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botoee of the e.emthtte bgrUltum end e tfoTDiu have nov been produced 
in moea amounts as a rem4t 'of A -

POSM of uOutaian irradiation vhioh began 
in 1952. it tzat tine eproxiinate17 8 rams Of p 239  vexe sbjocte& to a high 
flOUtrcfl tI.UZ In the Nateri&U ftdong Jesatorl at the Reactor Testing Station of 
the U. 8, Atomic 3nerg C1csion near MOO1  Zdabo. 	e n239  
ti'i,ited to heavier ieotoes end fiasion prodwtn. The transciui ieotope 
were extracted periodicaU and the major parts of the plutonia americium, end 
eu2ium fraction. yore in every case returned to the reactor for further irredia* 
tion, Mtcr0'am anomte of,  berkeliiz and califbrnti*n were obtaid. after about 
five yeare of irradiation at neutron Zluxes of 	oxlnately 5x10 neutrone cm 2  

- 	 •• 	 - 

• 	 ••.' 10 tranecur1t1 ióotcpee proUced by neutron irrdiation were used as source 
materials for en extensive reeearch program in chomietz7 and physics, much of which 
has been szriaed In a previous p1bUeation. 2  ie research included studies of 
the chemie4. ropertie8 of the tran#WrWjm elements and investigations of nuclear 
properties. The isotopee have been used as targate in bibarents with chargad 
patic).ea to produce now isotopes and lemente. The isotopes were also used in 
research on the msch1ama of nuclear reactions, in nuclear speetroscopy with 

-- emphasis on e3.p]ia ,decay, - sad for z'esearoh on fission. 	- 

A research progren on the heaviest ieotol*e is prin*ari4 dependent on the 
production Of the taotøpee, end on the tecbniiea for )IendItDg then. Tbe purpose 
of this paper is to describe the most Important features of this wo* as it is 
done at Be*e1O1. Very eInUer procedures have been employed in laboratories at 
Aolme, (iel* Biver, I.oe Atamos, BerveU, Saclay, Stockholm end those of the 
8Oviet Union. We hope to include infoiation from these laboratories as we U. In 

• thiS paper we ebit  ttempt to bring the' subject up to date without including ex 
-: 	ceèive detail, and to include basic intox7nation uaetut in rcnearch work on the 

• 	 - t*snscurium elenents. The dvoloments of the  last t.e yeare are emphasized. 

At the time df tl2is .itihg experirnntaJ w6<iS in progress on the isolation 
of pure compoutids•of bei'kelium and californium--and the study of their properties. 
More detailed and upto date inforrnaUon on - thi§ subject will be given in a supplement 
to this paper. 	- , 	• 	 , 	 - 	 - 

- 	

CCAL OPIEB 

Vitb the exception of berkelium, which has a +4 oxidation state of about 
the same ste.biUty as Ce (IV), the  trenscurium elements through mendelevium exist 
predinate3..y n the tripoaitive oxidation state in aqueous solutions and  as ouch 
resemble each other very closely. rr9 !\( r nrn 

Laboratory, University of California, Berkeley, California 
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• : 	 UüA5SE 
DeTk4ft1i (xv) has the ha1f.ccflpleted abs U confIgumtIon t7  which has a 

special stebi3it. 8h an oxidation state has been fou0 by tracer experiments 
in. 4ihtcb trëaent with .brate ion1 dicIucaate Lou,, or ceric ion caused oxidation 
of birkell= to a form coprecipiteted with s1roonlum phosphate, zirconiz todate, 

• 	and CorLO iodate, caapounds which are rather specific carriers for tetrspoattive 
ions. The W.U.o 	potential of the berkeltir (lxi) ber1telius (Iv) couple is 
aboit -3.6 volts. 

fforte have been mud, to oxidize cliforntiza at tracór concentrationB with 
suck pow rful oxidanta as peroxydiculfete and btáutbte ions in acid solutions 
and Izypochiorite tone and ozone in à1 1t 1ine solutions*, without auccesa • In the 
latter case the att*npted oxidation was carried out in strong carboiste solutions 
using emerictzz as a tracer. The results of these experiments cannot be taken as 

• ,ioof that oxidation viU not ocom' with t4r concentrations of californium, 

-  trewcvxjum eiements5s 6  ethtbit bout the ene behavior relative to each 
• , other as. do the rare éth hc!uologUóe to each other. Therefore the separations of 

these 1tents from seth other, fran rare earths and from neighboring actinidsa to 
best accunpltahed by ton ex_zine methoda. 

• 	:' 	elements adsoit' on cation exchange resin columns sud. can be 
• . sepa?$tOd f*m each otheV .4th .bftered citrate, lactate, alpha bydroxyisobutyrate 

end similar etutizzg agents. (flg. 2) They can be eluted idth 13 molar hydra-
chlorc acid fran cation exchange columns absed. of the rare earths, except for the 
bssvteet rare earth elements, 

'.• 	•1" 	 - 	•. 

The tranecium elements form anionic chloride • canpiezes in 13 molar' rdro* 
eh3.orto acid and can be adsorbed on enl= resin co3e. bey can be partially 

• 

	

	Gepatated fran each other by subsequent selective elution. 0  The rare earth elements 
'do not s4aorb on an anion resin to an appreciable extent in 13 M EC1, Ccxnplete 

• 	sepe'attone. at the tranacurftrn elements from all. rare eartha are ma,le when 20% 
ethyl alcohol setiaeted with hydrochloric acid is used to elut9 the mixtures fran 
co]na ot colloidal. Dawex -50 resin (12 percent cross-linked) 0  The rert earths 

• 

	

	elutS' well after the .ecti.nldeo. acme separation of the todividwil actinidse from 
each other is also, achieved as shown in Pig. 2 #  

negatively charged ernp1exes ore also found in concentrated solutions of 
• 	enium thiocyanaté. • A typical elutioi cve from Dowex 1 resin using enrtonitmz 

'thioóyanate is shown in ?1. 3.. wevnr, the. deeorptton eeuence is not simple. • 	The o'der of deaorption fran Dcwox-50 resin column is shown in Pig. 1. The rare 
• earths are less strongly canpioxed by thi.oóyazrnte than are the e.ctinidee but not 

• 	eutftcicntly so as '•to give a can:pl.ete PNRW separation, 

• ' 	 Good eeP*retione of the. trenacum'i* elements frc5z the lanthenides can be 
achieved by deaorption of a mixture . from anion exc}imzge resins uetng concentrated 
lithium, chloride solutions especially whei the separation is made at elevated tam-

• 	peraturos The lsnthenidee are lees strongly cauplexed and are eluted first. 

