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Evaluation Test of Sintering Performance of MOX Fuel Pellets
N.Kato*, Y.Nakajima**, M.Suzuki***, H.Endo*, N.Tobita*

The fabrication of fuel pellets with a given structure and cerfain properties requires
detailed knowledge of the effects of the sintering parameters.

Some of these parameters have been investigated with MOX pellets. The most important
results are: The occurence of swelling of pellets during sintering is due to the generation of CO
gas and the internal pressure produced by enclosing CO gas in closed micro pores. In case of
which the shrinkage of MOX pellets is accelerated, the swelling during sintering easily takes
place. The residual carbon after pre—sintering causes the increase of content of nitrogen
during sintering with N,—H, mixture gas by the generation of nitride.
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The Effect of Temperature on the Extraction of Uranium (V|)and
Plutonium (|V)by Tributhylphosphate

T.Hiyama=, H.Sohtome**, T.Kageyama*, K.Kamimura*, S.Nagai***

Distribution coefficients of U(VI) and Pu{lV) between nitric acid solution and 30%
Tributilephosphate{ TBP)—n—dodecane were measured as a function of temperature and nitric

acid concentration,

Distribution coefficients of U(VI) and Pu(IV) were increased by increasing of nitric acid
concentration. The enthalpy changes for distribution equilibrium U(VI) and Pu{IV) computed
about —3kcal/K - mol and 1.9keal/K + mol in 1M nitric acid solution, respectively,
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Fig. 1 Scheme of test equipment
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Table 1 Dependence of distribution cosfficient of U ( VI )
between nitric acid and 30% TBP in n-dodecane
as a function of temperature

HNO, Distribution coefficient (K, )
(M) Temperture (°C)
20 49 50 60 70

0.2 2,598 1.931 1.855 1.540 1,042
0.5 3.129 4,731 2.265 1.768 1.680
1 5.318 5,007 3.068 2.853 2.715
3 10. 598 7.428 7.003 6.200 5, 327
5 18. 403 15.039 10.026 8.745 11,5631

U (VI) :28.85g./ ¢
100

wmaomw

®Oo o B>

20T
40°C
50°C
60°C
70C

Distribution coefficient [Kd]
e

&0 PO

1 1 1 . | ] 1

0 1 2 3 4 5 6

Concentration of HNO3 [M]

Fig. 2 The effect of concentration of nitric acid on the
distribution coefficient of U ( VI ) by 30% TBP
-n-dodecane. U (V1) :28.65 9/l

1000 .

{1) o Horer &)
{2) A Sawo 20
100 (3) @ PNC

10k

Distribution coefficient {Kd ]

Concentration of HNQ3 [M)

Fig. 3 The effect of concentration of nitric acid on the

distribution coefficient of U ( VI ) by TBP-n-dodecane

at room temparature.
(1) 15% TBP,U (VI }: 11 g/l. (2) 19% TBP,U (VI): S g/l.
(3) 30% TBP,U (VI }): 28.65 g/l
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100

0.2M
0.5M

10f

Distribution coefficient {Kd]
T T
[ ]
B

29 3.0 il 32 33 34 3.5

yTx107?

Fig.4 The effect of temperature on the distribution
coefficient of U { V1) by 30% TBP-n-dodecane.
U (VI ): 28.65 g/l.

dlogK, AH

== (10}
2.303R

d(1/T)

logKiw Z1/TiIcf L7 oy b (Flg@ﬂﬂ) L.
U (V) OTBPHIHICEIF 3= L E—F{LEitE
Lfco fER%ZTable2iciid, TOFER, U (V) -TB
PHHOREREIRMFIETH D, AHIZ, #5-3keal/
K- mol&ih, THERBEOEME & HiT A HOMNE
B3h& LB ERIFRL .

Table 2 Enthalpy changes for the extraction of U ( VI ) into -

30% TBP in n-dodecane from aqueous nitric acid.

Concentration
HNO, U (VD
(M) (g 8)

AR/ AL/T) AH
(keal /K »mol )

0.2 28.7 716.0 -3. 277

0.5 28. 7 699, 9 -3.203

1 28.7 6531.6 -2, 082

3 28.7 57i.1 -2.614

9 28.7 563.0 -2,576
4.2 Pufliise

421 Pu (IV) ofRFERCESL IHBEEORE
WEEEROP u (V)2 TBPIc L h M 258
@, Pu (IV)OHEEHRBICEA S HEBEEOEEIZ L
THET LR 2 TabledR FFig 5iciRd, « DEE.
Pu (INOREFREE. T 5 VHERE R, HE

Table 3 Dependence of distribution coefficient of Pu (I V)
betweeen nitric acid and 30%TBP in n-dedecane
as a function of temperature

HNO, Distribution coefficient (K, )
(M) Temperture (°C)
20 40 50 60 70
0.2 0.377 0.415 0,691 0.524 0.788

0.5 0.731 0,958 1.112 1.058 0.985
1 1.759 1.999 2,208 2,680 2.224

3 6.242 6,816 7.360 9.922 8.179
5 11. 712 9.922 12,520 16,457 22 211
Pu (IV) : 3.95g. ¢
100 -
=) &
M ]
‘5 IO:— @ g
- ;
3
5 g o 20T
2 A 40C
8 1 B o 50C
2 5e° ® 60C
L2 A 70T
‘1 L 1 1 1 . L] "
0 1 2 3 4 5 6

Concentration of HNOs [M]

Fig. 5 The effect of concentration of nitric acid on the
distribution coefficient of Pu ( IV) by 30%
TBP-n-dodecane. Pu (IV ) :3.95 g/l.
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T Pu (IV) OHMIEEHIIGIE (3. 58L0) Lb,

Putlsy +4NO306p+2TBP wy
2Pu(NO;),+ 2TBP (o {10
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L L. Fig.6no bbind & 32, FRHFETRDI
BBORKGRERKIK' Y THbWEREREZBL
T, CEA'" OFER R FVerefhchagin &' O R &
B, BB U EE o, ORI, HEBORG
T4 L0 BELB-TLEIFERIR. RIERTR
Lk dic, Pu (IV) OFEREIARETHER LA
WHEBEEEEEBIC B TPut T & I 1IE 57, Pu(NO,)?*,
Pu(NQ,)i*, Pu(NO,)iZFORETHET SV LT
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1000
(1} @ PNC
@ = Kx!?
10+ 3 o cgal?

(4y o V.E.Vershchagin 14)

10 [

Distribution coefficient [Kd ]

1 1 10
Concentration of HNGy [M]

Fig. 6 The effect of concentration of nitric acid on the
distribution coefficient of Pu ( IV } by 30%
TBP-n-dodecane at room temperature.

{1) Pu (IV) : 3.95 g/l {2} Pu(Iv}:2.9-3.1 g/
(3)Pu(lV):5.0g9/1 (4)Pu(lv):21-2.4g/

100

o 0.2M e 3M
4 Q.5M A 5M
oD IM

10N

Distribution coefficient [Kd ]}

YT x 107

Fig.7 The effect of temperature on the distribution
coefficient of Pu { IV ) by 30% TBP-n-dodecane.
Pu {IV): 3.95 g/l.
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TORBEREFig. TITRT,

Table 4 Enthalpy changes for the extraction of Pu (IV) into
30% TBP in n-dodecane from aqueous nitric acid

Concentration

AKs /A/T) AH

HNO, Pu (IV)
(M) (g 4 {keal /K »mol )
0.2 3.95 -587.9 2,690
0.5 3.95 -254. 3 1. 164
1 3.95 -418. 1 1.913
3 3.05 -421.0 1.927
5 3.95 -37L. 7 1.701

Pu (IV) ofEESIIHBREE.2~M, MLEE
W~50°COMEICH VT, WIhd LR TAEaYAS
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/-, Pu (IV) ©0%TBPHItHIcE 2%
E—-#{tid, 735 oE&LERIRlogK, ¢, E1/TIC
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1.9kcal/K * mol. SMTIZ#I1.Tkcal/K * molTH 0
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MEBEBLUPIMTOI Y 7 A - 3E—F L%
ALV

—7%. Maisenko & Rozen™ OIFFE T, Pu (IV)
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72 TBRP2 & 3U (VD) oMichidrs 20—
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3. DOR(Direct Oxide Reduction)j&lcdkBCeBinitsE

ek B OEE W AR £

R ATAI®E Conversion and Chemical Process Development Section

Reduction of Ce0, to Metal (Direct Oxide Reduction : DOR method)

§.8asaki, |.Kondoh, J.Ohuchi

To confirm the technique for the production of plutonium metal directly from its oxides by

DOR(direct oxides reduction) method, experiments with cerium were carried out. Formation

of Ce metal were significantly affected by stirring condition, temperature control and the ratio
of Ca to CaCl,, The Ce ingots like a button were obtained with 25 mol% excess of Ca to CeQ,
and 20 mol% to CaCl, feed, and it could be separated from slag mechanically. But recovery

vield asa ingot were about 40%, and it was observed two phases consisted of yellow slag and
black slag. Black slag contained 50% Ce and Ca not less than sclubillity of Ca0 in CaCl,. The
reason for poor yield and formation of black slag were specific gravity of Ce is much lower
" than Pu, therefore Ce metal were dispersed in a slag, and undissolved CaO holds CeO,, so,

block contact with Ca.

I &

FBROMEBEIR GBI X D EDENTVS
M, —HTE. 28, R{ILGFoB LS o
T AMELEFETHRINT VWS, SBEHRE D
BT AT H W T AR 2 VDR EE LT,
URUPuOE&BEREN 2T 520680 54, Pu
~DEEBBIHE TN ST AAE L,

PuDE&B~DiEE L TR, BtherETExs
54 (bomb method) ‘® & Bt CEHIERTT
55 (DOR: Direct Oxide Reduction )i 3~ )%
%, bomb method {Z/~a ¥ ikt & T A Y L
BlokBd73 9 MIRIGTH 5. - T SHUEET
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Gt - RUEBIROVWTHRNEB O NOTHRET 5,
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Regeneration of degraded solvent with Methanol—H,0

J.Ohuchi, T.0kada, {.Kondoh, T.Nemoto, H.Saws

Methanol—H,O as a salt—free washing reagent for degraded 30%tributylphosphate (TBP)/n
—dodecane solvent were investigated to reduce the byproducts of radioactive waste during the
solvent regeneration in nuclear fuel reprocessing factory. Several times washing by Methanol
—H,0 attained the decontamination factor{DF) for dibutylphosphate(DBP) of 100. The acid
contained in the solvent reduced the DF of DBP but TBP was litile influenced. The permittivity
of solvents were methanol > ethancl > TBP > DBP > n—dodacane, This study discussed the

dependency of solubility on the polarity.
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Measuring of heating temperature in the electric field of microwave.

Y.Katoh, T.Suvzuki, |.Kondoh, J.0huchi

Measuring the temperature of heating object continuously during microwave heating
denitration, which converts uranyl/pultnium nitrate sclution to mixed oxide, is important to
investigate close denitrate reaction. Continuous measurment is not easy, however, because of
that the sensor is interacted with the electric field of microwave.

The passive—type infrared rays thermometer is developed to measure the temperature in the
electric field of microwave. This thermometer is composed of unaffected material in the
electric field, and the temperature is able to measure continusly during denitrate reaction
under exposure of microwave,with an accuracy of +11°C(at300°C) .

1 #&

WEEY S/ BTN F oo ARAEED=A 7 O
HINEAE BRIREE UG OEE2MET 5 2 & 3. BRI
EBE2EATELETEETH S,

7 A 7 OEMEAEEREE TR, HAENEL <A 7
BRI H 5120, W 0 — T OFERR, K
BRI, HAEHED S OKERSUHLH I & 2 FRAMRIIY
Fiod>T IMEFTHNBMBORELRER (ME
THIENRETH -1,

Ffo, IHETOEENETE. <17 0BT —
LT 26805 0, AIERICHAEDHEOERENE
FgaEWHEENRD -7

FHETRE, BERGRORELATHICAIET 3
W, T2 7 0ilBEEME» o5 7 7 4 2
BEEBERL. I5ICH R = UE LTHRIERE,
SHtHENBRESEERELT, <1 7 oiEBRHPT
DY v ORFERIGROBEEZHELIOT, Jhoi
SWTR T~ 5,

2. {REEAELROBET

—hEic, REREEL, RS e L ITRBIS
. BxOHIESFEND 3, T2 T. BEOBEICE
5v47n&mﬂﬁﬁmmﬁm@EMﬁ«®ﬁmuom
Tmﬁﬁ%ﬁ‘) ft—o

(]

2.1 R

O THEE (b L kD) HAN S ZBUEEET
COY A TORERERA FaA—T LHICHREL

T4 7 0EERET5E. HAMEEEY </ 70K

FEMBMIC L OBRE FRY 2400, ERLSENEHED

BEERIEV,

@ %ﬁﬁ?ﬁm(ﬁ%ﬁzﬂ%at)ﬁmﬁﬁ

COBETI.EERERFOREZIC L IBRIE
HEGSESNEESUEEERTRET R HOTHS,

INSOBKHOTo—T7d. £BYTH DD, <
A7 oBBRPTRRENIRE LB (. ERLEENE
NTELN, CHET, JOFEE, SEOMESRIC
BRET BHic, v 7 oEORSE—BEL LTt —
7T ORERGTH o, BEHO T o— T HIEDE
CRLUSTTAELTWEY . ZORIETIRmEvIRIE
BOBEIRETIE, REENKZ Vo, BHOBEN
IS o, T 7OFAEREE O b BRIFT
H 5. B BEIFIAENTA 5 LOORERISH
EIT L, HEMEOBENE R E 13 - kTR, =
NoBMEBSORELEHET A ENTEULND, HIFE
HHEIEDIZE->TLE-TWS,

G8) —BEERAETF L v Udicid, RERERcLD. &
MB#HHBEEERELTVELONH M, ChoD
Ba, A-TCHOBREENEV I LICLDRESE
PRELTODT, ZRELIATN S,

2.2 FEERbUBHEEY ®
© tEREE

KEEEE T, AEFELE, 900 CHU EDEBRE (7]
FNBORES 2EERER) AEAORY, SEOAIE
REEARIR (@ ~500°C) i, BRTEIW,

@ HERERH

COBREFE, PEISBEINAFABLEELD
BFRERWT. BAEDED SR s h s /MR ERIE
T B8, <47 migic L ST,

Lo L., FRIMEBHE & SREME & o, K&
S EEEH A, NOx# REOFRABRINESHIELE
THEENGICL - T, FAMROBESEL B2, #ll
EED/ ST FPAERENRET B, 20D, Th
SOHENBEOBENTENE, = 7 oBBRPICE
WT b REHEBERT TIREMEL AR TD 5 &I LT
T & D SR T R E R L A,



PNC TN8410 92-350

HEHEERT IR, 7 o — T Ay FERIC AR Y D 5
DT Ta—T Ay FillE <4 7ot —7 L AiciiAT
L. Tu—T Ny FORBEAPRESORERRE 7L
BT EMD BREENOCORAIEL NS, DD B
BT X BFRAMADET L L CRRIEYE B S0 Sl
ENBIKERHEEN R NOxH R EOHRAFRIVHE
ik ARNBOREND L., EETHENSTEL WL
o= TMERFNICH 2RAFRIMES2RET
SPEND O BERHEMERDA L AR —UETFH
EEREZ I, L L= PEDNE o JEVEIFET
5 &R - DIL L A ERENEOBRENRIAE S
HDLERBIEN S, MERFIEITEIHFHEVALR
Vo E ST~ U H ROERNBZ BRI EA0HICB
ERUTE L0 BAEMEEETITI CE2EA T
O—7%2A 7 oFEERDIRBLTLYA 7 g0
BEZFTICHAERE» S S hicRog e ki d
AFRELTCI AN —TAEEWEIEE LK,

2.3 7 7A-HESEEH OMERE

7 7 A SRRFBREFT L. —fRO L XENXEBEE
BEETORZELV  AFHTERELTIMRMESOEZITE
BHEEDS VT 7 A N EEHLIcbO T, RIELOEXR
FEZ—ROBSEETERLTH 5B,

