n')
degradéd neutrons see much larger cross sections. There is response down

to the 0.3 MeV region.

CCEMRI III came to the conclusion that the results at 2.5 and 5.0 MeV should

be published in Metrologia. A manuscript entitled "International Fluence

Rate Intercomparison for 2.5 and 5.0 MeV Neutrons" was prepared and accepted.
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The abstract reads as follows:

"Fluence determinations for 2.5 MeV and 5 MeV neutrons as
performed in standards laboratories have been compared.
The intercomparison method is based on the determination
of a y-rate ratio between ''* "In as induced by fast neu-
trons in an indium sample on one hand, and *'Cr from a
calibrated source on the other hand. Results show that
the uncertainty contribution from the transfer method
does not essentially increase the overall uncertainty and
that there is consistency with only one exception.”

Concerning the 14.8 MeV results CCEMRI II demanded that the effect of
scattered neutrons is studied more in detail and on equal basis for all

participants.
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1.7  UNDERLYING PHYSICS

Neutnon resonance structure of Light elements: 8554

* .
I. Van Parijs*, L. Mewissen*, F. Poortmans , H. Weigmann

A first series of high-resolution (0.01 ns/m) neutron total cross section
measurements has been analysed up to the inelastic threshoid at 1.78 MeV.
The T = 3/2 isobaric analogue state in 29A1 has been found at 1200.8 keV
neutron energy.

A second series of experiments between 1.5 MeV and 4 MeV has been started.

The 4’Ca(n,a)38An neaction in the nesonance region

C. Wagemans*, H. Weigmann, R. Barthélémy, J. Van Gi]s*

The 41Ca(n,a)38Ar reaction is of importance for astrophysics, since the

46Ca is seriously Tower than the value

observed abundance of the isotope
obtained in nucleosynthesis calculations. These calculations strongly
depend on the reaction 41Ca(n,a)38Ar‘, for which no experimental data are
available.

During a test experiment, a dozen (n,a)-resonances were observed in the
neutron crergy range from 4 to 140 keV. Meanwhile, the experimental condi-
tions !=ve been improved, which will result in a better energy resolution
and which will allow an extension of the measurements towards higher neutron

energies.

Fission fragment mass, hinetic enengy and angularn distributions fon
235u(n,5) in the neutron energy range grom therwmal to 6 Mel

Ch. Straede**, H.-H. Knitter, C. Budtz-Jgrgensen

A double Frisch gridded ionization chamber has been used for the measurements
of fission fragment mass, kinetic energy and emission angle of both fission

fragments from neutron induced fission of 235U. Data have been measured at
different neutron energies, En, ranging from thermal to 6.0 MeV in steps of

0.5 MeVv.

*

SCK/CEN Mo1, Belgium
Bursary student
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The evaluation of the acquired data is in progress. In the present figures
only the results of the evaluation of a short (5 hours) thermal test run and
the preliminary evaluations of the data acquired at 3.5 MeV, 4.5 MeV, 5.0 MeV
and 5.5 MeV are shown.

In fig. 31 the pre-neutron emission mass distribution from the thermal test

. . 3 1
run is compared with data of Schmitt et al. ( ).
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Fig. 31. Pre-neutron emission mabds
distribution 4nom thermal neutron {nduced
488400

In fig. 32 the so-called provisional mass distribution is shown for thermal
neutrons and for En = 5,5 MeV. The typical changes of the yield for differ-
ent mass splits are clearly seen.

Since both, kinetic energy and mass for each fission fragment is known from
the measurement, it is possible to see how the mass distribution changes
with KE, and thereby with excitation energy of the fissjon fragment. For
thermal neutron induced fission the average pre-neutron emission KE of the
light fissjon fragments is ~ 102 MeV. When selecting increasingly higher
KE, going towards cold fragmentation, the mass distribution shows more and

more structure.

(1) H.W. Schmitt et al., Phys. Rev. 141, 1146 (1966)
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In fig. 33 the mass distribution from the short thermal run is plotted for a
KE interval of (110 + 0.5) MeV. The distribution is compared to experimental
data of Lang et al. (1), measured at the mass spectrometer LOHENGRIN. The
mass resolution of LOHENGRIN is = 0.2 amu and the comparison in fig. 33
shows that the mass resolution of the relatively simple ionization chamber

is not worse than ~ 2 amu.
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Fig. 33. Comparison o4 massh 24 3"0 .
. . . o8 [
distributions from cold 4ragmenta- 0 of® B,
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(1) W. Lang et al., Nucl. Phys. A345, 34 (1980)
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In fig. 34 it is shown how the total kinetic energy, TKE, changes with neutron
energy for different mass splits, and how the average total kinetic energy,

TKE, averaged over all mass splits, changes with En'
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With the exception of TKE the present results are only the so-called provi-
sional values, where no explicit correction for prompt neutron emission is
made. Evaluations giving pre-neutron emission values are in progress. In
the upper part of fig. 34 the shift in average total kinetic energy, TKE,
with En is shown. Pre-neutron and provisional values are shown for compari-
son. A decrease in TKE for E_= 4-5 MeV is found in agreement with earlier
data (1). A general decreasenin TKE with increasing neutron energy is caused
by changes in the fission fragment mass distribution, but it does not explain
the structure at En = 4-5 MeV.

(1) J.W. Meadows and C. Budtz-Jdgrgensen, Proc. Int. Conf. on Nuclear Data
for Science and Technology, Antwerp, 1982, p. 740, Ed. K.H. Bdckhoff



- 53 -

An explanation of this structure might be found in the framework of a static
scission point model (1). According to this model a sudden decrease in TKE
would be expected for mass splits close to the 104/132 split. The model also
predicts a smooth increase in TKE for symmetric fissions with increasing En'
Indeed a sudden drop in TKE is seen in fig. 34 for the 1047132 and 108/128
splits for En = 4,5 MeV. It is also seen that TKE for the symmetric splits,
fig. 34d, in the presently evaluated data is higher than the thermal vaiues.
The nature of this shift will be seen in the evaluation cf the lower neutron
energy data. Furthermore fig. 34 shows that TKE is still close to the thermal
value for the 88/148 and 92/144 splits for 3.5 MeV < En < 5.5 MeV. Correc-
tions for prompt neutron emission will shift the values upwards but probably
not change the structure drastically. For mass-splits between the 84/152 and
76/160 split it is also found that TKE increases with incireasing neutron
energy. Finally angular distributions of the fission fragments have been
measured. These data are in very good agreement with earlier data (2).

Determdination of multipole strength in the reaction 207Pb+n

R. Kdhler, L. Mewissen*, F. Poortmans*, J. Theoba1d**, H. Weigmann

208Pb has been between

Prior to 1977 the overall claimed Ml-strength in
30.6 and 47.5 u (45 % - 70 % of the energy weighted sum rule strength, EWSR).
Re-examination of the experimental data and recent experiments show that most
of the 1% assignments for these states is untenable. In fact, the total Ml

ZOBPb is highly uncertain, and the definite and probable strength

strength in
measured now total orly ~ 8.5 ¢ (12 % of EWSR).

Two experiments have beer prepared to measure these transition strengths. The
main measurement will use four BGO crystals to detect directly the capture
y-rays emitted from the sample at different angles.

To get better information about resonances where spin and parity cannot be
determined by capture, or which cannot be seen in capture, a transmission

experiment for the energy region up to 450 keV has been made and for the

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

{2) J.W. Meadows and C. Budtz-Jgrgensen, Proc. Int. Conf. on Nuclear Data
for Science and Technology, Antwerp, 1982, p. 740, Ed. K.H. Bdckhoff

SCK/CEN Mol, Belgium
Technische Hochschule Darmstadt

*
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high energy region a second transmission run is prepared. This experiment
uses a transmission detector on flightpath 3/400 m and a 1 ns time-coder.
To control the initial burst width of the Linac during a partial run, a
monitor detector with a time-resolution of 200 ps has been installed at
flightpath 18 in the annex. It could be shown that the Linac can achieve
a burst width of better than 700 ps and even for longer runs resolutions
of better than 1 ns are possible. The data from this monitor will be used
to reject runs with worse time resclution so that the total time uncer-
tainty will be 1 ns.

Systematics o4 the nuclean Level densities

G. Rohr

This contribution has been presented as an invited paper at the TAEA Advisory
Group Meeting on Basic and Applied Problems of Nuclear Level Densities
(Brookhaven, 11-15 April 1983). The abstract reads as follows:

" Neutron resonance data are applied to study properties of highly excited
states in nuclei. A level density systematics of compound resonances for
a large number of nuclei of different even-odd character is discussed.
The interpretation of the rather complicated structure in the systematics
is that there is a step~shaped base line for the level density parameter
formed by nuclei with minimal effects from residual interaction and no
shell effects. This base line is used to answer questions relevant not
only to level densities but also to nuclear physics in general. The
step-like behaviour of the base line for light and medium-light nuclei is
interpreted as changes in the level density due to changes of the average
number of particles and holes participating in the compound excitation.
The proof that the "compound states" in light and neutron closed shell
nuclei are doorway (2plh) states and therefore do not fulfil the Bohr
assumption for a compound state may explain non-statistical effects
observed in the capture process. Deviations of the level density parame-—
ter from the base line are interpreted as the effect of short range
forces. A few examples are given and discussed for different mass regions.
In the neighbourhood A ~ 75 the reduction of the pairing energy is assumed
to be due to the blocking effect. In the mass range of the actinides the
pairing energy has been readjusted at high excitation energy and at

A~ 105 it is shown that for nevtron rich nuclei n-p interactions play
the major role. Finally, the question is discussed whether or not there
is a collective enhancement at higher excitation energy".



Indications o4 n-p interaction in the fLevel dens ity systematics at
A= 100-715

G. Rohr

The following abstract has been published in the Proc. of the Int. Conf. on
Nucl. Physics held at Florence 1983:

""Neutron resonance data are utilized to study properties of highly
excited states in nuclei. A level density systematics of compound resonances
tor a large number of nuclei of different even-odd character is used. The
interpretation of the rather complicated structure in the systematics is that
there is a step—-shaped base line for the level density parameter formed by
nuclei with minimal effects from residual interaction and no shell effects
(Fig. 35).
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Fig. 35.  The Level density parameten 4orn compound rescnances and doorway
states in dependence {aom the atomic mass

Deviations of the level density parameter from the base line are interpreted
as the effect of short range forces. The assumption that the ground state
pairing energy is changed at high excitation energy failed for nuclei in the
neighbourhood of A ~ 105, where the deviation of the observed level density
parameter from the base line increases with the atomic number, i.e. the resi-
dual interaction decreases with increasing odd number of neutrons. This is



- 56 -

secn 1n the upper part of Fig. 36
for two isotope series (Ru,Pd). In
the lower part of the figure the
energy of the lowest 2% state is
plotted in dependence of A and shows
an anticorrelation to the level
density parameter indicated by
arrows. The change in the energy of
the 2% state is stronger for Mo and
Zr isotopes and has been interpreted
as a change of nuclei from spherical
to deformed shape.

