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ABSTRACT 

The processing of neutron irradiated 241A^ targets includes 

— the removal of the cladding and matrix material. 

— the removal of fission products, 

— the isolation of the plutonium (238pu 242pu) fraction and 

— the isolation of the transplutonium nuclides. 

Plutonium together with some of the fission products (Zr­Nb, Ru­Rh) is isolated 

by anion exchange or extraction with substituted ammonium salts from hydrochloric acid 

solution. Lanthanides may be removed from the transplutonium elements by anion exchange 

or tertiary ammonium salt extraction from concentrated lithium chloride solutions or by 

extraction with di­(2 ethyl­hexyl) phosphoric acid ( H D E H P ) from aqueous phases contain­

ing complexing agents. 

The separation of americium and curium from each other is possible by selective 

oxidation and precipitation of the americium or by extraction chromatography with quaternary 

ammonium salts from lithium nitrate solutions. 

Several of these methods have been combined to process two sets of 241 Â m targets, 

exposed to integrated fluxes of 1O^l and 1.7 χ 1 θ22 η / cm2 respectively. A mixture of 
2 4 1 Am and 242Çm recovered from the first set of targets and containing about 450 mg 

242Cm was welded into a platinum capsule. This heat source served to power a radionuclide 

battery. 
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PROCESSING OP IRRADIATED
 241

Am TARGETS BY ION EXCHANGE AND EXTRACTION^*' 

241 
1. The irradiation of Am 

Transplutonium nuclides can be produced by neutron irradiation 

of Am. 

1.1. Nuclear reactions 

239Pl, _ _ ^ 24θρ„ _ _ ̂  241 _ _ _ _> 242 
> ^Pu ­ ­ ­> Pu ■> Pu 

> Am 

Fig. 1 : Formation of transplutonium nuclides by neutron irradiation 

241 
of Am. Full lines indicate the main build­up path. 

Fig. 1 shows in a simplified way the nuclear reactions leading 

to the formation of curium isotopes. After short time irradiation, 

part of the starting nuclide still remains ; besides fission pro­

ducts, Cm, Pu and Pu are formed, the latter by α­decay 
_ 242. ... . , . ­, 241. 242„ 243. A of Cm. After complete burn up of Am, Pu, Am and. 

244 

Cm represent the major part of the heavy nuclides. 

1.2. Targets 

The targets contain the starting nuclide as alloy or as oxide. 

The oxide is diluted with MgO or aluminium powder, the mixture 

is compressed to Cermet pellets. The pellets are, in general, 

welded into stainless steel or aluminium cladding. Aluminium 

which is preferred because of its thermal conductivity and 

crystal plasticity may however become brittle under the in­

fluence of fast neutrons. 

(*) Manuscript received on 18 September 1969. 
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1.3 . Conditions 

241 
The first nuclides formed during the irradiation of Am are 

242. . 242m. , ,, , . , . .. . , . 

Am and Am; both have apprecxable fissxon cross sections 

which results in a high release of fission heat at the begin­

ning of the irradiation. Therefore it is common practice to 

begin the irradiation at a moderate flux which is increased 

corresponding to the decrease of fissile material in the tar­

gets (table 1). 

Numb er of cycles 

8 

20 

14 

Average flux 
0 

(n/cra
1
" . sec) 

14 
1,5 . 10 

14 
3 . 10 

14 

9 . 10 

Integrated flux 

(n/cm ) 

21 
1 . 10 

21 

5·.. 10 

21 
11 . 10 

241 

Table 1 : Typical increase of neutron flux during Am irra­

diation. 

) 1 cycle : 10 days irradiation, 4 days interruption 

1.4. Products 

It is difficult to calculate precisely the amount of higher 

nuclides formed during the irradiation: the real neutron flux, 

its distribution, its decrease due to selfabsorption, and the 

dependence of the cross sections of the heavy nuclides on the 

neutron energy are not known sufficiently. 

