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ABSTRACT 

The work reported here was undertaken for the purpose of ex­

tending existing knowledge of the chemical and physical properties of 

element 98) californium. An essential prelimi.nary to these studies 

was the development of satisfactory techniques for obtaining microgram 

amounts of the element in a state of satisfactory chemical purity) and 

for utilizing thi.s material in spectroscopic and crystallographic 

i.nvestigations. 

The general problems involved in small scale purification oper­

ations are discussed. The procedures used for the purification of ap­

proximately 6 f.Lg of ci49 a~e described in detail as are the analytical 

techni.ques used for purity evaluations. Adequate purity with respect 

to lanthanides and other acti.nides was demonstrated with reasonable 

c.ertainty; however) it is shown that other materials are potentially 

present as contam:i.nants. Arguments are presented which justify the 

postulation that these materials are probably Ca and/or Al. 

A detailed d:i.scuss:i.on is given of the techniques which ·were 

developed for obtaining the absorption spectrum of microsamples of 

Cf+3. Absorption spectrum data from 400 mil to 800 mf.L are presented 

for Cf+3 absorbed in cation exchange resin beads and for sol:i.d hydrated 

californium trichloride. The spectrum of these materials is expected 

to be very similar to the spectrum of c:r+3 in solution. A sample of 

anhydrous CfC1
3 

was prepared that apparently is a single crystal. Room 

temperature absorption spectra frcm 4000 A to 9000 A were.taken of this 
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material. Tentative calculations are presented which fit these data .to 

a theoretical energy level scheme. 

Several polycrystalline samples of californium sesquioxide were 

prepared and studied using x-ray diffraction techniques. The structure 

exhibited by these samples was the monoclinic Sm2o
3 

str'ucture having 

a 14.124 ± 0.020 A, b_= 3.591 ± 0.003 A, c = 8.809 ± 0.013 A and 

~ 100.31 ± 0.02 deg. Similarly, preparations of CfCl
3 

were found 

to exhibit the hexagonal uc1
3 

structure having a = 7.393 ± 0.040 A and 

c = 4.090 ± 0.060 A. The ionic radius for californium computed from 

the trichloride data is 0.98 A. The error limits reported here are 

based on a statistical evaluation of the consistenc:y of a group of 

determinations, accounting for nonstatistical sampling, and do not 

reflect the internal consistency of the data from the individual 

preparations. 
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I. INTRODUCTION 

The recent increase in the availability of the heavy man-made 

actinides1 has made it possible to begin to study the·bulk chemical 

and physical properties of these elements and their compounds. The 

notable work of B. B. Cunningham and J. C. Wallmann on the single ion 
2,3 exchange bead technique has made these investigations possible when 

only submicrogram amounts of pure material are available. The proce­

dure these workers devised begins with the absorption of the isotope 

of interest on a single bead of cation exchange resin. When saturated, 

these beads constitute a highly concentrated sample, bound in a mechan­

ically coherent particle which may be relatively easily manipulated 

without loss of activity. The material may be removed from the organic 

sulfonate matrix without destroying the particulate nature of the sample 

by high temperature air ignition of the bead. This produces a single, 

coherent, spherical particle of the air stable oxide of the element. 

From this point, the preparation of a wide variety of compounds is pos­

sible through the application of appropriate anhydrous preparative 

·procedures. 

In this study these techniques were refined to insure better 

chemical purity of the material of interest and were broadened to 

embrace moderate and high-dispersion room temperature absorption spec­

troscopy of submicrogram samples. A problem of.grave concern when 

very small amounts of material are involved is that of sample purity. 

Only relatively recently has the magnitude of the sensitivity of these 

systems to contamination been fully recognized. This difficulty has 

been of particular interest during this study and, although no final 

solution has been discovered, significant advances in purification 

technique and purity evaluation have been made. 

In the systematic exploration of the chemistry of californium, 

the determination of the absorption spectrum of the tripositive ion 

seems to be a logical early objective. The spectrum of the aqueous ion 
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would serve as a convenient means of analysis and identification in 

future studies. Although the solution spectrum of californium was not 

directly observed in this study:. the spectrum of the ionabsor.bed on 

ion exchange resin was recorded. Based on the observation that the 

spectra of Pr, Nd and Pu absorbed on cation resin are essentially the 

same as the solution spectra, it is suggested that a similar corre­

spondence exists in the case of californium. In addition, the spectrum 

. of Cf +3 in a crystal of anhydrous CfCl
3 

was recorded. Such data pro­

vides an experimental basis for the evaluation of the various spectro­

scopic parameters which have been applied to the interpretation of the 

spectra of the lanthanides and lighter acti'nides. 

The availability of techniques applicable to the preparation 

of pure solid compounds makes possible crystallographic studies which 

serve to characterize the behavior of californium in solid crystalline 

systems. Preliminary studies of this nature have been carried out on 

californium sesquioxide and californium trichloride. 

(\ 
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II. PURIFICATION AND ANALYTICAL WORK 

One of the major obstacles to the investigation of the chemical 

behavior of the heavy actinides is the difficulty of preparing samples 

of the materials of interest in a state of adequate purity. The dif­

ficulties that arise are due, in large part, to the scale of the puri­

fication operations. Often, a quantity ranging froma few hundred 

nanograms to a few micrograms of the isotope of interest is all that is 

available for study. Even using microtechniques, purifying this small 

an amount of an isotope with high atomic weightinvolves the handling 

of very dilute solutions. Working with these materials at low concen­

tration makes the system hypersensitive to recontamination, particularly 

with respect to impurities having low atomic weights. 

For the purpose of this discussion, it is advantageous to sep-
' arate the sources of cationic contaminants into .two general categories, 

i.e., primary sources and background sources. Primary sources are those 

which are of concern in any purification procedure, regardless of scale. 

This group consists principally of those contaminants initially present 

in the unpurified material. It should be possible, using standard 

techniques, to efficiently remove all impurities introduced from pri­

mary origins. 

Background sources, on the other hand, are those responsible 

for unintentional recontamination during and after purification. The 

relative importance of this category depends to a large extent on the 

scale of the operation. In large scale processing, where the concen­

tration of the material of interest is relatively high, these sources 

are ordinarily of minor importance. When, however, very small.amounts 

of material are involved, they can beconie highly significant. A few 

of the more important sources of this type are listed as follows: 

1. Reagents. In a practical sense, it is impossible to pre­

pare reagents that are absolutely pure, i.e., some level of background 

contamination is always present. In order for a reagent to be accept­

able for ~se in a purification operation, it is necessary that the 
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amounts of the contaminants be sufficiently small with respect to the 

amount O·f the product material during processing. when dealing with 

dilute solutions of materials with. high atomic weights, the requirements 

for reagent purity become quite stringent. .Table I illustrates the 

general magnitude of the sensitivity of final product purity to the 

atomic w~ight of the contaminant and to the total solution volume en­

countered by the product after the last quantitative separation from 

a particular impurity. 

2. Surfaces. The interaction of reagents with the surfaces of 

containment vessels has been found to be an important source of contam­

inants in micropurification work. It is essential that high purity 

operations be carried out in vessels that have been carefully cleaned 

to remove impurities on and in the surfaces which contact the product 

solutions. It is further necessary to fabricate vessels of materials 

that are either impervious to attack by the solution or at least. are 

attacked to a minor extent. This care must be exercised not only with 

containers but with any surface that contacts the solutions, i.e., 

. pipettes, ion exchange columns, etc. The principal material used in 

this study for highpurity operations was fused silica. 

3. Dust. Airborne laboratory dust is a particularly serious 

problem in that it is difficult to estimate the amount or the kind of 

contaminants introduced from this source. The dust encountered is de­

rived from several distinct .. sources, both external and internal to the 

laboratoryj e.g., natural.and synthetic fibers, largely organic but 

possibly containing biologically prominent cationsj terrestrial dust 

containing a high proportion of Si, Ca, Al, andMgj industrial dust 

which often contains considerable amounts of iron and aluminum oxidesj 

and finally, laboratory dust, which can be an especially serious source 

of undesirable contaminants. In the ordinary laboratory, one encounters 

large quantities of powdery inorganic compounds and relatively large 

amounts of metallic corrosion products which are easily transported by 

air currents. The only real defense against dust is the confinement 

.. 

• 
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Table I. Concentration of contaminants in reagents to 
produce 0.1 atom % con.tamination of 5 J.Lg of Cf249. 

Total processing volume (ng contaminant/ml reagent); 
after separation (parts per billion) 

(r..) 

Be Al Ca Nd 

lO 18 54 80 290 

50 4 ll 16 58 
100 2 5 8 29 
500 o.4 l 2 6 
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of purification operations to dust free enclosures; however, if this is 

not feasible, caution is the only alternative. 

Background contaminationis, to a large extent, unpredictable 

and, therefore, difficult to control. The essential difference between 

primary and background contaminants is that it should be possible to 

remove primary impurities completely while background contaminants are 

always present.to some extent. Virtually any real process will intro­

duce some quantity of impurities. Since it is not. possible to eliminate 

background impurities, the problem becomes one of confining their con­

centration to an acceptable level. This may. be done by first minimizing 

the availability of contaminants, i.e., operating in very clean systems 

and using very pure reagents and second by maximizing the concentration 

of the material of interest by volumetrically scaling down the operations. 

A. 249 Sources of Cf 

The preliminary investigations in this study were carried out 
249 

using approximately 3 ~g of Cf which had been derived from.residues 

from earlier work. These residues were carefully chosen to e·liminate 
252 

any substantial amounts of Cf in an attempt to avoid the 'Y and 

neutron radiation associated with this isotope. At a later date an 

additional 3 J.Lg was obtained by "milking" a Bk249 source which had 

previously been purified with respect to other actinides. The actinide 

purifications and californium "milking" operations were done using 

HDEHP (hydrogen di(2-ethylhexyl) orthophosphoric acid) 'extraction 
4 

cycles. ·Since the only concern with the isotopic composition of the 

material was associated with possible radiation problems, no isotopic 

analyses were performed. 

• 
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B. Reagents 

1. Initial Operations 

·"' For the initial purification operations, the reagents were pre-

pared from stock C.P. chemicals. The only exceptions to this were 

water and CX-hydroxyisobutyric acid, "but". The water was the once 

redistilled material derived from the continuous overflow from the 

two stage quartz still used for the preparation of high purity water. 

The "but" was purified by dissolution inpure water, filtration and 

partial recrystallization. 

2. High Purity Operations 

In the final purification operations, the only reagents required 

were water and various HCl solutions .. 

a. Water. The high. purity quartz distilled water used in this 

work was supplied by Dr. Maynard Michel of this laboratory. The tech­

nique used for its preparation has been discussed elsewhere5; however, 

for completeness, the purification procedure will be briefly described 

here. 

The starting material ~s ordinary distilled water. This is 

passed through a 1.5 inch diameter by 3 feet long mixed resin ion 

exchange column constructed completely of polytetrafluoroethylene 

(teflon). The effluent from the column is continuously introduced, 

via polypropylene tubing, into the first stage of a two stage contin­

uous quartz still. Both stages operate with a continuous overflow to 

avoid the concentration of contaminants in the boilers. The overflow 

from the second stage is the source of the intermediate purity water 

(conductivity water) mentioned above. The condensate from the second 

stage is piped through polypropylene to a specially prepared polyeth­

ylene containers for storage. A typical spectrographic analysis of 

the product is shown in Table II. This particular batch of water was 

used in the preparation of the reagents for the high purity operations 

in the second purification cycle. 



,,. Table II. Spectroscopic analyses of high purity reagents 
'~ ~ . ' used in the second p·urification cycle. a 

~.:: .... . -,·· 

~:l· 
( ng/ml); (parts per billion) 

Al Be Ca Ce Fe K La Mg 

Water < 5 <O.l 20 - <30 <3000 - < 5 

Saturated HCl 10 - 20 <50 <30 - < 5 < 5 .. 

6 M HCl 20 <O.l < 5 <50 <30 <3000 < 5 < 5 

2 M HCl < 5 <O.l < 5 <50 <30 <3000 < 5 < 5 

0.05 M HCl < 5 <O.l < 5 <50 <30 <3000 < 5 < 5 

. Alcoholic HCl 10 <O.l < 5 <50 <30 <3000 < 5 < 5 

aThe limits of detection for this analysis are listed in Ref. 6. 

"'7 ~~ ~ 

Na 

<3000 

<3000 

<3000 

<3000 

<3000 

<3000 

(. 

Si 

20 

< 5 

< 5 

< 5 

< 5 

:.) 
\} 

I 
(X) 
I 



,·"': 

-9-

b. HCl Solutions. Several techniques for the preparation of 

highpurity HCl solutions were investigated; however, only one was 

studied thoroughly. This procedure was basically quite simple and has 

been shown to be adequate. Room-temperature-saturated HCl was prepared 

by the treatment of quartz distilled water, contained in a specially 

. cleaned polyethylene bottle, with. purified anhydrous HCl gas. A sche­

matic diagram of the apparatus used is shown in Fig. l. The source of 

HCl gas was preparative grade tank HCl which was allowed to flow. slowly 

through a pyrex entrainment trap, a pyrex prebubbler containing satu­

rated HCl solution, and finally through a second pyrex entrainment trap 

and a leached quartz-wool plug filter. All lines between the quartz­

wool filter and the bubbler tube were made of. leached quartz tubing. 

