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CERIUM-144 DATA SHEETS

1. FUEL FORM (as processed) REFERENCE COLUMN

A. CEROUS OXIDE (Ces0Og) HALF-LIFE: 285 d 1

1. Composition

a. Radionuelidie abundance

With one year of cooling time after reactor 2, 3
discharge, the isotopic composition will be:

Isotope % Abundance

1440e 1%.3%
1420e Lo.7
140¢e LL,0

At this isotopic composition, the specific activity

of the cerium isotopes is 430 curies of 144ce per

gram of cerium isotope or 7.91 x 0.43 = 3.L40 watts/g of
cerium isotope. The specific activity of the cerium
isotopes decreases with increasing cooling time after
reactor discharge as shown in the following table.

Specific Activity of 1'#%Ce per Gram of Cerium Isoctopes
as a Function of Cooling Time After Reactor Discharge
With an Irradiation Time of 100 Days

Cooling time, Specific activity, curies of
days 1440e per g of cerium isctope

50 812

100 760

200 59k

300 500

350 456

400 408

450 362

500 322

b. Radiochemical purity

The principal radiochemical impurity present in the
1440e product is *'Ce (Ty/2 = 3%2.5 d), whose content
depends on the length of time since reactor discharge
as given in the following table.
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Calculated Ratio of '**Ce/**%Ce Activities
as a Function of Cooling Time Since Reactor
Discharge With an Irradiation Time of 200 Days

Cooling time, Calculated ratio of
days t4lce /14%Ce activities
50 0.98
100 0.%8
150 0.15
200 0.06

The *%*Ce content 3s almost negligible after 200

days of cooling time.

The l47£m, 9OSr, and *®7Cs contaminants are negligible
compared with the *#%Ce-*%%pr radiation.

c. Cation composition

After purification, the cerium product contains
>99% cerium and <1% neodymium. Neodymium also
grows in from the decay of T44Ce as shown in the
following table. Hence, 1t is assumed that an
average cerium product contains 95% cerium and
5% neodymiuvm.

Time, la4ce 1420 1400, 144yg
days oA % % %

0 13.3 ha.7 b0 0

57 11.6 Lot TS 1.7
114 10,1 L.t LL.o 3.2
171 8.7 h2.T 4.0 4.6
220 7.6 %207 WO 5.7
285 6.65 427 e 6.65

Specific Power (pased on fabrication 1 yr after reactor discharge)

a. 2.91 watts/g of pure CenOz (85.4% Ce metal) 2
2.76 watts/g of 95% Cep02—5% NdnOg

b. 367 curies **%Ce per gram of pure CesOs (85.4% Ce metal)

349 curies 1*%Ce per gram of 95% Cen0:~5% NdsOs
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3. Radiation

a. Alpha particles - none

b. Beta particles i
Max E, AvgE, Abundance,
Nuclide Mev Mev % w/kilocurie Particles w™! sec™t
1440e 0.31 0.090 65 0. Lk 3.03 x 1072
0.22 0.060 5 0.233 x 10*+2
0.17 0.045 30 1.50 x 1012
144py 2.98 1.21 97.7 7.08 h.55 x 1012
2.3 0.89 1.% 0.061 x 1012
0.8 0.28 1.0 , 0.047 x 1012
Total beta power T.52
c. Gamma L

Energy, Abundance,

Nuclide Mev % w/kilocurie Particles w1 sec™
l44ce  (.134 17 0.20 0.792 x 10°%
0.10 2 0.09% x 1077
0.08 o 0.093 x 1077
0.0h4 17 0.792 x 102
144ppr 2,2 0.8 0.19 0.037 x 107
1.5 0.25 0.0117 x 10™%
0.7 1.6 0.075 x 10%
Total gamma power 0.39
Total beta power Te52

Total gamma and beta power T.91

d. Bremsstrahlung L

The production of bremsstrahlung photons from the
3.0-Mev '*%Pr beta in a cerium oxide matrix is
given in the table on the following page.

e. Neutrons - none



Production of Bremsstrahlung Photons From
Praseodymium-144 Beta in Cerium Oxide Matrix

