Taylor & Francis
Taylor & Francis Group

Journal of Nuclear Science and Technology

ISSN: 0022-3131 (Print) 1881-1248 (Online) Journal homepage: https://www.tandfonline.com/loi/tnst20

Thermal-Neutron Capture Cross Section and
Resonance Integral of Americium-241

Shoji NAKAMURA , Masayuki OHTA , Hideo HARADA , Toshiyuki FUJII &
Hajimu YAMANA

To cite this article: Shoji NAKAMURA , Masayuki OHTA , Hideo HARADA , Toshiyuki FUJII
& Hajimu YAMANA (2007) Thermal-Neutron Capture Cross Section and Resonance Integral
of Americium-241, Journal of Nuclear Science and Technology, 44:12, 1500-1508, DOI:
10.1080/18811248.2007.9711399

To link to this article: https://doi.org/10.1080/18811248.2007.9711399

ﬁ Published online: 05 Jan 2012.

N
[:J/ Submit your article to this journal &

||I| Article views: 678

A
h View related articles &'

@ Citing articles: 3 View citing articles (&

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=tnst20


https://www.tandfonline.com/action/journalInformation?journalCode=tnst20
https://www.tandfonline.com/loi/tnst20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/18811248.2007.9711399
https://doi.org/10.1080/18811248.2007.9711399
https://www.tandfonline.com/action/authorSubmission?journalCode=tnst20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tnst20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/18811248.2007.9711399
https://www.tandfonline.com/doi/mlt/10.1080/18811248.2007.9711399
https://www.tandfonline.com/doi/citedby/10.1080/18811248.2007.9711399#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/18811248.2007.9711399#tabModule

Journal of NUCLEAR SCIENCE and TECHNOLOGY, Vol. 44, No. 12, p. 1500-1508 (2007)

ARTICLE
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The thermal-neutron capture cross section (oo,) and the resonance integral (/o) leading to the ground
state of 2> Am were measured by an activation method for neutron capture by *! Am. A method with ga-
dolinium, which was similar to the cadmium difference method, was used to measure the cross section oy ¢
with attention to resonances of **! Am. Americium chloride samples containing *! Am radioisotope were
irradiated for 68 h in the long-irradiation plug of the Kyoto University Research Reactor, KUR. Wires of
Co/Al and Au/Al alloys were used as monitors to determine thermal-neutron fluxes and epithermal West-
cott’s indexes at the irradiation positions. An a-ray spectrometer was used to measure the activity ratios of
22Cm to **! Am. On the basis of Westcott’s convention, the oy, and Iy, values were determined as 628 +

22b and 3.5 £ 0.3 kb, respectively.

KEYWORDS: americium-241, americium-242g, curium-242, activation method, thermal-neutron
capture cross section, resonance integral, alpha-ray spectroscopy

1. Introduction

Associated with the social acceptability of nuclear power
reactors, it would be desirable to solve the problems of the
nuclear waste management of minor actinides (MAs) exist-
ing in spent nuclear fuels. The MAs (*’Np, *'Am,
283 Am, etc.) are of importance in nuclear waste manage-
ment, because the presence of these nuclides induces long-
term radiotoxicity on account of their extremely long half-
lives. Figure 1 illustrates a partial section of the nuclear
chart displaying relevant reactions and decays. The 2*!' Am
nuclide has kept its radioactivity because of its long half-life
(432.2yY), and also generates heavier actinides such as
22Cm, >$Cm and ***Cm by further neutron captures. Since
22Cm has a relatively short half-life (162.8d"), the 2*>Cm
contained in the spent nuclear fuels causes shielding and de-
cay-heat problems. Consequently, one of the most important
isotopes in MAs seems to be 2*' Am.

A method of transmutation seems to be one of the solu-
tions to reduce the radiotoxicity of nuclear wastes.? The
transmutation for several MAs makes it possible to reduce
both the size of a repository for packages of nuclear wastes
and the storage risks for a long term. In the study of the
transmutation or burn-out of 2! Am by reactor neutrons, ac-
curate data of neutron capture cross sections are necessary to
evaluate the reaction rates. The accurate data with 5% error
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Fig. 1 Partial section of the nuclear chart displaying relevant re-
actions and decays