After the preparationand analysis of saturated HCl, other concentra"" 

tions of aqueous HCl were .made by dilution with high purity water in 

specially cleaned polyethylene containers ... Room temperature saturated 

alcoholic HCl was prepared by making a 20 volume ~ solution of C.P. 

absolute ethanol in saturated aqueous HCl and resaturating at room 

temperature using the bubbler with alcoholic HCl in the prebubbler. 

The polyethylene containers used for the preparation and 

storage of high purity reagents were prepared as follows: 

1. Rinse thoroughly. with distilled water. 

2. Leach. several days with C.P. concentrated HCl. 

3. Rinse and leach for several days with conductivity water. 

4. Repeat step 3. 
5. Rinse and leach for several days using quartz distilled 

water. 

6. Repeat step 5 and store until needed filled with quartz 

distilled water. 

Typical analyses for the high purity solutions are given in 

Table II. Samples for analysis were prepared by evaporating 2 ml of the 

reagent in a teflon cone to a few hundred lambda using a heat lamp. 

(It was found that using leached quartz cones for this step sometimes 



;'• Quartz­
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water 
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~eac'hed quartz­
···wool.'filter 

Conductivity 
water 

Prebubbler 
Entrainment 

trap 

MU-36963 

Fig. l. Apparatus for the preparation of high purity HCl solutions. 
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introduced detectable quantities of Ca, Aland Si.) The concentrated 

samples were then placed on Cu electrodes and analyzed by emission spec­

troscopy.· Several of these analyses were. repeated after several months 

of storage to test the compatibility of the solutions and the containers. 

No detectable increase in contamination was noted. 

c. High Purity Ion Exchange Resin. The first step in all the 

preparative procedures used in this studywas the absorption of the 

californium product on beads of spec.ially purified Dowex 50 X 4 cation 

exchange resin. Resin purification was achieved by washing conunercially 

available BioRad AG 50 x 4 cation resin with conductivity water, 1 M HCl, 

6 M HCl, saturated 20% alcoholic HCl, 6.M HCl, l M HCI, and finally 

with conductivity water. The ash content of the resin was then deter­

mined to be 4.3.ppm. Compared to the concentration of Cf in the resin 

phase after saturation, this level of contamination is negligible. 

C. Ion Exchange Column Operation 

The ion exchange techniques used in this study are essentially 

those which have become more or less standard in actinide purification 

chemistry. 7 The most significant differences that do occur are in 

scale and-in the precautions taken to maintain high purity with respect 

to background contaminants. 

Initial purification operations were primarily intended to 

remove gross pri~ry contaminants. They involved the use of carrier 

precipitations, anion exchange columns, 2 M HCl cation cleanup columns
8' 9 

and alcoholic HCl columns.
10 

If other actinide elements were present, 
ll 

a "but" column separation.was performed. It is worthwhile noting that, 

with the exception of decay products, recontamination by man-made ac­

tinides can not occur in a reasonably well controlled laboratory. 

During these operations, .background contamination was not of particular 

concern; the glassware used was pyrex and the reagents were only of 

ordinary purity. 
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In the final stages of the purification, extensive precautions 

were taken to minimize background contamination. The product solutions 

contacted no surfaces other than specially cleaned quartz or small areas 

of carefully leached polyethylene (ion exchange column tips). The 

reagents used were high purity water and HCl solutions which had been 

spectroscopically analyzed. 

Two techniques were used to monitor the column elutions. The 

first and most convenient was based on a small solid state alpha de­

tector12 whi~h was positioned to count alpha particles emitted from the 

eluant drops as they built up on the tip of the column. This device 

provided an immediate indication of the californium concentration in the 

eluant with enough accuracy for efficient fractionation. This tech­

nique was not applicable to the very small columns because practical 

drop sizes were too large to allow accurate fractionation. In this 

case, small volume fractions were continuously collected on platinum 

plates and counted. Although less convenient, the data was essentially 

the same as presented by the drop counter. 

The columns relied on most heavily for purification were the 

2 M HCl cation cleanup column and the alcoholic HCl column. They were 

operated as follows: 

l. The feed solutions were evaporated to dryness and then 

taken up in a minimum volume of 0.05 M HCl. This solution was 

then loaded on the pretreated column and rinsed in with a small 

volume of 0.05 M HCl. 

2. 2 M HCl was then added and the elution continued to the 

first positive indication of alpha activity in the effluent. 

3. The californium was then stripped by removing any excess 

2 M HCl remaining above the resin bed and introducing 6 M HCl. 

The elution was continued until the product had been removed 

from the column. 
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b. Alcoholic HCl Column 

l. The feed solutions were evaporated to. dryness and taken 

up in a minimum volume of 0.05 M HCl. This solution was then 

loaded on the pretreated column and rinsed in with a small 

volume of 0.05 M HCl. 

2. Approximately_ 2 free column volumes of 2 M HCl were 

then pushed through the column to minimize the perturbations 

to the band shape due to resin shrinkage. 

3. Saturated alcoholic HCl was then added to the. column 

and the product collected as before. The effectiveness of an 

. alcoholic HCl column as a rare earth separation is known to be 

very sensitive to the concentration of HCl in the eluting solu­

tion. l3 · For this reason, it .was considered advisable to operate 

these columns with gaseous HCl above the solutions rather than 

air, particularly with the small scale separations. This en­

sured that the eluting solution remained saturated with respect 

to HCl at room temperature. The apparatus used in this proce'­

dure is shown in Fig. 2. 

The method of preparation of the high. purity columns was the 

same in both cases. Leached quartz columns w~re loaded with Dowex 

AG 50 X 4 ion exchange resin using leached quartz wool for retaining 

plugs above and below the resin columns. The resin was then washed 

by passingseveral free column volumes of high purity HCl solutions in 

the concentration sequence 2 M, 6 M, 12 M, 6 M, 2 M, 0.05 M. 

The preparation of quartz glassware for high purity operations 

is of considerable importancej therefore, the procedure used for 

cleaning will be described. 

l. The surfaces are initially cleaned with detergent in tap 

water and then soaked for- several minutes.in a concentrated 

detergent solution containing approximately 'l% HF. This ef­

fectively removes contaminants adhering to the surface. 
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N2 bypass 

'----.....L.......,.......-v./}------. ----V~--u ,>---.,.__ N 2 pressure 

Ion-exchange 
column 
~ 

Saturated 
alcoholic H Cl 

------~ ~~- '------ ------·-· ------·---

reducing valve 

~ ~-·---~--~-----~ 

MU-36964~ 

Fig. 2. Feed system for alcoholic HCl ion exchange columns. 
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2. The quartz is then placed in 6 M HCl made from C.P. concen­

trated HCl andconductivity water. The solution· is .brought to 

a brief boil and allowed to cool and stand for 12 to 24 hours. 

Care should be taken not to allow large-volume decreases during 

boiling to prevent silica precipitation on the surfaces of the 

quartz. · This has been noted on several occasions when 12 M 

HCl was used as the leaching agent. Presumably, the reagent 

HCl is the source of dissolved silica. 

3. Following this, the pieces are rinsed and soaked for several 

days in conductivity water. 

4. The apparatus is then given a final rinse and soaked until 

needed in quartz-distilled water. 

D. Purification Operation Flowsheets 

As has been mentioned.previously, two complete purification 

cycles were carried out dur.ing this study. The details of these opera­

tionr:; arepresented schematically in the form of flowsheets in Figs. 3 

and 4. With the exception of analytical information, these diagrams 

are self-explanatory and will not be discussed further. 

E. Analytical Techniques 

Due to the difficulties involved in the purification of small 

_amounts of heavy actinides and to the danger of recontamination, it is 

essential that analytical procedures be developed to evaluate the purity 

of the preparati'ons prior to their use. In order for an analytical 

technique to be useful in a. stud~ such as thi~ it is necessary that 

sample sizes be relatively small with respect to the total amount of 

material available. This results in the amounts of material handled 

being considerably smaller than in the purification operationsj there­

fore, the sensitivity to recontamination is substantially increased. 
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Recovery 
operation 

3-mm X 6.5-cm AG 50 X 4 
cation cleanup column 

2M HCl 

Actinides _, 
~-------4 rare earths " 

l-mm X 2.5-cm AG 50 X 12 
"but" column 

jo.175 N "but" at pH= 4.9 

"but", Ca, Al, etc.~,:.__---! 
3-mm X 6-cm AG 50 X 4 
cation cleanup column 

2 M HCl 

1---~c 244 7 m assay 
\I 

l-mm X 2.7-cm AG 50 X 4 
Rare earths~/~--------~ alcoholic HCl column 

saturated 20 v/o alc.-HCl 
* 

, Ca, Al, etc.~ _. Nd mass analysis 
j--1 ,I; 

* single bead loading ~<----------~ cation cleanup column 
2M HCl 

* 

Fig. 3. First Cf249 purification cycle. The asterisk denotes high­
purity operations carried out using leached quartz equipment and 
high-purity reagents. 
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HDEHP extraction 

Recovery 
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operation ,I, 

2-mm X 7-cm AG 50 X 4 

I 
· Ca, Al, etc. cation cleanup column 

I 
2M HCl 

Bead strip c 244 
' 

" m assay 
from first cycle < 

~ 

1-mm X B.2-cm AG 50 X 4 
Rare earths -.. alcoholic HCl column * 

saturated 20 v/o alc.-HCl 

~20-~ load~' 
I( 

~100-~ elution 

. 0.5-mm x.2.2-cm AG 50 X 4 
Rare earths_,.. alcoholic HCl column * 

saturated 20 v/ o ale. -HCl 

Ca, Al, etc.-.. ~~5-~ load ? ~~20-~ 
:;;., 

elution 

AG 50 X 4 0.5-mm X 1.9-cm AG 50 X 8 
single-bead / ~7-~ elution cation cleanup column * 
loading 

loaj 
2M HCl 

'I 

~2.:.~ Single~be~d ~ssays 

... Emission spectroscopy 
Nd mass analysis· 

Fig. 4. Second purification cycle. The asterisk denotes high-purity 
operations carried out using leached quartz equipment and high­
purity reagents. 
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This situation is mitigated to some extent by working with small vol­

umes. This relieves the sensitivity to reagent purity and part of the 

sensitivity to contamination by homogenous surfaces; however, the effect 

of particulate contamination, i.e., dust,. and localized surface impur­

ities, is essentially independent of the volumetric scale and is,, there­

fore of considerable concern. 

For the reasons given above, obtaining meaningful analytical 

data is somewhat difficult; however, it should be noted that such 

analyses indicate upper limits for impurities in the sample. 

l. Mass Analysis for Neodymium 

Mass analysis is an extremely sensitive technique which is well 

suited to the quantitative determination of cations in very small sam­

ples. The method used is one of isotopic dilution
14 

in which an iso­

topically enriched "spike" of the cation of interest is mixed with a 

sample of the unknown. Knowing the size of tne sample, the amount of 

spike added and the isotopic composition of the spike and the mixture 

ordinarily allows the calculation of the concentration of the impurity 

in the sample. In order to be able to run mass analyses for a given 

cation, it is necessary to have an isotopically enriched spike, reagents 

of acceptable purity and a suitable electrode system. It is possible, 

in principle, to determine a large number of potential contaminants 

using this technique; however, these procedures are relatively expen­

sive in terms of time and effort. It was, therefore, decided to check 

only the most troublesome of the potential contaminants, i.e., the 

rare earths. It was further assumed that the relative abundances of 

the rare earths were estimated average values for the earth's crust. 

It is unlikely that the abundances in the sample correspond to these 

values to any high accuracy; however, this assumption was considered 

adequate for the purposes of this study. The earth crust averages 

used are shown in Table III. The entire rare earth series was, there­

fore, related to neodymium, which is one of the more abundant members 

of the series and one for which mass analysis could be carried out 

,J 
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'"' 
Table III. Rare earth abundances averaged 

over the earth's crust. (g/metric ton)l5 
.~-

La 19.0 Tb l.O 

'·;u Ce 44.0 Dy 4.3 

Pr 5.6 Ho 1.2 

Nd 24.0 Er 2.4 

· Sm 6.5 Tm 0.3 

Eu l.O Yb 2.6 

Gd 6.3 Lu 0.7 

... , 
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conveniently. It can be seen from Table III that the ratio of total 

rare earths to neodymium is approximately five. In order for these 

assumptions to be valid, it is necessary that the rare earth contami­

nants be derived from nature, i.e., have natural abundances and not 

have, for instance, ~ission product abundances. The isotopic ratios 

observed for Nd in the samples indicated that the source was indeed 

natural. One further concern is the possibility of chance contamina­

tion by an individual rare earth; however, the occurrence of such an 

event was considered to be unlikely. 

