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SOME OF THE PHYSICAL PROPERTIES OF CURIUM AND PROTACTINIUM 
METALS AND PROTACTINIUM TETRAFLTJOBIDE 

Brij M. Bansal 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

April 15,  196 

ABSTRACT 

The construction and operation of a semi-adiabatic microcalorimeter 

are discussed. The heat of solution of curium metal in 1.0 LA HCl at 

298.4±0.20K has been measured and found to be _19.9±1.0 kcal/mole. This 

value is combined with available thermodynamic data to calculate the fol-

lowing standard heats of forrnatioo at 298
0
K: _lO.6±l.; 

CmCl3H _2261±1.2, both in kca1/rn9lO. 

The construction and operation of a low temperature magnetic sus-

ceptibility apparatus are discussed in detail. The magnetic susceptibility 

of curium metal has been investigated from room temperature to about liquid 

helium temperature (6_8 0K). The metal followed the Curie-Weiss law from 

room temperature to 15
0
K. Between 15 and 77

0K the metal becomes ferro-

magnetic with aCure temperature Tc = 131±10
0K. Atliquid hydrogen and 

helium temperatures the metal again seems to show paramagnetic behavior. 

No evidence of antiferromagnetic behavior, however, was observed. The ef-

fective magnetic moment for the metal has been found to be 8.00.1 Bohr 

magnetons, indicating the presence of a 5f 7  configuration in the metal. 

The magnetic susceptibility of protactinium metal has been meas-

ured in the temperature range 20-298
0K. The molar sosceptibility is •found 

to be 268±i4 X 10_6 c.g.s. units at room temperature, and to be virtaally 

independent of temperature within the experimental accuracy of ±5% over the 

temperature region invetigated. 
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The molar magnetic susceptibility of PaF has been calculated from 

the available Land6 g value for octahedrlly coordinated Pa(IV) (PaCi-

Cs ZrC1 crystal) and the J uantum number of.Pa(IV) ground state; the 
2 	6

value so calculated is 4735x 10 	c.g.s. units. 
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I. INTRODUCTION 

The discovery of the transuranium elements has extended the periodic 

table by more than 10% and provided chemists with the oportunity to in- 

vestigate the properties of the terminal members of a second series of 

'f' or inner transition elements analogous to the lanthani.des. 

As in the case of the latter series, it would seem likely that 

many of the more interesting problems for investigation by inorganic chem-

ists will be concerned with properties of the solid state, especially the 

physical properties of the metals. The recent increase in the availability 

of the heavy man-made actinides 1  has made it possible to study the bulk 

chemical and physical properties of these elements and their compounds. 

• 	 Extensive studies are being made toelucidate the nature of the 

metallic bond in the heavy element region. In comparison with the more 

• common metals, the heäv metals—uranium, neptunium, and plutonium—all 

ehibit anomalous physical properts. For example, they have quite corn-

plex and unusual room temperature crystal structures instead of the simple 

ones (hexagonal close-packed, face-centered cubic, or body-centered cubic) 

found in most metals. Americium metal, prepared and investigated by 

Mcan, 2 ' appears to be the first transuraniurn element to exhibit a rel- 

atively simple structure. 

Until very recently, almost no work concerning magnetic suscepti-

bilities of curium metal was reported. The magnetic properties of curium 

metal and some of its compounds were investigated by Marei in the temp-

erature range 77 to 5710K. Marei reported that at 77
0K the reciprocal 

susceptibility (l/X) versus temperature (T) curye shows a marked displace-

ment in the direction of the temperature axis. However, in the tempera-

ture range studied he found no conclusive evidence for ferromagnetism, in 

contrast to the well-known behavior of gadolinium, which becomes ferro-

magnetic tear room temperature. 

In a review of their studies of the chemistry of prothctinium, 

7  published in 197, Sellers, Fried, Elson, and Zachariasen described the 
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preparation of protactinium metal by reduction of the tetrafluoride with 
6 

barium at 1400 
o 
 C. 	The metal so obtained was reported by Zachariasen 	to 

be body-centered tetragonal, with two atoms per unit cell. 	The cell param- 

eters were given as 	a1 = 3.927±0.007 A, a 	=3.238±0.007 A, corresponding 
7. 

to a calculated density of 15.37 g/cm. 

Until very recently no magnetic susceptibility studies have been 

reported on protactinium metal and its compounds. 	Cunningham7' has recently 

reported some properties of protactinium metal including partly the work 

which will be described here. 	He reported the molar susceptibility to be 

250±50 X 10 	c.g.s. units at room temperature based on the investigation 

• 	of a single susceptibility measurement. 

Very recently Fowler et al., 
8 from Los Alamos Scientific Laboratory, 

have reported that they have observed superconductivity in protactinium 

metal below 1.40K. 	With this in view we thought that we might be able to 

see the increase in diamagnetic susceptibility of protactinium metalnear 

• 	liquid helium temperature. 

• 	 Thermodynamic data are an essential feature of the description of 

the chemistry of any element. 	Suffice to say that one of the most compact 

ways of storing chemical information is in the form of tables of thermo- 

dynamic properties of substances. 	Thermodynamic data may be used not only 

to reconstruct much of the information from which the data cume, but also 

to make predictions about unknown reactions and to get estimates or inter- 

polation from plots of available data on the other members of the series. 

Although numerous papers dealing with various aspects of the 

chemistry of curium have been published, none have reported experimental 

values for the heat or free energy of formation of any curium species. 

Many of the available thermodynamic data on the transuranium elements deal 

with the earlier members of this series. 	There are practically no thermo- 

• 	chemical data available on curium and transcurium elements. 	Very recently 

• 	 Wallmann and his co-workers9  have reported the heat of solution of curium 

metal and the heats of formation of Cm 	(aq) and CmC1 3(c) , including in 

part the work which will he described. bere. 
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In the following work the expe'imental Procedure followedin the 

	

• 	determination of the heat of solutioh of curium metal is presented. The 

results are combined with available thermodynamic data to calculate the 
+3 heats of formation of CmC1 3 	 (aq) 

and Cm • 	. The magnetic susceptibility 
c)  

• 	of the curium metal has been measured from room temperature to liquid 

helium temperature, and its ferromagnetic transition.has been investigated. 

The magnetic susceptibility studies on the protactinium metal and protac-

tinium tetrafluoride have been made from room temperature to liquid hydrogen 

temperature. The description of a new apparatus which made it possible to 

• 	• 	make susceptibility measurements at liquid hydrogen and liquid helium temp- 

eratures is given. The results found are discussed in the light of the 

properties of the other actinides and rare earth elements. 



II. MICROCALORIMETER 

A. Construction 

The microcalorimeter used to measure the heat of solution of curium 

metal in this work is of the semiadiabaUc type, kinetically vacuum-jacketed, 

water-bath thermostated at 25
0C, and having a heat capacity o f.  about 9 cal-

ories per degree and a temperature sensitivity of about 1 x 10 degree. 

A general view of the apparatus is shom in Fig. 1.10 

The calorimeter unit is shown in Fig. 2.11 The tantalum reaction 

chamber (M) is suspended: from the submarine support (H) by means of a tubu-

lar lucite hanger (j) vacuum sealed at both ends with neoprene 0-rings. 

The submarine support cortains five vertical holes through which a plati-

num resistance thermometer and calibrating heater connecting leads (K,L) 

and the stirring shaft (i) pass. The stirring shaft is a quartz rod about 

0.02 in. in diameterland is supported attheupper end by means of.a 

• 	. 	bakelitecollet chuck clamped in the stirring head (D) which includes a 

• 

	

	pring and a stop scrëwto permit depression of the shaft a fixed distance 

for breaking the sample bulb which is attached to the lower end of the 

shaft. The stirrer is rotated at about 300 rpm by a synchronous inductor 

motor connected through a flexible shaft to the stirring .head. The heater 

leads are attached to a four-prong cord connector (B) mounted in a plastic 

block (C). The thermometer leads are attached to massive copper binding 

posts (A). The stainless steel submarine chwnber(0) is screwed onto the 

frame against a greased neoprene gasket for a vacuum seal. . A thermal radi-

ation shield (N) consisting of two concentric tantalum cylinders is placed 

midway between the reaction chamber and the submarine to diminish heat 

transfer, by radiation. To reduce heat transfer by air conduction and con-

vection, the space between the reaction chamber and the sibmarine is evac-

uated through the 1/2 in, tube (o) by means of a mercury diffusion, pump 	• 

and a U-shaped liquid nitrogen trap backed up by a Welch Duo-seal forepump. • 

The :value of the thermal leakage modulus, k, is about 0.005 per minute, 

where k is defined by the expression 

V. 
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Figure 1• Generai view of microcaforirneter. 
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Figure 2. Microcalorimeter cross-scti0fl. 
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Legend for Figuxe 2 	 . 

Copper binding posts 

Four-pronged plug 
• 	

C. Plastic block 	 • 

Spring loaded screw-in-slot arrangement 	• 	• 

Paraffin used to partially fill the supporting frame above 

the Apiezon wax for protecting the, leads 	. 	. 

Apiezon I!WI?  wax used to seal the upper ends of the holes 

through which the electrical leads pass 	 . . 

1/2 in. tube 

Submarine support 	 . 

Stirring shaft  

Hollow lucite hanger 

Heater leads  

Thermometer leads 

Tantalwii reaction chamber 	 . 	. 

Radiation shield 	 . 	 . 

0.. Stainless steel submarine chamber 	. 	. 
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lde 

where e is the difference between the temperature of the calorimeter and 

• 	 the temperature at which it is in equilibrium with the thermostat, and t 

is the tIme. At a pressure of 10 mm of mercury or less, generally attained 

during operation, the prihcipal heai leaks are by conduction along the 

• 	. 	hangar, stirring shaft, and electrical leads. 

Details of the reaction chamber are shom in Fig. 3. 	 The reaction 

chumber (n) which has a capacity of about 9 ml is made of tantalum. The 

cap (F), the four thermo meter and heater conduits (e), and the spool and 

sleeve (I, J) are also of tantalum with gold-soldered joints where the 

conduits join the spool and cap. The four-bladed platinum stirring pro-

peller. (K) is attachedto the stirring. shaft (B) with Apiezon W' wax, 

which is also used to attach the sample bulb (L). The sample is introduced 

into the solution by depressing .tè shaft to break the bottom of the bulb 

against the anvil (M). 	• 	 • 

Construction of a satisfactory resistance thermometer and cali-

brating heater of the small dimensions imposed by the scale of the work is 

a •very delicate operation. Its construction and packaging has been described 

in detail by Burnett elsewhere10 ; however, for cpmpleteness, it will be 

described here very briefly. The thermometer is constructed of 1 mil plat-

inum wire and the heater is either No. 44 Manganin or No. 40 Karma wire 

These are wound non-inductively. on a mica strip 1.5 cmx 4 .70 cmx 1-2 mil 

thick which has been notched along the edges to hold the wires in .lace. 

The platinum wire is wound on one end and the heater on the other. This 

strip is then sandwiched between two more mica strips, and the combination . . 

wrapped around the tantalum spool and held in place with three lengths of 

5 mil tantalum wire. The assembly must now be annealed at about 600
0
C 

under high vacuum for about 18 hr in order to xelieve strains in the wires. 

The thermometer circuit is shown 	Fig. ; it is a simple, modi- 

tied Wheattone bridge The unit is mounted in a box constructed of 1/8 in 
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mild steel to provide electromagnetic and electrostatic shielding. The 

resistors R, R2 , R, and R are located in an oil-filled iron pipe ex-

tending from the bottom of this box into the thermostat. D is a calibrated 

Leeds and Northup u-dial deade resistance box. A 6 V storage iattery cut 

and wired to give, 2 V provides a source of very constant current to the 

bridge which draws about 56 mA. The low pass filter is designedto atten-

uate ac frequencies much greater than 1 c.p.s. The potential dividers, 

F101  R11 ,, may be used to reduce the sensitivity by about a factor of 10, 

and under these conditions the entire time temperature curve can be re-

corded graphically. Thus accurate corrections for thermal leakage can be 

computed from the curve. This procedure will be described in somewhat more 

detail later. 

The dc breaker: amplifier is a Beckman Model 14.with an.input imped-

ande of 50 0. The reOorder is a Leeds and Northup SpeedomaxType G dual 

rnge, dual speed self_standardiing model. In order to avid the erratic 

behavior of the system due to temperature sensitivity of the decade box, 

the breaker amplifier, and its input cable, the box and the cable are 

wrapped in pads of glass wool insulating material and the. breacer amplifier 

itself is enclosed in a styrofoam box and is cooled by a stream of air. 

The heater and timer circuit is shown in Fig. 5•10 The timer 

circuit consists of a frequency-regulated power supply and its input is 

a standard 60 c.p.s. frequency which is divided down to 1 c.p.s. Current 

is supplied to the heater circuit by a 115 V regulated power supply. The 

timer circuit is coupled to the heater circuit output through on and off 

switches that start and stop the heater power on the -full second. A bell 

sounds when the heating starts and when it stops; a register records the 

nuiiiber of seconds. The accuracy of the timing and stability of the output 

are good to a few hunedths of a percent. The selection of the fraction 

of maximum power to he applied is made with the help of a multipole switch. 

These fractions are 0.1, 0.2, Q., 0., 0.5, 0.75, and 1.0. The Currnt-

measurng resistor, which is in series with the.calorimeter heater, is of 
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Figure . Cross section of iicroca1orimeter reaction chamber. 



• 	Legend for Figure 3 

Fine lucite hanger 

Quartz stirring shaft 

• 	C. Heater leads 

F. Thermometer leads 

0-ring 

Ta cap from which spool is suspended by four posts 

Post 

• Reaction chamber 

Mica sandwich with thermometer and heater 	 • 

Ta sleeve 

• 	K. Propeller for stirring solution 

L Sample blb 	 • 

Anvil for breaking bulb when shSft is depressed 

Gold-soldered joints 

0. Hole in cap of spool 
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1 

S1. 	R3 

,II 

I dc Breaker 

L amplifier 

R 	R 7  RR  R 

Potential divider' 

MU -3 5029 

Figure 4 . Thermometer circuit. 
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Legend for Figure 

D. Decade resistance box raning from 0-9999 0 

R. 60 .0 R8 . 5 I 

R2 . 500 0 . 	
R. 25 i 

R. 25 KO 
. 	 R 0 . 9 KO 

R. 5 	0 	 . . 	
R11 . .9 KO 

Rth. Thermometer C. 4O0O juF 

1 KO 1000 	F 
H5 . 

R 	. 200 0 C 7 • 250 	F 

1.5 KO H7 . 



L ZA JI _ 

Fi'ire 	. 	H.ater arid timer ci rcuit. 

; 	i: 

-14 

t 

JO 
	 0 

'I .  
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Legend for Figure 5 

 All resistors are coated metal film types unless otherwise specified. 

When the wattage is not indicated, 1/8, l/, or 1/2 watt may be used, 

but 1/2 watt is preferred when space permits. 

 Overall operatiofl of the divider network can be checked by putting on 

"0" and pressing "start" button. 	It is necessary to hold the start 

button down for a time not exceeding 1 sec. 	The register then records 

the elapsed time in seconds between sounds of the bell, which can he 

compared with any standard clock. 	The "stop' button turns off the 

counter at any integral second. 

5. The timing error due to delay in operation of RE-i can be determined 

by placing the "power" switch on 0.1 and-using the "energy output" as 

a gate to control a timer operating at a frequecy of 10 kc or highe. 

The net error should not be more than a few milliseconds, and is repro- 

ducible.- - 

. 
This bell is polarized and the polarity must be determined so that the 

gong sounds when current is applied. 

 These numbers -  indicate the fraction of maximum power being applied. 

The 'power" switch, 	S-i-i-, 	should be labeled with these numbers. 	- 	 - 

- Numbers in hexagons refer to pin numbers on Plug-In board. 
- 	 - 	

- 	
7. Adjust C-9 to minimize hum between floating "Energy Ou-put' negative 

lead and ground. 	 - 
- 	

-  R-53 is adjusted so that variatioh in line voltage has minimum effect 

- on "Energy Output" voltage. 	 - 	 - 

 C-19, CR-12, and R-44 serve only to insure that when the one switch - 

is turned on, the flip-flop Q8-Q9 always comes on in the "stop" 

- 	 -- position. 	 - 	 - 	 - 

 After turning on "power" switch, the 8.4 V regulated supply for the 

"Energy Output" is within 0.1% of the final value in 15 sec, within 	- 	- - 

0.05% in 90 sec, and within 0.01% in 2 hr. 

 Q-1, Q-2, 	Q-5, Q-, Q-5, and  Q6 (2N70 6C) may be replaced by 2Nl990's. 



the Manganin wire-wound type immersed man oil bath. It has proved to be 

stable to a few thousandths of an ohm over a period of a years time. A 

Rubicon Type B High Precision Potentiometer is used with a box lamp and 

scale galvanometer to measure the voltage drops across the current-meas- 	
U 

uring resistor and calorimeter heater. Usually, calibration heat inputs 

are of the order of 0.2 to OJI- cal and agree to a few hundredths Of a 

percent. 

The sample bulbs of about 70 p1 capacity are constructed of Pyrex 

and have very thin flat bottoms. They weigh from 40 to 70 mg. Previously 

the bulbs were sealed at the neck with an Apiezon W-coated Pyrex bead, but 

the gas in the bulb that escapes upon sealing contributed a large uncer-

taintyto the weight of the sample. Now a fine Pyrex capillary tube is 

inserted into the bulb alongside the bead (see Fig 6) A ball of degassed 

Apiezon W-wax is placed in the neck on the top of the bead and the bulb is. 

sealed as before with a hot 	 px,cept that the capillary permits re- 

ehtry of gas to the bulb as the bulb cools. A piece of 5 mil tungsten wire 

with a small bead of degassed wax is now inserted into the outer end of 

the capillary and quickly sealed with a fine hot wire. The sealing should 

be done at a temperature high enough to melt the wax but low enough to 

avoid decomposition. The resultant weight loss and uncertainty during 

sealing, using degassed Apiezon wax, is 0J7±0.17 rig. Weighings are done, 

on a Fodder Model B quartz fiber torsion balance sensitive to 0.05 rig. 

B. Operation 

Generally, a sample is loaded one day before the run is made. The 

thermostat temperature is lowered a few tenths of a degree and the submar-

ine chamber is set in place and connected to the vacuum line. At this 

point, the temperature of the calorimeter rapidly approaches that of the 

bath because of the poor vacuum in the chamber. After pumping overnight, 

however, the vacuum is good'and when the thermostat temperabure is re- 	. 

turned to 25
0C the calorimeter temperature lags behind. Several heat 

inputs are now made which raise the calorimeter temperature nearer the 
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A 

AD 

(s/E 

Assembled bulb 

A - Degassed Apiezon W - wax 
B - Glass bead 	 A 

Pyrex capillary 	 , 
S — Sample 	 C1 D 

3mi1 tungsten wire 	A 
Sample bulb 	 B/L 

First sealing 

A 

4  C D 

Final sealing 

MUB-10581 

Figre6. Sealing sequence. 



steady-state point. This point is a few tenths of a degree above the 

thermostat temperature due to stirring, thermometer current, and fricti9n 

of the stirring shaft against the hanger. 