on the capture cross section of 2! Am have been required as
registered in the World Request List for Nuclear Data:
WRENDA 91/92.3 However, there are discrepancies among
reported data for the thermal-neutron capture cross section
(00¢) and the resonance integral (Ip,) of the **!'Am(n,
¥)?*22 Am reaction. Measured data*'¥ are listed in Table 1.
Conflicting data have been reported by many measurements
for the neutron capture cross section of >*! Am. One finds that
discrepancies between the data reported recently reach 20—
30%. It seems that these discrepancies in the thermal-neu-
tron capture cross sections may be caused by taking a cutoff
energy of 0.5eV in measurements. Figure 2 plots the neu-
tron cross-section curve of >*' Am.'> Since >! Am has huge
resonances at neutron energies of 0.308 and 0.573 eV, the
cutoff energy of 0.5eV cannot filter the first resonance.
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Table 1 Measured data for the *! Am cross section leading to 24?¢Am

O0,¢ Iog Cutoff energy

References Year (barn) (barn) V)
Seaborg et al.¥ 1946 560 + 84
Hanna et al.y) 1951 568 £ 56.8
Street et al.® 1952 300
Pomerance” 1955 625 + 35*
Deal et al.® 1964 770 900 0.5
Bak et al.” 1967 670 4 60 2100 &£ 200 0.4
Harbour et al.'® 1973 748 + 20 1330 £ 117 0.369
Gavrilov et al.'V 1976 780 £ 50 1570 £ 10 0.5
Shinohara et al.'? 1997 768 + 58 1694 + 146 0.5
Fioni et al.'® 2001 636 + 46
Maidana et al.'¥ 2001 602 +9 1665 +91 0.5

The asterisk(*) denotes the cross sections of the **!' Am(ny,,y) >**™+2Am reaction.

10* :
0.308 eV 0.573 eV
JENDL-3.3 300k
639.4 b
at 0.0253eV
10°

|

Cross Section (b)

102 | This Work |
Cut-off Energy
0.1eV
Cut-off Energy|
i 0.5eV
0.01 0.1 h 1

Neutron Energy (eV)

Fig. 2 The cross-section curve of >*'Am evaluated by JENDL-
3.3.

Americium-241 has strong resonances at 0.308 and 0.573 eV,
which are at least partially covering the 0.5eV cutoff energy.

Therefore, contributions to the reaction rate by the first res-
onance would result in overestimation for the thermal-neu-
tron capture cross section of >*! Am. In view of the behavior
of the cross-section curve in Fig. 2, the cutoff energy of
0.1eV could get rid of the influence of resonances. Thus,
the aim of this work was to confirm that there would be prob-
lems in how to set the cutoff energy, and also to measure the
thermal-neutron capture cross section oz and the resonance
integral Io g of the 2 Am(n, y)**2Am reaction.

II. Experiments

1. Sample Preparation and Neutron Irradiation

Figure 3 schematically gives an outline of sample compo-
sitions. An 2*! Am standardized solution (Amersham Interna-
tional plc., 0.5 mol/L(M) HCI) was prepared as Am samples.
The Am solution contained **Am of 0.064% as one of the
impurities, but its amount was very small. The energy of
the a-ray from >**Am is 5.3 MeV, and does not interfere with
the 5.49-MeV a-ray from 2*' Am. Even if >**Cm would be
generated by the neutron capture of **3Am, the 5.8-MeV
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Fig. 3 Outline figures of irradiation samples

a-ray from ?**Cm also does not interfere with the 6.11-
MeV a-ray from 2*>Cm. The estimated activity of other al-
pha-particle emitters was negligibly 0.0002%.

Two 2*'Am standardized solutions equivalent to 100 Bq
(2.5ul) and 500 Bq (12.5 ul) were dropped into the bottom
of high-purity quartz tubes (8§ mm in inner diameter,
100 mm in length) using a glass capillary without touching
the inside of the tube. After drying the solutions, quartz tubes
were flame-sealed under evacuation. When sealing, the bot-
tom of the quartz tube was covered with a thick copper jack-
et working as a heat sink to prevent the Am sample from
evaporating. The sealed tube was about 20 or 50mm in
length, and its outside was washed by 0.7 M HNOj3 and etha-
nol before irradiations. By measurements of the 59-keV y
ray from 2*'Am, it was confirmed that Am samples were
surely enclosed in quartz tubes.

