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FOREWORD
This technical report was prepared under Contract F30602-73-C-0162,
ARPA Order No, 1649 by Aerodyne Research, Incorporated, Tech/Ops building,
Northwest Industrial Park, Burlington, MA 01803.

This technical report has been reviewed and is approved,
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ABSTRACT

Because certain simple uranium and thorium oxides exhibit ionization potentials
which are lower than their metal-oxygen bond strengths their low temperature and
pressure chemistry can result in the production of stable ionized species. Relcase
of uranium or thorium vapor in the presence of ambient atomic and molecular
oxygen in the upper atmosphare may result in the formation of stable ionic metal
cloucs which extend over large volumes. Radar and optical observation of these
clouds could yield information about upper atmospheric properties.

This report reviews a number of techniques for the release of U and Th which
may be ~daptable to field experimental conditions. The techniques reviewed include
the release of volatile compounds containing U and Th, evaporation by chemical and
electrical heating, and exploding wires.
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INTRODUCTION

Recent laboratory exyoriments have shown that uranium's oxi~ation chemistry at
rcom temperature exhibits .nusual properties. Simple uranium oxie ions which are
stible at low densities can be produced in a mixture of uranium ato.ns and oxygen.
Consequently, it has been speculated that the release of uranium in the upper atmo-
sphere (above ~100 km) could furnish a mechanism for studying some properties of
the upper atmosphere.1 Release of uranium atoms or ions may result in the formation
of staple ionic uranium oxide clouds which extend over large volumes. There is no
requirerment for sunlight to produce ionization as in the case of the barium releases.
Thus radar and optical observations could be made of ion clouds during both night
and day. The optieai radiation from these clouds would Le mainly scattered earth-
shine in the infrared or seattered visible and near infrared radiation from the sun.
These ionic oxides should persist for many mir. ‘tes at altitudes above 100 km, where
three-bedy collisions are infrequent. While less is known about the oxidation ehem-

istry of thorium, it should be qualitatively similar v that of uranium.

This paper explores methods for releasing uranium and thorium vapors in the
upper atmosphere. Tha siame methods would apply to releases of other metals, such
as iron and aluminum; however, the extension to other metals is not considered.
Among the techniques t cated is the release of gaseous ¢ >mpounds that contain
uranium or thc “ium which would decompose or react in the upper atmosphere to form
simple oxides. Evaporative deposition based on several thermoehemical heating
sehemes is discussed. Secverul electrical heating schemes are also considered,
including electron beam bombardment and resistive heating oxidation processes that
heat metal costed surfaces, and exploding wires. An important output of this stuly
is the weight of the released mmetal compared to the weight of the entire system. The
maximum ratio of metal would be obtained with gaseous releases. The metal evapora-
tion method would require much more weight, but it has the advantage of releasing

a pure substance for which one might develop theoretical predictions of the chemistry,
REFERLNCE

1. R. Johnsen and M.S. Bioadi, J. Chem. Phys. a7, 1975, (1972),

vii




1. POSSIBLE URANIUM AND THORIUM COMPOUNDS FOR
USE IN HIGH-ALTITUDE GASEOUS RELEASE EXPERIMENTS

C.E. Kolb
INTRODUCTION

The releasing of rocket-borne volatile compounds has been established as a useful
method for determining metal-atom and metal-oxide chemistry in the oxygen-atom-
rich upper atmosphere between altitudess of 90 and 250 km. Successful relezses of

(1-3)

trimethyl aluminum, (@3LL=8 diborane, ' and iron carbonyl(1_4) have been re-

ported to date.

This section identifies possible . .asses of uranium and thorium containing volatile
compounds that could be oxidized by atmospheric O and O2 to produce either free
metal ctoms or metal oxides. Candidate compounds were judged for their having
a vapor pressure of 1,0 Torr without extensive decomposition a: temperatures
below 1000°K. The criteria for producing only metal atoms and oxides were used to
rule out compounds with metal-halogen and metal-nitrogen bonds (e.g., UFG)‘ But
uranyl compounds with the form UOzl‘X)n were explored, primarily because they can-
not be :xpected to yield either free U or UO in release experiments. The data iden-
tified as sublimation temperatures in this review merely reflect poinis where the
compounds can be purified with vacuum sublimation techniques and may indicate vapor

pressures of no more than 10-'4 Torr,

COMPOUND TYPES

1.1 Biscyclooctatetraenyl Uranium and 1horium

(Uranocene and Thoracene), U(CSH8)2 and Th(CSHS)z
Molecular Sublimation Decomposition
Compound Weight Temp. (°C) _Temp. QOC!_
U(CSH8)2 446 180 —
Th(CSHS)z 440 160 190
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i Comments

