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FOREWORD

The Department of Chemistry consists of six laboratories which are
listed in the following; their research subjects and total number of
researchers and technicians engaged in (at the time of April, 1983) are
also listed.

o Analytical Chemistry Laboratory : Analytical chemistry of nuclear
fuels and reactor materials. (11 and 13). |

o Radiochemistry Laboratory : Reactor chemistry of radiocactive nuclides.
(10 and 3).

s Solid State Chemistry Laboratory : Solid state chemistry of radiation
damage. (5 and 5).

o Nuclear Fuel Chemistry Laboratory : High temperature chemistry of
nuclear fuels. (6 and 1).

o Nuclear Chemistry Laboratory : Development of burn-up measurement.
(6 and 7).

o Physical Chemistry Laboratory : Physical chemistry of volatile
radioactive nuclides. (6 and 3).

Regarding nuclear fuels and materials, progresses are being made
steadily in the field of thermodynamics of uranium oxides in binary and
in ternary phases, and in mutual separation of Np, Pu, and Am. Advanced
are the technologies of the nuclear safeguard and on-line analytical
measurements of nuclear fuel materials. Various techniques are developed
for quantitative measurements of trace amounts of elements in reactor
materials such as zircaloys, hastelloy-X, and other heat-resisting
alloys. Intensive efforts have also been paid to the studies of the
radiation damage of various materials.

Within the framework of the studies on the environmental safety,
extensive experiments have been done on the following subjects: i)
release behaviors of volatile radioactive nuclides such as iodine and
tritium from nuclear fuels, ii) laser isotope separation of tritium
from waste solutions, iil) physical and chemical interactions of
tritium with materials. Tritium decontamination of stainless steel
is one of the concerns.

Service work in the Department iﬁcluded chemical analyses and
electron microscopic measurements of nuclear fuels and reactor materials,
burn—-up measurements, 60¢co gamma-ray irradiation, and glassblowing. The

work sometimes needed not only the special techniques but also design
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and construction of special equipments and/or apparatus.
The Department is conmtributing to the JPDR Decommissioning Project,

gince 1981, particulary in the development of decontamination technology.

Kaoru UENO
Director,

Department of Chemistry
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1. ANALYTICAL CHEMICAL STUDIES ON NUCLEAR FUELS

AND REACTCR MATERTALS

T.Adachi, H.Aoyagi, Y.Baba, H.Fukushima, K.Gunji,

* *
H.Hashitani, A.Hoshino, S8.Iso, M.Ito, K.Izawa,

* *

K.Kato, S.Kihara, T.Komeri, H.Muto, T.Nakajima,
M.Ouchi, K.Takashima, H.Takeighi, K.Tamura,
) *

S.Tamura, Y.Toida, K.Watanabe, C.Yonezawa and

Z.Yoshida
1.1 Studies on Ion-exchange Separation Using HF-—H3BO3 Media

The anion-exchange in HF-FC1l or HF—HNO3'solutions has been
widely used for the separation of metals. In the absence of
hydrochloric or nitric acid, separation can be done to only two
groups, i.e., metals which form stable fluoride complexes and

others. The presence of cl” or NQ3 igs believed to be effective
in differentiating the adsorbabilities of metal fluoride complexes
to the anion exchange resin. In more than 0.1M of HF, metals
which form stable fluoride complexes form highly fluorinated
complexes such as ZrF62*, TiF62_, and A1F63-’ and hence the
difference in the adsorbabilities of these complexes either on
cation or anion exchange resin is not large enough to separate
them from cne another.

If the concentration of HF can be controlled to a certain
value far less than 0.1M, at which such lower fluorinated complexes
as ZrF5_, TiF3+, and A1F2+ are formed, the mutual separation of

metals based on the difference in the charges of the fluoride

complexes may be expected. However, it is not easy to control

is_
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HF concentration to a constant value far less than o.1M in

practical operations including the dissclution of the sample in
hydrofluoric acid. |

By adding boric acid, which is used as a masking agent for
fluoride ions, the fluoride ion concentration is reduced to
about one hundredth without reducing the total HF concentration,

C as shown in Fig. 1. This reduction of the free fluoride

HF'
ion concentration makes it easy to produce the metal fluoride

complexes suitable for their separation.

1.1.1 Cation-exchange Separation [1]

The distribution coefficients, Kd’ of 18 elements for cation-
exchange resin (Diaion SK #1) in HF and HF—H3BO3 media are shown
in Tables 1 and 2. Elution behavior of Zr(IV), Ti(IV), ALl(III),
U(VI), and Fe(III) was investigated in HF and HF-H3BO3 using
a column filled with 4g of dry resin (10mm ¢x 120mm). On the
basis of the results shown in Fig. 2, a separation scheme for
Zr (IV), Ti(IV). Al(III), U(VI), and Fe(III) was designed. These
metals were eluted successively by the following solutions: Zr(IV)

by 0.2M HF-0.65M H,BO,, Ti(IV) by 0.5M HF-0.65M H3B03, AL(III)

3773

by 2.0M HF-0.635M H,BO,, U(VI) by 0.1M HF, and Fe(III) by 0.5M HF.
As the fluorcboric acid has a buffer action relating to the
fluoride ion concentration, the distribution coefficients of
metal ions are not affected by the increase in the concentrations

of metal ions, even at a low concentration of fluoride ions in

the solution.

1.1.2 Anion—-exchange Separation [2,3]

The BF4— and BF3OH_ produced in HF-H3BO3 media are adsorbed

744.‘
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strongly to the anion-exchange resin and the relative adsorbabil-

ities of metal fluoride complexes are remarkably reduced. Using
these properties of HF—HBBO3 and the adsorbabilities of other
anions such as Cl1  or NO3_, a new anion-exchange method for the
separation of such hard acid-metals as Ti(IV}, Zr(IV), Nb(V),
and Ta (V) has been proposed.

The K, of metals in HF-H,BO media containing HNO3 are

d 3773

presented in Table 3. Elution behavior was investigated after

adsorption of metals in a column (4g of Diaion SA #100 in dry

form, 8mm ¢ x 180mm) in 0.2M HF. The elution curves are shown

in Fig. 3. As expected from the Kd values obtained by the batch

method, the mutual separation of metals is possible py the column.
The influence of anions on the Kd of hard acid-metals for

a strongly basic anion-exchange resin was further investigated.

The K4 of 18 hard acid-metal ions were determined in HF—H3BO3

media in the presence of cl, NO3_, 5042—, or ClO4-. The

relation between the adsorbabilities of the coexisting anions

and the K. values of the metal ions was discussed. The fluoride

d
ion concentration is quite low in HF—HBBO media because of the

3
complex formation of the fluoride ion with boric acid, and most
~of the hard: acid-metal ions have lower Kd values in HF—H3BO3
media than those in HF solution. By selecting the kinds of
coexisting anions and varying their concentrations in HF—H3BO3
media containing less than 0.02M of fluoroborate ions, the Kd

values of metal ions can be controlled to allow the anion-

exchange separations such as Ti-Zr, Ti-U, Sn-Nb, and Mo-W.
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1.1.3 Application to the Determination of Trace Elements in

Zirconium Alloys

Determination of Uranium using Cation-exchange Separation([4]

In 0.1 to 1M HF - 0.4 to 0.6>0M H3BO3 media, U(VI) forms a cationic
fluoride complex, whereas Zr (IV) exists as an anionic complex.
Even if a considerable amount of the free flucride ion is
consumed by the complex formation with zirconium, the free
fluoride ion concentration is kept constant because the fluoride
ion is supplied by the dissociation of the fluoroborate ions in
the media. By these characteristics of this media, a cation-
exchange separation method was developed for the determination
of traces of uranium in zirconium and its alloys.

Analytical result for NBS 360 reference materials was 0.73 *
0.10 ppm {n=3) and agreed well with the certified value (0.7 ppm).
In Table 4, analytical results for uranium in several zircaloy
samples are shown. By the proposed method, 0.5 ppm to 10 ppm
of uranium was determined with the relative standard deviation
of 10% to 5%. Iron, tin, chromium, nickel, and metal elements
usually included in zirconium alloys as the impurities did not
interfere with the determination of uranium.

Successive Determination of Titanium and Aluminum using

Cation-exchange Separation [5] With the addition of H,BO, to

a dilute HF solution, Ti(IV) and Al(III) form cationic fluoride
complexes due to the reduction of the free fluoride ion concen-
tration, whereas Zr(IV) exists as an anionic fluoride complex.
Further, fluoride ion concentration in HF--H3B03 media is kept
constant by the buffer action of this media. On the basis of
these findings, a cation-exchange separation method was developed

for the successive determination of micro gquantities of Ti(IV)

w6_
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and A1 (III) in zirconium and its alloys.

Analytical results are shown in Table 5. By the method

shown, more than 3 ppm of Ti(IV) and 2 ppm of Al1(III} can be

determined.

{T. Adachi)

Publication List

[1]

[2]

(3]

[4]

[5]

Adachi, T.:"Cation exchange separation of metal ions using
HF-H,BO, media", Bull. Chem. Soc. Jpn., 55, 802(1982}).
Adachi, T.:"Anion exchange separation of hard acid-metals
using HF—H3BO3 media", Bull. Chem. Soc. Jpn., 55, 1824(1982).
Adachi, T., Yoshida, H., Izawa, K., Kihara, S.:"The influence
of anions on the distribution coefficients of hard acid-metals
for anion-exchange resin in HF—H3BO3 media", Bull. Chem. Soc.
Jpn., 57, 1487(1984).

Adachi, T., Yoshida, H., Izawa, X., Kihara, S., Hashitani,
H.:"Determination of trace of uranium in zirconium and its
alloys using cation exchange separation followed by Arsenazo
III spectrophotometry”, (in Japanese), Bunseki Kagaku, 33,
11(1984).

Adachi, T., Yoshida, H., Izawa, K., Hashitani, H.:"Successive
determination of micro guantities of titanium and aluminum

in zirconium by cation exchange separation in hydrofluoric

acid-boric acid media", (in Japanese), Bunseki Kagaku, 33,

455(1984) .
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Table 1 Cation-exchange distri-

b T L]
0
o 1 bution coefficients of metal ions
in HF-0.65M H3BO3 media
=1
10 T Metal HF (M)
ron 0.1 0.2 0.5 1.0 2.0
FefITIT) »5x103 >6x103  4.5x102 800 177
' . cd(11} »sx103 >sxi03  2.8x10% 730 185
Mn(11} »5xl03 »5x103  2.5x103 581 164
Co(1I} »5x103 >5x103  2.4x103 562 154
3l Ni(11)} >s5xi0¥ >s5x103  2.6x103 657 118
10 - cu(IT}  >5x103 >s5x103  1.9x103 427 97
cr{I1I) »5x163 »5x103  1.8x103 284 145
U(VI) 4.3x103 2.1x10° 580 180 63
“ v{IV) 2.0x103 1.3x103 480 190 66
10 . AL(III} 1.6x103 580 180 63 20
Ti{IV) 181 77 21 11 7
viVv) 125 90 68 60 58
Mo(VI) 16 10 1 5 3
! 1 L Sn(IV) 15 7 6 5 3
10 107 10° Zr(Iv) 13 10 8 4 <3
Cue /M HE(IV) 11 8 6 4 <3
Fig.,1 Calculated concentration W{VL} 10 6 5 3 <3
of H and F 1in HF-H3BO3 media. Nb( V) 10 8 6 5 <3
[H3BO3]; a:0.65M, b:0.4M, c: Ta(¥) 10 6 5 <3 <3
0.2M, d:0M
Table 2 Cation-exchange distribution
coefficients of metal ions in HF
Metal y HF_(M)
. 0.1 0.2 0.5 1.0 2.0
ion
CA(ID)  >5x10% >5x10°  >5x103  »>5x107  2.5x10%
Co(II) >5x103 »>5x103  »>5x10% >5x10°  2.0x10°
Mn(ID)  »5x103 »>5x103  >5x103  »5x103  1.9x10°
NIC(ID) »5x103 >5x103  >5x103  >5x102  1.6x10°
CutID)  >5x16% >5x103  >5x10°  >5x103  1.5x10°
V(IV) 420 180 80 3 13
Fe(IID: 192 50 10 5 3
Cr(IiD 45 32 25 1 10
VIV 30 16 10 3 3
UyD 20 12 10 8 5
ALCIIDD 9 8 7 6 5
TiCIV) 3 3 3 3 <3
Ir¢Ivy 3 3 3 3 <3
HfC(IV) 3 3 3 3 <3
wW(VI) <3 <3 <3 <3 <3
Mo(VI) <3 <3 <3 <3 <3
Sn(Iv) <3 <3 <3 <3 <3
Nb(V) <3 <3 <3 <3 <3
Ta(V¥) <3 <3 <3 <3 <3
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{a)

(b)

(c)

(d)

(e)

(f)

(g)
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Volume of Eluent/ m#

Fig. 2 Column elution behavior of metal ions in HF and

HF-H._BO., media onto cation exchange resin

3773

Flow rate: 1.2 ml/min. Figures in each column are Kd”values
0.1M HF, (d):

obtained. (a

2M HF-0.65M H,BO

0.65M H3B03,

)
3

(g):

0.5M HF, (b): 0.2M HF, (
3} (e}: 1M HF-0.65M H3BO
0.2M HF-0.65M H3BO3.

c):

3'

(f):

0.5M HF-
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10075 Zr

N Not eluk-:'d ‘ ’//

g T P gl 1)
E . e

01 Nb

5 l Not leluted

a ’lfl Ta (b)
g O° -

. 100 Ta

O .
t // (c)
3 © :

E o=y O

Ti Zr Nb Th- (d)
0

100 200 300 400 500 600 700
Volume of effluent/ ml

'Fig. 3 Column elution behavior of Ti({IV), Zr(IV), Nb(V), and
Ta{Vv) in HF-H3BO3 media containing HNO, onto anion resin.
Flow rate: 1.0 ml/min. Concentration of HF—HBBO3—HN03(M);{a),
0.1-0.5-0.01(—),0.01-0.5-0.03(-=-), (b) 0.1-0.5-0.2(— ,0.01-
0.5-0.1{(-—-), (¢) 0.5-0.5-0.1,(d) 1:0.1-0.5~-0.01, 2:0.1-0.5-

0.1, 3:0.5-0.5-0.1, 4:1-0.5-5.

Table 3 Anion exchange distribution coefficients of metal ions

in HF-H,3BO, media containing HNO,

0.1M I‘W-HaBO3 HF-0.5M H3BO3
Ion I-[N03/M H3B037F| HF/M
0 1073 102 0.1 0.5 1073 107% 0.1 0.5
Tal¥) 102 5 52103 52103 h.1x103  2.4x103  2.3x10°  3.3x10° 5x107  2.3x10° 606
a 101 w.ozi0?  1.5x103 1.2x103  1.0m03 790 102 955 790 315
WD) 10-2 > 5x103 5x103 765 97 232 4.3x103  2.4x103 232 13
1071 115 110 28 th 56 182 112 56 5
(V) 10-2 5 5x103  5.0x103 531 90 95 321 383 95 6
1071 102 91 68 18 58 79 71 58 3
ur(ryy  10-2 4.2x103  2.2x103  1.4x103 181 152 1.0x103  1.6x103 152 19
10-1 360 320 215 T <3 <3 10 <3 <3
Zr{IV) 102 352103 >5x103  5.0x103 162 1%0 306  1.3x103 140 "
10-1 375 346 282 6 <3 <3 8 <3 <3
102 1.2x103 906 209 33 4y 995 613 by 11
MolVD)  jo-1 75 56 25 n 15 48 33 15 6
TH(IV) 102 5 5x103  >5x103  3.8x103 70 15 18 150 15 3
10°} 405 355 302 18 <3 <3 <3 <3 <3
Sn(IV) 1072 » 5x103  »5x103  5.0x103 57 15 39 181 15 14
1074 420 390 322 15 <3 <3 <3 <3 <3
1072 9z 76 15 11 <3 L 3 <3 <3
vy ot 4 <3 <3 <3 <3 <3 <3 3 <3
10-2 72 ig 5 <3 <3 20 15 <3 <3
UvD) 61 <3 <3 <3 <3 <3 <3 <3 <3 <3
10-2 30 20 So12 10 T 8 5 7 3
AL(IITY g 23 <3 <3 <3 <3 <3 <3 <3 <3
1072 a1 28 14 3 5 3 14 5 <3
Cr(III) 10_1 <3 <3 <3 <3 <3 <3 <3 <3 < 3
Fe(III), CulII), CA(II),
<3 <3

Ni(II), Mn{II}, ColIL}
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Table 4 Analytical results for uranium in zircaloy samples+
Sample Found v Eu%girztive results
(ppm ) (ppm 1) N o
CRMs
JAERI-Z11 0.8, 0.7 0.8 0.8%0.0g 10 20
JAERI-Z12 0.9, 1.0 1.0 1.120. 19 10 20
JAERI-Z13 (0.27.0.27)  <0.5  <0.5 10 20
(0.34%0.07}
JAERI-I14 (<0.3,<0.3} <0.5 <0.5 10 20
(0.24%0.04)
Others
A (<0.3,<0.3) <0.5 (<0.3) 3 7
B (<0.3,<0.3)  <0.5 (<0.3) 3 6
In 3.7,3.9,3.9 3.8 3.90.27 7 20
D 6.6,7.1,6.3 6.9  71.1%0.2 7 21
E H:H-U. 1.3 1.3t0.07 9 29
F 1.0,1.0,1.6 1.0 1.0%0.05 7 19
+ A series of zircaloy CRMs, JAERI-Z11l to -zl4(dise) issued
by Japan Atomic Energy Research Institute. Uranium was certi-
fied by gollaborative analysie using the proposed method,
after exercising with other zircaloy samples, A to F.
Samples A and B are commercial grade zircaloy-2(1.5%5n, o.1
$Fe, 0.i%Cr, 0.05%Ni), and E and F are zircaloy-4{1.5%5n,
0.2%Fe, D,1%Cr). N: Number of laboratories: ni: Number of
determinations.
Table 5 Analytical results for titanium and aluminum in
zirconium and zircalcoy samples
Certified
Sample Found, ppm Average value,
ppm
(a) Titanium
JRERI-Z11 23.3, 24.0, 23.7 23.7 28
JAERL-Z12 89.4, 93.3, 92.0 91.é 23
JAERI-Z13 3.5, 2.9, 2.5 3.0 4
JAERI-Z14 <3, <3, <3 <3 3
NBS 1234 i4.6, 14.3 4.4 (2
NBS 1235 84.2, 84.7 84 4 (30)
NBS 1236 161, 160 164 (185)
NBS 1237 15.3, 15.0 15.2 (303
NBS 1238 98.0, 28.3 98.2 (1003
NBS 1239 50.7, 50.2 50.4 (40
(b Aluminum
JAERT-Z11 16.9, 16.4, 16.1 16.5 15
JAERI-Z12 96.7, 97.5, 95.6 96.6 86
JRERI-Z13 57.2, 55.6, 55.1 56.0 53
JAERI-Z14 139,136, 137 1317 130
MBS 1234 33.1, 34,7 33.9 (25)
NBS 1235 129, 126 128 (105)
NBS 1236 320, 324 322 (35Q)
NBS 1237 19.8, 20.t 20.0 (15
NBS 1238 134, 129 132 (1065)
NBS 1239 70.6, 70.4 70,5 (50}

The certified values of Ti and Al in zircaloy CRM's
JAERI-Z11 to Zl4{disc), were determined by collaborative

analysis(11l Labs. for Ti and B Labs. for Al}, in which
most of Labs, used the proposed caticn exchange separation
method. The values for NBS 1234 to 1236{zirconium metal)
and 1237 to 1239{zircaloy-4) are not certified but are

_given as additional information.
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1.2 Studies on the Determination of Hydrogen and Sulfur

by Isotope Dilution Mass Spectrometry

1.2.1 Equilibrium Pressures of Hydrogen and Deuterium
Dissolved in Group IVa Metals at Low Concentration[5]

In the determination of hydrogen in titanium, zirconium

and its alloys by isotope dilution mass spectrometry (IDMS),
a significant difference in.solubility between hydrogen and
deuterium has been observed: hydrogen is more soluble than
deuterium: hence the concentration ratios of hydrogen/deu-
terium in the metals are significantly larger than those in
the surrounding gas phase under isotopic equilibrium.

The present study was undertaken to know the exact dif-
ference in the solubilities between hydrogen and deuterium in
the group IVa metals. Equilibrium preséures of hydrogen and
deuterium over titanium (420 ~ 970 °C), zirconium (480 - 940
°C) and hafnium (445 - 635 °C) were measured in the pressure
range from 0.013 to 133 Pa using a modified Sieverts'
apparatus.

The pressure-composition relationship obeyed Sieverts'
law: the solubility of hydrogen and deuterium in the metals
at low concentration is proportional to the square root of
the pressure. The values of the Sieverts' constant at various
temperatures were determined from the reciprocals of the slopes
of the linear plots: the square root of pressure against the
atom ratio. The logarithms of the Sieverts' constants obtain-
ed are plotted against the reciprocals of temperatures in
Fig. 1. Arrhenius equations for the Sieverts' constants were

determined from the linear portion of the plots in Fig. 1 by
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the least squares.method and are presented in Table 1. The
slope denoted by b in the Arrhenius equations gives the
enthalpy of solution in KJ/g-atom. There is a defenite dif-
ference in the values of Sieverts' constants between hydrogen
and deuterium. The values of the Sieverts' constants for
hydrogen are larger than those for deuterium. At constant
atomic fraction the equilibrium pressures of deuterium were
found to be 1.1 to 1.4 times as high as those of hydrogen for

all three metals over the temperature range examined.

1.2.2 Determination of Hydrogen in Titanium, Zirconium and
its Alloys[6,7]

Hydrogen which is present in such metals as titanium,
zirconium and its alloys in excess of the terminal solid
solubility forms metal hydrides and causes serious embrittle-
ment of the metals and alloys. The maximum permissible value
for hydrogen in zirconium and its alloys for nuclear applica-
tion is 0.0025 % by weight. Therefore, an accurate determina-
tion of hydrogen is of considerable industrial importance.

Hot extraction methods are commonly used for the purpose.
However the results obtained are highly dependent upon the
extraction conditions. In order to test the accuracy of the
hot extraction results, independent analysis techniques are
required.

IDMS has been investigated for the absolute determination
of hydrogen in metals using deuterium as spike. The results
were found to be dependent upon the recovery of the isotopic-
ally equilibrated hydrogen because of the isotope effert on the

solubilities between hydrogen and deuterium in the metals.
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As hydrogen is more soluble than deuterium, the isotope
composition of hydrogen in the gas phase differs significant-
ly from that in the solid sample in the isotopic equilibrium.
When the values of recovery are less than 10 7 of total amount
of the equilibrated hydrogen, analytical values become about
14 7 lower than the true value. The recovery over 70 %Z of the
total amount assures accurate result.

On the basis of above findings, a simple vacuum apparatus
has been developed for the isotope equilibration between
deuterium and hydrogen in metals. The apparatus is shown in
Fig. 2. The sample was equilibrated with a known quantity of
deuterium at 850 °C for 20 min. More than 90 % of the result-
ing equilibrated hydrogen gas was recovered using the mercury
transfer diffusion pump in order to eliminate systematic
errors caused by the isotope effect. Application of this
technique to NBS and JAERI standard samples yielded results
that were in good agreement with the certified values. The

results are shown in Table 2.

1.2.3 Verification of Certified Sulfur Values in Steel
Reference Materials

Sulfur present in metals and alloys even at trace levels
often changes their properties significantly, so that a rapid
and accurate determination of sulfur is indispensable for
production control. Combustion methods are most commonly used
for such analyses, but their accuracy depends greatly on the
reference materials used for calibration. The gravimetric
method employing barium sulfate has been used for certifica-

tion despite its lack of semsitivity and accuracy. Samples
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containing less than 0.005 7 sulfur can not be analyzed by
this method.

A procedure has been developed at this laboratory utiliz-
ing IDMS for the accurate and precise determination of sulfur
in steels and heat-resisting alloys. And IDMS has been
already applied to the various materials including zirconium
and its alloys [1,2,3]. ;n 1979, the National Bureau of
Standards (NBS) asked JAERI to perform IDMS analyses on five
of their steel Standard Reference Materials (SRMs) for the
certification of sulfur wvalues.

Through correspondence, a significant discrepancy between
the sulfur results obtained in the two laboratories (JAERI and
NBS) was observed. The results are given in Table 3. The
cause of the large discrepancy between the two sets of IDMS
results for SRM 362 and 364 has been traced to the difference
in the dissclution techniques adopted by the two laboratories:
the open beaker dissolution (JAERI) and the sealed tube dis-
solution (NBS) [4]. It was found that part of the sulfur
present in these samples was lost as sulfur dioxide during the
open-beaker dissolution, and was suggested that when the
sealed-tube dissolution technique was used, any sulfur dioxide
evolved in the closed vessel was absorbed and oxidized to
sulfate by the acid mixture (HNO3-HC1l) at high temperature and
pressure. Despite the use of the sealed tube dissolution
technique, the small discrepancy continued to exist. Prerins-

ing of the samples with water, ethanol and acetone prior to

analyses was found to be contributed to this discrepancy,
A significant amount of elemental sulfur which was easily

removed by the rinsing was found to be present on the surface
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of most sample chips. Depth distribution of sulfur in some
of the standard chip samples was exémined. And the sulfur
concentration in the vicinity of the surface was found to be
extremely high. Most of the sulfur in steels is known to be
present in the form of iron sulfide and manganese sulfide.

It was therefore assumed that the metal sulfides migrated to
the surface and were gradually oxidized by atmospheric oxygen

to elemental sulfur:

2MS + 0, ---- 2MD + 28
The free energy changes of this reaction are AG = -36.9 kcal/
mol for manganese sulfide and AG = -35.4 cal/mol for iron

sulfide, so it can take place spontaneously.

Sulfur in 26 steel reference materials from BCS, JSS and
NBS was determined by IDMS applying both the sealed-tube and
open-beaker dissolution techniques. All the results obtain-
ed by the use of both dissolution techniques agree with each
other except for NBS SRMs 362 and 364. The results are shown
in Table 4, the open beaker results are included in calcula-
tion of averages except for NBS SRMs 362 and 364. It seems
that the sulfur present in most samples can be completely
converted into sulfate by the conventional open-beaker dis-
solution technique. The results are in good agreement with
the certified values for BCS samples and the recent or revised
certified values for JSS and NBS samples. The ratios of the
results to the certified values are 1.00 + 0.04 for BCS samples,

0.97 + 0.04 for JSS samples and 0.97 £ 0.03 for NBS samples.

(K. Watanabe)
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Table 1 Summary of Sieverts' constants in the solubility
equations for the group IVa metals:
3 . . -1/2

lnk = a + b(107/RT) (k = atomic ratio x Pa H

R = 8.314 JK ‘mol™l)
System temp. range (°C) a b
a-Ti-H 426 - B38 -11.568 + 0.060% 44.51 + 0.42*%
o-Ti~D 420 - B46 -11.625 4+ 0.049 43.82 + 0.35
B-Ti-H 897 - 971 =11.283 + 0.480 46.59% + 4.80
B=-Ti-D 897 ~ 973 ~12.095 + 0.434 53.99 + 4.36
o-Zr-H 483 - 752 -12.069 + 0.188 54.5% + 1.32
a-Zr-D 495 - 749 -12,149 + 0.148 54.38 + 1.07
R-Zr-H 871 - 938 ~12.564 + 0.806 67.05 + B.85
B-Zr-D B69 - 3540 -12,500 + 0.599 65,59 + 5.86
a~Hf-E 450 - 635 -10.897 + 0.18%5 34.78 £ 1.33
a-HE-D 446 - 634 -11.237 + 0.094 36.35 + 0.62

* Values are simply the statistical error (2qg).

Table 2 Determination of hydrogen in titanium, zirconium

and its alloy standard samples

Samplea Hydrogen (pg/q)
Certified value present study, n

NBS SRM .

357, zirconium 19 + 3 19.7 + 0.4° 4
358, zirconium 107 + 3 107.2 + 6 4
1086, titanium 116 + 3 113.8 + 4
1087, titanium 57.5 + 2.5 56.1 + 0.4 5
JAERI

Z-8, zircaloy-2 - 7.5 + 0.7 6
7-10, zircaloy-2 (8.2 + 1.1)° 9.3 + 0.4 5
z-17, zircaloy-2 - 15.8 + 0.5 !
Z-18, zircaloy-4 - 13.4 + 0.6 4

a. Sample sizes were 0.3 - 1.0 g.

b. Value is standard deviation.

¢. Mean value obtained at the Sub-Committee on Reactor Materials,

JAERI.

Nine laboratories participated in the determination;

all used vacuum hot extraction method.
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Table 4 Determination of sulfur in steel reference materials

and elemental sulfur on the samples

Average IDMS values,

Certified values pglegt Elemental Mn content,
sulphur, (certified
Sample Year % {as received)  (rinsed) uglg value, %)
NBS
32e, Ni-Cr stecl 1957 0.021 204 180 18 0.798
33d, Ni-Mo steel 1955 - 0.010 94.2 90.0 3 0.537
72[, Cr-Mo steel 1957 0.024 219 206 17 0.545
133a, Cr-Mo steel 1956 0.329 _ 3300 2720 594 1.03
361, low-alloy steel 1970 0.017* 144 132 14 0.66
362, low-alloy steel 1970 0.038 359 3588 0 1.04
363, low-alloy steel 1970 0.009* 67.5 64.4 2 1.50
364, low-alloy sieel 1971 0.029* 251 2468 3 0.25
365, electrolytic iron 1970 0.006* n.d. 56.1 0 0.0056
BCS
21111, 13% Cr rustless steel 1958 0.032 316 310 0 0.32
219/4, Ni-Cr-Mo steel 1977 0.027 267 257 5 0.81
232/2, carbon steel 1970 0.126 1250 1200 57 1.18
241/2, 9.9% W high-specd steel 1968 0.025 234 216 1t 0.27
402, low-alloy sleel 1971 0.023 245 236 8 0.19
403, low-alloy steel 1971 0.036 363 350 6 1.69
455, mild steel 1974 0.061 620 618 Y 0.09
495, 13% Mn steel 1972 0.014 138 125 6 13.6
LK
152-4, alloy stee] 1971 0.022 193 189 7 0.42
2432-5, carbon stecl 1973 0.031 303 281 4 0.72
508-2, Ni-Cr slec 1968 0.017 157 151 4 0.49
150-7, low-alloy steel 1979 0.034 328 n.d. 3 0.1}
15i-7, low-alloy steel 1979 0.017 164 nd. 13 1.48
152-7, low-alloy stecl 1979 0.043 425 n.d. 30 0.42
150-6, low-alloy steelf 1979 0.035 348 — — 0.1
151-6, low-alloy steclq 1979 0.017 166 — — 1.48
152-6, low-alloy steely 1979 0.043 440 — — 0.42

n.d. = not determined. _
*Most recent certified values are 0.015% for SRM 361, 0.0068%; for SRM 363, 0.025%; for SRM 364 and 0.0036%, for SRM

365.
Average for two or more determinations; relative standard deviation better than 1%.
§The resulls obtained by the open-beaker dissolution are 301 ug/g for SRM 362 and 213 ug/g for SRM 364.

Disk samples for spectroscopic analysis.
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1.3 Determination of Gaseous Elements in Reactor Materials

1.3.1 Determination of Hydrogen in Lithium Oxide by Hot
Extraction with Carbon Monoxide[1]

Lithium oxide is one of the candidate materials as a blan-
ket in nuclear fusion reactor. Physical and chemical proper-
ties of lithium oxide are affected by the presence of impurity
hydrogen and in most cases hydroqen are not favcurable. A new
method for the determination of hydrogen in lithium oxide has
been established. Hydroagen in lithium oxide exists mainly in
the form of hydroxide, which is formed from lithium oxide and
atmospheric moisture during storage. The lithium hydroxide
liberates hydrogen gas when it is heated in carbon monoxide
and changes into lithium carbonate ;

2 LiOH + CO = Li2CO3 + H2

Hvdrogen evolved can be determined by means of ¢gas chro-
matography. In the method developed, carbon monoxide is used
not only as chemical reactant bu£ alsoc as carrier gas.

Schematic illustration of the apparatus used is shown in
Fig. 1. One hundred to five hundreds mg of sample is placed
in a reaction tube (15 mm in diameter, 200 mm long). Stream
of carbon monoxide is passed through the tube at the flow rate
of 80 ml/min, and then the tube is heated at 390 °C for 15 min.
The hydrogen evolved from the sample is determined by using a
thermal conductivity detector.

Evolution behaviour of hydrogen was found to be influ-
enced by physical properties of lithium oxide, e.q., density,
Specific surface area and degree.of sintering. Lithium carbo-

nate did not interfere with the determination of hydrogen.
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The lower limit of determination was 0.002 wt % for 500 mg of

sample. Although the time required.for the analysis depended
on the amounts of sample used, in general, it took about 20 min
afﬁer weighing the sample under a dried atmosphere in gloved
box. Hydrogen contents in actual lithium oxide samples were
0.028 to 0.7 wt % as indicated in Table 1. The proposed method
may also be applicable to the determination of hydrogen in

sodium and potassium oxides.

1.3.2 Determination of Carbon in Zircaloy 2 and Zircaloy 4[2] -

In the course of certification of carbon values for Zir-
caloy 2 and Zircaloy 4 reference materials, it was found that
analytical results obtained by the conventional combustion
methods were affected significantly with many factors such as
fluxes, size of sample chips, and washing and drying of sample
as treatments of sample prior to analysis.

In order to check the accuracy of the combustion methods,
an acid decomposition method usiné HF-HNO, was also studied.
Analytical results obtained by the acid decomposition method
were in a good agreement with those by the combustion methods.
This agreement may show that all the carbon in zircaloys exists
in the form of combined carbon, because only combined carbon
can be determined by the acid decomposition method. The pre-
paration and certification of zircaloy reference materials for

carbon are described in 2.2.

1.3.3 Thermogravimetric Analysis of Titanium- and Scandium-

Deuterium Targets{3]

Titanium-deuterium (Ti-D) and scandium-deuterium (§c-D)
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targets which were used as a source of 14 MeV neutrecn in a
performance test of Fusion Neutronics Source (FNS) were pre-
pared by heating at 400 °C and 600 °C, respectively, in a deu-
terium atmosphere of about 70 kPa for two hours. The amounts
of deuterium absorbed in the targets were determined by an
impulse heating-argon carrier gas extraction-gas chromatogra-
phic method. The atom ratios of deuterium to titanium and
scandium of the targets were 1.24 and 1.29, respectively.
Thermal behavior of the Ti-D and Sc-D targets was exam-
ined by thermogravimetric analysis (TGA). TGA curve of the
two targets are shown in Fig. 2. Weight loss due to deuterium
rélease for the Ti~-D target is observed at 400-570 and 570 -
720 °C, and that of the Sc-D target is observed at 630 - 765 °C.
On the other hand, FNS group feported that the release of
deuterium from the Ti-D target occurred at 120 °C and that
from Sc-D target was negligible at 380 °C in their experiments.
when the target was bombarded with proton beam. The discré—
pancy in the temperature of deutefium release for the Ti-D
target at the two laboratories is assumed to be caused by the
different experimental conditions adopted, i.e., with and

without proton beam.

(& .Hoshino)

Publication List

[1] Hoshino, A., Iso, S., Ito, M.: "Rapid determination of
hydrogen in lithium oxide by carbon monoxide carrier gas
method", (in Japanese), Bunseki Kagaku, 33, 226 (1984).

[2] The Comm. on Anal. Chem. of Nucl. Fuels and Reactor Mat.,

JAERI : "Determination of carbon in Zircaloys", ({(in Japa-
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nese), JAERI-M 83-035 (1984).

[3] Hoshino, A., Iso, S., Ito, M.: "Preparation of deuterium

target and determination of deuterium in the targets”,

(in Japanese), JAERI-M 83-110 (1983).
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Fig.1 Schematic illustration of the apparatus for

the determination of hydrogen in lithium oxide

l:Carbon monoxide vessel, 2:Argon vessel, 3:Flow
meter, 4:Hydrogen injection point for calibratioen,
5:Reaction tube, 6:Furnace, 7:CGas chromatograph,
8:Thermal conductivity cell, 9:Silica gel tube,
10:Recorder, ll:Integrator, 12:0xygen vessel,

13:Burner for carbon monoxide
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Rate: 4°C/min

Ti-D target

Aw

w—== g5c-D target

100 200 300 400 500 600 700 800

Temperature, °C

Fig. 2 TGA curves cf Ti-D and Sc-D targets

Table 1 Analytical results of hydrogen

in lithium oxide samples

Sample Sample taken,mg Hydrogen, %
A 110.3 : 0.75
116.3 0.63
144.9 0.74
96.1 0.70

»
0.71% 0.05%

B 452.1 0.029
398.3 0.034
460.5 0.025
401.3 0.025

*
0.028% 0.004%

C 199.3 0.18
137.7 0.20
293.0 0.17

»
0.18%+ 0.01%

A,C: Chemical reagent, B: Sintered powder

# Standard deviation
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1.4 Analytical Chemical Studies of Plutonium and Uranium

1.4.1 Study on Hydrolysis of Plutonium(III), (IV), and (viy [1}

Plutonium ion which exists at such high oxidation states
as Pu(III), (IV), and (VI) in the aqueous solution readily
hydroiyzes and forms hydroxide-polymer and -precipitate.

The formation of plutonium hydroxide frequently causes unexpected
error 1in the analytical aperations such as the chemical sepa-
ration and the detection. Hydrolysis also influences the
diffusion behavior of plutonium in the environment and in the
human body. Many studies on hydrolysis of plutonium, therefore,
have been done in the field of solution chemistry, analytical
chemistry, and nuclear technology. Despite these great efforts
there remains much uncertainty in the details of the hydrolysis
or polymerization of plutonium.

In this work, the hydrolysis behavior of Pu(III), (IV},
and (V1) in nitrate or chloride solution was studied by alkali=-
metry. The size of the plutonium hydroxide precipitate formed
in the solution was investigated by the filtration of the
precipitate. The chemical form of the hydroxide was estimated
by consulting with the reported values of hydrolysis constants
and oxidation-reduction potentials of plutonium ions.

Figure 1 contains the relations between pH of the solution
and the volume of the tit;ant, when 0.5 M nitric acid or hydro-
chloric acid solution with about 10_2 M Pu(III), (IV), or (VI)
was titrated by 0.1 M sodium hydroxide solution.

The recoveries of plutonium{(III)~ or (IV)- hydroxide
precipitate ( Fig. 2 ) were investigated by filtrating precipi-

tate formed at various pH by using filters of different pore
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Vol. of 0.1 mol-dm™ NaOH

Fig. 1 Titration of plutonium with sodium hydroxide.

Solutions to be titrated: 50 ml of 1.29x10 % M

Pu(Iv) {(b,c), Pu{Iii) {(d-g), and Pu(vi} f{(h,1i),
in 0.5 M HNO3 (b,d,e,h) or 0.5 M HCLl (c,f,qg,1),
with (4,f) or without (b,c,e,g-1i) deaeration

a: blank (0.5 M HNO3 or HC1)

sizes.

In the deaerated nitrate or chloride solution ofwlO_2 M
Pu(IIIl), polymeric precipitate of [Pu(OH)2]+ was formed at pH
higher than 6 or 7, which corresponds to the pH-plateau in the
titration curves d and £ in Fig. 1. When the concentration of

4 M, the polymeric hydroxide was precipitated

Pu(III) was ~10
in nitrate solution of pH higher than 3 and in chloride solution
of pH higher than 3, and when the concentration of Pu(III) was

~107°

M, the hydroxide was precipitated in both nitrate and
chloride solutions of pH higher than 2. Since Pu(III) of such
a low concentration as less than «/10—4 M was readily oxidized

to Pu(IV) by oxygen dissolved in the solution, the precipitate
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formed was identical to that of Pu(IV). Plutonium(III} in
the nitrate solution was oxidized more rapidly than that in
the chloride solution. The size of the precipitate was 10-

40 um in diameter.

Fig. 2 Recovery of
100 pu(IV)- and Pu(III)-
2 80t hydroxide precipitate
T~
- a0k
% 22~ (a) Pu(IV)
& Concentration of Pu
20 in 0.5 M HNO,:
0 1,4-8; 2.58x10 % M,
0 2,9,10; 1.20x10°% m,
3, 1.29x107°0 M
100} Pore size of filters:
1-3; 0.45 um,
80 4; 3 um,
60 5,9; 5-10 um,
40} 6,7,10; 20-30 jum,
2 20l 8; 40-50 um “
S
-
2 100f (b) Pu(1Il)
2 gol Medium: (b-1}; 0.5 M
HNO., ,
60 (b—g); 0.5 M
40+ HC1
201 Concentration of Pu:
0 1,3,5,7 ; 2.58x10°% m,
0 2,4,6,8; 1.29x107° M,

3,4,7,8: with deaera-
tion,

1,2,5,6,: without
deaeration,

Pore size of filter:

0.45 um
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2

6_107% m

In nitrate or chloride solution containing 10~

2+ was formed at pH

2+

.Pu(IV), polymeric precipitate of [Pu(OH)z]
higher than about 2. The precipitate, [Pu(OH)2] formed in
the chloride solution changed to [Pu(OH)3]+ by consuming one
mole of hydroxide ioen in the solution at pH 4-6.( see titration
curve c in Fig. 1 ). The size of the precipitate formed in

4 M pu(Iv)

the nitrate solution, pH 10, of ~1078% M and ~ 10"
were 5-20 and 10-40 pm in diameter, respectively, whereas that
of the precipitate formed at pH 4 was slightly smaller than those.
In nitrate and chloride solutions of Pu(VI), Pqu(OH)2 was
formed at pH higher than 5. Although hydrolytic Pu{VvI) was
not precipitated even when the concentration of Pu{VI) was 10"2
M, PuOZ(OH)2 was quantitatively coprecipitated with hydrolytic
precipitate of Pu(IV) when Pu(VI)/Pu(IV) ratio in the solution

was less than 0.2.

1.4.2 Determination of Uranium-oxygen Ratio in Non-stoichio-
metric Uranium Dioxide Based on Dissolution with Strong
Phosphoric Acid

The uranium-oxygen ratioc, 0/U ratio, in U02+x is one of
the most important factors which influence the compatibility
between the cladding and the fuel, the fuel safety, and the
fuel economy. Physical techniques for the analysis of the
oxidation state such as X-ray diffraction analysis, X-ray photo-
emission spectrometry, and the measurement of electromotive
force have some limitations, one of which is that these methods
substantially need reference material having identical compo-
sition with that of the sample in order to calibrate the methods.

The chemical methods for oxidation-state analysis of
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uo on the other hand, seem to be promising because these

2+x’
are quantitative in their principles and they don't require

the reference material, and therefore, they will be an independ-
ent and referee method to the physical methods as above.

The chemical method developed in this work is grounded on

the fact that UO is dissolved with strong phosphoric acid

2+x%
(SPA) producing uranium ions whose oxidation states are the
game as those in the solid U02+x' The 0/U ratio can be

calculated from the amounts, A, of U(VI), A , and of U(IV),

U (V1)
AU(IV)’ in the SPA solution with the aid of the following
equation,

o/ = 2 + [ Ayryry / { Byny * By ) ]

on the assumption that UO2+x is the mixture of U02 and UO3.
The amounts of U(VI) and U{(IV) were determined by spectro-
photometry and/or electrochemical method.

The spectrophotometry of U(VI) and U{(IV) in the SPA solution
was improved{2]. For the determination of U{(VI), the large
absorption in the wavelength region between 280 and 330 nm was
measured where U(IV) has no absorption at all. In order to
avoid any unexpected interference by impurities and/or colloidal
polymers of U(IV)-phosphoric acid, the absorbances both at 290
and 310 nm were employed to determine U(VI). The proposed
procedure can be applied to samples of 0/U ratios 2.001-2.67.
The reproducibility, related to the ratio, is + 0.0002.

The distribution of the oxidation states of uranium in the
UO2+X pellet was evaluated by dissolving the pellet with a
continuous flow of SPA from surface to bulk and by determining
the dissolved U(VI) and U{IV) consecutively by two-step flow-
coulometry[3]. A schematic diagram of the apparatus used is
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shown in Fig. 3. After setting the pellet in the sample room
(a), it is rotated at a rate about 100 rpm. The SPA deaerated
ig allowed to flow using a micro pump(f) as indicated by broad
arrows. Upon heating of the sample room at 180-200 °C,
dissolution of the pellet begins with yielding U(VI) and U(IV).
After the resulting solution is diluted to 3-6 times in a
mixing room(h) with diluted‘SPA, the solution is introduced
into the two-step flow-coulometric column electrode(]).

Uranium (VI) in the solution is reduced quantitatively to U(IV)
at the first-step column electrode, E-I, of -0.6 V vs Ag-AgCl
reference electrode(SSE). Then at the secoﬁd column electrode,
E-II, of +0.85 V vs SSE, U(IV) which is both the reduction
product at the E-I and the dissolution product of U0, is
oxidized to U(VI). The ratio of the current at the E-I to
that at the E-II at a given time is calculated to the 0/U ratio

at the dissolving surface at the time.

Mixing Room ()
_ H, Gas Gas- leak.
Rotator (d} Buret (m) Vaive ()}

Quartz Capillary [
Motor (e) (b} ' (k)
Heater (g} {d)
F’ump {f) wooooal LA
—_— BEEN == E-[{E-IFS—= Drain
)

Fam)
= S -
Strong Phosporic Acid \E: U L (c) Two - step
{SPA) ta) ' Flow Coulometry {j)}

Pump
i)

% Diluted SPA _f

Sample

{ Pefiet}

Fig. 3 Schematic diagram of apparatus
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The proposed method was applied to the analysis of radial
distribution of the 0/U ratio in the UO2+X pellet. The oxidized
surface of about 20 A of UO2+X pellet which had been stood for
about 10 years at room temperature in air was estimated to be
U0y g5 - and the 0/U ratio decreased toward the bulk until 0.1
am. After the pellet was neated for 10 h at 300 or 430 °C in
air, the oxidized surface layer increased to about 8 um or
about 820 um, respectively;

The 0/U ratio and alsoc its distribution in the pellet may
change'by the neutron irradiation, and therefore, it is desired
to determine the 0/U ratio in the UO2+X not only before but also
after the irradiation. The applicability of the chemical method
based on dissolution with SPA to the determination of the 0/U
ratio in the irradiated U02+X was investigated[4]. To know the
distribution of the 0/U ratio in the sample pellet, a piece of
uo,, . was taken out from a given part of the irradiated UO, .
and the sample pliece was dissolved with SPA. It was confirmed
that the oxidation states of uranium did not change through the
sampling and the dissolution procedures, even in the presence
of fission product elements and the radioactivity.

The stability of U(vI) and U(IV} in SPA solution in the presence
of radioactivity were investigated. For the determination

of U(VI) and U(IV}) in the solution, two methods based on
different principles, i.e., spectrophotometry and flow-coulometry
were emploved to avoid unexpected error. The interfefence from
plutonium and fission product elements in the determination

was reduced by the pre-electrolysis of the diluted SPA solution.
The proposed methods accompanied with spectrophotometry and

flow-coulometry were feasible for the 0/U ratios of more than
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3 MWd/t burnup and more than

2+x
4

2.001 in U0, . o with less than 1x10° MWd/t, respectively.

2.01 in UO with less than 5x10

1.4.3 Determination of Plutonium by Solvent Extraction-Liquid
Scintillation Methodl[5]

A combined solvent extraction-liquid scintillation method
was developed for the determination of plutonium. The quenching
effects by eleven phosphorous compounds, eight amine compounds,
and five beta-diketone compounds were examined with respect to
the relation between the degree of the guenching and their
molecular structures. Among compounds investigated the organo
phosphorous compounds such as tributylphosphate (TBP), bis-
(2=ethylhexyl) phosphoric acid (HDEHP), and tri-n-octylphosphine-
oxide (TOPO) were shown to be least guenching. Choosing TOPO
as an extractant, the recommended procedure for the deter-
mination of plutonium was established as follows; To 7 M
nitric acid solution (10-50 ml) containing 0.1 ng-2 sng plutonium
5 ml of 0.1 M TOPO-xXylene is added and plutonium is extracted
into the organic phase. This procedure is repeated twice.
Organic phase is transferred into 20 ml of glass vial and 5 ml
of xylene containing 60 mg of 2,5-diphenyloxazole (PPO) is
added and counted on a ligquid scintillation counter. The count
rates of alpha-ray were proportional to the amounts of plutonium
from 0.1 ng to 2 ng, and phe standard deviation was 5 % from
1 ng to 2 ng, and 10 % from 0.1 ng to 1 ng. The quenching by
diverse inorganic ions and the effects of the radicactive

elements were also investigated.
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1.4.4 Determination of Uranium and Plutonium in Solution by
Energy-dispersive X-ray Fluorescence Analysis[6]

An analytical system of energy-dispersive X-ray fluore-
scence spectrometer and glove box was constructed.
The beryllium window of 4 jm thickness was mounted in the optical
pass between sample solution and X-ray detector. Uranium from
100 pg/ml to 5 mg/ml was determined with 1 % of relative stand-
ard deviation by using the L« 1,2 lines, and plutonium from
500 pug/ml to 5 mg/ml was determined with 2 %. The self absor-
ption by uranium or plutonium of more than 5 mg/ml were corrected

by using Pb(NO as the internal standard. Measuring the

3)2
intensity ratio of ULX, , or PuLC’il , to PbLO(l 5s WP to 200

r r r
mg/ml of uranium and up to 20 mg/ml of plutonium were determined
with the relative standard deviations of 1 % and 2 %, respect-
ively.

( 2. Yoshida and Y. Baba )
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[2] Kihara, S., Adachi, T., Hashitani, H.:"Spectrophotometric
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1.5 Studies on Atomic Spectroscopy

1.5.1 Wavelength Shift Phenomena in an ICP

Atomic emission spectroscopy using an inductively coupled
plasma (ICP)} as light source, ICP-AES, 1is widely and accelera-
tively spreading to many different fields because of its
excellent analytical characteristics such as high sensitivity
and precision, wide analytical dynamic range, less chemical and
ionization interferences, and sequential or simultaneous multi-
element determination. In order to know the physical (spectro-
scopic) characteristics — temperature and electron number
density — of the ICP which produces the above-mentioned
excellent analytical characteristics, we have investigated on the
observation of spectral line profiles emitted by an ICP[1].