The level density parameter of
the neutron rich nuclei with the
strongest deviation from the base
line are presented in Fig. 37. The
deviation of the level density
parameter corresponds, on average,
to an increase of the level density
by a factor six. The a values
approach the base line if we assume
that there is no effective residual
interaction in these nuclei (4=0),
indicated with the arrow-heads, and
there is in addition a change in
the moment of imertia from 0.7 I
to I, , indicated by the dots

rig
on the arrows.
We conclude that these nuclei seem
to behave like normal matter and
that the spherical-to-deformed
transition with increasing number
of odd neutrons may be explained
by a phase transition from super-
fluid to normal state.

What is the mechanism for
this transition? The explanation
for the abrupt change to deformed
nuclei (N > 60) is still a chal-
lenge in nuclear physics.

A shape transition due to a
second deformed minimum has been
excluded by calculations of the
potential energy surface using the
Strutinsky method . More recently,
Federman and Pittel have shown,
using explicit shell-model calcu—-
lations, that the n-p interaction
may be responsible for this fact *.
This interaction is largest for
particles in spin orbit-partner
orbits of large spatial overlap
and counteracts the n—n and p-p
pairing correlations which try
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to stabilize the spherical shape of nuclei. In the mass region A ~ 100,
according to the authors, the strong attraction between 1g9/2 proton and
1g7/2 neutron can break the pairing correlation by a polarization mechanism
which causes mutual promotion of neutrons and protons from lower single
particle states into [37/2 and 1g9/2 respectively. The mutual polarization
mechanism will stop if the gain in the n~p interaction is compensated for
by the loss of single particle energy plus pairing energy.

The nuclei represented in Fig. 37 fulfil the assumption for neutron-
proton interactions because the valence neutrons and protons are in the
same shell and have almost the same angular momentum."

1.8 MAJOR RESEARCH EQUIPMENT

ELectnon Linean accelenaton

J.M. Salomé, R. Cools, R. Forni, F. Massardier, F. Menu, K. Meynants,
P. Siméone, F. Van Reeth, J. Waelbers, C. Waller

During the covered period the accelerator was operated with the new compres-
sing magnet as shown in Table 6. On the average, 4 neutron beams were used
simultaneously for neutron measurements. A low energy electron beam was

produced three times for activation analysis.

Table 6. Operational parametens of the Linean acceleraton

?glgih Rep. rate cutigzt curiggt eRZ?gy Time Time
ns Hz A KA MeV h i
<2 400 > 50 36 100 381 14
<1 800 ~ 100 70 100 930 35

14 50-400 8 6-45 100 596 23
2000 25-100 0.2 10-40 50-80 444 17
1800 300 0.14 50 44 50 2

Miscellaneous 242 9




- h8 -

A new pulse compression system fon intense aelativistic efecthon beams

D. Tronc*, J.M. Salomé, K.H. Bockhoff

The pulsed beam of the 150 MeV Geel Electron Linear Accelerator (GELINA) (1)

produces short bursts of neutrons in a mercury cooled uranium target (2),
which are used in neutron time-of-flight experiments to study nuclear reac-
tions in function of neutron energy. Neutron energy resolution requirements
in the keV and MeV range call for very short neutron and therefore also
electron bursts. The shortest electron pulse widths obtained with S- or L-
band Tinacs before the pulse compression system described below became
operational were about 4 ns (FWHM) at maximum possible peak current, which
in the case of GELINA amounted to 12 A. Shorter pulses were possible, how-
ever with sacrifice in peak intensity.

Since the intrinsic potential of GELINA with respect to a further improvement
of both parameters - intensity and pulse width - was fully exploited, possi-
bilities of external pulse compression were studied. Pre-acceleration
bunching with resonant systems turned out to be impracticable and costly.
The use of a corresponding non-resonant system looked theoretically promis-
ing (3), the difficulties encountered however with its practical realization
Ted to the study and finally the construction of the post-acceleration pulse
compression system which is subject of this contribution.

(1) A. Bensussan and J.M. Salomé, GELINA: A Modern Acceleratm for High
Resolution Neutron Time-of-flight Experiments, NIM 155 (1%73) 11-23

{(2) J.M. Salomé and R. Cools, Neutron Producing Targets at Gelina,
NIM 179 (1981) 13-19

(3) R.G. Alsmiller, Jr., F.S. Alsmiller, J. Barish and T.A. Lewis,
Calculations Pertaining to the Design of a Prebuncher for an Electron
Linear Accelerator, Particle Accelerators, 1979, Vol. 9, pp. 187-200

CGR~MeV, Buc, France



The pulse compression method (1)

The electron puises leaving the S-band accelerator consist each of a sequence
of micropulses (in the following called bunches) which are assumed to have

a width of the order of 10 picoseconds and have, corresponding to the S-band
frequency of 3 GHz, a time distance of 333 picoseconds. For pulse widths
considerably smaller than the filling time of the accelerator sections

(1.1 us), the electromagnetic energy stored in the cavities of the sections
is the only source from which the electrons draw their energy. This is our
case since we deal with pulses of zbout 10 ns.

Each of the bunches of such a pulse (except the first one) finds on its way
through the accelerator less stored electromagnetic energy available for
acceleration than its forerunner because that one uses already part of it.
Consequently the total electron energy contained in a bunch is stepwise
decreasing with the sequence of bunches. For a rectangular pulse consisting
of bunches of equal charge, the energy decrease should be monotonous with
time and in the ideal case linear. It has to be noted here that each elec-
tron bunch has its own energy spectrum which may overlap with those of its
neighbours. The electron energies in the spectrum of a bunch may also be
time correlated as in the classical textbook case shown in fig. 38. The
first electrons have there the lower, the last ones the higher energies.

In practice this must not be strictly true. The energy-phase relationship
of relativistic electrons leaving the accelerator is generally more complex
and can only be determined with larger computer programmes.

Fig. 38.  Electron bunches in ¢
phase stable position on the
travelling wave E = Eo cos v

(1) D. Tronc, CGR-MeV, Internal Reports ST 7803 (1979), ST 8651 (1981)

(2) D. Tronc, Systéme magnétique de regroupement des particules chargées
au sein d'un faisceau pulsé, french patent n° 7835 383 (15.12.1978);
USA patent n° 4314 218 (2.02.1982)

(3) D. Tronc, Dispositif magnétique de regroupement, french patent
n° 8316 797 (21.10.1983)
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For the sake of transparency of the description of the pulse compression
method we shall however assume that the energy decrease from bunch to bunch
as well as the energy-phase relationship inside a bunch are both Tinear.
These assumptions wi'll yield the conditions for ideal pulse compression.

If we now deflect such an ideal beam in a magnetic field (in our case over
360°) so that the electrons are allowed to Teave the magnet in the same
direction as they entered it, then the time-correlated decrease of electron
energies along the sequence of bunches in a pulse transforms into a time
correlated dispersion of trajectory lengths of the electrons at the exit of
the magnet. The first bunch representing the leading edge of the pulse will
have the longer trajectory and the last bunch the shorter one. Since all
electrons have a speed very close to that of light, the arrival of the
leading edge of the pulse at the exit of the magnet is delayed with respect
to the arrival of the trailing edge: the pulse is compressed. With an appro-
priate design of the magnet and the vacuum chamber and with a sufficiently
high vacuum in the chamber, the charge in the pulse will be conserved.

. Widths of the bunches

Assuming that the beam is allowed to make a single-turn deflection in the
magnetic field before it leaves this (fig. 39) and using the following

denotations and dimensions:

t, t' {sl] : resp. arrival times of a reference electron at the
entrance/exit of the magnet,

R(E) [ m] : radius of a trajectory,

E, EO [MeVl : vresp. kinetic and rest energy,

B [T] : magnetic induction,

C [m/s] : speed of light,

one may write for the time t' which an electron needs to reach the magnet

exit:
to= t+ &R Lo

C 300 cB

[E(E + 2€,)] 172 :
R = - ~ for E> E .
300 B 300 B 0

E since (1)
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Fig. 39. Schematics o4 pulse compression. In the Ldeal case all bunches
n', (') are stacked one on each othern at the same place, fornming
a compressed pulse with a width Af equal to 81" and with an
amplitude k-times that o4 n'(t'). In this case Gt’u =8¢ and
7! = 7" fon all v,

v,v+]

From (1) we obtain for the finite width 6t'V of a single bunch » at the exit
of the magnet:

5t =5t +x8E =1 +«(3E) ] dt (2)
v v dtV

where 6t stands for the width of the bunches {(which are assumed to be equal)
before they enter the magnet. 5Ev is the electron energy spread in the

bunch v and x = 2¢/300 cB.

8E, and hence (dE/dt)V will in general be negative as e.g. shown in the text-
book case of fig. 38. By convention pulse and bunch widths are always
counted positive.
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In principle the widths bt'V of the transformed bunches can be made almost
equal to the widths bt, by maximizing the induction B. Our goal is however
to compress the pulses with a width At which comprise a sequence of bunches,
and not to compress the individual bunches themselves. In fact the width &t'
is very much Tlarger than that of the original bunch &t.

The bunches become "debunched" by a magnetic induction which is not adapted
to their compression but to the compression of the pulses. The leading edges
of the bunches, representing the lowest energies, are largely overpassed by
the trailing edges, representing the highest energies.

° Shape of the transformed bunches

If n' (t')dt' are the number of electrons in the time interval dt' within the

bunch v and n (t)dt the corresponding number in the time interval dt, then
n', (th)dt' = n (t)dt

provided no electrons are 1ost on their way through the magnet.

From this and (1) and with E = E0 cos ¢; v = wt, we obtain for the shape of

a bunch transformed by the magnetic field

n (t) n ()
0 (t) = - (3)
1+K(—d£)u 1~ Eo ko sin wt
dt

This relationship shows that the quaniity 1 + x(gE)V which stretches the
dt
width of the bunch v, reduces its intensity and transforms a rectangular

pulse n (t) into an asymmetric one.

