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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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SOME OF THE PHYSICAL PROPERTIES OF CURIUM AND PROTACTINIUM
METALS AND PROCTACTINIUM TETRAFLUORIDE ‘

Brij M. Bansal

Lawrence Radiation Laboratory
University of California
Berkeley, California

April 15, 1966

ABSTRACT : -

The construction and operation of a éemi-adiabatic microcalérimetér
are discussed. ‘The heat of solution of curium metal in 1.0 MfHCl at |
298.MiO.QOK has been measured and found to be -139.9%*1.0 kcal/mole. ' This _
value is combined with available thermodynamic data to calculate the fol-
lowing standard heats of formation a£'298OK:‘_Cm+3(a.)% -140.6%1.3;
enCly ys -226.1%1.2, both in keal/mole. i .. v
The construction and' operation of a low temperature magnetic sus-
ceptibility :apparatus are‘d15cussed in detail. The magnetic susceptibility
6f curium metal has been investigated from room température to about liguid
helium temperature (6-80K). The metal followed the Curie-Weiss law from
room temperature to:lASOK.‘ Between 145 and 77OK the metal becomes ferro-
magnetic with<é'0uffe temperature Tc = lBlilOOK. At-liquid hydrogen and |
helium temperatures the metal again seems to show paramagnetic behavior.

Nb evidence of antiferromagnetic behaviof, however, was observedl The éf—
fective magnetic moment fpr_the metal has been found to be 8.03%0.1 Bohr

7

magnétons,'indicating the presence of a 57T configufation in the metal.’
The magnetic susceptibility of protactinium metal has been meas-
ured in the témpérafure'rénge 20—2980K. The molar susceptibility is found
to be 268%1kh x 10-6 c.g.s. units at room temperature, and to be virtually
independent of temperature within the ekperimental accﬁracy of 5% over the .

temperature region investigated.



-vi-

The molar magnetic susceptibility of Panr has been calculated from
the available Landé g vélue‘.fo_r octahedrally coordinated Pa(IV) (PaClu—

Cs,ZrCly crystal) and the J quantum number of Pa(IV) ground state; the

value so calculated is 4735 X 107 c.g.s. units.

. €
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» I. INTRODUCTION
The discovery of the transuranium elements has extended the periodic

table by more than lO% and provided chemists with the opportunity to in-

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

"' or inner transition elements analogous to the lanthanides.
V " As in the case of the latter series, 1t would seem likely that

many ofrthe more interesting problems for investigation by inorganic chem-

ists w1ll be concerned with properties of the solid state, especially the

phy51cal’propert1es of the metals. The recent increase in the availabllluy

of the heavy man-made’actinidesl has made it possible to study the bulk

chemical and physical properties of these elemencs and their compounds.
Extensive studies are being made to elucidate the nature of the

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

Acommon metals, the heavy metals——urqnium, neptunium, and plutonium—all

exnibit anomalous phyoical properties For example, they have gquite com-

‘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

2 }
McWhan, E appears to be the first transuranium 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 55lOK. Mareiu reported that at 770Kvthe reciPrOcal
susceptibility (1/%) versus temperature (T) curve shows a marked displace-
ment in the direction of the tempciature axis. However in the tempera-

ture range studied he found no conclusive evidence for ferromagnetism, 1n

'contrdst to ‘the well-known behavior of gadolinium, which becomes ferro-.

magnetic near room temperature.
In a review of their studies of the cbemisbry of protactinium,

published in 1954, Sellers,vFried, Elson, and Zachariasen5 described the
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preparation of protactinium metal by reduction of the tetrafluoride With -
barium at 1400°C. The metal so obtained was reported by Zacﬁariasen‘ to
be body-centered tetragonal, with two atoms per unit celi. The cell'param—
eters were given as v a, = = 3%,925%0. 005 A a_=3.238%0.007 ﬁ, corresponding “

p) %

Until very recently no magnetic susceptlblthy studies have been

to a calculated density of 15.37 g/cm

reported on protactinium metal and its compounds. Cunnlngham7 has recently
reported some properties of protactinium metal including partly the work
which will be -described here. He reported the molar susceptibility to be
25050 X 10_6 c.g.s. units at room.témperature based on the investigation
of a single susceptibility measurement. '
Very recently Fowler et al.,8 from Los Alamos Scientific Laboratory,r
have reported that they have observed superconductivity in protactinium
metal below 1. 1° K With this in view we thought that we might be able to
see the 1ncrease in dlamagnetlc su%ceptlblllty of protactinium metal near
liquid helium temperature. S
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 éubstances. Thermodynamic data may be used not only
to reconstruct much of the information from which the data came, but also
to make predictions about unknown reactions and to get estimates or inter-
v-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 expérimental
values for the heat or free energy of formation of any curium species.
Many of the availabie thermodynamic data on the transuranium elements deal
with the earlier members of this series. There are’practically-nd thermo-
» chemical data available on curium and transcurium elements. Very recently W
Wallmann and his co-workers9 have reported the heat of solution of curium
metal and the heats of formation bf Cm+5 and CmCl 5 including in L
- , (aq) “3(c) S

partAthe work which will be described here.
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In the following work the experimental procedure‘f0110wed:in the

@’

determination of the heat_of‘éolution of curium metal is presented. The
results are combined with available thermodynamic data to calculate the
heats of formatign of CmClB(C) and Cm+5(aq)f The magnetic‘§usceptibility
of the curium metal has been measured from room temperature to liquid
‘helium temperaturé, and its ferromagnetic transition has been‘investigated.

- The magnetic susceptibility studies on the protactinium metal and protac-
tinium tetrafluoride haﬁe been made from room temperature to liquid hydrogen
temperature..'Thé description of a new apparatus which made it possible to
make susceptibility measurements.at.liquid hydrogen and liquid helium témp—j'
eratures is given. The results found are discussed in the light of the

properties of the other actinides and rare earth elements.
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II. MICROCALORIMETER

A. Construction

The microcalorimeter used to measure the heat of solution of curium
metal‘in.this work'is of the semiadiabatic type, kinetically vacuum;ﬁacketed
water bath thermostated at 25 C, and having a heat capacity o* about 9 cal--
orles per degree and a temperature sensitivity of about 1 X 10" 7 degree.

A general view of the apparatus 1s shown in Fig. 1. 10

The calorimeter unit is.shown in Fig. 2.11 The tantalum reactiohi
chamber (M) is suspended: from the submarine support (H) by means of a tubu- -
laf lucite hanger (J) vacuum sealed at both ends with neoprene O-rings.

The submarine support contains five vertical holes through which & plati;
num reéietance thermometer and callbrating heater connecting leads (X,L)
.and the stirring shaft (I) pass. The stirring shaft is a quartz rod about
0. OME in. in diameter jand 1s supported at the upper end by means of - a
bakellte collet chuck clamped 1n the stirring head (D) which 1ncludes a
vsprlng and a’ stop screw to permit depress1on of the shaft a flxed 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 eynchronCusdinductor
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 submarlne chamber (0) is screwed onto the
“ frame agalnst a greased neoprene gasket for a vacuum seal. A thermal radl-
ation shleld N) consisting of two concentric tantalum cyllnders is placed
mldway petween the reaction chamber and the submarine to diminish heat
transfer by radlatlon ‘To reduce heat transfer by air conductlon and con~p
Vectlon, the space between the reaction chamber and the Submarlne is evac-
uated through the 1/2 in. tube (G) by means of a mercury aiffusion, 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

7 i
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Figure 1. General view of microcalorimeter.
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MU-4660

Microcalorimeter cross-section.

Figure 2.
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Legend for Figure 2

Copper binding posts
Four—pronged plug

¢ Plastic block :

| Spring loaded screw-in- slot arrangement

H 9 Q o >

Paraffin used to partially fill the supportlng framo above

the Apiezon wax for protectlng the leads

rr

- Apiezon "W" ‘wax used to seal the upper ends of the holes
_through which the eleétrical'leads pass

~1/2 in. tube
Submarine support
Stirring shaft
Hollowflucife-haﬁger
Heater leads
Thermometer: leads' Lo
Tantalum reactlon chamber

Radiation shield

o= RO RG o e

Stainless steel submarine chamber

“y
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where 6 is the difference between the temperatdre of the calorimeter and
the temperature at which it is in equilibrium with the thermostat, and ¢

>

is the time. At a pressurerof 10~ mm of mercury or less, generally attained
during operation, the principal héat leaks are by conduction along the
hangar, stirring shaft, and electrical leads. '

Deﬁails of the reaction chamber are shown in Fig. 3.11 Therreaction
chamber- (H) which has a capacity of about 9 ml_is made of tantalum. The
cap (F), the four thermometer and heéter_conduits (@), 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-
péller»(K)'is attached .to the stirring. shaft (B) with Apiezon "W" wax,'
which is also used to attach the éample bulb (L). The sample is introduced
inte the solutioﬁ by depressingfﬁhe;shaft tq break the bottom of the bulb
against the anvil (M). ; o

_ Construction of a satisfactory resistance thérmometér and éali—'
brating heater of the small dimensions imposed by the scaleIOf’the'work is -
a very delicate operation. Its construction and paékaging'has beénldescribed
in detail by Burnett elsewherelO; however, for completéness, it will be
described here véry briefly. The thermometer is.construcﬁed of 1. mil plaf—
inum wire and the heater is either No. 4l Manganin or No. 40 Karma wire:
These are wound non-inductively on a mica stfip 1.45 em * M.SO cm X 1-2 mil
thick which has been‘notched'along the edges to hold the wires in place.

" 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_spooi and held in place with three lengths of

5 mil tantalum wire. The assembly must now be annealed at about 6OOOQ
qhder high vacuum for about 18 hr in order to relieve strains'in.the wifesf

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

fied Wheatstone bridge. The unit-is mounted in a box constructed of 1/8 in.

Fu
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mild steel to provide electromagnetic and electrostatic shieldiﬁg. The
resistors Rl’ RQ’ RB,‘and Ru 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 4-dial decade resistance box. A 6 V storage :battery cut
and wired to give 2 V provides a source of very conétant current to the
bridge which draws about 36 mA. The low passAfilter is desighed -to atten-
uate ac frequencies much greater than 1 c.p.s. The potential dividers,
RlO’ 117 may be used to reduce the sensitivity by about a factor of 10,
and under these conditions the entire time- Lemperature 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 ampllfler is a Beckman Model lh with an input 1mpea—
ande of 50 Q The recorder is a Leeds and Northup Speedomax Type G dual
range, dual speed, self- standardlzlng model In order to av01d the erratic
behavior of the system due to temperature sen51trv1ty of the decade box,
the breaker ampllfler, and 1ts 1nput cable, the box and the cable are
wrapped in padstf glass. wool insulating material and the breaker amplifier
itself is enclosed in a sﬁyrofoam'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 cwp;s. Current
is supplled to the heater 01reurt 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 heatlng starts and when it stops; a register records the
number of seconds. The accuracy‘of the timing and stability of the output
are good to a few hundredths of a percent The, selection of the fraction

of maximum power to be applied is made w1th the help of a multipole switch.

 Thesc fractions are 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, and 1.0. The current-

measuring reolstor which is-in series with the calorlmeter heater, is of
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Cross section of microcalorimeter reaction chamber .

‘Figure 3.
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Legend for Figure 3

Fine'lucite'hanger

Quartz stirring shaft

Heater leads

Thermometer leads

O-ring .

Ta cap from which spool is suspended by four posts
.’ Post .

Reaction chamber

Mica sandwich with thermometer and heater

Ta sleeve _

 Propeller- for stirring solution

Sample bulb’ Y

Anvil for breakiné bulb when shaft is dgpréssed
Gold-soldered joints . S

Hole in cap of spool .
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p
lo2v ;
T storage Ry R @Rs
battery 2
Ra Rtn

' .
L M
dc Breaker
amplifier’

i

Rs R?'RB Rg

gyl 1T
° +[C1 +[c2+]Cs 4]Ca +
; Low pass filter ' zﬁhfu-

Potential divider

Recorder

MU-35029

Figure LL.. Thermometer circuit.
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Legend for Figure 4

D. Decade resistance boX réngingAfrom 0-9999 0
Ri. 60 Q. ' Rg- 5 KO
RE' 500 € R9. 25 Ka
»R5. 25 KQ Rlo. Lo Ka.
R),- 3 Q R, L.9 Ko
Rth' Thermometer C,- 4000 wrF
R5. 1 KQ CE' 1000 u¥F
R6. EQO Q 05‘ 250 WF
R7. 1.5 KQ : Ch' 50 WF
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Legend for Figure 5

1.

" Queible..

All resistors aré coated metal film types unless otherwise specified.
When the wattage is not indicated, 1/8, 1/4, or 1/2 watt may be used,
but 1/2 watt is preferred when space permits.

Overall operation of the dividér network can be checked by putting on
"0" and pressing "start'" button. It isvnecéssary 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 be .
compared with any standard clock. The "stop" button turns off the

counter at any integral second.

. . The timing error due to delay in operation of RE-1 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 frequency of 10 ke or higher.
The net error should not be more than a féw milliseconds, and is repro-
o .

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-4, 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 Output' negative

10.

11.

lead and ground.

R-53% is adjusted so that variation in iine voltage has mihimum effect
on "Energy Output" voltage. A

C-19, CR-12, and R-4b serve only to insﬁfe that when thé one switch
is turned on, the flip-flop QB8-Q9 always comes on in the "stop"
position. ‘ . . . .

After turning on ”power”_éwitch, the 8.4 V regulated éupply for the
"Energy Output" is within 0.1% of the final value in 15 sec, Withiﬂ.
0.05% in 90 sec, and within 0.01% in 2 hr. ' ‘

Q-1, @2, -3, Q-4, Q-5, and Q-6 (2NT06C) may be replaced by 2N1990's.
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the Manganin wire-wound type immersed in.aﬁ 0il bath. It has prbved to be
stable to a few thousandths of an ohm over a period of a year's time. A
Rubicon Type B High Precision Potentiometerlis used with a box lamp and
scale galvanometer to measure the voltage drops across the current meas- .
uring resistor and calorimeter heater. Usually, calibration heat inputs
are of the order of 0.2 to 0.4 cal and agree to a few hundredths of a
percent.v |

The sample bulbs of about 50 pl capacity are constructed of Pyrex
'and have very thin flat bottoms. They weigh from 40 to 50 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-
tainty to 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 wire,, except that the capillary permlts 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
theAcapillary 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 decomp081t10n The resultant weight loss and ancertainty during
seallng, using degassed Apiezon wax, is O. 47*0 17 ug Weighings are doﬁe

on a Rodder Model E quartz fiber torsion balance sensitive to ~0.05 ug.

B. Operation

Generally, a sample 1s 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, tﬁe 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 temperature is re-
~turned to 25 C the calorimeter temperature lags behind. -Several heat

inputs are now made which raise the calorimeter temperature nearer the

-

., y

&
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W
, Assembled bulb
A — Degassed ’Apiezo‘n W-wax
B — Gloss bead
C— Pyrex capillary
S —Sample
D- 3 mil tungsten wire
. E— Sample bulb
Final sealing
‘MU B-10581 |

Figure 6. Sealing sequence.
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steady-state point. ThlS p01nt is a few tenths of a degree ‘above the

thermostat‘temperature due to stirring,
of the stirring shafﬁ against the hanger.
As was prev1ously 1ndlcated thi
batic; there is a continual drift of the
the steady-state temperature—the drift

thermal leakage modulus and the temperat

thermometer current, and friction -

s calorimeter is only semi-adia-
calorimeter temperature towards
rate being determined by the

ure 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 €O a point .

above. The more nearly equal the corres

~are, the smaller the thermal leakage cor

Jbratlng heat inputs are made to complet

is made between each heat input to deter

‘ lelSlOnS per ohm change on the decade

The performance of the calorlmet

ponding temperature differences
rection is. Now several more cal-"
e the run. A sensitivity check

mine the number of recorder chart

er and the technique of ‘the operaQ

tion are checked by running very pure crystalline magnesium metal in 1.00

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

12
of Mg metal w1th that obtained by Shomate and Huffman on a macroscale.

