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Irradiation Behaviour of MOX Fuel in Water Reactor

K. Kamimura, §. Maeda

Two rigs of plutonium—uranium mixed oxide {MOX) fuel containing several types of pellets
. have been irradiated up to 49GWD/TMox (56GWD/TM) without failure in the Halden boiling
water reactor (HBWR) to investigate the in-core behavior effected by several specifications of
pellets such as hollow and solid shape, as-sintered and ground surface, gap between pellets and
cladding and MOX powder preparation with microwave co—denitration and mechanical blending.
The centerline temperature, plenum pressure and length cladding and fuel stack are measured by
in-pile instrumentations and post-irradiation examinations. Release of fission gases from the above
mentioned fuel is similar to UQ, fuels and smaller than mechanical blended MOX fuel. Gap
conductance decrease gradually with burn—up and get stable in high burn—up region.

% There was no significant difference in fission gas release fraction between PNC MOX fuels

and UQ, fuels.

% Fission gas release from the co—converted fuel was lower than that from the mechanically

blended fuel,

* Gap conductance was evaluated to decrease gradually with burn—up and to get stable in

high burn—up region.

# No evident difference of onset LHR for PCMI in experimental parameters was observed, but it

decreased with burn—up:
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Fig. 2 Simplified Configuration of Instrumentation
and Experimental Parameters- in IFA— 514

Table ]l Specification Data of [FA— 514 and IFA— 599

IFA— 514 IFA— 528
Pellet
Fabricatlon Method MB* | MH#* 2 /MB
Shape Solid /Hollow Solid
Surface Treatment Ground / As* J As
Outer Diameter {mm) 10.56 10.47 ~ 10.64
Inner Diameter (mm) 35 %4 -
Density (%T.D.) 94 94
PuQ; Concentration (wt%) 58 83
U-— 235 Enrich (wt%) Nat, U Nat, U
Cladding
Material Zry— 2 Zry— 2
QOuter Diameter (mn) 12.53 12.53
Inner Diameter (mm) 10.80 10.80
Fuel Rod
Fuel Stack Length (um) 1380 950
Pellet—Clad Gap (zm Dia) 220 ~ 260 160 ~ 340
Filling Gas He He
Filling Pressure | atm | atm
Assembly
Number of Fuel Rods ) 12
[UpperClusterﬁ
Lower Cluster

# 1 Mechanical Blending Method

* 2 Co—conversion Method with Microwave Heating

# 3 As—Sintered Pellet
* 4 only for Hollow Pellet
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B A-22 TR, HEE-—<Ly ¥+ v 7ER
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Instrument  PF: Plenum Pressure
TF: Fuel Centretine Temperature
EF: Fuel Stack Length Change
EC: Cladding Elongafion

Fig.3 Simplified Cenfiguration of Instrumentation
and Experimental Parameters in IFA — 520
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Process
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Table 2 Irradiation data of IFA— 514 and 529

Max.Pellet | Ave L.H.R | Pellet Peak | Average | Imradiation
Pcak L_H.R} (Rod,Ave) | Bum—up | Burm—up Time

(& /m} (i /m)  [iGWA/tMOKNGWd /sMOXY  (Year)
. Solid Pellet Rod 51 2 4 T 40 93
IFA— 514
Hollow Pellet Rod 48 21 2 e 93
Upper Cluster 50 2 k5] 25 63
IFA— 528
Lower Cluster 50 24 ki | 28 6.3

% Irradiation time is defined by the time that the rig is in the

reactor.
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Fig.5 Plenum Pressure in IFA—5l4 at Zero
Power as a Function Burn—up
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Power as a Function Burn—up
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Quantitative Analysis of Occluded Gases in Mixed Oxide Fuel Pellets by High
Temperature Vacuum Extraction — Gas Chromatography.

S. Sugaya® 8. Fujita®® and T. Hivama®

An investigation on the amount of the occluded gases in the sinterized, mixed oxide (MOX) fuel
peliets is presented in this work. The total volume of occluded gases in MOX pellets was
determined using a high temperature vacuum extraction system. The extracted gases were tra-
nsfered to a special gas sampler by the Mcleod gauge and analyzed their gaseous components
using the gas chromatography technigque. Hy, O N, CHy and CO were detected in the extracted
gases. Relative standard deviation were about 2% (n=10) for each gas components.
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Fig.1 Block schematic diagram of gas components analysis system.
A, Extraction furnace ; B, Gas collector ; C, Mcleod gauge ; D, Gas sampler ; E, Carrier gas supply :
F. Gas chromatograph ; G, Integrator ; H, Rotary pump ; I, High frequency induction equipment ;

J, Refrigerator ; K, Glove box ; L, Open port box.
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Ratention time ( min)

Flow rate ( ml/min)

Fig.3 Influence of carrier gas flow rate on the
retention time-of the various gases.
Condition : Column, SUS 3mm L D. X 2m;
Packings, Molecuar sieve 5 A 80 ~ 100
mesh ; Column temperature, 60°C ; PID dis-
charge voltage , 750 V ; Discharge gas flow
rate of PID , 60 ml/ min.

Table] Influence of carrier gas flow rate on the
relative intensity of the various components

Retention time ( min)
tn

10 60 80
Column temperature {°C)

Fig.4 Influence of Column temperature on the
retention time of the various gases.
Conditions : Flow rate, §0 ml / min ; Another
conditions of column temperature are given
in Fig. 3.

Table2 Influence of column temperature on the
relative intensity of the various components

Flow Relative intensity Column Relative intensity
rate temperature
(m.ﬂ,/mm) Hz 02 Ng CH4 CO (“C) Hy O, Ng CH4 CO
40 1.00 1.00 1.00 1.00 1.00 40 1.00 1.00 1.00 1.00 1.00
60 098 0.91 09 08 091 60 1.5 1.07  1.03 0.98 1.06
80 0.86 0.80 0.80 0.77 0.80 ] 1.11 0.99 0.93 0.38 0.90
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Fig.5 Typical gas chromatogram,
Each conditions are given in Fig.3 and Fig. 4.

Table3 Analytical results of the occluded gases 1n
MOX fuel pellets

Sample Total B, 0, Ny CHy co

Lot Atomosphere
weight volume ppm ppm ppm ppm  ppm

No.  of sintering @ @) W e e @ w

. 3.3 - 23 - 1
1 N; - Hy 1.60 130
{h - 32 - (15}
i.l - - - 2.2
2 Ar - H, 0.57 i
79 - - - (D
1.2 - - - 14
3 Ar — H, 1.00 28
- - = R ¢ |9
7.7 0.63 43 - 17
4 N, — H, 1.62 240
asn  €0.78 <60 - (24)
1.7 1.7 34 - 12
5 MN;—H; I.55
@32 Q.0 s - uan
Note | ——, Less than the defection limit.
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Fig.6 Released fraction of the occluded gases in
MOX fuel pellet as function of the extra-
ction temperature.
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Dielectric Constants of Microwave Denitrated MOX Powder

Y. Katoh, T. Suzuki, i. Kondoh, J, Qhuchi

A technique was developed for the measurement of the dielectric constants of uranium com-

pounds at 2450MH: band.

