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A

B. Research Objectives

i

Our contract entitled "A Study of the Collisional Dynamics for

Collisions of UF with Atoms and Molecules" was in the area of experimental
6

atomic and molecular physics. The central objectives of this research were

1) to obtain accurate information about how the UF6 ion decomposes when it

undergoes collisions with vaious atoms and molecules;

2) to attempt to explain these results quantitatively, utilizing one of a

number of current theories about the unimolecular dissociation of highly ex-

cited molecules;

3) to investigate how the decomposition processes depend upon the

internal energy stored in the UF6 ion; and finally,

4) to develop and test a surface ionization source capable of producing in-

tense beams of UPF6.

C. Status of the Research

The scientific approach employed in the experimental portion of

this research is to produce a negative ion beam of UF6 at known energies

and allow it to collide with a particular gas at low pressure. The various

2harged fragments produced by collisional decomposition are then identified

by conventional -means. By simply measuring the intensities for each fragment

ion, the probability (i.e., the cross section) of producing a given fragment

in a single collision can be obtained directly from such experiments.

.3z
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The cross sections for th~o~c~1mchannels:
II

UF 6  + X 7"-" ' +  r + ":: I, ' .z . , .. - .

I/
- Fu + F + :X"<
Uj, 6 AW+ e + X - -

have now been measured with the inert gases, N2 and SF6 as targets. The/

periments cover the laboratory collision energy range from approximately 10

to 500 electron volts.

These experiments show that the cross sections for the production

of fast neutral UF molecules become quite large at high energies for all
5

targets studied. Therefore, these results indicate that it may be feasible

to use such stripping or decomposition collisions for the generation of fairly

concentrated neutral beams of fast-heavy molecules.

In addition to the completed experiments, considerable progress

was made on a statistical theory which shows promise of being able to describe

(or predict) quantitatively these complicated collision-induced decomposition

processes.

The experimental results, along with detailed discussions of these

measurements and calculations can be found in the attached draft manuscript.

For those not wishing to consult the manuscript, a brief summary of the pro-

gress made during the contract period follows.

The research conducted during the past year led to some surprising

results which we consider both important accomplishments and significant

achievements.

Clearly when a complicated molezular ion such as UF6 collides with

an atom or molecule at :ollision energies in excess of a fcw tens of electron

Jt J.
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volts, many ways of dissociating or breaking up the molecular ion become

energetically possible.

Based upon what is currently known (both experimentally and theo-

retically) about the quantum states of UF6, the decomposition channel having

the lowest binding ener7y (thought to be 4.3 ± .5 electron volts) is

UF6 - UF 5- F.

we have measured the thresholds for this channel using different targets and

found them to be in the neighborhood of 2 electron volts. The question arises

as to why these thresholds are so low. There are several possible explana-

tions; but at the moment, there is insufficient experimental information to

clarify the situation. The UF6 ions were croduced on a hot (1250K) surface;6
and if it is assumed that the desorbed UP6 is in thermodynamic equilibrium

with the hot surface, one expects the UF6 to possess approximately 1.5 elec-

tron volts of internal enery. This means that an extra 1.2 electron volts

is still needed to explain the observed threshold of 2 electron volts. A-

nother possibility is that collisions between the UF ions and the tarent gas6
UF6 (as the UF6  is extracted from the ion source) lead to additional internal

excitation of the UFT. Alternately, the UF' may not be nrcduced in thermo-

dynamic equilibrium with the hot surface.

Independent of what final explanation is correct, these threshold

measur=nents are of considerable interest since they contain information about

the In~ernal energy Jistributions of the molecular ion in the primary beam.

One other rezult from this past years' efforts shouL1 be noted:

the rro'ress made in developing a statistical model to explain the experi-

mentnl oh:ervation:; mcntiond above. An example of some P: eTri.-ental results
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showing the ratio of the probability (i.e., branching ratios) that UF6

breaks up into UF5 + F, to that for UF6 going to UF5 + F is shown in the

top figure on page seven. Results are shown for several different tar-

gets and indicate that this branching ratio is indepenedent of the target

species but dependent upon the collision energy. The lower figure is a

calculation of this branching ratio, based upon a particular statistical

model which is discussed in the attached draft manuscript. The important

thing to notice is that this ratio depends upon the relative collision energy

(the experiment) and the internal energj of the UJ, just prior to decom-
o

posing (theory) in a remarkably similar manner. Moreover, the quantitative

agreement between the two is very satisfying. All that remains is to under-

stand the relationship between the abcissae of the two figures. We consider

the progress reported here to be a major accomplishment in understanding

the collisional decomposition of such complicated molecular systems.
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D. Personnel Associated with Research Effort