Maximum beta-particle energy
Average beta-particle energy

3.00 Mev
1.2% Mev

Bremsstrahlung Within AE energy group

energy group, Mev Photons/beta particle Photons w™t sec™t
0.100 + 0.05 9.016 x 1072 4,10 x 10t
0.200 + 0.05 3,70% x 107% 1.68 x 10+
0.300 + 0.05 2.054 x 1072 9. 35 x 10%°
0.400 * 0.05 1.289 x 1072 5.86 x 101©
0.500 * 0.05 8.620 x 1073 3,92 x 101°
0.600 = 0.05 6.001 x 1073 2.7% x 101°
0.700 *+ 0.05 4,284 x 1073 1.95 x 101°
0.800 + 0.05 3,107 x 1073 1.41 x 101°
0.900 + 0.05 2.277 x 1073 1.0L x 10%°
1.000 + 0.05 1.677 x 1075 7.6% x 10°
1.100 + 0.05% 1.238 x 1072 5.6% x 109
1.200 *+ 0.05 9.12% x 107% 4,15 x 10°
1.300 + 0.05 6.698 x 107% 3.05 x 10°
1.400 + 0.05 4,885 x 107% 2.22 x 10°
1.500 + 0.05 3.527 x 107¢ 1.60 x 10°
1.600 + 0.05 2.516 x 107 1.14 x 109
1.700 + 0.05 1.766 x 1074 8.04 x 108
1.800 + 0.05 1.216 x 107¢% 5.53 x 10°
1.900 + 0.05 8.176 x 107° 3,72 x 108
2.000 + 0.05 5.33L x 1075 2.4 x 108
2.100 * 0.05 %.3%5% x 107° 1.5% x 108
2.200 + 0.05 2.011 x 1073 9.15 x 107
2.300 + 0.05 1.135 x 107> 5.16 x 107
2.400 + 0.05 5.915 x 107 2.69 x 107
2.500 + 0.05 2.760 x 107°® 1.26 x 107
2.600 * 0.05 1.095 x 1076 4.98 x 10
2.700 + 0.05 3.%63 x 1077 1.53 x 10°
2.800 #* 0.05 6.451 x 1078 2.94 x 10°
2.900 *+ 0.05 3.898 x 1079 1.77 x 104
3.000 * 0.05 0.000

Total bremsstrahlung energy, Mev/beta particle

5.075 x 1077




Critical Mass

Cerium-14h and '**Pr are not fissionable.

Compatibility With Materials of Contalrnment

Thermophysical Properties

2.

d.

Density

6.867 grams/cm® — density of pure CexOs
6.89 grams/cm® — density of 95% Cez03—5% NdpOg

Coefficient of thermal expansiocn

Linear coefficient
of expansion, °C™t

8.
10.
1i.
11.

11.
1i.
11.
11.
11.
12.
12.
12.
12.

Specific heat and enthalpy

(1)

Temperatures of phase transformations

(1) Melting point — 2190°C
2142 (in Ho)

Reiling point — 3230°C

(2)

90
60
55
h

W_IWO~NwviWwH O

X

b

5

XX oW K WK XXX

107¢
107¢
1078
1078

1076
1078
1076
1076
1076
1078
107
1076
1076

Specific heat in cal g

9.24 x 1072 +(2.35 x 1075 D -(6.76 x 107 773) 8

(T is in °K)

(2) Enthalpy in cal/mole for B-form CezOs

Hp - Hzos = 30.30 T + (3.86 x 1072 T%)
+ (2.22 x 10° T7%) - 10,122

(T is in °K)

Temperature,

300
500
800

1050

268
415
503
616
720
8hs
975
1131
1310

=1 Dc‘l

REFERENCE COLUMN

6 (Ng203)

T (Ce02)

8

10
1x
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Latent heats of phase transformations
AH (fusion) 20 keal/mole 11
AH (vaporization) 80 kcal/mole 11

Vapor pressure
logip P = -24,000/T + 5.56 12 (Nd=03)

(T in °K and P in atm)

Thermal conductivity

cal em™! sec™t °¢Tt Temperature, °C
0.0245 100 1% (Thog)
0.0204 200
0.0143 400
0.0104 600
0.0081 800
0.0073% 1000
0.0060 1200
0.0059 1400

Thermal diffusivity

e /sec Temperature, °C

0.04k3 100
0.02%5 400
0.0118 800
0,007 1400

Calculated by dividing the product of the specific
heat and density into the thermal conductivity.