As was previously indicated, this calorimeter is only semi-adia-

batic; there is a continual drift of the calorimeter temperature towards 

the steady-state temperature—the drift rate being determined by the 

thermal leakage modulus and the temperature difference. This drift is 

traced on the recorder. The reaction of interest is initiated at the 

proper time, such that the heat evolved raises the temperature of the 

calorimeter from a point below the steady-state temperature to a point 

above. The more nearly equal the corresponding temperature differences 

are, the smaller the thermal leakage correction is. Now several more cal 

ibrating heat inputs are made to complete the run,. , A sensitivity check 

is made between each hect input to determine the number of recorder char 

divisions per ohm change on the decade. 

The performance of the calorimeter and the technique of the opera-

tion are checked by running very pure crystalline magnesium metal in LOG 

M HC1 solutions and comparing the calculated value of the heat of solution 

of Mg metal with that obtained by Shomate and Huffman12  on a maroscaie. 

The magnesium metal samples are generally freshly cut and mechanically 

cleaned of all oxide. They are weighed on the torsion balance' mentioned 

previously, and the weight corrected to vacuum. The observed heat of 

solution is corrected for the following effects: 

The heat of breakage of the sample bulb, determined by breaking 

several bulbs containing a small amount of water. The applied correction 

is (6±3) x 100 calories per bulb. 
The heat of vaporization of the water required to saturate the 

hydrogen evolved. 
The heat of vaporization of the water required to saturate the 

dry nitrogen in the sample bulb.  

Typically, corrected values for the heat of solution of Mg metal ' 
1-0 

in 1.00 M FC1 are found to :t.ie in the rangel1l.3±0.2 kcal/mole. 



Shomate and Ekiffman's value is_111.22±0.Ol. The results mdi-

cate that there are no significant systematic errors in the microcalori-

metric measurements and that the precision of the operation is about 0.2%. 

C. Calculation 

To exemplify the calculations involved, the evaluation of one cali-

brating heat input and the determination of one value for the heat of solu-

tion of curium metal will be presented. The preparation of pure, well-

crystallized curium metal will he described in detail later. 

The amount of heat put into the calorimeter can be conveniently 

correlated with the resistance change on the decade required to rebalance 

the bridge. For this to, be strictly true, the position of the track on the 

chart paper after the heat input must be returned to exactly the same posi-

tion that it had at the initiation of the heat input. However, since the 

heat input itself and re-equilibration of the system require a finite length 

of time, extrapolations of the fore-slope and after-slope to the same point-

midpoint of the heating interval—are used. Also, since the decade can be 

changed only by integral amounts, the two extrapolated points do not usually 

coincide, but are separated by a certain number of chart divisions. This 

dIstance can be related to resistance imbalance by dividing it by the sensi-

t.ivity in divisions per ohms. Thus the decade change required to return 

the bridge to the same balance point can be calculated. . 	. 

If, within the temperature range of use, the heat capacit.y of the 

calorimeter is constant and the temperature coefficient of resistance of 

the thermometer is invariant, then the fractional, change in the resistance 

of the thermometer will be the same for a given amount of heat added, 

iegardless of the initial temperature. Thus, referring to Fig. 4, the 

fractional change in the resistance of the variable arm of the bridge 

(upper right arm) is equal to: 	 .. 	. 
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soo(25,000±R2 ) 	500(25,000+R1 ) 

500±25,000+R2 	500+25000+R 

	

f.c. = 	500(25,000±R1 ) 	 , 

500+2 5, 000±R1  

where R1  is the decade reading at the beginning of a heat measurement and 

R2  the reading at the termination of the heat process; or in other words 

R1  and R2  are just the decade values for the fore-slope and after-slope 

respectively. Moresimply, 

(2,,000+R2 25,500±R1 
f C = 25,000±R1  25,500+R2 - 1 

The product tent inthé above equation differs from unity only in 

the fourth or fifth place to the right of the decimal and must, therefore, 

be calculated to eight or nine places. 

The calculated fractional change is the same as the fractional 

change in the resistance of the résistance thermometer. 

For a heat input, division of the observed fractional change by the 

calculated input in calories gives the fractional change per calorie. This 

• . 

	

	 figure is averaged for several heat inputs, and the average used to calcu- 

late the heat of reaction of interest from the fractional change due to the 
• - 
	rOaction. 

To illustrate an example, heat input which was for 60 sec at 0. 

maximum power, and gave for the voltage drops across the standard current 

theasuring resistor and the calorimeter heater, 0J8181 Vand 0.7198 V, 

respectively, we calculate 	 . 

	

H 	H. 	Ir 	\(i\  

= 4.154 - 	stdH 1  R 	4.184 . 	 . . 
std 

1 
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The value of R std is 2.809 Q. thus for this heat input, 

Q = (E td)(EH )t/ 103.8009  

o.8181 x 0.7198 x 6o 6 

	

= - 
	103.8009 	

= 0.206cal. 

The decade values for the fore-slope and after-slope were 3287 o and 315 Q 

respectively. Both slopes were extrapolated to the midpoint of the heat 

input. The extrapolation of the after-slope was 1.0 chart division down 

scale from that of the fore-slope, which means that the resistance change 

on the decade, 129 0, was too large to return the bridge to its former 

balance point Sensitivity checks are made at intervals bhroughout the 

run, as mentioned previously, and are plotted as divisions per ohm is aver-

age ohm on the decade. The sensiivity for this heat input was 2.63 

div/0. Thus thdeade change required to balance the bridge was: 

l.Odiv 
129 Q - 2.65 div/0 = 128.62 2 

The after-slope resistance, then, should be 313.62 0. The fractional 

change can then be calculated: 

f 	
-  

	

(25,000+328525,000+313.62 F5,500+3413.62)
5,500+3285

.c. - 
 	- 

= 1.0057286  x 0.995551577 - 1 	. 

0.0000786575 	 . 

and the fractional change per calorie is then 

V 
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0.00007863 475  
f.c./cal 

= o.o66 

= 3.8o5O x lO 

Similarly, the fractional change per calorie for the other heat 

inputs is calculated and the values averaged. 

If the calorimeter were truly adiabtic there would be no ambiguity 

about the selection of values of H1  and R2  for the reaction at the time 

of break. 

In reality, important quantities of adventitious heat enter and 

leave the calorimeter during the course of a measurement, and must be 

corrected for. 

As was indicted previously, under operating condtions thermal 

equilibriifln never existS between the calorimeter and its surrounding 

thermal envirdnment, altiough a constant (stedy-state) temperature will 

persist as long as the heat leak into the system is just balanced by the 

heat lak out of it. 

Heat is generated by stirriug, the flow of current through the 

thermometer and the friction of the stirring shaft with its bearing. Heat 

• 

	

	leak out of the calorimeter occurs by conduction along the stirring shaft, 

hanger, thermometer, and heater lead and by conduction and radiation be- 

• 	tween the calorimeter and submarine-chber walls. 

A variation in the magnitude of any one of these effects during the 

course of a run will change: 

a) the steady-state temperature, or "balance point" of thesystem 

and b) the slope of a temperature drift. 

Under constant operating conditions the tendency of the calorimeter 

to exchange heat with its surroundings may be expressed in terms of a char-

dcteristic "thermal leakage modulus." 

'7 
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The leakage modulus usually is expressed as the rate of change of 

temperature of. the calorimeter per unit of time per unit difference in 

temperature between the calorimeter and its surroundings. 

Practically, for a steady-state system, the definition of the 

temperature difference should be changed to the difference between the 

actual temperature of the calorimeter and its steady-state temperature. 

Thus 
dT 

M = thermal leakage modulus = - T 	- T 	 ) 
T 	 dt 	actual 	steady-state 

where T 	and T 	 are the actual temperature of the cal- 
actual 	steady-state 

orimeter and the steady-state temperature respectively. To a sufficiently 

good approximation, the resistance of the thermometer varies linearlywith 

temperature so that te leakage modulus can be expressed as an "ohmic 

leakage modulus," M2 , where 

M=/(R 	
-R 	 ), 

2 dt 	actual 	steady-state 

where R 	is the actual decade setting and B 	 is the 
actual 	 steady-state 

decade setting at the steady-state temperature. Hereafter R steady-state 

will be represented by P . M and R 	are calculated from the fore- ss 	 ss 
slope and after-slope, which are expressed as the number of chart divisions 

• 	the track crosses per unit time. Since the chart movement is constant with 

time and the sensitivity is knom, the slopes are expressed as ohms per 

millimeter. The fore-slope is extrapolated to the beginning of the reac-

tion and the after-slope extrapolated to the end of the reaction. These 

two extrapolation points differ in time by the duration of the reaction; 

and also, usually by a certain number of divisions which is corrected, for 

as it was with eachheat input (see Fig. 7). For example, •the difference 

in one case was 1.5 div or 0.59 2. R2  is then 3853+0.59 or 3853.59 2. 
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• Figure7. Recorder track for dissolution of curium metal in 1.0 M Rd. 
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Thus for our eamp1e 

-11.0 div 
fore-slope = 131.6 mm x 2.565 

*1 

= -0.032588 0/mm , 

I 
-5.0div 

after-slope = 176.7 mm x 2.557 iv/Q 

	

- 	= 	-o.oiio66 
0/mm 

	

= 	 - R) 

rnm - 0.032588/(3810 - 

	

dR 
= 	2 /(R - R)

ss 

= - o.011066/(3853.59 - R) mm
-1  

f 	a 
=M , so: 

-3.2588(3853.59-R5)= -i.io66 (810 - R 

1. 	ss' 



(R 2 -R ss ) =-22Jao 

M
-0.02788 0/mm 

0 - 	-66.00 0 

= .9376 x 10 mm 

As was mentioned previously, the potential divider permits moni-

toring the temperature curve during the reaction. The curve in this 

example does not go across T 	 as there is no change in the sign 
steady-state 

of the slope, and the position of R 	on the high sensitivity, and the ss 
sensitivity ratio. This ratio is 11. Thus: 

Sensitivity ratio  
High sensitivity, (div/0) x (mm/div) = low sensitivity, 0/mm 

Low sensitivity= 2.578 div/02. mm/div = 2.0773 0/mm 

Here 2.558 div/0 is the averageof the high sensitivities before and 

after the reaction. 

.(R ss 
-R 

 1 
 )=66.00 

• 	 and 

• 	 66.000 
2 .0775 0/mm = 52.2 mm 
	. 

Thus R55  can be drawn across the temperature curve 52.2 mm up-scale from •  

on the low sensitivity. This is shown in Fig. 7. The areas A and B 

• 	 represent the heat that leaked into and out of the calorimeter respectively. 

• They are measured by superimposing thin mm graph paper on the chart and 

counting squares. Unfortunately in this particiilar example there is no,B 

• 	(heat ].eaked out of the calorimeter) as the after-slope did not change sign 
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with respect to the fore-slope. It would have been better to have made 

one more heat input before breaking the sample bulb or to have used a 

bigger sample. The low sensitivity value in o/mm times the leakage 

modulus gives the number of ohms per square millimeter. This factor times 

the net area, (B - A), gives us the number of ohms to be added to R 2  for 

the heat leak correction: 

2.0773 0/mm x 4 .9376 x l0 mm 1  = 1.011 x 10 	
-2 

Since in this example B = 0, and A = 196 mm2 , 

(B A) 	-196 mm
2  

correction = -1.011 x 10 	
-2 	

196 mm
2 
 = -0.20 0 

and 	R = 3855.59 - 0.20 2 	 ..... 

3853.590 . 

The fractional change due to the reaction is 2.565373 x 10. Dividing 

this by the average fractional change per calorie of the several heat 

inputs gives the net heat of the reaction: 

2.565575 x 	= 0.06i521 cal 	 . 

5.79958 x 10 

As was mentioned previously, this heat value must be corrected 

for the heat of breakage of the sample bulb, and the heat of vaporization 

of water required to saturate the hydrogen evolved and the heat of vapori-

zation of water required to saturate the dr.y nitrogen in the bulb. 

Our calorimetric reaction is: . 

0 	+ 	. 	+5 
A 	

Cm + 5 H(aq) 	> cm(aq) + 5/2 H2t 
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Net heat of this reaction as calculated above = 0.067721 cal 

Heat of breakage of the bulb 	 = 0.000760 cal 

• 	 0.066961 cal 

Correction for the heat of vaporization of 

water into the N2  in the bulb and the 

evolved H2 	• 	 = 0.000728 cal 

0.067689 cal 

Thus the heat of solution of 118. 	g of pure curium metal in 

1.0 M HC1 is 0.067689 cal or 	298 = -19. 6  kcal/mole. 

The weight of the curium metal was corrected for; 

weight loss during sealing 

weight.lbss due to replacing the air in te bulb by dry nitrogen. 
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III. MAGNETIC SUSCEPTIBILITY MEASUREMENTS 

Cunningham has described an apparatus used to measure the mag-

netic susceptibility of submicrogram quantities of the plus three ions of 

berkelium and californium. This apparatus was modified 3  to measure the 

susceptibility of americium metal, curium metal, and their compounds down 

to liquid nitrogen temperature. Now a new apparatus has been constructed 

which allows the measurements to be made down to liquid hydrogen and liquid 

helium temperatures. 

A. Principle of the Apparatus 

Susceptibility measurements are made by using a pendular type mag-

netic susceptibility apparatus. It is essentially a modified Faraday's 

apparatus in which the sample, suspended on a long quartz fiber, is exposed 

to an inhomogeneoUS magnetic field. The principle of this apparatus is 

sketched in Fig; 8. The fiber is of ünifoim cross section and is assume. 

to be infinitely flexible. The sample is suspended midway between the 

pole faces of the magnet, which are shaped in such a way that the field 

gradient in the vicinity of the sample is large in the 
Ix-y plane and 

• 	 very small in the z direction. The sample experiences a magnetic force 

F2  in the x direction and a gravitational force F1 , normal.tO F
2 . An 

additional gravitational force F 3  acts on the center of mass of the sus-. 

pended fiber. (The magnetic force on the fiber is too smalL to be 

considered.) 

At equilibrium, the sum of the moments of forces acting about the 

pivot point P is zro. If the magfletic force acting on the sample in the 

(upward) direction, as well as the magnetic force on the suspension fiber 

in the x direction may both be neglected in comparison with the magnetic 

force acting on the sample in the x direction, then we have:. 	• 

F1 d+F2 d/2=F2 LcOSC , 	 () 



Center of 
mass of 
the fiber 

F2  

F 1  
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Figure 8. Principle of magnetic susceptibility apparatus. 
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where d. is the linear displacement of the sample underthe actionof the 

force F2  and L is the length of the fiber. But F 1  = Mg 1"2  = MX ()  

and F3  = Mfg; where, 

M5  = mass of the sample 

g = acceleration due to gravity 

= gram susceptibility of the sample 

H = magnetic field at the sample 

field gradient in the x direction 

Mf  = mass of the fiber . 

The magnet pole pieces are shaped to produce as large a volume of 
aH 

uniform H 	about the sample as possible., but in practice it is difficult. 

to secure satisfactory constancy even in a volume as small as 1 mm
3 	Hence 

it is customary to restore the sample with the magnet current on, to the 

sample position in space that it occupied with the current off, by a micro-

theter-controlled compensating shift of the suspension point P. Substituting 

for IF 	F2 , and F3  their corresponding values in Eq. (1) gives 

M gd+M gd/2=M X 	HLcosS ., 
s 	f 	 s s(gm) 	x 	. 

or more simply 	. 	 . 	. 

(M + Mf/2) g d = M X ) HL cos e 	. 	 ( 2 )Ox  

If e is small (as is usually the case experimentally), cs e may be taken 

as unity (for maximum deflection obtained in these measurements e was 

0.33 deg for which cos 	0.99998 ). Then, 	 . . 

(M + Mf/2) g d = M5 Xs(gm) H 	I 	 () 

 
dx 

M 	X 	HL' 	 . 	. 	. 	. 	. 
- 	s 	s(grn) 	x 	 . 	. 	. 

(M +Mf/2) ig 
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It is convenient to rearrange Eq. () to give 

(M s +M 
f 
 /2)gd 

X1 	= , 
M H'I--L 
sx 

since the susceptibility of the sample is the quantity of experimental 

interest. Direct measurement of H 	is virtually impossible. 

So for a given magnet current and suspension fiber, it is customary 

H i to lump the constants g, L, and 	nto a single apparatus constant 

.K=g/LH CM 

so that Eq. (7) can be written as 

(M + M /2) 	 ' 

x 	
= 	 • Kd 	. 	 • 	(6a) 

s(n) 	M 

A special case of Eq. (6a) is that when M << M, then we get 

X • =Kd 	. 	 • 	• 	(6b) 
s(gm) 

In this case the deflection will, be completely independent of the mass of 

the sample. This is an important advantage of this method. 	• 

It is obvious from Eq. (6a) that in order to measure the magnetic 

susceptibility, two quantities, namely the apparatus constant K and the 

mass of the fiber Mfi are to be determind. M f  can be calculated fairly 

accurately from the measurements of length and diameter of the fiber, 

using the known density of fused silica. The apparatus constant K can 

be evaluated by observing the deflection of a sample of known suscepti-

bility. There are, however, several facors which complicate this 

evaihatlon. 
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1) The standard sample of known mass and known susceptibility is 

contained in a tube of known mass but unknown susceptibility. Although 

the tube usually consits of fused silica, for which an accurate value 

for the susceptibility may be found in the literature, commercially avail- 

able silica seems to show considerable variation in X . Even tubesmade gin 
of. the same silica stock give different susceptibilLtis depending on the, 

manner of heating during attachment of the hook for the supporting fiber. 

Since Xs(gm) in Eqs. (6a) and (6b) is the mean susceptibility of the com-

binatiOn sample-plus-tube, generally it is not accurately known. The 

reason for getting different susceptibilities for tubes made out of the 

same silica stock is not clearly understood at present. 

• 	2) Although the sample may be weighed accurately, it is suspended 

by a hook (attached to the fiber) which also is in the magnetic field and 

which in effect contributes an additional mass to the sample tube. 

) L is not strictly constant because of the elastic and thermal 

roperties of silica (change is very, very small though), nor even nec-

essarily the same for F1  and F2 , since for the former it refers to the 

center of mass of the sample plus tube combination, which will vary ac-

cording to the depth of filling of the tube with the sample, whIle for 

the latter it refers to the 'center of suscetibility," which may or may 

nat be coincident with the center of thass.. 

However, two measurements with a sample of known susceptibility 

confined to approximately the same position in the same sample tube leads 

to an evaluation of the apparatus constant sufficiently accurate for most 

purposes. 



B. Calibration of the Apparatus 

The procedure used for calibrating the apparatus is as follows. 

i) A sample tube, weighing anywhere from 900 pg to about 9 mg, 

depending on the requirement, is prepared from clean, thin-walled silica 

tubing. A fine and sharply bent hook is fused to the tube, and the tube 

with the hook is cleaned by repeated boiling in 6 M Rd. The tube is 

dried and weighed to ±5 ig on an assay balance. 

The mass of the hook (attached to the fiber) from which the 

sample tube is suspended is estimated from its length and diameter and 

added to the mass determined in 1) above to give the effective mass of 

the tube (Mt eff 	
(Since the tube and fiber hooks are both made of 

fused silica, they are assumed to have the same susceptibility.) 

The tube is suspended in the suscptibi]4ty ,  apparatus, and 

its position with reference to the filar micrometer hair line and scale 

in the telescope is noted and recorded. 

The reading of the dram ofthe precisioh micrometer located 

near the head of the susceptibility apparatus is noted and recorded. 

The magnet current is adjusted to the selected values of. 

1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 A. 	 . . 