—HEic, PED SHH I N AFRAED TR ILF— L
EOBEORERIL, PlankOR® THIN5,

WEHRER . CoBRRIc L v iEb o g a NS
FRABDOIAINF —-ZESATRHETZHOTH B,
ORI L D BELT A —F & LTHE &R REE
DORFEEL 5 L MET ERENBVERKEOHS
EEHEFEATIHNELS 5. L L —RICEREOR
HERTE RS, 771 DESBENKE (R38R
HD NI LD BEHOANESIVNS KRB D,
S/INIEAYET LHIERBEDT .2 512, 771 2 SHH L,
747 0iREBE AR L TWAREND B, D7,
T NRTFE LTVAEEEE L T OmEREHE,
L MEREERG I~2 e miEENEE L GRERE S
ETIRBERED O MHBEFL LT PoSEEE L,
gl o— 7RI ERL v AREET S0 OETE
BEDEBH DB o Tu—TFeki=l /DO
HAEGME(F 7oy, FL3IF GEDHTEYEL 12,
Chickb . v 7 uEBBERTPTH-ThH, 7o—7
B4 70O EEZIFE LR HFMRERR L
EATXBLDEEL B30I FTo—T7IKE 1
THBERL V RXBEHAO/ = U7 A BB ER L
T, HAEHES) SHREShAFRARBNNETH S
KR HEBEAN A NOxEZ FEEOH ZEREDIT S
CEIEOBRETEILEEEZALY L D=
HABEATR BHNEDE~ORIHENEL OB/
OEIE - U AFROBEETIRBPMBBEEN 5,

3. ¥ &

24 7 DEmAKE . REARICAVIEREEE
2ROV, 77 AN RRHEBREO T 0 — 7, B

— 7y RAEcH 2 BEHBICSBRTAVWTERY
foo BEETOMARRRE LIBHENEE LI, 774
HNEREHBEERT T 0 — 7 ORISR & kR T hEnE 1
LRI, RBRAEEE 215RY,

AR
s
7741(:55 7 q
36
T e
S [i5- 4 -1
MK

75 [ 5=y
70

HAr : mm

710

1 77 ANHPHRER T 0 — THREE

i A= PH A

FrAsa
HstazERt )
:rwfx <4 7 B A ;mia
[ ﬂ

EHE

\Fa—TFv oA

A

2 ABREBEORENRR



PNC TN8410 92—350

m M E F PbS

i & % B 2.0pm

MEEEER 150~500C
i oE & E +5T

4 BOR 2T
B B #% #2T

B B KB M 0.1% (95%)
Al
YHEEE| T 425
0 1'50 500
{mm)
%k A — HARE

£1 774 RMSIRESOLE
4. BBk

41 35Uk - B3R

BRI Lo 5 i, sBRBEATICY 5 v
BE. BBREEREE L, HERBRREAV. K

A & AREIKER W,

4.2 HEEE

421 b—sm#ictsy s REBEOAEWNE 7 7
A NREEEERT & O BERIERR

AR, 77 A RESHRET OB & LTOR
SURERE XU T 7 4 SRR ET OB ERIEME
BaidItER L, TR, BB E. B
HEARRET S EEEAL L, B ORMEDHEL
FEEAB MK - OFRAIIERO L TH S HGHERERD,
FOEAEBEICREL. BELTHAESTSHDTH B
., SEORENRTH S5V T VERBL U, Ehoh
#OME LTV ERITA U SRR, & 5I10RRE
AT BREEOUQ, ZORRRVFHTH b By
LT 5 EELLND, ORD, RITRT LI ILE
#EEs (SEISMBHEEI A Ui, ) & HER
L. BIEMESEIER Uiz, — OBOFEEE T, BB
BEHOTo—THESHTHE L TAETESLI 5
C/minEl TTRBRLERL 2,

4,22 =L yaEmiicksys o REBOEENTERAR
ASERIT, <4 7 niEOBEEICLD, VT LEkREN
# Lt 2OREFLEAE L, TORBRBOAME

F—gid, 4.2 1 ORBRTESNALE -V FRARRD
& OBGERBRERWTHIE L,

aEEE
HEE~
71 A SRR S -
. Sy

B Yo~

RBEET
B I~

e & OEED
(100mm)

1
I

¥ hibe—§F
(400W)

T

B3 MERET > NRSTREN & OHERBIO
SEERE

5. ABRERBIUEE

5.1 #AENE 7 7 A SNBEHRER & O HEEER
IOHERE, - VN AKEE25. 5, 10, 12, 15
Ng/min&ZLSETHE L. ZOERORER &
LT, 10N 2 /min® F— % #F 4R d. JOHEIC
BT, SESOMEMT230~260°C., HEHRE ORI
EHET05~210COMEATHBHOREMDSH LA
L. BEREEHOHEGNIZEAEELLITWERNE
Utee CHIZBHAIEIOREEN R, SEHE~EILLT
WAk, FAMEOBSEFELLTVWELDEEZLD
N3, £, BRAEROBENLENE L Wi, FAED
T~ TADAREN—ETRR{E>TNEI &L
DIETREOELLETNTVELDEEIONDE, O
HELIZ . MEOH AEENE S Z 7B N O
T BESA—-UHARBIC O WTRET B0,
N—THAREET A =5 & LT, HAlEREE &
HoTNOxARERB L TWBIRET, ShWExHEE
FeRER, W00COBOKEEEHOBEREZRS DX
ScHEE Uiz, COEER, SN Z/minkiF T, /-
AEICE BHAITEHME & St S 13 RIMER I E
(NOxZ) ItL AHELEDLNAIEREEDETNAS
Nie T, 12N2/minERL 3 L, Hmaho S
o—7ETOBs (BEAERME) K/ 3-UFRCX
B X5 b0 Bbh KR EIER L, O
RN S, b— s TNEEORE Y I = VIESIEORE
Tl 10N g /minBERBTH 2 L HHr L. 24982D
AESEAOTATHEENEEEL LicT 7 138K
SHEEHOREKREMGEER 4 OX 3 ICfElk L. 2O
e, TEREERAII0.98TH -7

ZIT, JORFEECET BB OVWTRAL



PNC TN8410 92-350

TAB, £9, Bl 3ABHEEHOFRAERZR.
—REICE 5°CV TH B, KIS, TOMEBEHBEE L
7 7 A4 NRBGERES & OREABICLBREIOWT
THLH, chid, BB afEAmoisyET
BB DN YFIGBRTEECTHS, A5, T
ne 7 7 4 A"RBEHREETE SO oRRIERE, A -
HOBMETE S CTH B, Choihd, —IZT7 743
RGBT A H WD 2RDBE ¢ P 2 RDB &

e=/5%t+82+52=+11 (C)

ERD, COEFFAEICETAFRREELS, 2
T COBEOERBICOVTRILTAS, £7. &1
FEi>WTid, BEREHOEETEEM L. LDEL
EBLAVWAIELICLD., T 1 CEEECRETACE
BEHETH B, D EIL, B2, BEEECHTHK
HHBEHETED /NS Y TH B, ZOAEE. 3T
ALk D B RER & EHEE . grEX T
O 7R TH 570, E-1 OE—BZAET S
biFici3Wh T, REHRERTOMERS, ST
BOBREZAELTWS, Oz, BENHRETOH|
EMED, BRBT LThTOWBERENS D, Zh
kb, NS VEHFMEALTW AR S 5, JDR
ZEREFESEEHI0E, REEAOREEREL. Hi
A—AZAETEL LI, S5k, BROEEST
E2TEBIPFDEL T H0I, REERLMEHETN
BRTEIREROAES ETAEE NV, BIIHCOV
Tid, BEHREHO A —#AHFOMERETH S, Th
EERIE B, TONEEBERORERELRE
THIZRV. CHSETHI I LICLD, SEIOMERE
OESGEEE T, BEICERTE 3,

5. 2= 7 oiinEuc L 57 7 Y REBOEBEHERR

2 7 aick b TS LERENSRRE L. Bt
1AM ISOBEREE 7 » 4 HEEHRE I LD
HIE Lize CDHd ., IRASAEOBRETE L S HGESEH
DORAEBEN L — S MBEGF LR LD, BEA-UH
R E#5,10,12,15,20N ¢ /min & ZE{L S & TRRE L.
b — 7 IESORIEHIRIC K DIE L, JO8—=TH
2 & BENAMOMEERAET 720, HNEHO
Fr—7ETOHS LD, BT X D E U REEEY
FIEERUANT T2, COBRIE, HéicHoh
AE312, 10N ¢ /min% 82 ZMEE TR, EREOR
M AR RMEINT 2 @RMS 5. TORRR,
R=UHRICEBEEHRICL D, BNRERIEHA+4
El o T LE B ThALEZL LGNS, £z, 10N
2 /mink D{EN RFERICHOWTIR. b — 7 NG ERE
L0, TORBEEEOENC L 5B
RET ERESEOERSEML, N—VARRAEL N
Bo LIi-T, ARERICB ABE -V AKES
10N 2 /min& U#ze T DT S » ORISR G % Hi
B Lok BN ST » T BB REHC X 21

EHRESDETR T ISRT,
T, WEMRIBWTE UTW i SRRl
{ET230°C~260°COTAT, 7 7 1 ~REHBEET DT
FEPEL L WERIC VLTI, OREORISATT
535, QRikOREBFEERNOSHCERTHAKLI,
k1, FORBEMEAS L, RISRORBHEER.
50°C/minZ#E TW5H & RUBGRMEENER LR
Mo BE 3. 350°C-8CCRECEBATHSEI LD
Mot

500 T T T

HERIBE (T)

&

300

A REE

200+

150} J

50 200 300 400
7 1 A R BEHRESRRE ()

B4 HEXET 7 RNEFHREHESREE (C)

400
Q O e O
T o [ hatnd

000 o -
e .
)
i
5 a0l
&=
2

150}

0 3 10 15 20

N—TUHFAFE (N1 /min)
5 N—UHAZECLSEEEREOEL



PNC TN8410 92-350

15

,L.
,/
~ 10t s
W ¥
.I@ rd
4 S
% o //l
5 St _§,/’
4R o ©
[
(o]
0 3 10 15 20
2= AHE (N /min)
6 N—UHIFRCLIEHTHADEE
400
—— 77 A NIRRT
o—-—o BAEARNE A TR A
300 | NOxZ%s4s
73 HKERTE
£ BARRECES
EZM- // OA\Q
I soown /| O
ﬁ%&%:{k%lﬁ Ly
100 | "%______.,—CD—O‘dSl/

i

— K

BT <4 7o0Eniickdys RigiskE

=

L 77 AR EHEES T o — 72 TRT=A 7 o
BEMEICTRYET A &ITk D, <4 7 niERBRE:
TH-Th, HAEHEE I To—-72RBETE5L5
[l RS

2. WABEKL v XEERD, - U H 2 ERUERICTE
AU, #lEDMES» ol S h k&S, WA A,
NOx# REDHFABRINMBELZRET DI,
B RFBRERET D EICLY, AT
THZ BT L. MELXEE 1 2R RIE =
BRETER, )

3. LIBlUeHoWREEERT LIk, 7y
A NEHEHREH T 1 7 niRE RSSO BT
BFEANICERIE TS AL 2220 SEHORAIETI.
R df R b 0 BB EH50°C /mindd b, BiE§ AR L
iR, 350~380°CIRETH 2 Z &b o1,
4. H—EFFT7 412X BTA 7 OHRERIGEOEE
RAE I, HEGRSNTOWAERE - [RERRAERH
THEBEER TRER TR, ARSCBWTRES
BIKES. A A, NOxH REOHIAGERINED
TNRTEERATEAT 2HELRRL, Z0BERICS
HLURHEFETEHRBT 08NS 5,

BE R

1) R.8.0Onderjcin, T.P.Garrer Jr.,:“The Thermal
Deconposition of Anhydrous Uranyl Nitrate Dihy
d rate”, J.Phys. Chem. 65(1961) pp.470-473

2) V.J.Wheeler, R.M.Dell, E.Wait,: “Uranium Tri
oxide And The UO3 Hydrates” J.Inorg. Nucl. Che
m, 26(1964) pp.1829~1845

3) BIFE: “B UVRERTHIET DRASE & KR 1
BHE" BERREEL S —(1980)

4) MGEE  fh: e 7 OSBRI & S
BEORE"  EiREriNes4(1987)

B) /NEFRE: L WiGHB BRI AR v
5 —(1990)

6) MR fh: <o 2 migEBERDICE T B INERE
HEEE" REFHEESER 3 £12085 (FR 341
B108)

7) EAEARY: ERESHRERHC X SRR AT
A« F - J—(1988)

7



PNC TN8410 92—350
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I ERBIRE Conversion & Chemical Process Development Section
Development of Screw Type Continuous Denitration System Using

Microwave Heating.

— Continuous Denitration of Uranyl Nitrate—

Y.Kihara, S.Fujisaku, Y.Takahashi, J.0Ohuchi

Biaxial screw type denitrator has been developed for improvement of microwave heating
direct denitration technology for co—conversion of Plutonium and uranium nitrate solution to
mixed oxide powder. It was designed to satisfy the nuclear criticality safety requirements.

The performance has been verified by continuous denitration tests of uranium nitrate
solution. Characteristics of uranium dioxide powder obtained by continuous denitration tests
such as specific surface area and mean particle diameter are approximately the same as those

1. %

2 F o SEEREE L, BBoa 8y b
{t. BfEtEE k. <4 7 ol BHEn L RUERHO
REELEEELEEERO-BELT. X7 Y 2
FHRIC & BB LRATBERAEM L TV 5,

RO A 7 o MBEENRE (1. 2) I2ERL
EEE Uiy FESRTH B0, £ L Bk
ZBAEHILA SR8 BREROBEE I BRI 27250
PEEEAKRETH D, BEMOELEROEBDI VA
7 Mg ah s,

DI OBBEABRT B 0T, Be OERNEsR L
et Licss B, #iEOEV R 5 ) O i
BRI 2 BRAREL. EEREEAREREERL T
Vw3,

27 Y 2 BRI, A LR 7 ) 20
ElgEic & DEER AT ARICEREE. KL, £
B U IR i LIS S, BRI N B HETS
3,

2. HABROBR

A7V 2 BRI & SBGERHEDBTENCRD LR S
fobiid, BRI E BRI L85 L L RUE
BT BB BEEICE L TWA T EAERT 5 2
EBNBTHD, #-T, BTiRd 3IEXBNEL
T WllY 7 = VISR O = EH Ui,

O FEREIREORHR
@ ERT 2B OYITERR
@ FEFEBOELMREREDT

auj

3. A B

3.1 HEEE

A7 2 RERREEE (BT TAEE) &i8d. )
BRE-LERT LI, FARAPNIZEO2EHA7Y 2
T4 —FBTHB, A5, 1 nifd—~7 AR
BEEER, B, LRESENFNICBRT A 70k
BA%ZABT HEHNT. BEOL 2L LOEHOD<1 2
TEREETHEIEN TV B,

7o, ABREGEEIC B ERRT LR D
il &2 S Pu0, B4 0g/ ol KR, EAKEEHEE
Db & THEREZEEHET S0, EREHEELRET
A b 78O, FEE 6o, BI0mPANTH B,

l 120
w47 TRAMHO

ﬁtu
)1 ;

A-ss7u-n [ -

-1 XU GRS

3.2 EBRAERUSHS

3.2 1 EEEERE
HREBEHRRLISRETEIIC, U5 VBEHR200g/
£ ERBECOINOINER Y S — SR E RV,



PNC TN8410 92-350

Fie, AT BT A 7 aBEBHERT A -5 L LTH
BEERLRATEA 70@EBNENL - 155
No.Z — 2 A°8kW (JFEEE : 1 kW, B : 2 kW),
Ne2 - 3oNe2 — 644 kW (GBI : 1 kW, LuEg
gﬁ :3 kW ) & szCo

R Y 7 VSR OMSEE R, TERRERICES
%, IkWHADDOERERIW04L/EkWhTHB &
2H%ELT, S IPMOBES—FEICR L%
E [.sz.o

HEARAIFOBEMNLTIL., B, R, GRmic
WHER” 5 =N, RBEIEET BRRE N B, BHED
AT L7cisBe Y 5 — Va1, TEEE Y 5 = Mgk DMt
&2 A 7 BB R b Lo /o, BRSO
ITREER T, Fhoe Nl - 48TH, w170l
F—7EMOA LTINS 7ARBO Y S HbathEirs
Lictt, No2 - 1EEL, _

No 2 — 6 X THROZEBNT O T {t&BONHER.