Maximum possible neutron output and at the same time smallest energy spread
SE, in a bunch of given charge are obtained, when the bunches are kept in

the highest possible position on the wave, centered about phase ¢ = 0. In
this case half of the bunch has a negative phase. (This does not imply phase
instability because the electrons are highly relativistic).

Expression (3) has a singularity at sin wto = l/EOxw. It means that at the
time tO the leading edge of the bunch is just being overpassed by the trailing
edge (dt' = 0) and that then - theoretically - the intensity becomes infinite.
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For the parameters of our facility

2n 10 1

300 cB

- 1.751070 (s mev'ly; w = 1.885 1010 57

E_ =120 MeV; v =
o]

this sijtuation occurs at v = 0.145° or tS = 0.134 ps.
The shapes of the transformed bunches are shown in fig. 40 for two positions

on the wave:

a) $g = - 13.671° ¢y =+ 13.671°
corresponding to 6E = 2 x 3.4 MeV
b) ¢ =+ 13.671° ¢y =+ 41.015°
corresponding to 6E = 26 MeV.
nv(t)‘ nlv(”
E=E, cosy
Eo=120MeV °
O m—ae———L18E,=34MeV
6t;=6t5=253ps : }  6Eq=26MeV
| _ I | I
1 X 0.05 | |
| | |
| | |
0.04 | | }
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Fig. 40. Shape transfoumation of a rectangular bunch n, (t) <nto an asymmetric
bunch n' (£')by the compression magnet for two positions of the
bunch on the travelling wave. 1€ is assumed that 4or both cases
the charge density and the total charges are the same (5tI =81
and that 8E; = 3.4 MeV which corrnesponds to the measwred value
51'1 =~ 600 ps. The gigure (Llustrates the advantages of placing the
bunches overn the crest of the wave

17!
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The first of these cases is believed to correspond typically to the actual
case. It reveals a sharp spike at cross-over condition. This could not be

seen with the available measurement equipment.

The pulses N(t) having the width At consist of k bunches ny(t) with the
widths 6tV. Figure 39 shows schematically how the nulses Took like before
and after the compression magnet. The bunches nV(t) are well separated in
time and have a period 7 = 1/f with f = 3 GHz. The bunches n' (t') are
broadened, have a shape different from that of ny(t) and must not a priori

have a constant period 7 ’
For any electron in the bunch n (t) we may write according to (1)

tf =t +«xE
14 v 14

If we denote by t, and t corresponding instants of twe subsequent bunches,

v+1
e.g. those of the first electrons or those where the bunches reach half of
the maximum ampiitude, we get

tlu+1 - tIV - TIV,V+1 =TT K(EV B EV+1)'

A necessary condition for a reasonable pulse compression effect is that

] —_ 1 —_ .
T v+l T 7 = constant

for all electrons in the subsequent bunches: the time-interval between the
bunches should not depend on its position ir the sequence. This means that

EV - EV+1 = AEV’V+1 = AE = constant.

In other words: the energies of the bunches and of the electrons at corre-
sponding pliaces in the bunches must decrease linearly with time. 1In a speci-
fic experiment which was part of the feasibility study for the compression
system an approximateily linear relationship was demonstrated (1).

To achieve a constancy of 7' and with that the wanted Tinearity the

v+l
following conditions have to be fulfilled:

(1) J.M. Saiomé and R. Forni, Measurements of Microbunch Energy Spectra on a
S-band Electron Linac 1981 Part. Acc. Conf., Washington DC, 11-13 March,
1981, IEEE Trans. on Nucl. Science June 1981, Vol. NS-28, n. 2234
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- the pulse width At must be small against the filliig time of the accelera-
tor sections, so that only the electromagnetic energy wem stored in the
sections of the linac is used for the acceleration of the electrons.

- all bunches must contain the same number of electrons, which means that
the pulses N{t) must be rectangular in shape. Real pulses have a finite
rise- and fali-time. Linearity can therefore not be expected at the
beginning and at the end of the pulses.

- the functions (dE/dt)V in (2) which together with B determine the shape
transformation of n (t) into n' (t') must be the same for all bunches in
a pulse: the bunches must have the same position on the wave (constant
phase). This means that the widths 5t'V must be all equal. Otherwise no

common period 7' can be defined.

If these conditions are fulfilled, one obtains ideal pulse compression by
choosing the magnetic induction B such that

1 271'

T = 7T - - AE = 0 or
300 cBO

B = —2"  AF = 0.212 AE [Teslal. (4)

300 cr

In such an ideal case all the transformed bunches n'V(t') are stacked one on
each other on the same place, forming a compressed pulse N‘(t') with a width
At' equal to the width &t' of the individual bunch and with an amplitude
k-times larger than that of the individual bunch n' (t'}, where k is the
number of bunches in the pulse.

Description of the magnetic deflection system and its auxiliary equipment

The electromagnet * (figs. 41-42) has a total weight of 40 tons and overall
dimensions of 3.4 m x 2.4 m x 0.66 m. It is positioned horizontally with its
vertical axis 8 m behind the exit of the accelerator and 4 m in front of the
target. The horizontal dimensions are determined by the available space in
the target bunker. It was very fortunate that this bunker, when constructed

in 1963, was made exceptionally large in order to have in the future also

constructed by CGR-MeV, Buc, France



Fig. 41, The magnetic deflection system
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space for a magnetic deflection system to compress a 10 ns pulse of 120 MeV
electrons down to 1 ns. The ideas how to reaiize the beam optics were at
that time not available and no effort for the realization of such a system
was made.

The actual magnet allows a maximum equivalent trajectory radius of 1.2 m

(the curvature of a trajectory is not constant). Under the realistic assump-
tion that the leading/trailing edges of a short pulse represent the respec-
tive electron energies 146 and 86 MeV, the time difference between leading
and trailing edge of the pulse is shortened by the compression system by

about 10 ns.

Results

Measurements of the shape cf the beam pulse are made with ferrite transformers
placed in front and behind the magnet. Their rise time is about 1 ns, which
is not sufficient to obtain appropriate shape information on the compressed
pulse. To get a better information, in particular on the pulse width, a

NE 110 plastic scintillator coupled to a RCA 8850 (2") photomultiplier has
been installed at a backward flight path of the linac. The scintillator

sees that part of the bremsstrahlung-flash produced by the electrons in the
uranjum target, which succeeded to pass a 3.70 m thick water filled opening

in the target bunker. The intensity reduction of the flash by this absorber
is such that pile-up of detected v-quanta is avoided *,

On the average only about one out of hundred flashes yields a detectur signal.
The detector has a resolution of 300 ps. The shape of the compressed pulse

is measured with a time-to-amplitude converter which has a resolution of

100 ps.

Typical results of measurements with ferrite transformers are given in

fig. 43, those obtained with the plastic scintillator in fig. 44.

The following observations can be made regarding these results:

- The pulse compression system transforms a pulse with a width of At = 10 ns
(FWHM) into a pulse with an observed width,of Atébs = 0.67 ns (FWHM),
which, taken the time resolution of the detector into account correspands
to a real puise width of At = 0.6 ns (FWHM).

Measurements made by F. Poortmans, SCK/CEN Mol, Belgium
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Since there are no observable beam losses, neither on the collimators nor
within the vacuum chamber, the peak current rises from originally 10 A to
a value of 100 A for the compressed pulse.

The value of the peak current was determined by fitting the measured shape
to an analytical curve and normalizing the area under these curves to the
measured charge in the pulse. A gaussian shape fit did not represent the
wings of the pulse in a satisfactory way. An excellent fit was obtained
with the analytical form

k
N(t) = L
L+ (kyt)?

- The compressed pulse shows a high degree of symmetry, which is very useful
for the calculation of the neutron time-of-flight resolution function.
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The original, not compressed pulse, measured with the plastic scintillator,
does not show a flat top as does the measurement with the ferrite core trans-
former. This is due to the changes in the absorption of the bremsstrahlung
spectrum, resulting from the time correlated electron energy spectrum. The
compressed pulse is not influenced by this effect since here the energy-time
relationship is lost due to the superposition of the bunches.

The compressed pulse measured with the ferrite shows some wiggles after the
main pulse. These do not correspond directly to electrons in the pulse, as
the comparison with the plastic scintillator measurement shows. They are
probably due to waves excited in parts of the beam tube by the intense pulse.
Relating the observations with the formuias derived above the following
conclusion can be drawn:
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Assuming that the width At' of the compressed pulse equals the width 6t' of
the individual bunch and neglecting in (2) 6t against I«8E 1, one obtains
for the width 6E of a bunch:

SE~ 2L - 3.4 Mev
The approximation is justified since 6§t is almost two orders of magnitude
smaller than |«k8E | . The value x = 1.76- 10710 [MeV_l-s] was calculated
for an average induction of 0.4 T.
From (4) we get for the energy difference AL between two subsequent bunches,

that means for the reduction of stored energy by one bunch, the value:

E = = 1.9 MeV
0.212

The energy spectrum of an individual bunch therefore only overlaps with that

of its next neighbours.

Operational experience

To arrive at the best possible pulse compression, that means the shortest
pulse width and highest peak current, various sets of Linac parameters had

to be tried. These investigations showed the importance of parameters such

as the electrical field in the prebunching cavity of the accelerator and of
the proper phasing of the different linac sections. They also showed the
(expected) importance of the peak current stability for the pulse compression.
To improve this stability the quality of the power supplies for the focussing
coils of the linac sections has been improved, likewise the temperature con-
trol for the cooling water of the sections.

The profile of the compressed puise was measured repeatedly over periods of

10 minutes with the plastic scintillator. The results always confirmed the
observed pulse width of 0.67 ns. Extended measurements over periods of one
day and more under normal running conditions .~ that means without specific
care for peak intensity stability - yielded observed average pulse widths
always shorter than 1 ns.

It has to be remarked that due to the intersection of the magnet, dark current
electrons cannot reach the target, which is important for some neutron physics
experiments.
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The Linac and the compression magnet have now worked together over several
months without any problem, supplying to a rotary uranium target (1) electron
peak currents of about 100 A with widths shorter than 1 ns. The average
electron energy was 110 MeV under these conditions and the repetition rate
800 Hz.

Cold neutron source

R. Cools, J.M. Salomé, K.H. Bockhoff

The design of a liquid methane moderator has been completed and an order for
this moderator and the associated cryogenic equipment has been placed. The
equipment is expected to be installed by the middle of 1984.