The following personnel have been associated with the research

effort at William and Mary:

S. E. Haywood 12 woman - months

L. D. Doverspike 2.5 man-months

R. L. Champion 2.5 man-months

E. Herbst 2 man-months

The first three persons were supported by the contract whereas

E. Herbst contributed to the project but was not supported by the contract.

E. Appendix

The draft manuscript which follows will be submitted to the

Journal of Chemical Physics. The manuscript contains the details of the

work performed during the contract period.

3I



COLLISIOU DEC0YIPSTT---OF UF-
0

S. E. Haywood, E. Herbst, L. D. Dovest.e and R. L. Champion

Department ofPhysics

College of William a-id YIZy

Williamsburg, Virg-iniJa 2315/8

and

B, K. Annis and S. Datz

Chemistrv Divis ion

Oak Ridge Nlational Laboratory

Oak Ridg-e, Tenniessee 37830

ABSTRACT

Absolute cross sections for the collisional decomrosition of UT,6 inr:z

its three lowes-t asymptotic channels in collisions with the rare gases have- be en

measured for collision energ-ies rang5-ing from. below the threshold _'OraeorIo:;0Sion

up to a laboratory collision energ, of 500 eV. The product velocity sreo-tra 'rave

also beer measured for one of the decomposition channels at the hig hest collision

energy. The exreri-iental results are found to be cornsistent with the -predictions

of a two-step collision model where the unimolecular decomposition of excited ;F

ions is described in a statistical fraewor'.



I. INTRODUCTION

Because of interests ranging from the separation of uranium iso-

topes to the production of electronless plasmas uranium hexafluoride, UF6 ,
1-12

has been studied extensively both experimentally and theoretically.

~1
There is now substantial evidence from surface ionization , ion cyclotron

2 eprens3-6
resonance 2and ion-neutral beam experiments to establish that urani"'

hexafluoride has a large eectron affinity. The studies to date are consis-

tent with a lower limit of '--5eV for the electron affinity of UF,. :t
a

is likely that molecules with such large electron affinities nossess a num-

ber of electronically excited bound states of the molecular negative ion.

Recent calculations suggest the existence of such excited states for T.-
0

which lie within 3 eV of the 2A2 u ground state.9-1

12
Experiments involviHg the collisional excitation of T-F. by rare

0

gas and hexafluoride targets show that substantial -mounts of excitation

energy can reside in the negative ion, although the experiments do not r

veal how this energy is distributed among the electronic,vibrational and

rotational degrees of freedom of U?6 .

Very little information is available on how UF6 decomposes in col-

lisions with gaseous targets. Clearly when a complicated molecular ion such

as UF6 collides with an atom or molecule at collision energies in excess of

a few tens of electron volts, many ways of breaking up U7_ become energetically 

possible. Fig. I contains an energy level diagram of some of the lowest

lying decomposition channels.

i.
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The purpose of this paper is to report on recent measurements 13

of the absolute total cross sections for the decomzosition channels

UF1 + e+ x (a)

UF 6+ X - UF 5 + F + x (b)()

6UF + F +X (c)

where X is Ne , Ar, Kr , and Xe. The coll ision energies range from below the

threshold for each chnannel (except c) up to 500eV laboratory energy: the

thresholds for channels !(a) and 1( b) have been determined. The exiperiments

are carried out in an ion-bean, =-as target acczarat-us. :7- addition, time-of-

flight velocity snectra for channel l(b taken at the uorzer en-;

of the ez1~-ry range for T 6 and the rare gas targets at -various scattering

angles are also presented. 'The experimental observations are analyzed in

terms of a two-step Stati*stical model w-hich employs the basic formulation of

In Section 1-1 a discussion of the ex-ceri'Mental 3rocedures is ore-[sented. Section !I-' contains the exnerLmenzal resu-Its and finally th-e model

used in the analysis of the data is presented and applied to the experirnental

results in Section 1-.



