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Neutron Capture Cross Section Measurement of Np-237
with Lead Slowing-down Spectrometer

Katsuhei Kobayashi *

Abstract

The present status of nuclear data for neptuniumu(Np)}-237, which is a well-
known minor actinide, has been reviewed and investigated. Making use of the
Kyoto University Lead Slowing-down Spectrometer, the neutron capture cross sec-—
tions of Au-197 and Np-237 have been measured in the energy range from thermal
to keV energy neutrons with an Ar-gas proportinal counter. The neutron flux/
spectrum has been monitored with a BF: proportional counter, and the relative
measurement has been normalized to the well-known standard capture cross section
value at 0.0253 eV. Self-shielding corrections, especially near the resonance
peaks, were made by the calculations with the MCNP code. The evaluated cross
sections for the TAu{n, v )'*®Au and ®*Np(n, v )*Np reactions in ENDF/B-VI and
JENDL-3.2 are in general agreement with the measurements, although the experi-
mental values are rather lower at the resonance peaks.

A lead slowing-down spectrometer was installed coupled to the 46 MeV elec-
tron linac at Research Reactor Institute, Kyoto University (KURRI). Character-
istics of the Kyoto University Lead Slowing-down Spectrometer (KULS) were mea-
sured and O the relation between neutron slowing-down time t{u s) and energy E
(keV) (E=190,7t2 in Bi hole and E=156,7t? in Pb hole) and & energy resolution
(~40 % in Bi and Pb holes) were experimentally investigated. @ The neutron
energy spectrum in the KULS was also measured by the neutron TOF method. The
results obtained by the MCNP code were in general agreement with these experi-

mental ones.

Work performed by Research Reactor Institute, Kyoto University under contract
with Japan Nuclear Cycle Development Institute (JNC).

JNC Liaison: O-arai Engineering Center, System Engineering Technology Division
Reactor Physics Research Group.

* Research Reactor Institute, Kyoto University
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F—7RFAERMFAEEBESB BT, D THEERA R br 2 —F (X THE
M R27 bR A—-%] LHLEI) ORBLERERICIOVWTHELTWS/1/, THRUE,
HREETCHONORANZ Fa A —FRRBENER, SEBRHRBICHD LD, X
BolLrAS—TE KT RPI) DRINS/2/, B3 FTOINLF ¥ b 7HELZ—DA~LY b
mA—F /3 EERENL BDRA, -

KEDHEAFEDOFIEPREIZ/NVARBEFEFAITHLAEIND &, SRAFEFRIN
BE RS AN X e i, PRI AL (0.57 MeVEL E T BELLE Z V5 H)
FRUVEBELEBEEL TITL, B ALY —MoPEFRENZTEL RN TF 2K I LD,
TRNVE - focus MENELI Y, 50~100keV LT OFRMEFILRD L BERHICHE
LTEBEHNYASHICEVZRIAE - AR L0423, TOEHFHEFTRLX —
REGERROERIIREHTAEKL LTEMNMB/1, 4/, BERP Dvelocity groupP ik
FREOTRINR-SFE CEER) . A7 oA -FEFOZBRFEIZL Y0
~35% L IER-TWE/1,4/; ZOEBHALT bu - RKOEFREE LD, LL,
BARRT P A —FOBRROEHEHRIL. PHFREIV ENPB 0D B TERITLD L &
bhoT, MARFHIERELNEZLTHE, AT, BEORITHMASITRRIT K
R, PHFEENETE»D 15 (RITEASmDBR) Kb LEEFLRATWVWS/2/,
TOEIEBRBLT, RPI TRHFANZ PO A-FEAWT, keV BT S U-238 @
sub—threshold BA M EEOEE/2/. 100 keVEATFTTHO MY U A, Falvh, TA»
VAo ABEHT ARSERIEMERORE/S-8/RITbNTnd, ThboDoXRESR
WO, RIGHWERER (/a7 -v(p b)F —FEAE W, TERERBRBOAFENED T
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P —BLEWAE, EEFHFETOHLIAOBHANLL R ALF-HIILBLRIERIIH
SBTHS, TROOHEFRIZIT, ThEAREXRD-T, TOE2ELEEEOE
WHEZEY —BRELEFROZBITHEFHETE S,

2. $hAXRIZ bu XA —-—FDRE

iz, RFEESH 82, HEENP20T.2L REVWHHETH I LD, PHTFAMHE OERC
LoTEEZRXAMF - TRETIADER (1HEEEZVOLY Y ~-DORYEME : £ =
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D, PHEFREMEESSXINED (BPETT 0.17Tb), XELHKBRIZ IV RAROS
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ORNABL2VEED, PEFRIEFRIRCEE T, FONHEFHFIFREFBE 10
1OXMIEEEEELLZEL, BxXAF-—FTREIRTVL,
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Btk TEHEALNRDB/4/
dn(v, t) 2v dv’
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1 1 A K
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ERRAL LS TEHEINDZBNARWEIRFMFERE A INE ~F y N RT ADDHM
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Haterial Energy Thickness Form
( eV} ( mm )
In 1. 46 0.2 foil
Te 2.33 7.0 powder
Ta 4.28 0.2 foil
Ta 10. 4
Au 4. 9] 0. 05 cylinder
Ag 519 0.5 cylinder
Ag 16.3
Cd 27.5 0.3 cylinder
Ho 44. 9 7.0 powder
Co 132 0.3 cylinder
i S -
Cu 230 1.0 cylinder #2 ARTANT-L
Cu 579 FIG I RILF -~
En 336 7.0 powder
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HEAXFOLEPSEHARICBEER={E 155 (keV-ps2)/15/ b L VW—HETRLE,
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BE— s RAEL, TOBRKNC L, QEBTIALX - REMT, BOKBE — 2 2 b
+aHRTNE L, QEBHE (7405 —) ORIRENZE, RETH S,

AFRICBITITRINE-—HBERNEFL., ROR2EFLELIIL, RKESTHVLE -
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Measurements Calculations
Energy  BF3 counter Ar gas counter Energy HCNP code
(e¥) Bi hole Bi hole Pb hole eV ) Bihole Pbhole
1. 46 51%3 3.02 35.7
4.8 40£2 3.56 37.4
10.4 38x1 10.0 28.5
27.5 kY ol 372 1.6 3.6
14.9 381 29.8 28.2
132 39%2 33.8 35.7
230 383 40£3 99.1 29.8
336 40£3 113 34.5
579 423 4244 298 337
2370 5343 339 38.3
99¢ 38.1
i03%1 43.2
29848 50. 3
3208 51.8
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KULSOFF D> RNVF - GMEDIEKRBVEEZXD L, HEROHFVWEBEL -7 2P FE
BREZLI>THETDIILRBEETHD, . BRFHUEETRERALET 4L F -
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10keVIIID L Y FOT XA F —EIE TIX, ENDF/B-IVE X A HEMA MO BRI L3HER
UEBRBERLIVBBELELR>2TWVD I LRGN D, ZOZ L IXENF/B-IVOHOFMT — F i
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Making use of a lead neutron slowing-down spectrometer combined with an electron linear
accelerator and back-to-back type double fission chambers, we measured the fission cross section
of ¥ Np relative to that of **®U from about 1eV to about 5keV with energy resolution (4E/E)
of about 402, The experimentally obtained result has been compared with two newly evaluated
data files, JENDL-3 and ENDF/B-VI, and with previously measured values by Plattard et al.
and by Hoffman et al. Although the shape of the present energy dependent cross section agrees
with that of ENDF/B-VI, that of JENDL-3 below 120 eV and that of Plattard et al., the absolute
values of above three are from 3 to 4 times smaller than those of the present data. However
the Hoffman et a/.’s data are rather closer to the present data.

KEYWORDS: fisgion cross sections, neptunium 237, subthreshold fission, Fssion
ratio, uranium 235, lead slowing-down spectrometer, KULS, double fission chambers,
transmutation, ENDF/B-VI, JENDL-3, energy resolution, energy dependence, com-

parative evaluations

I. INTRODUCTION

Recently, several methods for the transmu-
tation or the incineration of long-lived fission
products and transuranium actinides have been
proposed and studied. For the evaluation of
the feasibility of those methods, basic data
especially precise nuclear data are required.

Among several transuranium actinides pro-
duced by power reactors, neptunium-237 (**’Np)
is thought to be one of the most burdensome
ones, because of its large production rate in
a reactor, very long half-life (2.14 X 10° yr) and
« activities in its decay chain. In order
to transmute 2*'Np to nuclides with much
shorter half-lives, it is proposed to use the
BINp(n, f) and “*"Np(n, 7)***Np reactions.

The cross section for the *'Np(n, f) reac-
tion increases above its threshold energy, and
the precision of its cross section data in the
MeV region is practically sufficient enough to
evaluate the transmutation of 2*Np. Below
the threshold energy of this reaction, Fubini
et al.*” found an intermediate structure from
which the double humped barrier for the sub-
threshold fission of **'Np was demonstrated,
Several groups have measured this cross sec-
tion below the threshold so far®~®_ Jiacoletti

*  Yoshidehonmachi, Sakyo-ku, Kyoto 606-01. .

** Kumatori-cho, Osaka-fu 590-04,

t  Present address: Nucl. Power Plant Eng. Dept.,
Hitachi Works, Hitachi Ltd., Saiwai-cho, Hitachi-
shi 317,

1t Deceased in August, 1992,



et al. and Hoffman et ¢/, measured it by the
neutrons from the Physics 8% and Plattard
et al. did with an electron linear accelerator®,
However the absolute value of the data by the
former two is about 3 times larger than that
by the latter. In two newly evaluated data
files, JENDL-3‘? and ENDF/B-VI‘®, the data
are close to those of Plattard et ai. High re-
solution measurement of this cross section was
carried out by Auchampaugh el al.”, who
mentioned that the experimental data of Plat-
tard et al. were too low by a factor of 3.
Therefore it has been strongly requested to
check these data for the evaluation of the
transmutation system by the **'Np(n, f) reac-
tion.

For the purpose of precise evaluation of
nuclear data such as the fission cross section
of **"Np, required are ; (1) & neutron source with
clearly known spectrum and with sufficient
intensity, and (2) a detector with systematic
errors as low as possible. In this work we
utilized a lead neutron slowing-down spectro-
meter with an electron linear accelerator as an
intense neutron source. The lead spectrometer
affords more than 1,000 times higher neutron
flux than an ordinary neutron time-of-flight
system, although the energy resolution of the
former is inferior to that of the latter. The
lead spectrometer is not applicable to obtain
individual resonance parameters but suitable
to measure the absolute value of cross sections
with very small amount sample mass. Before
carrying out the fission cross section measure-
ment, we obtained the neutron characteristics
of the lead spectrometer very carefully, A
special experimental hole covered by a bis-
muth fayer was used to eliminate photofissions.
For a detector with low svstematic error, we
adopted to use back-to-back type double fission
chambers with a sample deposit of ®*"Np and
a reference one of »®*U and to measure the
cross section for the ®*Np(n, f) reaction rela-
tive to that for the **U(n, f) reaction of which
cross section can be thought to be quite pre-
cise.

J. Nucl, Sci, Technol,,

II. EXPERIMENTAL METHOD

1. Lead Slowing-down Spectrometer

After pulsed fast neutrons are generated
at the center in a sufficiently large lead pile,
neutrons are initially slowed down by the
(n, 2n) reaction, inelastic scattering or elastic
scattering. Below the threshold energies of
the former two reactions, only the elastic scat-
tering predominates the slowing-down process.
Since the elastic scattering cross section for
lead is nearly constant in the intermediate and
epithermal regions, its absorption cross section
is quite small and the mean logarithmic energy
loss per an elastic scattering in lead is quite
small as 0.0096, neutrons slow down con-
tinuously with asymptotically constant energy
resolution 4E/E and the slowing-down time ¢
is simply related to energy £ as below:

__ K
A

Therefore we can use it as a neutron spectro-
meter'™. Several groups have made lead spec-
trometers with a conventional pulsed neutron
source’®~!" and have used them for capture
cross section measurement and so forth.
Slovacek ef al. utilized an electron linear ac-

E

" celerator as a more intense pulsed neutron

source for a lead neutron spectrometer®®, with
which they succeeded in measuring very small
cross sections such as the subthreshold fission
of **U.

In this work, we took over a lead spectro-
meter of the University of Tokyo, named
LESP®", and reconstructed it beside an electron
linear accelerator of Research Reactar Institute,
Kyoto University (KURRI}). This resuscitated
lead spectrometer, abbreviated as KULS, was
made by cleaning, polishing and reassembling
lead blocks with the purity of 99.994, covered
by Cd sheet 0.5 mm thick and put on a mov-
able steel table. The size and the weight of
this lead spectrometer are 1.5m cubic and
about 38t, respectively. Anair cooled photoneu-
tron source which consists of 12 Ta discs is
placed at its center. We made 11 experi-
mental holes, which were filled with lead
blocks unless one was used for an experiment.
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One of these holes was covered with a Bi layer
about 10 to 15cm thick to suppress high
enegy 7-rays from the neutron capture of

LN pt e S B B S B Y R SANRE M

Pb¢®_  The cross-sectional view of KULS is
shown in Fig. 1.
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Fig. 1 Cross sectiona! view of Kyoto University
Lead Spectrometer, KULS

The slowing-down characteristics of this
lead spectrometer KULS were obtained with
a BF; counter and an argon filled proportional
counter with and without resonance filters
(In, Ta, Au, Ag, Mo, Co or Mn). The measured
slowing-down time behavior is depicted in
Fig. 2. The energy resolution at 27.5eV
shows 39+19. The details of the character-
ization of KULS were given elsewheret®.
Since the size of KULS is smaller than most
of other lead spectrometers, we could measure
the fission cross section for the *'Np(n, f)
reaction about 1eV. Upper limit of the neutron
energy is thought to be about 5 keV.

2. Fission Chambers

The fission chambers employed in this work
have two identical parallel plate type ioniza-
tion chambers as shown in Fig, 39", These
chambers were originally designed for the
incore fission ratio measurement in FCA of
Japan Atomic Energy Research Institute. Since

g - 1n 1.45eV 4 |
% - B 191 k
300- {t+0.3)3
o R i
E L .
e | -
2 L Au 490V~ L-Ta 430V 1
& 200 -
2 [ i
£ R Ag 5.19eV
3 [ Ta10.4eV ? ]
k- ]
100/ -
: V/ o M 44.98V .
Mn 335an “—Co 132eV b
1 i 2 " | ST T TR S | "
1] 10 20

1
— (k V“‘d . 5)
E T

Solid line was obtained by the least
square litting {A=191 and fo=0.4}
Fig. 2 Relation between slowing-down time
and energy of neutrons in Bi covered
hole of KULS

the back sides of a sample deposit on a stain-
less steel plate and a reference one are faced
each other, it is called back-to-back type.
The chambers were made of Al and filled
with a mixed gas of 97%Ar and 3%N, at
the pressure of latm. The distance between
the two electrodes was 8 mm. The operation
voltage was 400 V.

Paraliel Plnte Eleclrudcs

pE s g
Aluminum
T
BNC Conneclors iz K Case
=1 ‘{‘w"
L 'd :
"% H nsulator
7z
]
Extended Tube DY Deposit Np Deposit

For Evacuating
And Gas Fiiling

Fig. 3 Cross-sectional view of back-to-back
type fission chambers

Neptunium oxide (NpQ,) of about 2 mg with
high purity imported from Harweli Establish-
ment of UKAEA was dissolved in hydrochloric
acid of 0.2N and 0.1 m/ of this solution was
mixed into 2-propanol of 5 m/. Therewith we
electrodeposited NpQ. on a stainless steel plate



28mm in diameter and 0.2 mm thick. The
applied voltage and the electric current were
about 200 V and 2 mA, respectively. Electro-
deposition was performed for 1 h. The diam-
eter of the deposit was 2 cm. Highly enriched
(99.91%) uranium oxide (UO,) which we had
purchased from Qak Ridge National Laboratory,
USA was similarly electrodeposited on the
stainlesssteel plate. After theelectrodeposition,
each plate was sintered with a gas burner,
and the reference deposit became U;0,.

The number of atoms in the sample deposit
and that in the reference one together with
those of impurities were determined by the
a-ray spectrometry with a Si surface bar-
rier detector in vacuum. The numbers of 2"Np
in the sample deposit and that of #**U in the
reference one are (1.99+0.02)x10"" and (4.12
+0.09)x 10", respectively. In this determina-
tion, (1) statistical error, (2) uncertainties in
the decay data, and (3) uncertainty introduced

H.Y.
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by background subtraction, 1% for **'Np and
29 for **U, were taken into account. The
thicknesses of the NpQO, and U,0; deposits are
about 25 and 50 pg/cin®, respectively.

In the sample deposit, we found small
amounts of ***Pu and **Pu, and their contents
were (.320+0.003 and 1.10+0.13ppm, re-
spectively., The a-rays from **U was count-
ed for the reference deposit, and the content
of **U became 464 +5 ppm.

3. Electronic Circuits

Two identical electronic circuits were pre-
pared for both sample and reference chambers.
As seen in Fig. 4 the start signal for timing
was taken from the electron linear accelerator.
The channel number and time width of each
time analyzer were 4,096 and 125 ns, respec-
tively. Since we used quite thin sample and
reference deposits, fission pulses were clearly
discriminated from background pulses caused
by a-rays.
Linac——| Trig.

start

U-235
Np-23

FC

:

_—iPre. AmpHLln. Amp.}—

--I Tismgilzlg I___stnp l[‘lme Anal,

ADC

MCA

—-{Pre. AmpHLin. AmpJ——

L] Timing 1% Mime Anal
start

Linac Trig.

Fig. 4 Block diagram of electronic circuits to measure time
dependent fission counts from double fission chambers

4. Figsion Rate Measurement

Measurement of the fission ratio of **Np to
228 was carried out in the Bi-covered experi-
mental hole of KULS. The main reason to
use this hole is to suppress the photofission of
®'Np and ***U. The electron linear accelerator
was operated by the following conditions:
pulse repetition=180pps, pulse width=33ns,
peak electron current=2A, accelerating energy
=32 MeV, average neutron yield=10"n/s and
total operation time=50 h.

Background run was carried out by making
use of the fission chambers without sample

and reference deposits, and few background
counts were observed,

H. RESULTS AND DISCUSSION

From the fission counts of the sampl& and
the reference, the cross section for the *"Np
(n, f) reaction is obtained by

C N,
onplE)= g = = au(E),

p
where Cnp: Fission counts of *'Np
Cy: Fission counts of 23U
Ny: Number of U atoms in
reference deposit
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Nyp: Number of *'Np atoms in
sample deposit

Energy dependent fission cross
section of Y,

gu(E):

We cited the numerical values of gy(E) from
ENDF/B-VI.

As it was described that the contents of
#Py and **Pu in the sample deposit were
0.32 and 1.1G ppm, respectively, the contribu-
tion of their fission counts to oy, was about
0.0595, and was neglected. The contribution
of **U to gy is also estimated to be 0.019%.

Since we utilized the experimental hole

covered by Bi, the highest energy of the
capture r-rays is about 4.6 MeV which is much
smaller than that of Pb, 6.7MeV. The pho- -
tofission cross sections for ¥*'Np is in the order
of 100 b at 4.6 MeV and the shapes of both
photofission cross sections for *'"Np and for *°U
are similar in their rise-up region. Therefore
we can neglect the contribution of the photo-
fission counts to onp.