1}. Both compounds have m-ring-actinide f-orbital sandwich-type structures, and

! both were synthesized 1ecently by Streitweiser, (19> 176) Fach compound is air sen-

! sitive: uranocene enflames in air, but is stable in water; thoracene decomposes in

| water and air, but does not burn spontaneously. Little detailed data are available

| about vapor pressure, but uranocene is reported to have a vapor pressure of 0,62 Torr
| at 180°C. While thoracene can be vicuum sublimed at IGOOC, it decomposes without

| melting at 19000, and explodes if heated ved-hot. No decomposition temperature for
..' uranocene has been reported; Streitwieser terms it thermally stable. (L=8)

i
| It seems possible that uranocene may develop sufficient vapor pressure (~10 Torr)
; at some point below its decomposition temperature to be useful as a release chemical,
E |

f 1.2 Uranium and Thorium Tetrakishydroborate,

| U(BH4)4 and Th(BH4)4, and derivatives

Molecular Melting Point  Sublimation Decomposition

] Compound Weight ¢) Temp. (°C) Temp. (°C)
U(BH4)4 297 -— 30 100
Th(BH4)4 291 203 -— 300
U(BH4)3 (BH3CH3) 311 85-95 == P
UBH,CH ), 353 72-74 _— N
Comments

These compounds, which ai1e formed with eight three-center (M-H-B) Hridging
hydrogen bonds each (no metal-boron bonds), have recently been reviewed by James
and Wallbridge. (=T} Each compound hydrolyzes slowly in air. Th(BH4)4 decomposes
at 300°C to ThB4, while U(BH4)4 de~omposes at 100°C to form a U(BH4)3 polymer.
The vapor pressure of Th(BH4)4 has been reported at 0.2 Torr at 150°C, and its
enthalpy of vaporization is estimated at 21 kcal/mole.




U(BH4)4 was first synthesized by Schlesinger and co-workers, (1-8) who made

detailed sublimation pressure measurements and derived the following empirical re-
lationship between the temperature and vapor pressure of U(BH4)4:

= - 5 0 IS
Log Pp = -4,265/TCK)+ 13.354

This relationship was compared to measured vapor pressure as shown below:

Temperature (°C) 34,2 . . X 61.3
{4
PObS(Torr) : c . 5 4.00

? (Torr) 0,30 0.56 1.20 2.12 3.98
cale

They also report a vapor pressure of 13,86 Torr at a temperature of 79°C in a de-

scription of a molecular weight determination.

Schlesinger and co-workers also reported the synthesis of two methyl derivatives
of UBH,),: UBH ), (BH CH,), and UBH,CH,),.
derivative U(BH4)3 (BH3CH3) is more volatile than U(BH4)4, with its vapor pressure

They found that the monomethyl
represented by the following empirical relatiocship:

Log = - 3,160/T(°K) + 1C 590

PTorr
based on the .ollowing data:

Temperature (°C) 5.1 31.4 38.1
Pobs(Torr) 1.06 2,13 3.37

P (Torr) 1.24 2,05 3.44
cale
A similar relationship for the tetramethyl derivative was
= e 0 o
Log P . 2,960/T(K)+ 8.815

which yields a vapor pressure of about 1.9 Torr at 73. 736,




1.3 Uranium and Thorium Cyclopentadienide Compounds

In a recent review of the organo-metallic compounds of the lanthanides and

(1-10)

compounds in which the cyclopentadienide group,(CaHs), is the primary ligand. A

actinides, Hayse and Thomas identified a number of volatile uranium and thorium

number of these, with available physical data, are listed in this section.

%.3.1 Uraniumn tricyclopentadienide, U(C5H5)3

Molecular Sublimation Decomposition
Compo ind Weight Temp. g°c; Temp. (°C)
U(C5Hs)3 433 120--150 > 200

Comments

This compound is air and moisture sen..tiv.. but apparently quite stable thermally.

The thorium analog is apparently unstable and has not been synthe sized, although Pu,
Am, Cm, Bu, and Cf analogs have beea synthesiz :d.