II. aPL '4 D_NTAL METHODS

The experiments were performed using two different types of appar-

atus. One, in which total cross section measurements were made, is located

at the College of William and Mary and the other, in which the velocity

spectra of the reaction products wereobtained, is a time-of-flight appar-

atus located at Oak Ridge National Laboratory. One aspect of these experi-

ments w ich is common to both apparatuses is the 1JF 6 ion source. Consequently,

we will first discuss the characteristics of this ion source and follow with

a brief description of the separate apparatuses.

A. Ion Source

The design of the UF source is based upon recent experiments of

Dittner and Datz in which they observed that L7, desorbed from a hot fila-

ment as a negative ion with a conversion factor (i.e., the ratio of the neg-

ative ion flux desorbing from the filament to the neutral flux which is

cidenz upon the filament) which approached unity. Moreover, this conversion

factor was observed to remain near unity over a wide temerature range, 5COK <

T __ 2000 K. This phenomenon is reasonable because the electron

affinity of UF, (about 5.1eV) is greater than the work function of the fila-0

ment material. Thus, "surface attachment" for U5' molecules is an exoergic

process. One further and crucial constraint is necessary, however, in order

to achieve the unit conversion efficiency just mentioned: the surface of the

3



filament must be such that the UF 6molecules are not lost due to competing

processes which may occur on the surface such as UF 6 Up + F, etc. A

suitable "inert" surface was effected by using a platinum filament in a back-

groud gs o C (acetylene). The surface is presumably carbon-1lIRke.

The ion sources employed in the present ext;eriments used a plati-

num filament at a temperature of about 1230K (as determined by an optical

pyrometer) and a roughly equal mlxture of C H2 and UF in the source cham-ber.

Negative ion beams produced with, this ara:~etare both stable anditne

The total pressure within :-e :-on source -was not measured directly but is

estimated to be in the ne4i;'hbor-ccd of about i'D microns. This estimnate is

based upon tcressure measurxements of the gas inlet t.ube on the u:tstre - side

of the actual source chamber. Due to the relatively high pressure ;tn

the source, some ofl the extracted UF 6ions may undergo inelastic collisions

-with the source gas before they reach the region of high vacuum 1, C16 tcrr)

which is external to the ion source. The possible manifestations of such

"collisional pumping" will be discussed after the exp erim;ental results are

presented.

B. Total cross section apparatus

The apparatus used to measure the various absolute 'total c:ro ss sec-

tions for reactions (1) is only slightly modified from the one used in tr:evicus

negative ion studies and is discussed in detail -in reference 15.

After the negative ion bean- is extracted from the surface attach-

ment i-on source described above, it is accelerated and passes taru -h a



5

filter and is subsequently focused into the collision chamber which contains

the target gas; a schematic diagram of this chamber is given in Fig. 2. By

varying electrostatic and magnetic fields within this collision chamber, it

is possible to separate and measure the absolute total cross section for the

three distinct reaction channels which are given in Eq. (1).

The collisional detachmnent (a) is measured by applying an axial

(i.e., along the beam axis) magnetic field of several gauss along with a

small electrostatic field between grids I and II (see Fig. 2) to serve as

an electron trap: all detached electrons must eventually be collected by

the element A. The hearj F- ions from reaction (b) will not be affected

by the axial magnetic field and some of those ions also arrive at element

A. in order to separate the electron current from the F current, the mag-

netic field is rotated 900: this will not affect the trajectories of the

heavy negatively charged paricles but will prevent any electrons from reach-

ing element A. Thus, the total electron current and hence the total detah-

ment cross section can be ascertained. The initial UF6 beam current, the

scattering path length and the nimber density of scattering centers are

known and the cross section is unambiguously determined with an uncertainty

estimated to be no more than 10,.

In order to discuss the measurement for channels (b) and (c), it

is useful to assume that the dynamics of the collision-induced-dissociation

(CID) channels (reactions (b) and (c) above) can be qualitatively described

by a two step process:

U7+ X -P ("7: + X

UF5+(FUF5+F, (2)
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where the asterisk implies that (UF6) has been cojllisionally excited and

contains sufficient internal energy so that the dissociation is energeti-

cally possible. The products of CID then have roughly the same velocity in

the laboratoryj reference frame but quite different kinetic energies. It is

this latter feature which allows one to separate channels (b) and (c).i 6

For example, if the laboratory energy of the projectile UF6 is El(eV), then

the laboratory K.E. for F resulting from CID will be about E /17. Con-

sequently, if the voltage on grid II (see Fig. 2) is, say E /8 (volts) then

all of the F which is due to CID will be reflected by that electric field

and collected on elements A and 3. The result of a "retardation analysis"

is shown in Fig. 3(a). The observation of a plateau region clearly indicates

that the reflection of the F ions is complete. Thus the CID cross section

for (b) may be determined. The cross section for (c) may also be measured

in a similar fashion by varying the retardation voltage and observing the

current which is transmitted through the retarding grids and collected on

element C.