The image of the sample tube in the filar micrometer eyepiece 

is restored to that noted in 3) by turning the druri of the precision microm-

•eter, and the new micrometer reading is recorded for the various magnet 

current settings. 

The deflection of the tube, d0 , is taken as the difference 

in the readings )) and 6). A minimum of three readings of this deflection 

are usually taken and averaged. If, when the magnet current is on, the 

sample undergoes a rotation in the magnetic field, the threaded screw 

which supports the quartz nub to. which the suspension fiber is attached 

is rotated until no rotation of the sple is induced by the magnetic 

field. A deflectio0 of the tube away from the pole pieces is given a 

negative value. 	 ., 	 ., 	 . 	 .JL- 



Deflection measurements.are made at room temperature and at 

liquid nitrogen temperature usually, but in some cases deflection meas- 

• 	urements of the empty tube were made at room temperature and liquid helium 

temperature to get much better sensitivity. The deflection should be 

temperature_independent within the experimental accuracy of ±1%. This 

would indicate that the tube is free of paraniagnetic and ferromagnetic 

impurities, since the diamagnetic susceptibility of the tube is independent 

• 	of temperature. If the deflection at liquid nitrbgen or liqiid helium 

temperature is significantly less than that at room temperature, the tube 

is unloaded and boiled again in 6 M HC1 and the entire procedure is 

repeated. 

The tube is loaded with a knom mass (Mtd) of a paramagnetic 

substance of knoirn susceptibility (XStd). The sample mass is usually of 

the order of 100-200 kLk and is weighed on a submicrogram balance within 

±0.1 pig. It is the ratio of the paramagnetic susceptibility of the sample 

to the diamagnetic susceptibility of the tube that is important rather 

than M std . Now the new deflection measurements d 1 	2 
and d are made at two 

temperatures, usually liquid nitrogen temperature T 1  and liquid hydrogen 

temperature T . Nickelous ammonium sulfate [N1SO (NH ) SO 6H 0] is used 

as a standard for susceptibility measurements. 	Nickelous ammonium sul- 

fate crystals from baker and Adamson lot No. 7 were vapor_equilibrated 

with a saturated solution of Ni(NH) 2 (S0) 2 6H20. The susceptibility is 

assumed to be given by the relation, 1  X [NiSO )  ,(NH )  ) SO )  6H 0] = 

6 	
gm 	+ 	- 	2 

= (317/T+2.5 - 0.30) x 10 	c.g.s. Alternatively, freshly ignited neo- 

dymium sesquioxide (Nd203 ) can vey well be used for calibration purposes, 

for which the susceptibility16  is taken as 	 • 

xgill= 30.3 x 1-0erg/G2  at 2920K. 



C. Calculation of Paraiiieters 

Taking the deflectiOn of the empty tube to be d0  and independent 

	

of temperature, its mass to be M 	 fi (M 	= M 	+ M 	 ), t,eff 	t,eff 	tube 	hook of 	ber 
its susceptibility to be X, the mass of the calibrating substance to be 

Mtá its susceptibility at temperatures T 1  and T2  to be Xs tdTl  and 

respectively, and finally, the deflection with the standard in the tube to 

be d1  and d2  at temperatures I and T 2  respectively, then the following two 
1.

equations can be written with the help of Eq. (3): 

(Mf/2 + Mt e ff + Mtd) g d1 = (Mtff X + Mtd xt 	)s 	L,(7) 

(Mf/2 + Mt,e ff +Mtd) g d2 =(M,eff  K +M d X5)H 	L. 

	

If we put (Mf/2 + Mt ,e ff + Mstd) 	
MT (total mass) and [g/H(H/x.)L] = K. 

as in Eq. (6a) we have 

K MT  11 - Mt eff Xt = Mstd X5 

and 

•K MT  d2 	Mt,eff X = Ms fi Xst 	 . 	 (10) 

Solving these two equations simultaneously we get 

- Mtd 

(x StdT  d1/d2 - StdT 	 . . .. 

(i - d1/ 2 ) 

K 	-X 
M 	
5sd

sta 	1 
M 	(d -d) 

2 	1 



Hence by measuring the deflection of a magnetic susceptibility 

standard at two different temperatures and usthg Eqs. (11) and (12), both 

and K can be determined. 

A different value of K will be obtained for each different current 

4 	 setting. If a new sample position is chosen it is necessary to redetermine 

K for each current at that new position. According to Eq. (6a), for the 

same given sample at two different positions, K 1d1  K2d2 , where K1 , d1  

are the apparatus constant and deflection at position (i), and K2 , d2  

those at position (2). So the apparatus constants at various positions 

can be determined from the apparatus constant at one specified position 

and the ratio of the deflections at that specified position and other 

positions. The tube susceptibility X is determined at different current 

settings and the average is taken as the susceptibility of the tube. 

Once K has been evaluated, the approximate value of Mf  may be 

checked: 

M 
(13) 

2 	t,eff ~ Kd  0  
The calculation of the susceptibility of the blank tube from Eq. 

(11) is susceptible to an error because of the small denominator. A small 

experimental error in the determination of the ratio d1/d2  will contribute 

to an appreciable error in X. Therefore the value of X should be checked 

by using Eq. (6a) and the determined K values. For any tube of mass Mt 

anddeflection d, (independent of temperature), 

K d (M 	+ M 
x 	

0 	t,eff 	f/2) 

M 
t,eff 

(i)) 
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For a knowfl weight of sample M5  of unknown susceptibility, run 

in the tube of mass Mteff and of suscept,ibilty X, giving deflection 

d (tay) we have 

(Mt eff 
M  f +.M) K d - Mt : ff 

 

or simply 	M 	 M 
V --Kdt,eff 

	

sM 	- M 	t 
S. 	 S 

(i6) 

D. Construction of the Low T emperature  Apparatus 

The apparatus is designed for the mesurernent of susceptibilities 

of solid samples in the mass range from about 1 mg to about 10_ 2  g, over  

the temperature range from aboul 4 °K (liquid helium) to about 2980K (room 

temperature). A general view of the apparatus is shown in Fig. 9. 

Samples are suspended in a quartz tube, L, of the loading tube 

assembly, sketched in Fig. 10, bya very fine fiber, M, of fused silica 

of about 42 cm length. At the top of this tube assembly is screwed a 

heavy dural ring A. The dural ring'.contains an inner, removable brass 

ring, C, which serves as a support for the fiber attachment. The brass 

ring is mounted in a micrometer, H, which allows the deflection to be 

• 

	

	measured by a null method, in which thé.sample is always restored to the 

same position in the magnetic field. In this way errors resulting from • 

variati'ons'inH 	with sample position are minimized. The suspension 

fiber can also be rotated to bring an ayaimetric sample to a position of 

zero rotational torque in the magnetic field. After the sample isin 

place, the opening in the dural ring is sealed (vacuum tight) by means of 

a quartz disk and neoprene 0-ring, B. The image of the sample tube is 

restored to its initial position with reference to a hair line in the 
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Figure 9. General view of magnetic susceptibility apparatus. 
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Figure 10. Loading tube assembly of the magnetic susceptibility apparatus. 
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filar micrometer ofthe telescopic arrangement (not shown in the figure, 

for simplicity of drawing) by adjusting themicrometer attached to the 

fiber suspension. The tube, L, in which the sample is suspended may be 

evacuated and flushed with helium gas. The positioning micrometer, H, 

can be read to within an estimated accuracy of ±0.7 i. 

This tube assembly is suspended inside the dewar system (see Fig. 

11) through the opening, A. The top head of this tube assembly is screwed 

to a thetal frame attached to the electromagnet. The dewar system itself 

is suspended. between the pole pieces of the magnet by a three-point sus-

pension attached to the metal frame. 

The magnet used here is a Varian -I--in. electromagnet assembly. 

It consists of a Model V4004 electromagnet with an air gap which can be 

• 

	

	 adjusted to any value from zero to 4 in.; a Mddel V200A power supply 

which provides unregulated •dc power, for driving the electromagnet; and 

a Model 201A current regulator. The current regulator and power supply. 
• 	

are intrconnected to provide a stable current source. This cOmbination 

regulates the dc magnet current to within ±0.1% for line-voltage and load 

resistance variations of ±10%. 

The dewar assembly is sketched in Fig. 11. Down to liquid, nitro- 

gen temperature it is possible to use a simple two-wall dewar with a 

quartz window at the bottom for admitting light. At liquid hydrogen and 

liquid helium temperatures this simple twa-wall dewar cannot be used.
17  

Therefore, a.three-wall dewar, 	was used. The so-called three-wall 

dewar, E, is actually two-walled with a copper finger, F, acting as the 

third wall. The purpose of this finger is to cool the lower part of the 

• dewar to liquid nitrogen temperature when liquid nitrogen is present in 	• 

the upper part. This helps tremendously in reducing the temperature 

gradient between the oater and. inner dewar when the latter is filled with 

liquid hydrogen or helium. Liquid hydrogen or helium is transferred.into 

the inner dewat through a sealed evacuated metal tube (J, G the upper and 

lower section of filling tube). While liquid helium is transferred to 
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the dewar, the top of this filling tube is attached to a liquid helium 

transfer tube fitting, which has been sketched in Fig. 12. The conven-

tional liquid helium transfer tube that connects the main liquid helium 

dewar to the upper part of the filling tube, J, through the above-men-

tioned fitting is shown in Fig. 13.  The entire dewar is connected to a 

brass head, so-called helium dewar cap, B, which has an opening serving 

as an outlet for the extra hydrogen or helium in the dewar. 

On the top of the quartz disk cover which seals the opening of 

the loading tube assembly (see Fig. 10) with the help of an 0-ring (as 

mentioned earlier) is placed a front surface mirror with a hole in the 

center through which the light from a sodium lamp attached to the top of 

the apparatus enters the quartz loading tube. This quartz tube has a 

silvered mirror placed a its flat bottom which acts as a reflector, and 

the image of the sample tube is viewed through a telescopic system which 

is supported by a metal frame attached to the electromagnet. 

E. Difficulties in Susceptibility Measurements 

on Microgram Scale 

The major problem in the measurementof the magnetic susceptibility 

of microgram samples is the contamination of the sample with trace amounts 

of ferromagnetic or paramagnetic impurities. The chief sources of these 

undesired impurities are scalpels, tweezers, etc. with the help of which 

• 	 these samples are mechanically handled inside the glove box. Extra care 

must be taken to handle the sample tubes and samples only with gold-tipped 

forceps. Even with these precautions, • several of the samples apparently 

contained ferromagnetic impurities since the susceptibility was found to 

exhibit slight field dependence. In the pesence of these impurities the 

susceptibility of the sample was determined by extrapolatiqg the apparent 

• 	 susceptibility against the reciprocal of the current to 1/i = 0. This is 

equiva1en to extrapolating to infinite magnetic field where the ferro-

magnetic impurity is saturated anddoes not contribute to the measured 
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Figure 11. Dewar system of the magnetic susceptibility apparatus. 
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susceptibilitY. This is the reason why all the experimental suscepti-

bilities were determined at several different current settings (fields), 

if possible. This not only enabled a correction to be made for any ferro-

magnetic impurities present in the sample, but it also made it possible 

to get some evidence regarding any magnetic transitions from paramagnetic 

to ferro- or ántiferro-states in the sample. Unlike simple paramagnetism, 

where the Curie or Curie-Weiss law is followed andthe susceptibility shows 

no dependence on magnetic field strength, in the case of ferromagnetism 

and antiferromagnetism the susceptibility dependence on •both temperature 

and field strength is complicated. In the base of a ferromagnetic sub- 

stance, so far as field dependence is concerned, the magnetic susceptibility 

decreases as the magnetic field strength increases. Thus in the case of 

aparamagnetic substance free from ferromagnetic contamination, if one ob-

serves a decrease in magnetic susceptibility with an increase in field 

strength at a particular temperature,. one could think that probably the 

paramagnetic substance has undergone a ferromagnetic transition. Although 

no attempt will be made to explain either ferromagnetismor antiferromag- 

netism in detail, either phenomenologically or theoretically, it is important 

to recognize their salient features, especially qualitative temperature 

dependence of the susceptibility. In the case of a ferromagnetic. sub- 

stance if we plot susceptibility (X) vs temperature (T) it should be noted 

that thee is a discontinuity at some temperature, T, called the.Curie. 

temperature. Above the Curie temperature the substance follows the Curie 

or Curie-Weiss law; that is, it is a simple paramagnetic. Below the Curie 

temperature, however, it varies in a different way with temperature and is 

also field-strength dependent. For antiferromagnetism there is again a 

characteiistic temperature, TN, called the Nel temperature. Above TN 

the substance has the behavior of a simple paraxnagnetic, but below the 

Nel temperature the susceptibility drops with decreasing temperature. . 

These peculiarities in the behavior of ferromagnetic and antifer-

romagnetic substances below their Curie or Nel points are due to 



 

interionic interactions which have magnitudes comparable to the thermal 

energies at the Curie or Nel temperature andthus becOme progressively 

greater than thermal energies as the temperature is further lowered. In 

the case of antiferromagnetism, the moments of the ions in the lattice 

tend to align themselves so as to dancel one another out. Above the Nel 

temperature thermal agitation prevnts very effective alignment, and the 

interactions are manifested only in the form of a Weiss constant which is 

of the same general magnitude as the Néel temperature itself. However, 

below the Nel t.emperature this antiiparallel aligning becomes effective 

and the susceptibility is diminished. In ferromagnetic substances the 

thoments of the separate ions tend to align themselves paralldl and thus 

to reinforce one another. Abo\'e the Curie temperature, thermal energies 

are more or less able to randomize the orientations; below T, however, 

the tendencyto  alignment becomes controlling, and the susceptibilitr 

increases much more rapidly with decreasing temperature than it would if 

the ion moments behaved independently of one another. 

Présumably, even in those substances we ordinarily regard as 

simple paramagnetic, there are some interionic interactions, however 

• weak, and therefore there must be some temperature, however low, below 

w.hich they will show ferromagnetic or antiferromagnetic behavior, de- 

• pending on the sign of the interaction. As a matter of fact, the Curie 

point often lies below 09K, and so is imaginary. The question of why 

such interactions are so large in some substances that they have a Curie 

or Nel temperature ñear and even above room temperature is till some-

thing of an unsolved problem. Suffice it to say here that in many cases 

• it is certain that the magnetic interactions cannot be direct dipole-

dipole interactions, but instead the dipoles are coupled through the elec-

trons of intrvening atoms in oxides, sulfides, halides, and similar 

compounds. 	 : 

All measurements were made under l/ atm of purified helium gas, 

to assist in the rapid attainment of thermal: equIlibrium. 

 



The following temperature baths were used: 

°K 
Ice-1120 slush 	 0 	 273 

Freon-22 	 -o.8 	 232.2 

(monochlorodifluoromethane) 

Dry ice and alcohol 	-75 	 198. 

. Freon-lu 	 -128 	 15 

(carbon tetrafluoride) 

Liquid methane 	-161.5 	 111.5 

Liquid oxygen 	 -182.96 	 90.04 

Liquid nitrogen 	-196 	 77 

Liquid hydrogen 	-253 	 20 

Liquid helium 	 -269 

Since there is no convenient temperature bath between liquid 

°K), an attempt was made to attain temp-hydrogen and helium range (_20 

eratures within this range by passing cold helium gas (from a helium 

dewar) at a very controlled rate. This general cryostating technique 

• 	seems to be fairly satisfactory. In comparison to normal helium dewars 

our present dewar is very small (capacity 350-00 ml) so we were never 

able to see liquid helium in the dewar. As a result, we think we never 

attained i-°K temperature; however, by passing cold helium gas at very 

regulated speed, as mentioned above, we could attain fairlyclose to 4 °K. 

• 	At present we are capable of attaining about 6 0K or so. The temperature 

	

• 	 • was determined by measuring, the resistance of a carbon-composition re- 

• . sistor. 1  The principal advantages of these carbon-composition thermom- 

eters are high therthomêtric sensitivity and very.low magnetic field 
18  

sensitivity. A semi-empirical equation relating resistance and 

	

• . 	. . temperature and having three.adjustable constants is 

logR+k/logR=A+B/T , 	 . 
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where K, A, and B are arbitrary constants to be determine experimnta11y. 

Temperatures calculatedby this equation are within ±o.% of the medsird 

temperature from 420
0
K The thermometer was calibrated at the boiling 

points of liquid N2, 112, and. He The calibration curve is shown in Fig 1I, 
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Figure l. Calibration curve of a carbon-compositio thermometer (carbon-
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IV. OPERATION OF THE MAGNETIC SUSCEPTIBILITY APPARATUS 

The principle and the construction of. the apparatus and the method 

of calibration have already been described in the preceding section. 

What is intended here is a description of the practical aspects 

of susceptibility measurements. 

A. Preparation of Suspension Fibers 

Suspension fibers are prepared as follows. 

A 3-7 cm length of quartz rod of diameter 0.4-0.8 mm is selected 

and several mm of one end is cemented to a glass slide with black Apeizon 

wax as shown in Fig. 15(1). 

The attached rod.is wiped clean of dust particle. 

A hook is formed at the free end by heating with a microtorch 

as shown in Fig. 15(2). 

Li) The slide is supported by means of a clamp so that the fiber 

projects 2-3 in. beyond the bench top [see Fig. 15(3)]. 

5) A platinum weight, made from 1-2 cm of 20-30  mil platinum 

wire bent in the form of a hook is suspended from the bottom of the fiber. 

6). The fiber is heated to softening with a microtorch at a point 

about 1 cm above the hook, and the torch held in place until the hook has 

dropped about 50 cm, producing a fiber of .3-20 i in diameter [Fig. 15)].. 

No amount of description can provide a sure guide to success in 

this operation. The diameter of the original quartz fiber, the mass of 

the weight, and the size and temperature of the flame all affect the re-

sult, which often amounts to breakage or melting of the fine fiber before 

the pulling is completed. However, a few practice tries usually impart 

sufficient experience to insure a reasonable probability of success. A 

fairly large hot flame seems to give the best results . . 

7) Once success has been achieved, it is necessary to mount the 

fine fiber in a manner convenient for subsequent use. A. satisfactory 

method consists of sticking the upper and lower ends to a flat backing, 

using small squares of sticky tape. 
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Figure 15. Preparation of the suspension fiber. 
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8) A sheet of clural is wrapped crosswise with cellophane tap 

such that the distance between outer edges is the correct length of fiber 

to use in the susceptibility apparatus. The taped dural is s .prayed with 

dull black paint, to render the fine fiber more readily visible. 

The painted sheet is placed in back of the fiber and the upper end 

taped down as shown in Fig. 15().  The fiber is cut with scissors above 

the tape. The lower end is then taped in place and the fiber cdt below the 

tape; 
• 	

9) A quartz hook for the lower end of the supporting fiber is 

prepared from about 6 mm of 50-100 kL diameter quartz fiber. A large hook 

is first formed and then cut to a short vee of about 3 mm height, by 

•scratching with a carborundum (silicon carbide) chip or diamond-point 

• 	• 	• pencil and br.eking with tweezers. 

10.) The previously drawn fine fiber, mounted on the backing, 

• 	will not have a uniform diameter, and will usually be finer.at the top 

than at the bottom. The finer end is placed under a binocular micro-

scope, with the backing plate properly supported. One arm of the hook 

is moistened with a droplet of freshly prepared epoxy cement, and the 

other arm is held in forceps. The sticky arm is touched to the mounted 

fiber just beyond the edge of the cross tape as shown in Fig. is(s). 
Here a shorts.ection of the fiber is raised up out of contact with the 

backing. The epoxy will hold the hook firmly to the fiber and in a few 

hours will harden to form a permanent bond. 