Targets which had been irradiated under nominally equal con­

ditions contained different quantities of products. Table 2 

shows the distribution of the thermal power and the ßY dose 

rate for several targets exposed in the same irradiation 

21 2 
channel to an integrated flux of 1 χ 10 n/cm and allowed 
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to cool for 25O days. The results reflect the flux distribution 

in the reactor core. 

nb. of capsule 
according to 

p o s i t i o n 

1 

2 

3 

4 

5 

6 

7 

thermal power 

(w) 

17 

18,4 

18,9 

16,1 

-

15,1 

13,2 

BY dose r a t e 

(10 5 rem/h) 

2 

4 

6 

-

-

-

2 

Table 2 : Power and dose rate distribution of irradiated 

2 1 - 2 
targets. Integrated flux: 1 χ 10 n/cm . 

241 
.am 

Cooling per iod 250 d. 

The thermal power decayed with a h a l f l i f e of about I60 d, 
242 

corresponding to the α-decay of Cm. After a cool ing per iod 

of 250 days, the dose r a t e r e s u l t e d mainly from the f i s s i o n 
137 95 106 144 

products ^ C s - B a , ^ Z r - N b , Ru-Rh and Ce-Pr. 

Process ing of i r r a d i a t e d americium t a r g e t s 

2 . 1 . Separa t ion procedures 

The recovery of t ransplutonium elements from i r r a d i a t e d 

t a r g e t s in aluminium cladding comprises in genera l 

241 
Am 

the removal of matrix and cladding aluminium 

the renoval of fission products 
O v O ρ / . '■) 

the i s o l a t i o n of the plutonium f r a c t i o n ( · Pu, ' "Pu) 

the i s o l a t i o n of the t ransplutonium elements and t h e i r 

seOara t ion from each o t h e r . 
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Whereas plutonium may easily be isolated as tetravalent ion 

from hydrochloric or nitric acid by anion exchange or extraction 

*) 
methods (TBP , substituted ammonium salts), it is more diffi·» 

cult to separate the trivalent transplutonium elements from 

lanthanides or from each other. 

2.1.1. Actiniae ­ lanthanide separations 

2) 
Group separations may be performed by anion exchange or ex­

3) 

traction with organic solutions of tertiary ammonium salts , 

the aqueous phase being in general slightly acid, highly con­

centrated LiCl solutions. 

■With trilaurylammonium chloride in toluene e solutions as the 

organic phase, extraction coefficients E (= ratio of the 

a 

element concentrations in organic and aqueous phase) for trans­

plutonium elements and europium as a function of extractant 
4) 

concentration C are represented in fig. 2. 

In general, the slope of the curve log E ^ = f (log / C /) is 

assumed to equal the ratio of extractant to metal in the com­

plex. On the basis of chemical and spectroscopic evidence the 
5) 

slope 2 was ascribed to the formation of an ion quadrupole 

TLAH
+
 Cl" 

MCl^
­
 TLAH

+ 

Quite recently, the existence of tetrachloro complexes in or­

6 ) 
ganic phases has been confirmed by RAMAN spectroscopy . From 

the extraction coefficients, actinide ­ lanthanide separation 

2 
factors of 10 may be calculated. 

tributylphosphate 



■Fig» 2 : Extraction coefficients of transplutonium elements 

and europium as a function of extractant concen­

tration. Organic phase: trilautylammonium chloride 

in toluene. Aqueous phase: 6.3 M LiCl ; 2.7 M CaCl 

0.01 M HCl.
 2 

Similar lanthanide ­ actinide group separations may also be 

7) 
achieved by the TALSPEAK' ­process or variations thereof, 

where the organic phase is a diluted solution of HDEHP* in 

the presence of an aqueous phase containing complexing agents 

like lactic acid and substituted aminopol'yacetic acids (DTPA)
XX 

(Fig. 3). 

xx ) 

XXX, 

di­(2 ethyl­hexyl)phosphoric acid 

diethylenetriaminopentaacetic acid 
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-im 

241 152 l44 Fig. 3 Extraction coefficients of Am, J Eu, Ce as 
a function of p„. Organic phase: 0.5 M HDEHP, in 
Solvesse Aqueous phase: 1 M lactic acid (0.05 M DTPA). 
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2.1.2. Americium ­ Curium separations 

These elements can be separated as trivalent ions by anion ex­

u 8,9,10) . . . v, 4. v, 11,12) 

change , extraction or extraction chromatography 

from nitric acid or lithium nitrate solutions; other separa­

tion methods make use of the ability of americium to be cxi­
13) 

dized to oxidation numbers higher than 3 · 

Besides the" separation of americium from curium by precipi­

tation of K_,AmO_(CO )p after peroxidisulphate oxidation, we 

routinely carry out americium ­ curium separations by ex­

traction chromatography on kieselguhr columns impregnated 

with quaternary ammonium nitrate (Aliquat). With aqueous 

phases of '3·5 to 4.0 M LiNO­, and working at 10 C, separation 

factors of 3·5 have been obtained. 