Grund! ef al.“'® obtained the mean range of
fission fragments in UQ, to be 8.29 mg/cm?®.
By using this value, Obu“® showed the losses
of fission fragments in the UQ, layers 10, 20

Table 1 Obtained cross section data for *"Np(n,f) reaction

Energy Cross section Error
(eV) (mb) (mb)
1.05 35.6 5.3
1.17 35.0 5.1
1.32 32.6 4.4
1.48 21.0 3.1
1. 66 15.5 2.4
1.86 10. 6 1.9
2.08 13.1 2.2
2,34 10.0 2.2
2. 62 11.7 2.3
2.94 13.7 2.5
3.30 19.6 3.0
3.70 19.3 2.9
4.16 25.0 3.3
4. 66 38.2 4.7
5.23 50.7 5.7
5.87 51.8 5.7
6.58 48.4 5.5
7.39 45.3 5.0
8.29 36.0 4.1
9.30 31.2 3.5

10.4 25.8 3.1
11.7 24.0 2.9
13.1 22.2 2.8
14.7 20.0 2.4
16.5 24.7 2.6

18.5 44.5 3.8

20.8 87.0 5.9

23.3 159. 4 8.1

26.2 270 14

29.4 432 21

32,9 618 30

37.0 680 33

41.5 530 26

46.5 326 17

52.2 196 11

58.5 116.7 6.7

65.7 80,0 4,9

Energy  Cross section  Error
(eV) {(mb) (mb)
73.7 61.9 3.9
82.7 68.1 4.2
92.7 88.3 5.1
104 98.7 5.6
117 95.6 5.4
131 91.3 5.2
147 114 6.2
165 148 7.7
185 152 7.9
207 134 7.1
233 112 6.0
261 97.9 53 .
203 88.7 4.9
329 77. 4 3.9
369 64.0 3.3
413 54.5 2.9
464 51.4 2.9
520 49,9 2.9
584 51.8 3.1
655 48.1 3.0
735 55.3 3.5
824 55.9 3.6
925 52.5 3.6
1,040 53.7 3.8
1,160 44,0 3.1
1,310 39.8 2.8
1,470 38.4 2.6
1,640 31.4 2.1
1,840 37.6 2.5
2,070 39.2 2.6
2,320 31.4 2.1
2,600 34.0 2.2
2,920 32. 4 2.1
3,280 20.7 L9
3,680 27.7 L7
4,120 32.6 2.0
4,630 37.9 2.3




and 50 gg/cm® thick. The loss of fission frag-
ments in the both deposits was calculated by
interpolating the above data, and was found
to be negligible,

Angular distribution of fission fragments
against the direction of an incident neutron
beam shows an anisotropy for fast neutrons,
but those for the neutrons in resonance region
can be thought to be isotropic. Therefore we
did not correct the data for the effect by the
anisotropy of fission fragments. We compared
the fission ratios of *'Np and **U for two
configurations ; one case for which the sample
deposit was placed at the inner position in the
experimental hole and the other the oposite.
The result shows little difference between
them.

Loss of the fission counts for **'Np and **°U
below the pulse height discrimination levels
was determined by linearly extrapolating the
fission count peaks.

After the above corrections, we obtained
the result of the cross section for the *'Np
(n, f) reaction as Table 1, in which (1) the
statistical error for the fission, (2) the error
in the determination of the numbers of *'Np
and *°U, (3} 2% as systematic error, and {4)
the uncertainty in the fission cross sections for
*J were taken into account.

In Fig. 5, the present result is compared
with the evaluated values in JENDL-3 and in
ENDF/B-VI. Since the energy resolution of
the original data in both evaluated data files
is much higher than that of the present ex-
periment, we processed the evaluated data
values by multiplying a resolution function of
which energy resolution function is assumed
to be a Gaussian with 4024 of its full width at
half maximum. In this figure, shown are the
processed values of both files.

From this figure, it can be seen that (1) the
evaluated values in both JENDL-3 and ENDF/
B-VI are about 3 times smaller than the present
result, {2) the gross shape of the present
result is very similar to that of ENDF/B-VI
in all range and to that of JENDL-3 below
120eV, and (3) above 120eV, the cross sec-
tion in JENDL-3 is flat and differs from the
present result.

J. Nuel. Sci. Technol.,
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Fig. 5 Expermentally obtained cross section

of ®"Np(n, ) reaction compared with
those in evaluated data files

The present result is compared with earlier
experimental data and is shown in Fig. 6.
The original point wise data have been also
processed as the same manner as the above,
The data obtained by Hoffman ef al.*” are
close to the present ones, but those measured
Plattard et al.® are much smaller than the
present ones. Too low normalization of
Plattard et al.’s data was pointed out by
Auchampaugh ef af., which is supported by the
present result.
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Fig. 6 Expermentally obtained cross section
of ®"Np(n, f) reaction compared with
two previously measured data

Reevaluation of the *'Np (#n, f) cross section
in resonance and intermediate regions is re-
commended. If this cross section increases
factor 3, the efficiency of the transmutation
of *'Np by the fission in resonance region
would improve almost the same factor.
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IY. CONCLUSION

We have measured the cross section for the
3 Np(n, f) reaction from about leV to about
5keV normalized to that for the *%U(n, f)
reaction with back-to-back type fission cham-
bers by making use of a newly constructed
lead neutron slowing-down spectrometer KULS.
The absolute values of the data by Hoffman
et al. are close to the present ones, but those
by Plattard et al. are from 3 to 4 times less
than the present ones.
present result is very similar to that of ENDF/
B-VI in all range and that of JENDL-3 below
120 eV, however the absolute values in both
files are also from 3 to 4 times smaller than
those of the present data. Therefore we re-
commend to reevaluate the **'Np(n, f) cross
section in resonance and intermediate regions.
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Abstract — Making use of back-to-back type double fission chambers and a lead slowing-down spec-
trometer coupled to an electron linear accelerator, the cross section for the **’Am(n, f) reaction has
been measured relative to that for the ***Ufn, f) reaction in the energy range from 0.1 eV to 10 keV.
To avoid the interference between the **’Am and the #*U resonances, the fission cross section below
1 keV was measured relative to the '°B(n, «) reaction with a BF; counter, and the result obtained was
normalized to the absolute value by the ¥3U reference data between 200 eV and | keV. The measured
result has been compared with (a) the evaluated nuclear data contained in the ENDF/B-VI and JENDL-
3.2 libraries and (b} the existing experimental data, with the evaluated and measured data being broad-
ened using the energy resolution function of the spectrometer.

There is general agreement between the evaluated data and this measurement, although some dis-
crepancies are found in the energy region where the cross-section shapes show a pronounced structure.
The JENDI.-3.2 data are underestimated by a factor in the range 1.2 to 2.3 between 22 and 140 eV,
while the more recently measured data by Dabbs, Johnson, and Bemis and the evaluated data in
ENDF/B-VI are in good agreement with the measurement within the uncertainties. In the energy range
from I to 10 keV, the current result is 15 to 18% higher than the evaluations and the data of Dabbs,
Johnson, and Bemis, Some of the earlier experimental data that were measured over part of the rele-
vant energy region are not always in agreement with the current measurement.

The fission cross section for thermal neutrons was also measured in a pure Maxwellian neutron
spectrum field with double fission chambers. The derived result at 0.0253 eV is 3.15 + 0.097 b, which
is obtained relative to the reference value of 586.2 b for the ***Ufn, f) reaction. The ENDF/B-VI data
are in good agreement with the current measurement, while the JENDL-3.2 value is lower by 4.2%.
The ratios of the earlier experimental data to the current value are distributed between 0.89 and 1.02.

*Current address: GE and Yokogawa Medical System, Inc., 4-chome, Asahigaoka, Hino-shi, Tokyo 191, Japan.
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[. INTRODUCTION

Americium-241 is one of the burdensome minor ac-
tinides that are abundantly produced in power reactors.
The nuclear data for *'Am are of great importance
for the design of reactors with mixed oxide or pluto-
nium fuels and for the design of systems for spent-fuel
reprocessing. In addition, the fission cross section of
2 Am is also of interest for its transmutation from the
standpoint of the disposal of radioactive waste,!-’

Although the fission cross section of 2*'Am rises
~500 keV up to ~2 b like a threshold reaction func-
tion, fission occurs to a certain extent in the thermal,
intermediate, and resonance energy regions. This com-
ponent of the fission should be taken into account in
thermal reactor studies. Up to now, although numerous
measurements of the cross section for the *Am(n, f)
reaction have been made, there still exist marked discrep-
ancies among the measured data <300 keV (Refs. 6
through 12). Dabbs, Johnson, and Bemis® measured
the fission cross section in the wide energy range from
0.02 eV to 20 MeV using the neutron time-of-flight
(TOF) method. Before this measurement, several ex-
perimental groups had measured the cross section in
less broad energy ranges. Two recently evaluated data
files appearing in END¥/B-VI (Ref. 13} and JENDL-
3.2 (Ref. 14) are close to the data obtained by Dabbs,
Johnson, and Bemis.® However, other experimental
data measured by Leonard et al.,” Bowman et al.,?
Gerasimov,” Seeger et al.,'? Derrien et al.,!! and Gay-
ther and Thomas'? are not always in agreement with
these evaluated data. Concerning the thermal neutron
fission cross section of **!Am, the evaluated values are
in general agreement with each other.'*-'% Most of the
experimental data were obtained from the 19505 to the
1970s, and they range between 2.8 and 3.2 b (Refs. 17
through 22).

A difficulty in the measurement of the fission cross
section of 2*'Am has often been caused by strong
alpha-particle activity or pileup pulses because of its
alpha decay with a short half-life of 432 yr. In addition,
the fission cross section in the energy region from 1 to
300 keV is <0.1 b. Therefore, an intense rieutron source
is required for the cross-section measurement, espe-
cially in the intermediate or resonance energy region,
to have enough signal-to-background ratio. A lead
slowing-down spectrometer is a powerful tool and is of-
ten used for this kind of fission cross-section measure-
ments because the neutron flux is ~10* greater than
that of a conventional TOF experiment at a 5-m flight
path, although the energy resolution of the spectrom-
eter is ~35% full width at half maximum.?

Another problem for fission cross-section measure-
ments of transuranium nuclides is often due to the lack
of isotopically pure samples, though the utilization of
high-purity samples is one of the most important re-
quirements for nuclear data measurement. Wagemans
suggests the usefulness of thermal neutron experiments
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to check the sample quality.? In an earlier measure-
ment, we had the experience of obtaining a much larger
fission cross section for 24! Am, the measurement being
made with a sample on the market.?* Through the care-
ful and systematic investigation of the 2! Am sample by
alpha-ray spectrometry, we found that the problem was
mainly caused by plutonium impurities (~0.3%) in the
sample.?

In the current measurement, we have prepared a
pure *’Am sample by means of the anion-exchange
method to remove impurities of transuranjum nuclides.
The chemical solution of the sample was electrolyzed,
and the 2 Am layer was deposited on a stainless steel
disk, which was put into back-to-back (BTB) type fis-
sion chambers?’ together with the disk with the layer
of 25U. The fission cross section for the **'Am(n, f)
reaction was measured at energies between 0.1 eV and
10 keV relative to that for the 2*U(n, f) reaction by
making use of the double fission chambers and the lead
slowing-down spectrometer coupled to the 46-MeV elec-
tron linear accelerator (linac) of the Research Reactor
Institute, Kyoto University (KURRI) (Ref. 28). To
avoid the interference between the #!Am and 2°U res-
onances, the 2*'Am fission cross section was measured
relative to the °B(n, o) reaction using a BF; counter
below 1 keV, and the result was normalized to that
measured with the BTB chambers at energies between
200 eV and 1 keV. The experimental technique is almost
the same as that of the previous measurement of the fis-
sion cross section for 2*’Np (Ref. 29). The current
measurement is compared with the evaluated data in
ENDEF/B-VI and JENDL-3.2 and with the existing ex-
perimental data.

The thermal neutron cross section for the
24 Am(n, f) reaction was also measured with the afore-
mentioned fission chambers in a standard neutron spec-
trum field having a pure Maxwellian distribution in the
Kyoto University Reactor (KUR) at KURRI (Ref. 30).
The result is compared with the evaluated and the pre-
vious experimental data.

II. EXPERIMENTAL METHOD

ILA. Lead Slowing-Down Spectrometer

The lead slowing-down spectrometer is installed at
the 46-MeV electron linac at KURRI. This Kyoto Uni-
versity lead slowing-down spectrometer (KULS) is com-
posed of 1600 lead blocks (each is 10 x 10 x 20 cm?,
and purity is 99.9%), and these are piled up to make
a cube of 1.5 x 1.5 x 1,5 m?* (~40 t} without any struc-
tural materials.?® The KULS is covered with 0.5-mm-
thick cadmium sheets. At the center of the KULS, we
have placed an air-cooled photoneutron target of tan-
talum to produce pulsed fast neutrons. Four sets of
thermocouples were attached to the surface of the
photoneutron target case to monitor the temperature.
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The linac was operated in such a way asto keep the tem-
perature <300°C. The KULS has eight experimental/
irradiation holes (10 x 10 cm?, 55 or 45 cm in depth),
and one of the holes is covered by bismuth layers of 10
to 15 cm in thickness to shield high-energy gamma rays
(6 to 7 MeV) produced by the Pb{#n, ) reaction in the
spectrometer.?® The cross-sectional view of the KULS
is shown in Fig. 1.

Characteristics of the behavior of neutrons in the
KULS have been studied by calculations with the con-
tinuous energy Monte Carlo code MCNP (Ref. 31) and
by experiments using the resonance filter method.?®
The energy E, in kilo-electron-volts, is related to the
neutron slowing-down time ¢, in microseconds, by the
relation E = K/t2, where K is the slowing-down con-
stant.’>* The neutron slowing-down time and the en-
ergy resolution of the KULS were measured with a BF;
counter (12 mm in diameter, 50 mm in length, and
1 atm) and an argon gas counter (12.7 mm in diameter,
63.5 mm in length, and I atm). Measurements were
made both with and without resonance filters of in-
dium, tellurium, tantalum, gold, cadmium, molybde-
num, and manganese. To measure the slowing-down
constant X, the BF; counter was used to make neutron
transmission measerements with the filters in place,
and the argon gas counter was applied to the capture
gamma-ray measurement with the filters. The dips or
the bumps that were observed in the slowing-down time
spectrum corresponded to the resonance energies of the
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filter material. The slowing-down constant K was de-
termined to be 190 + 2 and 156 + 2 (keV - us?) for the
bismuth and the lead experimental holes, respec-
tively.?® The energy resolution was ~40% for both ex-
perimental holes at energies from a few electron volts
to ~ 500 eV and was larger in the lower and the higher
energy regions.”® The relation between neutron slowing-
down time and energy and the energy resolution was also
obtained by the MCNP calculations, and the results were
in good agreement with those measured by the BF; and
the argon gas counters. More detailed characteristics of
the KULS are given in other references.?®?

II.B. The **!Am and #°U Samples

The americium solution obtained from the Inter-
national Atomic Energy Agency was purified at the Iso-
tope Products Laboratory of the Japan Atomic Energy
Research Institute (JAERI) by the anion-exchange
method using nitric acid-methyl alcohol mixed media®*
to remove uranium, neptunivm, plutonium, and curium
from the americium sample. The purified americium
solution and isopropyl alcohol were mixed thoroughly
and electrolyzed on a stainless steel disk (28 mm in di-
ameter and 0.2 mm in thickness) to produce an ameri-
cium deposit (radioactive area of 20 mm in diameter).?
After electrodeposition, the sample was sintered with
a gas burner to fix the americium layer on the disk by
making americium oxide.

The alpha rays from the deposit were measured
with a silicon surface barrier detector. No traces of
27Np, B8py, B9py, 24°Pu, MWIAm. or 22Cm impuri-
ties in the americium deposit were observed in the mea-
sured alpha-ray spectrum. Therefore, the isotopic
composition of 2*!Am in the deposit was estimated to
be >99.9%. The number of 2*'!Am atoms was deter-
mined by analyzing the alpha rays having energies in
the range 5.322 to 5.544 MeV. The 59.5-keV gamma ray
from #!Am was also measured with a high-purity ger-
manium detector. The number of ?*!Am atoms was
determined by both detectors, and the result was (1.734 +
0.020) x 108, as given in Table I, where the errors
were estimated by taking account of (a) statistics of the
activity measurements, (b) geometrical detection effi-
ciencies, and (¢) uncertainties in the decay data used.

The deposit of highly enriched uranium oxide
(99.91% of #U) purchased from QOak Ridge National
Laboratory was prepared using almost the same tech-
nique as for the americium sample and was electro-
deposited on a stainless steel disk at KURRI. This #*U
sample was used to monitor the neutron flux in this
study by means of the well-known reference cross sec-
tion of the 25U(n, f) reaction. Alpha-ray and gamma-
ray spectrometry measurements were carried out to
determine the number of uranium atoms as was done
for the americium sample. By the analyses of the alpha
rays with energies in the range of 4.152 to 4.597 MeV
and the 185.7-keV gamma ray from 2*°U, the number
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TABLE |
Determination of the Number of Atoms for the >’ Am and 2**U Oxide Deposits

Method

¥ Am Deposit

33U Deposit

Alpha spectroscopy
Gamma spectroscopy .
Weighted mean value

(1.722 + 0.022) x 10'¢
{1.796 + 0.053) x 10'¢
{1.734 + 0.020) x 10'¢

(3.289 + 0.039) x 10"
(3.253 + 0.094) x 10"
(3.283 + 0.036) x 10"

—

of 233U atoms was determined to be (3.283 + 0.036) x
10'7, as shown in Table 1.

Uniformity of the electrodeposited layer was inves-
tigated by using a solid-state track detector of CR-39
(Ref. 36). The exposure times for measuring the tracks
from %*'Am and 2**U were a few seconds and 2 h, re-
spectively, under the condition that the distance be-
tween the layer and the track detector was 0.5 mm.
After etching the exposed plastics with KOH solution,
the detector surface was examined with a microscope,
and the number of the etched pits was counted in ev-
ery area of 3 X 3 mm?. The number of pits per unit
area was between ~25 and 40 for 2*'Am and between
~60 and 75 for 233U except at the edge of the radio-
active region of the deposit. Considering that the layer

thickness is 2.2 pg/cm? for the **'Am deposit and
41 pg/cm? for the 23U deposit, most of the fission
fragments can easily pass through the layers so that the
nonuniformity in the current deposits could not perturb
the fission cross-section measurement,

II.C, Fission Chambers

The fission chambers that are employed in the cur-
rent experiment are composed of two identical paral-
lel plate-type ionization chambers, as shown in Fig. 2.
These chambers were originally designed for in-core fis-
sion ratio measurements.?’ Because it is the back sides
of the stainless steel plates having the americium deposit
and the reference uranivm deposit that face each other,

Sample deposit

Electrode(ancde) (U-235) Sample deposit Teflon support
0- rmg (Am-241) for Electrode
Chamber{alummum) /
Connector % / .
7!/// ////?’___
- ‘mml
/
} 7
7 }% ?
=% d //’J/
| 7 [ 137 in diam.
| L 40 in diam.
LA |
2 55 % .
% 7 % 49 in diam.
\ % 2
% '7’ "é %
ez e
s
[: 1
For evacuating and 1 [ez 5
257 [FL 7
gas filling ' unit ; mm

21

17.5

Fig. 2. Cross-section view of the BTB chambers.
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it is called the back-to-back type. The double fission
chambers are made of aluminum and filled with a
mixed gas of 97% argon and 3% N, at a pressure of
1 atm. In this gas pressure, the mean range of alpha
particles reaches 36 mm, while that of fission fragments
is ~20 mm. Therefore, the fission chambers are de-
signed so as to collect most of the energy of the fission
fragments, although the chambers are designed not to
collect most of the alpha particles, in order to get a
good discrimination between the alpha and the fission
fragment pulses. The distance between the electrode
and the deposit layer is designed to be 8 mm. The op-
eration voltage is 400 V. Figure 3 shows a typical pulse
height distribution of fission fragments for 4 h of mea-
surement for the americium layer. Because we used thin
24'Am and thin 23U deposits, fission pulses were
clearly discriminated from background pulses caused
by the alpha rays.