The dielectric loss factor (the e » tand value) of the compounds ware decrease in the following
order of UO, UyOn 8—UOQ; 11%Pu0,—UQ; 7—UD; and U, (NO;) -+ 6H:O. Above results suggest
the cause of spot and heterogeneous heating during the micowave denitration.
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Development of Continuous Denitration System using Microwave Heating
— Development of Turn-Table system —

By T. Hirota, §. Fujisaku, Y. Kihara, Y. Takahashi, J. Ohuchi

Several conlintous microwave denitration methods such as turn—table, belt conveyor, spraying
and screw conveyor were investigated to select one or two methods to be developed.
Engineering scale experiments were conducted to attain the operating conditions with appro-

ximately 3 tons of recoversd uranium.
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Study on Low Temperature Processing of Nitrate Solution and Degraded

Solvent.
J. Ohuchi, 1. Kondoh, T. Suzuki and T. Okada

LOTUS is the advanced fuel reprocessing concept based on the utilization of the low temperature
technologies such as ireeze—drying, vacuum distillation and crystallization. The regeneration of
solvent with salt—free and the treatment of radioactive liquid waste with high decontamination
factors will be achieved by the application of these technologies, resulting in the minimization of
waste generation, redoction of radiocactivity released to the environment, stable operation for a
long period and cost reduction. The laboratry tests for treatment of radioactive solution,
regeneration of degraded solvent and plutonium —uranium separation indicate the realization of

LOTUS process.
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6. <A ¥ OiRILERBEMOXERDOEMLEYR

BRES, BETE KA £
AR

Heat Treatment Effect on the Dissolubility of MOX powder

By K. Numata, Y. Takahashi and J. Qhuchi

Two Kinds of UD;—Pu0, (MOX) powders prepared by microwave co-—denitration and mechanical
blending were heated up to 1700°C in 5% H;—95%N; gas and dissolved in the nitric acid. The heat
treatment is effective to progress the solid solubility of the microwave co—denitration MOX
powder and improve the solubility in the nitric acid solution.
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Moisture Transfer in Composite Materials

N. Kawahara

An experimental study of moisture absorption and desorption was undertaken to grasp the mode
of moisture transfer that occur in moisture absorption and desorption by composites. This study
revealed that the mode of moisture transfer in composites was explained as Fickan diffusion. The
equilibrium moisture content and the diffusion coefficients were measured and from this informa-
tion it became possible to predict the moisture content exactly.
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Development of Balancing Techniques Using Knowlege Engineering

K. Kikuchi, M. Kamizuma, S. Fujiwara

A gas centrifuge for uranium enrichment has a vertical cylinder supported by bearings. This
cylinder may be modeled as a flexible rotor supported at both ends from the mechanical
viewpoint. It is very difficult to balance it because of many critical speeds. The object of this
paper is to present techniques for increasing the efficiency and the accuracy of the balancing.
Specifically, these techniques were established by the judicious use of the knowledge bases which
were obtained by analyzing our accumulated data.
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The Assisting System for Uranium Enrichment Plant Operation

H. Nakazawa

Power Reactor and Nuclear Fuel Development Corporation
Tokai —mura, Naka—gun, Ibaraki—ken 319—11, Japan

Abstract : We have been developing an operation assisting system, partially supported by Al for
uranium enrichment plants. The Al system is a proto type aiming a final one which can be
applied to any future large uranium enrichmeni plants and also not only to specific operational
areas but also to complex and multi—phenomenon operational areas.

An existing Al system, for example facility diagnostic system that utilizes the result of CCT
analysis as knowledge base, has weakness in flexibility and potentiality. To build our Al system,
we have developed the most suitable knowledge representations using deep knowledge for each

facility or operation of uranium enrichment plant.

This paper describes our Al proto type adopting several knowledge representations that can

represent the operation with deep knowledge.

(Keywords : Assisting system, Uranium enrichment plant, Al, Blackboard model)
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Fig. 2 Graphic display image of the logical simula-
tion function
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A Long Term Operation Test of A High Power Repetitive TEA—CO, Laser

with a Laser Gas Recycler.
H. Tanaka, M. Hasegawa, Y. Yato

Abustract

A long term operation test was carried out newly developed TEA—CO, laser which generated a
high average power of about 4({ watts at a repetition rate of up to 100pps. Significant decrease
in a laser power which was due to the deterioration of laser gas was observed during a long term
operation. Chemical analysis of the deteriorated laser gas was done to solve this problem. By
using a gas recycler which can purify 1000 litters/minute of the deteriorated laser gas, a high
laser power more than 80% of the initial one was attained for a 40 minutes’ operation,
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Sulfur Isotope *S Enrichment by Resonance-Enhanced Multiphoton lonization

of Jet—cooled SO.

0. Nakezawa, H. Funasaka, Y. Yato

A simple method for Sulfur isotope enrichment has been studied by Resonance-Enhanced
Multiphoton Tonization (REMPID) of jet—cooled SO, The isolated SO, molecules were pumped to T
{(0—0) vibronic band by 388.12nm laser radiation and were ionized by three photons of the same
wavelength (143 REMPI). The mass and the excitation spectra were obtained by using the time
—of —flight(TOF) technique. The maximum enrichment factor a=3.3 was obtained at that wav-

elength,
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12. EERIRENEIC & EMTARMEREOMENE

EOERE, SERL, WMAEE, KRS’
* B TE N * kRS

Viscosity Measurement of Highly Reactive Liquid Metals by Oscillating Vessel

Method

By M. Haraguchi, M. Fakahashi, 0. Komatsuda and Y. Yato

ABSTRACT

The viscosities of molten aluminium and uranium, both highly corrosive liquid metals, were
experimentally determined by the oscillating vessel method, which is based on the torsional
oscillation damping due to the viscosity of liquid metals in the vessel. The measurements were
carried out over the temperature range from 950K to 1073K for aluminum and from 1423K to
1648K for uranium. We used the Shbidkovskii's equation in evaluating viscosities from observed
oscillation period and logarithmic decrement of amplitude. Viscosities of both moltem mefftals
were found to be well expressed as the following exponential functions of the reciprocal absolute

temperature :
2n=0.22exp (12800 /RT) mPa-s

and

nu=1.22exp (18100 /RT) mPa +s.
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Influence of Pump Laser Power on Conversion Efficiency of a p—H, Raman

Laser
Y. Miyamoto®, ¥, Yoshida®, M. Hasegawa®, Y. Yato®, H. Tashiro"™*®

ABSTRACT

Aiming at a better understanding of stimulated rotational Raman scattering, the conversion
efficiency of a p—H; Raman Laser was measured as a function of the peak power of a pump TEA
CO, laser. The peak power was alternated by changing the pulse width of the pump laser from b

to 70 ns (Twhm) .