• 2ô tart the beet separations of the individual tranacur'ium cienents from 
each other are achieved by adsorption on - Dowex'50 cation exchange resin followed 

• by deorption with ztmonium c*'.hydroxytsóbutyrato solution at a temperature of 
An alution óurve for these elements to shown in Fig. 1. Regativel3r charged 

complexes of the tranBeurtum elements axe formed 	 and  
these cunp1.e tons rna be adSorbed on anion raVine under' ideal conditions. 7' 

-2" 	 •• 	,,- 	
r 
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• 	 Considerable eucceas in sapgreting cuon tTa)uritiea has been sccczzpliahed 
by deSorptiob of mt*tures fron 001zs  of  DOVOX 50 resin (.. 4 1ercent crose1.tnked) 
uein8 K and 6 X MC]. ftle aetbod is a aodification of one developed by Chethen" 
8trOdmL The eol=w are operated at 87°C and an Intermediate step of elutton with 
a P MCI aids in obtaining sharper actinids peaks, which are preceded by the dasorp" 
tion of the con elements Al, ?, Cs and Hg. 

The atinids e2sssnta can be extracted fron an stous mineral acid solution 
Into the III1sCib1e solvent tributyl pheshsteJ the ectractton coeffIcients rMeved 
in thj 	traction 	not as 	as for the '1ogoua 1enthMde elente." 
govever, the coefficients, particularly fOr the higher members of this series, are 
bl# enOugh to make the  use of solvent extrscticm by this solvent very attractive 
for some purposes. This is especielly trm of concentrated nitric sofA solutions. 
Pppsrd has calIM attention to the re*erkabls ezialogtee between the lsnthanides 
and the  actinides in thi. solvent extraction behavtcr.13 These slements can be  
extracted readily Into bensane as cheiste cpleze of a-thanoy14r1t1uoroscstone 
(T,TA.). At pM 3.4 the sxtsction of be*.Ua end ca3iibrairn is roughly a factor 
of ten greater than that of anertctn end cm'tmi. 

as difference in extractability of the triposittie end tetrepositive 
berkelt'.z tons can be the basis for a r4d and quantitative separation frcr certain 
ions; for exaspla, the ratio of the distribution coefficient for berksU (Iv) 
to the distribution coefficients for berkethm (in) and curlisi (UI) is about 1O 
for estmatiM into 41(2..thyl hexyl) ort3xtovphoric acid - beptane fxcm ejous 
nitric sot4,' 

The coprecipitation behavior of these elements as studied at tracer concen-
trations is very similar to that of other actinids elements having the semi oxidation 
atatel and coprecipitation is observed with such t]'icsl carrigr conpounds em 
3=thwwM fluoride, lanthanum b$roxtds, and fCrrtc tqdrozide. 

In the metallic state these elements have a sftcient1y high vor presaure 
to permit their vaporization froe mol.teii uranium at temperatures above l 0C O3 e.g., 
californium produced in uranium metal by cern ion .bonbazenta was cplet.iy 
rsporired and collected on platiam counting discs, when the uranium was hestd to 
1)O°C in vwuoi Bisiler behavior was observed for einsteinium and feium.° 

elnts deposited on tantalum filament, are readily evaporated 
onto collector plates when the filement is hasted to high temperatures in vacuum, 

Since rather casplste accounts of he nuclear px'opsrttea of the transcurium 
Isotope* have slry ) pij*a2 ,i7,.L0  only a very brief gsnersl discussion is 
given hers, 

lbese isotopes are characterized by their high Instability. In. addition to 
having all the types of Instability observed in lighter isotopes they are unstable 

decay and spontaneous fission. In general the stability decreases as  
the atmic number increases resulting In shorter alpha and spontaneous fission 
half-live, for the hauviOr iaopes although the spontaneous fission half-lives show 
deviations ftNm this tr.rsl, 19" An interesting feature of this region is the 152 
neutrem subsbslI. 21  At neutron numbers Just above 152  increased Instability is 
superimposed Won that of the normal trend. the, resulting relatively higher ground 
stat masses correlate well with an increase in the onargy avaI1*ble for spontaneous 

-3- 
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'flee teetopes of the e1ents above fei.0 'e to difficult to create 
end ap'per.nt3y hs.l,e such short halfilves that their detection is dtfticult The 
trecutian region is of special interest in connection with nuclear epeotroecopy 

• and psrticlwl7in the etudy of s1ba particle dace' ecbeee. It La a region of 
rn"spbet'ical zrnolmt for vhich the decay shPwa are veil i terprete by application 
of the unified node]. of the nucleus developed by Bohr end )&tteaon.'3 	,ther 

• 	intereatiflg f.atwe is the fect that 	 yr2U decW 
prisirily by apont8neous fission, Ma isotope because of its two ==tb 
half life for decay by spontaneous fission, has been considered as soesible ax 
p1'tion of the Ut decay curves foUcving supernovas explosion.. 144  In view 
of the increasing predcoinaame of pontaneoua fission at high Z 4 A a special 
prob3* is presented in working with large enotmts of celifornitm because of the 
continuous. production of neutrons and fission products.. 