I.D. The BF; Counter

The '"°B{#, ) reaction is well known to be one of
the standard cross sections and is often applied to cross-
section measurements as a reference. The BF; counter®
was used for the fission cross section measurement of
241Am in the resonance interference energy region of
#IAm and #U fission cross sections. The counter was
of a cylindrical type, 50 mm in effective length, 12 mm
in diameter, and 1 atm, and its high-voltage bias was
1100 V. Instead of the 2°U fission chamber in the BTB
chambers, the BF; counter was employed to measure
the energy dependence of the neutren flux spectrum.

IIL.E. Fission Ratio Measurement

The fission cross section of 2! Am has been mea-
sured relative to that of 2**U by making use of the
BTB chambers in the bismuth hole. As both #'Am
and 2*3U nuclei have neutron resonances in the rele-
vant energy region, the fission ratio data may be dif-
ficult to interpret. For this reason, we have employed
not only the BTB chambers but also a BF; counter that
is well known as a good 1/v detector in the energy range
of the current measurement. The relative fission cross
section of #*!Am was measured below 1keV with the BF;
counter, and the result was normalized to the fission cross
section between 200 eV and 1 keV measured relative to
the 25U{(n, f) reaction using the BTB chambers.

The lead slowing-down spectrometer KULS was
driven by the 46-MeV electron linac at KURRI, and the
typical operating conditions during the experiments
were as follows: pulse repetition rate of 150 Hz, pulse
width of 22 ns, electron peak current of ~0.8 A, and
the energy of ~31 MeV. After the linac had operated
for more than 120 h, the deposited plates of 2! Am and
235(J in the BTB chambers were interchanged, and an-

aPurchased from Mitsubishi Electric Company.
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other measurement was made for ~130 h in the bis-
muth hole. After the chambers were inserted into the
bismuth hole, the hole space was filled with bismuth
bricks so as not to let neutrons leak.

IL.F. Electronics and Data Taking

Two identical electronic circuits were employed for
both fission chambers, as shown in Fig. 4. Through the
amplifiers and the discriminators, signals from the fis-
sion chambers were fed into a time digitizer, which was

v [jan]
P . & .
z
[ Amp. [ LiNaC | [ Amp.]
[l ]
Timing Digital delay Timing
SCA and Gate SCA
Stop, Start +ston

|’I‘ime Digitizer l |Time Digitiml

—!-lMulti Channel Analyzer i«—

Fig. 4. Block diagram of electronic circuits to measure
time-dependent fission counts with the BTB chambers.
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initiated by the linac electron burst, and the slowing-
down time data of neutrons were stored for each mea-
surement of 4 to 5 h duration in a data acquisition
system.” Two sets of 4096 channels were allotted to the
slowing-down time measurements for the BTB cham-
bers, and the channel width was 62.5 ns to 0.5 gs. Pulse
height distributions of fission events from the 24!Am
and the 2%U deposits were also measured with each
4096 channel analyzer in pa:al]el with the slowing-down
time measurements. -

For the measurement of the relative fission cross
section of ) Am, output signals from the BF, counter
were also led to the time digitizer through the amplifi-
ers and the discriminators, The data of the slowing-
down time of neutrons were stored in the same way as
for the BTB chambers.

I11. FISSION CROSS-SECTION MEASUREMENT

I A, Fission Cross Section

The fission counts at the slowing-down time ¢ (in
microseconds) can be converted to those at energy E
{in kl!o~electron -volts) by using the relation of E =
K/(t + 1), where t, is the zero time correction.?
From the fission counts of the **'Am and the 23U
deposits, the energy- dependent cross section for the
241Am(n, f) reaction is given by

CAm(E) NU
Cu(E) Nam

UAm(E)= GU(E) ’

where
Cam(E) = fission counts of *!Am at energy E
Cy(E) = fission counts of 2°U at energy E

Ny = number of 2*°U atoms in the #°U
deposit

Nam = number of 2'Am atoms in the **'Am
deposit

ou{E) = energy-dependent fission cross section
of ¥°U,

We used the values of oy (E) from ENDF/B-VI
(Ref. 13), the accuracy of the fission cross section hav-
ing been estimated as shown in Table I1. The reference
data were broadened using the energy resolution func-
tion that was fitted to the previous measurements in the
relevant energy region,?®
section in ENDF/B-VI having sharp resonances in the
energy range of the measurements. Below 200 eV, since
strong neutron resonances occur in the fission cross
sectlons of the 2 Am and #**U, we have employed the

19B(n, o) reaction that shows a smooth and good 1/v
energy dependence in the relevant energy region, in-

BCanberra’s Series-88 MPA analyzer.
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the unbroadened fission cross -

TABLE II

Experimental Uncertainties for the
Current Measurement

Error
Causes of Uncertainties (%)
Statistical error for 2*'Am 0.08 to 6.2
Statistical error for 25U 0.06 to 1.1
Assignment of fission counts for **'Am <1.9
Assignment of fission counts for 2¥UJ° <0.65
Number of atoms of 2'Am 1.3
Number of atoms of 25U 1.2
Reference cross section for the
25U(n, f) reaction 2to 4
Reference cross section for the
198 (n, &) reaction 2
Correction for the setting position of
the */Am and #*°U deposits in the
BTB chambers <0.3
Correction for scattering of inscattered
neutrons by the chambers <0.2
Correction to background subtraction <0.2t0 0.4
Energy Range Error
{eV) (%)
Total uncertainties 0.1t0 0.89 4.1
0.89 to 3.55 4.6
3.55 to 20.0 4.2
20.0 to 200 4.4
200 to 1000 5.7
1000 to 10 000 8.6

stead of the 2**U(n, f) reaction. In the relative cross-
section measurement with the BF; counter, Cy(E)
and oy (E) in the aforementioned relation can be in-
terpreted to be the counts and the cross section for the
YB(n,a) reaction. The ratio of Niy/ Ny, can be con-
sidered as a field constant in this case. For the data
processing, we have written Fortran programs for the
personal computer,

The systematic difference between the #!Am and
the 23U deposit positions in the BTB chambers was
experimentally investigated by interchanging the plates.
Before and after the deposits were exchanged, the
measured ratio for Ca (E)/Cy(E) was charged by
~1.06 % 0.05, which was almost independent of neu-
tron energy. For the derivation of the fission cross
section, we took the average value for the Cyp (E)/
Cy (E) ratios obtained by exchanging the positions for

the *'Am and the #*U deposits.

HI.B. Background Correction .
As the pulse height of fission events is bigger, it is
easy to distinglish fission pulses from noise pulses or

"VOL. 126 JUNE 1997
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alpha pulses from the sample deposit. Because the ra-
dioactivity of the **'Am deposit was ~8.8 x 10° Bq,
the pileup problem due to the alpha pulses is negligi-
ble. Background counts that are due to the overlap of
neutrons from the previous pulses of the linac are also
negligible because of the low pulse repetition rate of
150 Hz and of the low thermal neutron flux in the
KULS. Delayed neutrons could be neglected consider-
ing the emission rate [vz/ (v, + »4) = 0.0016] to the fis-
sion neutrons. The background due to the photo-fission
events has to be taken into account in the data analysis.
Because the BTB chambers were put into the bismuth
hole, background counts due to the photofission of
235U and **'Am by the Pb(n, ) reaction in the KULS
could be reduced.

A background run was carried out using the BTB
chambers without sample deposits. A very limited num-
ber of counts in total were observed in the slowing-
down time spectrum for a run of more than 30 h. It was
found that the background counts for the **'Am
chamber might affect the minimum cross-section region
for the 2'Am(n, f) reaction by 0.2 to 0.4% on aver-
age, at most, whereas the background counts for the
233U chamber could be neglected completely.

Neutrons may be scattered by the structural mate-
rials of the BTB chambers before arriving at the deposit
layers. The inscattered neutrons, which are not directly
observable, may be another source of background for
the current measurement. To investigate the inscattered
background, we have made calculations using a con-
tinuous energy Monte Carlo code, MCNP (Ref. 31).
The BTB chambers are made of aluminum and the size
is 40 mm in diameter, 39 mm in length, and ~2 mm in
thickness, as shown in Fig. 2. The electrodes, deposit
fayers, backing plates, and their supports by which neu-
trons may also be scattered are represented in the cal-
culations. It was assumed that the neutrons entered the
chambers almost isetropically from the surrounding re-
gjon. The energy-dependent reaction ratio data for

1Am to U were calculated with 5000000 random
histories to see how the measured cross section was af-
fected by the inscattered neutrons. The current calcu-
lations have shown that a very small correction may be
required, making the > Am(n, f) cross section lower
by 2 to 6% at most in the energy region from 1 to
10 eV and larger by ~7% at most at energies between
0.3 and 0.8 eV, even taking account of the calculation
uncertainties. Qther small corrections were also mad
around 100 V. :

IV. MEASUREMENT OF THE THERMAL
NEUTRON CROSS SECTION

IV.A. Thermal Neutron Spectrum Field

The KUR at KURRI has a thermal neutron facility
that consists of a 1.4-m-long heavy water tank.®’
The irradiation room is ~2.4 x 2.4 x 2.4 m? and is
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surrounded by 90-cm-thick heavy concrete shields. The
leakage neutrons from the heavy water tank can be used
as a thermal neutron source of a plane-type in a large
space.

Kanda et al. measured the neutron spectrum from
the heavy water tank by the TOF technique using a
fast chopper.*” The measured spectrum showed good
agreement with a Maxwellian distribution having a neu-
tron temperature of 60°C. The cadmium ratio mea-
sured by gold foils with and without a cadmium cover
of 0.7 mm in thickness was more than 5000, and so the
contribution of epithermal neutrons can be neglected.”’

IV.B. Experimental Methods

The heavy water thermal neutron facility has been
employed for the measurement of the thermal neutron
cross section for the 2’ Am(n, f) reaction, making use
of the BTB-type double fission chambers. The cham-
bers were set in the irradiation room and exposed to

" thermal neutrons for ~ 10 h during the nominal power

operation of 5 MW of the KUR. The irradiation was
repeated by exchanging the 2'Am and the *U sam-
ple positions. Fission pulses from the samples were led
to their 2048 channel pulse height analyzers through the
amplifiers and the discriminators. Each of the fission
counts was obtained by integrating the pulse height dis-
tribution above the discrimination level.

IV.C. Measurement of the Cross Section

The thermal neutron cross section o,, averaged
over the Maxwellian distribution spectrum is defined as

_ 0 (vo) g(n)(To)l/Z ’

Tt = T 128 T,
where
vy = 2200 m/s
T,=293.6K

T,, = neutron temperature
g(T,) = g factor.

The thermal neutron cross section opy,, for the
21Am(n, f) reaction at a neutron energy of 0.0253 eV
{corresponding to a velocity of 2200 m/s) is obtained
in almost the same way as in the case of the KULS mea-
surement, by rewriting the relations as follows:

Oa = Cam Nu gu(Th) ou
T Cy Nam Zam(Th) ’

where
Cam = fission counts of 2*'Am
Cy = fission counts of ¥°U
gu(T,) = g factor of ¥°U
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gam(T,) = g factor of 2*'Am

oy = giasssion cross section at 0.0253 €V of
.

The reference fission cross section was taken from the
evaluated data file of ENDF/B-VI, and the g factors
for #1Am(0.996) and 35U (0.9761 + 0.0012) were ob-
tained from the Mughabghab compilation,'® although
Gryntakis et al.3® gave values of 1.0220 and 0.9665, re-
spectively. The ratio of Cyn,/Cy data obtained by ex-
changing the deposit positions of 2*'Am and 2°U in
the BTB chambers was 1.04 = 0.03. We took an aver-
age of the values before and after the deposits were ex-
changed to derive the fission cross section.

V. RESULTS AND DISCUSSION

Making use of the BTB chambers and the KULS,
the cross section for the 2*'Am(n,f) reaction was
measured relative to that for the 23U(n, f) reaction at
energies from 0.1 eV to 10 keV. In the resonance energy
region for ' Am and ?*°U below 1 keV, the fission
cross section of **'Am was measured relative to the
10B(n, o) reaction and was normalized to the absolute
value between 200 €V and 1 keV obtained in the mea-
surement relative to the °U(n, /) reaction, to avoid
the resonance interference between **’Am and 25U,
The current result from 0.1 eV to 10 keV is shown in
Fig. 5 and is compared with the ENDF/B-VI and the
JENDL-3.2 data, which have been broadened by the
energy resolution function of the KULS.

The dead time correction for the 233U fission
chamber was <0.03%, and that for the **’Am was
negligibly small. Concerning the effects of (a) loss of
the fission fragments in the *'Am and the U depos-
its, (b) anisotropic angular distribution of the fission

L L A A
"ﬁ, Current

stwmseen ENDF/B-VI
----- JENDL-3.2

56
T

' =

PP P AN I R R
0 ! * ' i’ i 1
Neutron Energy ( eV )

Fission Cross Section of **'Am (barn)

Mo,
o W

Fig. 5. Comparison of the evaluated fission cross sec-
tion of 2! Am with the current measurement. The evaluated
data are broadened by the energy resolution of the KULS.
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fragments, and (c) photofission in the deposits on the
resultant fission cross section of *'Am, we have as-
sumed that they are negligible as described in an earlier
paper.?? Because the pure **'Am sample was carefully
prepared and no impurity could be observed, no cor-
rection was made for an impurity effect.

The cross-section data were obtained by summing
up the slowing-down time data in intervals of ~0.115
lethargy width, The experimental uncertainties for the
current measurement are summarized in Table I1. The
discrimination level was set in the minimum count re-
gion between the fission and the noise counts in the
pulse height distribution. The uncertainty in the deter-
mination of the fission counts was estimated to be 1.9%
for 2Y'Am and 0.65% for 23U, respectively. Consid-
ering the gain shift in the detection system, the discrim-
ination level was checked and determined every 10 to
20 h during the experiment. The numbers of atoms in
the 2! Am and the 2*5U deposits were derived from the
mean average by the alpha- and gamma-ray measure-
ments. The gamma-ray measurement supported the
result by the alpha-ray measurement within the exper-
imental uncertainty, as seen in Table [. Uncertainties
for the reference cross sections of the 2*U(n, f) and
the '®B(n, o) reactions'>* were estimated to be 2 to
4% and 2% in the relevant energy region, respectively.
[It is only the uncertainty in the 1/¢ form of the
1B (n, o) reaction that affects the measurement.] The
uncertainty in the measured value of the 2*!Am fission
cross section is estimated to be 4.1 to 8.6% in the rele-
vant energy range.

In Fig. 5, good agreement can be seen in the gen-
eral shape and absolute values between the current mea-
surement and the evaluated data in ENDF/B-VI and
JENDL-3.2, and both of the evaluated data show good
agreement with each other, except at energies from ~22
to 140 V. Some discrepancies can be seen between the
evaluated data and the measurement in the dip and the
bump cross-section region. Both sets of evaluated data
in the energy range of the dip from 2 to 4 €V are lower
by ~30%, but the average value over a wider energy
range agrees to within ~10%. The difference could be
due to the resolution broadening function being
broader than that assumed. The same problem of the
resolution broadening is seen at the sharp dip near 8§ eV,
Comparing the evaluated values with the current mea-
surement, we find the JENDL-3.2 data between 22 and
140 eV are underestimated by a factor ranging from 1.2
to 2.3, while the ENDF/B-VI data are in good agree-
ment with the measurement,

The existing experimental data have also been
broadened by the energy resolution function of the
KULS and are compared with the current data in
Fig. 6. The data measured by Dabbs, Johnson, and
Bemis, which is the primary source used for the fission
cross section in the evaluation for the ENDF/B-VI file,
are in general agreement with the current values. The
fission cross sections obtained by Gayther and Thomas!?
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Fig. 6. Comparison of the existing experimental data
with the current measurement. The experimental data are
broadened by the energy resolution of the KULS.

are higher above 55 eV by 50 to 100% than the current
measurement. The data by Bowman et al.,? Gerasimov,’
and Derrien et al.'! are close to the current cross sec-
tion below several tens of electron volts, although Bow-
man et al. gave two times higher data above 200 eV.
Leonard et al.” gave higher values between 2 and 5 eV.
Seeger et al.'® measured the cross section with a nu-
clear explosion technique and obtained much higher
values than the current data above 20 eV.

In Table III, comparisons are made between the
mean values of the 2*'Am fission cross section from
the current work and the results from ENDF/B-VI,
JENDL-3.2, and the data by Dabbs, Johnson, and
Bemis.® As seen in the table, the ENDF/B-VI data are
within the uncertainties of the current measurements
in the energy ranges 0.1 to 0.89 eV and 20 to 200 eV,
but they are higher by 4.5 to 7% between (.89 and
20 eV and lower by 12 to 15% between 200 €V and

10 keV. The JENDL-3.2 data show lower values by 7
to 25% in the energy range 0.89 eV to 10 keV, although
good agreement is seen between 0.1 and 0.89 eV. The
data by Dabbs, Johnson, and Bemis are in general
agreement with the current measurements considering
that the uncertainties of their measurements® are more
than 6% in the relevant energy region, except for the
energy range 0.89 to 3.55 eV, where their measured
value is 14% higher than the current average cross sec-
tion. The current result above 1 keV is higher by 16.5 +
1.5% than the evaluations and the data of Dabbs,
Johnson, and Bemis.

The cross section of the 2*'Am(#, f) reaction for
2200 m/s neutrons was obtained relative to the refer-
ence value of 586.2 b for 2U{n, f} given in ENDF/
B-VI. The current result at 0.0253 ¢V is 3.15 £ 0.097 b,
which is close to the extrapolated value of the KULS
data as seen in Fig. 5. Fission counts were determined
by linearly extrapolating the pulse height distribution
curve near the discrimination level. The main sources
of uncertainties in the current measurement are due to
the statistical error (0.04 to 0.4%), assignment of Cap
and Cy by integrating the pulse height spectrum above
the discrimination level (estimated to be ~1.5% for
Cam and 1.1% for Cy, respectively), the g-factors for
241Am and 2%U, the reference cross section for the
85(J(n, f) reaction (estimated to be <1%) (Refs. 13
and 16), the number of atoms in the deposit samples
as seen in Table I, and the correction assigned for the
setting position of 2*'Am and #*U deposits in the BTB
chambers (0.25%). We have estimated that the uncer-
tainty of the g-factor for 24'Am is +1.3%, because we
could see such a difference between the g-factors given
by Mughabghab'® and Gryntakis et al.,*® while the
g-factor for 2*U is well determined.'® Other uncertain-
ties and corrections are considered to be small and may
be neglected as in the aforementioned KULS experi-
ment. The total experimental uncertainty of the ther-
mal neutron cross section for the 2*'Am(n, f) reaction

TABLE 111

Comparison of Mean Values of the 2'Am Fission Cross Section from the Current Work with Those
from ENDF/B-VI, JENDL-3.2, and the Data by Dabbs, Johnson, and Bemis

Average Cross Sections (b)
Energy Range Dabbs, Johnson,
{eV) ENDF/B-VI JENDL-3.2 and Bemis Current

0.1 to 0.89 4,753+0° 4.724+0 5.133+0 4.8974+0 x 0.199
0.89 to 3.55 2.046+-0 1.853+0 2.182+0 1.91440 + 0.0875
3.55t0 20.0 7.982—1 7.106—1 8.438-1 7.636—1 + 0.0317
20.0 to 200 2.558—1 1.893~—1 2.524—1 2.514—1 = 0.0111

200 to 1000 9.701-2 9.708-2 10.224-2 10.965—2 + 0.00628
1600 to 10000 3.031-2 3.009-2 3.110-2 3.570-2 + 0.00308
"Read as 4.753 x 10+,
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was derived to be ~3.1% as the root of the sum of the
squares of the aforementioned uncertainties.