2.2. Flow sheet 

Because of the high α, ß, Y and neutron activity of the irra­

diated targets, the processing necessitates remote handling 

in hot cells. Therefore, only very simple procedures are 

adequate and the following flowsheet, based on anion exchange, 

was adopted (Fig. 4) : 

8M HCL 

Target 

NaOH NaNO 
3 

lAi.Ci.Pu 
[ issigl i products 

* ¿ -

τ 

[AiTfe] 

HCl 
IS 

Pu 

Z r - Nb 

R u - R h 

ι 
I 

-Mí-
Pu,Zr,Ru 

Celuan I 

üiwex 1x8 

l O H L i C l 

8H 

HCl 

Aa 

Ca 

Ce-Y 

trsis-

curiu· 

elements 

Aa 

Ca 

transcu-

riuB 

leaeats 

!Ce,Li 

Ciluan I I 

Dewex 1x8 

JâÛJL -fra,Ca(0H) 

0 ,1 H 

4 H L Ü O , 

Aa 

Cal Γ Α Β 

m 
MUL 

•xalic 
acid 

láxala tes | 

T/
1 

»xides | 

CeluBB III 
Aliquat 336/Kieselguhr 

F i g . 4 : Flow s h e e t fo r t h e p r o c e s s i n g of i r r a d i a t e d 
241 

Am t a r g e t s 
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2·3· Problems 

During the processing, problems arise which are characteristic 
for samples containing nuclides of high specific activity like 
242-Cm : 

a-radiolysis 
242 Hydrochloric acid solutions containing Cm decompose and 

form Hp, Cip, 0?, HpOp, 0_ ...; after decomposition of the 
acid, especially in concentrated chloride solutions, the 
hydroxides of trivalent actinides or lanthanides precipi­
tate. The products of radiolysis oxidize cerium, in neutral 
solution also americium to the tetravalent ion. 

Decay heat 
242 The thermal pov/er of 1 g Cm is 120 W. The resin and the 

aqueous solutions are decomposed by radiation and heat in 
242 the bands in which Cm is concentrated on the exchanger 

242 column. Despite external cooling, solid samples of Cm 
may become red hot. 

- Corrosion ann erosion 

The products of radiolysis and. the Cm containing concentrated 
solutions readily attack most metal, rubber and plastic parts 
of the equipment. Under the influence of the recoil of a-
decaying atoms, glass particles have been observed to flake 
off tne walls of glass vessels 

In order to overcome such and other problems, the equipment had 
to be carefully studied. 

The resin beds were compressed between porous polyethylene 
disks in order to prevent the formation of bubbles of radio­
lysis gases plugging the column. The elution speed was in­
creased - and thus attack of the resin reduced - by apply­
ing a gas pressure. It is interesting to note that at ORNL 
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where the TRAMEX process (extraction by tertiary ammonium 
salts) is the common separation procedure, the final puri-

14) 
fication is made by ion exchange in high pressure columns 

3. Results 

3.1 

2 sets of irradiated Am targets were available 

3 capsules prepared at Livermore and irradiated in BR2 up 
22 2 to an integrated flux of 1.7 χ 10 n/cm , 

9 capsules prepared at Karlsruhe and irradiated in BR2 up 
21 2 

to an integrated flux of 1 χ 10 n/cm . 