It is clear that the measurements can not unambiguously identify

and separate the various heary (charged) reaction products. Moreover, the

simple two-step model which is used to discuss the kinematics of CID is

probabl7-- overly simplistic. Nevertheless, any plausible modification of

this model would not result in any substantial alteration in the kinematics

of CID. Based upon the assumption that (b) and (c) are the sole products

of CID, then the measurements for (b) 3-nd (c) should be accurate to within

10% and 30%, respectively. The larger error for (c) is due to the fact that

the larger retarding voltages -which are necessary to separate (c) from elas-

tic scattering (or the primary ion beam) cause a substantial defocussing of
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the ion beam which in turn makes the identification of "breaks" in the re-

tardation analysis difficult to measure. Such a retardation is seen in Fig.

3(b).

The laboratory energy of the primary ion beam is determined by a

retardation analysis similar to that shown in Fig. 3(b), but with no target

gas in the chamber. The scattering chamber is housed in a differentially

pumped section which is well isolated from the ion source region. This

arrangement minimizes TF 6 intrusion into the collision chamber and no ap-

preciable error due to contact potentials should be present. The laboratory

energy should be accurate to within 0.25eV which translates into a very

small error in the relative collision energy for the reactants studied.

(1e Ot~ A?&\4 j



A. Electron Detachn~en: -..-:)s 3ections

The absolute electron detachm'ent z::zss sections for collisions

of tJF 6with the rare gases Ne, Ar, Kr, and :e have been measured from, thres-

hold to a 'Laboratory energy of 500 eV and the results are presented in Fig. 4.

All the cross 3ectionShave t:.,e zame general shape; each shows a threshold i n

the vicinity --f 5ev ',their tesodbehavior wsil! be discussed in detail1

later'l then riSze to a lscal maximum, at a relative collisional energy around

15eV. Above 15e"V -the cross sectis* ns decrease, and each (, .ccept for Ne)

possesses a local minim=m near 3CeV. Afterwards they increase Monotonically

with increasing; 2ollision enerKy. The low energy maximum in the cross sec-

tion becomes more ioroncu.nced as the target mass increases, being almost in-

discernable in the case - e.

This particular struc',Le in the detachment cross section near

thresho'ld whiczh is essentially irderendent of the target szecies is not

understood at zresent. :t sz.ould be noted that the detachment zr:ss sect-ions

a~e remarkably small even at relative energies of lO~ej.

B. Dissociation Ch-annels

Absolute -cross secticns for the dissociation :chemnels 1(b) and :

were determined for the rare gas targets and same range of collision ernerg-y

as for detach;.ent. 'rcss sections orthne Droducsion of -,are



presented in Fig. 5 while the ratio (UF 5 J-F) rather than C(UF:) is
5'5

shown in Fig. 6. An interesting feature in 0i'. 6, is that the ratior(UF5)/
5

d:(F-) is independent of the target and is -n . roximately universal function

of the relative collision energ. Channel !b), although more endoergic than

1(c), is clearly the dominant process at elevated energies with 1(c) be-

coming relatively important only in the threshold region. The data in Fig.

5 shoiu that 5(F-) rises rapidly from a threshold in the vicinity of 2.5eV

then reachesa plateau for Ere --20-25eV. The cross sections also systemazi-

cally increase with the mass of the target atom. From these results it is

clear that electron ietachment is a minor contributor to the ccl__sional des-

truction of UF 6  in the energy range investigated.

Threshold Measurements

The threshold region for reactions l(b) " as studied in detail for

all the rare gas targets. Experimental limitations discussed earlier pre-

vented similar measurements on channel 1(c), *while the smallness of the

detachment cross sections limited the accuracy of threshold studies for this

channel.