The measured result is given in Table IV and is
compared with earlier evaluated and experimental data.
The evaluated value in ENDF/B-VI is in good agree-
ment with the current result, and the JEF-2.2 and the
Mughabghab data are also close to the measurement.
The data in JENDL-3.2 and that measured by Dabbs,
Johnson, and Bemis are lower by 4.2 and 2.9%, respec-
tively. Although the average value of the other six
earlier experimental data is in agreement with the cur-
rent measurement within the uncertainty, the value of
Gavrilov et al. seems to be lower by 11% than the cur-
rent data.

Because we carefully prepared the 2*'Am sample
and used a pure sample, the measured cross section
should be free from reactions because of impurities.
This is confirmed by the fact that the current mea-
surement of the thermal neutron cross section for the
21Am(n, f) reaction is in good agreement with most
of the recent evaluated values at 0.0253 eV, as men-
tioned earlier. The current result may also be taken to
provide confirmation that the KULS data with the
*'Am sample are not affected by impurities in the
sample.

The result of the >*'Am fission cross section was
reported at Gatlinburg as being higher by a factor of
~3 than the evaluations and Dabbs, Johnson, and
Bemis measurement.? This has now been found to be
mainly because of plutonium impurities in the sample,
which was obtained on the market.?® The current re-
sults replace the earlier published measurements, which
were affected by plutonium impurities.

TABLE IV

Thermal Neutron Cross Sections (2200 m/s Value)
for the 2'Am(n, /) Reaction

Cross Section
(b) Reference
3.15 £ 0.097 Current
3,153 ENDEF/B-VI (1991) (Ref. 13)
3.019 JENDL-3.2 (1995) (Ref. 14)
3.177 - JEF-2.2 (1994) (Ref. 15)
3.20 £ 0.09 Mughabghab {1989) (Ref, 16)
3.06 £ 0.19 Dabbs, Johnson, and Bemis (1983)
(Ref, 6} :
3.0 Hanna et al. (1951) (Ref. 17)
3.0+ 0.2 Cunningham and Ghiorso (1951)
(Ref, 18)
3.13 £ 0.15 Hulet et al. (1957) (Ref. 19)
JLI5+0.10 Bak et al. (1967) (Ref. 20)
2.8+0.25 Gavrilov et al. (1975) (Ref, 21)
3.2+0.15 | Zhuravlev et al. (1975) (Ref. 22)
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VI. CONCLUSION

The cross section for the 2*'Am(n, f) reaction has
been measured from 0.1 eV to 10 keV relative to that
for the **U(n, f) reaction, making use of the BTB-
type double fission chambers and a lead slowing-down
spectrometer coupled 1o the KURRI electron linac. The
ENDF/B-VI data and the data measured by Dabbs,
Johnson, and Bemis (uncertainties more than 6%) are
in good agreement with the current measurement within
the uncertainties (4 to 9%). The JENDL-3.2 data are
also in general agreement with the measurement, al-
though the evaluated values are underestimated by a
factor ranging from 1.2t0 2.3 between 22 and 140 eV.
Above 1 keV, the current result is higher by 16.5 + 1.5%
than the evaluations and the Dabbs, Johnson, and
Bemis data. In the comparison, these evaluated and
measured data were broadened by the energy resolu-
tion function of the spectrometer, KULS. Some of the
previous experimental data that were measured partially
in the relevant energy region are not always in agree-
ment with the current measurement.

The thermal neutron cross section for the
*TAm(n, f) reaction at 0.0253 eV was measured to be
3.15 £0.097 b. This was obtained with a pure Maxwell-
ian distribution field using the BTB chambers. Good
agreement can be seen between the current measure-
ment and the values evaluated in ENDF/B-VI, JEF-
2.2, and by Mughabghab. The JENDL-3.2 and the
Dabbs, Johnson, and Bemis data are lower by 4.2 and
2.9%, respectively, than the current value. Most of the
experimental data, which were measured from the
19505 to the 1970s, are close to that of the current re-
sult, although the measurement by Gavrilov et al. (un-
certainty +9%) is lower by ~11%.
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Measurements of Neutron-induced Fission Cross Section

of Americium-243 from Thermal Neutron Energy
to 15 keV Using Lead Slowing-down Spectrometer
and Thermal Neutron Facility
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The neutron-induced fission cross section of 2*Am was measured relative to that of ***U from thermal
neutron energy to 15keV making use of a double fission chamber with ***Am and ***U electrodeposited
layers.

The data above 0.05 eV were measured using a lead slowing-down spectrometer coupled to an electron linear
accelerator. A relative measurement to the °B(n, &) reaction was also made using a BFs counter at energies
below 1keV, and normalized to the absolute value obtained by using the cross section of the ***U(n, §)
reaction between 200eV and lkeV. The existing experimental data by Wisshak and Képpeler, and by
Knitter and Budtz-Jorgensen are in general agreement with the current measurement in the relevant energy
region. However, the data by Seeger are considerably higher. The evaluated nuclear data in JENDL-3.2,
ENDF/B-VI and JEF-2.2, whose data were broadened by the energy resolution function of the spectrometer,
have been compared with the measured result.

The fission ¢ross section for thermal neuirons was measured in a neutron field with a pure Maxwellian
spectrum. The derived result at 0.0253 €V is 81.3%2.5 mb. The data by Wagemans ¢t el and in ENDF/B-VI
are close to the current measurement. However, the values by Asghar et al., Gavrilov et al. and Mughabghab,
and the evaluated data in JENDL-3.2 and JEF-2.2 are discrepant {rom the current result by a factor of 1.4
to 2.4.

KEYWORDS: neutron-induced fission cross sections, measurement, americium 2458, reso-

nance energy region, lead slowing-down spectrometer, back-to-back type double fission cham-

ber, thermal neuiron cross section, Mazwellian distribution, JENDL-8.2, ENDF/B-V],
: JEF-2.2 .

I. Introduction

Americium-243 is a burdensome minor actinide which
is abundantly produced next to the 2"Np and ?*!Am
nuclides in spent-fuels of light water reactors. Nuclear
data of the minor actinides are of great importance for
an understanding of the burn-up characteristic of MOX
(Mixed Oxide) or Pu fuels and for the design of systems
for spentfuel reprocessing or radicactive waste disposal.
In recent years, a great interest has been taken in the
nuclear transmutation of minor actinides using conven-
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.detected with a surface barrier detector,

tional or advanced reactors and accelerator-driven sub-

critical reactors(!¥(8), The fission cross section is one of
the fundamental data for the investigation of the trans-
mutation, The neutron-induced fission cross section of
23 Am rises at ~0.3MeV and reaches up to ~1.5 barns
around ~MeV like a threshold reaction!®). The cross sec-
tion has appreciable values in the thermal, intermediate
and resonance energy regions. Then, the fission cross
section data are important not only for the systematic
studies of fission mechanism but also for transmutation
with light water reactors because the neutron fluxes are
high in the lower energy region.

In recent years, cousiderable progress has been
achieved in the fission cross section measurements for
minor actinide isotopest19-18), Concerning the ?**Am
nuclide, Wagemans et al. measured the thermal neutron
fission cross section using a neutron guide at the Insti-
tut Laue-Langevin (ILL)¥®). The fission fragments were
Knitter and
Budtz-Jorgensen measured the 2*3Am(n, f) cross sce-
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tions using a 7MV Van dc Graaft accclerator and an
electron linear accelerator at Geel (GELINA) as pulsed
neutron sources(!”), They mcasured the fission cross
section with a back-to-back type double fission cham-
ber relative to the standard fission cross section of 23T,
Wisshak and Kippeler also obtained the 23 Am(a, f)
cross section with an NE-213 liquid scintillator using a
3MV pulsed Van de Graaff accelerator{!8}, Seceger mea-
sured the fission cross section by the neutron time-of-
flight (TOF) method using a nuclear explosion(9), How-
ever, the fission cross section data are not enough both
in quality and quantity, especially in the thermal and
resonance neutron energy regionst®(20). According to
the data base NESTOR-2(2®) which was converted from
EXFOR, the measured data are still scanty and no da-
tum has been reported below 50eV except for those at
thermal neutron energy. Kikuchi® calculated the fis-
sion cross section based on the resonance paramecters,
which were determined in the total cross section mea-
surements by Simpson ef ol{?2). However, theoretical
estimation is not always accurate enough for the minor
actinide. For example, among the evaluated data files
of ENDF/B-VI®, JENDL-3.2!*%) and JEF-2.2(2%), there
exist marked discrepancies at energies below a few hun-
dreds of kilo-electron-volts. One of the reasons may be
due to lack of the experimental data in the relevant en-
ergy region. -

In the present study, we have prepared a high pure
43 Am sample by an anion-exchange method to remove
the 9Py impurity produced through the a-decay of
243 Am. After the chemical purification, the cross sec-
tion of the 23 Am(n, f) reaction has been measured in
the range of 0.05eV to 13keV relative to that of the
235U(n, f) reaction by making use of a back-to-back
{BTB) type double fission chamber and a lead slowing-
down spectrometer coupled to the 46 MeV electron lin-
ear accelerator (linac) of the Research Reactor Institute,
Kyoto University (KURRI}. Below 1keV, in order to
avoid the interference between the resonance peaks of
243 Am and 235U, measurement has been done relative to
the YB{rn, «) reaction using a BF; counter. The result
has been normalized to that measured relative to the
B5U(n, f) reaction with the BTB chamber at energies
between 200eV and 1keV, The current measurement
is compared with the existing experimental data(i7-(%}
and with the evaluated data in ENDF/B-VI#),
JENDL-3.2(29) and JEF-2.2(25).

The thermal neutron cross section has also been mea-
sured with the aforementioned fission chamber in a stan-
dard neutron spectrum field having a pure Maxwellian
distribution in the Kvoto University Reactor (KUR) at
KURRI. The current result is compared with the previ-
ous experimental and the evaluated datal{ts}(23)-(28)

II. Samples and Fission Chamber

1. Chemical Purification of Am-243
The americium sample, which had been prepared by
using a mass separator, was purchased from Oak Ridge
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National Laboratory (ORNL). The isotopic purity of
H3Am is 99.96% and the major impurity is *YAm of
about 0.04%. By an anion-exchange method(®?, the
americium sample was purified from other actinides (U,
Np, Pu and Cm) that disturb the cross section measure-
ment for the **2Am(n, f) reaction®), The sample was
dissolved in a mixture of 0.1 m! concentrated nitric acid
and 1m! of ethyl alcohol. After the sample solution was
charged into a column of 4 mm in diameter and 40 mm in
height, which was packed with MCI GEL CA06Y anion-
exchange resin, americium was isolated by eluting with
a mixture of 0.5 M nitric acid and 80% of methyl alcohol
at room temperature, :

The 293 Am layer was prepared by an electrodeposition
method: The solution of the americium sample purified
by the anion-exchange method was evaporated until dry-
ness, then dissolved in a mixture of 5zl of 0.1 M nitric
acid and 5 m! of isopropy! alcohol. The mixture solution
was put into an electrodeposition cell and electrolyzed
under the conditions of 200V and 5mA (Y. The 4 Am
sample was electrodeposited on a stainless steel disk of
28 mm in diameter and 0.2 mm in thickness, and the ac-
tive area was 20 mm in diameter. The 24 Am deposit was
sintered with a gas burner to fix the americium layer on
the disk by transforming the deposit into an americium
oxide.

After the chemical purification and deposit prepara-
tion, the a-ray spectrum of the 2#*Am deposit was mea-
sured with a silicon surface barrier detector. Figure 1
shows the pulse height distribution of the **3Am a-ray
spectrum, where one can see small a-ray peaks due to
residual impurities. Analyzing the c-ray spectrum, the
activity ratios of >Cm/?**Am and >*? Am/?**Am in the
sample deposit were determined to be 41075 (atom ra-
tio: 9.8%1078) and 7x107? (atom ratio: 4.1x10™%), re-
spectively. We found that no other actinides were de-

tected in the sample deposit. It should be noted that

even if a pure #** Am sample has been cbtained, the im-
purity of 2¥*Pu is gradually accumulated in the **3Am
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Fig. 1 Pulse height distribution of a-ray spectrum from the
43 Am sample



deposit through its a-decay. The impurity may influence
the measurement of the ?3Am(n, f) cross section and
make the apparent fission cross section larger, especially
at the big resonance of 0.3eV?), Therefore, we have to
be careful with the growth of the 23°Pu as impurity in
the 293 Am sample prepared in this study.

2. Number of Am-243 and U-235 Atoms

The amount of 2**Am deposited was determined by
analyzing the a-ray spectrum having energies in the
range of 5.18 to 5.28 MeV. Considering the detection effi-
ciency, the a-ray intensities and the half-life, the number
of the 3 Am atoms was found to be (3.33+0.05)x 107,
as given in Table 1, where the errors were estimated by
taking account of {a) counting statistics of the activity
measurements, (b) uncertainties in geometrical detection
efficiencies, and (¢) uncertainties in the decay data used.
The number of the atoms obtained by the a-ray measure-
ment was confirmed by the measurement of the 74.7 keV
v-ray from 23 Am with a HPGe detector.

Highly enriched uranium oxide (**3U: 09.91%) pwr-
chased from ORNL was electrodeposited on a stainless
steel disk by using the same technique as for the ameri-
cium sample. Alpha-ray measurement was carried out,
and the number of the 233U atoms was determined as
shown in Table 1, by analyzing the a-ray spectrum at
cnergies of 4.152 to 4.597 MeV. The 185.7keV ~-ray of
2357 was also measured.

3. Double Fission Chamber

An ionization chamber with two parallel plate elec-
trodes has been cmployed for the current measurement.
The chamber is made of aluminum and is 40mm in di-
ameter and 39mm in length, and the wall thickness of
the chamber is ~2mm, as seen in Fig. 2. Since the
back sides of the ?** Am and the **3U deposits face each
other, it is called a back-to-back (BTB) type double fis-
sion chamber. The distance between the electrode and
the deposited laver is 8mm. The electrodes act as an-
odes at +400V, from which the fission fragment pulses
are taken. The fission chamber is filled with a mixed gas
of 97% Ar and 3% Nj at a pressure of latm. At this
gas pressure, the mean range of e-rays reaches ~36 mm,
while that of fission fragments is ~20mm. Therefore,
in this design, the fission chamber collects most of the
energy of the fission fragments but not that of the o-
rays, which results in getting good discrimination be-
tween pulses of a-ray and fission fragment. Figure 3
shows a typical pulse height distribution of fission frag-

Table 1 Numbers of atoms for the *3Am and the U de-
posits oblained by @ and y-ray measurements

Method 23 Am deposit 81 deposit

(2.81£0.03)x 10'°
(2.86+0.04)x 1018

(3.33£0.05)x 10"
(3.2740.16)x 107
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ments from the 2*¥*Am layer in a measurement for 4h.
The 225U deposit of ~3.5 ug/cm?® and the 24> Am deposit
of ~43 pg/cm? were set at the center of the BTB cham-
ber. Since the 2*3*Am and the 235U deposits were thin,
fission pulses could clearly be discriminated from back-
ground ones caused by the a-rays.

IT1. Lead Slowing-down Spectrometer

Lead is one of the heavy mass elements and most of
its neutron total cross section is the elastic scattering
cross section. When pulsed fast neutrons are put into
the centra] region of a large lead assembly, the neu-
trons present convergence behavior and keep an asymp-
totic form at cach cnergy corresponding to the slowing-
down time. There exists a relation E=K/t* between
the mean energy E in keV of the slowing-down neutrons
and the slowing-down time & in psGN0, where K is
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the slowing-down constant. The energy resolution of the
slowing-dewn spectrometer is theoretically given as the
full-width-at-half-maximum {FIWIIM) by(321(34)

(AE/E)rwim = 2.35 X (A0/0)Gaussian
=2.35x {8/(34)}/2 = 26.7%, (1}

where {(Ac/o)Gaussian 15 the standard deviation in a
Gaussian function and A is the atomic mass (207.2) of
lead.

A lead slowing-down spectrometer has been in-
stalled in coupling to the 46MeV linac at KURRI.
This Kyoto University Lead Slowing-down Spectrome-
ter (KULS){*%) is composed of 1,600 lead blocks (each
size: 10x10x20 cm?®, purity: 99.9%) and the blocks are
piled up to make a cube of 1.5x1.5x1.5m? (about 40t
in weight) without any structural materials, as shown in
Fig. 4. The KULS is covered with Cd sheets of 0.5 mm
in thickness to shield it against low energy neutrons scat-
tered from the surroundings. At the center of the KULS,
an air-cooled photoneutron target of tantalum is set to
gencrate pulsed fast neutrons. One of the experimental
holes in the KULS is covered by bismuth layers of 10 to
153 cm in thickness to shield a detector from high energy
capture y-rays (6 to 7MeV) produced by the Pb(n, v)
reaction in the spectrometer. The bismuth layers are
useful to reduce background counts due to photofissions
in fission samples(®®),

Characteristics of behavior of neutrons in the KULS
have been studied by experiments using the resonance
filter method(®8). The neutron slowing-down time and
the energy resolution of the KULS were measured with
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a BF3 counter and an Ar gas counter. The dips or the
bumps that are obsecrved in the slowing-down time spec-
trum correspond to the resonance energies of the filter
material. The slowing-down constant X in the relation
of E=K/t* was obtained by the lcast squares method us-
ing the measured relation between the neutron slowing-
down time ¢ in ps and the average neutron cnergy E in
keV. The constant X was determined to be 19042 and
15642 (keV-ps?) for the bismuth and the lead experimen-
tal holes, respectively®3s}. The energy resolution for the
experimental holes was also deduced from the measured
data to be about 40% at energies between a few electron-
volts and about 500eV and was worse than that below
a few electron-volts and above about 500eV35). The re-
lation between the neutron slowing-down time and the
energy, and the energy resolution were alse obtained by
calculations using the Monte Carlo code MCNP#7, The
results were in good agreement with the experimental
ones{3%),

IV. Measurement and Analysis

1. Fission Ratio Measurement

The fission counts at the slowing-down time ¢ (in us)
can be converted to those at energy E (in keV) by using
the relation of E=K/{t+i)?, where tp is for the zero
time correction®®®}, The energy-dependant cross section
of the '3 Am(n, f) reaction is given by the following re-
lation:

Cam(E) Ny
Cu(E) Nam
where Cam{E):
Cu(E)

Ny:

oam(E) = ou{E), (2)
Fission counts of 2*Am at energy E
Fission counts of 2%°U at energy E
Number of ?**U atoms in the 225U de-
posit

Number of *3Am atoms in the 2*Am
depasit

Energy-dependent reference cross sec-
tion of the 233U(n, f) reaction.

