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2.4 MA Nuclear Data Measurement with Lead Slowing-down Spectrometers
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This paper reviews the minor actinide (MA) nuclear data measured with lead slowing-
down spectrometers. The Kyoto University Lead Slowing-down Spectrometer (KULS) at the
Research Reactor Institute, Kyoto University has been applied to the measurements of (1) the
fission cross sections of Np-237, Am-241, Am-242m and Am-243 in the energy range from 0.1 eV
to 10 keV and (2) the capture cross section of Np-237 at energies between 0.01 eV and 1 keV.
The results are compared with the existing experimental and the evaluated nuclear data
(ENDF/B-VI, JENDL-3.2 and JEF-2.2).

The recent MA nuclear data, which were measured with the Rensselaer Intense
Neutron Spectrometer (RINS) at the Resselaer Polytechnic Institute and the spectrometer at
the Kurchatov Institute, are also introduced.

1. Introduction
Neptunium (Np), americium (Am) and curium (Cm) are burdensome minor actinide s

(MA), which are abundantly produced in power reactors[l,2]. The nuclear data are of great
importance for the design of reactors with MOX or Pu fuels and the system design of spent fuel
reprocessing. From a standpoint of the disposal of radioactive waste, the fission/capture cross
sections are of interest for their transmutation.

Up to now, numerous cross section measurements for MAnuclides have been made [3].
However, there still exist discrepancies among the measured and the evaluated data, such as
ENDF/B-VI[4], JENDL-3.2[5] and JEF-2.2[6]. The difficulties to measure the fission/capture
cross sections for the MA isotopes have been caused by strong alpha-particle activities or pile up
pulses, or due to their short half-lives. Another problem for the cross section measurement is
often due to lack of pure isotope samples. In addtion, some of the cross sections are lower
than about 1 b in the low/resonance energy region.

A lead slowing-down spectrometer is a powerful tool and is often used for this kinds of
fission/capture cross section measurements because of about 104 incerase in neutron flux
comparing to the conventional time-of-flight (TOF) experiment at a 5 m flight path[7], although
the energy resolution of the spectrometer is about 30 to 40 % full width at half maximum
(FWHM).

In this report, first a survey of lead slowing-down spectrometers, Kyoto University
Lead slowing-down Spectrometer (KULS) [8], Rensselaer Intense Neutron Spectrometer
(RINS) [7] and a spectrometer at the Kurchatov Institute [9], is provided. Then the MA
nuclear data measured with these spectrometers are presented.
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2. Lead Slowing-down Spectrometers

2.1. Kyoto University Lead Slowing-down Spectrometer
The Kyoto University Lead slowing-down Spectrometer (KULS) has heen installed in

coupling to the 46 MeV linac at KURRI[8]. The KULS is composed of 1600 lead blocks (each
size : 10 x 10 x 20 cm3, purity : 99.9 %) and the blocks are piled up to make a cube of 1.5 x 1.5 x
1.5 m3 (about 40 tons in weight) without any structural materials. At the center of the KULS,
an air-cooled photoneutron target of Ta is set to generate pulsed fast neutrons.

The slowing-down constant K in the relation of E=K/t2 was experimentally determined
to be 190 ±2 for the Bi hole in the KULS [8] using the measured relation between the neutron
slowing-down time t in JJL S and the average neutron energy E in keV[8]. The energy
resolution was also deduced to be about 40 %(FWHM) at energies between a few electron-volts
and about 500 eV and was worse than that below a few electron-volts and above about 500
eV[8]. The characteristics of the KULS were also verified by Monte Carlo calculations[8].

2.2. Rensselaer Intense Neutron Spectrometer
The Rensselaer Intense Neutron Spectrometer (RINS) is coupled to the 100 MeV

electron linac at the Rensselaer Polytechnic Institute (RPI) Gaerttner Laboratory [7]. The
RINS is a cube, 1.8 m on edge and is stacked containing 75 tons of 99.99 % purity lead. The
photoneutron target is constructed of tantalum plates and cooled by recirculated helium.

The neutron behavior in the RINS between the average neutron energy E in keV and
the slowing-down time t in M s is represented by the expression; E=K/(t+t0)

2, where to=~0.3 /z s
and K=165 ± 3 for the RINS. The energy resolution of the RINS was —35 % (FWHM) from 1
eVtolkeV[7].