An expanded view of the measurements in the threshold region for

channels (a) and I,) is show. in Fig. 7. For both channels the scuare

roots of the cross sections are plotted versus relative collision energy,ad

it is clear the plots are quite linear over the range of energies shown. A

linear extraolation of 1-F to zero cross section indicates that the

threshold for channel 1(b) is aznroxLoately 2eV --'c.,r all targets whilea the
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same procedure for the detachment channel la) is consistent with a threshold

in the vicinity of 4-5 eV.

The observed threshold for procs ?Zz) is considerably below the

currently accepted value of 4.7eV shown in 1ir. 1. There are several reasons

for expecting the threshold determined in the present experiments to be lower.

To begin with the UF6 is produced by desorbtion from a hot filament and

therefore will possess a significant amount of internal ener J if it is in

thermal equilibriLLn. with the filament before desorbticn. All the data sh-own

in this paper were taken at a filament temperature of 11230K as determined

by an optizal pyrometer. Assuming the 7T in thermal equ librim wi .h

the filament at temperature T, it then follows that the mean internal energy

of the desorbed ions is

where the first term is the rotational contribution and the second is the

3,energy in vibration. Using the estLmates of Compton 3 or the vibrational

frequencies )L) of .T6 , zives U 1.5eV at a temterature cf 123 K

Assuming that ',F contains this amount of internal excitation one still needs

an additional 1.2eV in the form of internal excitation to explain the 3b-

served threshold for 1b). The experi-mental data hav.e been corrected for

thermal and arraratus broadening by empying a e

scheme used in the analysis of previous thres'oli .eas.rements- of..

detacmrent cross sections. The effect of removing the broadenin: fro the
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present data is quite small. The thresholds rould be lowered by only about

O.leV and, therefore can not account for the 1.2eV. The additional energy

is most likely due to ":ollisional pumping" of the UF6 as it is extracted6
from the surface source. The extraction electrode extends approximately

2cm inside the source chamber and is normally maintained at +100 volts with

respect to the filament and source chamber. With the present arrangement the

source gas pressure is roughly the same throughout this region; the pressure

althougn not measured directly in the source, is Probably high enough to make

collisions between the extracted ',, and UF, likely in the extraction region.
o 0

Recent studies by Annis and Stockdale show that LT,. when scattered by var-0

ious targets 'including '7 possess internal energies of several eV, which

is presumablY in vibrational moes. As the vibrational relaxation is slow

comnared to the trarsit time in the present exneriments {I|O/sec), these

collisionally excited UF7 ions are in the ion beam and are probably respon-

sible for the low t. resnold observed. As can be seen in Fig. 7, the thres-

hold for detachment is found to be several eV higher than that for F pro-

iuced via CID, although the asymptotic states for the two zhanrels are se-

parated by cnly 0.5eV. it will be shown later that this ob.3e-vation is

compaible with the prediction of E statistical model that the lifetime

for detachment of UF6  is greater than the transit time within the col-

lision chamber 1 lsec) for low relative collision energies, in contrast

to the prediction for C:D.
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C. Velocity Spectra

Velocity spectra of the energetic neutral products of collisional

decomposition were measured at a laboratory energy of 500eV for laboratory

scattering angles & 3.5° • The particle detector in the time-of-flight

apparatus would only detect UF6 from l(a) or UF5 from l(b): F from l(c)

would not be detected because of its low laboratory kinetic energy (approx-

imately 30eV). Since the total cross section for detachment is only a few

per cent of that for CID, the neutral TOF spectra essentially reflect the

velocity spectra for channel l(b). An example for the Ar target is shown

in Fig. 8 for a laooratoryf scattering angle of 1.50. The scale at the top

of the graph gives the endothermicity, Q, calculated from the observed de-

lay time for the UF5 molecules and is based upon the assumption of the two-

step model:

UF6 + Ar--UF6 + Ar + Q

UF 6 -- UF5 + (4)

where in the second step the CID products separate from each other with zero

relative velocity and have a negligible post-excitation interaction with the

neutral target atom.

If the CID products separate with non-zero momenta in an isotropic

manner, then the net effect will generally be to broaden the velocity spectrum

rather than to shift its centroid an appreciable amount. Hence the centroid

of the distribution in Fig. 8 which yields Q -- 5eV should be the endotherm-

icity of the first step of CID if the assumptions of the two-step model are
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compatible with the reality of the collisional dynamics.

ff Z= -5eV, then the internal en 7y, U, of UF6 for those mole-

cular ions which ultimately decompose to UF_ + F is the sum of the internal

energy prior to the collision and the five eV transferredby the collision.