Moderaton simufation situdy

C. Bastian

In view of the implementation of a cold moderator at the Linac, a comparative
simulation of the neutron yield was performed on two rotation symmetric
designs, one in polyethylene, the other in liquid methane. The APL workspace
COLLGEEL 2 was therefore upgraded to accommodate a fission neutron generator.
In the case of polyethylene, the results agree well with those obtained at
Bologna (3) with a conventional Monte Carlo programme on the same geometry.

The main purpose of the simulation was to determine the fraction of neutrons
moderated and emitted in the thermal range i.e. < 0.1 eV. It turns out that
methane is better by a factor of 2 with respect to polyethylene. Details and
graphs of the results are given in Ref. (4).

(1) J.M. Salomé and R. Cools, Neutron Producing Targets at Gelina,
NIM 179 (1981) 13-19

(2) C. Bastian, APL Quote Quad, Vol. 13, N® 1 (1982) p. 23-30
(3) A. Bignami, C. Coceva and R. Simonini, EUR 157e (1974)
(4) Internal Report GE/R/LI/119/83
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Van de Graa{d accelerators

A. Crametz, P. Falque, J. Leonard, W. Schubert

During the 243 working days in 1983 - which corresponds to 1944 normal working
hours - the total available machine time was 3337 hours. The breakdown of

this number is given in Table 7.

Table 7. Exploltation o4 the Van de Graadq acceleratorns

CN - 7 MY KN - 3.7 MV
Accelerator running 2351 = 70.5 450 = 13.5 %
experiments 2023 435
adjustments 65 15
conditioning 263" 0
Maintenance 110 = 3
Stopping hours for 207 = 6
outside firms
Pulse compression 219 = 6.5

not manned

- The stopping hours were needed for a better heat insulation of the target
hall and a modification of the electrical circuitries.

- A report (1) which describes the calculations of field parameters of a
double magnetic quadrupole lens has been written. The abstract is as
follows:

"The properties of double magnetic quadrupole lenses are utilized in
accelerators tcchnology for guiding charged particle beams. The field
parameters of such a doublet have been determined theoretically using
first order Taylor expansion of relations deduced from the equation of
motion of charged particles in the lens. A general program in BASIC has
been written and results have been compared with current settings regu-
larly used with a double magnetic quadrupole lens installed on an exten-—
sion beam tube of the CN-7 MV Van de Graaff accelerator."

(1) Internal Report GE/R/VG/41/83
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- An internal report concerning the optical study of a double magnetic
quadrupole lens and the matrix formalism for beam transport optics is

in preparation.

Pulse compression with a spinal rnesonaton used as a post-acceleration bunchen

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

Figure 45 represents the block diagram of the post-acceleration bunching
system installed at the 7 MV CN Van de Graaff accelerator.
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Fig. 45. Block diagram of the 7 MeV Van de Graaf4 post-bunching susiem

Max Planck Institut fiir Kernphysik in Heidelberg



- 74 -

The picture (fig. 46) represents the spiral resonator installed between the
analyzing and the switching magnets. The parallel resistance of the resonator

has been determined to be 0.55 M.

Fig. 46, Spinal nesonaton

To determine the obtainable pulse width measurements were performed with a

2 pA D.C. proton beam at 5.4 MeV energy. Coulomb scattered protons from a
0.67 mg/cm2 gold foil are detected in the 45° direction with respect to the
beam by a totally depleted ORTEC siliicon surface detector of 400 #m thickness
and 25 mm2 sensitive area. An overbias of 150 Voits is applied. Best time
resolution was found for a RF power of 1.6 kW corresponding to & peak voltage
of 42 kV. The TOF spectrum represented in Fig. 47 shows that only the cross-
over region of the buncher voltage is used, that the beam bunches are alter-
natively time-focussed and time-defocussed and that the integrals over these
bunches are equal. One time-focussed beam bunch with a FWHM of 141 ps is
represented in extended view in Fig. 48.

To synchronize the post-acceleration bunching system (105 MHz) with the
pre-acceleration buncher (2.5 MHz)}, the 2.5 MHz signal is multiplied by a
factor 42 in a phase-locked loop system, amplified by a 15 Watt VHF ampli-
fier, and emitted by an antenna. This equipment is located in the H.V.

terminal of the accelerator.



COUNTS PER CHANNEL

- 75 -

. H .
: . . o
. . %
2000 . . ’ < 20004
I
. . z
. : . & 1.6 ps/#
3 . . o “m 2T =ldlps
1000 . < . 2 -
: : ; £ 1000
. N 2
: : - 3 s
» '3 . P
i : S
P - ’
T T ‘T T T -t i —r- T
1000 2000 1350 1450 1550

CHANNEL NUMBER CHANNEL NUMBER

Fig. 47. Time-focussed and Lime- Fig. 48. One time-focussed beam
defocussed beam bunches bunch in extended vdiew

The 105 MHz signal is received by a A/2 dipole fixed on the grounded base
plate and crosses the base plate with an attenuation factor of = 5. It is
amplified up to 1 V and sent with a 5/8" coaxial cable towards the control
room.

The parasitic radiation of the 300 Watt, 136 MHz oscillator of the radio
frequency ion source is filtered in the emitter and receiver by a resonance
filter. Its strong second harmonic at 272 MHz and the 15 MHz signal emitted
by the klystron buncher are filtered at the input of the receiver in a simi-
lar way.

Tests with the above described equipment under real working conditions

(15 kg/cm2 of insulation gas and high voltage on terminal) will follow.
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2. NON-NEUTRON NUCLEAR DATA

2.1 DECAY STUDIES

Decay o4 96St/90V

H.H. Hansen

The results of 90Sr/gOY g -spectra measurements made at CBNM in the frame of

an ICRM intercomparison have been reported at the ICRM Seminar on Applied
Radionuclide Metrology (1). The abstract of the paper is as follows:

" The B-ray spectra of 9OSr and 9OY have been remeasured with the CBNM
magnetic f-ray spectrometer. From the measurements the endpoint energies
(Wfm c¢*] and E _[keV]), the spectrum shapes (coefficient, a, of the shape-
correction factor, l+aW), and the ratio of the numbers of § particles
emitted in the decays of respectively °°Y and °°sr, (Hg /%3 ), have been
determined. The results are for: ! 2
30

Y, 81 transition: WO = 5.4608 + 0.0058
E! = (2279.5 + 2.9keV
90 ar’ = -(0.0078 * 0.0024),
Sr, f; transition: W, = 2.0685 + 0.0032
E2 = (546.0 =+ 1.6)keV
a® = -(0.032 + 0.007).
The ratio of the numbers of emitted @ particles is I, /I, = 1.00% 0,01,

Corrections to the measured data and the deduction of "'unckrtainties are
discussed."

Decay o4 93me

R. Vaninbroukx, W. Zehner

93me were finished.

The measurements for the determination of the half life of
The results, together with the results of earlier determinations of the KX-
ray-emission probability, have been presented at the ICRM Seminar on Applied
Radionuclide Metrology, 16 to 17 May 1983, in Geel (2). The abstract is as

follows:

{1) H.H. Hansen, Measurements of the Beta-Ray Spectra of 90Sr/gOY,

Int. J. Appl. Radiat. Isot., 34, 1241 (1983)
93,,.m

(2) R. Vaninbroukx, Half life and KX-Ray-Emission Probability of ““Nb",
Int. J. Appl. Radiat. Isot., 34, 1211 (1983)
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The half life and KX~ray-emission probability of 93me were measured to be
(16.13 % 0.15) a and 0.115 % 0.003, respectively. The half-life result is
in excellent agreement with a recently published value, but the KX-ray-
emission-probability value is about 7.5 % higher than the only other avai-
lable experimental result, quoted with an uncertainty of * 2.8 7."

121

. . . 1y
K-shell conversion coedqieient n the su” decay
H.H, Hansen, D. Mouchel
A

paper has been published (1). 1t has the following abstract:

The K~shell integnal conversion coefficient a, for the 37.2 keV transi-
tion (7/2 *> 5/2) occuring in '21gh after f~ ‘decay of P21 g™ has been
redetermined applying the X- to Y-peak method (XPG).

Measurements of photon spectra from thin sources have been performed at
various source-detector distances with a high resolution, efficiency cali-
brated Si(Li) detector. Values of a have been deduced from the number of
emitted KX rays compared to that of the emitted ¥ rays. The K-shell fluo~
rescence yield for antimony has been taken from the literature.

From in total |4 experimental runs a mean result of a = 9.52 * 0.27 has
been obtained. The quoted uncertainty comprising statistical and systematic
parts is discussed in detail. The present result is compared with the few
existing earlier experimental values and with the theoretical value inter-
polated from the most recent tabulations."

Internal convernsion ratlos

H.

H. Hansen, D. Mouchel

The work on the measurement of internal conversion ratios has been finalized
by a report (2) presented at the ICRM Seminar on Applied Radionuclide
Metrology. 1t has the following abstract:

Measurements have been made with a magnetic f-ray spectrometer in order to
determine the irt¢rnal-conversion ratio R = K/LM+ for pure E2 transitions
of 244.7 and 344.3 keV in the decay of '**Eu and of 205.€ and 316.5 keV in
the decay of 19211, The results from several experimental runs for each
transition are respectively, R = 2,92 % 0,05, 3.43 £ 0.05, 1.05 ¥ 0,04 and
1.71 * 0.05. A comparison has been made with previously published results
as well as with theoretical values deduced for pure E2 multipolarity from
the most recent tabulations of internal-conversion coefficients."

(1) H.H. Hansen and D. Mouchel, Determination of the K-Shell Internal Con-

version Coefficient for the 37.2 keV Transition of '*'Sn™, Z. Phys. A
315, 239 (1984)

(2) H.H. Hansen and D. Mouchel, K/LM+ Internal Conversion Ratios for Pure

E2 Transitions in the Decays of '?Eu and '®**Ir. Int. J. Appi. Radiat.
Isot., 34, 1233 (1983)
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Haliq Lives of excited nmuclear Levedls

D. Mouchel, H.H. Hansen

The work on the determination of the half Tives of the 482.2 keV and 615.3 keV

levels in 181Ta has been published (1). The abstract reads as follows:

" The half lives of the excited levels at 482.2 keV and 615.3 keV in '®'Ta
have been measured by the delayed coincidence technique. In the nanosecond
time range (482.2 keV level) the most serious sources of errors are jitter,
walk and drift phenomena. To minimize those the time pick-off has been
defined carefully by means of modern fast timing detectors and electronics.
In the microsecond time range (615.3 keV level) the ratio of true delayed
coincidences to chance coincidences influences considerably the final
accuracy of the half-life measurements. It has been reduced as much as
possible. From a series of independent measurements half lives of
Tys2 = (10,67 2 0.05)ns and Ty ,2 = (17.64 £ (0.14)vs have been deduced for
the 482.2 keV and 615.3 keV levels, respectively. The results have been
compared with other values published before."