The fission cross section of ***U is a well-known reference
cross section and has been used to determine the neutron
flux in the current measurement. The cross section val-
ues of oy (F) have been taken from ENDF/B-VI(3),

The lead slowing-down spectrometer KULS was driven
by the 46 MeV electron linac at KURRI. The typical
operating conditions of the linac during the experiments
were as follows: The pulse repetition rate was 150 Hz, the
pulse width 22 ns, the electron peak current ~0.8 A, and
the electron energy ~31MeV, After the measurement
lhas been performed for more than ~120h in the bismuth
hole, the deposited layers of ?**Am and **U in the BTB
chamber were interchanged, and another measurement
in the hole was made for ~130h to obtain the data with
less systematic uncertainty.

A background run was carried out using the BTB
chamber without the sample deposits. Few fission counts
were observed in the slowing-down time spectrum for a
run longer than 30h. It was found that the effect of

A",\m:

Uu(E):



the background counts to the **3Am(n, f) cross section
was ~0.2% at most in the minimum cross section region,
whereas the background counts for the 2*3U chamber
could be ignored comparing to the foreground ones.

Neutrons may be scattered by the structural materials
of the BTB chamber before arriving at the deposit lay-
ers. The inscattered neutrons, which are not directly ob-
servable, may be another source of disturbance or back-
ground for the current measurement. The effect of the
inscattered neutrons was estimated by calculations us-
ing the MCNP code and slightly corrected for as done
before(15),

2. BF; Counter

Below 200eV, there exist strong neutron resonance
peaks in the fission cross sections of 23Am and 235U,
Therefore, we have employed the °B(n, o) cross section
that shows a smooth and a good 1/v energy dependence
in the relevant energy region. The 1°B(n, o) reaction is
a well-known standard cross section and is often applied
to cross section measurements as a reference. In order to
measure the energy-dependent neutron flux in the reso-
nance energy region, a BF3 counter was placed in the bis-
muth hole of the KULS instead of the BTB chambert5).
The BF5 counter was of a cylindrical type, 50 mm in ef-
fective length, 12 mm in diameter with a gas pressure of
latm and high-voltage bias of 1,100V. In the relative
cross section measurement with the BF3 counter, Cy(E)
and oy{E)} in Eq. {2) are replaced with those for the
10B(n, «) reaction, respectively. The ratio of Ny/Nam
is left same as before, because the measurement with the
counter is a relative one.

3. Electronics and Data Taking

Two identical elecironic circuits were employed for the
fission count measurements by the 22*Am and the 23°U
layers in the BTB chamber, as we did before(13}(15),
Through the amplifiers and the discriminators, signals
from the chamber were fed into a time digitizer, which
was initiated by the linac electron burst. The slowing-
down time data of the fission events were stored in a
‘data acquisition system for each measurement of 4 to 5h
duration. Two sets of 4096 channels were allotted to the
slowing-down time measurements for the BTB chamber
with a channel width of 62.5ns to 0.5 us. Pulse height
distributions of fission events from the 2**Am and the
357 deposits were also measured with each 4096-channel
pulse height analyzer together with the slowing-down
time measurements.

For the relative measurement to the °B(n, a} cross
section, output signals from the BF3 counter were also
fed to the time digitizer through the amplifiers and the
discriminators, and were stored in almost the same way
as for the measurement with the BTB chamber.
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V. Measurement of the Thermal Neutron
Cross Section '

1. Thermal Neutron Facility

The KUR at KURRI has a thermal neutron facility
with a 1.4m thick heavy water tank. The irradiation
room is 2.4x2.4x2.4m° and is surrounded by 90cm-
thick heavy concrete shieldst3®. The leakage ncutrons
from the heavy water tank can be used as a thermal
neutron source of a plane-type in a large space. Kanda
et al. measured the neutron spectrum from the heavy wa-
ter tank by the TOF technique using a fast choppert3®,
The measured spectrum showed good agreement with a
Maxwellian distribution having a neutron temperature
of 60°C. The cadmium ratio measured by gold foils with
and without a cadmium cover of 0.7 mm in thickness was
larger than 5,000, and so the contribution of epithermal
neutrons to the thermal neutron cross section measure-
ment can be neglected.

2. Experimental Method

The thermal ncutron cross section for the **Am(n, f)
reaction was measured employing the heavy water ther-
mal neutron facility of the KUR, making use of the BTB
chamber with the 23 Am and the #3*U layers. The cham-
ber was set in the irradiation room and exposed to ther-
mal neutrons for about 10h during the nominal power
operation of 5 MW of the KUR. The irradiation was re-
peated by exchanging the 2> Am layer with the 235U in
the BTB chamber. Fission pulses from each layer were
led to each 2048-channel pulse height analyzer through
the amplifiers and the discriminators. Each of the fis-
sion counts was obtained by integrating the pulse height
distribution above the discrimination level.

3. Measurement and Analysis of the Cross Sec-
tion
The thermal neutron cross section {oyx) averaged over
the Maxwellian distribution is given as

o) = sl or) 2. ©

where v, is 2,200m/s, T, is 293.6 K, T,, is the neutron
temperature, and g{T}) is the Westcott’s g factori1®,
Then the thermal ncutron cross section oan, of the
245 Am(n, f) reaction at a neutron energy of 0.0253 ¢V
is obtained as follows by rewriting Eq. (2) for the KULS
measurement,

C.p\m_ NL' . QU{Tn)
Cu Nan gAm(T;q

TAam = ) au, ("'U
Fission counts of 2**Am

Fission counts of 235U

¢ factor of 235U

g factor of 243 Am

Cross section at 0.0253 ¢V of the 2*°U(n, f)

reaction,

where Cpm:
Cy:

qu (Tn):
FAm (Tn):
ay:
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The fission cross section of 23U was taken from the eval-
uated data in ENDF/B-VI and the g factors of 1.017
for 3Am and 0.9703 for 25U were calculated by the
method in Ref. (41) using the ENDF/B-VI data. We
deduced the result by taking the average value of two
Cam/Cr data, which were obtained by exchanging the
positions of the 2**Am and the ***U layers in the BTB
chamber. The fission counts were determined by linearly
extrapolating the curve of the pulse height distribution
near the discrimination level.

VI. Results and Discussion
Making use of the BTB chamber and the KULS, the

cross section of the 23Am(n, f) reaction was measured
relative to that of the ?*U{n, f) reaction at encrgies
from 0.05eV to 15keV. In the resonance energy region
below 1keV, the fission cross section was also measured
relative to the °B{n, &) cross section to avoid the reso-
nance interference between 2*3Am and 235U, and the re-
sult was normalized to the absolute value of the 4*Am
fission cross section determined relative to the 2%U{n, f)
cross section between 200eV and 1keV. The cross sec-
tion data were obtained by summing up the slowing-
down time data in intervals of ~0.12 lethargy width.
The dead time correction for the 25U fission cham-
ber was <0.03%, and that for the 2?*Am was negligibly
small. Concerning the effects of {a) absorption of the fis-
sion fragments in the #**Am and the 5U deposits, (b)
anisotropic angular distribution of the fission fragments,
and (c) photefission in the deposits on the resultant fis-
sion cross section of *3Am, we have assumed that they
are negligible as described in the earlier papert®. Since
the ?3Am sample was chemically purified and almost
free from impurities, no correction was made for the im-
purity effect, except for the 23?Pu growth which accumu-
lated through the a-decay of ?**Am as noted below.
Figure 5 shows the apparent cross sections measured
at 4 weeks, 5 months and 13 months after the chemical
purification. One can see that the cross sections near
0.3eV are getting larger with the time due to the ac-
cumulation of 2*°Pu impurity by the a-decay of 3Am.
By repeating the experiments as seen in Fig. 5, we could
experimentally investigate the time dependent influence
of the 23°Pu impurity. Figure 6 is the calculated re-
sults simulating the impurity growth of *3°Pu after the
chemical purification. The calculated time-dependence
of the 239Py impurity agreed well with the measurements
shown in Fig. 5. Correcting for the time-dependent
239Py contribution, we could deduce the fission cross sec-
tion of 2*Am measured at the time when the chemical
process was done. The current result from 0.05¢V to
15keV is shown in Fig. 7 and compared with the exist-
ing experimental data. One can see in the figure that
there are only very few experimental data below 10keV.
No datum has been measured before at energies below
50eV except at thermal neutron energy?®. The data
by Knitter and Budtz-Jggensen(1?), and by Wisshak and
Kappelert!® are close to the current measurement in the
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relevant energy region. However, a bombshot experi-
ment by Seegert!®) gives considerably higher values than
the current measurement. In the figure, the data mea-
sured by Seeger have been broadened with the enecrgy
resolution function of the KULS.

The experimental uncertainties for the current mea-
surement are surmmarized in Table 2. The discrimina-
tion level was set in the minimum count region between
the fission and the noise counts in the pulse height dis-
tribution. Consequently, uncertainty to determine the
fission counts was estimated to be 2.0% for #3Am and
0.65% for 235U, respectively. Considering the gain shift
in the detection system, the discrimination level was
checked and determined every 10 to 20h during the ex-
periment. The number of atoms in each 23 Am and 235U
deposit was determined by the a-ray measurements and
confirmed by the 4-rays, as seen in Table 1. The uncer-
tainties of the reference cross sections of the **U{n, §)
and 19B(n, a) reactions were estimated to be 2 to 4%
and 2% (deviation from the 1/v form) in the relevant
energy range®2{4?), The uncertainty related to the aceu-
mulated #*?Pu impurity is about 4% at most near 0.3eV
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and is almost negligible above around 0.7eV. The total
uncertainty in the measured value of the 243 Am fission
cross section is estimated to be more than 4%, and 40%
at worst in the lower energy region.

The evaluated data in ENDF/B-VI, JENDL-3.2 and
JEF-2.2 are compared with the current measurement in
Fig. 8, where the evaluated data have been broadened
with the energy resolution function of the KULS. Three
evaluated data are discrepant each other. The ENDF/B-
VI data are in general agreement with the measurement
except for the energy region from 15 to 60eV. At ener-
gies above 300 eV, the evaluated data are higher than the
measurement. As seen in Table 3, the ENDF/B-VI data
is lower by about 40% between 15 and 60 eV than the cur-
rent data, although the discrepancies from the measure-
ment are within 20% in other regions. The JENDL-3.2
data above 100 eV are lower by more than 20% than the
current result, but higher below 0.2eV on the contrary.
The data in JEF-2.2 are markedly lower than the other
evaluations and the measurement, although they are in
good agreement at the resonance energy of 1.2eV. Near
the narrow dip of around 2.7eV and the sharp bump at

Table 2 Experimental uncertainties for the curreni measurements

Error (%)
Uncertainties due to KULS Thermal nel’nron
. cross section
experiment
measurement
Statistical error for ***Am 0.09t0 40.2 0.4
Statistical error for 2*°U 0.08t0 1.5 0.04
Assignment of fission counts for 2**Am <2.0 1.5
Assignment of fssion counts for **°U <0.65 11
Number of atoms of 2**Am 1.5 1.5
Number of atoms of 22U 1.2 1.2
g-factor of 2**Am — ~1.0
g-factor of #°U — 0.12
Cross section of the **U(n, f) reaction 2tod <1
Cross section of the *B(n, &) reaction 2 -—
Setting 245 Am and P*U deposits <0.3 0.25
in the BTB chamber
Correction for inscattered neutrons <0.2 ~Q0
by the BTB chamber
Correction for the influence of the ~0tod 0.2
accumulated 2Py impurity
Background subtraction <0.2t00.5 ~0
Energy range Error in average
(eV) (%)
0.0253 3.1
0.045-0.1 35.4
Total 0.1-0.7 19.8
uncertainties 0.7-2.0 4.5
2.0-15 6.1
15-G0 5.6
G0-200 5.2
200-1,000 5.7
1,000-10,000 7.0
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Fission Cross Seclion Measurement of Am-243

Table 3

Comparison of mean values of the *® Am fission cross section from current work with those

fromm ENDF/B-VI, JENDL-3.2. and JEF-2.2

Energy range

Average cross seclion (b)

{eV) ENDF/B-VI JENDL-3.2 JEF-2.2 Cusrent

0.1-0.7 0.0579 0.0638 0.0290 0.0712+0.0122

0.7-2.0 0.8482 0.9498 0.7431 0.9200:+£0.0249

2.0-15 0.3066 0.2958 0.1191 0.33381+0.0144

15-60 0.1271 0.2344 0.0421  0.208940.0085

60-200 0.1361 0.1056 0.0235 0.124110.0043

200-1,000 0.0805 0.0501 0.0125  0.0710+0.0028

1,000-10.000 0.0298 0.0177 0.0062 0.024130.0013
Table 4 Thermal neutron cross section (2,200m/s value)
5 for the 2**Am{n, f) reaclion
E 100 ¢
r.i)t Cross section (mb) Reference
‘:5 81.3+2.5 Present work
g 74.0+£4.0 Wagemans et al. (1989) (Rel. (16))
T 198.314.2 Asghar el al. (1979) (Ref. (27))
@ e 200+110 Gavrilov et el. (1976) {Ref. {28})
g 116.1 JENDL-3.2 (1998) (Rel. (24))
g - 49.56 JEF-2.2 (1994) {Ref. (25))
2 74 EXDF/B-VI (1991) (Ref. (23))
& q02l 198.3£4.3 Mughabghab (1984) (Ref. (26))
10 W w0 W ;e
Neutron Energy (aV)

Fig. 8 Comparison of the evaluated fission cross section of
23 Am with the current measurement
The evaluated data are broadened by the energy
resolution of the KULS.

12eV, one can see discrepancies between the evaluated
and the measured data. The reason would be due to the
insufficient resolution function of the lead slowing-down
spectrometer. It is obvious that the JEF-2.2 data are
lower than the other evaluations and the current mea-
surement except for the big resonance region at 1.2eV.

The thermal neutron cross section of the 2 Am(n. f)
reaction was obtained relative to the reference value of
586.2b for the 235U(n, f) reaction in ENDF/B-VI, after
correction for the influence of the 2%Pu impurity which
accurnulated for 3 months after the chemical purifica-
tion. The current result at 0.0253 eV is 81.34:2.5 mb and
is compared with the existing experimental and evalu-
ated data in Table 4. The current value is in good
agreement with that extrapolated from the KULS data,
as shown in Fig. 7. The main sources of uncertainiies in
the current measurement are also summarized in Table 2.
Other uncertainties and corrections are considered to be
small and can be neglected as in the KULS experinment.
The total experimental uncertainty.was estimated to be
3.1% as the root of quadratic sum of the aforementioned
uncertainties.
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The data by Wagemans et 2018 and in ENDF/B-
VI3 apree with the cwrent measurement within
the range of the experimental uncertainties. How-
ever, the data by Asghar et ¢l{?", Gavrilov et al.?®),
Mughabghab®® and in JENDL-3.2(21) are larger by a
factor of 1.4 to 2.4 than the current result. The JEF-2.2
data(2®! js lower by about 40%.

VII. Conclusion

The cross section of the #*3Am(n, f) reaction has been
measured from 0.05¢V to 15keV relative to that of the
235U (n, f) reaction, making use of the BTB-type double
fission chamber and the lead slowing-down spectrometer
KULS at KURRI. The experimental data by Knitter
and Budtz-Jorgensen, and by Wisshak and Képpeler are
close to the current measurement in the overlapping en-
ergy region. However, the data measured by Seeger are
considerably higher. The ENDF/B-VI data are in gen-
eral agreement with the current measurement except for
the energy regions from 15 to 60eV and above 300eV.
The evaluated values in JENDL-3.2 are lower than the
measurement above 100 eV and higher below 0.2eV. The
JEF-2.2 data are obviously low except for the resonance
peak at 1.2eV.

The cross section of the ***Am(n, f) reaction at
0.0253 ¢V was obtained to be 81.3+2.5mb using a pure
Maxwellian distribution field and the BTB chamber.
The current measurement is in good agreement with the
value extrapolated from the KULS data. Although the



data by Wagemans et gl. and in ENDF/B-VI are close to
the current result, the JENDL-3.2 and other measured
data are higher by a factor of 1.4 to 2.4 than the current
measurement, while the JEF-2.2 data is lower by ~40%,
We could measure the cross section of the 223 Am(n, f)
reaction in the lower fresonance energy region, where the
experimental data have scarcely been obtained before.
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Measurements of Thermal Neutron
Cross Section and Resonance Integral
for ®"Np(n, Y)**Np Reaction
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Making use of a standard neutron spectrum field with a pure Maxwellian distribution, the
thermal neutron cross section for the ®*'Np(n, ) Np reaction was measured at a neutron energy
of 0.0253 eV by the activation method, The result is 158 +3b, which is obtained relative to the
reference value of 98.65+0.09 b for the TAu(n, 7)'*®Au reaction. Although the data in JENDL-3
is larger by about 15% than the present value, the recently revised data in JENDL-3.2 is close
to the present. The ENDF/B-V, ENDF/B-VI, JEF-2 and Mughabghab’s data are also larger
by 7~152%. OIld measurements are larger by 7~18% than the present data.

The resonance integral for the *"Np(n, 7)®**Np reaction was also measured relative to the
reference value of 1,550+28b for the 'TAu(n, ) Au reaction with a 1/E standard neutron
spectrum field. By defining the Cd cut-off energy as 0.5eV for the *"Np(n, 7)¥8Np reaction,
the present resonance integral is 652+24b, which is in good agreement with the JENDL-3,
-3.2, ENDF/B-V, -VI, JEF-2 and Mughabghab’s data. However, most of the old experimental
data are, in general, larger by 24~38% than the present measurement.

KEYWORDS: neptunium 237 target, neutron beams, gamma radiation, neptunium
238, nuclear reactions, gold 197 target, gold 198, thermal neutrons, cross sections,
Maxwellian distribution field, resonance integrals, I1/E neutron specirum feld,

activation method

I. INTRODUCTION

Neptunium-237 is one of the minor actinides
with a long half-life, which is abundantly
produced in light water reactors. In order
to make nuclear power more acceptable and
practical, much interest has been paid to the
disposal of radioactive waste matter these
days‘~, QOne of the waste disposal methods
for ®"Np is to adopt the nuclear transmuta-
tion using reactor neutrons'®. Quite a num-
ber of experimental data for the 2'Np(n, f)
cross section have been obtained in the MeV
energy region and these data are rather well
evaluated. - The fission cross sections are
about 10~500mb at energies below about
500keV. In this lower energy region, large

discrepancies are seen among the existing
experimental data‘®, Very recently, the pre-
sent authors have measured the *'Np(n, f)
cross section by using a lead slowing-down
spectrometer coupled to an electron linear
accelerator'®., The 2¥Np(n, r)***Np reaction
cross section, which is a combination of 1/v
and resonance cross sections in the low energy
region, is much higher than the fission cross
section, and hence this reaction would be
more effective for the nuclear transmutation
of ¥ Np than the *'Np(n, f) reaction in the
lower energy region, considering the reaction

*  Kumatori-cho, Sennan-gun, Osaka 590-04,

** Yoshida honmachi, Sakyo-ku, Kyoto 606-01,

' Present address: Hitachi Works, Hitachi, Ltd.,
Saiwai-che, Hitachi-shi 317,



rates averaged over the energy spectrum of
neutrons for light water reactors.