Viscosity
Surface tension
Total hemispherical emittance

Spectral emissivity
0.20 to 0.57 14 (Thoz)

The exact value of the emlissivity will depend
on the roughness of the surface of the mate-
rial, the presence of impurities, and the
effects of radiation.
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m. Crystallography
hexagonal P
[ ] (o]
a = 5.888 A c =6.062 A

n. Solubilities
(1) Water — insoluble 1k

(2) Sulfuric acid — soluble
0. Diffusion rates

Mechanical Properties

a. Hardness

5 Mohs 15

b. Crush strength

1900 kg/cn® 15 (CeOs)

Chemical Properties

a. Heat and free energy of formation, entropy
(1) Heat of formation

AH®p = -U35 keal/mole T
(2) Free energy of formation
AF°p = -415 keal/mole T
(3) Entropy
8298 = 33.5 eu T
b. Chemical reactions and reaction rates 16

(oxygen, nitrogen, water, steam, hydrogen,
liguid metals, other)

(1) Oxygen at room temperature — will react

(2) Oxygen at elevated temperature — pyrophoric
(3) Nitrogen — no reaction

(4) Water — reacts

(5) Inorganic acids — soluble

Biological Tolerances NG

Maximum permissible body burdens and maximum
permissible concentration of *%%Ce-'%%4pr in air
and water were taken from Ref. 17 and are given in
the table on the following page.



Maximum Permissible Body Burdens and Maximum Permissible Concentratiocns
for Radionuclides in Air and in Water for Occupational Exposure17

Organ of reference Max. permissibie Maximum permissible concentrations, pc/cm3

Radionuclide and (critical organ burden in total For LO-hr week For 168-hr week

type of decay underscored) body, qluc) Water Air Water Air
salelds (G (zip)* 3 x 107% 8 x 108  107¢ 3 x 1078
- s Bone 5 0.2 10-8 0.08 3 x 107°
<Cl,@ »7) - =
So1)¢ Liver 6 0.3 1078 0.1 L x 107°
Kidney 10 0.5 2x10® o2 7 x 107°

\ Total Body 20 0.7 3 x 1078 0.3 1078

/Lung 6 x 107° 2 x 107°
(Insol) {GI (nLL1)® 5% 1005 6x107° 107% 2 x 1078

*
The abbreviations GI and LLI rsfer to the gastrointestinal tract and lower large intestine, respectively.
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10. Shielding Data

The combined gamma and bhremsstrahlung dose rates s
from ***Ce-1**Pr power sources of 100, 200, 500,

1000, 2000, 5000, 10,000, and 20,000 watts with

iron, lead, and uranium shielding are given in

Figs. 1 to k.
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B. CERIUM OXYSULFIDE (Ces0sS)
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1.

L.,

T

Composition

a. Radionuclidic abundance

The radionuclidic abundances are given
in Section I.A.1.

b. Radiochemical purity

The '47Pm, ®98r, and '37Cs contaminants
should contribute a negligible amount of
radiation compared with the '4%4Ce-144pr
radiation which is given under Section
T.A.1.

c. Cation composition

It is assumed that an average cerium product
wilt contain 95% cerium and 5% neodymium.
The growth of neodymium with time is given
under Section IT.A.1.

Specific Power (based on fabrication 1 yr after reactor discharge)

a. 2.78 watts/g of pure Cez0-8 (85.4% Ce metal) 2
2.6k watts/g of 95% Cen0z5—5% Nd0sS

b. 350 curies of *%%Ce per gram of pure Ces0-S (85.4% Ce metal)
333 curies of '#%Ce per gram of 95% Cep0-5-5% Ndo0-S

Radiation
The radiation is given under Section I.A.3.