The conversion efficiency increased proportionally to the pump power up to 30MW, while at
peak power higher than 35MW was observed a cross—over phenomenon, which was considered to
be due to a transient effect as well as a beam crossing effect in a multiple pass cell.
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Development of Chemical Oxygen lodine Laser

F. Kitatani

We have been developing a new laser for nuclear technology. This laser is called COIL
(Chemical Oxygen lodine Laser) . The laser operates only chemical reaction because it produces
very efficent and high power near infared light souce. This reaction is based on electronic energy
transfer from metastable long-lived state oxygen molecular (radiative lifetime over 4bmin) ob-
tained by purely chemical reaction to iodine atom. This letter describes the principle of laser

operation.
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Substitution Effect of U for Ln site, and lonic Radiﬁs and Valence of U
in High—Tc Superconducting LnBa,Cu;0;,-, Compounds
(Ln:La, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, Y)

M. Kato, ' T. Ishiguro, ¥ K, Sakurai, ¥ S. Kono, ', R. Aso, ' H. Funasaka, ' V. Wada, " N. Sasao"

Keywords : Oxide Superconductor,
Y —-Ba—Cu-0Q System
Rare Earth Element,
Substitution Effect of U

We will report on the results of our investigation of substitution effect of U for Ln of high—

Tc superconducting LnBa;CuyO; compounds. (Ln :

Rare earth and Y) . Those specimens were

prepared by a solid —state reaction, and mesured for structural and electronic property, oxygen
ratio and volume fraction of superconducting phase of specimens. The following became clean
after the experiment, that properties of superconducting phase depended ionic radius and solub-

ility Limit of U was estimated to be less than 3%

in Ln site of LnBa,Cuw;O;. We assumed that ionic

radii and valence of U ion be [.93~0.96 A and +4 respectively.
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Abstract

Because of the Increasing demand for the platinua
group metals, PNC 1s developlng technologles for their
recovery froe the insoluble residues in reprocessing plants
and for their utilization. This paper discusses recent
developments

1. Introduction

Spent nuclear fuel contains significant quantities
of valuable metals vhich are platinun group elements
(ruthenium rhodium, palladium) and technetium,
vhich Is nearly absent in nature. World mipe production
of platinum-group elements is limited to only certain
areas in the wvorld and is very small. .

On the other hand, recent demand for these metals
has increased, and because of the growth of high-technology
industries it is considered that their consumptien
could greatly expend.

For this reason, these metals are considered stratepic
materials. Thus there s considerable incentive to recover
them from spent nuclear fuel as a new source of noble metals.
Technical feasibility of wsing fission product noble metals
from spent nuclear fuel has been evaluated by several
facilities. (1.2)

PHC, Power Reactor and Nuclear Fuel Developeent
Corporation. began in 1986 to study and develop technologies
for the partitioning and transmutation of KL¥ that exploit
new fields of nuclear energy study.

In this project. the study of recovery and utilizotion
technologies of noble metals is & part of the portitioning
program. The main targets are the development of technologies
to recover and utilize platinua group metals from insoluble
residues in the reprocessing plant because their Insoluble
residuas are composed zafnly of platinum growp metals. {3-5)

PNC is now sponsoring a Study committee on noble
metal recovery technology froa spent nuclear fuel.
The committee consists of mot only members from PHC
but also from private companies and universities
to carry out this project efficiently aad vigorously.

Naka—Gun ,

Ibaraki—ken

In 1987, since evaluation of the whole process,
technology flows sheets and RE&D plans have prepared
The outlines are shown in this report.

2. Research and Development Plan

2.1 Platinua group metals and
nuclides in spent nuclear fue)

The concentration of platinum group metals and
{sotopic composition, thelr radicactivity in 1 ton of
P¥R fuel at 28, 000 X¥¥d/t after cooling time of 1 year
and 10 years were calculated by computer cede ORIGEN-TQ.
The results are shown in Table 1. As seen in the table,
in the case of Ru. "®%Ru decays with a half-life 39.8d
as below.

ﬂ- 13Rh
183py  —— e
' 39.8 d 193mpy  — u 183py

Then, radioactivity of '®*Ru can be ignored after
3~4 yrs. '%°Ru decays as shown below. Therefore. it
takes about 30~~40 years to be able

a- g
186gy N i86Ry  —— 126pg
368 d s

to ignore radicactivity. After partitioning platinum-
group metal to Rw, Rh and Pd fractions. non-radicactive
Pd can obtain froe high-pure-separation of Ru fraction.
Since the Pd fraction has a lopg-lived radioactive
isotope '?7Pd { Ty 2:TX10° yrs ). Since radicisotopes
twe of Ru fraction have very short half-lives, 5Tm and
30s. the Rh fraction can be considered as non-radioactive
element. :

However. Roberts!™) apalyzed the radiocactivity from
192ph, decaying as follows

71



PNC TN8410 91—-091

B~ 206 d

102gy, E%

EC 2.9 yr
X je2py

1e2pg

192py

Naito. et al.'®? using the experimental data obtained

by Roberts, evaluated that the specific activity of recovered
Rh is finally predoninated by '"®2Rh with a half-1ife of

2.9 yrs and that it takes 49 yrs after shut-down of the
nuclear reactor to decrease below the level of 74 By/g
sufficiently low level to permit unrestricted commercial

use.

Since the Pd fraction has an extremely long-lived
half-life radioactive isotope '°7Pd, the cooling effect
cannot be expected unless isotope separation Is performed
to remove '°7Pd.

2.2 Overvier of R&D Plan

Fig. 1 shows the structure of the RID program for recovery
and utilization of noble metals frox spent nuclear fuel.

This program consists of two of main parts.
The framework of the long-tern R4D pian and loplementation
of each R&D item of the process technolegies. The framework
is the strategic plan of the whole project, and it will be
revieved and corrected according to conditions of various
developments and external situations to establish the most
sultable long term R4D plan.

RAD of process techidlogies consist of five sub-iteas.
The first is fundamental study, for example, the chenlcal
and physical study of spent nuclear fuel or the catalysis of
recovered platinua-group metals.

The second is the development of recovery technology
of Insoluble residues from dissolution solution or High
Radioactive Waste(HA?), in the reprocessing process
special recovery technique of fine residue { sub-micron ).

The third is the developnent of the separation gnd
purification techniques of platinun-group metals
especially being focused on the high-purification
technique similar to the decontanination of Ru » o DF of
10'9~1% {0 remove radioactive element froa Pd or Rh

The fourth Is the development of wtilization
techniques of recovered metals which are not only non-
radicactive elements but also low-level and high-level
radioactive elements. This sub-item is one of the most

important techniques because this item will support
strongly the need of this program.

The fifth is the development of practical use
technologies from the entire program

Some of these items, the cold and hot separation tests
using the lead extraction method to recover platinua-group
metals from insoluble residues have been inplemented
since 1986

An accomplishzent of the practical use techrology
for the whole process will be expected to be around
the beginning of the 21st century

3. Process Flow for Nodle Hetals Recovery

3. 1 Overview Process
It is important to describe and grasp the cutlipe
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of the vwhole process technology before discussing the
new R&D program Fig. 2 describes process flow conmcept of
noble metal recovery. defining the shole process concept
including the main R&D [tems.

As shown in Fig. 2. insoluble residue is first recovered
in reprocessing process cell. And then the recovered
residue is sent to the sub-cell attached to the
reprocessing plant. In this cell. platinum group netals
are separated from other FPs using the dry method process
technology and fractions of Bu-Mo and Rh-Pd-Tc are obtajned.
The Ru-No fraction is purified in this cell. The Rh-Mo-Tc
fraction is sent to the glove box for the next process and
15 purified untiled high-purity elements are obtalned.

If it need, the isotope separation process will be applied
to obtain non-redioactive Pd from which '®7Pd is removed.

3.2 Specific Process Flowsheets

In 1987 year study, the technology concept for each
process flow was designed and several R&D items from the
concept to be developed were defined from the concept.

