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ABSTRACT
In an effort to understand the kinetics and mechanisms of gas-phase n.etal
oxidation reactions, experi.nents were continued in an apparatus which utiliees RF i
heating and laser radiation for the production of the metal vapor and time-of-flight ,‘;
; mass spectrometry for product identification and quantitative measurements of ;
reactants and products. %
Measurements were continued on the oxidation of thorium and uranium by i
molecular and atomic oxygen, as well as N20‘and rate constauts were measured . '
for following reactions: 1
+ b
Th+0 —— ThO +e (1) ,
+
Th + NO —— ThO + N, +e (2) i
+
U+0, —3 U0 +O0+e 3) ;
U+ NO — U0++N2+e (4)
b - - -
¢ where kl = 5.1x10° 9 ond molecule ! sec
\ k, = 2.2 x 10722 ¢m3 motecule™ sec” .
g % k3 = 8.2x 10-14 cm3 molecule_1 sec j
S _ _ _ ;
E H k, = 1.2x10 12 .m3 molecule™ sec %
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I. INTRODUCTION °

The oxidation of refractory metals in the gas phase 18 a relatively new area of
research. Fite, et al1 have recently published results on the oxidation of uranium
vapor by molecular and atomic oxygen. The oxidation of gaseous thorium by molecular
oxygen undertaken by Zavitsanos and Golden and some of the results were reported
previouslyz’ 3. Using experimental techniques developed and documented in previous
reports3 the scope of the work was extended and rates were measured for other reactions

involving thorium and uranium.
. EXPERIMENTAL
A. MATERIALS

Righ purity samples of thorium "crystal kar' and uranium powder were obtained
from Ventrol Metal Hydride Division, Beverly, Mass.

When Faudsen crucibles were used as containers, the structural matsiiai was
tungsten. Best results, in terms of reducing background ThO and UO were obtained

with single crystal tungstea liners.

B. APPARATUS

‘The heating methods considered for this study are induction RF heating and

laser radiation.

1. InJuction Heating

The use of R¥" heating in high-temperature mass spectrometric work has been

previously demo:nstmfed4and utilized in obtaining temperatures as high as 3000°K.

The experimeantal arrangement is shown in Figure 1. Figure 1 shows the in-
ductively heated Knudsen cell in-place In the Bendix Model 12 time-of~flight mass
spectrometer. The water-cocled induction coil enters the furnace chamber from the
bottom flange. The crucible and its holder are supported on ihree tantaslum rods on
the inlet assembly.

i MR
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The Knudsen crucible dimensions are 0.25 in. I,L, x .45 in. deep with a 0.05 in.

wall with a crucible cover, 0.125 in. thick x 0.35 in. dia., 60o conical orifice whose

minor diameter is 0.03 in.

. i The temperature of tie crucible is measured with a Leeds and Northrup
manual optical pyrometer by sighting into the orifice (as shown in Figure 1). Cocrrections

:
3 E
i due to prism and window were made in all the reported temperature values. %

[ The vapor generated in the crucible in Chamber II, after traveling 2 cm through ;

L

a vacuum of pn10'6 torr, enters Chamber I (through a slit 0.5 cm x , 05 2m) aud reacts

L with oxygen whose pressure PI can be as highas 2 x 10-3 torr. The vapor travels 6 cm

£ ] in Chamber I before it reaches point G where an electron beam of controlled energy is

L S it e e

directed perpendicular to the metal vapor beam and its reaction products with oxygen.

At this point, the ratio of unreacted metal oxide can be determined mass spectro~

NP

metrically as a function cf oxygen pressure and metal vapor density.

2. Laser Heating

Another heat ing arringement involves use of pulsed laser, ruby or CO 9° The

T 1 I e A 3 e

Vapnagren

beam enters a chamber through a window (glass for ruby, NacCl for 002) and strikes a i
metal target as <hown in Figure 3. The generated vepor plume moves away from the ]
metal surface and reacts with the surrounding oxygen. The ratio ¢{ metal vapor to

oxidation products is measured with the time-of-flight mass spectrometer.

Special measurements on reactants and products are also made.