Profiles of 16 spectral lines stemming from 8 elements (Ar,
Na, Cu, Sr, Cd, Ba, Mg and Li) emitted by an ICP have been
observed and measured with a pressure-scanning Fabry—Perotrinter—
ferometer. In the process of profile observations, we have found
wavelength shifts of spectral lines in an ICP and for the first
time studied this phenomenon quantitativelf and systematically
in a spectrochemical source. The profiles of spectral lines
emitted by the ICP have been compared with those emitted by
hollow cathode lamps (HCLs}). The magnitude of the wavelength
shift to the red or the blue varied more or less with the piasma
conditions, observation position and the concentration of a
concomitant, cesium. In the present work the observed line
profiles were not deconvoluted for the apparatus profiles.
Typically the order of magnitude of the wavelength shift measured

for spectral lines that show large shifts at an observation

_— 37_
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height of ca. 4 mm in an "analytical" ICP is n x 10_3 nm, where
n is ca. 4 for Ar I 427.2 nm and ca., 1 for Cu I 521.8 nm and Sr
430.5 nm. With regard to the wavelength shift, several trends
and/or regularities were found. The Stark effect is considered
the main cause of the phenomena.

The profile observation results obtained for each spectral
line are summarized in Fig. } and Table 1 for the Ar I 427.2 nm

line and in Fig. 2 and Table 2 for the spectral lines of metal

IT

as

species introduced with carrier gas, respectively. Table 3 shows

the effect of concomitant Cs concentration on the Ba I 553.5 nm
and Ba II 455.4 nm line profiles. The three different ICP condi

tions examined in the observation of Ar I 427.2 nm line profiles

i
sl % o8- 04F
< 1 i
> 0+ E a7t € 03f 5
? c 2 o l
2 2 i 3 £ 3
£ 20t 3 osf - oo2r
ERE R g &
3 10} .5+ otk
I
S
[ ) SV N W N - Qal—— 1 1% 1 HCLOLD—— 1
‘Q 10 20 9] 10 20 8] 10 20

Qbservation height above load coit, mm

Fig. 1. Emission intensity, halfwidth and wavelength shift of the Ar [ 427.2 nm line vs observation

height above the load coil (curve 1— ICP (1), curve 2— ICP(2), curve 3 ICP(3)). The magnitude of

wavelength shift is derived from the central wavelength of the Ar I 427.2 nm line emitted by an Ar-
’ filled Ca—Mg HCL (HCL Q).

Table I Effect of observation position on the wavelength shift of Ar[427.2 nm
line emitted by ICP{(2)

Q.p* O.H.' (mm) Shift cm™')  Hlustration of each O.P.*
1 140 0
2 140 0015 /
3 140 0.020 /
4 3.0 9127 0 —
5 8.0 0139 0012
6 3.0 0169  0.042 -

*Observation position.
* Observation height above load coil.
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were the following:

WQVICP(I): without carrier gaé (without axial channel}.

— ICP(2): water was nebulized and introduced with carrier gas
(routine ICP, incident rf power of 1.6 kW, argon gas flows of
10.5, 1.5 and 1.0 1 min-1 for the outer, intermediate and
carrier gas, respectively).

— ICP(3): no water was ngbulized but carrier gas was introduced

(the aspiration tube was plugged).

The conclusions of the trends and/or regularities of the
wavelength shift phenomena found can be summarized as follows:

(1) In general, the central wavelengths of spectral lines
emitted by the ICP tend to shift to the red in comparison with
those emitted by HCLs.

(2) Depending on the observation height, however, central
wavelength shifts to the blue have alsc been found, again in
comparison with HCL lines.

(2) The magnitude of the wavelength shift of spectral lines
increases with decreasing observation height. This suggests
that the strength of the electric field increases with decreasing
observation height and as a result the terms involved in the
spectral transitions suffer more severely the perturbation effect
of the electric field at lower positions in the ICP.

(4) The Ar T 427.2 nm line profiles show that the wavelength
shift to the red increases not only lower in the ICP but also
towards the periphery of the ICP. These enhancements may be
related to the strength of the electric field.

(5) The magnitude of wavelength shift for spectral tran-
sitions to an intermediate level tends to be larger than that for

transitions to the ground state.
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= " e 5r1430.5 nm
73]
I HCL 0 LT
Cul 510.5nm //
0.01 0.1r'(¢)
Cdl 479.9 om
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Observation height above lead caoil , mm

Fig. 2 Wavelength shift vs observation height above the load coil for the Na, Cu, Srand Cd spectral

lines emitted by the routine ICP. (a), (¢}, (d) and (e} the magnitude of wavelength shift is derived from

the central wavelength of each spectral line emitted by HCLs (HCL 0), (b): the magnitude of the

wavelength shift is derived from each centrai wavelength obtained at 13.5 mm of observation height
above the load coit.

Tabie 3 Effect of concomitant Cs concentration on the Bal 553.5 nm and Ball 455.4nm iine

profiles
Relative int. Halfwidth (em ™) Shift {em™")
Solution conc.
(ﬂg rni - ]] * + * + * +
1 Ba 10+ Cs 0 9.15 13.7 0.122 0.173 0 0
P Ba 10+ Cs 1000 - 147 13.1 0.126 0.176 0.003 0002
3 Ba 10 +Cs 2000 16.5 129 0.126 0.176 0.006 0.004
4 Ba 10+ Cs 5000 18.5 12.1 0.126 0.179 0008 0.006

*Bal 553.5 nm, observation height above Joad coil: 3.5 mm.
* Ba IT 455.4 nm, observation height above load coil: 7.5 mm.



JAERI—M 85— 213

(6) The wavelength shifts to the red for the Ba I 553.5 nm
and Ba II 455.4 nm lines, produced by large amocunts of a concomi-
tant, Cs, may be attributed to the interactions of the emitting
species, Ba, with other charged or uncharged particles produced

in proportion to the amount of the concomitant.

(K.Kato)

1.5.2 Isotopic Analysis by Optical Spectral Methods

Isotope shifts in atomic spectra have been used for the
isotopic analysis of several of the very light and very heavy
elements in the periodic system. Since the isotopic shifts in
the atomic spectra are very small, it is necessary to employ
high-resolution spectroscopic technigues such as large grating
spectrographs, prism-echell spectrographs, or Fabry-Perot inter-
ferometers.

In our laboratory, methods of isotopic analysis for lithium
and uranium were developed. A pressure-scanned plane Fabrjw
Perot interferometer mounted internally within a 0.5 m focal
lJength modified Czerny-Turner monochromator was used. A water-
cooled hollow cathode discharge tube was specially designed as

the excitation source.

A Procedure for Lithium Isctopic Analysis [2]

The isotope shift in the 670.7 nm resonance line of lithium
is used. The line is a doublet with a small fine structure
splitting (0.016 nm). The °Li- 7Li isotope shift is nearly
identical with the fine structure splitting, sc that one
observes three lines for mixtures in orders of increase in

wave-length : the strong component of 7Li, the weak component of
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71.i superimposed on the strong componeﬁt of ®Li, and finally the
weak component of 61,1,

The resonance line has a marked tendency to self-absorption
and the presence of self-absorption makes precise intensity
measurements difficult. Besides, the spectral line width of
iithium is strongly affected by the mass dependent Doppler
broadening, because lithigm is a light element. Therefore,
excitation of lithium atoms necessitates a low temperature
source to minimize Doppler broadening and a low density of atoms
to minimize self-absorption. In this report, the hollow cathode
source loaded with 0.1 mg lithium is excited at currents as
small as 0.8 mA.

A lithium acetate solution containing 0.1 mg of lithium is
evaporated to dryness under an infra-red lamp in a graphite
electrode, which is then loaded in the cathode cavity of the
hollow cathode discharge tube. The discharge tube is operated
in a continucusly flowing atmosphere of pure argon at 1.05 Torr.

A 75 Hz half-wave rectified power supply for operating the

discharge tube is derived through a transformer from the power
amplifier connected with the sine-wave generator. The emitted
radiation is detected by a Hamamatsu R-928 photomultiplier,
whose signals are amplified by a preamplifier and a lock-in -
amplifier.

When a cold trap was_connected to the vacuum system for
continuous purification of argon gas, there was a considerable
increase in the intensity of the lithium resonance line. No
variation 1in the 6Li/ TLi intensity ratio was detected in a
continuous source operation up to 2 hours, during which time a

gradual increase in the intensities of both the lines was
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observed.
Table 4 shows the reproducibilities of the ®Li/ 7Li

intensity ratios.

141 x1072
Figure 3 shows the S'
I~
. ~ 12
working curve S
O
obtained by plotting . 10
o -
the intensity ratiocs g 8
O
versus the isotopic
3
o b
ratios obtained by _?
]
mass spectrometry. i ol
©
According to the sum g 21

rule for intensities,
2 FA ) & 10 P2 14

the theoretical -2
Isotopic ratio, 9Li/’Li X 10
intensity ratio of
Fig. 3 Plot of peak height ratio
the fine structure found vs. isotopic ratio
obtained by mass spectrometry.
doublet is 2:1, and

the weak line of ®Li and the strong line of 71Li are used for the
measurement. The intensity ratio R is calcurated from the
following equation,
R=2T1 /I
bri Tric

Since the‘resulting working curve 1is found to be linear

with unit slope in the concentration range investigated as shown

Table 4 Reproducibility of the method.

Peak height ratio n o Coefficient of

Sample 6Li/ Li : variation %
A 0.06953 6 0.00018 0.26
B 0.06954 6 0.00018 0.26

Here, n is the number of determinations.
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in Fig. 3, the emitted radiation appeafs to be practically free
from self-absorption. The analysis time required per sample is

less than 40 minutes.

A Procedure for the Determination of 235U/ 238y Ratiosl3]

We chose the 502.7 nm line which contains unresolved hyper-
fine structure and is high;y sensitive. Isotope shift of this
line for 235y - 238y is 0.01 nm.

Our previous report showed that the 235y line was nearly
superimposed on a weak line arising from the excitation of a
support gas in the hollow cathode discharge tube. The precision
of the 235U/ 238y ratios was limited at low 235y concentrations
by this interfering line.

In this work, in order to eliminate both this interference
and the background, which is also due to the emission of the
support gas, we employed a technique using a lock-in amplifier
(phase sensitive detecter) with alternating current operatibn of
the hollow cathode discharge tube. When the discharge tube
works in an alternating current mode, the negative glow occurs
at both electrodes of it alternately. During the half-cycle
that the counter electrode is cathodic, only the support gas is
excited in the region of the negative glow. As illustrated in
Fig. 4, the reference signal is applied to the phase sensitive
detector so as to be in phase with the composite signal of the
uranium line and excited support gas, and to be 180 degrees
out-of-phase with the signal of the excited support gas only,
which is inverted by the phase detector and its integrated value
is effectively subtracted from that of the composite signal at

the hold circuit in the amplifier.
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The discharge tube originally designed for use in alter-
nating current is illustrated in Fig. 5. The discharge tube 1is
operated with a 50 Hz alternating current at 40 mA.

A uranyl nitrate scolution containing 2 mg of uranium is
transferred to a graphite electrode, evaporated to dryness, and

ignited to convert the uranyl nitrate to an adhering deposit of

Signals from the tube

N N

\./ \/ 5cm A Graphiic—
B— tube
Reference sigal Teilon 16&5
Fig. 4 Phase setting between

the signals from the Fig., 5 Hollow cathode tube.
hollcw cathode tube and -
the reference signal.

Table 5 Comparison of optical and mass spectrometric results.

. _ Mass
Optical spectrometric spectrometric
Peak height Coefficient 235yu/238y 235y,238y
Sample ratio n of variation atomic atomic
235,238y % ratio ratio
A 0.02251 10 0.38 0.02072 0.020865
B 0.02912 9 0.30 0.02787 0.02784
C 0.03619 10 0.20 0.03552 0.03548
D 0.02832 11 0.34 0.02701 0.02700
E 0.03484 10 0.31 0.03406 0.03423

n is the number of determinations.
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uranium oxide. This electrode is loadéd in the cathode cavity.

It was found that an addition of nitrogen to argon support
gas was very effective to increase and maintain the uranium line
intensities for a long period of time. The maximum intensity
was obtained with a 7:1 (in mole) mixture of argon to nitrogen
at 2.5 Torr.

The isotopic concent;ations of 0.684 to 20.0 a% 235U can
be determined with a relative standard deviation ranging from
0.4 to 0.2 %. Table 5 shows the experimental results compared
with mass spectrometric resﬁlts on slightly enriched samples.
The reproducibility of the 235y/ 238y intensity ratios obtained
by this procedure was nearly comparable to that obtained by
mass spectrometry.

{H.Fukushima}

Publication List
71] Kato, K., Fukushima, H., Nakajima, T.: "Observation of
spectral line profiles emitted by an inductively coupled
plasma - I. On the wavelength shift of spectral lines",
Spectrochim. Acta, 39B, 979(1984).

[2] Fukushima, H., Nakajima, T.: “Spectro-isotopic analysis
using the hollow cathode discharge technique”", Forty-first
Conference on Analytical Chemistry held in Kohchi (1980).

[3] The Comm. on Anal. Chem. of Nucl. Fuels and Reactor Mats.,
JAERI: "A committee report on the state-of-art of uranium
isotope enrichment measurement techniques"”", (in Japanese},

JAERI-M 82-051 (1982).
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1.6 Studies on Faradaic Ton Transfer across the Interface
of Two Immiscible Electrolyte Solutions and Potential-

generating Process at an Ion-selective Electrode

1.6.1 Current-scan polarography at the aqueous/organic
solutions interface

Recently the voltammetry at the agueous/organic solutions
{(w/0) interface has been recognized as the powerful tool for
the investigation of the ion transfer across the interface.
The measurement of the voltammogram feasible for the guanti-
tative analysis, however, is fairly difficult, mainly due to the
distortion of the polarcgrams by considerable ohmic potential
drop (IR drop) involved in the electrolytic cell.

The current-scan polarography with the agueous electrolyte
dropping electrode'(EDE) developed in this work[l] was found
to be the most promissing to obtain the satisfactory voltammo-
gram at the w/o interface.

‘The electrolytic cell for the EDE is illustrated
schematically in Fig. 1. The aqueous electrolyte solution was
dropping upward into the organic solution such as nitrobenzene
from a Teflon capillary (1.4 mm§5x 3 mm) with the mean flow
rate m=0.018 cm3 s_l and the drop time t about 2.2 s. To get
the polarogram, the current,I, between CEl and CE2 was scanned

1 and the potential difference, 4V,

at a rate v=0.5 pA s
between RE1 and RE2 was detected. To compensate the IR drop
between RE1 and RE2, a resistance, Rc' which is equivalent to a
resistance, R, between RE1l and RE2 is put into the current

supplying circuit in series and the voltage, IRC, generated by

RC is subtracted from the potential difference measured between
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Fig. 1 Electrolytic cell

1, aqueous electrolyte dropping electrode;
2, Teflon cylinder with small hole (1.4 mmqax 3 mm)
3, nitrobenzene phase; 4, reservolir for

aqueous solution;
RE1, RE2, Ag-AgCl electrode for potential

measurement;
CEl, CE2, electrode for scanning current

RE1 and REZ2.

Current-scan polarograms obtained are shown in Fig. 2.
Curve 1 is the polarogram when the EDE contains 0.05 M LiCl

and 1 M MgSO, as supporting electrolytes and drops into the

4
nitrobenzene solution containing 0.05 M tetrabutylammonium
tetraphenylborate (rBaTTPBT). Since LiCl and/or MgS0, are
hardly soluble in nitrobenzene and TBA+TPB_ is hardly soluble
in water, the w/o interfa;e is polarized at the potential
region where the current is negligible. Curve 2 was obtained
with the same solution couple as that for curve 1 but in the
presence of both 5x10_4 M tetramethylammonium bromide, TMA+Br_,

4

in w and 5x10 % M t™a*TPBT in o. This polarogram shows the

composite wave due to the following ion-transfer reaction;

— 49 J—
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™Al —— ™Al (1)
The polarogram sharply intersects the potential axis suggesting
that the w/o interface is depolarized at the potential of
zero—-current, since TMA+ is easily transferred from one phase
to the other across the interface. Curve 3 in Fig. 2
illustrates the polarogram obtained in the same condition as

that of curve 2 but without TMA+ in o. The anodic wave in the

polarogram is attributed to the ion-transfer reaction;

TMA; ——— TMA; (2)

Fig. 2 Current-scan polaro-
grams of TMA+ at the agueous
electrolyte dropping

electrode

Supporting electrolyte;

0.05M LiCl+ 1M MgSO4 in
aqueous dropping electrode
and 0.05M TBATTPB™ in organic

phase

(1) without TMA® in both w
and ©

(2) with 5x10
in w and o

(3) with 5x10°% M ™A in w
and without TMA+ in o

* v mat both

4
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The current-scan polarography was satisfactorily applied
to fundamental studies of the ion trénsfer involved in the
solvent extraction systems([2,3] in order to know the extraction
mechanism, and studies of the carrier-mediated ion transfer

at the w/o interface[4].

1.6.2 Voltammetric interpretation of the potential at ion-
selective electrode, based on current-scan polarograms
observed at the w/o interfacel5,6]

The equilibrium potential in potentiometry is attained
when the rate of the anodic reaction is equivalent to that of
the cathodic reaction. The potential at an ion-selective
electrode (ISE) should also be interpreted in terms of the
above mentioned concept, i.e., the ISE potential should corres-
pond to the potential at the solution/ISE-membrane interface
(w/m interface) where the rate of the anodic reaction is

equivalent to that of the cathodic reaction of the ion transfer;

iZ+ — iZ+ (3)

2 m

where i%2% is an objective cation with charge z+ in each phase.

The zero-current potential in the composite polarogram
of iz+, e.g., the composite polarogram of TMA+ as shown in
curve 2 in Fig. 2 corresponds to the potential generated at
the ISE of i%" such as TMA+. It is obvious from results in
Fig. 2 that, only when the membrane {(organic ) phase contains
an appropriate concentration of such objective ion as TMA+,
the w/m or w/o interface is completely depolarized by the

transfer of the ion and the composite polarogram sharply inter-

sects the potential axis giving a stable zero-current potential.
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The zero-current potential

of the composite polarogram

of TMA+ shifts about 60 mV

more negative when the con-—

s + .
centration of TMA 1in w 18
increased one
. +
concentration of TMA 1in ©
is constant ( see curves 3

to 7 in Fig. 3 ).

of the zero-current potent-

ial in polarograms corres-
ponds to the Nernstian
response observed at the
ISE.

The composité polaro-
gram and the zero-current
potential are affected by
the anodic final rise or
cathodic final descent
of the residual current
( curve 11 in Fig. 3 ),
when the concentration
of TMA+ in w is suffici-
ently high or low.
Conseguently, the shift
of the zero-current

potential with the

order and the

The shift

Fig. 3 Polarograms for the transfer
of TMA+ at the w/o interface

Concentration of TMA+Br_ in w (M);

(1,3,9,10)5x10"%, (4)5x107°, (5)5x10™3
(6)5x107%, (7)5x10™ %, (8)5,

(2,11)0

Concentration of TMATPB™ in o (M) ;
(2-8)5x10" %, (9)1x10™>, (10)5x10” 3,
(1,11)0

Supporting electrolyte in w; 1 M MgSO4,
in o; 0.05 M TBATTPB”

. ' + . ; i
concentration of TMA is small in these concentration ranges.

The dynamic concentration range detectable at the ISE is
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restricted by the same process as that which controls the shift

of the zero-current potential as mentioned above. The interfer-

ence from a second ion jz+ in the ISE measurement of iZ+ can’
be explained by considering the effect of jZ+ in w on the zero-

‘current potential in the composite polarogram for 1%

The role of an ionophore in the membrane of the ISE'can also be

interpreted by considering the shift of the zero-current

potential in the presence of ionophore in o.

Equations which express such characteristics of ISE as

the generating potential, the interference, and the effect of

an ionophore were derived using the polarographic equations for

ion-transfer at the w/o interface.
( z. Yoshida )
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1.7 Determination of Boron in Boronated Graphite Pellets
by Mass-spectrometric Isoteope Dilution and Acid-base

Titrimetry[1l]

I+ is well known that boron contents in so-called boron
carbides are largely dependent on the synthesis conditions.l)
However, boron in homogeneous powder of a boron carblde can be
determined by, e.g., acid-base titrimetry after sodium carbo-
nate fusion with a precision of better than 1 % (relative stan-
dard deviation ; RSD). Isotcpe dilution combined with surface
ionization mass spectrometry has given a better precision when
analyzing B,C particles (40 to 60, and 1000 mesh samples).

An acid-base titrimetric method was re-examined here in
detail. Five to 10 mg of boron (boric acid sclution) was added
to nil to 0.5 g of purified graphite powder containing less
than 0.1 ppm B, 2 to & ml of 5.6 w/v % calcium hydroxide sus-
pension was added and ignited at 900 °C in a fused-silica dish
for 3 to 4 h. The residue was dissolved in 5 ml of 3 M formic
acid, diluted with water to 100 ml, and boiled to expel carbon
dioxide for 3 min.. The solution was allowed to cool to about
50 °C and 0.05 M NaOH was added toc adjust the acidity at pH 6.4
to 7.0. Then, the titrimetric procedure using 0.05 M NaOH fol-

) Repeat-

lowed similarly to that described by Blumenthal.2
ability-precisions of 0.1 to 0.4 % (RSD) were obtained in the
analysis of synthetic mixtures.

The relative standard deviations (five separate pellets)
obtained in the titrimetric results for nine boronated gra-

phite samples containing 1.75 to 8.2 wt % B (particle diameter

of B,C ; 3 to 810 um) ranged from 1.5 %(8.13 wt % B, 270 um) to
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13 & (1.75 wt % B, 3 um).

It was suggested that these large scatters might be caused
by an inhomogeneous boron distribution in a size (0.1 to 0.5 g)
cf samples taken.
(S.Tamura)
References
1) Beauvy, M,: J. Less-Common Metals, 90, 169 (1983).

2) Blumenthal, H.: Anal. Chem., 23, 992 (1951).
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[1] VHTR Progress Report No.21, (in Japanese), informal

communication, (1984).

1.6 Mass-spectrometric Isotope Dilution Analysis of Boron

in Highly-irradiated U-Al-B Alloy Fuel Elements[1]

Analytical chemical procedures for determining bhoron con-
tents and changes in boron isotopic compositions in highly-
irradiated U20-2180-B0.05 alloy nuclear fuel element specimens
were investigated relating with an improvement program study
aimed to gain high burnups of 90 % enriched 235U fuel loaded
in a research reactor (JRR-2}.

Sample specimens ( 0.3 g, about 4 X 109 Bg) were decom-
posed with 10 ml of 1.8 M sulfuric acid. Separate aliquots
weighed from the solution were utilized to determine boron
contents using the isotope dilution analysis followed by Ta
single filament ion source mass spectrometry, to evaluate the

137 235U/238

burnups by the Cs method and U ratio method. Chem-
ical procedures involved the precipitation of Al and U by
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agueous ammonia, batch-wise anion exchange of boron using a
boron-specific resin (IRA-~943, 30 mesh) and methyl borate

distillation. Recoveries of boron from each separation step

137c 106Ru 106Rh

( ),

were studied. Decontamination factors for

lZSSb (125mTe

S,
)}, and whole gamma-rays radiocactivities were
traced in detail. Relative decontamination factors obtained
were more than 5 to 40 x lO3 in the above chemical preccedure.
The alpha- and gamma=-rays activities of separated samples
employed in mass spectrometry were observed as low as natural
background levels. Boron contents in six specimens taken from
different positions of an unirradiated fuel element plate were
determined either by isotope dilution mass spectrometry or
curcumin spectrophotometry. And a significant variation in
the boron contents (518 to 640 ppm B} was found.

Lfter accomplishing a study on unirradiated samples, hot-
analyses were started. The amounts of boron in aliquots of
irradiated sample solutions were 30 tc 40 ung B.  Boron blanks
throughout the whole separation scheme were observed as less
than 0.1 ug B.

Analytical results showed that depleted boron isotopic
data could be plotted in several groups related to different
burnups in the sample positions, but a detailed discussion on
this matter was postponed for lack of a number of data con-

cerned.

(S.Tamura)

Publication List
[1] Tamura, S., Toida, Y., Yonezawa, C., Tamura, K,: "Isctope-

dilution mass-spectrometric analysis of boron in highly-
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irradiated U-Al-B alloy fuel-element specimens", (in Jap-

anese), JAERI-M 8§2-070 (1982).
1.9 Other Activities

(1) The structure of mercury electrodeposited on piatinum[l],
and other metals[2] such askgold,.copper, nickel, molybdenum,
stainless steel, lead or zZinc was investigated by the thermal
evaporation technique combined with atomic absorption spectro-
photometry of mercury. The structure of mercury layer was
correlated with the electrolytic hydrogen evolution reaction at
the mercury-film surface, which closely reflects the electronic
property of the surface. Based on the results obtained, it was
concluded that a nickel-based thin mercury film electrode, Ni-
TMFE, was the mos£ promising for such electrochemical uses as
anodic stripping voltammetry. The electrochemical properties
of the Ni-TMFE were investigated in detail[3}. This new eiec—

trode was applied to the anodic stripping voltammetry of ].0__10

- lO_7 M of lead(II) and cadmium(II) in solution.

(Z.Yoshida)

(2) Titrimetric determinatibn of uranium by Davies-Grays
method combined with the gamma-ray spectrometric determination
cf the 137Cs and 134Cs was performed on the UO2 pellet pieces
taken out from the fuel rods which had been irradiated in JMTR

134 137

[4]1. It was confirmed that Cs/ Cs ratio showed linear

relation with the burnup of the pellet with the relative stan-
dard deviation of less than + 7 %,

{Z.Yoshida)
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(3) Application of X-ray emission induced bv radiocisotopic
alpha-ray to trace analysis was investicated for 11 <z £ 23
by KX-rays, and 30 £ Z € 42 by LX-ravs, respectively. The
lowest detection limit obtained for 40 ksec counting was 1078
g for phosphorus, which is difficult to be analyzed by the X-

ray fluorescence analysis using X-ray tube {5].

(Y.Baba)

Studies on surface analysis of the high temperature
materials relating to thermonuclear fusion are described in

Part 7.2.
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2, PREPARATION, ANALYSIS AND CERTIFICATION
OF REFERENCE MATERIALS
T.Adachi, H.Fukushima, K.Gunji, H.Hashitani*,
*
A.Hoshino, S.Iso, M.Ito, K.Izawa , K.Kato,
"
T.Komori, T.Nakajima , K.Takashima, H.Takeishi,

*
K.Tamura, S.Tamura, Y.Toida and C.Yonezawa

2.1 Reference Materials of Zirconium and its Alloys, JAERI-Z11

to -Z16

2.1.1 Introduction

Several kinds of reference materials have been provided
since 1968, under the cooperation of the Committee on Analyti-
cal Chemistry of Nuclear Fuels and Reactor Materials, JAERI,
essentially for national needs in the field of nuclear science
and technology.

Among these standards, zircaley reference materials,
JAERTI-Z]1 to -Z3 were widely used by many analysts working at
nuclear energy facilities for calibration in X-ray fluorescence
spectrometric (XRF) and in optical emission spectrometric me-
thods, and for validation of the methods newly developed.
Because of a small number of stock and the high demand for
these standards, the inventories were rapidly depleted and the
supply was exhausted within several years after their issue.
In the trade of zircaloy material for cladding tube, however,
some inconsistencies in the analytical values for hafnium hap-
pened to occur. After that, the reason was turned out to be

due to the discrepancy in the standards used for calibration.
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These situations stressed the importance and need for an
accurate standard material. Therefore, we decided the renewal
and started the production of raw materials in March 1974.

One or two years later, National Bureau of Standards, U.S.A.,

planned to prepare new zirconium and zircaloy standard refer-

ence materials, and issued them in 1980 with certificates for

hafnium, based on the results ofrisotope dilution spark source
mass spectrometry (TDSSMS)} and neutron activation analysis

(NAA).

In June 1979, JAERI-Z11 to -Z14 were issued with provi-
sional certificates for alloying elements (Sn, Fe, Cr and Ni),
based on the results obtained by collaborative analyses using
XRF, and for hafnium, based on the result obtained by NAA
carried out at JAERI. In this case, the values of JAERI-Z1 to
-723 were used as calibration standards.

In June 1983, JAERI-Z11 to -Z18 were issued after the
certification through the collaborative analyses of alloyihg
and impurity elements except hafnium. The certificates for
hafnium were obtained by accurate isotobe dilution surface
ionization mass spectrometry (IDMS). The certificate for

JAERI-Z11l to -7216 is shown in Fig. 1.

(T.Komori)

2.1.2 Preparation and Homogeneity Test of JAERI-Z1l to -Z16
(i) Preparation of JAERI-Z11 to -2161[1]
JAERI-Z11 to -%214 are intended for use in the calibration
of apparatus and method used in the analysis of zircaloy for
alloying elements (Sn, Fe, Ni and Cr) and impurity elements

(HE, B, Cd, U, Cu, Mn, Pb, Al, Si, Ti, Mo and W), and available
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in disk form (32 mm in diameter, 20 mm thick and 110 g in wt.).
The raw materials of the standard were obtained from Central
Research Laboratories, Sumitomo Metal Industries Ltd., in March
1078. The material for each standard (Zl}! to Z13) was doubly
melted with a consumable electrode arc furnace in an argon atmo-
sphere and in a vacuum. The material for Z14 was melted four
times in order to obtain the intended concentration for each of
added elements and achieve a uniform distribution throughout
the material. Each ingot obtained by melting was forged,
formed, lathe cut, numbered, and finally processed to each
standard.

The preparation process for each standard is shown in

Figs. 2 and 3.

JAERI-Z15 and -%716, zirconium metals, are intended essen-
tially for use in the analyses of low concentrations of hafni-
um and are available in plate form (30 mm square, 2 mm thick
and 12 g weight). The raw materials of the standards were
obtained from Technical Research Center, Nippon Mining Co.,
Ltd., in September 1976. The zirconium sponge used for 215
and Z16 was obtained by purifying zirconium oxychloride (reac-
tor grade) using thiocyanate-MIBK solvent extraction method.
The zirconium sponge purified thus (hafnium contents ; 2 and
37 ppm) was melted with an electron beam skull furnace. Each
ingot obtained by melting was forged, formed, rolled, washed
with an acid, numbered, and finally processed to each stand-
ard.

The preparation process for each standard is shown in

Fig. 4.
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(ii) Homogeneity test

The homogeneity test was done on the alloying elements by
¥XRF, and on hafnium by NAA, respectively, at JAERI. The cri-
teria for homogeneity were as follows ; (1) the target precision
was set at 1 % or better for the alloying elements by the above
method, (2) that for more than 50 ppm on hafnium at 2 % or
better, and (3) that for less than 50 ppm of hafnium at 5 % or
better. The homogeneity test was done on the samples taken,
in a ratio of ohe to nine , based on the table of random num-
bers. Based on the results of homogeneity test, the range for
distribution was decided..

The specimens in-the form of turnings, which were obtained
from the ranges of the materials satisfying the criteria for

homogeneity test, were used for the collaborative analyses for

certification.

(K.Takashima)
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JAPAN ATOMIC ENERGY RESEARCH INSTITUTE
Certificate of Analysis

Certified Reference Materials
JAERI-Z11, Z12, Z13, Z14, Z15, Z16
Zirconium and Zircaloy

Certified Value

Z1li Z12 ZIi3 Zl4 215 216
%

Sn .83 0.82 [.48B 0.47

Fe 0.208 0.129 0.136 0.083

Cr .04 1| 0013 0.098 0.150

Ni Q.021 0.084 0.058 <0.001

ppm

Hf 71 128 72 220 2 37
B 1.1 3.7 <02 <02

Cd < 0.1 < 0.1 < 0. < 0.1

U 0.8 i1 <05 <0.5

Cu 40 S8 8 b

Co =] 20 <3 438

Mn 5 28 4 7

Pb 2 11 5 3

Al 1S 86 53 |30

Si 57 e5 2| 124

Ti 28 g3 4 3

Mo i0 45 <2 < &

W E3 32 7 43

Additional information
1. Analvtical vaiues for Hf{Average = 3o were : Z11=71.1+05{n=3), Z12=
128.1=0.8(n=3), Z13=72.2=08(n=4), Z14=220.3=15(n=4), Z15=2.0202(n=3),
Z16=37.0£05(n=>5). .
2. Analvtical values for B by ID-MS were : Z13=0.04, Z14=0.17.
_ Analvtical values for U(Averagel were : Z13=034. Z14=0.24,

iv 1983
July Analvtical Chemistry Laboratory,

Japan Atomic Energy Research Institute
Tokai-mura. lharaki-ken. Japan

Fig. 1 Certificate of JAERI-Z1l to Zl6
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Zirconium sponge, Mother alloy

Sampling-«

Briquetting
‘ Briquette (609x65mm, 1 kg)x64

v
Welding

| Electrode (60¢x520mm, 8 kg)x8

v

Primary arc melting
in argon

Ingot

Cutting, lathing, etc.

Ingot (102¢x140mm, 7.3 kg)x8

Welding

Electrode (102¢x1120mm, 5.8 kg)xl

Secondary arc melting
in vacuum

Ingot (1509x400mm, 47 kg)x1

Cutting, lathing, etc.
}— Ingot (1459x320mm, 35 kg)xl

Primary forging at 900°C

Ingot (100¢x680mm, 35 kg)xl

Heat treatment for
grain size adjustment
at 1040°C for 15 min

Ingot
Secondary forging
at 750°C
§ Rod (38$x1200mm, 8 kg)x4

Cutting, lathing, etc.

Disk (329x20mm, 110 g)x130

Sampling-—

Numbering
]

1
1
=711 to Z13

¢ mark shows diameter in mm.

Fig. 2 Preparation process of JAERI-Z11 to Z13
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High purity
Zirconium sponge (3 kg)

I Crushing I

Electron beam melting

ringot forming | (40 ¢, 2.7 kg)

= Scrap { 0.58 kg )

1

Hearth melting

Forging | (930°C)

Forging

Rolling | (2.4 kg)
| Rolling

Cutting \

Scrap I Cuttigg]

(0.94kg)

(30%x30x2mm,12g)
*x130

{
I Numberingl Numbering I

r-—-

—» Z15 and Z16 _ L ->215-1 and Z16-1

Fig.4 Preparation process of JAERI-Z15 and Z16
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2.1.3 Collaborative Analysis

Ccllaborative analysis for ceftification has been carried
out according to the former mode ; (1) Proposal of the method
of determinaticn, (2) Development, verification and training of
the method, (3) Performance of collaborative analysis. The
principle to search for the true value became deeper by adopt-
ing the latest international concépts such as accuracy base
chemical measurements and the hierarchy for methods of deter-
mination. In Table 1, the méthods are summarized. The methods
and modifications proposed for respective elements are as fol-
lows (for Hf, see 2.1.4).
Tin : The precise coulometry was developed as a definitive
method. Iodate titrimetry as a reference method was modified.

Iron : The modified method for determining iron, nickel and

chromium at the same time was proposed.

Chromium : High purity reagent has been used. Sensitivity
gained about 20 % higher but iron interference was same as
that using former reagent.

Boron : Various methods using curcumin were used for the anal-

ysis of the common samples. Curcumin photometry after distil-
lation was finally adopted. The analytical results by isctope
dilution mass spectrometry (IDMS) showed at first some 10 %
higher values than those obtained by the above mentioned meth-
od. It was proved that small amount of spiked boron was co-
Gistilled with water during dissolution. Only sulfuric acid
was used to dissolve the sample in the IDMS method, to avoid

co-distillation of spiked boron.

Cadmium, Copper, Cobalt, Mangenese and Lead : Atomic absorption

spectrophotometry after extraction or ion-exchange separation
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was applied for these five elements using the same solution.

Uranium, Aluminum and Titanium : The new cation-exchange sepa-

ration method using HF—-H3BO3 media was developed (see 1.1).
Silicon : Effect of co-existing zirconium was investigated.
And it was modified so that the calibration curve was made in
the presence of small amount of zirconium.

Molybdenum : The photometric methods were used without modifi-

cation.

Tungsten : The modified thiocyanate-~photometric method was

proposed.
(T.Adachi)

Table 1 Methods used for collaborative analysis

Elements Methods used

sSn : ®Ooulcmetric titration {controlled current) ,@Iodate titraticon
after reduction with Al,(3)B-Quinolinol extraction-photametry.

Fe : @l,lO—Phenanthroline pho_tmetry,@&himyanate photaretry.

Ni : @Dimewylglyoxine extraction-photametry, @Dj.rrethylglyoxine
bremine photometry.

Cr : @Diphenycarbazide photametry, @Dipbenylcarbazide photametry
after separation of iren by ion exchange.

HE : Isotope diiution mass spectrametry, supported by isotope dilution
spark source mass spectrametry (NBS) and isotcpe dilutiocn
neatron activation analysis.

B @Cu.rcum:.ne motmetry,@lsotcpe dilyticn mass spectrametry.

ca, Co, cu, M, Fb :(I)Atanic absarption spectrophotometry after separa-

tion by ion exchange, @At.cmic absorption spectro-
photometry after separation by DDTC extraction.

U : Arsenazo III photometry after separation by ion exchange.

Al : After ion exchange separation ;@B—Quj.m:)linol extraction-photo-
metry, (D ICP emission spectroscopy, (3)Atanic abscrption spectro-
photometry. '

Si : Photaretry as molybdenun blue.

7i : (Doiantipiryimethane photametry, () sulfosalicylic acid photmetry,
@Thiocyanate photametry, @ICP emissiocn spectroscopy.

Mo @Thlocyanate extracti.on——ptntmetry,@ﬂ—(}uinolinol extraction-
photmetry,@Ditm'.ol extraction-photometry, @ICP emission spec-~
troscopy. .

W @T}nocyanate axtraction—photaretry,@l)ithiol extraction—-photo—
metry.
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2.1.4 Determination of Hafnium in Certified Reference
Materials JAERI-Z11 to -Z16 and NBS SRM 1234 to 1239 by
Isotope Dilution Surface Ionization Mass Spectrometry [2]

The contents of hafnium ranging 2 to 440 ppm Hf in seven-
teen certified reference materials prepared, in a separate
manner, at Japan Atomic Energy Research Institute (JAERI} and

Naticnal Bureau of Standards (NBS, USa) were accurately deter-

mined by isotope diluticon surface ionization mass spetrometry

(IDMS) .

Approximately 1 to 1.2 g of the chipped sample was accu-
rately weighed and decomposed in 20 ml sulfuric acid by heat-

ing with addition of some tens to hundreds micrograms of a

177Hf). A weighed aligquot of the

spike isctope (89 atomic %
solution amounting to about 0.2 g of sample was taken into a
100 ml fused-silica dish and heated to dryness.. The residue
was dissolved in 10 ml of 0.63 M sulfuric acid and loaded on
the top of a strongly-basic anion exchange resin column (Dowex
1X-8,200 to 400 mesh, 20 dia. x 200 length, mm} to elute haf-
nium with 0.63 M sulfuric acid. Eluted fractions of hafnium
(150 to 200 ml) were collected in a 300 ml fused-silica beaker
and evaporated to dryness. Several elution curves were traced

by means of inductively coupled plasma atomic emission spetro-

scopy (ICP-AES). The recovery of hafnium from the ion exchange

Q

was greater than 96 %.

The mass-spectrometric sample was prepared by dissolving
the above residue in sub-ml of 0.63 M sulfuric acid after de-
composing tiny resin particles by gently heating with a small
portion of hydrogen peroxide water.

Isotope ratios of hafnium and zirconium were observed by
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1)

a carbonization technique. This involved coating several al
of sulfuric acid solution cf the eleﬁent {15 to 30 mg HEf or Zr)
on a rhenium-ribbon filament with addition of deionized dilute
glycerol solution (150 to 300 ug glycerol) and heating them in
an ion source of a mass svectrometer to form intermediate car-
bon-containing compound states before high~temperature thermal
ionization of the element. Stable ion currents of 0.3 to
I x 10_ll A (total Hf+ ion éignals) could be detected using a
Faraday cup collector and maintained for a few toc several hours.
Repeatability-precisions of 0.1 to 0.3 %, and 0.1 to 0.5 %
{relative standard deviation ;RSD) on natural major isotope
ratios for a short period of time (1 to 3 h), and for a long
period of time (beyond several h), respectively, were observed.
Ratio-taking was usually carried out on 8 to 10 ratios of each
isotope pair. To confirm the accuracy of isotopic compositions
calculated from the raw isotope ratios thus observed, a compa-
rison was made with some of the worldwide reported values.
Agreements between the observed values and revorted ones con-
verted to atomic weight were better than 0.002 %,

A strictly regulated analytical pattern was taken to ob~
tain precisely repeatable isotope ratios in dilution works of
the element. Besides, a rather slow heating-rate of the fila-

ment, onhe sample per day, enabled us to measure the isotope

ratios of such a high ionization potential element with reason-

able precisions.

The elemental concentrations of‘l77Hf and 9er spike solu-

tions were calibrated by isotope dilution utilizing a variety
of analyzed pure-metal reagents of which major impurity was due

to zirconium or hafnium, vice versa. These were again deter-
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mined by isotope dilution with a typical precision of 0.3 %
(RSD). The estimated uncertainty in a sum of other impurities,
except for Zr or HE, seemed much less than 50 to 500 ppm, i.e.,
0.00005 to 0.0005 in purity factors as unity.

In order to minimize the degree of the effect of so-called
igsotopic mass discrimination, inevitable in any mass spectro-
metry, the isotope dilution calculation was performed on multi-

177H 179Hf/l77Hf

fl r and

ple major isotope ratios, e.g., 178Hf/
180 177 . . . . .

HE/ Hf in the hafnium determination, and its averaged
value were taken to obtain the result in a separate analysis run.
Anomalous isotope ratio values could thus be sensitively detect-

lBOHf/l?7H

Hf ratios as ordinate.

able by plotting multiple isotope ratios, e.g., £

177Hf and 179Hf/l77

ratic as abscissa, 178Hf/
Then, hafnium contents in zirconium (FJAERI-Z15 and -Z16 and
NBS SRM 1234 to 1236), Zircaloy 2 (JAERI-Z1l to -z14) and Zircaloy

4 {NBS SRM 1238 and 1239) were confirmed with precisions nearest

N

to 0.25 % (RSD) including sample inhomogeneity, if any. Two out-
liers were NBS SRM 1237 (32.7 ppm Hf, 1.3 C.V.%) and JAERI-Z15
(1.96 ppm Hf, 3.2 C.V.%).

2 harmony test was performed between the intensity signals
observed by other instrumental methods such as XRF and ICP (DCP)-
AES and the results by isotope dilution analysis here reported.
The test has covered a wide range of 2 ppm Hf (JAERI-Z15) to 440

ppm Hf (NBS SRM 1215) and revealed that the mass-spectrometric

results were very excellent.

{5.Tamura)

_— 73i
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2.1.5 Certification and Evaluation of Analytical Results[3]

In June 1979, JAERI-Z1ll to -Z14 were issued with provi-
sional certificate for Sn, Fe, Cr and Ni based on the iresult of
coliaborative analysis by XRF using the reference materials,
JAERI-Z1 to -Z3. The certified values for these elements were
decided in June 1980, based on the result of the collaborative
analysis using absolute chemical methods .

The certified value forka was decided by IDMS at JAERI
doing alsc NBS SRM 1234 to 1239. The results of this
method agreed well with those of isotope dilution sgpark source
mass spectrometry done at NBS and isotope dilution neutron
activation analysis done at JAERI, and was found to be best
estimate for HE.

The certified values for cther impurity elements were
decided in July 1983, kased on the result of collaborative
analysis using absolute chemical methods.

Tin : Certified value was decided based on the collaborative
result (titrimetry and photometry) and the result obatined by
the definitive method {precise coulometry). Compatibility of
certified value with those of JAERI-Z1 to -Z3 and NBS SRM was
also checked by the collaborative analysis using XRF.

Iron : The analytical method was same as that used at the
former time. The collaborative analysis showed a little higher
result compared with the provisional certificate obtained by
XRF. But the difference was less than 1 %.

Nickel : Nickel was determined at the same period with the de-
termination of tin and iron, and any problem was not found.
Chromium : Collaborative analysis was delayed to obtain high

purity reagent. The protocol was precisely prepared for the me-
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thods (Table 1).. The result showed no difference between the
two methods. The mean values for Z1l to Z1l4 were a little
smaller than provisional certificates. The effect of iron on
photometric determination on chromium was not clear.

Hafnium : In June 1979, provisional values represented as HE
to Zr ratio were decided by NAA using values obtained by emis-
gsion spectrography for JAERI-Z1 £o -zZ3. Certification was
done using IDMS as a definitive method and isotope dilution
neutron activation analysis (IDNAA) as a supporting method[4].
Analysis by IDMS took three years including the investigation
on isotopic ratioc measurements of hafnium. Calibrated spike

values, obtained by several hafnium metals of different chem-

ical purities, agreed well in less than 0.1 %. This showed
that accuracy of the analytical results obtained was within

0.2 2 at the 95 % confidence level. Compared with the re-
sults obtained at the former time by IDMS, excellent results
having higher accuracyrand precision were acquired.

The NBS SRM 1234 to 1239 were also analyzed at the same
time in JAERI. In NBS, on the other hand, they didn't decice
the certified value at that time, because there existed appre-
ciable amount of discrepancy between the results obtained by
isotope dilution spark source mass spectrometry (IDSSMS) and
those by NAA. So they asked JAERI to analyze hafnium value
using IDMS as an accurate method.

The result obtained by IDNAA as a supporting method
carried out by JAERI agreed well with those by IDMS for JAERI

CRM and NBS  SRM.

Boron : Distillation curcumin spectrophotometry as a reference

method was finally adopted for the collaborative analysis by
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seven skilled laboratories. The most important thing in the
determination of boron was to minimize the contamination. So
collaborative analysis was done after practicing well with
several kinds of common samples. Certified value was deter-
mined by this method considering IDMS result. It was informa-
tive that systematic error was found even in the precise IDMS
method.

Cadmium : The results obtaiﬁed by atomic absorption spectro-
photometry (AAS} were less than 0.1 ppm for all CRM and common
samples. By flameless AAS, some signals corresponding to 11 -
15 ng were found, but these were proved to be originated from
reagents and water used.

Uranium : Collaborative analysis was carried out by ten labo-
ratories using ion-exchange separaticn followed by Arsenazo
I1I photometry after protocol was well examined using common
samples. The results agreed well except one extraordinary
result(See 1.1.3).

Copper : Analytical results were in good accordance except one
laboratory for Zl4. The reason was not known, but repeated
analysis was done.

Cobalt : Analytical results varied widely for Z1l4. Some fac-
tors such as the bias between methods of analysis or inhomo-
geneity of samples were inquired. But the reason for such
large scatters was not clear. Repeated analysis was done by
two laboratories.

Manganese : Only in Z12 appreciable amount of manganese was
found, and its analytical results were in good agreement.

Lead : Existence of lead in zirconium and zircaloy was neither

considered at all in the biginning, nor was its certification
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planned. In the course of practicing cadmium determination

in common samples, it was recognized that lead was actually
incorporated. No problem was found in the determination of
lead. - Analytical results for z13 and z14 were decided as cer-
tified values based on judgement.

Aluminium : Collaborative analysis was done without complete
practice of the analytical method-using common samples. 5o
results for Zll to Z1l4 varied somewhat large. The most impor-
tant thing in the determination of aluminium is to prevent con-
tamination from reagents and atmosphere. It was insufficient
in the protocol of analysis to minimize such contamination.
The certified values were considered to show a state of the
art. |

Titanium : In the four methods used, there were no discre-
pancy. Certified values for 711 and 712 were decided by the
mean values and those for Z13 and Z14 by judgement.

Silicon : Except for the large scatters for lower content 7214,
there was no problem in the collaborative analysis;

Molybdenum and Tungsten : Both elements do not exist actually

in zircaloy. Mean analytical values were decided as certified

values.

(T.Adachi)

Reference

1) Tamura, S.: Mass Spectroscopy (Japan), 23, 49 (1975).
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[2] Tamura, S., Tamura, K., Kato, K.: "Determination of haf-
nium in zirconium and its alioy certified reference mate-
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Chem., Kyoto, Abstracts p.419 (1981)}.

[3] The Comm. on Anal. Chem. of Nucl. Fuels and Reactor Mats.,
JAERI : "Collaborative analysis for certification of zir-
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zirconium and its alloys by stable isotope dilution-neu-
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5.2 cCertification of JAERI-Z17 and -Z18 for Carbon

JAERI-Z%17 and -7Z18 are intended for use in the determination
of carbon, and are available in chip form, approximately 4 x 1 x
0.5 mm, in glass bottle, which contains nominal 25 g. The base
materials for Z17 and Z18 were obtained from the commercially
available Zircaloy 2 and Zircaloy-4 tube shells, respectively,
which are used as claddiné materials of fuel rods.

Collaborative analysis for certification were carried out
with the participation of ten laboratories, using the methods of
coulometry (5 labs.), infrared absorption (4 labs.) and thermal
conductivity (1 lab.).

The averages of the total analytical values were 0.010 ¥

(n = 30)

o]

0.001 % (n = 30) for %17 samples, and 0.015 + 0.001

0

for 718 samples, respectively, and the average of the values
obtained for NBS SRM 360a at the same time was 136 + 10 ppm,

comparing with the certified value, 136 popm.

In consideration of the chemical reguirements (=270 ppm)
of zircaloy tube and the analytical precision, the certified

values for carbon in 717 and %18 were decided as 0.010 % and

0.015 %, respectively[l].

{A,Hoshino)

publication List

[1] The Comm. on Anal. Chem. of Nucl. Fuels and Reactor Mats.,
JAERI : "Determination of carbon in Zircaloys", (in Japa-

nese), JAERI-M 83-035 (1983).
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2.3 Preparation, Analysis and Certification of a Uranium Isotope

Certified Reference Material JAERI-U5

A series of uranium isotope certified reference material JAERI-
U5, No.l to No.6, the successive CRM to JAERI-U3, was prepared and
certified under the recognition of the Committee on-Analytical
Chemistry of Nuclear Fuels and Reéctor Materials, JAERI.