Critical Mass

Cerium-1kk, 144Pr, and 14%Nd are not fissionable.

Compatibility With Materials of Containment

See USAEC Rpt. ORNL-4189, Compatibility Data Sheetls
for Cerium-144, Cesium-137, Curium, and Strontium-90
(classified)

Thermophysical Properties

a. Density
5.99 grams/cn® ~ density of pure Cez028 18
6.01 grams/cm® — density of 95% Cez025—5% Ndz028
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Coefficient of thermal expansion

Linear coefficient

of expansion, °C”t Temperature, °C

8.90 x 107° 300
10.60 x 1076 500
11.%5 x 107° 800
11.41 x 1078 1050

Specific heat and enthalpy
(1) s8pecific heat in cal g™t °Cc™*
9.24 x 1072 + (2.35 x 10> 1) - (6.76
x 107 T7%)
(T is in °K)
(2) Enthalpy in cal/mole for B~form CezOa
Hp - Hegs = 30.30 7 + (3.86 x 1072 %)
+ (2.22 x 10° 771) - 10,122
(T is in °K)

Temperatures of phase transformations
(1) Melting point -~ 2000°C

(2) Boiling point — 323%0°C

Latent heats of phase transformations
AH (fusion) 20 kecal/mole

AH (vaporiation) 80 keal/mole

Vapor pressure

Thermal conductivity

1

cal em ™t sec™t °¢7t Temperature, °C

REFERENCE COLUMN

0.02k45 100
0.020k 200
0.0143 400
0.0104 600
0.0081 800
0.007% 1000
0.0060 1200

0.0059 1400

6 (Ndz0z)

8 (Cez03)

8 (Cez03)

19
11 (Ces0s)

11 (Cez0sz)
11 (Cex0s)

o

15 (ThOs)
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Thermal diffusivity

cm®/sec Temperature, °C
0.04h43 100
0.02%5 400
0.0118 800
0.007k 1400

Calculated by dividing the product of the
specific heat and density into the thermal
conductivity.

Viscosity
Surface tension
Total hemispherical emittance

Spectral emissivity
0.20 to 0.57 14 (Thoz)

The precise value will depend on the roughness
of the material surface, the presence of
impurities, and the effects of radiation.

Crystallography

hexagonal 18
a = 4,008 & c = 6.834 A&

Scolubilities

(1) Insoluble in water 20

(2) 1Insoluble in dilute acetic acids

(3) Soluble in strong mineral acids

Diffusion rates

Mechanical Properties

a.

b.

Hardness

Crush strength

Chemical Properties

2

Heat and free energy of formation, entropy
(1) Heat of formation
AH° ¢ = -430 keal/mole 19



10.

16

REFERENCE COLUMN

a. Heat and free energy of formation, entropy
(continued)

(2) Free energy of formation

AF°f - 6 kcal/mole Calculated

(calculated by AF°p = AlI°p - TAS®p)
(3) Entropy
S2gg = k2.9 eu 21, 22
(calculated by W. Latimer's method)
b. Chemical reactions and reaction rates

(oxygen, nitrogen, water, steam, hydrogen,
liquid metals, other)

(1) Air at room temperature — very slow 23
(2) Air at elevated temperature — fast
(%) Water at room temperature — no reaction

(k) TInorganic acids at room temperature - reacts

Biological Tolerances

Maximum permissible body burdens and maximum permis- 17
sible concentration of '%#%Ce-1%%Pr in air and water
are given under the Ces0s Source Form, Section T.A.9.

Shielding Data

The cambined gamma and bremsstrahlung dose rates from b
14400 144pyr power sources of 100, 200, 500, 1000, 2000,
5000, 10,000, and 20,000 watts with iron, lead, and
uranium shielding were given under the Cez0z Source Form,
Section T.A.10.
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C. CERIUM SULFIDE (CesSs)

1.

AN

Composition

a. Radionuclidic abundance

The radionuclidic abundances are given
in Section T.A.L.

b. Radiochemical purity

The **7Pm, “OSr, and 1%7Cs coutaminants should
contribute a negligible amount of radiation com-
pared with the '4%*Ce-14%py radiation which is
given under Sechtion I.A.1.

c. Catlon composition

It is assumed that an average cerium product
will contain 95% cerium and 5% neodymium. The
growth of neodymium with time is given under
the Cez0z Source Form, Section T.A.L.