{1) Process Concept for Recovery of Insoluble Residues
Fig. 3 shows the recovery flow concept of insoluble
residues in reprocessing process. First of all., spent
nuclear fuel is dissolved and insoluble residues are
recovered until they are fine residues, below D.lamd,
if it's possible. Recovered insoluble residues are sent
to the following first separation process

The other part of the solution is sent first to the
wet-method separation process, “and noble netals dissolved
in nitric ecid solution are recovered using new RAD
technologies which platinum group metal Ions are reduced
and deposited on the surfnde of the semi-conduction powder
{ex. Ti02) or coapulated using reagent.

{2) Partition Process Concept

Fig. 4 shows the flow of the partition process concept.
The recovered insoluble residues or platinum group metals
precipitated as sludge from the solutlon are partitioned
by the dry method in the first partitioning process.

First Ru and Ko are separated by the volatilization
method to remove the very high radiation from '°®Ru in
the first partitioning process. The remaining metal
contalning Rh. Pd. Te, TRU and other FPs are
separated by using one of the several dry methods:
the lead-extraction. the liquid metal-extraction.
or other dry method in the second partitioning process.
After partitioning by the dry method. the sample is sent
to the wet method partition process In the glove box.

As shown in Fig. 4, however. there is little possibility
of applying the wet-chemical methed in the cell from the
first partition process using more corrosive acids like
hydrochloric acid. sulfuric acid snd fivoric acid since
the treatment of acid resistance besides nitric acid for
equipnents and apparatus is very difficult in the cell.

On the other hand, these acids other than nitric acid
are easily used in the glove box. where the components are
made of acid-resistance materials, plastics. rubber etc..
Therefore, the second partition process of wet-method and the
purification process in the glove box can use these acids to
dissolve platinum group metals and treat them chemically.
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(3) Purification Process Concept

The high-purification process concept for obtaining
non-radicactive metals. containing extra-low radioactive
level metals. is shown in Fig. 5 in the case of four
fractions of Ru, Rh. Pd and other elements.

In the case of Ru, non-radicactive metal can’t be
obtained for around 40 years when it has decayed to below
the level of 74 Bgq/g. which is considered non-radicactive
waterials in practice. from shut-down of the nuclear reactor
according to the half-life of Y®®Ru { Ty.,2:368 days ).
And isotope sepuration of '®%Ru fs also very difflcult.

In the case of Rh. Pd and other elezents. the key
point of high-purification to get non-radicactive metals
is very high decontamination factor (DF) of Ru (about
1. 11X 10" Bo/g) from these elements and of U, TRU.

The DF of Ru is dewanded mbout 10'®~~10'% after several
years of cooling-time of spent fuel. Although sttainment
of the DF 1s very difficult, non-radioactive zmetasls can be
obtained by repeating the treatment to a DF about 105 and
additing of netural Ru. non-radioactive materiai, as in the
isotope dilution method. twe or three tizes.

After high-purification, '°7Pd nust be separated by
isotope separation technique because of long-lived
neclide. Tyr227X10% yrs.

High-purification technliques must be adapted to the
conventional wet-chemical method. solvent-extraction.
ion-exchange resin and precipitation etc..

If the purification is net sufficient. recovered
metals have to be left according to these half-lives for
10~+50 yrs. e e . .

(4} Technical Concepts of Utllization

Fig. 6 shows the technical concepts of utilizetlon for
recovered metals. These consist of three levels of metal,
non-radioactive. lov-radioactive and high-radionctive

Hon-radioactive metals will be for general use
such as jewels and other ornaments, the dentistry, the
solar battery, the noble wmetal paste and the electric
contact point, etc.. Safety evaluations, horever. must be
done sufficiently for their general use

Low-radionctive metals vill be used in the controlled
and In the restricted areas. in the industrial catalyzer,
in the e¢lectrode, and in materials with high-resistance
to corrosion, ete..

On the other hand, high-radiocactive metals. mainly
containing '®6Ru, are considered that they must have
special capability for the direction of the utilization
for instance. catalyst having radiation.

Fig.-7 shows the principle of the photocatalytic
effect as one of examples for the special utillzation
of high-radioactive recovered platinum group metals.

The conventional method of the photocatalytic effect
is consists of three components which are a fine semi-
conductor powder, Ti0z, & non-radicactive platinum
( matural metal ) deposited on the surface and photon.

A photon irradiated on the surface of Ti0z makes a pair

of free electrons and hole in & Ti0z particle. Some
electron and hole gather rt the conduction bound and
the valency bound, .respectively. And then at the these
points, Hz gas and 0z gas are gepnerated by the redox
reaction of Ha.

The features of the conventional method are )

# Using efficiency of the photon (sun 1ight)

is very small.

* Energy of the photon is small. several eV

* Effect of this method depending on the weather

and day-night.

* Effect of this method decreases vhen the

cancentration of the fine semi-conductor
particle is high.

On the other hand, the new system uses the high-
radicactive recovered platinum group metals { '8°Ru )
and r. B-ray . The principle of the new system is
the same as the conventional method. but the important
different point is the significant difference of the
energy between y, @-ray ard photon

The energy of the used photon is 3~+4 eV and the
energy of r. B-ray from Ru. Rh { daughter of Ru ) are
105~10% e¥ .  And then the number of electrons and hole
pairs is proportional to the energy of photon or radiation.

The features of new systenm are

% Does not need photon (sun light).

# Effect of using radiation { y. f-ray )

is very high.

* Energy of radiation is very high compared

to light.

#* Redox reaction I5 always generated and

does not depend on day-night.

* The effect of vhen the concentration of Tidz

particles is high is larger than when the
one is lowm

* This system does not need the utility for the

operation.

* A part of HL¥.can be used for huoan life

This systea contains the posibility of the production
of Ha. 0z gases from the infinite resources. woter.

As in this system, not only non~rndiocactive
recovered platinum group metals but also low- and high-
radioactive ones must be used positively. Therefore, the
R&D for the utilization techniques is important in this
prograo.

4. Laboratory Studies and Results

As early scoping experiments, we tried to demonstrate
the lead extraction method''1+!'®) for recovery of platinum
group metals. [nsoluble residues were used. o simulated one
and an actual one from the dissolution process of FBR spent
fuel.

4.1 Cold Test

The composition of the simulated residues wsed in the
cold test Is 33 wtX Mo, 44 »tX Ru. 21 wtX Pd and 2 wtX 0.

Pd metal pomder was used as scavenger and HazBaO710H20
was used as glass-foreing reagent. And them the simulated
residue was zixed with Pb powder and glass frit,
HazBaDy 10H20. The velght ratio of these mixtures was
residue : Pb : glass = 1:50:10, and the weight of the used
residue was 0.1 g.  The mixture was celted at 800 ‘C and
the two separate phases. lead phase and glass phase, were
forned. Platinua group metals were extracted In the lead
phase. The flow of the cold test is shown in Fig- 8

In these work. the concentrations of o, Ru, Pd and U
in the lead phase were analyzed. depending on the melting
time, lhr. 3hrs.

After the lead phase was dissolved in 3N HNO3. the

concentration of elepents in the solution and In the
residue not dissolved by 38 Hi03 were analyzed by ICP
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{ Inductively Coupled Plasma ). The results ere shown
in Table 2.