Wires of Co/Al alloy (Co: 0.46 £ 0.1 wt%, 0.381 mm in
diameter) and Au/Al alloy (Au: 0.112 £ 0.01 wt%, 0.510
mm in diameter) were used to monitor neutron fluxes at
the irradiation position. Since *Co and '°7Au have different
sensitivities to thermal and epithermal neutrons, those wires
are appropriate for determining the thermal and epithermal
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Table 2 Nuclear data used for the neutron-flux monitors'!3!9)
Detected y-rays
a) . e .. a) a) —
Maerial  Amounts” Iradiaion ladiaion yypypen a0 0 Gy Gy Eney 1
. P keV) (%)
Co/Al alloy .

! #1 0.3863 10h without the Gd = 5.2714 5 1173 99.9736;
C()Oé%f?n\r’ﬁf #20.5991,  10h with the Gd 37186 75920 10004 17386 100 1001337 g9 9856,
Au/Al alloy .

: #1 03346,  10h  without the Gd 2.69517 5
AwO12wW% o o0 on with the Gd 1 98.659 15505 1.0054 17223 1.00 0.99 412  95.58
0.510 mm¢

¥1n our notation, 0.3863, is 0.3863 % 0.0002, 5.2714 5 is 5.2714 % 0.0005, 75.9 59 is 75.9 & 2.0, etc.

Y Gamma-ray emission probability per decay. In our notation, 99.9736 7 is 99.9736 & 0.0007, etc.
fractions in the neutron flux.'®!” The amount of Co or Au 1
contained in each wire was determined by weight measure- 0.9 el
ment with a microbalance. Nuclear data"!'3!'®) for monitor o5 Vi
wires are listed in Table 2. A set of Co and Au monitor ' /&\
wires were wrapped with a high-purity aluminum foil, and c 0.7 /\ N 250m
attached to the sealed tube. When samples were housed in 2 o0s / e 354im
two-fold—aluminum-enclosure rods, samples were wrapped E 0.5 ; ._."\
with aluminum foils in the shape of a string as shown in % 0.4 7iH 50um
Fig. 3 so as not to slip off from irradiation positions. The en-  F 03 78l
closure rod was sealed by electric welding. ' :’/ )

In this work, attention was paid to huge resonances of 0.2 / ;
241 Am at 0.573 and 0.308 eV as shown in Fig. 2. If the cutoff 0.1 P4 0107 &V

. . . RS AR A

energy is set as 0.1eV, it could avoid those resonances. 05 e e Y ]

Hence, a gadolinium (Gd) foil was used as a filter. Since
Gd has a large capture cross section of 10000b, it would
be effective for filtering thermal neutrons. An aluminum cap-
sule, 10 mm in diameter and 30 mm in length, was prepared
to put the Am-sealed tube in it. A Gd foil was coated on the
outside surface of the aluminum capsule. The thickness of
the Gd foil was optimized in the neutron transmission. Re-
sults of transmission in changing the thickness of Gd foils
are plotted in Fig. 4. When the Gd foil with a 25 um thick-
ness is used, the effective thickness is estimated as 35 um in
consideration of the geometric shape of the capsule. The en-
ergy at which transmission is reduced by half can be estimat-
ed as 0.107 eV as seen from Fig. 4. Hence, the Gd foil with a
25 um thickness was chosen, and the cutoff energy was set as
0.107eV in this experiment. As shown at the bottom of
Fig. 3, the Am sample and monitors were housed in the
Gd-coated capsule, and the capsule was further loaded into
another aluminum enclosure rod.

The irradiations with and without the Gd-coated capsule
were performed for 68h in the long-irradiation (LI) plug
of the KUR, of which the nominal value of the thermal-neu-
tron flux was 4.7 x 1013 n/cm?s when operating at 5SMW.
The rod loading Gd-shielded samples was arranged at a low-
er position in the LI plug, and the other rod was arranged at
an upper position. Thus, the samples with and without the
Gd-coated capsule were kept away at about 40 cm in the ver-
tical direction so as not to interfere with each other. For ir-
radiations, it is important to avoid the population of *?Cm
caused by 2*>™Am, i.e., there is an optimal irradiation time.
Under the present conditions, the induced activity of >4’ Am
and its contribution to ?*?Cm were negligible both because

Neutron Energy (eV)

Fig. 4 Transmission of neutrons through the Gd foils with various
thicknesses.
The solid line plots the transmission through the Gd foil with
a 35 wm thickness, the broken line a 25 um thickness, and the dot-
ted line a 50 pm thickness.