Table IV shows the results of these analyses for both puri­

fication cycles". The rare earth content of the product from the first 

purification cycle was considered to be too large for the material to 

be of use e~ther spectroscopically or crystallographically; therefore, 

when the results for these analyses were received, work was stopped 

and the second purification was run. The product from the second puri­

fication cycle was considered acceptable with respect to rare earth 

purity, within the assumptions mentioned above~ 

2. Actinide Analyses 

Analyses for Pu, Am, and Cm were made by standard alpha pulse 

height counting techniques. No alpha peaks could be located other than 

those of the Cf isotopes known to be present. Upper limits for contam­

inating isotopes were computed from the ratio of the number of counts 
249 in the peak Cf channel to the maximum scatter in the counting data 

in the neighborhood of the energy corresponding to the major peak of 

the isotope of; interest. These data together with the half life infor­

mation necessary for the computation of limits of detection are listed 

in Table V. 
244 242 . 

Two isotopes of major interest, Cm and Pu , are not ln-
242 

eluded in the above tabulation. Due to the long half-life of Pu , 

it was not possible to set meaningful limits from alpha counting data. 
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Table·Iv. Neodymium content of caiifornium samples (mass analysis). 
... 

Sample Sample ~ize Total Nd in Estimated total 
(ng Cf2 9) unknown rare earths 

'" (atom %) (atom %) 

. Cycle I 
.l 4.48 contaminated during analysis 

2 4.48 2.9 14.5 

3 4.48 1.7 8.5 

Cycle II 

l 8.66 0.32 1.6 

Table v. Actinide analyses from alpha pulse height data. 

Isotope T l/2 Maximum counts Maximum content 
(yrs) detected (atom %) 

Pu238 90(16) <50 < 0.02 
Pu239 . 2,46 X 104(16 ) < 20 < l. 7 
.. 240 

· Pu 6.5 X 103(16) < 20 < 0.4 

Am
241 458(16) <50 < 0.08 

Am243 8 X 103(16 ) < 30 < 0.8 

cl49 320(l7) 9 X 10 
4 
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The determination of Cm
244 

was considerably complicated by the fact 

that its major alpha peaks coincide almost exactlywith majorCf
24

9 
. . . . . '244:'· '. 24 

·peaks. The important features of the decay schemes of Cm · and Cf 9 

are shown· in Table VI. High resolution pulse .height data was obtained 

in the region of 5.8 MeV. The composite peak was carefully decomposed 

into the component peaks in such a way that both components peaked at 

the proper energies and that both components had the same shape. The 

relative abundances of the two peaks may .be related to the relative 
244 

amount of Cm present in the following way. 

Also 

Let 

. As counts in 5.75 MeV peak 

AL counts in 5. So MeV peak 

.ACm counts total Cm 
244 

Ac~ counts total ci49 

SCm relative abundance of Cm244 

SCf relative abundance of ci49 
2.44 

LCm = relative abundance of Cm 

LCf = ·relative abundance of ci49 

wt. Cm 
·. wt. Cf 

in 5. 75 MeV peak 

in 5.75 MeV peak 

in 5.80 MeV peak 

in 5.80 MeV peak 

combining (l), (2), and(3) and assuming wt. Cm << wt. Cf. 

244 
w/o Cm 

T1; 2 (em) 
( 100) T (Cf) 

l/2 

AL SCf - AS LCf 

AS LCm AL SCm 

( l) 

(2) 

(3) 

( 4) 
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Table VI. 249 244 Alpha decay characteristics of Cf and Cm . 

' '. ,, (17) Tl/2 = 320 ± 13 yrs. 

Alpha Relative Alpha Relative 
energy abundance energy abundance 
(MeV) (%) (MeV) -(%) 

5.687 0.4 5.941- 3.3 

5.749 4.4 5.990 0.08 

5.778 0.5 6.072 0.4 

5.806 84 6.139 Ll 

5.842 1.2 6.194 1.9 

5.898 3 

+ ' (18) 
T / = 18.11 - 0.07 yrs. l 2 

Alpha Relative 
energy abundance 
(MeV) .(%) 

5.661 0.017 

5.759 23.3 

5.801 76.7 

·r· 

,_ 



Sample calculation: 

(100) 
18.11 

320 

-24-· 

(5.50xlo
4
)(o.o44)- (2.90xlo3 )(o~84) 

(2. 90x1o3 ) ( o. 767) - ( 5. 50xlo
4) ( o. 233) 

244 
0.10 ± 1.0 w/o Cm {5) 

. Because of .uncerta:i.nti.es in the relative abundances of the Cf
24

9 

alpha groups and the analysis of the counting data) the absolute ac­

curacy of these determinations is not particularly high and the limit 
244 

of detection probably is no better than approximately 1% Cm . The 

results of the Cm assays ran less than these limits; therefore) setting 

a cm
244 

limit of <1% is consistent with the accuracy of the method. 

3. Emission Spectroscopic Analysis 

Approximately 150 ng of the Cf from the final stage of the 

second purification cycle was submitted for emission spectroscopic 

analysis using copper spark excitation. The results of this deter­

mination are shown in Table VII. Because of the large limits of de­

tection relative to the sample size) this analysis was of value only 

in demonstrating the absence of very gross contamination. No emission 

lines·-o':f. a-ny extraneo-us cations "were-detected-with the exceptrorior·- -

Be. The Be lines seen were far below the smallest quantitative standard 

available,- which was 10 ng. The mass limit for the detection of Be is 

the lowest in the periodic chart) 0.2 ng19; therefore) it is estimated 

that approximately 0.2 ng of Be was present. Although only 0.1% by 

weight) this is almost 3 atom percent) demonstrating again the sensitivity 

of purity to materials of low atomic weight. The source of the Be is 

unknown; the cation cleanup column immediately preceding this analysis 

should have easily removed any Be in the prepa.Lation at that point. 

This probably is an excellent example of random background contamination. 

Even though Be is known to be present in the solutions) the 

distribution coefficient for Be on Dowex 50 is considerably smaller 
. 20 

than that for Cf; . therefore) it i.s reasonable to expect Be to be 
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Table VII. Results of emission spectroscopic analysis 
of the californium preparation in ng/150 ng Cf. 

Ag < 10 Ge < 50 Sb < 500 

Al < 10 Ho < 50 Sc < 10 

Am< 100 In < 50 Si < 10 

As < 500 Ir < 500 Sm < 50 

Au.< 500 K < 5000 Sn < 100 

Be ~ 0.2 La < 10 Sr < 10 

Bi < 50 Lu < 50 Ta < 500 

Ca < 10 Mg < 10 Tb < 500 

Nb < 50 Mn< 10 Th < 100 

Cd < 500 Mo < 10 Ti < 50 

Ce < 100 Na < 5000 Tl < 100 

Cm ND Nd < 100 Tm< 50 

Co< 50 Ni < 10 u < 100 

- Cr < 10 Np < 1000 v < 10 

Dy < 50 Pa ND w < 100 

Er < 50 Pb < 10 Yb < 10 

Eu < 10 Pr < 500 y < 10 

Fe< 50 Pu < 500 Zn < 500 

Ga < 10 Re < 100 Zr < 10 

Gd < 50 Rh < 50 



-26-

efficiently excluded from the resin phase during bead loadi.ngs, assuming 

an excess of Cf in the aqueous phase at equilibrium. For this reason, 

such an excess was maintained during all bead loading operations. 

4. Single Ion Exchange Bead Assays 

The most sensitive technique used for the determination of 

overall purity was a single ion exchange bead assay which was origin­

ally suggested by Dr. J. C. Wallmann. Basically, this method involves 

the determination of the total capacity of a single ion exchange bead 

by the saturation and elution of a high purity alpha active material 

of known half-life. The calibrated bead is then saturated in a sample 

of the final product solutibn. Since the actinide must compete with 

impurity cations for absorption sites in the resin, the amount of ac­

tivity absorbed is a direct measure of the overall purity of the pro­

duct on ion exchange beads. The first step in all of the preparative 

procedures used in this study is the absorption of the californium on 

single resin beads; therefore, this assay has the advantage of meas­

uring the purity of the product in the same form in which it will be 

used. Like other assay methods, this provides no information on the 

nature of the impurities; however, it is sensitive to the number of 

equivalents of impurities, independent of the masses of the atoms. 
---- -- -- - ------ - ---------- ----

The counting data from the assay may be related to the total 

equivalent percent contaminants in the product by the following 

argument. 

If 

c 
X 

T(S) 

T(Cf) 

R(S) 

R(Cf) 

bead capacity in equi.valents 

equivalents of impurities absorbed on the bead 

half-life of the tripositive actinide standard 

half-life of Cf
249 

alpha count rate in strip from bead calibration 

alpha count rate in strip after Cf absorption 



.. Then 

R(Cf) _ T(S) C-X 
R(S) - T(Cf) -c-

,..27-

(6) 

or rearranging 

X R(Cf) T(Cf) · equivalents impurities 
c 1 

-~ ~ equivalents total 

or combining (6) and (7) 

X T(S) R(S) 
C-X = T(Cf) R(Cf) - l 

equivalents impurities 
. equivalents Cf 

( 7) 

(8) 

241 
The standard used for this work was Am . This particular 

isotope was chosen because it has an accurately known half-life which 
'249 is comparable to that of Cf , and it was readily available in the 

form of a pure stock solution. The half-life for Am
241 

used in these 

calculations was 458 yrs.
15 

The scale of the assay was set at approximately 10 ng to allow 

2n counting of the complete elution samples. The following is a prac­

tical description of the technique used for these assays: 

1. A high purity Dowex 50 X 4 ion exchange bead with a capacity 

of appro,ximately. 10 ng was introduced into the tip of a clean 

quartz microcone. 

2. Approximately 100 ng of the Cf to be analyzed was taken up 

in l A of 0.05 N HCl and added to the bead. 

3. The bead and solution were equilibrated for 30 minutes and 

then separated by pipetting. Following this, the bead and 

cone were rinsed with a l A portion of quartz distilled water. 

4. After the removal of. the rinse, 10 A of 6 N HCl was added 

and equilibrated with the bead for 30 minutes. The solution 

was then removed and plated on a platinum counting planchet. 

This procedure was repeated with another 10 A of 6 N HCl. 
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5. The bead was then loaded withAm
241 

and subsequently 

stripped and plated using the same technique: described for 

the californium. 

Associated with this determination are several potential sources 

of uncertainty which should be mentioned. Probably the most. serious 

problem and the most difficult to avoid is the sensitivity of the small 

analytical sample to contamination. The sample size used in this par­

ticular analysis was 50-100 ng of californium. The contents of a fleck 

of dust introduced into the sample could be enough to invalidate the 

results of any subsequent assayo Wi.thout further study and development, 

this point alone makes it advisable to consider the bead assay results 

as setti.ng an upper limit for impurities o Another potentially important 

difficulty involves the retention of extraneous activity from the loa.d­

ing step as contamination on the walls of the microcone; The cone and 

bead were rinsed between the loading and stripping operations; but it 

is very difficult to guarantee that the small volume water rinse ade­

quately cleaned all of the contaminated surfaces that are contacted by 

the larger volume of strip solution. This error would probably be 

reflected as scatter between results for duplicate analyses. Extraneous 

activity could also be held up during the loading step by the retention 

of -free-s-o-tution-wi thtn-the ·porous-structure-of-the--bead-.- --Even-if -one---- -

assumes, however, that the rinsing.procedure is ineffective, the low 

concentration of material in the aqueous phase (~5 X :lo-
4 

M) compared 

to the high concentration in the resi.n phase (-2 M) makes the extraneous 

activity from this source negligi.ble with respect to the activity 

absorbed on the bead. 

It is probable that the distribution coefficients for Am and 

Cf will drop rather drastically with close approach to saturation in 

the resin phase. In order to use the bead assay technique, it is nec­

essary to assume that, under the cqnditions used, the deviation of the 
·,' ... , 
·' 

resin from saturation is negligible or that the degree of saturation 

is the same for Am and Cfo Both of these assumptions should be valid; 
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however, neither have been investigated experimentally. It is also 

conceivable that radiation damage could cause c.hanges in the distribu­

tion coefficients or in the bead capacity during the assay. This ef-
. 249 ' 

feet is probably of no concern with Cf ; however, with materials of 

high specific activity, the problem could become a major one. 

It should also be noted, that the absorption ori the bead of an 
249 

alpha active material with a half-life smaller than Cf would tend to 

cancel the effect of absorbed inactive materials. To avoid this problem, 

it is always advisable to independently analyze for other alpha emitters. 

The accuracy with which the half-lives of Am
241 

and Cf
24

9 are 

known will directly effect the accuracy of the method. The half-life 

for Am
241 

is well known; however the half-life of Cf
249 is known only 

to ±4%. 17 Further, the method is inherently limited by the accuracy 

of alpha counting techniques, which under most conditions are not re­

liable to more than 1~2 percent. 