As shown Table 2, 60%~~B0% of Mo and Ru vere extracted
in the lead phase and 100X of Pd were extracted in the
lead phase and most of it could be dissolved with nitric
acid. Several ten percents of Ho extracted in the lead
phase were dissolved in 3N HNOa. but the other resained as
the residue-

In the case of Ru extracted in the lead phase, a large

part remained es the residue and was not dissolved in 3N HNOs.

100X of Pd was extracted in the lead phase and a large
of it was dissolved In 3N HHO3.

The concentration of U extracted in the lead phase
was less than the detection linit value with ICP.
Therefore the decontamination factor for U was calculated
1o be more than about 100.

Fig. 9 shows a photograph of the sectional configuration
of lead extraction sample using simulated lnsoluble residues.
Figures 10, and 1l show characteristic X-rey images at the

points of 1-b, 2-b in Fig- 9 vhere the boundaries between
the glass and the lead phase are when extraction times are
thr and 3hrs. respectively.

Fig. 12 shows the results of the line analysis by
Electoron Probe Micro Analyzer{EPMA) for each element
betveen the point a and the point b

From the results of Fig. 10. 11, it was found that

@ Ru existed like a uni-metal particle in the
lead phase and gathered at the boundary when
extraction time was lhr and dispersed into
lead phase according to the extraction time:
The major Ru, however, gathered at the boundary.

@ 1o was omnipresent at the boundary of the
lead phase and was not found at the cenater of
the lead phase. And then It was found that No
existed as mixed oxide with Pb.

@ Pd existed homogeneously throwgh out the
lead phase as alley with Pb.

@ U existed in the glass phase and was not
detected in the lead phase.

4.2 Hot Test

Hot test using the actual insoluble residues from
FBR spent fuel, 40,100 R4/t : PuiT. 7 wt/% ; EU:34. B wt¥ ;
DU:5T. T #t% , was done with the same conditions of cold
test in the hot cell. The coaposition of the used
insoluble residues are shown In Table 3.

Fig. 13 shows the picture of the glass phase and
the lead phase of the hot test.

Fig. 14 shows the results of the line apalysis of
the lead phase by EPYA for each element as {ts the cold
test. From the results, 1t was found that

@ The extraction behaviors of Ru, Pd end Mo
were the sace as the results of the cold test.

@ lHost of Eh was extracted into the lead
phase like a Rh and existed homogeneously
through out the leed phase.

@ Tc was extracted like Mo and was conipresent
et the boundary of the lead phase and then a
part of It repained in the glass phase.

@ U and Pu was not detected In the lead phase
by EPHA.

® It was proved that the lead extraction method
was Simple and very good as the recovery
technology of platinum group metals, especlally

of Pd and Rh. from the insoluble residues.

5. Future Vork

As the process flow concepts were shown in section
chapter 3. there are wany techniques wust be researched
and developed. Each of these BAD itens will be implemented
acording to its priority. Especially, additicnal studies of
the lead extraction reaction mechanism need to be conducted
These will provide more fundamental information and lead to
the optimum process technology.

It is very important to study the techniques to utilize
of the recovered metals and to evaluate the ir safety for
human and industrial socleties. The R&D of beneficial
utilization of radioactive recovered platinum~group metal,
as shown Fig.7. is also lmplemented from 1989 to enhance
the need of this project.
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Table.1 Platinum Group Metals generated
in PWR Fuel

1 year
28000MWd/t cooling time
% , Origen-79

U215 4
Activity Ci . Activity Ci . Activity Ci
Ru Vield (g) cd Bh Vield (g) Pd Vield (g)
1 yn 10yrs 1 yr. 10 yrs 1 yr. 10 yrs
99 |5,02x107? 103 |ass 104 163
100 4.4 103~ |7.65X10°% 2500  [2.5x10°22) 10§ 222
101|658 S ; s oy | 108 | 22
102 |g29 aosy [ 710 107 | e - | rxae? [ X0
s (7X108,)
(103) 7.8%10°% | 2490 [a5xi0- e 8.8
40d .
tos 408 1 2.1
106 50.5 2X10% [4x102
{365d)
Nat. Abu. Nat. Abu, Nat. Abu.
% %
96 5.68 103 100 102 0.8
98 .12 104 9.3
99 12.81 105 22.8
100 12,70 106 27.1
101 16.93 108 26.7
102 1,34 10 13.5
104 18.27
Correction Correction
Frame.work of ,l
long term ~2000
R&D Plan
Fundamentat
study .
Rte;:ov;:ry ar}d R%covery of Practical use
utilization o indissoluble )
noble metals residue Cold test ( "36—) ‘
R&D Separation J
of Process | | and ~2000

| technologies

Purification

|| Utilization of

recovered metal

| { Practical use

technology

|

Hot test ('87—)

Fig. 1 Structure of Recovery and Utilization Program
of Noble Metals from Spent Fuel
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recovery process of
high-purification and

dissolution insoluble redidue and
process solidified redidue first separation process purification isotopic separation process
D N N n n
u Lr 3] LY {'
Reprocessing Process Sub-Cell Glove Box Process

Glove Box

Separation of Platinurn Group (Ru, Rh, Pd) Purification of Rh, Pd

Fig. 2 Process Flow Concept of Nobie Metal Recovery

Spent Fuel

I Bissolution I R&D of Recovery Techniques
for fine residue (~0.1x)

Recovery of
insoluble
Residue

Solution =

insoluble Residue To Wet Method for
First Partitioning Process

Precipitating of Dissolved Noble Metals

Separation of \\

Precipitate

I

Y
To First Separation Process

pheton
R e ]
(radiation)

semi-conductor powder

Fig. 3 Recovery Flow Concept of Insoluble Residue
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Insoluble Residue and
Selidified Residue

Platinum Graup Metals Dissolved
ia Nitric Acid Process Solution
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-
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_______________________ d
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Fig. 4 Partition Process Concept

‘ |
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1 Separation H

To Ulikzation of
Radioactive Matals

To Utilization of

High-Radiozctive Level Metals Alfgwance
according to
Hall-Lite

(46~-50 years}

To General Market
Fig. 5 High-Purification Process Concept
for Non-radioactive Metals
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- noble Lot
metal paste -hydrogen store
alloy
-electric L ote
contact point
-etc
(safety ( R&D of { R&D of
evaluation) application ) application )
L 1 J

!

