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An ion beam apparatus is employed to study the reactions of uranium ions with N,, D,, and CD, at
laboratory energies up to 335 eV. The endothermic reaction of U* with nitrogen leads to the product
UN™ for which a bond dissociation energy D(UN*)=4.7+0.2 ¢V is determined, corresponding to
AH{UN") =272+7 kcal/mole. Endothermic reactions of U* with D, and CD, lead to formation of UD*
with D(UD") =29+0.]1 eV and AHI(UDJ') =254+ 6 kcal/mole. The dependence of experimental reaction
cross sections on relative kinetic energy is discussed in terms of simple models for reaction. The proton

affinity of uranium is determined, P.A.(U)=238=%5 kcal/mole, and this exceptionally high value is

compared to other atomic and molecular base strengths.

I. INTRODUCTION

The assessment of new technology for isotope separa-
tion has revived an interest in the spectroscopy, prop-
erties, and reactions of uranium and its compounds.
Newer methods which have been demonstrated include
the use of lasers to selectively excite a particular urani-
um isotope with subsequent chemical or physical separa-
tion. "2 In addition, several new electromagnetic and
electrostatic schemes for separation of ions containing
uranium appear promising. These include ion cyclo-
tron resonance, ** quadrupole mass filters,® and energy
separation methods based on high energy collision in-
duced dissociation reactions,® The successful develop-
ment and implementation at practical levels of many
of these processes requires a knowledge of the gas phase
reactivity, heats of formation, and bond dissociation
energies of neutral and ionic uranium compounds.

For example, a molecule which reacts only with an
excited or ionized uranium species could be used to
chemically separate the selectively excited isotope in
laser schemes, In another area where gas phase
thermochemical data are useful, Fite and co-workers™®
have pointed out that molecular ion products of associa-
tive ionization reactions involving ground state uranium
atoms at thermal energies are energetically forbidden
to become neutralized by dissociative recombination
with electrons. This affords the possibility of produc-
ing high density plasmas suitable for use in electro-
magnetic and electrostatic separation methods.

Presently, most of the thermodynamic data available
concern uranium containing solids. ® Knudsen cell studies
have yielded gas phase data for uranium oxides, ® sul-
phides, '° fluorides, ! nitrides, *‘® carbides, 2® and
borides. '’ Further information regarding the gas
phase thermodynamics and reactions of uranium fluo-
rides has been obtained by Compton!® using mass spec-
trometric methods including a detailed analysis of ener-
getic alkali atom reactions, by Beauchamp!* using the
techniques of ion cyclotron resonance spectroscopy,
and by McAskill'® using high pressure mass spectrom-
etry.

Fite has characterized the reactions of uranium atoms
with oxygen atoms”* and various molecules using ther-
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mal beams.” He finds, for example, that the associa-
tive ionization process

U+0-U0" +e (1)
occurs with a cross section of 16 A% at thermal ener-

gies. Figure 1 shows a simplified diagram illustrating
the energetics of the generalized reaction
U+A-UA'+e . (2)
The relationship
D(UA) +1. P.(U)= D(UA") +1. P.(UA) , (3)

where ID(X) and 1. P.(X) refer to the bond dissociation
energy and ionization potential, respectively, of species
X, follows directly from Fig. 1. For process (2) to be
exothermic at thermal energies, it is required that
D(UA)= 1.P.(UA), which in turn implies that D{UA*)

> I.P.(U). The energetics of the possible reactions of
uranium with molecular species, Egs. (4)=(7), can be
similarly treated:

U*+(AB +e) (4)
UA* +(B+e) (5)
U+AB™ | UAB* +e (6)
UA+B. : (M
_—_————— — — —U* A
D(UA")
1P(U)
UrA
>
o
]
=
w
D(UA)
r {UA)
FIG. 1. Simplified energy diagram for the generalized as~

sociative ionization reaction (2). Illustrated are conditions for
an exothermic reaction [D(UA) >IP(UA)].
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Wexler and co-workers'® have characterized the
chemi-ionization reactions of uranium atoms with oxy-
gen molecules at energies up to 70 eV, considerably
extending Fite’s earlier investigation using thermal
beams. @ At low energies the only product ion is
U0} [process (6)]. As the energy is increased UO*
formed in process (5) begins to predominate. At the
highest energies U* becomes the major product [pro-
cess (4)].