2.3. Spectrometer atKurchatov Institute
The lead slowing-down spectrometer is driven by the high current electron linac

"Fakel" at Kurchatov Institute[9,10]. The size of the spectrometer is 1.6 x 1.8 m2 and 1.6 m
depth and is built with many pieces of lead blocks (20x10x5 cm3; 99.99%). The total weight of
the spectrometer is 50 tons. The neutron target is assembled of the tungsten (W) disks of 40
mm in diameter and 40 mm in thickness and is cooled by air.

The relation between the slowing-down time tin ys and the neutron energy E in keV
was derived as E=K/(t+t0)

2, where K=181.5 and to=0.9 were experimentally determined. The
energy resolution was equal to be 30 %[9,10].

3. Measured Results and Discussion

3.1 Measurements with the KULS
2S7Np(n,f) cross sectionfllj

The first measurement using the KULS was the 237Np(n,f) cross section from ~ 1 eV to
~ 5 keV| 111, as seen in Fig. 1. The data by Plattard et al. and in ENDF/B-VI and JENDL-3.1
are lower by a factor of three[11]. Just after Yamanaka et al. published the resultfll],
Carlson el al. measured the cross section by the neutron TOF method[12] and reported that
their data were in good agreement with the data by Yamanaka et al. These new
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Fig. 1 Fission cross section of Np-237.

measurements were taken into account in
the evaluation of JENDL-3.2. The data
measured by Hoffman et al. are in general
agreement with those by Yamanaka et al.
in the relevant energy region[ll].

241Arn(n,f), 242aAm(n,f) and243Am(n,f) cross

sections[13,14,15]
The fission cross section of Am-241

measured by Dabbs et al. are in good agree-
ment with those by Yamamoto et al[13].
Some of the experimental data are in dis-
agreement, and some other data are close
to the Yamamoto's. As shown in Fig. 2,
good agreement can be seen in general shape and absolute values between the data by
Yamamoto et al. and the evaluated data in ENDF/B-VI and JENDL-3.2, which are energy
broadened with the resolution function of the KULS. The JENDL-3.2 data between 22 and
140 eV are underestimated by 1.2 to 2.3 times, while the ENDF/B-VI data are in good
agreement with the measurement.

The evaluated data in ENDF/B-VI and JENDL-3.2 for the 242mArn(n,f) reaction seem to
be a little higher below about 0.3 eV and lower in the range from 0.6 to 3 eV than the
measurement by Kai et al.[14], as displayed in Fig. 3. Above 3 eV the JENDL-3.2 data are
close to the measurement in general, while the ENDF/B-VI data are obviously high.

The 243Am(n,f) cross sections measured by Wisshak et al. and Knitter et al. show good
agreement with those by Kobayashi et al.[15], while the result by Seeger is considerably higher
above hundreds of electron-volts. Kobayashi et al. measured the fission cross section for the
first time in the lower/resonance energy region. Figure 4 shows that the ENDF/B-VI data are
in general agreement except for the region above 300 eV and lower at energies between 15 and
60 eV. The JENDL-3.2 data seem to be lower than the Kobayashi's in general above 100 eV.

10'

10°

HI"'

1

- jf

r

r

• , . i .

i

'Ail
1 A
V

, i , ,

i ' • i

i i

• i • • i • •

Mk YAMAMOTO j
- ENDF/B-VI :

JENDL-3.2

-:

8 io'
in

o
2 1O1

H P IIP HI" HI' HI- HI HI
Neutron Energy ( eV )

Uf

JENDL-3.2

Fig. 2 Fission cross section of Am-241. Neutron Energy (eV)

Fig. 3 Fission cross section of Am-242m.
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In contrast to this, the evaluation shows a tendency to be higher below 0.3 eV.
data are obviously low except for the big resonance region.

The JEF-2.2

Z37Np(n, yf^Np cross section[16]
Figure 5 shows the measured and the existing experimental/evaluated data which are

broadened by the resolution function of the KULS. The data by Weston et al. are in good
agreement with those by Kobayashi et al.[16]. However the data by Hoffman et al. are
markedly lower. The evaluated data in ENDF/B-VI and JENDL-3.2 agree well with the
Kobayashi's.
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Fig. 4 Fission cross section of Am-243.
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Fig. 5 Capture cross section of Np-237.