Specific Power (based on fabrication 1 yr after reactor discharge)

a. 2.5k watts/g of CepSs (85.4% Ce metal) 2
2.41 watts/g of 95% CeoSg—5% NdaSg

b. 320 curies of T**Ce per gram of CezSs (85.4% Ce metal)
304 curies of '*%*Ce per gram of 95% CenSs—5% NdoSs

Radiation
The radiation is given under Section T.A.3.

Critical Mass

Cerium-14l, 14%pr  and 144Nd are not fissionable.

Compatibility With Materials of Containment

See USAEC Rpt. ORNL-4189, Compatibility Dats
Sheets for Cerium-144, Cesium-1%7, Curium, and
Strontium-90 (classified)

Thermophysical Properties

a. Density
5.19 grams/cm® — density of pure CezSs 24

5.21 grams/cm® — density of 95% CesSs5% NdaSs
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Coefficient of thermal expansion
(10.45 + 0.67) x 1078/°C

(20-1020°C temperature range)

Specific heat and enthalpy
(1) Specific heat in cal g™t °¢™*
0.0808

(2) Enthalpy in calories/mole

Temperatures of phase transformations

(1) Melting point — 1890°C

(2) Boiling point — decomposes to lower
sulfide and sulfur vapor above 1890°C

Latent heats of phase transformations

Vapor pressure

CenSs decomposes rapidly to CesS, at 2300°C
with sulfur vapor coming off. The decomposi-
tion starts below the melting point of 1890°C.

Thermal conductivity

0.00091 cal sec™ cm™ °C™' at room temperature

Thermal diffusivity
0.00217 cm®/sec

The thermal diffusivity i1s obtained by dividing
the thermal conductivity by the product of the
specific heat and the density.

Viscosity
Surface tension
Total hemispherical emittance

Spectral emissivity
0.20 to 0.57

The value of the emissivity depends on the
roughness of the surface of the material, the
presence of impurities, and the effects of
radiation.

REFERENCE COLUMN

25

25

14 (ThOs)
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m. Crystallography
=]
cubic — a = 8.6%4 A 26

n. Solubilities
(1) Insoluble in waber 20
(2) ©Soluvle in dilute acetic acid

o. Diffusion rates

Mechanical Properties

a. Hardness (Vicker's microhardness)

hO3 £ 36 kg/mn® 15
b. Crush strength

Chemical Properties

a. Heat and free energy of formation, entropy
(1) Heat of formation
AH® o = -300.5 keal/mole 26

(2) Free energy of formation

AR e = =297 kcal/mole Cale from 28
(3) Entropy
S2ge = 43.1 eu 29

. Chemical reactions and reaction rates
(oxygen, nitrogen, water, steam,
hydrogen, liquid metals, other)

(1) Air at 300°C — slow 23
(2) Air at 600°C — fast

(3) Water at 100°C — no reaction

(&) Alkali at room temperature — no reaction

(5) Organic and inorganic acids at room
temperature — soluble

Biological Tolerances

Maximum permissible body burdens and maximum 17
permissible concentration of '**Ce-'44Pr in air

and water are given under the CepOsz Source Form,

Section I.A.9.
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Shielding Data

The combined gamma and bremsstrahlung dose rates
from 1**Ce-1%%py power sources of 100, 200, 500,
1000, 2000, 5000, 10,000, and 20,000 watts with
iron, lead, and uranium shielding were given under
the Cez0z Source Form, Section I.A.10.

REFERENCE

COLUMN
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D. CEROUS FLUORIDE (CeFs)

1. Comgosition

a. Radilionuclidic abundance

The radionuclidic abundances are given in
Section I.A.l.

b. Radiochemical purity

The *47Pm, ®98Sr, and '37Cs contaminants should
contribute a negligible amount of radiation
compared with the #4%Ce-1%4%pr radiation which
is given under Section I.A.1l.

c. Cation composition

It is assumed that an average cerium product
will contain 95% cerium and 5% neodymium. The
growth of neodymium with time is given under
the Ces0s Source Form, Section I.A.1.