There appear to be only two previous investigations
of the reactions of atomic uranium ions. Moreland,
Rokop, and Stevens'? observed the formation of UH*
and UD* from reactions with H,, D;, H;O, D,O, and
H,S. However, their quantitative characterization of
these species suffers from ill-defined reaction condi-
tions in their experiment. The exothermic reaction

U*+0,-U0"+0 (8)

has been studied by Johnsen and Biondi.'® They were
unable, however, to find evidence for a similar reaction
with nitrogen

U*+N,~UN*+N (9)
with lab energies ranging to 5 eV.

In the present investigation, a beam of uranium ions
of well defined kinetic energy is allowed to interact with
a gas in the fieldfree region of a collision chamber.
Product abundances are analyzed as a function of pres-
sure of the target gas to yield reaction cross sections
and as a function of relative kinetic energy to yield
thermochemical data. Specifically, the reaction

U*+AB-UA*+B, (10)

where AB is N,, D,, and CD,, is characterized and
discussed.

1l. EXPERIMENTAL

The ion beam apparatus has been previously de~
scribed'®andis shown schematically in Fig. 2. Ions
from a surface ionization source are focussed into a
collision chamber containing the reactant gas. Energy
of the ion beam is determined by the difference in po-
tential between the chamber and the center of the fila-
ment, the latter being determined using a resistive
divider. The spread in ion energies is estimated to be
<0.3 eV with a comparable uncertainty in the calibra-
tion of the energy scale. Due to center of mass to
laboratory conversion factors and the large Doppler
spread in relative kinetic energies, this introduces

=
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FIG. 2. Schematic drawing of
the ion beam apparatus and
uranium ion source,

negligible uncertainties into the determined endothermic
reaction thresholds. Product ions scattered in the
forward direction are detected using a quadrupole mass
spectrometer, The entrance and exit apertures of the
chamber are 1.0 and 1.5 mm in diameter, respectively.
The reaction path length is 5 mm. The collision cham-
ber is designed to efficiently extract low energy product
ions using a small extraction field.?® In the present ex-
periments the collision chamber is maintainedas a field-
free interaction region., Use of an extraction field did
not alter product ion yields. This verifies calculations®!
which show that the large mass of the ionic reactants
and products compared to the neutrals involved result

in product ion collection efficiencies of near 100% for
the reactions studied. Resolution of the quadrupole is
sufficient to easily resolve UD* {but not UH*) from U*,
This dictated the use of D, and CD, as neutral reactants.

The uranium ion source is comprised of a tubular
stainless steel oven attached to the side of a U-shaped
repeller plate, The oven is loaded from the rear with
solid UF, and sealed with a set screw, The rhenium
filament used for surface ionization (dimensions 0.030
X0,762x11,9 mm) is resistively heated with a current
which is typically 4.5 A. This generates sufficient
heat to vaporize the UF, which effuses through a hole,
0.50 mm in diameter. Although it was unnecessary
in the present experiment, the capacity to heat the oven
independently is provided by heating wire. The UF,
vapor undergoes dissociation and surface ionization on
the filament.? This provides an ion beam consisting
of U* and UF*. A typical ratio of UF* to U* was 1:100
with small variations depending on filament tempera-
ture. Ion beam currents in the range of 10°-10"% A
were sufficient for the present experiments. The life-
time of the source, usually 50 h, is limited by filament
failure.

We estimate the filament temperature to be 2300 °K,
Uranium ions have several low lying states®® which can
be thermally populated at the temperature of the surface
jonization source. No attempt is made in the present
work to account for the presence of excited states. It
is expected that the principal effect would be a low en-
ergy tail in the threshold region for endothermic reac-
tions. The oven temperature is 700 °K (as measured
by a chromel-constantan thermocouple) and the collision
chamber is at 400 °K (as measured by a thermistor)
under normal operating conditions. Since the capaci-
tance manometer head is at room temperature, a
thermal transpiration correction®* was applied to the
measured pressure.
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FIG, 3, Variation of experimental cross section with relative

kinetic energy in the center of mass frame (lower scale) and
the laboratory frame (upper scale) for Reaction (9), The solid
curve is an approximate fit to the experimental points. The
straight dashed line (— —) is a linear extrapolation of the data
in the threshold region. The curved dashed line (~--) is the
threshold behavior predictedby Chantry’s analysis at a tempera-~
ture of 400°K. The arrow at 9.8 eV indicates the threshold for
the product channel U*+N+N. The arrow at 18.6 eV indicates
the energy at which the stripping model predicts product dis-
sociation to be complete (see text).