Calculations for fuel burn-up and for the
reactor design aiming at the transmutation of
high level radioactive materials have been
carried out'¥~®&  In these cases, well-
evaluated nuclear data are indispensable®®,
It is said that the evaluated nuclear data,
which would be often based on the experi-
mental results, are not always enough for
the estimation of nuclear transmutation, es-
pecially for the *®'Np(n, Y)***Np reaction. The
number of energy dependent cross sections
for this reaction is limited. In addition, most
of the thermal neutron cross sections and the
resonance integrals are rather old“*~¢"_ In
the previous measurements, information on
the neutron spectrum field used was not al-
ways enough as a standard.

In the present study, the thermal neutron
cross section and the resonance integral for
the *"Np(n, 7)**Np reaction have been meas-
ured by the activation method, making use of

Front view of the

*"Np sample sample selting

Au foil

J. Nucl. S¢i. Technol.,

standard neutron fields with a pure Maxwel-
lian distribution and a 1/F neutron spectrum,
respectively.

II. NEUTRON SPECTRUM FIELDS

1. Thermal Neutron Spectrum Field

The Kyoto University Reactor (KUR) of
the Research Reactor Institute, Kyoto Univer-
sity (KURRD is a highly enriched uranium-
fueled light water-moderated research reactor,
whose nominal power is 5 MW. Beside the
core, there is a heavy water thermal neutron
facility with a heavy water tank of 1.4m in
Iength. OQutside the heavy water tank, there
are a void region of 48 ¢cm in thickness, 40x40
cm square and a removable bismuth layer of
60 cm in diameter and 15c¢m in thickness, as
illustrated in Fig. 1. The irradiation room
is about 2.4%2.4x2.4m* and surrounded by
90 ¢m thick heavy concrete shields. The leak-
age neutrons from the heavy water tank can
be used as a thermal neutron source of plane-
type in a large space.

[ R R
B

:°'4 N
> % E‘ P
%! L] .
2 5 g ...
Gl |11 “Np sample - e ]
=] " L L
— . satling ..
S = - ] ..
COre 11 D0 tank Y[ Veid r '
R ~—Desk
SRS B

2400 mm

Fig. 1 Experimental arrangement for thermal neutron cross section
measurement at heavy water thermal neutron facility of KUR.
The extended figure shows the setting arrangement of the

2Np and the Au samples.
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Kanda et al. measured the neutron spec- TWOTRAN®® was employed to calculate the
trum from the heavy water tank by the  neutron spectrum in the central void region.
time-of-flight technique using a fast chopper  The 122 group constants were produced from
9, The obtained spectrum showed good ENDF/B-IV data. The results of the neutron
agreement with a Maxwellian distribution  spectra are shown in Fig. 3(a), (b). The cal-
having neutron temperature of 60°C. The culated spectrum satisfactorily agrees with a
Cd-ratio measured by Au foils with and standard 1/E neutron spectrum from about
without Cd-cover of 0.7 mm in thickness was 1eV to a few 100keV.

more than 5,000 at the bismuth layer, and By adjusting the above calculated spectrum
epi-thermal neutrons could be almost negli-  with multi-foil activation data for 5 kinds of
giblett® a8, (n, ¥) reactions and 4 kinds of threshold reac-

2, 1/E Neutron Spectrum Field tions®™, the neutron spectrum at the central

The Kinki University Reactor (UTR-KINKI)  graphite cavity of the UTR-KINKI was also
is a highly enriched uranium-fueled light obtained using the NEUPAC code®. This
water-moderated and graphite-reflected re- code contains energy dependent group cross
search reactor‘*™, which has the separate  section libraries for important neutron dosim-
cores at an interval of 46cm. The nominal etry reactions in ENDF/B-V. We adopted
output power is 1 W. At the center of the 144 energy groups from 0.0l eV to 16.4 MeV.
internal graphite reflector between the two  The results of the adjusted spectrum are
divided cores as shown in Fig, 2, a graphite  shown in Fig. 3, and compared with the above
stringer of 9.6X9.6cm square and 66 cm long  transport calculations. It has been found that
can be withdrawn to make a void region or  the neutron spectrum at the core center gives
a central cavity for sample irradiation. The a good 1/F shape in the relevant emnergy
neutron energy spectrum at the central range. Moreover, the neutron flux distribu-
graphite cavity has been calculated®™ using tion is almost flat in the central cavity of the
the SRAC code system‘*®. In this calcula- UTR-KINKI:,
tion, geometrical conditions for the separate The sandwiched foil method has been also
cores were assumed to be a cylindrical ring. employed to measure epi-thermal neutrons at
The two-dimensional transport Sy code the main resonances for 4 kinds of (n,7)

Neutron fl  Fuel tonk uie [ Interlock switch
source & Lo > ;
{for start up )~ [y, NS
!5: td :_I E‘ o -
'f: GG ] ] |__Fuel element
Reg. rod | | I ‘Hw!\tT ‘l\\lyl 1
-t | o
“*: F;_i—-i _.:E bl' = L —Safety rod#2
Sl HofEEE—T
Safety |—] s : T | —
rodai—g |1 e s | HE==
L %;_— 1:1._:"‘::: b i
- e i ™Fission
- [/ —[ i ﬁzl chamber
=TT T T 7T iN
| —F te—ufl T im-
Graphite |l-1Th #—_réLl : fl Ll — ] \ShTodsafew
reflector i !

=
—
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o
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( measured position)
.0 20 43 cm

Fig. 2 Top view of UTR-KINKI core for present experiment.
A graphite stringer at the central region can be
withdrawn to make a cavity for the sample irradiation,
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Fig. 3(a),{b) Neutron energy spectra obtained

at central graphite cavity of
UTR-KINKI[<20?

reactions®®, Neutron [uxes at 1.46, 4.94,
18.8 and 337 eV resonances for '!°In, '""Au,
W and °*Mn are shown in Fig. 3(a), respec-
tively. These results are in good agreement
with the calculated and the adjusted spectra
in the 1/E spectrum region.

II. MEASUREMENT OF THERMAL
NEUTRON CROSS SECTION
1. Experimental Methods

The heavy water thermal neutron facility
of the KUR has been used for the measure-

ment of the thermal neutron cross section
for the *'Np(n, r)***Np reaction. The *'Np
samples, which were chemically purified as
aqueous solution’®, were prepared in the
form of dried filter-paper 1.5X1.5c¢m square
with drops of the solution. The sample was
sealed with vinyl sheet of 0.05mm in thick-
ness, 2.5%2.5 cm square, and was attached to
a 3mm thick polyethylene holder with ad-
hesive tape, as seen in Fig. 1.

Thermal neutron flux was monitored with
an Au foil of 3mm in diameter and 50 pm
thick or with a piece of Au-Al alloy wire,
0.5 mm in diameter and 0.0314% in weight of
Au. The monitor sample was put on the
corner of the vinyl sheet for the **'Np sample
and these samples were set at about 10cm
from the Bi surface, as shown in Fig. 1. Irra-
diation time was about 10 hours during the
5 MW operation of the KUR. Nine irradiations
were made, and neutron fluxes for six of
them were obtained with the Au-Al alloy
wire monitor and the remainings were meas-
ured by the Au foil. The thermal neutron
flux at the irradiation position in front of the
Bi layer reached about 1.5X10°* #/cm®-s at the
nominal KUR power level of 5 MW,

The total amount of the #*'Np atoms was
experimentally determined by the y-ray meas-
urement of 312 keV from ***Pa, which was in
radioactive equilibrium to **"Np, and was found
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to be 10'*~~10'" for each sample. Induced
activities of **Np from the irradiated **'Np
sample and the **Pa were simultaneously
measured with a high purity Ge (HPGe) de-
tector. These y-ray photo-peaks were clearly
observed in the pulse height spectrum. Gold
samples were also measured with the same
Ge detector. These samples were set at a
distance of about 5cm from the detector.
Gamma-ray energies and intensities used for
the present data processing are shown in
Table 1, in which the data used for the de-
termination of number of *'Np atoms are
included®®™, The g-factors®® for both of
*'Np and *"Au are also given in the table,
The detection efficiency of the Ge detector
used was experimentally calibrated by the
mixed r-ray standard sources purchased from
Amersham.

Table 1 Nuclear data of *'Np, 2*Pa,
®BENp, "Au and 8Au used
for present measurements

_ r-ray 7-ray
Isotope Half-life energy intensity g-factor
_ MeV) (%)
MINp  2.14X10¢yr 0. 982
233Pa 27.0d 0.312 37.0
#INp 2,12d 0.984 27.8
WAy 1. 0051
AL 2.694d 0.412 95.5

2. Measurement of Cross Section

The thermal neutron cross section ¢, av-
eraged over the Maxwellian distribution spec-
trum is defined as

_?:g .

= LEC)) Szg.r(Tn) Tn ,

1128

and the measured reaction rate is given in the
following relation:

R::=E.rN.ra.r¢ »

where v,=2,200m/s, T,=203.6K, T, is the
neutron temperature, S, the self-shielding
coefficient, g.(T.,) the g-factor, £, the de-
tection efficiency, N, the number of atoms
for the relevant reaction and ¢ the neutron
flux.

In the present measurement, the thermal

neutron cross section for the *™Np(n, y)**Np
reaction at a neutron energy of 0.0253eV
(corresponding to a velocity of 2,200 m/s) has
been measured relative to that for the
®*TAu(n, )'*®*Au reaction as a standard, by re-
writing the above relations as follows:

u Rr N u S u u Tn
olvg)= v, It DA .;u.%e_(ﬁT_)?.

e, fay N,
where @ and Au denote the parameters for
Np and '""Au, respectively.

The self-shielding coefficient™ for the Au
foil was about 0.9 in our measurement. The
coefficients for the Au-Al alloy wire and the
*Np sample were neglected and the correc-
tions were not made for these samples.

IV. MEASUREMENT OF
RESONANCE INTEGRAL

1. Experimental Methods

A standard 1/F neutron spectrum field. at
the UTR-KINKI has been used for the meas-
urement of the resonance integral for the
¥Np(n, 7)**Np reaction. The *'Np samples
were also made in the form of dried filter-
paper, which was the same as those used for
the thermal neutron cross section measure-
ment. For the neutron flux monitor with Au
sample, a metallic foil of 12.7 mm in diameter
and 50 pm in thickness was used. Each of
the *'Np sample and the Au foil was put in
a Cd-cover of 0.5 mm in thickness and stuck
on an Al holder, which was set at the
central graphite cavity of the UTR-KINKI, as
illustrated in Fig. 4. The *'Np sample was
set between the Au foils, which were used
for the neutron flux monitor. Nine irradia-
tions for the *'Np sample were made for 5h
each together with the Au monitor foils
during the 1W operation of the reactor.
Induced activities from the **"Np and the Au
foils were measured with a HPGe detector,
whose detection efficiency was calibrated with
standard y-ray sources. o

The nuclear data used for the present ac-
tivation measurements were also taken from
‘T'able 1. The experimental methods are sim-
ilar to those for the thermal neutron cross
section measurement,

Gaulvo),
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Fig, 4 Experimental arrangement for
Np and Au samples at central
graphite cavity of UTR-KINKI

2. Measurement of Resonance Integral
The resonance integral is defined by the
relation ;

I,=SECda,(E)dE/E ,

where ¢.(E) is the cross section as a function
of energy E, and E¢q is a Cd cut-off energy,
which is usually defined as 0.5eV©#®E_  The
resonance integral for the *"Np(n, r)***Np reac-
tion has been measured relative to that for
the *Au{n, r)'**Au reaction, as seen in the
following relation:

Eau Rs

Iy= B TV:-TS:JA“’

where [, is the standard value of the Au
resonance integral, e the detection efficiency,
R the reaction rate, N the number of atoms
and S the self-shielding coefficient, and the
subscripts Au and z mean the data for *"Au
and *'Np, respectively. The neutron self-
shielding coefficient for the Au foil was ob-
tained by the calculations using the contin-
uous energy Monte Carlo code VIM®®, For
the *"Np sample, the self-shielding correction
was neglected because the sample was diluted
in the form of dried filter-paper with the

J. Nucl, Sci. Technol.,

drops of the **'Np solution.

As seen in Fig. 3, the neutron spectrum
at the central graphite cavity of the UTR-
KINKI deviates from the 1/F standard spec-
trum below about 1eV. Moreover, it is no-
ticed that 2"Np has a big resonance at 0.49
eV. Making use of the neutron spectrum at
the UTR-KINKI, energy dependent reaction
rate curve for the ®*"Np(n, 7)***Np reaction was
calculated with the VIM code®”. Figure b
shows the calculated reaction rate which is
observed in the energy region above 0.2eV,
In order to derive the resonance integral,
which is defined as an integral of the reaction
rate for relevant cross section above Ecgq=0.5
eV, we have made a correction of the meas-
ured reaction rate by taking the ratio of the
calculated reaction rate integral above 0.5eV
to that above 0.2eV.
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Fig. 5 Calculated reaction rate for ®'Np(n, 1)
#8Np reaction using neutron spectrum
obtained at UTR-KINKI

V. RESULTS AND DISCUSSION

1. Thermal Neutron Cross Section

The thermal neutron cross section of
BTN p(n, yY*3Np reaction for 2,200 m/s neutrons
was obtained, relative to the well known ref-
erence cross section value of 98.65+0.05b for
the ¥"Au(n, 7)***Au reaction. Three of the
O measured data were obtained with the
Au foil monitors and the results were 156.4,
156.5 and 161.3 b, respectively. Other 6
data, which were measured with the Au-Al
alloy wire monitors, were in the values from
155.9 to 160.1b. These 9 data are in good
agreement with each other within about 3.4 9,
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and it is found that there exists consistency
between the data measured by the Au foil
and the Au-Al alloy wire. Main sources of
the uncertainties are due to the statistical
errors (1.0~2.0%), the detection efficiencies
(1.5~2.2%), number of atoms, especially for
*¥INp (about 1.8%), geometrical factor for irra-
diation of the samples (about 0.5%), and errors
(0.8~1.2%) including some other corrections.
The experimental uncertainties were carefully
analyzed and the covariance matrix for the
®Np(n, 7)**¥*Np and the ""Au(n, 7)'**Au reac-
tions was derived by considering the corre-
lations between the measured data as done
before®®®, The resultant variance and cova-
riance data gave the standard deviation of
about 2 ¢; for the *'Np(n, 1)**Np cross section
measurement and the off-diagonal element of
0.05, respectively. The present value obtain-
ed is shown in Table 2, and compared with

the existing experimental and the evaluated
data(93(12)-(16)(29)(31)~(34)-

Table 2 Thermal neutron cross sec-
tion (2,200 m/s value) for
BINp(n, r)PNp reaction

Present 1583 b

JENDL-3.2 (’93) 164.6 Ref. &3
JENDL-3 ('906) 181,0 Ref. £9
ENDF/B-VI (*91) 181.0 Ref. §%
ENDF/B-V (’79) 169.1 Ref. 61
JEF-2 (’93) 181.0 Ref. 64
Mughabghab ('84) 175.9+2. 9 Ref. (0
Gryntakis ('87) 169+3 Ref. (1§
Weston ('81) 180+6 Ref. (13
Eberle ('71) 187+6 Ref. (14
Hellstrand ('70) 172+3 Ref. (13
Schuman ('69) 185+12 Ref. {13

In order to check the effect on the undesir-
able *'Np(n, 7)***Np reaction by epi-thermal
neutrons, we have also made a neutron irra-
diation of the *'Np sample with a Cd-cover
of 0.5 mm in thickness at the heavy water
thermal neutron facility of the KUR, We have
found no induced activities of **Np in the
#TNp sample.

As seen in Table 2, previous measurements
of the thermal neutron cross section are be-
tween 169 and 187 b and are larger by 7~
189 than the present value. The Mugh-

abghab’s datum is larger by 1125 The
evaluated data in JENDL-3, ENDF/B-V, -VI
and JEF-2 whose libraries are based on ex-
perimental data, are also larger by about 7~
159, than the present measurement. These
discrepancies may be due to the fact that the
previous measurements are not always good
enough from the points of the experimental
technique, purity of the sample prepared and
the neutron spectrum field used as a standard.
Very recently, the evaluated cross sections
of ®'Np in JENDL-3 have been revised as
JENDL-3.2¢%» by taking account of recent
data. The thermal neutron cross section in
JENDL-3.2 is closer to our present data.

2. Resonance Integral

The resonance integral for the *'Np(n, 7)
28Np reaction was obtained by normalizing
the measured data to the reference value of
1,650£28b for the '*"Au(n, y)'**Au reaction.
All of the 9 experimental data were be-
tween 644 and 671 b and showed good agree-
ment with each other, The experimental
uncertainties are due to the statistical counts
(6~10% for *Np and 0.5~1% for '*'Au), the
reference value for the '°"Au(n, 7)'**Au reac-
tion, the Cd cut-off correction in the *"Np
reaction {about 1%) and the self-shielding ef-
fect for the Au foil (1.2%). Some of other
uncertainties due to the detection efficiencies,.
number of atoms, geometrical factor and
other corrections are almost similar to those
in the thermal nentron cross section ineasure-
ment. Considering the correlations between
the measured data as described above, the
experimental uncertainties were analyzed®®
to obtain the variance and covariance matrix
for the *®"Np{n, 7)***Np and the "*"Au(n, r)'*"Au
reactions, The experimental uncertainty de-
rived from the variance data is 3.79% for the
3'Np(n, 7)***Np reaction, and the off-diagonal
element in the covariance matrix is 0.48. The
present result is given in Table 3 and com-
pared with the _pl‘eViOUS data(9112)(18)(16) (17) (29)
(31)--(34)'

Since ®"Np has a big resonance at 0.49eV,
the effective Cd cut-off energy is much lower
than 0.5eV whose value is used for the de-
finition of the resonance integral, In the



Table 3 Resonance integral for
BINp(#n, r)**Np reaction

Present 652+24 b

JENDL-3.2 ('93) 662.0 Ref. 3
JENDL-3 (’90) 663.0 Ref. £8
ENDF/B-VI ('81) 655.0 Ref. 61
ENDF/B-V (79} 662.6 Ref, @4
JEF-2 (°93) 655, 0 Ref. (3
Mughabghab (*84) 640+ 50 Ref. (9}
Gryntakis ('87) 821.5+58.0 Ref. 1§
Hellstrand (’70) 640+ 50 Ref. 03
Schuman ("69) 80740 Ref. (3
Scoville (’68) 900+300 Ref, @

experimental determination of the resonance
integral for the %'Np(n, 7)***Np reaction,
therefore, the measured data were corrected.
In the present measurement, the correction
factor for the reaction rate due to the differ-
ence from the Cd cut-off energy of 0.5eV
was estimated to be 0.7 by the Monte Carlo
calculations using the VIM code. Without this
correction, the resonance integral is 931+35b,

We have investigated the effect which is
observed in the resonance integral by chang-
ing the Cd cut-off energy, and found that a
109 change with energy results in only a
0.29 shift in the integral data, if the cross
section is assumed to be 1/v shape. Moreover,
we have made corrections for the fact that
the neutron energy spectrum in the UTR-
KINKI deviates from the ideal 1/E spectrum,
especially at energies below 1eV.

Recent evaluations of JENDL-3, -3.2,
ENDE/B-V, -VI, JEF-2 and by Mughabghab
are in good agreement with the present meas-
urement, as shown in Table 3. However,
most of the experimental values which are
rather old are larger by 24~.38¢; than the
present value, except for that by Hellstand.
The reason why the old experimental data
are much larger than the present value may
be due to the fact that the Cd cut-off energy
correction was not made properly. Moreover,
another problem may be due to the use of
the irradiation field deviating from a 1/E
neutron spectrum as a standard.