1.3.2 Uraniwna tricyclopentadienide hydroboride, U(05H5)3BH4
Molecular Sublimation
Compound Weight Temp. (°C)
U(C4H,),BH, 448 170
Comments

Little physical data has been reported on this compound -- synthesized by
Anderson and Crisler. (1-11) The thorium analog has not yet been made. The vapor

pressure at 170°C is 10-4 Torr.
1.3.3 Uranium and thorium tricyclopentadienidealkoxides,

U(CsH OCI-I3 and Th(05}15)3OCI{3 (methoxides)

5)3
and

U(05H5)3 OC4H9 and Th(Csﬂs)3 OC4H9 (n-butoxides)




Molecular Melting Sublimation
Compound Weight Point (°C) Temp. (°C)
U(C_H_),OCH 464 - ~ 120
5T 2 (vp =10~4 Torr)
5 -
Th(C5H5)3OCH3 458 = 135
U(C-H,)OC, Hy 506 148-150 -
Th(C,H,),0C,Hy 500 148-150 -—-
Comments

(1-12) ginted that the

In their report on these compounds, Ter Haar and Dubeck
n-butoxides melt while the methoxides darkened without melting over a wide temper-
ature range. There appears to be some chance that the butoxides would develop suf-
ficient vapor pressure for releases. In addition, other more volatile tricyclopenta-
dienide alkoxides could probably be synthesized. Note that these compounds have one
M-O atom bend,

1.3.4 Uranium and thorium tetracyclopentadienide, U(CSH

5)4 and Th(C5H5)4

Molecular Decomposition
Compo.ind Weight Temp. (°C)
U(C:H,), 498 4 250
Th(CSH5)4 492 170
Comments

No vapor-pressure data for these compounds are available.

%.4 Uranium and Thorium 1, 3-g-dicarbonyls, U(RCOCHZCOR’ Th(RCOCHZCOR'

)49 )4

A large number of uranium chelate compounds of this family were prepared by
(1-13)

Schlesinger and co-workers at Chicago, and by Gilman and co-workers at Iowa
State(l-M) during World War II when great effort was expended in searching for volatile
uranium compounds. Approximately 30 of these compounds were prepared with such

R and R’ groups as CH3, CZHS’ C3H7, CGHS’ C4I{9, CF3, OCH3, OCZHS’ and OC4I{9.

ey e e, 8 o S A o




Most cf these compounds are either liquids at room temr2rature, or melt below

200°C. Many also boil below 200°C. Unfortunately, they ail are quite temperature I
sensitive and decompose extensively before generating vapor pressures much above |
0.1 Torr. Details on synthesis. melting and boiling points, and available vapor pres-
sure measurements on these compounds are fcund in References (1-13) and (1-14). It
should be noted that Schlesinger stopped wo.% on this type of compound after U(BII4)4

was successfully synthesized.

Although the synthesis anc¢ melting points of a number of thorium dicarbonyls were
reported by Wolf and Jahn, (1-15,1=16) 1, 11e data are available from: vapor pressure
measurements. The most work has been done on thorium acetylacetonate, |

(1-17)
Th(CSH 02) 4
at 100°C. This compound boils at 260 to 270 'C at 1-atmosphere pressure, but exten-

for which Young measured a vapor pressure of 3,2 x 10-4 Torr

> sive decomposition occurs.

Since this class of chelates coordinates through U ..., O=C linkages, release I
might lead to such highly oxygenated compounds as UOZ’ rather than to free U or cven
to UO.

5 Thorium and Urarium Alkoxides,
’l'h(OR)4,and U(OR)5 and U(OR)G, and derivatives

Uranium tetra-alkoxide compounds, U(OR)4, are not so well characterized or so
volatile as the pentalkoxides. Pentamethoxide, U(OCHB)S’ is a solid crystal at room
temperature and trimeric in solution, but higher oxides are more volaile. For
instance, the pentaethoxide -- U(OC H

1-butoxide -- U(OC

and dimeric in solutlon 1-18) The pentadlkoxules were prepared by Bradley and
(1-19, 1-20) (1-21)

penta-1-propoxide -- U(OC H penta-

5)‘3’ 7)5’
9),., and penta 1-pentoxide -- U(O(‘ II ) are volaule liquids

co-workers, while Jones, et al., reported a number of volatile sub-

stituted derivatives of the pentaalkoxides.

