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The Effect of Dewaxing and Sintering Atomosphere on Carbon and Nitrogen
Contents of Low Density MOX Fuel Pellets for "MONJU"

M.Morihira®*, H.Endo*, D.Marita®*, K.Kamimura*, T.Yamaguchi®*,

S.Nagai***, AHanari****, M.Yoshida®***

The Effect of dewaxing and sintering atmosphere on carbon and nitrogen contents of low density MOX fuel
pellets for "MON]JU" was invesitigated. The pellets contained a large amount of nitrogen impurity by sintering
under N, —5%H, gas flow, but such a phenomenon was not observed under Ar— 5%H, atmosphere.

Pellets which contained the lowest amount of carbon and nitrogen impurities could be obtained by
dewaxing under CO,gas flow. It was therefore presumed that the nitrogen impurity exists as nitride in pellets
and the cause of nitrogen increase under N, —5%H, sintering atomosphere is the occourrence of carbothermic
reduction among MOX, residual carbon and N, in sintering atmosphere.
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2. BEMbRERRIc L AERNEUNEER (1)

N —, EEEEE*, WUARFEA*, EREB—BR*, TIkE**,
* b= ASRRIBIFEE  Plutonium Fuel Technology Development Section
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HHEZ**

Experiment on Dry Recovery of MOX Fuel Pellets Using Phase Transforma-
tion by Oxidation (1)

K.Kawase*, H.Endo*, J.Yamamoto*, K.Kamimura*, A.Hanari**, M.Yoshida**

Pellets of uranitm-plutonium mixed oxide with Pu/(Pu+U) ratios with 0.22 have been oxidized in an sir
atmosphere at temperatures between 300°C and 1000°C for 3hr. The disintegration of pellet took place at 500
C. The result of X-ray diffraction analysis of disintegrated pellet showed two phases. These are M0, _,
(orthorhombic) phase and the MO, {£c.c) phase.

Ceramographic and X-ray diffraction analysis were performed with pellets which did not disintegrate.
From the results of X-ray diffraction analyses, two phases could be found with pellets which were oxidixed at
temperature of 500°C, 600C and 1000°C as well. The results of ceramographic analyses revealed the '
difference of phase separation behavior by oxidation temperature. From microstructure of two phases at 600
‘C, it was difficult to point out M,0, _, phase. On the otherhand microstructure of two phase at 1000C showed

that MO, ,phase segregated at the grain boundaries of the MO, , matrix.
It was therefore presumed that the disintegration of pellet took place by precipitation of M,O, _, phase in
MO, ,, matrix without diffusion of Pu and U at 500°C.
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3. MOX Fuel Irradiation Behaviour in Steady State %
(Irradiation Test in HBWR)

5. Kohno, K. Kamimura

Plutonium Fuel Development Section

ABSTRACT

Two rigs of plutonium-uranium mixed oxide(MOX) fuel rods have been irradiated in Halden boiling water
reactor (HBWR) to investigate high burn-up MOX fuel behaviour for thermal reactor. Objective of irradiation
tests is to investigate fuel behaviour as influenced by pellet shape, pellet surface treatment, pellet-cladding gap

size and MOX fuel powder preparation process.

The two ring have instrumentations for in-pile measurements of the fuel center-line temperature, plenum
pressure, cladding elongation and fuel stack length change. The data taken through in-operation
instrumentations have been analyzed and compared with those from post-irradiation examination. The

following observations are made.

(1) PNC MOX fuels have achieved high burn-up as 59GWd/tMOX(67GWd/tM) at pellet peak without

failure.

(2) There was no significant differences in fission gas release fraction between PNC MOX fuels and UO,

fuels.

(3) Fission gas release from the co-converted fuel was lower than that from the mechanically blended

fuel.

(4) Gap conductance was evaluated to decrease gradually with burn-up and to get stable in high burn-up

region.

(5) No evident difference of onset LHR for PCMI in experimental parameters (pellet shape and pellet-
cladding gap size) was observed, but it decreased with burn-up.

1. Introduction

Power Reactor and Nuclear Fuel Development
Corporation (PNC) has been developing plutonium-
uranium mixed oxide (MOX) fuel for fast breeder reactor
(FBR), light water reactor (LWR) and the advanced
thermal reactor (ATR).®

In this paper, the thermal and mechanical behaviour of
MOX fuel obtained by both in-pile and post-irradiation
examination (PIE) are presented. Two of instrumented
irradiation rigs in HBWR were occupied for the
experiments. One is named IFA-514 of which the
irradiation started since July, 1979 and ended in
November, 1988, having achieved the maximum burn-up
of 49 GWd/tMOX(56GWd/tM) at pellet peak without
failure. PIE had been carried out in Kjeller Laboratory
until 1990. Three of six rods in IFA-514 rig have continued
to be irradiated as a new rig(IFA-565). The irradiation
started since November, 1990 and ended in October 1993.
The maximum burn-up is now 59GWd/tMOX(67GWd/
tM} at pellet peak. The other is named IFA-529 of which
the #rradiation was performed from July, 1980 to October,
1986 having achieved the maximum burn-up of 33GWd/

tMOX(38GWd/tM) at pellet peak. PIE had been carried
out also in Kjeller Laboratory until February, 1988,

The experimental parameters are pellet shape hollow/
solid) and pellet surface treatment (ground/as-sintered)
for IFA-514/565 experiment, and pellet-cladding gap size
and MOX fuel powder preparation method, i.e., direct co-
conversion from mixed plutonium-uranium nitrate
solution with microwave heating (MH Method)® and
mechanically powder blending for IFA-529 experiment.

The experiments of IFA-514/565 and 529 are carried out
as a part of joint research program between PNC and
Japan Atomic Energy Research Institute JAERI) wiht the
participation in the OECD Halden Reactor Proiect.

2.  Fuel Designs and Irradiation

Conditions

2.1 Design of Rig

IFA-514/565

IFA-514 fuel assembly consists of six MOX fuel rods
which are mounted on a circle with the upper and Iower
tie plates, two spacers and three staﬁ tubes., A simplified
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configulations of instrumentation and experimented
parameters is shown in Fig. 1. The fuel rods have the
same fuel stack length of 1380mm.

After non destructive post irradiation examination for
six fuel rods of IFA-514 were performed, three of them
were reassembled to IFA-565. The design of the clusters
is similar to that of IFA-514.

(Top)
12 3 4 5 6 Rodlo
PF| |EF| |EF| |PF EF| Instrument
S S S{IH| |S| |H| Pellet Shape
G| |G| {A||A| A} |A]| Surface Treatment
TF| [EC| |EC TF| [EC| Imstrument
(Bottom)
Pellet Shape S: Solid H : Hollow

Surface Treatment G : Ground A : As - Sintered
Instrument PF : Plenum Pressure
TF : Fuel Centreline Temperature
EF : Fuel Stack Length Change
EC : Cladding Elongation

Fig. 1 Simplified Configuration of Instrumentation
and Experimental Parameters in IFA - 514

IFA-529

IFA-529 fuel assembly consists of two clusters which
have six short MOX fuel rods respectively. All twelve rods
are equipped with instruments in either or both ends. The
pellet-cladding diametral gap size and MOX pellet
fabrication process are experimental parameters. The
configulation of instrmentation and experimental
parameters is shown in Fig. 2. The fuel stack length is
about 550mm.

(Top)
7 8 9 10 11 12 Redlo,
.. |EF| |PF| |EF} |PF| |EF| |PF| Instrument
85—
S ls||s||m||mf|L||L]| Gapsie
1o
& Imp| Me| MB |[MB| MB| ME| Pellet
CR I | | Fabrication
EC| TF| (EC| [ECY |EC| |TF| Instrument
1 2 3 4 5 6 RedMo
s Instrument
L e e e B e R
G’SML S| |M||L| GapSize
[~
Emm vA] MB{ MB| [MB pelet
{1 Jb {11 | Fabrication
pF| [PE| |PF] |PF| [PF| [PF| instrument
(Bottom)
GapSize S:Small M: Medium L: Large
Pellet MH : Co - conversion Method with Microwave Heating

Fabrication MB : Mechanical Blending Method

Fig. 2 Simplified Configuration of Instrumentation
and Experimental Parameters in IFA - 529

2.2 TFuel Rod Specification

IFA-514/565

The fabrication data of IFA-514/565 fuel rods are given
in Table. l. The six fuel rods have the same cladding
dimensions as those of BWR 8 X 8 fuel assembly. The fuel
peliets are sintered of 5.8%PuQ,-Nat. U0, mechanically
blended, powder 94% theoretical density, chamfered, and
10mm long. Pellet-cladding diametral gap size is range
from 220um to 260um.

Table. 1 Specification Data of IFA - 514/565

and IFA - 529
IFA ~ 514/565 IFA - 529

Pellet

Fabrication Mathod MB/1 MH*2/MB

Shape Soild/Hollow Solid

Surface Treatment Ground/As*3 As

Quter Diameter (mm) 10.56 10.47~10.64

Inner Diameter {mm) 3.5%4 -

Density (%T.D.) 94 94

Pu0Q, Concentration (wt%) 58 23

U—235Enrich (wt%) NatU NatU
Claddin,

Matengl Zry-2 Zry—2

Quter Diameter (mm) 12.53 12,53

Inner Diameter {mm) 10.80 10.80
Fuel Rod

Fuel Stack Length (mm) 1380 550

Pellet—Clad Gap (m Dia) 220~260 160~340

Filling Gas He He
Alggn%ll’ressure latm 1atm

)l
Number of Fuel Rods 6 12
[ Upper Cluster 6 ]
Lower Cluster 6

% 1 Mechanical Blending Method

* 2 Co—conversion Method with Microwave Heating
% 3 As—Sintered Pellet

% 4 only for Hollow pellet
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IFA-529

The fabrication data of IFA-529 fuel rods are given in
Table. 1. The pellets are enriched to 8.3%Pu0,Nat. UO,
and have 94% theoretical density. Pellet-cladding
diametral gap size is in the range from 160um to 340pm.
The difference of MOX pellet fabrication process is shown
in Fig. 3.

U0, - Powder
 (U,Pu) 0, - Powde;

U0, - Powder
Pu0, - Powder

Pu - Nitrah;l IVU - Nitrate

Co-
Conversion

Calcination

Reduction

Microwave
Heating Method

Fig. 3 Flow Chart of MOX Fuel Manufacturing
Process

2.3 Irradiation Conditions

IFA-514/565

IFA-514 was irradiated about for 9.3 years. The six rods
in IFA-514 were experienced almost same linear heat
rating (LHR) except the rods loaded with hollow pellets.
The maximum LHR of the rods loaded with solid pellets
was 51KW/m. The mean LHR averaged for burn-up was
24KW/m. The pellet peak burn-up was nearly 49GWd/
tMOX(56GWd /M),

IFA-565 is irradiated about for 12.2 years up to now.
The mean LHR averaged for burn-up was 23KW/m. The
pellet peak burn-up was nearly 59GWd/tMOX(67GWd/
tM).

IFA-529

IFA-529 was irradiated about for 6.3 years. The
maximum LHR was 50KW/m. The pellet peak burn-up of
lower cluster was nearly 31GWd/tMOX(35GWd/tM).

The irradiation conditions of two rigs are summerlized
in Table. 2.

Table. 2 Irradiation data of IFA—514/565 and 529

[MAX Pellef{ Ave.LHR [Pellet Peak|average |lrradia-
[Peak LHR | (Rod.Ave)Burnup  [Burnup tion¥*1
MW/m) |EW/m) [GWd/ |[(GWd/  [Time
tMOX) | tMOX) |(Year) |
i 5 24 49 40 93
Sollid Pellet Rod| @ &8 “8) azs
IFA - 514
/565 43 21 48 39 93
Hollow Pellet -
e ed @ | e | @ |
Upper Cluster 50 22 3 25 63
TFA - 529
Lower Cluster 50 24 kil 28 63

# 1 Irradiation time is definded by the time that the rig is in the reactor
# 2 ()including IFA - 565 as of August 1993,

3. Experimental Results and Discussions

3.1 Intemal Pressure of Fuel Rod

IFA-514/565

Fig. 4 shows the comparison of internal pressure
between Rod-1 and Rod-4 in IFA-514. There is no
significant difference of fabrication specifications between
Rod-1 and Rod-4 except the central hole. The data are
normalized in the condition of zero power and 240°C. It is
seen in Fig. 4 that the rod internal pressure in Rod-1(solid
pellet) is much higher than the of Rod-4(hollow pellet).
Even though considering that the average LHR of Rod-1 is
relatively higher than that of Rod-4 (3KW/m), the internal
pressure of Rod-4 (hollow pellet) might be still lower than
that of Rod-1(solid pellet). It might be caused by the
difference of fuel temperature and free volume between
two rods.® (1

£ 60

- | 1 =
5% [RODT : SOLID PELLET | RodNol(PIE) 45 &
& of (ROD4 : HOLLOW PELLET ° 1,5
E F POWER : 0 ] E
fg30;’['EMP]a:RA'I'URE : 240C i3 4
3 90f Rod No(lnpile) & i, B
Py 9 ‘# b E
EIO- S M““““uu o E
= 2 gmh Rod No.4(Inpile) {1 g
I e Y -
& o 10 20 30 40 50

ROD AVERAGE BURN - UP [GWD/TMOX]

Fig. 4 Plenum Pressure of IFA - 514
as a Function of Burn - up

The internal pressures of the six fuel rods in the lower
cluster of IFA-529 are plotted as a function of burn-up in
Fig, 5. As those fuel rods are installed in the same lower
cluster, the rod average powers are supposed to be
approximately equal. It is seen that the internal pressures
of Rod-1,2 and 3 loaded with MH pellets are lower than
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those of Rod4,5 and 6 loaded with MB pellets. Fig. 5 also
shows that except Rod-6, the smaller the pellet-cladding
gap size, the lower the internal pressure is. This
phenomenon might be explained by taking account of gap
conductance dependence upon gap size,®®

4.0 . T T T T T
5 3.5} | IFA - 529 E
= 39l Power : 0 i
G Temp. : 240C
o 251 Feb. Gap,
a Rod No. 5 (MB.240un%
@ 201 R i
g - 28" Fod No 6 (MB 3300
A y5l putt?
a 4 ‘.-l“ an o ( PRod No. 4 (MB,1903m}|
g 10- ,.,. 2 *,:._m:f‘:‘\: %Nus%wnn
= o5t » vo ovsevsct? Rod No. 1 QH,160um)
me‘M .
0 15 20 25 30 35

Rod Average Burn - up, MWd/tMOX

Fig. 5 Plenum Pressure in IFA - 529 at Zero
Power as a Function of Burn - up

3.2 Fission Gas Release

Fig. 6 shows the comparison of fission gas release
between Rod-1 of IFA-514 and Rod-4 of IFA-514/565. The
fission gas release is remarkabie from 15GWd/tMOX. It
is seen that the fission gas release fraction of Rod-1 keeps
to increase until the end of life up to 23% at the burn-up of
40GWD/tMOX.