I Industrialization |

Fig. 6 Utilizétion Techniques Concept
of Recovery Metals
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Fig.7 The Principle of the Exsample of Utilization Technology of Recovered
High-Radioactive Platinum Group Metals
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Insoluble
Residue
Pb
Powder «— Glass Frit
(B203 or NazB40;}
Lead
txtraction
~g00°C
“Lead:l’)llgtonr} Glass Phase
Platinum,
Mo
s———— HNQ3
Salution Residue
Pd, Pb, Mo Ru, Rh, {Mo)
I
Partition
T
t
Isctopic
Separation

Fig. 8 Recovery Flow of Noble Metals
from Insoluble Residue

Table. 2 Results of Lead Extraction

Sample Elements Mo Ru Pd U
Dissolved in
"\ [HNO; | Solution | Residue | Solution | Residue | Solution | Residue | Solution | Residue

& Melling Time
2 221 31.0 0.1 67.5 [ 1001.0 | 0.1 <1 <1
3 1 hr
Eg 58 .1 67.6 101.1 <1

oy

3 50.3 15.5 0.3 76.8 | 106.7 | 0.2 <1 <1
4 3 hrs

65.8 1741 106.9 <1

% Solution : 3N-HNOQO3z (hot)

Test conditions
» Composition of Simulated Residue Mo: 33%, RU : 449%, Pd : 219, U : 2%
» Welght Ratio of Sample Simulated Residue : Pb : Glass(NayB407)=1: 50: 10
where Weight of Simulated Residue : 0.1g

Form of Lead:Metal Powder
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1-b

extraction time : lhr

No. 2 photo

2-b-

exteaction time ¢ 3ns No. pOtO § mm
[ . extracticn time @ 1hr
BE!
Fig. 9 Sectional Cor?flguratlon of Fig. 10 Characteristic X-ray Images of the Boundary
Lead Extraction Sample between Lead Phase and Glass Phase -(1)
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extraction time 1 3hys

Fig. 11 Characteristic X-ray Images of the Boundary
between Lead Phase and Glass Phase -(2)

| 4 MUJ.L__.L "

-~
=
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-}
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=
L
.
<<
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-
b Mo
= :
=
Q
b
=

Distance (mm)

Fig. 12 The Results of Line Analysis by EPMA
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Insoluble Residue

Pb Powder

Glass Frit

I f.ead Extraction l

I Glass Phase ] l Lead Button

I 1

I Dissolution Solotion I I Residue | Ru, Rh
Pd, Mo, Pb |

L Separation ]

Fig. 13 Hot Test of Lead Extraction Using
Actual Insoluble Residue

Table. 3 The Composition of The Used
Actual Insoluble Residue

Elements wto; Elements wt%
Pd 6.07 Mo 22 .1
Ru 20.6 Pu 1.85
Rh —_— u 12.0
Te 5.51

——— : Could not analyzed because of contamination
from platinum crucible.
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Fig. 14 The Results of Line Analysis
of Lead Phase by EPMA
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1. INTRODUCTION

Spent fuels from fission reactors contain
long-lived nuclides. Small neutron capture cross
section of such fission products as 90Sr and
1387¢s largely contained in nuclear waste makes
it difficult to incinerate by reactors only. A
system combining reactor and accelerator has
recently been developed to transmute these
nuclides to short-lived or stable nuclides.

We report here the incineration method using
the system of reactors and accelerators for
transmutation.

2. CRITERIA FOR TRANSMUTATION DISPOSAL METHOD

A number of devices have been proposed for
the transmutation of nuclear wastes; fission
reactors(l-3), fusion reactors(4,5), accelerators
{6-8) and so on, The important question is
whether the transmutation concepts meet the
following eriteria:

(1) Risk r ion eri n : The overall rigk
of disposal method by transmutation should be
reduced by comparison with the reference
management scheme.

{2) Transmu ion r riterion ! The
transmutation rate of the nuclear wastes should
be several times faster than the natural decay
rate.

(3) Energy balance criterion : The transmutation
method should not consume more energy than that
is originally obtained when the wastes are

produced,

The criteria (1) and (2) are fundamental
requirements for the waste management strategy
based on nuclear transmutation. The estimate for
criterion (1) is not easy because of the lack of
analysis method. The criterion (3) is valid so
long as fission power reactors contribute
significantly to the energy economy, If fission
power reactors were no longer necessary, this
criterion wotld be the one for practical
management rather than for feasibility study.

There are two available devices in the
present technology, i.e. fission reactors and
accelerators. The transmutaions by these two
devices are characterized as follows; Large
quantities of radioactive nuclides can be
transmuted ir one fission reactor. The
transmutation process also can generate energies
and can easily meet the criterion (3). However,
its transmutation rate is slow because of low
neutron flux. As for the transmutation by
accelerator, its advantage is that high
transmutation rate can be obtained by focusing of
accelerator beam. However, the operation of
accelerator needs much energy in transmuting the
large quantities of the nuclear wastes, which
leads to the difficulty in satisfying the
criterion (3).

3. CONCEPT OF COMBINED TRANSHUTATION SYSTEM
As a practical way, we propose a combined

system of reactors and accelerators. 4s seen in
Fig.l, the combined system has two steps of
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transmutation process in order to mest both
criteria (2) and (3). In the first step, large
quantities of nuclear wastes are transmuted with
slow transmutation rate in fission reactors.
When the transmutation by fission reactors is
finished, small quantities of nuclear wastes are
remained, In the second step, the remained
nuclear wastes are transmuted by accelerators
with fast transmutation rate. In this combined
system, the overall transmutation rate is between
these of two steps.

Fig. 2 shows an example of the transmutation
of 137Cs by the combined system. In the first
stage, nuclear wastes are accumulated by the
operation of power reactors. No transmutation
device is operated in this stage, In the second
stage, the fission reactors which we call
transmutation reactors are operated to transmute
the nuclear wastes from the power reactors. In
this stage, quantities of nuclear wastes reach
the constant value, which is determined by the
equilibrium between the transmutation and the
generation of radionuclides, In the third stage,
the power reactors are stopped and total
quantities of the nuclear wastes decrease by the
transmutation, The transmutation reactors are
stopped one by one as the nuclear wastes

decrease. At the end of the third stage, all
transmutation reactors are stopped and the
quantities of nuclear wastes reach the minimum
value which can be transmuted by the fission
reactor. In the last stage, the remained nuclear
wastes are transmuted by accelerators with fast
transmutation rate, In this example, ‘the overall
transmutation rate corresponds to that of single
step transmutation with the half-life of & years.
The energy balance of total step is positive.

Hereafter, we describe outlines of the
reactor and the accelerator for transmutation
successively.

4. TRANSMUTATION REACTOR

We have studied the transmutation of 137(s
into stable nuclide in fission reactors. The
transmutation reactor we consider is a high-flux
fast reactor which is compesed of cesium region
inside and fuel and reflecter region outside as
schematically shown in Fig. 3. In the cesium
region 137Cs is loaded in the chemical form of
the deuteroxide 137Cs0D, since the density of
137¢s0D is higher than that of metallic form. The

B6

deuterium D is considered as moderator.

In the fuel region solid fuel is loaded.
Taube studied a transmutation reactor for the
transmutation of 908r and 137Cs before(3). In his
study he proposed a liquid fuel to obtain a high
power density which leads to a high neutron flux.
However, we use the solid fuel which is more
realistic than the liquid fuel.

Fast neutrons generated in the fuel region
are thermalized due to mainly deuterium in the
cesium region. The thermalized neutrons are used
to transmute 13705, since the capture cross
section of !37Cs is approximately ome order of
magnitude larger for thermal neutron than for
fast neutron. Nevertheless, the thermal neutron
capture cross section of 137¢s s very small
{(~0.11b) and therefore high neutron flux is
necessary to transmute 137¢s effectively. We aim
at the thermal neutron flux level of 101Bn/cml.s
in the cesium region of the transmutation
reactor, The distributions of the fast and the
thermal neutron fluxes are also depicted in Fig,
3.

5. TRANSMUTATION ACCELERATOR
5,1 Method of Transmutation by an Accelerater

Instead of (n, v) reaction in transmutation
reactors, other nuclear reactions have been
proposed ;

1, spallation reaction by using proton
accelerator(8, 7),

2. (n,2n) reaction by using fusion reactor(4,5),
3. photonuclear reaction, (v ,n) by using
electron accelerator(g).