This analysis was done in duplicate on a sample of the califor-

,nium product from the second purification cycle. The procedure was 

also carried out using Am
241 

in both absorption operations to test the 

reproducibility of the method. The results of these analyses are shown 

in Table VIII. These data show a scatter .of approximately 10% which is 

probably due, in large part, to variable amounts of extraneous activity 

from contamination of the walls of the microcone during loading. 

The californium results make it clear that relatively large 

amounts of contaminants are potentially present. The all-inclusive 

nature of the assay make it impossible to identify impurities directly; 

however, since a large excess of Cf was present in the aqueo~s phase 

during bead loading, it is necessary that the impurities have distribu­

tion coefficients comparable to that of. Cf in order to be absorbed in 

the resin phase to any major extent. This argument in addition to con­

siderations of the relative abundances of possible impurities allows 

one to list the "most probable" identity of the contaminating species, 

i.e., other triposi ti ve actinides, lanthanides, Al and Ca. Mass analysis 
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Table VIII. Single bead assay results. 

Bead capacity (c/min) 

Bead Am Cf Total impurities 
( eq./ eq. Cf249) 

l 42133 43800 0.37 

2 79400 86160 0.32 

3 57609 

3 (reload) 52330 



:. 
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excludes the rare earths as major contaminants. Counting data elimi­

nates the. other actinides with the exception of Pu .which is eliminated 

as a possibility by absorption spectra data .to be presented in Sec. III. 

Further,. the analytical data accumulated during the developmer::t of the 

high purity HCl solution preP.aration and previous experience with opera­

tions similar to those. involved here indicate very strongly that the 

most difficult contaminants to control areAl and.Ca. Although it is 

not possible to be definitive, by any means, it is felt that the most 

reasonable choices for the most probable contaminants are Al and Ca. 

It should also be noted that due to their low atomic weights, relatively 

small masses of these materials account for the observed impurity levels; 

for instance, approximately 4 weight percent Al in Cf constitutes 35 
, I 

equivalent percent contamination. 

In summary, Nd contamination has been set at 0.32 atom% and 

total rare earths have been estimated at approximately l. 6 atom %. 
244 

Cm has been set at <l atom %, Am set at <l atom % and, although it 

is not possible to set a quantitative limit for Pu, it is felt that 

chemical and spectroscopic evidence indicates its absence. Purity with 

respect to these materials is reasonably certain and acceptable; 

however, the bead assays indicate the possible presence of considerable 

amounts of other materials. Chemical and relative abundance arguments 

lead to the tentative identification of the most probable contaminants 

as Al and Ca. It should be noted, however, that crystallographic 

evidence is not consistent with gross contamination of the samples. 
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III. ABSORPI'ION SPECTRA OF c/3 

During the course of this study) several sources of californium 

were prepared that could be used for the observatio~ of absorption 

spectra. Techniques were devised which allowed spectra to be recorded 

from saturated cation exchange resin beads) both singly and in multi­

bead stacks) from a sample of hydrated californium chloride and from a 

small single crystal of CfCl
3

. 

A. Spectrum of Californium Absorbed 

on Cation Exchange Beads 

Single particles of Dowex 50 X 4 cation exchange resin are 

smooth) spherical) transparent beads. When saturated (5.2 milliequiv­

alents capacity/dry gram of resin) these beads constitute a mechanically 

stable and relatively highly concentrated sample. For instance) in the 

case of a trivalent cation such as californium) the concentration in a 

saturated bead is approximately 2 M. Previous work done in this lab­

oratory by Cunningham and Wallmann
2

)3 has demonstrated the possibility 

of using these beads as microabsorption cells for obtaining the spectra 

of _a_bJ,30I'h.e_d~_c_a:tions . __ ':(:he_te_ch_q:j,_qg_e_g_ev:e]:Qp_ed_a_t _ tha"t. _ ~ii!le __ ~~~s:i:_s_!;_~~- 9!_ 

locating a saturated single bead in a close fittin~ hole punched in a 

platinum disk as shown in Fig. 5. This unit was then placed under a 

microscope and the spectrum observed in a hand spectroscope positioned 

to accept the magnified image of the bead. Although the technique was 

amply demonstrated using other materials) the absorption spectrum of 

Cf+3 was never observed. A similar experiment was done during this 

study. A single bead approximately 90 microns in diameter and con­

taining approximately 200 ng of Cf+3 was selected from the beads loaded 

after the first purification cycle. This was placed in a mask) Fig. 6) 

and the spectrum was observed through a microscope fitted with a lOx 

objective and having the ocular replaced with an Atago direct vision 

hand spectroscope. The light source used was a tungsten filament 
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JON EXCHANGE BEAD 

COVER SLIP 

PLATINUM DISK 

SLIDE 

MU-22115 

Fig. 5. Single bead microabsorption cell developed by Cunningham 
and Wallmann. 
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Cation-exchange resin bead 0.002- in.- thick Pt disk 