The reference material consists of six samples of a vari-
ety of uranium isotopic enrichment (6.2010, 0.7987, 1.500, 2.5&1,
3.601, 4.509 wt percent 235U) and each sample contains 2.00 g of

U 08 powder. The materials are packed in bottles of low-potassium

3
glass for a possible use in non-destructive gamma-rays spectrometric
assay. The certified values of isotopic compositions were decided
by evaluating a mass spectrometric collaborative analysis that was
performed at two laboratories, i.e., Tokali Works, Power Reactor

and Nuclear Fuel Development Corporation, and Analytical Chemistry
Laboratory, JAERI.

Repeatability-precisions of certified isotopic.compositions
in JAERI-US, No.l to No.6, are several times better than those given
on a predecessor JAERI-U3. Accuracy of certified values stands on
NBS SRM U-005 to U-930 which are widely adopted in determining the
instrumental and procedural bias.

Information on chemical impurity species and its amounts is
also available.

The situation concerning necessity of these kinds of reference
materials, preparation flowsheets, isotopic homogeneity test, eva-
luation of mass-spectrometric collaborative analysis, and measure-
ment procedures were reported in details elsewherell].

(S.Tamura)
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Publication List
[1] Tamura, S., Hashitani, H.(eds.): "Preparation and certifi-
cation of a uranium isotope certified reference material:

JAERI-US", (in Japanese), JAERI-M 82-053 (1982}.
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2.4 Evaluation and Perspective of Measurement Techniques for

Uranium Isotopic Assay in Nuclear Fuel Cycle

A sub-committee on uranium isotopic assay was temporarily
organized during 1979 to 1982 under the auspices of the Commit-
tee on Analytical Chemistry of Nuclear Fuels and Reactor Mate-
rials, JAERI.

The sub-committee conéociated fifteen specialists on the
matter from eight independent organizations in this country.
The following subjects were discussed ; (1) the perspective of
facing importance of isotopic assay techniques in nuclear fuel
cycle, (2) the reality of control analyses in fuel fabrication
factories, (3) the technical pursuance in safeguard inspection
analysis, (4) the evaluation of present-day state and its
direction of near future development of techniques such as
mass spectrometry, passive and active assay, optical spectral
method, and (5) the necessity of analytical reference materials
for destructive and non-destructive assay R/D.

A resulting activity report of the sub-committee was
issued elsewhere[l] and this could be helpful to have a good

grasp of the problems concerned.

(S .Tamura)

Publication List

[1] The Comm. on Anal. Chem. of Nucl. Fuels and Reactor Mats.,
JAERI : "A committee report on the state-of-art of ura-

nium enrichment measurement technigues”, (in Japanese),

JAERI-M 82-051 (1982).
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3. ANALYTICAL CHEMICAL SERVICE AND SCIENTIFIC

GLASSBLOWING UTILTZATION
3.1 Service Analysis

The laboratory performs a wide variety of analYtical service
work. Much of it is short~time in nature and comes from other
laboratories and programs within JAERI. In order to carry out
an elemental and isotopic analyses, the functions of service
analysis cover the following items ; absorption spectrophoto-
metry, electrochemical analysis (polarography, coulometry, flow-
coulometry etc.), gas analysis (gas chromatography, inert gas
fusion etc.), atomic absorption spectrophotometry, flame spectro-
photometry, emission spectrometry, X-ray fluorescence spectro-
metry, X-ray opticél luminescence technigue, mass spectrometry,
thermal analysis and so .on. Sometimes, consultation, collabora=-
tion ané quality assurance related to chemical measurements are
also contained. |

Some of the typical service analyses carried out for these
several years are described in the followinds.

For the chemical characterization of fuel compacts used in
Very High Temperature Reactor Critical Assembly (VHTRC), analyses
were performed on kernels, particles, compacts and graphite used
as matrix of compacts. The analyses included uranium by gravi-
metry, isotopic composition of uranium by mass spectrometry,
moisture by gravimetry and coulometry, hydrogern by impulse heat-
ing-inert gas extraction-gas chromatography; and metallic impu=-
rities {Al, Ag, B, C4, Cr, Cu, Fe, Mg, Ni, 8i, Sm, Eu, Gd and Dy)

by emission spectrometry, X-ray excited optical luminescence and
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spectrophotometry [l - 47. Boren in mixtures of boron carbide
and graphite (burnable poison) was also determined. The heat
resistant alloys, including improved ones, were analyzed for
the impurities and/or components.

In relation to the nuclear fusion, the method developed
(see 1.32.1) was applied to the determination of hydrogen in
lithium oxides. The isotopic anaiyses of lithium in some
lithium~-containing compounds like Li20 were carried out by
mass spectrometry. In addition, an apparatus for isotopic
analysis of lithium, based on the optical spectral method deve-
loped at the laboratory (see 1.5.2), was designed and installed
at the Separation Engineering Laboratory for isotope separa-
‘tion work.

In the field of the nuclear safety, analyses of primary
cooling water and-some structural materials such as aluminum,
zircaloy etc., were performed in relation to reactor operation.
The gaseous components, generated from various kinds of soiidi-
fied wastes and the low-level radwastes at the incineration,
were identified and measured by mass spectrometry.

In relation to the basic research and developmental work,
e.g., the irradiated UO, pellets were analyzed for the C/U
ratios by flow-coulometry and spectrophotometry (see 1.4.2),

uranjum by titrimetry, and plutonium by isotope dilution mass

spectrometry.
The latest states of service analysis will be published

elgsewhere in the near future,

(T'.Komori)
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Publication List

1] VHTR Progress Report No.l19, (in Japanese), informal
communication, (1982).

2] VHTR Progress Report No.2l, (in Japanese), informal
communication, (1984).

r3] VHTR Progress Report No.22, (in Japanese), informal
communication, (1985).

[4] Oku, T., Eto, M., Imai, H., Hoshino, A.: "Physiéal,
chemical and mechanical properties of ASR-0ORB and

ASR-1RB carbon", informal communication, (1985).
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3.2 Glassblowing

K.Kimura, R.Sato, K.Obara
and T.Ideta

At Tokai Resgearch Establishment, a glassblowing shop was es-
tablished in 1958 to supply the specific needs for the chemists,
physicists and associated technical people for research and devel-
opment work in the nuclear-felated fields. Owing torthe unigque
properties of glass, such as transparency, strength, formiability,
cleanability, chemical inertness and electrical resistance, the
scientific glassblowing services have been utilized for the large
majority of broadly varied research and development programs
throughout Tokai-gite Laboratories (Tokai, Oarai and Naka Research
Establishments).

The range of glassblowing shop services includes grinding,
polishing, forming and molding, chemical silvering, annealing,
encapsulation, fabrication of special glass eguipment and bench
systems, design and design coordination, preparatioﬁ of models,
and the developmént of new technigques conc¢erned with glassblowing.

The glassworking eguipments inlthe glassblowing shop are as
fellows ;

Lathe, glass
Drill
Lap

Oven, annealing

(1)

(2)

(3)

(4) Cutting machine
(5)

(6) Polishing machine
(7)

Vacuum system

The typical works made for these three years are written in

the followings ;
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(1) An atomic hydrogen-generating apparatus : to support the

development of stabilization of the vacuum in a thermonuclear

fusion reactor by changing hydrogen atom into a getter.

(2) A glass loop simulated with pressurized water reactor

to observe the behavior of the two phase flow at the

loss of coolant accidentfl].

(3) An apparatus for incinerating the organic waste : to

support the technical development for disposal of organic

radioactive waste containing plutonium.

(4) A thermosiphon apparatus : to contribute to the design

and maintenance of a cold neutron source installed at JRR-3.

(K.Kimura)

Publication List

(1]

[2]

[4]

Kimura, K., Obara, K.: "Construction of a glasg loop simu-
lated vressurized water reactor", (in Japanese), JAERI-M
8§2-211 (1983).

Kimura, K., Obara, K.: "Vacuum sealing of platinum
ampoule", (in Japanese) , Honohof No.21l, 38 {(1983).

Kimura, K., Obara, K., Sato, R.: "a flexible glass tube

with O-rings", (in Japanese), informal communication, (1983).
Obara, K.: "A safety glassblowing apparatus for tritium-
contaminated glass system”, (in Japanese), J. At. Energy

Soc. Jpn., 26, 1341(1983).

Kimura, K., Obara, K., Sato, R., Ideta, T.: "A device for
‘ *

connecting ball joints", (in Japanese), Honoho, No.26,

134 (1983).

* A bulletin of Japanese Society of Scientific Glassblowirg.
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A list of Patents and Utility Models
[6] Kimura, K., Sato, R., Obara, K.: "A clamp for connecting
joints", (a utility model), applied in 1982.
[7] Sato, R., Obara, K., Ideta, T., Kimura, K.: "A jig of

grooving a flange for O-ring", (a utility model}, applied

in 1983.

[8] Sato, R., Obara, K., Ideta, T., Kimura, K.: "A simple
glass lathe", (a utiligy model), applied in 1983.

[9] Sato, R., Obara, K., Ideta, T., Kimura, K.: "An improved

chuck device", {(a Patent), applied in 1983.

[10] Obara, K.: "An apparatus for glassblowing", (a patent},

applied in 1983.

{11] Kimura, K., Obara, K., Sato, R., Ideta, T.: "a shock-

absorbent tube", (a patent), applied in 1985.
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4. RADIOCHEMICAL STUDIES OF NUCLEAR FUELS

Y.Kobayashi, J.Akatsu and

T.Kimura

4. HERORE{LFAETE
Ik EE - B ORE - AN B
4.1 MO Np, Pu, AmoERESEITR

411 # B

EE RO A EL KA EREYOLEAS I EEL T, Pu RO iCERK - BECEL
FTHEOASO e GREREORE S ERETH L HOMETEBEEDSVRAESEBLET
525, ChETEESHOMGHERENTO o« HEEORE R, T4 — Py —FHOR
KB 1o &~ akik, 4 A IS, BRI, EENLSOFETTLATV S, FELE
HES O A U= — B0 a s AE RIS LS B &0 5 Sill s VT G
L, Lnfa@cEmnos iTEOHEE#S TV L, COHEE, B, dElLc s, 1-
NFEmd—BLTOEVERESEELCE, XOICRRO a ffHEEIEY 7 v TROAREER
AERE ST & EDFIGMH 5o :

& W ROFE <) v A~ TEEEIHES P U v L, BE )Y A, BASOEFRER
CENEELRST 2, UL, CALOEBIC >0 TEIAEDHONTHAL, TNETIT, b
bt LR L mg FTOEETY 7V E )T LORENY O A~OIEES (1) &
2O E LCTBEEEREEN DO o FHEDEBOBTR (2) 2T T&f, TTTH, T
L—#—~AdNp, Pu, Am ORE/ )Y 20REEBICo0T, BOEHLBBEE, 5
LU S UYL - BB Uy ARMBOEEBC OO TREET -, TORR,
CRGDTEENLRO Y v s (0.25mg) BMICL DGR Y v LICERMICRILT 270 T
f¢, EREREEOaB ARy F AOEBRAIELIFEOERGTRETSH S L &b -7,
cn%77%/4F®3-4ﬁﬁﬁ@NU@AK#%L,5-6%ﬁﬁ%bmwﬁgéﬂmb,
&5t (U, Np, Pu, Am) OEFHAIERS - ¢ MCHART 5T &0k, EFITICE 24
By v AR S S AEE AT B C &S EIRETH b, £ 2T Np, Pu, Am % EHEHICHE
BB @EAT ABILE - BASOBRELULOMESEERITL 7o TORER, BILA
i v H VA, BLACENE, o+ T VvEIRRERTSC EKED, BRSO
EEMC Np, Pu, AmZHERHETE S5 &dbl o7
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4.1.2 £ B
{a) HEliEi
FAEMROENL IFHAOEL (O Npr PurAm, @ Pu-Am, @ Am) 2F~XTIM
RRICTR LA Ui, BB ERSR LICEBIEN G L, & o afi A PAEHIEL
THRB A REDOO Np, Pu, AmDEEEEHIRZ 0 FNLHED 28.4%, 669%, 47%
THol, [EDD Pud AmODKE ERIS 918 %, 81 % Th-7T, dHBRTOELHE
OEFME, BLA - BxFlEMATCEGAORE ) 7 6 ~OHILEEH»P S, Np i3 4 M
0%TH - 6liA60%, AmE PulB3ZEnThd - AlTHLEEL LGNS,
(b} THEELEIDFER & o WEHEEDQBIE
F@me1caﬁﬁﬁ,aﬁz&ﬁrﬁﬂﬁ@t@@ﬁ@ﬂu@A%%ﬁﬂ%@@?%%ﬁ
T, A 045 pm AV T 53740 d— (4Tmmé) ZHCTEBREAGBLLE, 7107
~EELITRTF YL RABMICORHRNES v 7 THE LI, MERBOE a SEEITEME
2rHRT7O—AY Yy THRIEL, aflA~s L EREE S ETEEERMEHSE (450 mnf)
THIEL 72,

4.1.3 HBEBLIUZE
{al Np, Pu, AmDIRE U 7 £ ~OKEEZ

Np, Pu, AmASEEANCHEE Y 7 oL, poRLBERO a2 ~7 T willEIC
L0 Np, Pu, AmAZOFNERTELEEERFL /. HHEBEEED 2 o BAHIED
537, DTOEBRTHOARRE, Fe? ©Np V), Pu(V), Am (I ICHES L TE
L7,

) BeBmBEORE |

035 MEEE+ ¢ U WA, 043MEREL ) T aBBEETLIGSIRIMMET2INLT, B8 T
NETF, MBc0s N FOMBET, Np, Pu, AmB B BL LB ) v skl
Fro LDL, FNENMBEN LTS EHNRRERMITELL, WBEIONTIE %, B8,
BEINLDETRIEEAFLLLIED T, —F, MBABRTT )Y L, 7Y D LE2NAL
VAL 01N T80 %, S 10N T35 B~ LR 2 Ic £NERED L, COBERBOE
MBI, WMEEF ) 7o -WEA U LDFEN Np, Pu, Amodkiic K&
LA EARLTNS, ZOLEMLLTOERIZ 0L NREARDTIT /.

i) WEF Y va, WL DY L0

0.A3MERES 77 ) v 2 8ET L, 036 ~070 MRS + VO o ETEEHETR S L b
@ Np, Pu, AmAsdeib Ui, BB A )Y a8 HWISEEREEOREF + VYA THN 60 %
Thole BT+ U7 ABESEMT S & EFRRARERL U, IhhofBr )Y
AU R T A (R E T A ALRRIC IS SMEIE 5 Eb ot —0F, 0.35MIR
B b U LEIEL, 0.20~ 072 MEEE D | v a8 HIFF BT 0 %L skt L,
Tl )9 LMEOFRA ) 7L OBRETERIBETH 0 % L, Mo J v
L, TORBECL D EEGEASFREINEZOHEET 1Y 205D L S LR DRE
D& AL o, DLEOEEMLOHEEF T )Y s tb BB ) Y 4k, Np, Pa, Am
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DFEES ) 9 a~DIIEC RS SHEEBIELTOLLELLNS, CNEUDIES (1)
LEHEIC, Np, Pu, Am#n J v o EOREEEE > DY GanItETEHEE
Foih, EhEE ) v L0FRE, Np BEDH UYL LDHEEE D HBEDEHAE

LTEOTWEEEZLLNS, '
i) ~x U o aiRInED#FE :

SY T LDEMBIEEIEEE afiA~Ns P AO T R F - AEBEORACEETLI RO EN
OB 4 FEAET T, ) D L% 0.25 ~1.26 mg A TBEE 98 BLL Lo RURE RIH
FREDEVEGEEDNTHRLBRIBLALED 515 O SR EE O B 2T £ B a gRET

| BOERNBELNY, ZORSRHEE EOERFERICED L. £72025mg LODEE
YRR (et Y - A O 935‘, T RAF - DEEE CEEIE) 35U 0 4B 0.25 mg R
TEEE 110 KeV (5.16 MeV, ¥ Pu+ *Pu) TRE -ECHEERL, ¢BRA T b b
5187 Np, Pu, AmORSEHELZEBE | $ UNTHRHGGEES SEOALBE —BL k.
I OERSLDTOERTIRANY 9 L% 0265mg MABZ &L, 2OE EDEREE D
B EOEEF0.042mg cm® TH 3,

) Np, Pu, AmOELF - BoH & ORIG

Np. Pu, AmAEHEMCHE S 7570010, STERCETFMOFERICH 5 BLA] e
TEEIOEIR, e, FAEH (BNE, BE, B Ko Tl L7,

i} Np, Pu, Am & 8L & DR

Fe?T (6.5 % 107 M) 2MA Np, Pu, Am*% 3 - 4 MHCH@B Lk, 4EEORLH%E
MABIEED 6 H~OBLOES 5 FHE Y v A ~DHEETHN T, Fe*  DRMEDOH 2
%@fﬁb%%@&kﬁ%%ik%i.1%ti5ﬁﬁﬁ)mxwaﬁhm(Agﬁ &
KMnO, i Np, Pu Adiomic 6 @icBtL, KeS:0s (AgT) @ Am D) $¥70 % 6
B (L L7, KuCraOr & KBrOs (32028 Np 7 HAED I 6 i@t Ui, —HE
B (50 SEEE) BT, K2S8,0s (Agh) itk s Np, Pu, AmDBLEOTFRE AT
A7, KMnO, itk 5Pu, KBrOsick s Np DL A 7Z4L (50 %) TH -7, BlEd s,
Np+»Pu & Am®D 5 EICE KMnOs%, Np & Pu- AmDSEEICIE K, Crz Oy #7203 KBrOs
%100 CTEVEDMEHTH D L Ehbd -, 72750, KMnO«2HOIESE, Np,
Pu & OFE{LELTRIEE KMnO, BEEOBSREICLD MnO, 8 —ILB ¢5 720, WEHE
Dafz~y F LOSHEREL L -7, '

i) Bk & ETElE ORI

Np, Pu, AmFBEENCHALAM T HICE, TNHDITREBILA - Eohl e DRIG
ER T, BILEEETAEORE 6 ER LB NELIEORY, RO B LRI T
2 S IR DB AT ~ 12, BILKIZINA 2T, B2 DRITHZMARIEAOLDOREL,
MnO,~ (&) - MnO, (&, B —Mn 2" (4D, Cr0.°7 (&) —Cr®" (B, &
L (LD BRSO TR A E AT BRAR Lo &R, NH OH- HCI, NoHs » 2HCI
Fe 2% Ti%F, H,0,, NaHSOq (%, 100 CREOTEPLPIC LRROELRLEED S T
Lahmate, 121 L TitT iz afic@ibansiE, 04ANLFOBTER TiO, (1) 2SR
U#, T2 NaNQ2 it & B Cr (M) OESRE I FICOE oIz @ » 72,
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i) Np, Pu &EmHlEDBIG

KMnOs (8.0 x 107*M) %2/0A, Np, Pu% 6 MHicE{t Lk, AEO T FE OECH
EENFAMZ, AHE~OBRTEF~, BINLIZKMnO, O 2fED 7 5 58 DECH
HINAFFER, HyOp, NaNO: ZBzx I hoETAis 100 °C (5 M) KEBNT Np,
Pu A EOhi AfICET L, He O DB S SIBFIICMA ZHENS ~72 NaNO.
64D Np, Pusd Pud 2 BRCEBLT57®), Np EPudpBHCAERTHESC L
Kb ate. CDEE Np RE5MTHZEEAGNEY —HRE (50 2L TO Np, Pu
DEBILNEIGROTH RSP EZRERELH» 7z, BLA] - BxHl L LTmAs&REA
# v Ok ~OBEL /D TA DI, ExAlk Np, Pud@micid NH,OH- HC1 %,
Pa OEILICI NaNO, 2H W, |

(¢) Np, Pu, AmO#EiEHETL S

(2); (b) DEREA & LT Np, Pu, AmZBEHENKHEE DT 50kt R LER, KO
3O DFENEZL LN, T TIHBERIZT T Fig. 1 OEATITL, BAA - 1
RSB A BEELE - ExFOm 2 EUE T OEIMCINA TIT » 7.

@ HE®ERICKMnO, %2MA Np, Puzsiliic@ibL, £9 3D AmEEE ) v et
TEXER®T L, T NH, OH+ HCl A Np, Pu%4ffiic&Eml, HWT K Crz Oy
AIA Np FUABU 6 MIc#EL, 40 Pu £ NH T3, S5%ICET NH, OH- HCI
TNp % 4 BcEo LLhaE 75,

@ OOFHET KeCra Oy b BICKBrO; 2MA Np % 6 Hic 88 (LT 5,

@ Np, Pu%EKMnO, THEEL, T30 AmE D L%, NaNO. AMA Np % 5 1
i, Pu % 4ffic@Tl, Pufisiitasid s, T NH, OHHCl1 T Np % 4 fliCE
TLEKRDETE (Fig. 20, g

FROD~@DFREITHE - TOBEIT R, @OHETIRFEAEDPu 8 Np &k
B OTERNC I L, COERAENEHIC, £ T KBrOs 2 MAS L SKBICHEELT
W3 MnZtE KBrOs EORIEER L&A, KBrOsickd Mo 2 438 (L S0 TMnO,
MR TS Edbmd T, 22TPu (V) &KBrO:, MnOg EDORIEER~/ET S,
KBrO:, MnO: #hZh¥ieid Pu (V) @@ EArBtEnn0s, KBrOs & MnO,
P42 EEekic Pu (V) BefiicBbInd &b olc, Lz-T, KMnOy
EKBrO; 2SI B0 5@0HETIE Np, Pu, AmOHEE 2R ATMETHS H@HEA
Dind i ote —F, QEBOHETH, BIFEBRICRETERENE SN, QOHETHE
L84 Table t KRT, & LREHEASI vL0RT 77 Ya YNEREN T % LLES
L, IRATBMHOTERBIF1IBLUTFTH /0 777 Vs VOSHTEINp #5972 %
Ok, Pu, Am 3312 99 % DL EoskREgos U o sk L, ©, @DFER SiAHE L
o B HED S 1B OO AT B0 TETH E LT NH, OH » HC1 DRb D IcE (EFITH L
BREDH O 2 @A T2 HECES, BESITE AROBELEO LD -7,
XoI@DE@ROFEAILETE L, Np, Pu, AmOQBOBREZZIRETHEL, QDK
EEAEE L TR T AEBA A v b s, T2 F /A FaROBEBITOMEDD
RWZ EREDLBNIZHETH B, £ 7 VBEENLBEGRQ0EBETY 7 vE 6D
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e ThEBLEILNSLY, Np 290%, Ti nloB8 i TaBcETLBRE )
LT AETE S ETHEN S, '

414 B OB

AEEBICBNT, FLr—¥— L~ THETS Np, Pu., AmDKRE- YU vsiCEEMTHEL
FEEHTHEL, WEEEO a2 <7 F ARER XD B R EFRARERTRELSES (Fig 1)
ZRB LA, X6 OERGDSETESNINp, Pu, Am OESEMELHEEE (Fig. 2)
THhLEEICE~ Y H v BE, BCRCHENE, £ Fos oLy VAV RRETRE,
BERD R B EH - B E L TRINT 2B/ 4 wHbiiy, 77 F 2 FoukOBILE
ﬁ@@ﬁﬁwﬁwﬁf,%@ﬁﬁﬁ?ﬁ<ﬁ%@%ﬁ%%w@ﬂkﬁ&?%%é&ﬁbmaﬁo

{T. Kimura)
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Water 37 ml

€ Na,80, 2 g
<-K,S0, 3 g
<-18 N H,50, 1 ml

<—Sample soln. (Np,Pu,Am)

€—-0Oxidizing and/or
reducing agent

/Stirring at 100 °C

0.045 % BaC12'2H20 1 ml

\Cooling

Filtration

K

Filtrate BaSO4

Alpha counting
and spectrometry

Fig.1 Coprecipitation procedure of Np, Pu,

and Am with BaSO4

Sample soln, (Np,Pu,2m)
Vé%v—KMno4
Np{VI),Pu(VI) ,Am(III)

_EEEEEEL>Am(III)
é%——NaNOZ
Np (V) ,Pu{IV)

lﬁ%——NH OH -HC1
2 Copptn.
Np{IV) Np (IV)

COpptn'\Pu{IV)

Fig.2 Sequential separation of Np, Pu,
and Am from each other

Table 1 Distribution of Np, Pu, and Am during their

sequential separation on Baso,

BasSO, pptn. Np (%) Pu (%) am (%)
Am fraction -— — 99.1
Pu fraction —_ 98.1 0.4
Np fraction 97.2 1.1 0.2

Total 97.2 99.2 99.7
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4.2 T PO AEZSHSHEREYORLE

4.2.1 F

Fu oo LIERGIESR S DR A TARENIE B 6T, A, AIREREY, BIUBRIC
KT X3, 0> TRUBEEENIIEETE 70 P = v aOQERBER, WOoUTKEREND
R, BRIV TDOND,

BEkBEEY RO St =0 LOERFEE LT, BT ELUY v <#iE il 45 3EEE ST
%ﬁ%%o¢ﬁ%&@%z$»¥—®ﬁ77ﬁﬁﬁFT@M%?%T%%ﬁ,E%&%@mﬁ%
LHIE T2 - OFSHKERsEREND, ¥y eBEIBERED T 2 A¥ - ZHE TS
BE GBS 600, REHSCEAN Ly TRREEHETESHENSE, St 2T LI
WD T, I SEEEYD SRS NIBO T L 2o LIRS BANED, TO
Ct#%,ﬁ77ﬁwimmﬁbfm%ﬁ&®%j§ﬂ@oto

i, THRMEREYIZ, HED, WHEARICL LV RORE, UMk ALOEDS S, &N
RS AEETH Y, WE, T, Tt 2o a@iRa S ONESKETH S, EREMOR
HARKEFREKCARLT, SHRRTREL, BERDCESZ T v =7 42BN B LS
DEE L, MEAEE LT, ERTRERBEBEE, RBKBNLENSD, BRTRIRAHE
BH A, BRETIE, TSRO, BEOREAHETEILE, Tt =0 LRIRKER
TELNBC ENEBIBTE S, KE, N7+ — FTREBRBICIREREMEZRAL, M
# UL ALBEESRNLCOET oM -HBELZHREL TV 5, RHITR, 14 v REHE
DY Ty ERNRICER BB kE G TOBRSBEBEREL ThE, AEBTH,
CONEAIA L, REMAERL T sic, b 2oL 2EIRL T LEFRBHEOTE

B & e L, |
PIFIT, (1) vy =BRIEI LS Py OEE, (MEIRICLIEEYORNXLECONTD

/‘.Z;)o

4.2.2 Hy=HBBTcks P PunER

Fig. 1icm3 o &<, P Puid (320 — 470) keV PABITH ¥ <#E K § 5. RETHE,
A ES D COF Y 2 EANEL T, aSmNEENDO P PusER YL, IO, Tt s
o LR, LEGATA ) Y L DEBESIVEDORENC LT Y ~REBEOMREES
BT, EBEFEOHYAZEb -7 (1) (2],

T P b= AEENW S a—TEy 7 ARTI, —RICRE TROEREN S, /AT
H—tv (100 X230mm) g, ¥R IIE-T 9 P E—nRETRY TF L VRICED,
Fa— Ty 7 ADBEEE - S, Ex—nSNy SRY—-ATUML, INSOEAZELIT

npEEm Ak — v (JIS ~Z— 4902, 280 ¢ X 350 mm, FEHER, 17 £) AL T
VB, HyeEBEEE, B vERED IRMELTITY, Yt = 2EELA, Fig
S iRd kST, BfkERE Y FREEIOE, PPuf v <R 400 B (FEHETEERED [
A L7, 2MerkTicEs 1, E Tl N EREHT A I ORRELTH S, Nal(TD)
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B (76 ¢ X T6mm) RBEOEEICREL TH s, Fig. 3RAV<HBEBL 71 =
gAERCHETIBERERL TS,

Tt 2y LREOEE BHEOTAE =9 LREEREL - P YNOEEOMELEE, X4
PV EREL, BEOBTEOEBEHEALER, EREOERE, +12%, — 256 %R0R
ETHB L EWbD T, .

FAY Y AOFE M AmME T =g sk P Pu CEER 14 E) OBRRERI TS D,
Bir T = AHCETET5, 2 PudEARS, Tt = aRERBOMNENL B,
—FHIC M Am BRARETHC EMNTEL, 2 AmId 59 keV 7Y ~RORR, bTFHLTH
H B 100 — 800 keV DEHEiICH IO Ay ~FEHT, £TC, Fig. 1imdgkHiL, Tt
LD Y BATES (ASE) &EADAOER (B ER) A%, THEREREHCHTE
44, BEEOBEES AFED " AmIKER TR Sy 7 750y FERELILSGL DI
P F—gEA RS Z, WA OBEFBOT T HEBEEBICEE L, 400 BRI EESE
FREN, Ao, Bo &L, ' Am BICFEA KBRS Ao =By £ A5 & 51T, AMREE (356
—470) keV CHTE L. COMBEFE 320 keV HHEDT AN VI LDH Y wiESHETE, B
LOEBKITR P BaBEON BN B0 keV THY, TOT :AF - E— 705 ABIKDE
TR AR AC L D, BELABAEEE (475 - 635) keV TH B, i, ***Pu
Hy=iid, A, BEfElcRBICAIE TS, 400 O A, BHEROAEEE A, B &vse,
29py A < BOHEIR (A —B) THEMTE, OB, ot 2v L H Y wHIEBEETIRRE
ATEBEENTD, COLFET Y AM OREShLHET, PPu Ve BERETESLL
LM LI »T, Fig. 3OBRBERZESHT (A-B) EFXAELTRE L -EEHE S
5 7TH B, BMEFZRE v Vv FEBCBOLAESERELT, T0ohOELENSMER, A
N4 G NI A Y —TREFEEZEEL TRE L, '
19Dy Ay KRR ORI RN P Pu sy <RI, Fh D OREYICE D RIS NI

45, BEMOALTOEEEZETELTHEERT /. &, i, E=—n¥—1, BEFHL
H— FYREEIBEOTAL L =0 tEERAL THEBESZAEL /A, Fig. 43®E0.05-15
g /cm® OB THET~&FR (1) KBT507 72RL7. REDEREY ~ETHLH05,
FRAMNTESAGOBEENLHLD, COBEMD (1) EMREL, K, REDT L =9
LinGOHA Y zEAET (A—B) EEBAE, BEER (A-B) X1t &40, Fig. 3DMR
SEML T =9 AnBREELD S, KETEREIESHILD, 1mg BEDT v =9 L05F
TIHEc 25 BLUADBRETERTERLEPPL LI 57,

FEEYOTR Table 11C5R4 S REORPFOBEE, 01 —02g/cm’ THY, Fig. 4%
5, FNFRMIET~E (1) EERkDEE, N BTH-f, —F, AY<REAEET()
%EL (A—-B) X fARH, ZOELDS Fig. SOBREBHEAOTY L =0 L OHEBERD
fro FOER, ORFERPOEST A =T LR 1117 £ 25mg TH -7,

4.2.3 HEomE :
IO BT ERN AR R EKC R LT, TORBOER[ERTRESLIL, 4

LU, Tk 20 aRMOEEA £ RIS O, BEICELTT v =0 a2 mRY
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5 ETHDH, Fig- bikz@7a—v—rERT (3],
EL@_K%%K@ﬁbtiﬂﬁﬁ%®ﬁﬂﬁ,ﬁA(%E%%L%ﬁ(%%),E:ﬂwﬁ
JxFury (50%), 20ft, vxR, 44 vBEIELE (10%) TH-T, H5PLH,
BEEMAER| §5C &7 HE LIS '
DEE Fig.6iro—7#, 02 G, &, Kex, &1m) RCRELEIBEERT,
5 LN FRBINEMII, 2 LOEREE AN, #ELo S M 5L T, #1260 TitE
R R AL, B{LEIEAC, BEHSS B, i, PEFAET YU ¥ IEEER
Ko v F o —, 7oy —EBRTHRRICAL, BHo v F v -NTORERE, 57
v —EHP LZT VI ICAS, |

B MR EINTL R T YRAEICRAT B (~ 02kg /T o EERH HEILAL
@ﬁb%,E%@uﬂv%%%%ﬁ%%ﬁ@%mim%%bm(QSL/h)Eki%o%%%
DBEFHEEIIGR L ICEDT ALY, BRLTER 2 LickoES5kc L (4],

s | Table 20 RT LA, B 13kg DEIRERBYENIE L, T4, B2 - DREE
[BiEx# 570, BEKEKEHEOMDIC, BN - B8{LKEKOBERETHC/, £
DABIE 140 £TH 7o DRFEOERES T2 LITROIDIC, ReBmREHE LI,
FOATEEE S LTH T, HRAADBETL 90 LOBRANTEL, ©ORSE, £&
STy KRR, FhEn, 1L6M((HT)), 1 X107 mCi £TH~ fo, DEIEICER
Li7ntr=on (FA)an) iné&®A4, Fe (1), Ca (I) AL EKIIEE
. EEEERDOT A7 KRG 02 mCL LTHD, Tt =0 s (TAY YD L)
DREADBIEBE T DT EDDP -7,

St mun, TAY vy LOEIR DEEOBREESEEERLEL, WEETAYT-Ya Y
AL tr. ThERA T MINBRIEE CTHER Lic, —HICRERERENEL. BRBVOT V=T
LIERE 4 A vAsEkE 7 5 4 (Dowex, 1 X4, 60 ~80 A v ¥a) wBL, b =9 LkR
Xy, HEER LA, BINE, SLUARBRERBEDPO IV =0 LlE, 20T, 1015, B&
UfmmgT%U,SM%MLﬂﬂ@ﬁTWPLOAT@%Oﬁﬁ,@4%V§ﬁﬂib®ﬁﬁ
WKM7%U7GAﬁ§$ﬂTB@,C@ﬁﬁﬁﬁ%T%Uyﬁﬁ%@ﬂbtoFeﬂ}%ﬁy
@5@%ﬁﬁ%§?%#m®@ﬁ§(~o5M)iﬁ,@M@%@%m@mfbuvbﬁmmﬁ
5Dmm,vgcﬁﬂUOA%MifﬁulMﬁéo<éoC@ﬁﬁ&ﬁ%bﬂo,1Mﬁ@ﬂ
oy nKEEATETL, ERLADED Y - 9L YT LORBTT £ ) ¥ 7 L ETHERT 5o
Lﬁﬁ®?»7?mﬁﬁﬁﬁozmu/£?%oto%ﬁ@é?}vaA&@ﬂLk[sh

4.2.4 ¥ W

ST 2o AAMRIEEENY 13kg 2MOBRETERIRLL, TLERESLT LV U A
AEIR L7, AEIEICER LT = v L8R3, 1190mg THY, H5 LNV 7ET
EFEELME, 111Tmg &BREHMAT LI,

AV TBEEETIE, Tt =9 AORE, MAn Ty ROEEEEHRL, T, BEY
kBN Y BRI TAREAIT o1 MERICRENSHALIL E=— oy 770, N
%ﬁ~ryﬁﬁﬁkﬂf%@ﬁwd&LTEJWTHHwoLmtﬂﬂﬁ,ﬁ%%*$mﬁﬁb,
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Eh FFR A% ¢ 2V /3R B0, RO ERERNOYEEE—KEHLTLBES EHFEELTH
3, BEWESELT, 270 20AEFERLUICERE, Fry-RAEOERNIIE LT
WAZ EHD, FRAF =V SRETHRELE—-MEL AL LTEOTEBHL LG T,
BRERTIE, TS RAERE LS TOEE S, BIROR{ e 2 — A MBS C EBT
Kz, L, SUBRECHBEESD -7, BEVOHE -1, &JUREBROSR - /IENY
BERETH -7, HBROBESHHGEETHD, 250 CLU LRI EHBOMHBIFLILS,
E7, WOCLITRAZENBERIGHEREDD, BRI RELP (LS, Z0ED,
%%ﬁ@ﬁ*i®&%@wﬂéLfﬁﬁﬁé&{%ﬁ@ﬂﬁmﬁﬁénéﬁ;ﬁbﬁ®%%@
EIETH B, O, BRILKE-HBORGHEZEALL, O &b, BERBHEOO
.mﬁ%%%ﬁmﬂﬁmﬁaﬁwokcfir;oﬁ@@ﬁfm,f»rlvAﬁﬁ@HQWME
T%%té,ﬁ%KHWTékOW$MSM%EL&U5ﬁOL@L,ﬂ»vvbﬁfﬁﬁ@ﬁ
3T MBS AR IC ISR Th D, ThoBFEVOBMIRENLLEHS, TN TN =T LD
W, XN Ao, FORNENET 75, ABAFE TCUREREEWLEBRLT LT LN
Tx, —FHREOCENAEZR LY, LAOMESSBREET ~EBIHTH 5,

(J. Akatsu)
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Table | Detfermination of Pu weight in waste
carfon by gamma-ray assay

No|Density | (f} | (A-B)xf Pu weight
(9/cm3) {mg)
110123 |12 [( 222 #104)x 1.12| 09*0.3
21 0.168 | 1.17 {(2903 #1114 )x 1.17| 26 *
3/0.188 |1.20 |( 873 £521x1.20| 8 ¢ |
410153 |1.16-{(3378 = 78)x1.16] 59 * 1
510.180 |1.18 |(1075 +93)1x1.18 10 * 1
610,123 |1{.12 [(25276+255)x1.12| 67 ¢ 1
710,165 [1.17 H22253+7T6)x1.17| 61 + 2
8| 0.105 11.10 {3497 + 98)x1.10] 35 £ |
9[0.162_|1.17 1521101614} 1.17|850 £25

Total {1117 +25
( Combustible waste )
Shearing
Acid
[ digestion — Otf 9as
H,504 |
? Recovery
| GR— -
of Pu (Pul
{ Solid residue )

Fig.5 Flowsheet of acid digestion
Process

— 101 —




JAERI-M °5—1213
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Fig.6 Schematic 'diogram of acid digestion
apparalus .

Table 2 Experimental results of
acid digestion

Combustible waste  {Kg) | 13.5

rubber {weight %1} 20
paper , 20
vinyl shee! . 50
others . . 10

Digestion solution (Z£)] 138

30% H,0, containing 15
/v % of concentrafed HNO;

Concentrated H»S04 (£1| 8

Pu recovery
Pu weight {mg ) 1015215
efficiency (%) | BS.3
Aqueous wasfe ()] 87

acidity, (H') (M}| 1.6
gross alpha-activity (uCi/2)f 11£9

Solid residue
weight . (dried) (9)]| 380
Pu weight (mg) [175¢5
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5. RADIOCHEMICAL STUDIES OF TRITIUM

M.Nakashima, T.Hirabayashi, Y.Aratono,

M. Saeki and E.Tachikawa

5. MUFOLOMEMEERIHFSR

i i - bk EE - ER R
fedn ER - 30 HiE

5.1 MEHRTOFUFILOEERES

51.1 % 5

BRIETERLEZD, 75 X2hoMUBLTL B MV FoLd@c 3t F- 2T bk
¥, BOEMICH B VF LGB BHATACLRERL, PREMRL TV L, TOE
TIEBAETEERILIMTOEDTH 5,

5.1.2 Sz iana¥— 0 FuLOWEEE

HASESBRERIITATN BT A — P Y F v ad, RELMFEEEERRT S, £
DEERETICHERNE NI b, BB REAER yF 94 (HT) THO, KRR
A4y (H DY) E-2ERBICRONZ{LER 2 s DEBRDTH S CHs © CHLEIE
sz (2) .

SN o RN fE S BB S B DOt ) F v A OWEFEHORMICE, Fig. 1 IRARTLD
1LER S i RN EB bh, BEMSEDE LG MY F U LRBHMTHERLIC(KEELLE
B L (11) o CHULRERB D TORRAEECEEERTE s T3 ERETELRDEL
SRFHETEE, $HLD, ERodFREEEIRFRTFORERE~DRLEHLAET
B0, *OEEHEHEEE i, BEAOHMBARAE 2 »THL, F ) F 7 L0MERT
HAEER~NIUSHENTEERT, V) F oL OREGEETAID, b trF-I
K&, BHAERIEINECH S,

FEe LA EREICIEPD S 70, T FEEICCVD (Chemical Vapor Deposition)

I L0 LA (BEE) ORUARSBRELZEC, I F v LORRREEAEL
Fo (24) . BOMEFIERICH LU TETIRHB LTI HEER - T0 30, TOEERRE
FEHEMIL L DBRIEAT LMY T VB, $FOEFEIT—RIC BAF (Bacon Anisotropy
Factor ) KL D REND, BonfiER%E Fig. 2 kU Table 1 ITRdT, RAEUHORSSEHS
BREGTE U F LR LIES O ENEETSD, LiLesFL0EEEO TEMHR
%o
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—N, BT FAF-LIFID€F I v 7R (UQe, Si, AlOs) DTOHSE ST H
FE~EALL ) Fo sk, EFITECE, 28 (Al) b TR 0BRREED LR,
-7 (1), (97, (13), (UO:thiBW 5 U5 9 20EREHO T - v=u2 70} &
Fig. 394 (13]) ) #MEhbic b ) F 7 4 L{EBNBEAROB O LESELETIES, B
TFE- P FOLRINSOTEEEREEER T4 THAETHELL, 20T, &R
EixE++/ YN TOFT A F—-F ) FULOEEREEFIALT, COEBROTFEAAT,
EORR, G iad—1 ) F sy, MEDEEARTEE, 2ORBCE T 2ax-4%
Vv, TONHEMORBRTAEECEN, HOBRENHEE, THbS Ry P - vHERE
n, BARMICT VF 9 L2 DFEIBA TR AGEERT 5 C B LI -7, EREERE

ERAROLEDP S, Ko b V- vORESZERI~4 nm, FOEGEFH 0 BEETH
LHEfEml (4),

UL, Toi=oo s TERSBRDLALD D, BEORES €T I » 7 2CHEL
FNERERTE - TLEH 72O THI R GEA OGNS, £ 07, KERMEKICHTZ(LE
%ﬁﬁHmA%wE RDATHERS, POBHFIBECODVWTOMER B, 71 BHEEZES

BUGTRICGET, + Y F o oOLBRUBREBESHLHE~T (13), Y1 ZERP TS T 205
—PU%GAKJ%%ﬁ%ﬁ@bﬁﬁ%ﬁ¢éﬁcﬁcﬁﬁm%%@ﬁ%,PU?WAH74§
R 5 B3 Cle E— 7 AR L TR S 11585, COBREBESI - HEAOUREERT 4
FEROABN TR LZBEORERE S, BERLK—HLTLE >y, L3ESERRY
HEICLAFHEDOTNBEREL TOEDMHETBICE LI, -7,

O IDEEWSLMLT B0, HEAF A (Si0,) K80keV ®d DT £§TiAdk, o
EEifE-is (23), BALK D HAMDTODEAEHKL TWECEEFT—IR(7— 12X
BRA G MERIDHEL, ERSALLODEBERT Si0, RICA & LTHETS
OHEGDERRICEI 5 BOoBOREENE LILETA, Fig. 4dicmd Loz, IS
LLAELZ ODHADARTM LIt 0L &iD a7, CNIRD T BOOEZERER LD, RIY
SN TROT Fr F—CEEHIRESNLHTHEA S, EFRLICHRUD BTFOHESEES
ESR (BFACVIE) BMELLIDANSL ik, BERBOMGEAELS FICMEIL T
WBL EHIALHIRIL ST,

5. 1.3 VFOL=—TAI=zvsBehTor )F7L0%E [10), (15)
NFova—Trizvaege (Li-—Al&2) B, "WFI9L0RERE&ER s -5 &ELT
BEENG, LoL, —HIKEBHDr ) 79 o ORMEERASOAS, 74 1 2 50R
EHOBSENS, 0T, Li—Al&4€thTor ) F9 4 DEHAREREL: (10), 208
B, D 200 ppmD §F 7 a5 1 F v o OHEFRESLY, 7 —vahofEkL D 1 HEE
TFaC &, RUHRGEGZ ) 7o L BEEE QTS LIMS N - TITS, BiciEoEE(k
TAHALF—FAFIT - TITC T ER RV L, OHT% Fig. 5IERT, RS8R
RO F U LDIHRIC KT LENENDOBREGI CHTHSRE LI 6D THB, &5
KHEHMIK LAl G8PO0 ) F oo OBEEH~, Li —Al G237 v LBE 1 $EETY,
FEMETH e RUBMICAMLTED, KRENERZIF o L&T 13 =7 2 OSBELEY
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ThHaBHIcERL, FORTHiOHS (P 157 LEBER ppm TH 16 %) HoFK
(T; RUHT) LTHEELTWAZ EERWIZLL (15],

5.4 MEDMTO Y F U LOFTERE (22), [28)

HEEERE ChETRE L7 v by Fo stk 51 U F v L0 & RHEROH
Bi%, ESREEEERNE (DNO,) BE~OBRBRICHEINS 1T 7 0 (LFERIFZM
B THT (22) 0 BEERHTO P )79 20Mk%HE, T (LIT), T7(TF X1 L0,
T HTRUET,D5-0TH5EH, HHEZT=— V¥ VRELHICE{T S, 350 CTR 95
BPLEMT & LTEELT S, UL, TOT @R 3B0CULETERTABREZREUD, Tk
BRI K (DTO) &5 L FMICELT 5. ChHOMTE Fig. 6 K REICRT,
LSS LD F Y F 7 ADRKHE 30 CU LT T MESiiaB L&ICFERINS T Lo
LA AT A

., ERRRETE L7 v (Y F o s OBERBERA~OERHBICHB SN A 2K
FOLRAIL6% (48 x 100 pvt), 61 % (48x 10%nvt) RUF98% (1.2 x 10" avt)
LU S tr i FRE BEEEE R L, BRdc fe LTEE0% OHER 48 x 1017
vt DR TESICHEBELTLE SN, 660 CT7 =— ¥/ g asmakmElLl, 12x10"°
avt TTEHE L 7 900 F o s BERE 0 CETT - v Lick, FARINARZ b
EIEATTS &, 3578 em™ & 2225 e L ICEIOIRIN © = 2 B St Fig. TIRINHDR
R P NETRE, FRERDOE -7 D ®Co 1 BICLB BB SBEEPREIT=— Y v/ iLL S
AR RASEC B3 5 C & RCRNG > 7 ¢ ErESREE K352 &5, 2225cm ' DE—
FJHOTHIEEBT 260 THEEEH L (29), &0, EAEED SO EFEN 7 47
2HEL, OTECHRMT +A¥—13H05eVTHBI ALK LT,

(Y. Aratono and M. Saeki)
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the surface of borosilicate glass", Radiochim. Acta, 38, 37

{1985).
Aratono, Y., Nakashima, M., Saeki, M., Tachikawa, E.
"ITnfrared spectrum of tritiated hydroxyl ion (OT7) in

neutron-irradiated LiF crystal', J. Phys. Chem., in press.
Tachikawa, E., Kobayashi, Y., Muromura, T., Aratono, Y. :
"Chemistry of radiocactive waste treatment", J. At. Energy

Soc. Japan, 23, 154 {1981), (in Japanese).

Table 1
Best fit values of frequency factor (DO)

and activation energy {(Q)

Material BAF 1n (DO) TQ
(cmz/s) kJ/mol
H-1 >1.78] -(4.8+0.8) 261+8
H-2 1.78{ ~(6.0+1.8) 249+17
G-32 1.07)-(17.4+1.0) 105+9
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Fig. 5 Temperature dependence of diffusion coefficients of

tritium.
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Fig. 6 Schematic presentation of the behaviors of the tritium centers against annealing
temperature
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Fig.7 Infrared absorption bands in OH and OT regions.
(A).. (B} : unirradiated.
A<y, (D) : a-nnea;led at 650 °C after neutron irradiatien.
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Fig. 1. Release of tritium as HT (O) and as HTQO (®) from the
stainless steel contacted with 13.3 kPa of HT-gas for various

times at 293 K.
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Fig. 2. The thermal desorption spectra of tritium (O: HT, ®:
HTO) desorbing from the stainless steel sample.
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Fig. 3 Thermal desorption spectra of tritium desorbing from
the specimens beifiore [spectra (a);-———:HT,—;—:HTO] z=d
after dipping in dil, HC1 for 2 h [spectra (D};

() :HT, @ :ETC] and 24 h [spectrum (c); A :HTOl.
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Fig., 4 Thermal desorption spectra of tritium descrbing from
the specimens before [spectra (a);----:HT,~—:HTO] and
after dipping in CuS0,-H,S50, for 2 h [spectra (b};

O :HT, @ :HTC] and 24 h [spectra (c¢); A 1HT, A:ETC].

- 120 —



‘uotidaosep Jo Abxsus uoTrjeaTlioe 84yl ST Pg

— 121 —

q
‘yyead uotydiossp TEWILBY] JO 93RRI [RUTXRW 3jE asanjeiadwsl syy ST wy ®
porJINns [TOUM aker eomjyaInS N sat1oeds oTWO3R 5SS & 0L6 TII-4H
i HmascmnmuuuCﬁ synuexbiajur AqXoyn setoads Drwole 6 + S oSt II-LH
™
|
3 aeTnue1bIsIUT  grnuesbrojur + )
= eoB3aANS STOUA eoeJINs a4 UoT _ILO L+ LT 0vS OIH
|
=
m, Aure soevgans 3Isowdol n|No~1:O.lBOu soToads JenosTow v + 0C 0f b I-LH
UoTIjeUTWRIUCDID D3TS 9371Ss unT3TIl peaqgIoes AH|HOE.nxV { M ) yead
UOTSOII0D JO uotidaos jo uoridios auj o Wwxo uot3idiosep
103 K 3 Hd 3 01 psaeTax 3 3 a Pg e YL TewIaysl

adiy aaTIO8IIA uoT3INgIILST] jusuoduo) a1qelnTpaid Jo suwepN

peuTelqQOo SITNS8I 9yl jJo Aeuwuwnsg | 8TqeEL




JAERI—M 85— 213

Table 2 Specific activity effect on the amount of

tritium sorbed on Pyrex glass

Specific activity of 15 2
tritiated gases Scrbed tritium (10 atoms/cm<)

(TBg/mol) 0 - 3.0 pm 3.0 - 11.4 pm >11.4 pm
56.6 5.6 + 0.3 0.22 = 0.02 0.63 + 0.04
19.6 3.2+ 0.2 0.25  0.02 0.78 £ 0.05
16.8 2.4 + 0.3 0.22 = 0.03 0.73 ¢+ 0.08

ﬁ; T T 7 T P
5 ¢

o 3 -
E

o

-

<

]

Q 2ar o) 7
Ke3

'—
o B /////g
@
0
g o)
{ 1 | 1
OO 1 2 3 4 5

JRP (Arbitrary unit)

Fig. 5. Relationship between the amount of tritium sorbed on the

surface and the square root of the product of the absorbed gamma

ray dose (R) and pressure of the sorbing gas (P).