Care must be exercised, of course, not to cement either the fiber 

or the hook to the backing plate. 

u) After the epoxy is set, the opposite end of the fiber is 

fastened to the threaded brass supporting nub, at a distance of 42.2 cm 

from the bottom end ,of the hook as shown in Fig. 15(6). 	• 

This is done as follows: A few chips of blaäk. Apiezon are dropped 

into the hole in the end of the brass supporting nub. A. short length of 

quartz rod which fits snugy into the hole, and which has been drawn to a 
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fine coaxial tip is pushed into the hole and the nub heated until the 

Apiezon melts. A small amount of Apiezon is then melted onto the tip. 

The upper end of the fine fiber is now cut to the appropriate 

length (by pressing with a scalpel) and the cut end gently laid on t,he 

apiezon-coated tip of the quartz rod. 

A quick brush with a cool flame will melt the Apiezon and stick 

the fiber to the nub (sometimes epoxy cement hasalsobeen used to attach 

the fiber to the nub). The excess fiber below the hook may nowbe cut off, 

by pressing with the edge of a silicon carbide crystal. This operation 

should be performed under the microscope. 

• 	Before attempting to move the fiber, a light platinum weight should 

be fastened to the hook to keep it vertical, otherwise room air currents 

may literally tie it in knots. 

• 	 The brass nub may now be raised so that the fiber is in a vertical 

position. With the lower part of the nub held firmly in forceps, the brass 

• 	 supporting ring is clamped onto the end of the loading rod, and the fiber 

• 	 carefully withdrawn into the loader unit. Before withdrawing the fiber it 

is cleaned of any dust partiles or tiny fibers which may have accumulated 

on it during preparation. This is done by carefully passing a very fine 

quartz rod along the fiber several times. 

.• Preparation of Sple Containers 

Sample containers should be light, strong, and have a low suscepti-

bilitr which preferably should be temperature-independent. Chemical re-

sistance to 4-6 M HC1 in ethyl alcohol is also desirable. Containers made 

of fused silica or of any of a number of organic polymers satisfy these 

requirements. Silica tubes have been used throughout the work described 

here. They are from 0.5-1  mm in diameter and 6-10 mm in length. Larger 

sizes should be avoided because of the relatively steep force gradients 

in the magnetic field. The normal weight of the tubes ranges from 900 ig 

to 8-9 mg. 
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The tubes are prepared from very thin wl1 silica tubing of appro-

priate diameter, previously prepared by hard pulling from clean, light 

wall tubing of about 1-2 cth diameter. 

Before pulling the large tubing it should be cleaned with detergent 

and distilled water, rinsed with alcohol, and dried. 

Care should be exercised to produce small diameter tubing of cir-

• cular cross section, sInce this will minimize the problem of rotation in 

the magnetic field. 

The prepared semicapillary is cut into lengths of about 8-10 cm by 

scratching with a silicon carbide crystal, and then is stored in a closed 

container. 

• 	Tubes are prepared from the semicapillary as follows. 

A section of the tubing is grasped near one end with cork-

tipped forceps while the other end is held by hand. 

The tube is heated with a microtorch about 1 cm from the 

forceps-held end, which is merely supported while the tube is rotated 

within the fingers of the hand. 

After a section of the tubing has been heated iniform1y to 

incandescence, a quick push with the forceps and a simultaneous pull with 

the hand will thin the heated section to fiber thickness. 

The fiber is scratched close to the forceps-held end and 

broken off. Any hole remaining is sealed by heating the bottom of the 

1 cm tube with a rnicrotorch. Heating beyond that necessary to close the 

hole should be avoided. 

7) If the bottom closure is thin and axially symmetric it is 

satisfactory. If it is considerably distorted it may be rounded by 

closing the open end with Apiezon wax and heating the closed end with 

a torch. The increase in pressure inside the tube owing to the heating 

will suffice to expand the bottom into a hemispheiical foim The 

Apiezon is then dissolved in carbon tetrachldride. 
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.6) The hook for the tube is prepared from a quartz rod of 27-100 

in diameter. This is done as follows: The tube is placed on a slide in 

such a manner that about 2 mm of the open end projects over the edge of 

the slide. About 10 cm of fine quartz rod (25-100 i diameter as stated 

previously) is now placed on another glass plate, which is set parallel 

to the first plate and about 1 cm from it. The quartz rod is moved until 

it touches the side of the tube about 1 mm from the open end. The quartz 

rod is heated, very gently at first, then strongly till it fuses to the 

tube. 

The tube is then held in a cork-tipped forceps, and the quartz 

rod is bent in the form of a vee (sharply bent hook) at a distance of 

about 3-5 mm from the open end. The free end of the quartz rod is broken 

off at a distance of about,2-4 mm from the bent place, leaving the tube 

with the required hook. 

SOmetimes the hook is made first in the proper vee shape and then. 

fused to the tube by using a Model V water welder manufactured by Henes 

ManufacturiOg Company. 

After several tubes are made, they are cleaned with 4-6 M HC1 

by the method of alternate boiling and cooling. Finally the tubes are 

boiled in conductivity water and allowed to cool. After drying they are 

stored in a well-cleaned small screw-capped vial. 

C. Filling Sample Containers 

A piece Of lucite block about 2-3 cm in length and 1-2 cm in width 

is prepared with several holes of different sizes. The lucite block is 

cleaned by washing with concentrated HC1 and then water. 

The sample container of knom tare weight is placed in one of 

the holes, which will keep it in a vertical position. 	 . 

For filling the. containers with non-radioactive samples like nick-

elous ammonium sulphate, a microspatula made of platinum wire is used. 

The transfer is usually not quantitative since some of the powder stays 
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on top of the openingof the tube. This is removed by shaking the tube 

and brushing it with a small clean camel-hair .  brush. 

The cleaned tube is weighed on the submicrobalance to determine 

the weight of the material within O.l ig. After it is weighed, the tube 

is placed in a clean hole in the lucite block to be ready for loaing in 

the apparatus. 	 . 

For radioactive samples the following procedure is used: The 

lucite block is stuck firmly onto an ice-cream carton lid by using double-

face tape. The sample tube is placed in a closely but gently fitting hole 

• 	• 	.. 	in the lucite block. The carton lid is covered and introduced into the 

Berkeley piano box. • The lid with the lucite block and tube is placed on 

a microjack. The microscope on top of the box is adjusted so that the 

tube opening is clearly seen. The sample chunk is then picked up with 

either gold-tipped forceps or a fine tungsten needle, under a microscope. 

Normally the metal chunk will stay on one arm of the forceps when the jaws 

are released. The. fip of the jaw holding the sample is introduced into 

the tube, and touöhed to the side of the tube. The sample will then fall 

into the tube and settle in the bottom. 

A powdered radioactive substance like FaFL is loaded in the tube 

through a micofunnel which in turn is introduced into the tube with the 

help of a micromanipulator. (Needless to say all of this operation is 

done under a microscope in a glove box.) 

Extra care must be taken not to touch the tube from outside at 

all when filling containers with radioactive substances. 

Now the lid containing the lucite block is covered and transferred 

to the loading box to be ready for loading. 	 . 	. . 
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D. Loading of the Apparatus 

The loader unit used is sketched in Fig. 16. It consists of an 

out.er . lucite tube of about 85 cm length and about 9-10 cm diameter, and 

an inner concentric tube of about 70 cm length and -5cm diameter. The 

lucite tubes are sealed together with two lucite plates, oneat the top 

and the other at the bottom. An aluminum rodof about 100 cm length, which 

is fitted with a clamping arrangement to hold the brass ring of the appara-

tus, can to in and out the inner tube. 

For loading a cold sample the aluminum rod is lowered until the 

hook of the fiber is ma position which can be easily reached. The lucite 

block which holds the sample tube is brought underneath the hook of the 

suspension, fiber and the hook of the sample tube is engaged to the hook 

of the suspension fiber. The lucite block is pulled down slowly, leaving 

the sample tube hooked to the fiber. The fiber is withdrawn insidethe 

loader unit and its door is closed. 

The entire loader unit is then placed on top of a specially de-

signed glove box, which is shown in Fig. 17,  having a sliding window ar-

rangement. The loading tube assembly of the susceptibility apparatus is 

placed on a platform attached to the loading box. Now with the help of 

the sliding window arrangement the loader unit is brought onto the top 

of the loading tube assembly of the apparatus and the fiber is lowered 

slowly until the brass ring supporting the fiber settles into proper place. 

The brass ring is unclamped from the aluminum loading rod and finally the 

aluminum rod is pulled .inside the loader unit. The two brass screws which 

hold the brass ring in place are tightened, and the opening of the loading 

tube assembly of the apparatus is covered with its quartz disk. 

For loading an active sample, the same procedure is followed except 

that hooking the sample tube to the suspension fiber hook is also don in-

side the loading glove, box. The only thing of importance here is that a 

blank tube or some other weight must be hung on the fiber hook before its 

introduction into the box, to prevent blowing of the fiber and sticking to 
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the side of the box.' Thenormal high velocity air flow in the box is inter- 

	

• 	 tupted during loading.. 

Finally it is worth mentioning here the problem of electrostatic 

charge encountered in loading and unloading the fiber. The inner tube of 

the loader unit has been coated with an antielectrostatic spray. Even 

then it very often gets electrified and pulls the fiber to the side, 

creating a very unhappy situation. For the same reason the quartz tube 

• ' of the loading tube assembly (L, in Fig. 10) is furst coated with tin 

oxide to make it conducting and then sprayed with antistatic solution. 

No sure way of getting rid of the electrostatic probleit has so far been 

	

• 	 achieved. 

.E. 0b'sering the Sample and Its Positioning 	, 

• 	 , 	 with Respect to the Magnet Pole Pieces 

The front surface mirror with a hole in its center is adjtisted on 

• 	• 	top of the loading tube assembly of the apparatus, and the sodium lamp 

which illuminates the sample from above is turned on. By looking in the 

telescope, the image of the sample tube can be seen. The telescope is then 

adjusted to the best possible focus; the filar micrometer is adjusted and 

the zero point chosen. 	 • 

	

• 	 • While looking in the telescope, the operator turns on the magnet 

current,: and the deflection of the sample is observed. If there is any 

• rotation the position of the sample is changed by rotating the nub which 

supports the fiber, in a direction opposite to that of the sample rota- 

• 	tion. This game is played' until the sample is free of rotation in the 

• 	 riiagnetic field. 	 • 	 , 
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Figure 16. Loader init of the magnetic susceptibility apparatus. 
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Legend for Figure 16 

Screw for operating clamping ahd unclamping attachment 

Aluminum rod 

Screw, for holding loading rod in position 

Top plate 

Outer tube 

Inner concentric tube 

Circular disk with points 

Clamping and unclamping arrangemert for suppGrt.of fiber 

attachment 

Suspension fiber 

Sample tube - 

Sliding door 



-6k- 

V 

\ 

ZN -5 5 00 

Figure 17. General view of loading glove box with the loader unit and the 

loading tube assembly in their respective places. 



-67-. 

F. Evacuation and Flushing of the Sample Tubes 

After adjusting for rotation, the quartz disk cover of the loading 

tube assembly is firmly placed on its opening and the assembly is evacuated. 

The evacuation must proceed slowly in order not to disturb the sample. The 

assembly is now flushed with helium gas which has been passed through a 

liquid nitrogen trap. This process of evacuating and flushthg is repeated 

• • 	three or four times. After being thoroughly flushed with helium, the 

assembly is filled with about 1/3 atm of helium. Now everything is all 

set for taking the measurements. 

G. Making Deflection Measurement 

The deflection is measured by a null method. First themicrometer 

reading is taken with the current off, and then the current is turned on 

and the image of the sample tube is brought to the same position that it 

occupied with the current off, and the new reading of the micrometer is 

taken. The difference between the reading with the current on and the 

reading with the current off gives the deflection at that particular cur-

reht setting. Three or four deflection measurements are carried out at 

each of several current settings for each temperature. The same proce- 

dure is r.epeated for another set of measurements at a different temperature. 

H. Unloading the Apparatus 

• 	• 	Afterall the measUrements at different temperatures are taken, 

the sample is unloaded. The unloading process is almost the reverse order 

of the loading. The active samples are stored in the loading box. 
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V. PREPARATION OF MATERIALS 

A. Preparation of Curium Metal 

The preparation of pure, well-crystallized lanthanide and actinide 

metals has proved to be a formidable task. The heats of formation of their 

compounds are quite high, and consequently, attempts to make the metals by 

classical techniques have failed. Trombe19  has'written an excellent review 

• 	 of the history of the rare earth metals. He points out that these metals 

are very reactive and that it is even difficult to find suitable materials 

for making the crucibles. During World War II exhaustive studies were made 

on the preparation of plutonium metal. The methods devised in the Metal-

lurgical Laboratory of the Manhattan Project have been summarized by Fried 
20 

• 	 et al. 	They centered around the reduction of an actinide fluoride with 

an alkali or alkaline earth metal. The reductions, were carried out in a 

double crucible system made of a refractory oxide such as beryllia or 

thoria, and the crucible system was heated in vacuum by resistance heating. 

The'preparation of curium metal (using Cm 	isotope) on the micro- 

gram scale was first carried out by Wallmann, Crane, and Cunningham 2  by 

reducing CmF . with barium vapor at 1217 0C. They used a double crucible 
22 

system in a high vacuum similar to that described by Fried and Davidson. 

The quantities so prepared were rather small, being on the order of 

or much less. However, the metal upon observation was silvery in appear-

ance and about as malleable as plutonium prepared under the same conditions. 

The metal retained its bright appearance in the dry box for several hours 

but gradually tarnished, and on standing for about 24 hr it was rather 

badly corroded. Under the same conditions samples of other actinide 

metals, such as americium or plutonium, have shown less evidence of reac-

tion. The greater reactivity of the curium metal may probably be attrib-

uted to self-heating by a-decay of Cm22 (equivalent to a power output of 

1.2 x..lO w/g). A sample of Cm22  metal, even though it is only partially 

isolated from'its environment, may reach high temperatures, which could' 

account for its rapid corrosion rate.  



23 Wallivann and Cunningham indicated in their work that these meth- 

ods were seldom successful more than 70% of the time, because the product 

often soaks into the. refractory oxide crucible. As a result of their 

experiments, they suggest using an all-tantalum double crucible system and 

a wet-precipitated fluoride of the actinide of interest. This type of 

crucible system'leads to more reproducible reduction conditions. They 

also find it more convenient to use induction heating. 

McWhan, Cunningham, and Wallmann2  described, in detail the prep-

aration of americium metal by the reduction of dry AmF 3  with barium metal, 

using an all-tantalum double crucible system. 

Cunningham and Wallmann2  prepared curium metal (using Cm2  iso-

tope) for their'cryatallographic studies using barium metal as a reductant 

U 

	

	 for CmF, which was obtained by wt precipitation of curium in 1 M HC1 

with vapor-equilibrated HF and then stored over 
25 Lo.wenhaupt and Cunnirgham investigated the oxygen and carbon 

content of the rare .earth metals (using mostly ytterbium metal as a stand-

in) produced by reduction of their respective trifluorides with barium 

-vapor in order to determine the ability of some drying techniques to re-

move oxygen and carbon from the trifluoride. They used an activation 

analysis .techflique2.O27 employing He3 -induced nuclear reactions for de-

termining oxygen and carbon contents of these metals. They concluded 

that metal produced from untreated trifluoride contain about 6000 ppm 

oxygen, whereas, the metals produced from trifluorides treated with an-

hydrous HF gas were found to contain as little as 300400., ppm oxygen. 

In attempting to get curium metal with low oxygen content the 

CmF3 "chunks were treated with anhydrous.HF gas. The procedure will be 

described in more 'detail.a little later..' Starting from CmF3  chunks ob-

tained after anhydrous HF treatment, the metal was prepared by following 

the procedure of Cunningham and Wallmann 2 However, a brief discussion 

of the variables which will affect the prepa'ation of good metal will be 

given The variables that wil be considered are 
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choice of reductant metal 	. 

physical form and, treatment of starting materials 

• 	 c) type of crucible system 
• . 
	 d) reduction temperature and duration of reduction 

e) method of heating. 

a) Choice of reductant metal 

The reaction used to prepare cp.rium metal is 

CmF3  + ( 3/x)M = Cm + ( 3/x) MF 

From the reaction, it is clear that the choice of the reductant metal is 

limited mainly by two factors. 

i) The AF for the reaction must be thermodynamically favorable; 

2) The vapor pressure of the reductant metal must be sufficiently 

• 	 high to permit vaporization of the excess in a reasonable time 

• 	 without a substantial loss of curium. 

• 	 Lithium,. calcium, and barium are among some of the possible reduc- 

tants that satisfy these criteria in the case of curium and protactinium 

metals. The choice among them is somewhat arbitrary. If lithium is used, 

the lithium fluoride formed in the reaction vaporizes along, with the ex-

cess of lithium, leaving only curium metal as the product. However, if 

barium or calcium is used, the barium fluoride or calcium fluoride slag 

provides a protective coating against surface reactions with the residual :  

gases in the system during annealing, and tends to isolate the product from 

the crucible, making removal of the product easier. Moreover, even a small 

weight percent of light elements may constitute a high mole percent im-

purity [0.01 wb% Li = 0.3 mole%; 0.1 wb% Ba =0.17 mole% (in curium)]. 

As the purity of the metal is of prime importance, barium is used prefer-

bntially as the reductant metal throughout. all metal preparations. 
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b) Physical form and treatment of starting materials 

The first problem in the preparation of curium trifluoride is that 

of insuring its freedom from catiOnic impurities. Because of the scale on 

which this work had to be done, ordinary reagents were not pure enough. 
2LiIL 	 239 

The Cm 	used in this study was obtained from neutron irradiation of Pu 

• 	 and was contaminated with rare earths, other actinides, and fission prod- 

ücts, etc. The prinary separation of the actinides from reactor products 

was carried out in a water-shielded cave, using well established proce-

dures. 2  Final separation of curium from other actinides (chiefly Am), 

• 	 rare earth elements, and common impurities such as Al, Fe, Ca, and Mg was 

• 	 achieved by using ion-exchange techniques, discussed in detail by Higgins. 29  

The ion-exchange techniques used in this study are essentially those which 

• 	 have become more or less standard in actinide purification chemistry. The 

most significant differences that do occur are in scale and in the precau-

tioris taken to maintain high purity with respect to background contaminants. 

The various ion-exchange columns used and their purposes are summarized in 

Table I. 

For the initial purification, the reagents were prepared from stock 

C.P. chemicals. The only exception to this were water and a-hydroxy iso-

butyric acid, "but". The water was the one redistilled material derived 

from the continuous overflow from the two-stage quartz still used for the 

preparation of high purity water. The "but" was prepared by dissolution 

in pure water, filtration, and partial recrystallization. 

In the final purification the only reagents required were water 

and various HC1 solutions. The high purity quartz distilled water used 

in this work was supplied by Dr. Maynard Michel of this Laboratory. The 

technique used for its preparation has been discussed elsewhere ° ; however, 

for the sake of completeness, the purfication procedure will be briefly • 

described here. 

The starting material is ordinary distilled water. This is passed 

through a 1.7 in. diameter by 5 ft long mixed resin ion-exchange column 
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Table I. Summary of ion-exchange columns. 