T J— : N ,
g
g 30 ]
3 RodNo.1 (PIE)
< | :
g 20F RodNo.1 (In - pile) 3
] [
‘:5 &ss’ocﬂ
0] Q
ot
g 10 3 i dh Dk a b g ]
.g B‘“A
i o, RodNo.4 (In - pile}

0-«- ‘glﬂni“ﬂ Lo [P 1

0 10 20 30 40 50

Rod Average Burn - up (GWd/tMOX)
Fig. 6 Fission Gas Release Fraction of IFA - 514/565

On the contrary , the fission gas release fraction of Rod-
4 decreases slightly to reach 9% at the end of IFA-514 life.
But, at the beginning of the re-irradiation in IFA-565, the
fission gas release fraction of Rod-4 increased slightly to
reach 10%.

The fission gas release fraction of Rod-1 is much higher
than that of Rod-4 at 40GWd/tMOX. Even if taking
account of the difference of LHR (5KW/m), it seems the
fission gas release fraction of Rod-1(solid pellet) is larger
than that of Rod-4 (hollow pellet). But it is necessary to

confirm the in-pile data by using PIE data after the
irradiation.

Fig. 7 shows the burn-up dependency of fission gas
release fraction for BWR UOQ, fuels. The data of PNC
MOX fuels for ATR and BWR are also plotted in fig. 7. The
scattered region of PNC MOX fuel fission gas release
fraction data is within that of UQO, fuel. Fission gas release
fraction in-pile and PIE data of Rod-1(sollid pellet) and in-
pile data of Rod-4(hollow pellet) of IFA-514/565 are drawn
in the same figure. Those two lines are also located in the
scattered region of UQ, fission gas release fraction data.
It is remarkable that even at high burn-up of 40GWd/
tMOX (45GWd/tM), fission gas release fraction of MOX
firel Rod-1 is almost equal.®@~®

To compare the fission gas release fraction between
different type of fuels, it is necessary fo compare at the
same linear heat rating.

Generally, fission gas release occurs above 10GWd/tM
of burn-up, and the maximum linear heat rating
experienced above 10GWd/tM is most effective on fission
gas release fraction. A. Ohuchi et al.®? made an analysis of
measured UOQ, fission gas release fraction as a function of
maximum linear heat rating(>10GWd/tM). The result is
depicted in Fig. 8. In this figure, data of PNC MOX-fuels
irradiation experiments are also plotted. It is seen that
fission gas release fraction data of PNC MOX fuels are
located in the band of UO,.

PNC MOX fuels
Ga UOUOz fu];:l = Pu content (wi%) _Burnup (GWd/tM)
X2, Zumdb o 07~10 11~15
o 2~17GWd/tM| |e 15~21 14~20
O 18~24GWd/tM e 81~85 26~30
4 O 2~306Wd/tM| [¢+1 58 5
o*2 58 47
*] : IFA-514 Rodl
*2 1 JFA-514 Rodd
30 , . ’ :
9 - _
o
L =] )]
{’é 20+ ° g _
[N
o LR
@ - @ -
2 C
13
&
-]
) | 8‘93 e e ]
oé. 00
0 —A—Jmm&lﬁ—'—
100 200 300 400

Maximum LHR Experienced above 10 GWd/tM (W/cm)

Fig. 8 Fission Gas Release Fraction of UO. and MOX

Fuels as Function of Maximum LHR Expetienced

above 10 GWdiM




PNC TN 8410 94—194

30
| Mark Data Bass Fuel [ Pu Content (wi¥) i
¥ | [FUGEN) P06 ATR-MOX 0.7~1.0
| | e | [FUGEN; P2R ATR-MOX 15~31 IFA -~ 514 Rod No. 1
O |SGHWRTypeC ATR-UG, - (PIE)
| 1.C_| SGHWR Type D ATR-MOX 2.3 J’ |
B_| IFR.529 BWR:-MOX| 8.1~85 @
— | [ & [ BWREX8Fuels BWR-U(, - i
5 O | INTER RAMP BWR-UO: -
= v SUPER RAMP BWR' UO: _ A _
e 20 O | Oskar shamn-1 Reactor | BWR-UQ, -
[
2 0 © T
2 . a i
& A
@
3 IFA-514RodNo.1 — IFA 5};’1’ ?‘:)Silg"d No4
= (In - pile) v |
2 ) -
i - B
-4 B N
[ Eg O v
v i
2
v i
0 L v, 8 v
0 10 20 30 40 50

Rod Average Burnup (GWd/tM)

Fig. 7 Fission Gas Release Fraction of UO, and MOX fuels as a Function of Bumn - up

3.3 Fuel Temperature

In each two fuel rods of IFA-514 and 529, thermocouples
were inserted to measure fuel centerline temperature
directly. Considering that fuel temperature depends on
LHR, the temperature data corresponding to the LHRs of
10, 20 and 30KW/m were picked up for snalysis. Fig. 9
shows the temperature change of Rod-1 and 5 in IFA-514,
Although there was a little difference between them up to
the burn -up of 16GWd/tMOX, both temperatures
become almost same value after the burn-up. No
significant difference in pellet surface treatment is
observed.

oW ——m—————
IFA - 514

g r ORod-1  (Ground) 1

E 1500 [ ©Rod-5 (As - Sintered) -

g L Tl WWm

§ o [P st e 1.8 v

[:+] ' Ltr

| i wﬁﬂ‘@&@?ﬁ% 106W,/m ]

5 500 ol o

3 _

'§ 0 [ . ]

P 0 10 20 30 40 50

Assembly Average Burn - up  GWd/tMOX

Fig. 9 Fuel Cenireline Temperature at T/C Posi-
tion in IFA - 514

In general, gap conductance increases according to
LHR beceause of decrease of gap width. Calculation of
gap conductance at various fuel burn-ups were made
along the LHR of 20KW/m and it based on data sets of
both coolant temperature and fuel centerline temperature.
Results of the calculation is shown in Fig. 10. It is seen
that gap cenductance gradually decreases with burn-up,
however in high burn-up region it becomes rather
steady.®

0.8 T T v T T T T T

07 | O IFA-514 Rod-1 (260xm) _
) & JFA-514 Rod-5 (2404m)
08 @ IFA-529 Rod-8 (180&m) | -
B & e IFA-528 Rod- 12 (330xm)
< 05 -
B <]
g 04 [ .
E &

E 0.32‘8 e ]
é‘:’u‘ o1l 44 s 40O o0y 4o |
0.0 ) 1 L 1 L 1 L 1 L

6 5 10 15 20 25 30 35 40 45 50

Rod Average Burn - up GWd/AMOX

Fig. 10 Gap Conductance as a Function of Burn -
up at a 20kW/m
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3.4 PCMI Behaviour

In-pile PCMI behaviour was analysed using cladding
extensometers of the fuel rods in IFA-514 and 529. In
general, cladding elongates according to increase of
power due to its thermal expansion. When hard contact
between pellets and cladding occurs, cladding makes an
abrupt elongation because cladding is dragged out by
elongated fuel stack. For example, a relation between
cladding elongation and LHR for Rod-3 in IFA-514 is
shown in Fig. 11. The LHR at which cladding makes an
abrupt elogation is called "onset LHR for PCMI". Itisa
good indicator to evaluate easily how PCMI occurs,

Fig. 12 shows a dependence of the onset LHR for PCMI
on burn-up for Rod-2, 3 and 6 in IFA-514. The onset LHR
for PCMI gradually decreases with burn-up. The onset
LHR for PCMI of Rod-6 (hollw pellet) is slightly higher
than that of other rods until 5GWd/MOX. However, no
manifest difference in pellet shapes and pellet surface
treatments is observed conceming about PCMI
behaviour.

Fig. 13 also shows a dependence of the onset LHR for
PCMI on burn-up for Rod-7,9, 10 significant PCMI is
observed for any fuel rods. The dependence of the onset
LHR for PCMI on burn-up in IFA-529 is similar to that in
IFA-514. The onset LHR for PCMI would depend on
pellei-cladding gap size, density change of pellet,
relocation and rate of power increase. No significant
dependence on pellet-cladding gap size is observed in
IFA_529 (5) (8)(10){12)

1.0 : T T T
0.8 | IFA - 514 E
Rod - 3 (Solid As - Sintered)
ool §
] Y
%o -
=
F-;Jn 041t 1
g R
=
e 02t A i
287 Onset LHR
AMAA for PCMI
00 af ]
ant
o
0 10 20 30 40 50
Rod Average LHR kW/m
Fig. 11 Example of Dependence of Cladding

Elongation on LHR

40 . T .
5 o o o8 (g
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= 30 ond B fa s @ Red - 6 (Hollow) |
Pt B o zﬂo ,FAQ B ©
e o m, A
—t A @® l? " Og o o® a
& 20 o oh A“%o A a T
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/& 0 1 1 1
0 10 20 30
Rod Average Burn-up GWd/tMOX
Fig. 12 Onset LHR for PCMlin IFA-514 asa
Function of Burn - up
40 T T T T T T
& oy 8 , +IFA-529 ORod-7 (190um
B 30 g8 Aﬁ,&o i s Rod-9 (240um) |
e EhR a Rod - 10 (2404m
65 o Rod - 11 (330um
S g0l % @b,
% SV T 4 A oty
< . oo * *
Z 0L .
2
= 0 ‘ 1 1
0 10 20 30

Rod Average Burn ~up GWd/tMOX

Fig. 13 Onset LHR for PCMI in [FA~-529 as a
Function of Burn - up

4, Conclusions

Some conclusions derived from the data obtained by the

instrumeniations and the PIE are as follows.

(1) PNC MOX fuels have achieved high burn-up as
59GWd/tMOX (67GWd/tM) at pellet peak without
failure.

(2) There was no significant differences in fission gas
release fraction between PNC MOX fuels and UQ,
fuels.

(3) Fission gas release frem the co-converted fuel was
lower than that from the mechanically blended fuel.

(4) Gap conductance was evaluated to decrease
gradually with burn-up and to get stable in high
burn-up region.

(5) No evident difference of onset LHR for PCMI in
experimental parameters (pellet shape and pellet-
cladding gap size) was observed, bur it decreased
with burn-up.
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Conversion and Chemical Process Development Section

Automatic microwave tuning system for Microwave Heating method.

Y.Katoh, 1.Tanaka, A.Todokoro

In a microwave field, plutonium and uranium mixed selution is concentrated and denitrated by dielectric
loss of material. This dielectric loss changes by temperature and states of material. This loss inducts the
change of impedance of a oven. However, impedance of microwave generator is constant, so causes
mismatching. This mismatching lowers the microwave heat efficiency.

We developed the automatic microwave tuning system. This system can minimize the reflection of
microwave from the oven by confinually adjusting impedance for Microwave Heating direct denitration

method (called MH method).
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“REMBHISH  Inspection Development Corporation

Conversion & Chemical Process Development Section

Electrolytic Dissolution Test of MOX Fuel
Y.Yoshiyuki, A.Todokoro, A.Ohtaka*® and M.Ogasawara*

A method of electrolytic dissolution has been studied to dissolve plutonium dioxide in nitric acid. This
dissolution uses Ag* as an jonic catalyst to oxidize PuQ,(IV) to PuO,2 (VD). Ag* is generated by electrolysis of

silver nitrate,

This method is to be developed for dissolving mixed oxide, or decontamination of plutonium contained in
solid wastes in plutonium fuel fabrication facility. This report summarizes the effect of UQ, on Pu0, dissolving
velocity with wide range of the MOX in ratioof Puto U.
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Adsorption behavior of the trace amounts of plutonium in radioactive

waste solution by insoluble tannin

T.Nemoto*, K.Numata*, Y.Nemoto** and A.Todokoro*

ABSTRACT

The adsorption behavior of the trace amounts of plutonium from radioactive waste solution by insoluble
tannin in the form of additional condensed resin was investigated to be as follows.
1) Pu* was effectively and quickly adsorped on insoluble tannin at pH 3.0~10.0 from radicactive aqueous

solution.