241 Am has a small cross section to produce **™Am in com-
parison with that of >*2 Am and because >*>™ Am has a rela-
tively long half-life of 141y." Thus, 2*>Cm was accumulated
only via the ' Am(n, y)**?2Am reaction. After allowing
222 Am (16.02hY) to decay for 18d, the a-ray activity of
22Cm was measured relative to the 2*! Am sample activity
as described in the next section.

2. Activity Measurement

Two irradiated Am samples with and without the Gd-coat-
ed capsule were dissolved by adding 30 pl of 3M HNO3 so-
lution. About 10 ul was extracted from each solvent solution,
and was dropped onto the center of a Petori laboratory dish
(30mme¢ in diameter, 10mm in height). After dryness,
measurement samples were prepared. To check the reprodu-
cibility of measurements, three measurement samples were
made from each irradiated Am sample. Alpha rays emitted
from ! Am (5.5 MeV) and >*>Cm (6.1 MeV) were measured
with a silicon surface-barrier alpha-spectrometer (SEIKO
EG&G ORTEC SOLOIST Alpha Spectrometer). Measure-
ments were performed for 1-2 h until more than 10k counts
were obtained for a peak area originating from 2**Cm.

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY
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Fig. 5 Examples of a-ray spectra of irradiated Am samples.
a) The upper side shows the spectrum of the bare 2*! Am sam-
ple; b) the lower side shows the spectrum of the >*' Am sample
irradiated with the Gd-coated capsule.

Figure 5 shows typical a-ray spectra obtained from the Am
samples in the irradiations with and without the Gd-coated
capsule. The measured system resolution for the a-ray peaks
of 2! Am and ?**Cm was 45keV.

The y rays from irradiated monitor wires were measured
by a high-purity Ge detector, the performance of which
was characterized by a relative efficiency of 25% to a
7.6cm x 7.6 cm¢ Nal (T1) detector and an energy resolution
of 1.9keV full width at half-maximum (FWHM) at the
1.33 MeV peak of *°Co. The peak detection efficiencies were
determined with a set of calibrated mixed sources: '3Sn,
137Cs, 38Y and ®Co. The error of the detection efficiency
due to the uncertainties of the calibration y source intensities
was estimated as 2%. The radioactivities of Au and Co mon-
itor wires were measured at a distance of 200 mm from the
center of the detector head.

III. Analysis

1. Outline of Westcott’s Convention

The effective cross section 6 is defined by equating the re-
action rate R to the product of 6 and nvy, where nuy'®'? is
the “neutron flux” in Westcott’s convention?” with the neu-
tron density n, including thermal and epithermal neutrons,
and with the velocity of neutrons vy = 2,200 m/s, so that

VOL. 44, NO. 12, DECEMBER 2007

1503

R = nuyé. (D

When the cross section departs from the 1/v law, a simple
relation for ¢ can be obtained as:

6 = 00(gGu + r(T/Tp) *50G opi), )

where oy is the thermal-neutron capture cross section; g is
a function of the temperature related to the departure of
the cross section from the 1/v law; r is an epithermal index
in Westcott’s convention; 7" is the neutron temperature
and Ty is 293.6 K; the quantity r(T/T,)"/* gives the fraction
of epithermal neutrons in the neutron spectrum; the Gy,
and G, denote self-shielding coefficients for thermal
and epithermal neutrons, and are taken as unity in this
analysis under the present sample conditions. The value
of g for ? Am was taken as 1.051.' The parameter s is
defined as:

21
So = s
ﬁao

where Iy’ is the reduced resonance integral, i.e.,
nance integral with the 1/v component subtracted.

3)

the reso-

2. Flux and Cross-Section Determination with Simplified
Equations
Substituting Eq. (3) into Eq. (1), reaction rates can be
written in simplified forms as:

R/oo = gGmd1 + Gepih250, 4)
for irradiation without the Gd-coated capsule, and
R,/GO = gGl‘h¢,1 + Gepi¢/2S0s (5)