Alcoholic HC1 column 

Purpose: Actinide-lanthanide group separation. 
• 	 + 

Resin: Dowex 70 x 4; H form washed with load acidity. 

temperature: Room temperature. 

Load: 0.7-0.1 M HC1 (load volume can be large—many FCV) 

Elution behavior: First add 2-3 FCV of 2 M HC1 to partially shrink 

the resin (this moves the transcurium elements slightly dow-n and 

decreases the penetration due to the resin shrinkage). Then 

elute with 20.V% Et0H-HC1 gassed up (12.7 M 1101) in ice until no 

heat is liberated and then allowed to equilibrate back to RT. 

Elution rate 200k/cm2/min. Actinides elute after 3 FCV of 

EtOH-HC1, well ahead of R.E., ytterbium being first to follow. 

The elution sequence is in the order of decreasing atomic 

number. 	 • 	 . 

Remarks: HC1 must be saturated. 

Anion clean-up column 

Purpose: Iron and pu2 0 (daughter of c 2 ) clean-up. 

Resin: Dowex 1 >< B, treated with 8 M HC1. 

Temperature: Room temperature. 

Load: 8MHC1. 	 • 	 • 	: 

Elution behSvior: Elute with 8 M Rd. The actinides and lantha-

nides virtually wash through but the Fe 	and Pu • chloride 

complexes are held very tightly at the top of the column. 
 Remarks: Make sure that iron and Pu are preaent as Fe 
3+ and Pu 

respectively. 	 • 

(continued) 
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Table I,. Continued. 

3. LiNO3  column 

Purpose: Am-Cm separation. 

Resin: Dowex 1 x 8, pretreated with load solution. 

Temperature: Room temperature or 87
0
C. The column is 50% faster 

at high temperature. 
+ 

Load: 10 M LiNO - 0.007 M H 

Elution behavior: Elute with 4.2 M LiNO3 - 0.007 M H. Elution 

order is that of decreasing atomic number. 

Remarks: Low acidity is essential. 

. 'but column 

Purpose: Individual actiiide separation. 

Resin: Dowex 70 X,12, NH 	form. 

Temperature: 85
0
C. 

Load: 0.07 N HC1 (minimum volume). 

Elution behavior: Elute with oJi- N a-hydroxy isobutyric acid 

"but" at pH 4.2-4.6. 

Remarks: Very tricky to run; "but" concentration and pH are 

quite critical. 

5. "but" clean-up column 

Purpose: To remove "but'. 

Resin: Dowex 50 x 4. 

Temperature: Room temperature. 

Load: Cm fraction obtained from "but" column was brought-to pH 3 

with 1 N HC1 and enough excess HC1 was added to give 0.05 M free 

HC1. 

Elution behavior: Elute with 1.5 N HC1. 

continued). 



6. Clean-up column 

Purpose: Separation of actinides from general inorganic crud like 

Ca, Sr, Al, Ba, Mg, etc. 

Resin: Dowex 70 X 4. -  

Temperature: Room temperature. 

Load: 0.7-0. 1  M HC1. 

Elution behavior: Elute with 2 M 1101 until first indication of 

activity; then remove excess of 2 M HCl from the top of the 

column, and finally strip Cm with 6 M HC1. 

Remarks: The activity should not be stripped with 6 M HC1 too 

early; Ca, Sr, Al, and Ba elute only shortly before the acti- 
H 	 +)4 

nides peak. Use of the 6 M stip will carry any Zr in the 

feed into the product unless a close post-actinide cut is made. 



constructed completely of polytetrafluoroethane (Teflon). The effluent 

from the column is continuously introduced, via polypropylene tubing, into 

• 	the first stage of a two-stage continuous quartz still. Both stages oper- 

ate  with a continuous overflow to ayoid conëentration of contaminants in 

the boilers. The overflow from the second stage is the source of inter-

mediate-purity water (conductivity water) mentioned above. The condensate 

from the second stage is piped through polypropylene to specially prepared 

• 

	

	 polyethylene containers for storage. A typical spectrographic analysis of 

the product is shown in Table II. 

High purity HC1 solutions were prepared by two different techniques. 

Firstly, quartz distilled water was vapor-equilibrated with five-fold excess 

of 12 M HCl (150  ml of quartz distilled water in a specially cleaned poly-

ethylene bottle, the so-called product vessel equilibrated with 750  ml of 

12 M HCl). The spectrographic analysis of this HC1 is shown in Table II. 

Secondly, some of the high purity HC1 was supplied by Dr. Jere Green from 

a stock which he prepared foi his californium work. The technique used 

for its preparation has been discussed in his thesis; however, for the 

èake of completeness, the purification procedure will be briefly discussed 

here. 

Room temperature saturated HC1 was prepared by the treatment of 

quaftz distilled water, contained in a specially cleaned polrethylene 

bottle, with purified anhydrous HC1 gas. The source of the HC1 gas was 

preparative grade tank HC1 which was allowed to flow slowly through a 

Pyrex entrainment trap, a Pyrex prebubbler containing saturated H01 solu-

tion, and finally through a second Pyrex entrainment trap and aleached 

quartz wool plug filter. All lines between the quartz wool filter and the 

bubbler tube were made of leached quartz tubing. The spectrographic anal-

ysis of this acid is also sháwn in Table II. Various P01 solutions were 

made by dilution with quartz distilled water in specially cleaned poly -

ethylene bottle. 
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Table III. Limits of spectrographic detection by the copper spark method 
for common impurities expressed in micrograms. 

0.01 g 	Al, Be, Ca, Cr, Eu, Fe, La, Mg, Mn, Mo, Nb, Si, Sr, Ti, Yb, Y. Zr. 

0.05 4g 	Bi, Co, Ge, In, Ni, Sm, V. 

0.1 	g 	Ce, Nd, Pb, Pt, Sn, U, W, Zn. 	' 

0.5 	g 	Cd, Ir, Sb, Th. 

1 	ig 	K, Li, Na, Np, Pu. ' 
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All the quartz cones, polyethylene pipettes and containers, etc. 

used in this work were the ones which had been leached with concentrated 

HC1 for a long time and then rinsed with conductivity water and finally 

with quartz distilled water. 

In this way very pure solutions of Cm were obtained. 

Curium trifluoride was precipitated from the curium solution in 

HC1 by the addition of excess aqueous hydrofluoric acid (obtained by vapor 

equilibration of quartz distilled water in a speciallr cleaned poiethylene 

container with five- to seveii-fold excess of commercial concentrated HF 

solution) to make the final solution approximately 2 M in HF. The precip-

itation was carried out in a specially clean polystyrene centrifuge cone. 

After haing centrifuged, the precipitate was washed two times with about 

-iO times its volume of quartz distilled water and two times with similar 

amounts of absolute ethylalohol. It was then allowed to air-dry by 

leaving the cone open to the atmosphere. Upon drying, the trifluoride 

compacted into a few small pieces of hard translucent material of porce- 

lain_likeappearance. It is worthy of note that the trifluoride should 

be obtained in the form of compact chunks rather than in the form of 

powder: first, because powder material will not yield a single globule of 

• well agglomerated metal at ordinary reduction temperature; and, second, 

to maintain ease of loading in the crucible system. This material pre-

sumably is hydrated, since air-dried aqueous precipitates of PuP have 

been shoñ to contain chemically bound water. 

The trifluoide chunks so obtained in the previous operation were 

transferred to a pldtinum crucible and dried for 6 to 7 hr in a stream of 

anhydrous ELF gas atabout 600
0c. Pure HF was obtained by thermal decom-

position of NaHF, treatment of the condensed ELF with a small amount of 

elemental fluorine, and subsequent double distillation. Finally the 

fluoride chunks were transferred to a small quartz container and stored 

in a .microdesiccator over phosphorous pentoxide. 
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c), Type of crucible system 

Ideally, the crucible system should fulfill the following require- 

ments: 

be unreactive 

yield reproducible effusion conditions 

keep solid reductant metal from contacting the fluoride 

) be easy to load 

7) permit easy removal of the product. 

As mentioned previously, double crucible systems made either from 

refractory oxides or tantalum have been used successfully in metal prep-

aration. Refractory oxide systems have the disadvantage that they must 

be fired at 1600-1800 C for several hours in order to harden and degas 

them. The effusion orifice is not reproducible, and it is difficult to 

estimate the rate of effusion of the excess reductant and consequently the 

rediction time. The porosit of the refractory inner crucible is variable. 

The metal often soaks into the crucible. As a result of these difficulties 

tantalum crucibles have beenused in all the reductions. 

Tantalum has the disadvantage that it is wet by curium thetal, and 

molten cui- ium dissolves appreciable amounts of tantalum. TherefOre, a 

small conical spiral of 5 mil tungsten wire has been used to hold the 

chunk in the tantalum crucible in order to minimize the tantalum surface 

exposed. 

drawing of the entire reduction system is given in Fig. 18. 

It corsists of an all-tantalum double crucible system [Fig. 18(b)] sus- 

pended inside a cylindrical induction shield made of 2 or 4 mil tantalum 

sheet. Inside this inner tantalum crucible is placed a stand made of 

tantalum foil fitted with a small conical spiral of 5 mil tungsten wire 

which receives the fluoride chunk. The use of a spiral in place of the 

tantalum basket employed by McWhan and co-workers 2  is a decided improve-

ment, since much less wire is exposed for the product metal to wet. The 

p. 
	 crucible cap is pierced with a small effusion hole of about 1/5-1/2mm 
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Figure 18. Fluoride reduction apparatus. 

Ta crucible and induction shield suspended in high vacuum line. 

Ta crucible and stand containing W-spiral and Ba metal. 
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diameter through which the barium reductant and BaF2  effuse. An arm of a 

high vacuum line is surrounded with an induction coil, in the center of 

which are suspended the crucible and shield. The size of the hole drilled 

in the cap of the crucible can be adjusted to fit the desired duration of 

reduction at the chosen reduction temperature. The rate of effusion from 

a crucible can be estimated from Knudsen conditions by the equation. 

R(moles/min/mm2 ) = 3.7 x 10 2  P/MT 

where R is the rate of effusion of a gas from the orifice in moles per 

thinute per mm2  of orifice area, P is the vapor pressure of the curium 

or barium, M is the molecular weight, and T is the absolute tempera- 

ture. (As the system does not match ideal conditions for Knudsen effusion, 

the actual effusion will be slower than the above estimate.) An effusion 

hole of about 1/2 mm is convenient for most reductions. 

d) Reduction. temperature and duration of reduction 

The reduction temperature is critical. If it is too low, the re-

sulting metal is powdery if it is too high, the metal vaporizes. 

The reduction time is dependent on the temperature, size of the 

crucible orifice, and amount and nature o•excess reductant. In all the 

reductions of CmF3 , metal of good appearance was obtained in high yield 

by maintaining a reduction temperature of abOut 1320 to 136000 for 2 mm. 

Additional heting for 3 to 4 min at about 12300
C served to remove excess 

barium as well as the barium fluoride slag. Finally the metal was an-

nealed for 1 min at about 1100
0
C in order to get well-crystallized metal. 

No detectable loss of curium from the crucible system was observed 

• under these conditions. 

Elemental curium prepared as described exhibited a bright silvery 

surface which did nottarnish readily when exposed to air. The reductant 

meal Ba was not detected in any of the curium metal preparations. 

C 

Ps. 

S 
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e) Method of heating 

Three methods of heating can be used with varying degrees of 

sucCess: 

electron bombardment 

resistance heating 

induction heating. 

The choice among them is mainly one of convenience and reproducibility. 

Electron bombardment is the most efficient, but the measurement of the 

temperature with an optical pyrometer is uncertain because of reflection 

from the filament and the emissivity correction that has to be made. Far 

more important is the difficulty of controlling the temperature because 

of the arcing that occurs when excess barium effuses from the crucible. 

Resistance heating is inefficient, but it provides good tempera-

ture control from the reduction temperature to room temperature. As with 

electron bombardment, the effusion of the excess barium can he followed 

by its green glow. This method has two disadvantages: first, the coil 

is fragile, and second, the tantalum crucible has to be insulated from 

the heater. 

The induction heater provides accurate temperature control, per-

mits accurate temperature measurements, and is easy to use. In all the 

reductions the blank tantalum assembly was d.egased at >1000
0
C for 20-30  

min or until the pressure fell to less than 106 	Hg. (Besides degas- 

sing, this served to volatilize copper deposited during spot welding of 

the tantalum cbmpon4nts.) This step is necessary since otherwise the 

copper condenses on the walls of the vacuum system during temperature 

calibration and would lead to an errbr in the temperature measurement 

if not removed beforehand. Since the power required to bring the crucible 

to a certain temperature varies with the orientation of the crOcible, 

shield, and induction coil, an empirical correlation must be established 

between the current reading of the power generator and the temperature of 

• •• 	the crucible, as observed under black body conditions with an optical 

pyrometer through a hole in the shield. This calibration was performed 

before each trifluoride reduction. 
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After cooling, a piece or several pieces of CmF3 , depending upon 

size, were placed in the tungsten spiral attached to the stand. Enough 

freshly cut barium metal. (sufficient to provide about a ten-fold excess 

over that required for reduction) was dropped into the bottom of the 

crucible. The crucible, stand, cap, and induction shield were reassembled 

and taken as quickly as possible to the high vacuuni line, in which they 

were calibrated, and the system was evacuated as quickly as possible to' 

avoid reation of the barium with the atmosphere. Pumping was continued 

until the pressure in the line fell to less than 10 mm Hg. Now the re-

duction was carried out using the following "heating sequence': 

i) An initial outgassing by gradual increase of temperature to 

about 300
0C. This was performed after the system had reached about 

• 

	

	5 X 10 mm Hg or less. After outgassing, the pressure was again allowed 

to drop to the starting pressure. 

• 	2) Heated for about 2 min between 1320 and 1360
0
C for reduction. 

• 	 3) Additional heating for 4 Min at about 1230
0C was done to remove 

excess barium and BaF2 . 

) Annealing for 1 min at about 1100
0C was performed to get well- 

crystallized ii'ietal. 

Finally the entire system was cooled under vacuum overnight, the 

stand cbntàining the spiral and curium metal was taken out, and the metal 

was removed from the spiral. 

Purity of curium metal: Samples of the curium metal from each re-

duction were analyzed by spectrographic emission analysis, using copper 

spark excitation. The spectrographic results for all the samples are shown 

in Table IV. The limits of detection by this method have already been 

tabulated in Table III. 

A few micrograms of metal from each reduction were loaded into 

thin-wall quartz capillaries and the diffraction pattern was obtained with 

a darrell-Ash Model 80-010 microfu.cus x-ray unit, using the vertical tube, 

Y27 arid a horizontal line filament cathode, 'Y.37 in conjuiction with a 
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Table IV. 	Purity of curium rnetal.a 

Spectrographic results 
X-ray results 

Sample 
no. 

.__.---- - _. - 	--- 

I. 

_.. ------- 

Nothing was detected except Ca X-ray diffraction pattern was iden- 

(O.Cl 	g Ca in 40 	g  of Cm). 
tified by comparing with WallmanflS 

This amount of Ca is about the dhcp structure film of Cm metal. 
- 

same as in blank (see Table II). - 

X-ray film identified 
2. . 	

. 

5. Nothing was detected except C 

(nO.02 	g Ca in z50 kLg of Cm);  

- a little more than the amount of - 

Ca in blank. - 

- 
X-ray film identified and lattice 

- parameters calculated. 

Nothing was detected except Ca Xray film identified. 
5. 

(n0.01 4g Ca in n50 P.g of Cm);  

same as in.blank. 	. 

specially looked for in spectrographic anal ysis but was not detected aBa  was - 

in any sample.  



Norelco 57 mm diameter camera. X-ray results are also included in Table IV. 

From sample no. 4 a very good diffraction pattern was obtained (including 

high angle lines and K9 1 , Ka resolution); therefore, the lattice parameters 

were calculated by using a least-squares analytical treatment, programmed 

into a computer by Mueller and Heaton. 33  Observed intensities were compared 

with calculated values obtained from a 709 0  computer, using the intensity 

program of Smith. 	Curium metal showed a double hexagohal close-packed 

structure similar to a-lanthanum and the lattice parameters so obtained are: 

a = 3.97±0 . 00 X 
c = 11.350.005 

These lattice parameters agree very well with those published by Cunningham 

and Wallthann. 2  We were able to index all the lines as dhcp except one 

which could not be identified with certainty. Most probably it may be in-

dexed as fcc due to CmO. 

Mass analysis showed the isotopic composition of the curium used 

in this work to be: Cm
244 

 96.59%; C M
245, 

1.59%;  Cm26., 1.82%. 

B. Preparation of Protactinium Metal 

Grdsse and Arguss35  obtained protactinium in its elemental state 

for the first time by: i) bombarding the.pentoxid.e with 35 kV electrons 

and 2) decomposition of the pCntachlorid.e on a hot filament. The prep-

aration of protactinium metal by reduction of the tetrafluoride (PaF) with 

barium at 1400C  was later described by Sellers, Fried, Elson, and Zach-

ariaserl5  in l95. 

The protactinium metal used in this work was the one prepared by. 

Professor B. B. Cunningham for his crystallographic studies and melting 

point determination. Some of the properties of protactinium metal, like 

crystal structure, melting point, and magnetic susceptibility. have been 



reported by Cunningham. 7  The protactinium metal was prepared as follows. 

Purification of Pa2O 5 : The starting material for the various preparations 

of protactinium metal was the impure oxide stock. The purification of the 

impure oxide was achieved by two separate schemes. The first batch of Pa 20 5  

was known to contain several weight percent of niobium. The procedure used 

to remove niobium is described as follows. 

The pentoxide was dissolved in hydrofluoric acid and the protac-

tinium was precipitated as K2PaF7  by the addition of two moles of potassium 

fluoride per mole of protactinium. The precipitate was collected by cen-

trifugation, and after removing the supernatant liquid the compound was dis-

solved in a minimum volume of hot (870c) 5% hydrofluoric acid. Needle-like 

crystals of dipotassium protactinium hëpta-fluoride were obtained on cooling. 

This step of crystallization from 5% hydrofluoric acid was repeated. The 

recrystallized heptafluoride so obtained was then dissolved in hot concen-

trated sulfuric aci. The concentrated sulfuric acid solution was diluted 

to 6 N and protactinium iodate precipitated by the addition of a slight 

excess of iodic acid. The iodate precipitate was collected by centrifu-

gation and then dissolved in 12 M hydrochloric acid. On heating the hydro-

chloric acid solution, the protactinium oxide precipitated slowly. The 

oxide was washed with 6 M HC1 and then dried slowly under an infra-red 

lamp, to, form a few hard coherent flakes. Spectrographic analysis of a 

portion of this oxide showed niobium to be below the limib of spectro-

graphic detection (less than 0.2%). 

Subsequently, another batch of Pa 205  (o mg) was purified by 

double precipitation as K2PaF7 , dissolution of the, double fluoride in 

2.5 N HF, precipitation of the hydroxide by.exposure of the HF solution 

to excess NH gas, washing with dilute ammonia, and slow drying of the 

° hydroxide in a polyethylene cone at 85c. 