In this section, the transmutation by
photonuclear reaction is discussed. It is well
known that so called giant resonance is observed
in the range of nuclear excitation energy from 10
to 20 MeV. The transmutation of 137Cs isg
expressed by

137¢g(v,n)t36cs — 136ps (stable),

B

Two kinds of photon source are discussed,
i.e. the bremsstrahlung method and the inverse
compton method, Since continuous energy .spectrum
is obtained by bremsstrahlung, the portien of the
generated photons can be used for transmutation.
On the other hand, the inverse compton method
produces tunable quasi-monoenergetic photon{3).
The probabilities of (v ,n) reaction ware

" calculated by EGS4 code for both photon sources.
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The photonuclear cross section of 133Cs was used
in the calculations, since there is no
experimental data for 137Cs, In the case of
bremsstrahlung method the probability is 0.025
under the condition when an electronm with the
energy of 100MeV bombards in Cs target. In other
words, the incident electron energy of 4GeV is
necessary for the transmutation of one 137(sg,
The probability is also calculated for the quasi-
monoenergetic photons which are generated by the
collision of lGeV electrons with 1,19eV laser
photons. The incident photon energy of 850MeV is
. required for the transmutation of one 137Cs,

5, 2 Development of a CW Accelerator

It-is important to get stable high intensity
beam and sufficient energy-saving. In this
proposal, new development is needed because there
is no accelerator having such a specification in
the world. It is necessary to construct a test
linac which accelerates high intensity beam for
this purpose. The beam energy and the beam power
which are requested to a industrial test facility
pilot-plant are near 100MeV-100MY and 1GeV-1GH.
So we have a plan of constructing a CW(continuous
Wave) linac to accelerate 10MeV-100mA electrons
with duty factor 20% for preparatory research and
development, In this case, an electron is
suitable to beam particle as the cost is low.

Fig. 4 presents the mapping of electron
power of accelerators in the world, where the
mark for this proposed linac is also addressed.
The basic specification of our accelerator is
summarized in Table 1. Results from this
development will be fruitful for design of not
only the advanced accelerator but also new type
of light source and positron generator,

The block diagram of the test linac is shown
in Fig. 5. The bird eyes view of the test linac
is depicted in Fig. 6. It is supposed that the
conceptual figure of the test linac is like one
shown in Fig. 6§ , where two klystrons and eight
accelerating tubes are seen, This accelerator
facility will be settled in the site of PNC Tokal
works,

In the case of the test linac, there are
many subjects for the development., In this paper,
we will mention about the design of CW
accelerating tube and high power klystron which
are developed in this year.

1. CW accelerating tube

Good energy transformation of RF to beam is
of vital importance for our test linac. Fer this
purpose, RF power supply system by not only
standing wave but also traveling wave with
resonant ring is investigated for good energy-
saving(l0). The result of the difference of above
two methods is compared. And beam break-up(BBU}
associated with the periodic structure of
accelerating cavity is also important in the case
of higlh current beam acceleration. So it is
necessary to study the problem of induced higher
electric modes caused by beam-RF interaction, The
beam test of BBU is important becauss the

.prediction of a simulation is difficult. RF test

is in progress using test cavity designed for the
buncher,

2. High Power CW Klystron

There is no CW klystron that output is over
1M¥ in L band width. So new development for
electron gun, collector and RF out-put window is
needed for stable drive of the klystron., High
conversion efficiency into RF . is also important.
At present, our goal is to get 85% efficiency.

3. Analysis of Thermal Stress of Accelerating
Tube

The thermal stress by micro-wave that power
amounts to 300kW per tube is serious for
deformation of cavity structure. For this
problem, some simulation calculation and modsl
experiment must be carried out in order to search
and examine enough cooling structure,

6, SUMMARY AND FUTURE PROSPECT

He have discussed about the transmutation
of long-lived fission products by reactor and
accelerator, It is important to take some
criteria mentioned in section 2 into
consideration in transmutation disposal. To
satisfy the criteria, a combined system of the
reactor and the accelerater was proposed for the
transmutation.

Qutlines of the transmutation reactor and
the accelerator were described. The transmutation
reactor has ability to transmute a large quantity
of the fission products. [owever, it is
desireabls to have a high transmutation rate as
well as the large quantity of disposal. Besides
the transmutation property, it is necessary to

87



88

PNC TNB8410 91*0917

investigate the physics of the transmutation
reactor such as nuclear characteristic and burnup
property in order to obtain the most suituble
high performance core concept. We have
investigated those properties and would like to
improve the transmutation reactor so as to
optimaze core parameters,

A high power accelerator is required for the
transmutation., 8¢ test linac is developed to
accelerate high intensity beam. Electron linac
is suitable to such a test linac because of the
cheap cost and the lots of knowledge by many
experience. We are going to check the calculation
for the accelerator design by cavity test for
next step. This accelerator study is available
also to accelerate heavier particles by high B
linac.

T REMARKS

Considering the secondary process after
irradiation, only one e¢lement, Ba is generated
through the transmutation process. The chemical
processing of target during and after irradiation
would be easy compared with that of spallation
target. In the case of photonuclear reaction,
alectron accelerators are used to generate
photons. The electron accelerators have large
experiences of industrial use compared with other
devices. Howaver, the compete processes, which
are pair production and compton scattering, have
large cross sections. In the point of view of
energy econony, the transmutation of photonuclear
reaction has a disadvantage compared with other
methods. It is important to search for more
sophisticated nuclear reaction,
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Beam Energy 10 HeV
Energy Resolution 10~
Hax. beam Current 100 ma
Average Beam Current 20 oA
Beam power 200 kw
Beam Duration 4 ms
Beam repetition 50 Hz
Duty Factor 20 %
RF Frequency 1249 MHz
Klystron PF power 1.2 MW
Have Length 24 cm
Hode of Acceleration 21 /3
Length of a Ace. Tube 1.2 m
Total length 16 m

Table 1 Basic Specification of
PHC test Linac.
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G ¢ PB B AC1 AC2 AC3 AC4 AC5 ACB ACY
) ¥V Phase shifter

O Attenuator
% Dummy load

G : Gun B : Buncher

C : Chopper K1,2 : Klystron

PB : Prebuncher  AC1-7 : Acc, fube = Directional coupler

Fig. 5. Block Diagram of PNC Test Linac.

In this example, the resonant ring
structure is assumed,

Fig. 6. Bird eyes view of PNC Test Linac. .
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The nuclide ¥Cs is one of the most im-
portant fission products in the field of radio-
active waste management. Because of its large
fission yield (6% per fission) and relatively long
half-life (T,;;=30yr), a huge amount of its
radicactivity remains for a long period. To
reduce such radioactivity, a nuclear transmuta-
tion method has been actively investigated‘~
¢ by which a *'Cs nucleus can be transmuted
to a short-lived one. As a matter of course,
this method requires that the transmutation
rate is muach higher than the intrinsic decay
rate. :

The transmutation rate of a nuclide is
determined by ¢-¢, where ¢ is the reaction
¢ross section for transmutation and ¢ the flux
of beam to induce the reaction. The value of
¢ is dependent on the performance of the
device to be used. In the designing of the
device to achieve a necessary transmutation
rate, one needs to know the value of o.