for irradiation with the Gd-coated capsule. Here, the ¢; and
¢’ are neutron fluxes in the low (thermal) energy region.
The ¢, and ¢,’ are those in the epithermal energy region.
The prime (') refers to irradiation with the Gd-coated capsu-
le. The values of ¢, ¢, ¢’ and ¢, at the irradiation position
were obtained by using sy and oy in Table 2 and reaction
rates R and R’ for the monitor wires. The reaction rates were
calculated from peak counts of y rays from ®°Co and '*®Au.
Figure 6 shows the experimental relation between R/oy (or
R'/oy) and sy obtained by the flux monitor wires. The neu-
tron fluxes ¢; and ¢’ are obtained with the relation in
Fig. 6; the slope of each solid line gives the epithermal flux,
i.e., ¢ or ¢,’. The irradiation positions of two targets were
kept away at about 40 cm from the core center in the vertical
direction at the KUR so as not to interfere with each other.
The results of the neutron fluxes are tabulated in Table 3.
The thermal-neutron flux at the irradiation position was
(3.03£0.11) x 103 n/cm?/s, and its error was mainly
based on the errors of the detection efficiency and the cross
sections used in this analysis.
From Egs. (4) and (5), the parameter s is rewritten as fol-
lows:
50 = — 8Gnp1 — gGund| (R/R') ©)
$2Geopi — PrGopi(R/R)
and sp is obtained from the ratio of R to R’ for irradiated tar-
gets and the neutron fluxes ¢y, ¢, ¢’ and ¢,’, which are
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Table 3 Reaction rates for monitors and neutron flux in long-irradiation plug at KUR

x 108 (n/cm?-s)

R/oy R' /oy Thermal neutron flux Epithermal neutron flux
(without the Gd) (with the Gd) ¢ or ¢ ¢, or ¢
0Co 3.19+0.10 0.515 £ 0.016 ¢ =3.03+0.11 ¢ = 0.090 £ 0.009
198 Au 4.58 £0.10 2.18 £ 0.05 ¢, =0.391 £0.019 ¢, = 0.108 & 0.004

Without the Gd

198 Au

Rlo, (x10" nicm?s)
w
/

with the Gd

0 1 1 I
0 5 10 15 20

Parameter S,

Fig. 6 Experimental relations between R/op and sy obtained by
analysis of the induced activities of flux monitors

tabulated in Table 3. The oy is obtained by substituting s¢ in-
to Eq. (4). The Iy is then obtained using Eq. (3).

The resonance integral [ is expressed by the following
equation:

Ly=I1/v)+1, (7N

where the term /(1/v) in Eq. (7) is the 1/v contribution to
the resonance integral above the cutoff energy (E,) and de-
rived as:

T [EydE Eo
I(1/v) = | goo TE 2g0y T (8)
C
Ec

where Ej is the thermal neutron energy (0.0253eV). For
E. =0.107eV, the 1/v contribution to the resonance inte-
gral is estimated to be I(1/v) = 1.0220¢ from Eq. (8). Then,
the resonance integral I is given as:

I() = I(/) + 1.02200. (9)

3. Analysis of Reaction Rate for 2! Am(ny,,»)**?*Am Re-

action

Figure 7(a) shows the neutron capture reactions and de-
cay chains related to >*' Am during neutron irradiation. The
symbols in Fig. 7(a) denote the following: the subscripts 0,
1, 2, 3 and 4 denote 2*'Am, 2™Am, 222Am, 2*2Cm and
243 Am nuclei, respectively; N is the number of nuclei; A is
the decay constant; oy, and o, are the neutron capture cross
sections leading to 242m Am and 22 Am, respectively; oy, o2,

o 141y A=A +040
N, A,
5.4856 MeV IT o,
5.4429 MeV . 99.541%
A=Ay +Gr0 7370y
NZ A‘Z
Ag=A3+030
N; A4
162.8d
6.11272 MeV
6.06942 MeV
(@)
N10 ;\’1
242m Am
¢ 141y
238Np IT
99.541%
N20 }‘2
2429 A m
EC=17.3% 16.02 h
- 'O,
202py f=82.7% N3p As
24ZCm
o
162.8 d
238
PUl  6.11272 Mev
6.06942 MeV
(b)

Fig. 7 (a) Neutron capture and decay process of 2*! Am and prod-
ucts in neutron irradiation (b) Decay scheme of product nuclei af-
ter irradiation

o3 and oy are the capture o, and fission cross sections oy for
MmAm, 222Am, 22Cm and ***Am, respectively. Nuclear
data used in this analysis are listed in Table 4.