On drying, the hydroxide shrank to form a single 'hard pellet, which 

was readily detached from the walls of the cone. 
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Spectrographic analysis of the solution of protactinium in 2.5 N 

1fF had shown the niobium to be below the limit of detection. The only 

impurity detected was 0.3%  Ca. 

protactinium tetrafluoride: Protactinium tetrafluoride was prepared es-

sentiafly according to the method of Stein, 	by treating the purified 

oxide first in a stream of hydrogen for 15 min at 600
0c, and then with 

an equimolar mixture of pure hydrogen and HP gases for 30 min at the same 

temperature. Pure HP was obtained as mentioned previously by thermal de-

composition of NaHF, treatment of the condensed HF with fluorine, and sub-

sequent double dislillation. 

The tetrafluoride obtained from the first batch (10 mg) of oxide 

was a deep chocolate brown in color. Coherence of the origiflal oxide 

flakes had been largely maintained, so that the tetrafluoride could be 

readily handled with forceps. 

• 	'HydrofI.uoriration of the 40 mg oxide lump yielded a product of 

quite differert physical appearance. The dark brown fluoride was disposed 

in the form of a continuous layer adhering to the sides and bottom of the 

platinium crucible. Unfortunately, the recovery of the bulk of the material 

in the form of sizeable chunks (as desired) could not be effected because 

of its strong adherence to the crucible surface. It was removed essentially 

as a fine powder. 

PaF gave an extremely complex x-ray diffraction pattern, which 

seems to resemble closely that, of ThF 1 . Therefore the PaP )4  so obtained 

was isostructUral with ThF )4 . 

Protactinium metal preparation: Chunks of PaP )4  as obtained'by the hydro-

fluorination of the first batch of oxide were reduced with barium metal 

vapor at temperatures between 1300-1)400
0
C. The reductions were carried 

out in an all-tantalum double crucible sytem, using a' 3 mil tungsten wire 

spiral for holding, the chunk, exactly of the same type as used for the 

preparation of Cm metal, described in detail in the previous section. Good 

protactinium metal was obtained under these, conditions. 
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The compact metal was quite soft and its surface could be cleaned 

readily by scraping with a scalpel blade. The freshly exposed surface was 

silvery in appearance, but became darker rather quickly oh being exposed 

to air. Subsequent oxidation proceeded slowly, however, and pieces of 

metal exposed to air for a period of a week showed only superficial 

oxidation. 	 . 

Two attempts were made to prepare protactinium metal from the pow-

dered fluoride at a reduction temperature of z100
0C; small thoria crucibles 

were used to contain the powder. 

The first attempt was successful, yielding about 2 mg of Pa metal 

in the form of a thin sheet extending across the bottom of the crucible. 

The product was soft and malleable, similar to the riietai produced previously. 

Spectrographic analysis of a 10 ig sample from this metal detected no 

impurities. 

Another attempt was made to reduce the PaF )  powder in a very tightly 

wound 3  mil tungsten wire spiral, but unfortunately the metal was found to 

spread over and between the tungsten coils, and was not recoverable in any 

useful form. 

inally, in an attempt to make a pellet from the powdered PaF y  a 

pellet press was made by drilling 1/16_in. holes in 1/4_in. tungsten plate; 

a tungsten plug (1/8 in.) and plunger (3/)4  in..) were made from a tungsten 

rod. A fairly good pellet  was obtained by pressing PaF1  powder in the above 

mentioned pres, using a small vise. Ninety percent of the powder (esti-

mated only) was recovered in pellet form. The pellet was crumbling some-

what on one side and the excess powder material was stored in a capillary 

under vacuum. Reduction of this PaF 1  pellet gave good results, but unfor-

tunately the tungsten wires seemed quite well imbedded in the Pa metal. 

The excess of the powdered PaF 1  recovered during pellet formation 

as loaded.for susceptibility measurements but was found to be highly con-

taminated with ferromagnetic impurities. These impurities were obviously 

picked up during pelleting. Therefore another batch of protactinium was 
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cleaned for making some more PaF; we hoped it would be in the form of 

chunk, for susceptibility measurements. This purification will be de-

scribed shortly. 

The protactinium metals so obtained, as reported by Cunningham, 7  

gave good x-ray diffraction patterns. He observed diffraction lines from 

both PaO and Pa02 , but the remaining lines he was able to ihdex according 

to a body-centered tetragonal structure, in agreement with the earlier work 

of Zachariasen. 	The lattice parameters, derived from a least-squares fit 

of the diffraction data are a = 3.929±0.003 A.  and c = 3.21±0.00 	at 

room temperature. 

Fiially another batch of about 50 mg of protactinium, which was 

known to contain several grams of cerium, was purified as follows. 

The solid cake containing Ce, Pa, and other common impurities was 

• 	dissolved partly in 10 M HNO 3  and 0.01 M HF,. .and the remaining sOlid resi- 

due was cooked with concentrated H2S0 to dryness and picked up in 10 M 

• HNO3  + 0.01 M HF solution. From the solution so obtained, Ce and Pa both 

were precipitated as hydroxides by using concentrated aqueous ammonia. It 

may be worthy of mention that protactinium polynierizes around pH 7 (neutral 

solution), so first the acid was neutralized slowly by adding small amounts 

of ammonia at a time and then immediately a large excess of ammonia was 

added in order to avoid neutral medium as far as possible. The hydroxide 

precipitate was collected by centrifugation, the supernatant liquid re-

moved, and the precipitate washed with conductivity water. 

The hydroxide precipitate was then dissolved in 10 M HNO 3  containing 

0.1 M KBrO. From this solution (n oxidizing medium) Ce(IV) and protac-

tinium (presumably pentavalent) both were extracted in 0.15 M HDERP. 

[hydrogen di(.2-ethylhexyi)orthophosphoric acid] (C 8H 70) 2  PH(OH) in heptane. 

Three to four such solvent extractions were carried out, using equal volumes 

of HDEIIP. All the ce±'ium and most of the protactinium came in the organic 

phase. From this organic phase the cerium was stripped by using 8 M i-1NO3  

and 1.5 M H202 ; along with the Oerium and most of the decay products ot 
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protactinium, only a negligible amount of protactinium came down in aqueous 

solution. From the organic solution free from cerium the "goodies" were 

stripped by using 5% HF. In this day we obtained about 49  mg of protac-

tinium in 5% HF. Spec.trographic analysis of a portion ofthis solution 

showed cerium to be below the limit of spectrographic detection (less than 

0.1%). The only impurities present were: Al, 21.; Ti, 1.7;  Fe, 0.1; 

Zr, 0.09;  Nb,  0.05;  Mg,  0.05; Ca,0.05all in mole %. 

It is well known that hydrofluoric acid prevents the extensive 

hydrolysis of protactinium in aqueous solution and is the preferred solvent 

• for this element. Therefore, the solution so obtained in the previous op-

eration was loaded on a 10 cm long column of Dowex 1 x 10, J-I-OO  mesh size 

anion exchange resin 59  in a 1.5 cm diameter polystyrene tube closed at the 

bottom with a cotton plug. After loading, the resin bed was washed with 

about four free column volOmes of 2.5-5  M vapor-equilibrated ELF. The pro- 

• tactinium was then eluted partly with l-i- M vapor-equilibrated HF and some 

with 18 M vapor-equilibrated HF. Spectrographic analysis of a portion of 

this solution showed Al, Ti, Fe, Zr, Nb, Mg, and Ca to be below the limit 

of spectrographic detection. The only impurity detected was 0.2% Si. 

Finally, in order to reduce the volume, the protactinium solution 

was 'evaporated and a hydroxide precipitation .carried out by exposing the 

HF solution to excess NH5  gas, washing with dilute ammonia, and slow 

drying of the hydroxide in a polyethylene cone at 85
0
C. 

On drying, the hydroxide shrank to form a hard pellet, and 

starting from this the PaF 2  was prepared essentially in the same way 

as mentioned earlier in this section. 	•. 
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• 	 VI.. RESULTS AND DISCUSSION 

A. Calorimetric Measuremnts of the Heat 

of Solution of Curium Metal 

The experimentally observed heats of solution of curium metal in 

1.0 M HC1 at 298.L±0.2
0
K are tabulated in Table V. The sample numbers 

refer to the preparations listed in Table IV. 

Sample no. 2 had a tungsten wire imbedded in the curium metal 

(weight of Cm.+ W-wire = 220.8 pig). The weight of the tungsten wire 

(28.8 pg) was estimated from its diameter (3 mu) and length (13.7  mu), 

• 	 taking the density of tungsten to be 19.3 g/cc. 

Sample no. 3 also had a tungsten wire (3 inil diameter) imbeddéd 

in it (weight of Cm + W-wire = 94.6 tg) and its weight (41.9 pig) also esti-

mated in the same way. After the calorimeter run, the W-wire was picked 

up from the spool, •dried overnight (by leaving it in an open pdtri dish)., 

•andweighed on the microalance. It weighed 42.1 ig. The 0.8 ig differ-

ence between this weight and the estimated one is ascribed to some of the 

curium oxide sticking on it. After picking up the tungsten wire from the 

curium solution in the spool, unfortunately, it was notcleaned but just 

dried and weighed. Its estimated weight was incorporated into the calcu-

lations in order to be consistent with sample no. 2. 

The weight of sample no. 4 was determined by radiornetric assay 
244 

after the calorimeter run, taking the half life of the mixture (Cm 	, 

97.6%; Cm25, 1.59%;  Cm246, 1.82%;  p2O 0.97%) to be 18.9331  yr and 

the geometry of the counter to be 51.9%. The half-life of the above-

mentioned mixture was calculated from the, half-lives of various isotopes 

present (t1 	
LiO 

2 Cm 	
= 18.11 yr ; t1/2 Cm 245 = 9320 yr 41 ; t1 2 	

246 
Cm 	= 

48o yr37; and t 1/2  Pu 	= 6600 yr. 1  The geometry of the counter was 

experimentally determined by counting a Curium plate in our counter and 

then counting the same plate in another counter of accurately known geom-

etry. Even so the weight of the sample may be good within ±1%.  The weight 

of this sample as obtained by normal weighing on the microbalance before 
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Table V. 	Heat of solution of curium metal in 1.0 M .HC1. 

Sample 
no. 

Weight of 
sample (ig) 

Micromoles 
of 	curium 

Heat evolved 
(cal) 

LH 

(kca1/mol) 

1 118.3 o.4848 0.0677 -139.60. 
2 192.0 0.7869 0.1101 - 139.9 0 .5 

3 52.7 0.2160 0.0302  _139.8±1.0 

70.3 0.2881 0.00 -1021.0 

Average 139.9±1.0 
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loading in the microcalorirneter showed it to be 67.1 pig. The difference 

(3.2 pg) between this weight, and the one determined by radiometric assay 

is attributed to two factors: 

During the operations of loading and sealing the bulb some of 

the wax (previously tare weighed) chipped off. 

The heating wire may be too hot and thereby result in consid-

erable evaporation of the Apiezon wax. 

With all this in view and because of the small weights of samples 

no. 5 and no. 4, the experimental uncertainty in the results of these two 

samples is given as 11 kcal/mole. In order to know the heat of solution 

of curium metal accurate to within a few tenths of a kcal, it will be worth-

while to make some more Cm runs in the future on a large scale (oo600 pg). 

This size sample will give much more heat and thereby push the number on 

the heat of solution of Cm metal to within a few tenths of a kcal., 

It may not be out of the place here to say a few words about units, 

auxiliary thermodynamic data, etc. In our thermochemical calculations we 

have taken the'caloie to be equal to 4k180 absolute joules. 

All auxiliary thermodynamic data for which no reference is given 

have been taken from "Selected Values of Chemical Thermodynamic Properties,' 

U. S. Bureau of Standards Circular 700 (1972 ). 

The calorimetric measurements of the heat of solution of curium 

metal in 1.0 M HC1 permit the calculation of the heats of formation of 

CmC1 	and Cm+5 	. 5(c) 	(aq) 	2 
Westrum and Robinson measured the heat of solution of PuCl / 

in various concentrations of hydrochloric acid, obtaining ._22.l5±0.l, 

-29.50.1, and _31.76±0.1 kcal/mole in 6 M, 1.5 M, and 0.1 M acid" 

respectively. 	 ,
43 Fuger and Cunningham reported 5L60±0.55 kcal/mole for the heat 

of solution of PuCl 5 	in 0.001 M HCl0, 0.099 M NHCl0. They also re- 

ported _50.60±0.2 and _35.56±0.25 kcal/mole for the heat of solution of 

AmCl ) 'in 1.7 and 0.001 M HC1 respectively. 	 .. 	. 
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One may use the data given above to arrive at an estimate for the 

heat of formation of CmC1 	and Cm 
-1-3 

3(c) 	(aq) 
The heat of solution of AmC1 3( 	in 1.5 M HC1 is more negative than 

that of PuC1 	in acid of the same concentration [H solution of AmCl 
3(c) 	 (c) 

H solution of PuC13( ) = _30.6±O.2 - (_29.5±0.1) = 1.1±0.3] by 1.1±0.3 kcal. 

For (HC1) O.l M to 0.001 M, the corresponding difference is 1J ±0.3kcal. 

This difference is obtained by taking the heat of solution of AmC1 3(0)  in 

0.001 M HC1 to be _33.36±0.25 kcal/mole and the corresponding heat of solu-

tioñ of PuC13( 	in 0.001M 1101 to be -31.92 kcal/rnolé, equivalent to that 

obtained by extrapolatiofl of Westrum and Robinson data for the heat cf 

solution of PuC13( 	to infinite dilution (see Fig. 19). Hence, therefore 

H solution of AmC1 	in 0.001 M HC1 - H solution of PuC1 	in 0.001 M 
3(c) 	 - 	 3(c) 

HC1 = -33.36 ±025 - (_31.92±0.2) = 1.±0.3 kcal. 

By extrapolhting the above heat of solution data to CmC13(c) we can 

• 	predict the heat of solution of CmCl 3 	in dilute HC1 of a specified con- 

centration to be more negative by l.2±0J kcal than that of AmCl 3 	in 

acid solution of the same concentration. 

Thus the predicted heat of solution of CmCl3 	in 1.5 M HCl is 

(-30.60±0.2) ± (-1.2±0.) = -31.80.5 kcal/thole. 

From a plot of the PuCIL heat of solution data of Westrum and 

• 	Robinson 	vs 1101 concentration (see Fig. 19), the interpolated difference 

between 1.5 M and 1 M HQ1 is 0.8 kcal/mole. 

Applying this same correction to CmCl 3 , the heat of solution in 

1.0 M HC1 is predicted to be (_31.8±o.3) + (-0.8) = _32.6±0.5 kcal/mole. 

The experimentally observed heat of solution of curium metal in 

1.0 M HC1 corresponds to the reaction 

Cm()  + (3000 to 16000) [HC1.5.2  H20] 	> 

(CinCl3  in (3000-3  to 16000-3) [HC15.2  H20]) ± 3/2 H2(g)• 
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Figure 19.  Plot of PuC13  heat-of-solution data vs TiC1 concentration. 



Neglecting the slight change in coposition of the 1 M HC1 due to 

consumption of HC1 in the dissolution of the metal, and taking the relative 

heat content of HC1 in 1 M 1101 (Hc15.2 1120) to be -596 kcal/mole, we 

calculate the heat of formation of CmCl5  dissolved in [(5000 to 16000) 

HC15.2 1120] to be ( -159.9 ±1 . 0 ) + (-59.6x5) = _258.7 ±1.0 kcal/mole. The 

calculation also ignores the influence of very low concentrations of. CmC1L 5  

on the 1101 heat content. 

Accordingly, the heat of formation of CmOl5(0) = (_258.7±1.0) - 

(-52.6±0.5) = _226.1±1.2 kcal/mole. 

Taking _55.56±0.25 kcal/mole for the heat of solution of AmC1S(c) 

in 0.001 M HOl to be equivalent to that at infinite dilution, and adding 

to it _1.2±0i (predicted difference as already mentioned by extrapolating 

the PuOl 	and AmC1 	data to CmC1 	), we estimate the heat of solu- 5(c) 	5(c) 	 5(c) 
tionof CmC15 	in infinitely dilute HCl to be 55.56±0.25 + (_1.2±0J4) = 

_5.6±0i kcal/mole, whence 

.. cm(aq.) = -226.11.2 + 5(o.02) - 

= _10.6±l.5 kcal/mole 

taking the heat of formation of Cl 	to be -0.02 kcal/mole. 
(aq) 

The heat of solution of curium metal in 1 M 1101 (_159.9±1  kcal/mole), 
43 

is similar to that of p1utoni 	(_158.65±0.7 kcal/mole in 1.5 M 1101) but 

some 22 kcal more positive than that of americium (_162.5±2.7 kcal/mole 

in 1.5 H HC1), although americium and curium metals have similar crystal 

structures and similar lattice parameters. A contributing factor.to this 

difference may be the larger heat of vaporization of curium. In other 

words, the more electropositive nature of americium relative to curium 

may be associated with its low heat of vaporization. 

On the basis of present knowledge of the actinide elements, it 

would appear probable that the thermodynamic properties of the transcurium 
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elements probably will be rather similar to those of curium with a more or 

less regular variation of atomic number, as observed in the lanthanide 

elements 

B. Magnetic Susceptibility of Chrium Metal 

The magnetic susceptibility of a few samples of curium metal has 

been investigated with a special emphasis on ferromagnetic transition and 
• 	behavior at low temperatures, and the results are listed in the following 

tables. The sample numbers, again, refer to the preparations listed in 

Table IV. Sample no. 4 showed field dependence which is attributed to 
contamination with some ferrornagnatic impurities due to much handling of 

the sample. Therefore, the measured susceptibility was corrected for fer- 

• 

	

	rornagnetic impurities by plotting the measured susceptibility vs 1/i and 

extrapolating to 1/i = 0 to get the corrected value, as shown in Fig.. 20. 

The apparatus constants were determined experimentally by cali- 

brating the apparatus with nickelous ammonium sulfate, and the suscepti-

bility of the empty quartz tube (X) was calculated from the measured 

deflection of the quartz tube and the known apparatus constants. The 

uncertainty in the apparatus constants varied from 2.2 to 3.0% depending 

on the current setting. The absolute error in the susceptibility of the 

standard material used in the standardization was assumed to be 2%, and 

this assumption accounts for most of the error in the apparatus consfants. 

Tables VI to IX give the gram susceptibility of different samples 

of curium metal. at different temperatures. Table VI gives the susceptibility 

of sample no. 4 at different fields together with the corrected suscepti-
bility which is given in thelast column of the table (x). 	Table VIII 
gives the susceptibility of sample no. 5 at various fields in and near the 

ferromagnetic region. 	 . 	. 

The plots of the inverse of the gram susceptihili.tr of different 

samples vs the absolute temperature are shown in Figs. 21-23. 



IN 

145°K 

• . 	1.0 

9 

8 

7 

CP 

U)  

6 
C-) 

In 	5 
0 
x 
c 4 

3 

2 

n 

.• 

198°K 
232.2°K 

273°K 
298°K 

0 	 0.25 	0.50 	0.75 

+i') 

MU 8 .10593 

Figure 20. Correction for ferromagnetic impurities (sample no. 