If the original internal energy of the UF6 projectile is about 2 eV (as in-

dicated by the threshold behavior of the total CID cross section) then it

follows that U7eV for reaction l(b) to occur. This result is compatible

with the internal energy necessary to produce the observed CID branching ratio

as predicted by the statistical theory to be discussed later. The velocity

spectra taken with other targets are essentially the same as that shown in

Fig. 8. The observed Q's are also approximately independent of scattering

angle and only a broadening of the velocity spectra is observed with in-

creasing scattering angle.



IV. THEORETICAL TREATMENT

We shall again assume that the collision-induced dissociation of

UF6 can be approximated as the two-step process

UF 6 + X-vUF6  + X

UF6 -- products

where X isa rare gas target. The first step is a strongly inelastic col-

lision in which sufficient energy is transferred from the relative collision

energy rel into internal energy of UF6 so that the molecule is excited in-o

its quasi-bound ro-vibrational levels above at least the first dissociation

limit. The second step is the subsequent dissociation of the UT, "complex".

This description has meaning if the "complex" lifetime is greater than the

collision time. The treatment here is concerned solely with the spontaneous

decomposition of UF6 molecules with known internal energy U and angular

momentum cuant'm number J We are able to calculate the UF6 decomposition

frequencies and relative strengths for the products channels, or branching

ratios, as functionsof U and J . We have not attempted to calculate the

U and J distributions of UF6  species to be expected from UF6 - X collisions

at known values of E irvolving UF7 molecules of initial U, J distributions.
rel -6 0

Excited UF 6 molecules can dissociate into three low-lying product

channels as illustrated in Fig. 1:

i = 1 UF o -U' 5 + F - U .3 t 0.5 eV6 5 0,1

i = 2 U? -U 5 + F-- U = 4.7 - 0.3 eV6 5 0,2

i = 3 ' b6 7 6 + e U 0 ,3 = 5.2 - 0.5 eV

14
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where the U represent threshold internal energies and are taken from ex-o,i

perimental sources. 2 '3 The experimental uncertainties in the U0, i , though

large, are not all independent. The decomposition frequencieski(U,J ) of

UF6 molecules into product channels,i, can be obtained conveniently from the

statistical ("quasiequilibrium") theory of Klotzl . For the case in which

a molecular spherical (or near spherical) top dissociates into a molecular

spherical (or near spherical) top and an atom (or electron), Klotz's expression

for the decomposition frequency is

where h is Planck's constant; __vbis the vibrational density of states

of UF at vibrational energ Eib ; %,%- r h Irt

energy, vibrational density of states and rotational an itar yorentun2 ouantu

number of the product spherical top molecule; L is the orbital angular momen-

tum quantum number of the products; and a. is the ratio of the symmetry

numbers of UF6 ana the product spherical top. The density of vibrational

states of a polyatomic molecule can be approximated accurately by the analy-

S19 .
ti: .-mula of Whitten and Rabinowitch . Because-?ib is such a strong fun-

ction of energy, excited electronic states of UF. and products need not be

considered in our analysis because their vibrational densities of states at

any given total energy are smaller than those of the respective electronic

ground states. This simplification is central to the analysis since the

species involved have many low-lying excited electronic states.
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The restrictions on the angular momentum quantum numbers J and L

in Eq (5) are determined as follows. For the spherical top-atom channels

(i = 1,2), once a value of Xis chosen, the rotational energy E rot of the

product spherical top can range from 0 to U - Uo Since
oh

Erot = B'J(J+l) (6)

for a spherical top where B is the rotational constant, the range of J is thereby

defined. The range of L (if any) is defined by the triangle rule 1J-Jo L,, J+J0
14 0

and the Langevin (polarizability) restriction on I lm For the detachment chan-~max

nel, only s-and p- electrons contribute appreciably so that L = 0,1 and J = J 0 1
where J is the UF, angular momentum quantum number.