NI, EXPXRIMENTAL RESULTS

B e s L R

1. Oxidation of Uranium by Molecular Oxygen

1
A rate was reported by Fite for the reaction

L

Ky +
v+o,—L o, +e &)

et e e e e a2 el ol s . il el

When the oxygen pressure was increased 10“4 torr in addition to the above process

another ion producing reaction was identified in the process of our work; that being ;

2 s S
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A - INDUCTION COIL

B - TANTALUM HEAT SHIELD

C - KNUDSEN CRUCIBLE AND L1D

D - WATER COOLED PORTION OF
CHAMBER

E - MOVABLE SHUTTER

F - TOF SOURCE ENTRANCE SLIT

G - IOM!ZING ELECTRON BEAM

H - 'ON GRID

1 - VIEWING WINDOW ON MULTIWINDOW
ASSEMBLY

J - PRISM

K - OPTICAL PYROMETER

TOF SOURCE
HOUSING

FIELD FREE ~LIGHT TUBE

. was  TOMULTIPLIER
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Figure 1 - KNUDSEN CRUCIBLE MASS SPECTROMETER APPARATUS
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+
tne formation of UO via one of the following ‘wo possible processes:

+
U+O2 __kzi VO + O + e (2)
k + -
u+9, _..3., U0 +O0 (3)

In order to identify the step accounting for the formation of UO+ the polarity of

the mass spectrometer was reversed in order to search for the negative ion 0. In
view of the fact that (under condition of equivalent sensitivity) no negative ion 0 was
observed it was concluded that most the observed U()+ was formed mainly via step

(2). Unless of course the life cf O is less than the flight time in the mass spectrometer
which is of the order of 25 ’,l.sec. That is to say . at negative ions which loose their
charge during flight time are not focussed properly and thus escape detection. The

expressions describing ion formation in the U/O2 system are :

+
d (UO,)
e k1 (V) (02) and
d (U0’
at = (k2 + k3) (V) (02) = k2 (U (02)
or k2 _  _duo’)
k1 d(Uo“z’)

+ +

Since the produci species UO and UO2 are expected to have nearly equal multiplier
+

efficiencies it is expected that the ratio of ion intensities I (UO+)) I (U02) is equal to

the ratio of rate constants k2/k1 under conditions of equal (U)/(O 2) ratios

ie. k2 _  I1(UO)

)

k1 I (UOZ’
or k2 = k1 IJUO?
I ("02)

Rnlihhdabdddhiooltabduc 1 iy
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It is therefore possible to determine k2 (if k1 is known) by measuring the intensity raﬂo
of VO™ and 00; formed simultaneously in the same run from reaction between U(g) and 0,.

SR bdio, b o

Several runs were made under conditions whero the oxygen pressure was in the
range (1.1~ 4.4) x 10~ torr at two diffe-nt temperatures 2273°K and 2323°K. (Under
thess conditions the number density of U(g) in the reaction chamber was several orders '
of magnitude lower than that of O Data obtained from this series of experiments a-~

ol e

9

: - =14 - - e
: shown in Table I along with the determination of k2 = (8.2 + 3) x 10 cm3 molecule 1 sec 1.
f In view of the fact that reaction (2) is endothermic by 2 eV while reaction (3) is 4
F endothermic by only 0.5 eV a case can be made for the existence of O”, in which case

% | the value of k2 represents the rate of Uo™ formation by reactions (2) or (3) or both. %
: As far as it pertains to the intended application, however, it does not matter. ‘ 1
2. The Oxidation of Thorfum by Atomic Oxygen. a
. s The relative abundance of atomic oxygen in the upper atmosphere is high and 3

reactions involving atomic oxygen are obviously important. -

As part of this research several methods woere examined in conjunction with
atomic oxygen production; the method which proved successful in our case involved
thermal decomposition o O2 in an indium furnace, heated by the same induction field

as the crucible containing the thorium.

When thorium was allowed to react with partially decomposed oxygen it became

TR T

apparent that in additic- to the formation of ThO'; (which was reported beforez) ThO®

was observed as well, due to the following reactions

H +
S Th + O2 —1{-4—> ThO2 + e (4)
Th + O WEEL) ThO' + e (5)