Some characteristic compounds with available physical data are listed here, but no

detailed vapor-pressure data appear to have been published.




Compound
U(OCzH5)5

U(OC3H

75
U(OCH,CF,), - (CH

4)oCHNH,
U(OCH,CF,), + 2(CH,),N

U(OC,H,), (CF,COCHCO,C,H

272°5

Jones and co-workers (1 ~22

o

Melting Point (°C) Boiliiig Point (°C)

< 30 < 140-160 at 0.05 Torr
< 150 at 0. 05 n
100-103 at 0. 01
95-100 at 0, 02

100-105 at 0,004 "

)
also reported on U(OCH3)6, U(OCZHS)G’ and

U(003H7)6. These compounds and their physical properties are listed below,

Compound
U(OCH3)G

U(OC,Hy),,

3H7)G

U(n-OC,4H, ),

U(iso-0OC

Melting Point (°C) Boiling Point (°C)

< 30 72--74 at 0,001 Torr

<30 96-98 at 0.001 "

167-168

< 30 115° at 0,004 Torr

Jones, et al,, noted that these U(VI) alkoxides are all unstable to heat.

A number of thorium tetraalkoxides have also been reported by Bradley and

co-workers, (1723:1-24) 1 simplest of these compounds, the methoxide, Th(OCH

3)g

is a highly polymerized white solid, but the degree of polymerization is reduced, and

compound volatility is increascd as the alkoxide ligand increases in complexity. Sev-

eral of the more volatile compounds and their boiling points are indicated below,

-R in Th(OR)4

Boiling Point (°C)

-C(CH,),

-C(CH3)2(02H5)
(CII3)

~C(CyH,),

-0(02}15)3

~C(CH,)(C,H ) (n-C, H..)
~C(CH,)(CyH ) (t-CoH,)

160 2t 0.1 Torr
208 at 0.3 B
148 at 0.1 B
148 at 0.05 "
153 at 0.1

139 at 0,05
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As in the case of the g-dicarbonyl compounds, the alkoxides have direct M-O
bonds, and probably will not directly produce either free metal atoms or metal

monoxides in the upper atmospheric release environment.

SUMMARY

From the rather scant data in the literature, it appears that the tetrakishydro-
borate compounds (and their methyl derivatives) of uranium and thorium are the most
suitable substances for the formation of U or Th atoms a:«d simple oxides in upper
atmospheric reieases. Published work on diborane releases(l-s) indicate that the
BH 4 ligands oxidize to BO2 and HZO' However, additional data are needed to rule
out the possibility of U-B bond formation in the release environment. Among the
organo-metallic compound types that contain only M, C, and H atoms, uranocene and

thorocene most warrant further study.




RETERENCES

Rosenberg, N.W., Golomb, D., and Alien, E,.F., Jr., J. Geophys. Res.
68, 5895 (1963).

Rosenberg, N.W., Golomb, D., and Allen, E.F., Jr., J. Geophys. Res.
69, 1451 (1964).

Best, G.T., Golomb, D., Johnson, R.H., Kitrosser, D.F., MacLeod, M. A.,
Rosenberg, N.W., and Vickery, W.K., J. Geophys. Res. 76, 2187 (1971).

Best, G.T., Forsberg, C.A., Dolomb, D., Rosenberg, N.W,, and
Vickery, W.K., J. Geophys. Res. 77, 1677 (1972).

Streitwieser, A., Jr., and Miiller-Westerhoff, V., J. Am. Chem. Soc. 90,
7364 (1968).

Streitwieser, A., Jr., and Yoshida, N., J. Am. Chem. Soc. 91, 7528 (19G9).

James, B.D., and Wallbridge, M.G.H., Prog. in Inorg. Chem. 11,
213-4 (1970).

Schlesinger, H.I., Brown, H.C., Horvitz, L., Bond, A.C., Tuck, and
Walker, A.O., J. Amer. Chem. Soc. 75, 222 (1953).

Hayes, R.G., and Thomas, J. L., Organometal. Chem. Rev. A, 7, 1 (1971).

Anderson, M. L., and Crisler, L.R., 4. Organometal. Chem. 17, 904 (1969).

ter Haar, G.L., and Dubeck, M., Inorg. Chem. 3, 1648 (1964).