The magnesium metal samples are generall

cleaned of all oxide. They are welghed
previdusly, and the weight corrected to
solution is corrected for the following

a) vThe heat of breakage of the
several bulbs containing a small amount
is (6%3) X 10_6 calories per bulb.

b) The heat of vaporization of

‘hydrogen evolved.

c¢) The heat of vaporization of
dry nitrogen in the sample bulb.

Typically, corrected values for

y freshly cut and mechanlcaLly
on the torsion balance mentioned:
vacuum. The observed heat of

effects:

sample bulb, determined by breaking

of water. The applied correction
thé water required to saturate the
the water required to saturate the

the heat of solution of Mg metal

in 1.00 M HC1 are found to lie in the range—111.3 $0.2 keal/mole.”

24
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Shomate and Huffman's value is—111.32220.0k1. The results indi-
cate that there are no significant systematlc errors 1n the mlcrocalorl—

metric measurements and that the precision of the operatlon is about O. 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 presénted. The preparation of pure, well-
crystallized curium metal will be 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 brldge "For this: to be strictly true, the position. of the track on the
chart paper after the heat input must be returned £0 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 systém 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 numbér of chart divisions. This

distance can be related to resistance imbalance by dividing it by the sensi-
tivity 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 capacity of the
calorimeter is constant and the temperature coefficient of resistance of
the thermometer is invariant, then ﬁhe fractional change in the resistance
of the thermometer will be the same for a given amount of heat édded, |
fegérdless of the initial tempefature. Thus, referring to Fig. 4, the
fractional change in the resistance of the variable arm of the bridgé

(upper right arm) is equal to:
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©500(25,0004R,)  500(25,000+R, )
500725,000%k, ~ 500%25,0007K,
500(25, 0007, ) ’
500+25, 0007 R

where Rl is the decade reading at the begihning of a heat measurement and

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

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

respectively. More simply,

25,000+R,| [25,500+R
; 2 1,
25,0007R, | |25,500°R, ' _ ‘

The product terﬁ inithe above equation differsvfrom”unity only in
the fourth or fifth place té 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 heaﬁ inputs, and the average used to calcu-
late the heat of reaction of interest from the fractional chénge due to the
réaction. ' '
To illustrate an example, heat input which was for 60 sec at 0.4
maximum power, and gave for the voltagevdrops across thé standard current
measuring resistor and the calorimeter heater, 0.48181 V. and 0.7M198 Vv,

respectively, we calculate

Q:IHRH't:o: )(E.,) ¢
: [T18L% sta” "H’ R_, 4 18k .

-
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The value of R_, s is 24.809 Q; thus for this heat input,

Q= (B, 4)(E t/105 8009

~0.48181 x 0.74198 xvéo ; -
= 03,8009 = 0.2066k4 cal.

The decade values for the fore-slope and afteréslope were 3285 0 and 3413
reépectlvely Both slopes were extrapolated to the midpoint of the heat
input. The extrapolatlon of the after-slope was 1.0 chart division down
scale from that of the fore-slope, which means that the re51stance change
on the decade; 129 Q, was too large to return the bridge to its former
balance point. Sensit1v1ty checks are made at 1ntervals throughout the
run,. as mentioned prev1ously, and are plotted as divisions per ohm vs aver-
age ohm on the decade. The sen81t1v1ty for this heat 1nput was 2.643

div/Q. Thus thé-deoade change required to balance the bridge was:

1.0 div

129 Q - m = 128.62 Q

The after-slope resistance, then, should be 341%3.62 (. The fractional

~change can then be calculated:

25,000+341%. 62 125,500+3285
55,00073285 55,5007 3515, 62

—

reo = |

1.0045L7286 x 0.995551577 - 1
o.oooo7865h75 |

It

and the fractional change per calorie is then:
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0.00007363475
0.2066k

f.c./cal =

1l

3.80540 x 10‘lL

<

Similarly, the fractional change per calorie for the other heat
inputs is calculated and the values averaged. _

If the calorimeter were truiy adiabatic there would be no ambiguity
about_the selection of values of Rl 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 Lndlcatea.preV1ously under operatlng conditions thermal
‘equlllorlum never ex1st51between the calorimeter and 1its surfoundlng
. thermal env1ronment, although a constant (steady- state) temperature will
persist aa long as the heat leak into the system is just'balanced by the
_heat leak out of it. ' o |
Heat is generated by stlrrlng, the flow of current through ‘the
_thermometer and the friction of the stirring shaft with 1ts bearlng Heat
leak out of the calorimeter occurs by conduction along the stlrrlng‘shaft,

. hanger, thermometer, and heater lead and by conduction and radiation be-
tween the calorimeter and~sﬁbmarine—chamber 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 poiﬁt” of the system

and b) the slope of a temperature drift. . |

Under constant Opefating conditicns‘the tendency of the calorimeter
to exchange heat with its_surroundings may be expressed in terms of a char-

acteristic "thermal leakage modulus.

P
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The leakage modulus usually 1s 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 temperatur

Thus:
M. = thermal leakage modulus = ggi/(T - T )
T & T dt actual steady-state’ 7
‘ a T are t £ th .
where Tactual an steady-staté are the actual temperature of the cal

orimeter and the steady-state temperature respectively. To avsufficiently'
good approximation, the resistance of the thermometer varies linearly with
temperature 50 that the leakage modulus can be expressed as an ''ohmic '

leakage modulus, " ‘ MQ,' where

oo
'

ar .
MQ 3t /(Ractual - Rsteady—state)’

where R is the actual decade setting and R ©is the

7 “actual : steady-state

decade setting at the steady-state temperature. Hereafter Rsteady-state
will be represented by R o5 MQ and R ss are calculated from the fore-

slope and after- slope, whlch are expressed as the number of chart'divisions
the track crosses per unit time. Since the chart movement is constant w1th
time and the sensitivity is known, the slopes are expressed as ohms per

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

- tion and the after-slope extrapolated to the end of the reactlon Thes

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

and also, usually by a certain number of divisions which 1s corrected for

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

'in one case was 1.5 div or 0.59 Q; R,. i1s then 3853+0.59 or 3853.59 Q.

e
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Time
After —slope high
sensitivity
Temp.
X axis P ¥
R ' : ‘ ,
1° After-slope ‘ o _
Temperature cure - ___| low sensitivity + 1.5 div. difference .
~ low sensitivity — '::-_-_-_—:_—__—-_—-_:—_—_—_—_—_4.4; After ~slope extrapolation
Reaction starts =A [SReaction stops N poin |
Fore —slope Fore -siope extrapolation

low sensitivity point

Fore —slope high sensitivity -

MU B-10582

Figure:7. Recorder  track for dissolution of curium metal in l.O M HC1.
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Thus for Qur'

fore-slope

after-slope

Q

-3.2588(3853.59-R__)

2.1522 R
SS
R
58
(R, ~R_)

It

1t

D5

example

-11.0 div
131.6 mm x 2.565 div/0Q

-0.0%2588 Q/mm' s

-5.0 div - -
176.7 mm x 2.557 div/Q

-0.011066 O/mm
aR. -
1
—= [(R, - F
at /( 1 Rss)b

=1

- 0.032588/(3810 - R ) mn

o

aR
2 o

at /(R2 B Rss)

- 0.011066/(3853.59 - RSS) m T
a

MQ , S0

-1.1066 (3810 - R__)

8341.9%

5876{00 Q

<66.00 -0
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- = -22.h
(R2 RSS) 22.41 0
y . =0:032588 a/mm . o ‘e
O -66.00 Q ; S
= L.9376 x 1o'LL —— .

As was mentioned préviously, the potential divider permits moni-
toring the temperature curve during the reaction. The curve in this
example does not go acfoss Tstéady-state as there is no change in the sign
of the slope, and the position of RSS on the high sensitivity, and the
sensitivity ratio. This ratio is 11. Thus: - ' :

Sensitivity ratio : . s
2 = , 0
High sensitivity, (div/Q) x (mm/div) ~ Low sen31t1v1ty, ofmn
o ' L , v

ﬁo jse siti.a£ = u = 2,04773 Q/ﬁm

oW sen VIt ® 27558 div/e 2.1 mm/div | 7
Here 2.558 diV/Q is the average of the high sensitivities before and
after the reaction. -

B - = 60.

(RSS Rl) 00

and
66.00 Q |

5.0L775 Q/mm 52.2 mm
Thus RSS can be drawn across the temperature curve 32.2 mm up-scale from
Rl‘ on the low sensitivity. This is shown in Fig. 7. The areas A and B
répresent thé heat that leaked into and out of the calorimeter respecﬁively}
They are measured by superimposing thin mm graph paper on the chart and -
counting squares. Unfortunately in this particulér example there is noiB_. o

»e

(heat leaked 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 Q/mm tiﬁes 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 for

2
the heat leak correction:

2.04773 Q/mm x 4.9376 x-1o‘4 T = 1.011 X 1077 Q —

2
Since in this example B = 0, and A = 196 mm ,

(B - A) = -196 - s

. - - 2
correction = -1.011 X lO'5 0 mm 2 X 196 mm = -0.20 Q
and R, = 3853.59 - 0.20 o
.= 3853.39 Q
The fractionél change due to the reaction is 2.565373 X 10_5. Dividing

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

inputs gives the net heat_Of the reaction:

v , -5 : -
2.565575 % 10_ = 0.067521 cal .
3.79938  x 10

As was mentioned previously, thislheat value must be cofrected

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

of water fequired to saturate the hydrogen évolved and the heat of vapori-
zation of water required to saturate the dry mitrogen in the bulb. '

Our calorimetric reaction is:

0 + -_' +3 | :
O A CO R
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0.067521 cal
0.000560 cal
0.066961 cal

Net heat of this reaétion_as calculated above

Heat of breakage of the bulb

Correction for the heat of vaporization of

water into the N, in the bulb and the

0.000728 cal
0.067689 cal

1l

evolved H2

Thus the heat of solution of 118.3 ug of pure curium metal in
1.0 M HCL is 0.067689 cal or Al,gg = -139.6 keal/mole.

The weight of the curium metal was corrected for:

a) weight loss during sealing

b) weight loss due to replacing the airéin”the bulb by dry nitrogen.
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III. MAGNETIC SUSCEPTIBILITY MEASUREMENTS
Cunningham15 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 modified3 to measure the
susceptibility of americium metal, curium metal, and their compounds down
to liguid 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 susceptlbll“ty apparatus It is essentlally a mod:fled Faraday's

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

to an 1nbomogeneous magnetic fleld The principle of this apparatus is

sketched in Fig: 8. The flber is of unlform cross section and 15 assumed

to be infinitely flexible. The sample is suspended midway between the
po]e 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 x-y plane and
very'small in the =z direction. .The sample experiences a magnetic force
Fg-in the x .direction and a gravitational force Fll_normal-to FE' An
additional gravitational forceF5 acts on the center of mass of the sus-
pended fiber. (The magnetic force on the fiber 1s t00 small to be
considered. ) | )

At equlllbrnum, the sum of the moments of forces acting about the
prOt point Pis zero. If the magnet1C'force acting on the sample in the
Z (upward) dlrectlon, as well as the magnetlc force on the suspen51on fiber
in the x directlon’may'both be neglected in comparlson with the magnetic
force acting on the sample in the. x direction, then we have: | '

F,d ng/a FE_LCOSG? | _(1_)
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Center of
mass of

the fiber

R D §

Lcos@ L
.t

MU B-10583

Figure 8. Principle of magnetic- gusceptibility apparatus.
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where d is the linear displacement of the sample under 'the action- of the

. 6H
f h . =Mg; ¥, =
force F2 and I is the length of the fiber But Fl 8 F2 Msxs(gm)

‘and F, = M_g; where,

3 £°
MS = mass of the sample
g = acceleration due to gravity
”Xs(gm) = g?am susceptlb}llty of the sample
H = magnetic field at the sample
g§r= field gradient in the x direction
Mf = mass of the fiber

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

'.unlform Iigg about the sample as possible, but in practlce it is dlfflcult'

5

to secure satisfactory constancy even in a Volume as - small as 1" mm Hence

it is customary to restore the sample w1th the magnet current on, to the
sample p031tlon in space that 1t occupled with the current off, by a micro-
meter controlled compensatlng shlft of the suspension point P. Substituting

F and F_ their corresponding values in Eq. (1) gives

for ¥ 5 3

l)

_ \ a
da+M a/2 =
MS g - 8 / Ms X s(gm) 6 L cos 6 o
Or more simply

| )figgﬁb cos 6 . : (2)

+ d =M
@% MHE)gdi Msxs(gm

'blf 6 is small (as is uSuelly the case expefimentally), cos 8 may be taken

gs unity (for maximum deflection obtained in these measurements 6 was

0.33 deg for which cos 6 = 0. 99998) Then,

(M% + Mf/z)‘g a_: Ms-.s(gm)liii L, o o - :(5)
M_ X - : .
e s(g ) ox S ) | (1)

(M + M /2) g



It is convenient to reafrange Eq. (4) to give

(MS' +M/2) g d

s(gm) | M H_@_H_L
ox

since the susceptibility of the sample 1s the quantity of experimental
Y
interest. Direct measurement oflfgg is virtually impossible.
' So for a given magnet current and suspension fiber, it is customary

to lump the constants g, L; andligg into a single apparatus constant

OH
g/L i35 2

so that Eq.f(B).can be!written as

; . ooy
oy ‘

(MS Mf/2)

RCO R S | -

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

xs(gm,) =Ka . : -, o o (6‘b).
In this case the deflectlon w1ll be completely independent of the mass of-
thevsample. This is an 1mportant advantage of this method N

. Tt is obvious from Eq. (6a) that in order to measure the magnetlc~
suscepilblllty, two quantltleu, namely the apparatus constant K and the
mass of the -fiber Mf, are to be determined. Mf can be calculated fairly
accurately from Lhe measurements of length and diameter of the fiber,
using the known density of fused 5111ea. The apparatus constant K can
be evaluated by observing the deflection of a sample of known suscepti-

~bility. There are, however, several factors which complicate this

evaliation.
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1) The standard sample of known mass and known susceptibility is
contained in a tube  of khown mass but unknown susceptibility.. Although
the tube usually consists of fused silica, for which an accurate value
for the suséeptibility may be found in the literature, commercially avail-
able silica seems to show considerable variation in'Xgm. Even tubes. made
of . the same silica stock give different susceptibilities depending on the
manner of heating during attachment of the hook for thé supporting fiber.
Since X o(gn) in Egs. (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 susceptlbllltles 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

| fby a hook (attached to the fiber) which also is- 1n the magnetlc field and

‘which in effect contrlbutes an additional mass to the sample tube.

'

3) L is not strlctly constant because of the elastlc and thermal

‘properties of silica (change: is very, very small though) nor even nec-

essarily the same for F and F2, since for the former it refers to the
center of mass of the sample plus tube combination, which will vary ac-
cordlng to the depth of fllllng of the tube with the sample, while for
the latter it refers to the center of susceptibility," whlch may Or may .
not be coincident with the center of mass.

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 éccurate for most

purposes.
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B. Calibration of the Apparatus

The procedure used for calibrating the apparatus is as folloﬁs.