@: Pyrex glass was exposed to 6.65 kPa of the DT-gas for 21 h.

o: Pyrex glass was exposed to 13.3 kPa of the DT-gas for 21 h.

@: Fuxed silica was exposed to 6.65 kPa of the DT-gas for 21 h.

4: Pyrex glass was gamma ray irradiated at the end of 135-day
exposure to the DT-gas.
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VAT NEOREFEHEN 7 L E LT, ERCERTIIOCCERL/ NI £ — 513, BN
BERR LI HEAETHTHE, TNODF A -4 E, WETVIFULOR T LATHER
BT B ENLLNRDBLENTESE, EL+a7—Y—75A, 13X, YyunrnsLOiEH
TAiFONA T LEROTESALERE ROEER (1) CLDBRTBI BTSN,

A=K=+Am->Cqoexp [(=KA, v) £t e (1

A @ WEHTO&E (mmol ml)

K @ fE#EEEH (ml mmol - min)
Ap @ BAMEEE (mmol/ml)

Co @ SMTOHTOWEEEE (mmolml)
C : SO HTO®E (mmol ml)

v . HAORMBE (cm min)

£ 1 AT LOAOPLOHEEE (cm)

t : HTO O##4EfE (min)

S A ANBLUOERET VI FOEARHERRE, 75 4REBCLENTEVF2T -V
TOR 15 EEREON, BEKEESAE80CTEEV 2y~ V- 7ORER KT
% (Table 2)s Sl A4 L, EETALIFTRHF» I THADNDKEIPETORECRE
mxh, 0.67kPab3.2kPa OKEISEOHEETH L fELRABEERSENLT S (Fig. 3,
—F, ELrFaT - V- TOBRABEABERIBE S LUKERSROBEBERETIZVL, &,
a@ﬁmw%ﬁﬁﬁwfn®ﬁ%ﬂwowf@k%mﬂ,%K%V$Jﬁ—v~75A?k%w
LDEANELF2T— V—TOEBNHERER, BRBAOBRA £ ¥ 1KkO &L 73 ks F%
B¢ Bl xS TRET BT EERLTEY, Y YA ARELET v L 5 ~OREPEICKHERS
EREBBDTHBETLLERITI>T S,

Eoht SABEERIHEREEREHOT, P Y F 7 LOHAKME 1 7 4 D&REORK
ELTEDLT T EMTE S,

t :af,—b]n (CO/CB) ........................ (2)

a=Am/ vCo , b=1/2KCq
@FE, BEs L (cm) o520z &, WOBEN Cp 1785 $ TORRA (min) T
FLLEEARDLTNS, ORI LHITHEMEE FEBMIB—HLL,

5.2.4 VU ASLVTHEENICE ) F T LKD r RO

Py F o sk ERE LS WESERE, BRETIESOHCKRHERAMICE S KRTACHT)
DR EREOEIC, £3°Co — rEBREICLAERET »7, A0 v Us 5 LI BET &
T B L R KEERTEORL S 3BO 27 a2t /7 7HAHEAITHS (Table 3), K
FEHADFERZ VYA SV BRI TLREKBOEE (Pl ik&EL, PE—ECENT
i, 154X 100eV, g FTHRN T %0 F— K —RITHF TS (BET) , ABEED 7L+
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—&W%%ﬁbfﬁ@tﬁi%%@G@(G(me)@VUﬂfw@Eﬁmiafﬂﬁéﬂﬁg
MoSG#AEﬂT@%KﬁHH%Gm@(&%)@%2%,%@2?@§ﬂfﬂ&uﬁi
DNEL, i WThORETS, “Liquid line” VAV G(H)ps AERLT TH
ew%%;O,&Em@%ﬁmgwt@vuwf»m6®z$»¥—%ﬁﬂ$%u&%%%tf
ﬁ@,%@%5®ﬁ%é@vuﬁfwﬁﬁmmﬁgﬁﬁx;ﬁwégméé&m@qu%&%
iéhéo%cvﬁ%uw%%?»%ﬁwt,%%Kﬁ%%sﬁﬁ®VUﬂfwmomf%~m
kb d o EERA (Fig. 5) o FORE, FEARR (Yu.) &
Vi, = (¥ ) AX D50 T 30 F —BEIC L5 ERKE]

L OREKCEERRS N T A F -tk BERKR)
' ~ Ruo
100

« .
= Rsgou " P - 7 '5"”78+GH2'
Con

LEbd L LT AT, T.0T Regon, RE,0 RERFN Y 270 EIRERICBINS NIz 4
wE— (eV), Conld v i 5 rOREAKBERE (1/1m*), ¢t IREBOH, k &0 @
EHTH L, Fig. 51, YUATXAD o0 i F-BEICL5KRERBOMLE (A) %
WEBOK (8) KHLTToy bt LIcbDTH S,

. Rup
(YHZ — Gy, “"ﬂjzo—‘) Cox
A = ;kr-[”re ............ (4
RsgoH * P
COER L yAr LD iy - BEEATKBEEELCEBCAEEALN, IOTE
T £ B KRS Cou KRWHIZ 5L EHB - T, S DITKRERBIRERO
%mt&®mﬁ¢?66&¢%,&%mmﬁmwioflﬁw¥—®ﬁﬁﬁﬁib,W§K®%

BIEESRDTEbDEEZ SN D,

5.3.5 vUASLVIKHESNE Y Y F 7 LKOE SRS F

Gl °Co — 1 OA HBFICLZRE L Y F U LKOBERAR KT, PIFULD
Bﬁm;éaa&%ﬁ%ﬁmowtﬁﬁko&EPU%oAm®%E@ZMM&yg(1%mG
/g>?,w%m§mP:am~&%ﬁ5éoﬁﬁ@&ﬂbtz$w#~m,rU%vA@%
%ﬁtﬁﬁ®$ﬂi$w#>56m@v%ﬁmfﬁﬁb,EEZX1N%V/g?£otOK%%
%@émH®Gﬁ%Ph;6mﬁﬁjmﬁ%$%@,rﬁ%%@%é&@%vUﬁfw@%®I
A BEYEIC L AEREESEC L, FEfTELNTERI L - TRD T T EBHRT
(Fig. 7) 1&,rﬁm;5%%&@5&%%%%@%@@%?mmwﬁ,9>2bemm
Ea&%ﬁ%%m;émi%éﬁﬁkgw@ﬂﬁﬁanto@i@%ém,rﬁ%%@%é&@
B, BlmS Nl o7,

(M. Nakashima)

¥ @Wa@%%%m%mmﬁﬁﬁmﬁ<a<,@Wmﬁwﬁﬁmabtméﬁé,EWKWMént
1$w¥"m@%%ﬁ®ﬁﬂmﬁﬁbﬁw¢ﬁib,é%m&é%ﬁm,%ﬂﬁﬁﬁw%ﬁme
HTHMRERIASZ 5 & Lo GUH,) {H
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Table 1 Distribution of tritium among each fraction

in variously pretreated silica gels with 5-

minutes pulse loading. ( % )
Sample Fraction A Fraction B Fraction C
SG- N 5 / g5
SG-1090 1 / 99
SG-200 0.1 / 1040
SG-300 2 / 98
5G-400 5 5 90
SG-500 18 18 64
SG-800 23 20 57
Table 2 Temperature dependence of the maximum adsorption
capacity (mmol/ml).

Column Silica Gel Activated Molecular Mclecular

Temp. (°C) Alumina Sieve 13X Sieve 5A
25 16.0 + 0.4 14,8 + 1.7 10.0 + 0.9 9.6 + 0.6
40 6.2 + 0.1 6.5 + 0.4 7.5 + 0.2 7 + 0.5
55 4.1 + 0.2 5.6 + 0.1 6.7 + 0.2 6 + 0.1
70 3.0 + 0.2 4.6 + 0.2 6.2 + 0.2 6.3 + 0.1
80 2.6 £ 0.1 4.2 + 0.2 5.4 + 0.2 5.8 + 0.4

Table 3 Specifications of the samples used in the present study

Sample Surface area Concentration of surface Mesh
(Agpp), m?/g hydroxyls (Coyy), OH/(am)?

SG-A 546 4.6 60/80
SG-B 197 5.4 60/80
SG-C 99 12.2 80/100
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Fig. 3 Maximum adsorption capacity of silica gel(Q),
activated aluminatv); molecular sieve 13X(@) and 5A(A)
yith varying HTO vapor pressure in feed gas.

The dotted lines represent the results on type A zeolite(a)

and silica gel(b) in Ref. 113,
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Fig. 5 Corrected value of hydrogen yields(A) arising from
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6. CRUD BEHAVIOR AND CHEMICAL DECONTAMINATION

FOR NUCLEAR REACTOR

E.Tachikawa, M.Hoshi, T.Suwa, C.Sagawa,

C.Yonezawa, S.Goto and N.Kuribayashi

6. 75y FEIUBEFFBRFEDLFE

T HEeR =ZTHEEE ReEN TH
KIRFPPOAR « EE B« FBHE i

6.1 SUS—304DEEEKFRIS v FOZEE)

6.1.1 FL»HiC
H%ﬁ@ﬁi&%(ﬁﬁyF)MET?MK@H%Kéﬁb,E?@%@ﬁ%%@ﬁﬂﬁ%@
kA b ot BB SATOS o BETT, EREROD, HeOWHENHL o,
WD OEEABIHTVED, 75y NOLRK, BT, hE, EROBRIELT, FTHOR
@zw&w,ﬁﬂﬁﬁmaayF@%ﬁﬁ;@%ﬁ%ﬁﬁ@éc&%ﬁmabto

6.1.2 SUS-304 OF&EL(1)

980 °C. MBS /KEOSUS-304 HBH M OAR L7 7 FERMOE< 7254 bHDH
37294 F THEKSN S, 2EELBE (M, ) WKPERBIOAZEER (M), &
BEET 5y FOAB Mou ) BLURE M, FOSBEDNICL S, RIGKTEA 100
BERED) FODSERIREE T, Fig. | IGRT£91C, Mg, & (47L5) pgind E—FTH %o
(M, t M) i, RVDESICEDSND,

Myy, + Mpep = (112 £6.7)+(334 £0.23) x4t pgom’ (1)

t : RIGER (hour)

L7ciaT, Migrar @D L SIAED

Mioial = (582 £4.4)+ (334+0.23) x4t  pg/tm’ (2)
SUS— 304 OB BIE BN S ¢ L2WEhIT Uiz, K25, 1000 B COREEE & L
T 029 mgedm ™ +day™' (mdd) A EAREH, —WKZFPCNLATOSIE, 0.1mdd &
5mmmerﬁw-f%ﬁf%tlﬁmm&iﬁotwél4lcnmﬁ%ﬁﬁﬁ%ﬁm$
CiIThnEoRH L, BOESEHRHKTLL S ppb DEFRERF G L IHRBEH IR
A THBo

—7, BaTrk- TiET 5kER  H ) EL08T

(Hy ) = (874 = 0.66)+(0.50 +0.04)x4t 10" HF ./ cnf (3)
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FEhxh, BasLEELTHE, RUTRT LI

M+ x » H:O = MOx+ x+ Hy 4)
SUS—304 %HEHF 2 2BILE, MEKEDOFGTHETTSH & LTHBELEHE L~ L, K
HHZAOMEICLY, BRBEVPRETELLLEERLIS,

SUS—304 %#HERT 2 2BITEOKN~DEHF Fe> Mn> Co~ Ni > Cr OEic/L D, Krh
T@cﬂa@é@n§4¢/@ﬁﬁﬁmmﬁ #ﬁ?%slih,m$ﬁﬁﬁtk7§yF&§
BE 7 5y FABOSBTEAKREERCTHED, 77 v FABERKD 7 75 FBRELTE
ﬁtact,ﬁxwm@mmcrﬁﬁﬁénéck%mmmbtﬁl

ﬁ?@f%%($@¥ﬁﬁ5xm”sﬂfzﬁﬁ%%)Ltﬁ%ﬁtuﬁﬁ%ﬁ%%%@@@
LD 50% 3 ERELLBEREN, FAGHE & 0 SRBR P IC 2 U fo RIE DS B A (2 4 B3R & R
WH L7

6.1.3 *°Co OEERE (27 _

Co(IDAAVEVTFNIFAHMT Vv (DDC) EEEL#EEENL, pH1 ~8T
#onkava, LR ED FYOTGEGRINCERY N A S (Fig. 2), LirL, pHBLIL
CRESDICHEB TS EEBEE SICHEERETL, BFOE&EpH & bickEUsL
&ﬁﬁﬂéhto%&éﬂtwéﬁﬁﬁtﬁmﬁﬂwTJE?5&Coﬁﬂﬁf*ﬁ&¢ LR
FBIED, pH 41 ~ 14 OB CEERNERATEE © SBRCS o —F, pHBBLE
DS THERPOBREMEEEL L L ERPS, M EN2 Co B, Coex DERHIZLE

—d (Coexi ) /dt =k (Coext ) (0174 (5)

TEbsf, MHROETRBECENSRT L & pH SR TR ES 50, Co (1) 7
FILEDCo (N (LSRN EEHTHE L EEMAMIC LI, TREs bit, FEMIDELT
A Uiz Co (D i pH % 6 BIFicd 3 EEUMHTAIHESIREBIC 1L 5 T &, B LU —IRINEIKE
T (~280°C) THERLERENES 50 F (759 F—P) D% Co HBERTEICED S
5 FARERICAHRLUEOED, MHSNEOL Ehbb T,

¢ D AR EERLE (JMTR ) « OWL— 1 ®v—7kic A LT, AEH Co o 75 ~95%
HCo?t, 5~22%HCo (), B OUENBHHRD 7 7 » FTEMATHZEEWMITLI,
S OEEBREREEDA A vARETELNLERE KT A, HERBERRISOH UHATELE 7
5K (455 F=F) &5y F-P %2045 tu<@ATES, Co(D&Co DR
BEAMB TS 2R EORESH - T b,

6.1.4 SUS—304 LT Inhovd —28BF~OKkb7 7 FOFEE (3) (4)

TMTR OBz Ei iR I L7z OWL —1 oo — 77k % 0.45 pm D 3 J &7 7 4 05 —THBL,
559 F~F&Es I F-PiRNEETELE, 2ETERERS 79 F—F #820~30 pg €, 7
5y F—Phi~1pg/ 0 &R E%&ézﬁﬁii% Cr, Ni TED BB HLIC 205585 &1
T &, PCodCoRIcHtd AHAMEEEEL 7 5w F-F 0005 Ci rg, 77y F-PTOI
#Cvﬁg%ﬁbf,ltwi—uiﬂm%C&,éb577wh~PC@Mﬁh&®m%&Mih
TR (LA 78 22 DEATHAET 5T &b -7,
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ZHICH LT, v—7KDICEE L SUS—304 B ED s 5 » FEREARMEET 010
T MO B LI T Roh 2 {v@@jﬁfﬁiﬁ}bf M. Qs BBt cHaT &, XMAKK B2 K
v FAHDERE FeZBOEVWI 7 FECEBOEWY 7 » FEERT L LR LI, ¥V
WA O -2 BB OESICERBANCT GBDE VT 5y FTH7, TDLIIC, BERA
EEES 5 v FOTRMER LSRG KT 5 o FOSIRERERNE REL T LWL
075 ot o HiREEE, ¢°Co/Co, DMIZSUS—304 8L U YA o4 — 2B & sRED
O ORMENEIC/NS D, BECEEV-F7KRKPD2 7 5 F-P, SIGLIOETE7 79 F
FOBIcFIFELL Kot THOOFRE, B UpEBA BB RIck - TR E 012 Ms04
5 IE 210 DREITN — 77RO MoQ s BIEELY ASH BRI LMERIC & DERIICRHE LT
75y FABMIEREN, BHICECBIKEEY 59 K -F SRDAEhTHRET 5L0HES
A 1e '

Table 1 IFR4 LT, 259 F-F, —PiciE, *Co, *Co, *Mn, **Mn, *'Cr 2RI
xnBh, ERERTELEYCo:®Co BLU¥MnE®Mn B Ty F-F /775y F P HT
DEEHCEHETEE, Co £¥Co TREHIH 1.0, ¥*Mn &°°Mn THESICKE.0 D
EHE S DD, b DEITHEREHERSEN "Co & Ni 50 *Fed ®Mn
THEDTENBRL B &b o FEAEBTE LOBIcE - o0 &, & oiclBlicdi~rcd
i, 73w K—P & —F T Co OHBEREMENLECEE, 1) Cok Ni HLU Fe & MnD
(b2 E AR 5, i) MRS - T8 ©Co &% Co B LT ¥ Mn & *MnDALER 3 &
RN S TR DL AR 2, i) 77 v F—P & ~F HORMEBEICHIEREITE
WEERE L CEMTE S,

6.1.5 SUS — 304 ~D *Co DKL (5]

280 “CK A5 SUS - 304 L& L12%Co id 7 5 v KB D TEL, —~fMiEsUs—304 &
ST B, BB REES A BRAKTIT-~cER, S0P NI 0BEIKFEL{,
SUS —304 DETICECES B BT b, HEER, D,= (6.0 £40)x107° em® /s TH 5 {4
BEcER L, AHHER 6Dgb=(14=21.0)x107 em® 4 (4 ERFE) THELERRA
W HE SN BIEREE, 25D D, & dDgb i Fig. 3w@mRd & Hic, JTPDR EFHE
tHEEEBLTOWL - 1 RBETOCo OHHEE T L (B LA, LrL, 600~ 12507C
T%tiﬁ@é@ﬂﬁﬁ&ﬁﬁ%<ﬁ@%]% THGE 280 CE0 D ERTIREATA EEE

A BB BB EEA T,

(M. Hoshi?
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Table 1 Steady state concentration of constituents and
their activities
Concentration
Crud Sampling| Fe Cr N1 Co Cr/Fe Ni/Fe Co/Fe
S - _ _ B
position| oy | (g1 | /w0 g/ a0™h | aoh | e
T/S-1 1749 7.6:2.4 | 2.4%1,7] 1.7#1.2 | 4.5¢+2.8} 1.4+1.2| 1.0¢0.9
Crud-¥ | T/5-2 30+10 4.4+3.9 5.8£3.0 ] 5.4¢3.1 1.5£1.4 ) 1.9¢1.2 | 1.8+1.2
Av. 23%7 6.0+£2.3 4.1+1.7 ¢ 3.6+1.7 2.6£1.311.840.9 | 1.6+0.9
* * *
T/5-1 0.2 0.2 1.1 1.4
. * *
Crud-pP | T/5-2 0.1 0.4 —— 2.0
. * * *
Av. 0.240.1 | 0.3+0.1 1.1 1.7£0.3
Activity
Crud Sampling 6OCo 58Co 54Mn 56Mn SlCr 60Co/Co
position| 10"3) . 10‘5) (10"5 | (10"2 ) (10”2 Ol 1072 )
1Ci/1 i/l uCi/l uCi 1 | aCi/17 | pCi/ng
T/S-1 | 1.3#0.5| ¢7.4+3.2] 29+4 |<4.8+2.5] 4.3+4.2 [ 0.840.6
Crud-r | T/5-2 2.441.04 ¢ 9.5¢2.0 28tl1 17+15 3.443.0 [0.5£0.3
Av. 1.940.6| <8.5%1.9 29+6 11+8 3.9+2.6 10.540.3
T/8-1 1.7+1.5 4.24¢2.5(< 5.014.1| 0.8+0.40.2¢0.1 9+8
Crud-°P | T/S5-2 2.0+1.2 5.1+2.1 53.4-}:3.4 2.5¢0.6 | 0.3+0.1 | 20£10
Av. 1.9+£1.0 4.7¢1.6| <4.24¢2.7| 1.740.4 | 0.310.1 10+7

N .
The results were obtained with the crud-P released in the burst.
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Fig. 1 Amount of metal corroded and hydrogen yield as a function of reaction time

The sample is SUS-304, 2.0x1.0x0.05 cm t.
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Pig. 2 Extraction of Co at various pH

Agueous phase: 50 ml, pH-adjustment: HCl or NaCH soln

A: NaDDC added immediately after pH-adjustment and extracted one hour later

B: NaDDC added one hour later pH-adjustment and extracted one hour later addition
of NaDDC

Organic phase: CC14, 10 ml

(NaDDC: Sodium diethyldithiocarbamate)
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A VYertical pipe

-7
'[O 1 M L I L : "
0 1 2 3 4 5 6 7
-5
X (10 cm)
Fig. 3 The concentration profile of 60Co in the specimens from
the JPDR piping
Least square fitting: Dv=2.3x10‘19 cmz/s
22 cm3/s

Sng=4.0x10
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6.2 45w FA®D*Fe & P NiDEHSRERE

5.2.1 Wi

EFIRBF CELEOHBEOSEL SEIKE > T2 BSHEREERY (77 F) 3~
2 AN, 2RI AP BLTT7 2 T4 b EL SRR Sh, —EAEEFEHEKIE Table 1O&5
BEDTHD, EHOTLER X URHEEERIE Fe 8L ¥Fe %1 & LR OHEETT o
55w K OERSEBELMEST S FTRFE RGBSR EE LA CNCOTRDOER, B
L O ORI E S S TE B, £727 7y FERERT AU RO LS sEicE R
3 &, PlFRERE L CEAEY SIS AERSE SN, BRTFFRRTO7 7 v FOFEET
EED FTAEHERD L1 5, BUTERBLOMEREL b ZOEEEOAX VP Fe B4
O OINI DS, £ OKEEEEP O ERIERDLEFTEEDT, L OBEECHVIER
S L7 0185, CHICH LT, BEHEMICEAaEN, 22 ORELESE “Co, MM
=0y SEEER OB iR, TRELTOSERMNNE L, HBRBEARDICVDT, —
R Tk d A0, (ERAMECTEES KRS,

B & ON| HETFEATECROBEERIGTERIN, £ORHT 2 HHEE P Fe DB
& BECHEZICE S Mn OB XBBLU 04—V IBFT, YNi OBGERET AvF -
(Emax 65.87TkeV ) D BBOHTH D, DI o DHEEOREEREC IFHEEIRE &

EC

S Fe (n, 7) **Fe S Mn

T,: =2.685y

2Ni (n, 7) % Ni 8¥Cu

Tys = 1001y

CEEHAOEDSOED LAY v F L — Y s VEITEEFEL T %, PFe PNk v
FL—y YOBERFe B L0 PN KBEBROIAL Y v F L —5 —~OERE, &5V ITERE
HELT M VIVELIU* YL vhaoiiflickiTohd, MiFOH Ly FLr—y —ERHV
LB TE D, R b T s HEshRE X UHHROLE®ROA THBLD 5.
R FEOFERINSEL LY, HURORER DS THATH 50, BRI 2 L8 &
ﬁ%%ﬁ%%%ﬁw&%TMﬁhoL@L%%®ﬁﬁmmm;éﬁﬁm,%%ﬁﬁ%ﬁ%mﬁ$
Hick D, LT AEEARET B OMEHRED O SHT 2FHSERE Lic, ToMkED
HEMMFICHAVLNTO S 5D ThIUT, FORLEMECLIV BB IREEZLERT ZHH
HEBFEE D, COBLOBRELBAEONLL et L TR NFT7xF el Y
(BPT), “Niic LCRyAFAI )54 (DMG) 2B FOMTEELEERILILTA,
ST T, BIRE, SFHED Y Fe & O Ni O KEREIEE SR TE 7, & SICT Fe
LRNIDHEAY VT v — v v OERBRERC DO T AR L, CNLOBFEEY 5 9 OB
CHEALT, 77y FORFIENTORICET HERET/
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6.2.2 Fe OHBEFHRRIEE (2]
{al AHRME _

$5Fe ZSirHsHE (Fe 2~ 20 pg, *°Fe 0.2 ~ 5000 Bg) 2 —A—fckb, v—T2A2
e R (10g100mé) dmé, BERES ~ U o@id (10 g /100 mé) 5 mlAEMA,
TMT7 v ®=7KTpH% 4~ 5 ICHRET B, BikEDHD — MTHE L, RT 50 meIcHIRg
5, BEERT Y E= o AEKE (10g./100mf) 10mf, <+7 =3 v ol rEg (BPT,
4, 7—diphenyl — 1, 10—phenanthroline, 0.1g100m¢& = F /7= — VISHE) 10m € &0
. 410 KRBT 5, PPO (2, 5—diphenyloxazole) — + v vigE (5g ) 10meTA,
3 AEER DR S, AR T, pH=6.0 0.005M EDTA-0.06M 7 = YBEE 10 m¢, =
FATLT 2 me BINA, 10 SR DIREE 0 Co £k B, HHIBERIAY v F L —
va VAIEE A T, iKY Y FL— e YEAFEL, PTe ORBEERE KD S, &
Ky v FL—va YABIER, 535 nm CERAEEAREL, FeBERD L,

b} BEEBLUELE

B Fe —BPT & AOMIBICERIASZ A VT I 73 —vEBLU 7oadvsd, Bk
R -y YEFEICR T LT Y IHRREAREYTH D, MEHOBEE L TR 2 F
VOB, BB DKEAEY L AR, WM LR Ul Fe—BPT#AIR Fe(BPT )
TRENABEER D, HEF YL it T 2B SEREN, CDicdh s oativafl
WO G & FBIC BIEER A A V2RI, A4 Y& (Fel(BPT)s)(ClO4 )2 & LTHA
HaBHEIT L, PFeabl—t—& LTHL, KHOPHEF v L Y BLUPPO—F ¥ 10 v
~D 3 Fe O EOBIFR L7~/ 48, PPOOFEA & (HWEFRIC P Feld pH3~8 D& T Fe
B0 pg T TEENICHMEENE EAVHEE Lo B D IEFEEIE 1AL L ARIETATH
F

AR ORI G ORED &, PPO OFEEEL T ORI AIE 535 nm T, Fe 2 ~30rg

10 mf OE T~ — v OFEAISEGT L, ErlEFE I 22000 2R LT, WINEBEAAME &
ENEHEME AV T I AT — B R0 o af v aOBEEICBIEELORESELN
#-. FedEBEICHLT, Al, Cr, Mn, Zn 3 10{58% T, Co, Ni, Mo BFEEZ T, Culd
110 B THE LTS Fe & +2 BLIAORETERHNR L, MHKOREEIDIE L6
HER ETH -7,

Fe RBPT S:4AFETHD, HiEY v FL—vs VlIEDEBI T vF ¥ T OFEPEL
L5, FelBEAL sy »FL—¥ —DEBLLTPPOLZBOSEAL, PPOL DMPOP
OP [1,4—bis(4—methyl—5—phenyl—2—oxazoly!)benzene) ARG ESDOFeBE S
S5 Fe DI EENROBG A B~ 1, PPO—DMPOPOP DA I 1K Fe BB IR Ty AT LR R 4
PPO# 1 DIES X U Eun s, Fe BEME KA IKONHESEOE FHEETH L, PPOE
£ OFTHUCDMPOPOP A MA HIBE D v v FL—va YORNER RS bk, Fe—BPTHEHAD
U EhE 4 Ni—DMG $EEORIVEE & & &icFig 1 KRY, K5, DMPOPOP ZMIA 5L,
ST L — s YORIA NS b Fe—BPT $EEDRIIGED &, PPOKEHAEHV3BE
LDy Ly F Y SOREPREV LD S, PPOREE 50 mg /10 méBEBTHY,
R DB D &b 6 NMIR 06T HBEHNT—IETH» 7,
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g LvF vy ORBIER PRa 2BV AAMEEECEDIT-7, *Fe BLT 27 FILE
15 500Co, ©3Ni, ¥Mn, PFeit o0 TiBonis = »F v 7V H#EHEE Fig. 2 TR
4. Fig. 2 Wy vFL—vavhovs—094 K glg% SFe OMEI 50 ~15keV
WEELTHIFE Lite 7 v » —2RMLEOIAED *°Fe OFEGFE R 0% LI ETHS,
SFe EfEILECEEED My & %Co i PFek O HBTIRMOD, PR Bl sz F
VORIEHE AR T, 5 EBRETE DA LE -0 8T EAKHT 2 P NI Rz EOD,
B3 ar¥E—0 PFe & YCo OFMMFUHTIHEE. TLINOD S FEERED S =
F S DEBENS fpote, Cr BEMENLP T, FFe OWEMRICLD, Fe i
EOibic kBt v F v S OFIEICER UER, Fedd pg/10mf £ TORER 085%
DN TH - e Sw 7759y FEHEES G LiT, **Fe ORUTBEE Ny 2 75 9 KOG
HEOEHEED 3G L LTEMSE L, 0.2Bq KL 5,

OCo BlEY v F L — e VEIETOHEDREEOR, 77 v FTOSEESS P Fe
DHIEICH L TR GEEE NSV, »SF 72+ oy VHIRET, Co &pH 2.5~ 8.0 O
HT, 50 pgBE TR S5, O FetMichh~NT CT L L DRELMIAEIES ED
TA %MW, HHick 3 °Co OABEE#E Lz, 0.005M EDTABH D pH &Co &
“Fe DEHROBERE T~ HE, HBEE pH=60 0005M EDTA BHTIRD B4
L, Co299% DLl ENE S, PFe B 1BUTFTH B Lbh -7, SBIT,
50 peBd TO Co MiFfHEIC i EDTARE A 0.005 M BLE, ROESRHA 10 2L Lo B
THY, TFTNI—, 2mé DERINCE D SN L DRI L T ERHEE S N,

KEEiCk 5% Fe DKy v F L— ¥ a YRIEOBOLT § 5 HEHZEOE BT,
717%Vﬂwmﬁ$@%&@@ﬁﬁ%%ﬁﬁmét%,#E@ﬁly?VfVNWTﬁ@L
j7o &% Table 212K d. °'Mn &°'Cr dfths L OFMBIZ L OBPN 5, 2 Co @
She & & &ICHIE SN E A, HHEicknSETE S, OUNidiihE XU HLicE > TS
Gl EAHE OB, 2F v v ALFHBEC L OBENAETHES L L EIC, ThEFNRLT
$Fe & CNiDORIBEEL AL ot P Fe bF 2 F » A EHEET @ y METEUCE
DRIEST ABHAHEEEY, FRASEL, 7279 FOSITOBET N HID, S Te OHAIE
CREIREEE TG0, '

{c) %°Fe &UINi OEEHITHEOHT

N hTad v hoUvECH LT PN S Fe & CMEEEE L B0, Hold BRGHED
BELIAVY —DRLLDEEY Y F L— Va YIC K BEBEIES AL L5, P FeDli
EHETEHEX B EF D4 - Y2 BTFOEDEFDY v F L — Y a VidEL dovd —liciafiiL,
BNiDYvFl—vs vid PFel 0 G2 FEF~METHAT D, FART Y T H—F LR
WO A LR 0~11& 11 ~50keV KEBT L2 F» vANVTOHEPRETHLE
Bibnotoe PFe & CNIOEEEE,L 7 v F v VHIEHREED, FeBlUNIBED
itk ks s v F IV OBLECHEA LT, &% 30 pg/10mé £ THIETS 2F5R TR
Spe & BNiQESKICKL S 2 HEORIEREE, *Fe 2 YPNIith# 1710 & EOBEFIET,
BINi 12 % Fe i 1750 DL EOBEREH TR~ 10% LIATH -7,
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5.2.3 OINi DHMEREAIERE (1)
{a) ZHrRfE .

63N AL e (Ni 5~ 40 pg, °Ni 0.3 ~5000 Bq) b —n—itk0, 72 vBTY
Eow Al (30g/100mé) 0 mEEMAET v ==y LK TpHER 9.5 KHHIE 5,
SR FASY FF VAR (DMG, 18100 mf = F 0700 — VR 1mf ZINA 3530
FRE D, GEEOBLE (333nm) FAER L em e vAEEH LU THIELLE, Sml %
K VF L —v g vESATMIZED, K vy FL—5— (PPO10g-DMPOPOP 06g
SExvLy) bmlEMAL, KRy vFL—Ya YERIET S,

(b) ERBLUEE

BE N -DMG sixomidiciE 7 BoA L ARBL LN BE, PFe OEAEERIC s T Y
v rOEEN S, * VL vick MBEORRE L, NI CEEH 252h) B LW
LT, I VBT vES O LELETTORED pH & NI OHHROBREF T RER
NiiZs oofou sl oBs LG pH8.S5 ~ 11 O#iH T 95 %L EofmitRE R Lz, EE
ECHIE R AR AO NI BAHENER/ oo R vaTIH200pgTHIDITHLTE Y1 Y
Cid 40 pgTEHE D, TDEIFNI—DMG SR F EFNOBEGICET HEREDELEAL LN
Ao BN BRI 0sec L LTHATH -7

bl i DI A AE L 7o 855 333 nm & 379 nm KRR HD, 70 atvsDEE
FO¥nm ERERADY 7 MR O, NIBERE(SE, BE ZRLE O FEREL
$hm 9338 kK379 nm DE 2 &b 5~ 40 pg /10mé OEETEEBEGEESD, Bk
SeABEGIE 42000 (333 nm ), 32000 (379nm) TH-71ze LY 00 HL LDEED 47000

(307 nm ). 35000 (377 nm) & HADRNSHETH-To 2 00 AL MEOBE L~
333 nm HFTO TS v OEBENBEAE0THEEE, REDSEPS 333 nm DRINZE
FEICHW .

Ni —DMG Sz T 510 P Fe THAlE Ny = v F v JTOREBEAL 5, Ni
BEAL{tE 47 OBBEE~), Fe OBALARKY vF L -5 —DOEFEBEL LTPPOLY
DIBA & PPO—DMPOPOP MRS IEDOTHE~T, PPO 1 DBEE NI REQHENICLZZ
DI EOET A7 LA, DMPOPOP £i14 2 Eic L DM EOBT 20U DI LS
Pk, ChidFig. 1/ 5b s, Ni ~DMG #EORINA <7 Fovd PPO DL
N2 R LETE OEEE LTV 545, DMPOPOP &INA 2 &Rk A <7 bvid REMICY 7 L
7, Ni ~DMG#ECBID SHB OB TELLHICIOREMRIE oD EEbNnS,
PPO BEEABEHE Y v FL—-v s VEIETHV LGNS 50 pg./10mf ITF 5 &, DMPOPOP
BRI 1mg A 10mé L ERSLETH S,

W g v F oy A YN DEIEICES TS0 ~ 100 keV LBELT, *Fe QG &EKICTRa
AR BB R D 2 T v F v S BIEMEER . CORIEINRE, NiREREMTX
s vF Y FORMTCERTSE, NIBE D pg/ 10mf FTORZFZ 0.67TBUATH -
Fo TIvF v —ASEHORTO YNNI OFHHERBLLTE T v T T FTVF
SEfE LD PFe OES LR PN OB FEERM S L, 0.3Bg Kz, Ni O RS
4981 MBg/gNi DEEAEMA G, Ni&&LTO06 ~ 120 #g OHEFATT -7 10 HOEHOL
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CIRSHERI TR 5 BLIATH» oo TNICEDHIBIER B EKBTH S 40 pgll EONt &
THEOHBERRGIEHIZATEER S BB -1,

6.2.4 77w KD ¥ Fe B XU ¥ Ni O3RF

PWRm@%ﬁ@%ﬂ&%ﬂ£©ﬁmbtﬁayF@ﬁﬁ%%Tmhsmffo§Ci,ﬁﬂ

BN, T7oF v bo ) MBS 2 F e v A VBITEEREH LSS OIRM & % 6

WE B v, A4 VARBIEIC LD Fe ENi 25088, HESEAEL 5B ORI Fe &V NIOD
& —HIc T & i, EAMEICL ZBEREERICE—HL, AEEFACH#EToI LT
CHHBIEL U TREICRETEA O EBbh o7,

VA BIBEANDT S A5 A P E T s 4 P OBERESERE L BIERECkD, 75y
KRR T BT 4 P BET T A4 FPO P BXY, HHEBSKEBTSS UNi Ok
K BHEERIRE % 1T » foo 85 CICHIIR U7 0O0TOM ¥ o o8 50mf 120 5 » F&EL, 85CITNE
LisAE 30 AT HEHe LT~/ 29 4 F 2BEETZ, 3 VRT 7 405 — (045 pm )
TREL, BilEE%E 65 ~E Y2 vBICE 2 BEEREAIT - 108, BREO~< s 4 P RIEM THE
@BETEH, VaoBICLA3EREO< A8 4 FRSE, EBRBICL ZBERED~ <y 4 FElah
D ¥ Fe & B Ni OHESHEDAELES Table 410/RT, JMTR OWL -1 =7 ZGRH
Lz 5y K, BLOBWREFELOEIRLEZ 5 v FEh, ~vd4 D P Fe DILHEHE
B X as 4 L hOeDLED 2~ 65, *Ni DEEE PFe LERE~N<S A bTIDHH2
~ GEBE T STV B, T, —REIMHEEAROREH 2 OBl L VKRR L
KEBENEELELTFe O4 2 vH50RMMEHND2 5 v FIZEB{LIRED Fe(l)IRRE THLE
5o P KOREEARIC L VLTS H0p , OH %5 & DBALERIC & D SE DML EZHTIC
o Tinb, 2019, BKELLDI 5 v FERFPLTOEETRDOL S ICHMEIN 5,

) BMEEE OO Pelll) KB b X 2720, BMEWBEE L SMHE LT, EMPOTORER

BAELCHEZ LD, Iib~vd 4 bThb,

i) HEEENE Y, BINTIChBENEREOKE CIREBTHFLEZEAT 500, 6

e x4 FTH5,

i) Ni BEEEL, BMED &L LA, «7&4%%5wu772&4%6ﬂ@ﬂint

BT, Iho&—8BILITET 5,

AE@w sy rIA4 bBLT~TF 4 PERAROD P Fe & PNI OHBUEFRRRERRE 10 1) D
DLEALINET T v FOPLTORBEOFREEL 6N L.
(C. Yonezawa)
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Fig. 2 Quenching correction curves

Window width of scintillation counter : 0-15 kev
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Table 1 Chemical composition of fuel CRUD

Element
and BWR PWR
Radicnuclide
Fe 1.0 1.0
Ni 0.070 ° 0.50
Cr 0.021 0.023
Mn 0.075 0.0015
Co . _ 0.00085
>SFe 1.0 1.0
60CO 3.6 0.1l4
54Mn 0.12 0.021
3y 0.01 0.098

Table 2 Effect of foreign radionuclides on extraction, back-extraction and

liguid scintillation counting of SSFe

After first extn. After back-extn.
Nuclide Found, % Found, % Counted by L.S.C., %
Av. Av,
Spe 39 + 3% (n=17) 39, 99, 96 s58° 100
3%pe 99 + 3% (n=17) 99, 99, 96 98° | 13, 14, 12, 12 13
6351 99.6 + 0.5°(n=7) 100, 106 100 | 63, 67 68
8¢ 100 + 2% (n=7) "0.97, 1.4 1.2° | 0.16, ©.31 0.23
80¢q 97 + 2% (n=13) 1.3, ¢.80 1.0° | 0.05, 0.01 C.03
34 n 61 + 1% (n=9) 0.07, ¢.05 0.06% | 0.01, 0.00 0.005
Sler 0.12 + 0.04%(n=6) | ¢€0.02,¢0.02 ¢0.02° | 0.01, 0.087  0.008

The radionuclides taken were 584-10092 Bq in radiocactivity, and 0.006-14 g

in weight, All the ligquid scintillation counting was carried out at 53 + 4 %

55 59FE

in the ¢ounting efficiency of Fe. a: Measured by gamma-ray counting of

b: Measured by liguid scintillation counting of 63Ni; ¢: Measured by gamma-

ray counting of the nuclides.
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Table 3 Analytical results of CRUD collected from PWR
type reactor
Radionuclide Determined -
e —
and N
. Ion exchange sepn. BPT extn.
element Av. Av.
55 .
Fe (MBqg) 4.66, 4.61, 4.61 4.76, 4.72, 4.72
4.62, 4.57 ) 4.76, 4.67 ’
Fe {(ug) 1192, 1240, 1168, 1200,
1232, . 1224 1222 1200, 1187 1189
SSFe/Fe (GBg/g) 3.77 3.97
63vi (MBq) 0.610, 0.607, ; (o) 0.686, 0.682, . .o
- 0.629, 0.638 ) 0.692, 0.682 -
Ni (ukg) 648, 598 623 —
63Ni/Ni(GBq/g) 0.997 —
60cs (MBq) 0.9322 —
S4Mn (MBq) 0.114% _
6520 (MBq) 0.00132 —_—
Cr (ug) 55° —_
Mn {ug) 5.0° N
Co (g) 1.6° —_
a : Measured by gamma-ray spectrometry.
b : Detérmined by ICP emission spectrometry.

Analysis were carried out after 2.2 years cooling.

Table 4

Specific activity ofssFe and

63Ni in the CRUD

Specific activity, MBg/g

Fraction JMTR OWL-1 CRUD BWR CRUD

550 633 55Fe 6344

Magnetite fraction 48.8 11.5 17.5 31.9
Hematite fraction 98.3 22.9 111 188
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6.3 HE—tUDL V) RIEPHREROHFRE

6.3.1 FL»K

Kﬂ%m,ﬁ?ﬁﬁmfmvlﬁh@~%&uaHHWWE%K%EL%@@?,E%ﬁ%
B ER B I DRI FE & HEGICIT » TV 5o

E?ﬁ—ﬁ@m%ﬁ%ﬁ@%mﬁ%ﬁ@ﬁiﬁ%(MFﬁinﬁwg)m,yﬁwﬂ%&@
i B SR S, AR & FRE B BB LD TR Dl > T B B LY R
ﬁﬁwﬁwaﬁﬁw;@%ﬁfac&ﬁ%,ﬁﬁ@ﬁﬁ@%%%ﬁ<§w%OXfyv2%@4
Vo aou FOREE, BEICED e BIFR~ED LEEED Crosi@fishs oo, Cr 88
B, BCr AT /Ty FiICkhE ARBE, B B TSR T Cril) b ook
O Cr (V) CEAVAR L, OS5 % KEEOFe, Ni 2ELERTS L5 ZRELERC
AT b, COBIRRTEAEMICA Y, RARERGHADLOIRANRHE

E?ﬁﬁ%%ﬁ%&bt&%@%%@%%ﬁﬁ,%w%%%ﬁ(mm%éﬁi%c&ﬂiﬁf
BU, COBIRCr SHEOSVHBES LHRINCERYT 5 EPNETH S LOBRITIL -
., BUFIDEZ AT, HEE-Ce (IV) BEHSEN TS5 LR L7,

KR OB, SCr a2 5 v FICHL, Cr £BTHL Fe & Ni 26 ERICEET
4o EHSTRETH D, BRE BT L EBTE B, Fh, 40~ 90 CTE S HEHIER
ET@%T%%C&ﬁ%ﬁ%%~&%%%ﬁﬁ?ﬁ<.%%%®ﬁ%%%,é%mm%ﬁFfw
e hs R RE R B OEE SR T E S,

6.3.2 WEE—tU L (IV BIEREZEOHARE

K%%&&JPM{%%%@%@&@%?.;@~ﬂmmﬁﬁﬁﬁ&br%ﬁ15tmm,F
T RTRBIEE kA THREREAEN T S,

SEEE S 5 o FOBERES, JPDR HRMBROREDRE JUBMORE (SUS304) £
T ORES 1 IE 50 FETIIFRT LTV AN T, THASORILDOTIEND, 60 FERZE
HEBA A vORME BRMERE ORNEDuLid, 61 FEICARYFES JPDR —RIGEIRIC
BA G5 hO TR &BE TED T %,
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RAMOBE - FRARK

H,SO,—Ce (V) FKisik -
Iﬁﬁ7§7 K (Cl’x Fe;-x04 B Crx Nin_s Fe“-x 04 f Crzo:i)

77 ¥R

“% B oH R l Mo R B
L Ce (W) Do
r Y T [ H; SC—Ce (N) O¥E
EEEE) —— e P :
i | — I
I -l
: r%ﬁﬁ$¢®ﬁmaﬁl L
| ' BHA A O R RER
| 1 1
e e ! )
: —— e e - - W, BRI
.
BRA— Tic k BRYRS
T ® B O
B
¥ - ————  HREANT
® & ® M@

(JPDR —KFH O WA RIBRHER)

6.3.3 s 5 o FOEREH

i 7 o FOBEESIICETAIRNENE 2 2ICKREIENS 1) 8#R7 7 o FOBRKEE
ORERE, i) BEFoEREUOBRESECRI L. |) ORIEEAFENITHAETIESIE, &
B (W7 T o F) OBEREZEZROREEMMONTOHIEEEH G L, —f, i) D
BT, MRS L0 L ARROBEBBOINRELLS,

CCTR, i) BEBHNTHLEN S, Cry Fes-x 04y Cry Nigs Feza-x04 FE
BERY 5 FICD0THRD 60°C, 24 TOBRELRY, InoOMEL LU Ce (IV)
BE A AR O IC Uit Z0%, Cros Niecs FersO4, Cr203 BXUNiFe:04 20T,
WRE, BE, pHSEOBEMANELEA T, ERROBKEL (FREIE 2R, YEHESM
B TOBEBEBICER L THRE T > oo BINICEREREYGY 5.

(a) Wil — Ce (IV) &bOBALIERRK & DB
Table 112 CryNigs Fegs-xOsE Ao HEERERF Rd . CrOBEMREE ¢
2S04 —Ce (IV) > HNOs —Ce (V) >NP>AP
T B, Mo 3EEOERICHATE - Ce (IV) il Cr /721 T Fe & NULICHLT &%
DB O T EMEE S HITE - 7,
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PR T o FOBEME ([, 3, 77 v Fdlerho Cr (1) %#Cr (W) &, Fellk
Fell) @ hd 2 foic B Ce V) BOIERE (Cou) EALIATRRE (Cop) D oRADIIE
5 f 0 = Cexp”Coal ERE—HT 50 15, 77 v FOBRICEL THRAES BRI
ERE

(b} Crgs Nios Fei s O DIEHFETE)

Fg,Hc%t@&%Mﬁ@ﬁ@@?Cemnﬁ%m&SmMﬁmLt%é@%ﬁ&%%%
Ehig A fd, Ce (V) EEIMOES, SHBHIOBEERLL p >0y o, =0 TH B, Ce (V)
BEINFR Tl o, > Ty > Tpe &7, Cr & Ni OFEFBEESND.

Fig, 2 13 BHRAC AWGEE OBERAEET =9 270 » P TRL TV &, Cr OFEE
14 Fe 0308, Ni 020 ETHE, CHLOHEROEE D >R HHY OERILT Fv
— 4 Cr, Ni, Fe T#hF# 498, 553, 448 kj /Mol TH 5.

T O CHEMREE R, RAERO TR,

- (1—-0)* =Kt

Table 2 i 24 BEERIC 3513 5 I6RREE S AR ARGEE (h™ )ik O TR —Ce (N)BEE LMD
S X DEE AT, LND—101A OB, HMEREEESAOET 1h EaKTHED,
ol R TORBRIZ 663 B EHE DBV, T0LDCBREAOERIRERFMT 254,
GEEE G CUET A DRERTH S,

6.3.4 JPDR EHRARORER

TPDR AL ZEE 2 5 I LR R £ 0T, HilE - Ce (V) BEOBRRIRERT L
b BB DTwbIc, BICHERE LTHE® - Ce(V) & PODiE (PWR Oxidative Decontamina-
tion), ByotkEiks UCLND—10{A{Can—Decon &), NS—1 ( Dow Chemical &), 8 —
R LT T E FEBEIC 0T ORI L, & Scki#— Ce (V) BT TE Ce (D »5
Ce(N) ~OBEMRALET TORRSEIT 7

Table 3 KIRBRBEREE S L) TRT. WM — Ce (V) BRTHE, 40°CTH 24HETDE
— 9, REETDF=13MELNI, 0CTi} 24T DF=3310Ed 545, BEMTE
DF=196 S EAERZ LAY, 20L& HRIBEITE Ce (V) FisERA RECHEL
Tt HHEOEE T 80 °C PH&ICE, Fig. 310RT £ 1T, BRERERE &I DF 318
K LT, 52ESRITHT A5, MESE LT, W Ce (V) B THETHEEIE, Ce (V)
DI ERC X 12 ORECRIREETH CEHEETH D, 510, BRFEED Ce (D) REA R
Lo L, BILHET 450, EDF 5285 2 LORHATH S,

Cn%®%%%%%¢65&%E%K.%%ﬁi??%%Lt&cé,k%HDF%ﬁéa&
T X, &5, BBEORERE ARKD TR 5 ARBEHERT L, REBUHEEE 15 x
0% pCiven? UTE LT S b, MEROBBHRE~OHEMALARETH S,

6.3.5 BHOEE
Hift —Ce (V) MBHE M THEH S, BHITHUEBAEFRENIRS{LCLMBTRIZND,
E?@%%%E%&Lt%%?m,%M@%ﬁm@%@ﬁﬁﬁénéoL@L,%%ﬁmiﬂ®
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Wi, ) Ce (V) OEEICL ZREFIOEL, i) RRERLBIIASUEEZRIST L O
BEd ol £iT - 72, ,

SUS304 OBAFEEILEEE Ce (V) BERAEIKET 2. BRECLSBRERI4 v B
Bt osEg &3 —-B L, BIREBEIAHONIEH -7, Ce (V) HEEIFe—Felll), Cr—=Cr
V), Ni = Ni{l) i3 6D ERELTHELEERB/A A v EBLOHBE LEE—F LA

Fig. 4 KEHBLOHEI L HSUS3M ORERE, KB OERRVES LUBEKTDICe
(M DOREHEE (Ce/Co) DEBKE(|ERT, BREEETRLEVES, BAEHEE L CelV) EE

B E e EEic K T 45, —4, BERBETTREAEE L Ce (V) BEIRIEZRE—ETH 5.
Fig. 5 i1, EREL TSI ABRAAEDOT V292 70y FERLLEDTHS, EF NV
HERF & JPDR 5 RO BAFEE R REE U EETR L. CARBTOERREICEDS - T
&, BABEENSAZ O, EMO S bIcREOMSHRFEFFERECEICEICLE6D
LELZLND, BAFEER, (mdd )BRXTRENSG ¢
R, = 931 x10" C,, (—43.2x 10° /RT)
TCT, CldCe (W) BE (mol”1), R= 8314 J/deg. mol T&H %,
(T.Suwa)
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[3] Suwa, T. : " Present status of chemical decontamination
technology for nuclear reactor-coolant systems", Nuclear
Engineering, 31, (3), 21 {1985), in Japanese.