24 oA — TV EROALT b5 7 AR D

THEE DT, BEAMIKEET 3RO S V&R
RIZHYT 3 2BEOY T ESWOHEEEH LR
7o

#=—1 HERsH
2 Y ! 2
" A ﬂ23h||ﬂﬂ4hh
WAE & 0) oa oM 210
R ssEOER
it (N} 1
AR 1.0
AR
B 20 [ 3.0
A2I.E B Gpw) 2.7

3.2.2 REBRUZE(LY T AEOMEKE

BRIEEOO/URHIES 5 & & b, BB AirFii&o.7
nf/h. 850°C X 2h). B (5%H,—95%N, fE2.2m /h.
700°C X 4h) B UMREE (RS —/L I, 1h)REL/Z
k™ 5 (U0, EDO/U, HLEEHRRCELNRE
ERME LI, O/UEREERE, HEHEHBETE.,
IR IISSSIEIC L DRIE L 2,

4. RABRER

4.1 B E

HREREE-2ASRTEEBIS—FlEL T2 - 4
DERER-2ICRT, i, BEBEENICET 5 EH
I, MR UEETOEEEIT 2V, FAA 2
OB DWW OIS HE L TH-3ITR
To

BAT S A 7 0EBHERW (BEE1kW, R
HWokW)E LTEMBLUANL - 150N 2 — 2, sk
BAURTS Y SR IS RIS R O£, PR EERE L.
HISHBTHS LOWBY S VIEREHERBL. #1.5

keDRIEFEZHEE Uz, EMOBEE{IZ. H-3iR
& D ICnEELS 3 B I RIEIBA100°C, BRREEE
ME230°CTRE L1,

ERBATEA 7 OEBHEAW(EBER kW,
HibEER: Sk WYL LTERL N2 — 350 5Ne. 2 — 6 1,
IMEEAERA5 73D O BRI R OER., B2z
L. #03ISRITH S £ OEEEY 5 = Ligk =R L. #
L7kgDEEEZHEE Lc. SMOBERG. B-3ic
AT & D ITMEERS 2 BRI RANI120°C. BN
A0 CTERE L1

HEd L 7o REHA 3. ERHL.5mDBRTH D, B
i, BaRUBSMIcBRLI - EBE0 3EETH
b, SEEBREICEELZRIE,h -,

No.2 ~ 6 THROEBATEEORR, BHESIcEn
B 7 ZIAERRIT LT D BRENE & R By
EIPEELTW, F, BIE LAY T v EARICHY
TRELEEOY T LAYOHEA YN SRDIEBRN
95 AEEMOGHRR - 4R T L ) I RESHICES
CIzhEw,

UOz(NOa}g * 6H20—’U02(N03)2 * 2H20‘>U02(N03)2_3'U03
&fct 2 f:.n

E-2 EBRER
L2550 i 2
H A rjafajdt|e]al4a]|s|a
e # i B(2 [7.00{518|507{5.05(5.11[525{525]52|55(5%
PHFREIATIRL () [0.31] 1,33 1.48)1.52| 000|154 ] 1B | LO4| LEO (L TL
Bl i i #C2) [470(4%5 (3888 407[441 5205085050850
Ti-nru-wm (2) |o18|040]012]eos|oo|o.00fo.00] 000000000

40| EREARD | 3.06 (3.05{3.05)9.05 3,05 2.04| 1.12[ 4.05]{ 1. 16 { .08
TR | THIRAHEA {0.65{0.45{ 0,40 0.45| 0.50 | 0.50 [ 0.50 | ¢.48 { 0.50 | 0.5
() | PHEARIEL/I 2,491 260|265} 2.60 | 2.55 | 2.54| 3.62 | 3.57 | 368 | 3.57
mo# B B Ch) (570]5.90)520(520]4.42(|4.50| 2.00(3.00]3.02{30

o @

B O M
B2 EEEEAREE GBN2 —4)



PNC TN8410 92-3590

' W G — 3R, BAT 1 7 OEBIHEWOEA RNk
a00 L i 2 RIIC OV T FNRETAR-5ITRT & 5 SER
. DFEEH 5SROI, TOER, BA<TS 7 0iEBIHS
—_ kWDIBE R, 75 o OftREE S HEEEICERE
£ el | L. REEERLFCEANCY S VAR SBRE
i Hotohi, BATA 7 ORBHIAWOBS . HE
= , REL o7, 251, RBEEE - BBEAICEET S
100 L - w5 vBEDCHEFEETR LAR-6DOBERI S H O
b BHEHSHTH D,
S e T PlEint, #ATA 7 BRI EWO & &, TI#
. . . L . - REuS 2 B I REPOEBNREE L, dvo, HHREEL
2 BREAS L o2 2 E 0D BEHBEEERE
SR EierE LB B - & RRER L,
HM—3 EESENICHTSRER{L
k-4 HHREELHEEE
w4 g AH0
[ 5 ] 2
Td_"'fj.‘:'.?: W 1 e |3 | 4 1 2 [ 3| 4| s |8
f2101 '}f’ﬁ ; ﬁt—:j:;tﬁ oo nmal ool ooz o] nas| nam| omvf s | o
— I ; BE Hi o
T A 2 i, 7 - 0.203| 0.227] o.225( 0.%0| nooo| e202| 0.589| o.606| 0.58%) 0.589
BelinDaliefa il o == theli/h)
Lrl \]_'JJ IJ I ILng'n 2 0117| 0.031] C.045( 0022 0010 ®INYE 0004 | DO 0,000 (O
HYTNRIHRLYY Fl 3 a F & Getih)
22 AL Y| 047 o 657 o arm o8
fuum-m.u iﬂ r : : : :
P I e peow o — i |
[ ———s — i — 1 — 1 —_1— -1 | pasan
P ] an =13 5] ?ll
&
1.0}k 4
B-4 ZEEAYS{LEYHORH 5
hY
™
4.3 [RiEERU B LY S AR OYIEEERAE R 05 0.6 :%wgff o - 1
E&Lﬁ:ﬂ;ﬁﬁﬁm@i\ ﬁ_gi:ﬁhﬂ_O/UQ;ﬁJﬁ%%b\B A4 NG 94 o
UO KR UU, 0, TH = 720 Edoy UOMFROMMERIER s AT BB -tk
Fid, O/U#i2.08. BETHiC & 2 HEEHH1.06~1.32 0Les— ———5——
ni/g, SSSHEIT X B EN1.28~1.50ymTH » T
1o

B-5 EEBECESTIHROSI VBV VA
ﬁ—' 3 mgﬁ{*UJO/UﬂJE%% T T ¥ T T

B TH & o & ® = BEES 20 /j-l 4
0/U 3. 66 .2. 68 2,78 Eiﬂé L5 o wfmz y
~ o T ©
L
10| i
5. % % @ [ iRATA r OREH
O AT A o REH o
5.1 ERIRERLEOHER T T s
EETHMOBENEELALEOYS »OMISHERE & REE ()
HE e = e L - R ER-URT, SR UHEH
GEEEL, BATA 7 B ANRWOEBS INEEE H-6 #EAFEISVBOEEL



PNC TN8410 92-~350

5.2 ZEbY 5 R OHETEE

AR L fo b e a s, B, BB LU0 BRD
ETHB0/U. RRERRCFEHER, F-51I5
T, BROFETHSERS0m. SUSIELED
IRESML%-(8F Ul f 7 ol IsEERigE: Xy 710
) TEAUOBKREFRMUETH 1o H-Ts A7
) 2R 7 1 7 iENBEREE TERT S HEEEE. 5
B, ET, BT s I lic k. MREBLERRNERL
LTCHE LAt oU0 %k E L B,

Fz—5 ZE{bYIEBEODNE

/U 2,08 2.08 2.08 |2 08D 02
HEE (nf /2 1L.10 1.32 1.08 1. 1740, 22¢
¥ H K E () 1.40 1.28 1,50 | 1300, 25%

TE) - fElsi: B0CX2h, Al r#ER 070/ h

R TOPCX 4 hy 5%H. —%N, il 2.2 h

- ERRE BRIV L h

- ik, EE50em, SUS 31 6 LUBRHIAEEL f-w4 & O

EERREE TR U 0. IRDIET
5.3 HEOEAMEEITME
EHREBICHEEL N2 - 35N 2 - 6IZ2VWTAH
EEOEAMEEZFELER. Z-6iRTEDL, B
WIEAY e D ORI E R OB ALK R 384062/
EWhETr0.2kg/kWh & 7L o 7o,

£-6 BEOHEHE

i B Mo
m B

2-312-412-5|2-6|T &

Y ER@® B | 220 22 |22 2.13' 2.2

BT - DO (2 %hy | 0.61 | 0.62 | 0.60 | 081 | 0.8

Bom o £ Bl 019 0| om| ol o2

6. &

BATA 7 OEBANKWD & 2, MEFRRS 2 BRY
BIEWMOBENEE U, HEEE S HHEENE LW
ERREICEL, o, HELES L EHRELL,

R BRRMEE . Uy0;,0 U0 B TUUO, /U, 04iR
AP0 IBETHL, IhoEERERT. B LU
O. MR DHLEEHE. FIONEZOMEIR. EROKRE
M%=&ERLicw A 7 olnABEEREETESRSU
O MREFMETH -7z,

Z 7V o REGRIEE OEAMRES LT, B8
o ORBRBRURHEEERRIZE %06 £/kWh
B Uf0.2ke/kWhThH B Z &R LI,

23N

DKOIZUMI M. et al.: J.Nuel.Sci.Technol., 20,529
(1981).

2)OSHIMA H. et al.: Trans.Am.Nucl.Soc.,40,48
(1982).

AREEL i - AEE, 80,57(1991).

HEEEE M BARFHFER19IROARES, 139,
{1991).

SyRFE#EZ. i HARTIFS 191 O RS, 140,
{1991).

6)ARFL M« By, 57,40(1986).



PNC TN8410 92—350

. BEERKOHEYab—-Ya Yy

BFAREC

B HERE  Centrifuge Development Section

Numerical Simulation of Supersonic Flow

E.AQKI

Two-dimensional Navier - Stokes code is developed to solve a supersonic flow. This
code is based on explicit second - order accurate TVD scheme, Numerical computations are
performed for various supersonic flows such as convergent - divergent nozzle flow, blunt body
flow, supersonic shear layer, Numerical results revealed the usefulness of the code,
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Analysis of High—Speed Rotating Systems containing Cylindrical Shells

Y. Shincda

Higher operating speed of flexible rotors require improved methods for the computation of
critical speeds and system response, An analysis of High—speed rotating systems containing
cylindrical shells have been performed using the Transfer Matrix Methods. This study utilizes
Timoscheko beam theory in the construction of field matrices, which relate state vectors at
adjacent nodes of system. The construction of field matrices is based on the assumption that
the deflection of the cylindrical shells is governed by Timoshenko beam theory by taking into
consideration the effects of transverse shear, rotary inertia and the gyroscopic term.
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9. Uranium Isotope Exchange between UF; and UF;

Y. Yato, H. Funasaka, Y. Shimazaki

Enrichment Technology Development Section.

ABSTRACT

An isotope exchange experiment was made between natural UF; gas and enriched UF;
particles containing 3% of 2°%U. Analytical solutions were derivied for the two constant rate
equations of this exchange reaction. The analytical solutions were shown to be useful in
determining both the rate constant of the surface exchange reaction k and the number of UF;
molecules related to the surface reaction M. The rate constant derived here was confirmed by
the comparison of particle sizes of UF; derived from the observed M with the electron
microscope measurement. The present work indicates that the surface layer of UF; reaches
rapidly its equilibrium isotope ratio with the gas phase, while the isotope ratio of UF; as a
whole yields rather gradual decrease due to small reaction probability of underlying UF;

molecules.

In the molecular laser isotope separation
(RIMLIS or more generally MLIS) process, a
amount of depleted
hexafluoride, UF,, gas will flow over the enriched

significant uranium
uranium pentafluoride, UF;, particles trapped in
an appropriate recovery device. The uranium
isotope exchange between UF; and UF; will
reduce the isotope ratio of the enriched UF,;
produced in MLIS process. As already discussed
by Grogor'ev et al, ¢"?, this isctope exchange may
easily occur by the intermolecular transfer of
fluorine atoms from gaseous UF, molecules to
solid UF; molecules as expressed by the following
equation:

UF(s)+2**UFs(g) *°*UFe(g)+***UFs(s) (1)

According to their report, two processes are
included in this exchange reaction: one is a
rapid process due to the exchange between
gaseous UF; molecules and the U¥; molecules at
the surface layer of the particles, and the other
a slow process due to a secondary exchange
reaction participated by the underlying U¥F;
molecules. This reaction model has not been fully
verified by their experimental and analytical
study as suggested by Onoe et al.‘®, who thus
have more recently carried out an isotope
exchange experiment between enriched UF, and
natural UF, and have clarified that the exchanger
eaction proceeds at more than one rate from the
analysis in terms of an analytical solution for
the rate equation based on a bimolecular—type,
reversible, first—order reaction with one rate
constant.

The present work was done to throw some meore
Hght on this problem by an analysis of the data
obtained in an isotope exchange experiment
between natural UF, gas and enriched UF;
particles containing 3% *?°1J,

1. Experiment

Enriched UF; was prepared by the photolysis of
UF, gas containing 3 268 mole % of 3% UF,
introduced into a stainless steel reaction chamber,
which was 15,97 ! in volume and equipped
with the optical windows for laser irradiation and
infrared measurement. The inside of the chamber
wasg polished electrolytically and passivated with a
5% F,/He gas mixture to minimize the adsorption
of UF; onto the ingide wall, ‘

Six Torr of enriched UF, sample was irradiated
with a focused, 300md/pulse, 308 nm in
wavelength beam of a XeCl laser (Model EMG202,
Lambda Physik GmbH) for 7200 shots to produce
enriched UF;. During the photolysis, continuous
measurement of inner pressure and infrared
absorption of the p; band was made to monitor
the amount of residual UF; gas in the chamber
and to derive the amount of UF; produced. The
UF, gas was evacuated directly over the UF;
down to the inner pressure less than 10! Torr,
and then 8, 05 Torr of natural UF; was introduced
into the chamber to initiate the isotope exchange
raction between UF; and UF; at room
temperature. For isotope ratio measurement, a
small fraction of UF; gas was withdrawn from
the raction chamber to a stainless tube at liquid
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nitrogen temperature in an intermittent way at B,

12, 30, 60, 120 and 360 min after the introduction
ofnatural UF, over the enriched UF;. The isotope
ratio of the sampled UF, gas was measured with
a Finnigan MAT-281 mass spectrometer.

2. Experimental Results and Analysis

The experimental conditions and results are
summarized in Table I, where the number density
of UF; molecules in the reaction chamber N(t),
and the isotope ratio ?33UF,/(***UF4+22*UF,) of
the sampled UF, gas x(t), are given as a function
of time ¢. In the present experiment, the number
density of UF; molecules Ms/V is considered to

be constant and the isotope ratio of solid UF;, 2(t) -

is measured only at the initial time, while z(0)
is naturally equal to the initial isotope ratio of the
surface UF; molecules (@), where M, is the
total number of UF; molecules in the reaction
chamber and V the volume of the chamber. As is
obvious from Table 1, the 235UF, concentration in
the gas phase shows a rapid increase for the first
several minutes, followed by a subsequent gradual
increase. This trend observed in the present
experiment is quite similar to those of the
previous works ‘© @ and thus leads us to a two—
process model for the isotope exchange reaction
expressed by the following rate equations:

where %k is the rate constant of the isotope
exchange reaction between UF; and UF,, a the
reaction probability of underlying UF; molecules,
e=VN(t)/M, M the number of UF; molecules
related to the surface reaction, and y*(t} the
isotope ratio of UFs newly exposed by succesive
fluorine transfer reactions. Since the change in
N(t) with respect to time is small due to a small
amount of fractional samplings as shown in Table
1, we first assume N and hence ¢ to be invariant
to derive an analytical solution for Eqs. (2) and

(3) . Although Grigor’ev et al. ") assumed y*(t)
to be ¥, and always constant, this assumption is
inconsistent with the isotopic material balance: if
¥*(t)=y, =const., then Egs. (2) and (8) provide
% =Y o=Ye ., Where x_, y_and y, denote x(t=co),
y(t=co), and y(t=0), respectively. In the present
analysis, y*(t) is given as a function of time by

Y=y Y oy )exp(—t/T) , (4}

where y*(t) reaches, with a time constant 7, the
equilibrium value

Yoo NV o+ M,y ) /(NV+M,), (5)

which is defined so as to meet the material
‘balance. Since the uranium isotope effect in
equilibrium constants is generally small ¢~

the following relationship

Eo™ Yoo {6}
dx(t) will be also a good approximation. Based on
=k[y(t)—x()], {2) these assumptions, we now obtain
dt
x(t)=g  exp(h,t)+g,-exp(h,t)+g,
dy(t) . hat)+ 7
=ke ((x(t) ¥ (D) +al () =y £)]), (3) exp(hat)+g 4 o
dt and
Table.1 Experimental conditions and results
t* 10017 () 10-20)¢ x(t)? y(idoe 2(1)°
0 2.682 1.8686 0. 007194 0. 03268 0. 03268
360 2. 89 — 0. 007328 - -
720 2,86 - 0. 007366 - -
1, 800 2.82 - 0. 007373 - —
3,600 2.79 - 0. 007393 - -
10, 800 2.76 — 0. 007449 — -
® Unit of reaction time is in sec. )
> Number density of gaseous UFs molecules in molecules/ cif.
¢ Number of UFs molecules, assumed to be constant,
:‘ Mole fraction of 23%UF, in_gaseous UF,,

Initial mole fraction of 2

UFs in solid UF;.
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Table.2 Contanns related to the isotope exxhange reaction between solid UF; and gaseous UF,.

present work

Constant - previous work®
analytical numerical
Constants and parameters®
10°k (s71) 2,85 2. 92 0.25 ~11.0
a —% 0. 026 0.013 0.6 ~ 0.8
c - 147 — -
107" (molecules) 3.1 3.1 -
a (=)= 0. 0000035 0. 000003 -
Derived Parametersd
100w [—=) ° 0.91 1,1 £ 0.3
10* 77 (molecules) 3.7
T (gn) 0.023 -
2 Ref. (1) by Grigor’ev et all.. ,
* Fitted to measured isotope ratios of UFe gas phase, x(i)’s.
° Averaged deviation of calculated x{(t)’s from observed values.
¢ Parameters derived by the numerical method are shown, because there is

little difference in these parameters if determined by either numerical

or analytical method.