Some pvputift of the trwizcurign isotopes are listed in Tibia Z. 

gk 

Aq, Oen.ral nsideratio., ON method by which the largest ancnmte of 
trauseurlun Isotopes have been prodUced is that of neutron irradiation of the 
hs*visst isotopes svaiiable. Mezq a*ots of this problas have been discussed 
in pfyOu* paper by Bentley at ]•4  Explee of starting eateriela are 
and 	 mt impOrtant neuron so'tu'oe avalldLla at this tine is the 
Itôals Testing Rescto' at Arco, T4a. In this reactor neutron fluxes near 

2 soc"JL can be obtained,, At thee. hIgt  neutron fluxes cuecessive 
neutron aapt%we reactions produce seventeenth order pro*iuets (p256  fZuu pi,239), 

irradiation of fissionable materials considerable heat is produced at such 
tlix.. This probl bee been solved by using eitnz alloys or by pressing the 
coijpoufld&) with $1ifltU powder so that the beat can be renoved rapidly by water 
cooling, 

B. Choice of StartJngi4aterj.ala. fte isotope pJ 39 baa been the most 
important source of t tz'sziscuriz iaotopee produced to data. It was chosen fox' 
this purpose bece'!!' it was re,Aty avi1*b1e in large enomita. It has the dia.. 
advantage that most of it is converted to Fission prodite. frenseg'tt* isotopes 
can he prodtzced much 	_ rap4  Aly fr 	J 	the si mess of Pu239 
lass of thi ericix is converted to fission produo and there is an advantage 
in starting with a higher su nmber. Bovevet, Am'' is svpi].sbló in much 
enotmts than plutan3wa, and iars owmte of the isotope CmZQ are pr$uc.d very 
rapidly by the first ord.r,  neutron capture reaction, On isotope z hw a very 
high si*cUic alpha activity, and the high level of epha re4ioactivity so produced 

• 

	

	places heavier damø,nda on the eq.uicent and separations methods than the material 
produced by the irradiation oç p].utonizq especially if the seperatione are done at 

• a time when the enouot at O&" present Is near Its pesk. 

To partially çirc*vent the difficulty of separating trenecuri elents 
tz is 	enpl.mts 	2i2, it has been cczom practice to extract tM easily 
seperstpd Pu2 ' IWhLth is foed by the electron capture decay of Am 2'' and e*ject 
the Pu.' to further irredi&tion, - The only ad.uste facilities available at this 
time for bandlIng laZygu amountS of curims are these at the th4vr.ity of California 
Itadistion Laboratory at I4v.ire which wre primarily the result of efforts by 
W. W. Crane and 0, U. Higgins. The Installation has many 	features, the des. 
cription of which cannot be included hare. 

.4- 
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- W41ux eee in the reactori is at a prftlua and the irró4iation9f 

isotopez wbich pcuy the leaat I'e*ÔtOr apace is deaireble. 	refore, Am and 
h deit. 	 4ee Lt k $ been 	utege to 

extx*ct the neimatatton p'oduct. 	 end Qn' from irradiated Pu239 
after thè fissionable wat6rlAl has been lersly bu'ned out and reinsert them in 

ir reim of hi* neutron flux in the reactor. 

CAWTIONB ZSOWPK kCTXON 

Pjle crou"eections of the t anacuritri isotopes heve now en deçzaine 
litly fran my experinent. in which Iuovn ounts of 	pt 2iU, 	1i2, 

Am', 	end other isotopes have been irXadiated with pile neutxons. Pile 
oeseectinn refer to average or effective crou'seotione and are measured in the 

neutron flux found in .the body of the reactoi (Pile)1 within or clOe to the active 
core, A pile neutron c as-section -MY  aevute qdte appreciably from a theiinal 

flelAt'OU c oueection if the nulide in ivaetion abeorbe neutrons in the resonance 
region, These 'va1ue, inol.wUng these for pl.utoniizn, americim and cuiriuc isotopes, 
are coegAW in Table U. 

The qaoutitiss listed in Table U represent the "beat fit" values chosen 
• - by tbiá lab'atori in the-f 31t of measiente mPde by University of Cai.Uornia 

Radiation Laboratory, Berkeley,ftolls,ittoaa Po'tr Laboratory,_Argonne NetionRl 
Laboratory, iveyajty of California Radiation Laboratory, Livenzoro, Oak Ridge 
ationa1 Lsbcw.tory end C)Th River. $ronps. These ve3sa axe cot to be interpreted 

necessarily, as. abrae being correct individually; however, tbày seem to dive ap-
proxinately correct isotopic compositions and the correet amount of COW otter a 
long irradiation time It baa been convenient to calculate theee yield ctwvee by 
means of a Growth and Decay Analog Cccuter (Appendix I) which makes use of an 
ø1,zt canpit eetan of resistors end condenserG to simulate the growth, deer 
and struotion of nuclei along the possible path eequcncea. Prograns have also 
been set to compute the isotopic yields using Computers such as the I.B.M. 630 0  
The reaç4on njyork ahowtp the ossib]i paths in foilning traneetuc isotopes 
fr Pu'G, 	and 	is d3JIçsnz!ed in 	5 (pE1e, of course, in fozie 
by successive neutron capture in Pu'3 9, end Am2' is formed by beta dscr of 

C%u'vee of practical intzest have been made gtving the estimated yields of 
cf252 for flUx 1ae10 s higb as 5xl05 neutrons óx POCL*L  (Pigure 	The 
grrvth of 0252 	pile neutron bombardments of Qn1, Am' 1, and Pu is shown 

:- in Figs. 6. and 7 It can be seen that tbimàzimrn yield is largest and to obtained 
most rapidly with the higher meuton fLux levels. 