[4] Téchikawa, E., Yasunaka, H. : "Development of reactor
decommissioning technology. (3) Decontamination for

decommissioning", ibid., 31, (4), 63 {1985), in Japanese.
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Table 1 Dissolution test of CrxNia, sFez, 4-x04 in H2S04-Ce(IV)

and other oxidizing solutions for 24 hours at 60°C

X Dissolution condition Dissolution fraction(%}

in oxide Reagent  Conc.(mmol/}) _ Cr Fe Ni  Overall

0.14  HaS04-Ce** 100 - 5 100  33.7 95.0 51.6
0.3 ” 100 - 5 100  48.3 74.4 59.7
0.6 »  100- 5  84.5 3485 21.0 41.3
» ” 200 - 10 98.8 67.1 86.4 T7.1
1.0 » 100 - 5 647 21.8 10.2 32.8
» » 200 - 10 100 2.5 47.0 71.9
0.5 HNOs-Ce** 200 - 10 82.6 21.8 61.7 41.6
» NaOH-KMn0s 25 - 6.3 5.4 <0.1 <0.1 1.0

” HNOz-KMnO4 3.5- 5.1 82.0 <0.1 2.6 15.8

Table 2 Dissolution test of Cre. eNie. sFey. 804 in H2S04-Ce(IV)
and other typical decontamination reagents®

Dissolution condition Dlzioggﬁ;iﬁﬁfraction(g) fnitial dissolution rateCh 1)
Reagent Conc.(mmol/1) Temp(°C) Fe Cr Ni |Overali Fe Cr Ni gveral)
H,S0.~Ce't  250-0 g0 | 100 0 106 | 624 | 047 0 68x107 | 0.08
” 250 — 5 " 962z | 100 | 100 | 977 | 041 20 0.18 | 047
HNO, — Ce'* 500 — 0 " 67.1 | O 79| 420 | 0018 © 12x10°% | 0.011
w 500 — 5§ ” 545 | 8.2 | 100 [ 700 | 0.028| 4.0 0.82 | 0.16
LND 101 A 0.1 wt% 90 100 05 | 287} 663 | 25 [91x10| 0046 | 1.0
N§—1 S 0TwtE o 475 0 | 65| 300 | 0074 0 1%107 § 0.044

a) Dissolution condition was 0.15g of the oxide in 0.7 dm® solution.
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Table 3 Comparison of decontamination factors(DF) obtained on JPOR specimens

in HzS04-Ce(IV) and typical decontamination reagents

Decontamination conditions Decontamination data
No. Reagents Concentration Temp. Specimen DF at Final ' Notes
(x 107 M) (& 24 hrs DF__Time¢hr)
1 HzS04-Ce** 250 - 10 40. F-18-2 2.3 13.3 148
2 " 250 - 10 60 k- 2-3 9.0 9.3 48 LT
3 " 250 - 5 80 F-19-4 6.8 57.4 52
4 ? 250 - 5 90 F-19-3 32.8 36.4 48 p
5 » 500 - 10 90 F-73-4 - 41.5 27
6 H2S04-Ce** 250 - 1.3 80 F-40-1 450 1150 18 ER
7 ” 250 - 5 80 F-40-2 B7 420 48 ER
8 liNOs-Ce** 500 - § 90 F-14-3 1.3 5.3 96
8 " 500 - 10 60 F-18-4 3.2 10.5 48
10 HNOg-KMnO4 3.5 - 5.1 a0 F-14-t 1.6 - - LT,PCD
11 LNDiOIA 0.1wt} 90 E-73-1 1.5 - - LT
12 NS-1 0. 7wtX 90 E-73-2 - 1.2 48 LT
13 HCOOH-HCHO 2200 - 100 90 F-15-2 - 1.3 99

P: Cerium hydroxide precipitated during decontamination.
LT: Decontamination with recirculation loop
ER: Electrolytic regeneration from Ce(H) to Ce(IV)

POB: Decontamination with POD process
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Fig. 1 Effect of the addition of Ce4+on the dissolution be-
havior of CrogNiggFe g0y

Temperature  [C)

, 90 8 70 80 50 40 \
10 L ] T T 1 ] H -‘10
N CrosNiggFe 504 ]
- 025 M HS05 |
-3
RN 5x107 M Ce** -
= -\\ K -
| Ni ——T\ "~ ]
~ BN
2 N N
T _ Fe - ~
S 107 Ny Neer 70°
> - \\\ K .
i on N\ ]
i S ™~ _
| £, =498 KJ/mol |
| E, - 553 ;
Eros 44.8
!O—z : ! ' | . 10_1
2.7 28 2.9 3.0 351_ 32 33

1 /7 x10° K

Fig. 2 Dissolution rate KIh") of Cros Nios
Fe,g 04 0s @ function of temperature
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Fig. 4 Effect of electrolytic regeneration of Ce®* on the
corrosion rates of SUS304
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- 025M HpS04-5x107°M Ce'* J
4 0.7dm® soln. ;
Activity in soln. /
e 80°C — o O
~§100-m§ 45
REE
-8 80 3 14
. |e
-LGI: 60— > 2_ _3
2 | =
-8 4012 42
€ <
- 201 41
L ol oldeem—mTT ]
o0 6 20 30 40 50 600
Time (h)
Fig. 3 Decontaminaticn of JPDR specimen in H,S504 ~¢e** solution
r . :
SUS304 {224 ¢m?)  |glectrolysis | mdd |C1/Come/r)
0.25M HzS04
6F 600} 13x10%M Cet*ico) | Y | Q14| ¢
, no . n
07dm3
= 1 o
5 g r \6/6 .
E -
at  400F | & 10.8
(48]
I 1
3F = - 0.6 &
38 1 &
2 5200F A . 10.4
© A ; i
s - \/ 10.2
C — -
O L O i/ L \A L L H L O
0 ) 10 4] 20 25

M

3

conc. x 10



JAERI—M 85— 213

Temperature {°C)

90 80 60 . 40 25
5000_ T T T 1 7 T T
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. \;\ 0.25M3sto4
}\\ \\Q\ 0.7dm
‘_;‘ S u ~o
2 1000k SSOA N
— N N N 4+
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2 500F % . S Eeoxi0T M
sy o \\\ e A \\\
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= ~ Ny -3
o - O ~5x10
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%.7 29 33.1 | 33
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Fig. 5 Effect of temperature on the corrosion rates in
av . .
H,50,-Ce  solutions under electrolytic regeneration

of Ce** from ce*”
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7. SOLID-STATE CHEMISTRY OF RADIATION DAMAGE

K.Izui, 3.0hno, T.A.Sasaki,
S.,Furuno, H.Ohtsu, T.Soga,

K.Furukawa and K.Hojou

7. HatmigEoBR#EFE s

M HE - KB H— o e RAE - 5F KR
K C-gR HEeHN BE®-EE F-

7.1 EIXRILE—M A EHRICKDEERE

EE OB ICE AR, (1) FEMEREIC X > TR T HEBUNR (o,
p, TE) LU () BEHELIK EBFEMR VLA A Y (~100keV) OFHOER -
FhDEEZLNA (7, 10) , ChETOFRIC LY, BHAGHRICL ZREREPIDO
BEICETFRTACENTES, 207, BERBEASHR S h > BT 2 F— (100
keV ) fREEOILEZRIGOMAEAHE L 7.

Ex e f o HSR T BLERGIC I, 204 4 Y HBIILERISIE 555 BB,
F3TRILE, FDAF vOREE T 2 0¥ —HpUEEICHT L, BRTOSFEERIE LR
CHIESLNH D, KB, COSBERECMRIILOTHL, TIHREEZES A VDT 2
WE AR OWTER B, 44 vHSRAEEEESMICES Ao F & (=fbEe) 3, &
?%mﬁbfdasz?mflmﬁﬁ?%aﬁ;E%fvmﬁtfm1w~qo%v-mf‘f&
., BAAVOBEOKS SHIEEOMIR, B IKEANA T VEWEROET (8F) 0F
BEREERASE A UE-BIT EEEASBEORETHD, = F ¥ —BITRI 10 — 20eV
THD) PEITACRI B ICk SN, BolE, IEDHER SO L TOLR X —BITE
BAE (FmEAH100eV) KEBEEZ LN, BETHENBONRESZEING, O
£ AR T A —BENE A 4 ViC kAR L BSEFIRICESC L L RES
CHEIR S B, CONBEER c 2EFREE, SiE/ A4 Yo 0 ABHOERICK > TRFR S
NITWT, BEE b BT 23 0B vd-E4 4 Y OBMBLE-THEREINE, A4 Y
DI rF—Hb-EELMEE, BFRHEMC, BEROORFOEHLHES S, WOWD
B E R AN - T4 B WHEEIC LY, FHOEFHFAILEARTINEL, THETHED
BALRERIGOFERTHSH (12] .

DIFTHR, 3BT 2 — A & v EEICHREERIEAEC THESRE LT (a) WK
FHEE - R EFHREY (b) BEEHEOD 2 DOBAS» SURRETH S AL EERREHE
L. 250T (¢) ERICAESKT 7 v¥—4 2 vRHHEE L HIBEOBMRIERE T 5.
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7.0 1 IiaaF-BTROKFVEGOBEEOSR (1,2, 6]

T F-—BITROKFOERE, T AvFEF-BITEONSOHRCE L TS PITENLR
BThHb, LTI 2 vF-—BITRIAKEOVBESOFNRSERICEA s dicy,
HEOS I v —BITBRONEOCEHRODESBA LT L T L5 B8N, £EAd 20
WES 7= SN THELCLESDL IR EDBUETEHED, TCTEDVTEETHLILE
A LN TSk (1) #54AK, [(Fe (CN)esJ » 3H,0 %#:BY, MLl THREBROZER
15 ESRAIE £ A7, ESR 3 MB0SRMOk EAagEEcnTH D, EERIC
B B RS OB ABIERIRE T = AT B DT H B,

K, [Fe (CN)g) » 3H,O HEBRKHENETH AP HESR ¥ 7 i@ T, 107 rad
1T®ﬁ77ﬁéﬁﬁbf%@@@ESRvffwuﬁbmﬂﬁwﬁi(E:ﬁ%%ﬁﬁﬁ@%%
ROBISESITS &Sy y+adfbhd) . 10%rad D OB TR, g=43 OME TN
TR EBEENENFe* T AAVICEZEEZSNBESR v/ hobhb, BT
CN O/MRZIECN ZEoNBBHELSL LBSE TR I 0ERINLEDEEL NS, LIA
£510° — 1010 rad DR AT, Mo, f2EAF 150 °C OB AT S &, g =20 DAEK
B ORI S bbb, CORREFe? T —Fe® " ORBMAEMFMICLLZLDTHO, 73
%5 —1T18 nfmFe? T —Fed TH#IL T 8ANTF LT SND, ThsK, (Fe (CNJs) »
3H, 0 B 24 Y= HRBREOHRITE 5,

CHIEHLTA A VERBHOBEREISDEDLEITEHL, IMeV 7o vORBRKBICL-TH,
t - ETERASERAICEC 5EEAON A 20 — A0keV Ar T BAHn X 5T, WFRL A
Fhs ChhiEBbNANTREDFe? TR0y Sy i3 ThS (Fig. 1)e £ HM
045 — 18MeV ®Ar T4 A voBETE, Fe® T —Fe? T 7525 - DRI (g=20) 7
Maxhsd (Fig. 2)e COTHCERTNE LR, A4 YREHELD &S L LEDORVERE
WEHTECORNSH SN AT E, XOICESR BN g BHEHEPTRHEB4 4 Y E—LD
HENCH T BAMAA LN T ETh b, DE0~1MeV Ar T A4 v HEEHCE - THIT
ANF—DAkSOEZE (Fe ORSRELZOLEEES 4 D) HECH, BEFrEsE DI
b &R E— LA Fe OBEBSK LD THD,

mEs, (0D Bk (K; (Fe CN)s), Ks (Fe (C:04)3) ) DOTH, RKROER
250, RE0Fed T 2525 —OEKEHRE LTV S,
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712 A o aDNRICET SETFNHRRPEHEROIR

Mg s U o4 (KNO,) OFEEA v~ - EFREC 7o b vl T 7 s RTRHT S L,
SR TEMEA A (NO, ) PHEET 2, G (NO, ) 315~2ThHb, ThHDHAR
T3, TAAF-—OKSNIBTOEE ETHE) KBOENE, BIBREEC 2 vF— 44
VBB EMA BT LIk, BETFNEELSHNER EEEEICE SFIEM OFS5EX
XL EEORIEORT 0B S4#~7, MR WHEERGE) % Table Licord (3] o 9
nhED, T He TOBAOMI8RT Y ~HOBELBE—H, N, T, 0,7 OBAOHE 05
7 DS, T AUZKNO, DAY, BEREFORLUEFHLICE 20 TEL, NO;~ OB FE
Hick > THBBHFES NS EEZRET S,

TABLE 1 CCMPARISON OF G(Noz—) FROM KN03 OBTAINED

BY VARIOUS RADIATIONS,

i) This work (L0O0 keV)

+
D ,D," .,D Ee N : 0,0

ii) Literature values

10 keV He™ 3.4 Mev 1.5 MeV e 800 s

C DT E AR A, BRIESICEZERSOLVFRET AL 4 YRECHED 5
IR D 7 — ¥ DA AT (5] o £4°20 — 100keV ®He ™, Ar ™, Xe™ KX E 5
KNO, DETHMIEEE (Se) &MBLIEEE (Sn) £RHTHL, He T it L TidSe >Sn
<Hy, Xe PRI LTEHITS, <S, Th b, fih, RIEORIDESREEHEEQTHD
N5, CHIRNEYZ0bos3EH ., MEHEOHEFKE

TO
Y(TO):NJ Q (T)y (T)dT
0

HHOE

dY.7dT =NQ (T)y (T)
TH o AL, ABAA YOI Fs-THIOMET, #5010k 5% CeEmE (RTHE
N) cgstns e aHEEQ (T) ATIIKRFEL, FLAHAA YO L2 vF-—DTHoT
AT KEAETICEAN#Zy (T) dT T4, y (TYRPBIMEED SRD SN D, FHRIE 20
“wgmvmliwﬁ_ﬁ@fKNorﬁgmz+o®§m®szﬁw¥~&ﬁH@%$©m
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~
O
I
|

10+ “ -

Cross section,Q(T)/10_20m2

0 200 40 60 80 100
Ion energy/ keV

Fig. 3 Cross-sections for producing NOZ_ from KN03

as a function of incident ion enerqgy,

¢ (Fig.3), AfA#vXe e LT 220 x 107 % em?, Ar THC3 LT 126 X 1077 cm?,
He Tieaf LT57 % 107 em?ThD, CNOOMARFS, &S, # 5% 1 DEATHBRICICEHS
LTwWbETBHEDLDEDEIEDTH S,

713 Ex i oauF— A 4 v REEE O «

S34EM D STAEIII TRB &N A 4 YRIEER, 72477 XvBMERFEO 2EHD
14 v, E- LR, A4V BERE, C- 4T e v B EERLTY Do AR
54 A VR, BAR, kE BE ERUCECO[MBHEICLLSOTHD, MMEBLE0 -
100KV Th b, THANESREELTE, BHF- vy~ BFREENES, ETx40vF—
DR, ZRAA VERMIBULETH S,

58 A 5 60 E I T T T ORERROBHATY, Ex AuF -4 4 VBEEREORE
BOFEAKRTLE (1) o BBRECEEOEER % Fig. 4i10/RY,
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Ion beam
Cylindrical
. energy. filter \&=-----
50 keV N» = .
y ‘ :

Sj : Q@ mass ]:I

] . L s |

Fig.

0 96 0 60 80 120 %0

lon energyf{eV]}

5 (right) Measurement o0f the kinetic energy of

emitted secondary ion from solid sample with use of
an electrostatic energy filter and a retarding grid
(left) Energy spectrum of Si+ and SiO+ emitted from

Si bombarded with 50 keV N2+ ions_
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Hyt 44 % 5% 10%ions,cm? *sec (100 #A /em®) @~ 4dicky 1% 10 P ions
Jem?E CHE LEEDOEBF Y vOTi 2p XPS 222 + v%TFig. 1 IGRT, DD, K
REEEF s v, Ti0, RUBAKKELY (TiHie ) @A b vbRT, KEHEHEE

(Ti:Hinp. Himp B4 # VEAKEERDT) OTi2p,, , B SERECL~<03eVE
IHANE—IT YT P Bo TiH, g PRANY P MCHREBRAIC LD E— 7 OELDHED
6&%%@@,%4&Nax£5—7@mim%ﬂﬁmxﬁ2m/zﬁf&égE>71$»¥—u,
Ttmmmiewﬁm%bmc&ﬁa,EAmﬁﬁﬁ—fvbﬁﬁE(~hm)Kﬁwt
TiH L, iC M TEVERAE DK EH L L1 EEZ BN D,

Fig. 2103, Ywa=y a/AYE Zr 3d XPS 27 b iRy, BEKKELY
(Z1Hye) OFEEREMICEONTOSH, 179.6eViICid KRIMTBRL S 2HEF -7
s B B, —H, KREBRHRE ZrH,,) ©Zr3dfidick, @BV va=vsoias
;@mémesz&abwﬁﬁMéntoik,m3d54&2r3m/2@5—5ﬁ§k
3 11T, BBED/2E0ME0, chid, KEL4 Y E-aPiCRES S LTRE LoBRE
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keVH, T4 4 vORE 20 am iKHL, 8keV O, " 44 Y OMER SnmTH 570, RiEH
B% Y FIID 5 B, KB ZriHi % SkeVAr T 44 v CHEHT v 7 ¥ /LI LTS,
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Fig.l Ti2p XPS spectra of TiH,,,, Ti. TiO; and TiH ;. Fig.2 Zr3d XPS spectra of Zr:Himp, 21, ZrOy, and ZrH .

Note that the surface of the ZrH, o sample is covered with a
large amount of oxidel(s).

ARV L, NFETOL, Ay kYL, A THEOREEBS — 4y MITDOTEKEA
&V EEAT - T, KEDBEOARPBICETE T Ihvy 7 pERIBL 7,
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YTH Y, BRI R ER TEEKRE(WMEPEALAT VI LKL LEBETE 5, L
DT FRLBEPOEAKER, SBOBEHEE S VEKBEECRETRELBATFRTHES D
REBABTLLEBTELD,

7.2.2 KEAFEHELLREESBOMBETE L~ B (9, 11, 13]

KEAL vEARC LD, BRELEOE QBB MAERRTS T &%, NRPLEDXPS
2y bR E DR LT, EABOD L~ BEKEOHSGZ AvF—FIKBlT M
BAEL, KEA 4V EELARFEERSFRIOVT, MEFHE (VB) OXPS AR7 b
WRIEFAT - 120
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Fig. 31275 Y{bA¥IDO VB—XPS 27 b kg d, KEA A ¥ BHEH (Ti:H;,,)
DAY poitid, Ey =35eVIRERT ¥ YRUTIO HRHEDLOhBVHF L E— 7 HHH
15, U Zxxn¥F—3, ARTHRLASTHEEICLSETI 3d —Hls & EHEOHE
fEL D 26eV §E0, UL, 35eV E— 7 EEARE, KERELTETHELLTO I &M G,
HAKRZEEFy vORIGICEOIER SN A Ti - HESHEEDO—HEEL DR 5,

Fig. 4it¥nz =9 b BHOVE —XPS A7 b b Rd, B Vv =905k FE B
3565, Ep=34eVITHBHOL UM LOAESEY — o8RBT 2, BREBREOS B LI~
L, B V=29 ADFERREA 9% 10 °Pa 0BEFTETICL, O1s Zr 3d MHaikE
BRI Hi, OBAELRA LKL 2 ETHELRE SN, ~34eVicr -2 AL
Bipotc, $fc, RBYA I 0% 5~ 10keVDAr T4 4 v TBH LTS, VB-XPS &
7 b wiEARED S, BLEDT Ebn, SO C— 7 dBREE, BIEESICL S
DTN, FHRAEZEDC LT HEBITLAEMERTE %,

Fig. 4 DO — s 23 ¥— 1%, Fig. 30BEEEE, DV - Xa EEF LS THE
FIC LA EME LD ~25eVEY, ZOHAE, 414 VvEBHICIORAEBENE /42D TEH 5,

TiH,
{cale.)
TiH;
- imp
2 >
o =
£ Ti 3
£
@
= Ti 02 s
L= 5
] =y
o &
TiHy g7
R
M IR I T S PP SV EPEP IR WP B | -lllijllllllllllilETIllllLlll
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‘ B inding energy  leV) Binding energy (eV)
Fig «3 VB XPS spectra of TiH,,p, Ti. TiO; and TiH, . A Fig . 4 . Blowup of the XPS specira near the Fermi level of
* curve with open circles is spectrum calculated for TiH,, taken Zr:Himp, Zr, Z10s, and ZrH, 4. The curve using open circles is
from ref. [4]. Photopeaks at 5-9 eV which are observed for spectrum calculated for ZrH,, taken from ref.[4]. The photo-
TiH,,p,Ti0; and TiH, 4; correspond to the surface oxides. The peak at 5—9 eV which is observed for all samples ts mainly due
peak at 3.5 eV for TiH,,, is attributed to the Ti3d-H1s bond. to oxide(s). The small bump at ~3.9 eV for the ZrH, o sample

is probably from the Zr 44 -H Is bond.
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4bb, DV-Xedic L A5HER (Zr,Hs) 7329 —OL ~wlET, Zr —HORETH
PRSI 2B SRR R Zr H | aEROESHCONT WS, —F, KEA A4 ViICERZLIDE
AL KEA T, ERETHE N, B TREEEAS (A ETFEEND, Zr —HORK
FREE A, BARAKEMOBEEO 0 BE LTHELELLETA, Fig. 4D 45~8eV
—aHREIL. ~35eVICL NuREEAEE L, Thi, Zrdd —His HARERASHED SN
FEEFA LS HIs 00 vE— 2V N ESCESUHETH 5. Fig, 4 OREHE, cov -~
EBEHIGT -2 EFL 1S,

KA A VHERLASBRERD VB-XPS X~y bVliER, RAY Y UL, NFTT L Ay
Y s ARY =4 TECDNThiTot, WTFROEBEES, KEIVHED Metal d-Hls#&
YA IC R F BT Y — I E, a0 ~h0eVIChE T L, E— s RBERAAHRKE
DL ~AEEEICHT AHERBLDED A ¥ LA T EEPH O ENT,

7.2.3  HAREOIARES (11, 13)

4k U ERIT X DA TR E BAESBOEFRIR#E,, BARUKRIIC ST HRE
KEOELERICH AR 0B /NS0 EE, b lF ek s 5 KROWHOERE 3RS CH
KAEFREINDL, BT, KEAAVFHEEBICEVTKELDOLRPED ST Him,
ViHimp. Y:Hopy Zr:iHig, ZBENb: Hig, oW TIEAKE O A EEE TR
BMORKEMOES & HBRRE L

KZA + YBEHRENE T 2 20 ke kY, 27, BAKABEERRICE) SRHEREE
BOKERE - ROk DB, KEREOHAZRD L 1T -7, B, FEH SO S
o FEBREICEOTI0NMOERT=— ) v /DR, HERC B TXPS BIEATY, Kk
e BB ah b Metal d—Hl s fiz8dD & — gBEEA RS, 1, BEHEEBOBER, HE
T TEE A SESLR (5 °C /min) SHBEEE (TG) &b EHKREEREL K,

Fig. 5icld, XPS A7 havd = p iR AR U TG dhigh ok 12H Me HATT,
BEHEKO KPS ©— 7 BER, OFANSBETLMmEBIEC LY 5, TR, &FDiIEY
% 8keVIH, 44 vOREL 10~20nmT, XPS OmHEE (~1 nm) ICH~EEPITKE
S, HERMOEAKED, MBGCHEOREREER Lo ek B

AT OB R RS, RAEARE(HOMRBELOSL LV 0, BHAMNOKRE
ISHM T B, Fig, 5 TEEOMEE 51T, AR Vs TR 180 °C TREBI AT T S
Zertbic, Vad —His $0XPS 27 b whiiliks b, —F, BHERV:H;,, &6
T, 300°C I L THNRBEFLE— 2R DONE, BEK K E b DK FE I FiE AKER
BMEnER TEEShIOR, BHESCLDy —~ v F ZREMESENLL, ThBKED
BB IS 2D EEZ DN B, |
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Fig.5 TG Curves of Hydrides and Changes
in XPS infensities of Me : Himp

7.9 4 XHEMEA Y 2 BFNEE (XAES) 0 & 2EAKRFALORENT (7, 9]

4 — U 2 BEFSWE (AES) i}, —&bE— AEFHEHE0T, SANHEMES 20 F
—MREELE L, X 5T, BT LA XARABEDLY, IR FREMTICBLONS
CEREBEAE TN, L, —RE—4 & LTRXEBER VAL LiTL D LD NEZ Hid
HTENTELOT, XAESDF 1 4 v 7 b o b REBICE T 2088006, Lins,
F— Y BTFRBHEEINE O T, XAES (@ XPS it~k n &I O(LFR I T S 1EHR
bt od ENIREEHME LD, FCC, REAAVEELILA v P T4, Jva=dh,
4 FCDOTXAES 2 <7 b wDBEERA, XPS KL SR &R L7 '

Fig. 6icywa =9 s{b&HOM, s N2 5 VEBICH I XAES A <7 b vERT, AR
KA (ZrHy s ) OBE, XPS THKE/H» LOREFE — s pHlls s (Fig. 200
Linl, XAES 2A~x% b wiTFZr0, HEDHLNEDAETH D, XAES OERPXPSOTNLE
4 BITADIE, BIBEESZNFN 05 nm, 1.5nm T, FMESREIDREMICHH THL T L
iC kB —F, KERELE Zr H,, OHE, XAES A7 b vid @8V va =9 LNTUZr0,
DENERELD, REBWKEMMTEHEETEERET b, AV 2 E-IDr 3BT T}
233eV TXPSICBEBZr 3ds o WOT ALY 7 F06eVEDEFEPITAE L, TDOLD
CRE A IANYT L, Y Himp, Nb: Himp 20 TERMENT, Table 1103,
XAES RUXPS O —# T2 wd R iy 7 b ERT, HEAKREATIXAESD
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THYT FDIXPS DIBAD 25 ~55fEitET AT S50, KELBERKZEYOIRERSITIT
BOTHETHAT EDS -1,

{a} Zr
_ (b) ZrHy,,
= (c) Zr0;
&

TP I IT FTTOTI DUTTRRTITY RUNTEUTE T SVEURTTTY RATHRY

150 145 140 135 130

Kinetic energy (eV)

Fig . 6 X-ray-induced M, gN, ;V Auger spectra for (a) Zr, (b} ZrH,.p,
{c)2:0, and {d) ZrH, & ’

Tabile 1 E, of M4’5N ¥ Auger electrons, Eb of 3d5/2 lines and

k 2,3
their chemical shifts,

Auger Chemical - 3d5/2 Chemical

Sample Ey (eV) Shift (ev} Eb (eV) Shift (eV)
Y 124.3 - ‘ 155.9 -
Y:H1.mp 123.3 1.0 156.2 0.3
Y203 ‘ 117.8 6.5 158.6 2.7

ir 148.6 - 179.0 -
Zr:Himp 145.3 3.3 179.6 6.6
Zroz 141.,9 6.7 183.3 4.3

Nb 167.8 - ) 202.4 -
Nb:H_-Imp 165.6 2.2 203.2 0.8
NbZDS 161.6 © 6,2 208.1 5.7
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795 HAREE+LT I w7 AOEEICFHRICERTKES 4 VEEUE (14, 16)

AL A ZOETBER, 77X -BEAEHREERRET SHETHLD, EETE
BREASH o N THE S W T &, [LPIICHES 2R E LT, Ex 0y — KR4 + VEE
RN Ry OB A EMENEN, BREGSRF ) v FICLALILEHSMCEN
Td, LipL, BAKEOHIERESICETAHBRALALE G, 22T, RILr1F#0H
1558, 2y 4%, BIiby 4 Ble o T hREA 4 VERETT, BEREOEEL, ¥
MO P BEEHESEL A~ & & bic, FAKEOMEREIC DO TRE L,

Bty MCHEBHE 57 74+, YY) 3 VEEESR CVD -8iC., CVD—SizNg W&o
EhiEEAEH O, D%, BTOREADOMTRENS — 5y by —ET, 6keVH, "
A ARk OERBH L, BHERRBT 21 ERALTE 1, 4 v« BT (AES)R~
7 FvBIER, bkeV EBETHIC LT, peak —to —peak DM MHED SHKELORE X ER
N '

WALy 4 BETICBT 5C/S LOBSRKER % Pig. TIKRT. H, T 424 v OREICH#
WREDRZEMSEMNL, 22 X 10 atoms,/em®iC B 5 CS1 HiE, XPS, AESTENE
NEHATO L1 258 Thot, ARS WL AEMXPS kBRI DKREHES DT, A
WAL RE 1~ 2RTRBTRIACEEZRET S, bt S5i2s KU Cls BuBh oD
BTEH 11 keVOBHTHANF—%bH, - TXPS OBRHEEIIN Lonm &5, —F, Si
(LVV) BUC (KLL) O4— Y 2 BFILAMEEFEIN O nmTH B, N OmBICHT
EAERLBEOEENFig. TRRTHERE O LcEEALONS, AES TRD7C/Si

6KeV Hy — SiC {BKeV Ar'—SiC:Himp
30} AES | 1
T2
e :
5 |
E 20} i :
& |
> |
© *
.01 | ]
XPS !
0 ! ! L ] H ! i 17
0 5 10 15 20 02 04 06(x10)

Fluence (atoms /cm®)

Fig. 7 Compositional changes in the C/Si ratios of the SiC sample as
functions of hydrogen and Ar+fion fluences, The AES data
were determined from the signal ratioc of C{KLL,260 eV)/
Si(LVV,75 eV). The XPS data were estimated through the signal
ratio of C1s(283.4 eV)/Si2s(151.8 eV).
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%
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Fig. 8 Variations of the compositional changes for the SiC, S'i3N4 and
5102 samples vs. hydrogen fluence. The values plotted are

data by the XPS measurements.

WOBRELER, F57 74 FRUYY 3v4 3keVHT A4 v (HROMBIZ6keV H, T
AAVOBMSERLE) TEHBLAESBRAENE Ry SNEDL 19ITAVETH S, T0E
=, EEALEHSSENT 2ERELT, (1) BHAF vhOOEHBBITIL2RERETO
A, (2) BEEFORA, &) 27, 205 @O EFABRERINT 5, ABED
FogEFe (2) PEIXBTORRL VA D,

wic, HEETEBICTEET 3 REOLARSRELH hITS I, 777 74 FEKER
A A VR IEA L ERE U, RILTAE, S5 774 Eh, BHEED Cls Fic02
VOHr i Ay b EEH LN, E— s MBHFESTHE® Cls FOThi BT H W

L, b A BEFOBBREEEAKEEBEL, C -HESEZEKLLEFA SN L, VB~
XPS 2~ pich C -HESKRRLSAAET Y - 7 PFBAlS 7

Sl 4 BROB(L A BEKEA A vERTLE, RILAAFZOBALBHECTAFT » T
It B, WIBHREONBEE 2 <7 M BB EE-TH L0, VB —XP5 A7 bavic
B WREEE— s (B, =36eV) SBT3, (O 7PERSI —HOEE /v F —

30eVIEIEL, v oy BERAKEA A VEELLEZLED SN, 44 VERICLD FH
D dangling bond AE L, ThniSi—HOEEEEE b6 Lz BRSNS,

Fig. 8 iR LM AR O e BRIFH AR T, Efdiffic BuT, IRNERKE
WEETEREA A Y EORIGHEE D, £/, BRHRTOFEHERGHOHELL S, —E
%#4$mowf®@mﬁﬁﬁmﬁmk%<,#{i%ﬁﬁﬁiuﬁz®$fmi4ﬁvm:@
b AZEBESRIGLPT 0T &b b,

(T.A. Sasaki and Y.Baba)
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Table 1 Trradiation conditions fer aluminium.

Irradiation condition

Ion | Energy Fluenca Temperature
(keV) (cm 2} (K)

H 10-17  1.2x10%*%-6x10'®  173-723
He 20 1x10t%-6x1018 "

N 20 6.3x101%*-6x10*¢
0 20 6.3x101*-6x10 ¢
Ar | 30-40 6x10**-6x10*+°

SUMMARY OF RESULTS

H o sy ——-—-—- -

Ar R A Y

173K 300K 473K '723K

R : Temperature regions in  which

cavities grow.
~——— :Temperature regions 1in which no
cavity grows.

1 Summary of observed results.
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(a) {(b)

Fig. 2 Cavities produced in aluminium irradiated with various ions.
(a) 20keV helium iom: 1.8 x 1016ions/cm2,at 574K
{b) 30keV argon iocn: 6 x 1016ions/cm2,at 574K

(c) 15keV hydrogen ion: 6 x lOléions/cm2 at 175K

e

8

Fig. 3 Cavities produced in aluminium irradiated with 20keV He'

ions to the fluence of 2x1016ions/cm2 at 713K.

— 184 —



*S2T1TAED  padnpur-ucTiBIpEIIT

"§313TABI ou BUIUTBIUOD BII® WOI3F STHE ¢ "81j3 swos Burure3juod Baie @yl WoIJ SIIA ¥ "813

Lo e - N

A2 mmﬁ‘mm oL o A8 Qe Gz 0L 0

L

ik
U

5

fo v
e

¥

-
B

&

i
il g s wti

&

=
— 185 —

gy e e e e A e " A A s

JAERI-M 85— 213
.;&

" .
Pri

e

® g s X o




JAERI-M 85—1213

(a) (b)

Fig. 6 Amorphization in SiC crystal due to irradiation with 30keV

.
He ions at room temperature.

(a) 3.8 x 1015 ions/cm2 {c) 1.3 x 1016 ions/cm2

15 16

{(b) 6.4 x 10 ions/cm2 {(d) 2.9 x 10 ions/cm2

Fig. 7 He bubbles in SiC crystal producad by irradiation with 30keV

HeTions: 1 x lOl7ions/cm2 at 1300K.
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8. SERVICE WITE Co-60 TRRADTIATION FACILITY AND

ANALYTICATL EQUIPMENTS

K.Tzui, H.Nagayama, T.Okubo,

H.Ohtsu, T.Soga and K.,Furukawa
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9. THERMCDYNAMIC STUDY OF NUCLEAR FUEL

T.Fujine, J.Tateno, A.Nakamura,

K.Chuchi, T.Yamashita, Y.Hinatsu

9.1 The Nature of Small Polarons and the Oxygen Potential

in Nonstoichiometric Uranium Oxides

9,1.1 Introductiocn

Physical and thermodynamic characteristics of necnstoichio-
metric compounds are often determined by the defects and defect
structure which are introduced by nonstoiciometry. Therefore it
is important to elucidate the nature of defect and the interact-
ion between them in nonstoichiometric compounds. In nonstoichio-
metric uranium oxides, U02+x’ excess oxygen atoms corresponding
to the composition x are distributed in the interstitial sites
of the fluorite structure of UC; crystal lattice. The interstitial
oxygen atoms are ionized to produce interstitial oxygen ions and
holes as,

0; =0§ + 2h* | . (1)

It has been reported that the hole in uranium oxides is localized
and surrcunded by lattice‘distortion to form "small polaron”.
In the following the nature of small polarons in uranium oxides
is analysed based on the experimental results of dielectric pro-
perties of these compounds at microwave frequencies. In connect-

ion with this, the defect structures are also discussed thermo-

dynamically.
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9.1.2 Dielectric properties of UO,, UOp,, and Uy0q9 at 9.1GHz

Dielectric constaﬁts of uranium oxides were measured at
9.1 GHz using the standing wave method in the temperature range
233-300K[4)[5). The results are shown in Fig.l, where £' and ¢"
at 300K are plotted against the excess oxygen concentration x.
Both of them increase with increasing x. By considering different
kinds of polarization, it may be concluded that the origin of
these increments are attribﬁted to tne movement of charge carriers
(holes in the present case) which increase with increasing x. The
conductivity by the charge carriers is given by o0=¢'ejw, where w
is the measurement fregquency. The values of o at 300K are shown
in Fig.2. As the mobility p 1is obtained by u=c/Ne, we have u=
l.2x10”5cm2/Vs for x=0.5 at 300K. This wvalue is smaller than the
upper limit for the mobility in the smail—polaron hopping regicn
(0.08cm2/Vs calculated by small polaron theory), so one can con-
clude that the conduction mechanism in uranium oxides can be des-
cribed by hopping of small polarons.

At high frequency the dc¢ conductivity of small polarons
is given by 0=(A//¥)exp(—Ea/kT), where A is a constant, EL is the
activation energy of hopping.lrz) This equation indicates that
the graph of ln(c/ﬁ) against 1/T must be linear. From Fig.3 where
Arrenius plot of c/T are shown for several concentrations, one can
conclude that the above equation holds good for the present case.
The activation energy at large x 1is differnt from that at small
%. The pre-exponent term A/YT is given byl),

A/y/T (NeZa2y/i/4n)n(wg/w). n=J2/hwoYEKT, (2)

where a is the distance of hopping, wp is the characteristic fre-
guency of optical phonon and J is the electron transfer integral.

By the calculation using the characteristic values for uranium
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oxides, one can obtain the parameters which describe the hopping
corduction in uranium oxides. The results are listed in Table I
for several concentrations.

Hopping of a small polaron can be classified into two types
as adiabatic and nonadiabatic transition. In Fig.4 hopping
process of a small polaron is shown. An electron or a hole in
the potential well (small ploron) attains the same energy level
as that of neighboring site by thermal activation process. This
state is called coincidence event (fig.4{(b)). If the electronic
motion is gquicker than the atomic motion {(adiabatic process),
then all electrons in the state the cincidence event are trans-
ferred to the neighboring site (c¢). However, if the electronic
motion is so slow and cannot follow the atomic motion {nonadia-
patic process), only a part of the electrons is transferred,.
This adiabaticity can be examined by parameter n (1l<n for adia-
batic case and n<l for nonadiabatic case). The result for adia-
baticity are also shown in Table I.

Finally we shall refer the relaxation mechanism. When there
exists a Debye-type relaxation mechanism, the relation between
g' and €" is described by

e"=0T(e'"€a), (3)
where T is the relaxation time and €. is the dielecric constant
at frequency for which l<<wrt Calculated values for wt are show
in Fig.b5.

From the experimental results described above, one can

reccognize that values for some parameters (such as A,E5,J and
1) in high concentration region are clearly different from those
in low concentration region. A boundary exist at about x=0.15.

In high concentration region (0.15<x<0.25)}, the activation

— 197 —



JAERI—M 85 —213

energy for hopping is large and the Debye-type relaxation
mechanism appears with tv2.7x10"1lg . These facts suggest that
different types of small polaron exist and that small polarons

at high concentrations are bound to some centers. Bosman and

van Daal3) pointed out that there exist two types charge carriers
in Ni0O and that they are free carriers (in large-polaron band)
and carriers bound to centers (small polaron). In the present
case both types of carriers fulfill the condition of small pola-
rons as described above. So we infer that there are free carriers
at low concentrations and carriers bound to centers(interstitial
oxygen ions) at high concentrations and that both of them are in
the state of a small polaron in UOp,y.

This inference can be confirmed by the thermodynamic con-
sideration. Small polarons bound to intérstitial oxygen ions
indicate that there must be considerable interactions between
them. Here we suppose the Debye~Hfickel type interactions. The
oxygen potential of UOp,, 1is given by,

Ug=Hg *+ VRTInyx, {(4)
where v is the number of ions(v=3 in the present case), ug 1s
the oxygen potential in the standard state and Yy is the activity
coefficent. Then the excess potential (deviation from the refer-

ence potential ug=uo+vRTlnx), ug is defined as,'

u§= vRTlny . (5}
According to the Debye-Htickel theory this excess potential can

be described by the Debye-Hlickel term as,
pRH=(NeZ/2¢'v) (Zvi21) (k/(1+ca)]),
«2=(4me2 /e 'kKT)IN; 2% . (6)

From the numerical calculation for UOp,yx we have u8H= ~3.57x103x
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/§75(1+Ka)—lkcal/mol and K=l.18x1010/§7fcm'l, where a is the
distance of closest approaches of ions. In Fig.b6 ug and ugH at
1100K are shown where we set a=1.63A. The curves agree well.
However, concentration-dependent disagreements exist between
them: disagreement at low concentrations (designated by A in
Fig.6) and that at high concentrations (by B). The latter occurs
in the usual application gf the Debye-Hfickel theory, because the
apploximation in the solution of the Poisson's equation is in-
valid in such concentrations. The disagreement at low concent-
rations means that excess potential is smaller than the evaluated
value, that is, the interactions between ions and small polarons
are weak in this region. This result agree with the brevious

conclusion that charge carriers are rather free at low concent-

rations.

9.1.3 Interactions between defects in nonstoichiometric uranium
oxides

Hitherto, complicated clusters of defects have been intro-
duced in order to explain physical and thermodynamic properties
of nonsteoichiometric compounds4}. However, as we have stated
above, these properties can be understocd by taking into account
interactions between defects which are used in usual liquid
theory. 1In the case of multi-component nonstoichiometric systems
(2){3), the treatment of liquid solution such as Kirkwood-Buff
theory are well applicable in order to elucidate their thermo-
dynamic behaviors. As we have seen in the application of the

Debye-Hlickel theory, some modification must be done in the

treatment. Further investigation is necessary as to this point.

(J. Tateno)
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Table I A, Eg, J and u in UOp,y-
A E, eV} Jx10%{eV)  ux10em?/Vs®  Adiabaricity

x =007 3 0.15 + 0.0 1.1+01 1.3+02 nonadiabatic
x=0.10 90 0.15 + 0.01 1.0+01 1.8+0.2 nonadiabatic
x=0.15"" 90 0.15 + 0.01 08 +0.1 1.2 +0.1 nonadiabatic
x=0.15* §630 0.25 + 0.01 82+05 .- adiabatic
x=020 6630 0.25 + 0.01 7.4 +04 1.5 +0.2 adiabatic
UG5 2440 0.16 4+ 0.01 38102 54406 nonadiabatic

‘o= (4 AT Jexpl — E,/kT), o = Neu. 4T 275K,

b AL300 K. *T<2T5K.

*T<350K.

— 202 —



JAERI—M 85—213

9.2 On the Nonstoichiometry, Point Defects and
Fe2+— Mg2+ Interdiffusion in Olivine

9.2.1 Introduction
Olivine is an important earth mineral that determines to a

1)

large extent the mantle rhéology. For deformation by disloca-
tion climb, diffusional properties are involved. Zoning of
natural olivine and ionic éonductivity are essentially due to
the mobilities of divalent cations. At high encugh temperature,
where transport via dislocations and grain boundaries can be
neglected, the transport properties are determined by point
defects. A careful theoretical analysis of the behaviour of
point defect concentrations as a function of all the independe-
nt thermodynamic variables is therefore a prerequisite for the
understanding of the transport properties of olivine together
with appropriate experiments that determine the defect cecncent-
rations.

Accordingly, in this report, first, a point defect thermodyna-

mic model of olivine is presented based on the thermogravimetr-
ic measurements of the nonstoichiometry as a function of the
oxygen potential and temperature. Thereupon, results on Fe2+—
Mg2+ interdiffusion in olivines are presented and discussed,

emphasizing the practical application of point defect thermody-

nanics to the geological processes.

9.2.2 Point Defect Thermodynamics of Olivine([l]
From the point of view of defect thermodynamics, the end
member fayalite Fe25104 is already representative and is analy-

zed in detail. The almost ideal admixture of Mgzsio4 does not

— 203 —



JAERI-M 85-213

alter the point defect disorder unless the FeMe defects become
small in concentration relative to the inherent defect concent-
ration of forsterite Mg25i04.

In Fig.la, the Gibbs phase triangle for the system Fe-Si-0O is
given, mainly indicating the three phase regions including
fayalite. Fig.lb gives a (schematic) enlargement of the fayali-
te one phase field and the adjacent two- and three phase fields.
According to Gibbs phase rule, at given P and T, the homogenei-
ty range is extended in two dimensions and can be gquantified by
two variables n and £, which are conveniently defined as (n de-

signates the mol number)

- 1 si
E= § - —= i £ =
3 Ngs + Npe
(1)
R
3 Ny + N

In the literature, one finds the stability region of fayalite
given in terms of log(aoz) and temperature.(Fig.Za). In conjun-
ction with Fig,1lb, one notes that this representation is not
unambiguous as long as the composition of the fayalite is not
specified with respect tc ©n and £. In other words, fayalite,

at given T, in equilibrium with Fe,0, and Si02, has a composit-
ion different from fayalite in equilibrium with Fe and Si02.
Although small in absolute scale, nonstoichiometry(fi/Z) of
fayalite is responsible for most of the point-defect-dependent
properties, e.g. diffusion, electrical conductivity and optical
absorption. It is thus neccessary for an appropriate disccusion
of these phenomena to apply point defect thermodynamics in the
calculation of the fayalite field (ﬁ/g/POZ/aSiOZ/T)' its oxygen

- and $i0O.,- activity lines and the corresponding defect concen-

2
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trations.

For this purpose, the most probable majority defect species:
n : .

Me' (FeS Me
the parameters n and £ of Eg.(l) can be expressed as the unigue

v iFe Y and FeI;Ie are identified and introduced. Then

functions of these point defect concentrations;

1 - (Fe..Fe, )
_ Si” "Me . = - Y .o owy .
E = ST P38 = (V) - (Feg Fep.)
Me
(2)
no= 4 : 3/ = 2 (w0
3 - (VMe) 3

The corresponding defect equilibrium equation which describes
the interaction of fayalite crystal with these defect species

and gaseous oxygen is ;

o (3)

x : - L . 1
10 Fe + sio., + 2 Oz(g) = 3V o + 6 Fe + (Fe Me

Me 2 M Me S

whereas the additional interaction with the second indeperident

, Fe
i

compoenent SiO2 can be formulated as :

) + 4 Feg, * Fe28104 (4)

Applying the mass action law to Egs. (3) and (4) and combining

6 FeMe + 810, + Oz(g) = 2 VMe

the resultant egs. with Eq. (2), together with the electroneut-

rality condition; 2(V&e) = (Feﬁe); yield,
8 K, 1/6 1/6 1/6
‘r-l = (__""") - P . a . (5)
9 16 02 S:LO2
K, 1/6 1/6 - 1/6
-é = '_g""' (_l"g_) . PO - aso
2 1%
3 16 1/6 1/3 -5/3
[ 1 - - K, {(—=—) . P . 8. ] - (6)
2 3 K4 O2 5102

From Egs. (5) and (6), one can immediately derive the boundari-

es of the phase field of fayalite by letting asioz' aFe3O4'

a a be one, respectively. (See Fig.lb)

FeQ' "Fe
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For the numerical evaluation, eguilibrium constants Kq and K4,
therefore the absolute values of the point defect concentratio=-
ns must be known. To this end, thermogravimetric determination
of the nonstoichiometry of olivine was performed in the range;
0.2 # x £ 1,0 and 1000 C £ T £ 1280 C. Fig.3 shows its result

at 1130°C for clivines of various composition x. { Here ¢ =
—-13——(VD';1e)=——%—ﬁ) k

In thermogravimetric experiment, fayalite (and olivine) are
prepared by usual ceramics methods to be a single phase materi-
al, and 7 of these samples is changed by changing the oxygen
potential at given composition £ (i.e. at fixed (Fe + Si )/Si
ratio). In this case, let us, for example, set E = 0. From

Egs. (5) and (6), it follows then that

, /10 K, 3/20  1/10 1/5

n o= 3 (2) (--j'_—s-—) .K3 .PO2 (7)

As is apparent from Fig.3, the experimentally observed PO
1/5

2
agreement with this prediction of Eq.(7). Finally, by numerica-

2
for 1.0 € x 2 0,4) is in fair

dependence of N (e Py
1lly determining K3 and Kyr point defect concentrations along
various phase boundaries of fayalite (Fig.4), and also the
stability field of fayalite at 1130°C can be determined explic-
itly. (Fig. 5a-b). Also in Table 1, various defect reactions
involved are listed, only two of which {such as Egs.(3) and (4))
are independent. It is seen from Fig.5a that fayalite is

always cation deficient(® % 0), and has a larger Fe-(f 2 0)

than Si-{£ % 0) excess. These excess Fe are mainly accomodated

in olivine crystals as defect complexes (FeéiFeﬁe).
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9.2.3 Fe?t- mMg?’ Interdiffusion in olivine(2]

Interdiffusion experiments were performed in the quasibina-
ry system Fe28i04 and Mg28i04. Typical concentration profiles
of Fe and Mg, which are determined by electron microprobe analy-
sis, are shown in Fig.6. From these profiles, the Fe/Mg-interdu-
ffusion coefficient D was determined for the guasibinary silic-
" ate solid solution in intervals of 10 mol% by the Boltzmann-
Matano analysis, Fig.7 summaries all the results on interdiffu-
sion coefficients; both the composition and the oxygen potenti-
al dependenée is given for various temperatures, In addition,
the numerical values of D shown in Fig.7 are summaried in Table
.2 in parametric form.

Interdiffusion is a coupled process. In silicate, where the
selfdiffusion coefficients: D.. and DO ére very small in compa-

Si
rison to DMe (Me=Fe ,Mg,Co,Ni,...), one can safely assume that
the interdiffusion of Fe and Mg in olivine occurrs in the fixed
frame of silicon-cxygen tetrahedra.
The formal treatment of the diffusional process under this
condition leads to the following expression of the interdiffus-

ion coefficient D in terms of selfdiffusion coefficients of

divalent cations: D and D, ;

Fe Mg
D D
D = Fe Mg (8)
X DFe + (1-x) DMg

if the vacancy mechanism is operating in the diffusional
process of Fe and Mg, and therefore in D, it follows from Eq.
(8) that D at given x is proportiocnal to (VMe")(or §), should
exhibit the same isothermal oxygen potential dependence as

(VMe"). Results are given in Fig.8a/b. The slope (alogﬁ/alogpo )
2
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is approximately 1/5 both at 1130 C and 1200 C, which are in
good agreement with the slope (Bldgd/alogPo ), see Fig.3,.