¢ The value is derived for 8=7A and T=300K.

y{£)=g,(1+h/k)exp(h t)+g.(1+hy /R)exp(hqt) +
g1(1+hq/k)exp(hqt)+g, (8}

where
&:1={R(yo=xo)~hoxotha(gatgi) tgshs )/ (R —hy ),
ga={h(xo—yo)th xo—h (gatg8s)t8sha} (R —hy),
g3=a 7 My 5 ¥o)/ {1-k(ctl){at])+ack? 2},
g4=Y fck?,
hy=—(p—D)/2, (9)
hy=—(p+D)/3,
hy=—1/1,
D=(p*~4g)%,
p=k(l+ctca), g=cak®.

when a=0, Egs. (7) to (9) are reduced to

x(t)={{cxo+yo)—(¥o—xo)exp{—k(c+1)t]}/(c 1),
=x (X s %0)exp[—k(ct1)t], {10

and

y(t}={(cxotyo) telyoe—xolexp[—h{c+1)1}/ (cH1),

=y o~ Cly —~x)exp[—k(c+1)t], an
Which are equivalent to the analytical solution
obtained for a first—order exchange reaction by
the previcus work 2 .

Since the values of xo, yo, xand y_are given
from the experimental condition, aud ¢ can be
estimated from the isotope ratio of UF,; measured
at the final sampling time ¢, by

Vo ==(1/t)n{{x(t;)—x 1/ {xe—x}. 12

the constants unknown in Eqs. (7) to (9) arek, a

and c¢. These constants are derived from the
observed values of x(¢) by a method as described
by Marquardt‘® for leasi—squares determination
of non—linear parameters and are given in Table
2. As shown in Fig.l, the experimental values are
well reproduced by the profile calculated for
k=2.85%x10"% 5~', ¢=147 and a=0.026. The averaged
deviation of caleulated x(¢)’s from the observed
values is 8 83X 107, which is in the same order of
magnitude of the measurement error in our mass
spectrometry. The results calculated by assuming
different a values are also shown in Fig.l for

0.77 T ; T

0.76

Q.75

0.74

Q.73

0.72"‘ 7

0'71 | 1 '

MOLE FRACTION OF ®UFs IN UFe, 10*x(1)

REACTION TIME [hr]

Mole fraction of 23% UF; in gaseous UF,
as a function of time in isotope exchange
experiment between 3% enriched UF; solid
and natural UF; gas

-
[ia]
-

The solid line is le best fitted profile to the analytical solution,
Egs. (7) to (9) in the text.
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comparison. In this analysis we assume N is
invariant, To take account of the intermittent
samplings in the present experiment, another
least—squares fitting must be done for the
obseved x(t) directly to Egs. (2) and (3) in a
numerical way with giving N(t) as a step function
with respect to time. The result obtained by this
numerical analysis is also given in Table 2, Both
the analytical and numerical methods result in
quite similar values for 2 and M. This is
considered to be reasonable, because a primary,
rapid exchange reaction characterized by % is
related not to the number density of gaseous UF,
molecules but mainly to the number of the surface
UF; molecules M, which is assumed to remain
unchanged in the present analysis. The analytical
solution obtained in this work provides a simple
and easy means to derive & and M from the
experimental results, while it is necessary to
take account of the
samplings, in a numerical way, for determining

influence of UFg gas

an exact value of a.

As already discussed in the previous work o,
the fluorine transfer probability « is related to
the rate constant & by

w=4kV/M §2 7Y, {13

where § is the intermolecular distance in solid
UF; and u the mean velocity of gaseous UF,
molecules. As shown in Table 2, the value w
obtained from the present experiment is 0. 91X
107°, which is in good agreement with e@=(1.1+
0.3)x107°
However, the value a obtained in this work is
much smaller than those obtained by Grigor’ev et

obtained by the previous work ",

al., who reported a={). 6 to 0. 8. This is considered
to be due to the difference
of UF,,
description about the preparation of UF; in their

in the surface

conditions although there is no
report.

From rather simple consideration, the ratio M/
M, is approximately related to the mean size 7

and the mean diameter d of UFs clusters by
M/M ,~8/n'"3~65 /d. 14

In the present experiment this relationship gives
d=0.023 4y m, which is quite in good agreement
which with those observed in an independent
electron microscope measurement shown in Photo.1

Photo.1 Elestron

micrograph of UF; particles
Produced by photiolysis

In this photo typical particle size in diameter are from i0nm to
45nm,

B @)
5 076 | a=0.012 .
k=2.92X 1075

o) i M=3.1X10 |
S
E 0.74 - i
3 10% x(t)
ﬁ -
1
s 0.72"' -1
=

33 : : ;

¢ (b)

3.0 i
- 10 z(t)
Q 25} i
g
E 204 -
ad}
=l 2
c 15 10% y(1) |
=

10} 102 k(1) .

L (
0.5 L 1 L
0 1 2 3 4
REACTION TIME [hr]

Fig.2 lsotope ratios of gaseous UF, and solid

UF; as a function of time

The solid lines are obtained by the numerical methd. (&) Isotope
ratio of UF, gas,{b) Isotope ratio of gaseous UF,, surface layer
of UF; and the whole UF; solid, designated by x(t), ¥{t} and z
(L), respectively.

Fig.2 shows the profiles of x(¢), ¥(¢) and z(¢)
calculated for =2 92x107° 5!, M=3,1X10'® and
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a=0. 013 from Egs. (2), (3) and

2(E)={y(E)M+y*(e)(M,-M)}/M,. {9

As is obvious from Fig.2, the surface layer of

UF; molecules reaches rapidly its equilibrium

isotope ratio with the gas phase, while the isotope

ratio of UF; particles as a whole, z{#), yields
rather gradual decrease due to small reaction
pobability of underiying UF; molecules.

3.

(7

t]
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10. Measurement of v; Q Branch of 235UF,

Y. Yato, H. Yamaguchi, 0. Suto

Enrichmeut Technology Development Section,

ABSTRACT

Infrared absorption in a pulsed supersonic free jet of UF,, which was prepared from reactor
tailed uranium and contained 0.44w/o of 23°UF, and2.48w/0 of :3*UF,, was observed between
627.6 and 628.4 cm~' with a resolution of < 107* em™!. The measurement provided the »;Q
branch of 2*UF, with some rotational structure which allowed us to derive the band origin
m as well as the pursely vibrational frequency v, of 238UF,. The 2**UF,—?3*UF, isotope shift
observed in the y; band was used to make a minor modification to the general quadratic
intramolecular force field derived by Aldridge et al.. By assuming this force field, some
discussion was made on the selsectivity in reenriching the reactor tailed uranium by the

MLIS process,

Infrared and Raman spectra of UF; have been
measured extensively for molecular structure and
force field studies’~"9 . Takami et al. and
Aldridge et al.“'® carried out additional studies
on the p; band of this important molecule under
a Doppler limit resolution by using a tunable
diode laser source and derived all the molecular
constants included in the Moret—Bailey's
formulas ¥ (1% for the strongly
individual rotational lines. The latter studies

allowed

also included the measurement of 1isotope
shift between 238UF, and **5UF,.

In the present work, infrared absorption in a
pulsed supersonic free jet of UF,;, which was
prepared from reactor tailed uranium, was
observed between 627.6 and 628.4 cp™' with a
resclution of < 10~‘em~!. The present measurement
provided they ; Q—branch of 23*UF,; with some
rotational structure. The 23UF,—*38UF, isotope
shift observed in the p; band was used to make a
minor modification to the general quadratic
intramolecular force field derived by a previous
work ¢!,

]. Experiment

The UF, used here, which contained 0.4352w/o
of 23 UF,; and 2.479%w/0 of 23°UF,, was prepared
at the conversion facility at Ningyo—Toge Works
of Power Reactor & Nuclear Fuel Development
Corp. (PNC) from reactor tailed uranium, which
was recovered from the spent unclear fuel at
Tokai Reprocessing Plant of PNC.

The p,; band of UF; was measured in a pulsed
supersonic free jet using a tunable diode laser.

The method used here was similar to that
described by Mizugai et al.¢'", while a minor
modification was made to a vacuum chamber to
cover a relatively wide range of cooling
temperature. A meodified automobile fuel injector
with a 0.3 pm pin hole was used as a pulse nozzle,
which was operated at 153.8 Hz with 2ms pulse
width. The UF; sample of 40 Torr was mixed with
360 Torr Ar and was injected into a stainless
vacuum chamber to allow lowering of rotational
and vibrational temperature of UF; by free
expansion. A cold trap at liquid nitrogen
temperature was placed about 15 ¢m from the
nozzle for recovery of the UF; sample. Laser
diodes provided by Fujitsu were mounted on a
Model 5800—2 laser spectrometer (Spectra Physics
Ltd.) and were used as the infrared radiation
source. The laser beam was focused to 0.8 ~1.0 nn
in diameter near the nozzle head. The infrared
absorption was observed by phase sensitive
detection synchronized with the pulse frequency.
A sgingle path absorption in the free jet was
strong enough to observe the absorption lines
directly on an oscilloscope. The CO, vy, band
absorption lines“'™ and the R—branch lines of
238 JF'; were used as wave number references
with a Ge etalon for interpolation,

2. Experimental Results and Analysis

Fig. 1 shows an overview of the spectrum from
the 238 UF, Q—branch to ?*5UF,; Q-branch. The
Q—branch of 2**U¥F; was observed between R (3)
and R(4) of the 2?*UF, p, fundamental, while the
@Q—branch of **3UF; was observed between R{5}
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and R{6) of 2*® UF; as reported in the previous
Works 2 (13 .
with expanded scales are shown in Fig.2,

Relative intensities of the Q—branches of 2% UF,
and 2*°UF, o that of ***UF, are approximately
1/230 and 1/40, respectively, in good agreement

The Q—branch spectra recorded

with the isotopic abundance ratios.

Q branch of 2?°UF,

R{6)

R(SD R(4) R

2361
R(2 8
R(OIR(1) & 2351F g

Absorption Intensity[-]

%5

Fig.1 Overview spectrum of p ; band of UF, from
238UF; Q—branch to 2°5UF; Q—branch

The soecirum was taken with the mixture of 360 Torr Ar and 40
Torr UF,, which was prepared from reactor tailed uranium and
contained 0.4352 w/o of UF, and 2.4788 w/o of UF;. The rota-
tional temperature is estimated to be 15K.

R(8>

3 R(4D R(5)

o

Fig.2 Q—branches of 23 UF, and 2*3UF, in
expanded scale

Experimental conditions were as for Fig.1.

As discussed by McDowell et al ¢! ® | the general
structure of the Q—branch of heavy spherical top
molecules like UF; is a series of conspicuous
subbands, some of which form bandheads. The
number of bandheads observed depends on the
distribution of molecules among the various
angular momentum o levels, and hence on the

rotational temperature of the gas. From the
comparison of the Q@—branch shape observed for
238 UFy with that simulated by the method
described by Brock et al '¥ ., Fig.l is considered
to be recorded at 15K. At this temperature the
strongest lines belong to Jmax=9, and the
bandheads to be observed are only @, and Q;
{(J=<20) in good. agreement with the present
measurement for 23%UF; and 22°TF; as shown in
Fig.l. The two @ — branch peaks Q, and Q. are
formed by the accumulation of the sixfold—
degenerate spectral clusters, (6,0) and (6,1),
respectively !9, and the corresponding
frequencies in wavenumber p, and p,; are
related to the vy ; fundamental frequency by

yi=m+2B¢ ) +(1/2)(v—p), (1

via the following relationships '

yn—m=asN{(N+1)+b,, (2)
r@e=4bcq (205 +3v)/ (v—-6cs), (3
{ by=(396cE—210c,v—v2)/4{v~6cy), (4)
bee=(4/8}(7/12) g, {5)
where yn represents v, ypj, -, respectively, for

N=0,1,-:-, respectively, B is the rotational costant,
¢ 3 the Coriolis constant, and m, v, P and g are
the constants included in the Moret—Baily’s
formulas which provide P—, Q— and R—branch
transition frequencies. Since the spectroscopic
constants except for the band origin m are
essentially the same® as the corresponding
constants of 238 UF,, which have been well
established by the previous works 2 (3 the
present measurement provides enough lines to
determine the isotopically dependent constant m
for 2*#UF,. Tabel 1 shows the band origin m and
the purely vibrational wave number y ; of 239UF,,
both derived from the observed bandheads p , and
v a, which are calibrated against the R—branch
lines of **3UF, 12 (12 This procedure is also
applicable to the present measurement for 235UF,.
As shown in Table 1, m and v ; of 2*°UF; derived
from the present measurement are quite in good
agreement with those obtained by Aldridge et
al_ CE3) .

3. Isotope Shifts and Force Field

The crux of the probilem in determinig the
intrameolecular force field for the octahedral
molecules occurs in the Fiu symmetry species;
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Table.i Conatans for v ;of 2*5UF and 235UF !

Constant t3e[p, 2ISYR,
(en™1') This work This work Aldridge et
aI' (13)
Bandhead*®
YV oa 628, 1071 628. 3050 —
628. 1015 628, 2598 -

VB‘_
Band origin *°

m
Vibrational frequency

628.1077{1}  628. 3057 (2) 628.30537 @9

Vg 628.1298(l}  628.3278 (2) 628.32767 (7

*' Standard deviations are given in
figure quoted.

** The bandheads v . and v e are cal
lines of *?®*UFy; by Takami et al.

*3 The hand origins are derived by
obtained from observed v a and
the text.

there are three force constants to be determined,
while there are only two vibrational modes in
this species. Until the data concerning the
isotopic species“'”” or the Coriolis zeta
constant (1 (21 were available, several
Investigators (1~ (4 2D necessarily applied
various simplifying assumptions in determining
a general valence force field for UF,;. The
currently preferred force field for UF, has been
given by Aldridge et al¢'* ., who have used an
accurate value of the isotope shift iny ,; for 235UF,
—*380F,; along with a less accurate value of the
Coriolis zeta constant ¢ ;. The constraints used
here in fixing the three symmetry force constants
in the 2x2 F,u block are the 22UF,—235UF, and
235 UF,—23*UF,; isotope shifts iny, both
obtained by the present measurement.

To caleulate the intramolecular force field, we
need the harmonie frequencies «; that are related

parentheses, in units of the

ibrated against the R-branch
€12y and Aldridge et al.‘f”’.

averaging the values of m's
v by using Bq. (2) in

to the observed frequencies y ; by 29

v i=wi+xr'£(1+dx')+(1/2)2x|‘kdk +---, (6)
k#1

where x;, is the anharmonicity constants and 4,
the degeneracy of the fundamental i. Table 2
summarizes the vibrational parameters of UF,,
which are obtained by using carefully selected
values of v, and X;; for ***UF; and an empirical
relationship

XiJ.:X"'.’j (y,-y,-/v?b‘}‘): (7)

where the asterisks indicate the constants of the
isotopic species. As shown in Table 2, the purely
vibrational shift A p 4(**"UFy—23%UF;)=0.405%n,
obtained by the present measurement, is
converted to A w,= 0.4123cm. The use of these data

Table.2 Vibrational oaramenters of UF§! (em™')

i=1 i=2 i=3 i=4 i=25H i=286
Fi Alg Eg Flu F]u F2g F2u
v (3 668.2 (3) 534.5 (0 627.7239 187.5 (0 201 (2) 143 (3
w, {13 873 " (2) 541 3} 636 (2) 189 (3) 202 3 144 {4)
A vy (235-238) 0.6039 (2)** [0.2048] *?°
A v (236-238) 0.4059 (1})*® [0.1358] *3
Aw; (235-238) 0.6177 (2)** [0.2070] *°
Aw, (236-238) 0.4123 (1)** [0.1376] *°

*1 Estimated errvor limits, ir units of th

parentheses.
“% This work. . )
*% Calculated form the force field derive

e last figure quoted, are given in

d in this work,
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Tabkle.3 Force constants (mdyn/f\)* and !sotope Shifts for UF,

Constants Present work Aldridge et al.
Symmetry force constants
1 5. 07
F.: : 3. 28
F:a 3. 8505 3. 855
34 —0.062, ~{. 056
Fau 0. 159, 0. 160
Fas 0.114
Fose 0.116
Valence force constants
f 3. 8635 3. 865
f rr 0. 2983 0. 299
f' rr 0. 0131 0. 009
fa—1f & 0. 126, 0. 126
fae—f " aa 0.137. 0. 138
faa—f aa 0. 010, 0.0I1
fra—fTf aa -0, 031, —0.028
Harmonic frequency {em~') . (obs.) (cal,) A
w30f%% %R, 635. 9789 635. 9794 —. 0005
w0f%28F, 188. 8400 188. 8400 - 0000
wz0f2%%0F, 636. 5966 636. 5975 ~. 0009
ws0f22%0F, 836. 3912 363. 3898 L0014
g 4+, 0008
Isotope shift (em™ ') (obs. > (cal.) A (cal.> A
A wa (235-238) 0.6177 0. 6181 —. 0004 0.6145 . 0032
Aw, (236-238) 0,4123 0.4104 . 0019 0. 4081 . 0042
a +, 0014 = . 0037

*See Ref. (1) for notation and units.