The amount N; of *?™Am is given by

Noow
N — 00m®

AL — Ao
Ao = Ag + (0 + 0g)¢, and A = A1 + 019,

(exp(—Aotirr) — exp(—Aitiy)),  (10)

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY
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Table 4 Nuclear data used for the cross-section determination
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1,18,19)

Cross sections (b) Resonance integral (b)

Nuclide Half-life Decay (branch:%) Capture o, fission of Capture I, fission I
241 Am 4322+0.7y a (100)  5486keV (84.5) 0, =54£5 (to 242 m) I, = 195 £20 (to 242 m)
5443 keV (13.0) 0, =533 13 (to 242 g) I, = 1230 £ 100 (to 242 g)
..., elc. o = 3.20 £ 0.09 I =1444+1.0
242m A 141 £2y IT: 99.541 +0.012 o, = 2000 = 600
of = 6950 & 280 I; = 1800 % 65
2426 Am 16.02 +0.02h B 8274023 o, = 2100 £ 200 —
22Cm 162.8+0.2d a (100)  6113keV (74.0) 0, =16%5 I, =110 £ 20
6069keV (25.0) or <5
..., etc.
23 Am 7370 £40y o (100)  5275keV (87.4) o, =751+18 I, =1820£70
5233keV (11.0)
..., et
238py 8774+ 0.3y o (100)  5499keV (70.91)

5456 keV (28.98)
.., etc.

where ¢ is the neutron flux; f;, is the neutron irradiation
time.

In consideration of the loss of 2*' Am sample amount dur-
ing irradiation, the amount N, of **?Am can be written in
the form:

dN,

i 00g® + IT - 11N — A,N2 — Ny0r¢p

~ N()O'g¢ — AN, = N00‘g¢ -exp(—Aot) — AaN,, (11)

Aoy = A + 000,

where IT is the isomer transition probability (99.541%")
from 2*™ Am to 24?6 Am. Although 100 Bq of the **! Am sam-
ple would be irradiated for a week, the induced activity of
2492m Am could be estimated as only 0.3 Bq because of its long
half-life (141y"). Thus, the contribution of the isomer tran-
sition from 2#>™Am to 2*?2 Am is negligible under the present
irradiation conditions.

One can derive its solution:

N()Gg¢

No(t) =
2(1) A — Ay

(exp(—=Ao?) — exp(—=Az0)). (12)

Consequently, the amount N3 of *>Cm is given by

dN3
e B - ANy — A3N3 — N303¢ = B+ 12N> — A3N3, (13)
Az = A3 + 039,

where B is the branching ratio (82.7 & 0.3%") of >*?¢ Am de-
caying to 2*Cm. Then, the following solution can be ob-
tained:
B - AaNgog¢
(A2 = Ao)(A3 — Ag)
x (exp(—Aof) — exp(—As1))
B aNooy ¢
(Ax — Ao)(A3 — Az)
x (exp(—Ast) — exp(—Aq)).

N3(t) =

(14)
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The decay scheme of products after irradiation is illustrat-
ed in Fig. 7(b). When the time of the end of irradiation is
taken on the standard of time, changes for the number of nu-
clei in the decay of >*?¢Am after irradiation can be given by
the following equation:

N3 (1) = Nag - exp(—at), 15)

where N,g is the number of nuclei of 2*?2Am at the end
time of irradiation, and is given by replacing ¢ with #, in
Eq. (12):

Ny =

Noo¢ (16)

—— 5 (exp(—Aotiyy) — exp(—Astiy)).
e AO(p( ofirr) — eXp(—Aatirr))
Similarly, the population from 2*?¢ Am to *>Cm is described
by the following equation:

dN}
el B+ 22Ny exp(—Aaf) — A3N3. (17)
Then, the solution is derived as follows:
N B - 2Ny
N3 (1) = —— - (exp(—Aat) — exp(—431))
A3 — A
+ N3o - exp(—A4s?), (18)

where N3y is the number of nuclei of >*?Cm at the end
of irradiation, and given by replacing ¢t with f in
Eq. (14), ic.,
_ B+ 12Noo, ¢
©(Az— Ao)(Az — Ag)

X (exp(—Aofirr) — exp(—Asliyr))

B - 1aNoog@
(A2 — Ao)(A3 — Ap)
X (exp(—Astiy) — exp(—Aatiy)).