The technique of half-life measurements of excited levels in the nanosecond
and microsecond region has been described in a paper (2) presented at the
ICRM Seminar on Applied Radionuclide Metrology. It has the following abstract:

" The application of the delayed-coincidence technique to accurate half-life
measurements of excited levels in the nanosecond and micrcsecond region is
described. In order to achieve an overall uncertainty of < | Z on the final
value of the half lives a series of precautions depending on the time region
have to be taken.

In the nanosecond time range the most serious sources of errors are jitter,
walk and drift phenomena. To minimize those the time pick-off has to be
defined carefully by means of modern fast timing detectors and electronics.
In the microsecond time range the ratio of true delayed coincidences to
chance coincidences influences cunsiderably the final accuracy of the half-
life measurements. It must be the aim to reduce the chance-coincidence rate
as much as possible.

In both cases the analysis of the experimental data is of critical impor-
tance. The choice of the analysis region will be discussed. Time calibration
and a careful consideration of system linearity, short- and lomg-ter stabi-
lity of the entire experimental system, are of great importance. Regular
checks of these quantities performed during the measurements cycles allow
proper quotation of the different systematic uncertainties.

The successful application of the experimental procedures mentioned above
yielded the following half-life values for the 37.l1-keV level in '*'Sbh

(3.46 % 0.03)ns, the 8l-keV level in '?*Cs (6.23 = 0.03)ns, the 482.18-keV
level in '®'Ta (10.67 * 0.05)ns, the 23.87-keV level in ''°Sn (18.03%0.07)ns,
the 6.21-keV level in '®*'Ta (6.052% 0.12)us and the 615.25-keV level in
81Ta (17.64 £ 0.14)us.”

(1) D. Mouchel and H.H. Hansen, Half Lives of the 482.2 keV and 615.3 keV
Levels in '*'Ta, Z. Phys. A 315, 113 (1984)

{2) D. Mouchel and H.H. Hansen, Half-Life Measurements of Excited Levels
in the Nanosecond and Microsecond Region, Int. J. Appl. Radiat. Isot.,
34, 1201 (1983)
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234

Decay o4 u

234U have to be known for nuclear fuel assay. The required

The decay data of
accuracies for the photon-emission probability and the a-particle emission
probability are 2 % and 1 %, respectively, whereas the achieved accuracies

(1)

are 10 % and 4 %, respectively

Photon-emission probabilities in the decay of 234U

R. Vaninbroukx, B. Denecke, W. Oldenhof

The emission probabilities for X- and vy-rays in the decay of 234U were

measured. Several sources have been prepared by different techniques.

The disintegration rates, No’ of the sources were measured by a-particie
counting in well-defined solid angles. The photon-emission rates, Nph’

were measured with a calibrated nigh-purity-Ge detector. A photon spectrum
is displayed in fig. 49. The photon-emission probabilities are obtained
from the ratios Nph/NO. The measurements are finished. A few small correc-
tions have to be calculated. The final results will be available in 1984.
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(1) A. Lorenz (ed.), Fifth Research Coordination Meeting on the Measurement
and Evaluation of Transactinium Isotope Nuclear Data, Geel, Belgium,
1-3 September 1982; INDC(NDS)-138/GE (1982)
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Alpha-particle emission probabilities

G. Bortels, W. 0Oldenhof

For the measurements of the a-particle emission probabilities, three sources
have been used. They were prepared by evaporation in vacuum and have activi-
ties from about 400 to 2000 Bq. A passivated ion-implanted Si detector of

20 mm2 active area with a resolution of typically 11.5 keV (FWHM) was used.
The solid angle in these measurements ranged from 0.3 to 2 % of 4n sr. Over
240 measurement cycles of 2 hours duration each were recorded and these spec-
tra were added together after correction of the peak drift. In part of the
measurements a small permanent magnet of about 0.1 T was used which reduced
by more than 90 % the number of conversion electrons reaching the detector.
Consequently, the uncertainty on the tail correction of the maior a peak

due to a-particle and conversion-electron summing was clearly reduced. The
measurements have been completed and the evaluation of the results is in
progress.

Figure 50 shows the magnetic device and fig. 51 show the conversion-electron
1ines measured with the ion-implanted detecuar with and without the magnet.

Decay 04 237N

12

237Np is complex and not very well known. In particular

The decay scheme of
the emission probability of the main a-particle transition is uncertain by
20 %. Requests for 1 % accuracy have been made and maintained (1), although

it is questionable, if this accuracy can be obtained. In addition, the

237Np

and its daughter is unsatisfactory. The required accuracy is 3.5 % while
237 o
Np and 1 %

present knowiedge of the y-ray-emission probability in the decay of

the achieved accuracy is about 10 % for the ¥ rays of the

for those of the 233Pa (1) decay.

(1) A. Lorenz (ed.), Fifth Fasearch Coordination Meeting on the Measurement
and Evaluation ot Transactinium Isotope Nuclear Data, Geel, Belgium,
1-3 September 1982; INDC(NDS)-138/GF (1982)
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R. Vaninbroukx, B. Denecke

The emission probabilities for about 25 v rays in the energy range from 29 keV
to 416 keV are measured. Five sources are used with 237Np amounts ranging
from 16 ug to 660 ug, corresponding to activities between 440 Bq and 17200 Bqg.
The active area of these sources, which were prepared by CBNM's Sample
Preparation Group, is 1.3 cm2. The disintegration rates, No of the sources
are measured by e-particle counting under well-defined low solid angles.

The y-ray emission rates, N7, are measured with three calibrated photon deteg—
tors: a high-purity Ge detector with a thickness of 8 mm and an area of 1 cm™,
and two Si{Li) detectors each with an area of 3 cmz, however with thicknesses

of 3 mm and 5 mm, respectively. A typical y-ray spectrum is shown in fig. 52.
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Fig. 52. Gamma-ray spectum of Z37Np -
The solid angles of the detection systems vary between 0.1 sr and 0.3 sr. The
y-ray-~-emission probabilities are obtained from the ratio Ny/No'

The measurement technique and the results are described in a paper that has
been submitted for publication (1>. It has the following abstract:

(1) R. Vaninbroukx, G. Bortels and B. Denecke, Determination of Photon-
Emission Probabijlities in the Decay of **’Np and its Daughter 2%2®Ppa,
Int. J. Appl. Radiat. Isot., in press
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" Photon~emission probabilities of importance for the assay of **7Np samples
by gamma-ray spectrometry have been measured. The results were deduced
from the photon-emission rates, measured with a calibrated high-purity-Ge
detector, and the disintegration rates, measured with alpha-particle
counting in a well defined solid angle."” . - ~

Alpha-particie-emission probabilities in the decay of 237Np

G. Bortels

A feasibility study (1) was made to investigate the parameters which influence
the accuracy of the measurements of the a-particle-emission probahilities of
the 237Np decay. A typical a spectrum measured at CBNM, is shown in Fig. 53.
The a peaks are indicated by the energy of the excited level in 233Pa to which

the decay proceeds.
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The most important a group in the spectrum contains five overlapping peaks
from ags to 4109 in the energy range between 4760 and 4820 keV.
The conclusions of the study are as follows:

(1) G. Bortels, Feasibility Study of Improving the Measurement of the
Alpha-Particle-Emission Probabilities of *37Np, CBNM Internal Report
GE/R/RN/16/83
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- Passivated ion-implanted detectors must be sslected for a 10 keV full-
width-half-maximum resolution or better.

- Peak broadening resulting from amplifier-gain instability should not
exceed 0.1 keV.

- Measurement duration must be kept relatively short. Spectra can be added
following a suitable linear adjustment of the energy scale.

- Sum pulses from coincident a particles and conversion electrons cause
spectrum deformation. The conversion electrons should be eliminated by
the use of a magnetic field.

- The analysis of the a spectra of 237Np requires either the use of an
internal reference peak or a suitable analytical model to fit the singlet
a peaks. There are no other a-particle-emitting Np isotopes of suitable
half life available. The preparation of very thin (5 ug/cm~), homoge-

237 d 238Pu would be useful.

neously mixed sources of Np an

It will be necessary to improve the parameters mentioned above before

starting new measurements of the 237Np a-particle-emission probability.

238

Decay 04 Pu

G. Bortels, B. Denecke, R. Vaninbroukx

A paper on the alpha-particle- and photon-emission probabilities in the
238Pu-234U decay has been presented at the ICRM Seminar on Alpha-Particle
Spectrometry and Low-Level Measurements, Harwell, UK, 10-13 May 1983.

The paper (1) has the following abstract:

" Emission probabilities for the alpha particles of 5358, 5456 and 5499 keV
in the decay of >*®*Pu have been measured using Si-surface-barrier detec-
tors. Sources of 238Pu, produced by evaporation in vacuum, were measured
in various solid angles.

Similar sources were used for the measurement of emission probabilities
for photons, LX and prominent Y rays, following the decay of 238 py, These
measurements were performed with calibrated high-purity-Ge and Si(Li)
detectors. The disintegration rates of the sources were measured by a
counting in a well-defined small solid angle. The results also include
values for the total internal~-conversion coefficients. The results give

a consistent set of data for the prominent @-particle and ¥-ray transi-
tions in the decay *3®pu."

(1) G. Bortels, B. Denecke and R. Vaninbroukx, Alpha-Particle- and Photon-
Emission Probabilities in the *°®Pu-***U Decay, Nucl. Instr. and Meth.,
in press
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Decay o4 ZJINN

B. Denecke

The measurements of the 60-keV y-ray-emission probability were continued.
The disintegration rates of seven sources with an activity ranging from 100
to 11000 Bg were measured with an accuracy of 0.1 % by counting the a-
particles in a low-solid-angle arrangement.

The source material was evaporated under vacuum onto Mylar foils of 6.6 cm
diameter and 450 ug/cm2 superficial density. Stronger sources on polyimide
foils of 100 ug/cm2 superficial density are in preparation.

The y-ray emission rates were measured with a CsI(T1)-sandwich spectrometer
realizing a solid angle of nearly 4n sr. Due to the large geometry the X
rays are summed up with each other and with the 60-keV y rays. Several
peak-area-calculation programmes were tested for their ability to fit the
complex experimental spectra.