(T=20K)

I W I

ESZUFG
.
23‘UF%
b N . L L
:ZZIBUI':e
A Jl el | o}
233F, 235UFGI 1
)l L . N M W) A
| ST BN A N T

(T=100K}

b
— A Al _“_/f
23{UF6
J — e p-

23 BUF‘?ﬁh

—n———-—-“"")’
23%

- p———— )

23 5[}1;:5.

PSR VU N W\

Fig.3 Simulated v, bands of isotopic UF, of
interest in reenrichment of reactor tailed
uranium

Simulation was made with a Doppler width at the rotational
‘ternperature of 20 and 100K based on the methed described in
Ref. (19). 2**UF, is em— phasized in the intensity simply for
differentiation.

to calculate the general quadratic force field
of UF; is summarized in Table 3. The symmetry
force constants obtained here in the F,u species
are slightly different, especially in F;,, from
those by the previous work ‘*%’, The present force
field is fairly refined in reproducing all the
observed isotope shifts. The band origin m for

- other isotopic species such as 2*?UF,; and 2**UF,

can be estimated by assuming this force field.
Since all other spectroscopic constants included
in Moret—Baily’s formulas are considered to be
isotopically independent, simulation can be done
for all the P—, @— and R-branch transitions
for any isotopic species. As shown in Fig 3,
the selectivity is expected to be essentially
high in reenriching the reactor tailed uranium
by the molecular laser isotope separation

(RIMLIS or more generally MLIS) process.

o -49-
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Measurement of Thermal Diffusivity of Liquid Uranium

M.Haraguchi, M.Myochin, Y.Shimazaki, Y.Yato

The thermal diffusivities of liquid state at elevated temperature have been measured by

- various methods, yet the measurement of thermal diffusivity of liquid uranium has not been

reported because of its high corrosivity. Since laser flash method is no—contact method, it is

suitable for measuring the thermal diffusivity of corrosive materials. The thermal diffusivity

of liquid uranium melted in Y,0,; crusible has been determined by laser flash method. The

thermal diffusivity ¢« at the temperature range from 1150°C to 1200°C was expressed as follows.
a led/sec) =8.37X10°*T [*C) —0.30
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2. BASIC PHOTOCHEMICAL STUDY OF
PLUTONIUM AND NEPTUNIUM

Y.Wada, K.Wada, T.Goibuchi, Y.Kishimoto

Innovation Technology Development Section.

ABSTRACT

Photochemical technologies are generally expected that it will contribute to advanced
nuclear fuel reprocessing process technologies by means of using selective excitation of
objective elements with photon energy and following redox reactions in solution.

In this work, as the beginning of the basic photochemical studies in the field of nuclear
fuel reprocessing, feasibility studies of separation between Pu and Np by using photo-—
redox reactions have been carried out. The results indicate that there is a possibility of
photochemically induced valency adjustment to separate Np from Pu in nitrie acid solution.

INTRODUCTION

In the conventional nuclear fuel reprocessing
technologies, chemical redox reagents have been
used to adjust valencies of U and Pu. For
axample, U(IV) produced by electrolytic reduction
or hydroxylamine(HAN) and sodium nitrite are
used to adjust Pu valencies tc Pu{H) and Pu(I¥)
respectively. However, these chemical reagents
cause secondary waste solution.

The several studies of redox reaction using
photochemical technologies for nuclear fuel
solution ‘as substitues for these reagents have
been reported.

In these reports, there are two kinds of studies
which are basic photochemical studies of U, Pu
and Np' % ¥,
nuclear fuel

and its application studies to

reprocessingt: 5 9., The
applicabilities of the photochemical technologies
have been confirmed from the these studies.
However, photo—redox reactions are generally
complicated and such as complex reactions which
are consist of direct reactions

{hy thy
Pu{ll) — Pu‘(IV) - Pu(VD

and also indirect reactions,

thy
NOa - NOE + O‘
Pu(VI)+NOQ;+0*—=Pu(IV)+NO,

simultaneocusly occur by photon energy.

Therefore, basic data concerning a variation of
the oxidization—reduction potential by photon—
excitation, the rate of reaction and other
fundamental theories have to be accumulated to
control the valencies of objective elemenis
arbitrarily.

In this work, the several basic tests of light
exposure for Pu and Np in nitric acid solution
were carried out to evaluate the photochemical
bhehaviors of their valencies. The valencies of Pu
and Np in nitric acid solution are ordinarily Pu
(IM), Pu(IV), Pu(VI) and Np(IV), Np(V), Np(VI).

The distribution coefficients of their valencies
between 30% TBP/dodecane and nitric acid are
shown in Fig.1™ ¥ . As shown in this figure,
Pu(lV) and Np(VI) are easely extracted into TBP.
However, Pu(ill)and Np(V), which are not shown
in Fig.l, are scarcely extracted and their
distribution  coefficients are about  107%.
Therefore, if their valencies can be controlled
into the following conditions (D Pu(IV)}—~Np{V )or
@ Pu{ll)-Np(Vl), their elements are effectively
mutually separated.

EXPERIMENTAL CONDITION

A:Preparation of Test Sample Solution

The concenirations of Pu and Np in test nitric
acid solutions were adjusted to 1 X107 * mol/ £ and
1x107® mol/ ¢ respectively and they were mixed.

The purity of g-—radicactivity of Np—237 in
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10*
u(vhp

Pu (1V)

Np (VD)

Pu (V)

Np (VD)

Distribution factor
-
T

107

102 L 1 1 ! 1
0 1 2 3 4 5 6
HNQ: (M)
Fig.1 Plutonium and Neptunium distribution

coefficient between 30%TBP/dodecane and
nitric acid

test sample solution was 99, 8%.

Pu test sample solution were prepared by
dissolving NBS—949 Pu metal of which abundance
ratio of Pu-239 and Pu—24] were about 97 atom$%
and 0. 065 atom ¥ respectively. Therefore, the g—
activity contribution of Am~241 compared to the
total @ —activity of Pu is lower than 1%.

The valencies of Pu and Np test mixed solution

20000
Sarmple Condition
Pd@Ne®™) g S Pu:IX10°M
15000 - Np: IX104M
B Feed : 30N HNO>»
& Eluent : 10N HNO3
P Eluing Rtz ! l.Qrtnb‘min
R Reaction Termp, : 30
§ 10000 Colamn : 250mm
[} Exposure Energy = OJ/ml

+ 10 times molarity

10
Elution time (min)

Fig.2 Valency analysis of Pu and Np mixed
solution by extraction chromatograph

were completely adjusted to Pu(l[) and Np(V)
with hydroxylamine(NH,OH) and hydrazine
(N,H,) as shown in Fig.2 which was the result
of wvalency analysis by the
chromatographic method.

extraction

B:Test Instrument

The light exposure instrument system which was
used in this work is shown in Fig.3, This system
consists of the Hg lamp light source and the part
of a sample cell with a temperature stabilizer
and a mixing stirrer to stabilize the temparature
of the sample solution and to homogenize it
during light exposure.

Sample cell with temperature
stabilizer and mixing stirre

Light exposure source (Hg Lamp)

Fig.3 Outline of instrument of light exposure test

C:Analytical Method

C—1:Extraction Chromatograph

As a conventional technique of the valency
analysis of Pu and Np, colorimetry method has
been usually used. However, if concentration of an
objective element in a sample solution is less
than 10°® mol, the method is not generally
applicable.

Therefore, the new method which consisted of
the  extraction chromatograph and the

analysis of an each

fraction Sclution was used.

radicactivity valency

First of all, a sample solution is injected into
the extraction chromatograph column which is
filled with Gas—Chrom @ made by Applied
Science Corp., which is impregnated with TBP.
Each valency fraction of Pu and Np is obtained
according to specific retention time with the
fraction collecter. Then, g-—radioactivity of the
each fraction is measured by a—counting system
with  ZnS{(Ag)
extraction chromatograph as shown in Fig.4 is

detector. Consequently, the
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obtained. The horizontal and vertical axes show
elution time and a —radioactivity (CPM)
respectively.

Fig.5 shows the result of the exiraction
chromatographic analysis of the Pu and Np
mixed solution which contains Pu(H), Pu(IV),
Pu(VI) and Np(V). Each valency is eluted in
opposite order of an adsorption tendency with
TBP.

Extraction
Column (TBP}

1
Gas Chrom Q

.

Eluent Pump Fraction
Solution  System Collector
~ PFu{m), Np (V)

B3 P

g il

ra==t

3 R R a - Counting System

Elution Time (min)

Fig.4 Schematic diagram of extraction
chromatography setup

20000
Sample Condition y Pu@v)
5000 Sample PuIX100M
1 i Np: 1%10°M
Feed 13.0N HNO3
E Eluent 1 1L.ON HNOs
Eluting Rate  : 1.0mlnin.
5 10000 - Reagtion Temp.: 30T
g Colurn 1 250mm
a8
&) Pu (IIf), N;
s000 | I, Np (V}
PU (VD)
0

0 5 10 15 20 25
‘ Elution time (min)
Fig.5 Valency analysis of Pu and Np mixed
solution by extraction chromatograph

C—2:Pulse Height Analysis

The fraction of Pu(ll) and Np(V) mixed
solution of which valencies are simultaneously
eluted as shown in Fig.5 is analyzed by «a-—
spectrofnetry to distinguish between Pu(Il) and
Np(V). Fig.6
spectrometric analysis. As shown in this figure,

shows the result of a-
Pu and Np are distinguished according to g -ray
energy from their nuclides and the mixture ratio
is quantitatively determined.

xX10
8}

Pu-239

+Pu-240
Pu-238

Np-237

56 |-

a2

Counts {(cpm)

14

0 20 G0 600 800 1000
Channel

Fig.6 Pulse height anaysis of «—ray from Pu and
Np

RESULTS AND DISCUSSION

Fig.7 shows the step flow of the light exposure
tests for Pu and Np in this work. First, the
initial valencies condition of Pu, Np mixed sample
were adjusted to Pu(ll), Np(V) and their
concentrations were 1xX10 'mol/ ¢, 1% 10 *mol/ ¢
respectively.

At the second step, the acidities of several
aliquots of the initial sample were adjusted to
about ¢, 2N, IN and 3N.

Adjusting valencies to PuCI) and Np(V)

Adjusting acidity to 0. 17N, 1N, 3N

Light exposure with Hg lamp,
exposure rate;0.5W and 0. 015W

Analyzing abundance ratic of each valency
by chromatograph and «-counting method

Fig.7 Step flow of light exposure tests

Next, the light exposure tests were carried out
with the exposure rates of §, 5W and 0, 015W using
the Hg lamp.
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At the final step, the radioactivity analysis of
the each extraction
chromatograph column was carried out. As
shown in this figure, the parameters of these tests
are the acidity of the sample solution and the
rate of light exposure.

Fig.8 shows the results of the light exposure
tests under the condition of 3N nitric acid and 0.5
W exposure rate.

The horizontal and the vertical axes in this
figure show the exposure time(energy) and the
abundance ratio(%} of the each valency in the
element respectively.

fraction from  the

£100

& o Pu (IID)

E g0 o Pu (IV)

g & Pu (VD)

£ 60

-

Q

-5 40 Initial Sample Solution

E Nisie AGd 30N

3 20 3] SIXI0TM

g 11X10°M

E Exposure Rete © 0.5W

£ 0 —o- oo Temp. of Sk, : 22T

- 0 30 60 Reduciant : 10 limes
()] (900) (1800) (HANHydnazine) molarity

Exposure time {min)
(Exposure energy) (J/ml}

Fig.8 Redox reaction of Pu by light exposure

This result indicates that 0.5W of the light
exposure rate was too strong so that Pu{lll}
momentarily decreased until about zero percent
level and Pu(IV) momentarily
After several minutes, Pu(lV)
gradually decreased and on the contrary, Pu(V])
gradually increased.

In other words, it shows that Pu(Il) was
momentarily oxidized to Pu(IV) and seemingly,
Pu(lV) was gradually oxidized to Pu(V[) under
such as the condition due to the equilibrium of

oppositely
increased,

the oxidization reduction reaction.

€

3100 o Pu (I

£ 4 Pu(Iy)

g 80 a Pu (V)

& o .

- 60 Inifisl Sample Solution

2 Nitric Add U.ITN"

g 40 Pu L1X10¢M
Np L IX10°M

g o Exposure Rete : 0015W

2 Tomp. of Sol. : 2T

5 ) ) ) Reductant ¢ 10 times

2 % 6 120 180 (HANHyduzie) moladly

@ en (54) 1)

Exposure time (min)
(Exposure energy) (I/ml)

Fig.0 Redox reaction of Pu by light exposure

L100
by
5 g © Pu (lll)
s 2 Pu(lV)
o Pu (VI

& 60| = x
'8
g 40f Initial Sample Solution
g Nitic Acid  : LON
8 20 - Py : 1X104M
Bl —0 o Np : IX10%M
2 Exposure Rate : 0.005W
g o L L L . L Temp. of Sol. : 22T
ﬁ 0 60 120 180 Reductant : 10tmes

{0y @n (54 (81) (AN Hydrzing) molarity

Exposure time (min)
{Exposure energy) (/ml}

Fig.10 Redox reaction of Pu by light exposure

8

.n--Pu(IV)]dark
a Py (VD)

Tnitial Sample Solution
Nisic Add  © 30N |

Pu $1X100M

[l Np D IXIDCM
. ‘;. oo Exposwe Rate : 0.015W

60 120

Temp. of Sel. : 22T
180 Redyctant = 10 times
(0 n (34)
Exposure time (min)

(B1) (HAN Hydrazing) malarity
(Exposure energy) {Iiml)

5 8 8

Abundance ratio of Pu valency (%)

Fig.11 Redox reaction of Pu by light exposure

Fig.9, 10 and 11 show the results of the light
exposure tests under the conditions of the light
exposure rates ; 0, 015W and of the acidities ; 0. 17
N, 1N, and 3N.

These figuer show that Pu(I[) was more slowly
oxidized to Pu(IV) than the case of Fig.§ and the

rates of these oxidizations became faster
according to the increase in acidity.
Particularly, the results of Fig.ll were

characteristic in the redox reaction because Pu
(II) was momentarily completely oxidized to Pu
(IV). Furthermore, there was little Pu(If} and Pu
(VL) induced from oxidization of Pu(I¥) and the
equilibrium state reached within about 10 minutes
after the beginning of light exposure.

The result of the dark test without light
exposure was also shown in Fig.11. This result
shows that Pu(H) was very slowly oxidized to Pu
(IV) and it tock about two hours until the
equilibrium state.

Fig.12 shows the result of the extraction
chromatographic analysis of the sample at the
equilibrium state when the exposure energy was
56 J/ml in Fig.11,

From this result, it was also found that the
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Semple Pu: 1X10M
15000 ¢ Np: 1X10°M
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o~ Ehtent :1LON HNQ
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& 10000}  Reaction Temp. :30C
7 Colurm :250mm
g Exposure Enszgy : 56J/ml
6 Redactant + 10times
5000 - (HAN Hydnzine) molarity
Np (V)

0 5 10 15 20 23

Elution time (min)

Fig.12 Valency analysis of mixed solution with Pu
and Np by extraction chromatograph

valencies of Pu were controlled to Pu{lV) and

there was little Pu(JI) and Pu(VI).

Then, this figure shows that Np(V) in the initial

sample was not oxidized and also was not reduced
" by light exposure under these conditions.