There has been no measurement of the
thermal neutron cross section of the **'Cs
{n, )"**Cs reaction since Stupegia’ measured
it first in 1960; he obtained the value of 0.110
+0,033 barn with a Nal(Tl) spectrometer by
an activation method. The present note de-
scribes the experimental results of this cross
section measured by taking advantage of a
Ge detector having much better resolving
power. Further, a chemical separation process
is introduced to enhance the sensitivity of
activity measurement,

1. Experiments

About 0.1MBq of *'Cs was used as a
target, and 3w/ of the CsCl solution con-
taining the radioactivity was put into a small
polyethylene bottle and evaporated to dryness.
The polyethylene bottle was heat-sealed and
housed in a polyethylene capsule together with
a flux-monitor wire of 0.475 % Co/Al-alloy
{0.76 mm in diameter), The target was irradi-
ated during a 10min peried in the T-pipe
of the swimming-pool-type JRR-4 reactor at
Japan Atomic Energy Research Institute
(JAERD. The irradiation position is character-
ized with a thermal neutron flux of 4x10%
n/em?-s and an epithermal index in the
Westcott convention ™, »~/'T /Ty, of 0.02¢,

About 15min after irradiation, 2m! of
water containing 2mg of zeolite (natural
mordenitet™) was poured into a polyethylene
bottle. The zeolite absorbing Cs was sepa-
rated from the solution by filtration and
washed with water and then with a small
amount of acetone:; most of the *Na and
#C] activity was eliminated. After being
dried, the Cs sample was measured with
a HPGe (high purity Ge) detector of 90%
efficiency relative to a 37x3" Nal(Tl)
detector and 2.3keV energy resolution at
1.3 MeV.

2. Analysis and Results

Figure 1 shows a y-ray spectrum obtained
from the irradiated and purified *"Cs sample.
In the spectrum, the y.rays of “®Cs can be
seen at 1,010, 1,436 and 2,218 keV besides the
662 keV y-ray of ¥Cs,

* ** Tokai-mura, Ibaraki-ken 318-11,
¥ Furo-cho, Chikusa-ku, Nagoya 464-01.
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Fig. 1 Gamma-ray spectrum obtained from neutron-irradiated and
chemically purified '™Cg sample in 10-min measurement

Figure 2 shows the decay curves of the
1*Cs r lines. Table 1 shows half-life values
of ™Cg determined from those 7 lines in
each of four runs. The weighted mean is
33.1£0.6 min. This value is in good agree-
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Fig. 2 Pecay curves of Cs p-rays
obtained in Run 4

ment with the experimental one reported by
Ehrenberg & Amiel®, This result indicates
that the **Cs r lines are free from contami-
nation of other radioactivities.

Table 1 Experimental half.life of Cs

Half.life (min)

Run

No. 1 0lokeV  1,436keV 2,218 keV

1 34.4£5.2 32.9+1.3 34,2+3.4

2 33.145.3  33.4+2.1  30.1+9.3

3 37.1+4.9  33.7#1.1  26.5+2.5

4 32.5+3.9  33.8+1.1  32.1+3.4
34,1+2.4  33.5+0.6  30.041.7

Weighted mean=33.1:£0.6 (min)

The cross section was deduced from the
intensity ratio between each of the **Cs y-rays
mentioned above and the 662keV 7-ray of ¥Cs.
The relation between the intensity rati¢ and
the capture cross section can be expressed by

21fN2bL€1
m—_—
77 S Nibses
where F= Ao(te—te) 1

e~tats—g-t2te 1—o-deTUR,

Symbhols are defined as follows:
¢ . Thermal neutron flux
N: Peak counts of r-ray in period
between ¢, and ¢,
b: y-ray emission probability per decay
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¢: Detection efficiency of y-ray

f1 Correction factor of sum coincidence
loss for WCg y-rays

A: Decay constant

t: Time from end of neutron irradiation.

The subscripts 1 and 2 refer to **'Cs and '**Cs,
respectively; T;z is the period of neutron
irradiation, and {, and f, are times at the
start and the end of measurement, respective-
ly. It is not necessary to make a correction
for dead time because this effect canceles out
by taking the ratio of N, to M.

The nuclear data®~9" ysed for obtaining
b and A are summarized in Table 2. The
second column in TFable 3 shows the thermal
neutron fiuxs ¢ determined from *“Co radio-
activities produced in the flux monitors; a
value of 37.18 barn®" was taken for the
¥Co(n, 7)*Co reaction. The counting efficien-
cies ¢ of the Ge detector were measured with

a calibrated multi-y source containing ten ra.
dioisotopes, supplied by Laboratoire de Metro-

logie des Rayonnements lonisants (Saclay), and

with a *Co source. The correction factors f
of sum coincidence loss were obtained in the
manner described in Ref. (3 for y-rays of the
standard source as well as for those of "**Cs.
The uncertainties in the counting efficiencies
were estimated as 5% with 95% confidence
level in addition to the statistical uncertainties.

Table 2 Nuclear data®® used
in present work

Nuclide Tire E; (MeV) 7-intensity
"Co 5.271 yr 1.173 1.00
1.332 1.400
¥Cs 30,17 yr 0,662 0.85
MCs 33,4 min™ 1.010 0.284
1,436 0.750
2.218 0,161

Table 3 Experimental results of thermal neutron flux and cross section

Cross section (barn)

Run Neuztron ﬂgux -

No. (10 n/em?-s) 1,010 keV 1,436 keV 2,218 keV

1 3,740.2 0. 286:+0.023 0.251+0.014 0.271+0.019

2 3.8+0,2 0. 282+4:0. 026 0.258++0, 016 0.235+0.033

3 3.9+0.1 0. 2640, 020 0.248+0.014 0. 2050, 015

s 2.8+0.1 0.277+0.021 0.250+0.014 0.223+0,018
0.276+0.017 0. 250+0.013 0.230+0.014

Weighted mean=0.250+£0.013 (barn)

Table 3 shows the measured cross section
for each **Cg y.ray obtained from four runs.
The error of the cross section does not include
the errors in by, b, 4, and . A weighted
mean of 0.250=0.013 barn has been cobtained
as the thermal neutron cross section of the
¥Cs(n, ¥)*Cs reaction.

3. Conelusion

The thermal neutron cross section of the
¥Cs(n, 7)"*¥Cs reaction was measured in order
to supply a basic data for the nuclear trans-
mutation research of radioactive waste. Irra-
diated "**Cs samples were chemically purified
and their r.ray spectra were measured with a
HPGe detector. From the intensity ratio be-
tween the '*Cs 7y.rays and the 'Cs 7-ray,

the capture cross section was deduced to be

'0.250+0,013 barn, which is 2.3 times larger

than the one measured by Stupegia.

The transmutation of ¥Cs by thermal
neutrons has been considered to be difficult
because of its small capture cross section, It
is necessary to reinvestigate the possibility of
transmuting *'Cs on the basis of this data.

The authors would like to express their
sincere thanks to Mr. N, Sasao and Dr. K.
Konashi of Power Reactor and Nuclear Fuel
Development Corp, and Dr. H. Umezawa of
Japan Atomic Enérgy Research Institute for
their interest and continuous encouragement
in this work. The cooperation of the JRR-4
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