Coverslips 

Lucite 
~~~--------~--------~--------~------~ support 

MU-36965 

Fig. 6. Single bead microabsorption cell used in this study. 
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microscope substage lamp focused on the sample by means of a substage 

condenser. Visually, an absorption line was clearly observed by sev­

eral people at 473 mf .. L. The author and R. D. Baybarz independently 

observed additional lines at 493, 596, and 610 mf..Lj however, the inten­

sity of these lines was so low that their existence could not be posi­

tively demonstrated. 

The encouraging results obtained using the single bead prompted 

the development of a technique by which spectra could be taken through 

a multibead stack. This procedure allowed substantial intensification 

of the spectra. A sketch of the microabsorption cell used is shown in 

Fig. 7. One problem that is exaggerated by stacking is the loss of 

light due to scattering out of the primary beam. Optically, the resin 

beads function as very short focal lengtp spherical lenses which cause 

the transmitted light to be focused very divergently immediately above 

the beads. This difficulty was avoided, in part, through the use of a 

quartz light pipe which was allowed to press on the top of the stack. 

This served to insure optical contact between the beads and also acted 

ap a light gathering.device which covered a considerable solid angle 

above the top bead. The light source used in these experiments was a 
I 

190 watt concentrated Zr arc lamp manufactured by Sylvania Electric 

Products, Inc._ This source had a high intensityj however, some dif­

ficulty was caused by the occurrence of prominent arc lines in some 

spectral regions. In order to allow permanent recordings to be made 

of the spectra and also to extend the accessible spectral region beyond 

the visible, the apparatus shown in Fig. 8 was assembled for photo­

graphing the spectra. Photography was carried out using a Polaroid 

Land Camera with Type 3000 film for the visible region and TyPe 47 film 

for the infrared region. 

The wavelength scale in the hand spectroscope was calibrated 

on each exposure by simultaneously photographing .. a Hg arc reference 

spectrum adjacent to the absorption spectrum and the superimposed 

image of the scale. The spectral features in the visible region were 
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r---- Quartz light pipe 

Pt I ight shield 

·. 

Quartz capillary tubing 
~ 0.08-m m minimum i.d. 
3.5-mm long 

Section of 27- gauge 
hypodermic tubing 

Dural disk 
1- in. diam 
1/16- in.thick 

Dowe x 50 x 4 ion- exchange 
beads ~ 0.09 mm diam 

Cover slip 

~ 200 ng Cf + 3 per bead 
Cf concentration :::::2.06 M 
Light path ~ 0.27 mm per 3 beads 

-"-- o.os6-M ct+3 

-v- in 1-cm cell 

MUB-5634 

Fig. 7. Stacked bead microabsorption cell. 
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Polaroid camera 

Atago direct -vision hand 
spectroscope Type 0-
No.2070 

...._..,Scale illumination beam 

'-::_Scale-illumination prism 

.......__ __ Compound microscope 

Ocular= 10 X 
Objective = 10 X 

~Microabsorption cell 

.....---2- mm (oil immersion) 
Water-cooled ---~~.,.,.£;i~~ condensing lens 

~ 

infrared filter ~ Water 

~~100-W Zrarc lamp 
source diameter ~I mm 

MUB-5635 

Fig. 8. Apparatus for photographing spectra through a hand spectroscope. 
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reproduced several times within experimental error using material from 

both purification cycles. The infrared region was observed only during 

the work done using the material from the second purification. A line 

list and line description for spectra obtained after the second puri­

fication are given in Table IX. 

A parallel experiment was run using beads saturated with prase­

odymium. A line list in the visible region for Pr+3 on a bead stack is 

given in Table X, which also includes published data on the solution 
• +3 

spectrum. These data show that, at least in the case of Pr , line 

positions in the bead spectra are not appreciably shifted with respect 

to those in solution. Less precise observations on Nd+3 and Pu+3 

indicate that this is also the case for these ions. Based on this 

information, the positions of the absorption lines for Cf+3 in solution 

are presumed to be close to those observed in the bead experiments. 

The estimation of extinction coefficients is a difficult problem 

for two reasons. First, from the qualitative description of the Pr 

bead spectra, it is possible only to say that the relative intensities 

of the lines are consistent with the relative solution extinction coef­

ficients and second, the comparison of the Cf bead spectra and the Pr 

bead spectra is limited to visual estimation from the polaroid photo-

_graphs . __ WLthin __ the_ bounds_o_f_these limitatio_ns, _estimat_e_d_extinction ____ _ 

coefficients for Cf+3 in solution are given in Table XI. It is felt 

that these estimates should be considered very approximate. 

B. Spectrum of Hydrated Californium Trichloride 

During the bead loading operation after the second purification 

cycle, the evaporation of a chloride solution containing a total of 

approximately 6 1-1g of californium yielded a sample of what is presumed 

to be hydrated californium trichloride. This material was obtained in 

the form of a clump of clear, emerald green crystals located in the tip 

of a small quartz microcone. The: absorption spectrum of this preparation 

.. 

.. 
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Table IX. 

Peak :position 
(mJ..L) 

473 ± 2 

. 491 ± 2 

591 ± 2} 
595 ± 2 
605 ± 2 

620 ± 3 

645 ± 3 

675 ± 3 
no structure 

-. 

The absorption s:pectrwn of Cf+) absorbed on Dowex 50 cation exchange resin. 

Extent 
(mJ..L) 

469-475 

4B9-493 

590-618 

638-650 
670-:680 

720-760 

Qualitative Description 
, 

strong 

weak and relatively sharp 

{

v. isual observation indicated two linesj however, photo­
graphically often only one mo_derately strong line at 593 

· ffijJ. was apparent · 
weak to moderate 

very weak--existence uncertain 

weak 

moderate 

strong I 
\>J 
\0 

I 
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Table X. The absorption spectrum of Pr+3 absorbed on Dowex 50 cation 
exchange beads with solution data for comparison. 

a 

Position a 
(mf.J.) 

444 

469 

21 
Solution 

a 
E 

Data for chloride solution 

Position 
(mf.J.) 

443 ± 2 

468 ± 2 

483 ± 2 

587 ± 3 

Bead stack 

Description 

strong-broad 

medium-
moderately broad 

medium-sharp 

weak-broad 

Table XI. Approximate molar extinction coefficients for Cf+3 in 
solution estimated from Cf+3 and Pr+3 bead data as compared 

to Pr+3 solution data . 

. ·--··-- ·----I2ea-k-pGs-it.ion-Gn---------Es_tima ted_ molar __ _ 
beads (mf.J.) extinction coefficients 

473 

491 

591 + 595 

605 

645 

675 

720 - 760 

5 - 10 

l - 2 

2 - 4 

2 - 4 

l - 2 

2 - 4 

5 - 10 
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was photDgraphed in the visible region with the apparatus used for the 

stacked bead experiments (Fig. 8) with the microcone replacing the 

microabsorption.cell. Because of the large amount of californium in­

volved, the spectrum was very intense and easily photographed. A list 

of lines observed during this experiment is shown in Table XII. These 

data show, for lines observed in both systems, that the bead spectrum 

.and the hydrated chloride spectrum are virtually identical. The band 

from 425 m!J. to 450 mfl had not been observedpreviously because insuf­

ficient light was transmitted through the bead stack in this region to 

allow photographic recording. 

C. Absorption Spectrum of Californium in a"Single Crystal 

of Anhydrous CfCl3 

From a theoretical standpoint, it is very desirable to have 

absorption data for californium in a crystalline matrix which is simi­

lar to the Lac1
3 

matrix in which the lighter actinides have been studied. 

This.allows direct comparisons to be made between the various parameters 

used in fitting the experimental data. 

During the course of thepreparation of CfCl
3 

samples for crys­

tallographic studies, a single crystal of CfCl
3 

was prepared. Physically, 

the sample was a clear, emerald green, more or less spherical particle 

which was approximately 35 microns in diameter. "'The sample was pre­

pared and subsequently contained in a thin quartz x-ray capillary. The 

details of the preparation and a crystallographic description of the. 

sample are given in Sec. IV. 

In as·. far as technique was concerned, a major problem involved 

the construction of a suitable light mask for the sample. The system 

which was developed for this purpose is shown schematically in Fig. 9. 

The unit consisted of a pair of razor blades positioned edge to edge 

in such a way as to constitute a combination positioning trough and.a 

one dimensional slit mask with a separation slightly less than the 
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Table XII. Absorpti.on spectrum of californium in hydrated 
californium chloride. 

Peak position 
(mfl) 

425 

to 

450 

473 

490 

595 

610 

Descri.ption · 

Strong absorption but no structure 

observable due to Zr arc line 

interference. 

strong 

weak 

moderate 

moderate 

... 

•. 
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,• 

Quartz 

lll 
Illumination 

MU -36966 

Fig. 9. Microabsorption cell for CfCl3 crystal. 



-44-

diameter of the bead. Masking along the slit was achieved by the ap­

plication of an opaque graphite-grease mixture along the length of the 

capillary. This mixture was also used to repair light leaks due to the 

noncoincidence of the sample position and the plane of the slit. The 

masking paint was prepared by the evaporation of a colloi.dal graphite­

water suspension {Aquadag) to dryness and redispersion of the graph:i.te 

in Apiezon L vacuum grease by grinding. This material was satisfactory 

optically; however, there was an annoyi.ng tendency for thin layers to 

creep and either obscure the sample or allow light leaks to form. 

Subsequent experience has shown that the use of glycerine in place of 

the grease yields a mix that is more satisfactory from this standpoint. 

The spectrum of this sample was photographed using the apparatus 

descr:i.bed earlier, F:ig .. 8. A line list. compiled from this experiment 

is given in Table XIII. The general. structure of the spectrum is very 

similar to that observed in the ion exchange bead and hydrated chloride 

experi.ments; however, shifts in line position have occurred. 

For theoretical. analysis of the spectrum it is necessary to 

obta:i.n enough data of sufficient accuracy and resolution to allow a 

least squares fit of the data to a mathematical. modeL In order to 

be reasonably meaningful, six parameters should be fitted, i.e., the 

--·::>l.ater-ra·dtal-integral-s-,--F2 ,-F4,-a-nd-F6,-the--spin-GY.bi-t-radi-al--i-ntegral., 

~ 5f, and the configuration interaction parameters a and ~· To be 

statistically significant, more spectral. data was required than was 

obtained using the hand spectroscope. For this reason, it was decided 

to attempt to extend the accessible spectral region and to improve 

resolution and accuracy by recording the spectrum using a high speed 

grating spectrograph. The general configuration of the apparatus used 

is shown in Fig. 10. The spectrograph was a 3 meter, f6.3, Model 75-000 

Jarrel-Ash fitted with a 15000 line per inch grating blazed for 7500 A. 

The plate dispersion at first order under these circumstances was ap­

proximately 20 Ajmm. Using this apparatus, it was possible to extend the 

wave length region from approximat~_ly 4000 A to approximately 10,000 A. 

•. 
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Table XIII. Absorption lines of CfCl3 crystal photographed 
through the hand spectroscope. 

Peak position Description 
(in!l) 

483 ± 2 strong - broad 

500 ± 2 weak - sharp 

582 ± 2a trace - very sharp 

615 ± 2 moderate to strong - broad 

630 ± 3 moderate - sharp 

665 ± 3 moderate - broad 

690 ± 3 moderate - broad 

740 - 770 strong - possible structure 

aLine due to Nd impurity 
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Slit-shutter system 
of spectrograph 

Front-surface 

Crystalline-quartz lens 

Microscope body 
wi.thout ocular 

Water-cooled 
infrared filter 

V
Microabsorption cel.l 

~ /2-mm (oil-immersion) •& condensing lens 

-Water 

A.---Microscope 
~ substage lamp 

MU-36967 

Fig. 10. Apparatus used to record absorption speatra on a grating 
spectrograph. 
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The limitation at long wavelengtP.s was imposed primarily by the speed 

of available photographic emulsions. The limitation at short wave­

length was due to the unavailability of a source with a sufficiently 

intense output below 4000 A to allow exposures to be taken with this 

apparatus in a reasonable lehgth of time. The source used throughout 

this phase of the investigation was a simple tungsten filament micro­

scope substage lamp operated at approximately 50% voltage overload. A 
. 22 

Hanqvia 150 watt high. pressure Xe arc lamp was used in an attempt to 

extend the wavelength region deeper into the ultraviolet region. This 

source was substantially more intense at lower wavelengths compared to 

the tungsten filament; however, the decrease in output of the lamp with 

decreasing wavelength or a sharp decrease in-· transmission of some com­

ponent in the system limited its use to wave lengths above 3500 A for 

reasonable exposure times, i.e., a day. In principle, it would be 

possible to extend the spectrum considerably deeper into the ultra­

violet by using very long exvosure times, ie.e, a week; however, the 

steep gradients in optical density in the region of useful exposure on 

the plate would result in the location of absorption features on very 

steep shoulders making them very difficult to detect or locate with 

any accuracy .. 

The experimental method used in this study was deficient in one 

major respect; it could be used only at room temperature. Thermal 

broadeni,ng prevented good resolution of the fine structure of the 

spectrum. It should be possible to construct cryogenic and optical 

systems which would allow. spectra to be taken at liquid He temperatures; 

however, time did not permit the construction of such an apparatus 

during this study. 

Multiple exposures of the spectrum with adjacent Hg arc refer­

ence spectra were taken using glass spectrographic plates of a type 

appropriate to the wavelength region covered, i.e., 4000-6500 A, 

Type l-F; 6000-9000 A, Type 1-N; 7000-10,000 A, artunonia hypersensitized 
23 Type l-M. The plates were densitometered using a Jarrel-Ash Model 
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2310 console comparator microphotometer. Densitometer tracings of 

several different exposures of the same region were made to define 

the reproducible features of the spectra and then permanent records 

were made of the two best exposures in addition to the matching ref­

erence spectra. The positions of peak maxima and emission lines were 

then located on the tracings by measurement from plate edge reference 

marks. A dispersion factor curve for a particular tracing was then 

computed from the measurements of the reference spectrum. These data 

in conjunction with the measurements from the tracing of the absor-p­

tion. spectrum. allowed the computation of the wavelengths corresponding 

to peak maxima. The location of a point on the. tracings could be done 

considerably more accurately than the maxima of the absorption peaks 

could be marked; therefore, errors in measurement did not contribute 