Such as controlled valencies condition, Pu(IV)
and Np(V), is most suitable for the separation
between Pu and Np.

These photochemical behaviors were caused by
the direct excitation with photon energy for an
objective ions, redox reactions with the

photolytic preducts such as HNO,, NO,, from
HNO; and other excited species.

In near future the supposed theories for these
results should be discussed in several aspects
of the standard electrode potentials for all
coexisting element species, excitation level by
photon energy, wave length characteristic of
exposure light and the data obtained from

furthermore detail photochemical tests.

CONCLUSION AND R&D PLAN IN
THE NEXT STEP

From this work, following conclusions were
obtained.

®Results of Photochemical Behaviors of Pu and

Np

@OPu - Pu(ll) is oxidized to Pu(IV) and until Pu
{VI)by light exposure.

*  As to the oxidization of Pu(lll)— Pu(IV),
the more the acidity of nitric acid solution
increase, the more the oxidization easily
react in the range of 0, IN — 3N HNO,,

« On the other hand, in the case of the
reaction of Pu(Iy) - PU(VI), the more the
acidity decrease, the more the generation
rate of Pu(VI) increase in the range of 0, IN
—=3N HNO,.

@Np « Np(V) is not oxidized to Np(VI) and also
is not reduced to Np{IV)by light
in HNO, of 0. 1N-3N.

exposure

€©Conclusion
+ It is defined that there is a possibility of
removal of Np from Pu, Np mixed solution,
which is adjusted to Np(V)and Pu(Il), by
using photochemical reactions with the
adequate rate of light exposure and the
adequate acidity of HNO,.

From above the discussions and conclusions,
following R&D of the next step are planned.

@R&D Plan in The Next Step

* The continued photochemical studies for
the removal technologies of several percent
of Np contained in Pu production sclution
simulating the reprocessing process.

+ The studies of photochemical bebaviors of
U, Pu and Np in a mixed nitric acid
solution.

+ The studies of

" technologies of objective elements (U, Pu,
TRU and FP) by using photochemical
techniques with a selective wavelenght of

selective  separation

laser.
The studies of disproportionation reaction
of Pu and Np by photo—excitation.
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Preparation and Properties for New Superconductors A.Cg, (A:alkali

—metal)

Masato Kato*, Koji Sakurai**, Hideyuki Funasaka=, Kazunori Yamamoto*
Yoshiharu Kano***, Toshiaki Ishiguro™**, Yukic Wada*, and Yoichiro Kishimoto*

ABSTRACT

We report on the properties of alkali—metal doped Cqq superconductors prepared by the
reactions of Cg, crystallized in several organic solvents (toluene, CH.C,l) with alkali-metals.
The structure of solid C,, is related to the organic solvent used for crystallizing it. The crystal
of Cqo cocrystalized with CH,Cl, was transformed into fcc structure by heat treatment. The al
kali-metal doped Cgq for nominal composition of K;Cse, RsbCso and Cs:Rb,Cqo prepared by
the Cyo grown form CH,Cl, solution showed supercoducting transition at 19.3 K, 30.7 K and

33. 8K, respectively.
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4. CHARACTERIZATION OF FULLERENES AND
ALKALI-FULLERIDE SUPERCONDUCTORS

H. Funasaka, M. Kato, K. Yamamoto, T. Ishiguro, K. Sakurai, Y. Kano,

Y. Wada, Y. Kishimoto

Innovative Technology Development Section.

ABSTRACT

The fullerenes have been produced in macroscopic quantities and characterized by FT-ICR,
HPLC, NMR and HRTEM. HPLC profiles in the crude extractions with toluene were
consistent with the negative ion mass spectra of FT-ICR, and prominent peaks measured by
HPLC were assigned to Cgo and C,, as well as Crq, Cry, Cg:z, Cys, and Cyo. Subsequently
purified samples of separated Cg4 and C;, are characterized by NMR and HRTEM. The '3*C
NMR data supported icosahedral symmetry of Cq,, anellipsoidal cage shape for C,,. With use
of HRTEM, circular contrast patterns with about a 0, Tnm diameter were observed. We also

report on the properties of alkali-fulleride superconductors.

The superconductivities

for K;3Ce0, RB;Cqe and Cs;Rb,C;, synthesized with solid Cg, obtained from methylene

chloride solution showed superconducting transition at 19, 3 K, 30. 6 K and 33, 4 K respectively.
Keywords: fullerene, negative ion, FT-ICR, HPLC, NMR, HRTEM, Alkali—fulleride,
Alkali—metal doped C;,, superconductor, Cqq, Cro

1. INTRODUCTION

It has been suggested that the fullerenes would
open great possibility to us in various fields
of industry, since the technique for producing
macroscopic amounts of them was discovered last
year by Kratschmer et al [1,2]. Particularly
their derivatization promises to yield many novel
carbon based materals with useful properties [3].
One proposal for antitumor therapy in cancer
patients is to enclose radio active atoms inside
the fullerenes [4]. The carbon barrier would
help maintain the integrity of the radio—isctopes
after injection. In addition to this, several alkali—
doped Cq, preparations manifest superconducting
transition temperature in the 18—48 K range[5,6].

In this paper we extended the characterization
of the fullerenes using a variety of experimental
probes. Our NMR and high
transmission electron microscopy (HRTEM) data

resolution

of Cg¢ and C,, are consistent with those recently
reported by others [7,83]. We have characterized
the molecules using fourier transform ion
cyclotron resonance .mass spectrometer (FT-—
ICR), high performance liquid chromatography
(HPLC), NMR and HRTEM. The HPLC method
clearly indicated when a sample contained more

than one fraction, where as.mass specirometer,
carried out under the gentlest condition, identified
the components of each fraction. Our -attention
has been drawn to the good indication that the
negative ion mass spectrum of FT-ICR is not
involved the fragmentation of higher fullerenes
or fullerene—fullerene reactions. The assignment
of the prominent peaks measured with HPLC has
been performed by taking advantage of this good
indication. These crude extractions with toluene
are then separated into pure fractions Cgq, Cio
and higher fullerenes, and characterized by '*C
NMR spectroscopy and HRTEM.

We also report on the properties of alkali-
fulleride superconductors. In this experiment,
we prepared two types of solid C,, obtained from
toluene and methylene chloride solution and
synthesized superconductors with them by alkali —
metal doping,

2. EXPERIMENTAL SECTION

2.1 Preparation of Fullerenes

Two methods were used to prepare the
fulierenes sample. Figure | shows a schematic
diagram of the apparatus used in this paper. In
one, the fullerenes were prepared by an arc
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Fig.1 Schematic diagram of evaporator apparatuses.
(a)Resistive heating with graphite crucible
(b)Are heating discharge with graphite rod.

heating discharge in 50—500 torr of helium (Fig.]
—a). Details of the production of this arc heating
discharge method which produce carbon soot have
been described previously(1,2). The other method
employed the resistive heating with a graphite
crucible (Fig.1—b) . The graphite crucible (size ¢
14x20 H volume 2cc) was set between upper
electrode and lower electrode in the furnace.

When a high current (100200 A) was passed
through a graphite crucible held in place between
the electrodes, the temperature of the crucible
was brought up rapidly by the Joule heat and
raised at 3000 “C. The soot are collected by
scraping from all parts of the apparatus.

The soluble portion of the soot was extracted
The insoluble
portion was then removed by filiration. After

in toluene or methylene chloride.

evaporation of the solvent with a rotary
evaporator, the solid residue was then analyzed by
HPLC and identified by FT-ICR mass
spectrometer. HPLC system is equipped with a
diode array detector and with octadecylsilil —
bonded silica column, The dicde array detector
separation at characteristic
wavelength for the fullerenes at 256 nm. The FT—
ICR experiments were performed with a dual—cell
3 T Extrel FTMS-2000 [ourier—transform mass
spectrometer[9]equipped with CO, pulsed laser.

A pulsed CO, laser having an output of about

300 mdJ/pulse at the 10.6 ym wavelength is used

monitors the

for laser desorption. The power density of the
laser at the surface ranges from 10° to 107 W/cdf,
depending on the amounts of light passed through
an adjustable iris attenuator. The laser beam is

directed through a window in the source flange

Resistive heating (a)

e 1=
o o
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Fig 2. Negative ion mass spectra of FT-ICR of the fullerenes

deposited on a stainless-steel sample plate.
(a) Resistive heating with graphite crucible
{b) Resistive heating withgraphti crucible filled
with metal
{c) Arc heating

and focused upon the tip of a computer—controlled
solid probe by an off—axis paraboloid mirror
mounted on the source cell assembly. The
samples are prepared by deposition upen stainless
steel probe tips positioned above a burner.

2.2 Characterization of Fullerenes
Subsequently, purified samples of Cgq, Cro, and

higher fullerenes were obtained by
chromatographic  separation  with  neutral
alumina, and characterized by '*C NMR

spectroscopy and HRTEM. The purity of C,, and
C;y powder were estimated to be at least 99, 9%
and 99, 6% with HPLC, respectively. Solid state
13C NMR spectra at 400 MHz were obtained on a
Bruker 400MSL spectrometer, using MAS probe.
Approximately 200 mg of powder are used for the
NME measurements.

Specimens suitable for HRTEM were prepared
by placing Cq, and Cq; powder onto a copper grid
coverd by an amorphous holey carbon film
without using the solvent. HRTEM imaging were
conducted using a Hitachi H-9000 HRTEM
operated at 100 and 200kV.

2.3 Alkali-Fulleride Superconductors

The solid Cq, recrystallized from toluene and
methylene chloride. The sclid Cqy, was dried
under vacuum for 4 hours at 250 C, and then was
synthesized to superconductors by alkali—metal
doping. The samples of nominal composition
K3Csq, Cs;RbCqy and Rb,Cy, are prepared by
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reaction of each C,;, with potassium or
rubidium. The Cg, is placed in a pyrex tube
together with alkali—metal in a glove box. The
tube was sealed under Ar atmosphere and then
heated for 200-500 hours at 200—450°C. The
magnetization of each sample was determined as
a function of reaction time with wuse of
superconducting quantum interference device

magnetometer (MPMS,, Quantum Design).

3. RESULT AND DISCUSSION

3.1 Fourier transform lon Cyclotron Resonance
Mass Spectrometer and High Performance Liquid
Chromatography

The crude extractions with toluene were
analyzed by HPLC and identified by FT-ICR
mass spectrometer. Firstly, a small amount of
solution was evaporated onto a stainless sieel
sample holder, and FT-ICR mass spectrometer
measurements were performed on the residue.

The negative ion mass spectra of FT-ICR of
these sample show primarily Cq, and C,, with
small amounts of Cis, Crs. Czz, Caa and Cyy
(Fig.2). It is likely that the fullerenes
preduced by resistive heating with graphite
crucible contain more higher fullerenes than by
are heating discharge. We also performed these
initial extractions with toluene and methylene
chloride which gave identical results. It is
considered that the negative ion mass spectrum
is not involved the fragmentation of originally
formed higher fullerenes or fullerene—fullerene

e

60
3
Al
a

magnification J

——

CTU
B

-.--C_,
JC v
CB-I.

Retention Time Retention Time

Fig 3. High-performance liquid chromatogram of the
soot extract on octadecylsilil-bonded silica
column ( Hexane mobile phase and UV-vis
detector with 256nm wavelength ).

reactions, because of the absence of signal
corresponding to fullerenes less than 60 atoms in
size and in the Cg,—C;, range. It is also believed
that the signals at m/z=360 and m/z=420 are real
ions corresponding to Ci; and C%; respectively by
observing the relative isotope abundances of the
m/z=360—2%61 ions and the m/z=420—421 ions.
Assuming that Ci; and Cz, are produced by
negative (Saha—Langmuir) surface ionization
recently reported by Hettich et al. [10], the ratio
of the Ci;/Cs, signal can be calculated from

I(C%3) g%
I(Cgy) g°

it

exp( AE/RT)

where g : the ion statistical weight
AE : the difference in the electron binding
energies for C}; and Gg,(2.2eV)
T : the surface temperature

148 146 144 14z 140 13 1%
pp

.

I N B
150 140 130
ppm

Fig 4. '°C MAS NMR spectra of (a) C , powder
and (0)C,, powder.
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Taking g*~/g~ to be 4, E=2.2eV, and the surface
temperature to be 4500—5500 XK.

In the second procedure, good separation of the
crude toluene extractable carbon material is
achieved on an octadecylsilil-bonded silica
column with n-—hexane mobile phase (Fig.3).

HPLC profile of C;i, Cren Cio and Ci, is
consistent with the negative ion mass spectra of
FT-~ICR. The prominent peaks measured by
HPLC were assigned to Cqp and Cq, as well as
Cre, Cres Csz, Csy and Cqy. The higher mass
fullerenes than Cs, is not completely identified by
FT-ICR mass specira. It is necessary that not
the crude extraction but each fraction isolated
by HPLC is analyzed with FT-ICR mass
spectrometer.

3.2 Nuclear Magnetic Resonance
Figure 4 shows the '*C MAS spectra of C;, and
Cqo at room temperature (p =4 5kHz) . The
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Fig 5. Transmisson electron micrograph (TEM) of
{a) C,, molecules and (b)C,, molecules
on holy-carbongrid.

plibility

Magnetic susce;

Cso line at 143.39 ppm is now less than 0,5 ppm
wide. Five lines at 150.0, 147.7, 147.0, 145, 1 and
130. 7 ppm are in reasonable agreement with the
10, 20, 10, 20, 10 intensity ratioc expected for C,,
again in agreement with similar result from C,,
in the solvent[11]. We have also measrued, '*C
spin—lattice relaxation time (7',) in the powder
at room temperature MAS experiment, using the
inversion—recovery technique. T, for Cq, is 40£5
s, while T, for C,, is shorter than C,,.

3.3 High ZResolution Transmission Electron
Microscopy

Figure 5 is transmission electron micrographs
of (a) Cgp molecules and (b) C,;, molecules on
holey carbon grids. In spite of our apprehension,
radiation damage in the electron microscope was
little. Circular contrast patterns with about a (.7
nm diameter are observed, a size consistent with
that expected for individual C,, or C;, clusters.

The spacing if these smaller features is 1.0+0.1
nm, also consistent with X—ray data of similarly
prepared specimens[1].

3.4 Alkali—Fulleride Superconductors
Temperature dependence of magnetization of
Rb;Cso which were prepared by solid Cq, grown
from toluene and methylene chloride solution,
shown in Figure 6, was measured in an applied
field of 10 Oe. The sample was first cooled to
4.5 K in zero field and data were taken in a 10 Oe
field on warming the sample to 40 K. Rb,Cs, of
solid C;, obtained from tcluene solution is
superconducting with a transition temperature of
29, 8 K. This value is consistent with the published

T T T ' ; . I
0 I = ]
%D 1F toluene |
= 2F ol — |
CH:.(.:.l’.. __g: I H
3r Sat 1
Tal. it
25 30 35
4- 1 1 | | ) I I
0 5 10 15 20 25 30 35 40
Temperature (K)

Fig 6. Temperature dependence of the magnetization
obtained for Bb, C,, which were using solid C;,
grown form toluene and CH, Cl, soiution.
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Table 1. Nominal sample compositions,critical temperature and fractional shielding of
alkali-fulleride superconductors.

C crystallized in CHCI C crystallized in toluene

nominal Fractional Shielding Fractional Shielding
composition Te(X) iFcs FCt Te(X) IFC* FC*
KC 19.3 38% 7% 19.3 5% 1%
RbC 30,8 46% 12% 29.8 25% 9%
CsRbc 33.4 39% 635 33%% 60% 15%
*# IFC : zero-field cooling ; FC : field cooling

¥+ Ref 14

values of 30 K [12] and 20.4 K [13] for Rb-
doped Ce,. But another sample, Rb;Ce, of solid
Cgo obtained from methylene chloride solution,
was observed with are maximum transition
temperature of 30.6 K [15] . for Rb—doped Cs,.
The critical temperature and fractional shielding
for Rb,Cse, KC and Cs,Rb,Cs¢ are shown in
Table 1. The transition temperature for Cs,Rb,C
of C grown from methylene chloride sclution
also increased to 33.4 K. It is considered that
these changes of transition tamperature are
attributed to the increase of lattice parameter.
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15. EGS4(2&B ( y.n)FEICOERCVEMCNP & DiEs

o . E BT BER OB

FeiBETBIRE  Innovative Technology Development Section

Treatment of ( y,n)reaction by EGS 4 code and connection to MCNP code

T.Kase, K.Konashi and Y .Kishimoto

The EGS4, a simulation code for electron—photon transport, has been improved to calculate
the photonuclear reaction. Neutron yields in the Pb target bombarded by 34MeV electron
have been calculated by the improved code. The caleulation results are well agreed with
experimental data within 10%. We have used this code in order to estimate the transmutation

of '*7Cs using bremsstrahlung.