0 
H 0 Lf\ H pc\- - 

0 .G\cO N-\ 
x 

• OH H H H 

• >< 

H 

-zt 

O 0\O OH 0 
C) 

O H H H H 
C) +1 +1 -H +1 + 
H O•O 000 

Lf\rOOcoo 

co ONd: 

H 
ci 

Dzj 000 
N-C)) Lfl\ HO 

0 
co n co N- 

C) 
1C)\ U N- 

• 	
C) • H 
o OH C\Z- 0 

O\ O tSvO 0 
LC\ • +1 o "-0 co "-0 co co N- 
\ Lf u\ "0 D N- O 

-I-) N- 
H 
H N-- • 

X H O\NO 0 
H 0 cY\H LCO CH 

o • CH 
H coo o H H Cl) 
PH 1C\\OD  N- co i 
U) "O 
o 0 
U) H 
C) 
U) X 0 oJ -O 'm 

f\ H co n .H 

0 
H C") 'O O N- N-co 

• 	 U) 
C) 
bU 
ci 

N(\ H H 
'-0 - LC\O 4 

0 I . 0 
• O r\coco co FH 0) "O H-N- aD H 

+1 

U) 

H aD 
ci aD H O\ H 
H I I 0 L1\ 0 

H 
coco O 

Cl) 

0 	• cc f'C\0)  OD 1r\ 
N- re\ C)'\ _t 

F-' 0) 0) C") •-) -H 

-97- 



-98- 

Table VII. 	Magnetic susceptibility of curium nietal (sample no. 	5). 

T( °K) x 	x 106 l/x 	x lO 
g  g 

•298 49.91±O9 2.00 

273 51 75 ± 1.0 1.91 

23 2 . 2 55.10 l.0 1.817 

198 57.78±1.1 1 .731 

17 6 .511.2 1.570 

111.5 8.05±1.3 1.190 

go.o4 120 .79 ±2 .0 0.829 

77 138.2±2.5 0.722 

20 182.7±3.0 0.548  

6-8 207.86±.0 0.l 

= 38t190K 
4eff = 8.10±0.1 P.M. 
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Table VIII. Field dependence of sample no. 5. 

g 
.O A 2.7 A 2.0 A 1.5 A 

111.5 85.34 8.86 

90.04 111.97 119.78 120.59 125.99 

77 151.82 155.51 158.2 17.12  

20 176.O 179.73 182.5 195.55 
6-8 - - 207.86 - 
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Table IX. Magnetic susceptibility of uriurn metal (sample no. 5 • 	 after mechanical deformation)4. 

o 	 6 	 • 	- T( K) 	 X 
g 	 g 

x 10 	 l/X x 10 

• 	 298 	 9.76±0.9 	 2.0096 
273 	 51.331.0 	 1.98 

232.2 	 55.10±1.0 	 1.815 

198 	 57.971.1 	 1.725 
15 	 65.15±1.3 	 1.535 

= 55±200K. 	 =8.02±0.1 B.M.eff 
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From the plot in.Fig. 22 it is clear that the metal follows the 

Curie-Weiss law in the temperature range from 298-170K.  The same be-

havior wag observed by Marei in five of his samples. This law can be 

expressedin the form 

C 
XM (T+A) 

where 

= the molar magnetic susceptibility, 

T = absolute temperature, 

= molecular field constant or Weiss constant, 

C = proportionality .constant. 

The molecular field constant was calculated for the different 

samples from the plbtof l/Xg  vs T by using an IBM 709 computer least-

squares-fit program. This program essentially uses the equation 

x-1  
= 	- T , 	 (ii) 

wheie S is the slope of the best straight line passing through the points. 

The 	value for each of the samples is given at the end of the 

corresponding table . 

The effective moments (in Bohr magnetons) were calculated for the: 

different samples from the measured susceptibility and the calculated 

values as follows. 

• 	Paramagnetic susceptibility per mole corrected for the diamagnetism 
corr 

aue to closed shell (.XM • ) is given by the Curie-Weiss law as mentioned 

earlier: 

corr 	C 
. 	 .• 	 • 	(18) 
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The molar susceptibility of a substance containing, independent atoms ions 

or molecules each of magnetic moment i (in B.M.) is given by 

c0rr - N 2/k 
M 	T 	' 

where 

N = Avogadro's number, 

k = Boltzmannts constant.' 

Assuming that the magnetic dipoles in various ions, atoms, or 

molecules of a solid are not completely independent but that the orienta-

tion of each one is influenced by the orientation of its neighbors as well 
Corr 

as by the field to which it is subjected, X, 	will be given by 

ycor 	N2/3k 	
(20 

Combining Eqs. (18) and (20) we get 

• 	
C = N2/3k  

From Eq. (20) we have 

orr(T+A) = 

	

f7 	orr(T+) - 

Numerical evaluation of3k/N gives 2.8. 	 •. ' 

11 eff n B M = 2 8 	Xrr i 	 (T+) 

For the lerivations of Eqs (19) and (20) one can refer to any of the 
• 	 •• 	

5'6 	 •• 	• • 	 • standard books on magnetism. 	• The effective moment of each sampi.e so 
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calculated is given at the end of the appropriate table (Tables VI, VII, 

and ix). The effective moment for the metal agrees very well with the 

theoretical value of 7.94 B.M. calculated from the configuration of 5f 7 , 

assuming Russell-Saunders coupling. The value agrees also with the re-

cently determined value for the gadolinium metal of 8.07±0.05  B.M. with 

the A value of _310
0K.7 

The effective moment of 8.03±0.1 B.M. obtained in the case of 

curium metal is very close to that to be expected for the +3 ion having 

a 
8
S7/2  grqund state with Russell-Saunders coupling. Therefore the inag 

netic evidence mentioned above suggests that there are 3.0 electrons per 

curium atom used in bonding. The slightly smaller radius of americium 

suggests about 3.2 bondIng electrons per atom for the lighter element. 

However, due to the. large A values found and used in the calculation of 

eff' no final statethent about the exact coupling obeyed in the case of 

the curium matal can be made. 

It is clear from Fig. 22 that the metal deviates from the Curie-

Weiss law below 15
0
TC This is in agreement with the observation made by 

Marei based on the results of five different samples. Obviously the mtal 

bedomes ferromagnetic in the temperature region (77_150K). The Curie 

temperature Tc so calculated is 131±10
0
K. In order to deterthine a more 

accurate value for T, more measurements below 1-5
0
K should be made in the 

future at smaller intervals of temperature. At liquid hydrogen and helium 

temperatures the metal again seems to show paramagnetic behavior. No evi-

dence of antiferrornagnetic behavior, however, was observed. Table Viii 

shows the field dependence of curium metal below 15
0
K (in and near the 

ferromagnetic region). 

The correlation between the crystal structure of the trivalent 

transition metals and the presence or absence of ferromagnetism (the term 

used in the restricted sense, that is, where there is a net spontaneous 

polarization) is surprisingly good. Scandium, yttrium, lanthanum, ytter-

bium,. and lutetium are not expected to be ferromagnetic, because they do 
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not have any unpaired L.f electrons, while all of the other metals do. The 

light rare earths—all of which have complex structures—are not ferromag-

netic, but the heavy rare earths—which have the normal hexagonal close- 

• 	 packed structure—are ferromagnetic (see Figi 24, taken from Gschneidner 
48 

and Matthias ). The ferromagnetic Curie temperatures have been shown by 
49 

de qennes 	(see Figs. 2 and 25) to be proportional to J(J+l)(g_l) 2 , 

where J is equal to L+S  for the rare earths beyond gadolinium and g is 

• 	 the spectroscopic splitting factor, defined as 

g = 1 
+ s±i) + ( j+i) - L(L+1) 

2J(J+l) 

Figure 25 has been taken from the original paper of de qennes, 9  and is 

more or. less the same as Fig. 24 except that it is drawn on a bigger scale 

and therefore reveals much better the correlation between experimentally 

determined Curie points and those predicted by de Gennes on the basis of 

proportionality to J(J±l)(g1) 2 . 

Before any such correlation can be attempted in the case of the 

actinides, one has to wait till some experimental data about the ferromag-

netic behavior of heavy transuranium elements is obtained. The prebence 

of ferromagnetism in double hexagonal close-packed curium is inconsistent 

with its absence in all of the rare earth metals which crystallize in this 

same structure. Suffice to say that at present the relation beteen ferro-

magnetic behavior and the crystal structure in the actinide metals is not 

understood. 

Marej found theA, values for different curium metal samples 

ranging from 155-3)80K.  In order to determine the effect of mechanical 

deformation on the 	value the sample no. 5 was reinesured after mech- 

• 	anically deforniing the curium metal piece. The uncertainty in 	value is 

such that it is very hard to draw any conclusion regarding the effect of 

mechanical deformation. The L values before and after deformation are 

8190K and 35±20 0K. respectively. Nothing can be said conclusively as 
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to whether this difference is due to mechanical deformation or just the 

uncertainty in A value. 

We have seen that at low temperatures the linear relationship 

betweefl i/X and T does not hold in many cases. The deviations from the 

Curie lawhave two causes: 

The field of the surrounding ions (in salts) or conduction 

electrons splits the levels of the free atomic system into a number of 

sublevels, each of which has another magnetic behavior, etpressed by the. 

Land6 g factor. These sublevels are occupied according to the Boitzmann 

law: at T = 0 only the lowest level is occupied and already at moderate 

• 	• 	temperature the subleVels are occupied nearly equally, in which case- 

according to the theorem of spectroscopic stability—the magnetism comes 

• out as if no splitting would exist. 	 .. 

This splitting would never give ferromagnetism. Heisenberg, 

using the principles of quantum theory, found that there is an exchange 

energy between neighboring magnetic ions, which can be either so that the 

parallel orientation of the moments is favored (ferromagnetism) or the 

antiparallel (antiferromagnetism). This exchange coupling gives the ex-

planation of the inber field of Weiss, the magnitude of which cannot be 

derived by simple classical magnetostatic considerations. 
• 	• • 	• 	In the iron group the effects a) and b) are difficult to sep- 

• • arate, •because the electronic shell responsible for the magnetism is the 

outside shell 3d, which is very much modified by the surrounding atoms. 

So there is no possibility of quantitative comparison between theory and 

experiment. Better objects are the rare earths and actinides because the 

• 	 shell that is the carrier of the magnetism, the 4f and 7f shell r.espec- • 

•tively, is protected by the closed group of the two 5s or 6s and the si 

5p or 6p electrons respectively, so that the 4f  or 5f electrons have no 

immediate contact with the surrounding ions or the conduction electrons. 

• • 	• 	•• 	The salts show only the splitting effects; the sublevels can be 

taken from optical measurements, and—e.g., in the case of Nd and Cm- 
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there is good agreement between the spectroscopic g values and the mag-

netic behavior, as was shown in the beautiful paper of Dieke and Heroux 5°  

(for the Nd case) and by 	
4,51  (for the Cm case). 

• 	 The measurements made by Leipfinger 52  prove that in the salts the 

exchange effects are vanishing. 

In contrast to the sp1ittiig effects, it is well known that some 

of the metals are ferromagnetic, a sign of exchange coupling. So one 

• 	 can hope to get information about the still rather !dark exchange inte- 

• 	 grals by studying the behavior of these metals at low temperatures. How- 

ever, qualitativelyone can say that apparently the mobile or unbound 

conduction electron.s give a much smaller field than the ions of a salt, 

so in most cases the magnetism of these metals would probably give the 

pure exchange effecs. In most of the rare earth metals Like Ce, Pr, Nd, 

• 	• Dy, Yb, etc., the A values are small. However in case of Gd metal the A 

• value is very high, -lO K, and such is the case with Cm metal. Both 

Gd and Cm metals show ferromagnetism; the only difference is that Gd is 

ferromagnetic with. T of i6_18P0 whereas Cm is.ferromagnetic with Tc  of 

ll±lO°K. - 

One other striking similarity between Cm and Gd is the large 

value of A in the metal and the decrease of this value with increasing 

dilution of the magnetic ions in the compound. This can be shown by, com- 

paring the results of some of the compounds of Gd and Cm: 

Compound 	A value 	 Compound 	A value 51 ' 

• 	 •. 	( °C) 	 (°K) 	• 

Gd 2 ) 
0 7 	 18±2 	 CmOC1 	 2±3 

GdC13 	 l 	 CmF1/2(H2O) 	5±3 

Gd2(SO)3 81120 	2 (or zero) 	(Cm-La)F 

* 	 • 
5.6 mo1e % curiam trifluoride diluted with lanthanum trifluoride. 
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The order of the conipounds written is almost certainly the order 

• 	of increasing Tmagnetic di1ution'; that is, Gd+  and Cni 	are gettIng 

farther apart. Gadolinium is the only element in which this value ap- 

proaches zero, because t. arises solely from the Heisenberg exchange 

• 	 interaction, due to the presence of gadolinium in the S state. The 

• 	 same trend is very clear in Cm, indicating that the ground state of Cm 

is mainly an S state ( S 	
). • 	 72 	

24 	 o 
The melting point of curium has been observed to be 130±10 C, 

similar to that of Gd. 

This clearly indicates that Cm metal is similar in its properties 

to its rare earth analog, gadolinium. 

It is worthy of note that the magnetic transitions—and hence the 

coupling effects—are sensitive, both to chemical impurities (e.g., oxgen) 

and to particle size. As reported by Leipfinger, 	metals like dysprosium, 

well known to be ferromagnetic, did not show this property in powders. 

Not only the magnetic susceptibility of the curium, as presented 

above, is markedly different from those of the precediiig elements in the 

actinide series, but some of the other physical properties of curium also 

show such deviation. For example, the curium metal melts at a tempera-

ture 345 higher than that of its preceding element, americium. The 

• 

	

	presence of double hexagonal close-packed structure has been shown tp 

exist in this series for americium2 ' and curium. 2  This dhc.p structure 

is commonly.exhibitèd by the earlier members of the rare earth series. 

The earlier members of the actinide series—e.g., uranium, neptunium, and 

plutonium—have many allotropic forms, and some of the phases have very 

complex structure. iIt may be worth mentioning that among the man-made 

elements plutonium has the most complex structure. The abrupt change in 

the crystal structure of the actinides at americium and curiufli is illus-

trated in Fig. 26. Magnetic properties of curium have been compared with 

the other actinide elements in Fig. 27. 
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The same figure shows the comparison of the magnetic properties 

of the actinide metals with those of the lanthanides as well as second 
Z 

and third "d' 1  transition series elements.
47,5,54,55 

 A comparison of the 

atomic volumes and melting pointsiof the actinide metals with those of 

"hf" and ltd series elements 3,54,55is presented in Fig. 28. These graphs 

show that actinium, americium, and curium are very similar to the rare 

earth elements, but that thorium, protactinium, and uranium—the earlier 

members of the actinide series—have properties intermediate between those 

of the lanthanide and dit  transition series. Nevertheless for the elements 

neptunium, plutonium, americium, and curium the magnetic evidence provides 

some of the strongest evidence for the actinide concept. 

Qualitatively, therefore, the complex nature of the early actinide 

metals can be undarstood by considering the electronic oonfiguration of the 

gaseous atoms of the actinides and lanthanides as determined by atomic beam 

resonance studies.. These are presented in Table X. . (The configurations 

show the electrons above the radon and xenon cores respectively.) The 6d 

electrons are bound more tightly than the 5f electrons, and, as a result. 

of this, there is a d electron in the gaseous atoms up to plutonium. The 

relative binding energies of the.last competing electron in.the lantha-

nides and the actinides are presented in Fig. 29 (taken from Cabezas 6 ). 

in the lanthanide elements the f band is lower in energy and more internal, 

thus leading to normal physical properties and simple crystal structures. 

In the actinides the d and f bands are very close in energy and probably 

overlap, giv±ng rise to a much more complicated structure which is the 

cause of the abnormal physical properties and the complex crystal struc-

tures observed between protactinium and plutonium. This also leads to 

more than the normal three binding electrons, which probably accounts 

for the smalleratomic volumes and high heats of vaporization in this 

region of the periodic table. 	 . 
. 	 . 	 . 

The results obtained by us 51 ' for. Cm 
+

ion in various curium 

compounds along ith those obtained from paramagnetic reonance studies 
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Table X. Ground state electronic configuration of neutral gaseous 
atoms (outside closed shells and. filled sub_ shells).a 

Actinide 	Configuration . 	Lanthanide 	Configuration. 

element 	 element 

Ac 	 6d 	 La 	 5d 

Th 	 6d2 	 Ce 	 4f7d 

Pa 	 5f2 6d 	 Pr 

U 	 7f 6d 	 Nd 

Np 	 5f6d 	 Pm 

Pu 	 5f6 	 Sm 

Am 	 . 	5f 1 	 Eu 

Cm 	 5f7  U 	 Gd 	. 	f7  5d 

H 	apor the actinides the filld sub-shells are 6s 2 , 6p6  and 7s2 ; for the lan 

2 	 2  thanides, 5s , 7p , and 6s. 
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on single crystals 57  clearly show that there is a considerable departure 

from Russell-Saundrs coupling, with a:  pronounced tendency towards .j 

coupling in the actinide region. The actual coupling will he internediate 

between the two. In the rare earth region the susceptibility calculated
46  

from the Van Vieck formula 	for a configuratiOn of equivalent 4f electrons 

• in Russell-Saunders coupling agrees very well with the experimental results. 

The spin orbit coupling which splits the LS terms into J levels also couples 

together states of the same J but different S and L, causing departure from 

Russell-Saunders coupling. The spin orbit coupling parameters of the ac-

tinides are approximately two thirds as large as those of the corresponding 
59 lanthanides. 	As a result, the energy level structure of the actinides 

exhibits a considerable departure from Russell-Saunders coupling. Conse- 

quently, due to mixing of the ground state with the states of the same •J 

values because of the large spin orbit coupling cbnstant, the g value in 

curium is expected to be smaller than in gadolinium. The value of g 

(1.93±0.03) we51 	obtained for the curium ion in different curium corn-. 

pounds by susceptibility studies agrees within experimental error reason-

ably well with that obtained by Abraham et al. 5  (g = 1.925±0.002) by 
+5 measuring the paramagnetic resondnce spectium of Cm 	at loi, concentratio" 

in lanthanum ethyl sulfate and lanthanum trichloride crystals. Both, these 

values are smaller than the g value for Gd +5 ion. Our g value is higher 

than that calculated by Wybourne 59  who assumed 5f hydrogenic ratios for 

the Slater integrals F 2 , F, and F6 . The best fit to the solution spectra 

of Cm 5  in 1.0 M RClO was obtained with H = / F2  = 10.6 and F2 = 280 cm 

where 	is the spin orbit coupling constant. The agreement, however, 
6o 	 • 

was not very good. Conway 	has calculated the eigenva.lues, 'the eigen- 

vectors, and the g values corresponding to different values of the parameter 

X 	From the graph of g vs 1XI constructed from Conway's calculations 

our g value would correspond to JXJ of 11. This JXJ value corresponds to 

an eigenvectoi of the ground state of curium ion of the form 
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o.8798s + 0.3211P) - 0.0976D) ± 0.2 6F) 

+ O.lO9 3D 	. 20  + llOL2D22) 

(Only those components greater than 0.1 arelisted. The lower subscripts 

are the seniority numbers and the Racah U quantum numbers. These are indi-

cated only where thebe is more than one state with the same L and S.) From 

the results presented here obout curium metal and our magnetic suscepti-

bility results -, for curium ion in several compounds, it is clear that 

curium has the same configuration as gadolinium. This would he supported 

by the comparison of the magnetic susceptibility of the various actinide 

ions with those of the lanthanide ions. Thim comparison is shown in 

Fig. 20. 5,4,61 

The qualitative similarity of the actinide cirve to the lanthanide 

can be interpreted as evidence for 
5ffl electronic configuration for the 

magnetic electrons in the actinide series. The fact that the experimental 

magnetic moments are generally lower than the theoretical values can be 

interpreted as resulting from a stark effect produced by electric fields 

of anions or water dipoles in case of solutions. This effect will be more 

pronounced in the case of 7f than in the 4f because of less electrostatic 

shielding by outer electrons in the case of 7f than with 4f electrons. 