significantly to the overall error in the location of absorption maxima. 

It should be noted that no attempt was made to separate incompletely 

resolved comporrents. Minor absorption features positioned on the tail 

of larger peaks were located by marking the centers of the shoulders. 

The positions of these features are, therefore, somewhat approximate. 

Relative peak intensities were arrived at by visual comparison. A list 

and description of the absorption features observed in this experiment 

are given in Table XIV. The trace lines located at 5837 A and 8043 A
24 

' +3 
coincide closely with strong absorption lines·0f Nd in Lac1

3
. The 

observed intensities of these lines are consistent with the amount of 

Nd known to be present in this preparation; therefore, these two lines 

were ascribed to Nd and not considered as part of the Cf+3 spectrum. 

Other Nd lines with intensities comparable to the lines observed occur 

in the spectral region investigated; however, ·they occur in regions 

where Cf absorptions are observed. The californi~ lines are very much 

more intense than those to be expected from Nd and would, therefore, be 

expected to completely obscure the neodymium lines if they did occur. 

No consistent correspondence could be made between the observed spectrum 

and the spectra of the other actinides or lanthanides. 
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Table XIV. Absorption spectrum of.a.single crystal of anhydrous 
CfC13- photographed using a grati~g spectrograph. 

Peak Error · Descrip.tion · Relative intensity 
position limits ()f components of band 

(A). .(A) 

4304 5 major peak 

4383 5 small shoulder moderate-broad 

4505 5 small shoulder 

4579 5 .small shoulder 

4828 5 major peak strong-moderately broad 

5005 5 major peak weak-sharp 

5837a 5 trace trace-very sharp 

6148 5 major peak ]r · 
6237'. 10 minor shoulder .. moderate-broad 

6295 10 medium shoulder 

6678 5 large shoulder 

J 
weak-broad 

6872 5 major peak 

7539 5 major peak strong-moderately broad 

7764 5 major peak strong-broad 

8043a 5 trace trace-very sharp 

8546b 5 major peak 

l 8734b 10 minor shoulder weak-broad 
. b ' 8907· ' ·10 minor shoulder 

aLines ascribed to Nd impurity. 

bOnly one useful exposure available; therefore, the measurement of 
peak positions was not done in duplicate . 
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Dr. KatherynRajnak has carried out a preliminary analysis of 

the crystal data using theoretical techniques which have been applied 
., 

to the spectra of many .of the rare .earths and .. several. of the ·lighter 
- 25~27 . 

actinides. The fitting technique has been treat~d in detail else-

where; therefore, it is appropriate here'only to very· briefly indicate. 
. 28 

the basis for the procedure. 
0 

The energy: level structure of the 5f5 configuration was deter:.: 

mined by calculating the effects of interelectronic repulsion within 

the configuration and spin-orbit. interactions using a, first order :per­

turbation treatment based on a cen-~ral field approximation in.the zeroth 

order. The ;perturbing Hamiltonian is 

N 
2: 

i<j 

2 
e 
--·+ 
r .. 
lJ 

N 
2: 

i=l 
~.·1. 

l l 

4 
s. 
.l f 

(9) 

The energy level structure within the configuration is affected 
' ' . only by the last two terms; .therefore, matrix elements involving only 

· the more abbreviated Hamiltonian 
' 

N 
2: 

i<j 

2 
e 
r .. 
lJ 

+ 
N 
2: 

i=l 
~(r.) T. 
. l l 

~ 
s. 

l 
(10) 

need be considered. Further, the indicated summation rieed be carried 

out only over the electrons in incompletely filled shells since the 

inclusion of electrons in closed shells serves only to shift the energy 

of the configuration as a whole by a constant amount. The elements of 

the energy .matrix associated with these; perturbations ma·y be shown to 

'have the form 

.E.= (ll) 

where the coefficients ek are assge'iated with the angular part of the 

inte~eleC.t::ronic repulsion interaction and the ·Ek are parameters which 
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may be related to the Slater radial integrals Fk~ The coefficient) .A) 

is also associated with the angular .part of the spin-orbi.t interaction 

while. ~ 5f is the spin-orbit radi.al integral defined as .. 

00 
2 

R
5

f ~(r) dr ( 12) ~ = J 
5f 0 

Further) it should be noted that in the. case of an fn config-

uration Eo as is also the case with F ) depends only on the number ) 
0 

of electrons in the unfilled f shell and) therefore) the term eo 
Eo 

serves only to shift the configuration as a whole without altering its 

structure. This parameter is includedj however) it is defined such 

that it shifts the energy level diagram as a whole so that the alge­

graic sum of the residuals is zero. 

In order to adequately describe the energy level schemes of the 

rare earths and actinides it has often been found necessary to include 

the effect of coulombic interactions between electrons in different 

configurations. These interactions occur only between configurations 

having the same parity and differing in the coordinates of not more 

than two electrons. The parity of a configuration is defined as even 

or odd depending on whether the sum of the one electron orbital angular 

momenta are even or oddj for instance) 5f5 may interact with 5f
4
7p but 

4 4 
not with configurations such as 5f 6d or 5f 7s. The description of the 

energetics of this interaction has been investigated using second order 

perturbation theory where it has been.shown that if the interacting 

configurations are well separated) this effect may be accounted for by 

the addition of a correction.to the first order electrostatic interaction 

term. 29 This procedure results in the addition of three more terms to 

the elements of the energy matrix 

(13) 
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where a, f), and-y are treated as parameters andG(G2 ) and G(R7) are 

quantities derived from group theoretical considerations. The coef­

ficient G(R7) is a function of the seniority of the state. Since all 

of the observed low lying levels have the same seniority and are, there­

fore, effected by the same amount, the inclusion of this term in the 

matrix elements is not necepsary. This results in final matrix elements 

involving 6 coefficients e
1

, e2 , e3' il, L(L+l) and G(G2 ), which may be 

evaluated from theoretical considerations, and 7 quantities, E
0

, E\ 

E
2

, E3, 1;
5
f, a, and f), which are treated as parameters. From a prac­

tical point of view, the fitting technique involves the assignment of 

experimentally observed transitions to the appropriate levels within 

the configuration and then the use of fast computer techniques, to fit 
' the parameters in such a way as to give the best least squares fit to 

the experimental data. 

Since the data were taken at room temperature, the individual 

crystal field components of the J-levels were not resolved. It was 

necessary, therefore, to assume that the measured peak centers were the 

centers of gravity of the individual J-levels. In addition, at room 

temperature, all or most of the crystal field.components of the ground 
6 

state _term, H
1512

, are populated; therefore) the observed peaks in-

clude transitions from excited crystal field components as well as the 

ground sta_te. This probably results in the observed peak center having 

a lower energy than the true center of gravity of the upper J-level. 

However, this is a. semisystematic error and would not be expected to 

greatly effect the relative separations of the J-levels. One further 

problem is that it is not possible to experimentally determine the 

center of gravity of the ground state term. This was arbitrarily set 
-l 

at 100 em for the purposes of the calculations. The error involved 

in this assumption is probably no larger than errors associated with 

the location of the other levels. Initial energy level calculations 
l 2 . 3 

were carried out using values for): , E , E , 1;
5

f and a which were 

estimated by linear extrapolation from the corresponding parameters 
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for u+3 , Pu+3, and Np+3 . The data for u+3 (30)and Np+3 (3l)are somewhat 

tentative while th~ -Pu +3( 32)data. are well establi'shed. On the basis of 

these computations., trial·· assignments ·were made. andolea:st· squares 

fitting calculations were carried out. Computations of this type re­

sulted in the assignments shown in Table XV. The energy level values 

'calculated from the results of the least squares fit based on these 

assignments are also shown in Table. XV. The parameters result~ng from 

the fitting calculations are shown in Table XVI. Using 7 parameters to 

fit 10 levels, the rms deviation was computed as the square root of the 

sum of the squares of the individual deviations divided b.y the number 

of levels fit minus the number of parameters 'used. This was computed 

to be 170 cm-l for the final fit which is ~~rtainly as good as could 
k 

be expected. The final values for t~e E and ~ 5f parameters are of the 

order of _5% smaller than predicted by the extrapolation from the lighter 

actinides. t3 was found to be approximately the value estimated by 

extrapolationj however, a was almost a factor of 2 smaller than expected. 

a and t3 have rarely been included in similar calculations and it is, 

therefore, not certain that they exhibit a linear variation with atomic 

number. Further, it should be pointed out that the data from this 

study is for Cf +} in a matrix of CfCl
3 

while the ~data used for compari­

son was derived from diluted materials in Lac1
3 

or LaBr 
3 

matrices. A 

small increase in covalent bonding in CfCl
3 

as compared to LaCl
3 

or 

LaBr
3 

could account for the observed trends in Ek ~nd ~ 5f. This obser­

vation is consistent with the smaller radius of Cf 3, which, presumably, 

would tend to increase the covalent character·· of the Cf -Cl bonds. The 

significance of these observations i.s somewhat obscured by the tentative 

nature of the u+3 and Np+3 calculations. 

The most serious uncertainty involved in the calculations is the 

assignment of J values to the observed transitions. Since no experi­

mental data is available which allows the independent evaluation of J 

values, it is necessary to make assignments only on the basis of agree­

ment with calculation. Since it is difficult to evaluate the degree 



Table XV. Results of a 7 parameter least squares fit of 
absorption data for Cf+3 in a matrix of CfCl

3
. 

Peak position 

Observed 
(cm-1) 

Calculated Difference 
2 J (A) (cm-1) (cm-1) 

15 lOOa 124 24 

ll 6755 

13 7760 

9 7876 

ll 8546 ll700c 11655 45 

9 . 7764 12880 12853 27 

3 7539 13260 13237 23 

7 l4o63 

7 6872 14550 14625 125 

5 6678 14970 15036 76 

15 6148 16260c l6o94 166 

5 16778 

l 17374 

5 5005 19970 19921 49 

17 4828 20710 20890 180 

ll 4579 21830 21783 47 

21 22014 

19 22203 

9 4505 (22190)b 221-66 (24) 

3 4383 (228lO)b 22762 ( 48) 

13 4304 (23230)b 23242 (12) 

7 23419 

ll 24937 

aEstimated level. 

bNot used in fitting calculation. 

cMajor peak used in fitting calculation---minor peaks considered as 
resolved crystal field components. 



,. 

-55-

',; •: wj.• • 

Table XVI. Spectroscopic parameter's resulting from least 
··squares ·fit of CfC·l3· data .. ·' 

Eo 
~l 

19990,; em 
;. ~ .: -

El 4Jll.5 :!: 9· 
-l 

... : em 
2 

: .. ·15.-9 ± O.l 
-l 

. ·· E. em . 

E3 414 ± .l 
-l 

.. em .. 

~5f -~J46T ± .4 
-l 

,:; em 
-l 

Cl, 4o. ± l em 

~ -2580 ± 55 em 
-l 

.. ' 
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of sophistication of present theoretical treatments, it is not possible 

to say when the extent of agreement between observed and calculated 

levels proves that the level assignments are correct. These uncer­

tainties would be most easily resolved by crystal absorption data taken 

at low temperature. This being the case, such measurements should clearly 

be an early objective for future spectroscopic studies of californium. 

It may well be, that further information will lead to the reassignment 

of some of the levels observed in this work; however, it is felt that 

such changes will be relatively minor and should aot have a drastic 

effect on the parameters derived from this calculation. These results 

will at least, provide a better starting point for.future calculations 

on the heavy actinides than the currently available hydrogenic parameters. 

In as far as the bead data are concerned, sufficient experimental 

information is not available to allow fitting calculations to be made. 

The data that are available, however, are consistent With the assign­

ments made for the crystal data with relatively minor changes in tne 

·parameters; A predicted energy level diagram for Cf +3 in solution has 

been calculated by Fields, Wybourne and Carnall. 33 These calculations 

were based on values of 1:;

5
f and F2 extrapolated from solution data for 

the lighter actinides and on the assumption that· the F4/F 2 and F 6/F 2 
Slater radial integral ratios are hydrogenic. A comparison of the 

energy levels predicted by this calculation and the data from the bead 

experiments does not indicate the existence of a statistically meaning­

ful correlation. Both the order and relative separations of the levels 

differ markedly from those derived from thepresent calculation. In 

addition to the predicted energy levels, the above authors presented a 

graphical tabulation, in an energy level diagram, of experimental data 

available on Cf+3. It should be pointed out thatseveral of the points 

were transcribed directly froma line list of fluorescence transitions. 34 

These data should not be included in such a tabulation since fluroescence 

transitions need notalways involve the ground state. 
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IV. COMPOUND PREPARATION AND CRYSTALLOGRAPHIC STUDIES 

A. Compound Preparations 

The single ion exchange bead microtechniques are applicable to 

the .preparation of a variety of compounds. The saturated organic resin 

bead is first converted to an oxide by air ignition. Other compounds 

may then be prepared from this sample by the use of appropriate anhydrous 

conversions. 

l. Bead Ignition 

The apparatus used for the conversion of the saturated resin 

bead to an oxide is shown in Fig. ll. The resin bead is picked up on 

a fine platinum wire and, using micromanipulators, is introduced into 

the cavity in the platinum rod. Using a microtorch, the rod is then 

slowly heated. The bead goes through several distinctive changes in 

appearance during the ignition. As soon as the temperature gets high 

enough to begin to decompose the orgenic material, the surface of the 

bead becomes a very shiny jet black. It is during this stage of the 

procedure that the temperature must be most carefully controlled; if 

heating is too rapid, the bead will explode. At approximately 6oo0 c 

the final amounts of organic material are burned away and the bead 

loses the shiny appearance. and the color changes to that of the "sulfate''. 

It is also at this point that the most abrupt volume changes occur; 

the diameter of the bead shrinks to about half of its original value. 

After these changes have occurred, the rate of heating may be increased 

substantially. As the temperature increases, the sample is converted 

through a rather complex series of sulfate compounds until at approxi­

mately l200-l250°C the conversion to the oxide is complete. 35 In the 

case of californium, the saturated resi.n bead was a light yellow-green 

and the color of the "sulfate" and oxide phases was a pale yellow. 

After the ignition, ~he oxide bead is transferred to a freshly 