Schlesinger, H.I., Brown, H.C., Katz, J.J., Archer, S., and Lud, R.A.,
J. Amer. Chem. Soc. 75, 2446 (1953).

Gilman, H., Hones, R.G., Bindschadler, E.,, Blume, D., Karmas, G.,
Martin, G.A., Jr., Nobis, J.F., Thirtle, J.R., Yale, H.L., and
Yoeman, F.A., J. Amer. Chem. Soc. 78, 2790 (1956).

Wolf, L., and John, H.J., Angew. Chem. 66, 754 (1954).

Wolf, L., and John, H.J., J. Praht. Chem. 1, 257 (1955).
Young, R.G., J. Appl. Phys. 12, 306 (1941).

Comyns, A.E., Chem. Rev. 60, 115 (1960).

Bradley, D.C., Chakruvarti, B.N., and Chatterjee, A.K., J. Inorg. Nucl.
Chem. 3, 367 (1957).




» 2

L . W W R PR I T I

1-20.

1-21.

1-23.

1-24,

Bradley, D.C., and Chatterje~, A.K., J. Inorg. Nucl. Chem. 4, 279 (1957).

Jones, R.G., Bindschadler, E., Blume, D., Karmas, G.,
Thirtle, J.R., and Gilman, H., J. Amer. Chem. Soc. 78,

Jones, R.G., Bindschadler, E., Blume, D., Karmas, G.,
Thirtle, J.R., and Gilman, H., J. Amer. Chem. Soc. 78,

Bradley, D.C., Saad, M. A., and Wardlow, W.,

Bradley, D.C., Szad, M.A., rad Wardlow, W.,

£

J.

Chem.

Chem.

Martin, G.A., Jv.,

6027 (1956).

Martin, G.A.,Jr.,

6030 (1956).

Soc.

Soc.

. 3488 (1954).

1091 (1954).




-

2. INVESTIGATIONS OF URANIUM EVAPORATION
BY THERMOCHEMICAL HEATING

It is desired to devise methods of evaporating metallic uranium at vacuum-
expansion altitudes without releasing other species in the process. This section
summarizes studies of two systems that burn a substance (carbon or magnesium) in
the presence of oxygen within a closed container. The first criterion for the system
to function is for the exterior of the container to be heated to sufficient temperature
to evaporate U238 (~3100°K). For flyable systems, such other factors as weight
and material properties are also important,

B.W, Worster

INTRODUCTION

considered here are listed in Table II.

TABLE II

Design details for the two systems

THERMOCHEMICAL FLASH HEATING

Carbon/Oxygen System

iy
Magnesium/Oxygen System

Dimensions

Burr. Duration

Fuel Consumed
Oxygen Consumed
Combustion Products

External Surface
Temperature

Heat Loss

Amount of U238
Evaporated

System Weight

Cylinder

Length 50 cm

OD 1.2 cm

ID 1.0 cm

Surface 188 cm
Area

~1 sec
12 g Carbon
16 g (12 atm-liters)

23 atm-liters CO
(Gaseous)

~2500°K (Maximum)

3.4 keal/sec
Negligible

~50 1b

Spherical Shell

Diameter 8 cm

Thickness 0.5 cm,

Surface 200 cm
Area

~1 sec

12,3 g Magnesium
8.1¢g (8.5 atm-liters)

6 cm3 MgO
(Condensed)

~ 3200°K

13. 8 keal/sec
lig

~251b
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CARBON COMBUSTION SYSTEM

The first system investigated is shown in Fig. 2.1. A hollow graphite tube
is eoated with hafnium carbide (the best high-temperature eeramie available), and
is plated with the U238 to be evaporated. Oxygen is inserted under pressure from
one end of the tube and interacts at the wall via surfaee reaction to form earbon mon-
oxide, The walls are heated in the process, and the CO is removed by an absorption

pump.

However, this systern fails to aehieve a suffieient t~.nperature beeause a
substantial fraction of the original tube thiekness must remain to withstand the
* -ssures produeed by the reaetion, and the heat eapacity of graphite is such that
the energy available is insufficient to raise the tube to the neeessary temperauwre,

(The system appears to limit at roughly 25000K.)