The present uranium ion source is the result of sub-
stantial experimentation with surface ionization sources.
The techniques of vaporizing uranium metal and ionizing
by electron impact or surface ionization did not yield
sufficiently high ion currents and presented materials
problems. Uranyl salts deposited directly on rhenium
ribbons exhibited the problem of oxide contaminants in
the ion beam, since uranium monoxide and dioxide have
lower ionization potentials than the metal.®?® This
problem also necessitated the &areful elimination of
sources of oxygen, including water due to outgassing,
in the vicinity of the hot filament,

. RESULTS AND DISCUSSION
A. Reaction of U* with N,

Uranium ions react with nitrogen molecules to yield
UN', Eq. (9). Variation of cross section with relative
translational energy is shown in Fig. 3. Absolute cross
sections are calculated using

Ip=(Ip + L)1 —e™9) | (11)

which relates the cross section @, the length of the in-
teraction region I, and the density of the target gas »
to the measured reactant and product ion beam intensi-
ties Iy+ and Iy , respectively.

In ion beam~—collision chamber experiments, signifi=-
cant Doppler broadening of relative collision energies
results from thermal motion of the target gas. Using
the analysis of Chantry® for a cross section which in-
creases linearly with energy above threshold, an ex-
trapolation of the straight line portion of the curve gives
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a threshold too low by 3y£T, where T is the tempera-
ture of the target gas and y=my /(my +m ), my and

m g being the incident particle and target gas masses.
The extrapolated threshold (the dashed line in Fig. 3)
is 5.0+0.2 eV, which when corrected becomes 5.1
+0.2 eV, Chantry gives the full width at half-maximum
of the relative kinetic energy distribution

Wy ,2=(11.1vkT E)*/? (12)

at an energy E. For Reaction (9) with E=5.1 eV, W, ,;
is 1.3 eV, In accordance with Chantry’s analysis, this
is approximately the difference between the observed
onset of reaction and the corrected threshold.

The threshold obtained for Reaction (9) yields a
bond dissociation energy of 4.7+0.2 eV for UN* dis-
sociating to ground state U* and N. Other data used in
this calculation are summarized in Table I. The heat of
formation of UN* is calculated to be 272+ 7 kcal/mole.
The major uncertainty in this figure is the poorly known
heat of formation for the uranium atom.

The behavior of the cross section at energies above
threshold can be explained by examining the deposition
of energy during reaction. Dissociation of the product
ion UA*' can first occur at the threshold for the reaction

U'+AB~U"+A+B, (13)

This energy is merely the bond dissociation energy of
AB. For Reaction (9), D(N,)=9.80 eV, this is the ap-
proximate point {marked by an arrow in Fig. 3) at
which the cross section ceases to rise linearly and be-
gins to decrease with increasing energy. The stripping
model, 2% which requires that no momentum be trans-
ferred to the neutral product B during reaction, con-
strains the internal energy of the product UA* to be

Epy= 20 m) g _p

14
MyaMap (14)

TABLE I. Thermochemical data,
Species AH3 5 g(keal/mole) Reference
U 125+5 a
L 268+5 a,b
H* 367.19+0,01 c
Djgg (kcal/mole)
N-~N 226+ 2 c
D~-D 106+0.1 d
D-CDy 104,9+0,05 d
U-N 1265 e
U*-N 108+5 This work
U*~H 67+5 This work

*S. D. Gabelnick, “Ion Reactor Safety and Phys-
ical Property Studies,” Annual Report, July
1973—June 1974, Chemical Engineering Divi-
sion, Argonne National Laboratory, ANL-8120),

"Calculated from AH(U) and I, P. (U) =6. 187
+0,002 eV given in Ref, 1.

¢JANAT Thermochemical Tables, Natl. Stand.
Ref. Data Ser. Natl. Bur. Stand. 37 (1971),

9D, deB. Darwent, Natl. Stand. Ref. Data Ser.
Natl. Bur. Stand. 31 (1970).

*Data from Ref. 12.
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FIG, 4. A comparison of the cross section predicted by Eq.
(18) to experimental results for (a) Reaction (9), (b) Reaction
(19), and (¢) Reaction (21).

where E;, the threshold for reaction, equals D{(AB)

- D(UA*). Since dissociation occurs when E;;, = D(UA®),
the energy at which the stripping model predicts disso-
ciation should be complete is

__mgam
E = mB(AB) . (15)

For the nitrogen reaction E, equals 18.6 eV, The ex-
perimental cross section, Fig. 3, decreases up to this
point, above which it has a small and approximately
constant value of ~0.1 A%, The persistent cross sec-
tion at high energy could easily result from reaction at
small impact parameters with appreciable momentum
transfer to the neutral product.