The measurements indicated that the dead layers had to be removed from the
CsI-crystal surfaces. Furthermore, the flatness of the crystals and the
shape of the spherical cavity in the middle of them was not good enough to
reach a solid angle as close as possible to 4r sr. Therefore, the window
surfaces were abraded and polished to get flat contact planes between which
the sources were mounted. A value of 0.66 was reached for the ratio of

the scintillation efficiency between a particles and electrons. This shows
that there are no significant dead layers left on the crystal surfaces.
Since only v and X rays should be detected in the CsI-sandwich counter it
is necessary to stop by specially designed absorbers all other radiation
which is coincident with that to be investigated. The bowler-hat-shaped
absorbers made from Makrolon foils were found to be too thin. Another type
of absorbers formed from polysterene foils did not fit any more into the
reshaped spherical cavities of the c¢crystals. Therefore,a prototype of a
mould was constructed for hot-pressing of new and better absorbers from
pellets of high-density polyethylene, which is optimal as absorbing material.
Transparent absorbers of various thicknesses were successfully fabricated.
The y-ray resolution of the detector system as function of the energy was

47

. . _ 139
investigated. Sources of "'Sc (E7 = 159 keV) and Ce (57 = 166 key,

£ Byp" (Egy = 16.9 keV)
Cd (E7 = 88 keV, EKX = 22.6 keV) sources are in progress.

E,, = 33.4 keV) were measured. Measurements o
aﬁé 109
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2.2  COMPILATIONS AND EVALUATIONS

Internatl convernsion data

H.H. Hansen

The compilation of internal-conversion data for nuclides with Z > 60 has
been finalized. The listings are sent to the publisher (FIZ, Karlsruhe)
and the abstract of the report (1) reads as follows:

" A compilation of experimental values of internal-conversion coefficients
and ratios is presented. Results quoted with an error and published
prior to October [982 have been retained. Separate tables have been
prepared for results from studies on radicactive nuclides, from nuclear
reactions experiments, from measurements on EO transitions n* > 0%,
and from studies in different chemical environments. The tables include
information on the origin of the isotope, transition energies, spin and
parity of initial and final levels, experimental technique used, and
literature references."

The work on the evaluation of experimental internal-conversion coefficients
of some selected transitions useful for calibration purposes has been
finished. A set of recommended values for K-shell and total internal-

conversion coefficients, ¢, and a, respectively, are shown in Table 8.

K
An internal report on this subject is in preparation.

Directony o4 certijdied rnadioactive nederence sounces

G. Grosse, W. Bambynek

On request of the International Atomic Energy Agency, Vienna, an International
Directory of Certified Radioactive Sources had been compiled and stored on
magnetic tape. The compilation, which contains about 4500 entries, has been
updated and has been published (2).

(1) H.H. Hansen, Compilation of Experimental Values of Internal Conversion
Coefficients and Ratios for Nuclei with Z > 60, Phys. Data, in press

(2) G.Grosse and W. Bambynek, International Directory of Certified Radio-
active Sources, Physics Data 27 - 1 (1983)
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Table 8. Recommended values 4on some {nternal-convernsion coe4ficients
Energy origin Recommended values
Ey(keV) ay a
14.413 5¢o 7.35 4 0.19 8.18 + 0.11
88.037 1094 1.1 +0.2 26.0 +0.3
122.061 o (2.14 + 0.12)- 1072 | (2.40 + 0.14)- 107°
136.474 co 0.122 + 0.013 0.137 + 0.015
145.444 Ml 0.372 + 0.006 0.435 + 0.009
165.853 3%, 0.2146 + 0.0010 0.2516 + 0.0007
279.197 203y 0.1640 + 0.0010 0.2271 + 0.0012
336.2. 15y m 0.843 + 0.011 1,072 + 0.014
321.688 13y m 0.437 + 0.004 0.540 + 0.004
411.804 198y, (3.01 + 0.02) -10% | (4.4 +0.2)-107°
661.661 137¢4 (8.99 + 0.09) -107° 0.1103 + 0.0007
834.843 i (2.24 +0.10) - 107 | (2.51 + 0.11) -107"
1115.546 652 (1.66 + 0.06) -107* | (1.85 + 0.07) ~107"
1173.238 60¢q (1.51 +0.07) -107% | (1.68 + 0.04) -107"
1274.545 22\, (6.3 +0.6)-10° | (6.8 +0.4)-107°
1332.513 60¢, (1.15 + 0.05) -10™% | (1.28 + 0.05) -107"

Fluonescence yields

W. Bambynek

A reevaluation of the K-shell fluorescence yield has been performed. There
are about 100 new results since the last evaluation (1) in 1972. In addition

to the various techniques to measure w, directly, there are methods which

yield the product of the relative K-cagture preuvability PK and the fluores-
cence yield Wy - About 90 of those measurements have been evaluated and
included into the file.

For the calculation of the PK values electron-wave functions have been used

according to Mann and Waber and exchange and overlap corrections of Bahcall

(1) W. Bambynek, R.W. Fink, H.-U. Freund, Hans Mark, C.D. Swift, R.E. Price
and P. Venugopala Rao, Rev. Mod. Phys. 44, 716 (1972)
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and of Vatai, as recalculated by Chen, for 7 < 58, and those of Suslov and of
Martin and Bichert-Toft for Z > 58. The method of calculation is described
elsewhere (1).

From the file of all published, experimentally determined K-shell fluorescence
yields a set of recommended data has been selected and fitted to the relation

174
(wK/(l-wK)) = BO+

The recommended and fitted Wy values are compared to those of theoretical

(2)(3)

predictions

, 241

Pantial-a half Lide o4 247Pu and total hal4 Lives of Pu and 241&

i

R. Vaninbroukx

As part of the CBNM contribution to the Coordinated Research Programme (CRP)
on the Measurement and Evaluation of Transactinium Isotope Nuclear Data of the
International Atomic Energy Agency (IAEA) the partial-a half life of 241Pu
has been evaluated. The measurements described in the literature have been
reviewed and assessed and a weighted-mean value has been deduced (4).

The recommended value and its uncertainty on a 68 % confidence level s :

5
T)p(a) = (6.00 + 0.05)10” a.

241

There is a well recognized discrepancy between the results of the Pu half-
241

life determinations by the Am-ingrowth method and those from recent direct

241 241Pu

measurements of the decay by mass spectrometry. The ratio of Am and

activities in a Pu sample is a function of the decay constants of both radio-
nuclides and the time, t, elapsed since the Am/Pu separation. Consequently,

241

if one of the decay constants, e.g. that of Am, is assumed to be known, the

other can be calculated from the activity ratio and the time t.

(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, Rev. Mod.
Phys. 49, 77 (1977)

(2) L. Walters and C.P. Bhalla, Phys. Rev. A3, 519 (1971), Phys. Rev. A3,
1919 (1971), At. Data 3, 301 (1971) T

(3) M.H. Chen, B. Crasemann and Hans Mark, Phys. Rev. A21, 436 (1980)

(4) R. Vaninbroukx, Review of the Partial-Alpha Half Life of 2*lpy,

CBNM Internal Report GE/R/RN/13/83
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In order to contribute to a clarification of this discrepancy all measurements
of the 241Pu and 241Am half lives described in the literature have been re-
viewed and assessed. In Table 9 the reviewed values are summarized.

The value obtained for 241Am confirms the recommended half-1ife value of

(432.6 + 0.6)a ‘1) The review, which is described in a CBNM Internal

. 2
Report (2), shows that the recommended half life of 41Am cannot be recon-
. . 24
ciled to the result of the recent decay measurements of the half life of 1Pu.
) . / 241 241 .
Table 9. Review o4 the neported Pu and Am hald Clves
Half life in years
Nuclides Methods applied Mean values and their
standard deviations
241 . :
Pu Direct decay measurements, mainly by
mass spectrometry, and 241Am ingrowth 14.56 + 0.06
by y- and low-geometry « counting
Direct decay measurements (n=10) 14.60 + 0.09
Recent direct decay measurements (n=3) 14.36 + 0.02
241Am ingrowth (n=3) 14.61 + 0.04
241 s .
Am Specific-power measurements by calori-
metry and specific-activity measurements 433.0 + 0.6
by « counting (n=7)

Probably systematic effects have been underestimated. Direct decay measure-
ments by measuring the changes in the 148.6 keV and 208.0 keV y-ray-emission

241Pu sources using high-purity-Ge detectors have been started.

rates of
It is expected that the results from these measurements will help to solve
the discrepancy. To our knowledge, this method has not yet been employed

for the determination of the 241Pu half Tlife.

{1) A. Lorenz, Proposed Recommended List of Heavy Element Radionuclide
Decay Data, INDC(NDS)-127/NE, IAEA, Vienna, 1981

241

(2) R. Vaninbroukx, Remarks on the Half Lives of Pu and 241Am,

CBNM Internal Report GE/R/RN/02/83
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Decay data of actinddes

R. Vaninbroukx

A paper (1) on the IAEA coordinated research programme has been presented
at the ICRM Seminar on Applied Radionuclide Metrology, Geel, 16-17 May 1983.
It has the following abstract:
" In 1977 the Nuclear Data Section of the Atomic Fnergy Agency organized
a Coordinated Research Programme on the Measurement and Fvaluation of
Transactinium-Isotope Nuclear Decay Data. The objectives of the Coordi-

nated Research Programme, its organization, the achievements and the
ongoing work are reported.”

2.3 IMPROVEMENT OF MEASUREMENT AND SOURCE PREPARATION TECHNIQUES

]231 solution

Compardison 04 activity measwrements o4 a

D. Reher, E. Celen, R. Vaninbroukx, W. Zehner

On request of the Institut National des Radioéléments (IRE) two solutions of
1231 were standardized. In this comparison of activity measurements SCK-CEN
(Belgium), LMRI (France), NPL (UK), NIRH (Denmark) and CBNM were partici-

pating. The nuclide 1231, which has a half life of (13.21 + 0.03)h, is used
as radiopharmaceutical. It was produced via the reaction 1?7I(p,5n)123Xe at

the cyclotron of Louvain-la-Neuve. The formed 123Xe decays with a half 1ife

of 2.08 h to 1231. Additionally to this reaction 125Xe is generated by the
reaction 127'I(p,3n)123Xe. This nuclide decays with a half life of 17 h to
1251 which builds up an appreciable impurity in the 123I solution.

1231 solution. From

CBNM received two bottles containing each 5 ml of the
each bottle 3.6 ml were filled into ampoules. The ampoules were flame-sealed
and sent to the Bureau International des Poids et Mesures (BIPM) in S&vres,
France, for measurement in the International Reference System (SIR).