dried quartz x-ray capillary drawn on the end of a specially cleaned 

quartz standard taper joint. The apparatus used for the transfer is 

shown in Fig. 12. During the removal of the microtorch and platinum 
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'' 
0.010-in. Pt wire 

0.001 -in. Pt 

1/8-in.- diam. Pt rod 

MU-36968 

Fig. 11. Bead ignition apparatus. 
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Stereomicroscop 

Platinum -wire 
bead support 

(stationary) 

Quartz fiber 
dis lodging tool 

(on micromanipulator) 

with x-ray capillary 
drawn on end 

(on micromanipulator) 

MU-36969 

Fig. 12. Apparatus for transferring ignited oxide bead to x-ray 
capillary. 
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rod, and the assembly of the transfer equipment, the bead support as­

sembly is held stationary to avoid inadvertently dislodging the bead. 

The scale of the preparations carried out in this study was approximately 

200 .ng of Cf. Resin beads containing this amount of material at satu­

ration have a diameter of about 90 microns when dry; therefore, the 

diameter of the oxide bead after ignition is approximately 45 microns. 

The capillaries were drawn in such a way that the oxide bead would 

wedge into place about 2 nun back from the sealed tip. The wall thick­

ness of the capillaries was maintained at 5 to 10 microns to minimize 

film darkening due to scattering from the quartz when the x-ray exposures 

were made. 

2. Californium Sesquioxide 

Samples of californium sesquioxide were prepared by hydrogen 

reduction of the air ignited oxide. The precise definition of the 

stoichiometry of micropreparations is a difficult problem. Since the 

samples are much too small to analyze directly, it is necessary to 

argue by analogy. The preparation of samples of Pr
2
o

3 
and Am2o

3 
with 

reasonably well defined stoichiometries have, for instance, been pre­

pared from higher oxides using reduction conditions similar.to those 

used in this study. 36 On the other hand, the system Pu-0 is known to 

behave in a rather complex way in the neighborhood of Puo1 .
5

_1 , 6 . 37 

Oxides in which the cation ex hi bits mixed oxidation states, i.e., oxides 

in which appreciable departures from stoichiometry occur, are typically 

quite dark in color. Both the reduced and unreduced californium oxides 

prepared during this study, however, were quite light in color. The 

compound prepared is considered to be Cf20
3

; however, it must be borne 

in mind that deviations in stoichiometry are possible. 

The apparatus used in the preparative work in this study is 

shown in Fig. 13. The hydrogen used was obtained by the thermal de­

composition of uranium hydride. The procedure used for the reduction 

is given below. 
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l. The capillary containing the air ignited oxide was placed 
-6 

on the vacuum line and evacuated to 10 mm Hg. 

2. The system was vented up to 380 mm H2 and the sample heated 

to 6oo0 c for 20 minutes. 
-6 

3. The system was evacuated to 2-3 X 10 mm at room tempera-
. 0 

ture and then vented up to 380 mm H2 and heated at 600 C for 

20 minutes. 

4. Step 3 was repeated. 

5. The sample was cooled to room temperature and sealed off 

in 380 mm H2 . 

The appearance of the samples was unchanged from that of the air 

ignited oxide. 

3· Californium Trichloride 

The californium trichloride samples were made by the treatment 

of the sesquioxide preparations with anhydrous HCl gas. After the x-ray 

examination of a Cf2o
3 

sample was complete, the capillarywas opened 

and rejoined to the vacuum line using an Apiezon W wax seal. A tech­

nique of this sort allows the preparation of several compounds using the 

same material. 

As was mentioned previously, there is some concern, about the 

possible presence of Al and Ca in the samples. The chloride prepara­

tion was used as an auxiliary purification step. The volatility of 

A1
2

c16 is such that heating to 500-600°C in vacuum after chlorination 

should effectively remove any Al present unless extremely stable solid 

solutions are formed. The removal of Ca under these conditions, however, 

is rather doubtful because of the much lower volatility of CaCl2 . 

The source of HCl gas was preparative grade tank HCl. The pro­

cedure used for the hydrochlorination is given below .. 

],. 
0 

The sesquioxide sample was heated in vacuum at 520 C for 

10 minutes. 

2. After cooling, the sy.stem w13-s vented to l atm. with HCl. 
0 

The sample was heated to 520 C and held for 10 minutes with an 

HCl flow through the upper end of the capillary taper. 

,. 
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3. Step 2 was repeated twice more. 

4. -6 0 The system was evacuated to 1 X 10 mm, heated to 520 C 

and held for 5 minutes. 

5. The capillary was sealed off in vacuum. 

During the first preparation, the chloride was heated to 6oo0c. 
The sample melted and on cooling, formed what appeared to be a 

single crystal of CfC1
3

. This was· the sample used during the spectro­

scopic studies. All subsequent preparations were not heated above 
. 0 ~-

520 C. A single crystal was a clear emerald-green color, while the 

polycrystalline samples were a lighter green. 

B. Crystallographic Investigations 

The preparative techniques used in this study are somewhat 

unique; however, the equipment and procedures used for OQtaining the 

diffraction patterns of the samples differ only slightly from standard 
. . 

.. 
methods. The differences that do occur are a consequence,of the very 

small amounts of material used in the preparations. Because of the 

small size of the samples, the intensity of the diffracted beam is 

quite low and it is, therefore, important to minimize background rfidia­

tion due to incoherent scattering and to the radioactivity of the sample. 

In a properly designed and assembled camera, the principal source of 

incoherently scattered radiation is the capillary used to contain the 

sample. The mass of quartz in the primary beam was minimized by using 

the very fine, thin capillarie~ des6ribed earlier. It is further pos­

sible to use microcollimation techniques; however, this was not found 
.. 2~ . . .. 

to be necessary. The decay of Cf results in the emission of alpha 

particles and a relatively small amount of gariuna radiation. The alpha 

particles eml. tted by the sample w·ere easily absorbed by thin f'ilters 

located inside the camera. It is possible to min.imze the effect of the 

ga:rirrna radiation from the sample by' minimizing the exposure time through 

the use of high :Lntensityx-ray equipment. 
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The x-ray generator used was a Model 80-000 Jarrel-Ash Micro­

focus unit manufactured under license frail). Hilger and Watts, Ltd. This 

apparatus was fitted with .. a copper anode and a foc1,1sing cathode assembly 

which produced a 100 micron by l. 4 mm line focal spot on the anode. 

The diffraction patterns were recorded photographically using a 57 mm 

diameter Phillips-Norelco precision powder camera in conjunction with 

Illford Industrial G. x-ray film. A 0.0003 in.- nickel foil filter was 

placed inside the camera to remove the copper r3 x-rays and any alpha 

particles penetrating the capillary. Typical exposure times using this 

equipment were 15-20 hours. The films were measured on a Phillips­

Norelco film reader which has a precision of 0.05 mm. 

The films used were independently measured in duplicate and 

the observed 9 values averaged~ The patterns were then indexed by com­

parison with data.available on isomorphic compounds and through the use 

of sin2 e and intensity calculations done using the POWD computer pro­

gram developed by D. K. Smith. 38 The lattice parameters were computed 

by least squares fitting of the sin
2 

9 data using the LCR-2 program 

developed by D. E. Williams.39 This program uses weighting factors of 

the form 

w. 
-1. 

constant (14) 

where~ is the random error in the measurement of e, as estimated by 

the experimenter. ~ was assigned a value of 0.05 degrees for all ob­

served lines. When several calculated lines of comparable intensity 

fell very close to an observed line, the observed line was considered 

to be a superposition. In this case, each set of possible indices was 

entered into the lattice parameter computation using a ~ modified in 

such a way as to give each component within the group a weight. propor­

tional to its calculated intensity and such that the effective~ for 

the whole group was 0.05 degrees. It has been found that using pre­

cision cameras and very small samples essentially eliminates errors due 



to eccentricity ~nd absbrption; ther~fore, no extrapolati6n functions 

were used in the fitting. 

In the modern crystallographic literature, it'is common prac­

tice to report lattice parameters with probable error limits, 50% 
confidence, based on th~ internal ~onsist~nty of a single preparation. 

Such error limits indicate that another determination of the lattice 

parameters using the same sample' and identical equipment and techniques 

would have a 50% probability of yielding lattice parameters within the 

stipulated limits. Chem:Lcally, however, a: much more valuable piece of 

information is the probability that another group of samples prepared 

·using independent chemical and crystallographic techniques would yield 

average lattice parameters which would fall within a given set of error 

limits. Such ~n eyaluatibn is necessarily divorced from the internal 

consistency of a single determination; it must be based rather on the 

consistency of· a number of determinations using different preparations. 

, In this case, the statistical treatment called for is one familiar to 
. 54 . 

students of analytical chemi'stry. Standard deviations are calculated 

as 

(15) 

where cr represents the error limits, for a given confidence level, 

based on the average of N independent determinations of the lattice 

parameters, The d. 
l 

are the d,eviations of lattice parameters for the 

different determinations from the average of the group. The. factor 

commonly referred to as the Student t .value, is included to account 

. for the effect of nonstatistical sampling, i.e., the. effect of using 

only a limited number of observations. The value of t is very sen­

sitive to the number of observations, for instance, to 95% confidence, 

the value of t is 12.71 for 2 determinations, 4.30 for 3 determina­

tions, and l. 96 for a very large .numbe.r of observations. 
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Such a treatment is not suggested simply in the interest of 

conservatism. Statistically significant differences found to occur 

between groups of determinations, handled in the same way crystallo­

graphically, would strongly indicate the operation of unanticipated 

physical and chemical effects. It is felt that information of this 

type would be of great assistance in the recognition of anomalies due 

to the effect of purity, nonstoichiometry, radiation damage, annealing 

conditions, etc. 

This sort of statistical treatment has been applied to the 

average lattice parameter results reported in this work. The Student t 

values used were chosen for 95% confidence. Since this treatment of 

crystallographic data is somewhat unorthodox, it should be pointed out 

that the error limits reported are considerably broader than would 

ordinarily be used. Error limits computed in this way are not comparable 

to those based on considerations of the internal consistency of a single 

determination; the broader limits reported here for av~rage lattice 

parameters should not, therefore, be used as indications of the pre­

cision of the data from a particular sample. Information on internal 

consistency is presented in the form of ±2cr limits computed in the 

usual way using least squares fitting calculations on the data from a 

single determination. 

1. Californium Sesquioxide 

Diffraction data on three Cf2o
3 

samples were recorded and 

analyzed. The structure in all cases was the monoclinic Sm2o
3 

type
40 

exhibited by the sesquioxides of Pm, 41 
Sm, Eu, and Gd. The lattice 

parameters computed for each sample are shown in Table XVII. A com­

parison between observed and calculated sin
2 e and intensity data is 

given in Table XVIII. Statistically, the fit to the experimental data 

appears to be acceptable for the individual films and, as a group, the 

patterns are self-consistent. From a chemical point of view, however, 

it is felt that these data should be regarded as somewhat preliminary 

primarily because of the open questions involving the purity of the 

preparations. 

., 
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Table XVII. Californium sesquioxide lattice parameters--monoclinic Sm
2

o
3 

structure. 

Film 2cra a b 2crb a 2crc a a c ~ 2cr~ a 
number (A) (A) (A) (A) (A) (A) ( deg. ) ( deg.) 

2338A 14.132 O.Oll 3·592 0.002 8.811 0.007 100.31 0.07 

2363A 14.122 0.008 3·591 0.002 8.807 o.oo6 100.32 0.06 
0 

'2382A 14.116 l 0.008 3·590 0.001 8.808 0.005 100.31 0.05 
-- -- -- -- - --

b 14.124 ± 0.020 3·591 ± 0.003 8.809 ± 0.013 avera15e 100.31 ± 0.02 

-
; 

aEstimated standard deviation for the individual preparations as computed 
using the LCR:-2 lattice parameter program. 

from least squares fits 

bThe error limits placed on the average values were computed using 

. . . . 4.30 
95% confldence error llmlt = ~ ~ 

where d. is the deviat.ion of the individual lattice parameters from the average; .. N is the 
number of observations, i.e., 3;. and the factor 4.30 is the 95% confidence Student t value for 
3 observations. 

.I 

I 
0\ 
--1 

I 
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Table XVIII. Line list and indexing for. monoclinic californium 
sesquioxide--Film 2363A. 

"' 
. 2 e Sln Intensity 

hkl Calculateda Observed Calculated b .· Observedc 

lll 0.0588 0.0589 8.0 10 

401 o.o642 o.o64l 8.5 9 

4o2 o.o668 o.o665 9.1 9 

003 0.0712 0.0711 6.4 8 

310 0.0738 0.0736 10.0 9 

112 0.0773 0.0773 9·5 10 

6oo 0.1108 0.1106 1.2 4 

511 0.1221 0.1221 1.9 5 

313 0.1291 0.1287 4.3 7.5 

313 0.1609 0.1609 5.4 7·5 

020 0.1843 0.1836 2.8 6 

8oi 0.1907 0.1908 1.6 4.5 

712 0.2038 

1 3. 5} 
4o4 0.2041 0.2037 l.l 6.5 

4o5 0.2117 0.2115 1.6 3 

514 0.2143 0.2141 1.5 3 

711 0.2172 0.2172 3.4 5 

115 0.2381 0.2379 2.0 3;5 

421 0.2486 0.2489 2.4 4.5 

023 0.2555 

} 
2.1} 

115 0.2558 0.2562 0.3 4.5 

802 0.2569 0.6 

804 0.2670 0.2662 l.l 3 

oo6 0.2848 } 0.6 } 
514 0.2849 

0.2854 0.1. 3 

620 0.2951 0.2947 0.5 3 
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( ,. Table XVIII. Continued. 

2 
sin e ,_ Interi,s1 ty 

.'~ a b Observedc hkl Calculated Observed Calculated 

715 0.3329 } 0.8 } 10)0)1 0.3333 0.3329 0.5 4 

714 0.3729} l.l l 82l 0.3751 0.3746 l.l 6 

424 0.3884] 0.8 l 
316 0.3904 0.3887 0.8 3·5 

425 0.3960 } 1.2 

J 623 0.3981 0.3971 0.4 3·5 
-

ll)l)l 0.4070 0.4063 1.2 3 
225 o. 4121}. 0.3 } - o. 4127 2 
915 0.4137 0.2 

822 0.44121 0.5 

I 330 o. 4425 0.4417 0.8 3·5 
12)0)0 0.4432 0.2 

517 0.4"<39} 0.6 

l 12)0)3 0.4508 o. 4507 0.3 3·5 
824 0.4514 l.O 

6o6 0.4592] 0.3 

} 22b 0.4603 0.4603 0.2 3 
516 o.46o8 0.3 
ll) l) 4 0.46731 0.9 } 
026 0.4692 0.4690 0.6 4 

914 o. 4855 0.3 

8o7 o. 4857 0.4 

10)2)2 o. 4884 o. 4869 0.3 4 

11)1)2 o. 4890 0.9 
- o. 4978 0.4979 333 0.5 3 

10)2)1 0.5177 0.5176 0.5 3 
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Table XVIII. Continued. 

. 2 e sln Intensity 

hkl 
.. . . a 

Calculated Observed Calculated b Ob~~rvedc 

14,2,2 0.8686} 
229 0.8693 

538 0.9274r 
9,1,10 0.9276 

841 0.9281 

0.8682 

0.9266 

0.91 
0.4 

0.2} 
0.3 

1.3 . 

2 

3 broad 