N3o

19)

If the cooling time 7. is replaced with the time from the
end of irradiation to the start of the measurement, the radio-
activity As at the beginning of the measurement can be given
by the following equation:
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Table 5 Experimental results of the Cm/Am yield ratio and the reaction rates

S. NAKAMURA et al.

without Cm/Am Reaction rate with Cm/Am ratio Reaction rate
the Gd yield ratio Ry (x 10-8/s) the Gd Ry (x 107%/s)
#1 4.144 £ 0.059 2.307 £0.035 #1 1.071 £0.013 5.926 £ 0.075
#2 4.106 £ 0.056 2.282 +£0.033 #2 1.089 +0.012 6.027 £ 0.069
#3 4.138 £ 0.043 2.293 £ 0.026 #3 1.078 £ 0.009 5.968 £ 0.056
w.a. 2.293 +£0.019 w.a. 5.975 £ 0.043
Table 6 Systematic errors due to the nuclear data used in this analysis
Nuclide Item Error (%) Nuclide Item Error (%)
241Am Half-life: T1/2 0.16 244Cm Half-life: T1/2 0.1
Cross section: o;,0¢ 0.13 Cross section: o;,0¢ negligibly small
Half-life: T Branching ratio
242m 1/2 f o . g
Am Cross section: 0,07 negligibly small P 0.36
Half-life: T negligibly small Isomer transition
242g 1/2 gUgIoLy o ..
Am Cross section: o; 0.05 probability: IT negligibly small
Half-life: T Irradiation time: #; 0.12
243 1/2 s irr
Am Cross section: o; negligibly small Cooling time: f. 0.003

Az = A3N3 (1),

_ B3Ny
-4

+ A3N30 - exp(—Aste). (20)

When the a-ray yields originating from 2! Am and 2*?Cm

are expressed with ¥, and Y, respectively, the 2*?Cm/
241 Am activity ratio can be given by
Y3 B AaAsNyo(exp(—Aate) — exp(—Astc))
Yo (A3 = A2)A0No - exp(—Aotiyr)
A3N30 - exp(—Astc)
AoNo - exp(—Aotirr)
There is an advantage that the measuring time, dead time
corrections, absolute efficiencies and a correction for a solid
angle are all canceled due to the relative measurement. Sub-
stituting Egs. (16) and (19) into Eq. (21), it is arranged with
the reaction rate R, = 0,¢. One can obtain the following
equation:

B5_e B A3
Yo £ 20(d3 — 12)(Az — Ag) - exp(—Aotin)
X (exp(_AOtirr) - exp(_AZtirr))
x (exp(—Aat.) — exp(—A3t.))
- A A
+R,- B A3
Ao(Az — Ag)(A3z — Ao) - exp(—Aotirr)
X (exp(_A()tirr) - exp(_A3tirr)) : eXP(_/lﬂc)
- A A
LR, B A3
Ao(Az — Ag)(A3z — Az) - exp(—Aotirr)

X (€XP(—Astir) — exXp(—Aati) - exp(—dsty).  (22)

- (exp(=Aate) — exp(—Astc))

21

Thus, the reaction rate R, can be calculated from the a-activ-
ity ratio with Eq. (22).

Total systematic error: 0.45(%)

IV. Results and Discussion

From the a-activity ratios of 162-d ***Cm to 432-y >*! Am,
as determined by the silicon surface barrier alpha spectrom-
eter, the reaction rates R, were obtained as listed in Table 5.
The statistical error in the o-ray measurements was about
1%. The systematic errors resulting from the nuclear data
used in this analysis were examined quantitatively as listed
in Table 6. The total systematic error was found to be very
small as 0.45% because of the following reasons: (1) the de-
tection efficiency in the ¢-ray measurements was canceled;
(2) the accuracy of the half-life data used in this analysis
was very high; (3) the influences of the multiple neutron cap-
ture and fission reactions were negligible.

Solving Egs. (4) and (5) with the information on the ob-
tained reaction rates R, and the neutron fluxes, one finds
the thermal-neutron capture cross section og , and the param-
eter so. Furthermore, the resonance integral Iy, was calculat-
ed with the parameter sy from Egs. (3) and (9). For the
241 Am(n,y)**?¢Am reaction, the thermal-neutron capture
cross section og,¢ was obtained as 628 £ 22 b. The resonance
integral o, was obtained as 3.5 & 0.3 kb when the cutoff en-
ergy was 0.107 eV. The errors of the thermal-neutron capture
cross section oy, and the resonance integral Iy, were esti-
mated by the error propagation due to the errors of the reac-
tion rates R, and the neutron fluxes. The present results are
summarized in Table 7 together with the evaluated val-
ues.'>18:21.22) The present results are the cross sections for
the formation of the ground state of >*?Am. On the other
hand, the evaluated values include the cross sections for
the formation of the isomer and ground states of **?Am.
Therefore, the present results cannot be simply compared
with the evaluated values.!>?!2 When the cross section pro-
ducing the isomer state of 2*>Am is taken into account with
the branching ratio (0.90 &£ 0.09) obtained by Shinohara et
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Table 7 Present results and the evaluated data