2) The maximun adsotrption capacity of plutonium was 0.175gPu/g dry adsorbent.
3) The adsorptior isotherms were found to be fitted by Frendlich type equation in the investigated

concentarated ranges.
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Fig. 1 Chemical structure of Pu™ - adsorbent
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Fig- 3 Time course of adsorption from plutonium
solution by adsorbent
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Fig. 4 Relation between the amount of adsorbent
and adsorption efficency by adsorbent
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Fig. 5 Effect of pH on the adsorption of
plutonium by adsorbent
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Fig. 6 Plutonium adsorption curve for adsobent
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Fig.7 Relation between the amount of adsorbent
and adsorption efficency by adsorbent
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Table. 1  Effect of LV on adsorption of plutoium
by column test
pH Activity  Flow rate LV*  Absorption
efficiency
(Ba/m) (ml/min) (cm/min) (%)
3.0 640 0.09 0.46 96.1
018 0.92 8.7
0.36 1.84 63.4
0.72 3.68 50.7
45 72 0.09 0.46 989
0.18 0.92 96.7
0.36 184 92.3
0.72 3.68 825

*LV : Liner velocity
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7. Selective Excitation of a Branched Vibrational
Ladder in the Uranium Hexafluoride Laser Isotope
Separation

M.Suzuki, Y.Miyamoto, M.Hasegawa and Y.Shimazaki

Enrichment Technology Development Section

ABSTRACT

Theoretical investigation was made on the dynamics of initial excitation process in molecular laser isotope
separation for uranium hexafluoride (UF,) based on the generalized N-level density-matrix equation derived
by Goodman, et al. Branched vibrational model due to anharmonic-splitting components for the v, mode of
UF, molecule were formalized and phase interferences of density-matrix elements were considered to analyze
the selective excitation. Because of a power-broadening effect, no more than 0,05]/cm? fluence of a laser
pulse completely masks high enrichment peaks in broadband (A v = 2GHz) pumping case. Even when
matching the laser frequency with v, band (n = 0—>1) of #¥UF,, the enrichment factor (o=R, . /R o
R=[**UF,)/[**UF,] ; R is the abundance ratio and [ ] means the mole fraction.) dese not decrease. A narrow
spectral linewidth (A v = 400MHz) is shown to be essential to achieve a high concentration ratic in the system
with a branched N-level ladder as expected from 2 general two-level system. The exciting frequency, which
does not necessarily accord with the v, band of **UF,, gives the maximum enrichment peak. Both the
detuning of the optimum frequency and the sharp enrichment peak suggest a direct excitation due to
multiphoton resonance. Spectral stability of the laser pulse is also required to excite only the desired isotope

for the system with complicated anharmonic-splittings.

1. INTRODUCTION
In the IRMPD (Infrared Multiple Photon Dissociation)
of uranium hexafluoride (UF,) isotope separation, we have
to excite the isotope **UF, in a discrete level region. A
scheme using two infrared laser pulses has been
experimantally demonstrated®™®, One is tuned at a
fundamental vibrational frequency and does not have
enough fluence to dissociate the excited molecules. The
other is sufficiently detuned from the fundamental
frequency but has an appropriate frequency and enough
fluence to excite the molecules through a quasicontinuum
to dissociation. Because of a small isotope shift of the
polyatomic molecule the first laser source should be
satisfactorily monochromatic and tunable for highly
selective exciiation of the desired isotope. Since a
TEA(Transversely Excited Atmospheric) CO, laser
provides only discrete frequencies corresponding to the
rotational lines of CO, molecule, a TEMA(Transversely
Excited Multi-Atmospheric) CO, laser has been
developed in order to obtain continuous tunability®.
Making use of pressure broadening of the individual
rotational line to increase the laser gain in the midst of the
two adjacent lines simultaneously decreases
monochromaticity which is important for isotope

separation in the usual sense. Precise control of spectral
characteristics of the laser pulse seems to be necessary in
the complicated vibrational levels of UF, molecules.
Particuiarly, the tunable 16um laser pulses have been
successfully generated only through a four-wave mixing
precess with the TEMA CO, laser pulse in a multiple-pass
Raman cell®®, so that an appropriare energy of the
TEMA pulse is required for long propagation and
nonlinear conversion. Some techniques for SLM (Single
Longitudinal Mode) operation of the TEMA CO, laser
have been reporied using near threshold oscillation @,
however, a competitive relation between the spectral
narrowing and enough energy extraction per pulse has
limited the usefulness of the TEMA laser.

When a [aser fluence is increased, a power broadening
estimated by a known magnitude of v, vibrational dipole
moment of the molecule UF, becomes comparable to the
Q-branch linewidth®™. This means that 2 coherent Rabi
oscillation period comes to be as short as an oscillator
decay time due to the inhomogeneously broadened
medium. The highly degenerated levels make the
dephasing time small, because the density of vibrational
stated is 10 cm at vibrational energy 3X10° cm™! in the
molecule®, Nevertheless, a detail phase relationship
between the polarization of the absorbing molecule and
the light field in the initial excitation stage is expected to
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influence selectivity until the relaxation sufficiently alters
the system behavior to mask any coherent phenomena.
In order to clarify an effect of the fluence and the
frequency stability on the enrichment factor (=R

Rew R

product /

= [*UF,1/[®*UF,] ; R is the abundance ratio and

[ Imeansthe mole fraction.), an amount of detuning and

a Rabi frequency should be carefully examined.
Therefore, the time-dependent Schradinger equation is
adopted to analyze the dynamics of the N-level excitation
process. In addition to the general vibrational ladder the
molecule UF, has the anharmonic-splitting components
on individual vibrational level, so that various excitation
channels via the splitiing components interfere with the
coherent excitation each other.

The selection rule for dipole transition between
successive levels complicates this problem®, The
branched N-level ladder model composed of detunings of
the splitting components is developed for the calculations
to investigate the spectral dependency of the enrichment
factor in coherent pumping.

2. BASIC EQUATIONS

The coherent dynamics of a two-level system absorbing
light from a monochromatic source has been discussed
using the OBE{Optical Bloch Equation}®. For a molecule
undergoing thermalizing collisions with a reservoir, both
the population decay time(T,) and the phase relaxation
time(T,) describe the collisional randomization with the
Markoff approximation®. In this study density-matrix
equations are used to investigate the population dynamics
of UF, molecules in the branched N-level ladder. The

time evolution of the density matrix equation is given
bynaz

dp i 1, 1 y_1%:
E‘ 'ﬁ' [p:H] + (T Kp Tp) inz:‘arn (an+Pnp)'

)

In this equation p and H are the density matrix and the
harmonic Hamiltonian, respectively. The second term in
the right-hand side accounts for the phase relaxation, t~!
Kp. and the population decay,x~p. The third term
represents the effect of irreversible decay such as
intramolecular relaxations into the high density
background modes. T /# is this decay constant from the
nth vibrational state and P, is the projection operator. An
N-level vibrational ladder model in the presence of
collisional perturbations with a heat bath of inert
molecules and irreversible relaxation to the background
modes is schematically represented in Fig. 1. By

assuming the harmonic Hamiltonian the solution of the
density-matrix element is written as follows:

_ {m—n)xt, —At
.=C_ e e

2

where y is the driving laser frequency. C_ and A is the
complex eigenvector components and the eigenvalue,
respectively. Substituting this form of solution into Eq.
{I) and using the RWA(Rotating Wave Approximation),
one finds the equations of nondiagonal and diagonal
matrix elements of the complex eigenvector.

—C Q (A') +Bmcnm- Bm*l nm+l Bacn—lm_Bmllem: 0'
- n¥Fm 3
T,
}LC (2 )Cﬂﬂ ﬂncm_ Bmlcnml o n 1a Bml neln ’
@
where Q__ is given by
Q- L+ Ol 343 Y a0, ©

Since the lifetime of the vibrational level is relatively long,
the T,—type relaxation term is neglected in Eq.(4). The
Rabi frequency B_ is given by B, = (o, E/2#); o and E are
the dipele moment for the n — n + 1 transition and the
electric field strength, respectively. The dipcle moment
has been reported only for the first-step transition (n =0
— 1)@, For succesive transitions the dipole moments are
assumed to be o = (n + 1)~V2 ¢, 9949, The last term in the
right-hand side of Eq.(5) represents the detuning
contribution between the laser frequency and the
individual energy level 0y . | and k represent the
anharmonic-splitting components in the n and m
vibrational level, respectively. With the summation of |
and k, phase interference of the density matrix is
considered in the n — m transition. The spherical-top-
type molecule UF,, which belongs to the symmetry 0,
(octahedron), has high degeneracies of the vibrational
states.® These degeneracies are partially removed to
form anharmonic-splitting components that are related to
different values of vibrational angular momentum. The
split energy levels for v, mode of the UF, molecule with
vibrational quantum number from 0 to 4 are shown in Fig.
2. Forbidden transitions due to the selection rule are
indicated by the dotted lines. Spectroscopic data of the Q-
branch of the v, overtone of UF, have been discussed in
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many papers®®5 and we adopt the most recently

. . . E F F E, A F,
published data of #*UF, energy levels listed in Table. 1.99 —If,n 2 —1: —Ze — % £ n—y
For the N-level vibrational system, the matrix equations B G |
describe a set of N? coupled eigenvalue-eigenvector T T '
problems, and are solved using a standard matrix- "‘11::}::,:\ ;
diagonalization package. From N particular eigenvalues Fia Fa, Fia  Ag n=3
the general solution of the diagonal element can be " e
written as follows : N e
X
X N E, A, F, _
p® = X aCe™ ® n=2
n
The N coefficients o are introduced to match the general
solution to an arbitrary population at time t = 0. Fiu n=1
background
pump mode mode
A o
Ay r, — B— o=
LTI — — Fig. 2
T ! —— imeversible decay to Branched N-level model of anharmonic-splitting
4 the quasicontinuum compoenents for the vz-mode of the molecule UFs.
b Splittings of states of vibrational quantum number
—— _— "
Y W relaxation to the n from 0 to 4 are shown with the symmetry symbols.
: background modes The dipole-forbidden transitions due to the selection
: - rule are shown in the dotted lines.
e
' BTy =Y By
\ S n=l Py 62831 627.72
T — n=2 E, 1253.94 1252.84
T "l T, ! Ay 1254.19 1253.00
'\ Fay 1256.76 1255.66
b n=3 Py 1877.20 1875.60
By, 1882.58 1880.98
Fig.1 ' ) _ Fp 1882.86 188116
Schematic representation of a calculation model A 1885.50 1883.80
for the vibrational ladder. T, and T, are the pop- 4 Az“ 2497'95 2495'75
ulation decay time and the phase relaxation time, n 1g : "
respectively. T, indicates the irreversible transfer Eg 2497.96 249576
rate to the quasicontinuum from the n=4 level. Fig 2505.93 2503.73
A represents the detuning. Fap 2506.30 2504.20
E, 2508.80 2506.60
Ay 2509.07 2506.87
Fz, 2511.62 2509.42
estimated
(ecm™1)
Table. 1

Energy levels of anharmonic-splitting components
in the nv; overtone of UFg. The levels of 228UF; are
quoted from the reference '8 and those of 235UFg
are estimated by adjusting the anharmonic const-
ant to match the reported n=0 — 1

transition frequency. (14 (15)
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3. RESULTS

The population of the individual vibrational level shows
the oscillatory behavior which is characteristic of
coherent excitation, and the effects of both the Rabhi
frequency and the detuning in the simplified N-level
model are checked with the reference®™. Results of the
product yield and the enrichment factor, which are
calculated from the population p.(t} at the end the laser
pulse, will be shown in this section.

3.1 Most Suitable Conditicn of the Laser Pulse

In order to investigate the optimum frequency for
exciting the *UF, molecule efficiently and the effect of
power broadening on the enrichment factor, typical
parameters are chosen for the calculations as follows,
The pathway to the quasicontinuum is only from the
uppermost level(n = 4) in the discrete region and the
transition rate is assumed to be given by T, = 10~*(ns™9.
Although we can consider an arbitary input pulse shape
by changing the Rabi frequency and solving the
eigenvalue equations successivly, we assume a square
input pulse with 100 ns temporal width for the first
approximation. The laser linewidth is given by Av =
2(GHz), and the phase relaxation time T, is assumed to be
T, = (2nAv) . Excited molecules to the quasicontinuum
are assumed to be dissociated unconditionally. The
enrichment factor is obtained by the calculations for both
the isotopes **UF, and *UF,. The enrichment factor and
the dissociation yield as a function of both the laser
fluence and the frequency are shown respectively in Fig,
3(a) and Fig. 3(b). The frequency ranges from 626.5cm™!

to 628.9cm™! corresponding to the CO, rotational line

from 10R(28) to 10R(32) and the practical fluence range
up to 0.45]/cm? are examined. It is understood in Fig.
3(b) that in accordance with the anharmonic red-shift the
dissociation yield increases as the frequency goes away
from the v, fundamental 627.7cm ™" to the red side. With
an increase of the laser fluence the yield increases
gradually and a slight saturation is seen around the
converted 10R(28) frequency. In Fig. 3(a), the sharp
maxima of the enrichment factor are shown and more
than 10 values of the factor are obtained at 628.7cm™L.
Nevertheless, the peaks are significantly reduced when
increasing the fluence (0.05]/cm? and detuning from
the optimum frequency (>0.2cm Y. This suggests that
the power broadening due to the increase of intensity
smears out the maxima and the optimum frequency is
influenced by the complicated anharmonic levels. At
627.7cm™! corresponding to the v, fundamental of **UF,
molecule, any depletion of the factor is not seen,

3.2 Background Reservoir and Narrow-Band Pumping

For UF, molecules the overtone bands of other
vibrational modes and the combination bands among
them are possible to construct the background reservoir
for the v, mode. The case whose transition pathway from
the discrete region to the quasicontinuum is extended to
the lower vibrational levels is calculated. The interference
from the background reservoir is assumed as the
irreversible transfer to the quasicontinuum. Since the
transfer probabhility due to collisional perturbation should
be proportional to the background mode density, the
transfer retes are given by I, = 107*(ns™) and ', = 10%(ns
—1), The change of the enrichment factor as a function of
the frequency and the fluence is shown in Fig. 4(a).
Although the collisional escape from the halfway point of
the vibrational ladder has been thought not to affect the
enrichment factor, the sharp peaks in Fig. 3(a) are
completely gone. This means that irradiation of the laser
pulse to the UF, molecule the cooling of vibrational
temperature using a supersonic jet is useful hecause of
not only the sharpening of the absorption spectrum but
also the decreasing of the initial population of other
vibrational modes.