In Pie. 8 Is given a log log lot o' the formation of Ct5 from On, 
Ar5244 end  Pu2* for cm average flux of lx)-0' neutrons an see" 1 . The curve for 

is a "beet fit" ctn'vo using both calculated and experimental values of the 
• 	 of C 2 	tor! 	- 	 • 	- 

- Pox' these Anterested in initiating a 'ogven of treoeuriuc isotope production, 
• 	- Fig. 9 WIll be usCful.. • The production of Cf 2)2  f1mm s p4W source in given for the 

• bable upper and lowex' Limit 4uxea' obtained in the )IB. Two eperimental values 
• 	• -, 	(potuti3 sham in figu ) for CO.yields friE "nin ring" sources are in good 

agreement.th. the calculated Cmvei. Of equal interest is the x'ate of- beat production 
from a 	 sjected to bile neutrot irradiation. (Pig. 10). 

• 	 _sI,3..• 	 f_' • 	, • 	I 	1' 





• 	
bz' Miall .  iinples In MtZLCh eelf4*eattng offers no problem a quartz container 

•
may be used. A gaution of the 1ieavr isotope to evorsted in a z diemeter 
Iuartz tube, tWitted  d the tube is see.led. The uarte tithes are either Irradiated 
in sealed al,'izzi containers or in 	nt conteinera tougIi ithich water may flow 

T. 	 t!ItZ 

CRZKMAL ffiO28Z1IG 

The prob rn. of rcovtng the alim and fission produote while reta1nng 
at leaSt. 9% of the actinide fraotiän requires eore plMn1ng and eiuitnent than 
any other phaSe in the production of heavy, tsoope, both because of the, high 
1ee1 radiation encotere4 and the degree of purity neceaeary for the final pro- 
ducts. The tmportencó of ebieldin.g reuirernnta is not to be widerestimated in • 	
this type of work. In addition to the radiations nomaUy encountered (r,a) the 
e&plee m* emit neutraflo at a high rate • 	r exemple one microgren of f2S  emits 
about 2x °neutrensftdn; this high neutron level severely units the time during 
whieb the 'californiwi can be handled at close qusrt.ri, e.g., in micro-chemical 
nen1ulatione By interposing blocks of paraffin and cadalum v  the neutron flux 

• can be Air1rishedj unfortunately, it is difficult to use shielding in small scale 
Operations,. The alternative iS to reduce to a minimum the time necessary to complete 

•1kiperimentation. Before - iiiuoli ]Arger emounte of tranecuriimz elements become available, 
• Simplification of the methods and developeent of new typei of equipnent, partioularly 

• 

	

	equipeent of well site iditch ey be remotely controlled, will be necessary in order 
.totae. full advantage of the opportunities for interewbing experimental wOrk with 

• •.' 	onui,' 

- 	The equipuent and asebmmIcal operations used for "cave rune" in the recovery 
• of csltforfliun in amounts ranging up to the microgram scale have received special 

attention and 6.eserie a brief description. The largest scale operations involve 
the separation and purification of the nipktr' ring" samples • The initial steps 

• are carried out in a 6" cave box, i.e., an effcti've shielding of six inches of 
lead is provided. The box in which the irradiated materials are confined is inde- 

• 	pendent of the ehiei4ing and has a separate ventilation eyuten which drawa off. air 
• 	• 

 
frM the interior, passes it throu "scrUbbsre", condensers, and mechanical filters, 
end then L  recycles the a]aaned air. A n.gstive pressure with respect to the atnosphere 

• is always m4ntsine4. Me box has the eqiuipsent to cerzy ant the necessary operations 
• including centritu, evaporator, heating bath, storage and disposal, Lou exchange 

coiwins, •Ø and neutron counters, stirrers, etO. Most of the operations are car- 
ried Out using tone and are viewed through. a thick lead glees Window, Ilectrlca317 
operated ec4u1pnent is contrOUed from the outside as are reagents and air pressure. 

• 	ThO fact that spontaneous fission becomes an important mode of decay in the 
heaviest ieotopel ialias it possible to apply the very novel method of neutron 
cowiting to observe the behavior of curia and eSlifornitan fractions in the chami-
cii seperitione. 3t has been cnon practles to set up conventional neutron count-
ing esajdent thaaant to the boxes used in large scale operations and the chemical 
fractions can be placed in moró' or less standard positions now a neutron detector 
for measurement, e*xtron counting is also employed throughout the course of chemi-
cal seperationa afld puiifioattons of the californium frictiono. Thus, in this case 
much of the tediouS york of counti*g saSpleo for alpha radioactivity is uncocessary, 
and the hazard of taking samples out of enclosures containing high levels of radio-
activity is el$minetSd. 

-7.. 
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£ft.r the bulk of1e elueinue and fission products are separated, the 
seeple ,  is resoved to a Maller 2' "jmior cav" box. This box is equipp.4 to 
)tt further c"tcal separations in uhich ties ion products are el 4 tn.ited and 
prs3.1in517 eepaxations of the sctlthdes from each other are sade. Some fractions 
are purified for r'eins.rticn in the KM (reactor). 

Regular gloved boxes pro1d1ng only protection frcz alpha radioactivity 
are used in a supporting role for assaying, storage, and ftn*1  purification. In 
junior cave and g1ove4 boxes a reduced prene 	i.e aalntafne4 inside the boxes 
at all tiaea, Paper on early .qu.taent desIga and health hazard prob]ana vh1ch 
applied to the production of very,3ey $,sotol,ee were given at the preceding 
conferenad in Osuevs during 3.955 • GO, 20 

ChIcal steps used in the separation. have been continuously aodified 
since their inception. Tortately, at the present tiin, the overall operation 
Is a 	or less standardized and appear, to be t4pproxinately the so at Argunne, 
CMIk River, IlarwsU, Oak Ridge, and Berkeley. The irradiated speo1aens are die 
polmt In a RaQa"NaNO3 eolutionj the use of NaR03 pereita dissolution of the 
al%alma2 without the evolution of hydrogen to create a dangerous atmosphere in-
aidde the cave box The ectinides are precipitated as the hydroxides and the bulk 
of the aluetnue r' 4 ' in solution, nevertheless, a soval ssount of aladntai and 
roughly htl-f of the fIssion products are precipitated or carried with the actinidee. 