VI. CONCLUSION

The thermal neutron cross section for the
®Npin, r)**Np reaction at 0.0253eV was

J. Nucl, Sei. Technol,,

measured with the pure Maxwellian distribu-
tion field at the heavy water thermal neutron
facility of the KUR, and the resonance inte-
gral for the same reaction was measured with
the 1/E neutron spectrum field at the central
graphite cavity of the UTR-KINKI, relative
to the " Au(n, r)'*®*Au reaction cross section
for both **Np cross section measurements.
For the thermal neutron cross section meas-
urement, most of the previous experimental
data are larger by 7~189% than the present
data (158+3b), and the evaluated values in
JENDL-3, ENDF/B-V, -Vl and JEF-2 are also
larger by 7~-159% than the present result.
The Mughabghab’s evaluation is also larger
by 1195. The value in JENDL-3.2 (164.6 b) is
close to the present measurement. On the
other hand, the evaluated resonance integrals
in JENDL-3, -3.2, ENDF/B-V, -VI, JEF-2 and
by Mughabghab are in good agreement with
the present result (652+24b). However, some
of the old measurements are larger by 24~
389 than the present value.
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Abstract

A lead slowing-down spectrometer coupled to a 46 MeV electron linear accelerator (linac) was installed at Research
Reactor Institute, Kyoto University (KURRI). The size of this Kyoto University Lead Slowing-down Spectrometer (KULS)
is 1.5X 1.5X 1.5 m’, and it is covered with Cd sheets 0.5 mm thick. One of the eleven experimental holes in the KULS is
covered with 10 to 15 em thick bismuth layers to suppress high energy capture gamma-rays from lead.

The characteristics of this KUULS have been experimentally obtained and the results are compared with the predicted
values by Monte Carlo calculations using the MCNP code. 1) The slowing-down constant X in the relation E = K/t
between the neutron slowing-down time ¢ and energy E is 190£2 (keV ps®) for the bismuth hole and 1562 (keV ps®) for
an ordinary lead hole, respectively. The K values agree with the calcutated ones. 2) The measured energy resolution AE/E at
full-width-at-half-maximum (FWHM) was about 40% for both holes, while the calculated values were lower by about 10%
than the measured ones in the relevant energy region. 3) The neutron energy spectrum from 0.01 eV to 20 MeV and the
spatial distribution of neutrons in the KULS were measured by the foil activation method. The angular neutron spectrum
perpendicular to the linac electron beam was also obtained experimentally in the energy range from a few €V to about 10
MeV by the neutron time-of-flight (TOF) method. The measured results are compared with the calculated ones in which we
have used the three evaluated nuclear data JENDL-3, ENDL-85 and ENDF/B-IV for lead. Through the comparison a check

on the nuclear data has been performed.

1. Introduction

Lead is one of the heavy mass elements and it has no
inelastic scattering cross section below about 600 keV,
where the neutron total cross section mainly consists of
elastic scattering cross section, since the absorption cross
section is very small. Therefore, when pulsed fast neutrons
are put into the central region of a large lead assembly, the
neutrons are slowed down by repeating many elastic
scattering processes, because of little lcakage of neutrons.
The slowing-down neutrons present focusing behaviour
and keep an asymptotic. form at each energy corresponding
to the slowing-down time [1]. There exists a relation
E=K/1" between the mean energy E in keV of the
slowing-down neutrons and the mean slowing-down time ¢

* Comesponding author.
" Present address: Hitachi Works, Hitachi Ltd., Saiwai-cho,
Hitachi-shi, Ibaraki 317, Japan.

in ms {1], where K is the slowing-down constant. The
energy resolution of the slowing-down neutrons is theoret-
ically given at full-width-at-half-maximum (FWHM) by
[1]

(AEIE)FWHM =235X (AUIU)Gausslnn
=235 X (8/34)"> =27%,

where, (Ad/0) g,u45i0n 15 the standard deviation in a Gaus-
sian function and A is the atomic mass (207.2) of lead.
Hence a large lead assembly was proposed to be
applicable as a neutron spectrometer and practically used
by Bergman et al. [2] for the first time. Since that, in some
laboratories or universities, lead slowing-down spectrome-
ters coupled to a D-T pulsed neutron source by a
Cockcroft—Walton accelerator have been installed and
widely applied to measurements of meutron capture and

" fission cross sections in the intermediate and/or resonance

neutron energy region [1-7].

0168-9002/97/817.00 Copyright © 1997 Elsevier Science BV. All rights reserved
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Most of electron linear accelerators have been developed
in 1960s as an intense neutron source and neutron time-of-
flight (TOF) method has often been used for neutron cross
section measurements [8], The usage of a lead slowing-
down ' spectrometer coupled to an electron linear ac-
celerator (linac) was proposed for the measurement of
small amount of samples with low cross sections and for
the cross section measurement of radioactive materials to
give high background fevel. The first spectrometer was
installed at the Rensselaer Polytechnic Institute (RPI) as an
intense neutron spectrometer [9]. Since neutrons can be
detected at the distance of tens of centimeters from the
pulsed neutron source in the lead slowing-down spec-
trometer, higher neutton intensities by more than
thousands times than those at the measuring station of 5 m
flight path for the conventional neutron TOF method can
be obtained [9]. Making use of the spectrometer, the RPL
groups have made measurements of sub-threshold fission
cross sections [9,10] of ***U and **’Th and measured
fission cross sections of trans-uranium nuclides [11--13] in
the energy range from about 1 €V to several tens of keV.
Recently, the spectrometer was also applied to the nondes-
tructive assay of spent fuels [14,15].

In the present work, we have experimentally investi-
gated characteristic behaviour of neutrons in the lead
slowing-down spectrometer coupled to a 46 MeV electron
linear accelerator (linac) at the Research Reactor Institute,
Kyoto University (KURRI). The spectrometer was origi-
nally installed at University of Tokyo [5] and transferred to
KURRI in 1991. With this Kyoto University Lead Slowin-
g-down Spectrometer (KULS), we first obtained the rela-
tion between neutron slowing-down time and energy and
the neutron energy resolution by the experiments with
resonance filters and by the calculations using the continu-
ous energy Monte Carlo code MCNP [16]. Secondly,
making use of the NEUPAC and the SAND-II codes
[17,18], the neutron flux spectrum in the KULS has been
analyzed by the adjustment method with activation foil
data. Radial flux distributions of neutrons have also been
measured by Au foils and Ni wires. In addition, neutron
TOF method has been employed to measure the angular
neutron flux spectrum in the KULS, as we have done
before {19,20]. These experimental results have been
compared with calculations performed by the MCNP code
using the evaluated nuclear data files of ENDF/B-IV [21],
ENDI.-85 {22] and JENDL-3 [23]. The nuclear data for
lead is useful to understand the characteristics of a lead
slowing-down spectrometer.

2. Lead slowing-down spectrometer

The lead slowing-down spectrometer was recently in-
stailed by coupling to the 46 MeV linac at KURRI
Specific features of the Kyoto University Lead Slowing-
down Spectrometer (KULS) are as follows.

1) The KULS is a cube of 1.5X1.5%1.5 m’ and about
40 tons in weight, and is set on a platform car in the linac
target room so that it can be removed when the conven- -
tional neutron TOF measurement is made, as shown in Fig.
1.

2) The number of the lead blocks used was about 1600
(each size: 10X10X20 cm?, and purity: 99.9%). Each
block was carefully cleaned with alcohol or acetone and
piled up to make the cube without any structural steel. All
sides of the KULS were covered with cadmium sheet of
0.5 mm in thickness to shield low energy neutrons
scattered from the surroundings.

3) Two types of photoneutron targets were employed:
one was a cylindrical lead block (8 ¢m in diameter and 5
cm thick) casted with an aluminum pipe for air cooling,
and the other was a tantalum target assembly (8 cm in
diameter and 6 cm in effective thickness), which was made
to set 12 sheets of tantalum plates in all (1 to 5 mm in each
thickness) in a cylindrical titanium case, The tantalum
target assembly was also cooled by compressed air flow.
The photoneutron target is separated from the linac vac-
uum system to prevent troubles by which the linac
machine is disturbed. The temperature on the target case
was monitored with thermocouples and the linac operating
conditions were controlled so that the temperature was
kept less than 300°C. During the KULS experiments, the
linac beam power on the target was about 200 to 500 W,

4) For the multi-purpose and/or parallel measurements,
as seen in Fig. 1, we added eight experimental/irradiation
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holes (10X 10 cm?, 55 or 45 cm in depth) to the spec-
trometer which were originally designed at University of
Tokyo [3]. One of the goed points of the KULS is that one
of the lead holes was covered by a bismuth layer of 10 to
15 cm (neutron source side of the hole) in thickness to
shield high energy gamma-rays (6 to 7 MeV) by the
Pb(n,y) reaction in the spectrometer. The bismuth layers
are useful to reduce background counts due to photofis-
sions in the fission event measurement [10].

5) An advantageous point of the KULS is the design to
be able to measure the nentron energy spectrum in the
KULS by the conventional TOF method. At a distance of
12.5 cm behind the photoneutron target, a through hole of
8 cm in diameter is provided at a right angle to the incident
electron beam, as shown in Fig. 1. Moreover, in the
forward and the upper directions there are large ex-
perimental plogs of lead, each of which has an axial
irradiation hole of 3 mm in diameter along the central axis,
Activation foils or wires can be set to measure the flux
distribution of neutrons.

3. Experimental method and measurement
3.1. Slowing-down time and energy

The relation between neutron slowing-down' time and
energy in the KULS has been measured in the bismuth
hole and the lead hole at the opposite upper position to the
bismuth hole, as shown in Fig. 1. For the inirestigation of
the experimental reliability, two types of detectors were
employed: one was a BF, counter (12 mm in diameter, 50
mm in length, 1 atm. pressure) for the neutron transmission
measurement through a resonance filter which gave the dip
structure in the slowing-down time specirum, and the other
was an Ar gas counter (12,7 mm in diameter, 63.5 mm in
length, 1 atm. pressure) for the capture y-ray measurement
with a resonance filter which showed the bump structure in
the slowing-down time spectrum, The detector was placed
at the bottom of the bismuth or the lead hole covered with
and without the resonance filter and the setting position
was about 40 cm distant from the photoneuntron target in
the KULS, Table 1 shows the resonance filters and their
nain resonance energies used in the present measurement,
Since the resonance energies for these filters are well
known [24], we can calibrate the relation between slowing-
down time t at the center of the dip spectrum by the BF,
counter or of the bump spectrum by the Ar gas counter and
its energy E, as a function of E = K/(t + t,,)z, where K is
slowing-down constant and £, is constant for the zero time
correction.

Output pulses from the BF, or the Ar gas counter were
transmitted through the pre-amplifier, the main amplifier
and the discriminator and were stored in a multi-channel
analyzer of 4096 channels as a function of the neutron
slowing-down time. The channel width of 62.5 to 500 ns

Table 1
Resonance filters and their main resonance energies used in the
present measurement :

Material Energy [eV] Thickness [mm} Form
In 1.46 02 foil

Te 2.33 7.0 powder
Ta 428 0.2 foil

Ta 10.4

Au 4.91 0.05 cylinder
Ag 5.19 0.5 cylinder
Ag 16.3

Cd 27.5. 03 cylinder
Mo 449 7.0 powder
Co 132 0.3 cylinder
Cu 230 1.0 cylinder
Cu 579

Mn 336 7.0 powder

was selected. Another BF; counter was set in a lead hole
as seen in Fig. 1, to monitor the neutron source intensity
during the experiment.

3.2. Energy resolution

The energy resolution of neutrons in the KULS has been
experimentally obtained from the dip or the bump spec-
trum, as performed in the above measurements, making
use of the BF, and the Ar gas counters. The dip or the
bump specirem was fitted with a Gaussian function to give
the energy resolution at full width at half maximum (AE/
E) e = 2.35(A070) 5,4, 40ian USINg the standard deviation.
In the transmission measurement with a resonance filter,
corrections are required for the dip spectrum broadened by
certain width of the resonance cross section and by the
certain thickness of the resonance filter. Then, the capture
y-ray measurement using a sharp resonance peak like a
delta function would be better to determine the energy
resolution, because one can derive the energy resolution
without any corrections in the measured data, Table 1 lists
not only the big resonance filters but also the Cu and Cd
filters with sharp resonances at 230, 579 and 27.5 &V,
respectively.

3.3. Neutron spectrum and flux distribution measured by
activation method

With the photoneutron target of lead placed near the
center of the KULS, we have irradiated eleven kinds of
activation foils at the distance of 12.5 cm behind the target,
as seen in Fig. 1. During the irradiations, lead plugs were
put into the through hole. Table 2 shows the activation
foils and the fourteen nuclear reactions used in the present
measurement. Gamma-rays from these induced activities
were measored with a HPGe detector, whose detection
efficiency was calibrated using a mixed radioactive stan-
dard source. The linac operations were performed with a
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Table 2

Nuclear reaction, half life, gamma-ray energy and its intensity used for the present data processing

No. Reaction Half life" Gamma-ray” Gamma-ray*
energy [MeV] intensity (%]

I T Auny)' " Au 2.694 d 0412 95.5

2 *Mn(n,y)**Mn 2579 h 0.847 98.93

3 *Cofn,y)**Co 527y 1.173 99.90

4 ewn,y)'YW 2385 h 0.686 29.3

5 **Mg(n,py‘Na 14.66 b 1.369 1000

6 2 Al(n,p)* Mg 9462 m 0.844 73.0

7 T Al(n,o)**Na 14.66 h 1.369 100.0

8 “Titn,p)**Sc 83.83 d 0.889 99.98

9 “™Ti(n,p)*"Sc 3.341 d@ 0.159 68.2

10 “*Ti(n,p)**Sc 1.821 d 0.934 100.0

11 **Ni(n,p)**Co 70.92 4 0.811 99.53

12 **Fe(n,py**Mn 31224 0.835 99.98

13 “Znn,p)**Cu 1270 b 0.511 35.8

14 "In(n,n’)"*"in 4.486 h . 0336 45.8

*“The nuclear data were taken from Ref. [25].

pulse width of 33 ns, a repetition rate of 30 Hz, an electron
peak current of about 2 A and an electron energy of 32
MeV, respectively.

The activation data were analyzed by spectrum adjust-
ment method employing the NEUFAC and the SAND-II
codes [17,18]. The NEUPAC code contains energy depen-
dent group cross sections of 135 groups from 0.01 €V to
16.4 MeV, including the error matrices [26] for neutron
dosimetry reactions in ENDF/B-V. For the SAND-II code,
the original code was revised to produce the analytical
uncertainties using the Monte Carlo method {27,28]
Moreover, a subroutine program was added for the self-
shielding correction in the foil. The group cross sections of
642 energy bins were used and taken from the JENDL
Dosimetry File [29]. As an initial spectrum for the
adjustment with the NEUPAC and the SAND-II codes, the
spectral result calculated with the MCNP code was used,
as described later.

Neutron flux distribution in the KULS was measured in
the radial irradiation holes and the through hole. Nickel
wires of 1 mm in diameter were radially set in the
experimental holes to measure fast neuiron fluxes by the
**Ni(n,p)**Co reaction. Gold foils, each of 5 mmX 10 mm
and 50 pm thick, were put on the nickel wire in every 10
cm distance for the measurement of slow neutrons by the
7 Au(n,y)'*®Au reaction. At the position of 12.5 cm
behind the neutron source and the bottom of the bismuth
and the lead holes, neutron fluxes were also measured with
Ni foils (12.7 mm in diameter and 0.5 mm thick) and Au
foils (12.7 mm in diameter and 50 pm thick). With the Au
foils and Mn~Cu foils (Mn:Cu=88:12, 12.7 mm in
diameter, 0.2 mm thick), cadmium ratio measurement (Cd-
cover: 9.5 mm thick) was made in the bismuth and the lead
holes by their (n;y) reactions. These induced activities
were measured with the above HPGe detector.

3.4. Neutron spectrum measured by TOF method

Making use of the Ta photoneutron target, angular
neutron flux spectrum of =0 (6 =90°) to the incident
electron beam was measured from a few eV to 10 MeV by
the neutron TOF method. The experimental arrangement is
shown in Fig. 2. A horizontal through hole of 8 cm in
diameter was stuffed with a lead plug in the backward
region to make a re-entrant hole and to extract neutrons at
the position of r=12.5 cm from the photoneutron target.

In order to experimentally investigate the reproducibility

of the neutron spectrum measurement, different types of

two neutron detectors were employed: one was composed
of a bank of three °Li glass (12.7 cm in diameter and 1.27
cm thick) scintillation detectors at the 22 m station and the
other was '°B-vaseline-plug Nal(Tl) (12.7 cm in diameter
and 5.08 cm thick) scintillation detectors at the 24 m
station. When the '°B-vaseline-plug Nal{Tl) detectors were
used for the spectrum measurement, the °Li glass detectors
were removed from the TOF neutron beam. Relative
detection efficiencies for these neutron detectors were
experimentally calibrated by making use of a borated
graphite standard pile [30]. The background measurement

was performed by removing the backward lead plug to
make a through hole. Through the amplifiers and the
discriminator, output signals from the detectors were fed
into a time digitizer, which was initiated by the linac
electron burst, and the TOF data were stored in a data

* acquisition system. The channel width was 20 ns to 0.25

s and the number of channel was 4096.

The linac was operated with the pulse width of 10 ns,
the repetition rate of 180 Hz, the electron peak current of
about 1 A and the electron energy of about 32 MeV,
respectively. A BF, counter was set in an experimental
hole of the KULS to monitor the neutron intensity between
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Fig. 2. Experimental arangement for the linac TOF method. (1) KULS, (2) Pb collimator, {3) Pb shield, (4) U-filter, (5) Heavy concrete (6)
Cd-filter, {7) Pb+B,C collimator, (8) Concrete wall, (9) Pb collimator, (10) Flight tube, {11) B,C collimator, (12) Pb collimator, {13)
Concrete wall, (14) Wall of measuring house, (15) Detector shield of Pb, (16) °Li glass detectors, (17) Concrete shield, (18) Cd shield, (19}

Pb shield, (20) '°B-vaseline—plug Nal(Tl) detectors, (21) Rotary pump.

the experimental runs. An uranium filter of 2 cm in
thickness was placed in the TOF beam to shield the
neutron detectors against the intense y-ray flash from the
linac burst. Moreover, a Cd-filter of 0.5 mm in thickness
was placed in the TOF beam to suppress overlap of
thermal neutrons from the previous pulses. The relation
between neutron TOF and its energy was calibrated with
resonance energies of 132 eV for Co, of 336 &V and 2.37
keV for Mn and of 27.7 keV for Fe filters. Good linearity
was found between the neutron TOF and the channel
number.