The dephasing time T, destructs the coherent
excitation buildup. The inhomogeneous spectrum of the
v, Q branch has a wide bandwidth to absorb all of the
photons generated from the laser pump. In this case the
time T, is determined by the linewidth of the laser. The
linewidth Av = 400MHz is given in order to investigate the
effect of the spectral narrowing on the enrichment factor,
The transfer rate from the uppermost level is given by I, =
1072(ns™!) and the pathways from level 2 and 3 are
prohibitted to correspond to the case in Fig. 3. The
detailed structure composed of peaks and valleys of the
enrichment factor is shown according to the frequency
change in Fig. 4(b). In addition to the same peaks shown
in Fig. 3(a), one more peak is seen around 627.5cm~%,
Although the former peaks quickly decrease as fluence
increases, the latter has a long tail in the fluence axis.
This different behavior of the fluence dependency
suggests that in the complicated energy level the
coherent excitation analysis give us more detailed
information than a simple power-broadening estimation.
It should be noted that in the low fluence region {<0.05]/
cm?) the factor goes up and down according to the
frequency change and the enrichment factor often
decreases below a unity, This means that an excitation
ratio of ?*UF, exceeds that of **UF,. The pump laser
likely depletes the enriched product without the mean
frequency stability less than a few gigahertz(<0.1cm ).
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Fig. 3

(a) Enrichment factor as a function of both the laser
frequency and the fluence. The frequency range
around the va{n=0—1) transition {626.5~628.9cm")
and the practical fluence up to 0.45 (J/cm?) are
investigated. The irreversible transfer rate to the
quasicontinuum is T's=102 {ns"}, and the pumping
laser linewidth is A v=2 GHz.

{b) The product yeild of both 235UF; and 238UFs.

ENRIGHNENT FACTOR

ENRICHMENT FAGTOR

Fig.
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{a) The effect of the irreversible decay from the

(b)

intermediate levels in the pumped ladder to

the background modes. The decay rates of

the level 2 and 3 are given by I',=10 (ns™)

and I';=102 (ns), respectively. The change

of the enrichment factor is shown as a function
of both the laser frequency and the fluence.
Instead of the broad linewidth (Av=2 GHz) in
Fig. 3, the narrow linewidth case (A v=400 MHz)
is investigated. The irreversible decay rates are
set by I';=I'3=0 and I';=102 [ns™), respectively.
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4. DISCUSSION

An analytical solution of the coherent density matrix
equation has been derived for a typical twolevel model,
but the analytical approach would be hopeless for the N-
level vibrational moedel. Moreover, it is difficult to predict
the dynanics of the excitation process in the N-level
ladder involving anharmonic-splittings of the UF,
molecule. An appropriate formula of the dynamics
without an approximation is not obtained, however, we
will argue about the unique features of the enrichment
factor as shown in Fig. 4(a) and 4(b), respectively.

When the Rabi frequency B is small and the relaxation
rate T is large, the coherent oscillation period of the
population becomes large compared to the relaxation
time. In this incoherent pumping case any phase
information about the individual probability amplitude is
not important. We can estimate the dynamics of the N-
level excitation using a rate-equation approximation. The
simplified form of the transition probability in a separate
two-level is given as follows®

Bav+D

@ve T+ A @

where Av is the linewidth of the pumping laser and T is
the irreversible decay rate to the background modes. Aw®
represents the detuning contribution associated with the
frequency difference between the laser and the split
energy levels. Including the saturation effect with the
Rabi frequency in the denominator of the transition rate in
Eq.(7), one finds the enrichment factor :

oc AVHTY + B+ Awks

(Av+ D7+ B+ Awks @

where Aw,,; and Aw,,, are the detuning terms of #5UF, and
#8F, molecules, respectively. It is understood that
increase of either the laser linewidth on the irreversible
decay rate causes the enrichmant factor to become
independent on the detuning term. As the power
broadening increases, the factor becomes independent of
the laser frequency change and the excitation results in a
small selectivity. The smooth dependency accounting for
relaxation to the background modes in Fig. 4(a) is
understood by this inference. On the contrary, in the
narrow linewidth case the enrichment factor becomes
very sensitive to the frequency change, because, Av and B
are small in Eq.(8). In this case the sharp peaks and
valleys are not explained by the above approximation.

B(N)

When the power broadening becomes small, the
detuning between the first two-levels is not compensated
by the broadening and the excitation to the upper level is
difficult. However, it should be noted that N photons
whose summed frequency compensates the accumulated
detuning up to the N-level can be absorbed at once. In this
multiphoton resonance case, without any relaxation a
solution of the population dynamics is given as follows® :

Py (®) = sin” [B™t] ©)
= BB, By
x—0w,) (%~ m21~m32)---{(N—1)x—m21—-m32-— Bt

where B™ is the multiphoton Rabi frequency. The
multiphoton power broadening is defined by

(o™~ 287

N (10)

Using Eq.(9), one finds the enrichment factor in the
coherent and no-relaxation limit :

sin’[B2t]
sin’[B oxt]

oc

(1D

The factor is calculated using Eq.(11) as a function of the
laser frequency and is shown in Fig. 5. The multiphoton
power broadening in Eq.(10) is much smaller than the
two-level Rabi frequency, so that the absorption spectrum
corresponding to this resonance becomes narrow. It is
inferred that the sharp peaks and villeys in Fig. 4(b) as
well as in Fig. 5 result from both the narrow spectrum and
the small isotope shift. From the fact that the enrichment
factor sometimes decreases below a unity similarly in Fig.
4(b}, we infer that the multiphoton resonance excitation of
#JF, with the complex anharmonic-splittings exceed that
of °UF,. When the multiphoton power broadening
exceeds the anharmonic detuning, the adjacent
resonances become overlapped and the sharp peaks are
smoothed out. This means that closely split anharmonic
levels govern the behavior of the peaks in increasing the
Rabi frequency. Therefore the different fluence
dependency of the enrichment peaks in Fig. 4(b) is
thought to correlate closely with the individual
background of anharmonic-splittings.

Through a no-seed SRS(Stimulated Raman Scattering)
process the 16um photons are initiated by quantum noise
which plays a dominant role in macroscopic fluctuations
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of the Stokes phase even in the pump-depleted region.
The intrinsically quantum mechanical behavior has been
shown to persist in the phase fluctuations®®, The Stokes
pulse used in the IRMPD has a long duration time(50ns)
compared to the depasing time(Zns). In this steady-state
case(l’t > 1 : I'! is the dephasing time in the Raman
medium and 7 is the pulse width), the collisional damping
causes the initial quantum fluctuation to decay
exponentially in time. However, vacuum noise
continuously reintroduces fluctuation in the Stokes field
during propagation™®. Specifically, in the broadband
pumping using the TEMA-CO, laser the noisy Stokes
spectrum is an important subject, because the Raman
generator possibly deteriorates the spectral stability as a
finite-bandwidth noise amplifier.

10’
108
10°
10*
1¢?
10?
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ENRICHMENT FACTOR
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Fig. 5
In the coherent and no-relaxation limit the effect of
multiphoton resonance on the enrichment factor is
shown as a function of the laser frequency. The
energy levels of anharmonic-splitting in Table. 1
are used and the laser fluence is given by ¢=0.01
{Jlcm?) :

5. CONCLUSION

It is concluded that spectral bandwidth less than 2GHz
of the contimiously tunable CO, laser pulse is necessary
to acheive a more than 10 emrichment factor in UF,
vibrational excitation considering the anharmonic-
splittings. In the broadband (Av = 2GHz) pumping case,
the enrichment factor is not depleted less than 1 in the
entire frequency (626.5~628.9cm™?) the fluence (< 0.45]/
cm?) region. A slight increase in the laser fluence up to
0.05]/cm? completey diminishes and enrichment factor.
In the narrow-band (Av = 400MHz) pumping case, the
enrichment factor becomes very sensitive to the
frequency change. Precise meanfrequency control
within a few gigaheriz is necessary to achieve the sharp
enrichment peak of the multiphoton resonance, so that

shot by shot spectral fluctuations of the pulses due to the
Stokes phase noise must be suppressed in order to avoid
spoiling the enriched product.

The main excitation pathways to a high enrichment are
not strongly dependent on the frequency of then=0—1
transition. Both stepwise excitations by near-resonant
one-photon transitions in the vibrational ladder and
multiphoton resonance to the N-photons final state
determine the selective excitation channel. The former
process becomes rapidly impossible as the laser intensity
increases unless more than one-color photons are used,
even in the discrete region. The latter depends on how
many levels one assumes as the discrete region and has
an appropriate amplitude of the enrichment factor in the
practical fluence.
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8. Characteristics of the 100 Hz Raman laser system
developed at PNC for the MLIS process *¥
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ABSTRACT

The para-H, Raman laser is known to be one of the most efficient Raman convertor, in which the quantum
efficiency near the main spike of a TEA-CO, laser pulse reaches to 100%. PNC has developed a large-scale
Raman laser system to be operated at a rate of 100 Hz for the engineering-test of the molecular laser isotope
separation (MLIS). The Stokes energy was slightly degraded in accordance with the increase of the repetition
rate and 0.35 J/Pulse was obtained at 100 Hz repetition without gas flowing system of para-H,,

1. INTRODUCTION

A para-H, Raman laser pumped by TEA-CO, laser
radiation provides a high-power, high-efficiency, tunable
source in the infrared region from 13 to 18 um. The para-
H, Raman laser utilizes the stimulated rotational Raman
scattering (SRRS) between J=0 and J=2 levels as shown in
Fig. 1

J=4
....A._ - —
164m
A
104 m 164m 43 m
I 1
$ 354cm’
J=0
Stokes 2nd - Stokes

Fig.1 Energy levels of para-Hz and related rotational

Raman transition.

Since the potentiality of SRRS in H, for an efficient, high-
energy, 16 pm source for the MLIS of UF, was pointed out
by Byer in 1976™, considerable effects in developing a
high-power para-H, Raman laser have been made. With
the aid of multiple-pass cell (MPC), the Raman power gain
increased. It has been already established that the para-
H, Raman laser is the best choice for the MLIS by the
present art of technology. The MPC consists of the two
concave mirrors as shown in Fig. 2, and the focused beam
trace reflection points on the coupled mirrors®. The para-

H, Ramar laser achieved generation of 1 J/Pulse by
liquid-N, cool of H, gas®- ®, Later, it was demonstrated
that the sufficient output performance could be also
obtained even in room-temperature operation®.

Since 1988, PNC has been developing a 16 pm laser
system that can be operated at 100 Hz for an engineering
test aming the separation of a suitable quantity of 2°UF,,
In this paper, we describe the design of the Raman laser.
System performances such as optics damage at high-
repetition rates, output efficiencies at 100 Hz and changes
of para-H, gas temperature during operation are
presented.

Concave Mirror 2

Concave Mitror 1

Fig.-2 Ray trace in a multiple-pass rescnator.
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2. TEMPERATURE DEPENDENCE OF
THE PLANE WAVE RAMAN GAIN
COEFFICIENT

It is known that the population density shift resulting
from stimulated Raman transitions changes the diffractive
index and also causes thermal expansion in the medium®,
A low repetition rates, however, the diffractive index
change has no serious influence on the Raman conversion
because the condition of the medium recoverd before the
forthcoming pulse. On the other hand, when the
repetition rate becomes higher, the Raman conversion
turns unstable, because the recoverly of medium
condition is insufficient.

a= el -1 (_11)'_), M

At g

The Stokes power gain per transit for a focused pump
beam is given by

where P, is the pump power, G the plane wave gain
coefficient, L and b the mirror separation and the confocal
parameter, respectively, and )\, and A the wavelengths of
the pump and Stokes waves, respectively. The plane wave
gain coefficient of pure rotational Raman scatterig in a
diatomic gas is

_ HjaN do),

2

* nindv, de
where n, is the refractive index at the Stokes frequency,
o, and } the Stokes frequency and wavelength. Av; and
AN, are the Raman linewidth (FWHM)and the rotational
inversion density of the Stokes transition, respectively.

do o' J+)J+2) 2

s VTN 2, 3
deo  5¢' (2J+1) @J+3) Yoo ©

The differential scattering cross section for counter-
rotating circularly polarized beam is given by

AN = S0 (1—exp[—J(J+1)B /k.TI)

- N, 4
"' g expl—JG+)B,/k,T] @

where v, is the molecular anisotropic polarizability. AN,
is given by Boltzmann distribution and written as

then

g=2]+1, B =60.8cm™.

— dif cal
Avp = Avp + Avy

kRED R

+Bp, ®)

Av, is given by the the sum of the pressure broadened
width and the diffusion limited width. Av, is written as
where k, is the angular frequency of the Raman shift, D,
diffusion constant, B the pressure broadened coefficient,
and p the molecular density of the medium. Fig. 3 shows
temperature dependence of the plane wave gain
coefficient, the rotational inversion density of the Stokes
transition, and the Raman linewidth using the equations
(@, @), and (5) at 1500 Torr. It is clear that the plane
wave gain coefficient is reduced when the temperature of
para-H, gas becomes higher. Therefore, the output
Stokes energy is reduced at a high repetition rate
generation, which causes a temperature rise of para-H, in
the beam transit area and the reduction of the Stokes
power gain coefficient.

n
(=1

Gs (cm/MW)
8

L=

100

50 ¢

ANg-2 (%)

300

150

Avg (MHz)

0 100 200 300 . 400
para-Ha Temperature (K)

Fig.3 Temperature dependence of the plane wave
gain coefficient, the rotational inversion density
of the Stokes transition and the Raman linewidth
at 1500 Torr.
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3. DESIGN REVIEW OF THE PARA-H,
RAMAN LASER

Both KCI and ZnSe are competent optics materials of
TEA-CO, lasers. However, ZnSe is mostly used, because
KCl! is deliquescenf. The damage threshold of anti-
reflection (AR} coat on ZnSe for a single TEA-CO, pulse
was estimated to be about 10 J/cm? @ ® | M.Rahe, et.al.
appraised that the H0%-LIDT (laser induced damage
threshold) and 0%-LIDT of Th,/ZnS film that were coated
on the ZnSe were 12.4%£2.9 J/cm? and 8.9 J/cms?,
respectively®, The damage threshold decreased by
increasing repetition rates ©. LIDT of ZnSe and ZnS at
100 Hz became to 60% and 50%, respectively, in
comparison with that at 1 Hz.