~1) A sample tube, weighing anywhere from 900 ug to about 9 mg,
depending on the requirement, is prepared from clean, thin-walled siliea
tubing. A fine and sharply bent heok is fused to the tube, and the tube
with the hook is cleaned by repeafed boiling in 6 M HCL. The tube i1s
aried and weighed to *5 pg on an assay balance.

2) 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 (M ). (Since the tube and fiber hooks are both made of

fused silic;jeiiey are assumed to have the same susceptibility.)
%) The "tube is suspended in the susceptibility apparatus, and
its pOSiLion with reference to the filar micrometerlhair line and scale
in the telescope is noted and recorded. ,
L) 'The reading of the‘dfhm of 'the precision micrometer located
near the head of the susceptibility,apparatus is noted and recorded.

5) 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.

_ 6) The image of the sample tube in the filar micrometer eyepiece
is restored to that noted in 3) by turning the drum of the precision microm-
eter, and fhe new micrometer reading is recorded for the various magnet
current settings.

~7) The deflection of the tube, dj;
in the readings 4) and 6). A minimum of three readings of this deflection

is taken as the difference

‘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 guartz nub to. which the suspension fiber is attached
is rotated until no rotation of the sample is induced by the magnetic"
field. A deflection of the tube away from the pole pleces 1is giVen a

negative value.

By
A
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8) Deflection measurements. are made at room temperature and at
liquid nitrogen temperaturé'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 paramagnetic and ferromagnetlc
impurities, since the diamagnetic susceptibility of the tube is independent
‘of temperature. If the deflection at liquid nitrbgen or liguid helium
temperature 1s significantly less than that at room temperature, the tube
is unloaded and boiled again in 6 M HC1 and the entire procedure is
repeated. |

9) The tube is loaded with a known mass (Mstd) of a paramagnetic’
substance of knqwn sus;eptibility (Xstd)' The sam@le mass is usually of
the order of 100-EQO ug and is weighed on a submicrogram balance within
+O 1 pg. It is the ratio of the paramagnetic susceptibility of the sample
Lo the diamagnetic susceptlblllty of the tube that is important rather
than M a’ Now the new deflection measurements dl and d2 are made at two
temperatures, usually liguid nitrogen temperature Tl and llquld hydrogen
temperature TE' Nickelous ammonium sulfate [NiSOu(NHu)2 L 6K O] is used’
as a standard for susceptibility measurements. Nickelous ammonium sul-
fate crystals from baker and Adamson lot No. 7 werebvapor;equilibfated
with a saturated solution of Ni(NHu)E(SOu)2'6HQO. The susceptibility is
assumed to be given by the rglation’l5,Xgm[NiSOh’(NHM)ESOM.6HEO] =
= (3174/T+2.5 - 0.30) X 10 c.g.s. Alternatively, freshly ignited neo-
dymium sesquioxide (Nd 0 ) can very well be used for callbratlon purposes,
for which the suscept1b111tyl6 is taken as

. - 2 - !
m = 303 % 1070 erg/c® at 202%K.
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C. Calculation of Parameters

Taking the deflection of ‘the empty tube to be d. and independent

0

(M =M + M ),

of temperature, i1ts mass to be M t,eff M, ube hook of fiber

t,eff

47 the mass of the calibrating substance to be
its susceptibility at temperatures Tl and T2 to be Xst@Tl and XSthE

its susceptibility to be X

M 12
std _ ‘
respectively, and finally, the deflection with the standard in the tube to

be dl and d2 at temperatures T1 and T2 respectively, then the following two

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

: oH -,

o + + - + : o :

(Mf/ Mt,eff Mstd) g d (Mt,eff *y Msta xst@T )}16x L, (1)
; 7 \ 3

- , DH

2+ M + M = (M + ] 2L
(u/ t,eff sva) € dp = terr 4 Msta XstiT JE 5, 1 (8)

‘ . , o ’

1

(total mass)iandv[g/H(aH/éx)L] = K

If we put (Mf/2 M

+ =
oerr T Mgpa) =M
as in Eq. (6a) we have

KMy dyp =M oer % = Moea XstqT (9)
- 1
and
KMp o = Mo eer X ™ Mara Mova, | - (10)
2

Solving these two equations simultaneously we get

X a/a, - x
st e st
%b %H)

M o
} std - o
X, o= g 3 2 (11)

t MT (1 - dl/qg)
X . - X
Mo SpdT Sth ) ' ) . . S

std 2 1
K = GO _ (12)
' T 2 1°

X2
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Hence by measuring the deflection of a magnetic susceptibility -
standard at two different temperatures énd'using Egs. (11) and (12), both
><.t and K can be determined. ' ' |

A different value of K will be obtained for each different current
setting. If a héW‘sample position is chosen it is necessary to redetermine
K for each currént at that new position.b According to Eq. (6a), for the
same given sample at two different positions, Kldl = Kgdg’ where Kl’ dl
are the apparatus constant and deflection at position (1), and Ky» dy
those at position (2). So the apparatus constants at various positions
can be determined from the apparatus constant at one specified position
and thé ratio of the deflections at that specified position and other
pbsitions. -The:tube susceptibility Xt is determined at different current
settings and the average 1s taken as the‘susceptibility of the tube.

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

checked:

=

f

=M
2 t,eff

Y
L 1) . (13)
0 _

The calculation of'thé 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 dl/d2 will contribute
to an appreciable error in Xt' Therefore the value of Xt_shoul& be checked
by using Eq. (6a)»and the determined K values. For any tube of mass M,

.and>deflection d independent of temperature),

o (

Ka (M . +M/2) _ _ v
X - 0 Mt)eif f . 4 (lu)
t,eff
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For a known welght of sample Ms of unknown susceptibility, run

in the tube of maSQ. Mt'eff and of susceptibility Xt’ giving deflection
2

d (say) we have .

. oM J2+ | o | 8
« - (M cer M /2 + M) . My ers « (15) ¥
s , M M t ’
= s . : :
. or simply
X = 1\—/II-K a - T et X (16)
s MS MS t

D. Constructlon of the LOW'Temperature Apparatus

The apparatus is de51gned for the measurement of suuceptlbllltles
of solld samples in the mass range from about 1 mg to about 10 -2 ug, over
the temperature range from about LK (1iquid helium) to about 298K (roomx
'Lemperature). A general view of the apparatus 1s shown in Fig. 9.

SampleS'are ‘suspended in a quartz tube, L, of the load;ng tube -
assembly,.sketched in Fig. 10, by a very fine fiber, M, of fused silica
of about 42 cm length. = At the top of this tube assembly is screwed a
“heavy durai 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 moﬁnted in a micfometer, H, which allows the deflection to be
measured by a null method, in which the.sample is always festored to.the‘
same position in the magnetlc field. In this wéy errors resulting from .
v varlatlons 1nI{g— with sample position are minimized. The suspensibn.
fiber can also be rotated to bring an asymmetrlc sample to a position of
zero rotational torque in the mégnetic field. . After the'sample is‘in'
place, the opening in the dural ring is sealed (vacuum tight) by means of

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

fas

restored to its initial position with reference to a hair line in the
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General view of magnetic susceptibility apparatus.

Figure 9.
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Legend for Figure 10
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filar micrometer of the teleecopic arrangement (not shown.in the figure,
for simplicity of drawing) by adjusting the micrometer 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 0.5 u.

This tube assembly is suspended inside the dewar system (see Fig.
11) through the opening, A. The top head of this tube assembl§vis screwed
to a metal frame attached to ﬁhe 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 hoin. electromagnet assembly.
It consists of a Model vLoou electromagnet with an air gap which can be
adjusted to any value from zero to 4 in.; a MOdel V23%00A power supply
which proVides unregulated dc power for drivi%g the electromagnet; and
a Model 2301A current reguiator The current regulator and power supply.

are intérconnected to prov1de a stable current source. This combination

regulates the dc magnet current to within *O. 1% for line- volbage and load

resistance variations of *10%.

The dewar assembly is sketched in Fig. 11. Down to liquid nitro-
geﬁ temperaﬁure it is possible to use a simple two-wall dewar with a
guartz window at the bottom for admitting light. At liquid hydrogen and
liquid helium temperatures this simple twb—wali dewar cannot be used.
Therefore, a-three—wallvdewar,17 was used. The so-called three-wall
dewar, E, is actually two-walled with a copper finger, F,Jacting 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 outer and inner dewar when the latter is filled with

‘11qu1d hydrogen or helium. Liquid hydrogen or helium is transferred into
the inner dewar through a sealed evacuated metal tube (3, G the uppervand

lower section of filling tube). While "liquid helium is transferred to

X

N

i»
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the dewar, the top of this filling tube is attached to a ligquid helium
transfer tube fitting, which has been sketched in Fig. 12. The conven-
tional liquid helium transfer tube that connects thé 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

Vasban outlet for the extra hydrogen or helium in the dewar.

~On the top of the quaftz.disk cover which seals the opening of
the loading tube assembly (see Fig. 10) with the help of an O-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
’siivered mirror plaééd at its flat bottom'whigh acts as.a reflector, and
the image of the sample tube is viewed througﬁ a telescopic system which

is‘supported by a metal frame attached to the electromagnet.
N o ‘

E. Difficulties in Susceptibility Measurements

on Microgram Scale

The major problem in the measurement  of the magnetic suséeptibility
of microgram samples 1s the contamination of the sample with trace amounts
of ferromagnetic or paramagnetic impurities. The chief sources of thése
undesired impurities are scalpels, tweezers, etc. with the help of which -
thése samples -are mechanically handled inside the giove box. Extra care
must be taken to handle the sample tubes and samples only with gold-tipped
fbrceps.‘ Even with these precautions, several of the samples apparently
contained ferromagnetic impurities since the susceptibility was fbund to
exhibit slight field dependence. In the presence of these impurities the
susceptibility of the sample was detérmined by eXtrapolatigg the appareﬁt
susceptibility against the.reciprocal:Of the current to l/i = 0. This is

equivalent to extrapolaﬁing to infinite magnetic field where the ferro-

_magnetic impurity is saturated and does not contribute to the measured
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Figure 11. Dewar system of the magnetic susceptibility apparatus.
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Legend for Figure 11
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susceptibility; This is the reason why all the ekpefimental sﬁsceﬁti-
bilities were determined at several different current settings (fields),

if pessible. This not bnly 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 antiferro-states in the sample Unlike simple paramagnetism,
where the Curie or Curie-Weiss law is followed and. the susceptibility shows
no dependence on magnetic field strength, in the case of>ferromagnetism

and antiferromagnetism the susceptibility dependence on both temperature
and field strength 1is complicated. In the case of a ferromagnetic sub-
stance,vso far as field depen&ence is concerned, the magnetic susceptibility
‘decreases as the magnetie field strength increases. Thus in the case of )
a paramagnetic substance free from ferromagnetic contamination, if one ob-
serves a decrease.in magnetic susceptibility with an increase in field
| strength at a partlcular temperature, one could think that probably the
paramagnetic substance has undergone a ferromagnetic transition. Although
no attempt will be made to explain either ferromagnetism or antlferromag—
netlsm in detail, either phenomenologically or theoretlcally, it is 1mportant
to recognlze their salient features, especially qualltatlve temperature '
dependenee of the susceptibility. In the case of a ferromagnetic sub-
stance if we plot susceptibility (X) vs temperature (T) it should be noted
-that there is a,discontinuity at some tempereture, ‘I‘CJ called'the,Curief'
temperature. Above the Curie temperature the substance follows the Curie
or Cutrie-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 antiferfomagnetism there‘is agein a
‘characteristic temperature, TN’ called the Néel temperature.' Above .TN

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

Néel temperatufe the susceptibility drops with decreasing temperature.

| These‘peculierities in the behavior of ferfomagnetic and antifer—'

romagnetic substances below their Curie or Néel points are due to-
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»interioniofinteractions which have magnitudes comparable to the thermal

energies at the Curie or Néel temperature and thus become'progressively

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

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

tend to align themselves so as to dancel one another out. Above the Néel
temperature thermal agltatlon prevénts very effective allgnment, 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 Néel temperature this antiparallel aligning becomes effective
and the susceptibility is diminished. In ferromagnetic substances the
moments of the semarate ions tend to aligh themselves parallel and thus

to reinforce -one another. Above the Curie temperature, thermal energies

R . 2% :
dre more or less able to randomize the orientations; below Tc; however,

‘the tendency to alignmeht becomes controlling, and the susceptibility

increases much more rapidly with decreasing temperature than it would if

"the ion moments”behéved:independently of one another.

Presumably, even in those substances we ordinarily regard as
simple paramagnetlc, there are some interionic interactions, however
weak, and therefore ‘there must be some temperature, however low, below

whlch theva1ll show ferromagnetic or antiferromagnetic behavior, de-

EIpending'on the signéof_the interaction. As a matter of fact, the Curie

point often lies below 5OK, and so is Imaginary. The question of why
such interactions are so'lérge in some substances that they have a Curie
or Néel temperatureéhear and even above room temperature is still some-
thing of- an unsolved problem. Suffice it to say here that in many cases
it is certaln that the magnetlc interactions cannot be dlrect dlpole-
dlpole 1nteractlons, but instead the dipoles are coupled through the elec—
trons of intervening: atoms ‘in oxides, sulfides, halides, and similar
compounds. v a :
All”measurements:were mede-undervi/i atm of purified helium'gas,V

to assist in the rapid attainment of thermal.equilibrium.

B
|
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The following temperature baths weré used: -

e . o

, | c K o )
1. ICe-HEO slush 0 273
Freon-22 ’ '-40.8 o 232.2 _
(monochlorodifluoromethane) )
3, Dry‘icévéhd alcohol -75 S 198,
L. ‘Freon—lﬁ ‘ -128 145
(éafbon tetrafluoride)
5. Ligquid methane L1615 - 111.5
6. Liquid oxygen -182.96 90.04
7. LiQuid ﬁitrogen -196 7
8. Liquid hydrogen % -253% : 20
9. Liquid helium -269 i

Since therejisvno convenient temperature bath betwéen liquid
Hydrogen and hélium range (M—EOOK), an attempt was made to attain temp-
“eratures within this range by passing cold helium gas (frqm a helium
dewar) at a very controlled rate. This general cryostating technique
seems to be'fairly §atisfactory. In comparison to normalvhelium dewars
our presenﬁ‘déwar is very small (capacity ~350-400 ml) so we were never
able to éeerliquid helium in the dewar.l As a result, we think wé never
attained Lok temperature; however, by passing cold helium gas at very
regulated speed, aslmentiohed above, we could attain fairly close to_hOK.
Atlpreéent~we”are cépable of attaining about'6OK or so. The temperéture
'Was determined by measuring the resistance-of a carbon-composition re-
sistor.18v The prinéipal'édvantages of these carbon—composition thermom-
eters are high'therﬂometric sensitivity and Very low magnetic field
sensiti?ity. A semil-empirical equatioﬂ18~relating resistance and

ﬁemperatﬁre and having three.adjustable cbnstants is

log R + K/log R ;ZA + B/T _ c o ' -  o
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where K, A, and B are arbitrary constants to be determine expériméntally.

Temperatures calculated by this equation are within iO.S%fdfbthé measured

temperature from L-20°K. _The thermometer was calibrated at the boiling

points of 1iquidQN2, H2; andVHe. ;Thé.calibfation curve:is shown’in3Fig. lﬁ.
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IV. OPERATION OF THE MAGNETIC'SUSCEPTIBILITY APPARATUS
The principle and the construction oflthe appafatusvand the method
of calibration have already been described inithe preceding section.
What is intended here is a descriptiqh of the practical aspects '

of susceptibility measurements.

A. Preparation of Suspension Fibers

Suspension fibers are prepared as follows

1) A 3-7 cm length of quartz rod of diameter O. L-o. 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 )

2) The attached rod is wiped clean of dust particle.