3.2. Measurements with the RINS
238U(n,f) and^Pufaf) cross sections[7,17]

Making use of the RINS, the 238U(n,f) cross section was measured relative to the
235U(n,f) cross section from 3 eV to —100 keV with 2.2 cm diam. cylindrical ionization chamber
coated with highly enriched U-238[7], Fission in the lowest energy U-238 resonance was
clearly resolved for the first time. The fission cross section of Pu-238 was measured in the 0.1
eV to 100 keV[17], which was the second reported measurement below ~ 2 eV. The
ENDF/B-VI data are generally in poor agreement with the measurement in the resonance
structure region[17].

242,Cm(n,f), 244Crn(n,f), 246Crn(n,f), 247Crn(n,f) and248Crn(n,f) cross sectionsfl 7-19]

Alam et al. made the first fission cross section measurement of Cm-242 from 0.1 eV to
100 keV[17]. Maguire,Jr et al. measured the fission cross sections of Cm-244, Cm-246 and
Cm-248[18], These data were the first measurements between 0.1 and 20 eV. Figure 6
shows the 246Cm(n,f) cross section comparing with the ENDF/B-V data[18]. The evaluated
data for these even curium isotopes are generally in poor agreement with the measurement.
Danon et al. measured the 247Cm(n,f) cross section from 0.1 eV to 80 keV[19], and this was the
first measurement at the energy range of 0.1 to 20 eV. In the energy range from 20 eV to 100
keV, the shape of the cross section agrees with the fission cross section measured by Moor and
Keyworth, but higher by about 30 % above 150 eV[19],
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25OCf(n,f) and254Es(n,f) cross sections[19]

These cross sections were first measured in the energy range of 0.1 eV to 80 keV.
The Cf-250 cross section has only one resonance at 0.53 eV and has an average cross section of
the order of ~ 4 b in the 17 to 76 eV energy range[19]. Es-254 showed only very little
structure possibly because of wide fission widths and small level spacing[19].

3.3. Measurements with the Kurchatov Spectrometer
237Np(n,f), 236-23g'241Pu(n,f), 241M2mAm(n,f), 24BCm(n,f) and249Cf(n,f) cross sections[9,10]

Making the correction procedure for the resolution function with the Kurchatov
spectrometer, the MA fission cross sections were obtained. For Np-236, Pu-236, Pu-239, Pu-
241, Am-242m and Cm-245 isotopes, the results were published elsewhere[20,21]. The data
for the Np-236 and Pu-236 so far remain the unique experimental evaluations of the fission
cross section in the over-thermal neutron energy region. The fission cross section of Np-237
measured by Gerasimov et al.[10] seems to be close to that by Yamanaka et al.fll] although a
little discrepancy are seen in the peak or valley structure region due to the different energy
resolution between the spectrometers. For the Pu-239 measurement, good agreement is seen
between the results using the RINS and the Kurchatov spectrometer. The Kurchatov data of
the 241Am(n,f) and 242mAm(n,f) reactions are in very good agreement with the measurements
with the KULS[13,14], respectively. Figure 7 show the 24BCm(n,f) cross section measured by
Gerasimov et al.[9]. RPI group has not measured this cross section, although the group has
measured some other Cm fission cross sections with the RINS.

(Qf) [b]

Fig. 6 Fission cross section of Cm-246. 10"' 10° Id' 102 103 10VV]

Fig. 7 Fission cross section of Cm-245.

4. Summary
The present review of the recent MA nuclear data measurements are summarized as

follows:
(1) Making use of the KULS, the fission cross sections of Np-237, Am241, -242m and -243 and

the capture cross section of Np-237 have been measured in the energy range of about ~0.1
eV to 10 keV.

(2) The RINS has been used to measure fission cross sections of U-238, Pu-238, -239, Cm-242, -
244, 246, -247, -248, Cf-250 and Es-254 between about 0.1 eV and —100 keV.

(3) With the Kurchatov spectrometer, the fission cross section of Pu-236, -238, -239 -241, Np-
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237, Am-241, -242m, Cm-245 and Cf-249 have been measured below 40 keV.
The fission cross section of Pu-238 has been measured with the RINS and the Kurchatov
spectrometer, and those of Np-237, Am-241 and Am-242m have been measured with the KULS
and the Kurchatov spectrometer. It is said that the MA nuclear data measured with these
Spectrometers are in general agreement with each other. However, discrepancies can be still
seen between the evaluation and measurement or among the measurements for some MA
nuclear data. It is expected in future that more experimental studies with MA nuclides are
carried out with the pure sample.
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