From the remaining solution quantitative sources were prepared and measured
with the 4n (AX)-v-coincidence method and a calibrated planar high-purity-Ge
detector. An investigation on further impurities was carried out by v-ray

spectrometry.

(1) R. Vaninbroukx, The IAEA Coordinated Research Programme on the Measure-
ment and Evaluation of Transactinium-Isotope Nuclear Decay Data,
Int. J. Appl. Radiat. Isot., 34, 1259 (1983)
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The estimated overall uncertainties corresponding to the 68 < confidence level
are + 0.54 % for the coincidence method and + 0.75 % for the calibrated-Ge-
detector measurements. The agreement between the two individual results is
0.1 ¢%. The activity concentration of the solution was found to be
(500.8 + 2.7)Bq/mg on the reference date 1 June 1983 Oh UT. The 12°
concentration at the same date was found to be (6.4 + 0.4)Bg/mg. The measure-

ments are described in an internal report (1).

I impurity

Standardization and decay data measwrements on 47Sc

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

The nuclide 47Sc is useful in two fields of application: (1) in radiotherapy

and cancer research, and (2) in efficiency calibrations of solid state detec-

tors at 160 keV. The Institut National des Radioéléments (IRE) requested

47
S

CBNM to standardize a solution of ¢. IRE supplied sufficient material, so

that CBNM could organize a small international comparison for the determina-
tion of the activity concentration of the solution - similar to that on 1231.
NPL and LMRI accepted to participate and BIPM measured two ampoules in the
International Reference System, SIR.

The measurements for the determination of the activity concentration were
carried out using the 4r8-y coincidence technigue and liquid scintillation
counting. For the measurement of impurities a calibrated Ge detector was
used. The results, which are still preliminary, agree within 0.2 %. This

47

demonstrates that ''Sc can be standardized rather accurately. At the

occasion of this comparison we discovered that some of the decay-scheme

47Sc are not very well known. Some additional measurements

parameters of
allowed us to determine more accurate values for the half life, the v-ray
emission probability, the branching ratio, and some K-conversion data.

Preliminary results are available. The final results will be available in

1984.

(1) D. Reher, E. Celen, R. Vaninbroukx and W. Zehner, Standardization of
a '?*I Solution, CBNM Internal Report GE/R/RN/21/83

Visiting Scientist from NBS, Washington
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Low-energy X-ray and electron *pectrometen

D. Reher, W. Bambynek

A paper (1) describing the low-energy X-ray and electron spectrometer (LEXES)
has been presented at the ICRM Seminar on Applied Radionuclide Metrology,
Geel, 16-17 May 1983. It has the following abstract:

"

The Low Energy X-Ray and Electron Spectrometer (LEXES) has been designed
for the simultaneous measurement of photons and electrons with windowless
solid state detectors. Within this spectrometer two detectors can be moved
independently of each other with respect to the source plane. The source
is introduced through an interlock system in order to keep the detectors
constantly cooled and under high vacuum. Special tech.:iques and materials
have been chosen to reach the low operating temperatures of the detectors
and to keep the consumption of liquid nitrogen at an acceptable level.
LEXES has been used for the measurement of various parameters, and recent-—
ly, for the determination of conversion-electron ratios in the decay of
93me (Reher, 1982). As a further example of such measurements the rede-
termination of the relative K-capture probability P, in the decay of
'3%9Ce is described. A value of P, = 0.75 + 0.05 has been found which

is in good agreement with recent measurements (Hansen and Mouchel, 1975;

Plch and co-workers, 1975)."

Satellite peaks Ln high-resolution alpha-particle specira

A. Nylandsted Larsen*, G. Bortels, B. Denecke

A paper has been published (2). The abstract reads as follows:

" The origin of satellite peaks accompanying some of the alpha peaks in

spectra from decay-chain members measured with surface-barrier detectors
is discussed. It is shown by the example of the *?®Th series that these
satellite peaks stem from alpha-particle decay of nuclei which have been
recoil implanted through the Au-surface-barrier layer of the detector
and into the Si crystal. The energy separation between a given alpha-
particle peak and its satellite peak corresponds to the fraction of
energy lost by the recoiling atom to charge carriers in silicon. This
fractional loss of energy for members of the *?®Th series has been
measured. Results are consistently lower than values obtained from the

theory of Lindhard et al."

(1) D. Reher and W. Bambynek, A Versatile Solid-State Detector Spectrometer,

Int. J. Appl. Radiat. Isot., 34, 1301 (1983)

(2) A. Nylandsted Larsen, G. Bortels and B. Denecke, Satellite Peaks in

High-Resolution Alpha-Particle Spectra of Decay-Chain Members measured
with Silicon Surface-Barrier Detectors, Nucl. Instr. and Meth., 219,
339 (1984) T

Present address: Institute of Physics, University of Aarhus,
DK-8000 Aarhus C., Denmark
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Low-energy X-nay Standards

G. Grosse, W. Bambynek

A press was designed and fabricated for the preparation of the fluorescence
sources. It presses under vacuum the fluorescer foil and the glue against
the backing. In this way we get flat sources. This is important for the
reproducibility of the source position.

A new source holder was constructed. It allows one to rotate the source
with respect to the counter axis between 0 and 45° in steps of 7.5°. Care
has been taken that the radiating area remains in the rotation axis. Such
a source holder is needed to determine the influence of the anisotropy with
respect to the source rotation angle for the case of users performing cali-
brations at a non-normal angle to the source.

Improvements have been made to separate the Al-KX-ray peak at 1.5 keV from
the Tow-energy tail of the 5.4 keV Mn-KX-ray peak. Fig. 54 shows the Al
peak after subtraction of the tail and the background.
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Improvements of the 4nd-y-codnelrence method

D. Reher, E. Celen, E. Funck‘, A. Nylandsted Larsen

A paper (1) on the influence from iow-energy X rays and .wger electrons on

dmp -y ~coincidence measurements of electrgn-capture-decaying nuclides has

been published. It has the following abstract:

" The influence of low energy X-rays and Auger electrons emitted by electron
capture nuclides on 476 ~y-coincidence measurements is investigated. Under
the assumption that these radiations are noc detected, correction terms
are developed for a number of nuclides thar are in common use."

A new B-counter was developed. With this counter the gas consumption could be

reduced by more than a factor of three.

In addition, the homogeneity of the electric fizld was improved which resulted

in a better resolution of the counter.

The mechanical construction of the counter and the materials used were kept

as far as possible to the original properties in order to keep factors, such

as the y-ray efficiency of the g-ray counter (eﬁ)y’ tne same as before.

This was checked by re-measuring (eﬁ)7 for “"Mn and 'Be.

An improved version of the 48—y coincidence-evaluation progran DEGAC is

implemented on the RNDAS computer. There remain some further improvements

to be included, e.g. determination of the uncertainty on the single meas-

urements, life-time data as input and input of data directly from a CAPRO-

measurement disk.

Measwrement o4 supenjreial densities in ain pollution samples

B. Denecke

A paper (2) on electron-energy absorption used for the measurement of super-
ficial densities of air pollution samples on thin membrane filters has been

(1) E. Funck and A. Nylandsted Larsen, The Influence from Low-Energy X Rays
and Auger Electrons on the 4np-y Coincidence Measurements of Electron-
Capture Decaying Nuclides, Int. J. Appl. Radiat. Isot. 34, 565 (1983)

(2) B. Denecke, Electron-Energy Absorption Used for the Measurement ot
Superficial Densities of Air Pollution Samples on Thin Membrane Filters,
Int. J. Appl. Radiat. Isot. 34, 1311 (1983)

Physikalisch-Technische Bundesanstalt (PTB) Braunschweig, GFR

*k
Present addrass: Institute of Physics, University of Aarhus,

DK-8000 Aarhus C., Denmark
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presented at the ICRM Seminar of Applied Radionuclide Metrology, Geel,
16-17 May 1983. It has the following abstract:

" A sampling and analysis method to measure dust concentrations in air is
described. The dust was deposited on membrane filters, the superficial
density of which was measured by an electron-energy—absorption method.
Internal-conversion electrons from the '°°Cd decay were used as the
electron source. The electron detector was a gas-proportional counter
operated at atmospheric pressure with a 90 7 Ar + 10 Z CHa gas flow.
Detected superficial-density differences ranged from O to 400 pg/en’
with an estimated accuracy of 20 ﬂg/cmz. The measurement process was
automated using a computer—controlled sample changer. About 8,000
samples were taken and analysed during 18 months. In addition to the
total amount of dust the blackening index of the dust stains was also
measured by an optical reflection method."”

A CBNM Internal Report (1) on light-reflection measurements on dust stains
of air-pollution samples has been written. It has the following abstract:

" A light reflection method for air quality measurements is described.
The blackening index of dust stains on membrane filters is compared
against shaded paper standards. Solid-state optoelectronic modules
are used as light source and as light detector. A small compact probe
has been developed and is used as a reflectometer in an automatic
measuring system which is based on a computer-controlled sample changer.
The analog output signal of the reflectometer is converted into digital
form to be presented to the data acquisition system. The relation
between the blackening index of the dust stains and the deposited dust
amount on the filters is investigated."

Radionclide Group Data Acquisition System

D. Reher, A.B. Idzerda

A paper (2) describing the Radionuclides Group Data Acquisition System,
RNDAS, has been submitted for publication. It has the following abstract:

" A data acquisition system for the radionuclide-metrological laboratory
of CBNM is described. It is implemented in three phases and its final
configuration will be that of a small local area network. A comparison
of the properties of the earlier centralized system with those of the
new system shorrs that the latter is more flexible, faster in response
and less affected by breakdowns."

(1) B. Denecke, Light-Reflection Measurement on Dust Stains of Air-
Pollution Samples, CBNM Internal Report GE/R/RN/12/83

(2) D. Reher and A.B. Idzerda, A Data Acquisition System for a Radionuclide
Laboratory, Nucl. Instr. and Meth., in press
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The automatic gamma spectrometer, to be controlled by one of the four CAPRO-

stations, was installed and tested. The software was adapted to the required
source positions, which were determined by means of a test programme. The 8

floppy-disk drives were equipped with an automatic on/off control in order to
avoid unnecessary wear during repeated measurements over a long period. Both
the hard-~ and software of a CAPRO-station were adapted in order to implement

2 new multi-channel analyser of the type Nuclear Data ND-65.