Partial failure of the Russell-Saunders approximation could also accunt 

for some of the discrepancy.
45  Selwood has contradicted the conlusion regarding the similarity 

of the actinide and lanthanide curves. He has pointed out that by selecting 

certain magnetic susceptibility data and excluding others it is possible to 

construct a curve for several elements of the first transition series with 

two maxima resembling-that shown by the rare earths and the actinides (Fig.30). 

Since there are no f electrons present in the first transition series, this 

contradicts the validity of the analogy between actinide and lanthaide 

elements as derived from Fig. 3 0 . The construction of this Selwood curve 
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is, •however, extremely enlightening, for it shows that even by selecting 

certain anomalous 'cases and special conditions, presumably in order to 

make it resemble Fig. 30 as much as possible, the basic difference in the 

magnetic behavior of d and f electrons cannot be erased. For instance, 

the susceptibility of Fe(III) in dilute aqueous solution at pH 2 is 

6600 x 10_ 0  c.g.s. units. This value is close to the spin-only value for 

five unpaired electrons and shows beyond doubt the presence of unpaired 3d 

1ectrons in Fe(flI'). The susceptibility of Pu(IV) and Sm(III) on the 

other hand are quite small (1000 >< 10 	c.g.s. units) and can only he 

interpreted on the basis of five unpaired f electrons. Similarly, Crane, 

Wallmann, and Cunningham02  and later Mcan made susceptibility measure-

thents of AmF and found for the molar susceptibility 566 x 106 and 

848 X 10 	c.g. s. units at 295 and 77 K respectively. Here also once again 

the values obtainedare much smaller than expected for the.d electrons. 

For ions with five or six unpaired electrons the multiplet inter-

vals are not large compared to kT, and therefore in order to calculate 

their susceptibilities the general formula (which holds for multiplet 

intervals coparable to kT) should be used. In general, however, there 

are three cases to be considered: 

a) Multiplet intervals large compared to kT. 

Ng2J(J+l) 
Na 

3kT 

where 

g = .Landé splitting factor, 

= Bohr magneton, 

N = Avagadro's number, 

= Boltzmann constant, 

T = absolute temperature, 

and J is the vector sum of S and L (the resultant spin and orbital angu-

lar momentum of the atom respectively). Na is the high frequency term, 

or temperature-independent term .due to the second-order Zeeman effect: 
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F(J+i) 	F(J) 
= 6(21+1) Lhv (J+l;J) - hv (jj-i) 

where 

= 	[(s+L+l) - J2][j2 - (s_L)] 

Multiplet intervals small compared to kT. 

In this case the high frequency term is absent (neglecting the diamagnetic 

part). The susceptibility arises solely from the low frequency part. 

Therefore the susceptibility can be expressed by the formula 

= 	[S(s+i) + L(L+l)] . 

' Multiplet intervals comparable to kT. 

This is the general case from which the previous two limiting cases can he 

easily derived. It involves the summatiOn of the contribution of atoms 

with different values of J. The number N 1 , that is the number of atoms in 

a mole with a given value of J, is determined by a Boltzmanii temperature 

factor: 
J=IL+Sl 	 TW /IT 

N >_
• [g

2 2 J(J+l)/3kT] + a (2J+l) e 

XM 	
J=L-S L 	 . 	 . 

-w./kT 
N(2J+l)e 
J 

The functions gj and a 	[with the same, definition as in a)] are 

derived from.the matrix, elements (J ML+2SJlM1) . The susceptibility 

calculations for the case of samarium and europium were done by Van Vleck 

and Frank, 3 .using the general formula given in section c) above, and the 

discrepancy between theoretical and experimental values was resolved. In 

the case of Pu(III) and Am(III) Mcan 3  calculated the susceptibilities, . 

using the same general formula as in section c) and taking into account 

the d.eportur from .iusse1l-Saunders coupling. He obtained values agreeing 
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rather well with the experimental results. From Van Vleck calculations, 

the susceptibility of samarium should pass through a temperature minimum 

in the neighborhood of 400
0
K; such a minimum has in fact been observed

64  
experimentally. Elliot and Lewis made measurements on PuF 3  and Pu2 (C 20) 

9H20 from 76-300
0
K. Lawson, Mandleberg, and Davies0S  extended measure-

ments on FuF3  and FuC13  up to about 6000
K and found a minimum in the sus- 

ceptibility-temperature curve at about 500-5500K.  This is good qualitative 

evidence that Fu(III) has 5f 5  electronic configuration. 

Susceptibility measurements have been made on a large number of 

uranium(IV) compounds by many authors.°° 
0 
 The results lie in the range 

of (3200 to 3800) x 10 	c.g.s. units (at room temperature), which is 

closer to the 6d2  spin-only value of 3333 than to the limiting 5t 2  value 

of 5390,  although a number of these investigators have intetpreted their 

experimental results in terms of 5f2  configuration. However, paramagneti 

exãhange interaction ()- may be the reason for the low values. This is 
66 

supported by the results of Hutchinson and Elliot where the Weiss con- 

stant for uranium sulfate, oxalate, and acetyl acetonate is found to be 

113, 168, and 101°K respectively. The measurements of Handler and Hutch-

inson 1  on UC13  diluted with isomorphous diamagnetic matrix LaCl 3  also 

support this conclusion. It was found that the values for LIC1 at infinite 

dilution are very similar to those of Nd(C 2H5S0) 3 9H20. Lawson also 

thade measurements on PuF and PuO 2 
 diluted with the isostructural diamag-

netic compounds ThF and Th02  respectively. The magnetic susceptibilities 

were found to increase with dilution, and the extrapolated value at in-

finite dilution for room temperature (3020 x 100 c.g.s. units) corresponds 

essentially to the value predIcted (3010 x 10 	c.g.s. units) for the 5f 

configuration. 

Several measurements and theoretical analyses 	have been made 

on compoundscontaining. NpO2  and Np02  ions. The results confirm the 

presence of 
l 
 and f2  configuration respectively. From the results pr.e-

sehted above, and. the survey of the magnetic measurements made on the 
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actinides, the indicated number of 5f electrons are present in the following 

	

+ 	6 	+5 	5 	+ L. 	4± 	++ 	2 
ions: Cm (Sf ): Am (5f) Pu  (Sf ); Pu  ,(5f ); NpO2 , Pu02  (5f ): 

NpO(5f' ); UO2  (Sf ); U 05 (5f) and  U(5f).  In the case of Th 5  (one un-

paired electron) and Th 	(two unpaired electrons) the evidence strongly 

• 	 favors a 6d assignment.Sl 

15 	±5 	+5. The magnetic data obtained by Cunningham on Bk and Cf ions 

indicate that their electronic configurations are Sf°  and 5f9  respectively. 

	

It is worthy of note that Cunningham15  reported 4 	 of 8.7 and. 
• 	 ±5 	±5 	

eff 
• 	 9.2 Bohr magnetons for Bk and Cf 	ions respectively. The ground state 

+5 	+5 	7 	6 • 	
of Bk and Cf are 	and H1R/2  respectively. These effective moments 

±5 	±5 
correspond to g values of 1.54 and 1.15 for Bk and Cf 	respectively. 

Recently Fields and Wybourne 8  reported the g values of 1.445 and 1.285 for 
+5 .  +5 Bk and Cf respectively. The discrepancy is quite big. However, there 

is still some question about the purity of Bk and Cf used by Cunningham for 

his measurements with respect to rare earth background contamination. There-

fore before coming to final conclusions regarding the coupling scheme in 

the case of Bk and Cf, these measurements need to be repeated with high 

purity Bk and Cf. 

These results are consistent with many of the conclusions reached 

about the physical and chemical properties of the actinides and alsp with 

the chemical evidence in indicating that although the 6d and .5f  levels are 

of nearly equivalent energy in the first few elements of the series, the 

f electron levels definitely lie lower once these elements are passed and 

the rare-earth-like properties predominate. 
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C. Magnetic Susceptibility of Protactinium Metal 

The magnetic susceptibility o several saniples of .  protactinium 

° metal has been investigated within the temperature range 298-20K. The 

results are tahuiated-.-in TablXl. 

Sampl.eno. 1 was obtained by thé\ reduction of  a 	chunk, which 

in turn was ootained rom tee 10 mg batch of oxide 

Samrle no 2 was obLained by the reduction of powdered tetx -

fluoride us ng a small thoria crucible This sample showed fielu de-

endence, which Ls dttritubed to contamination with some ferromagnetic 

impurities due to handling of the metal piece. Therefore the'measure 

susceptibility was corrected for ferromagnetic impurities by plottIng 

V 	 the measured susceptibility vs 1/i and extrapolating to 1/i = 0 to get 

the corrected va'ue as shown in Figs l and 52 Table XII gies the 

usceptibilitj of sample no 2 at various fields togeter wih the cor-

rected susceptibility. 

Another attempt was made to rneaure the susceptibility of a Pa 

metal sample (1.57 	obtained by the reductiOn of a PaF)V pellet. This 

sample unfortunately showed a tremendous amount of ferromagnetic impurit 

and hence its results were rejected. 

Both sample no 1 and no 2 showed the magnetic susceptib.tlity o_ 

V 	
Pa metal to be virtually temperature-independent, within an experimental 

uncertainty of about 5%, over the temperature region investiated (298- 

20°K). 	
V•, 

The magnetic behavior of protactinium metal thus appears to be 

similar to that of tantalum, which also exhibits tertiperature-independent 

V 

	

	
magnetism. The susceptibility of protactinium metal arises then almost 

entirely from the temperature-independent alpha terms of the Van Vieck 
46 

V 	 equatIon. 	
V 

V 	
A brief description of the quantum merthariicãlorigin of Van Veck 

temperature-independent paramagnetism is given as follows: 	
V 
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Table XI. Magnetic susceptibility of Pa metal at room temperature. 

Sample 	 Weight o f 	x x 106 

number 	 sample (pg) 

1 245.91 	 1 172  ± 0 o6 	 270 7 

2 	 1007 	 117O008 	 266 

Average X.M = 268.2 ± 114 

I 
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Figure 32. . Correction for ferromagnetic impurities at 770K (spie no. 2). 
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Table XII. Magnetic susceptibility of Pa metal (sample rio. 	2). 

T( °K) x 	x 106 

1.5 A 2.0 A 2.5 A 	3.0 A 3.5 A 	4.0 A 	X 

298 2.50 2.085 1.871 	1.710 1.670 	1.602 

77 2.58 2.211 1.999 	1.872  1.755 	1.68o 	'.155 
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We consider a molecular system which has no magnetic moment in the 

ground state, by which we mean that the diagonal matrix element of the mag-

netic moment operator i is zero. 

Suppose that there is a non-diagonal matrix element (min) of the 

magnetic moment operator, connecting the ground state n with the excited 

state m of energy L = Em - E above the ground state. Then by standard 

perturbation theory we see that the wave function of the ground state in a 

small field (tH << ) becomes 

+ 
H.(m 	In) 

?IJ 	= ?IJ 	 / 
T 	 Tn 	 T 	' 

and the wave function of the excited state 

= 	
- H(mlIn) 

m 	rn 

The ground state now has a moment 

2H1(In)1 2  
Z 

• 	 and the uppr. Statehas a moment 

- 2HI(mn)I2 

The two interesting cases to consider are: 
• 	

• Case a): z<< kT (low frequency matrix elements). 

The surplus population in the ground state is approximately equal 

to N/2kT, where N is the total number of atoms 	(For derivation of this 

equation one can refer to any solid state physics book 90 ' 91 .) So there 

• 	 sultant magnetization is 

2EI(mIjn)I 

2kT' 



which gives for the susceptibility 

• 	 N(mn)I2 

kT 

This contribution is of the usual Curie form, although the mechanism of 

magnetization here is through polarization of the states of the system, 

whereas with free spins the mechanism of magnetization is the redistri-

bution of ions among the spin states. 

Note that the splitting A does not.enter in the final equation 

for X, on the assumption A << kT. 	 •• 

Case b): A >> kT (high frequency matrix elements). 

Now the population is nearly all in the ground state, so that 

2NHj(mInfl 2  
M= 	

A 

and the :5uce.ptibi1ityis, suied Over all suitable states m, 

2 

X=2N 'EE 
m n  

independent of temperature. This type Of contribution is known as Van 

Vleck paramagnetism. 

The molar susceptibility of protactinium metal so measured gives 

an effective.momentof about 0.8 Bohr magneton. This piece of evidence 

indicates that presumably less than one electron per protactinium atom is 

• 	 used in bonding. 

• 	 Finally as mentioned earlier, Fowler .et al. have observed super- 

conductivity in protactinium metal below 1.4
0
K, and thus filled the last 

vacant spot in'the center of the periodic system, theregion in which 

every element becomes either superconducting, ferromagnetic, orantifer-

romagnetic. They have further shown the position of .  Pa in relation to its 

• 

	

	surrounding elements with their superconducting transition temperatures 

(as shown in the following table): 



Hf 0.1 	 Ta 4.4 	 W 0.011 

Th 1.4 	 Pa 1.4 	 U 0.7 (o), 1.8 (c)* 

* 
The two polymorphic modifications of uranium are orthorhombic and cubic. 

They have different transition temperatures. See B. S. Chandrasekhar and 

J. K. Huim, J. Phys. Chem. Solids 7, 259 (1958). 

Any 1ins of induction present in a metal in the normal state are 

expelled in the superconducting state; this important experimental result 

is known as the Meissner effect. 92  Since inside the specimen B = 0, the 

susceptibility of a superconductor is given by 

X=l/Lr 

This equation is derived very easily as follows 

If a substadce is placed in a magnetic field of strength H, then 

• 	 the magnetic induction is given by B, where 

B = H + 

The quantity M is the intensity of magnetizatiob, and M/H = K is . the 

• 

	

	 magnetic susceptibility per unit volume. The magnetic susceptibility per 

unit mass (x) = K/p, where p is density. 

• 	 Therefore 

B/H=l+/H=1+X; 

since B = 0, 	• 
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This is the maximum negative value 'of gram susceptibility possible; con-

sequently, a superconducting metal is said to exhibit diamagnetism. 

With this in view we thought that if Pa metal could be made 'to 

become superconducting then we might be able to see the increase in 

diamagnetic susceptibility; consequently, we tried to measure sample no. 2 

near liquid' helium temperature. However, we failed to see any such effect 

because of a) ferromagnetic contamination of sample no. 2, b) our limi- 

tations in trying to get down to such lbw'ternperatures, and c) our, inability 

to go to low enough H. The lowest temperature we are able - to attain at 

present '(60
K) is very high compared to the transition temperature of 

Pa (l. °K).  

D. 'Magnetic .SusceptibUity of Protactinium Tetrafluoride 

The PaF)  obtained from a 70 mg batch of Pa gave an extremely corn-

plex x-ray powder pattern, which was not similar to that of .ThF ) . It seems 

probable that such a comparison shows our product to be non-isostructural 

with ThF ) , and hence not a single phase of 'PaF. 

It is worth mentioning that the Pa-fluorine system, like the 

U-fluorine sytem, is very complex. Three possibilities are very likely: 

'a) Formation of an oxyfluoride, Pa OF, which is reported by 
36 

Stein 	to be isomorphous with U 2  F  8 
 (body_centered cubic structure). 	' 

.b) Formation of an intermediate protactinium fluoride compound, 

- such as Pa F or Pa ) F . The corresponding uranium fluorides are known
93  

2 9
and reported by Agron et ali 	to be U 2 F 

9 
 (body_centered cubic structure) 

and UF17  [x-ray data li.sted'under the heading SAM No. 448 (from a Debye-

Scherrer picture of the sample run Vc', see reports M-2205 and DIF_M_78)]. 

c). Mixture of PaF )4, which is isomorphous with UF (monoclinic 

crystal structure), and one or more of the above mentioned phases. 

It seems, probable to assume that if compounds such as Pa 2F9  and 	' 

exist, though not .yet known to the best of our knowledge, they 	.. 
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wilIibe.isostructural with the corresponding uranium fluorides. The iso-

W. 
	will not be surprising in view of the nearness in size.of protac- 

tinium and uranium. 	 . 

The product that we ended up with while preparing PaF was of dark 
36 

brown color. Although Pa2OF8  has been reported by Stein to be white, one 

cannot exclude the possibility of this phase in our product simply on the 

basis of color. Asprey9  from Los Alamos Scientific laboratory has obtained 

a dark brown product many times, while preparing PaF ) , which gives a beau-

tiful x-ray pattern of Pa2OF8 . He thinks that the presence of oxyfluoride 

can be attributed to oxygen impurity in tank-grade hydrogen, producing the 

reaction 

HF 
2 PaF(s)+1/2 02(g) 6000C> 

 Pa2OF8(s) 

With this in mind we treated our dark b'own product in ,a quartz 

capillary at 550-575
0
C with pure hydrogen for about 1 _l h. 	The pure, 

hydrogen was obtained by the thermal decomposition of uranium hydride, UP 3 . 

The product after reduction with pure hydrogen gives a completely different 

x-ray powder pattern. The film, as expected, is extremely complex. Al-. 

though we can match all the 12 lines of PaF which were reported by Stein, 3  

we have many strong and moderate lines left unaccounted for. 

At present it seems that we do not have an authentic well-estab-

lished single phase of PaF ) . Unless we are completely sure of our PaF, 

there is not much point in making any susceptibility measurements. 

However, at this state of the game suffice to say that one can calculate 

the expected value of XM  for PaF 1  from the Lande g value and the J .  quantum 

number of the ground state of Pa. This is accomplished as follows. 

Axe95  perfomed some paramagnetic resonance experiments on the 

PaC1'- Cs2ZrCl6  orystals and reported a Land g value of 1.11±0.003 for 

Fa(IV). The Pa(IV) has an electronic configuration of 5f which corresponds 

to a ground state of 2F5/2 . It is worth indicating that in atomic spec-

troscopy the stages of ionization are labeled by indicating the neutral 



(or un-ionized) atom, which gives rise to the first spectrum, by the Roman 

numeral I and by increasing numerals for the successive stages of ioniza-

tion, whereas we chemists usually assign roman numerals according to the 

valence of the element rather than to the order of the spectrum. Thus we 

indicate tetravalent Pa by Pa(IV), whereas in describing the spectra of 

tetravalent protactinium spectroscopists write Pa(V). 

Knowing the g value and the J quantum number for the ground state, 

we can calculate the effective magnetic moment (ti ff ) from the following 

well-known relation: 

eff = g j(+i) 	= 1.141 5/2 7/2 

	

=111 x2958 	5575BM 

Now, using the following relation one can calculate XM 

eff = 
2.84 	orr. T 

3. 375 = 2 	
orr T 

55752 	
corrT 

28J 

At room temperature (T = 298
0
K), 

corr 	1.411 	1.411 	-2 	14.11. 	-5 -5 
298 = 2.98 X 10 	= 2.98 x 

10 	= 4k755 x 10 

or 	
orr 	

x 	
-6 

c.g.s. units, 
 4735 

-6 • 	 corr 	757 x 10 Xg 	
= 	507 	

c.g.s. units 

= 1 7. 2  x 10 6  cg.s. units. 
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• 	 These molar add. gram susceptibility values are the ca1culatd ones only. 

It remains open to confirm them experimentally. Further work on this is 

in progress and will be repo±-ted elsewhere when completed. 	• 
I 
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