When the pump beam is inputted to an MPC, it is
needed to match its focusing features to a stable mode of
the MPC. A conventional type Raman laser®™ as shown in
Fig. 4 had the high beam intensity on the entrance
window, because the focusing mirror system was
arranged outside the MPC and the beam diameter was
small at the entrance window. This design easily causes
damages of optics even at single shot operation. This
problem was solved with the use of pre-chamber attached
to the MPC, as shown in Fig. 5, which contained a beam
focusing mirror system in it, resulting in the reduction of
the intensity of the input beam at the entrance window.
This improved design is the very effective to develop the
high repetition rated para-H, Raman laser.

Multiple-pass Raman Cell

#Focusing Mirror System
B

(AR-ZnSe

Fig. 4 Schematic diagram of the conventional
type multiple-pass Raman cell.

Multiple-pass Raman Cell Pre-Chamber
ﬁ" | I ARZnSe
—
u KCI
ﬂ | ]
Focusing Mirror System
Fig.5 Schematic diagram of the conventional

type multiple-pass Raman cell.

4. EXPERIMENT

The experimental arrangement is shown in Fig. 6. The
Raman laser system consisted of a master oscillator and
power amplifiers (MOPA) chain of TEA-CO, lasers, an
improved type MPC and detection equipments,

cw-C02 Injection

A/4 Phase retarder

TEA-COz2 Laser Amp. | —
LI 1 °
4
ZnSe 2 |}
@ = — Raman Laser
i Dichroic Mirror
B e Damper
HgCdTy <> £-1m KCI Lens
Sensor : Pump
C,—._..i ] —
ZnSe -~ ; Stokes
Molectron J25HR

Y
QO HgCdTe Sensor

Fig. 6 Experimental configuration for 100 Hz Raman
laser system

Laser pulses after passing through the amplifier section
was introduced to a A/4 phase retardor in order to
convert polarization from linear to circular. The circular
polarized heam was amplified to have sufficient energies
for the Raman conversion by the TEA amplifiers. The
amplified pump beam was inpuited to the MPC and
generated the Stokes beam by SRRS in para-H,, The para-
H, gas pressure was 1500 Torr at room temperature. The
MPC had no gas flowing system.

The pump beam energy was measured by a Molectron
J25HR. The beam transmitted partially through the ZnSe
beam splitter was monitored as a reference. The input
and depleted pump waveforms were measured by
HgCdTe detectors. The output Stokes energy was
measured by a Molectron J25HR. The Stokes beam was
separated from the depleted pump beam with the aid of
two 10/16 um dichroic mirrors,

Fig. 7 shows the output Stokes energy as a function of
repetition rate. Circles, triangles and squares indicated
the Stokes radiation of which pump energies were 3.5, 4.0
and 4.5 J/Pulse, respectively. No degradation of pulse
energies was found till 30 Hz. At the rates of 30 Hz - 100
Hz , however, energies per pulse were slightly degraded
along with the increase of the repetition rate when no gas
flowing system of para-H, was operated. The Stokes
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energy that was obtained at 100 Hz was 0.35 J/Pulse. Fig.
8 shows the depleted pump waveforms when the pump
energy was 3.7 J/Pulse at 1, 25, 50, 75 and 100 Hz
generation. It is clear that the depletion width hecame
narrower and the efficiency of SRRS decreased with the
mcrease of the repetition rate.

12

4.0J/Pulse Pump
0.8 5

it Sl L LY W
S Ao

3 & )
3.5] /Pulse Pump /
40 60
Repetition Rate (Hz)

Stokes Energy (/Pules)
[
-

e
=]

20 80

Fig. 7 Repetition rate dependence of the Stokes en-
ergy when no gas flowing system of para-H,.

50ns
p—
100Hz
75Hz
50Hz

Fig.8 Depleted pump waveforms at 3.7
J./Pulse input pump energy.

Table.1 The para-H, gas temperature estimated from the reduction of the plane wave gain
coefficient at several repetition rates.

Stokes Energy Rep. rate Pump Energy Energy ratio Gas Temp.
(J/Pulse) {tz) (J/Pulse) o ®
042 1 35 - 290
042 70 4.0 1143 315
0.41 80 4.5 128.5 335
0.68 1 4.0 — 290
0.68 50 45 1125 210

The para-H, gas temperature was estimated from the
reduction of the plane wave Raman gain coefficient at
several repetition rates and pump energies, as iltustrated
in Table 1. This estimation was based on the equation (1)
which denoted the Raman gain coefficient is in proportion
to the product of the pump power and the plane wave
Raman gain coefficient. In case that the pump energy was
3.5, 4.0 and 4.5 J/Pulse at 100 Hz, para-H, gas temperature
was estimated to be 310, 330 and 345 K, respectively.

5. CONCLUSION

We designed an MPC with a pre-chamber systern that
contained a beam focusing mirror system in it. This
improvement led us to the result the entrance optics were
kept free from damages even at the 100 Hz operation. The
Stokes energy was, however slightly degraded with the
increase of repetition rates obtained energy was 0.35 J/
Pulse at 100 Hz.
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9. CURRENT STATUS OF PNC'S MLIS PROGRAM %

0.Suto, H.Yamaguchi, K.Tashiro, S.Kawakami and Y.Shimazaki

Nuclear Fuel Technology Development Division Power Reactor and Nuclear Fuel Development Corporation

Tokai-mura, Naka-gun, Ibaraki-ken, 319-11 Japan

ABSTRACT

According to the Atomic Energy Long-Term Program revised by the Japan Atomic Commission in 1987,
PNC has started R&D on MLIS since 1988, The main target of our program is to attain a high enrichment
factor under engineering conditions that has been already achieved under experimental conditions by the

Institute of Physical and Chemical Research.

The test facility for enrichment tests under engineering conditions which consists of 100Hz laser systems at
16 um and a UF, handling system has been developed and several tens of tests have been successfully carried

out,

1. INTRODUCTION

Some uranium enrichment methods using lasers, which
are more efficient than conventional commercialized
techniques, have been actively investigated during the
past 20 years in several countries. Enrichment costs
using lasers could be lower than those of cenventional
methods because these methods can enrich natural
uranium to nuclear reactor grade in a single enrichment
stage.

One of these methods, the molecular laser isotope
separation process (MLIS) is based on the isotope-
selective photodissociation of gaseous UF, to solid UF,,
which can be removed from the gas flow by separators.

The MLIS process can be divided into three main areas:

Cooling of UF, molecules mixed with carrier gases
in supersonic nozzle expansion.

Selective excitation and dissociation of UF; by laser
radiation at 16 pm.

Polymerization of UF; molecules to UF; particles
and removal of UF, fine particles from the UF, gas.

From the standpoint of commercialization, MLIS has
the great advantage that the feed material, UF,, is used in
the ccurrent nuclear fuel cycle. Thus, we have been
developing this enrichment method.

In Japan, the Institute of Physical and Chemical
Research (ICPR) initiated the basic research on the
process in 1982. According to the Atomic Energy Long-
Term Program revised by the Japan Atomic Energy
Commission (JAEC) in 1987, the Power Reactor and
Nuclear Fuel Development Corporation (PNC) has been
invoived in the R&D in cooperation with IPCR and several
industrial partners since 1988. This R&D includes the

design and construction of a test facility for enrichment
tests under engineering conditions as well as the basic
technology development for the scientific and technical
understanding of this process.

This facility that consists of laser systems at 16 ym and a
UF, handling system was completed at PNC Tokai-Works
in 1990. The enrichment test was started in 1991 and
recently, high isotopic selectivity has been demonstated.
In the presentation, the current status of PNC's MLIS
program will be discussed.™*}

2. DEVELOPMENT OF SUPERSONIC
NOZZLES

We developed a supersonic nozzle that can cool the
UF, gas to low temperature (less than 100K) during
supersoinc expansion without condensation. Moreover,
the UF, concentration in the supercooling area has to be
high engugh for commercialization.

However, we have to optimize a number of parameters
such as nozzle shape, carrier gas, mixing ratio of UF, and
carrier gas and inlet pressure for the development of
supersonic nozzles. Thus, we first established rapid and
reliable diagnostics methods of the characteristics of
supersonic nozzles that are based on high resolution
infrared spectroscopy in the v, Q-branch region of UF,
using tunable diode lasers.®

The UF, rotational temperature is estimated by
comparing the shape of the observed absorption
spectrum of the v, Q-branch (Fig. 1) to the calculated
spectrum (Fig. 2).

The UF, vibrational temperature is estimated by
comparing the absorption ratio of the hot Q-branch and
the fundamental Q-branch (Fig. 3) to the calculated value
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based on Maxwell-Boltzman statistics.

The UF, condensation is estimated by the saturation of
the v, Q-branch absorption as well at the light scattering
method using an Argon-Ion laser.

We already succeeded in the development of the laval
nozzle which can cool UF, to less than 60K without
condensation (Fig. 4) and further, we have been
improving the characteristics of the nozzle by using these
diagnostics methods.

Absorption —

Wave number —

Fig. 1 Observed absorption spectrum of the v,

Q-branch of 2®8UF,.
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Wave number —

Fig.2 Simulated absorption spectrum of the v,
Q-branch of 22UF.

Ve Q - branch

V5~ V3+ Vg Vg = Va+ Vg
Vi Va+Vy

Absorption —

Wave number —

Fig.3 Diode laser absorption scan in the region
of the v3 Q-branch of UFs.

absorption intensity [

-1
wavenumder — 0.lcm

Fig. 4 Diode laser absorption scan in the v 2 Q-branch
of UFgin the nozzle expansion.

3. ENRICHMENT EXPERIMENT IN
SUPERSONIC FREE JETS OF UF,
WITH A MPI/TOFMS

Optimization of laser radiation parameters is extremely
important in order to achieve a high enrichment factor.
However, there are many parameters which include
number of wavelengths, wavelength, bandwidth,
frequency stability, delays, pulse shape and polarization.
Besides there is on model which simulates the UF,
multiphoton excitation exactly. One has to optimize these
parameters by making a large number of enrichment
experiments. However, it is very inefficient to investigate
these optimum values by using the test facility because of
its large consumption time.

We have established an efficient experimental method
that is based on enrichment experiments in supersonic
free jets followed by multiphoton ionization time-of flight
mass spectroscopy (MPI/TOFMS) of photodissociated
UF,. As shown in Fig. 5 and Fig. 6, 16um laser pulses are
focused into a pulsed free jet of UF, diluted with carrier
gas, and UF, is photodissociated to UF,. UF,is selectively
multiphotoionized at the second harmonic frequency
(A=532nm) from a Nd:YAG laser into various ions, mainly
U?. These ions are accelerated in the electric field and
reach the detector, multichannel-photomultiplier (MCP).
For each radiation, the TOFMS spectra, the radiation
energies and the delays are recorded using digital storage
oscilloscopes and then stored in a computer,

Since the enrichment factor can be estimated by
averaging 1000 individual spectra, we can acquire the
experimental results in a short time. The promising
combinations of the laser radiation parameters resulting
from these experiments are tried in the enrichment tests
using the test facility and the cut, 8, as well as enrichment
factor, ¢, are then estimated.

Although these experiments were just started, we have
already achieved an enrichment factor high enough to
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produce the nuclear fuel. Hereafter, we will actively carry
out the enrichment experiments in supersonic free jets to
optimize the laser radiation parameters.

| Main Micor J_| Digital
Trigger Computer Oscilloscope
YAG
Laser
Sample—>»
] TEA:CQ, pH; L
Laser System-1 Raman celt-1 ™M
| TEA-CO, pH; I
Laser System-2 Raman cell-2 l M M
| TEMACO,
Laser System

Fig. 5 Schematic diagram of enrichment experiments in
supersonic free jets of UFg with 2 MPI/TOFMS.

S

to pump

reflectron

Fig.6 Schematic diagram of MPI/TOFMS.

4, ENRICHMENT TESTS USING THE
FACILITY

The test facility for enrichment tests under engineering
conditions, which consists of laser systems at 16 pm (Fig.
7) and a UF, handling system (Fig. 8), was completed at
the PNC Tokai-Works in 1990.©

The laser systems comprise two linetunable TEA CO,
laser chains, one continuous-tunable TEMA CO, laser
chain and two multiple pass cells filled with para-
hydrogen gas to convert the CO, laser radiation to 16 pm
by Raman scattering. The typical linetuned 16 pm pulse
energy is about 600 mJ and can be delivered stably. A
weak TEMA CO, laser pulse is also converted by Raman

~ scattering with four-wave mixing and its continuously

tuned 16 um pulse energy is about 40 m].

Fig.7 16 um laser systems.

Fig.8 UF, handling system.
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The handling system is a closed loop apparatus mainly
comprising four sets of three roots pumps, supersonic
laval nozzles (a 10 cm wide continuous flow nozzle and a
25 cm wide pulsed flow nozzle with piezoelectric
drivers(Fig. 9) ) and two sets of UF, separators. Its
throughputs are several kilograms of UF, per hour.

The enrichment test was started in 1991. First a series
of tests have been done using two line-tuned 16um laser
beams and several tens of milligrams of enriched UF,
powder has been recovered by the low pressure multi-
nozzle impactor (Fig. 10).

Recently, we started the second stage enrichment tests
using the continuously tunable TEMA CO, laser chain as
well as two line-tunable TEA CO, laser chains. Even
though only several tests have been carried out, we have
already confirmed an increase in selectivity.

Fig.2 Supersonic pulsed flow nozzle with a 25 cm
wide slit.

PR e €
! - o g
LT Sl

g &
&

Fig. 10 Enriched UF, powder recovered by the low
pressure multi-nozzle impactor.

5. FUTURE WORK

The evaluation of the uranium enrichment technologies
» MLIS as well as AVLIS (Atomic Vapor Laser Isotope
Separation) and GCP (Gas Centrifuge Process), is to be
made around the year 2000 by JAEC.