Necessary inputs for the calculations of k. are the threshold

2,3 3,20
energies Uo i  ; the harmonic oscillator frequencies, rotational con-

stants 3 and symmetry numbers 3 ' 2 0 of UF6 , UF . and 7.F, and the diole oolar-
21

izations of UF5 and F. The uncertainties in these parameters are often

severe. For example, some of the UF6 harmonic oscillator frequencies are

obtained by assuming them to equal those of the isoelectronic species N ,-

whereas the UF5 frequencies are assumed to equal those of UF5 . Thus

even if Eq (5) were exactly correct, the various calculated values of k.1

would be highly uncertain. Once the k.(U,J ) have been determined, the1 0

branching ratios R. can be obtained from the formula1

Rt (7)

assuming the k. to be sufficiently large that decomposition can be detected.1
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We have computed ki(U,Jo), i = 1,2,3 numerically for internal

UF6 energies under 15 eV and a variety of angular momenta. Fig. 9(a) de-

picts the ki(U,J0=0). £he dissociation frequencies shown are strongly de-

pendent on internal energy, ranging from less than 105 sec -1 near threshold

tollh -1
to 10 sec at 15 eV. Note that the detachment channel is correctly pre-

- dicted to be a minor one. The comouted values of k (UJ ) are also dependent
i '0

on Jo. Increasing J 0 tends to decrease the dissociation frequencies, espe-

cially near threshold.

To compare our theoretical and experimental results, we have cal-

culated the branching ratios R. For all values of angular momentum con-

sidered, R3 (the detachment channel branching ratio) is e 0.01 and in-

creases with increasing energy. This is in qualitative agreement with exper-

iment. However, the actual numerical values appear to be lower

than experimental values for any reasonable assumed internal energy distri-

butions of UF' . The ratio of channel 1 (UF) to channel 2 (F-) products

as a function of E is a salient feature of our experimental results. The
rel

theory can "reproduce" this feature if it is reasonably assumed that the UT,0

rotational energy is a fixed percentage of total internal energy. In Fig. 10(a),
we have plotted calculated values of k ,(U'Jo) assuming E to be held fixed at

k.( o rot

17% of the internal energy U. In Fig. 10(b) the ratio R1 /R2 is then plotted against

U16  internal energy with rotational energy E =0.ITU. Note that the ratio decreases___ rot

strongly at energies close to threshold (A= 6eV) and then levels off. The

analogous experimental plot shows a similar dependence of 6(uF2/ -(-)

on collision energy F re. In this plot (Fig. 6) the leveling off occurs at

Erel Z 15-20eV. One would expect the plot of the above ratio vs. internal

energy of UT6 to be sharper than Fig. 6 because the range of UF6  in-

ternal energies for any collision energy will certainly lie below 7re I .

The exact shape of the theoretical curve is a function of
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the percentage of total internal energy of UF 6 assumed to be rotational

energy. Still, for Erot equal to a variety of fixed percentages of U, the

qualitative feature remains - the ratio of UF to F products decreases with
5

increasing U at first sharply and then more slowly (untilU -9eV at which

secondary decomposition of UF occurs). Despite the wide uncertainties in
5

the parameters used in the calculations, this reproduction of the experimental

feature must be regarded as a success of the theory. It stems from two facets

of the calculation - at lower energies the lower threshold energy of UF5 + F

productiondominates whereas at higher energies the higher polarizability of

UF5 1compared with F) results in more U7- + F- states being "coun~ted" in
5' V

Eq. (5). The absolute R. 'R predictions, though tantalizingly close to the

experimental branching ratios, for E = O.17U and any reasonable U- distri-rot

bution, should not be taken as seriously.

Finally, the theore-ical results show that the threshold for detach-

ment is larger by several eV than the threshold for CID. The transit time in the

collision chamber of the total cross section apparatus is -lsec. Consequently,

the value of k. for any channel must reach - 10 sec before products can be de-

tected. Depending on the amount of angular momentmzn possessed by UF: , the de-

composition frequency for detachment reaches this value at internal energies U

of 1.5-3.0eV in excess of the CID channels. if E r is once again held fixedrot

at 17% of U, the figure is -2.75eV. This is in good agreement with the thres-

hold experimental results depicted in Fig. 7 where CID onsets at a collision

energy of 2-3eV below detachment.



V. SUI4ARY

Measurements of the absolute total cross sections for collisional

decomposition of UF6 irto its three lowest-lying asymptotic channels have been

made for collision energies ranging from below threshold up to 500 eV labora-

tory energy. The targets used in the experimental studies were the rare gases

Ne, Ar, Kr, and Xe. In addition the product velocity spectra for one of the

decomposition channels have been determinedfor the highest collision energies.