The residue is dissolved in hydrochloric acid, or in IIC1 contafn1J'g a a*all 
anount of 11103 or Bt depending on the circuestances and the mbsequent steps of 
the process, 1t* actinides and rare earths are Sometimes precipitated as mad-
Uble fluorides from a solution contidntsg HCX and V. The insoluble fluorides 
can be r.precipitsted by fix'.t dissolving then in W1 conti"tng boric acid and 

- *4&fng HF at this point, or they can be precipitated as InsOluble hydroxides 
md s'edissolved in acid for the fluoride precipitation. iblioving final dissolu-
tion of the fluoride, in hydrochloric acid, the plutoithsn and some fission pro-
ducts may be adsorbed on coluzns of enicm exchange resin iben the C1 concentration 
Is in the range 6.9 , In this asse plutonlue should be in the tetrapositive 
oxidation state and tihe addition of a mall enomt of ammlin nitrite is aonly 
added to aceompliab this objective. But results are obtained vhen the colans 
are operated at elevated temperatures. 

fte transcurium elomenta pass readily through the anion resin colnn along 
with the rare earths. The plutonium may be desorbsd from the anion resin by pass-
ing through a solution of 630 K MI contA4 ning  a reducing agent such as HI or 
bydx'adne. An alternative method to to strip the resin with dilute hydrochloric 
aóid of concentration now 1 40  although the latter method gives less decontemins-
tion of the plutoniue. It should be kept in mind that the fission products to be 
separated from the actinide e]eaenta are not necessarily noreid fission products; 
they also include nuclidas resulting from neutron capture on long-lived deca' 
products of the primary fission products. In the rare earth region the heavier 
rarv nasbers are more difficult to separate from tripositive sotinides,, Thuliir 
(Th170) is one of the elaeants giving trouble in the aspiration of rare earths, 

separation, of the rare earths from the ectinid.e is gsnsrally made at 
rom temperature by desorptlon from Dasex-50 (40 cross 'ain)ud) spherical  resin 
using saturated b$rocblo*  acid. In this case the mixture of sctln4Ae. and rare 
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The most Isportant cbernte.Jl, serations used at Berkeley for the trsneouriu 
.leae*t sm.rstion are those described above. Solvent extraction aethode can ixi 
doubt.dly be used in place at some of those described above; they have been spplied 
very successfully to special probleas. 

Thin uniform sow'cas are useful, not only for target preparation, but for 
st4tes in nuclear apectroscopy as well. The most useful aethods are those which 
are adaptable to handling email *mounts, hence *intlug tecbniquee, while used 
extensively with the lower actinides, have been little used in preparing trans' 
cwia sources. Utensive and useful literature exists on source and sample pre" 
par*ttona (i.e., Reference 30) 	oYever, the methods and t.chnicueg, as applied 
to the transcurium elements, have not been prviously B!''i*ed and are given 
below. 

Jectrod.positton is easily the most popular method not only beeuae of 
the high yields obtainable but also because it is relatively simple; the deposition 
area i.e clearly defined end the method may be easily adapted to meet iMivid*l 
reuireaents it is also not difficult to recover valuable isotopes which are not 
deposited initially. 

The cell is made from a glass tube and the lower portion is shaped in a 
wer which defines the deposition area. The metal toil on which deposition occurs 
serves as the cathode end. a soft plastic "washer is inserted to insure a water-
tight seal around the base of the cell. Sometimes iekage is minimized by placing 
arow4 the plating cell a container with solution at the same level as that in 
the cell. 

The solution containing the treneorn'ium isotope is transferred to the oell 
and after addition of two drops of methyl red., the pH of the solution is adjusted 
to-  20 2.5 and 23 ml of saturated NCI solution is added. øringing the eolu. 
tion to the desired pH may re3j4re passing the end point several times with suc-
cessively weaker solutioni of !I0R and W11 the final adjustment is made with 
0.05 M M1 solution. Al terna • lvi -ly the initial solution may be evaporated to 

dryness and the residue rea soivea tn a prepared 6 M NHCl (pH 2.0) solution. 
A platinum wire anode (wo -u&4 in concentric circles at the bottom) is placed in the 
solution 	ma above the metal plate cathode. A current density of 0.5 to 1.0 
aapare/cm' of cathode surface is maintained. for 20-.30 minutes. With the current 
onj  the pH of the solution in the imasdiate vicinity of the cathode becomes high 
enough to precipitate %e  ectinides as hydroxides that deposit on the metal plate. 
The deposition is stopped by adding an excess of concentrated flR0R to raise the 
pH to *ppromataly 9, the anode is lifted from the solution and the current is 
interrupted. The cathode is washed gently With water end acetone, dried and 
heated to a dull red in Order to convert the hydroxides to the oxides. 