. 2
Dividing D by (VMg), the effective vacancy diffusion coeffici-

ent BV , results. In Fig.9%a, it is seen that this quantity is
Me

almost independent of the composition variable x. Since the
ratio (DA/DB) has been found to be only weakly dependent on x
in other oxide solid soiutions (A,B)Oz), it is concluded that
effects due to the correlation and due to the explicit depende-

nece of D on x essentially cancel each other. For the sake of

comparison, the same evaluation has been performed with experi-

(14))

=3)
D Me

mental data found in literature for Co-olivine ( , v
Results of this evaluation are shown in Fig.9b. It is seen that
this system behaves in the same manner as does (Fe,Mg)ZSiO4.
Fig.l0 gives the temperature dependence of ﬁng for olivine
with several compositions x. At given temperature, the mobility

of vacancies in the divalent cation sublattice and its activat-

ion energy(-~2.0 eV) are almost independent of composition x.
This is an important feature from a practical point of view.
It allows to estimate diffusion coefficients in various olivine
systems with imcomplete experimental data.

The present study is summaried as followé:

In the first part of this report, the point defect thermodyna-
mics for fayalite and olivine solid solutions (Fengl—x)ZSio4
was presented based on the themogravimetric determination of
the metal to oxygen ratio of these silicates as a function of
P02 and T. Experiments were performed in the range of 0.2 & x
£ 1.0 and 1000°C £ T £ 1280°C. It was found that V., Feg and

the associate (FeSiFeﬁe) are majority defects. With this knowl-

edge it was possible to calculate the nonstoichiometry at given
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temperature as a function of P and Agig * The cation vacancy

O
15 . 2 . 2
-dependence (x20.4) and increases
2

almost exponentially with composition x. In the composition

concentration shows a Po

range studied here, the silicate shows an oxygen excess, and
FeO is more soluble in olivine than Sioz.

In the second part of this report, results on Fe2+~ Mg2+ inte-
‘rdiffusion in olivine wérg presented and discussed in connecti-
on with above mentioned point defect model of olivine. It was

found that the interdiffusion ccefficient D exhibits the same

P02 dependence as (VM;), demonstrating that the vacancy mechani-
sm is indeed operating in the diffusion of Fe2+ and Mg2+ and
therefore in D. D alsc shows almost the same compositional
variation with x as (VM;) at given T and POZ, giving almost
composition independent apparent vacancy diffusion coefficient
for interdiffusion. This conclusion was reinforced by the same
evaluation on Co-olivine reported in literature and might be
important in dealing with diffusion data of various olivine
systems with incomplete experimental background.
( A. Nakamura )
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Table 1. Incorporation and exsclution reactions of the coexisting phases along varicus phase boundaries

Type of Phase boundary reaction
phase boundary :

dlog [defect] 1

tlog py, “n
upper value for [V J=4[Fe,. ]
lower value for [Fe'Fe']

SiO Fe S0,  6Feq, +5i0, +(0,(g)=2V;, + 4Fe;,, + Fe,Si0, (3)

Fel, + 518 +1Fe,5i10,+ 1 0,(g)={Fe¢' Fe'} +3Si0,

Fe,0,/Fe,510, 9Fey +20,(g)=6Fe, +3Vy +Fe 0,
Fe,0, +Fey, +Sig = {Fe'Fe'} + Fe,Si0,

FeO/fFe,Si0, §Fes, + O4(g) =2V, + 4Fe;, +2Fe0

3Fe0 +Fel, +5ig +4 0, (g)={Fe Fe'} + Fe,Si0,

Fe/Fe,Si0, 6Fey, =2Vy, +4Fey, +2F¢

4Fe+Sik +20,(gy={Fe'Fe'} + Fe,5i0,
Fe,510, cne- lOFe;‘,, +5ig +20,{g)=3Vy, +6Fey, +{Fe'Fe'}+Fe 510, (19)

phase field

1/6
172
1/4.5
0

1/6
12
0
)

1/5 {only for =0 these 1/5-slopes
are the same)

Table 2

Parameters D9 and g for the interdiffusion coefficient

0

D=po. FPor
Po,

various temperatures (_a"oz = 1 bar)

1/5
) - exp(ex} of olivine (Fe, Mg, _),S510, at

T compasition Do
[*C) range x [emi/s] €
1050 0=x=x10 4.30-10-1 4.14
1130 0=sx=<10 1.15:10-10 4.10
1200 0=x=s038 2.70- 1019 4.69
1280 0=x=056 3.83-10-10 6.38
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Fig. 1a. Schematical Gibbs phase triangle for the system Fe
—Si— O showing three-phase fields around fayalite Fe,Si0,
at T=1,130°C

Fig. 1b. Enlargement of a schematic fayalite one-phase feld
and the adjacent two- and three-phase fields in terms of the
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Fig. 2a. Stability region log py,
vs. {/T of fayalite at )
1,000° < T« 1,200° C reported by
various authors. Stability limit
at high oxygen potential:
3Fe,S510, +0,=2Fe,0,
+38i0,.

Stability limit at low oxygen
potentidl:

2Fe+ 510, + 0, =Fe,5i0,.
-—: calculated in the present
work.

The oxygen potentials of the
nonvariant equilibria between
Fe/FeQ and FeO/Fe,0, are
also given in this figure

Fig. 2b. Stability region of
olivine solid solution
(Fe,Mg,_,);.-5i0,at T
=1,130°C and 1,204°C; @: T
=1,130°C, calculated in
analogy to Figure 2a assuming
an ideal solution model between
Fe,Si0, and Mg, Si0,; a: T
=1,204°C; x: T=1,204°C;
exp. value from Kitayama and
Katsura
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Fig. 9
a) log D, log &, log D,,_vs. composition x-piots
at T = 1130°C for Fe-olivines. D: obtained in
the present inves&igation;_&: cited from 6; bv“ri
calculated as Dy, = D/[Viyl = D/(g— &)
b)log D, log &, log f’vm vs. composition x-plots
at T=1100°C for Co-olivines (Co, Mg, _,),8i0;.
D: estimated values from an extrapolation of
Morioka’'s data at 1150°C = T =< 1400°C in air
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9.3 Phase Relations and Thermodynamics of Ternary Uranium

Oxides

9.3.1 1Introduction

Some metal oxidés have been known to dissolve in UO2 at
high temperatures forming substitutional solid solutions,
.MyUl—y02+x’ where M denotgs a foreign metal ion., This type of
solid soclution should be the most probable form in low oxygen
pressures, but it is possible in some cases that the other
phases could coexist with the solid solution phase. The
knowledge of phase relations and thermodynamic properties of
these systems is very important to clarify the irradiation
behavior of 002 fuels. Here, we state the phase relation

studies on Ca-U-0 and Pr-U-0 systems.,

Interests are attached to the Ca-U-0 system in relation to

Sr-U-0 and Ba-U-0 systems in which the foreign metals have high
fission yields. There have been a few reports on Ca-U~0 system.
However, these data for the single phase region do not agree to
each other, nor the lattice parameter change of CayUl—y02+x with
y. This may be because the previous reports did not take into
account the oxygen nonstoichiometry.

In the present.work, the phase behavior of CayUl—y02+x
solid solution was studied as a function of y and x in the
temperature raﬁge between 1200 and 1460 °C. The oxidation state
of uranium in the compound was discussed using an ionic model of
spheres of ions. With these results, the partial molar enthalpy
of oxygen for the solid solution was obtained.

Lighter rare earth elements(RE's) are produced in nuclear

fuel with high yields. Although there have been a relatively
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large number of works concerned with the RE-U-0 systemslj,

studies on Pr-U-0 ternary system are meager and the phase
relations are not well resolved. 1In the present work, efforts
were made to determine the phase regions to find the defect
characteristics of the Pr-U-0 system at temperatures from 1200
to 1580 °C under the atmospheres of air, helium stream and high
‘vacuum. The relations between lattice parameters and
compositions of the fluorite.solid solution were determined.
Discussion was made for the oxidation state of uranium and
praseodymium in the solid solution by evoking some thermodynamic

data [1,2].

9.3.2 Experimental

Reagent grade CaCO3 and 99.99 % metallic purity Pr01.833
were purchased from Wako Pure Chemical Co. Ltd. and Shin-Etsu
Chemical Co. Ltd., respectively. CaCO3 was mixed with U3O8
(Ca/U=1), and heated in air at 1000 °C to form CaUO4 with the
final heating at 7¢@ °C to have stoichiometric CaUO42). U504 was
obtained either by heating high purity uranium metalB) or by
heating uranium peroxide, precipitated from uranyl nitrate
solution, in air at 960 °C. 002 was prepared.by reducing the
U,0g in a stream of purified hydrogen at 1@0¢ °C for 14 h.

Mixed oxides in the Ca-U-0 syétem were made by heating

U0, and U mixture pellets with Ca/U ratio ranging from

4r U9y 3%g
0 to 6.4 in purified He at temperatures between 1209 and 14949 °C.

Calto

To prepare the mixed oxides in the Pr-U-0 system, the
mixtures of Pr203 and UOZ(Pr/U atom ratio: #.1-0.9) were first

oxidized in air at 8@@ °C. Then, the oxidized pellets were

heated in air, helium or vacuum at temperatures between 1200 and
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15908 °C.

Chemical analysis was performed for the products by
determining the amount of total uranium and U(Iv) with
cerimentric titration after dissolving the specimen into 1.5 M
sulfuric acid containing excess Ce{(IV) [3].

X-ray diffraction patterns were taken for powdered
'specimens in glass capillaries with a Norelco 114.6 mm Debye-
Scherrer camera using Ni-filtered CuKa radiation. Lattice
parameters of cubic scolid solutions were obtained by least
square calculations for eight diffraction peaks higher than 96
degrees{28). For the specimens showing broad peaks, patterns
were also taken with a Philips PW-1390 diffractometer using CuKa

radiation monochromatized with curved pyrolytic graphite.

9,3.3 Results and Discussion
1. Ca-U-0 system

Figure 1 shows the plots of the mean valency of uranium
against the contents of calcium(=y) at 1208 and 14¢@¢°C. In the
range @<y<@.1l, the valency remains almost constant, while the
curve becomes steeper over y=0.l1 and intersects the horizontal
line of mean valency 5.8 at y=0.33. This calcium concentration
coincides with that of a phase boundary between fcc solid
solution and rhombohedral phase determined from the break in the
lattice parameter of the fcc solid solution(Fig.3). The mean
valency of uranium is, therefore, between 4 and 5, which is
different from RE-U-0 systems where the solid solution range
extends to U(VI) regionT'B).
The O/M (M=Ca+U) ratios as a function of y are shown in

Fig. 2. The 0/M ratio decreases linearly with increasing y up
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to ca. y=#.1 and thereafter the curves are flattened around the
0/M ratio of 2,

The following can be drawn from Figs. 1 and 2. 1In the
range @<y<@.1, concentration of oxygen interstitialcy decreases
without the oxidatioh of uranium atom in the solid solution with
increasing calcium concentration. 1In the range ~8.2<y<8.33,

“however, the concentration of oxygen vacancy does not materially
change while U(IV) atoms are oxidized to the higher valence
states.

X-ray diffraction analyses were made to identify the phases
in the products and to determine the lattice parameters. All
specimens containing calcium showed diffraction lines of the fcc
structure either in a single phase or in two phase mixture.
Figure 3 shows the variation of lattice parameter of the
products heated in helium at 120¢ and 146¢ °C together with the
literature values4'5'6). It is seen that the lattice parameter

pecomes larger as the heating temperature is higher, which is
caused by the liberation of oxygen from the specimens when
heated at higher temperatures.

Results of X-ray diffraction analysis show that the  phase
behavior of this system could be discussed in three regions. 1)
Thé first region is 6<y<#.0¢3, where two fcc phases exist and the
lattice parameter of both the phases seems to decrease with
increasing y. 2) In the range #.83<y<#.33, the solid solution
exists in a single phase of which lattice parameter decreases

linearly with increasing y. 3) Above y=0.33, there exists a

mixture of the phase and a rhombohedral phase.

The lattice parameters of the rhombohedral phase were found

to be a=6.273(6) A and «=35.99(3) deg. According to the
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literatures, six compounds having Ca/U atom ratio less than
unity have been known. Inspection of the lattice parameters of
these compounds revealed that those of CaUO4, a=6.267 (1) A and
a=36.83(1) deg.g) are in good accordance with the present

values. Therefore, the rhombohedral phase is considered to be

Calio, .y -

The phase boundary of the fcc single phase is at y=@.33,
which well accords with the literatures). As indicated in Fig.
3, however, the samples heated at high temperatures and/or in
strong reducing atmospheres have been reported to show extended
solubility ranges up to 9.45) ox ﬁ.474). Under these heating
conditions, the oxygen deficient solid solution would be formed
keeping the mean valency of uranium below +5 until y=0.4 or #.47
although no description has been made about the oxygen

nonstoichiometry in these reports4'5).

To examine the effect of x on the lattice parameter of the
fcc solid solution, the parameter was plotted against the O/M
ratio(=2+x) in Fig. 4. The lattice parameters of the specimens
containing the same calcium content are represented by a
straight line. Then, by using these parameters and 0/M ratios,
least square calculations were performed to express the change
of the lattice parameter as

a = 5.4704 - 0.102x - 2.318y  (x>8) (1)

This equation shows that the lattice parameter decreases
with increasing x and y, while the effect of y is about three
times larger than that of x. The observed change rates of the
lattice parameter with y, -#.255 and -0.262, are smaller than
the coefficient of y. This means that x decreases monotonously

with increasing y. The coefficient of x in Eq. (1), -6.162, is
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well comparable with -@.094, -@.117 and -§.119 for U°2+xlg):

ngul-y02+xll) and Sryul—y02+x12); respectively. Since the
defect structure in these solid solutions are found to be oxygen
interstitials from density measurements, these coefficients of x
are considered to express the effect of oxygen interstitials on
the lattice parameter. Therefore, the defect type of oxygen in

‘the present solid solution can be considered to be the same as

i.e. oxygen interstitials.
12)

that in U02+x’

Ohmichi et al,. explained the rate of change of lattice

parameter with y in RE solid solutions by means of an

yul—y02+x
ionic model with rigid spheres. By applying this model to the
present system, the value da/dy should be -0.277 and -0.046 for
U(v) and U(VI), respectively. The experimental value, -9.310,
is in accordance with the one for U(V), which indicates that
U(V) exists in preference to U(VI) in the present solid
solutions,

For x<@, the lattice parameter can be expressed as

a=5.478 - #.19x - @.3ly (x<8) (2)
The coefficient of x in the region x<@, -¢.1%, is about twice as
large as that in the region x>@. For the solid solutions
containing trivalent rare earth elements, it has been reported
that the lattice parameter dependence on x changes at x=¢ and
that the rate of the change of the lattice parameter by x in the
region x<@ is twice or three times larger than that in the
region x>0 8'13). The present result is in accordance with the
changes in these systems,

The partial molar enthalpy of oxygen Aﬁoz for the single

phase Ca_U solid solution was estimated using an equation

Yy l—y02+x
for the partial molar entropy of oxygen A§02 derived by Fujino
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and Naitoll):

X 2x+2y
l-x 1-2x-3y

where the first and second terms of Eq. (3) are due to the

A§02 = —2R+1n( ) - 4R+1n{ } + Q, (3)
configurational entropy change and the factor Q includes the
vibrational term which does not vary greatly with the
composition. Using the estimated 0 value, -167 J/K mol, the
partial molar enthalpy was obtained by Aﬁ02= AEOZ+TA§02. These
values are shown in Fig, 5 as a function of x 1in CayUl-y02+x'
Sharp increase of Aﬁo2 near x=@, maximum in the vicinity of
x=0.91 and slow decrease of aHp, over x=0.1 were observed.

The phenomenon giving maximum of AEOZ has been ohserved

also in the other systems: x=0.0114) and x=0.60215) for ue@
16)

24+3%

and near x=@ for GdyUl_yO2+x
17)

2+x

. In the figure, the Aﬁoz values

0 are also shown., These values are about -

tor Mdg g5Ug.95
25 kJ/mol smaller than the present values in the range
x>0.1. The difference is due to the smaller Q values, -188 to -
196 J/K-mol, in the solid solutions of magnesium.,
2, Pr-U-0 system |

The variation of cubic lattice parameter with y for the
specimens heated in air is shown in Fig. 6 together with
literature valuesls'lg'zg). The data can be connected by three
straight lines with different slopes. The present values are in

8)

good accordance with those of Hund and Peetzl ; whereas

somewhat different from those of Jocher23). At y=0, the X-ray

diffraction pattern revealed an existence of B-U;30g with
orthorhombic lattice parameters a=7.878, b=11.45 and c=8.302 A,
and of a small amount of a-U308 with a=6.73, b=11,95 and c=4.15
A, Coexistence of oc—U3O8 in ﬁ-U3O8 may be caused by rather rapid

cooling rate, 188 C/min. or higher at the first stage since
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5—0308 was obtained only by slow coocling (168 °C per day)21). It
is seen from the figure that breaks occur on the line (curve 1}
at y=0.32 and 0.60. Below y=0.32, the lattice parameter of the
fcc phase remained unchanged at 5.443 &, and e¢— and B—U308 lines
were also detected: Two phase mixture exists in this range.
From y=0.32 to @.60, the lattice parameter increases linearly
‘withry. The value reaches 5.4727 A at y=0.60. Above y=0.640,
the lattice parameter increases with a steeper slope, which is

18'19). The extrapolated value of

consistent with literatures
the lattice parameters to y=1.6, 5.5486 A&, is close to the half-
cell value of 5.538 A for nonstoichiometric C-type rare earth
sesquioxide quenched from 1256°C19).

At y=0.8, the diffraction lines corresponding to another
fcc phase with smaller lattice parameter became distinct, and
they grew clearer and stronger with the increase of y value,

The lattice parameter change of this phase is shown in Fig., 6 as
curve 3. The parameter diminishes with increasing y and reaches

that of PrO at y=1.0.

1.833
A rhombohedral phase known as PrGUOlzlg) coexisted with
Pr0y g31 at y=0.9 when heated at 1356 °C. The lattice parameters
obtained were a=10.24 and c¢c=9,578 R in hexagonal indexing. By
heating at 1200 °C, however, this rhombohedral phase was not
formeds The product was a mixture.of the fcc solid solution and

the Pr01.833 phase.

The variation of the fcc lattice parameter with composition
for the samples heated in helium is shown in Fig. 7, where the
broken line is that for samples heated in air at 1358 °C for
comparison. It is seen from Fig. 7 that the lattice parameter

of the samples heated in helium can be followed by two straight
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lines with different slopes. The difference between the lattice
parameters heated in helium and those in air is that the
parameter increases with y almost linearly from y= @ to 8.52.

‘The rhombohedral phase appeared both at y=8.8 and 0.9 when
heated in helium at 1200 or 1358 °C. At y=0.8, it coexisted with
the cubic solid solution, and at y=8.9, with A-type (hexagonal)
‘rare earth sesquioxide phase.

The lattice parameter change for the fcc solid solutions of
the specimens heated in vacuum are also shown in Fig. 7. In
this case, fhe lattice parameter decreases with increasing y in
the range Géyﬁﬁ.BS when heated at 120¢ or 135¢ °C. On the other
hand, when heated at 1500 °C, the lattice parameter does not
change at y<@.38 but increases steeply with y at y>@.38. The
rhombohedral phase was observed at y=@.8 and 0.9 provided that
the heating temperature was either 120¢¢ or 135¢ °C. This phase,
however, did not appear at 1500 °C.

The lattice parameter of the fluorite single phase is
plotted as a function of O/M (=2+x) in Fig. 8. It is seen that
the fluorite lattice contracts with increasing x. The data can
be followed by two straight lines of which the slope changes at
0/M=2.0%¥. Similar sharp breaks at the stoichiometric M02 0o

have been noted in the systems La-Uwozz), Gd—U—OS)

13}

and

Nd-U-0
By using the observed lattice parameters in the cubic

single phase region, least squres calculations were performed to

express the change of lattice parameter as linear equatiocns of x

10)

and y under the condition that the parameter is 5.4764 A for

both x and y being zero. The results are:

a = 5.4764 - §9.,127x - 0.607y {x>8) (4)
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and
a = 5,4704 - #.397x - 0.007y (x<8) (5)

These equations show that the lattice parameter diminishes
with increasing x and y. The coefficient of x in Eg.(4), which
expresses the effect of oxygen on the lattice parameter in the
0/M>2 region, ©.127, is well comparable with -#.1¢, -¢.117 and -

13), ngU 0 11) and U0 16)

#.094 for NdyU Q 1-y%2+x ot x ’

ley 24x
respectively. Since these coefficients have been verified to
correspond to the defect structure with oxygen interstitial
type, the present result can be considered to give a strong
support that the "x" oxygen atoms are in intersfitial sites in
the range 0/M>2 in this system.

The coefficient of y, which is equivalent to 3a/dy,
indicates the rate of change of lattice‘parameter with content
of rare earth elements. The present value is shown as a star
mark in Fig. 9 together with literature data7'8'12'13'22’23’24).
The figure shows that da/ay changes linearly with ionic radius.
These results suggest that the lattice parameter change with y

in the solid solutions of RE_U depends only on the

Yy 1;y02+x
trivalent ion size of rare earth elements which substitute for
uranium, |

Figure 1¢ shows the mean valency of uranium for the samples
heated in air at 1350 °C. The value decreases with increasing y
until y=¢.32, and then it increases steeply up to y= ~8.7@. The
points of y=0.32 and ~§.7¢ can be considered to express the
phase boundaries. For samples heated in helium, the mean
valency increases from y=¢ to ~8.6 with increasing slope. The
curve crosses the horizontal line of mean valency of 5.4 at

y=0.52. Above y= ~#.78, the points scatter.
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Wwhen heated in vacuum, the curve crosses the line of mean
valency of 5.0 at y=0.62. At y>8.786, the valency fluctuates
along the curve with smaller increasing rate. There may be a
phase boundary around this concentration of y.

Phase relations and lattice parameter change in thé present
system could be classified by the uranium valency and the type
of oxygen nonstoichiometry. These are shown in Table 1. The
table shows that when heated in air at 1358°C, the fcc solid
solution having fluorite type structure is formed as a mixture

with UéOS in the range @<y<®.32. In the range ©.32<y<6.38, the
uranium valencies of the fcc phase are U(IV)-U(V) with excess
oxygen atoms on interstitial sites, while those in the range
@.38<y<¥.60 are U(V)-U(VI). 1In the range 0.608<y<#.71, oxygen
vacnacies are formed instead of interstitials. The change of
slope in lattice parameter was seen at y=@.6 in Fig. 6. Above
.71, the solid solution phase does not exist in single phase.
When heated in helium, the fcc solid solution was in a

single phase even below y=86.1, which is in contrast with the

case of heating in air. The uranium valencies of the fcc phase

in the range of @<y<#.38 are U(IV)-U(V) with interstitial
oxygen, and it has oxygen vacancies in the range 0.38<y<#.52.
As seen from Fig. 7, the lattice parameter increases with a
slope of $.027 per y in these ranges. The uranium valencies
change from U(IV)-U(V) to U(V)-U(VI) at y=#.52. In the range
#.52<y<®.77, the fcc phase is in the région U(v)y-0(V1i} and
oxygen vacancies. The lattice parameter increases more rapidly

in this range. Above y=0.77, the fcc phase exists as a mixture

with Pr6U01

Let us calculate the slope in the range @<y<#.38

5 phase or A-Prol 5 phase.
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theoretically. Since partial molar entropy of oxygen, A§02, can
be obtained by the equation discussed previouslyll), and since

partial molar free energy, A§o2, is given by RT-lnpOZ,

] - 0 . — - x — - ﬂ—
AG02 = AH02 T(-2R*1n 1-% 4R+ 1n T-2%-2y + Q). (6)

Since the values of Aﬁoz and Q do not change greatly with
"composition and temperature except near x=g16), 1let these values
are taken to be constant. The total derivative of Aﬁoz with y

is expressed by

3 (4Go,) a(aéoZ)

d(880,) = —5z—— dx + ——— dv. (7)

Under the condition of constant oxygen partial pressure,

d(AEOz) = g.

Then,
dx _ _ 2x(l-x%x) (1+2x) o
dy 4x2y—8x2—lﬁxy-2y2+6x+y (8)
and from Eq. (4)
da_ . _ g,127-9% _ g.067. (9)

dy dy
The dx/dy values were calculated to be -@.441, -0.426 and -0.275
for y=0.1, ©¢.2 and @.3, respectively, with Eg. (8). Therefore,
by substituting these values in Eq. (9), da/dy values of #.049,
@.0471 and #.96279 were obtained for y=G;l, .2 and 9.3,
respectively. These are in reasonable agreement with the

observed slope.

(T. Fujino, T. Yamashita and K. Ohuchi)
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Table 1
Phases in relation to uranium valency and oxygen nca-
stoichiometry
Region Phase Uranium valency

and type of defect

(1) tn air at 1350°C

0<y=032 fece s.s. + . f-U;0g
032<y<038 fce .5, UtT -yt
oxygen interstitial
0.38 < y £ 0.60 fec s.5. usT_ytt
oxygen interstitial
060 <y 2071 fec s.s. Ut~y
: oxygen vacancy
0.71< y <10 fee s.5. + PrUO, 4 or PrOy 435 phase
{2) in helium at 1350°C
0<y=<038 fec 5.5 ISR L
oxygen interstitial
0.38 < y<052 fee s.s. ISR bhdd
oXygen vacancy
0.52 <y <077 fcc s.5. us* ~ust
‘oxygen vacancy
0.77< y <0 fec s.5. + PrgU0,, or A-PrO; 5 phase
(3) in vacuo a1 1350°C
D<yx5038 fec s.s. ORI DER
. no oxygen defect
0.38 <y £0.62 fec s.s. utt —ust
OXYEEN vacancy
062<y<070 fec 5.5, ys* -yt

oXyger vacancy

070 <y<10 fee 5.5. 4+ PrgUQOy; or A-PrOy 5 phase
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9.4 Magnetic Susceptibilities of UOZ—ThO2 Solid Solutions

9.4.1 Introduction

The magnetic susceptibilities of UO2*Th02 solid solutions
have been measured by several researchers, Slowinski and
Elliott 1) measured the magnetic susceptibilities in the
' temperature range of 66 ~296 K, and showed that the solid
solutions obey the Curie—Weiés law. They also showed that
the magnetic moment of the U4+ ion decreases with dilution

with ThO. and approaches the "spin only value". The

2
configuration of the valence electrons of the U4+ ion

was considered to be 6d2, because the quenching of the orbital
angular momentum, which is characteristic of the d electrons,
was thought to be responsible for the observed magnetic
moment. Contrary to that, Hutchison and Candela 2)
indicated that this "spin only value" could be interpreted

in terms of a ground state configuration of 5f2 perturbed

by the crystalline field with cubic symmetry. After a
decade, Comly 3) made the magnetic susceptibility
measurements down to 1.7 K. His results on the diluted
samples of 5~10 mole% UO2 in 'I'hO2 were explained on the

basis of the paramagnetic ground state of the U4+ ion in

UO. to be not singlet, but triplet, which was in accord

2
with the results of the spin-wave dispersion branch

. 4 .
experiments ) Comly also observed a linear dependence

of Néel temperature, T , On the concentration in the
range of 60~100 mole% UO,. ' By -extrapolation, the
critical concentration at which antiferromagnetism disappears

was found to be 58 moled U02.
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However, there are some problems left to be clarified:

(1) The problem of whether the reaction to form the solid

solutions was complete or not. Regarding the relation

between lattice parameter and composition, it has been

known that the so0lid solutions of U02—Th02 obey the

Vegard's law, whereas at very high concentrations of Uoz,
: 3 . . . .
Cohen and Berman ) reported deviation from the linearity.

The lattice parameters of the samples used for magnetic

6)

susceptibility measurements by Trzebiatowski and Selwood
show scattering, andthe samples of Slowinski and Elliott b
were prepared by heating at 1000 ~1200 °C for 2~4 hr.
These reaction temperatures seem not to be sufficiently
high for forming UOZ--ThO2 solid sclutions.

(2) Change of magnetic moment-and Weiss constant with

composition, There have been few reports concerning

this point. The magnetic moment obtained by Slowinski and
Elliott b dees not change up to 25 moled Thoz, whereas the

Weiss constant decreases monotonously with increasing

ThO2 concentartion 1, 6, 7).

(3) Néel temperature change with composition. According

8)

to the recent data of neutron diffraction and thermal
expansion 2) measurements, the linear dependence of TN
on the concentartion of Tho2 does ﬁot hold at high
concentrations, which is inconsistent with magnetic

susceptibility data 3).

We report here the results of the magnetic susceptibility
measurements for U02-Th02 so0lid solutions prepared at

1650 °C. The temperature range of the measurements was
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from 2.0 K to room temperature. We will discuss the
variation of three magnetic parameters, i.e., magnetic moment
(M pp) Weiss constant (8), and Néel temperature (T ) with the
concentration of uranium ion. The molecular field theory
which includes interaction between next-nearest neighbor spins

is used for discussing the results.

9.4.2 Experimental

{a) Sample preparation
Samples were prepared by the coprecipitation method.
Chemically pure grade reagents of UOZ(NO3)2-6HZO and

Th(NO3)4'4H O were weighed out to the intended U/Th ratios,

2

dissolved in water, and stirred well. By adding

ammonia water, an intimate mixture of ammonium diuranate and

thorium hydroxide was obtained. The precipitate was washed
with dilute ammonium nitrate solution, dried, and preliminary
calcined in air. The mixtures thus obtained were pressed into

pellets and reduced at 1650°C in flowing hydrogen for about
7 hr. After cooling, the samples were crushed into powder,

repressed, and reduced under the same conditions.

{b) X-ray diffraction measurements

An X-ray diffraction study on the solid solutions was
performed using Cu-Kx radiation with a Philips PW 1390
diffractometer with curved graphite monochromator. The lattice
parameter of the samples was determined by the Nelson-Riley

extrapolation method to the diffraction lines.
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(c) Magnetic susceptibility measurement

Magnetic susceptibility was measured by a Faraday-type
torsion balance in the temperature range from 2.0 K to room
temperature. The apparatus was calibrated with Mn-Tutton's

salt as a standard. The temperature of the sample was

10)

measured by normal Ag vs. Au-0.07 at% Fe thermocouple and

Au-Co vs. Cu thermocouple.

9.4.3 Results and discussion

{a) Lattice parameter

Figure 1 shows the variation of the lattice parameters of
the samples used in this study. These solid solutions have
a flucrite-type structure, and obey Vegard's law; the lattice
parameters change linearly in whole range of ThO2 concentration

between 5.4704 A for Uo, and 5.5975 A for Tho,, .

(b) Magnetic susceptibility

The magnetic susceptibilities per mole of uranium as a
function of temperature for Uozrand for the solid solutions
i i.e., Th ‘ , _,
in concentrated U02 range, i.e., 0.1U0.902 ThO.ZUO.SQZ

and Th are shown in Fig. 2. For

Thy 3% .7% 0.4%.6%2
the solid solutions in the dilute range, the inverse

magnetic susceptibilities per mole of uranium vs. temperature
are shown in Fig. 3. For all the solid solutions examined

here, the Curie-Weiss law holds over the temperature range

from liguid nitrogen temperaturé to room temperature.

(c) Magnetic moment

In the previous reports, the Weiss constant decreased

with increasing ThO2 concentration, but the magnetic moment
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1)

ohtained by Slowinski et al. did not vary up to 25 molei

Thoz. ... However, the Néel temperature, as will be described

later, decreased monotonously with increasing 'I‘hO2 concen-

3. 8, 9). Therefore, the magnetic moment is also

tration
expected to vary at low Th02 concentrations., In Fig. 4,
the magnetic moment determined in this work is plotted as

"a function of Tho2 concentraticn. The value decreases mono—

tonously with increasing ThO, concentartion. The magnetic
moment of the U4+ ion infinitely diluted in ThO2 is 2.78 B.M.
from Fig. 4, which is a little lower than that obtained by

1)

Slowinski et al. and slightly larger than that of an infinitely

diluted solid solutions in UP-ThP Systemll). Theoretical
calculation gives 2.83 B.M. for the moment of the ground state
configuration 5f2 in the crystalline field produced by eight
oxygens with cubic symmetry. Qur experimental moment agrees
well with the theoretical value which is for the uranium ion
without any magnetic interaction with the adjacent uranium ions.
The larger magnetic moment in the concentrated range of UO2 in

Fig. 4 is possibly due to the increased effect of adjacent

uranium ions in this range as with the case of Fe203—A120312' 137,

{d) Weiss constant

The effect of dilution on the Weiss constant, 6, is
also shown in Fig. 4. There exists a nearly linear
relation between 8 and uranium concentration. In general,
the Weiss constant is indicative of the magnitude of the
magnetic exchange interaction. Thus it can be said that as the
ThO. concentraticn increéses, the interaction is weakened.

2

The linear dependence can be obtained by assuming that the
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. . 4+ . . .
exchange interaction for any one U ion is proportional to

to the number of nearest and next-nearest neighbor U4+ ions.

First, we consider only nearest neighbor spins 14).
The U4+ ions are divided into groups having 0, 1, ---, 12
nearest neighbors, The average value of 8 will then be

given by
— 12 : ‘
8 =2 £ -k -9, (1)
k=0
: . . - 4+ . 4+
where fk iz the fraction of the U iens having k U nearest
neighbors and {§ represents the contributicn to the total §

of one of the egquivalent nearest neighbors. The fraction

fk is expressed as

121 ,
£ = Se(1-x) 12T (2

X gie12-x)1

I

where x is the mole fraction of Uoz. - By direct summation,
8 is obtained as

6 =x - 12d =x - epure 0o, (3)

In the case where next-nezrest neighbor interaction &lso
significantly contributes to the Weiss cdnstant, the averags
value of 8 will be given by

—— 6 ¥ N
8 => f,"k-&+2> £ k-S (4)

1

k=] =0
- . s 4+ . . A+
where :k' is the fraction of the U ion having k U~ next
nearest neighbors and §° represents the contribution of cne
i
of the eguivalent next nearest neighbors to the total §.

The fraction fk' is given by

{ -
£ = 61 xk-(l—x)G k_ (5)

X k! -(6-k)! |
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Then a following equation is obtained,

8 =x (128+ 68"

. (6)

- x'epure uo,

Equation (6) shows that 8 is a linear function of UO2
concentration in the so0lid solutions even if next nearest
interaction is taken into account. It also shows that the

Weiss constant is zero if UO2 is infinitely diluted with

Thoz‘ The experimental curves, however, do not approach
0 K at 100 % Thoz. This discrepancy has been observed

fairly often in the other systems, and in some cases it is

discussed on the basis of c¢lustering of magnetic ions in the

dilute limit 11, 15), but there is no reason that clustering
of uranium ions occurs in this case, i.e., Vegard's law holds
in the lattice parameter change. It is likely that Van

vleck's temperature-independent susceptibility contributes

to the experimetal susceptibility to some extent.

(e) Néel temperature

The wvariation of TN with uranium concentration is shown
in Fig. 5. The data seem to be followed by a straight
line which falls to TN = 0D at ~54 mole? U02, although the
point at 60 moled UO2 deviates slightly from the line.
According to the experimental results for the samples with

50 mole% UO. shown in Fig. 3, antiferromagnetism does not

2
appear at this concentraticn of the solid solution. From
these facts, it can be safely estimated that the critical

concentration is between 50~ 55 mole® UOZ' which is

close to the results of Comly. The linear dependence of
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TN on concentration supports the idea that the ground state

of the U"' ion in U02 is tripletB'lG)_ The TN change in the

UOZ—ThO2 system has been also determined by the measurements
9)

of the linear thermal expansion coefficient and by the

measurements of intensity of the {100) magnetic reflection
in neutron diffraction 8). The results indicated
that a linear dependence.of TN on concentration does not
hold at low UO2 concentrations and that the critical
concentration of U4+ ion is lower than that determined by
magnetic susceptibility measurements. A plausible
reason for this difference is the oxidation of the solid
solution during heating. The deviation from linearity
might be also observed if the U5+ ion is contained in the

solid solution of U4+ ionl7).

(f) Change in J4 and J,

The magnetic structure of UO2 determined by neutron
diffraction experiments 18~21) is of type I. Smart 22)
gave the molecular field relation for 6 and TN in terms of two
exchange interactions Jl and J2 for various lattices anq for
various types of order. Jl and J2 represent magnetic
interactions between nearest neighbor spins and next-nearest
neighbor spins, respectively. For face-centered cubic

lattices with the first kind of magnetic ordering, the

molecular field relations between TN’ 9, Jl and J2 are given

by _
TN = 2/3S(S+l)(—4Jl+6J2), {7}
8 = 2/3S(S+l)(12Jl+6J2), {8)
where Jl and J2 ére given in Kelvin. It can be said that
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TN is a lattice-dependent gquantity which is a measure of the
lowest energy of the magnetic ions in the lattice, whereas
8§ gives the strength of total interactiocns. The values
of J. and J2 determined are plotted against composition in

Fig. 6. Roth Jl and J. decrease monotonously with

2

Th02 content. This is considered to reflect the dilution

effect with Th02. A slow decrease of J2 may be due to

a fact that the magnetic interaction between next-nearest

Granium ions is through oxygen ions intervening between them.
The effect of dilution with ThO2 should be alleviated in the
indirect interaction of J2' Consequently, the effect would
be much smaller on the interaction between next-nearest

neighbor spins than on that between nearest neighbor spins.

(Y.Hinatsu and T.Fujino)
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10, SQLIDIFICATION OF HIGE-LEVEL RADICACTIVE WASTE

INTO SYNTHETIC MINERAL-LIKE COMPOUNDS

T, Muromura, Y. Hinatsu and

T. Fujino
10.1 Phase Study

10.1.1 Introduction [1,2)

The waste forms of high-level radicactive waste(HLW)
resulting from reprocessing of spent nuclear fuels can be
classified into two groups. The one is the glass waste form,
in which radiocactive elements in HLW are homogeneously dissolved
with frit by melting. The other is the crystalline form such
as alumina-based ceramics, titania-based ceramics, SYNROC, and
phosphate-tailored ceramics. They are made by modifying the
composition of HLW with selected additives, so that an assemblage
of mutual compatible crystalline phases is produced. Generally,
the phases thus produced are designed to be synthetic mineral-
like compounds that would be stable under weathering, change of
circumstances, and irradiation for long time of 103-10° yearsl).

This study represents one approach on the immobilization
of HLW using stabilized zirconia with fluorite structure as a
host phase of the actinide elements, and is devoted primarily
to the examination of phase behaviors of the crystalline
waste form produced. The major techniques used in this study
are mixing of HLW and additive solutions by usual way in glass
beakers, and heat-treatments under high and low oxygen

pressures. The products are identified by X-ray diffraction
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diffraction analysis. The reaction behavior has been observed

by thermogravimetric and chemical analyses.

10.1.2 Consideration
(1) Additives

The roll of additives is to modify the composition of HLW,
so that the crystalline waste;form censisting of two or more
phases would be produced. These phases are required to be
thermodynamically compatible and chemically stable under various
conditions. Furthermore, the additives are desirable to be
chemically stable especially .in the presence of water, fully
abundant and easily available. These requisites seem to be
satisfied by such ceramic materials as alumina Al3Oj3, magnesia

MgO and zirconia ZrOp. There is another advantage in the

chemical properties of these ceramic materials: the nitrates

of Al, Mg and Zr are soluble into water and/or in dilute nitric
acid solutions. Accordingly, it becomes possible to obtain an
intimate mixture of additives and HLW sclutions. This seems

to be favorable for fast completion of solid state reactions
during heat-treatment at high temperatures.

{2) Host phases

Host phase of actinides?); Many kinds of radicactive elements

are dissolved in HLW. Among them, the actinide elements such

as Pu, Am and Cm appear to have great biological hazards because
of their long half-lives and alpha activities. For their
immobilization, there are many candidates as their host phase:
monazite, perovskite, zirconolite, stabilized zirconia with
fiuorite structure and others, as shown in Table 1. In the

present study, the stabilized zirconia has been chosen as

— 246 —



JAERI-M 85213

Table 1 Comparison of some properties of host phases of

- the actinide elements

Monazite Perovskite Zirconolite Stabilized

zirconia

{1l) Leaching _

resistivity ** + ++ +F
({2) Radiation st + 4 .

stability
(3) Phase

stability t+ . + t+ ++
(4) Solid t + N .

solubility
(5) Technol.

++ + ++

background +

+: good, ++: better

the host phase of the actinide elements because of its high
irradiation stability, chemical stability and considerably
wide ranges of solid solubilities. The selection of this phase
would also satisfy the choice of additives in the present study.
It is well known that the stabilized zirconia can be made
by addition of bivalent ions(Ca, Mg), trivalent ions(Y¥, Nd) and
guadrivalent ions(Ce, U, Pu) into Zr023). In the present study,
Ca0- and Y,03-stabilized zirconias would be examined from the

stand points of phase equilibria and chemicél stabilities.

Host phase of alkali and alkaline earth elements?): For the

immobilization of Sr and Ba in HLw; which would be apt to be
excluded from the fluorite phase, alumina Al;0O3 seems to be
an effective additive because of its high chemical reactivity
with the alkaline earth metals. Many compounds have been

formed in the binary systems, Alp03-Ca0, Alj03-5r0, and
Al,03-Ba0. Among them the magnetoplumbite type phases,

Ca0-6A15C3, Sr0-6A1703, BaO-r6A1,03 and their mutual solid
r
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solutions, seem to be promising as the host phase of the Sr
and Ba.

The beta-alumina phases such as Nay0-11A1;03 and Naj0-Mg0O-
15A1703 are also some of the magnetoplumbite type phases.
They would be able to be the host phase of alkali metals in
HLW such as Cs and Rb,.

Accordingly, provided thap alumina is thermodynamically
in equilibrium with the stabilized zirconia phase, the Sr and
Ba excliuded from the stabilized zirconia would react with the
alumina and make the magnetoplumbite. Thus, the beta-
alumina phase would be also precduced by the reaction between

the alkali metals and excess alumina,

Host phase of Fe, Cr and Nid}. Most of Fe, Cr and Ni come

from scales of equipments in the reprocessing plants. If
Zr0;, MgO and Al,03 are used as the additives for the solidi-
fication of HLW, it is likely that the spinel phase MgO-Al503
would be produced with the fluorite and magnetoplumbite phases.
The site of Mg in this phase can be substituted by Fe(II), Co
(II) and Ni{II}, and that of al by Cr(III). Hence it seems
that the spinel phase would become a host phase of most of

nonradicactive elements in HLW.

Host phase of ncoble metals®): Ruthenium in HLW is one of the

most radiocactive elements. The vapor pressures of its oxides
are considerably high, so that it is desirable to reduce them

into low valency states, e.g. into its metallic state. It

is well known that the platinum group elements, Ru, Rh and
Pd, make alloys with Mo and Tc in the irradiated nuclear fuels

under low oxygen pressures. The alloys become non-soluble
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residues in the reprocessing of the spent fuels.

Thus, the noble metals will become alloys in the waste form
with Mo and Tc in the atmosphere of low oxygen pressures. If
the oxygen pressure is higher than 10-14 atm at 1,200-1,300°C,
some amounts of Mo and Tc are oxidized and incorporated into
the other phases, and Pd-Rh base alloys will be produced in the
waste form. The scheelite.type phase (Sr,Ba)Mo04 will be also V
produced in the products as in the case of irradiated (Th,U)Oy

fuel under high oxygen pressures.

{3) Reaction atmosphere

The oxides of Mo, Tc, Ru and the alkali metals in HLW woﬁld
tend to vaporize during solidification reaction at high temper-
atures especially in the atmosphere of high oxygen pressures.
The reaction conditions of the calcination and heat-treatment
processes are considered in the following.

Ruthenium oxides vaporize in the atmosphere of high oxygen
pressures at high temperautres. This may be attributed to the
formation of RuO4 depending on temperature and oxygen pressure.
When the temperature is :aised ébove 1,100, the vapor pressure
of RuO4 becomes above 10-3 atm under 1 atm 0. Molibdenum
oxides would also vaporize during calcination and heat-treatment
due to formation of MoO;3 under the atmosphere of high oxygen
pressures. The oxides would be reduced to metal with low vapor
pressures in the atmosphere of low oxygen pressures. Cesium
oxide Cs,0 has a melting point of 490°C and vaporizes in the
atmosphere of high oxygen pressures through formation of higher
oxides such as Cs0; and CsOp. Under the atmosphere of low

oxygen pressures, it will vaporize predominantly by decomposition
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to the elements.

In the present study, therefore, an atmosphere of low oxygen
pressures, 4%H; + 96%He, will be employed for the calcination
and heat treatment of the residues obtained after evaporation
of the sclutions containing simulated HLW. In this atmosphere,
the oxides of Mo, Tc and Ru will be reduced to their metallic
rstates with low vapor pressures, which will make the alloys as

described above.

10.1.3 Experimental(3]

The reaction between simulated HLW and CaO-stabilized
zirconia with fluorite structure has been studied at temper-
atures from 1,000 to 1,500°C in air and in a mixture of 43Hp +

96%He.

Table 2 Simplified formulation for high-level radicactive
waste(HLW)} corresponding to 33,000MWD/TMU burn-up

Element Oxide form
Stand-in role
ats Oxide wt%

(1) Cs 11.1 CSZO 1G6.5 15% of Cs acts as
a stand-in for Rb.

{2) sr 5.9 Sro 7.0 50% for Ba.

(3) Ce 15.5 CeO2 l16.4 33% for Pr, Pu,
Am and Cm.

(¢) Nd 24 .2 Nd2O3 27.6 45% for La, Sm,
Y, Eu, GZd and Pm.

{5) U 4.3 UO2 7.8 44% for HNp.

() Mo 24.5 M002 21.3 18% for Tc.

{7) Ru 10.5 Ru02 9.4 24% for Rh.

Corresponding to 33,000 MWD/TMU
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Simplified formulation of HLW: The HLW contains more than

30 radicactive elements. In the approach presented here, the
composition of HLW has been simplified, as shown in Table 2.
Several types of substitutions or chemical stand-ins are

presented in the last column of the table.

Experimental procedure: The composition of CaO-stabilized

zirconia was 8 wt?® CalO + 92 wt% Zr0O). Mixtures of the stabilized

Simulated CaO—ZrO2
HIW .
Nitrate
3N—HNO3 solution
Drying
at 100°C
Calcination
at 800°C
in air
Pelletizing
in air
Heat—-treatment Heat-treatment
1,000-1,400°C 11,000-1,400°C
in air in 4H2+96He

\ /7

X-ray and chemical

analysis

Figure 1. Experimental procedure
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zirconia and simulated HLW solutions were prepared in various
mixing ratios. They were evaporated to dryness in air. The
resulting materials obtained were calcined in air at 800°cC.

The products were then compacted into pellets and heat-treated

in air or in a mixture of 4%H, + 96%He. After the heat-treatment,
the pellets were crushed and then submitted to X-ray and

' chemical analyses. The procedure is shown in Figure 1.

10.1.4 Conclusion

(1) In the evaporation of mixtures of the stabilized zirconia
and simulated HLW solutions, it has been shown that consider-
able amount of Ru was lost by vaporization due to formation
of RuOy -

(2) In the calcination process, dehydration and denitration
proceed below 500°C.

(3) About 4 wt% of simulated HLW was homogeneously incorporated
into the fluorite phase, of which lattice parameter increased
with HLW content according to the equation:

a = 0.5134 + 0.00028x {nm),

where x is HLW content in wt%, as shown in Figure 2.

When the HLW content was in the range of 4-20 wt%,; two
phases were in equilibrium: the fluorite and scheelite
" phases. The lattice parameter-of the fluorite phase varies
with HLW content in the form:

a = 0,5141 + 0.00014x (nm)
The actinide and rare earth elements were incorporated

in the fluorite phase.

Molibdenum and strontium excluded from the fluorite

phase combined and made a scheelite phase.
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Heat-treatment: in air for 8 h

(4) Under the heat treatment in a mixture of Hjp+He, three
phases were formed: the fluorite phase, perovskite phase
and Mo alloy. The actinide and rare earth elements were
soluble in the fluorite phase, of which lattice parameter
increased with HLW content by the expression:

a = 0.5134 + 0.00022x (nm)
The phases and lattice parameter variation of the fluorite

phase is shown in Figure 3.

From these results described above, it has been shown that
the stabilized zirconia with fluorite structure would be an

excellent host phase for the immobilization of the actinide
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elements.

(I'. Muromura)
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11. NUCLEAR CHEMISTRY RESEARCH

*
H.Qkashita, T.Suzuki, $.0Okazaki ,

*
T.Sonobe, M.Ohnuki, Y.Nakahara ,
N.Kono, S.Usuda, S.Ichikawa,

N.Shinohara and M.Magara

11.1 Measurements on Burnup Characteristics of the Japan Power

Demonstration Reactor-I1 Full-Core Fuel Assemblies

11.1.1 Tntroduction

Most of the nuclear reactors have their burnup calculation
codes for the fuel management. The accuracy of the calculation,
however, is scarcely verified through comparison with the actual
burnup measurements. On the occasion of the full-core discharge
of the Japan Pocwer Demonstration Reactor-1I (JPDR), burnup meas-
urements of all the fuel assemblies were performed in collabo-
ration with the Tank-type Critical Assembly (TCA) group of the
JAERT and the Tokai Reprocessing Plant group of the PNC.

Non-destructive gamma-ray spectrometry is the most effective
method to examine the burnup characteristics of numerous fuel
assemblies in detail, although the data obtained by this method,

which gives only relative values, should be calibrated by destiizuc-

tive (chemical) data for evaluation in absolute base. it is
well recognized that the amount of 137Cs in a spent fuel is a
. 134 137 .
good measure for burnup and the ratio Cs/ Cs for plutonium
formationl). Both the nuclides are the most easily detectable

* present address: Nuclear Material Control Center (NMCC).
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ones in the spent fuel by gamma-ray spectrometry.

The "JPDR-I was operated from October 1963 to August 1969
with frequent shutdowns for several experimental purposes. The
assembly burnups were estimated to be in the range from 110 to
5,640 MWd/t by means of FLARE code utilizing the operation data2).
Detailed description of the JPDR-I core and operation history
is given elsewherel).

Seventy two spent fuel assemblies disﬁharged from the JPDR-
I were subjected to the non-destructive gamma-ray spectrometry and
dissolved at the Tokai Reprocessing Plant. The respective 19

batch-samples were taken out of the dissolver vessels and analyzed

chemically in detail.