aCalculated using a= l4.l,24.Aj b = 3.591 Aj c = 8.809 Aj 13 = 100.31 
degrees with A.(.cx) = 1.54178 A~ 

b~alculat~d using the POWD intensity program assuming the atomic 
coordinates of S~o3 . The calculation was scaled such that the most 
intense line had an intensity of 10.0. 

cEstimated visually on a scale from 10 to l. 
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The sesquioxides of the lanthanides are known to exhibit three 
~ . . . . 42 . . . . . . 
different structures.· The low temperature stable form. of all the 

members of the series is the body centered· cubic Mn20
3 

structure. For 

the elements lighter than Pm, the high temperature stable phase is the 

hexagonal La2o
3 

structure and for Pm through Ho, the high temperature 

phase is the monoclinic s~o3 structure. For the heaviest rare earths~ 

the cubic phase is stable to the melting point. ·From considerations 

of crystallographic radii, it would be reasonable to expect the behavior 

of Cf+3 to be similar to that of Sm +3 . On this basis, it is not sur~ 
prising that Cf2o3 exhibits the Sm2o3 structure. Further, one may nGte 

that the transitions from the cubic to monoclinic sesquioxides in the 

rare earths are typically slow in dry air, requiring extended annealing 

times to producea crystallographicallypure and reasonably well crys~ 

tallized monoclinic phase even at temperatures considerably above the 

reported transition points. 43 During the preparation of the cr2o3 
samples, the temperature was as high as 1200-l250°C for approximately 

5 minutes during the bead ignition and at 6oo0c for 1 hour during the 

reduction. If one assumes that a cubic to monoclinic structure change 

occurs in the case of Cf2o
3 

and that the kinetics of the transition 

are similar to those of the rare earths, it is reasonable to postulate 

that the transition temperature for such a structure change in Cf2o
3 

is relatively low and that the monoclinic phase was probably formed 

.during the air ignition of the bead. Unfortunately, no x-ray data are 

available for the unreduced oxide; therefore, it is not possible to 

reach firm.conclusions regarding the relative stoichiometry of there­

duced and unreduced phases. It seems somewhat unlikely, however, that 

such a structure would exhibit a wide range of ·stable compositions. 1t 

is also interesting to note that the color of both reduced and unreduced 

cr2o
3 

samples was a light yellow; whereas similar oxides, containing 

heavily mixed oxidation states, tend to be dark in color. These argu~ 

ments suggest that the air ignited. oxide of californium approximates 

the sesguioxide stoichiometry. This would be in marked GOntrast to the 

.. 

... 
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lighter actinides which in every case form higher oxides on air ignitionj 
46 

in fact, the oxides of Np, Pu, Am, Cm and Bk formed by air ignition 

approximate dioxides and all show the fluorite structure .. 

Because of differences in coordination and packing·efficiency, 

the correlation of quantities derived from cell dimensions, such as 

molecular volumes, ionic radii, etc., should be based on calculations 

for the same structure type. Since californium exhibits the only mono­

clinic sesquioxide observed for the actinides, this is not possible in 

this instance. In the case of the rare earths the molecular volume for 

the cubic modification is considerably larger than the corresponding 

hexagonal or monoclinic modifications. Extrapolated molecular volumes 

for the hexagonal and monoclinic phases appear to be more or less com­

parable, the monoclinic modifications having a slightly larger volume. 

Whether or not the latter observation applies to the actinide sesqui­

oxides to any high accuracy is unknown. The situation with the acti­

nides is further complicated by the fact that the identity and lattice 

parameters of the observed sesquioxide modifications are possibly quite 

sensitive to minor variations in stoichiometry; as well as the tempera­

ture at which the system was equilibrated. Such a sensitivity has been 

amply demonstrated in the case of plutonium. 37 Table XIX presents the 

lattice parameter and molecular volume data available for the hexagonal 

modifications of the sesquioxides of Pu, Am, and Cm, as well as the 

monoclinic Cf compound. In view of the above discussion, the comparison 

of these data should be made with caution. 

Future work on this system should certairily,include crystallo­

graphic studies of the unreduced air ignited oxide and an attempt to 

prepare the low temperature modification of the oxide. The prepara­

tions used in this study are not appropriate for the production of a 

low temperature oxide. Such a preparation could be done utilizing the 

following set of reactions: 

+3 ( ) air Cf bead . . t > lgnl e 
High temperature oxide 



Table XIX. Actinide sesquioxide lattice parameters and molecular volumes. 

a 
(A) 

Puo
1

.
515

(cubic)a 11.04 ± 0.02 
a . 

Pu2o
3

(hexagonal) 3.841± 0.006 

Am
3

o
3

(hexagonal)b 3.817± 0.005 

Cm
2

o
3

(hexagonal)c 3.80 ± 0.02 

cr2o
3

(monoclinic) 14.124± 0.020 

a. . 
Reference 37-

b Reference 44. 

cReference 45. 

b 
(A) 

3-591 ± 0.003 

c Molecular 
(deg) volume 

(A)3/molecule 
(A) 

-
84.1 ± 0.3 

·5-958 ± 0.005 76.1 ± 0.2 

5-971 ± 0.010 75-3 ± 0.2 

6.00 ± 0.03 74.5 ± 0-7 

8.809 ± 0.013 100.31 ± 0.02 73-3 ± 0.2 

" 
,I 

I 
-.J 
+ 
I 
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HCl. 
~oooc > · 

Low temperature oxide 

2. Californium Trichloride 

Diffraction data were recorded and analyzed for two CfCl
3 

preparations. A pattern for the crystal of CfCl
3 

was taken but could 

not be measured. Superposition of this film with the powder patterns 

demonstrated that the structures were the same and that the l.attice 

parameters were at least very similar. The structure is the hexagonal 

uc1
3

47 type exhibited by the light actinides and lanthanid~s. The 

lattice parameters computed for the two powder patterns are given in 
·2 Table XX. A comparison between observed and calculated sin 8 and in-

tensity data is given in Table XXI. 

Figure 14 is a plot of the a parameter for·the uc1
3 

type acti­

nide trichlorides and Fig. 15 is a plot of the c parameter. Figure 

16 is a plot of the molecular volumes of these structures. Figure 17 
is a plot of the ionic radii forthe actinides, computed from the 

lattice parameter data in Table( XXII. These radii were computed from 

weighted averages of the nearest neighbor cation-anion distances assuming 

the ionic radius of the chloride ion to be 1.81 A. 51 These correlations 

indicate that, apparently, as the cation radius decreases, electro­

static interactions draw the six apical chloride ions closer to the 

cation, thus shrinking the c axis. As this occurs, however, repulsive 

interactions between the apical chlorides and particularly between the 

apical chlorides and the equitorial chlorides tend to prevent a similar 

shrinkage in the length of the a axis. This anion crowding becomes 

so severe, that the shrinkage of the a axis with increasing atomic 

number is sharply curtailed after plutonium. In view of the californium 

results, it would appear, in fact, that the a parameter begins to 

expand slightly with increasing atomic number after curium, even though 

the molecular volume and ionic radius continue to decrease. 



Table :XX. CaliforniQ~ trichloride lattice parameters-hexagonal 
structure. 

Film 2cra 
a 2crc a. a c 

number (A) (A) (A) (A) 

2368 A 7·390 0.003 4.095 0.003 

2430 A 7.396. 0.002 4.085 0.002 --
Average b 

7.393 . 0.040 4.090 0.060 

aEstimated standard deviation as computed from least squares fits 
using the LCR-2 lattice parameter program. 

UC1
3 

b 
The error limits placed on the average values were computed using 

9% confidence error limit - 12.71 JLdi
2 

.fN N-1 

where d. is the deviation of the individual lattice parameters from 
the aver~ge; . N is the number of observations, i.e., 2; and the factor 
12.71 is the 95% confidence student t value for 2 observations. 

'· 
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.. Table XXI. Line list and indexing for hexagonal cali.fornium trichloride -
Film 2430 A ,,'· 

. -· .. 

Sin2 e 
'• ~- " 0 -=~- M ..;,;· _;;_· ~ ••• ;;,:..•• 0 

q Intensity 

hkl Calculat.ed 
a 

Observed 
.. b 

Calculated Observed 
c 

101 0.0500 0.0501 10.0 10 

200 0.0580 0,.0580 2.4 .. 7 
111 . 0.0790 0.0788 1.0 4.5 

201 . 0.0935 Q.0932 9.2 10 

210 0.1015 0.1010 1.5 5 

300 0.1305 Q.l302 3.6 a··~ 5 

121 0.1370 0.1373 7.7 10 

002 0.1421 0.1425 1.5 5 

102 0.1566 0.1575 1.0 5 

220 0.1740 0.1736 1.4 . 5.5 

112 0.1856 0.1860 2.1 8 

202 0.2001 0.2001 0.8 4.5 

131 0.2240 0.2236 2.4 8 

4oo 0.2320 0.2306 0.4 3 

212 0.2436 0.2435 0.8 4.5 

401 . 0.2675 .0~2663 0.7 2 

302 0.2726 0.2730 2.2 8 

140 0.3044 0.3038 1.3 4.5 

'231 0.3110 0.3106 2.8 7.5 

222 0.3161 0.3166 1.1 4 

312 0.3306 0.3297 0.5 3.5 

103 0.3342 0.3354 0.7 3.5 

\ 
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•. 
Table XXI. Continued. 

Sin
2 

B Intensity 

hkl Calculated a Observed Calculatedb Observed c 

500 0.36241 0.3637 0.2} 2 
113 0.3632 0.1 
203 0.3777 0.3789 1.0 4 
501 0.3980 0.3984 1.0 3.5 
213 0.4212 0.4230 1.3 6 
241 0.4414 o.44o6 .1.1 .3 
142 0.4465 0.4481 1.5 5 
151 0.4849 . 0.4845 1.2 5 
133 0.5082 0.5089 0.7 4 
332 0.5335 0.5338 0.6 ·4 
341 0.5719 0.5706 0.8 3 
233 0.5952 0.5961 .1.2 5 
161 0.6589 0.6570 0.8 3 
602. 0.6640 0.6628 0.5 3 
503 0.6822 0.6821 0.7 3 
304 0.6989 . 0.6995 0.8 3 
252 0.7075 0.7078 1.4 3 
243 0.7256 0.7264 0.9 3. 

7011 0.7459 0.7456 0.4} 3.5 
351 1.0 

'153 0.7691 0.7706 1.2 3.5 
261 0. 7894 0.7894 . 1.0 2.5 
170 0.8263 0.8247 1.0 2 
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Table XXI. Continued 

s· 2 ln e Intensity 

hkl Calculated a Observed Calculated b 
Observed c 

442 0.8380 0.8388 0.9 2.5 

343. 0.8561 0.8564 l.l 3 
144 0.8728 0.8739 1.8 3.5 broad 

. 163 •. 0. 9431 0.9429 1.2 2.5 broad 

172 0.9684 0.9687 4.4 2.5 broad 

a 
Calculated using a = 7.393 A and b = 4.090 A -with )\. = 1.54178 A. 

b Calculated using the POWD intensity program assuming the atomic 
coordinates of UCl . The calculation -was scaled such that the 
strongest. line had 3an intensity of 10.0. 

cEstimated visually on a scale from 10 to l. 
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Fig. 14. Comparison of the 
trichlorides. 
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Fig. 15. Comparison of the ,c parameters.for the U~l3 type actinide 
trichlorides. 
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Fig. 16. Comparison of the molecular volumes of.the uc1
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type 
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Fig. 17. Crystallographic radii for the tripositive actinides as 
calculated from trichloride data. (Corrected to a coordination 
number of 6.) 
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Table XXII. Actinide trichloride lattice parameter data. 

a c 
(A) (A) Reference 

Ac 7.64 ± 0.02 4.56 ± 0.02 48 l .. ,J 

u 7.443 ± 0.003 4.321 ± 0.003 48 
Np 7.420 ± 0.010 4.282 ± 0.005 48 

Pu 7.395 ± 0.001 4.246 ± 0.001 48 
Am 7.384 ± 0.004 4.225± 0.004 49 
em 7.380 ± 0.001 4.185 ± 0.001 50 
Cf 7.393 ± o.o4o 4.090 ± 0.060 
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Inthe lanthanide serie?, the trichlorides of La through Gd 
52 

exhibit the uc1
3 

structure. 

PuBr
3 

structure has become the 

In the case of TbCl
3

, the orthorhombic 

stable modification .. 53 'If' it may be 

assumed that the radius ra·tio controls the crystallographic configura-

ti.on of these materials, the PuBr 
3 

structure would not be expe~ted for 

the actinide trichlorides until quite late in the series. 
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V. SUMMARY 

Californium has recently become available in quantities suf­

ficient to allow studies to be initiated on its bulk chemical and 

physical properties. The material available for the present study was 

6 f.lg of ci49 which was derived from the decay of Bk249. This amount 

of material was adequate for the proposed studies; . however, several . 

major problems are associated with .procedures applicable to purifies­

tions on this scale. Even using.microtechniques, wet chemical opera­

tions involve rather dilute solutions, e.g., 10-5 to 10~4 M in 

californium. This results in marked sensitivity to recontamination during 

processing, particularly with respect to cations with low atomic weight. 

Such "background" contamination was avoided as much as possible by first 

. minimizing the availability of contaminants, i.e., operating in very 

clean systems and using very pure reagents and second by maximizing the 

concentration of the californium by volumetrically scaling down the 

operations. Except for changes necessitated by these problems, the 

purification operations were essentially those which have become stand­

ard in actinide chemistry. 

Due to the considerable difficulties involved in the purifica­

tion techniques, it was considered essential that analytical procedures 

be developed to evaluate the purity of the preparations prior to their 

use. Using mass analysis techniques, the Nd content was determined 

to be 0.32 atom %, and total rare earths were estimated at approxi-
244 

mately 1.6 atom%. Using alpha pulse height analysis, Cm was 

estimated at< l atom%, Am< 1 atom% and although.it is not possible 

to set a quantitative limit for Pu, it is felt that chemical and 

spectroscopic evidence indicated its absence. The single bead assay 

technique indicated that other materials are potentially present as 

contaminants. Chemical and relative abundance arguments lead to the 

tentative identification of the most probable contaminants as Al and Ca. 
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Absorption spectrum.data was recorded for Cf+3 .absorbed.on 

beads of cation exchange resin and as hydrated californium chloride. 

It is suggested that these data should closely approximate the solution 

spectrum of Cf+3. By comparison of the Cf+3 . bead spectra with the 

spectrum of Pr+3 taken under identical'conditions, the molar extinc­

tion coeffiCients of Cf+3 · in. solution were estimated to be between l 

and 10 for the transitions observed. Room temperature absorption 

data were also recorded using a crystal of Cfcl
3

. Preliminary calcula­

tions were carried out by Dr. K. Rajnak fitting these data to a theo­

retical energy level scheme~ The least squares fits obtained appear to 

be satisfactory; however, it will not be possible to be certain'about 

J~level assignments until low temperature data are available. This 

should clearly be an early objective for future studies. . 
Samples of Cf2o

3 
were prepared and characterized crystallo-

graphically using x~ray powder techniques. This compound was found to 

exhibit the monoclinic Sm
2
o

3 
structure with a 14.124 ± 0.020 A, 

b = 3.591 ± 0.003 A; c = 8.809 ± 0.013 A, and (3 100.31 ± 0.02 deg. 

It is suggested·that this structure crystallized during the final stages 

of the air ignition of the bead. This implies that the air ignited 

. oxide of californium approximates the sesquioxide. stoichiometry. This 

is in direct contrast to the behavior of the lighter actinides ·which 

form higher oxides under simiiar treatment. Samples of CfC1
3 

were 

also prepared and characterized. This compound was found to exhibit 

the hexagonal uc1
3 

·structure with a = 7.393 ± 0.040 A and 

The ionic radius for Cf+3 .·. computed from the c = ~.090 ± 0.060 A. 

chloride data is 0. 98 A. 

0.01 A between Cm+3 and 

This indicates an actinide·· contraction of 

Cf+3. 
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