HAFNIUM CARBIDE

URANIUM

02 FLOW
REGULATOR AR MRS RRRAR AR

a, > bl L Lt
SLIP;'L\' woz

SRl

ABSORPTION

RAPHITE PoR

CYLINDER

Fig. 2.1. Carbon/Oxygen System,




MAGNES.UM FLASH EVAPORATOR

The magnesium flash evaporator evaporates uranium (or thorium) from the
exterior surface of a thin spherical shell of hafnium carbide. Heat for this process
is generated within the shell by the flash burning of magnesium in the presence of
oxygen. None of the heat produced is carried out of the shell by g:'seous by-

products,

Figure 2.2 shows the cross-sectional details of a prototype system. The

reaction |

1
Mg+ 502, — MgC

|
is used because very little heat is released by the production of gaseous MgO. !
However, upon condensation to liquid or solid MgO, a large amount of heat is |
produced. If the shell is heated to 3300°K and the outside to 3200°K the MgO can -
still condense to a liquid on the shell's inner surface and release 88 kcal/mole. l
Furthermore, the low-vapor pressure of MgO means the interior pressure of the

shell will be a function of only t.e oxygen consummation rate and O, temperature.

HAFNIUM CARBIDE

OQUTER SHELL
THGRIUM MAGHESIUM DXIDE
OXIDE LIMING [}

» TUBE W

TUNGSTEN
WIRE

A
MAGHESTUM
5 SPHERE

Fig. 2.2. Magnesium/Oxygen System.

13



Operation cf the evaporator is as follows: initially, the shell contains some
oxygen. The magnesium forms a sphere ‘it the center of the shell. The shell is

initially lined with some MgO to protect the HfC from tle O2 (and, possibly, from

the Mg vapor). Electrical current passed through the tungsten wire is used to heat
the magnesium surface above its ignition point. "The magnesium ignites, vaporizing
more Mg from the surface of the ,nell, and the Mg burns to MgO as more oxygen
enters. The MgO condenses on the hafnium carbide walls and heats them. This heat
evaporates the uranium on the exterior, 2ua the thorium oxide tubes are cooled by the
incoming oxygen. Even if the shell should rupture from thermal stress, the complete
burning of the magnesium will cause no pressure dispersion of the fragments and no

gaseous by-products (except for traces of residual Mg and O2 vapor),

Parameters for a typical system, allowing for thermal ~apacity of materials

and radiative heat losses, are as follows:

Burn Duration } sec

Uranium Evaporated 11 g (0.058 g/cm2-sec)

Surface Area 200 cm?2 (8-cm diameter)

Shell Thickness 0.5 mm

Magnesium 12.3 g

Oxygen 8.1g (8.5 atm-liters)

External Surface Temperature 3100°K

Combined Radiative and 13. 8 keal/sec (0. 969 kcal/cm2-sec)
Evaporative Heat Loss

Volume of MgO Produced 6 cc.

If a larger quantity of u~anium or a higher temperature (for thorium) is required,

the diameter, burn time, and burn rate of the system can be adjusted accordingly.

Based on the sizes of typical hardwarr:, the weight of a flyable package, including

electrical ignition equipment and oxygen storage, could easily be kept with 25 pounds.

This system might still be unworkable if other factors prove unfavorable. The
first item is the internal pressure of the device. This is a function of the mechanism
and the burning rate of magnesium, which appears to be a combination of gas-phase

and surface reactions, and which is unmeasured at pressures ~1 atm, (271 2-2,2-3)
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The vapor pressure of MgO at these temperatures has vt been measured. If the

vapur pressure is sufficiently low to raise the possibility that the MgO goes quickly

to the condensed state, then it is possible that the internz1 pressure will remain low ~-
with the incoming oxygen and the evaporating Mg being consumed as fast as they appear.

In fact, under optimum conditions, the device may act as an absorption pump for the

02. The 100°K temperature drop across the HfC shell is based on thermal conductivities

of similar ceramics at lower temperatures, and must be measured to determine the
feasibility of the system. The tensile strength of hafnium carbide is also a factor. A
ceramic with similai properties, ZrC, gains in tensile strength between 1250 and
1470°K, and is sufficiently strong for the geomet:y discussed here to withstand

10 atmfz—‘l) but the tensile strength of neither ceramic is known at 3200°K. Allin all,
a variety of properties of the materials must be evaluated before the final workability

of this concept can be determined.