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

as shown in Fig. 15(2).

u) The slide is supported by means of a clamp so that the fiber
progects 2-3 in. beyond the bench top [see Fig. 15(3)].

5) A platinum wéight, made from 1-2 cm of 20-30 mil‘p¥atinum
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 u in diameter [Fig. 15(4)]

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 experiende to insure a reasonable probability of success. A
fairly large hot flame seems to give the besf:results .

7) Once success has been achieved, it is necessary to mount the
flne fiber in a manner convenient for subsequent use. Arsatlsfactory
method consists of sticking the upper and lower ends te a flat backing,

using small squares of sticky tape.
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8) A sheet of dural is wrapped croéswise with cellophané tépe;
such that the distance between outer edges 1s the cprrect length of fiber
to use in the suscepfibility aﬁparatus The taped dural is spfayed ﬁith
dull black paint, to render the fine fiber more readlly visible.

The painted sheet is placed in back of the fiber and the upper end
taped down as shown in Fig. 15(4). The fiber is cut with scissors above
the tape. The lower end is then taped in place and the fiber cut below the
tape. ' . ’ ' ) '

9) A quartz hook for the lower end of the supporting fiber i&
prepared from about 6 mm of 50-100 W diameter guartz 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 breaking with tweezers.

10) The.préviously drawn fine fibef, mounted on the backing,
will not have a uniform diaméter, and will usually be finer at the top
than at the'bottom.. The finer end 1s placed under a binocular micro-
scope, with the bacﬁing plate properly supported. One arm of the hook
is moistened with a‘droplét of freshly prepared epoxy cement, and the
other arm ié held iﬁ'forceps, The sticky arm is touched to the mounted
fiber just beyond the edge of the cross tape as shown in Fig. 15(5).
Here a short séctioﬁ 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 té form a permanent bond.

Care must'be-exércised of course, not to cement either thé fibér
or the hook to the backlng plate '

11) 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 em
from the bottom‘end,of'the hook as shown in Fig. 15(6). '

This 1is done as follows: A few chips of black Apiezon are dropped
into the hole'in'the,end 6f the brass supﬁorting nub. A short léngthiof

quartz rod which fits snugly into the hole, and which has been drawn to a
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fine coaxial tip is pushed into thevhéle and the nub heated until the
Apiezon melts. A small émount Qf{Apiezon is then‘melted onto the ﬁip.
The upper ena of the fine fiber is ﬁow cut to the appropriaﬁe
leﬁgth (by pressing with a scalpel) and the cut end gently laid 6n the
apiezon-coated tip of the quartz rod. i ‘ €
A quick brush with a cool flame will melt the Apiezon and stick
the fiber to the nub (sometimes epoxy cement has also been used to attach
the fiber to the nub); The excess fiber below the hook may now be cut off,
by pressing with the edge of a silicon carbide crystal. This operation
"should be-perfofmed 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. _ o
i The brass nub may now be raised so that the fiber is in a vértical
"position. With the lower part of the nub held firmly in forceps, the brass
suﬁporting ring is clamped onto the end of the loading rod, and the fiber '
carefully withdrawn into the loader unit. Before withdrawing.thé fiber it
‘is cleaned of any dust parﬁicles or tiny fibers which méyAhave accumulated
on it during preparation. This is done by carefully passing a very fine

quartz rod along the fiber several times.

B. Preparation of Sample Containers

] .Sample contéiners should be light, strong, and have a low suscepti-
bility which preferably should be temperature-independent. Chemical re-
_sistance toih;é M HC1 in ethyl alcohol is also desirable. Containers made
of fused silica or of any of a number of organic polymers satisfy thesé
- 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 gradienﬁs
in the magnetic field. The normal weight of the tubes ranges from 900 pg . s
to 8-9 mg. . v



The tubes are prepared from very thin wall silica tubing of appro-
prlate diameter, prev1ously prepared by hard pulllug from clean, light
wall tubing oflabout 1-2 cm 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 bf 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 8-1Q cm by
scratching wiﬁh a silicon carbide crystal, and then is stored in a elosed
container. _

Tubes are prepared from the semicapillary as follows.

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

tipped forceps while the other end is held by hand.

2) The tube is heated with a microtorch about 1 em from the

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

within the fingers of the hand.

' 3) After a section of the tubing has been heated dniformly to
incandescence, a quick push with the forceps and a simultanedus pull with
the hand will thin the heated section to fiber thickness. ' |

| L) ' The fibér 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 microtoreh. Heating beyond that neeessary fo close the

’hole should be aV01ded

5) If the bottom closure is thin and axially symmetric it is
satisfactory. If it is con51derably distorted it may be rounded by
closing the open end with Apiezon wax and heating the closed end with
avtorch. ‘The increase in pressure inside the tube owing to the heating

will suffice‘to expand the bottom into a hemispherical form. The

.Apiezon is then dissolved in carbon tetrachloride.
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6) The hook for the tube is prepared from a quartz rod of 25-100

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 thé 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. e

‘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 disfahce of
about 3-5 mm from the open end. The free end of the quartz rod is broken
bff at:a distance of about_E—h mm from the bent place, léaving the tube
with the required hook. '

f " ‘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
‘Manufacturing Company.

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

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

bdiled in conductivity water and allowed to cool. After drying théy are

stored in a well-cléaned 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 bloék is’
cleaned by washlng with concentrated HCl and then water. .
| The sample container of known 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 opening- of the tube This is removed by shaking the tube
and brushing it with a small clean camel hair brush
The cleaned tube is wéighed o6n the submlcrobalance to determlqe

the weight of the material within iO.l pg. After it is weighed, the tube

;is placed in a clean hole in the lucite block to be ready for»loading in

“the appafatus.

For radioactive samples the follbwing procedure is used: The

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

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

V:'in the lucite block. The carton 1id is covered and introduced into the

‘Berkeley piano box. The 1lid with the lucite block and tube is placed on

a microjack. The microscope on top of the box is adjusted so that the
tube openingvis cleaply seen. The sample chunk is then picked up with
either gold—fipped forceps or a fihe tunésten needle, under a microscope.
Nermally the metal chunk will stay on one arm of the forceps when the Jjaws
are released. The;fiﬁ of the jaw holding the sample is introduced into

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

" into the tube and settle in.the bottom.

A powdered radiocactive substance like PaFu is loaded in the tube
through a microfunnel which in turn is introduced into the tube with the
heip 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
" outer lucite tube of about 85 cm length and about 9-10 cm diameter,Aand
an inner concentric tube.of about 70 cm length and 4-5 cm diameter. The
lucite tubes are sealed together with two lucite plates, one at the top
and the other at the bottom. An aluminum rod of about 100 cm length, which
is fitted w1th 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 in a position which can be easily reached. The lucite
block which holds the sample tube is brought underneath the hook of .the
suépension fiber and the hook of the sample tube is engaged to the hook
of the suspension fiber. The.lucite block is pulled down slowiy, leaving
the sample tube hooked to the fiber. The fiber is withdrawn inside the
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 attaéhed to the loading box. Now with the help of
the sliding window.grrangement the loader unit is brought onto the tép
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.
fThe 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‘ih placé are tightened, and the opening of the loading
tube assembly of the apparatus is covered with its quartz dlsk ' '

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

- that hooking thée sample tube to the suspension fiber hook is also done 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

introdﬁction into the box, to prevent blowing of the fiber and sticking to
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the side of the box .. The-pormal high velocity air flow in the box is inter-

rupted during loadiﬂg.. ‘V vt : B
Finally it is worth“méﬁtioning,here the problem of electrostatic

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

the loader unit has been coatediﬁith an antielectrostatic spray. Even

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

creating>a7yery unhappy situation. For the same reason the quartz tube

of tﬁe loading tube assembly (1, in Fig. 10) is furst coated with tin

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

No sure way of gettfng rid of the electrostatic problem has so far been.

achieved.

  E., OBserving the Sample and Its Positioning

with Respect to the Magnet Pole Pieces

The front surface mirror with a hole in its center is adjusted 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 fbcus; the filar micrometer is adjustéd 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 rotatihg 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

magnetic field.
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Figure 16. Loader'unit ‘of the magnetic susceptibility appératus.
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Legend for Figure 16
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Figure 17. General view of loading glove box with the loader unit and the

loading tube assembly in their respective places.

a®



V.

-65-.

F. ZEvacuation 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 evacuatlon 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 nltrogen_trap. This process of evacuating and flushing is repeated
three or four times. After being thoroughly flushed with helium, the o
assembly is filled'with about 1/5 atm of helium. Now everything is all

set for. taking the measurements.

*G. Making Deflection Measurements

The deflection is measured by a null method. First the micrometer

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

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

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

taken.\ The'differehce between the reading with the current on and the

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

" rent setting. Three or four deflection measurements are carried out at

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

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

H. Unloading the Apparatus

After-all the measurements at dlfferent 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
conpounds are quite high, and consequently, attempts to make the metals by "
fclaSsical techniques have failed. Trombe19 has written an excellent review
“of the hiétory 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
et al.go 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 bnryllia or
thoria, and the crucible system was heated in vacuum by resistance‘heaﬁing.
v - The preparation of curium metal (using CmglL2 isotope) on the micro-
gram scale was first carried out by Wallmann, Crane, and Cunningham l by
reducing CmFB.with barinm vapor at 127500. They used a double crucible

system in a high vacuum similar to that described by Fried and.Davidson.22
:The quantities so prepared were rather small, being on the order’of“h B

or much less. Howe?er, the metal upon observation was silvery in appear-
ance and about as mélleable 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 corrodéd. 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 C-decay of Cmgugv(equivalent to a power output of
1.2 % lO_u W/ ug). A sample of Cmgug metal,‘even though it is only partially
isolated from its environment, may reach high.temperatures, Which_conld

account for its rapid corrosion rate. : . o .
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, R 2
Wallmann and Cunningham 5 ‘indicated in their work that these meth-

ods ‘were seldom successful more than 50% of the time, because the product

often soaks into the. refractory ox1de crucible. As a result of their
experiments. they suggest using an‘all-tantalum double crucible system and
e a wet-precipitated fluoride of the actinide of interest. This type of
| ~crucible system leads to more reproducible reduction conditions. They
also find.itemore convenient to use induction heating. | '
McWhan, Cunningham, and W’éillmann25 described in detail the prep-
aration of americium metal by the reduction of dry.AmF5 with barium metal,
using an all-tantalum double crucible system.
Cunningham and Wallmanngu prepared curium metal (using CmEMF iso-

tope) for their’ crystallographlc studies using barium metal as a reductant

. for CmFB; whlch was obtalned by wet precipitation of curium in 1 M HC1

o w1th vapor- equlllbrated HF and th;g stored over P205 o

! - o Lowenhaupt and Cunnlngham ‘1nvest1gated the oxygen and carbon

| | content of the rare earth metals (using mosﬁly ytterbium metal as a stand-
in) produced by reductlon of their respective trifluorides with barlum

' -vapor in order to determine the ability of some drying techniques to re-
move-oxygen,énd carbon from the trifluoride. They used'an activation

26,27

'analysisotechnique : employing HeB—induced nuclear reactions for de-
termining‘oXygenvand oarbon contents of these metals. They concluded
that metal préauced from untreated'trifluoride‘contein about 6000 ppm
okygeﬁ, whereas. the metale produced from triflﬁorides treated with an-
,hydrous HF gas were found to contain as little as 300-400.ppm oxygen.

In attemptlng to get curium metal with low oxygen content the
' CmF5 chunks were treated with anhydrous HF gas. The procedure will be
deScrlbedzln‘more dete;l.a_llttle laterfo Starting from CmF5 chunks ob-
tained after anhydrous HF treatment, the metal was prepared by following -
« the procedure’ of Cunninghsm and Wallmann.eu However, a brief discussion
. | of the varlables which will affect the preparation of good metal will be

s o glven The‘variables that will be consldered are:
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a) choice of reductant metal
'b) phy31cal Iorm and treatment .of startlng materla]s
c) type of crucible system

d) reductlon temperature and duration of reduction

e) method of»heating.

a’) Choice of reductant metal

The reaction used to prepare curium metal is

Cmly + (3/x)M = Cm + (3/x) MF

jFrdm the reaction, it is clear that the choice of the reductant metal 1is

iimitéd mainly by two factors.
1) The AF for the reaction must be thermodynamically favoréble;
_2) The vapor pressufe of the reductant metal must be sufficiently
high to permit véporization 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 reactioﬁAvaporizes along with the ex-

cess of lithium, leaving only curium metal as the product. However, if -

~barium or caldium_is used, the barium fluoride or calcium fluoride slag

prov1des a protectlve coating against surface reactions Wluh the residual

“'gases in the System during annealing, and tends to 1solate the product from

~ the cruc1ble, making removal of the product egsier. Moreover, even a small

weight percent of light elements may constitute a high mole percent im-

purity [0.01 wt% Li = 0.34 mole®; 0.1 wt%h Ba =.0.17 mole% (in curium)].

As the purity of the metal is of prime impdrtance, barium is used prefer-

entially 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 frbm cationic impurities. Because of the scale on
which thi; work had to be done, ordinary reagents were not pure enough.
The CmEM& used in this study was obtained from neutron irradiation of Pu259
and was contaminated with rare earths, other actinides, and fission prod-
ucts, etc. The primary separation of the actinides from reactor products

was carried out in a water-shielded cave, using well established. proce-

. 2 "
© dures. 8 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.
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-
tions 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 Q-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 reguired were water

and various HC1l 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 elsewhereao; however,
for the sake of completeness, the purification procedure will be briefly
described here. '

Thevstafting material is ordinary distilled water. This is passed

through a 1.5 in. diameﬁer by 3 ft long mixed resin ion-exchange'column
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Table I. Summary of ion-exchange columns.

1.

2.

Alcoholic HC1l column

Purpose: Actinide-lanthanide group separationl
Resin: Dowex 50 X U; H+ form washed with load acidity. ' .
Temperature: Room temperature. .

Load: 0.5-0.1 M HC1 (load volume can be large—many FCV) _
Flution behavior: TFirst add 2-3 FCV of 2 M HC1 to partially shrink
the resin (this mo&és the transcurium elements slightly down and

decreases the penetratién due to the resin shrinkage). Thén
elute with 20 V% EtOH-HC1 gassed up (12.5 M HC1) in ice until no
heat is liberated and then allowed to equilibrate back to RT.
Elution rate QOox/cmg/min. Actinides elute after 3 FCV of

" EtOH-HCl, well ghead of R.E., yttefbium being first to follow.
The elution sequence is in thelorder of decreasing atomic
number .

Remarks: HCl must be saturated.

Anion clean-up column

Purpose: Iron and PHQMO (daughter of Cmguu) clean-up.

Resin: Dowex 1 X 8, treated with 8 M HC1.

Temperature; Room temperature.

Load: 8 M HC1. _ B

Elution behdvior: Elute with 8 M HCl. The actinideé and iantha-
‘nides - virtuaily'wash through but the Fe-lr§ and Pu+u " chloride

cdmplexes are held very tightly at‘the top of the column. "

+

. + .
Remarks: Make sure that iron and Pu are present as Fe5 and Pu

respectively.

(continued)

.
PR
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d Vb | | | Table I. Continued.

- ' 3. LiNO, column’
P

Purpose: Am-Cm separation.

Resin: Dowex 1 x 8, pret;eaﬁed with load solution. .

Temperature: Room temperature or 87OC. The column is %50% faster
at high temperature.

Load: 10 M LiNO5 - 0.005 M H+. .

Elution behavior: FElute with k.2 M LiNO, - 0.005 M H . Elution.
order is that of decreasing atomic number.

Remarks: Low acidity is essential.