High integrated flux 

The processing of the first of the 3 capsules served to check 
the methods, equipment and hot cell facilities (fig. 5)· 

Fig. 5 · Interior of a hot cell during the processing 
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The presence of Pu i n the plutonium frac t i o r ( 2 5 Pu/ Pu=0.45) 

made i t easy to follow i t s removal by α­counting (F ig . 6 ) . The 

f r a c t i o n a l e l u t i o n of both l a n t h a n i d e s and a c t i n i d e s by 10 M LiCl , 

ur-E IT TET on πα 
Q2M KNO, 

HT-

Kf-

Kf 

— ♦ 
I 

en HO 

\0JM K J 

O O 

α α 

Λ Α 

atdpm/mlì 

^läpm/ml) 

Kcpm/ml) 

I 05 M HCl 

Total activity 

"Pu 

W 
i—· 

Hf — 

..-i 
Hf I ■ I ■ I ' I ■ I ■ I ■ I ' I ' I ' I ' I ■ I ■ I ■ I ■ I ' I ' I ■ I ■ I ■ I ■ I ' 

5 0 K O BO 2 0 0 m l 

Fig. 6 Removal of the plutonium fraction and 
some of the fission products. 
Dowex 1 x 8 . 
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0.01 M HCl, 0.1 M NH20H HCl, 5% CH OH leads to a transplutonium 

fraction in a large volume of concentrated salt solution 

(Fig. 7)· If, however, this procedure is modified in such a 

o ¿#MMO | QSMHCI 

o o « Idpm/tiV 

Λ Δ gtqm/mil 

t ? 

Ι^^Λ 

o ô 

-f 

f—"t 

I ' I ' I ' I '¿' I ' I 'ΓΊ ' £ ! ' I ' m ' J T ' T F T ' J F T T 1 1 '¿ ' I ' I ' I ' I H¿ I ' r r T 

Fig. _7 Separation of t r i v a l e n t l an than ides 
and t ransplutonium elements on Dowex 1 x 8 
by f r a c t i o n a l e l u t i o n with 10 M LiCl , 
0 .01 M HCl, 0 .1 M NHpOHHCl, 5^"CH OH . 
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manner t h a t the americium­curium f r a c t i o n i s e lu t ed by β M HCl 

the t ransplutonium elements a re c o l l e c t e d in a smal le r volume 

which i s only about 2 M in LiCl and, t h u s , f a c i l i t a t e s the r e ­

covery of the t r i v a l e n t elements (F ig . 8 ) . 

w° 
toriauf I 10 M Li O 
OmLa I 
Il M LiCl 

-Methanol 

10"-

Hf-

Hf-

vf-

Hf-

\SMHCI IOS M Ha 

O o tx/dpm/ml 

i, ¿ Ts/cpm/ml 

.—-1 

-r 

t—+ 

I 

L 
Ι Ι Ι Ι Π Ι Ι ι ι Τ Ι Ι τ ι ι - r - T τ—τ—I I 1 τ Ι Τ Τ Τ I I I ι ι w ml 

Fig. $ Separation Cf trivalent lanthanides and 
transplutonium elements. Elution of the 
lanthanides by 10 M LiCl; elution of the 
Am­Cm fraction by Ζ M HCl » 
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lo'U 

«ϊ-

,ο8 

3,5 M LiN03 IM HN03 

« (dpm/mlj 

Xtcpm/ml) 

-Halbleiterdetektor 
(cpm/Tropfen) 

ι 1 
I I 

I 

μ| Λ 
J\l 

ι 

I ! 

\ 

\ 

\ 
I 

X. Λ 

-ΙΟ9 

β 

ΐ 
IO3 

—[—ι—ι—I—I—I—1 1 I I I I I I \mi 
30 60 90 IX ISO 160 ? » 2*0 270 300 330 360 3S0 <30 *S0 

-,0a 

¿-,Ο
7 

■10
a 

?
ig 9 

244 243 
Separation of Cm and " Am by extraction chromato­
graphy on quaternary ammonium (Aliquat­366) nitrate/ 
kieselprur. 

Total α activity (dpm/ml) 

Total Y activity (cpm/ml) 

— . — · α­sensitive solid state detector (com/drop) 
244 

Elution of the major part of the Cm by 3.5 M LiNO. 
elution of the 243Am fraction by 1 M HNO­.. 
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— 
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244 243 

Removal of Cm from Am by e x t r a c t i o n c h r o m a t o ­
graphy on q u a t e r n a r y ammonium ( A l i q u a t ­ 3 6 6 ) n i t r a t e / 
k i e s e l g u r . 