We believe that the technologies and the description of
the test facility presented in this paper enable us to
optimize various parameters and achieve a high enough a.
and 8 for commercialization till the C&R.
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10. Isolation of an ESR-Active Metallofullerene of La@C_,

K. Yamamoto, H. Funasaka and T. Takahashi

Innovative Technology Development Section

ABSTRACT

The ESR active lanthanofullerene, La@C,,, has been isolated from various hollow fullerenes by an efficient
single stage chromatographic separation process. Pyrenylethyl-silica was used as a stationary phase with
toluene as an eluent. Lanthanum-containing fullerenes were prepared by the arc heating of metal-
impregnated graphite rods in a He atmosphere. FAB mass analysis of the isolated sample confirmed the
isolation of La@C,_,. ESR absorption spectra of the present sample prove the separation of a La@C,, isomer
with a 1.15-G hypefine splitting. The UV-visible-near-IR absorption spectra of the sample reveal near-IR
absorption peaks, which are characteristic of the fullerene radical anions,

1. INTRODUCTION

Since the first macroscopic preparation of a lanthanum
fullerene,” several metallofullerenes, including La@C,_,*
~® Y@C,, @ @~ gnd §c@C,,, @ 42 13 have been
produced, exiracted and characterized by many
researchers. Because all of the species considered as
metallofullerene have been obtained in mixtures together
with empty all-carbon fullerenes, species-specific
detection techniques such as ESR, XPS, EXAFS and mass
spectrometry, have been used for characterizing the
metallofullerenes. Moreover, due to a scarcity of metal-
containing fullerenes in soot,? ulirasensitive detection
techniques, especially ESR and mass spectrometry, have
commonly been used in previous reports.

In the case of soluble lanthanum-containing fullerenes,
mass spectrometry revealed that the available samples
were mixtures of metallofullerenes with different
numbers of carbons and/or metals, such as La@C,,,
La@C,, La@C,, La@C,,, La@C , and La,@C,® ® . 4.
4% Moreover, ESR measurements revealed that there
coexists isomers of metallofullerenes, such as La@C,,
Y@C,,, and Sc@C,,, with different g-values as well as
different hyperfine coupling constants.® ® This may
correspond fo the fact that empty fullerenes such as C,,
C,, and C,, consist of the corresponding mixtures of
structural isomers.%® 0? Because pure metallofullerene
samples were not available at that time, previous
metallofullerene studies simply depended on the
assumption that metal-containing species appearing both
in the mass spectra and in the other species-specific
measurements corresponded to each other. For this
reason, purified samples are indispensable for proving
this assumption, and moreover, for further
metallofullerene studies.

The separation and isolation of the metallofullerenes
from various hollow fullerenes was accomplished for the
first time for the discandium fullerenes, Sc,@C,,, Sc,@C_,
and 3c,@C,,, using two-stage high performance liquid
chromatography (HPLC).“® However, because these
isolated discandium fullerenes are ESR silent, laser-
desorption time-of-flight mass analyses alone were used
for confirming their isolation.®® Although these
discandium fullerenes are also thought to have more than
two structural isomers, respectively, isomeric purification
of the discandium fullerenes is not clear.

In this study, we report the isolation of La@C,,, a
ground state doublet, paramagnetic lanthanofullerene,
using an efficient single-stage HPLC system. Its isolation
from the other fullerene species was confirmed by fast
atom bombardment (FAB) mass spectrometry as well as
electron spin resonance (ESR) measurements. These
measurements indicated that the isolated sample was a
lanthanofullerene, La@C,,, with a hyperfine coupling
constant of 1.15 G.®-©® Absorption spectra of the isolated
La@C,, revealed wide absorption bands ranging over the
near-IR region, which were not seen for the
corresponding empty C,, fullerene and consistent with its
open shell electronic structure, described formally as
La-'i'i-@CszB—_ [N E)]

2. EXPERIMENTAL SECTION

Soot containing metallofullerenes was generated by
evaporating metal-impregnated graphite rods using
methods that have been described in detail @ @ ®-®, 4
Graphite rods (Nippon Carbon Co., 13-mm diameter, EG-
38H, 99.998%) were drilled out (7-mm diameter) and filled
with a mixture of La,0,(Chori Co., 99.9%), graphite
powder(Soekawa Chemical Co., 99.9%) and prepowder
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asphalt(Showa Shell Co.) with a ratio of 3: 5 ; 2 by weight.
Before use, the rod was cured at 300C for 2 h and
carbonized at 1000°C for 1 h in flowing nitrogen. The
resulting rod was 1-2 atom % lanthanum. The metal-
impregnated graphite rod was used as the anode in a
contact arc reactor™: ¥ U8 (Vacuum Metallurgical Co.,
UFP/SD1}) at 250 A in a He(45 Torr) static atmosphere.

The resulting soot was collected and extracted for 48 h
in 1,2,4-trichlorobenzene(TCB, Kanto Chemical Co.,
§9.0%) using a Soxhlet extraction apparatus. The extracts
were dissolved in toluene prior to HPLC separation. The
toluene solution of the extracts (5-ml injection volume, 2.5
mg/ml typical concentration) was separated using an
HPLC system (Tosoh Co., HLC-8070) with a 2-(1-pyrenyl)
ethylsilylated sillica column® (COSMOSIL 5PYE, 20mm
i. d., 250mm length, Nacalai Tesque Co. ) with toluene
eluent (flow rate, 10 mL/min). In this HPLC separation
process (330 nm UV detection), the peak dut to La@C,,
was observed between the C,,+C,, and C,, peaks. By
collecting the corresponding fraction, we obtained the
pure La@C_, species.

The positive and negative ion fast atom bombardment
(FAB) mass spectra of the isolated product were
measured in a m-nitrobenzyl alcohol (m-NBA) matrixona
JMS-5X102A mass spectrometer (JEOL Co., Ltd.)). A
xenon beam with an energy of 6 kV was used. Some of
mass spectra were measured for ®C-enriched (**C, 1.8%)
samples.

The isomeric purification of lanthanofullerene was
confirmed by ESR spectra. Both crude extracts and
isolated La@C,, were dissolved in TCB and degased. ESR
measurements were performed using a conventional X-
band ESR spectrometer (Bruker ESP 300) at room
temperature.

Absorption spectra for the La@C,, were obtained by
10mm quartz cell with Hitachi U-3410 UV-visible-near-IR
spectrometer. Carbon disulfide(CS,)was used as a
solvent.

3. RESULTS AND DISCUSSION

Fig. 1A shows an HPLC profile of the crude extract of
the fullerene soot redissolved in toluene. The most
abundant fullerene in the mixture is C, (75% relative
integrated intensity at 330 nm), followed by C,,(15%),
C,(1.5%), C,,(2.5%), C,,+C,, +C,(4%), La@C,,(0.5%), and
C,;(0.5%). The scarcity of the metallofullerenes in the
extracts was seen in the chromatogram. The estimated
amount of La@C,, in each run(5 ml injection) was 0.1 mg.
In this fullerene composition (major component of the
extracts was C,), the obtained amount of the
metallofullerene was restricted by a solubility of C,, in

toluene. The distribution of the hollow all-carbon
fullerenes such as C,, C,, C,, and C,, resembles that in
the extracts of pure carbon soot. When pure carbon
electrodes were used for producing fullerenes, no peaks
were observed between the C,,+C,, and C,, peaks. All of
the peak assignments have been performed by mass
spectroscopic analyses of the corresponding fraction. It
should be noted that our HPLC system could easily
separate the new stable fullerenes, C,, and C,,. Their
separation and identification will be published
elsewhere. @V
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Fig.1 (A) An HPLC trace for the redissolved crude
extract of the metallofullerene soot. Peaks due
to empty fullerenes such as Ceg, Crg, C76, Cra
and Cgz+Caa are prominent and out of scale.
La@Caz peak (retention time : 40 min) is seen
between peaks of Cgs+Css and Cgs. (B) A
repeatedly isolated HPLC trace for La@Cs2.
Besides solvent impurities near 6 min , only one
peak is shown in (B).

Fig. 1B shows an HPLC trace of the purified
metallofullerene, La@C,,.> From the HPLC profile of the
crude extract shown in Fig. 1A, the possible slight
contaminants were C,, and C,. An additional purification
procedure resulted in empty-fullerene-free La@C,,(9%%
maximum purity from relative integrated intensity of the
HPLC trace) as shown in Fig. 1B. This fraction is yellow
in a dilute solution and dark-yellow in a dense solution of
toluene and TCB. Fig. 2 shows the positive ion FAR mass
spectrum for this re-chromatographed fraction.
Molecular ion peaks ascribable to La@C,, for the product
are observed at 1123-1126 amu. The obtained ion-
intensity ratio agrees well with the !3C isotope
distribution,®® which was also verified for *C enriched
samples. For every mass spectral signals the distribution
is used as a criterion for the peak assignment. Besides
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La@C,, peaks, some series of peaks arising from the m-
NBA matrix are seen in Fig. 2.

La@Cgy

1115 1120 1125 1130 1135 1a@c,

(@-NBA) La@Co Ia@fcszo
2Can
M/Z
(mNBA);  (mNBA);
i e T I n N Il A % . [
500 550 600 650 700 750 800 850 900 950 10001050 11001150
M/Z

Fig.2 FAB mass spectra of La@Cgz in m-NBA matrix
from 500 to 1160 amu and expanded views of
the 1000-1160 amu and 1115-113% amu
regions. 13%La@12Cge (1123 amu), 13%La@
13C12Cg1 (1124 amu), and 139La@13C312Ce
(1125 amu) are the main spectral peaks.
Peaks around 613, 766 and 919 amu are
matrix (M-NBA) tetramer, pentamer and
hexamer. Trace amont of peaks ascribable to
La@Cgp and La@Cs20 are also observed.
See text.

No protonated fullerene species is seen in the mass
spectra, which was also the case in the FAB mass spectra
for the all carbon fullerenes® and scandium containing
fullerenes.®® The all-cardon species such as C, C,,, C,.,
C?u’ Csz'
specirum, although the background contains a
continuous distribution of peaks every amu at a several
percent of the La@C,, signal (the S/N ratio of the mass
spectral data is 5.2), which makes it impossible o analyze
for trace impurities. Nevertheless the predominance of
La@C,, among all-carbon fullerenes in Fig. 2 is consistent
with the HPLC profile shown in Figure 1B. Moreover, the
lanthanum containing fullerene shown in Figure 2 is
La@C,,. In contrast, preliminary negative ion FAB mass
spectra for this fraction (not shown) failed to detect
signals ascribable to fullerenes. Mass spectra of the crude
extract showed peaks ascribable to La@C, (n=74, 76, 80-
112), among them La@C,, was the most abundant. These
results mean that the isolation of La@C,, from both empty
fullerenes and other metallofullerenes is successful in the
present HPLC system. It should be emphasized that there
are no C,, ions fragmented from La@C,, in the mass
spectra, suggesting that the La atom is strongly bound to
the cage, although very weak peaks such as La@C,; and
La@C,, by successive C, losses are accompanied.
Essentially the same stability of endohedral fullerenes

and C,, are not clearly observed in the mass

with respect to fragmentation has been reported
extensively with FT-ICR mass spectrometry.® Moreover
exohedral metallofullerenes are more reactive than
endohedral fullerenes.™® Therefore, observed stability
for metal-elimination in the FAB mass measurement is
also ascribable to the intrinsic stability of the endchedral
metal-containing fullerenes. The FAB mass analyses of
the exohedral fullerene derivatives, such as C, 0,*
C,(CH) % or fullerene silirane derivatives® usually
show strong fragmentation peaks such as C and C,,
which arise from a loss of exchedral functional group(s).
It should be emphasized that there are lanthanofullerene
oxide peaks of La@C_,0 in the mass spectrum. Freshly
separated sample did not show such peaks, but their
intensity seems to increase as the sample exposure {o the
air (i. e., oxygen) increases.

The X-band ESR spectrum of the crude mixture of the
lanthanum-containing fullerenes in TCB is shown in Fig.
3A, which is the same sample shown in Figure 1A. The
two dominant ESR hyperfine patterns for the
lanthanofullerenes were essentially the same as those
previously reported.®- ® The main eight equally spaced
lines with a hyperfine coupling constant (HFCC) of 1.15 G
{denoted as I) are followed by another set of ESR lines
(HFCC=0.83 G, denoted as ) of weaker intensity, as
denoted by the arrows in Figure 3A. From the similarity
in spectral features betweem the main and the second
octets, I and II, both of them were linked to the special
abundant mass spectral peak , La@C_,.®-® Suzuki et al.®
have assigned both of the octets to La@C,, with different
cage structures. Hoinkis et al.® pointed out the second
possibility that there is only one C,, cage structure with
different La atom positions. In either of the two
interpretations, the octer II corresponds to a molecular
isomer of ociet I. The third explantion proposed by
Hoinkis et ai.®® is that adducts are formed involving
La@®C,,, solvent molecules, or hollow fullerenes,®: . ®
However, there is the fourth explanation that the octet II
originates from another lanthanofullerene with a different
carbon number.

Fig. 3B shows the ESR spectrum of the isolated La@C,,
fraction. Interestingly, the octer II is completely absent
and only the octet I is seen in the spectrum. This indicates
that the separation of molecule exhibiting the octet I
signal is complete in the present HPLC process. From our
mass spectrometric measurement of the isolated sample
described above, this species has proved tc be La@C,,.
From now on we denote this species as La@C,,(octet I).
For the octer I, g-value and HFCC are identical with those
in Fig. 3A. No dependence of the signal on solvents (such
as toluene,® © carbon disulfide,”® and TCB) has been
observed. Moreover, by mixing hotlow fullerenes such as
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Cs with La@C_ (octet I), no change was observed in the
ESR spectra.

A 11"'

®
—

3364

3360 3368 3372

[G]

Fig. 3 ESR spectra of (A} extracted lanthanofulierene
mixture {which corresponds to Fig. 1A) and (B)
isolated La@Cgp fraction of sample (A) (which
corresponds to Fig. 1B). Both spectra were
measured at room temperature in 1,2,4 -
trichlorobenzene. In (A), two octets denoted as
| and [l {denoted by arrows) are seen. The
isolation of La@Cg was performed on a 2-{1-
pyrenyl)ethylsilylated silica column with
toluene as an eluent. It is noteworthy that octet
[l is absent in (B).

