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A Study on Rare Gas - Oxygen Reactions Excited by Low Temperature Plasma.
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The concentration of radioactive rare gases like Xe and Kr in nuclear fuels on PWRs and BWRs increases
promptly with dependent on the burn-up ratio. These gases are affect to the long performance of nuclear fuel
elements due to accumulate in gap between cladding and fuel, because it has the low thermal conductivity. It
is also required to develop the practical means to correct these gases including in the off-gas in nuclear plants
for inhibiting the environmental pollution. On the present study, we carried out the fundamental research to
evaluate the chemical reactivity of these gases under heavy irradiation. We proposed the new excitation
mechanism of these gases by expecting the formation of low energy plasma under irradiation. The chemical
reactivity on rare gas-oxygen system was examined by using the low energy plasma driven reaction appara-
tus installed the RF excitation source. The density of electrons and lower pressure limit for the RF excitation
was depended on the ionization energy of each gas. It is clarified that Xe is easy to form gaseous oxide due

to the high excitation efficiency in low energy plasma.

Keywords : Low Temperature Plasma, Off-gas, Collection Technology, Heat Transfer, Xenon, Krypton,

Rare Gas-Oxygen System, Electron Density, Electron Temperature

¥ Student Research Fellow : Tokyo Institute of Technology

* Domestic Research Fellow : Japan Science and Technology Corporation

it



JAERI-Research 2001-023

H >
Lo BB B ottt ettt e e Rt R s e a sttt et st st s seaeeseeeeanenees 1
Ll B ZE DT B ettt ettt et et e ettt s s seaseessneens 1
12 B EAERI DFEEB D ZEM oottt sssessses s sesese e senseseseeseaseesssessresees 1
2t B R T et s b s s e e ee ettt st eaeeenearenes 5
2.1 RIBT T XEEREEE DFER oottt se s estrase st se s s e 5
22 T TR TIEIETR oot ss sttt sttt e s st et e s e e seees e sseesan 5
23 R A VT VIV et e st ettt ettt e e s e 5
24 T TR TEEEIFR ettt ees st st sttt sttt s et et s s st e et s e s e eran 5
25 TTATEATR oot et sttt st sttt ses e essteeeeasenseenseesans 6
2.6 FEFTR oottt sttt eer e eesean 6
2T B R GRE ceeeeeeeeeeeeee s ess st a s sta etseeeae et et ra e a et et seen e srees 6
3. FEREZBE ettt e ettt ettt eee e 11
3 FARNEBETHEEBILIUBETIREDEIMR ot sssse s 11
32 RFEFHTEBTBEEDRBITR oo seeseeesssseseass et st aseessesses s s esee s s ssassssese s 11
33 REFLETEEBILIPBETEEDBR oottt sesesestesssssssasesesees 11
34 HAEEFEHBEHITIEDBITR ottt ese e seeessssseasesess s s ss e s s e 12
B FBEE et et et n et s s e e eesee st eaesasreessenaareees 20
BB B e R s s ettt bttt ettt eeeeenasr et e enee s 20
BEZETUMR oot s saa e bttt et et et ee et es e enren 21

iii



JAERI-Research 2001-023

Contents
L. INETOQUCLION wooviiurirviriereeereeentestessaereeeeseetessaessessesstsbassesntsarassasssinertsssesssasasbestasssessansessessensessestnssassessessasnonss 1
1.1 BACKETOUNG .eviiiteieneteccceniesiiinitssesissesest et be sttt as st s s st s bt s b et st s bbbt s a e a st 1
1.2 Evaluation for Mass Fraction of Fission ProducCts ........ccceeiviniienieneenrinminieniecticesinesesssesnesseessens 1
2. Experimental MEethod .......ccovviiiiiiiioiiiiess sttt sttt b s 5
2.1 Construction for Device of Low Temperature Plasma ........ccocoeevieniinienennninnennnnnnnicinsnsinsseeeene 5
2.2 Plasma Generation SYSIEIML.. i crrceererrerermrsieiiintiisiaessessasestesssssstassasmesestassssasssnsnssssssasessssscascasasens 5
2.3 MaIN CRAMDET ceovieriiriecieeteeteeteenessesseeoseeeesatssrssrassstssbnsstasuessasrtesene st assaasssantrassaastasts st entasasansassaasas 5
2.4  Plasma DiagnostiC SYSLEIM ....ccccivniiviriiiiniiirnieiiseressiese st ssetet e siesesssassssssssassessosssssessossasses 5
2.5 GaS INIEL SYSEIM c.eoveuieereieciiietii ittt ettt e s ettt e s b b s et b soe e bs s st sas e su s et snenenis 6
2.6 Vacuum EXRAUSE SYSIEIM ....ccceivirieiiiriniriniiiiiiiiiireseisssts e ss st sssess sttt sbsss e sessnssestasstststsssssassssssones 6
2.7 Experimental CONAitions .....ccuiieriininininnireniieieieiersss sttt enses et stsststsses it sasesesssienes 6
3. ReSUlts aNd DiSCUSSION .coueerverieiteeeeireitesiersesresesstssesisstase st st st st s re s s se et essssseabessessasaessessasbansasessaasasseons 11
3.1 Relationship Between Gas Pressure and Electron Density / Electron Temperature ............c.c........ 11
3.2 Relationship Between RF Output and Electron Density ........cocveivieeninincnenninnnninniicnccncnes 11
3.3 Relationship Between Mixture Ratio and Electron Temperature / Electron Density .........c.cececveec. 11
3.4 Relationship Between Gas Pressure and Mean Free Path ... 12
4, CONCIUSION ceuviettiitieeerterreeiaesterrtesseeetessseeseesseeesessnstotssatesasssasats s bs i bssrbsantossaastanastasaassaatessaesssassasssaanastases 20
ACKNOWIEBAZIMENE .veueeieecuiereeeeireeitiieistsii s st et ae et e s e s s s s e s s ke a b ob e s st s E e et nae s st shebebsas e b et b snebenis 20
RETETEIICES 1uviuviirrintiitiiriereniesseesteestaestessnesssasseaassessesseneessbos bt sais bt s st s se st asb s o baoanssraseabanbasbanssesbnanessasseantanes 21