I JEU®Hic

EGS4 B, BF - XATFOMEHEZET IV, 0O
B, AV OFLoEETE. (ya) (7v.2n), (7,
HRIGEOAERIGIEFEIN TN, EZT, EG
ST RICHERR 2B HMAL, RERIEEMO KA
AL L. 4MeVOBTTHARN Lic&DH
HEFOINBERBEMAEGS4THE L, B H
BLicd ABEOZRFMI0GLINT—H Lz, £,
COWBREMAEGS4%2HWTEBTFHRERMALAL'YC
sOBHAE OB TEZ TV, thoHFEFE L1

THEAER RS OB ETIT > 1,
9. R

EGS4TiR. XFOE:EREIZSubroutine photon T
fbhz, CITHEH, ATFRE-TERRE-RIEOHE
JEOR T v 7 THENTHLATE D, RIGOEE L
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NTWB, ZLT. ChoDORISHERERVWT. RE
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WERZT - EGHOEET =~ v 7 D7z, 34MeV
OBEFTHRY —7 v 2R L cES0REDETH Y
S TR TR R R AA A IPEGSATRY, EBE

Electron beam
{34Mev)

< 12.5cm

Fig.1 EEGRARBTHIXI05, &—4 v bisg)

Table.l EEFERHE

Newtron Yield x10'2 [§-'kW-1)
%o bE L 2,88X, 3.94X, 5.93X, 10X,

EGS 4 .08 131 1.64 174
Barber et al, 118 1.41 1.64
FREE 1. 60

X, :Radiation length {0.56cm)
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16. TRANSMUTATION OF Cs USING MUON
CATALYZED FUSION REACTION

T.Kase, K.Konashi, N.Sasao, H.Takahashi*, Y.Hirao**

Innovative Technology Development section

*Brookhaven National Laboratory, Upton, New York 11973, USA

**National Institute of Radiclogical Sciences, Anakawa, Chiba—shi, Chiba-ken 260, Japan

The feasibility of the transmutation of long—lived nuclides in high—level radioactive waste,
which was generated in nuclear power reactors, is discussed, In the case of using the high
intensity DT ;CF neutron source, calculations of the transmutation of Cs were performed,
The energy for the transmutation of one Cs was calculated to be about 200140 MeV, when
the effective half —life of Cs was 2, 0—4, 0 years,

1. Introduction

The management of the high—level radicactive
wastes (HLW) which are generated in spent
nuclear fuel reprocessing plants is one of the
important problems in nuclear industry. The
method for HLW disposal is
formations. The

prominent
emplacement in geologic
transmutation of long—lived nuclides in HLW to
stable or short—lived nuclides is a desirable
approach. Several transmutation methods have
been studied; however, none is established at
the present time (1] .

In this paper, use of the (n,2n) reaction is
considered as the transmutation process, since
the cross section of the reaction is the order of a
barn. Previously, the DT uCF reactor was
proposed as a high intensity neutron source with
an energy of 14 MeV (1-3) . This 14 MeV neutron
source has a high energy efficiency in neutron
production. The possibility of the application of
the 14 MeV neutron source for the transmutation
is discussed.

Two important factors for the transmutation
are the tramsmutation rate (effective half —life)
and the transmutation energy. The effective half—

life is written as

log?2
Topr=——m (1)
7luaf+11!r

where A ... is the decay constant and J,, is the
transmutation rate. The transmutation energy E,
is defined as the primary beam energy used for
transmutation per one nuclide. These two factors

are calculated for the present transmutation
system in the case of '*"Cs. The results of the
calculation are compared with those for the
transmutation by proton spallation.

2. Calculation

The MCNP code was used in the caleulation of
neutron transport and nuclear reaction [4) , The
cross section data of "?"Cs were prepared from
ENDF/B-IV, using the NJOY87 code (5) .The
(n,2n) which was
calculated using a Wilmore and Hodgson potential

(6) , was added to the above data.

The system configuration of the transmutation

cross section of '37 Cs,

target is shown in fig. 1. Calculations of reaction
probabilities for an incident 14 MeV neutron have
been conducted with variations of the '°7 Cs
target volume.

The calculated ratic was converted to the

Deuteron
Accelerator

Deuteron  Beam
4GeV-25mA  » Beam -Beam

S
L

Be-Target Solenoidal
Coil

Fig.1 System confinguration.

transmutation rate for the initial 4 GeV—25maA
deuteron beam. It is assumed that the energy
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input to produce one g— is 4.5 GeV, the number
of fusions per one gx— is 175 and loss of they—
beam at the window is 20 % (2) .

Transmutation using I. 0 GeV protons was also
calculated in a cylinder geometry. A hadron
Monte Carlo code, NMTC/JAERI (7) , was used
to calculate the spallation and evaporation
reactions above 15 MeV.

3. Results

The calculation results are shown in fig.2, The
K, decrease in both transmutations with
increasing target volume. The E, for the yCF
method is about 500 MeV
than that for the proton spallation method. The
energy released per one fission event is 200 MeV
and the fission yield of '*"Cs is 6%. An energy of

3300 MeV is obtained by fissions of uranium or

smaller

plutonium, when one '*"Cs is pgenerated. It is
assumed that the efficiency for thermal to
electrical conversion is 33 % and that the
efficiency for deuteron beam acceleration is 50%.
The upper limit of the deuteron beam energy,
which can be used for the transmutation, is
calculated to be 550 MeV. E, should be helow
550 MeV to realize energy balance. The calculated
values of E, are summarized in table 1 for T,,,
of 2 years. In the case of the g CF method, E,
is 165 MeV and balance is positive.

As shown in fig.2, 7T,,, increases with
increasing target volume in both transmutation

2000 10
=
(+]
=,
& 8
Z 1500
=
p
[t
2 6
/7]
g 1000
4
[+
2ol
G ““““
0 500 \
zZ
m
2 0

o1 0z 03 04
TARGET VOLUME [m®]

Fig.2 Comparison of ¢ CF and proton.

Table.1 Energu for transmutationof '*'Cs

Energy for transmutation of '*'{s

Incident particle 7eff Et Target volume
[v] [Mev ] Len']

Neutron by wxCF 2.00 195 43700

Proton 2,00 790 42900

T.i1:effective half-life;
E, : energy for transmuiation of '?7Cs

methods. In the case of the ¢ CF method, this is
caused by neutrons slowing down with an increase
of target volume. The reason for the increase of
T, ;s in the proton spallation method is explained
as follows. Nuclear reactions of the primary
proton beam are located along the path of the
proton beam. However, nuclear reactions by
secondary particles, mainly by neutrons, are
scattered from the path of the proton beam. In
order to obtain a high transmutation rate, the
contribution of secondary particles to the
transmutation is small.

The transmutation system is divided into two
devices (see fig.1) . One device is the accelertor
and the other is the target system. The
accelerator can be developed using current
technology. The experience in the development of
FMIT can be applied to this case (8] .

In order to establish the transmutation method
using the DT uCF neutron source, the following
Ré&D are also necessary:

- study of reduction of phase space of the p—
beam to inject into a small synthesizer region;
+ study of application of spallation neutrons from

a Be target and fusion neutrons through the '27

Cs region;

* development of synthesizer wall material in an
intense neutron field;

* study of tritium handling in synthesizer and
cooling system; :

*study of heat removal from the Be target
bombarded by an intense deuteron beam.

4, Conclusions

We proposed a method of transmutation of '37Cs
using a high intensity DT yCF neutron source.
It was shown that this trasmutation method has
the possibility to meet both requirements of the
transmutation, that is, the transmutation rate
and the energy balance.
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ABSTRACT

The transmutation of fission products by resonance capture is shown to be possible by using
a moving concept target. Instead of controlling the neutron energy to irradiate the nuclei, the
nuclei to be transmuted are acceleraied toward a neutron thermal field. The transmutation
rate of "°Tc is then reduced from 2, 1 X10°® years to 14 hours. Possible experimental devices to
realize this moving target and the required confinement time are described and studied
briefly. They include a device using microparticles of fission products, as well as a concept
derived from magnetic fusion. Both are compared with a different concept issued from

inertial fusion.

I. INTRODUCTION

Contents in high—level radicactive wastes
generated after reprocessing spent nuclear fuels
from nuclear reactors are various kinds of long —
lived nuclides, which include fission products
(FP) and transuranic actinides (TUR). The
currently available method for final disposal of
such high—level radioactive wastes is vitrified
them under rigid control, to store them in
monitored spots until the radiation level decays
to allowable levels and to
The safety of high radioactive
long—lived

dipose them
underground.
wastes containing radionuclides,
however, must be ensured for a long period, and

it entails difficult problems of selection and

maintenance of storage sites as the volume of

wastes increases.

If it is possible to transmute the long-lived
radioactive nuclides into those with shorter
life or stable ones, the period over which the
radioactive wastes are stored can be reduced
and so also the need for finding storage site,
offering significant advantages in terms of
safety and economy involved in the waste
disposal process. Since TRU has a potential of
fission, TRU can be used in nuclear reactor as a
fuel.!*? In this paper, the transmutation of
long—1lived fission products is discussed.

II. TRANSMUTATION BY
RESONANCE NEUTRON CAPTURE

Among the transmutation processes utilizing
nuclear reactions, the most common one is to
consider the irradiation of radioactive nuclides
with neutrons.®~® The irradiated neutrons are
absorbed in nuclei, transmuting the nuclei into
those with shorter lifetime and more stable ones.
Possible candidate neutrons that can be utilized
for the low—energy
neutrons such as thermal neutrons obtained from

transmutation include
nuclear reactors. The absorption of low—energy
neutrons into nuclei occurs mainly through a
radiative capture reaction [(n,y ) reaction] .
This reaction presents an acule resonance, as
it can be seen from a Fig.l that shows the
neutron capture cross section for °°Te”. Such a
resonance phenomenon can be explained by the
formation of compound nuclei. Previously the
use of a resonance phenomenon has been pointed
out in the case of the transmutation by a
photonuclear reaction, i.e. (+v,n) reacticn?,
which is the inverse reaction of the {n, 7 Jreaction.
Some of the capture cross section at the
resonance level preseni large values, and the
greatest is the capture cross section, the mdre
likely the capture reaction will occur for the
neutron owing the resonance energy. However,
the energy of neutrons produced in nuclear
reactors is éontinuously distributed and hence it
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is difficult to efficiently obtain a neutron flux
with the specific energy that agrees with the
resonance level of the nuclei.

10"
10° &
10°§
10° fg
15

Cross section (b)

0 g

107

107? a | | I 1 | 1 1

10-¢ 107" 10° 10" 102 10¢  10¢ 10°
Neutron emergy (eV¥d

Fig.1 Neution Capture Cross Section of *#Tc %,

The one of the object of the present paper is
therefore to provide a method which can trigger
a resonance reaction even with thermal neutrons
that do not have an energy equal to a particular
resonance level, and thereby carry out the
nuclear transmutation of fission products. It
is proposed that instead of controlling the energy
of neutrons to irradiate the nuclei, the nuclei
are accelerated and are intreduced into a neutron
field to occur the resonance reaction.

The concept is illustrated in Fig. 2. The
ordinary neutron capture cross section (e.g. Fig.
1) is measured with a target in the rest
frame as shown in the upper part of Fig. 2. This
neutron capture is also expressed in the neutron
rest frame in the lower part of Fig. 2, The
resonance energy of the neutron capture in the
target rest frame, E,,., is converted to that in
the neutron rest frame, E, .., by

where m is neutron mass and M is the mass of
the target nuclide. In the present moving
target method, the radicactive nuclides are
accelerated to the resonance energy determined

by the Eq.{1} and are collided with neutrons.

_‘_6_

nedtron target
{a) Target rest frame

neutron _ larget

(b) Neutron rest frame

Fig.2 Concept of Transmatation Method.

. CALCULATION OF
TRANSMUTATION RATE

The cross section of a neutron resonance
capture, ¢ (v,),is written by the Breit—Wigner
formula for slow neutron (s—wave),

ng lzrn Fr
g(V.)= {2)
((E—E. )+ (T/2) *]

E. =

@t (3

where ) is the de Broglie wavelength and g is
The E., and E.,,, are
respectively the neutron energy and the resonance
energy in the center of mass frame. The I',, T,
and T denote the neutron, radiative and total
widths, respectively.

the reduced mass.

The g is the statisiical
weight factor for angular momentum ;

2I+1

g§=—————— (4)
2 (2J+1)°

where J is total spin of the final state and I is
that of the target nucleus. Major long—lived
fission products are summarized in Table 1 with
the fission yields and the cross sections of the
thermal neutron capture reaction. The cross
section of neutron resonance capture are available
for only three nuclides, i.e. °®Tc", 12°]7, and
107Pd®, Table 2 shows the resonance parameters

of these nuclides.
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Tablel Major Fission Products

nelide |life (year) fission vield of | capture cross section of

250 (9) thermal neutron
a5Kr 11 0.3 1.7b
298r 29 59 {4mb

23y 1.5x108 6.4 1. 3-4b
2Te 2, 1x10° 61 20b
107p4 6,5x10® 0.2 1.8b
128] 1.6x107 0.9 27h
13505 2.3x10° 6.7 8.7b

121y a0 6.2 0. 25

Table2 Rescnance Parameters of Radioactive
Fission Products

.Eres r., Ty r spin spin
(e¥? (meV) | (meV) | (meV) I J

ss7e |56 |5.00 |134.0 [130.0 | 45 | 4.0
v2e] |148. |67.0 |100.0 |167.0 | 3.5 | 35
vorpg | 44.56 | 35.3* |125.0 |160.3 | — -

* 2gT°,

In this case, the transmutation rate is expressed
by

J.tr=-fvr0(ur) P (E,;) dE;; H (5)

where E, is the neutron energy. The o (v,) is the
cross section at the relative velocity uv,. The
o (E,)is the neviron density with an energy of E,,.
A thermal neutron field is considered in present
calculations of the transmutation rate by the Eq.
(5}, When neutrons have a Maxwell-Boltzmann
distribution, the p(E,) is expressed by,

¢
o(Ed) N '
f———“—"E}/“exp(—E,, RTYdE
?Z.l/a(kT)S/Z (
6)

where ¢ , denotes the thermal neutron flux. The
thermal neutron flux in commercial light water
reactors is 10'® fo 10" 'em™* sec™'. Neutron fluxes
around 10'% cm~? sec™! are available in high flux
reactors, e.g. the high flux reactor at Institute
Laue Langevin (ILL)'° and the high flux isotope
reactor (HFIR)!!. The possibility of constructing
high flux reactor has
considered.® 2. 18

previously  been
There are several designs
for high flux reactors with fluxes of 10'® cn?
sec™!. % '2Bome neutron source with the flux of

10'7 cm~? sec™' is proposed by using ¢ CF (muon
catalyzed fusion) reaction'?®.

Figure 3 shows calculated transmutation rates
as a function of neutron flux. Calculated
transmutation rates for moving targets are
compared with that for rest targets in Table 3,
In the calculations, a neutron temperature of 300

10" E
- - *Tc
é 1041 . .
= £ -~
£ i
g L %pg
g [
] " l?SI
E 107 - 3
10¢f 7 ;
£~
b
10]4 1615 16]5 1017

Thermal neutron flux

Fig.3 Calculated Transmutation Retes

Table.3 Results of Calculations of Transmutation

Retes
Moving Target Rest Target
Aarr . Ao Tert
(sec™®) | 7" (hr) (sec™") (year)
°0fe [ 1,4x107% 14 1.8x107* 1.3
128] 5.3%10°° 37 2.4x10°¢° 0,93
1atpd [ 1.2x10°°% 16 1.6X107° 14

1.5 3 T T T T T

0.5

Transmutation rate {10*sec™)

]

L ! ) 1 s I L ]
350 400 450 500 550 600 650 700 750
Energy of .moving target (eV)

Fig.4 Transmutation Retes for Varying Target
Energy
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K was assumed. The I/v dependency of capture
cross section of the thermal neutrons was also
assumed in the calculations for rest targets. For
example, the transmutatuion rate of *°*Tc with a
kinetic energy of 556 eV is 1.4x10"% sec™!, which
is 800 times faster than that of targets at rest.

The transmutation rates were also calculated
An example of
caluclation results is shown in Fig. 4. The main

for varying target energies,

raeson for the broadening of the transmutation
rate peak in Fig. 4 Hes in the fact that the
collision energy is shifted from the resonance
energy by the neutron thermal motion.