At low energies the long range interaction between an
ion and a nonpolar neutral molecule is given by

Vir)= ~ae®/2r*, (16)

where « is the angle averaged polarizability of the
neutral and # is the reactant separation. The motion
under the influence of this long range interaction is such
that the cross section for close encounters is given by

Q;=me(2a/E)'?, (1m

where E is the relative kinetic energy. A simple model
for endothermic reactions requires the kinetic energy
along the line of centers to exceed Ey .2" Equation (17)
becomes modified by inclusion of the factor (1 - E, /E),
giving

@, =me(2a/E)'/*(1 ~E, /E) . (18)

Figure 4(a) compares the cross section of Eq. (18) to
the experimental cross section in the threshold region.
If the model leading to Eq. (18) is presumed correct,
Reaction (9) proceeds with a reaction efficiency of ap-
proximately 50%. It is noted, however, that the orbiting
impact parameter calculated at threshold (1.8 A at

5.1 eV) is roughly equal to the molecule separation ex-
pected for a hard sphere interaction.

B. Reaction of U" with D,

Experimental results for the reaction of uranium
ions with deuterium

U'+D,~UD"+D (19)

are shown in Fig. 5. The corrected threshold is 1.7
£0.1 eV with W,,,=0,8 eV at this energy. Again the

E (eV,Lab}
60 120 180

1 T L

Q

240 300 360
T T

T

n
O
T

*

»
T

u"oz—— ubD*D

Reaction Cross Section (Z\Z)
v
T

I 7
o8} -
0.4t .

i ]
0.0 Py ] | i

0 I 2 3 4 5 6

E (eV,CM)

FIG. 5. Variation of experimental cross section with relative
kinetic energy in the center of mass frame (lower scale) and
the laboratory frame (upper scale) for Reaction (19). The solid
curve ig an approximate fit to the experimental points. The
straight dashed line(— —) is a linear extrapolation of the data
in the threshold region. The curved dashed line (-~-) is the
threshold behavior predicted by Chantry’s analysis at a tem-~
perature of 400°K. The arrow at 4.6 eV indicates the thresh-
old for the product channel U*+D+D,
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FIG. 6. Variation of experimental cross section with relative
kinetic energy in the center of mass frame (lower scale) and
the laboratory frame (upper scale) for Reaction (21). The solid
curve is an approximate fit to the experimental points. The
straight daghed line (— —) is a linear extrapolation of the data
in the threshold region. The threshold behavior predicted by
Chantry’s analysis at 400 °K is coincident with the solid curve.
The arrow at 4.6 eV indicates the threshold for the product
channel U*+D+CDs.

apparent onset is lower than the corrected threshold by
approximately W,,,. The bond dissociation energy for
UD* is 2.9+ 0.1 eV and the derived heat of formation is
254 + 6 keal/mole.

The dissociation process

U*+Dy—~ U*+D+D (20)

becomes energetically feasible at 4.6 eV. The cross
section levels off at a somewhat lower energy, 3.5 eV,
The energy at which dissociation should be complete
according to the stripping model is 9.1 eV, which is
considerably higher than the range of energies acces~
sible in the present experiment, The reaction effi-
ciency by the polarization theory, Fig. 4(b), is ap-
proximately 40%.

C. Reaction of U* and CD,
The threshold for the reaction

U*+CD,~UD*+CD, (21)

provides a check of the thermodynamic data derived
from the reaction with deuterium. The variation of re-
action cross section with relative kinetic energy is
shown in Fig. 6, The corrected threshold, 1.6+0.3
eV, leads to AH(UD')=252% 8 kcal/mole, in excellent
agreement with the previous experiment. This cor-
responds to a bond dissociation energy of 3.0+£0.3 eV
for the UD* ion.

Consideration of the energy deposition in Reaction
(21) is rendered difficult by the internal degrees of
freedom in the polyatomic neutral product. Interesting-
ly, the cross section levels off in the region of the
lowest energy dissociation process, at E=D{CDy=D)
=4.6 eV. Again the dissociation energy predicted by
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the stripping model, 42.3 eV, is beyond the energies
examined in the present experiment. Figure 4(c) sug-
gests the reaction efficiency is near 25%.