00,g Iog Cutoff energy Parameter
References (barn) (barn) @V) 0
Present work 628 122 35+03k 0.107 5214051
JENDL-3.3'9 639.4* 1456*
Maghabghab'® 533+13 1230 & 100 0.5
JEFF3.12Y 647.04* 1526.4*
ENDF-VIL0?? 620.84* —

An asterisk(*) denotes the cross sections of the 2*! Am(n,y) >**™*2Am reaction.

al.,'? the capture cross section oy m+e would be roughly es-
timated as about 690 b from the present result, and about 8%
larger than the JENDL-3.3 evaluation (639.47b'). The
evaluation is probably done for the **! Am cross section un-
der the limitation of the total cross-section data (654.4b). It
seems that total cross section itself is underestimated in view
of the present result.

As shown in Table 1, Hanna ez al.>) measured a cross sec-
tion for pile neutrons, and obtained 568 + 56.8 b for 2 Am
leading to the production of >*?Cm. Street et al.® reported
a pile neutron capture cross section of 300b for the
24 Am(n,y)**?2 Am reaction, which was derived from an ob-
served cross section of 200 b for the formation of 2?Cm and
60% B~ branching of ?*™Am. Pomerance measured the
thermal-neutron capture cross section of 625 + 35b based
on the value of 98b for gold in the reactor oscillator.” It
should be noted that these neutron capture cross sections
are for a pile neutron spectrum. Thus, these cross sections
could conceivably vary with different reactors and irradia-
tion positions.

The possible reason for the disagreement on the thermal-
neutron capture cross section among the data would be found
in the fact that the >*' Am has two very strong resonances at
0.308 and 0.573 eV, which are at least partially covering the
cutoff energy. The presence of these resonances affects the
sample activities, and should be taken into account. Fioni
et al.'"¥ measured the capture cross section of *! Am at the
high-flux reactor of the Institute Laue-Langevin in Grenoble.
They used the H9 irradiation tube providing thermal neu-
trons (only 2% of epithermal neutrons) so that their measure-
ment was not necessary to consider the effects of the reso-
nances of **! Am. Maidana et al.'¥ measured the thermal-
neutron cross section and resonance integral for the
241 Am(n,y)**?¢Am reaction by the activation method at the
IPEN 2MW pool-type research reactor. They considered
the effects from the resonances for sample activities by
means of a Monte Carlo simulation. The reason why the re-
sults by Fioni and Maidana et al. are close to the present re-
sult may be due to their data treatments.

Figure 8 shows the dependence of the >*! Am resonance
integral on the cutoff energy. The solid line plots the reso-
nance integral as a function of the cutoff energy from the da-
ta of JENDL-3.3, which includes the contribution of 2422 Am.
It is difficult to interpret the differences between reported
values of Iy, shown in Fig. 8. Since Gavrilov et al.'" and
Shinohara et al.'” measured the resonance integrals at a
0.5eV cutoff energy with a 1-mm-thick cadmium shield, it
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Fig. 8 Dependences on cutoff energies for the resonance integral
of 2! Am

seems that there is no problem with their results. One can
conclude that the evaluation would be underestimated for
the resonance integral /o .

V. Conclusion

The thermal-neutron capture cross section and the reso-
nance integral of the 2*'Am(n,y)**?Am reaction were
measured by the activation method. With careful attention
to the first resonance of 2*!' Am, the cutoff energy was taken
as 0.107 eV with the Gd-coated capsule having appropriate
thickness. The thermal-neutron capture cross section og,
was obtained as 628 &£ 22 b on the basis of Westcott’s con-
vention. The present result became smaller than that ob-
tained by previous measurements, because the influences
of the resonances of >! Am were eliminated with the Gd-
coated capsule. Thus, we conclude that part of the previous
measurements gave an overestimation to the thermal-neutron
capture cross section. The resonance integral I, was ob-
tained as 3.5 +=0.3kb. As a matter of course, it became
much larger than the past data because of the 0.107 eV cutoff
energy.
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