On the other hand, the octet II was absent in all
fractions eluted from the HPLC column. A similar
disappearance of the octet II signal was cbserved for the
column chromatographed sample.” ®0 In order to
further investigate this phenomena, a preliminary
anaerobic HPLC separation was performed for the crude
fuilerene mixtures including the octets I and II. By using
degassed toluene as an eluent, we found that the octet I1
eluted after La@C,, (octet 1).®® This result means that
during our aerobic HPLC separation, the octet II species
reacted with oxygen, froming an ESR-silent species. This
interpretation is consistent with the previously reported
properties that the octet Il is very reactive and air-
sensitive.™ From both the FAB mass and ESR spectra of
the La@C,, fraction (Figs. 2 and 3B), we conclude that
La@C,, (octet I) is surely isolated by our HPLC system.

Fig. 4 shows the electronic absorption spectrum for the
isolated La@C,, (octet I) in carbon disulfide. The spectral
features are quite characteristic as compared, for
example, with the corresponding empty C,, fullerene, ®
The salient features are as follows : (1) the strong
absorption peaks at 637, 1010 and 1428nm<(broad) are
observed in the La@C ,(octet ) spectrum ; (2) the broad
absorption profile continues down to 2300 nm. As

previously reported,®™ the absorption spectrum of C.
continues down to 1100 um, and shows absorption peaks
at 580 and 680 nm. The near-IR region beyond 1100 nm
for C,, was found to be featureless in our study.
Independently Kikuchi et al. have isolated the same
La@C,, isomer® and reported the same absorption
spectra as in Fig. 4. 1t should be emphasized that Fig. 4 is
much different from the absorption spectra for another
reported metallofullerene, Sc,@C,,,"® which shows no
ESR signals nor near-IR absorption at wavelength above
800 nm. To understand the absorption spectra of
La@C_,(octet D) qualitatively, one should consider the
absorption bands for fullerene radical anions. The anicnic
forms of Cy, and C,; (. e. C,"~and C,*" where n=14)
show characteristic near-IR absorption bands,® ¥ that
are not observed for neutral C,j and C,. For example,
Cg® shows absorption bands in the nearIR and visible
regions with peaks at 780, 850, 1000 and 1370 nm.®? Note
that the magnetic ground state of C,’~ is a doubiet.®¥
C.>~ shows absorption bhands in the near-IR and visible
regions with peaks at 760 and 1170 nm.®® From the
previous experimental finding that La@C,, is
paramagnetic and its open shell electronic structure(i. e.
doublet) is described formally as La**C_2-, @ @ the
absorption features shown in Fig. 4 are considered as a
spectral superposition of a singlet La'* and a doublet
C;.>~ to a first-order approximation. Note that some
C,,” salts in benzonitrile have similar near-IR spectra
ascribable to C,.~@® We may attribute the hroad
absorption profile continuing down to 2300 nm to the
lower molecular symmetry (C,/C, C,/C, or C) of C,
D59 as compared with C,,(1,) and C, (D), although the
carbon cage symmetry of La@C,,(octet I) is not clear at
present time,

There have been several theoretical investigations for
both fullerene anions®”: ¢® and lanthanofullerenes,
LaC_® and LaC,.%* 0 Early Huckel MO calculations
for the electronic structure of fullerene anions predicted
the magic number stability of fullerene dianions including
G2~ from its estimated HOMO-LUMO energy gaps.© 59
Restricted open-shell Hartree-Fock self-consistent-field
MO calculations of C,, containing a central La atom found
that the two metal valence electrons transfer to the cage
LUMO, but electronic ground stateis qartet.® These
electron transfer to the fullerene cages is expected to
show the charge-transfer bands in the near-IR region,
which cause red-shift of the absorption bands. More
advanced electronic structure calculations on La@C,,
have been performed by two groups. Laascnen et al.
performed fully optimized ab initio calculations for
La@C,, by the local density approximation of the density
functional theory.“® They found that certain off-center
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metal position is more stable and the three metal valense
electrons transfer to the cage, forming La*+*@C_*~, which
is consistent with the experimental results.® @ They also
found that La does not simply behave as an electron donor
but actually forms a strong bond with the C atom of the
cage. Their estimated HOMO-LUMO gap at the
configuration is about 0.4 €V. Since their calculations
include excited states, it may correspond to our
absorption onset of 0.54 eV (2300 nm). Nagase et al.
found similar results by unrestricted Hartree-Fock
calculations.®

2
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WAVELENGTH (nm)
Fig.4 UV-visible-near-IR absorption spectrum from

400 to 2500 nm for the isolated La@Cg2 {octet
I) in CSz at room temperature. The feature at
800 nm corresponds o an instrument detector
change. Characteristic absorption features
appear in the near-IR region, which are not
observed in the corresponding Caz spectrum.

In conclusion, by taking abvantage of the well-separated
retention times of the hollow fullerenes and
lanthanofullerenes, an ESR-active La@C,, isomer has
been separated efficiently on a 2-(1-pyrenyl) ethylsilylated
silica column. FAB mass analyses as well as ESR spectra
prove its successful isolation. Its UV-visible-near-IR
absorption spectra reveal near-IR absorption peaks down
to 2300 nm, which is consistent with its open shell
electronic structure.
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ABSTRACT

A system of nuclear transmutation is presented in which fission products and transuranics (TRU) are
incinerated using 14-MeV neutrons produced by muoncatalyzed fusion (uCF) and a subcritical core
composed of fission products and TRU. The 14-MeV neutrons produced by uCF are used to transmute *Sr
(fission product) by the (n, 2n) reaction. The outcoming neutrons from the ®¥Sr cell transmuie TRU through
fission reactions and *Tc through {(n, ) reactions. This fission energy is converted into electric energy to
supply 4GeV-25 mA deuteron beam power, which is used to produce p mesons. We also evaluate the
production of tritium that is consumed as a fuel for pCF. The feasibility of the system was analyzed by the
MCNP Monte Carlo neutron transport code. The results show that this system can be subcritical and can
transmute fission products and TRU with an incineration half-life of ~ 1 yr and that deuteron beam energy and
tritium fuel required to operate the system can be supplied within the system cycle itself.

1. INTRODUCTION

Methods of incinerating radioactive wastes—{fission
products and transuranics (TRU) —have been vigorously
investigated in the last decade.®~® The neutron capture
reaction and the fission reaction have received the
greatest attention as ways to incinerate fission products
and TRU, respectively.

Recent measurements showed that the thermal neutron
capture cross sections of °Sr and ¥Cs were 15.3 mb (Ref.
4) and 0.25 b (Ref. 5), respectively. If a fission reactor,
similar to thai proposed by Taube!, were used to
transmute these nuclei, with the requirement of an
incineration halflife of 2 yr, the thermal neutron flux in
the device would have to be as high as 6.5 X 107 and 4.0 X
10% n/cm? - s for #Sr and ¥Cs, respectively. Such a high
flux is beyond the technology of current reactors.

To overcome this difficulty, it was proposed® @ that the

(n, 2n} reaction triggered by 14-MeV neutrons should be
used to incinerate Sr and ¥Cs ; the (n, 2n)cross section
is typically 2 b for fission products at 14-MeV neutrons.
However, Kase et al.® calculated that the electric energy
required to transmute one *Cs with a 14MeV neuiron
produced by pCF was high as 195 MeV ; a more
pessimistic result of 300 MeV was reported bj Petrov.®
To overcome such a huge input energy, we examined a
system that included a subcritical core composed of
fission products and TRU, where 14-MeV neutrons
preduced by the nCF reaction transmute *Sr or ¥Cs (FP-
1)2, and outcoming neutrons from the fission products cell
induce a fission reaction in the TRU cell. This hybird
core, composed of fission products and TRU, has the
advantage that the output of thermal energy by the fission
reaction could be used as the input of electric energy to
the driver that produces u~ mesons. Furthermore, excess
neutrons could be used to transmute **Tc and other

TCurrent address : Institute for Material Research, Oarai, Ibaraki-ken, 311-13 Japan,

“Radioactive fission product nuclides can be divided into two groups for incineration studies, The first group comprises ®*Kr
(11 yr), *Sr (29 yr), and *¥Cs (30 yr). The thermal neutron capture cross sections of these nuclei are <1 b:unmeasured for
#Kr, 15.3 mb for *°Sr, and 0.25 b for ¥'Cs. The second group is ¥*Zr (1.5X 10° yr}, *Tc (2.1X105yn), 1 (1.6 X107 y1), and
1%5Cs (2X 10° yr). The thermal neutron capture cross sections of these nuclei are >1 b:1~2 b for “Zr, 19 b for ®Tc, 18 b for
291 and 5.8 b for **Cs. The haiflife of eash nuclide is shown in parentheses.
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elements (FP-2)* by the (n, 7) reaction and produce the
tritium fuel for uCF by the °Li (n, &) reaction. In addition,
this system has a safety advantage because it can be run
subcritically.

To evaluate the feasibility of this system as an
incinerator, we calculated the neutronics of the system
and performed a paramenter search to optimize the
system's dimensions using the MCNP Monte Carlo
neutron transport program.“” The results show that this
system works effectively as an incinerator for both fission
products and TRU and that both the electrical energy and
tritium fuel required to operate the system can be
produced within the system itself.

Table.1 Atomic Fraction of TRU in the Subgcritical Core
Atomic Fraction
Nuclide (%)
H'Np 21.0
*am 24.0
"Am 43
Mom 0.9
Z8py 0.8
Bpy 29.0
20py 134
#py 44
#2py 2.3
2. INCINERATION SYSTEM AND
- ANALYSIS PROCEDURE

Fig. 1is a conceptual picture of the incineration system
briefly described in Sec. 1. By bombarding a beryllium
target with a 4 GeV-25 mA deuteron beam, negative pions
are produced at a rate of 1.5X 105, The pions decay to
muons, which are used for the pnCF reaction. The muon
beam enters a gas target composed of D, T,, and
deuterium-tritium (D-T) molecules that are compressed
to a pressure of 1000 atm, and it induces uCF reaction,
The 14-MeV neutrons produced by this nCF reaction then
are used to incinerate FP-1, 995z, etc., by the (n, 2n)
reaction. Qutcoming neutrons are used to incinerate
TRU, #*Np, etc., by the fission reaction and FP-2, ¥Tc, etc.,
by the neutron capture reaction. The thermal energy
produced by the fission reaction is converted into
electrical energy, which is used as the input energy of the
deuteron accelerator. If fission energy could supply 100%
of the input energy to the accelerator, no external source
of electric power would be required to incinerate fission
products and TRU. The SLi-Al alloy? was included in the
core to produce tritium fue] by the ¢Li(n, o) T reaction.

It was estimated'? that one muon is produced with a
beam energy of 4.5 GeV, and 20% of the muon beam is lost
at the window of the gas target ; the pCF reaction is
repeated 175 times for every p~ entering the target.
Based on this assumption, the electrical energy required
to produce one 14-MeV neutron is 64 MeV ; the efficiency
of transfer from electric power to deuteron beam energy
was assumed to be 50%. Neutron yields (14 MeV) are 3.1
X10%s5~! when a 4 GeV-25 mA deuteron accelerator is
used. To decrease the loss of muons at the window of the
gas target, the momentum of the muons should be made
monochromatic as well as possible. This will be partially
done by separating muons according to their momentums
and slowing down the muons of large momentum.

4 GeV-25 mA Fission Product + TRU
Deuteron Beam Beam Foeus Hybird Core

Deuteron _L_ T Ty // |- 1000-atn
Accelerator // D-T Gas
Beryllium Farget
Thermal-to-
L Electric __J
: Energy Th E
Electric Energy Comverter ermal Energy

Fig.1 A conceptual picture of the incineration system,
which is composed of a 4 GeV-25 mA deuteron
accelerator and a fission product-TRU hybird
core.

Fig. 2 shows the r-z cross section of the subcritical core
composed of fission products and TRU. The stainless
steel cylinder at the center of the core has the following
dimensions : thickness of lcm, an inner radius of 2.5cm,
and an inner length of 34cm ; the cylinder contains D,T,
and D-T gases under a pressure of 1000 atm. The cell
around the cylinder contains as a representative FP-1%3r,
which has the smallest (n, 4} cross-sectional value among
radioactive fission products ; ¥Cs can be transmuted
more easily than ®Sr. The cell is covered with 1cm of
stainless steel, has an inner radius of 19c¢m and an inner
length of 40cm, and contains 114kg of ¥Sr metal with a
density of 2.6g/cm3. According to out preliminary
investigation, the probability of the ®Sr{n, 2n) reaction
occurring is decreased by 12% by scattering from 1-cm-
thick stainless steel.

The cell around the *Sr cell contains TRU, which is
composed of ®'Np, 2 #3Am, 24Cm, and 2*#2Py. Table 1
shows the fraction of each element that was obtained by
mixing plutonium and minor actinides with a 1 : 1 ratio.
By incinerating the minor actinide with plutonium fissile
material and choosing a suitable plutonium/minor
actinide ratio, the increase of reactivity as a result of
burunp of *’Np can be suppressed, and reactivity can be
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maintained almost constant during the burnup cycle. For
a neutron spectrum close to that of a fast reactor, the
plutonium/minor actinide ratio is 0.5 to 1.0 (Ref. 13).
Qutcoming neuirons from the *°Sr cell induce fission
reactions and neutron capture reactions in the TRU cell.
Neutrons emerging from the TRU cell are thermalized by
the D,0 moderator and are then used to transmute *Tc,
which is a representative FP-2, by the *Tc(n, v} *Tc
reaction and, furthermore, to produce tritium by the °Li
{(n, o) T reaction. Fig. 3 shows neutron spectra in the *Sr,
TRU, and 9%Tc cells, which indicate the system
petformance. In the 9°Sr cell, there is a strong peak of 14-
MeV neutrons. The neutron spectrum in the TRU cell
looks like that of a fast reactor.