IV. CONCLUSION

As originally suggested by Johnsen and Biondi, '® Re-
action (9) is endothermic. The highest relative kinetic
energy in their experiments, 0.53 eV, is considerably
below the 5.1 eV threshold observed in the present ex-
periment., The estimate of Moreland, Rokop, and
Stevens'” for D{UD*), 3.3:0.5 eV, agrees with the
values of 2.9+0.1 and 3.0+ 0.3 eV within experimental
accuracy.

The present experiments arrive at the bond dissocia-~
tion energies D(UN*)=4,7+0.2 and D(UH*)=2.9+0.2
eV.2?® Using these data and 1. P, (U)=6.187+0.002 eV, *
it is seen with reference to Fig. 1 and Eq. (3) that the
general chemi-ionization reaction (2) is endothermic
for A=N and H. The endothermicity

AH=1.P.(U) ~ D(UA*)=1. P.(UA) — D(UA) (22)

is 1.5 eV for the nitrogen reaction and 3.3 eV for hy-
drogen. From the bond dissociation energy of neutral
uranium nitride D(UN)=5,520.2 eV, *‘? the ionization
potential of UN is calculated tobe 7.0+0.3 eV, Gin-
gerich has estimated using electron impact ionization

‘that I, P, (UN) is approximately 1 eV higher than 1. P.(U),

giving a value of 7. 2 eV, which is in good agreement
with our result. The reactions of nitrogen and hydrogen
atoms contrast with those of oxygen and sulfur atoms,
where process (2) has been observed to be exother-
mic., " ¥ The difference in energetics between the
oxygen and nitrogen systems is shown explicitly in

Fig. 7. In multiple photon uranium atom ionization ex~
periments isotope selective excitation of the °K; level
at 2.05 eV has been demonstrated.? Sufficient energy
is available in this state for Reaction (2) to be exother-
mic with nitrogen but not hydrogen atoms.

It is of interest to calculate the proton affinity of the
uranium atom using the relationship?®

P.A.(U)=D(UH*)+1.P.(H)-1.P.(U) . (23)

The value derived, 2385 kcal/mole, is compared with
the proton affinities of selected atomic and molecular
species in Table @I, Within this broad range of base

FIG. 7. A comparison of the energetics for the associative
ionization reaction of ground state uranium atoms with (a) oxy-
gen atoms and (b) nitrogen atoms.
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TABLE L. Proton affinities of selected atomic and molecular
species.

Ionization Proton affinity Reference for
Species potential (eV)  (kcal/mole) proton affinities
Li 5.39° 193+ 5 a,b
Mg 7.64° 187+ 5 b, d
Hg 10. 44° 12845 b, d
U 6.19% 23845 This work
NMey 7. 87% 222+2 ‘g
PMey 8,012 22442 g
NEt, 7.42h 229+ 2 c
LiOH 241+2 i
NaOH 248+ 2 i
KOH 2632 i
CsOH 270+ 2 i

%F. H, Field, Natl, Stand. Ref. Data Ser. Natl. Bur. Stand. 26,
(1969).

"JANAF thermochemical tables, Natl, Stand. Ref., Data Ser.
Natl, Bur. Stand. 37 (1971).

¢J. F. Wolf, R. H, Staley, I. Koppel, M. Taagepera, R. T.
Melver, Jr., d4. L. Beauchamp, and R. W, Taft, J. Am,
Chem. Soc. (submitted for publication).

4G, Herzberg, Spectra of Diatomic Molecules (Van Nostrand,
New York, 1965), Table 39.

®B. Lakatos, J. Bohus, and G. Medgyesi, Acta. Chim. Hung.
20, 1 (1959),

'Reference 1.

€R. V. Hodges and J, L. Beauchamp, J. Inorg. Chem, 14,
2887 (1975).

"R. H. Staley, M. Taagepera, W, G. Henderson, J. L. Beau-
champ, and R. W, Taft, J. Am. Chem, Soc, 99, 326 (1977).

3. K. Searles, I. Dzidic, and P, Kebarle, J, Am, Chem. Soc.
91, 2810 (1969).

strengths uranium clearly emerges as the most basic
of all atoms for which reasonable thermochemical data
are available. Uranium atoms are more basic than the
strongest organic monodentate bases. Only the alkali
hydroxides appear to be more basic. The high base
strength of uranium results from the combination of a
strong homolytic bond dissociation energy and a low
ionization potential. The methodology developed in the
present investigation can be generally applied to de-
termine metal base strengths and metal hydrogen
homolytic bond dissociation energies.
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