iv



JAERI-Research 2001-023

1. #

i

1.1 MAOEER

REFOBRICDBETIZ, BBEEE L EIIHIEPTREO Xe R Kr FOFHADPLEICERT
%o TNODLFIEE LR R OFERE L, SRR ORISR EEY L L TOME -
RADBEHPSBEEE 25130, AHAROCBEA, SHAMENOT VTEEE LTHEHE SATY
Bo FRIZ, B EXe X, FHRPORDIEVDIDOTH—~7r ARETHD I h b, — R ITEHE~
FHTEZA2WRENE V. BRIEMBEPRTERLAHIARAE, BBRELREIC, BELHEED
Fryy TRICKRBIIMEINDE L)l b, EXRAGT AL, ¥y v THREFOHe LB L T
LERPF—HU LS E DT REEEMEE SN S, ZO-DI0, HHE L HICBEEBEED LR
2HEBEDPOSDFPORES —BERL THEEREGEOKTIREINEZ LIZL D[] &
AR ALFENREEEDOE VRTF TH 570 A TEBREEIIETICZ LVWEERE E ORI
BWPERILENTVARETHY. M) F o4 L RBICERAN 2 BIERSER SN TO RV,
BREDRTIRER BULE TIFEOMB P OBRESNIF T HARIIETNIRGFHOETESR
HA (22Rn, 133%e, 85m ~ 8Ky) DFRLIE, HMENTREFNH EN TV B, RO LBER
SURLEEOENFEOBELS . N DT ADILENEEDBE & . F N % mH L7 BN
DREREDVBIHL R >Twh,

R TIE, LROBE» S, EXLERT ADXe R KrEDMBHDIREL B, BEEY L LT
DAL - BB D70 OFHFHMOEERET & L. 2N L DH A DBEHIGIC BT 2 (LERIEE
B OEBEFME ER L 72 510 EXEAVT AL, FEAEEZETLI 00, BFHRICLELRT
FVF=DIEE RN D &S RS ICB TR EENE VLRSI 2 A L Tw A W
BdHbo BRI, 7y REEXLEGZGTADAEWIZEL TE. WL 2POHRENFT SN TVSB[2-11],
BHERTHoTH RS CREI AN F-BETHRRL IV 7 v EELET 2 ST 2 BB L MO
RETII.ETHRICLVEZEDET. 1 + VREFEORHEESER L T, BFTNICIIKE TS
A2 EARGRBEREVCER L TV D LBEEING EEL I HEETRATHRKTORE
I L T LA BN E N A BRL R K FEE B OB KR 75 X~ T OFEEEOM
BHRBLEULABRTHAHIETHSPII LTV AB[12-15], T 2 BF IS & 2 {LF0iEHE
DERBEEIL.ETZANVF —2510e VAT L ENWFHETHREREOZ EFMON TV 5([16].24
FBE>L REEEBEOKIE Y7 AICRREBZERB L C. EXEAVAEERERRE
THREINIBEZLOREVTARICELT. 77 AYHED LS S0 S5 OFMRERT 1T\,
CNETITKRBAT, EHWICOEEZA T R - BERORICEE @ L7,

1.2 BSRERYORERE DM

B RERY OREBOFMIT, T2 — F ORIGEN-I % FV>, Table 1 THE LS M
WA L CEHE 21T o 720 ZOMRT Figlallim T, ERLIEHTADIZLALIR, XeTHD ., i
OYELHBLTHZFOEREIIX, ZELWI BT o7, KriZ2oWTid, £ZRENKNFIZS



JAERI-Research 2001-023

HT5IEDTED, 70, Xe DRAF AR & BMORERY» O DHA % LT 5 & | Fig.1b
CRT L9, BAREBRY DL DHE. PXe ROV LZVOVREHTH L,

BNTRERPO S, EREPLHM L T, ERFBHTOXe DILEMNEBHZHLPITTHI LI
BEETHDLIENFFDD, 72, BUBAT LT 5 2 L I3, RN LZREREULEIREOFRF
ROBR»L. REGFREL R >TWh,



Weight / g/IMTU

JAERI-Research 2001-023

Table 1 Condition for Calculation.

Fuel name PWR fuel
Fuel type PWR
Primary concentration 4.5Wt%
Brun-up 45GWd/t
Power raito 38MW/t
Cooling term 4 years

10000

8000

6000

4000

2000

Atomic number

Fig.1a Mass fraction for fission products.
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Fig.1b Isotope mass fraction of Xe.

Natural isotope abundance ratio
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Fig.2a Experimental apparatus.
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Fig.2b Triple-Probe.
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V=20V 10V 7V 5V
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Probe current ratio / (I,+L)/(I+1,)

Fig.2c Relationship between probe current ratio and electron temperature.
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Table.2 Experimental condition and primary ionization energy.

Rare gas

He, Ne, Ar, Kr, Xe

Reaction gas 02

RF output power / W 10, 20, 50, 100
Pressure / torr 0.1 ~ 0.001
Mixture ratio 0~1
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Fig.3-2a Relationship between RF output power and electron density for
rare gases and O2 gas.
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Fig.3-2b Relationship between ionization energy and electron density for

rare gases and O2 gas.
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Fig.3-4a Relationship between electron temperature and cross section of electron

in rare gases and O2 gas.
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