2-1,

2-4.
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3. ELECTRONIC HEATING TECHNIQUES FOR METAL VAPOR RELEASES

R.C. Sepucha

INTRODUCTION

(3-1)

The vapor pressures of uranium and thorium are plotted in Fig. 3.1 as
functions of temper-*»re. “he relatively low values of the pressures require that
evaporation of these metais occur at temperatures above 3000°K to ensure substantial
production of the vapor in heating times on the order of ten scconds. This high operating
temperature, coupled with the weight and power restrictions of flight experiments,

limits the types of vaporization schemes that may be employed.

Heating of a surfaee coated with uranium or thorium ecan be accomplished by
resistance (ohmie) heating or electron-beam heating, the apparatus for which is
shown schematieally in Fig. 3.2. In the first case, a de voltage directly heats an
element eoated with the metal to be evaporated. In the seecond ease, the heated
element emits clectrons which in turn heat the surface of a coated anode In both
cases, the temperature of the coated element ean be eontrolled by varying the applied
voltage or current. The power applied to the element is dirsipated by radiation, for

which the heat loss is

W

and by evaporation of the surface, for whieh the heat loss is

Q. = &P . w7 &P watts
E (2r MkTNo)l/2 NTM  em?

In these expressions, T is the temperature, p is the vapor pressuvre in Torr, € is the
"spectral emissivity taken to be 0.33, o is the Stefan-Boltzmann constant, € is the

heat of vaporizatior i kcal/mole, M is the molecular weight, k is the Boltzmann
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Fig. 3.2. Metal Evaporaticn by Electric Heating,

l
i

constant, and N0 is Avogadro's number. The evaporation rate, dm/dt, is given by

1/2 Vs 1/2

dm _ /M _N\VT -2 o (MNYT __gm

dt ‘p<2nkTNo = SuliRE0 p(T/ ) : (#=3)
/ ~ cm -sec

so that
_ 3/ &\ dm watts -
Qp = 4.18x 10 <M ) 5 - (3-4)
/ cm

Equations (3-1) and (3-2) are plotted in Fig. 3.3 as functi~as of temperature for alumi-
num, iron, uranium, and thorium. For the last two metals, evaporation is the domi-

nant cooling process above 3200° and 36500}{, respectively.
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Based on Egs. (3-1) through (3-4), the rate of metal evaporation by constant
temperature electrieal heating is shown plotted in Figs. 3.4 and 3.5 as a function of
electrieal power input for uranium and thorium, respectively. For each ease, the
highest temperature indieated is that at which the cooling rate due to evaporation is
equal to that due to radiation. For uranium, 50 kW of electrical power is sufficient

to evaporate approximately 25 g/see, given a surface area of 250 cm2 In this case,
evaporation occurs at 32000K, the temperature being higher for smaller surface areas.
For thorium at the same power input, the evaporation rate is 17 g/sec for a 160 cm2
sul.ace area heated to 3650°K.

Thermal batteries produeing 50 kW (5000V, 10A) for 10 seconds on a nonrecurring
basis, and weighing on the order of 75 lbs, fall within the present state of the art.
Therefore, the evaporation of substantial amounts of uranium and thorium is feasible
for flight applications by this technique. The metal-vapor-to-eleetrical-system weight

ratio is 0, 7% for uranium and 0, 5% for thorium.

The principal diffieulty in both heating eonfigurations is the compatibility of
uranium with the substructure of the heating element. Intergranular penetration
appears to be the meehanism that makes most substances porous to uranium at high
temperatures., (3-2) Of the group eonsisting of titanium, zirconium, molybdenum,
niobium, tungsten, and tantal:in, only tungsten presents substantial resistance to
penetration by uranium at the melting point of uranium (1400°K). At temperatures
above ZOOOOK, the penetration problem becomes more severe and requiies that
tungsten be shielded from the molten uranium. Hafnium carbide appears to be a
strong candidate for use as a coating material. Titanium carbide, tungsten boride,

and such alloys as tungsten with hafnium or tungsten with rhenium should also be
considered.

In the resistance heating method, the uraniun eoated wire must retain its elec-
trieal and structural integrity for approximately 10 scconds at temperatures in excess
of 3000°K. Penetration of the wire by molten uranium is tolerable, provided this does
not seriously decrease the yicld of uranium vapor. Similarily, in the electron-bcam
method, the eleetrical and structural integrity of the anode must he maintained, but

only to the extent that the vapor yield during the heating period is not substantiallv
decreased.
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For the resistance heating configuration, a No. 30-gauge tungsten wire 30m

long, coat2d with, for example, hafnium carbide, with an outer coating of uranium

0.5 mm thick would be sufficient to evaporate 250 grams of uranium in 10 seconds by

dissipating 50 kW of power.