11.1.2 Non-destructive Gamma-ray Spectrometry

The non-destructive measurements were carried out in two
steps. The first was a series of rod-wise measurements for a
typical assembly A20 and the second a series of assembly-wise
measurements for the full-core assemblies except 3 assemblies
which had been destroyed for post irradiation examination.

In the rod-wise measurements, correlation between lthe non-
destructive gamma-ray spectrometry data (96 points for selected
7 rods) and the burnup or the Pu/U atom ratio were established
with the corresponding destructive measurement data (Figs. 1 and
2)1). The average burnup and the Pu/U ratio in the assembly
A20 were derived from the correlations for the 8 rods measured
and interpolation for the other rods assuming their gquadratic
distribution and diagonal symmetries in the assembly.

Assembly-wise measurements were performed for the 72 assem-

blies prior to shipment to the Tokal Reprocessing Plant. Twelve

— 257 —



JAERI—M 85— 213

assemblies were measured at 10 points on every four sides, while
+he other 60 were at 4 points on selected one side only. Among
the 12 assemblies, A8, which had the same irradiation history
of A20 in the symmetrical position of the core, was chosen as
a reference and the others were representatives of the 11 positions
in one-cctant region of the core, The measured gamma-ray inten-
sities and the intensity ratiog at the 40 points on assembly sur-
faces were summed up with weights to obtéin their averages 1in
each assembly. For the assembly measured at only the four points,
the averages were calculated by assuming that their relative dis-
tributions were the same as those in the assemblies submitted
to the detailed measurements. Details of the assembly-wise gamma-
ray spectrometry are provided elsewhere3). The average burnup
and the Pu/U ratio of each assembly were derived from the averaged

137Cs intensity and the averaged 134Cs/l37Cs

ratio using the cor-
relation obtained by the assembly A20 with correction for decay
time and detector efficiency and assuming the A8 had the same

values of burnup and Pu/U ratio as the AZ20.

11.1.3 Destructive Measurements

At the Tokai Reprocessing Plant, the JPDR-I éssemblies were
arranged intc 19 batches 1in consideration of similar irradiation
histofy (burnup) and dissolved in 3M HNO3 solutions. An appropri-
ate aligquot of the dissoclver solution in each batch was taken
and evaporated gently to near dryness. Then, the 19 batch-samplies
were set back to the JAERI.

Fach dried sample received was dissolved in HNO3 including Cs
carrier. Appropriate aliquots were weighed and subjectd to analy-

sis. Precise gamma-ray spectrometry was applied to one of the
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aliquots for determination of gamma-ray emitting fission product
nuclides. - By using the other aliquot, Am, Cm, Nd, Pu and U were
subsequently separated by ion exchange4). Amounts of Nd, Pu

and U were determined by means of mass-spectrometric isotecpe-

237Np 238Pu 241Am 242Cm 24Zm

dilution methed, and {as Am) and

244

I ¥ I

Cm by alpha-ray spectrometry.
Burnups were evaluated for the individual batch-samples using

the following equation:

100 K RFP/U/YFP
BU (%) = ,
L+ Rpyyu * K Rppyy/Yrp
where RFP/U' RPU/U : Atom ratio of 137Cs or 148Nd to U, and Pu to U,
YFP : Cumulative fission yield of l37Cs or 148Nd,
and K : Inpile-outpile decay factor of the fission product

nuclides, which was precisely evaluated according
ro the detailed irradiation history.

Comparison of the burnups obtained showed that the values £from

137 148y4 2.3 in

o

Cs were systematically lower than those from ,
average. This discrepancy would be ascribed to ambiguities in

the nuclear data used, since the experimental errors were confirmed

to be within 1%.

11.1.4 Discussion
The evaluated values on burnup characteristics of the JPDR-

‘

I fuels based on the destructive (DA) and the non-destructive

assembly-wise (NDA) measurements are summarized in Table 1 for

the 19 batches, where the NDA values were obtained by averaging

or summing those among the assemblies relevant to the same repro-
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cessing batch. The NDA overestimated systematically both of
burnups and Pu/U ratios by 2 to 4%. Causes of the differences
are considered: some overestimation in the averaging method on
the reference assembly A20, failure of the assumption that the
assemblies A20 and A8 had the same power histories and so forth.
Apart from the remaining problems, these results show that appli-
cahility of the non-destructive gamma-ray spectrometry to tﬁe

spent fuel examination is well demonstrated in a practical sense,

The ratios of 237Np, 241Am, 242mAm and 244Cm to U are plotted

. 134 137 . ) . .
against the Cs/ Cs ratio in both logarithmic scales, as shown
Figs. 3 to 6. The former ratios, y, are expressed fairly well

as the function of the latter, x, as

where < and p are constants in the individual combinations.
Since all of the transuranium nuclides are produced mainly by

238U

successive neutron captures of the exponent p should corre-

spond approximately to the number of captured neutrons, and hard-
ly affected by power histories and cooling time in this case,
Therefore it is suggested that' the amounts of the transuranium
nuclides accumulated in spent fuels may be estimated {from non-

134 137CS

destructively measured activity ratios of Cs/ , when the

constant ¢ is determined by some reference measurements. However,
further examination should be required to assure the applicability

of this method to higher burnup fuels.

Comprehensive data and discussions are given elsewhere [1].

(H.Okashita)
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11.2 Experiments of Nuclides far from B-Stability by JAERI ISOL

11.2.1 Introduction

On-line isotope separators {(ISOL) connected to various types
of accelerators are widely used in the study of nuclei far from
G-stabilityr’?). The ISOL supplied by Danfysik was installed at
the tandem accelerator in thg JAERI. A series of investigation‘
of short-lived neutron deficient isotopes was performed on cesium,
barium and rare earths. A surface-ionization ion source, which
can ionized effectively these elements, was developed to facilitate
the aimed experiments.

The ISOL first tested in off-line and now freguently used in
on-line operation. Using fusion-evaporation reaction, neutron-
deficient isotopes for the following elements were mass-separated
and investigated by decay-spectroscopy: Cs-Xe, Ba-Cs and Nd-Pr.

The present paper describes the performed of the surface

ionization ion-source and the results of on-line experiments.

11.2.2 Description of the ISOL

The JAERI ISOL facility is shown schematically in Fig.l.

It is constituted of four major equipments; an isotope separator
(included an ion-source), connection system of the separator to
the accelerator beam line, a tape-transport system and a data
acqguisition system.

The isotope separator has a 55° deflection and 1.5 m radius-
of-curvature. Resolving power of the separator is more than
1200 and mass dispersion at the focal plane is 1500 mm/M (M=mass) .

0il-diffusion vacuum pumps are used to keep high vacuum in

the ion-source and other parts. The ion-source 1s connected to
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the beam line of tandem accelerator through a differential-
pumping system and a thin window (2 um HAVAR foil), which keep a
hydrocarbon "free'"vacuum (10—5 pa) in the accelerator side,

The data-acquisition system is based on a PDP 11/04 computer
system interfaced to A/D converters. The tape-transport system

is also connected to the PDP 11/04 computer performing the -tape

control and the data accumulation automatically.

11.2.3 Design and Performance of the Ion-source

The surfaée-ionization ion source constructed is shown in
Fig.z2. The ion-source consists of a vaporizer, an ionizer, a
couple of tungsten filaments and a heat shield. The tungsten

ionizer is a form of hollow cylinder and its inner surface 1is

coverad with rhenium foil. A recoil catcher, carbeon or tantalum
foil, is mounted inside the vaporizer. A target is usually placed
at the vaporizer entrance, If the target is likely to melt due

to the high temperature, it is moved 5 mm outward and the vaporizer
entrance is sealed by a thin foil (20 pg/cm2 carbon or 1.5 um

tantalum foil). The reaction preducts emerge from target at a

small angle with respect to the projectile direction. THe energy
of recoil nuclei is enough to enable them to pass the thin foil

to the vaporizer cavity. For instance, in bombarding Nb target
by 160 MeV 328 ions and Au target by 120 MeV l60 ions the kinetic
energies are equal to about 40 MeV and 6 MeV respectively.

The ionizer and vaporizer are heated by electron bombardment
from the tungsten filaments. The maximum voltage between the
filament and ionizer is equal to 600 V and maximum electron currrnt
is 5 A. The temperature around ionizer was measured by an cptical

pyrometer; it reached about 2700 K.
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The efficiency of the ion source was determined in cff-line
operation for cesium and barium isotopes by comparing the activity
collected in the focal plane with that inserted into the vaporizer.

The cesium and barium isotopes were obtained by the natAg(l60,xn)

125,127cS 93 12e

and Nb(37cl,an) Ba reactions, respectively. The

ion-source efficiecy was estimated to be 30 % for cesium and 18 %
for barium atons. The tran;pOrt efficiency from the focal plané
to the detection point was also found to be 50 %. In on-line
operation the over~all efficiency was measured for the cesium

93 121

isotopes produced by the Nb(328,a) Cs reaction; it proved to

e 15 %,

11,2.4 On-line Experiment

The elements Cs, Ba, La, Pr, Nd and Pm have been separated in
the on-line operation, The neutron deficient nuclides for these
elements were supplied by the heavy-ion fusion-evaporation reaction,

such as 93Nb(35cl,uxn)131—134Nd,

separated by the ISOL and collected
on an aluminum coated Mylar tape in the tape-transport system.
The nuclides thus collected were moved to the measuring port in

1 sec. The X- and y-ray spectra were taken with Ge detectors to
identify the different elements in the mass chain selected by the
separator, The results are shown in Figs. 3 and 4 for masses
A=121 and A=132, respectively. Wifh respect of the mass A=121
nuclei, y-y ceoincidence spectra were obtained by using an event-
by-event recording system and Ge detectors. Also, the decay of
y-rays emitted from the isobars were traced. It is newly found
that the y-rays 99.2, 111.6, 210.8 and 341.9 keV are assigned to
be 121Ba[lr2]'

($.Ichikawa)
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Fig.l 1Isotope separator and associated instruments
in the JAERI tandem accelerator facility.
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Fig.2 The integrated ion source system.
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11.3 Actinides Synthesized by Heavy-Ion Nuclear Reaction
11.3.1 Introduction

in concert with the development of nuclear reactors and
accelerators, most of actinide isctopes have been synthesized
artificially by nuclear reactions, where various targets have
been irradiated by light par;icles such as neutrons, protons,
deutrons and He-ions. In order to produce‘heavier actinides
by such light-particle irradiation, 1t is necessary to prepare
heavy-element targets, but usually such targets, especially
transcurium elements, are difficult to obtain easilly.
Consequently, the heavy-ion (which are generally defined as
heavier nuclei than helium) irradiations have appeared on the
stage. So far studies of the production of new actinide isotopes
have performed mainly by the heavy-ion nuclear reactions, and
synthesized up to the 109th elementl).

For the purpose of clarifying the nuclear and chemical
properties of the heavy actinides which have relatively short
lives, a systematic study of the heavy-ion nuclear reactions

by using radiochemical methods have been initiated: The formation

of the actinides in the bombardments of 242Pu with 12C ions and
238U with 12C or 16O ions at energies not far in excess of the
Coulomb barriers has been investigated.
11.3.2 Experimental
242 238 .
The Pu and U targets were prepared by electrodeposition
from isopropyl alcohol solution onto aluminum foilsz). A target

assembly consists of a stack of aluminum foils for degrading

the beam energy at the upstream side of the target and an aluminum
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foil for catching the recoil nuclei,at the down stream side.
Irradiations by 126 or %0 ions were performed by the Tandem
accelerator of the JAERI. After irradiation, a rapid ion-
exchange separation was carried out for the aluminum catcher

foil. Radiocactivity of each actinide fraction after the chemical

separation was measured with Si-surface-barrier and Ge(Li})

detectors.

11.3.3 Results and Conclusion

(1)Fermium

After bombardment for 30 minutes, the fermium fraction was
separated from the irradiated sample by the ion-exchange method
and subjected to alpha-spectrometry. The chemical behavior,

the alpha-energy and the half-life observed indicated formation

of the 250Fm isotope. The alpha-spectrum of transplutonium

fraction for the 16O + 238U reaction is shown in Fig. 1.

{2)Californium and Curium

By meaéuring the alpha-spectra of the aluminum catcher foils

for long periods after irradiation and examining the chemical

behaviors and half-~lives, it was confirmed that the 244Cf,245

and 246Cf were formed by any reactions of 12C + 242Pu,-l6

238U lZC N 238

Ccf

O +

. . . 4
U reactions,. The curium isotopes, 2 2Cm

12C . 242Pu, and 242Cm by 16O N

, and

243,244

and ¢m, were formed by

238U reaction,
(3)Neptinium and Uranium

The formation of the target-like isotopes emitting gamma-rays
was investigated. After irradiation, the gamma-spectrum of

the aluminum catcher foil was measured with a Ge(Li) detector

and the chemical behavior of the gamma-emitter was studied.
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. . 2 2 239

The formation of the isotopes 38Np, 239Np, 37U and U was
. 2 .

confirmed in the 16O + 38U reaction. The gamma-spectrum of

the target assembly after bombardment of 238U with 92 MeV 160

beam is shown in Fig. 2.
(4)Formation Mechanism of the Actinides by Heavy-lon Reaction
The isotope of 250Fm is produced via compound nucleus

reactions: 242Pu(12C,4n)250Fm or 238U(l60,4n)250Fm. In the

12C + 238U reaction, the californium isotopes of 244_246Cf are

238U 12

also produced by the compound nucleus reactions (7°C,6n-4n)

244_246Cf. The curium, americium, neptunium and uranium isotopes
are formed by transfer reactions, in which several nucleons are
transferred from the projectile to the target nucleus without

the formation of compound nucleus, Details are given

elsewhere[l-4].

(N.Shinochara)
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11.4 1Isotope Correlation Techniques for Verifying Input

Accountability Measurements at a Reprocessing Plant

il1.4.1 . Introduction

Measurements of nuclear material input to a reprocessing
plant, in particular of plutonium, are of great importance, since
it is the starting point of plutonium accountancy based on direct
measurements. Isotope corelation techniqués (ICTs) provide very
promising means for verification of the input measurement data.

The present study deals with the method of analyzing data
from the input accountability measurements by means of the isotope
correlation of heavy nuclides and a system which can be operated
in a very small computer and used by safeguards inspectors to
collect data generated at the key meaéurement point (KMP} and

evaluate promptly the data in the field.

11.4.2 Fundamentals

Estimation of uranium and plutonium input amounts to a repro-
cessing plant by the ICTs is based on a technique so-called "Pu/U
ratio method", in which values of initial wuranlum amount, burnup
and Pu/U ratio of the spent fuel to be dissolved must be known.
Initial uranium amount, which is only an abolute datum used, 1is
brought by fabricator as well as ifs isotopic ratio data. Both
the burnup and Pu/U ratio are, therefore, estimated by the ICTs
developed. The burnup is calculated from isotopic ratio data
of uranium in pre- and post-irradiation, and of plutonium in post-
irradiation. - A value of Pu/U ratio is also used in the burnup

calculation. ITnitial value of Pu/U ratio is created from uranium

and plutonium concentration data in accountability measurements,
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and substituted by the I(CTs-estimated value later, in which new
value of Pu/U ratio is estimated by using the correlation between
Pu/U and heavy isocotopic variables, relating with the Dburnup.
1) Determination of uranium and plutonium amounts in a given
spent fuel
Material balance of heavy metals in pre- and post-irradiation
of the fuel is expressed as
U°® = U + Pu + F + TU,
where F stands for the number of fission occurred, and U°, U,
pu and TU denote the number of atoms of pre-irradiation uranium,
post-irradiation uranium and plutonium accumulated, and the other
transuranium elements formed, respectively. Term TU is usually
small encugh to be neglected. introducing burnup B in unit of
FIMA (Fission per Initial Metal Atoms), defined as F/U®, the above
equation is reduced to
U+ Pu=1U° (1 -B).
Since Pu = ( Pu / U ) U, the egquation is rewritten as
U | i + Pu/U ) =U° (1 -B ),
hence, U =U0° (1 -B ) / (1 + Pu/U ),
and Pu = ( Pu/U ) U° (1 -B )/ (1 + Pu/U ).
1f the relationship between the plutonium-to-uranium ratio

and some isotopic data or reduced parameters can be drawn, the

plutonium-to-uranium ratio will be‘ predicted from isotopic data
of either heavy elements or fission products for a given repro-
cessing‘batch of spent fuel, and the amount of plutonium in the
batch will be independently determined on the basis of the fabri-
cation data U°® and its burnup B.

2) Burnup determination

The established method to determine burnup .of spent fuel
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needs to measure neodymium-148 formed as fission product by the
mass-spectrometric dilution analysis as well as uranium and
plutonium. Under the present circumstances of the data availa-
bility in safeguards implementation, burnup has to be evaluated
from only uranium and plutonium data including isotopic composi-
tions besides the burnup calculated by reactor operator.

Burnup in FIMA is given by
B = F25/U0° + F28/U° + F49/U0° + F41/U°,

and each term in the right side is obtained by the following

equations;

F25/U° = A28°|R(25/28) +R{26/28)°-£|R(25/28)+R(26/28)]].

F28/U° = p(f/a28)|1+(A40+A41+A42(1+a49+adl}/adl/ad9].

F49/U° = p(f/ad9)|A40+A41+A42(1+1/adl)],

F41/U° = p(f/adl)ndz,

1/f = |(l+Pu/U)|1+A40/a49+A41/a49+A42(1+a49+a41)/(a49a4l)|
(1+1/a28)/A28|—l,

and, p = (A28°/A28)(Pu/U},

where symboi A stands for isotope fraction in atom unit, F number
of fissibns, R atom ratio, Pu/U atom ratio of total uranium and
plutonium, a the ratio of capture to fissioncross section, and
the first digit of suffix represents the atomic number and the
second the mass number of heavy metal atoms concerned. ¢ refers
to its initial (preairradiation) vaiue.

Since the a values depend upon burnup and type of reactor,
those obtained from burnup calculation of typical LWR fuels are
fitted as a function of burnup to use. Details are given else-
where [1].

3) Isotopic variables and correction witﬁ plutonium-to-uranium

ratio
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to estimate the most probable Pu/U ratio, correla-

the respective isotopic variables and the Pu/U ratio

the following linear function within a limited range

considering the dependency of correlation upon burnup.

+ bi X B ) x V, s 1=1,2,3, «.0...9,

Pu/U = ( a, i

where Vi stands for isotopic variable computed from isotopic data

of uranium and plutonium as follows:

Vvl = ( A25° - A25 ) x 100,
V2 = ( A26 - A26° )} x 100,
V3 = in | ( A28 / A24 ) x ( A24° / A28° ) |,
va = in | ( A28 / A25 ) x ( A25° / A28° ) |,
V5 = 100 - A49 x 100,
Ve = A40 / A49,
v7 = A4l / A4D,
V8 = ( A41 + A42 ) / A40, and
Vo = 49 x A42 / A4OZ.
.All the variables correspond to quantities approximately

proportional to the time-integrated neutron flux. The coeffi-

cients determined from the fitting, a. and bi' vary in different

initial enrichment and type of reactor. Therefore the wvalues

would .be better established as more data are accumulated.

11.4.3 Analysis of the Input Measurement Data by ICTs

The data obtained by the operator (reprocesser) are analyzed

batch by batch. Accordingly results of the analysis for the

batch have always and referred to correct

previous to be kept

for mixing with the heel of the previous batch solution. The
input accountability tank is usually different from the dissolver

and some intermediate vessels are in between, Therefore the dis-
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solved fuels is, in general, not completely transferred into the
accountability tank. Correction for the mixing thus occurred
should be taken into account.

From the data thus corrected, burnup is estimated taking
at first the measured plutonium-to-uranium ratio and a set of
initial a values which correspond with those of fresh  fuel.
After the first estimate of burnup, the a values are computed
by the following equation,

a =k g™ exp ((n B ),
where B is the burnup, and k, m and n are the fitted parameters
provided separately for typical LWR reactors and given in |[1],
The computation is continued iteratively to converge on reasonably
constant values.

The next step is to calculate the isotopic variables as de-
fined in the preceding section. By choosing an appropriate set
of coefficients for the egquation given in 11.4.2.3) based on
reactor type and initial enrichment, the plutonium-to-uranium

ratio can be‘calculated from each isotopic variable, Conseqguently
the nine data obtained for the ratio are averaged and subjected
to the 3-sigma rejection examination until the rest of the data
remains within the limiting range.

The final averaged value of the plutonium-to-uranium ratio
is substituted for the measured Qalue that was taken at first
to obtain burnup, and then a values, burnup and plutonium-to-
uranium ratio are again calculated iteratively until the plutonium=
to-uranium ratios éﬁnverge within 1% difference.

From the most probable plutonium-to-uranium ratio eventually

estimated by the procedures described above, the masses of uranium

and plutonium input to the reprocessing batch can be determined
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in connection with the initial mass of uranium. At the same
time, the most probable isotope abundance of uranium and plutonium
may also be computed from the finally determined plutonium-to-

uranium ratio and the correlation with the isotopic variables.

11.4.4 Development of a Small-Computer-Based System

The analysis described . above can be performed in a small
pocketable computer that may be very conﬁenient for safeguards
inspectors to bring in the field for examinimg and collecting
the input accountability data generated every day.

To demonstrate the feasibility of such technigues, a soft-
system was developed with a Sharp PC-1500 pocket computer which
can be supported by battery power and be operated in a completely
independent fashion from the operator’'s system. Details of the

software and the operation are given elsewhere[l].

(Y.Nakahara and H.QOkashita)
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11.5 Measurements and Evaluation of Gamma-Ray Intensities

of 239Pu

11.5.1 TIntroduction

Gamma-ray spectfometry with Ge detector has attracted
major interest in the non-desttructive analysis of nuclear
fuels. The accurate analysis requires a very knowledge of
gamma-ray energies and intensities for the relevant nuclides

in the fuel. Gamma-ray intensities in the decay of 239Pu

were measured recently by several authors -3) but the values

are still open to be evaluated. Some of the present authors
have established precision measurement techniques of gamma-ray

intensities which achieved accuracies better than 1% in the

region above 120 keV 4’5). By using this method, gamma-ray
intensities of 239Pu were measured with intent of below 1%

uncertainties.

In order to reduce ambiguity of source-absorption for
low energy‘gamma—ray, absorption of plutonium source was meas-
ured and careful correction was made for the self-absorption.
Weight and isotopic abundance of plutonium in the source were

measured with a mass-spectrometer to determine intensities

per decay.

11.5.2 Experimental

The plutonium samples which were recoverd from spent
fuels of the Japan Research Reactor 3 (JRR-3), were carefully
purified on uranium and ameficium, prepared in 4N HCl solution,
and sealed in geometrically identical vials, 16 mm diameter

and 48 mm high, and 34 mm diameter and 5 mm high, of acrylic
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acid resin. Plutonium content in the wvials was about 220 mg
for the c¢ylindrical type and about 100 mg for the disk type.
The former scurces were used to determine the intensities per

decay of 239Pu gamma-rays with 133Ba l52Eu and 154Eu standard

solutions which contained the same concentration of plutonium
or uranium and are sealed in the c¢vlindrical vials. The ‘latter
were provided for self-absorption measurements to compare with
an empty scurce of the same disk. Sourceé of a mixture of
l52Eu and l82Ta were also made for calibration with disks of the
same dimensions.

Gamma-ray spectrum measurements were performed with a ver-
tical type ORTEC 6.6% Ge(Li) detector with a resolution of 2.1
keV for the 1332-keV gamma-ray shielded with lead blocks, placing

at 18 cm above surface of the detector. All the sources includ-

ing the standard sources were measured normally more than twenty

times.

11.5.3 Analysis

Gamma-ray spectra were analyzed by subtracting Compton back-
ground and peeling off of complex peaks with correction for the
coincidence sum effects of cascade and cross-over gamma-rays.
Details of the spectrum analysis method are given elsewhere4).

The self-absorption correction was made by the following
manner. Three different measurements were performed using the
disk sources with and without plutonium solution as follows:

i) The disk containing pluteonium solution was placed in the

upper position and an empty one in {he lower position,

i1} Two disks containing plutonium soclution were put on

top of each other,
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iii) An empty disk was placed in the upper position and the
one filled with plutonium solution in the lower position.
Relation between counting rates for the three kinds of

source configuration is given by

Il exp ( - md ) + 13 = I2,

where 11, I2 and I3 are counting rates for the source configur-

ations i}, ii) and iii), respectively, and m stands for the
absorption coefficient and d the thickness of the source solu-

tion. Therefore md is obtained as

md = log | L /o I, - 13 )

Self-absorption in the measurements with the source configur-

ation iii) is corrected as follows:

13=mdI;/ | 1-exp(-md) |,

which were used for the detector calibration and the intensity

determination. The correction ranged between 3 to 7% for the

239 :
Pu gamma-rays.

The relative efficiencies of the detector were obtained

152Eu l54Eu and l82Ta

133

from the measurements of the standard

gamma-rays and the absolute efficiency was from the Ba meas-
urements. The entire efficiency curve was eventually derived

by fitting the efficiencies obtained above to the following

equations:
er = a, exp { - b1 E ) + a, exp { - b2 E ) 180 keV
and ef = 8, exp { - bl E )+ a, exp { - b2 E )
+ C E3 + C E2 + ¢, E + ¢ 180 keV
1 2 1 0 !

where e and E denote the efficiency and the gamma-ray energy,
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respectively, and aie biand c,are fitting parameters, Details
of efficiency curve determination was given elsewhere [1]. The

absolute efficiencies were obtained from the relative efficiency

133Ba

curve and the absolute efficiency at 356.0 kev of . The

experimental errors associated with the absolute efficiencies

were varied from 0.7 to 1.8% ( 0.78% at 356.0 keV ).

11.5.4 Results and Evaluation

The 70 gamma-ray emission probabilities obtained were
compared with the reported valuesl_3). Detailed discussion
is made elsewhere[l]. For the selected major gamma-rays &
critical evaluation was performed for the IAEA Cordinated
- Research Programme on the Measurement and evaluation of trans-
Actinium Isotope Nuclear Decay Data (1978-1985). Comparison
with other measurements and the final recommended values are
listed in Table 1. The accuracies requested for the gamma-
ray emission probabilities of 239Pu were quite high, greater
than 1%. It is, however, recognized from the table that

several values meet satisfactorily the requirement.

{H.Okashita)
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12. DEVELOPMENT OF RADIOCHEMICAL ANALYSIS METHODS

L%
H.Okashita, T.Suzuki, S.0kazaki ,
T.Sato, N.Kono, S.Usuda,
S.Ichikawa, N.Shinchara, M.Magara

and H.Yoshikawa**
12.1 Rapid Ion Exchange Separation of Tradsplutonium Elements

12.1.1 Introduction

Most of transplutonium nuclides, especially produced by
heavy-ion bombardments, have short half-lives and small formation
cross sections, and emit alpha particles. In various rapid
chemical separation methods, 1on exchange has advantages of
isplating and concentrating trace amounts of such elements with
quantitative yield.

In order to study the nuclear_chemistry of the trans-
plutonium‘nuclides, a piessurized ion exchange system was
developed. The present paper deals with the system and its

application,

12.1.2 Experimental
A strongly acidic cation exchange resin { MCI GEL CK@8Y )
and strongly basic anion exchange resins ( MCI GEL CA@8Y and

CA@8S ), which supplied by Mitsubishi Chemical Industries, werxe

* Present address : Nuclear Material Control Center ( NMCC )

** JAERI Scholarship in the fiscal years of 1984-1985 from Tokyo

Metropolitan University
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used for the system. After washing, the resins were packed into
flﬁoroplastic tube columns ( i.d.: ca. 1.5 mm ) and fixed with
guartz wool plugs at both ends.

Nitric acid-alcohol mixed eluent was prepared by adding
calculated amount of the concentrated écid to the reguired volume
of alcohol, and by bringing the solution up to a definite veolume
with distilled water.

241 244

Am, Cm, 252

As tracers, Cf add long~lived fission
products were employed. Alpha- and beta-activities were measured
with a silicon surface barrier detector.

The pressurized ion exchange separation system developed
consists of a pressurized ion exchange column under controlled
temperature and flow rate, a continuous eluent supplier and a

direct drop evaporator of effluents for immediate alpha source

preparation( Fig.l ).

12.1.3 Cation Exchange with Hydrochroric Acid Solution

Cation exchange of transplutonium elements was examined for
separation from mg order of U and Al in hydrochloric acid
sclution. The overall recovery of the transplutonium elements was
9¢ + 16 % and the separation time within 15 minutes.

The procedure was applied to separation of 258pn ( Tl/Z: 39
min ) and 246Cf { Tl/z: 35.7 hr ) Synthesized by the 160 + 238U

reaction from the target and the aluminium catcher foilfl].

12.1.4 Anion Exchange with Nitric Acid-Methyl Alcohol Solvents
It is reported that light rare earthl'Z} and transplutonium
elements>"3) can be mutually separated by anion exchange with

nitric acid-methyl alcohol mixed solvent. The procedure, however,
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is not so effective to rapid separation because of slow exchange
réte.

To improve this point, the temperature effect was examined
at the range of room temperature to elevated one, over the
boiling point of methyl alcohol ( 64.65°C ) at 1 atmosphere.
Dependence of adsorbability on both concentrations of nitric acid
and methyl alcohol was also investigated in detail at the
elevated temperature. Based on these resulfs, optimum conditions
were determined for effective and rapid separation of the trans-
plutonium and rare earth elements. Figure 2 shows the typical
elution curves of actinoid and rare earth mixture[2].

{ §. Usuda )
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12.2 Electrodeposition of Actinides

12.2.1 Introduction

Alpha spectrometry is a quite useful technique for the
measurements of the amount and the isotopic composition of the
heavy elements such as Np, Pu, Am and Cm. To analyze the
alpha spectrum accurately, it is important to prepare the meas-
uring sources with high resolution. Although many electro-
deposition techniques have been reportedl_4), actual appli-
cation of these methods often encounter some difficulties.
Hence we have developed a novel and rapid electrodeposition

method for preparation of the high resolution sources.

12.2.2 Experimental

The electrodeposition cell assembly is illustrated in
Fig. 1. Tts effective deposition area is 0.78 cm2 {1l cm dia-
meter). The electrolytic solution is agitated by a rotated

Pt wire anode (! mm diameter) and cooled by flowing water in

jacket. Platinum plate (24 mm diameter and 0.05 mm thick}
is used as backing. Uranium, Np, Pu, Am and Cm are purified
by an anion-exchange methods). Each solution of the purified
acinides 1is dried gently, dissolved with 50 pl of 12M HC1

and diluted with 2 ml of water, and then kept as stock solution,
which contains about 100 pCi as alpha activity of the major
nuclides. The electrolytic solution 1is composed of 5 to
100 pl of the stock solution, 4 ml of isopropyl alcohol and

20 pl of 0.1M HCL.
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12.2.3 Results

Deposition yield higher than 99% can be achieved within
15 to 20 minutes under the condition of 3 to 5 mA/cm2 current
density and 400 to 800 V of electrolytic voltage. Duration
of the electrolysis over 25 minutes makes decrease of deposition
yields for Am and Cm,. The resolution of alpha spectra of
the sources obtained falls in the range of 14 to 18 keV (FWHM)
by a silicon surface barrier detector -(ORTEC A-14-100-100)
with 4096 pulse height analyzer system. The results are sum-—
marized in Table 1.

The present method has been applied successfully to the
preparations of sources for precise measurements of transuranium
in spent fuels6), of targets for heavy-ion bombardment for

7)

the study of nuclear chemistry of transplutenium nuclides and

of fission chambers for the use in the Fast Critical Assembly

in the JAERI 8).

(S.0Okazaki and N.Kono)
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Table 1 Electrodepositicon yields and energy

resolutions of alpha-ray spectra.

Element Deposition yield Thicknegs Resolution
(%) {(ng/cm™) (Kev) [FWHM]

U-235 99. - 13, 17.4
99., 25. 17.5
Np-237 .99., 10. 16.,
99.¢ : 23. 16. 4
Pu-238 99., .004 14.,
99., .007 14.,
Pu-242 99..4 1.8 15.,
99., 2.9 15.4
Am-243 99., 1.7 15.3
Cm-244 99, 4 .007 14. 4

lastic Box

£;=={ ()

I Pt wire 9 :
o (Anade}l ~&~ N —_Cooling
5 N Water
‘| Pt Plate N
~| {Cathode) | N | Glass Cell
'-_2_1Neopr e N-J- — Bolt |
;-"_-O-ri NC N >
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N // S
;5 Lab. jack ;
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Fig. 1 Electrodeposition cell assembly.
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12.3 Analysis of Biological Shielding Concrete of JPDR

12.3.1 Introduction

Evalution of radioactivity inventory in a nuclear power
plant is essential to the planning of decommission of the plant.
Although the biological shielding concrete is less activated
in comparison with reactor core material, it accounts for
main parts in volume and weigﬁt of radicactive waste. The
inventory evalution is performed by radicactivity
measurement of the samples taken out from the entire shield,
which might be laborious work to depict in three
dimensiomal radioactivity distribution for the whole shield.

It is required to develop a computer code to facilitate
evalution of activity inventory in the biological shielding
of power plant. In order to compute the activity inventory
Qith the evalution code, it is nessesary to know bulk
composition of concrete together with activable micro
constitutents and water content. Since the concrete is
composed of various elements, instrumentals analysis which
can perform simultaneous multielemental measurements such as
ICP is preferred to treat a number of samples. Analysis of
micro constitutents with the analytical instruments might be
affected by the matrix elements, and the effects should be
calibrated independently by other methods.

The evalution code can be justified by comparing of the
measured value of radiocactivity at a certain position with
composition of the concrete,

The present paper describes elemental analysis and

radicactivity measurement of the samples taken out from the
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biological shielding concrete of the Japan Power Demonstration

Reactor (JPDR} .

12.3.2 Experimental and Results

Samples: Concrete disks cutting out from the D core,
which was bored from biological sheilding concrete of JPDR, were
ground by a ball mill into fine powder.

Radioactivity measureﬁents : The samples were sealed
doubly in polyethelene bag. The weight of the samples was
adjusted to 5¢-~100mg depending on the intensity of the
activities. The radiocactivities were measured by Ge{L1i)
detector with 48¢9 ch pulse height analyzer. The results
were shown in Table Il.

Chemical analysis of matrix elements: Main components of the

concrete were analyzed by gravimetry used for the usual
refractory material analysis as shown in Fig. 1. The resuls were
tabulated in Table 2 together with the nickel content measured
by spectro photomeroty and the water content determined by
heating weight loss at 1@@@ °C.

Activation analysis: The very samples measured
radioactivities were irradiated in JRR-2 reactor for 20 min.
Nuclides induced by the neutron irradiation were measured
with the same detector system for the radioactivity
measurements. The results were listed in Table 3. It is obvious
that ninetéen element s can be analyzed without chemical
procedure.

Determination of 63yi : After determination of nickel
content by photometry, the extract, nickeldimethyglyoxime, was

decomposed by agua regia, and then was precipitated as nickel
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hydroxide with sodium hydroxide. After rinsing with water
twice and ethyl alcohol twice, the precipitate was redissolved by
n-caproic acid. The solution thus prepared was mixed with
toluene-based scintilation coktail. The activity of 63Ni was
counted by liquid scintilation counter at carbon channel. The
counting effciency of 63Ni exceeded more than 65 % with 1 mg of
nickel carrier.

(T.Sato)

Table 1 Radioactivity in the biological sheilding concrete.

Sample
D-73 D-76
s .. * .. *

Nuclide Activity Error Activity Error

(Bq/9) (%) {(Bg/g) (%)
152g, 2.093x10° 1.2 1.73x16° 3.8
1545, 1.73x16°% 3.3 1.77x10% 6.0
69co 7.30x10°2 1.5 6.24x10° 3.7
134 6.64x107t 4.6 9.39x10%t 6.0

*) As of Dec. 31, 198¢
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Table 2 Macro components of the .concrete sample(D-73 ,D-76)

determined by gravimetory.

Sample
D-73 D-76
Component Contents Error .Contents Error
10, (%) 60.¢ 1.2 62,6 1.9
Ca0 (%) 13.3 - g.5 12.4 1.9
Al,04 (3) 8.2 F.4 9.2 7.4
Fe,04 (%) 5.5 @.01 4.7 .01
K50 (%) 1.8 .1 2.2 g.1
H 50 (%) 9.04 ¥.08 6.3 g.1
Ni (ppm) 17.6 1.0 83.6 5.0

Table 3 Micro constituents in the concrete sample (D-76) determined

by activation analysis.

Element Content Error Element Content Error

(ppm) (%) {ppm) (%)
Na 1.12x190%4 4 Ba 6.38x1972 13
K i.48x1g%4 5 La | 1.75x1g%! 8
Ca 7.55x1¢%% 6 Ce 3.11x10%L 5
Cr 3.97x1071 4 Eu 6.10x10" 1 8
Mn 3.18x10%2 4 Tb 4.84x10°1 5
Fe 1.98x168™4 4 Lu 4.30x1¢" % 9
co 6.53x1970 4 HE 2.78x1970 5
Rb g8.34x10%1 1% Ta 6.00x19™1 10
Sb 1.29x10%9 10 Th 5,73x10"? 4
Cs 2.00x18%? 8
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Sample ( 1 8

Na,CO, ( 2 g )
1000°C  60min
Dissclution 64 HCI

Fusion

‘ Dry up
Dissolution B4 HCl Warm 30 min
Lpt. sol.
Rinse IM HCl ———>
Rinse H,0 ———
Heat 1000 °C 60 min Dry up
weight (W) Dissolution 4M HCI
H,S0, + HF : oy NHCL¥NH OH |
Heat 1000 *C 60 min ppt. sol.
L ~ weight (W2) Rinse 2M NH,Cl———>
S10, (W1-W2) Dissolution 4M HCI
‘ 9% NH4C1+NH10H
ppt. sol, —>
| bissolution 4M HC! Dimethylglyoxime
l 2M_NaQH | CHCl,
ppt. sel. Extraction
Dissolution 4M HCI aL. Jrg.
24 NaOH C, B0, 1Photometory-
ppt. S0 |l+———> NH ,OH Ni
D;susoci);tion 4M HCI aM HCI I I
4 24 NH,CL ppt. sol.
ppt. sol. NH ,OH Heat 1000 °C 60 min
Heat 1000 C 60 min Rinse NH,OH Weight
+ Veight Cal i
R
Fe,0, ppt. sol. Heat 250°C
Heat 1000 C 60 nin Dissolution H,G
Weight (C6H5)4B
Al,04 Dry 110 C
v Weight
K

Fig. 1 Analytical preocedure
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13, SOLUTION CHEMISTRY OF RADIOACTIVE ELEMENTS

¥.Ichikawa and T.Sato

13.1 On the Particle Size Distribution of Hydrolyzed

Plutonium(IV) Polymer

13.1.1 Introduction

Tetravalent plutonium is hydrolyzed to form colloidal polymers
in agueous solutionl). This polymerization has a great influence
on the behavior of this element in an aqueous chemical process

2)

such as the reprocessing of spent nuclear fuel. The particle

size or molecular weight of colloidal plutonium has been
3-12)

reported by some authors. However, the reported values differ

from cach other even in orders of magnitude. The present
paper [1] deals with the particle size distribution of plutonium
polymer colloid and its aging effect examined by means of high

speed centrifugation.

13.1.2 Experimental

1 ml of 4N nitric acid solution of tetravalent plutonium,
which contained 36 mg plutonium, was evaporated under an infrared
lamp. The residue was dissolved with heating in ¢ ml of distilled
water to obtain a yellowish green solution of plutonium colloid.
The absorption spectrum of this solution is consistent with the
reporied spectrum.8'13) One part of this stock solution is
diluted with 1000 parts of 0.1N nitric acid, and used for

further experiments. The final concentration of plutonium was

1.7 x 107 °M.
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5 ml of the colloidal plutonium solution was transfered
into three polyethvlene centrifuging tubes, sealed within a
rotor basket of a swing rotor. Centrifuging was carried out by
using an ultracentrifuge(Hitachi, Model 65P). The rotor chamber
was evacuated to 1044 torr. The temperature of the rotor was
controlled to 25°C by a refrigerator. The maximum rotation
rate was 65000 + 500 rpm, which corresponds to 4 x lO5 times the
gravity acceleration. The conditicns cof the experiments were
changed between 5000 and 65000 rpm in rotation rate and between
1l and 73 hr in rotaticn time. After the sample was centrifuged
under given conditions, 50 ul of the supernatant solution was
pipetted out and dried up in a counting dish under an infrared
lamp. The alpha radicactivity of the sample was measured with a
gas flow proportional counter. In order to estimate the loss of
colloidal plutonium by adsorption on the wall of the centri-
fuging tube, the same procedure was repeated without centrifuga-
tion. The experiments were carried out the first time between
7 and 11 days after preparation of the colloidal soclution, and

the next time, after one year of aging of the sclution.

13.1.3 Results and Discussion

The adsorption ratio of colloidal plutonium from 0.1N nitric
acid solution on the wall of polyethylene centrifuging tube
was plotted against the adsorption time(Fig.l). The rates of
fresh and aged colloids are drawn by solid and dashed lines,
respectively. The fresh colloid of plutonium reaches an adsorp-
tion equilibrium within a few hours and the adsorption ratio

is about 25% at equilibrium.'The adsorption ratio of the aged

colloid is higher than that of the fresh colloid and reaches
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about 50% after 50 hrs.

The fraction decreased by centrifuge (C) for fresh and aged
colloid of plutonium is shown in Tables 1 and 2 with the
conditions of centrifuging.

In both cases, most part of the colloidal plutenium is
precipitated under maximum centrifuéal force and rotation time.
However, the fraction of aged colleoidal plutonium precipitated
at lower centrifugal forces is higher than those for the fresh
one.

When a particle is centrifuged for rotation time t at an angular

velocity W , the particle size r is described by Eg. (1}

,_3:22 [tog(f, / Gy) x T (1),

L VAN

where, ao and,at———distances of the particle from the rotation

center at time 0 and.t,‘rand ?m —— density of the particle and

the medium, ‘7——— the viscosity of the medium,

It is very difficult to calculate the absolute value of r

from Eq. (1) because of two reasons. The first is the uncertainty
of GO and at' Experimentally, C is obtained from the decreased
radiocactivity of the surface layer of the centrifuged sample
solution. Therefore, the path of removed particles cannot be
determined uniguely from these data. The second reason is the
lack of confirmed data on the composition of colloidal particles
of plutonium and, consequently, on its value of density f.
Therefore, some assumption must be made in the present work.

The following values were applied:

17 = 0.01 poise (0.1N HNO,),

B 3
Ym = 1.0 g/em™ (0.1N HNOB)-
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1l

O¢ 6.4 cm (The middle point between surface and the bottom

of solution)

3.8 cm.

Gy
The value of P is assumed to be 11 g/cm3 which is a rough
estimated value for PuO,.

substituting these values into Eq. (1), r is described as a

reciprocal function of wW and t:
—————— (2)

The limiting particle size which does not precipitate by centri-
fuging because of its brownian motion is calculated to be about
1 myL in the case of maximum rotation rate of this centrifug:z.

On the basis of the above considerations, the distribution of
particle size should be discussed. Fig. 2 shows a histogram of
the relative particle size of both fresh and aged plutonium
colleoids. About one half of.the fresh colloid belongs to the
smallest particle group. If Eg. (2) 1is applicable, the r values
of this group are below 1 mu. Also 94% of the fresh colloid has
a value of l/ufd?.x 106 lower than 5.3. On the contrary, 35% of
the aged colloid belongs to the largest group. According to Edg.
(2), the r values of this group are above 15 mu. The fraction of
the finest group decreases to 10% in the aged colloid.

These facts suggest that very fine polymer particles (probably
a few A in diameter) of plutonium are formed at the early stage
of colloid formation, and that the diameter of these particles
will grow up to the mu order.

Most of the centrifugal studies given in references were carried
out in a low speed centrifuge such as 3000 rpm, with hydroxide

precipitation or adsorption colloid (pseudo-colloid) of plutonium.
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One exception is the case of ref. 8 reported by Ockenden and Welch.
They used a centrifuge with a centrifugal force of 7000 times
gravity acceleration. At a maximum centrifuging time of 300 min,
the fresh and aged plutonium colloids precipitated in 5 and 85%,
respectively. Accordiﬁg to our calculations, the diameter of the
precipitated particles is about 4 mp:if the paramefers are taken as
the same as in the present work. Lloyd studied the size of fresh
colloidal particles of plutonium polymer by electron microscopy

12}

and found them less than 2 mu. These results are consistent with

the present work.
(F.Ichikawa)
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Table 1 Fraction of fresh plutonium coiloid

precipitatéd by centrifuging,.

Rotation rate, rpm Rotation time,hr. C,%
5000 1 6.2
30000 1 6.1
50000 1 1.4
55000 1 10.3
60000 1 20.1
65000 1 36.5
65000 4 31.5
65000 8 63.3
65000 12 57.1
65000 i8 59.6
65000 25 - 84.9
65000 70 98.2

Table 2 Fraction of aged plutonium colloid

precipitated by centrifuging,

Rotation rate, rpm Rotation time, hr. C,%
5000 1 35.9
15000 1 37.8
30000 1 47.3
50000 1 53.7
55000 1 58.9
60000 1 68.4
65000 1 57.3
65000 4 68.0
65000 8 79.2
65000 13.5 86.7
65000 18 89.6
65000 25 92.5
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13.2 Sclution Chemistry of Ruthenium

13.2.1 Introduction

In nuclear fissions of uranium and plutonium, ruthenium
is produced in rélatively high fission yeild. The element
behaves in a quite different way from other.fission products
in nitric acid seclution which is widely used in reprocessing
of nuclear spent fuel by Pﬁrex process. It is difficult to
describe completely the behavior of the element in solvent
extraction separation in Purex process. For instance, a part of
ruthenium remains in the uranium and plutonium products and
increases the radiation level: some appear in the medium
level aqueous waste stream and account for main activity in
the waste.

Studies!) have been devoted to clarifying the behavior of
the element in nitric acid solution. Fletcher et al.?) first
pointed out that in nitric acid solution, ruthenium formed
ruthenium nitrosyl ion RuNO3+, stable in various concentrated
mineral acids and that nitrosyl made many complexes with
various ligands including NO,;7, NOZ',OH”, and H,0 in general
formula:

RUNO (NO3) y (NO,)y (OH) 5 (H50) (5_y_y_g) (3-X-Y-Z)
The complexities of the element in nitric acid solution are
ascribed to the existence of such nitrosyl ruthenium
complexes and to the transformation of one species to others.

The present work was aimed to separate these ruthenium

species and to clarify the chemical behaviors.
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13.2.2 Experimental

Fission prodcts stock solution: The solution was prepared by -
dissolving irradiated uranium dioxide in concentrated nitric
acid followed by gentle drying and redissolving in 1N
nitric acid.

Separation method: High performance liquid chromatograph
equipped with radiation detector was applied to the
experiments. Two kinds of column, different in length,( 69 cm and
1360 cm), with the same strongly acidic cation exchanger of
sulfonic acid - type were used to separation of cationic, anionic
and neutral ruthenium species. The 68-cm column was used
for the separation of cationic species and the 1360-cm one for

neutral and anionic species.

13.2.3 Results and Discussion

Immidiately after the dissolution of irradiated uranium
dioxide in nitric acid, most of the fission product ruthenium
were observed as anionic species. Cationic and neutral
species increased in the solution with aging. At 100~ days
aging, the separated ruthenium species were four anionic,
six neutral and fourteen cationic ones, While the charge of the
cationic ruthenium species in 1IN nitric acid can be estimated by
comparing the Kd values of ruthenium species with those ions

3+

SIZ+ and Eu”', charge of the

having definite charge such as Cs+,
cationic ruthenium species separated were determined from the
slope of log -log plot of Kd value of the species versus
activity of nitric acid used for elution. It was found
that there were seven monopositives, three dipositives and

four tripositive ruthenium species.
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According to the theory of dissociation of nitroéyl
ruthenium complex3), the tripositive species should be
uncomplexed nitrosyl ruthenium ion, RuNO3+. If there e#ist nen
nitrosyl species in the solution, the species with
tripositive charges is but one species, ru3". The present
results, existence of four tripositive ruthenium species can
not be éxplained from currgnt understanding of ruthenium
chemistry.

All the ruthenium species separated by high performance
liquid chromatograph were offered to determine distribution
coefficient for 19@¥ % TBP- 1N nitric acid extraction. One
mononegative and one monopositive charged species were
only extracted appreciably by thel@@ % TBP. Fletcher et a1.?)
described that extractable ruthenium species by TBP extraction
were tetranitrate nitrosyl and trinitrate nitrosyl. As
tetranitrato nitrosyl ruthenium was not stable in dilute
nitric acid, only trinitrato nitrosyl ruthenium was
responsible for high ruthenium extraction in Purex process.
Trinitrato nitrosyl ruthenium has no electric charge. In the
present work, no neutral species was extracted by 100 % TBP.

2)

This results also contradict the Fleacher's report .

(T.5ato)

Reference
1) Diana, J., @ CEA-R-4813(1977).
Guegueniat, P., ! CEA-R-4644 (1975) .
2) Fletcher, J., et al. : J.Inorg.Nucl.Chem.,1, 378 (1955).

3) Siczek, A.,Steindler, M.: Atomic Energy Rev.,16, 575(1978).
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14 . ANALYTICAL SERVICES FOR TREADIATED FUELS

H.Okashita,_S.Okazaki*, T.5uzuki,
T.Sonobe, M.Ohnuki, Y.Nakahara®,
N.Kono, S.Usuda, S.Ichikawa,
N.Shinchara, §S.Tsubakizaki and

M.Magara

14,1 Burnup Measurements of Spent Fuels from Power Reactors

14.1.1 1Introduction

Burnup 1is an unevitable value in evaluation of spent fuels,
since the burnup characteristics, the integrity and the nuclear
rransmutation of the fuel should be referred to the burnup.
Based on the system we developed, burnup measurements have been
performed for the spent fuel samples from several power Irea&clors
such as JPDR, Mihama, Genkai, Tsuruga and 0i, as well as from
experimental and research reactors such as JRR-2, -3 and -4,
JMTR and Fugen. various irradiation test fuels have been also
measured, especially of coated particle fueis for HTGR.

The present paper deals with the procedure used for the

measurements of these irradiated fuels.