T o t a l α a c t i v i t y 
/Ug/ml 2¿^Cm 

ug /ml 
2 ^ 3 A m 

E l u t i o n of t h e Cm f r a c t i o n by 3 · 5 M LiNO­, ; e l u t i o n 

of t h e Am f r a c t i o n by 1 M HNO 
■J 

y 
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After 2 successive Am-Cm separations by extraction chromatography 
243 (Fig. 9, 10), Am with less than 200 ppm Cm was obtained. The 

curium fraction had the isotopie composition (measured and con­
verted to the values for the end of the irradiation): 

n u c l i d e 

2 ^ C m 

2¿f5Cm 

244 Cm 

2 ^ G r a 

2 4 6Cm 

mg/g s t a r t i n g 

64 

2 

62 

1 

2 

n u c l i d e 

Tabi e 3 '· Isotopie composition of the Curium fraction. 

.5.2. Lov/ in tegra ted , f lux 

238 From part of the 9 capsules containing several grams of ' '"Pu, 
242 241 242 

Pu, Am and more than 1 g of Cm, the heavv nuc l ides 15) were recovered . I t v/as decided to fuel a r ad ionuc l i de 
?42, battery with the remaining "Cm in order to demonstrate the 

potential use of transplutonium nuclides for power Oroduction 
16)17) 

• 
The separations on the columns were controlled by solid state 
a and neutron counting. After the removal and desorption of 
the plutonium fraction, the ion exchange column was dark co­
loured, possibly because of the presence of ruthenium com­
plexes. The removal of the lanthanides could be followed from 
the radiolurninèscence bands of the actinides and lanthanides 
on the column (Fig. 11). 
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Fig. 11 Radioluminescence of the aetinide (Cm:orange 
~ red) and lanthanide bands on the ion exchange 

column. 
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A comparison of the gamma spectra before and after the sepa­
rations (Fig. 12) showed that a decontamination factor of 
approximately IO"' is achieved for the most important fission 
products. 

m Ce 
134 ktV 

Wem 
^Am-239Np 

3aAm-233Np 
_ i 277ktV 

>x10 

"Ί 
200 

^•JTJO 

513 keV 

sto 

w 

100 300 iOO too 
I 

700 too ε/keV 

F i g . 12 Gamma s p e c t r a of the feed s o l u t i o n before the 
plutonium removal and of the Am- fím f r a c t i o n 
a f t e r removal of the l a n t h a n i d e s . 

A mixture of americium and curium was p r e c i p i t a t e d by oxa l ic 

a c i d . As soon as the oxa la te s were drying on the g l a s s f i l t e r , 

they were transformed i n t o black oxides by the α­decay h e a t . 

Despi te i n t e n s i v e cool ing of the plat inum c r u c i b l e which con­

t a ined the americium and curium, the oxide mixture glowed. 
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About 5 g of the oxide mixture con ta in ing more than 450 m F 
242 

Cm were welded i n to a double-walled plat inum c a p s u l e . The 
capsule was connected to a cool ing water supply and t r a n s ­
fe r red i n t o a l i n e of 3 glove-boxes s h i e l d e d a g a i n s t neut ron 
r a d i a t i o n by 25 cm of wa te r . 

helium extension volume 
2 thermocouples for 

temperature measurement» 

Τ 
3 thermocouples for 

temperature measurem 
heat radiation sheets 

electric power output 

6 power generating 
thermocouples 
platinum capsule 
heat source 

Section A-B 

F i g . 15 Scheme of the r ad ionuc l i de b a t t e r y . 

In these g love-boxes , the platinum capsule was decontaminted, 
welded a second time in to a hexagonal capsule and i n s e r t e d i n to 
a the rmoe lec t r i c conver te r con ta in ing 6 power thermocouples in 
a hexagonal arrangement (F ig . I 3 ) . In vacuum, the su r face tem­
pe ra tu r e of the platinum capsule exceeded 750°C. 
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Fig. 14 shows the radionuclide battery in operation. 

Fig. l4 Radionuclide battery in operation » 

After the processing of metallographic samples and waste so-
242 lutions, about 10 mg Cm had to be separated from a tenfold 

amount of Am. The precipitation of Κ Am02(C0 ) 2 reduced 
the americium amount by 95 %- The final separation was carried 
out by extraction chromatography with quaternary ammonium ni­
trate.· 
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