According to the calculation resulits, it appears
that very high transmutation rates are possible
by the combination of the thermal neutron field
and the moving target. The high transmutation
rate gives the following advantages:

{1} The high transmutatuin rate is important not
only for shortening the management period of
radioactive wastes, but also for reducing the
target amount. A small amount of target gives
rise to risk reduction eluding the operation of
the transmutation,

{2) The high transmutation rate also gives an
advantage in selecting the structure material
of the transmutation device, that is, if the
transmutation rate is high enough, as compared
with the accumulation of irradiation which
damage the structure material.

(3) Another important feature of this proposed
transmutation method is that the energy of the
moving target is small so that the moving target
does not produce any activity. This is the
advantage of the present method in comparison
with the other methods which use high energy
particales (protons or electraons).

IV. PROPOSED TRANSMUTATION
DEVICES

In this section, the technical feasibility of the
present method is discussed -from a practical point
of view. According to the calculation rasults, it
appears that the very high transmutation rate is
possible in combination with the thermal neutron
field and with the moving target. The most exotic
part of the present method is the moving target.
In this section, some possibilities of generating
moving targets are discussed. As an example,
we will deal here with *?T'c,

Main requirements

Considering a system of a nuclear power
reactor and a transmutation device, the target
amount is determined by the equilibrium between
a generation rate of the radioactive nuclide and
a transmutation rate. The mass balance equation
of the radioactive nuclide is expressed by

dN

=S-1.,,fN, {7
d ¢

where N is the number of target nucleus and S
is a source term of the target fission product.
The S is caluculated by

hY R
S= ' {8)
n '1-6><10_IB'EJ='33

where h is the duty factor of nuclear power
reactors. The Y is fission yield of a radioactive
nuclide, R the reactor power, # the efficiency of
the energy conversion from thermal to electric,
and E;;,, the energy released by a fission. When
the system reaches an equilibrium state (dN/dt=
0) , N is caleulated by Eqgs. (7) and (8). If we set
h=0.75, Y=0.06, R=1GWe, 7=0.33 and E,;,.=200
MeV, the value of N is calculated to be 3, 0x102%®
(50g or 0,5mol) for **Te with 1.,, of 1.4Xx10°°
sec”!. The main question is whether such an
amount of target can be kept moving under the
above conditions, i.e. with the constant kinetic
energy of 556 eV during a period of 14 hours for
82 e, '

Applications of several current technologies
are tried to be discussed as follows. Rotation of
a solid target with the above kinetic energy is
difficult because the centrifugal force in the
rotating rigid body is in excess of the tensile
of known materials. Use of a plasma makes
possible to accelerate the target to above the
needed kinetic energy. '!'However, both life tinme
and density are lirnited in the case of the plasma.
Considering an accumulated ion ring, the
requirements between the kinetic energy and the
life time could be met. The main problem in the
case of ion rings is in the fact that the current
of the ion ring is limited by the space charge
effect.!® Each current technology has dificiencies
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that counterbalance its potential advantages.
Above preliminary analyses, it appears that the
development of new techniques for the moving
target is necessary.

Microparticle device

As the space—charge limit for the storage a non
neutralized 556 eV beam enargy is very small
(less than 1 A/cgf with usual devices) and as the
instantaneous current storage is very large
(some megaamperes), then some other tries must
be performed to overcome this difficulty. Here,
the use of ionized particles beams or cluster
beams is proposesd. The idea is to reduce the
charge to mass ratio, so that the current to be
stored is smaller, but as a consequence the
inertial confinement forces increase with the mass
of the particles.

1. Required characteristics

The charge q to mass ratio is 0, 97x10* for
monocharged technetium 99 ions. The aim is now
to use particles with /M around 10% to 10° J/C,
achievable with particle sizes around (.01 to
0.03 gm, as for a spherical microparticle the
charge to mass ratio is given by

q(r)*t};new,paGE,rz {9)

where E, denotes the charging electrostatic field,
G the experimental efficiency, r the radius of the
particle to be charged and 75,,, depends on the
- charging geometry. -
The maximum electric field E, on the surface
which can be achieved is obtained by equalling
tensile

the electrostatic pressure and the

strength g, of the material'?, so that

2aa.)\'"?
E= ( ) 0
L]

and the maximum possible value for E, is around

10'® V/m. The main parameters of the particle
beam are recalled in Table 4. Then, the radius
of gyration p, of such particles in a magnetic
field B, perpendicular to their velocity v is
given by the following expression

Mu

pL= T )
gB

o1 is of the order of 3,4 m for B=10 teslas. For
0. 14nf cross section, the volume and the particle
density are respectively 3nf and 2 107°m~3. The
magnetic stored energy will be around 12¢ MJ,
this value being quite under the upper limit of
possibilities in the building of
The corresponding
needed potential for the acceleration is at least
550 keV, and the particle energy will be 4. 33 GeV.

nowadays
superconducting magnets.

Table 4 Parameters of microparticle device

MICROPARTICLE SOURCE

CONTACT ELECTROSTATIC CHARGING
BLECTROSTATIC ACCELRATOR

« Particle Radius 0.0l zm 0.03zm

* Number of Atcms Particle 2, 39%10° 7.81%10°
« Charge number 239 7911
+Electric Field on Surface 4.2X10%/m  1.265xi10'°V/m

- Acceleration Voltage 530kY 550KV

+ Total Current 0. 6824 0. 6824

STORAGE

+ Total Amount of Target 0. 5lmole

+ Confinement Time L4he

» Thickness of Target 20en

« Macron Density 34X10 " em™® 1. 3X10'%en™?
(0, 01 zm) (0.03 zm)

- Radius of Gyration 5, 6m(for 61

3, 4mTor 10T
42. 3n{for 6T)
70, mCfor 10T)

« Length of Target Region

NEUTRON FIELD
REACTOR or ACCELERATOR

“Flux 10*%em™2 sec™'
» Energy Lhermal

2. Feasibility

The proposed device (Fig. 5) must be fed with
very thin powder, around 0;03 gm. which can be
prepared by plasma or laser methods!’. Due to
the size distribution some selection of correct
g/m ratic is needed as well as recycling.
Charging the particles can be achieved in two
different ways the first one the macron
source'* involves contact electrostatic charging
(Fig.6). The second one'® uses levitation methods
in an RF field. Such sources operate typically
at small current density as the charge is usually
very high. Use of a source voltage around 10 to
15 kV leads to a current density around 1 m/Acd,
following the geometry and a total section around
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gyration as compared to the ions ones, it is only
possible to use transverse neutralization. The
other possibilities are to generate a plasma of
particles or to neutralize by an equal number of
injected beams of same masses and equal charges
of opposite values (this is easy as the bias has
just to be reversed in the source).

The residual vacuum in the storage ring has to
be very good, as the life time of the particles
relative to the background gas is about 30

minutes at a pressure of 107'? Torr. This value
was calculated for elastic collision between the

(a) total system microparticle and the background gas. The
pressure may be difficult to reach in the case
SUPERCONDUCTING that outgassing from the microparticle surface
MAGNET becomes significant. Also, the charge transfer
/ process and microparticle—microparticle collision
— seem to be important,bpt were not discussed here.
FARTICLE 7 7 There are a lot of reasons to increase the
- /Né’{% densities to get better confinement parameters.
;/%SOUR;E/ The values of the density and size of particles
/ /// are the result of a compromise between the
Z A neutron absorption and the densities. The main
MODERATCR other losses will be Bremsstrahlung losses as
Hl cyclotron radiation losses and light emission
e
OR  EIECTRONGEAM
Particle Reservoir 4\
(b) reaction vessel B
Fig.5 Microparticle Device Mechanical Feeder —|
0.1 ni, fitted with the section of the devi_ce. The Supplying Tabe <~ Vibrator
acceleration of the particles can be achieved by ) \
Van der Graaf accelerator or RF liner. TEM Mesh—
The last but the most critical problem is the | ‘
storage : the magnetic confinement as well as the Fider ———— .
neutralization by an electron beam is needed, Electric Feeder _E s
as it can be deduced from preliminary simple Charging Electrodes 3 1
calculations'®. Confinement will be difficult as Extraction Electrode ( XL

the component of the magnetic field which allows Limiter ——]

the storage is not a confinement one (usually Scaattered Particles —
this solution like a spheromak one for plasma is
unstable), so that some poloidal component of the e N : _~
field, coaxial with the beam may be necessary, Unipotential Lens

1H
tokamaks. _ — _\—-j

Neutralization appears to be a dofficult task in

like in  stellarators and in

itsell as the electorns will acquire iransverse

to Acc. Tube
velocities due to the imperfection of any real
system. As in our configuraiion of magnetic
field the electrons have a very small radius of Fig.6 Micropartice Source’?®
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seem to be negligible. As a consequence, a power
of some tens of megawatts seems necessary to
This can be done by
using some cyclotron acceleration effect.

As this kind of device has not been studied

maintain the rotation.

intensively, neither in its parts, nor in its

totality, large uncertainties remain. Thus,
some further studies are necessary to fully
evaluate this device.
Magnetized plasma solutions

As to match the time scales between

transmutation and life—time of the plasma, it is
better to confine magnetically the plasma. Two
kinds of solutions can be achieved :

—*closed” machines like torus

—“open” machines like mirror devices or

straitght columns.

Usually, in such devices, only heating is easily
achievable, i.e., it is very difficult to give directed
mean velocities to a plasma. So, for our purpose
it means that we will try to heat the plasma at a
tem‘ﬁerature of 556 eV.

1. Teorus device

It appears to be the best known and the most
efficient configuration at the moment, especially
the tokamak one. The current created in the
plasma tends to generate an induced drift charge
separation. So it is needed to twist the
configuration but without closing the current
lines.

Some performances recalled in the table 1 shows
that the temperature can be achieved easily, as
well as a quite high density. Presently, the best
confinement times has been obtained with these
devices. Our device has to be designed using
scaling laws : this problem is not yet fully sclved
and an extensive review?? is given for the I mods
regime. The confinement time of energy TE is
roughly proportional to the electronic density and
to some exponent of the “small” radius of the
torus a and of the main radius R :

Texn,a*R*? {12

a~1, 8-2 The influence of the

temperature, the magnetic field and the aspect

where

ratio of the torus are less clear and still

subjected to controversies. As an example, the
aspect ratio of the torus is only varied from 2.5
to 4 leading to a large uncertainty in the
dependence on this parameter. The dependence
in Mi4%, where M.,, is the effective molar mass
of the plasma, defined as the mean molar mass of
its main components and of its impurities, has
been incorporated a posteriori, using the isotopic
effcet between H* and D*. But, the dependence is
not clear as no effects are found in some

experiments®?®, Furthermore, the mass domain
which is considered there is far from ours, as
M, /=0.099kg. It must be also noticed that the
form of equation depends on the parameters, their
number and the heating procedures used.

Anyway, it seems that the biggest is the device,
the longest is the confinement time. Typical
order of magnitude of recent performances,
obtained with large—sized tokamaks JT60, JET,
and TFTR is around some seconds.Then,upgraded
tokamaks could reach confinement times of some
hours with an energy of 556 &V, especially if the
scaling law in the mean molar mass is valid.

A difficulty for these “closed” geometries is to
achieve high efficiency sources of metallic
elements, as to our knowledge this kind of devices
is only operating with sources using gaseous
elements such as H,, He, D,, Ar. Some ideas
like sending technetium pellets or using neutral
This kind of
metallic plasma is radiating a huge power as the

beam injection might be used.

effective charge number of technetium is arcund
20, Thus some important heating will be necessary
to sustain the plasma. Some common possible
heaﬁng solutions are ;

—Ohmic heating

—Ion eyclotron resonance

—Electron cyclotron resonance

—Neutral beam heating injection at high energy.

Poor accessibility of such devices are well—
known and this may become a major problem for
technetium 99 as the radioactive safety has to
be ensured and the cleaning of the wall may bhe a
problem.

2. Mirror devices

The “open” configurations have losses at both
ends of the device and are usually unstable as
the gradient of density is in each point opposite
to the centrifugal force. So, the magnetic field
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has to be modified in order to obtain a minimum
value of the magnetic field on the axis by using
magnets called anchors. Presently, only few
mirrors devices are operating in the world as the
large demonstration facility program MFTF has
been cancelled some years ago. The performances
are one order of magnitude smaller at least than
the tokamak solution, due partly to a much lesser

- effort for this solution.

V. DISCUSSION

From the previous chapter, it can be deduced
that doing a moving target for transmutation is a
tough task as the proposed solutions, although
they seem possible, can only be achieved in a long
term :the tokamak solution requires performances
comparable to magnetic fusion and micro—particle
solution development studies. At the present time,
plasma solution allows a -high enough density
around 10'‘em™* but a too small confinement time,
while the second one allows a much longer
confinement time but a smaller density as it uses
storége rings. Another possibility would be to
- fluxes and
transmutation rates as to relax the constraints

use higher reactors mneutrons
on the moving target, in particular the long
cowfinement time needed (14 hours).

For example, use of cold neutron gives high
transmutation rate as follows. The neutron
density in Eq.(6) is inversely proportional to its
velocity for a constant neutron flux. The
broadening width of the transmutation rate pealk
in Fig. 4 is also proportional to the neutren
velocity. Consequently, the peak transmutation
rate is linearly related to I/T and so the change
in the neutron temperature from 300 K to 3 K
increases the peak transmutation rate by a factor
of 100, The use of eold neuiron is a possibility
for relaxing the constraints for the confinement
time and the number of targets nuclides for
storage in the moving target concept.

Apart from the moving target study, it is
worthwhile to note that another interesting
method, but gquite different approach can be
derived : increase the neutron flux drastically,
even if the collision cross section is decreasing.

The proposed device {Fig. 7) looks like a laser
inertial fusion device?! : the solution is to make a
shell composed of an outer ablating shield, a
pusher of radicactive nuclides both tc induce

compression and to be transmuted, and a D-D or
D-T core, which produces neutrons (14. 1 MeV for
the D—T fusion reaction). The geometry is such as
the number of neutrons produced by shots must
be equal at least to the number of radicactive
nuclides to transmute. Eventually some other
intermediate layers, not represented on the
figure, to reflect and/or slow down neutrons may
be required to increase efficiency.

Thus, high densities for radiocactive nuclide
shell, as well as high neutron fluxes can be
achieved, As the pellet must not be too large
{around 0.5 to 1 mm) to avoid Rayleigh—Taylor
instabilities, the interaction region may be now
too small. So, both Deuterium—Tritiurm core and
the radicactive nuclide shell have to be
compressed : the first one to produce neutrons

and the second cne to absorb them.

™

Laser light
. hv
Strontium

Foam ot void

Ablarive shell

I~
o

500y 500 p

Fig.7 Inertial Transmutation Target

A simple caleulation shows that if the D-T
and the pusher of radioactive nuclides are
equally compressed with a ratic K aroud 1000,
then, the size of the peliet is decreased by K'/?
and the absorption is increased by a factor K273,
as it is proportional in a crude 1-D
approximation to the product of the density by
the thickness of the radioactive nuclides.

Some other difficulty arises the transient
nature of the phenomena will also reduce the
efficiency as the expansion of the plasma is
quite fast (some nanoseconds) as the temperature
of such plasmas has a value around 1 keV.
Furthermore, the slowed neutrons must be
captured before escaping the interaction zone
during the confinement time. Another mechanism
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involving the {n, 2n) reaction and fast neutrons,
seems less sensitive to this transient effect.

In order to check the effectiveness of the
inertial transmutation target, the transmutation
of *#Sr has been examined. Since the *°Sr has
very small cross section of thermal neutron
capture of l4mb, the (n, 2n) reaction with the
cross section of 1.6b was considered for the
transmutation of *°Sr. In the case of the inertial
transmutation target in Fig. 7, it seems that a
transmutation efficiency of about 14% for 14
MeV neutron can be achieved quite easily by
compressing *'Sr to high densities. This value,
as well as the high compression factor must be
reached for the case of inertial fusion.

The production rate of °°Sr from 1GWe nuclear
reactor is calculated to be 4,6 10'* sec™! by Eq. (8)
in the section IV. The same transmutation rate of
4.6 10'* sec™! at the same rate as previously
described requires the operation at 33 Hz by using
about 10'® neutrons per shot.
rate is quite high as compared with the present
performances of inertial fusion lasers.

This repetition

Tﬁus. it seems possible to use inertial fusion
techniques (laser, heavy ions---}, as the orders of
magnitude that must be reached are not very
different than those which are needed for fusion.

VI. CONCLUSIONS

The best concept in view of technetium
transmutation remains probably the irradiation
by thermal neutrons of a plasma target or a
neutralized ion beam, composed of ions of
technetium in a toroidal geometry ; the ioms
may be single atoms, clusters or particles.

Although  this
transmutation by neutrons is promising, the

concept for technetium
device to be retained is not easy to choose as
every solution has its own advantages and
inconvenients.

An interesting aliernative at high neutron
flux is to deal with laser inertial effects.
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