4. "but" column

Purpose: Individual actinide separation.
Resin:v Dowex 50 X 12, NHA+ form.-
Temperature: 85°C.
Load: 0.0S'E AC1 (minimum volume).
~ Elution behavior: AElute with O.4 M a-hydroxy isobutyric acid
"but" at pH L.2-4.6.
Remarks: Very tricky to run; "but" concentration and pH are

quite critical.

5. "put" clean-up column

Purpose: To remove "but'.

Resin: Dowex 50 X k.

Temperature{ Room temperature. _

Load: Cm fraction obtained from "but" column was brought- to pH *3
with 1 M HCl and enough excess HC1 was added to give 0.05 M free
HC1. |

Elution behavior: Elute with 1.5 M HCI.

(continued)
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Table I. Continued

6.

Clean-up column ’

Purpose: Separation of actinides from general inorganic crud like
Ca, Sr, Al, Ba, Mg, etc. '

Resin: Dowex 50 X L.

Temperature: Room temperature.

Load: 0.5-0.1 M HC1.

Elution behavior: Elute w1th 2 M HC1 until first indication of
activity; then remove excess of 2 M HC1l from the top of the
column, and finally strip Cm with 6 M HCL.

Remarks: The activity should not be Stripped with 6 M HC1 too
early, Ca, Sr, Al and Ba elute only shortly before the acti-
nides peak. Use 'of the 6 M stfip will carry any Zr u in the

feed into the product unless a close post-actinide cut is made.
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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-
afe with a continuous overflow to ayoid concentration of contamlnants in
thevboilers. 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 typiéal spectrographic analysis of
the product is shown in Table II. '

High pufity HC1l solutions were prepared by two differént'techniques.
Fifstly,wquartz distilled water was vapor—equilibrated with five-fold excess
of 12 M HCL (l)O ml of quartz distilled water in a specially cleaned poly-
ethylene bottle, the so-called product vessel equllnbrated with 750 ml of
12 g HCl). The spectrographic analysis of this HCl is shown in Table IT.

. Secondly, some of the high purity HC1l was supplied by Dr. Jere Greén from

a stock which he prepared for his californium. work. The technique qsed
for its preparation‘has been discussed in his thesis5l; however, for the
sake of completeness, the purification procedure will be briefly discussed
here. |

' Room.temperature saturated HC1 was prepared by the tréétment of
quartz dlstllled water, contained in a specially cleaned polyethylene
bottle, w1th purlfled anhydrous HCl gas. ‘The source of the HCl gas was
preparative grade tank HCl which was allowed to flow slowly through a

Pyrex entrainment trap, a Pyrex prebubbler containing saturated HC1 solu-

'ﬁion, and finally through a second Pyrex entrainment trap ahd a leached

quartz wool plug filter. All lines between the guartz wool filter and the
bubbler tube were made of leached quartz tubing. The spectrographic anal-

ysis of this acid is also shown in Table II. Various HC1 solutions were

" made by dilution with qﬁartz distllled water in specially cleaned poly-

'Jethylene bottles.
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K, Li, Na, Np, Pu.

Table ITI. Limits of spectrographic detectlon by the copper spark method
. for common impurities expressed in micrograms.
0.0L pg Al, Be, Ca, Cr, Eu, Fe, La, Mg, Mn, Mo, Nb, S5i, Sr, Ti, Yb, Y, Zf;
0.05 pg Bi, Co, Ge, In, Ni, Sm, V.
0.1 ug Ce, N4, PU, Pt, Sn, U, W, Zn. )
0.5 pg Cd, Ir, Sb;vTh.
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All the quartz cones, polyethylene pi@ettes and containers, etc.
used in this work were the ones which had been leached with concentrated
HC1 for a long time and then rinsed w1th 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
HC1l by the addition of excess aqueous hydrofluoric acid (obtained by vapor
equilibration of quartz distilled water in a specially cleaned polyethylene
container with five- to seven-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 being centrifuged, the Drec1thate was washed two times with about
MO times 1ts volume of quartz distilled water and two times with similar
amounts of absolute ethyl: alcohol 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-like appearance. 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 wiil 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, éince air-dried aqueous precipitates of PuF5 have
been show'na2 to contain chemically bound water.

The trifluoride chunks so obtained in the previous operation were
transferred to a pldtinum crucible and dried fbr 6 to 7 hr in a stream of
anhydrous HF‘gas at -about 6OOOC. Pure HF was obtained by thermal decom-
position of NgHFé, treatment of theAcondensed HF with a small amount of
elemental fluorine, and subsequent double distillation. Finally the’
fluoride chunks were transferred to a small quartz contaiﬁer and stored

in a microdesiccator. over phosphorous pentoxide.
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¢). Type of crucible system

Ideally, the crucible system should fulfill the fbllowing require-
ments: v '
be unreactive
yiéld reproducible effusion conditions'

)
)
) keep solid reductant metal from contacting the fluoride
) be easy to load

)

UoE W o

permit easy removal of the product.

As méntioned previouély, double crucible systems made either from ‘
refractory oxides or tantalum have been used successfully in metal prep-
aration. Refractory oxide oystem% have the disadvantage that they must
be fired at 1600- 1800 C for several hours in order to harden and degas
them. The effu81on orifice is not reproducible, and it is dlfflcuLt to
estimate the rate of effusion of the excess reductant and consequently the
reduction 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 beenfused in all the reductions.

Tantalum has the disédvantage that it is wet by curium métal, and
molten curium dissdlves appreciable amounts of tantalum. Therefore, a
small conical spiral of 3 mil tungsten wire hés been used to hoid the
chunk in the tantalum crucible in order to minimize the tantalum surface
exposed. ‘

A drawing of the entire reductioh system is given in Fig. 18.

Tt consists of an all-tantalum double crucible system [Fig. 18(b)] sus-

pended inside a cylindrical induction shield made of 2 or 4 mil tantalum

isheet. Inside this inner tantalum crucible is placed a stand made of

tantalum foil fitted with a small conical spiral of 3 mil tungsten wire
which receives the fluoride chunk. The use of a spiral in pléce of the
téntalum basket empioyed by McWhan and co-worker52 is a.decided_improve—
ment,  since much leés wire is exposed for the product metal to wet. The’

crucible cap is pierced with a small effusion hole of about 1/3-1/2 mm
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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 duratioh of
reduction at the chosen reduction temperature. The rate of effusion from
a crucible can be estimated from Knudsen conditions by the equatidnw-

R(moies/min/mmg) =3.5 X 1072 Pmm/MT ,

where R is the rate of effusion of a gas from the orifice in moles per
2

minute per mm of orifice area, P is the vapor pressure of the curium

or barium,. M is the molecular weight, and T 1is the absolute tempera-

ture. (As the system does not match ideal conditions for Knudsen effus1on,

“the actual effusion will be slower than the above estimate.) An effus1on

" hole of about 1/2 mm is convenient for most reductions.

d) Reductlon 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 of excess reductant. ‘In-all the

reductlons of CmF5, metal of good appearance was obtained in hlgh yield

by malntalnlng a reduction temperature of about 1320 to 1560 C for 2 min.

~Additional hedting for 3 to 4 min at about 1230 °C served to remove excéss

barium as well as the barium fluoride slag. Finally the metal was an-

.nealed for 1 min at‘about llOOOC in order to get well-crystallized metal.

v

No detectable loss of curium from the crucible system was observed

under these conditions.

Eleméntal'curium prepared as described exhibited a bright silvery
surface which did not tarnish readily -when exposed to air. The reductant

meﬁal Ba was not detected in any of the curium metal preparations.
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e) 'Method of heating

Three methods of heating can be used with varying degrees of
success: .

1) electron bombardment

2) resistance heating

3) 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 igs inefficient, but it provides good tempera-
ture control from the reduction temperature to room temperature. As with
electron bombardment, the effusion of the‘éxcess barium can be 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 inductiqn heafer provides accurate temperature control, per-
‘mits accurate temperature measurements, and is easy to use. In all the
reductions the blank tantalum assembly was degaSsed at >IOOOOC for 20-30
‘min or until the pressure fell to less than‘10_6 mm Hg. (Besides degas-
sing, this served té volatilize copper deposited during spot‘weiding of
the tantalum.cbmponénts,) This step is necessary éince otherwise the
copper condenses onfthe walls of the vacuum system during temperature
calibration and would lead to an error in the temperature measurement
if not removed peforehand. Since the power required to bring the crucible
to a certain temperature varies with the orientation of the‘crﬁcible;
shield, and induction coil, an empirical correlation musﬁ be established
between the -current reading of the power generator and the temperature of
the crucible, as ob$ervedvunder 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 ﬁieées of CmFB, depending upon
size, were placed in the tungsten spiral attached to the stand. Enough
freshly cut bafium metal_(safficient to provide about a ten-fold excess
over that required for reduction) was dropped into the bottom of the
ecrucible. The crucible, stand, cap, and induction shield were reassembled

and taken as quickly as possible to the high vacuum line, in whiéh they

“were calibrated, and the system was evacuated as quickly as possible to

avoid reaction of the barium with the atmosphére. 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
_ 1) An initial outgassing by gradual increase of temperéturg to
aboﬁt BOOOC. This was performed after the system had reached agput
7 .

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 13600C for reduction.
%) Additional heating for L4 min at about 1230°C was done to remove
excess barium and BaF '

L) Anneallng for 1 min at about llOO C was performed to get well-

crystallized metal.

Finally the entire system was cooled under vacuum overnight, the

stand cbntaining 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 frbm éach re-

duction were analyzéd by spectrographic emission analysis, using copper
spark excitation. The'spectrographic results for all thé'Sampies‘are shown
in Table IV. The limits of detection by this method have already been
tabulated in Table III. | o

A fcw*mlcrogram% of metal from each reduction were loaded into
thin-wall quartz caplllarles and the dlffrdctlon pattern was obtained with
a Jarrell-Ash Model 80-010 microfucus x-ray unit, using the vertical tube,

Y27 and a herizontal line filament cathode, Y37 in conjunctidn with a
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Table 1V. Purity of curium metal.”

Sample Spectrographic results ¥-ray results " -
no. : N : '
1. Nothing was detected except Ca X-ray diffraction pettern was iden- a
(~0.0L pg Ca in 40 pg of Cm). tified by comparing with Wallmann's
This amount of Ca is about the dhep structure film of Cm metal.
same as in blank (see Table IT1).
2. " : X-ray film identified
3, Nothing was detected except Ca !
(20.02 pg Ca in =50 pg of cm); )
"5 little more than the amount of
Ca in blank.
k4. " ’ X-ray film identified and lattice i
parameters'calculated. ,
5. Nothing was detected except Ca  X-<ray film identified.

(=0.01 pg Ca in =50 pg of Cm);

same as in blank.

a ' . . , s o - ; ~
.8Rs was specially looked for in spectrograpalc analysis but was not detected
a .

in any sample.

A
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Norelco 57 mm diameter camera. X-ray results are also included in Table fV.
From sample no. 4 a very good diffraction pattern was obtained (including
high‘angle lines and Kal, Kaé'resolution); therefore{ the lattice parameters
were qalculated by using a least-squar;; analytical treatment, programmed

into a computer by Mueller and Heaton. Observed intensities were compared

with calculated values obtained from a 7090'éomputer, using the intensity

2 Curium metal showed a double hexagonal close-packed

structure similar to Q-lanthanum and the. lattice parameters so obtained are:

3. 497%0.003 A
11.3%5%0.005

[\
il

[e]
1!
o

These lattiée'parameters agree very well with those published by Cﬁnningham
and Wa].lmamﬁ.ELL We were able to index all the lines as dhép except one |
which coﬁld'not belidentified with certainty. Most probably it may be in-
dexed as fcc due to CmO. ' ‘

Mass analysis showed the isotopic compoéition of the curium»gsed
2““, 96.59%; Cm2h5, 1.59%; Cm2u6;_1.82%. '

in this work to be: Cm

B. Preparation of Protactinium Metal

, ,-Grdsse and Arguss35 obtained protactinium in its elemental state
for the_firsﬁ'time by: 1) bombarding the pentoxide with 35 kV electrons
aﬁd 2) decomposition of the peéntachloride on a hot filament. The prep-
aration of‘protactiﬁium metal by reduction of the tetrafluoride (PaFu).With
barium qt lhOO?C‘wég later described by Selleys, Fried, Elson, and Zach-
ariasen5 in 195k,

- The protactinium meﬁal used in this work was'the one prepared by.
Professor B. B. Cunningham for his crystallographic studies and melting
poinﬁ determination. Some of the properties of.protactinium metal, like

crystal structure, melting point, and magnetic susceptibility. have beemn
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reported by Cunningham.7 The protactinium metal was prepared as follows.
Purification of Pa095: The starting material for the various préparations

of protactinium metal was the impufe oxide stock. The purification of the

impgre oxide was achieved by two separate schemes. The first batch of Pa205
was known to contain several weight percent of niobium. The procedure used
to remove nioblum is described as follows. )

The pentoxide was dissolved in hydrofluoric acid and the prbtac-
 tinium.was precipitated as KEPaF7 by the addition of two moles of potassium
‘fluoride per mole of protactinium. The precipitate was collected by cen-
trifugétion, and after removing the supernatant liquid the‘compound was dis-
solved in a minimum volume of hot (85°C) 5% hydrofluoric acid. Needle-like
crystals of dipotassium protactinium hepta-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 sﬁlfufic acidf The concentrated sulfuric acid solution was‘diluted
to 6 N and protactiﬁium 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. bThe |
oxide was washed with 6 M HCl and then dried slowly under an infra-red
lamp, to form a few hard coherent flakes. Spectfographic analysis of a
portion of this oxide showed niobium to be below the limit of spectro-
graphic detection (iess than 0.2%).

' Subéequently, another batch of Pago5 (~40 mg) was purified by
double precipitation as KEPaF7, dissolution of the double fluoride in
~2.5 M HF, precipitation of the hydroxide by exposure of the HF solution

to excess NH, gas, washing with dilute ammonia, and slow drying of the

3 .
hydroxide in a polyethylene cone at 85OC.

~ On drying, the hydroxide shrank to form a single hard pellet, which

was readiiy detached from the walls of the cone.

-

Je
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Spectrographic analysi% of the solution of pfotactinium in 2.5 M
HF 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—.

sentially according to the method of Stein,5b by treating the purified
Voxide first in a stream of hydrogen for 15 min at 6OOOC, and then with
an equimolar mixture of pure hydrogen and HF.gases for 30 min at the same
temperature. Pure HF was obtained as mentioned previously by thermal de-
composition'of NaHFé, treatment of the condensed HF with fluorine{ and sub-
sequent double distillation. »

The tetrafluoride thained from the first batch (~10 mg) of oxide
was‘a deep chocolate brown in color. Coherence‘of the original'oxide
flakes had been largely maintained, so that the tetrafluoride could be
readlly handled w1th forceps.