4, Calculations
The continuous energy Monte Carlo code MCNP [16]

has been employed to analyze the time-dependent spec-
trum of slowing-down neutrons in the KULS. This code

can track the time behavior of neutrons every 107° s. The

calculations were performed with three dimensional Car-
testan coordinate, and the geometrical parameters and/or
size of the KULS were referred as the spectrometer was.
For the calculaticns, the photoneutron source spectrum was
taken from the experimental data, which were previously
measured by the neutron TOF method [20]. Tally boxes of
10X 10X 10 cm® for the MCNP calculations were put at
the positions of the bismuth and the lead holes. Fig. 3
shows the calculated time-dependent neutron spectra for
average energies from 70 keV to 3.6 eV at the bismuth hole
about 40 cm distant from the ‘Ta photoneutron source. In
the figure, the mean time in ps after the pulsed neutron
burst is shown for the each corresponding spectrum. The
time behavioral spectra seem to be asymptotic form at
energies below a few keV and after that, the spectrum form
is kept in the slowing-down process, although smatll dips
are observed at (.8, 2.31 and 12.09 keV due to the sharp

resonances of bismuth. From the calculated time-depen-
dent spectra, we can obtain the relation between neutron
slowing-down time and its average energy and also the
energy resolution at FWHM.

The time-dependent spectra were integrated over a few
tens of milliseconds to get the steady state neutron
spectrem from about 0.1 €V to 10 MeV. For these calcula-
tions, one million random histories were performed. The
statistical errors were poor in the lower energy region and
20 to 30% at neutron energies of a few eV, although the
error was about 1% at hundreds of keV. There was scarcely
difference in shape between the scalar neutron flux and the
angular neutron flux in the lead hole. Activation data
support the fact that the angular flux distribution of
neutrons is almost symmetric around the neutron source in
the KULS, as described later.

The MCNP code has its own nuclear data libraries,
which were generated from the evaluated nuclear data files
of ENDF/B-IV [21] and ENDL-85 [22]. New data library
[31] generated from JENDL-3 [23] was also available for
the MCNP calculations. Comparison of the calculated
neutron spectrum and the measured one would be useful
for the integral investigation of the nuclear data for lead, to
understand the characteristica of the lead slowing-down
spectrormeter.

5. Results
3.1. Slowing-down time and energy

The measured relation between the neutron slowing-
down time ¢ in ps and the average neutron energy E in keV
is summuarized in Fig. 4. By the least squares fitting with
these measured data, the slowing-down constant K ap-
peared in the relation of E = K/{t, + t)* was obtained to be
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Fig. 3. Calculation of time dependent neutron spectra in the Bi hole after the pulsed neutrons were driven into the Ta target.

190+2 (keV us®) for the bismuth experimental hole and
15622 (keV pus®) for the lead one in the KULS, respec-
tively. For both experimental holes, the constant 7, was
derived to be 0.2 to 0.3 ps. The present value of the
constant K for the lead hole is in good agreement with 155
(keV ps”), which was obtained by Wakabayashi et al. [5)
before it was transferred from the University of Tokyo to
KURRI. The bismuth hole was originally provided at
KURRI.

As seen in Fig. 3, the time-dependent spectra from a few
€V to hundreds keV calculated with a certain time bin were
fitted with a Gaussian function, especially near the peak
region. Making use of the slowing-down time core-
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Fig. 4. Relation between neutron slowing-down time and mean
energy in Bi and Pb holes of the KULS.

sponding to the Gaussian peak, the constant K for the
bismuth hole was derived as 1913 (keV ps”), which was
in excellent agreement with the experimental results
mentioned above. In the same manner, the constant X for
the lead hole was obtained with the calculations. The
resultant value for the lead hole is 157%4 (keV ps?),
which is in good agreement with the present experimental
value and that measured by Wakabayashi et al.

5.2. Energy resolution

After the neutron transmission data measured by the BF,
counter were correcied for the resonance width and the
sample filter thickness, nentron energy resolution of the
KULS was obtained by fitting the resonance dip data in the
slowing-down time spectrum, and derived from the
FWHM in the Gaussian distribution. Resonance capture
measurements using the Ar gas counter could give the
appropriate energy resolution at sharp and narrow reso-
nances of 230 and 579 &V for copper and 27.5 &V for
cadmium without any corrections for the resonance peak
width. Fig. 5 illustrates the present results measured in the
bismuth hole. It is seen that the measured energy resolution
is about 40% at energies from a few €V to about 500 eV
and that the resolution is going to be larger in the lower
and the higher energy regions. The results for the lead hole
were in good agreement with those for the bismuth hole
measured by the BF, and the Ar gas counters, as shown in
Table 3.

The time-dependent spectra calculated with the MCNP
code were also fitted with a Gaussian function. The
resultant energy resolutions at FWHM are sumnmarized in
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Table 3 and are compared with the measured data using
the BF; and the Ar gas counters in the bismuth and the
lead holes, respectively. Although good agreement can be
seen between the measured energy resolutions in both
holes, the calculated values are generally lower by about
10% than the measured ones. It may be said that the
difference is due to some other effects, such as impurity in
the KULS.

5.3. Neutron spectrum and flux distribution measured by
activation method

Making use of fourteen kinds of activation data, neutron
spectrum from the lead target has been obtained in the
energy region from 0.01 eV up to 20 MeV by the SAND-H
code and up to 16.4 MeV by the NEUPAC code. The initial

7
W0 [ T T T

- ——"  NEUPAC code ' N
ememme SAND-I[ code

-
ct-

A PR

m"

Neutron Flux / Lethargy
Eﬂ

I~ FEPIE (PN VS E U PR ISR SR IS 1
107 10° 10° w0t 10° 10°
Neutron Energy ( eV )
Fig. 6. Neutron spectra obtained by the activation data analysis for
the lead photoneutron source.

spectrum for both analysis codes has been taken from the
MCNP calculation, and the adjusted results are shown in
Fig. 6. In the figure, nentron fluxes are given by the
absolute values from the activation reaction rates. The
spectral uncertainties in these results are 2 to 3% at least
and 7 to 8% above 10 MeV and below a few hundreds keV
where the activation responses are poor. Both spectra,
adjusted with different type of analysis codes, are in
general agreement with each other except for energies
around 1 MgV, although small deviations are observed in
the resonance neutron energy region within the order of
analysis error. The discrepancy around 1 McV would be
due to the difference between the dosimetry cross section
libraries for some threshold reactions. In the MeV energy
region, the spectral shape is close to that of lead photo-
neutron source and harder than that of 1/E spectrum in the
slowing-down neutron energy region. From the Cd-ratio

Table 3
Energy resoclution [%] in Bi and Pb holes of the KULS
Measurements Calculations
Energy BF, counter Ar gas counter Energy MCNP code
[eV] Bi hole Bi hole Pb hole [eV] Bi hole Pb hole
1.46 51%3 3.02 357
49 40+2 3.56 374
104 38x1 10.0 285
21.5 382 37+2 11.6 316 '
449 383+1 29.8 28.2
132 392 338 357
230 38+3 40%3 99.1 20.8
336 40*3 113 345
579 42+3 42+4 298 337
2370 533 339 383
990 38.1
1091 432
2988 50.3
3208 518
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measurements using Au and Mn—Cu foils, it was found
that there existed scarcely thermal neutrons in the KULS
as displayed in Fig. 6, since the Cd-ratio was almost unity.

By the **Ni(n,p)**Co reaction used in the above activa-
tion measurement, fast neutron flux was obtained at r=
12.5 cm behind the neutron source (at the center of the
horizontal through hole). Making use of the spectrum-
averaged cross section for the KULS, the resultant fast
neutron flux was 2.9X10® n/cm?/s, which was the result
normalized to 100 W operation of the linac, although the
linac power was about 63 W during the irradiation. This
neutron flux is in good agreement with the normalized
integral value between 1 keV and 20 MeV, appeared in Fig.
6. Fast neutron fluxes at the bottom of the bismuth and the
lead holes (r =35 to 50 cm from the source) were also
measured with nickel foils. The results were 1.8X 10" to
7.1X10° nf/cm*/s/100 W depending upon the distance
from the source, respectively. Experimental uncertainties
for these neatron fluxes were 5 to 7%.

The spatial distribution of neutrons in the KULS was
experimentally determined by the activation method. The
results are given in Fig. 7 for the epi-thermal neutron flux
distribution by the '*’ Au(n,y)'**Au reaction and in Fig. 8
for the fast neutron flux distribution by the **Ni(n,p)**Co
reaction. Although the epi-thermal neutron flux may be
higher by 5 to 10% in the forward direction, it is seen that
not only flux distribution of epithermal neutrons but also
that of fast neutrons are approximately symmetric in the
KULS. From Figs. 7 and 8, in addition, it may be realized
that the neutron flux distribution in the KULS is not
affected by the room-returned neutrons, at least, at the
position to set the detector in the experimental hole.

5.4. Neutron spectrum measured by TOF method
The angular neutron flux spectrum of x =0 was mea-

sured at the position of r=12.5 cm behind the Ta
photoneutron target in the KULS, making use of the °Li
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Fig. 7. Spatial distribution of epi-thermal neutrons measured by
the '*’Au(n.y)'*"Au reaction in the KULS.
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Fig. 8. Spatial distribution of fast neutrons measured by the
**Ni¢n,p)**Co reaction in the KULS.

glass detectors from a few €V up to 4.5 MeV and of the
'°B-vaseline-plug Nal{T1} detectors from a few eV up to 10
MeV. The results are shown in Figs. 9 and 10 and are
compared with the time-integrated spectra calculated by
the MCNP code. By the MCNP calculations, we have also
found that the angular neutron fluxes and scalar neutron
fluxes are in general agreement in spectral shape.

The measured data were summed with energy interval of
Arw=0.1 in lethargy unit to give better statistics. The
statistical errors were 2 to [0%, in general, and about 50%
at worst at lower energies as seen in the figures. The
neutron source normalization was made for the calculated
spectra, and the measured spectrum was normalized to the
calculated ones by the spectrum integration above 100 keV
in Figs. 9 and 10, respectively. Fluctuations in the calcu-
lated spectra are caused by poor statistics in the Monte
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Fig. 9. Neutron spectra measured with *Li glass scintiflators and
calculated with the MCNP code for the Ta photoneutron source.
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Fig. 10. Neutron spectra measured with '°B-vaseline-plug Nal(T1)
detectors and calculated with the MCNP cade for the Ta photo-
neutron source.

Carlo calculations, especially below 10 &V the uncertain-
ties are about 300%. As seen in Figs. 9 and 10, good
agreement is obtained in general between the measured
spectrum and those calculated with the evaluated nuclear
data libraries of JENDL-3 and ENDL-85, while the
ENDF/B-IV spectrum is higher below 100 keV than the
measured and the other calculated spectra, The difference
is about 25% around 10 keV and 50% around 100 &V,
respectively, for both °Li glass and '°B-vaseline-plug
Nai(TI) detectors’ measurements. It has also been found
that- the agreement is good between the experimental
results by the detectors. This fact implies that the sys-
tematic uncertainty in the measured spectrum may be
small.

Around 336 &V in the measured spectra in Figs. 9 and 10
one can see a dip structure due to the big resonance of
manganese, which is included as an impurity in the steel
case of lead plug. In the MCNP calculations, the man-
ganese impurity has not been considered. If the antimony
impurity exists in lead of the KULS, this may absorb lower
energy neutrons and make the fluxes lower in the lower
energy region, Moreover, the measured TOF 'data had poor
counting rate and the background counting rate was almost
half of the foreground one. Lower neutron fluxes near 10
€V may be duc to the neutron absorption by Sb, poor
counting rate or inappropriate background subtraction for
the TOF measurement.

In Fig. 11, the neutron spectra by the NEUPAC and the
MCNP codes are compared, In the slowing-down energy
region below 100 keV, these spectra are in general agree-
ment with each other, although the lead target produces
higher energy neutrons than -the Ta target above several
hundreds of keV [20]. The ENDF/B-IV spectrum below
about 100 keV is -also higher than that analyzed by the
activation data, as seen in Figs. 9 and 10, although large
deviations are observed among the spectra. From the
comparison of the results in Figs. 6, 9—11, good agreement
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Fig. 11. Comparison of neutron flux spectra analyzed by the
NEUPAC code and calculated by the MCNP code.

can be seen between the TOF spectra and the MCNP
calculations by the JENDL-3 and the ENDL-85 data, so
that it may be said that the NEUPAC and the SAND-II
spectra by the activation data are in good agreement with
the TOF spectra in the slowing-down energy region.

6. Discussion

In the present study on the characteristics of the KULS,
good agreement can be seen in general between the
experiments and the calculations related to the neutron
slowing-down time and its energy and to the energy
resolution. It has been also found that the energy resolution
of the KULS is larger than 27% for the theoretically
predicted value at FWHM [1,2]. Making use of the MCNP
code, we have more investigated the KULS characteristics
from the points of 1) the spectrometer size, 2) the
impurities in lead blocks, and 3) the spectral shape of the
neutron SOurces.

At first, we have tried to make one dimensional calcula-
tions for the nevtron fluxes and energy spectra not only in
the KULS of 1.5%1.5X1.5 m® (effective radius = 93.1
cm) but also in lead slowing-down spectrometers of 1.2X
1.2X1.2 m® (effective radius = 74.4 cm), 1.8X1.8X 1.8
m’ (effective radius = 112 cm) and 2.0%X2.0X2.0 m®
(effective radius = 124 cm) as typical cases of the spec-
trometer size, respectively. At the radial positions of more
than 10 cm from the photoneutron source, it is found that
the relation of neutron slowing-down time and energy is
almost independent of the size of the spectrometer and of
the distance from the neutron source, except for the
neutron intensity. Even in case that the neutron source
position shifts 10 cm from the KULS center, the relation of
slowing-down time and energy and the energy resolution
are almost same as before at 10 cm from the source.
Neutron leakage with the KULS is higher than those with
the bigger spectrometers, and the neutron fluxes in the 30
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to 40 cm region from the neutron source of the KULS are
about 70% and 35% of those in the bigger spectrometer of
radius = 112 cm at 10 keV and 10 &V, respectively. From
the point of the spectrometer size, one can see that the
energy resolution in the KULS (1.5 m cubic) is larger than
those in other bigger spectrometers, especially in the
higher energy region as appeared in Fig. 12.

If the KULS is made of bismuth material only, the
slowing-down constant K becomes larger and can be
calculated as 308 (keV ps®). In the KULS, 10 to 15 ecm
thick layers of bismuth blocks are partially used and those
blocks may make the slowing-down constant larger than
that made by lead material only. One may be able to
understand the reason why the slowing-down constant X in
the bismuth hole is larger than that in the lead hole.

Concerning the impurities which may contribute to the
energy resolution of the KULS, we have taken account of
antimony (0.05% Sb in weight) added to the lead as
hardener and of water (10 to 1000 ppm of H,O in weight)
adhered to the lead surface. From the calculated results, we
found that the Sb impurity was effective in absorbing
epi-thermal neutrons and made the neutron fluxes lower,
although the impurity did not give a severe influence to the
energy resolution. In Figs. 9 and 10, the reason why the
experimental spectra deviate from the MCNP calculations
below about 30 eV would be explained by the neutron
absorption of Sb. Fig. 13 shows the FWHM data depend-
ing upon the Sb and water impurities in the KULS. From
the results, it is said that the energy resolution is not
affected much by the adhered water up to 100 ppm. Even
if the lead blocks were oxidized or some water was
adhered to the lead, more than 10 ppm water would not be
considered because the blocks were carefully cleaned to
pile up.

As far as the neutron energy spectrum in the KULS is
concerned, good agreement can be seen between the
calculations and the TOF measurements, although the
impurities in the KULS are not considered. However, the
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Fig. 12. Comparison of the calculated FWHM with different sizes
of lead slowing-down spectrometers.
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Fig. 13. Comparison of the calculated FWHM with Sb and H,0
impurities in the KULS.

calculated energy resolutions of the KULS are 5 to 10%
lower than the measured ones, as given in Table 3. The
difference may be due to some effects by such as small
amount of impurities which are not considered in the
present calculations.

With the different types of neutron source spectra,
neutron behavior in the KULS has been investigated. We
have selected the following spectra: 1) Ta photoneutron
source, 2) 14 MeV neutrons, and 3) 500 keV neutrons
whose energy is lower than the threshold level {0.57 MeV)
for the inelastic scattering cross section of lead. The 14
MeV neutrons are widely spread after a few interactions
with lead, and the slowing-down time spectrum may
become similar to that from the Ta photoneutrons. The
slowing-down time spectrum by the 500 keV neutrons
already shows asymptotic form above 1 keV, as seen in
Fig. 14, and the calculated energy resolution at 100 eV, for
example, is about 28% at FWHM, while the energy
resolution obtained with the Ta photoneutron source is
about 30% in the lead hole. This fact implies that the
energy resolution of the KULS is broadened by the
inelastic scattering processes with lead. In the lower energy
region, up-scattering neutrons may also broaden the energy
resolution.

As we have investigated above, main factors to make the
energy resolution broadened are thought to be the effects
due to the size of the KULS, the inelastic scattering of fast
neutrons and the impurities in the KULS, It may be said
that the practical emergy resolution of the KULS was
broadened by the superposition of these effects.

As seen in Figs. 6, 9 and 10, it may be realized that
there scarcely exist thermal neutrons in the KULS and that
the neutron spectrum is close to that obtained in a large
core of fast breeder reactors [32). The neutron spectral
shape in the KULS is simple and no structure can be
observed. We have characterized the neutron spectrum in
the KULS through the present experiments and the calcula-
tions. It can be expected to use the KULS in future not
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Fig. 14. Calculation of time dependent neutron spectra in the KULS driven by 500 keV neutrons.

only for measurements of energy dependent nuclear data
but also for integral experiments as a reference neutron
spectrum field.

7. Conclusion

The characteristic behavior of neutrons in the Kyoto
University Lead Slowing-down Spectrometer, KULS of
1.5%X1.5X 1.5 m*, was obtained by the experiments using
resonance neuiron filters and by the calculations with the
MCNP code. The slowing-down constant K in the relation
of E=K/t* was experimentally determined to be 1902
(keV ps?) for the bismuth hole and 156+2 (keV us®) for
the lead hole, respectively, The energy resolution of the
KULS was obtained to be around 40% in the relevant
energy region for the bismuth and the lead holes, making
use of the Ar gas counter for the sharp resonances at 230
and 579 eV of Cu and at 27.5 &V of Cd, and of the BF,
counter for the neutron transmission measurement using
resonance filters.

Monte Carlo calculations using the MCNP code were
also performed to determine the relation between the
neutron slowing-down time and its average energy and to
obtain the energy resolution and the neutron spectrum in
the KULS. The calculated results agreed in general with
these measurements, and the calculated energy resolutions
were lower by about 10% than the measured ones.

Spatial distribution of neutrons in the KULS was
measured by the activation method and the results showed
almost symmetric around the photoneutron source. The
neutron flux spectrum in the KULS was obtained by the
spectrum adjustment method with activation data in the
energy range from 0.01 &V to 20 MeV. The angular neutron

spectrum was also measured by the TOF method from 4
&V to 10 MeV, and the TOF measurement was compared
with the spectra calculated with the JENDL-3, the ENDL-
85 and the ENDF/B-IV cross section data. The calcuiated
spectra are in general agreement with the measured one
except for that the ENDF/B-IV spectrum seems to be 25 to
50% higher than the TOF measurement below about 100
keV. The present result would be useful for the integral
investigation of lead cross section which is related to the
nentron transport in the lead slowing-down spectrometer.
The neutron flux spectrum per unit lethargy in the KULS is
proportional to the square root of energy in the slowing-
down neutron énergy region and show similar spectral
tendency to the TOF measurement and the activation
analysis. Since there exist scarcely thermal neutrons in the
KULS, the neutron field there would be expected to be a
quasi-standard field for integral measurements in the epi-
thermal/resonance neutron energy region.
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