Although the heating mechanisms are equivalent in the two electrical techniques,
the electron-beam configuration may have some advantage over the resistance heating
configuration in mechanical stability. Larger, more uniformly heated surface areas
are attainab'e with the former, so that the system and, hence, the amount of metal
vapor produced are more readily scaled to larger dimensions if the necessary power
supplies become available. The electron-bcam configuration would also decrease the
possibility of electrical hot spots occurring that could terminate the heating process
prematurely. Finally, the electron-beam technique is essentially a high-voltage,

low-current method that would be more amenable to a battery-type power supply.
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4. EXPLODING WIRE TECHNIQUE FOR METAL VAPOR RELEASES

Fritz Bien
INTRODUCTION

The use of exploding wires is a tecan.que for producing metal vapor in a relatively
short time. The heating and vaporizing of the wire is typically on the order of a few
microseconds, and temperatures generally rise to several times the vaporization tem-
perature. This technique differs from the electrical heating techniques for vapor re-
lease discussed in the nrevious section, because the heating is nearly instantaneous,

and steady-state evaporation rates do not apply.

The principal advantage in using this method (instead of electrical heating tech-
niques) is that the wire is heated more rapidly. The energy loss due t) radiation is
thus low, and structural integrity of the wire at high temperatures is rot necessary,
since vaporization of the entire wire takes place before motion occurs. Therefore, the

use of substrate materials to support the metal to be evaporated (uranium or thorium)
is unnecessary.

However, one of the problems ir using the exploding wire technique is the forming
of a sheath of conducting plasma away from the exploding wire. This sheath may

drain a large portion of the energy from the system. But this problem has been vir-
tually eliminated by Chase, et al. (4-1,4-.) through their use of a dielectric to encapsu-
late the wire.

BATTERY
A diagram for a typical exploding wire

circuit is shown in Fig. 4.1, Electrical
energy is stored in the capacitor, C, which
discharges through the wire, whose resis-
tance is RW, and whose inductance is LW.
The current through this wire is a function of
the wire resistance, which changes as the

wire becomes heated, and the capacitor SWITCH

voltage. Since much more energy is dis-

sipated into the wire than it can lose from
EXPLODING WIRE

Fig. 4.1 Diagram for Simple Exploding
Wire Circuit.




evaporation or radiation, the wire heats up to a very high temperature before the

hot plasma can move away from the terminals holding the original exploding wire£4-3)
The energy is dissi»ated in five periods: During period 1, the wire is heated to
melting; in the case of uranium, this includes going through several phase changes.
During period 2, the wire melts and turns itseif into a liquid. During period 3,

the liquid <cers on heating until it reaches the vaporization temperature associated

.. with the local pressure. This pressure is governed by the shock wave as the surface

metal vapor from the wire tries to move away froin the exploding wire. During
period 4, the entire wire turns into vapor. Finally, during period 5, the vapor
moves away from the terminals and, thus, breaks the conductivity path.

The energy equation for the wire heating is |

C,AT = Energy In - Q At - Am (H + Hp + Hz) , (4-1)

where AT is the change in temperature of the wire whose specific heat is Cv’ and the
quantities Hp, Hm, and Hv represent the respective energies for 1) changing phase, !
2) melting, and 3) vaporizing. The quantity Qr is the energy loss rate due to radiation

over the time At,

When neglecting the loss of energy due to radiation, the energy equation becomes
Energy In = 3 x 1072 mAT + [ 490 cal/gm] m (4-2)
for uranium, and

Energy In = 3 x 1072 mAT + [ 700 cal/gm] m (4-3)

for thorium, where m is the mass of the wire.

To obtain the ensrgy input, the circuit equation for Fig. 4.1 is

t

A dr 1 _

Liz+ R+g gldt—v E (4-4)
(¢]

where I is the current through the circuit; R, the total circuit resistance, RL+ RW(T);
L, the circuit inductance; C, the capacitance; and Vo’ the initial voltage to which the
capacitor is charged.

26




With the assumption that all the energy from the capacitor goes into either heating
or vaporizing the wire, the energy stored is

V2

= Q0 =
E—ZC. (4-5)

The fraction of this stored energy that goes into the exploding wire is a function
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