Hydrofluorlnatlon of the 40 mg oxide lump ylelded a product of
quite dlfferent 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 fhe material
in the form of sizeable chunks (as,desired) could rnot be effected because
of its strong ‘adherence to the crucible surface. It was removed essentially
as a fine powder. | '

PaFu gave an extremely complex x-ray diffraction pattern, which
seems to resemble c;osely that of ThFu. Therefore the PaFLL so obtained

was isostructural with ThFu-

Protactinium metal preparation: Chunks of PaFu-as obtained‘by the hydro-

fluorlnatlon of the first batch of oxide were reduced with barium metal
vapor at temperatures between 1300- lMOO C. The reductions were carried
out in an all-tantalum double crucible system, using a 3 mil tungsten w1re'
spiral for holdlng the chunk, exactly of the same type as used for the

‘ preparatlon of Cm metal deocrlbed in detall in the previous sectlon Good

-protactlnlum metal was obtained under these condltlono,
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The compact metal was quite soft and its surface could be cleaned W
readily by scraping with a scalpel blade. The freshly exposed surféce was
silvery in appearance, but became darker rather gquickly on-being exposed ~
to air. Subsequent‘oxidation proceeded slowly, however, and pieces ef
metal exposed to air for a period of a week showed only superficiai‘ -~
oxidation. ‘

Two attempts were made to prepare protactinium metal from the pow-
dered fluoride at a reductlon temperature of ~1MOO C; 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 metal produced previously.
Spectrographic analysis of a 10 ug sample from this metal detected no
impurities. _ v |
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. ‘ ‘

Finally, in an éttempt to make a pellet from the powdered PaFu, 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/& in.) were made from a tungsten
»rod. A fairly goodipellet was obtained by pressing Pth powder in the above
mentioned press, using a small vise. Ninety percent of the powder (esti-
mated only) wés rechered in pellet form. The pellet was crumbling some-
what on one side and_the excess powder material was stored in a capillary
ﬁnder vacuum. Reductioﬁ of this PaFu pellet gave good results, but unfor-
tunately the tungsten wires seemed quite well imbedded in the Pa metal.

The excess of the powdered Pth recovered during pellet formation
-was loaded for susceptibility measurements but was found to Dbe hlghly con- . .
taminated with ferromagnetic impurities. These impurities were obv1ously

picked up auring pelleting. .Therefore another batch of protactinium was . "
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cleaned for making some more PaFus we hoped it would be in the form cf
chunk, for susceptibility measurements. This purification will be de-
scribed shortly. '

| The protactinium metals so obtained, as reported by Cunningham,

gave good x-ray diffraction patterns. He observed diffraction 1ines from

“both PalO and PaOE, but the remaining lines he was able to ihdex according

~to a body-centered tetragonal structure, in agreement with the earlier work

of'Zachariasen.57 The lattice parameters, derived from a least-squares fit
of the diffraction data are a = 3.929%0.003 A and c = 3.2L1%0.004 £ at
room temperature.

Finally another batch of about 50 mg of protactinium, which was
known to contajn several grams of cerium, was purified as follows. '

The SOlld cake containing Ce, Pa, and other common 1mpur1t1es was

dissolved partly in 10 M HNO3 and 0.01 M HF, and the remaining solid resi-

due was cooked with concentrated H SOu 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
mayjbe worthy of mention that protactinium polymerizes 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 coiiected by centrifugation, the supernatant liquid re-
moved, and the precipitate washed with conductivity water.’

The hydroxide precipitate was then dissolved in 10 M H]\IO5 conﬁaining
0.1 M KB?O5. From this solution (in oxidizing medium) Ce(IV) and protac-
tinium (presumably pentavalent) both were extracted38 in 0.15 M HDEHP

[hydrogen di(2-ethylhexyl)orthophosphoric acid] (08H17O)é PH(OH) in heptane.

‘Three to four such solvent extractions were carried out, using equal volumes

of HDEHP. All the}cerium and most of the protactinium came in the'organic
phase. From this organic phase the cerium was stripped by using 8'M_HNO3
and 1.5 M HEOE; along with the cerium and most of the decay products of
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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. 1In this way we obtained about 49 mg of brotac—
tinium in 5% HF. Spectrographic analysis of a portion Qf'this solution
showed cerium to be below the limit of spectrographic detection (less than
0.1%). The only impurities present were: Al, 21.4; Ti, 1.7; Fe, 0.1;

Zr, 0.09; Nb, 0.05; Mg, 0.05; Ca,v0.0B-—all in mole %.

It is well known that hydrofluoric acid prevents the eXtensive

hydrolysis of protactinium in agueous 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, -400 mesh size
- anion eXchange resin59 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 co]umn volumes of 2.5-3 M vapor-equilibrated HE. The pPro-
tactinium was then eluted partly with 14 M vapor-equilibrated HF. and some
with 18 M vapor—equlllbraLed HF. Spectrographic analysis of a portlon of
this soluﬁion_Showed Al, Ti, Fe, Zr, Nb, Mg,vand Ca to be below the limit
of‘spectrogfaphic detection. The ohly impurity detected was 0.2% Si.

Finally, in order to reduce the volume, the protactinium éblution
was evaporated and a hydrdxide precipitation .carried out by exposing the
_HF solution to excess NH? gas, washing with dilute ammonia, and slow
drying of the hydroxide in a polyethylene cone at 8500.

On drying, the hydroxide shrank to form a hard pellet, and
starting from this the PaFu was prepared essentially in the same way

as mentioned earlier in this section.
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VI.. RESULTS AND DISCUSSION

A. Calorimetric Measurements of the Heat

of Solution of Curium Metal

The experimentally observed heats of solution of curium metal in
i.O M HC1 at 298.410.20K 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 pg). The weight of the tungsten wire R
(28.8 pg) was estimated from its diameter (3 mil) and length (13.5 mil),
taking the density of tungsten to be 19.3 g/cc.

Sample no. 3 also had a tungsten wire (3 mil diameter) imbedded

in it (weight of Cm + W-wire = 94.6 ug) and its weight (41.9 pg) also esti-

mated in the same way. After the calorimeter run, the W-wire was picked

" up from the spool, drled overnight (by leaving it in an open petri dlsh)

.;and welghed on the microbalance. It weighed 42.7 pug. The 0.8 ug dlffer—

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 not cleaned 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 ﬁas determined by radiometric aséay
after the calorimeter run, taking the half life of the mixture (Cmguu,
95.64%; Cm2u5, 1.59%; Cmgué, 1.82%; Puzho, 0.95%) to be 18.9337 yr and
the geometry of the counter to be 51.9%. The half-life of the above-
mentioned mixture wags calculated from the half-lives of various 1sotopes
present (t 1/2 Cm 2hk = 18.11 yruo; t1/2 Cmgu5 = 9320 yrul;‘ 1/2 Cmgu6 =
5480 yr57 and t /2 Pu 2ko = 6600 yr. b1 The geometry of the counter was
experlmentally determined by counting a c¢urium plate in our counter and
then’ counting the same platg 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.HCl.

Sample Weight of Micromoles —  Heat evolved Alyog ),

‘no. sample (ug) of curium (cal) (kcal/molé)
1 118.3 0.4848 .. 0.0677 -139.6io.5
2 192.0 - 0.7869 A 0.11.01' -139.9%0.5
3 52.7 0.2160 | 0.0%02 ~139.8%1.0
k 70.% 0.2881 0.0LOk - -1k0.2%1.0

Average ~15979il.0
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"loading in the microcalorimeter showed it to be 67.1 pg. The difference
(3.2 ug) between this weight and the one determined by radiometric assay

is dattributed to two factors:

a) During the operations of loading and sealing thé bulb some cof
the wax (previoﬁsly.tare weighed) chipped off.

b) The heating wire may be too hot andbthereby result in'cbnsid-
erable evaporation of the ApieZon wax.

With ail this in view and because of the small weights of samples
no. 3 and no. 4, the experimental uncertainty in the results of these two
samples is given as il‘kcal/mole. In order to know the heat of solution'
of éurium metal accurate to within a few tenths of a kecal, it will be worth-
while to make some more Cm runs in the future on a large scale (L00-600 pg).

This éize‘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 kecal.

It may not be out of the place here to say a few words about units,

cauxiliary thermodynamic data, etc. In our thermochemical calculations we

have taken the calorie to be equal to L.1840 absolute joules.
A1l guxiliary thermodynamic data for which no reference is given

have been taken from "Selected Values of Chemical Thermodynamic Properties,”

"U. S. Bureau of Standards Circular 500 (1952).

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 .
- (aq) :
Westrum and Robinson =~ measured the heat of solution of PuCl5(c)

3(c)

"in varidus concentrations of hydrochloric acid, obtaining,-22.15io.l,

-29.5%0.1, and -31.76%0.1 kecal/mole in' 6 M, 1.5 M, and 0.1 M acid".
reépectively. A , '

_ ~ Fuger and CunninghamlLB reported ;51;60i0.55 kcal/mole for the heat
OfbsolutiQn of PuClB(c) in 0.001 M HClOu, 0.099 M NHuClOu. They also re-’
ported -30.60%0.2 and -33.36%0.25 kcal/mole for the heat of solution of

5(c) in 1.5 and 0.001 M HC1 respectively.
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One may use the data givén above to arrive at an estimate for the

+
heat of formation of CmCl and Cm 5 .
3(c) (aq)

The heat of solution of AmClS(C) in 1.5 M HCl is more negative than
(c) in acid of the same concentration [AH solution of AmC1 5(a )-

that of PuCl
3(c

AH solution of PuClB(c) = -30.6%0.2 - (-29.5%0.1) = 1.1%0.3] by 1.1%*0.3 kecal.

For (HC1l) 0.1 M to 0.001 M, the corresponding difference is 1.4*0.3 kcal.
This difference is obtained by taking the heat of solution of AmCl5(c) in
0.001 M HCL to be -33.36%0.25 kcal/mole and the corresponding heat of solu-
tion of PuCl5(c) in 0.001 M HC1 to be -31.92 kcal/mole, equivalent_té that
_obtained by extrapolation of Westrum and Robinson data for the heat ‘of
solution of PuCl 3(c) to infinite dilution (see Fig. 19). Hence, therefore

AH solution of AmClB( ) in 0.001 M HC1l - AH solution of PuCla( ) in 0.001 M

HC1 = -33.36 * 0.25 - (-31.92%0.2) = -1.4*0.% kcal. _
By extrapolating the above heat of solution data to CmCl3(C) we can

predict the heat of solution of CmCl (c )1in'dilute HC1 of a specified con-

5le
centratlon to be more negative by 1.2%0.4 kcal than that of AmClB(C) in

a01d solution of the same concentration. .

Thus the predicted heat of solution of CmCli(c) in 1.5 M-Hdl is
(-30.60%0.2) + (-1.2%0.L) = -31.8%0.5 kcal/mole. '

Egom a plot of the PuCl5 heat of solution data of Westrum and
Robinson  vs HC1 concentration (see Fig. 19), the interpolated difference
between 1.5 M and 1 M HCl is 0.8 keal/mole. »

. Applylng this same co;rectlon to CmC1 c)’ the heat of soyuﬁion in
1.0 M HC1 is predicted to be (-31.8%0.5) + (-0.8) = -32.6*0.5 keal/mole.

The experimentally observed heat of solution of curium metal in

- 1.0 M HC1 cbrresponds to the reaction
'Cm(c) + (3000 to 16000) [HC1-5k.2 H0] —>

(CmnCL, in

5 (3000-3 to 16000-3%) [HCl'5472 H.,0]) + 3/2 Hg(g).

2

>
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Figure 19.
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Neglecting the slight change in~compositiog of the 1 M HCl due to
.consumption of HC1l in the dissolution of the metal, and taking the relative'
heat content of HC1 in 1 M HC1 (HC1-5k.2 H,0) to be -39.6 keal/mole, we
calculate the heat of formation of CmCl, dissolved in [ (3000 to 16000)
ﬁc1-5u.2 HEO] to be (-139.9%1.0) + (-39.6x3%) = -258.7%1.0 kcal/mo;e. The
calculation also ignores the infliuence of very low concentrations of‘_CmCl5
on the HCl heat content.

, Accordingly, the heat of formation of CmC15(C) = (-258.7%1.0) -
(-32.6%0.5) = -226.1%1.2 kcal/mole.

Taking -55.§éio.25 kcal/mole for the heat of solution of AmCl5<c>
“in 0.001 M HC1 to be equivalent to that at infinite dilution, and adding
Cto it -1.2%0.4 (predicted difference as already mentioned by extrapolating
~the PuCl5(C) and AmCIB(c) data to CmCIE(c)

‘tion.of CmClB(C) in infinitely dilute HC1 to be -33,36%0.25 + (-1.2%0.4) =

), we estimate the heat of solu-

-34.620. 4 kcal/mole, whence

o Cm' = -226.1%1.2 + 3(40.02) - 34.6%0.k

(aq)

= -140.6%1.3 kcal/mole

taking the heat of formation of 01'(aq) to be -40.02 kcal/mole;

The heat of solution of curium metal in 1 M HC1 (-1%9.9%1 kcal/mole),
is similar to that of plutoniumuB (-138.65%0.7 kecal/mole in 1.5 M HC1l) but
some 22 kcal more positive‘than that of americium (-162.3%2.7 kcal/mole
in 1.5 M 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 elegtropositive 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, 1t -

wou1d appear probable that the thermodynamic properties of the transcurium



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 Suscéptibility of Curium Metal

The magnetic susceptibility of a few samples of curium metal has
been investigéted with a special emphasis on ferromagnetic transition and
behaviorvat 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 1s attributed to
contamination with some ferromagnetic impurities due to much handling of
the sample. Therefore, the measured susceptibility was corrected for fer- .
. romagnetic impurities by plotting the measured suscépfibility Vs l/i and
extrapolating to 1/1i = 0 to get the corrected value, és shbwn in Fig. 20.

The apparatﬁs constants were determined experimentally by cali-
brating the é?paratus with nickelous ammonium sulfate, and the suscepti-

bility of the empty quartz tube (% ) was calculated from the measured

deflection of the qﬁartz tube and Ehe known apparatus constants. The
vuncertainty 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'constanté.
Tables VI to IX give the gram susceptibility of different samples
of curium metél 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 the»last column Of'the table (X@)._. Table VIII
gives the susceptibility of sample no. 5 at various fields in and near the
férromagnetic region. ‘
The plots of the inverse of the gram susceptibility of different

samples vs the absolute temperature are shown in Pigs. 21-23.
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Figure'éo. Correction for ferromagnetic impurities (sample no. 4).-
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Magnetic susceptibility of curium metal (sample no. 5).
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Table VIT.
5 3 W _
K X 10 1 10 .
T( K) g % | /.><g X R
208 49.91%0.9 2.00L
273 51:53%1.0 S 1.941
032 .0 55.10%1.0 1.815
198 57.78%1.1 1.731
145 6Lh.51%1.2 1.550
111.5 84.03%1.% 1.190
90.0k 120.59%2.0 0.829
77 138. ko225 0.722
20 182.45%3,0 0.548
6-8 207.86%h.0 0.481
A = 384%19% Mepp = 8.10%0.1 B.M.
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207.86

-Table VIII. Field dependence ofl sampie_ no. 5.
(%K) xé x 10°
3.0 A 2.5 A 2.0 A 1.5 A
111.5 85.%k - 84.86 84,03 88.2%
90.0k 117.97 119.78 120.59 1 125.99
. 3
7 131.82 135.51 138. 42 147.12
20 176.0k 179.7% 182.45 193.55
6-8 - - ‘ -
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i

Table IX. Magnetic susceptibility of curium metal (sample no. 5
after mechanical deformation).. . .

7( %K) X x 10° /% % 107
, g g
298 49.760.9 2.009,
273  51.33%1.0 1.948
2%2.,2 . 55.10%1.0 1.815
198 57.97%1.1 S 1.725
145 : 65.15%1.3 1.535
A = 354420%; - W .. = 8.02%0.1 B.M. -

eff
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Figure 21. Plot of ]./Xg vs T(°%K) for curium metal (sample no. 4). -
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Figure 22. Plot of 1/)(g vs T(°k) for curium metal (sample no. 5).
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Figure 2%. Plot of l/Xg Vs T(OK) for curium metal (sample no. 5 after

mechanical deformation).
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From the plot in Fig. 22 it is clear that the metal follows the N
Curie-Weiss law in the temperature range from 298-1&50K. The same be-
' ) L _
havior was observed by Marel 1in five of his samples. This law can be
expressed in the form ’ : .
C

(T+n)

li

"

where’

1l

the molar magnetic susceptibility,

absolute temperature,

1l

molecular field constant or Weiss constant,

It

a p g
il

proportionality constant.
The molecular field constant was calculated for the different
samples from the plot . of 1/Xg vs T by using an IBM 7094 computer least-

squares-fit program. This program essentially uses the equation
(
A=-E— T - (an

where S 1s the slope of the best straight line passing through the points.
The A 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 A

values as follows.