Alihough the TRU cell is so small that the core is
subcritical, the heat per unit volume generated in the TRU
cell is greater than that in'the core of a 1-GW(thermal}
commercial reactor because high-flux 14-MeV neutrons
continually enter the TRU cell. Therefore, a helium-
cooled particle fuel was used in the design of the TRU cell
; this fuel has a high heat transfer efficiency hecause of its
large surface-to-volume ratio. We adapted the fuel
concept designed by Todosow et al.,* which is show in
Fig. 4.
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Fig. 2 The r-z cross section of the subaritical core
composed of fission products (%°Sr and *¥T¢)
and TRU. Lithium-6 is used to produce tritium
fuel for the  CF reaction through the SLi(n, )
T reaction.
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Fig-3 Histograms of neutron fluxes per lethargy
in the 925r {dashed line}, TRU (solid line),
and %T¢ {dotted line) cells.

5, =1%0um (TRNC, i1.4g/cm?®
r,=220um Carbon  1.0g/cm®
r;=250um ZrC 6.7g/cm?
Solid Fraction =0.64
Void Fraction =0.36

@

Zirconium

a;=2.5cm
a;=2Tcm
a3=3.7cm
2,=3.9cm
as=4.2cm
a;=4.5¢cm

Fig. 4 (a) Cross section of a particle fuel - TRU carbide
is covered with 30um of carbon and 30um of
ZrC. The radius of each material is shown.
{t) The z cross section of a fuel rod ! The
particle fuel in Fig. 4a is set in a fuel cell. The
fuel is cooled by helium gas, and the wall
material is zirconium. The radius of each cell is
shown.

To calculate the neutronics of this core, we used the
MCNP code.“” For the nuclear cross sections required in
MCNP, the ENDF/B-VI nuclear data library®® was used ;
the (n,7) cross section of *Sr in the thermal energy region
was modified to reflect the recent experimental data,* and
the (n, 2n) cross section of %Sr, which was calculated
using an optical potential and a statistical model, was
added to the library.®® From these nuclear data, the
probabilities of (n, 2n), (n, f}, and {(n, 9) reactions
occurring were calculated for each nuclide.

The dimensions of the °°Sr cell in Fig. 2 were
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determined based on the incineration half-life T, ,» and the
%5r (n, 2n) reaction probability P. Fig. 5 shows T,and P
as a function of the inventory of the *Sr cell. Although
T, ,, increases linearly as a function of inventory, P shows
a tendency to saturate at an inventory of ~120kg.
Therefore, the weight of ®Sr was fixed as 114kg for a
configuration in which the conditions of T, ,,~ 1.6 yr and P
=31% can be achieved. The tendency of P to saturate can
be explained by the downscattering of 14-MeV neutrons in
the #Sr cell.

40 — 4
P

30 43
< B
2 T e
n 42 3
o, 20 o

10 | 11

0 | | ] I 0

100 200 300 400
Strontium Inventory (kg)
Fig.5 The incineration half-life Tz and the (n, 2n)

reaction probability for .

3. RESULTS AND DISCUSSION

Table. 2 shows the probabilities of the (n, 2n), (, ),
and (n, f)reactions for each nuclide in the core for the
input of a 14-MeV neutron, The number of total neutrons
generated by the (n, 2n) and (n, f} reactions was 4.2, and
the number of leakage neutrons from the core was 0.11
per 14-MeV neutron.

The incineration half-life for each nuclide was
calculated from three quantities :

1. the inventory of each nuclide in the core, shown in
column 2 of Table. 2
2. the 14-MeV neutron generation rate ; ie., 3.1 X 10
n/s
3. the sum of reaction probabilities for each nuclide,
shown in column 6 of Table. 2.
The calculated incineration half-lives for each nuclide are
shown in column 7 of Table. 2. In calculating the fission
product half-lives, generation of these nuclei by the
TRU(n, ) reaction was not taken into account. For
reference, the incineration halflives of the structural
materials are also shown. The TRU(n, y) or {n, 2n)

reaction produces more TRU and therefore dose not
effectively reduce the amount of TRU. Therefore, the
TRU incineration half-lives, calculated by using only the
(n, f) reaction rate, are shown in parentheses in column 8
of Table. 2.

Table.2 Reaction Probability and Incineration
Half-Life for Each Nuclide

Reaction Probability per 14-MeV Neutron Half L
Nudide | Iwentory Moo Ty T @mo | Tomd 5
L I S 4o
HNp 722 000 | 2873 862 | 3835 | 0.34(1.35)"
Ham 839 000 | 4007 1554 | 5561 { 0.27(0.95)
Mam 152 0.00 466 2,27 693 | 0390118
Hem 30 0.00 0.53 0.51 104 | 051(L03)
Py 27 0.00 0.68 0.50 158 | 031059
=Epy 1004 0.00 16.80 59.61 7641 | 0.23(0.30)
Hopy 465 0.00 0,90 831 921 | 0.90(i.00)
Hipy 155 0.00 0.27 1085 | 1122 | 0.24(0.25)
Hapy 81 0.00 0.16 102 118 | 1.21(L40)
TRU(sum) 75 000 | 9280 | 10873 | 20053 | 0.3105D
Carbon® 724 0,00 0.54 0.00 054 | 47000
Zirconium® 8319 5.04 10.23 0.00 15.27 25.52
g 1n3e 31.69 178 0.00 | 3347 152
e 277.9 034 | 7260 0.00 | 7294 164
Tritium 0.1 0.20 0.00 0.00 0.20 6.41
Deuterium 460 314 0.62 0.00 376 | 25000
150 1783.8 0.00 107 0.00 107 | 45000
S 6.7 000 | 97.85° 000 | 9785 0.49
Al 2720 0.00 113 0.00 113 380
Chromium® |  175.3 0.90 10.10 000 | 1100 1310
Tron® 1259.3 2.99 54.04 000 | 57.93 16.65

“Incineration half-Life determined by (n, f) reaction rate is given in parentheses,
'Average of natural abundance was adapted for nuclear data.
®(n, &) reaction probability.

Strontium-89, generated by the **Sr(n, 2n) reaction,
decays to ®¥Y(stable nuclei) with a halflife of 50 days.
Therefore, the amount of #Sr and Y increases in the %Sr
cell during irradiation by 14-MeV neutrons. However, to
use 14-MeV neutrons effectively, we need to remove Y,
Figure 6a shows the amounts of ®Sr, #Sr, and *Y as a
function of irradiation time, where yttrium is not
separated from strontium. The amount of ¥Sr at t=0 was
normalized as 100. In contrast, Fig. 6b shows these
amounts in the case where yitrium is separated from
strontium every 30 days. By separating these elements,
>80% of the *Sr could be maintained in the *Sr cell,

Technetium-99 is mainly transmuted by the (n, )
reaction to *Tc, which decays to ™Ru (stable nuclei) with
a halfife of 16 s. To maintain the percentage of *Tc in
the technetium cell at > 90% , rutherium must be
separated out every 90 days.

Table. 3 shows the amount of each nuclide transmuted
per year in this system. This system, using a 100-MW
(electric) driver, supports the yearly discharge from
approximately one 3000-MW (thermal) light water
reactor. The fission reaction rate changes as a function of
time because the (n, ) reaction and B~ decay cause the
percentage of each TRU nuclei to change. Therefore, the
incineration halflife of each nuclide also changes with
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time. To quantitate the time dependence of the
incineration halflives, the time-dependent TRU
component should be included in the calculation of

neutron transport.

100 =7 , T

@ 80 “sr 4 | P5r -
i
3 60+ 4 F 4
E 40 T B 1
B a0 - ®5r Y 1 [ By |
i

el AP N e L

0 120 240 360 © 120 240 360

Irradiation Time (days)
@ (b}

Fig. 6 The time depenence of the amounts of 0gr,
83r, and Y (a) in the case in which ytirium is
not separated from strontium and (b) in the
case in which ylirium is separated from
strontium every 30 days. The amount of *Sr at
t=0 was normalized as 100.

Table.3 Reduction by Incineration per Year for
Each Fission Product and TRU

Reduction by Incineration
Waste (kg/yn)*

::17 P 29.0
Am 431
;ﬁ'mn 6.8
» Cm 1.5
a0 2.0
o4 90.4
" 23.3
242Pu 145
Pu 3.2

TRU(sum) 2445
Ysr 39.6
C 95.8

3To calculate this quantity for elements of TRU, we used the
incineration halflife including only the contribution of the
fission reaction.

In the core shown in Fig. 2, the number of fission
reactions is 1.08 per 14-MeV neutron, which corresponds
to a thermal energy of 210 MeV. This energy can be
converted into 70 MeV of electrical energy when the
efficiency of the thermal-to-electric conversion is 1/3.
Because the electrical energy required to generate one
14-MeV neutron is 64 MeV, this system is energetically
complete and closed within itself.

Even if the driver efficiency or pCF repetition number is
not as high as was assumed in Sec. 2, we can maintain the

condition of energy closeness by increasing the amount of
TRU, which increases the number of fission reactions.
However, there are two disadvantages when the amount
of TRU increases : The incineration half-life for TRU
becomes longer, and the multiplication factor of the core
becomes larger.

We calculated the multiplication factor k_, of the core by
MCNP, using fission neutrons as the initial input of
neutrons instead of 14-MeV neutrons. Fig. 7 shows k_ as
a function of the TRU inventory. In the calculation, the
diameter of the TRU cell is of the same value as the length
of the TRU cell in the z direction. As the volume of the
TRU cell was changed, the volumes of the outer cells also
changed because the thickness of the outer cell was fixed.
A core with dimensions as shown in Fig. 2has ak_ of 0.68,
which is much smaller than the critical k , of 1.0. The
inventory of TRU should not be larger than 1800kg
because k , then becomes 1.0. When the fraction of
plutonium in the TRU is decreased, the k, value
decreases ; a greater TRU inventory will be allowed.

T T T T T T T T T

1.0

keff

0.5

0.0 'l 1 1 L 1 t 1 1 1
1000

TRU Inventory (kg)

Fig.7 The ketf of the core as a function of the TRU
inventory.

The inventory of °Li was divided between two cells. The
inner SLi cell surrounding the TRU cell mainly prevents
thermalized neutrons from penetrating into the TRU cell.
The outer Li cell mainly produces tritium that is used as
fuel for the D-T fusion reaction. The °Li-Al alloy was used
as the material to contain %L, in this way achieving a high
density of 6Li (Ref. 11) ; this allows for a compact core
design. For the core design shown in Fig. 2, the
probability of tritium production was 0.98 per 14-MeV
neutron ; therefore, almost all the tritium consumed by
the uCF reaction can be supplied within the system.

Heat production was calculated in the *Sr and TRU



PNC TN 8410 94—194

cells, where high heating density is expected. The
average heat density in the *°Sr cell was only 0.23 kW/cm?,
mainly produced by B and vy heating. The ‘average heat
density in the TRU cell was 2.6 kW/cm?, mainly produced
by fission reactions. This heat density is less than the 5 to
10 kW/cm? allowed by direct cooling of BISO/TRISO type
fuel particles by radial flow of pressurized helium gas
through the fuel bed.1*

4. SUMMARY

We studied the feasibility of using an incineration
system in which 14-MeV neutrons produced by the nCF
reaction are used to trigger incineration reactions ; a
suberitical core, composed of fission products and TRU, is
used as a target. For our calculations, %Sr and *Tc were
chosen as representative fission products. In the system,
a 14-MeV neutron transmutes ®Sr by the (a, 2n) reaction ;
transmutation of **Sr would be difficult if the (n, )]
reaction were used because the cross section of ¥Sr(n, Y]
is very small. Outcoming neutrons transmute TRU by a
fission reaction. Further-more, fission neutrons are used
to generate tritium and to incinerate *Te : Tritium is used
as a fuel for the uCF reaction and *Tc is a representaive
fission product whose (n, ) cross section is>1 b.

The MCNP calculation shows that this system will
efficiently incinerate both fission products and TRU.
When a 4 GeV-25 mA deuteron accelerator is used to
produce p~ mesons, the incineration halflives of Sr, *Tc,
and TRU are 1.6, 1.6, and 0.6 yr, respectively. The
incineration amounts of these nuclei are 40, 96, and 245
kg/yr, respectively.

All electric energy needed to generate p~ mesons can
be supplied from fission energy. Therefore, this system
dose not require any energy from outside. This system
can also produce enough tritium to be consumed by the
WCF reaction, The multiplication coefficient of the
subcritical core is 0.68 ; the system is much safer than an
incineration system with only a fission reactor that is
operated under critical conditions.

The time dependence of the core components should be
included in future studies to obtain a more accurate
evaluation of the proposed system.
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12. NBELE---HERHEFERAREIC L 2TRUTRO D HEN

FEEE, TFEH—, AfHESE, B% 18
Sl tEHTERE  Innovation Technology Development Section
*HORTEAE BEXFETEMEN  Tokyo Institute of Techology, Research Laboratory for Nuclear Reactors

Photo-Solution Chemistry------ Separation of TRU Elements by Adjusting

Valencies with Photon lrradiation
Y.Wada, K.Morimoto, T.Golbuchi, H.Tomiyasu*

A photochemical method of removing Np from mixture nitric acid solutions of Pu and Np has been studied
in connection with the Purex reprocessing. Their valencies and concentrations of Pu and Np at initial sample
conditions were adjusted to Pu (TI) ,Np (V} and to 1X 1074, 1 X 1073 M (M=mol-dm~93), respectively. Ex-
periments were carried out under various conditions of which parameters were irradiation rates of Hg lamp
and concentrations of HNO,. When the irradiation rate was 0.015W and the acidity was 3N HNO,, Pu(Il) was
rapidly oxidized to Pu(IV) and more than 95% of it remained in the same valency even after the continuous
further irradiation. On the other hand, Np(V) did not change. From these resuits, the mechanism for the
photochemical reactions of Pu and Np was discussed with the standpoint of thermodynamical considerations.
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