2. Specific Power (pased on fabrication 1 yr after reactor discharge)

a. 2.43 watts/g of pure CeFs (85.4% Ce metal) 2
2.31 watts/g of 95% CeFg~5% NdFs

b. 3206 curies of **Ce per gram of pure CeFgs (85.4% Ce metal)
291 curies of %%Ce per gram of 95% CeFs—5% NdFs

3. Radiation
The radiation is given under Section TI.A.3.

., Critical Mass

Cerium~144, *%%pPr, and 1#%Nd are not fissionable.

1

Compatibility With Materials of Containment

See USAEC Rpt. ORNL-4189, Compatibility Data
Sheets for Cerium-144, Cesium-1%7, Curium,
and Strontium-90 (classified)

6. Thermophysical Properties

a. Density
6.16 grams/cm® — density of pure CeFg 13
6.18 grams/cm® — density of 95% CeFz—5% NdFg
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b. Coefficient of thermal expansion
a = 19.7 x 107° + (2.62 x 1078 ) 30 (Bafs)

+ (0.15 x 10710 )
where

t is in °C
temperature range is 26-296°C
value of & is for BaFs
c. Specific heat and enthalpy
(1) Specific heat in cal g% °¢-?
9.08 x 10™® + (5.14 x 1075 ) 31
+ (5.58 x 107 17%)
(T is in °K)
(2) Enthalpy in calories/mole
Hp - Hesg = 17.90 T + (5.07 x 1072 %) 31
- (1.1 x 105 07Y) - 5419
(T is in °K)
d. Temperatures of phase transformations
(1) Melting point — 1437°C 32
(2) Boiling point — 2148°C 33

e. Latent heats of phase transformations

AH (fusion) 9.0 kecal/mole 11
NH (vaporization) 62.0 keal/mole 11
AH (sublimation) 69.8 + 2 kcal/mole 33

. Vapor pressure
logio P = -(2.046 * 0.014)(10%/T) 3%

+ (9.205 + 0.092)
where
T is in °K
P is in atm
temperature is between 1373 and 1634°K

co

Thermal conductivity

1 -1 Oc-l

cal em™t sec Temperature, °C

0.0296 0 3l (Bals)
0.0251 .1.00
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h. Thermal diffusivity
2

cm™/sec Temperature, °C
0.0hk22 0
0.0340 100

Calculated by dividing the produect and the
heat of density into the thermal conductivity.

i. Viscosity
Jj. Surface tension
k. Total hemispherical emittance

1. Spectral emissivity

A value of 0.9 can be assumed.

m. Crystallography
hexagonal
o o 55
a = T7.11h A e = T.273 A

n. Solubilities

Kep = 8.1 £ 1.1 x 1071® in water 35
o. Diffusion rates

Mechanical Properties

a. Hardness
b. Crush strength

Chemical Properties

a. Heat and free energy of formation, entropy
(1) Heat of formation
AH° . = -391 keal/mole 56
(2) Free energy of formation
AF° . = -372 keal/mole 36
(3) Entropy
S2gs = 27.6 eu 29
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b. Chemical reactions and reaction rates
(oxygen, nitrogen, water, steam,
hydrogen, liquid metals, other)

(1) Oxygen at room temperature — no reaction

(2) Oxygen at elevated temperature — forms
oxyfluoride

(%) Nitrogen = no reaction
(4) Water — insoluble

(5) Inorganic acids — insoluble in weak acid

Biological Tolerances

Maximum permissible body burdens and maximum
permissible concentration of 14400-1%%py ip air
and water are given under the Cez0z Source Form,
Section ILT.A.9.

Shielding Data

The combined gamma and bremsstrahlung dose rates
from ***Ce-2%%*Pr power sources of 100, 200, 500,
1000, 2000, 5000, 10,000, and 20,000 watts with
iron, lead, and uranium shielding were given under
the Cez0s Source Form, Section I.A.10.
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