The salient features of the experimental findings are: (i) the cross

sections for the collisional electron detachment of UF. are ouite small and are0

no more than a few percent of the total decomposition cross sections over the

range of energies investigated; (ii) the cross sections for the less endoergic

dissociation channel (",F + F) are smaller than those for the channel (UF + F)

for relative collision energies above about 10 eV; (iii) the general features

of all the cross sections - when plotted as a function of the relative collision

energy - are independent of which rare gas target is involved; (iv) the threshold

energy for electron detachment is about 2-3eV greater than that for the disso-

ciation channel (UF + F-); (v) the velocity spectra indicate that the collision

))
which leads to the principal decomposition channel (UF.5 + F-) is cost probably

several eV more endoergic than the minimum endoergicity required for the disso-

iation to occur.

These results have been analyzed with a two-step collision model where

collisional excitation of UF, is -llowed by unimolecular decomposition which is
0

target independent. The branching ratios for the unimolecular decomrosition have

been calculated by using a statistical form~ulation which has been discussed ore-

l4viously by Irotz l . Although the details of the original collisional excitation

of UF6 are not incorporated in the model, the statistical predictions for uni-

molecular decomposition are in surprisingly by good agreement with the experi-

mental observations.
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Figure Captions

Figttre 1 Energy level diagram for the lowest decomposition channels of

UF .  The values are in electron-volts and were obtained from references 2 and 3.

Figure 2 Schematic diagram of the collision chamber region. Grids labeled I,

II, III are 95% transparent. By using grids II and III to provide retarding

electrostatic fields and by applying either an axial (B3j) or transverse (Bk)

magnetic field, the three decomposition channels in E_ 11) can be identified.

Figure 3 (a) Retardation analysis for F-; The ordinate gives the current to

elements A and B as a function of a retarding voltage applied to grids II and

III for the Xe target and a laboratory energy,E1, of 40eV. The arrow at

V -E,/17 is the mean energy (in eV) for F expected from simple CID consideration.

(b) Retardation analysis for UF5 . The ordinate gives the current to

element C as a function of the retarding voltage for the Ar target with

E1 = 278eV. The arrow at V C-l16(E 1-5)/17 is the meaa energy (in eV) for L-5

expected from simple CID considerations and an endothermicity of 5 eV in the

original excitation process. The uppermost curve is a retardation plot for L76 with

no target gas in collision chamber.

Figure h Absolute total detachment cross section for UF6 + rare gases as a

function of the relative collision energy: 4- Xe; 0 - Kr; X - Ar; O-.e.

Figure 5 Absolute total cross section for CID of 5?6 by the rare gases as a

function of the relative collision energy: A-Xe; 0-Kr; X - Ar; @-Xe.

"- 19
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Figure 6 Branching ratio for the two CID channels, where R =
5

as a function of the relative collision energy: L-Xe; 0 - Kr; X -Ar;*-Ne.

Figure 7 Threshold behavior of 0'(F-) and the detachment cross section.

The square root of the cross sections are plotted as a function of the re-

lative collision energy. (F-): A - Xe; 0 - Kr; X - Ar; 0- Ne. Detachment

&- Xe; [- Kr; 4- Ar. The square root of the detachment cross section has

been multiplied by two for display purposes.

Figure 8 Time of flight spectrum of UF5 produced by UF6 in Ar for a labora-

tory energy of 500eV and a laboratory scattering angle of 1.5'. Solid curve

is UF and the dashed curve is the primary beam, UF 6 , profile. Also shown is
5 6

the endothermicity, -Q, for this process, determined by assuming that the CID

can be described by a two step model, See text for discussion of the two step

model.

Figure 9 Calculated decomposition frequencies ki(U,Jo=O) are plotted as

function of the internal energy, U, for channels i = 1 (UF5 + F), i = 1

(UF + F, allowing for secondary decomposition of U 5), i = 2 (UF + F-),
5 5 5

and i = 3 (LTF6 + e).

Figure 10 (a) Calculated decomposition frequencies k.(U,Jo ) for E = 0.17U.

6 -rSee Fig. 9 for an expla.ation of the symbols, Note that for k 10 sec - , the

internal energy necessary for detachment is 2.7eV greater than that for CD.

(b) The branching ratio between channels 1 and 2 above as a function

of internal energy for Erot = 0.17 U.
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