Figure 3 shows a typical mass spectrum of these two ions recorded in the absence

+ A
of an ionizing electron beam. The intensity ratio of the observed ions I (ThO ]
I (Tho;) '

is related to the ratio of rate constants k4 and k5 and the degree of 02

dissociation as follows:

o e

rﬁm:‘mv"-l"*.'u'wQ—v'rr"luﬂ'ngn;v“m‘v—v Rt d il A O REE B o T
-3 . R
f
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I (ThO - x5 x PO
4 + -
% I(ThOY) k4 Po,
L + Po ;
: or ks = ka x 0Dy 2 !
E I(ThO,)) =0 3
3 ) %
Fo 3 3
b ; Based on the equilibrium predictions at 2248°K at a total oxygen pressure of 10~ i
torr the ratio of PO/PO2 is 0.111. The observed ratio of chemi-ion intensities at 4
the same temperature was: 3
LhoY) - o |
+

s I (Thoz) j
L therefore k5 = 63 X k4 fé
‘;. v

¥: " -] - - - b
= or* = 63X 4.9%X10° % = 3,1% 10710 cm® motecute™? sec™?

{ 3. Oxidation of Thorium and Uranium by N20_ ;

The first step in the oxidation of gaseous thorium and uranjium hy N20

can proceed as follows:

Th + N,O K6 Tho + N, (6) ]

k7. + 3

Th + NO --—> ThO + N, + e (7) ]

: k

and with uranium respectively

; 3
L U + N,O ks,, UO + N (8)

3 2 2 f
1 k9 + ;
U + N20 SN Uyo + N2 + e (9)

The formation of the neutral monoxides ThO and UO are highly exothermic by about 1
6 eV while the formation of U0 and ThO" are exothermic by 0.5 to 1 eV and are all J
thermodynamically favorable. i;

*k4 was determined and reported in a previous reportz.
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Data has been obtained thus far which allows determinztion of k7 and k9 via

the ratio method (applied previously) which allows cietermination of one rate constant

relative to ancther: In this case rates for reactions (7) and (9) were compared to
E corresponding rates oi reactions (4) and (1). The corresponding relationships are:
: I(Th+) ]
A 1 + PO 0] 3
o ke omkex SO 2y 2 qg %
}t | I (ThOz) PN20 I(Th )NZO k
¥ K
; . PO 1 (UM, |
. k9 =1 X LUo) X —;——2-—- X ——.:_2__ (11) 9
3 + E
T 1(U0)) N,0 TU) o ’
3 2 2 k
The ‘ntensities of the metal ions were obtained with an [onjzing electron beam set at 11 eV,
and are proportional to the metal number density.
i ! Two separate experiments were obviously required. One using O 2 .8 the 3
] oxidant the second N20. i
! + + +
"'\
I(ThY) o, 1(U), andI(Th)No

Y 2 2 2
y . |
: LU) v o represent metal atom intensities as observed in the two 4

2 ;

; different experiments prior to the introduction of reactants O2 and N20 respectively. i

§ Thorium oxidation =t 2?.730}{ under conditions where P 9 = 2.5 X 1074 torr,li‘N o 3

: + 2 ;

! I(Th) + ' ;
S 4,.2X 10 4 torr and —————(-’2 = 2.5 resulted a rotio -I—Qtﬁ;)—- = 0.29 3
Lt + 1 (ThO}) :
; { I (Th) 2 :
_ ! N20 ;
E : and a value for 4
- - 1 - i
- k7 = 2.2X 10 12 cm3 molecule 1 sec 1 ‘;
¢ A -12 3 -1 - 3
5 Similar treatment of uranium data resulted in a value of k9 = 1.2 X10 cm molecule “sec :

]
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IV. CONCLUDING RYE MAKKS

3 Based on results obtained to date the foliowing conclusions can be made:

S SO T

1. The oxidation of thorium in gas phase by molecular and atomic oxygen

+
3 2 -1
rate constants 4.9 X 10712 em” molecule  sec

and ThO* respectively with corresponding
"1 and3.1x 10710

produces chemi~ions such as ThO

3 -1 =)
cm molecule sec

The molecular oxygen reaction produces ThO at a (gas kinetic) rate of
(6.1+1.1) X 10710,

et A at e Sl [l o oiibe s R IR L0 Ht e

+
2. The oxidation of uranium by O_ produces UO at gas kinetic race, UO2 with a
ratc constant (4.9 + 2.4) X 10 1° and UO™ with rate constant 8.4 X 1014 |

3. Reactions of both thorium and uranium with N_O produce the monoxide ions

2
ThO* and UO* with corresponding rate constants 2.2 X 10"22and 1.2 X 10~

R i C i i e S AN Oy
PRI
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