Paramagnétic susceptibility per mole corrected for the diamagnetism

O : cor :
:due to closed shell (XM r) is given by the Curie-Weiss law as mentioned

earlier:

«f

corr  C’ . - .:> » - (18)

i
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The molar susceptibility of a substance containing independent atoms; ions

or molecules each of magnetic moment p (in B.M.) is given by

2
corr _ Nu /3k

oY T ’ (19)
where _

N = Avogadro's number,

k = Boltzmann's 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

. - . . C O ) . .
as by the field to which it is subjected, XM i1l be given by

T+A

. 2 )
corr _ Np /3k .
IS Mo fok P (20)

Cbmbining Egs. (18) and (20) we get

C :vNug/Bk

From Eq. (20) we have

Ccorr

Xy o (THa) = Nu®/ 3% |

V3r/ - e (1) =
Numerical evaluation of VBk/N gives 2.8k,

ueffzin B.M. .= 2.8k JX&?TF(Thﬁ)' .

For the derivations of Egs. (19) and (20) one can refer to any'Of the

-standard books on magnetism. 7 The effective moment of each sample £o0
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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

7

theoretical value of 7.94 B.M. calculated from the configuration of 5f .,
assuming Russell-Saunders coupling. The value agrees also with the re-

cently determined value for the gadollnlum_metal of 8.07%0.05 B.M. with

in
the A value of -310 K !

The effective moment of 8.0%%*0.1 B.M.. obtained in the case of
curium metal is very close to that to be expected for the +3 ion having

. 8
a 7/2

‘netic evidence mentioned above suggests that there are 3.0 electrons per

ground\state with Russell-Saunders coupling. Therefore the mag-

curium atom used in bonding.  The slightly smaller radius of americium

‘suggeéts about 3.2 bonding electrons per atom for the lighter element.

Hdwever; due to the large A values found and used in the calculation of
Hose? no final statéﬁent about. the exact coupling obeyéd in the.case of
the curlum metal can be made.

It is clear from Fig. 22 that the metal deviates from the Curie-
Weilss law below 145 K This is in agreement with the observation made by
I\/IarelLL based on the results of five different samples. Obviously the metal
becomes ferromagnetic in the temperature region (77—1MBOK). The Curie
temperature T so calculated is liliJOOK In order to determine a more
accurate value for T o’ more measurements below ]M% K should be made in the
future at smaller 1ntervals of temperature. At liquid hydrogen and helium
temperatures thé metal again seems to show paramagnetic behavior. No evi-
dence of antiferromégnetic behavior, however, was observed. Table VIII
shows the field dependence of curium metal below 1&5OK (in and near the
'fefromagnetié region).

The correlation between the crystal‘structure of the trivalent
transition metals and the presence or ébsence of ferromagnetism (the term
used in the restricted sense, that is, where there is a net spontaneous

- polarization) is surprisingly good. Scandium, yttrium, lanthahum, ytter-

bium, and lutetium are not expected to be ferromagnetic, because they do
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not have any unpaired L4f electrons, while all of the other metals do. The
light rare earths—all ofVWhiéh have complex structures—are not ferromag-
netic, but the héavy rare .earths—which have the normal hexagonal ciose—.
packed structure—are ferromagnetic (see Fig. 2&,-taken from Gschneidner
and Matthiasu8). The ferromagnetic Curie temperatures have been shown by
de Gennesu9 (see Figs. 24 and 25) to be proportional to J(J+l)(g-l)2,
where J 1s equal to L+Sbf0r the rare earths beyond gadolinium and g 1is

the spectroscopic splitting factor, defined as

S(s+1) + J(J+1) } L(L+1)
2J(J+1)

gz'l +

1

: ‘ i
" Figure 25 has been taken from the original paper of de Gennes, 7 and 1is

more or less the same as Fig. 24 except that it is drawn on a bigger scale
and therefore reveals much betterAthe correlation between experimentally
determined Curie points and those predicted by de Gennes on the basis of
proportionality to J(J+l)(g—l)2.

Before any such correlation can be attempted in the case of the -
actinides, one has to walt till some experimental data about the ferromag-
netic behavior of heavy transuranium elemenﬁs is obtained. The breSénce
of ferromagnétism in double hexagonal close-packed curium is inconsistent
with its absence in all of the rare earth metals which crystailize in this
same structure. Suffice to say that at present the relation between ferro-
magnetic behévior and the crystal structure in the actinide metals is not
understood.

‘Mareiu found the A values for different curium metal samples
ranging from'155—5M8OK. In order to determine the effect of mechanical
deformation on the A value the sample no. 5 was remeasured after mech-
aniéally deforming the curium metal piece. The uncertainty in A value is
such that it is veri'hard'to'draw any conclusion regarding the effect of ‘
mechanicai deformation. The A values before and after deformation are

} o . 0 . _ , .
384F197K and 354120 K 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 temperaturestthe linear relationship
between 1/X and T does not hold in many cases. The deviations from the
Curie law have two causes: :

a) 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, expressed by the
Landé g factor. These sublevels;are occupied according to the Boltzmann
law: at T = O 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.

o b) This splitting would never give ferromagnetism. Heisenberg,
“using the principles of quantum theory, found that there is an exchgnge
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-
planatién of the inner field of Weiss, the magnitude of which cannot be
derived by simple classical magnetostatic considerétidns. .

_ 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 cérrier of the magnetism, the 4f and 5f shell respec-
»fiVely, is protected by the closed group of the two 5s or 6s and the six
5p or 6p electrons respectively, so that the 4f of,5f electrons have no
immediateAcontéct with the surrounding ions or the conduction electrons.

" The salts show only the splitting effects; the sublevels can be

' taken'from.optical measufements, 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, és was shown in the beautiful vaper of Diéke aﬁd Heroux50
(for the Nd case) and by usu’51 (for the Cm case).

The measurements made by Leipfinger52 prove that in the salts the
exchange effects are vanishing. ' '

In contrast to the splittiﬁg effects, it is well known that some
of the metals afe 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, qualitatively:.one can say that apparently the mobile or unbound
conduction electrons give a much smaller field than the ions of a salt,
's0 in most. cases the magnetism of these metals would>probably'give the
pure exchange effects. 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

ST : o, W7
- value is very high, -310 K,

and such is the case with Cm metal. Both
Gd and Cm metals show ferromagnetism; tﬁé only difference is that Gd is
ferromagnetic with TC of 16—1890 whereas Cm 1s.ferromagnetic with TC of
131410°K. | |

One 6ther‘striking similaxity between Cm and G4 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 JAY Va].uebr5 : Compound | A Value,l’
o (°c) ‘ (°k)
640, Y © cmocl Dlt3
,, GdQl3 R CmFB-l/g(Hgo-) 5+% )
GdE(SOM)3'8H20 ~ 2 (or zero) - (Cm-La)Fg 5

* ' . v ' :
5f6 mole % curium trifluoride diluted with lanthanum trifluoride.
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The order of the conpounds written is almost certainly the order
of increasing "magnetic dllutlon .3 that is, G4 3 and Cm+5 are gett;ng
farther apart. Gadolinium is the only element in which this value ap-
proaches zero, because A‘arises so0lely from the Heisenberg exchange
interaction, due to the presence of gadolinium in the S state. The
same trend is ?ery clear in Cm, indicating that the‘ground state of Cm
is mainly an S state 8 7/2 oL . ;

The melting point of curium has been observed to be lE%OiMO c,
similar to that of Gd. | |

This clearly indicates that Cm metal is similar in its properties
to its rare earth analog, gadoliniﬁm. | | _ ‘

_ It is worthy of note that the magnetic transitions;—and hence the
coupling effects—are sensitive, both to chemical impurities (e.g., Qxygen)
“and to‘partfcle size. As reported by Lelpflnger,52 metals like dysprosium,
well known to be ferromagnetlc, did. not show thws property in powders.

Not only_the magnetic susceptlblllty of the curium, as presented
above, is markedly different from those of the preceding elements in the
actinide series, buﬁ some of the other physical properties of curigm also
show such deviation. For example, the curium metal melts at a tempera-
ture 5h5o higher than that of its preceding element, americium.. The '
presence'of double Eexagonal closeépgcked structure has been shown tP
P

. . : . : o . 2L .
-exist in this series for americium and curium. This dhep structure

is commonly exhibitéd by the earlier members of the rare earth series.

The earlier members of the actinide series-—e.g., uranium, neptunium, and
plutonlume—have many allotroplc forms, and some of the whases 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 curium 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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~nides and the actinides are presented in Fig. 29 (taken from Cabezasb ).
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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

b7,53,54,55

and third "d" transition series elements. A comparison of the

atomic volumes and melting points/of the actinide metals with those of
"Lf" and "d" series element55’5u755 is presented in Fig. 28. These graphs
show that actiniﬁm, americium, and curium are verylsimilar to the rare
earth elements, but thaf thorium,.protactiniumf and uranium—the earlier
meﬁbers of the actinide'series——have'properties intermediate between those
of the lanthanide.and "d" transition series. Nevertheless for the elements
néptunium, plutonium, americium, and curium the magﬁetic evidénce provides
some of the étrongest evidence for the actinide concept. '

Qualitatively, therefore, the complex nature of the early actinide

'metals‘cah'bé undErstodd by cdnsidering the electronic configuration of‘thé

gaseous atoms of the actinides and lanthanides as determined by atomic beam -
resonance studies. These aré 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
felative binding energies of the last competing electron in.the lantha-

In the lanthaﬁide elements the f band is lower in energy and more internal,
thus leading to normal physical properties and simple crystalvétructhres.
In the actinides the d and f bands are very close in energy and probably
overlap, giving rise to a much more complicated structure which is the
cause of the abnormél 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 smaller atomic volumes and high heats of vaporization in this
region of the periodic table.

51,4

- The results obtained by us” ’ for.Cm 5 ion in various curium

compounds along Witﬁ-those obtained from péramagnetic resonance studies
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Table X.

- Ground state electronic configuration of neutral gaseous

atoms (outside closed shells and filled sub- shells).?2

"Actinide Configuration Lanthanide Configuration.
element element
Ac 6a La 54
Th 6a° Ce bf 5d
Pa 552 64 Pr ) g2
| U 5£2 64 Nd st
Np et 6a P hed
' Pu 5f6 Sm uf6
;: Am 5f7 Bu Hf7
| cm 5¢7 6a ca Lrl sa
s B 8For the actlnldeb the fllled sub-shells are'6sg, 6p6 and 752; for the lan-

6
thanldes, 55 , 5p , and 6s .
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oq‘single crystals57 clearly show that there is a considerable departure
from Russell-Saunders coupling, with a pronounced tendency towards.jj
coupling in the actinide region. The éctual coupling will be intermediate
between the two. In the rare earth region the susceptibility calculated
from the Van Vleck formulau6 for a configuration of equivalent L4f 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.58 The spin orbit coupling parameters of the ac-~
tinides are approximately two thirds as large as those of the correspohding
lanthanides.59 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 becausé of the large spin orbit coupling ‘¢onstant, the g value in
curium is expected to be smaller than in gadolinium. The value of g

"(1.95io.05) weSl’u

i pounds by susceptibility studies agrees within experimental error reason-

obtained for the curium ion in different curium com-.

ably well with that obtained by Abraham et a1.5‘ (g = 1.925%0.002) by
+3

at low concentration

" measuring the paramagnetic resonance spectrum of Cm
.in lanthanum ethyl sulfate and lanthanum trichloride crystals. Both these

3

: +
values are smaller than the g value for Gdad

29

ion. Our g value is higher
than that calculated by Wybourne who assumed 5f hydrogenic ratios for

 Ed}’;,"'the Slater integrals Fgg Fh’ and F6. The best fit to the solution spectra
?  of Cm' > in 1.0 M HC10), was obtained with x| = g/F2 = 10.6 and F, = 280 cm’l,
where & is the spin orbit coupling constant. The agreement, however,
‘-f; ;Mﬁas not very good. Conway 0 has calculated‘the eigenvalues, the eigén-
vectors, and the g values corresponding to different values of the parameter
[Xf. From the graph of g vs [X] constructed from Conway's calculétidns,
| “our g value wouldbcorrespond to |X| of 11. ‘This lX! value corresponds to

.—an eigenvector of the ground state of curium ion of the form
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o.879l85> + o.u52116P> - 0.097[6D> +'o.2ui6F>

nt b
+ 0. Yy + 0. )
0.109] Do) 0 1101_2D22/

(Only those components greater than 0.1 are listed. The lower‘subscripts
are the seniority numbers and the Racah U gquantum numbers. These are inai—
cated oﬁiy where there is more than one state with the same L and S.) From
the results presented here about curium metal and our magnetic suscepti-

" for curium ion in several compounds, it is clear that

-
1
bility results”
curium has the same configuration as gadolinium. This would be supported
by the comparison of the magnetic susceptibility of the various actinide

ions with those of the lanthanide ions. This comparison 1s shown 1in

The qualitative similarity of the actinidé curve to the lanthanide
can be ihterpreted as evidence for 5fn 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 5f than in the Lf because of léss electrostatic
shielding by outer electrons in the case of 5f than with 4f electrons.
Partial failure of the Russell-Saunders approximation could also account
for some of the'discrepéncy. ; _ ‘ |

Selwoodu5 has contradicted the conclusion 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,actinidés (Fig.50),
Since there are no f electrons present in the first transitidn’series, this
contradicts the validity of the analogy between actinide and lanthanide

elements as derived from Fig. 30. The construction of this Selwoéd 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 agqueous solution at pH 2 is

~6600 X 10-6 c.g.s. units. This value is close to the spin-only value for
five unpaired electrons and shows beyond doubt the presence of unpeired ple!
electrons  in Fe(III). The susceptibility of Pu(IV) and Sm(III) on the
other hand are quite small (1000 x 107" c¢.g.s. units) and can only be
interpreted on the basis of five unpaired f electrons. Similafly; Crane,
Wallmann, and Cunningham62 and later McWhan5 made susceptibility measure-
ments of AnF, and found for the molar susceptibility 566 % 10 and o
848 x lO_é_c.g;s{*units at 295 and 77°K respectively. Here also once again
“the values obtained are much smaller than expected for the_d electrons.

For ions with five or six unpaired electrons the multiplet inter-
vals are not iarge compared to kT, and therefore in order to calculate
their susceﬁtibilities the general formula (which holds for multiplet
intervals comparable to kT) should be used. In general, however, there
are three ceses to be considered: '

a) Multiplet intervals large compared to kT.

’ o 2
' N g BT J(Jt1)
Y ZKT T o

" where

Landé splitting factor,

il

Bohr magneton,

Avagadro's number,

Boltzmann constant,

il

H ® =2 ™ M
i

_ absolute temperature,
and J 1is the vector sum of S and L (the resultant spih and orbital angu-
lar momentum of the atom respectively). N 1is the high frequeney term,

or temperature-independent term due to the second-order Zeeman effect:

e

s
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2 '
NB F(J+1) F(J)
N = Zro5+1) [hv (J+1;3) " nv (J;J-lj] ’
where
F(3) = 3 [(5+11)7 - °100° - (s-1)%)

b) Multiplet intervals small compared to kT.
In this case the high frequency term is absent (neglecting the diamagnetic
part). The $usceptibility arises solely from the low fréquency part.
Therefore the susceptibility can be expressed by the formula

Xy = ?iT [us(s+1) + L(L+1)]

c) - Multiplet intervals comparable to kT.
This is the general case from which the‘previous two limiting cases can bhe
easily derived. It involves the summation of the contribution of atoms

. with different values of J. The number N_, that is the number of atoms in

IIJ
a mole with a given value of J, is determined by a Boltzmann temperature

. factor:

=|1+s ; - O/
N 2:%:::%{]:? 2 J(J+1)/5Mﬂ + Qb}(2J+l) e J /
L J=[L-S | |
M | —WJ-/kT

> (2J+1) e : ‘
J .