Biac* most of the elements that precipitate as hydroxides or hydrous oxides 
are eleotrodeposited by this procedure, trace qntitiss of these elements must be 
ezcl4.d from the electrode surfaces, electrolyte and cell ports as well as from 
the target material if a pure deposit is required. 







othrWie, ¶thie *thoja vex. us4 for &.,ia iberents of the ieotapse on2 11.35 
Bk2" °, cf?m252, n('3 .x4 E'3  39 in voit v1ii resulted in the discovery 
of as isotope. of the transctifl elMflte aM in the discovery of the e1e*snt 
rnends1s4*. A typical 9twedure u1n8 *f*ate  ohistrv tscbnic&ea Is i.e follovea 

e*taherfol, gotd (0,latL)or 	c4itin (0.05 aLl), is plec.d in a 
planch.t contsinin8 2530 k ecoentrste4 I1 and 10 ? conceatrated HJW3 at 500c.. 
AtWr diesobztLon is cplet. (15 seci.) the po1k4on is traflsts?red to the top of 
a, very nail bmx Al *niaii eL'*n filled iith resin aM .4ntairM at 87°C 
(4ss4ri*t Irsvioua3r).2he ntbod of tr*nefor vg and elution (with 8 X Ed) 
barn been desTibed esfUer in discussing anion cairn opsations. WLvI drOps of 
ejumt is euCtent to eluts the active fraction frca a colan a M in diuter 
SM a few céntiaetse in length.. Jhe drops are coUsoted in $ heated pláthit and 
the old  (or paUe4tn) is retained on the co].U. I  The eluste is .V*O'ate& to 
dr*tsss by 	ng and dire eting an air et gently over the 3.icui4. This fraction 
can bt collaote4 on a platin'a 4ja p  fined, and sibj.cted to si.pha pulse analysis 
or the actSnides can be elactioplated on cornt3ng discs. 1r further separation 
the residue, us 11y before flii(ng, is dissolved in $ m5.idaue of 0,05 11 UCI and 
transferred to the top of a. cation col*un frc* vhLch ashydroxyisobutyfst* is used 
to slute the desired fractions1 as described earlier. The eluate is oSught on 
platinue plates (one drop per plate) and evaporated. The plates axe bested to 
a dull red In a flue SM are often coirnted in an ton chasber connected to s dif 
ferentel pulSe height analyzer. The total ti fron Snd of bba.vdsent unt1 
couflting begins baa been lAss than tM minutes for som canes in vld.ch both the 
anion Snd cation aol*rn separations vale made. 

- 	xplOratory experiments for $hert-'lived alpha particle emitting isotopes 
in  the tranøcnriva region are ec..etiaes weds,, using thin plastic files to collect 

• 	the recoil atone1 Best results have been 'obtained using My1ar" (obtained fron 
DuPont) or reiene' (obtained in Eng)an& films of thickness 0.3 1.0 ag/cm8 . 

Lbeie filmS have good mechanical properties and axe ibie to withstand intense 
b.s (a.  50 &as/en2) for 20 minutes vithaut significant deterioration. The plastic film 
is removed, placed on a pls.ttntn plate and stuck to the plate with a few drops of 
acetone. By brinng the plate into the center of 'a ga..'air flame, the solvent and 
plastic are burned off very rapidly without excessive spattering and the couning 

• 	disc flased. The p1ste is than ingerted in the coimtin.g chamber. Total time fron 
and of bcabsrdeent has been as little as 36 seconds and some yields have been 
measured at more tan 90%.  A aiailw nethad employing Tygon fiiias has been de. 
ecribed by a Smow reporting the production of aisment 102. 

When the recoil method is applied to targets which axe themselves very 
radioactive, the detection of ehort1ived tranutstion products is sometimes 
obscured by the larger amount of radioactivity due to the target atone which are 
tranSferred with a relatively large cross a$ectiofl. The rntrananuted target atons 
receive much lees acmentue transfer fros the bcmbaz'ding particles, and so have a 
fihort range canpared to the tr.nutation products. Interference from transferred 
target ats can be virtually elnste&, without egti(ficant absorption of the 
tranamutation productp by depositing a thin layer t a material such as al.ainue 
over the target ares. 

In the collection of recoil atama tram a bcabsrded target, it is essential 
that the target be thin relative to the ranges of the recoil atone if a large 
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:rractloa 	these atn alli ,  to be co).3eetet. The reø1te of an inveetigstion of 
• . %he?ang.Ad etregg2in of recoil atcmø bave been ptli&1ed.b7 Leacen and 

ttr1iC.g.9  Zn thie peper fo'auiae are gtvei VhIOb allow the ce3.oulttin of thee. 
- quiUtt. ie reaults are in reeeone1y ,  good agreement with the experimental 
value. ol)taln5d by beliz ton and he 	Lou baarnenta of heavynlet, 	. 
,ez'*ments eve e)iown that t, reactiolic involving cnpound nueleuz fon&tton In 

• 
eoeè it the tizget. thicnese is 10 micrograms cm W  The recoil rgee 

tTl heaV1 ion bcnibercient8 are proportioni4e7 3argel becse t greater mcIent% 
trsnster, The mmenun tr*nøtex' is lest for reactioni jnvolving direct inter-
s(!tton *eCh*nLUS end the zangee are rediced accoIngl. In this case the recoil 

• 	range.. ere lees 
 

than those calculated using the trmula of Zaebeen and Atterltng 41 

• 	.. AnotberiportsIrttaCtOr'tObeCOn5idre4tnde!iInSarecOilt5r8et 
• - 

	

	eflbr is the oagalar dstributtcn of tbe reççil eta. 	rv.y, Wade, and.. 
Donovan" have found that for the reaction (a3' (a,an) Cf°, using targets of 

few ndcrogra 	U*ieltti*se, oer O% of the zecOi1ing &tome are oolleated 
• 	if the 0)34an&s  thtereeted hi the oatche* toil is at Ihoat 20 deees. (Be. 