14.1.2 Procedures for Burnup Measurements

The most accurate method for burnup measurement is based

4 .
on evaluating the fission numbers from l‘8Nd content in the fuel

148N

sample. To determine the atom number of d, the sample should

ve treated chemically to 1solate the neodymium from the other

elements. Major fission product and transuranium nuclides have

— 311 —



JAERI—M 85—213

to be also measured for an evaluation of the burnup character-

istics. The procedures for routine measurements are as follows:

1) The sample specimens received are subjected to direct gamma-
ray spectrometry for determining the sample size to be
treated. The specimens are dissolved in nitric acid with
appropriate carriers such as Cs for avoiding loss by adsorp-
tion of important nuclides on glassware wall.

2) Appropriate aliquots of thé solution are weighed and the two
aliquots are subjected to chemical separation. An aligquot
is measured" immediately' with Ge detector for gamma-emitting

fission products.
233 242

3) A definite amount of spike mixture which contain U, Pu
and 15ONd is added to one of the two aliquots for isotope
dilution analysis with mass-spectrometer. Chemical separation

by ion exchange is carried out for the spiked and non-spiked
aliquots. Details of the separation and purification pro-
cedure are given schematically in Fig. 1.

4) The purified elements are measured by mass-spectrometer £for
uranium, plutonium and neodymium and by alpha spectrometer

for transuranium elements such as Np, Am and Cm.

14.1.3 Burnup Evaluation
Using the data measured, burnup is calculated as the follow-
ing equation:
100 K RFP/U/YFP
BU (

o
—
Il

i

1+ + K

Rpu/u Rep,u/Yrp

, L e 137 . 148
where RFP/U':RPu/U 1 Atom _ratio of Cs or Nd to U, and Pu to U,
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YFP : Cumulative fission yield of 137Cs or 148Nd,
1

and K : Inpile-outpile decay factor of the '3?Cs.”
1)

Details of the procedure are given elsewhere

(H.Okashita)

Reference

1) Natsume, H., et al.: J.Nucl.Sci.Technol., 14, 745(19%977).
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14.2 Measurements of Absolute Fission Number of NSRR Test Fuels

14.2.1 Introducticon

In the case of abnormal operation of nuclear reactor, for
instance, out of confrol of the reactor power accidentally, there
is a possibility of the excess energy deposition in the fuel
elements leading to the fuel failure. To evaluate such
phenomena, the Nuclear Safe£y Research Reactor (NSRR) group in
the JAERI has beén continued the fuel tests irradiating pulsely
with high neutron flux. The energy deposited to the fuel is
the main parameter for analysing behavior of the fuel in such
extraordinary situation. The absolute values of energy
deposition are obtained from evaluating the number of fissions
occurred in the test fuels (UOZ' UO2—Gd203 and UO?-Pqu).

As the one-pluse irradiation only causes very small number
of fissions compared with spent fuels from power reactors, weak
radioactivities from the fission products are the unique clue
to trace the fissioning. Gamma-ray spectrometry is the most
effective mehtod for determination of such micro amount of fission
products. The following section outlines the measurements of

the absolute fission numbers by gamma-ray spectrometry.

14.2.2 Procedures for Measurements of Very Small Numbers of
Fissions
Ceneral flow of the measurement procedures is described
as follows:
1) The test fuel assembly which was jrradiated in the NSRR 1is
discharged from the experimental hole passing through the

reactor core.

— 315 —



JAERI—~M 85— 213

2) For radiocactivity measurement, certain pellets are taken out
from the fuel rod and weighed. The pellet is dissolved

in 6 M HNO. solution (about 50 ml) with Cs carrier

3
(about 1 mg) and then diluted to 100 ml with distilled water.

A definite weight (about 4 ml in volume) of the solution 1is
taken as the measuring sample.

3) Radioactivity of the sample is measured with Ge detector
referring to some gamma—ra? standard sources such as Eu-152
or Cs-137. .The gamma-ray spectrum analysis is made by using
code "BOB"l).

4) Absolute fission ngmber per UO2 of UOz—PuO2 can be evaluated
from the activities of the selected fission products
cosidering the half-lives and the fission yields of the
nuclides, and the cooling time.

Table 1 shows typical radicactivities of the relevant
fission product nuclides in different cooling times.

Besides, an altenative procedure is usually applied to the
measurement of UOz—PuO2 fuels for avoiding tedious chemical
handling: The sample pellets are directly subjected to gamma-ray
spectrometry. Attenuation of the gamma ray by'the sample itself
is calibrated by an internal correction method which use the
413 KeV peak of 239Pu gamma-ray for normalization of the fuel
attenuation eguation. The fission product nuclides to be mea-
sured are the same as the one listed in Table 1.

Details of the procedures are given elsewhere [1].

(N.Shinohara and T.Suzuki)
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15, STUDIES ON FIXATION OF VOLATILE RADIONUCLIDES

T. Sakurai, Y. Komaki,
A. Takahashi, G. Fujisawa,

Y., Hinatsu and M. Izumo

~15.1 Application of Siiver-free Zeolites to Remove Todine from

the Dissolver Off-gas

15.1.1 Introduction

The caustic scrubbing is the most widely used in the world
for iodine removal prdcess of the dissolver off-gas (DOG).
This process has however disadvantages that it produces large
amounts of waste and also that its efficiency is relatively low
, especially for removal of organic iodides. An alternative
process with high iodine-removal efficiency has tc be establi-
shed for treatment of DOG from highly burnt LWR fuels. A dry
process using silver—-impregnated adsorbents has beeéen attracting
concern of the people in this field. They can remove both ele-
mental iodine and organic iodides with high decontamination
factors (DF‘)lOH) and their efficiencies are relatively not
affected by the presence of such impurities as NOX and H2O'
However, since their recovery process has not been sufficiently
established yet,l) the adsorbents loaded with iodine have to be
fed to the long-term storage or disposal without being repro-
duced. This situation makes the process expensive.

On the other hand, silver-free zeolites were not taken up

for the off-gas treatment. The reason seems to be that they

lose their abilities of adsorbing icdine when co-adsorption of
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2)

water occurs. Recently, addition of dehumidification unit to
DOG line is under consideration in our country from the view-
peint of controlling tritium release to environment: water con-
rent of DOG is expected to be decreased to considerably low
levels. This situation has urged us to reconsider the usge of
less expensive silver-free zeolites for iodine removal process
of DOCG.

On this assumption, silvef~free zeplites have been studied
in our laboratofy , in order to probe their abilities of adsor-
bing iodine in the presence of NOX which is one of the main
impurities present in DOG [11]. At present, 13X zeolite is in

use because of its high adsorption capacity. The results so

far obtained were summarized below.

15.1.2 Adsorption of elemental iodine

The adsorption capacity of 13X zeolite for elemental io-
dine (12} was already reported by earlier workers; it amounted
to a value of 364 mg-I,/g-zeolite at 150 “c.3)  In the present
work, we checked the thermal stability of the iodine adsorbed
on 13X zeolite and a silver-impregnated zeolite "AgX" [2)].

An air flow including about 150 ppm-—I2 (labeled with 131I)
and 2 %—NOX was passed through a vertical adsorption column
(Pyrex, 16 mm i.d. x 200 mm lengih) packed with either 13X zeo-
lite or AgX at room temperature for 2 h. About 6 mg of I2 was
trapped at the bottom of the zeolite bed in the column; iodine
was not released from the column during this period of time in
both cases. The adsorption column was then heated in an air

flow of 50 cc/min up to 550 "C; in the course of heating, the

column was kept for each 1 h at 100, 200, 300, 400 and 550 C.
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After each step, the distribution of 12 in the column was check-
ed with y-spectrometry. Fig. 1 shows the temperature dependence
of migration of the adsorbed iodine in the 13X zeolite bed. Ad-
sorbed iodine was retained at the place up to 100 “C; beyond 100
"C, it began to travel in the direction of flow. On the other
hand, AgX fixed iodine so tightly that the migration of iodipe
did not occur even at 550 C (Fig. 2).

Zeolite 13X is inferiof to AgX with respect to the thermal
stability of adsorbed iodine; if stated revergely, this means
that the reproduction is easier for the former than for the
latter. In the process using 13X zecolite, adsorbed iodine
should be desorbed again in order to be changed into its stable

form suitable for long-term storage. The role of 13X zeolite

ig in enrichment of dilute iodine contained in DOG.

15.1}3. Adsorption of organic iodides

It is said that organic iodides constitute I~ 10 % of the
total iodine guantity in DOG. The main species of the organic
iodides has been postulated to be methyl iodide (CH3I). Since
no experimental data were available for its interaction with
silver-free zeolites in the presence of NOX, we checked beha-
vior of CHBI in this system. Nitrogen dioxide (NOQ) represent-
ed NOX in the present work. Radioactive methyl iodide was pre-
pared through the reaction between dimethyl sulfate and sodium
iodide labeled with 1311. Rehavior of the methyl iodide was
traced by y-spectrometry.

An air flow including ~100 ppm-CH,j;I and ~1 %-NO, was fed
to the adsorption column (mentionéd already) packed with 13X

zeolite at 241 cc/min. The column was kept at rcom temperature
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(+20 °C). The air flow from the column was then passed through
a back-up filter of triethylenediamine (TEDA)-impregnated char-
coal which was effective for capturing organic icdides.

Methyl iodide was accumulated at the bottom of the zeolite
bed increasingly with elapse of time {33. Fig. 3 shows the dis-

1317 44 the column. No radioactivity was detected

tribution of
at Lhe TEDA filter downstream of the column. It is evident
therefore that 13X zeolite can remove dilute CHBI effectively
from DOG.

When supply of the gas was started, a yellow adsorption
band of NO2 was first noticed at the bottom of the zeolite bed.
Behind this band, the zeolite bed turned pink due to the adsor-
ption of iodine. Appearance of the pink adsorption band means
that the decomposition of CHBI into 12 has taken place in the
presence of N02. The adsbrption front of NO2 traveled much
faster than that of 12 in the direction of flow. After 20 h of
the gas supply, the former reached a position of 14 cm distant
from the inlet of the column, whereas the latter was at a dis-
tance of only 3.5 cem from the inlet (Fig. 3). Heating the
column in air flow resulted in the release of NO2 at 100 ~ 200
°C and then the desorption of I, beyond 300 “C.

Since the decomposition of CHgl was found to occur in the
presence of NO2, we studied it further in order to establish its
stoichiometry (41. A static method was adopted. About 500 mg
of dried 13X zeolite (1/16" pellets) were put in a Monel reactor
(24 mm i.d. x 150 mm length). The reactor was evacuated and
cooled with qu—Ng. Then prescribed amounts of CHSI and NO,

were introduced in it (119.4 and 17.4 mg, respectively). After

kept at room temperature for 1 h, the system was fed to IR ana-
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lysis.

Fig. 4 shows the results of IR analysis. In the figure,
(:) and (:) are the spectra of pure CHBI and NOE’ respectively;
(:) shows the sgpectrum of the free gas which remained in the
reactor after the adsorption. The sgpectrum reveals presence of
NO, N2O and other unknown substances. Mass spectrometry cof the
gas indicated that its main component was NO and further that
no free oxygen was present in it,

Af'ter evacﬁation, the reactor was warmed slowly in order
to desorb the unknown substances. Beyond 50 “C, the desorption
became observable. In Fig. 4, GZ)shows the spectrum of the gas
descrbed. Analyses of IR and mass spectra revealed that the
gubstance desorbed was methyl nitrate (CHSNOB)' When a gaseous
mixture of CHBI and NO‘2 was kept in the absence of the zeolite
for 1 h, its IR spectrum was merely superpcsition of those of
the twe substances. The reaction ne@ds cthe presence of the
zeolite.

CH,I + 2 NO, i—éﬁﬂi—?(l/ﬂ I, + CHNO, + NO.

The same reaction was noticed on AgX and alsc on a natural
mordenite hydrogenated. A similar reaction was also confirmed
for C,H_.I [ 4). Thus, it was found that such organic iodides as

275

CH3I and C2H

into Ig.

51 were decomposed by NO2 on the zeolites to change

15.1.4 Experiments by simulated DOG
In order to see the behavior of the 12 which was produced

through the foregoing reaction, simulated DOG — an air flow
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including ~10 ppm—CHBI, ~100 ppm-I2 and ~1 %—NO2——- was suppl-
ied to the adsorption column (described already) packed with

13X zeolite {(1/16" pellets) at 25 'C and at a linear gas velo-
city of ~2.3 cm/s for 25 h. Prior to the experiments, either
12 or CHBI was labeled with 1311 in order to distinguish their

behavior, and the experiments were repeated under the same
conditions.

Fig. 5 shows the distribu&ion of iodine in the column.
Both of the iodines —— one was originally in the DOG and the

were trapped at

other came from CH3I through the reaction
almost the same place near the inlet of the column [5]. It is
evident therefore that the presence of such an organic iodide
as CH.T in DOG brings about no additional problems into the

3
iodine removal process using 13X zeolite.

15.1.5 Conclusgion

Dehumidification of DOG makes it possible to use less ex-
pensive silver-free zeolites for removal of iodine. Both ele-
mental iodine and organic iodides are adsorbed effectively on
the zeolites. Organic lodides are decomposed into 12 by NO2 in
the presence of the zeolites. For its long-term storage, the
adsorbed icdine should be desorbed again by heating and changed
into its stable solid form, e.g. Cul. Reproduction of 13X zeo-
lite is much easier than that of AgX.

(T. Sakurai)
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Fig. 3 Distribution of CH3I in the zeolite 13X column after
supply of the process gas of 5, 10, 15 and 20 h at 25°C [3].
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the free gas remaining after the adsorption process,
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Fig. 5 Distribution of the adsorbed iodine (I;} along the length
of the zeolite 13X columm (the gas supply, 25 h)[53].
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15.2 Interaction of RuOu with Metal surfaces

15.2.1 Introduction

Volatile ruthenium species include RuOu, RuOFu, RuF5 and
RuF6; they show complex behavior assoclated with their instabi-
lities U11. Ruthenium tetroxide (RuOu} is a troublesome sub-
stance in the waste treatment of spent nuclear fuels. When
contacted with gaseous Ruoq; a number of materials are covered
with a nonvolatile black deposit of ruthenium even at room
temperature. Because of the substantial gquantity of ruthenium
in high level liquid waste of commercial nuclear reprocessing
plants, any appreciable volatilization of RuO4 during the waste
treatment has potential for plugging off-gas piping of the

1)

equipment due to the deposition. Clarification of the vola-

tilization/deposition mechanisms and establishment of an effec-
tive counterplan are necessary for guccegsful operation cf the

process.

The deposition of ruthenium has been postulated to be due

to decomposition of reactive and unstable Ruou inte nonvelatile

.2)
5t

Ru0
Ru0, (g) —> Ru0, (s) + 0, (g).

However, it seems 1likely that there are no fundamental works
which proved this decomposition. Instead, there are evidenccs
that the tetroxide is stable .enough to exist at temperature
higher than 500 00'3),4) The decomposition'may be a hypothesis
arising probably from the gsimilarity in color between RuO2 and
the deposit.

From both chemical interest and practical necessity, we

were motivated to study the interaction between gaseous Ruou
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and metal surfaceg. Stainless steel {SUS-304}, nickel, copper
and gold were exposed to gaseous Ruoq, and the generation of
free oxygen and the character of the deposit on the metals were
examined with mass spectrometry, XPS (X-ray photoelectron spec-
troscopy), X-ray diffraction analysis, IR analysis and chemical
analysis. The conclusion derived is that the deposit is not
Ru0, buf a modification Qf Ru0, , i.e., (Ruou)n. Details lead-

ing to this conclusicn will be described below.

1%.2.2 Oxygen produced during the process

Mass spectrometry and chemical analysis were used to see
whether oxygen was liberated by the interaction of RuOLl with
the metals [2]. .First, a preliminary experiment was carried
out to check its interaction with the wall of the Monel contai-
ner which the pieces of the sample metals were to be put in.
The tetroxide alone was transferred into the container and was
kept for 24 or 50 h at 25 'C. Tt was then cooled to -196 "C to
golidify the excess Rqu, and the pressure and composition of
the residual gas were examined by mass spectrometry. After the
measurements, excess'RuOu was remove by pumping at room temper-
ature and then the container was filled with a NaOH—K2S208 s0-
lution for determination of the ruthenium deposited con the wall.

When the amount of ruthenium in the deposit was 7.5 mg,
the pressure of the residual .gas in the container was far less
than 1 mm Hg (< 1.33 x 10° Pa) at -196 “C and its composition
was the same as that of tackground gas. If decomposition of
RuOu had taken place, an oxygen pressure of 4.6 mm Hg (612 Pa)
would have been reached in the container under the present ex-

perimental conditions. Hence, we first confirmed that no free
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oxygen was released by the process depositing the ruthenium on
Monel.

This preliminary experiment was followed by those using
gsample metals. The Monel container was packed with pieces of
one of the metals, and they were treated in the same manner as
in the preliminary experiment. In a day, they were covered with
the black deposit of ruthenium. Table 1 summarizes the results
{21. Only in the case of cépper was a measurable release of
oxvgen detected; the amount was only 0.8 % of the theoretical
value predicted for the decomposition. The deposition occurred
even on the nonoxidizeable metal, i.e., gold, without releasing
oxygen. The results indicate that the interaction of Rqu with
metals does not bring about its decomposition accompanied by

liberation of 02.

15.2.3 Binding energy of electrons in the deposgit
A piece of each metal covered with the deposit was subjec-
ted to XPS. The binding energy of electrons was referenced to

the Au 4f level of Au at 84.0 eV. The XPS spectra of the

/2
deposits on Ni, SUS and Cu were the same; they were similar to
that of RuO2 {23,133, Fig.l shows the spectrum of the deposit
on Ni {2). TIn the binding energy range up to 1000 eV, the peaks
of the Ru 3d, Ru 3p, Ru 48 and O 1s levels are observable.
However, no peaks due to the electrons of the substrate metal
were observed. These findings attest to the absence of subst-
rate metal atoms on the surface of the deposit and also within a
depth of about 20 A below the surface.>)
The XPS spectrum of RuO2 ig different from those cof the

deposits in both binding energies of inner-shell electrons and
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abundance of oxygen. Table 2 lists the observed binding ener-

gies of the Ru 3d and O 1ls levels for the deposits and Ruog,

5/2
together with those for Ru metal and its oxides obtained by EKim
and Winograd6) [ 2). The difference in binding energy of the Ru
3d5/2 level between RuO2 and the deposits, ~0.7 eV, is beyond
the experimental errcr of +0.1 eV, inherent in XFS5.

On the other hand, the binding energy of the Ru 3d5/2
level of the deposits is considerably lower than those of both

Ru0., and RuOu. Since the binding energies of inner-shell clec-

3
trons are qualitatively proportiocnal to the valence of the atcm,
this finding indicates that the adsorption reduces the net char-
ge density of the Ru atoms.

The valency of ruthenium in the deposits is lower than the
vl state. Assuming the V state for the ruthenium reguires the
presence of terminal oxygen, 1.e., Ru=0 bonds; however, the
regults of IR analysis (to be described later) show that the
deposits do not contain Ru(V). Ruthenium is in the IV state in
the deposits. The small difference in binding energy of the Ru
3d5/2 level between RuO2 and the deposits are ascribable to the
difference in the immediate environment of each Ru atom.B)

The XPS has also revealed that the abundance of oxygen ig
much greater in the deposits than in Ruog. Fig. 2 shows the
binding energies of Rﬁ 3p3/2 and 0 1s levels for {(a) the depo-
sit on the Ni plate and for (b) RuO2 (21. The area ratio of
the 0 1s peak to the Ru 3p peak was 2.0 for the deposit and 1.6

for Ru02.

15.2.4 X-ray analysis of the deposit

Before the present study, no data were available for the
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structure of the deposit. So, we tried to find a clue to its
structure. For the X-ray diffraction study, a plate of each
metal (Ni, Cu and SUS) was exposed to gaseous RULOLl for 4 months
at 25 “C. The amounts of ruthenium in the deposits on the Ni,
Cu and SUS plates were 0.450, 0.483 and 0.450 mg of Ru/cm®,
respectively. In addition to strong reflection from the sub-
strate metals, those from the deposit were observed [2]. How-
ever, the oxides of the metals, e.g., NiO, F6203, CuC, etc.,
did not show any peaks in the diffraction patterns. The tetro-
xide did not oxidize the metal surfaces significantly during
the process.

Although differences were seen among the patterns of the depc-
sits, the strongest reflected beam for all of the three cases
always gave an interplanar spacing of d = 4.7~ 4.8 A, In the
case of Rqu, the most intense diffraction occurred at an inter-
planar spacing of d = 3.1865 A, which is the widest in the
pattern of the dioxide. The deposits have structures different
from that of RuOQ. Successive planes of atoms with high elect-
ron density (i.e., Ru) exist in the deposits, holding their
spacings of 4.7~ 4.8 A, The possibility that the deposits may
be mixed oxides of Ru and the substrate metals is ruled out by
the results of XPS, as described already.

Each of the three patterns of the deposits consisted of
multiple phases. Asg the amount of the deposit increased, addi-
tional spacings wider than 4.8 A became cobservable on the patt-
erns. The presence of the multiple phases makes it difficult
to define a crystal structure for the deposits. We found only

that the deposits had such a structure that successive planes

of Ru atoms were piled up at intervals of 4,7~4.8 A. These
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intervals are ascribable to the presence of "Ru-0-0-Ru" bonds

as will be discussed later.

15.2.5 Other evidences

In order to check the thermal stability of the deposit,
the metal pieces covered with the deposit were placed in a
guartz tube and heated to 700 °C in vacuum. Mass spectrometry
was used to check the release.of oxygen from the sample pileces;
no evidence of the release was obtained during heating. No
changes were observable on the deposit up to 500 “C; beyond 500
°C a brown substance was deposited on the quartz wall around
the sample metal. Thé XPS of the residual deposit on the metal
showed that the area ratio of the 0 1s peak to the Ru 3p peak
increased to 6.5. The binding energy of Ru 3d5/2 electreons
decreased to a value of 280.1 eV, which was equivalent to that
of Ru metal (280.0 eV) cited in Table 2. Part of the deposit
volatilized during heating and the remainder was reduced via
RuO2 to Ru along with oxidation of the substrate metals. 1In
thig XPS, spectra of the substrates were obtained besides those
of ruthenium and oxygen, e.g., Ni 2p and Fe 2p.

Infrared spectra of the deposit were gcanned in a wavenum-
per pange of 4000 to 400 cm‘l by means of the ATR method. No
absorption bands appeared between G000 and 4000 cm"1: the spec-
tra showed neither the vs band of Rqu molecules (919.7 Cm-l,
the Ru=0 bond stretching frequéncy)7) nor the bande of adsorbed
water. Below 900 cm_l, transmittance decreased gradually with
decreasing wavenumber. Combination of  the results of IR analy-

sis and XPS incicates that the valency of Ru is four in the

deposits.
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character of the deposit

15.2.6 Conclusion

The experimental results obtained are summarized as fo-
1lows.

(1) Since the depcsit is nonvolatile and increases in amount
with the elapse of time, the phenomenon is neither the mere
physical adsorption nor the chemisorption of Ruoq.

(2) Mass spectrometry of the residual gas ruled out the possi-
bility that RuOu decompoéed into RuO2 and O2 (Table 1).

(3) The deposit is different from RuO2 in crystal structure.

(4) It is not a mixed oxide of ruthenium and the metals.

(5) The abundance of oxygen is much greater for the deposit than
for RuO, (Fig. 2).

(6) The results of XPS and IR analysis indicate that ruthenium
ig in the IV state in the deposits.

It is, therefore, concluded that the deposit still retains the

composition of RuOu. This requires oxygen atoms to form -0-

bonds in the deposit, by which RuO}1l units are linked one anéther

through Ru-0-0-Ru bonds.

The spacings of ~4.8 A with the strongest relative inten-
gity would be the Ru Ru distance in the peroxide bonds. The
Ru-0 distance in a gaseous RuOu molecule is 1.7083 A, 7 and
subtracting twice this length from 4.8 A gives ~1.4 K, which is
almost the same magnitude as the 0-0 distance in peroxide mole-
cules, e.g., 1.49 A of the 0-0 distance in a H,0, molecule. 8)
The distance of 4.7~ 4.8 A would be reasonable as the Ru-0-0-Ru
bond length. Ruthenium atoms form four o bonds with oxygen
atoms in the deposit.

Thug, for the RuOu—metal system, we have concluded that

RuC, is polymerized on the metals without being decomposed:

!
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. n RuOu———é (RuObr)l_1

The weak 7w bonds of RuO“ molecules and their chemisorption make
them link one another through the peroxide bond formation [21].

As the thickness of the deposit increases, thermal vibration of
the Ru-0-0-Ru bond would become more active near the outer sur-
face of the deposit and consequently the bond length is increa-
sed. We have attributed the appearance of spacings wider than

4.8 A to the effect of thermai vibration.

(T. Sakurai)
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Table 1 Theoretical and observed amounts of oxygen liberated by the
deposition of RuO, at 25 cre).

Metal Duration-of - Ru quantity in Theoretical amount Amount cof O2 chserved,

contact, the deposit, of 02 released,a) ‘

h mg ¢ mol mm Hg,b) ¢ mol mm Hg

Monel 24 7.5 ThH.2 4.6 <0.1 <(.01
" 50 14.0 138.4 8.7 " "
Ni 24 4.9 48.5 3.0 " "
" n 4.4 43,5 2.7 " 1
SUS " 3.4 83.1 5.2 n "
" " 7.6 75.2 4.7 " "

Cu n 16.0 158.3 9.9 1.3 0.08

Au 50 1.6 15.8 1.0 <0, 1 <0.01

a) The oxygen guantity which would be produced if the amount of RuO4
corresponding to the Ru quantity decomposes to RuO2 and 02.
b} Oxygen pressurs which would be attained in the present apparatus.

Table 2 Binding energies {eV) of Ru'3d5/2 and 0 1s electrons
of Ru - oxygen systemsa) [2].

System Ru 3d5/2 0 1s
Deposit on a Ni plate 281.5 530.4 Present work
1 a SUS plate 281.4 530.9 "
w  a Cu plate 281.5 530.9 "
RuO,, ‘ 280.8 529. 3 "
Ru 280.0 Kim and WinogradG)
Ru02 280.7 529.4 "
Ru03 282.5 530.7 "
Ru0, {(frozen) 283.3 _b) n

a) Referenced to Au 4f7/2 level of Au at 84.0 eV,
b) Not observed because of the interference of water at -80 ‘C.
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cm
3000 [ -
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€0,(001) v
10.64
2000 Laser | i
Laser 9.4um
I €0,(100,020)
1000 -
— 0,(010)
0

Fig. 1 Vibrational energy level of carbon. dioxide.
(v1, symmetric streching, v2, bending, vi, antisymmetric
streching) and nitrogen.

| ~~—
5. 3 l 1 A
Ja— '-il—_—‘_g ' —— {
H.V.
v | '-ll—j é Rb

R | ’”1:3 _ | o m———- -~ G

= Cs P.T L1 «

Tr o—

Fig. 2 Electric circuit of TEA carbon dioxide laser.
A) anode, G), grid, K} cathode, C¢) condenser for preionizationm,
H.V.) dc high voltage, Ry} resistor, P.T.) pulse transformer,
Cg) main condenser, Ty) trigger for driving pulse transformer.
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Fig. 3  Structure of TEA carbon dioxide laser.
1) laser hause, 85x85x800 mm, acrylite, 2) cathode, screw
coated with nickel, 3) grid, perforated brass plate, 4)
micrometer, 5) out put mirror (ZnSe 70¢, 5t) 6) mirror holder,

7) anode 60x15x500 mm, aluminum, 8) mirror coated with gold
(704, 5t).

A B

Fig. 4 Photograph of carbon dioxide laser oscillation. (A) discharge
voltage 60 kv, working gas, COp:Np:He =10:5:85, 1 atm.
Pulse form of the laser beam. (B)
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(J,K)
c5.0) a(6.0) sH:]
/ a(4.0) 2

s(3.0)

12.084m| Pump

12;26/.lm ;?320)

11.71um 9.22um

L e S0

s{5.0)

‘ a(4,0) NH, v,=0

Fig. 5 Vibration-rotational energy level of ammonia (vg, bending) .

Q)

Fig. 6 Arrangement of ammonia laser system.
1) grating, 2) output mirror of carbon dioxide laser (ZnSe
50%4R 50¢), 3) sodium chioride plate (504,50t), 4) refrigerator,
5) pipe for cooling, 6) Zinc selenide plate (17ZR 50¢4), 7)
filter (freon 12 60 torr and oxygen gas 180 torr, sodium
chloride windows), 8) spectrometer and photodetector, 9)
ammonia laser tube (5¢ x 3.6 m) 10) mancmeter, 11) carbon
dioxide laser for pumping.
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Fig. 7 Qutput of ammonia laer.
Input carbon dioxide laser is 8J/ pulse, R(30) 9.22 um,

coz,}

0 0.2 0.4 usec

Fig. 8 Temporal behavior of ammonia laser oscillation pumped by
carbon dicxide laser. :
A), Pumping carbon dioxide laser pulse.
B), Pumping carbon dioxide laser pulse (upper trace) and
ammonia laser pulse (lower trace). Working gas, 0.5%
ammonia in nitrogen, total pressure 160 torr.
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Raman laser by stimulated Raman scattering of excimer laser
(XeCl 308 nm) in liquid nitrogen.

1) total reflection mirroer (Al, 30¢), 2) working gas, HC1
0.2% in Ar 1500mbar + Xe 50mbar, 3) excimer laser 4) pre-
{onization electrode, 5) output mirror (CaFy 30¢}, 6) lenz
CaFp f=20cm, 7) Dewar of liquid nitrogen 60¢, 8) filter
(pyrex 10 cmt).
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( A. Yokoyama )
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Table 1 OQutput distributions of the NH

laser

3

NH./N. Ratic Total Pressure Qutput Radiation
372 Pilter™ .
in NH3 cell in NH3 cell freguency
0.5 % 140 torr CO1,F,/0, 816 cm™ T (77.6 %)
(50/190) 828 cm™T (12.8 %)
833 cm™t ( 9.6 %)
6 9 18 torr CC1,7,/CC1,/0, 828 em™ T (73.4 %)
(50/140,/190) 816 cm™ % (17.0 %)
+ 8133 em™ T (9.6 %)
CH,F/He
(200/560)
0.28% 220 terr 0012F2/02 854 cm_l (88.0 %)
(60/180) 869 em T (12.0 %)
+
1iqg. 001uc
a

Numbers in parentheses are partial pressures cof the respective

gases 1in units of torr.

o Numbers in parentheses are the ratiocs of the energy at the

c

frequency to the total cutput energy.

The optical path length is about 0.1 mm.
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IR spectrum of CD2Clp. Arrows indicate the calculated normal
mode frequencies of CDTCL3.
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Irradiating laser frequency dependence of (a) dissociation
rates of CDTCly (@) and CDpCly (A) and of (b) tritium

enrichment factors.

The total pressure is constant at 5.0 torr.
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The irradiating laser frequency is constant at 907.8 cm L.
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‘Main output line frequency dependence of the CTCl3 dissociation

rate at chloroform pressures of 0.2 (0) and 2.0 torr (@).
The arrow indicates the (0,0) band peak of the CTCl3y vy mode
observed in ref. 3. The focal length of the lens is 50.8 cm.
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Fig. 5 Chloroform pressure dependence of CTCly dissociation rate (50.8
cm focal length lems, 195 mJ at 816 em=1) .
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Fig. 6 Xe partial pressure dependence ofnfhe CTCl3 dissociation rate
(50.8 cm focal length lens, 195 mJ at 816 ;m'l) at chloroform
pressure of 0.2 (@), 2.0 (A), and 5.0 torr (m).
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17. STUDIES OF FLUORINE COMPOUNDS

" K.Ohwada, Y.Komaki and H.Shinohara
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Fig. 1 Effective hole diameter vs etching time for PVDF film (9 um)
bombarded by fission fragments of 235y, Etching condition : 10 N
NaOH solution at 85 °C after UV exposure prior to etching.

Table 1 The elongation at break of the y-irradiated PVDF film (50 um)

exposed to UV for some periods.
The rate of elongation : 20 cm/min at 20°C.

Sample T uv. Elongo -
No [radigtion |exposure | tion
{Gy] { hr] (%)

i 0| 420
A2 O 20 | 400

3 | 160 | 570

tf L, o040

B 2| 1x10 20 | 360
3 160 | 310

1 0 60

¢ 2|5x10°| 20 |- 90
3 160 3

rate of elongation : 20 ¢m/min
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RATIO OF DISSOLUTION RATES, Sl
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Fig. 2 The ratio of dissolution rates vs y radiation dose.
The dissolution rate means the weight dissolved from a single face
of the film per hour. The dissoclution rates, UV (t,0), indicate
the one after UV exposure for some periods and the ome without UV
exposure, respectively.

ABSORBANCE

oLt : 1 L L

200 300 400
WAVELENGTH  (nm)

Fig. 3 The UV absorption spectrum of y-irradiated PVDF film(a), the
one of y-irradiated PVDF film after UV exposure, and the one of a
virgin PVDF film, vs wavelength.

(a) v radiation (5x10° Gy) induced absorbance.
(b) The absorbance after UV exposure for 100 h.
{c) The absorbance in the virgin PVDF film.
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Fig. 4 The UV exposure induced relative intensities of the IR
transmittances for frequencies at 1850(a), 1760(b), and 1720(c) cm™
vs UV exposure time.
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Fig. 5 The gel fractions of y-irradiated PVDF film (50 um) in vacuum
after UV exposure, vs UV exposure time.
(a) The PVDF film was irradiated to the dose of 1x10° Gy .
(b) The PVDF film was irradiated to the dose of 4x10° Gy.
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SENTND L 7w BIRIE &I E Y v - THOWE B Y S AHEIEL, TR
AR THAFE v B (—COH) & bdichic, BAVLETLDEKELNLLE0H 2.
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GEAIEEAE T BT B a4y 7 L (OF1D) $5C kb —COHAETHRL
AN AT © & ARA T,

17.2.2 £ &8

A 7w b=y F ik Pennwalt Chemicals 8 Kynar-200 K D® LicA ¥ 7 b— ¥ a ¥
T4, BRI pm ARG, AR 7 o Bl KESE (H0 M) R OVKD B O
FOHER CRBHROEY TH B, T ESTAE (NH:AH) BEEEEETT ¥ £=TKIC
BHET AL, BARELTT ve2TRPLERTLINH: LEMESE T -7

17.2.3 HRRUZE .

® 1 PVAF S a)l OF {kib), H,0 M), RUNH AR %3] ST -7 & & Of4L
I (IR) -4 kMZE{L%E, 2000—1500 cm™ @ C = OHEEIREAMIC DV TRT,
Ou/Falb%1:9, ®F#4 1.0x10°Pa (latm )& LT40°CTT72h OF b L7 & &, 4000—400
e BB D A~ PICED N AELRER L EIKBo N TE D (K1b), RIEREED
SEOERZEZ, 200— 250 mg DI OEH 1 mg OEINITGRE Wh-1, IOl 7y FLE
BEAETHR TN EARLTH S,

dE U7y BALCEE L H0 LBic K0 b ik s —COH (R 1¢) i3, NHs Z@E®DH
RS LT —CONHs AL U7 (K14 De #1550 em™ W HO N AWNEE, PVAFEZOF
CRTFH 7 o ZAL L7k BB T v h VLB AT TR Lo~ vt o vk VIERBIG A 4
iRk A NH, B L THHELT, TOMBERITTTH S,

2/ 0:/F2lt® 911 & LTLE 1.0x10° Pa, 40 CTPVAFEEOF L L /2 HL OB L7
EEMOIRZR~AY FAD 1762 cm™ (—COH) ORAHEOHENEZ OF (LFROBI#M E L TRd. X
SHESHICETL, F2AF42E2TIc0/Folb® 1 Vit 5 & RUSHEEIRF 0.6 (51T U
Fro V7 0 BALRIEOBHEIC OO TRIBHTTH 5.

. B3 cERMIEPVAF B (a, b)) RURL SEIRNCOF /L — H:OEBE T - 7o (¢, d) EDK

T Amt, RO TREERCREEMAPENZ N 75° RUK 60°TH - 7eis (K 3e,
b)Y | MLERISITIIR T0° L 35° &b (B3¢, d), ¥ SICNHs MBItk DK TO® L#26° &
15 ot X 2R UIc BUS I 0 &ifH Tl OF (Lo fT &L icginfA b 4 s EmnsEy o
tro BEEHOEBE LENLOBRESHROREATH 5,
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COEICLTEAMSE LAZPVAFERER, Wi Lcs Skl xRiF3 21BN S Ep
T, RMTREE T RARETH » oK 4 ¥ +ic L 2 BIASHEEAAFETH D, BEKOETHL

DR » BBt EADIEHMNEZ SLE,
(H. Shinchara)
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Fig.l IR spectral changes of PVAF films after successive oxyfluo-
rination, water vapor treatmeﬁt, and ammonisa treatment: (a) un-
fluorinated; (b) oxyfluorinated, 02/F2.= 9, total pressure 1.0 X
107 pa, 409C, 72h; (c) water vapor-treated, about 90°C, 2ih; (d)

ammonia -treated, room temperature, lh.
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Fig.2 1Increase in IR spectral absorbance of PV4AF films at around
1762 em™ L (—COZH) after oxyfluorination and water vapor treatment
as a function of oxyflucrination time: Film thickness about 50 um,

0,/F, = 9, total pressure 1.0 x 10° Pa, 40°C.
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Fig.3: Photographic image of water drops on PVAF films unfluori-
nated and oxyfluorinated, 22 - 24°C: (a,b) unfluorinated, advan-
cing (a) and receding (b); (c¢,d) oxyfluorinated and freated with
water vapor, advancing (¢) and receding (d). Treating conditions
are eguivalent to those 1n Fig. 1b and lc; Films were washed with
1M-HCL solution and with water before applying water drops. Fhoto-
graphs were taken vertically so that real image i$ seen above

each palir of reflection points and reflected image Dbelow.
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17.3 The Application of an Effective Nuclear Charge Model
to the Prediction of Valence Force Constants in

Uranyl Tetrachloride and Pentafluoride Complexes

17.%3.1 Introduction

In the field of molecular vibrational spectroscopy, one
of the most significant problems which_has been challenged
for a long time by many in&estigators, both experimentally
and theoretically, is to determine the exact molecular force
field. For this purpose, we have recently proposed an
effective nuclear charge (ENC) model1) in which effective
nuclear charges are defined from the force constant expressions
derived by the application of second order perturbaticn
theory to homonuclear diatomic molecules. The ENC model,
which allows us to predict approximately the various types
of wvalence force constants such as bond stretching, angle
deformation, bond-bond interaction, angle-angle interaction
and bond-angle interaction, has recently been applied to the
calculation of force constants in simple polyatomic moleculesZ'B).
The results suggest that such a model is favorable to the
prediction of valence force constants in more complicated
polyatomic molecules.

In the present study, we focus attention on some complex
ion molecules in uranyl tetrachloride and pentafluoride
complexes [1] and their valence force constants are calculated
on the basis of the ENC model. The calculated force constants
are compared with those obtained by the normal coordinate

analyses using observed vibrational frequencies. Based upon

such results, we briefly discuss the reliability of the model
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force constants as well as the utility of the ENC model.

17.%.2 Theory

Let us begin by describing the outline of the ENC model
proposed in our previous paper1). In that model, the effective
nuclear charge Z; on the nucleus i in a homonuclear diatomic
molecule is defined by thekformula

ZF = (KyRYDVE = Zeell =)' (1)

where Ky and ﬁii are the quadratic force constant and the
equilibrium internuclear distance, Z, and e are the atomic

number and the electronic charge, and fii is termed the

molecular shielding factor4) as given by

- A ’
fi=R Qooun\wfr )/[E;ii)—Eo{ff)]. (2)

?Oo(ii) being the electron density in the molecular ground-
state, E(ii) the average energy of excited electronic states,
Eo(ii) the ground-state energy, and the brackets indicating
integration over the electronic coordinate coseg; and ry.
Equation (1) can be derived by the application of second
order perturbation theory to a homonuclear diatomic molecule.
By using Eagn. (1), the effective intramolecular potential
function V for a polyatomic molecule is constructed on the

basis of the Hellmann-Feynman theorem and the electron density
separation as follows:

zrzy |

VAYAd
y-y i,y S
i

i jrx dm

—N(r;R), ('3)

where 7*s are of course the effective nuclear charges defined

in Eqn. (1), Rij and 94 are the bonded and non-bonded
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internuclear distances, and N(T; R) is the correction term
arising from the non-perfectly following density ?NPF(§; R).
Recently, it has been confirmed that the potential form of
Egn. (3) can also be derived from Wilson's molecular energy
formulas) which has been given quantum-mechanically as a
four-dimensional electron density funetion {2].

In order to derive the relationships between valence
force constants and effective nuclear charges, the effective
intramolecular potential function of Eqgn. (3) is expanded
to second order in the displacements of[;Rij and[;qjk as

follows:

' A4 | cN "
V' =const.— Y l S AN (—) —|(R,VAR,~)
il Ry Rg\ERy S T

i Py AN A FZN) }
+ LT =} [tAaR,?
22:;[ R; (PR-?;‘ 9 '

N
_ ((:_EUPR;_k)O{ARi,-)(AR.-.)

PFEjRk

VAT A '
- X (—’_—-;- * )ta,kqukJ

j*k Jk

277t
+£ )3 (éigZi)(A%gz+... (4)

iy i

where R and g are the bonded and non-bonded equilibrium
internuclear distances, and the subscripts O indicate that
the partial differentials of the correction term N(?: ®) in
parentheses are evaluated at the equilibrium position. Here
it should be noted that the force constant assocciated with
the repulsive energy is dominant over that associated with
the attractive energy. By the way, the correction term

N(?; B) arising from the delocalized electron density in

Eqn. (3) mainly expresses the attractive energy. Therefore,

we may neglect to a first approximation the second order
differentials of the correction term N(T; R) in Egn. (4).

with this assumption, Eqn. (4) becomes
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irk

1 YA VAY4
+§Z( I j)(AR.'j)z" Z ( %3“)(‘-—1}&Aq;ﬂ

R
n R jre N G

[
+iz

ik

Zr¥Z* | {éN -
V = const. — |: — ! +_—(m) ](R AR,)
z R} "Ry\@Ryjo i 7

(Z_ngzz)(Aq,-.)’+ ceee (5)
35

which is similar to a central force potential, but is not
identical with a quadratic central force poténtial since

the first order terms are riot equal to zero. It is here
possible to make most of the first order terms vanish by
introducing the condition of gem rédundancy:

g = S AR + 5 AR+ (it Ry Ry )12
% 8¢ [alAR,) + AR,
_ijkS*ininik(A¢jik)z — 20 (AR AR,)
+ 2Ijik5,‘,~j(AR,—j)(R,-,'A(f)j,-k)

+ 2fhij~‘m(5R.‘k)(ﬁuAﬁbﬁt)]/zEju ( 6 )
where o

Sin = Ry — Ry cos ) /qu,

Lin = Ry sin D/ Tjns

Skif = (Ry — RijCOS i)/ i

Ly = Ri)Si” i/ T e ( 7 )

By using this condition, Eqn. (5) can be transformed to
the valence force potential as follows:

V=f{. AR, AR .... Agu. .. )

+4gl .. AR ARa. .. A, . .. Agy. L)
= Vol . AR ARy, . ... Adju. .. ) (8)

where A is Lagrange's multiplier which is termed the
intramolecular tension constant.

Applying the above procedure to both the distorted
octahedral (U02014)2_ ion (D4h; Fig. 1) and pentagonal
bipyramidal (U02F5)3' ion (DSh; Fig. 2) molecules [1] , and
collecting only the second order terms, we have ultimately

the following potential function of the form:
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2V = Y K (AR, + 3 Hju Ry Ru(Adp )’

+ ZZk,-j‘ alAR;) x (ARy)

+2zgij.j-‘k(ARu)(ﬁik5¢jik) (g )
where Ks are the bond stretching, Hs the angle deformation,
Xs the bond-bond interaction and gs the bond-angle interaction
force constants. It is here to be noted that Eqn. (9) does
not include interaction terms such as the angle-angle

. is 4

(Aéjik)(a$ki1) interactions The lack of such terms is due
to the simpliflcation of the effective intramolecular
potential function, Egn. (3). In this point of view, we

cannot regard Egn. (9) as the rgeneral'" valence force potential.

17.3.% TForce constant calculations and discussion

According to the method described in Sectlon 2, we are
now able to evaluate the force constants for M2U02014 and
M3U02F5 ({M: X, Rb, Cs, NH4) from both the effective nuclear
charges on the nuclei and the known geometric parameters
without need of any intrinsic frequency data. The effective
nuclear charges used in the calculation are shown in Table 1,
in which those of oxygen, fluorine and chlorine are determined
from the homonuclear diatomic force constants using Eqn. (1).
In particular, the charges of uranium are obtained from

conaideration of the UO2 and U03 moleculeg, Of these effective

nuclear charges, those of chlorine (M2U0?014) and fluorine

(M3U02F5) are slightly modified so as to give the best
agreement between the experimental and calculated diagonal
force constants (Xs and Hs) when keeping the other charges
(uranium and oxygen) constant. Such modifications are

necegsarily required from the result of neglecting the second
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order differentials of the correction term N(T: B) in Eqn. (4)
and further from the poor transferability of the effective
nuclear charges defined for homonuclear diatomic molecules

to polyatomic molecules. We here should note that the
effective nuclear charges in Tahle 1 are reasonable but may
not be unique ones as seen from the above arguments. The
other requirements for the calculation are the structural
parameters; these are also listed in Table 1.

The calculated force constants for MéU02C14 and M3U02F5
are shown in Tables 2 and %, respectively. When the results
obtained are compared with the experimental force constants
which have been deterﬁined by normal coordinate analyses, we
see that the agreement between the calculated and experimental
values is moderately good for most force constants though
there are small deviations from the experimental ones.
Specifically, it is worth noting that the results for the
force constants of bond stretching are fairly good. These
results show that our method of approach, in other words, the
effective nuclear charge model, is useful for the prediction

of approximate valence force constants in M2U02014 and

M3U02F5

molecules.

complexes and in even more complicated polyatomic

However, it is necessary to bear in mind the reasons

why the calculated force constants of the complexes under

investigation deviate from the experimental values. There
are at least three main reasons: (1) neglect of the second

order differentials of N(T: R) in Eqn. (4), (2) poor

transferability of the effective nuclear charges defined for

homonuclear diatomic molecules to polyatomic molecules and
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(%) uncertainty of the experimental force constants determined
by normal coordinate analyses. Since these problems have
already been discussed in detail elsewhere, we intend to

avoid the repetition of such a discussion in the present
study.

-(K.Ohwada)
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© Urarium © Uranium
@ Oxygen 7 @ Cxygen
O Chlorine : () Fivarine

Fig. 2. Imerral coordinates for the uranyl pentaflueride ion

Fig. 1. Internal coordinates for the urany! tetrachloride ion i
{paint group: Dy, ).

(point group: Dy,).

Table! . Effective nuclear charges (ENC) and bond lengths
used in the calculation of force constants for uranyl tetra-
chloride and pentafuoride complexes

ENC Bond length (A)
Complex Zy Zh  ZYY Ry Ryt
(NH,);UO,Cl, 3349 2118 1.073 1744 282
K,UQ,Cl, 3349 2118 1.073 1.744 282
Rb,U0O,Cl, 3337 2118 1.073 1745 282
Cs,U0,Cl, 3362 2118 1073 1.743 282
(NH,),UO,F, 3264 2118 0665 1751 224
K,UO;F, 3182 2118 0865 1758 224
Rb,UO,F, 3136 2118 0665 1.762 224
Cs,UO,F, 3068 2118 0665 1768 224

t+tX=ClorX=F.
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Table2 . Experimental and calculated force constants (in
mdyne/A) lor uranyt tetrachloride complexes

Force {NH,); U0, Cl, K,U0,Cl,
constant Calc. Exp. Calc. Exp.
Kz 6.560) 6.665 6.560 6.659
Ky 1.147 1.085 1.147 1133
Hy 0.193 0.193 0.193 0.193
Hya 00628 0067 0.0628 0.086
kis 1a 0.193 — 0193 -
kis s 0.0628 0.151 0.0628 0.149
kiz1s 0438 -0.102 0488 —0.033
kiais 0.0296 — (10296 -
912213 —0.0245 - —0.0245 —
F13. 213 0.168 - 0.168 -
13,314 0.0209 — 0.0209 -
Rb,UO,CI, Cs, U0, Cl,
Calc. Exp. Calc. Exp.
Kz 6.527 6.612 6.395 6.702
Ky 1.144 1.108 1.151 1.088
Hiis 0.193 0.163 0.193 0.115
Hiia 0.0628 0.087 0.0628 0.090
kias 0.193 — 0.193 —
ki1 1 - 00628 0.145 0.0628 0.144
R 0487  —0.097 0.489  -0.234
'IERT 0.0296 — 0.029¢ —
412 113 —0.0243 — -0.0246 -
gi3. 213 0.168 - 0.168 -
913,314 0.0209 - 0.0209 -

Tabie 3. Experimenial and caleulated force constants (in
mdyne/A) for uranyl pentafluoride complexes

Force (NH, ), UQ,F, K,UO;F;
constant Calc. Exp. Calc. Exp.
K 6.521 6.408 6.300 6.182
K, 1.184 1.157 1.159 1.198
His 0.206 0.243 0.205 0.263
Hyia 0.0924 0.180 0.0924 0.208
kians 0.205 — 0.205 —
kiy e 0.0752 0.377 0.0752 0.415
Kiaas 0.0251 - 0.0251 —
kraora 0482  —0.087 0476  —0092
12,103 0.0195 — 00202 -
$i3 212 0.122 — 0121 —
13 314 0.0266 — 0.0266 -
Rb,UO,F, Cs, UO,F,
Cale. Exp. Calc. Exp.
Ki; 6.178 6.039 5.999 5.891
K 1.158 1.162 1124 1.138
His 0.205 0.265 0204 0.257
Hyie 0.0924 0.197 00924 0.185
kia s 0.205 - 0204 -
Kiy s 00752 0.399 0.0752 0.363
Kivrs 0.0251 - 0.0251 —
ki3 0473  —0073 0468  —~0.099
412213 0.0206 - 0.0212 —
g1 213 0.120 - 0.119 -
#3314 0.0266 — 0.0266 -
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