The functions and . [with the same definition as in a)] are .

g

derived from.théJmaﬁrix.eiements (J M}LZ+ESZ\J'M') . The susceptibility

calculations for the case of samarium and europium were done by Van Vleck

and Frank,63-using the general formula given in section c):abbve,:and the
discrepancy between theoretical and experimental values was resolved. In

the case of Pu(III) and Am(III) McWhan® calculated the SuSteptlbllltleb,
using the same general formula>as>in section c) and taking into account

the departure from %quejl uaunder“ coupling. He obtained values agreeing
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rather well with theé experimental results. From Van Vleck calculations,
the susceptibility of samarium should pass through a tempefature minimum
o) ' :
in the neighborhood of 400 K; such a minimum has in fact been observed

- experimentally. Elliotand Lewis made measurements on PuF5 and PuQ(CéOu)5

"9H20 from 76—5OOOK. Dawsoﬂ, Mandleberg, and Davies65 extended measure-
ments on PuF5 and PuCl5 up to about 6OOOK and iound a minimum in the sus-
ceptibility-temperature curve at about 500-550 K. This is gecod qualitative
evidence that Pu(III) has 5f5 electronic configuration.

Susceptibility measurements have been made on a large number of
uranium(IV) compounds by many authors.66_80 The results lie in the range
of (3200 to 3800) X 107° c.g.s. units (at room temperature), which is
closer to the 6d2 spin-only value of 3333 than to the limiting 5f2 value_f
of 5390, although a number -of these investigators have interpreted their
experimental results in‘terms of 5f2 configuration. However, paramégnetié
exchange interaction (A)>may be the reason for th@/low values. This.is
supported by the results of Hutchinson and Elliot/Ob where .the Weiss cong'
stantvfor uranium éulfate, oxalate, and acetyl acetonate  is found to be
113, 168, and 101°K respectively. The measurements of Handler and Hutch-
inson l_on UCl5 diluted with isomorphous diamagnetic'matyix LaCl5 also v
support this conclusion. It was found that the values for UCLl, at infinite
dilution are very similar to those of Nd(C2H5SOu)5'9H20.’ Dawson82 a%so
made measurements on PuFLL and Pu02 diluted with the isostructural diamag-,
netic compounds ThFu and ThO2 respectively. The magnetic susceptibilities
were found to increase with dilution, and the extrapolated value at in-
finite dilution for room temperature (3020 x lQ_6 c.g.s. units) corresﬁondé
essentially to the value predicted (3010 x 10_6 c.g.s. uniﬁs) for the 5f
" configuration. | :

> 83-88

Several measurements and theoretical analyses have been made

: +-+ + - ' ‘
on compounds_containing-,NpO2 and NpO2 ions. The results confirm the : /
1 5 v ) :
‘presence of £ and f configuration respectively. From the results pre-

sented 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
ions: Cm+5(5f7); Am+3(5f6); Pu+5(5f5); Pu+g(5fu); NpO;, Pu0;+(5f2);
Npog+(5fl); UO;+(5fO); U+§(5fj) and U+u(5f2). In the case of Th' (one un-
paired electron) and Th+2 (two unpaired electrons) the evidence strongly

favors a 6d assignment.

1 + +
The magnetic data obtained by Cunningham > on Bk > and Cf éfions

_ 8 _
indicate that their electronic configurations are 5f and 5f9 respectively.

. 1 /
It is worthy of note that Cunningham 3 reported ueff of 8.7 and
. . + + . : .
9.2 Bohr magnetons for Bk > and Cf > ions respectively. The ground state

5 It

respectively. These effective moments

15/2 3

correspond to g values of 1.34 and 1.15 for Bk+ and Cf+5 respectively.
Receqtly Fields and Wybourne89 reported the g values of 1.L445 and 1.285 for
Bk+5 and‘Cff3 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 comirng to final conclusions regarding the coupling scheme in

"the case of Bk and Cf, these measurements need to be‘fepeated 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 also 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 Sdsceptibility oft Protactiniwn Metal
The magnetic susceptibility of several sazuples of.protac inium
metal has been investigated within the temperature range 206 20 %K. The

resUlté are tabulaied In--Table~ XJ

I

fSamULe;no l'was obtdlned by th

Ziﬁ'turn was ootQLned from the-10 mg batch bt.oxlde

‘iSalee no. 2 was obtalned by\the reductlon of povdered tetra-
fluorldo usxngra small thoria cru01b1e. Thls sampWe showed field de-
Dendente, which i3 attritubed to contdmlnatlon with’ some ferromagretic
dmpurities due to handling of the metal piece. Therefore the' measureg
*wsceptibiTity was corrected for fewromagnetlc impurities by plotting
the meas ured Euscentibi]jty vs 1/1 and extrapoWating to l/i = 0 to get

the corrected Va]ue as shown in Figs. 31 and 52 : Table}XII gives the

ouoccptlbLllty of uample no. 2 at various Tields togetber with tae cor-
rected susceptd bility. N "f
Another attempt was made to measure the susceptibility of a Pa

metal samQWe (1.%7 mg) obtained'by.the reduction of a PaFL\L pellet. This

sample unfortunately showed a tremendous amount of ferromagnetlc vmpuvlty

and hence its results were reJected S

Both sample no. 1 and no. 2. showed the mapnetwc susceptlbLWlty of

3

- Pa metel to be virt tually temperature 1ndependent within an eyberlmen+al'

funcertainty of about 5%, over the temperature reglon 1pvest1gated (298-
20%K). B Lo

The magnetic behavior of protactinium metal thus appears to be

gimilar to'that of tantalum, which also exhibits'temperature-independent
magnetism.  The suseeptibility of protactinium metel arises then almost
entirely from‘the temperature~independent alphe terms of the Van Vleck
equation.u6 _ v .
. A brief descriptioh of the quantﬁm mechanical origin of Van Vieck
temte:ature—independent paramagnetism 1s given as follaws:

o

freductlon of a PaF“ cnunh. which .
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Table XI. Magnetic susceptibility of Pa metal at room temperatufe.

- Sample I Weight of. X x 10° o Xy x‘.l'Ob
-~ number . sample (gg) £ "
pks.91 T 1.172 2 0.06 | 27047
100.7 1.150 * 0.08 - 265.6
= 268.2 % 1k

Average X
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Figure 31. Correction fbr ferromagnetic impurities at room temper_'aturé

(sample no. 2).
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Figure 32.. Correction for ferromagnetic. impurities at 77 K (’sample no. 2).



Table XII. Magnetic susceptibility of Pa metal (sample no. 2).

T(OK)' _ Xg X 106 _
1.5A 2.0A 2.54  3.0A  35A  LOA X
298 2.350 2.085  1.871 1.710 .670 1.602 - 1.150

A Gl

1.6
77 2.548 2.211  1.999  1.872 1.755 1.680 1.15
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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 K, is zero. ‘

Suppose that there is a non- diagonal matrlx element mluzln) of the
magnetic moment operator, connecting the ground state n with‘the;extited
state m of energy A = Em - Erl above the ground state. Then by standard
perturbation theory we see that the wave function of the ground state in a
small field (pZH << A) becomes " v

. B(mju, |n)
(4 =u¢ * ‘"“2;*—“‘ (2 ’

and the Wave functlon of the exc1ted state

m

X . H(mlu In)
!_..__'._____________ 7.
Y=g - v
The ground state now has a momeﬁt

2
| 28| (m|w,n)|
(0l lnt). = < ,

and the upper'state‘has a moment
: 2
28| (mw, [0)]5
e z

The two interesting ‘cases to cbnsider are:

Case a): A< kT (low frequency‘matrix elements).

The surplus populatlon in the ground state is approx1mately equal
to NA/2kT; where 7N  is the total number of atoms. (For derivation of this
equatlon one can refer to any solid state physics book90 9L .) So tﬁe“re—
sultant magnetization is | :
2l (mlu [m) 12
A 2kT ’
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'which gives for the susceptibility

2
N2 (mlp, [0)]"
. 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 nOtrenter in the final equation
for X, on the assumptlon A << KT. .
| Case ‘b): A >> kT (high frequency matrix elements)

Now the population is nearly all in the ground state, Ele) that

| ,2NH-|m|u Ta)[? T
uo el ’ |

A

and the;susceptibility'is, summed over all suitable states m,

2
o | ([ |n) ]
) m m n

independentiof temperature. This type of contribution is known as Van
Vleck paramégnetism; .

The molar.snsceptibility of protactinium metal SO measured gives
an effective‘moment'of about 0.8 Bohr magneton. This tiece of evidencea
:1ndicates that presumably less than one electron per protactinium atom 1sb
used in bonding. »

Finally as mentioned earlier, Fowler et al.8 have observed super-
conductivity in protactinium metal below 1.40K, and thus filled the last
vacant spot in;the center of the periodic system,.the‘region in which
every element becomes either superconducting, ferromagnetic, or- antlfer-v
romagnetic. They have further Shown the p051t10n of Pa in relation to its
surrounding elements with their superconducting tran51tion temperatures

(as shown in the follow1ng table):

v~
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Hf 0.1 . Ta L.k

W 0.011
‘Th 1.k ‘ Pa 1.4

U 0.7 (o), 1.8 (c)*

The two polymorphic modifications of uranium are orthorhombic and cubic.

They have different transition températures; See B. S. Chandrasekhar and

J. K. Hulm, J. Phys. Chem. Solids 7, 259 (1958).

Any lines of induction present in a metal in the normal state are

expelled in the superconducting state; this important experimental result

2
is known as ‘the Melssner effect.9 Since inside the specimen B = O, the

suscepﬁibility of a superconductor is given_bj'"

This equation 1s derived very easily as follows.

If a substarce is placed in a magnetic fieldvbf_Strength H, then
‘the magnetic induction is given by B, where

B =H+ b M.

The quantity M is the intensity of magnetization, and M/H = k 1is the
magnetic susceptibility per unit volume. The magnetic susceptibility per

unit mass (X) = /o ., where p

Therefore

-1s density.

B/H=1+ L4 m/H = 1+ b e

1

since B = O,

X = -1/4 7 .
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.This is the maximum negative value of gram_susceptibility'possible;vcon;
sequently, a superconducting metal is said to exhibit diamagnetism. . v o
With this in view we thought that if Pa metal could be made to
become superconducting then we might be able to eee the increase in
diamegnetic 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 lOW'temperatures, and c) our inability
to go to low enough H. The lowest temperature we are able to attain at
present (z6OK) is very high compared to the transition temperature of

pa (1.1%). | | o | o

D. ‘Megnetic Susceptibility of Protactinium Tetrafluoride

The Pth obtained from a 50 mg batch of Pa gave an extremely com-
plex xX- ray powder pattern, which was not similar to that of ThFu It seems
probable that such a comparison shows our product to be non-isostructural
w1th ThFu, and hence not a 51ngle phase of PaFu

It is worth mentioning that the Pa-fluorine system, like the
U-fluorine system, is very complex. Three poesibilities'are very likely:
6‘a)' Formation of an oxyfluoride, Pa20F8, which is reported by
’Steinj to be isomorphous with U2 3 (body centered cubic structure).

b) Formation of an intermediate protactinium fluorlde compound
'fsuch as Pa2F9 or Pau 17 Th;5correspond1ng uranium fluorldeS'are_unown
and reported by Agron et al. to be U2F9 (body- centered cubic structure)
and U F 17 [x-ray data listed under the heading SAM No. 448 (from a Debye-
‘Scherrer picture of the sample "run Ve", see reports M-2205 and DIF-M-78)].

c). Mixture of PaFu, 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 Pa2 9

Pa)F exist, though not yet known to the best of our knowledge, they

Y
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willy be. lsostructural w1th the correspondlng uranium fluorldes Thehiso—
morphism will not be surprising in view of the nearness in size. of protac-
tinium and uranium. o

The product that we ended up with whlle preparlng Pth was of dark

brown color. Although Pa OF8 has been reported by Steln5 to. be white, one

cannot exclude’ the possibility of this phase in our product simply on the

v L : :
- basis of color. Asprey9 from Los Alamos Scientific Laboratory has obtained

a dark brown prcduct many times; while preparing PaFu, which gives‘a beau- -

tiful x-ray pétterh of PaEOFB’ "He thinks that the presence of oxyfluoride

‘can be attributed to oxygen impurity in tank-grade hydrogen, producing the

reaction

o e gy, HF : -
o PaFﬁ§5)+l/2v02(8) 000 Pa,0Fg(s)

With this id mina.we treated our dark brown product in\a:quartz
capillary at 550-57500 with pure hydrdgeh’for‘about 1 - 1% hr. . 'Thé pure.
hydrogen was obtaingd by‘the thermal decomposition of uranium hydride, UHB-
The product after reduction with pure hydrogen gives a completely different
x-ray powder pattern. The film, as expectéd is extremely complex. Al-

though we can match all the 12 lines of Pth which were reported by’ Steln,5

we have many strong and moderate lines left unaccounted for.

At present it seems that we do not have an authentic well- estab-
lished 51hglevphase of PaFu Unless we are completely sure of our PaFu,
there is not much point in making any susceptlblllty measurements.

However, at this state of the game suffice to say that one cah calculate
the expeeted value of XM for Pth from the Landé g value and.the J. quéntum
number of the ground state of Pa. This is_accomplished as follows.

xe??

performed some paramagnetic resonance experiments on the

.PaClu‘— Cs,ZrCly crystals and reported a Landé g value of 1.141%*0.003 for

Pa(IV). The Pa(IV) has an electronic configuration of 5f which corresponds
2 . :
to a ground state of F5/2 It is worth indicating that in atomic spec-

troscopy the stages of ionization are labeled by indicating the neutral
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(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 elemént rather than to the order of the spectrum. Thus we

~

" indicate tétraValent Pa by Pa(IV); whereas in describing the spectra of
tetravalent protactinium spectroscopists write Pa(V). '

Knowing the g value and the J qﬁantum number.for the grouﬁd state,
we can'calculate_the effecti&e magnetic-moment (Meff) from the following
well-known relation:

= g V3(7+1)

1.1 V5/2.7/2

It

Horr

1l

_.;_i.;ul X.2.958 = 3.375 B.M. L . }

Now,_using the following relation one can calculate XM:
' ' B ]‘corr |
Hope - 2.84 XM T
o, - [ocorT o
3.375 = 2.8uﬁ/xM -7

’(5.575}2 :'XQOTT.T

2.8L
At room temperature . (T :v298OK),
corr 1.511 1.4 -2 _ 1kl -3 h.735 x 1070

"

corr

or XM

298 " 2.98 10 = =5 %

il

,“755.x 10_6 é.g.s. units,

: ' )
ol N .
.X;orr = _Zé2§g7£9~_ cfg.s. units’ o
_6 - ' .. = ' " : @'a
= 15.42 x 107" c.g.s. units. ‘ )
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These molar and gram susceptibility values are the calculatéd ones only.
It remains open to confirm them ekpefimentélly{ Further work on this is’

in progress and will be reported elsewhere when completéd.
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