• 

	

	3.)' oader angular dietrtbitions are obtained for thicker targets end for 
reactions iziolvtng direct interaction *e'tsma, e.g,, the (a,p) reactions. In 
the case t eaCtiOn* involving compound rntcleus formatton, the angular ditri 
butionoS recoil products i more etamgli reeked in the forward direction, e 1 g4 , 

• 	
:, 	

'd (C,in) rect**s tu the hesvtsotope region, 

oucrxCO 1W IBOZ'OPEi 	BARGD NwrzcIz B4BABfN% 

j; p*zt1c11 bonbardinente of heavy nuclei roide en ijnrtant means 
of creating end investigating t naciiriva isotopes, eferences to this work 

	

• 	have bsefl ntioned in the. previous section. In addition, a rather,  oqnplete 
description end. interpretation of the reacttçms induced by heliibi and deuteritmi 
tone is given. by. Th'nas.. Earvey, end. Ses6org3 (to be published in the proceed 

	

• 	ings of this coference,) These e.tthora successfully' employ' a modified 
• 

	

	indit in wt4ch the effect of ft*eion conpetition is tnclu8ed to e,plein epallation 
cross-eels ot ocnoundi type reacttoie 

In con 4  rast, heavy ion reactions have been studied less extensively. Ghiorso and 
Sikkeland45  hav prepared an article (to be published in the proceedings of this 
conference) reviewing the present status of research on heavy ion reactions at Berkeley. 
Insinuch as both experimental and theoretical aspects are covered in their paper, it will 
be unnecessary to discuss this subject here. 

• 	- 	• 

The present •papr IS the result of an áttemp to 	narine the information 
arat3able: on the pro&iotion of the treneo1wi%t ieotopeD. tthoda and tecbntues 
uM tar research in this field are eo included. Wø hope the information will 

•  be uetul to those working in the tield or contemplating such research, e pos. 
gibtlity exists that sane of the methods and tcniques can be eplted to research 
in other fields , 

-4- 
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ale 

to 

: 

ieotoa. am being used in eies of aptoua fission and 
4n4uced fle- stan' MtiV use in nuEI*or opectroacopy reeenrch promises to give much 
information c4acerning nuo3.ear etructe. In' view of the interesting properties 
of t'.ocuri'zi elements and their isotopes it is likely that much e4vauceznent vili 
ocaur in the ftituxe, With Mvenoea in ba8ic research in this field it is reasonable 
to expect thSt proticel epplicationa will toUow. The eventual availebil.tty of 
'larip eourcos of Cf252  (which decays by apontaneou.e fission) should present many 
possibilities for important applied research and even industrial applications. 
These pose ibiliti.ee for the uses of ttansourtam isotopes aeon to justify a much 

z'g effort to produce them then bee eo far been underteken. 

- 	 ' 	 - 

We wish to thk T. C Parsons, Promote ICerthy, Remond Gatti, and 
t tamphillips for' the psratinn of many of the isotopes mentioned in this 

paper. Ye also wish to thsnk Jean sees and Patricia Howard for their valuable 
contributions in. the preparation of this mancript, We are grateful to others 
too numerain to. mention:  for their. nvsluabi.e aid. 
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Table lb Nuclear Propertiee of the Trancurium lsotopae 

-- 

Type Energyof 
most abundant a or 

Nucltde 	. 

. 

decay 
,••• -• . 

A group (Mev 

• 	 - 

Bk 243 	 - a 0.15%) 4.5h 

- 

6.55 
E. C. (99+%) 

a 	(6 x 10'%) 4.4b 6,67 
C. (99+%) 

B045  a 	(0.11%) LOd 6.15 
E. C. (99+%) 

. 2046 . 	. E. C. 1.84 

a 

p (70% 
.C4  

P" (99A) 

a. •4 0 

S. F. 

a 

a (30%) 
E. C.(70%) 

4 40 y 

18b 

5.51 

0.65 

Bk249  

Bk250  

ci244  

Cf245  

290 4 

.1 
6 x I08  

3.13 h 

ZSrn 

44rn 

0,08 

5.40 

19 

7.17 

1.11 

Ci 	 a 
	 35.?h 

	
6.753 

	

S F. 	 Z.lxlO y 

Z47 	 EC. 	 2. 5 h 

—17- 
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Table 
VVVV 

I (contlnued 
VV_ 

V 

Type 

- 

£nergy of 
of moet abundant a or 

• Nuclide decay 
•.• 

Half-life 
- 

13 group (May) 

248 
V.. 	 •. 	Cf 	'. V 	 a 250 4 6. 26 

SY. 7x10 y 

cia49 .  a 	 . "400y 
l.5x10 

5.82 
V y 

• 	Cia! a. 	. 42y 6.024 
V 

V  15xIOy 
V 

V 	 Z5t 
•V 

• 	V 

 long (A stable) 

cim. a 198%) • 26 4y 612 
66y V  

V 	

V: 	
V V 	 •••• 20d 	V  0.2? 

AU 
. 5d 

V 	

V  

a 	VV  
?.3m  

248, • 	• 	 • a 	(0. 3%) 25 m 87 
V6 

• 	V 	• 	• E.C. 	 V 
• 	V 	 V 

V 	•• 	
• 	£249 	V • 	(013%) • 	2h 	• • 	6.76 

• 	V  

(994%) • 	•• 	.• 

£.G. 	
V 

V 

• 	ZSl 	V 
• 	a(0.53%) 	• I.d 6.48 

• 	V 	
• E.C.(99+%) 
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Table I (otinu.d) 

Type Energy of 
of most abundant r or 

• 	 NucUde decay Hall4tfe A group (Mev) 

a 

_• 

140& 

- 

6.64 

19.3d 6.63 
ix io 

i(994%) 37l 1.04 
E.C.  

• 	
• S.F. 

• 
>lOy 

zZ54  a • 	 • 3104 6.43 

E255  24d 

r 544 

FM  a o, 6 m 

-a 30 in 7.7 

260 a • 30rn 7.43 

a I%) 7k 6.89 
E.G (99%) 

a 22. 7 h 04 

a (11%) 3.0d 6.95 
E.C. (89% 

a 3.24k 7.20 
S.F. Z2Od 

• -19- 
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Table I (continued) 

Te 
of 

 Energy of 
most abundant a or 

• 	 NicUde 	• decay HaU-We jS group (Mev) 

Z55 • ZI. 5 h 7. 08 
• 	

• S.F. 	
• >4oy 

LF. 