SHIFT, a program to shift spectra by fractions of a channel

D. Reher, H. Fricauff *

An algorithm to shift spectra by fractions of a channel was developed and
coded as a FORTRAN program, running on the RNDAS main computer. To describe
the shape of a spectrum within a channel, this algorithm uses polynomial
approximation with integral boundary conditions. This guarantees the con-
servation of some important parameters of a spectrum after shifting, as e.g.
total integral, partial integrals, and resolution of the peaks. The program
was tested with complex Ge-detector spectra. Peak positions, full-width at
half-maximum, and peak area were determined using the peak fitting program
RETEOH before and after the spectrum shift. The program was successfully
used in the evaluation of 47Sc conversion-electron-data measurements.

An internal report will be available in the first half of 1984,

GEELEE, an electron-peak evaluation program

D. Reher, W. Westmeier**, H. Verdingh e

For the evaluation of conversion-electron spectra measured with the window-
less Si{Li) detector of LEXES, a computer program was developed which distin-
guishes between electron and photon peaks present in such spectra. The first
experiments with this interactive program on the RNDAS main computer were
very promizing. However, when we improved the program by adding some very
useful features, it became too large to be handled by the actually used
operating system RT-11. This is not a problem of available memory but of

Stagiaire from TH Aachen, GFR

o University of Marburg, GFR

ol Stagiaire from HIK, Geel, Belgium



-~ 97 -

memory management by the operating system. With the timesharing operating
system TSX-plus, which emulates RT-11, such large programs run easily as
was tested in collaboration with the firm POSITRONIKA, Eindhoven.

Calibration senvice

G. Bortels, B. Denecke, R. Vaninbroukx

Sources of 54Mn, 60Co, 652n, 133Ba an

234U, 238Pu, 239Pu and 241Am were standardized for various services

d 137Cs for calibration of detector and

samples of
inside CBNM,
A 238Pu sample for neutron measurements has been investigated for the possible

[~
contamination by 245Cm, within the detection 1imit of about 300 ppm, no 24“Cm
237

was detected. The relative specific activity of 10 samples of a V-"""Np alloy

of 1% 237Np and 10 samples of an A1—237Np alloy of 3 % 237Np was determined.

234 238

The Th content after Th/U separation was measured for 14 U samples.

Sownrce preparalion

W. 0ldenhof, W. Zehner

Various techniques were used for the preparation of about 170 radioactive

sources (3H, 7Be, 46Sc, 47Sc, 54Mn, 55Fe, 57Co, 60Co, 65Zn, 88Y, 93me, 94Nb

109Cd 1231, 133Ba 139Ce, 234U, 238Pu, 239Pu, 243Am) on VYNS, Formvar and
carbon backings and for liquid scintillation counting. About 370 supporting

foils (VYNS, Formvar, carbon) were made.

H]

s E]

ICRM Genenal Meeting

W. Bambynek

The International Committee for Radionuclide Metrology (ICRM) held its
General Meeting this year from 16 to 20 May 1983 at CBNM. The meeting was
attended by 60 persons coming from two international organizations and 20
different countries.

The first two days were devoted to a Seminar on Applied Radionuclide
Metrology. There were 33 papers, presented in six sessions: Introduction,
Gamma-Ray Spectrometry, Standardization, Decay-Data Measurements, Decay-Data
Evaluations, and Miscellaneous Measurement Techniques and Applications.
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Eight contributions were presented by CBNM staff. The proceedings of the
seminar has been published as a special issue of the Int. J. Appl. Radiat.
Isct. Vol. 34 (1983).

During the rest of the week there were meetings of the working groups:
Alpha-, Beta-, Gamma-Ray Spectrometry, Life Sciences and Non-Neutron Nuclear
Data and during the last day the General Meeting of ICRM members.

COLLABORATION WITH EXTERNAL ORGANIZATIONS

The requirements for non-neutron nuclear data and the status of the measure-
ments are reviewed by international nuclear data committees. CBNM is repre-

sented in the following committees:

- IAEA Advisory Group on Nuclear Structure and Decay Data;

- TAEA Advisory Group on Fission Product Nuclear Data;

- IAEA Advisory Group on Transactinium Isotope Nuclear Data;

- IAEA Coordinated Research Programme on Measurements and Evaluations of
Transactinium Isotope Nuclear Decay Data;

- International Committee for Radionuclide Metrology (ICRM}. A CBNM member
is chairman of ICRM. Another CBNM member serves as coordinator of the

ICRM Sub Group on a Spectrometry.

In addition, the high accuracy aspect of some of the measurements is
discussed by the BIPM Consultative Committee on Measuring Standards for
Tonizing Radiations (CCEMRI), Section II, Measurements of Radionuclides,

in which CBNM is represented as well.
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LI1ST OF PUBLICATIONS

NUCLEAR MEASUREMENTS

TOPICAL REPORTS

BﬁCKHOFF, K.H. - Nuclear Data for Science and Technology (Intern. Conf.)
Antwerpen, 6-10 Sept. 1982 - EUR 8355, EN EP (1983)

AXTON, E.J. - Evaluation of the thermal constants of 233U, 235U, 239Pu

and %Py and the Fission Neutron Yield of 2°2Cf - EUR 8805 EN EP

LE DUIGOU, Y. - Certification of a uranium dioxide reference material

for chemical analyses - EUR 8753 EN
MEYER, H. - CAMAC, Updated Specifications, Vol. 2 - EUR 8500 EN

PAULSEN, A., BERTHELOT, Ch., van den BERG, M., BABELIOWSKY, T. -
The feasibility of electromagnetic actinide isotope separation in
the European Community. In press

BUDTZ-JPRGENSEN, C., GUNTHER, P., SMITH, A., WHALEN, J. - Low-MeV
neutrons incident on Yttrium, ANL/NDM-79, Argonne, USA - ART 25287

CORVI, F. - The 1?7

Nuclear Measurements, IAEA Technical Reports Series No. 227 (1983)
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no] b eraG seecTea | pxer-prog | on-e IRDC(EUR) I 49 AR GEL | STRALDECERERGY SPECTRAVANANT ST
[ IR T FYAL-PROG | MAXW INDE(EIR) IR 2 [ 488 [ GLL | AXTON.ERRAR COVAR MATH(%
u st TUAL-PROG | MAXH INDCCEURYIE 3| asd | 6L | AXTON.LRROR COVAR MATRIX
uofese] avea LVAL-PROG | MAXW| 5-7 | INDC(1NRYIS 3 | 483 [ GEL | AXTON.{RROR COVAR MATRIX
0| ess] oo LXPT-PROG | NDG INDEQHUR) LS 1o | 484 [ oL | cORVIsTED
| 3 [ keson parAMS | EvAL-PROG | 153 INDC(FURIIS 16 | 484 [ At | PaNRTMANS:
Pt ese| Fiss vitew iXPT-PROG | SPON INDC(EUR)I& 6 | 483 | nREL | WAGEMANS:TBC
puf 238 | FRAG SPLCTRA [ EXPT-PROG | SPON INDC(EURJIS 6 { 484 | GEL | WAGEMANSTBC
py {239 [ nuBAR (N LVAL-PROG | MAXW [ 25- | INDC(EUR)18 3 | 484 | GEL | AXTON.LRROR COVAR MATRIX
PU[ 239 [ ABSORPTION EVAL-PROG | MAXW] 25-2{ INDC(EUR)18 3 | 484 | GEL | AXTON.LRROR COVAR MATRIX
pu | 239 NFIsSION LVAL-PROG | MAXW | 25-2 | INDC(EUR)I8 3| 484 | GEL | AXTON.ERROR COVAR MATRIX
Py [ 2391 FISS VIELD CXPT-PROG | 25-2 INDC(LUR)IB 6 | 484 | GIL | ALLAERT+TBP
pu| 239 FRAG SPECTRA | EXPT-PROG | 25-2 INOC(EUR)18 6 { 484 | GEL | ALLAERT+TBP
PU{ 239 N,GAMMA EVAL-PROG | MAXW([ 25-2 | INDC{[UR)18 3| 484 | GEL | AXTON.ERROR COVAR MATRIX
pul 239 eTA EVAL-PROG | MAXW) 25-2 | INDC(EUR)I8 3} 484 | AEL | AXTON.ERROR COVAR MATRIX
PU | 239 | ALPHA EVAL-PROG ) MAXW | 25-7 | INDC{EUR)18 3 ) 484 ) GEL | AXTON.ERROR COVAR MATRIX
pu| 240 FIss vIELD £XPT-PROG | SPON INDC(CUR)IE 6 [ 484 [ GEL | ALLAERT+13P
PU 230 | FRAG SPECTRA | EXPT-PROG | SPON INDC(EUR}IS 6 | 484 | GEL | ALLAERT+T8P
PU| 241 NUBAR (Nu) EVAL-PROG | MAXW] 25-2 | INDC(EUR)I8 3 | 484 | GEL [ AXTON.ERROR COVAR MATRIX
PU | 241} ABSORPTION CVAL-PROG | MAXW| 25-2 | INDC(EUR)IS 3 | 484 | GEL | AXTON.ERROR COVAR MATRIX
pu [ 241 | N, FISSION EVAL-PROG | MAXW | 25-2 | INDC(EUR)I8 3 | 484 | GEL | AXTON.ERROR COVAR MATRIX
PU| 241} N,GAMMA EVAL-PROG | MAXW| 25-2 | INDC(EUR)I8 3 | 484 | GEL | AXTON.ERROR COVAR MATRIX
pul 2a1] £TA EVAL-PROG | MAXW [ 25-2 | INDC(EUR)18 3 | 484 | ALL | AXTON.ERROR COVAR MATRIX
pu | 291 ALPHA [VAL-PROG | MAXW | 25-2 | INDC(EUR)18 3 | 484 | GEL | AXTON.ERROR COVAR MATRIX
PU| 242 [ N,FISSION EXPT-PROG | 2045 | 13+6 | INDC(EUR)18 7§ 4B4 | GEL | WARTENA+STATIST ANAL TBC
AM) 201 | N, GAMMA EXPT-PROG | 50+2} 30+5 | INDC(LUR)18 11 | 484 | GEL | CORNELIS+LINAC MEAS C6D6 DET
M| ea3| n,F1sSION [XPT-PROG | 80-1| 40+6 [ INDC(EUR)I8 13 [ 484 | GEL | KNITTER+LINAC+YOG “EAS
CF | 252 | NUBAR (NU) EVAL-PROG | MAXW| 25-2 { INDC(EUR)18 3 | 484 | GEL | AXTON.ERRDR COVAR MATRIX