Z56 s.c. -30m 

a '-iOm 8.5 

4 

-20- 
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ab1 U. Cornpaat&ve Ptle Cxose Section (k barns) 

Ue capture Pile fLsston 
cross sectton cross setton 

Pu2 
38 765 

Pi240 $5 4 

Pu Z4Z 2 
441 

Am 41 - Am242) 

675m 

450 3500 

250 1400 

GmZ4S lob 
246 Cin I 

Cut27  Z0 no 
2 

240 

44 sk 400 (assume negUglble) 

BkZSO 5000 $00 14e9ume41 

u22 - 
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Table UI. Isotopic Compos&tion* 

£1 - 

r  
Lound ($) 	nr cornpottLon 

0 	
238 .0.15 
239 0.04 
240 0.34 
241 0116 

• 
242 992 
244 0.06 

Am a 	Z43 99,9' 

-cra 5' 	 242 0.6 
• 	 ' ' 	 243 

244 94.14 
• 	 : 

245 1.9 
3.4 

347 

• 	 *k.' SA 10 • 	: 	 • 	 • 

0 

• 	 •• 	• 

• 

• 	 • 	 ' 	 •00o 	
• • 	 252 

• 
x1 9 ' 	 253 	• ioo 

• 	

' 	 * 	 100 ing Pu 	ntagratedflux 	2 x 10neutron/czn. 
- 	 -.- 0 	

- 	
0 

-•0_J•- 

-23- 
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ELUTION DROP NUMBER 
UU-10879 

• 	 • Fig, 1. Elutiori of tripositive actinides from Dowex-50 with 
• 	 ammonium a-hydroxy isobutyrate. 
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0 	10 	20 	30 	40 
	

60 
DROP NUMBER 

Fig. 2. Elution of trace amounts of actinide elements from a 5 cm 
length by 3 mm diameter column of Dowex-50 12 percent cross- 
linked colloidal cation exchange resin Eluting agent - 20 
percent alcohol - 12,5 molar hydrochloric acid. 
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DROP NUMBER 	- 

MU- 10462 

Fig. 3. Elution of actinides from Dowex- 1 with 2 M ammonium 
thiocyanate at 870  C. 

-26- 
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DROP NUMBER 
MU- 10467 

LI 

Fig. 4. Elution of actinides from Dowex-50, Resin bed 2 mm 
diameter by 5 cm length. 18 M ammonium thiocyanate 
eluant at 87 0  C. 
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5000 7° 	 7659 
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- 	 20 20 	/1 94 

MU-14871 

Fig. 5. Reaction sequence showing the paths by which Cf 252  can be 
formed by pile neutron irradiation of Am 41  in the MTR, 
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1 	
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I I 
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MU- 14870 

252 	 241 	244 Fig. 7. Production of Cf 	from Am 	and Cm 	at different flux 
levels; 
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Cm 24  

Am 243  

1 Am 241  
Pu 242 

/1 
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TIME (DAYS) 
MU-14869 

Fig. 8. Production of Cf252  from various starting materials as a function 
of time. 

N 
E 
0 

0 

N 
E 

NE 

U- 
0 

0 

a: 
WI 
a- 

N 
In 
N 

0 

o-,1-- 

0— 7 F- 

1- 
L 
00 

- 3 1-'  



UCRL-8073 Rev, 

res 

I0 
04 

a- 

o Io 6  

w 
0 

N 
U) 
N 

io- 

0,  

I0 

IT 

NVT x IO_22 	
MU-14868 

252 	 239 
Fig. 9.  Production of Cf 	from Pu 	for various integrated fluxes, 

(neutrons cm' 2 ) 
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Fig. 10. Energy produced in "burn-up of Pu 239  as a function of time. 
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Fig. 11. Ion exchange resin is used to fractionate a mixture of the 
actinide elements. The resin, located at the bottom half of the 
inner tube, is maintained at a constant temperature by circulating 
trichiorethylene vapor through the outer jacket. The actinides 
pass through the resin at characteristic rates and emerge in 
sequence from the bottom where they are collected on metal plates 
for analysis. 
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COLLECTING 	TARGET 	DEGRADING 	COLLIMATING 

FOIL 	 FOIL 	 FOIL 	 SLITS 

FARADAY CUP 

BEAM 

MLJ-11699 

Fig. 12. Schematic diagram of the deflector-channel probe. 
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F 

ZN-i 504 

Fig. 13. Internal Deflector Beam Probe. A. Precollimator, B. 
Target head, C. Collimator, D. Removable degrading foil, 
E. Target. F. Catcher foil and Faraday cup. G. Faraday 
cup holder, 
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Fig. 14. Angular distribution of recoil atoms. 
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Pux 
The ,Ovh ana Decay  Analog Cuter was deBiied and constrt*cte4 by 

L 	Rdbion of tile tbdversity of California Ra4iati.on Laboratory, Since 
: te 4eciptton i* 2Ot a Ilabli in reviously publiobed literature ft brief 

• 

	

	 4escriptioti Is Avea re . 	is cater 	a device to xpzduce by electrical 
.iai.og the gtowtb and 4eçy of znemWró of a radioactiite decej chain, Let the 
chain with associ4t d. deeV eonatMta be rereeenteA by 

Xn
__ 

0 ••__  __ 	 •-. 	 __ 

	

• A 	B 	C  

PZAing unit atna. of - A at tfle zero, azid none of the other octnonents preaent 
tniti&.ir, the differential ecuations ert 

dA • 

•0 	

:- 

and the genrel solution in. 
0 	

r 	 0 	 e 2t 

	

* 2"a 	 + 

all

• 0• 	
: 

xaign w, gdber
0 
 conetita, end eseciel1y *en two or more X'a are aizioat 

etuel, the AwdrIcal evaluation of this equatton te laborious • An alternative 

	

• "thod.6t 	 the diffsrenttsl equations is 0 ifl tome of Laplace Tranefornis 
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