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Ab The photochemistry of volatile uraniumm compounds, in particular
of UF,, is of great importance. Although conventional photochemistry is
\ related to clectronically excited states, it is now possible to investigate the
ground state photoohemntry with the advent of intense tunable IR lasers.

The IR. ltiphot tion of UFe can be performed using a high power
pulsed 16z laser in the electronic ground state. Results of a theoretical
timate of rate Ka(Ev®*) for MPD of UFs using RRKM—uni-

molecular reaction rate theory will be presented. Oaloulations made on the
basis of known spectroscopic prrameters of UF, and those generated from
group theoretieal considerations for the activated complex UFet are
prosented. It has been shown thai an excess of 15 photons above the
dissooiation threshold 1s mnecessary to preserve the isotopic seleotivity in 1
torr of UF, ple, This ponds to the utilization of about 50
photons of 16x laser per UF, molecule dissociated. This knowledge of
the loevel of exoitation 1& useful in defining the optimum laser fluence
requirement in MPD experiments.

In the contoxt of two-step photodissociation of UF, wvia the electromic
exoited states, photochemistry in the B—X band has been studied at two
different wavo lengths—25374 lino of & low pressure Hg-lamp and the 33714
line of a pulsed Ny—lasor, Decomposition of UF, yielded a mixture of
solid products, which have been identified as UFy; and UFs. The quantum
yield ratio for these products has also heen determrined, Implieation of its

photophysical ters for dissociati effici ym’thaA—Xblnd
will Alao be oonnidarsd.

1. Introduction

In view of the promising cconomic implications of laser isotope separation (LIS)

schemes, tho photoehomlstrv of volatila uranium compounds, in particular of

UF,, is of great importance. The chief advantages of UF, are ita high vapour,

pressure (Ca. 100 torr at 25°C), known spectroscopy, thermal stability and the

monoisotopy of fluorine  Although a corromve gas, UF, handling is a known
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and familiar art. In its 16z IR &bsor;;tion band, the vy-mode of UF, has &
marked isotope shift : ~~ 0-6 cm~! at 626 cm™1.

In the molceular approach schemes of LIS, seleotive vxcitagion of the desired
isotopic molecnlo can therefore be achieved by a suitable TR laser excitation
in the 16u-region. Of the various alternatc mothods of collecting the vibrationally
oxcited molecule, two appear to he promising. The first approach is hased on
magsive multiphoton excitation of URy in its ground state so that the moleculs
absorbs sufficient energy to unimolecularly dissociate In the second approach
& limited vibiational excitation is followod by an electronic excitation by the
abrorption of a suitable UV/visible laser photon The clectronically excited
molecule then decomposes

The objective of either of these approaches is to maximise selegtive photo-
digsociation of the desired 1sotopic species. The parameters whicx limit the

seleotivity, in addition to speetroscopic factors, are : &

1) The unimolecular decomposition rates which are in competition with
vollisional energy exchange losses

o 2) The photodecompogition rates and modoes of the electronic excited state.

fn this paper we will first consider how the unimoleoular decomposition
rate varies with the vibrational energy content of tho UFy molecule. In a subse-
quent gection, we will present some of our experimental date on the UF,-decom-
‘posttion in its second, B-X eloctronic state (ef Tigure 1). . During the course
of this work, multiphoton dissociation (MPD) of UF, (Rabinowitz 1978) and its
isotopic enrichment (Wittig 1978) have been reported TIts photochemistry in
the A-X band has also heen studied by a few groups (Andreoni 1976, Wampler
1978, Dewitte 1977)

2, Experimental

Computer Calculations - A BESM-6 computor was used to compute the uni-
molecular reaction ratesx

UF Purification : UF, was purified from HF and other volatile impurities
by a dynamic fractional condensation technique TUF, condensed in & cold
trap st 196 K while the unpuritics were pumped out.

Irradiations . Photolysis at 253878 was conducted m a plotochemical
reactor. The reactor consisted of a cylindrical array of sixteen low pressure
Hg lemps, providing flux of 1-6 x 10 photons ¢cm—3 sec~! at the sample position
in the centre. The 1 cm-diameter, 21 cm long quartz sample ccll was initially
baked thoroughly under vacuum hforo filling with a mixture of 137 torr UF,
and 240 torr H, '
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A Molectron UV 400 pulsed N,-laser was used for irradiations at 33mi.
The pulse width of the laser wag 10 ns and at a repetition rate of 10 He, its peak
energy is 250 mJ/pulsc. The sample cell for the laser irradiation was made of
stainless steel, 21 om long and fitted with CaF, cnd windows. The cell was
passivated by BrY; at 60°C and thoroughly evacuated before filling with 105 torr
UF, and 240 torr H, CeT

Awalysis : The greon and white solid deposits obtained on photolysis at
25374, were dissolvod, m an inert atmosphere, 1n 4N-HC! containing some
Boric acid. The resulting solution was then potentiometrically analysed for
U(IV) and U(VT) '

In the Ny-laser photolysis, U¥g-depletion was monitored p riodically Iy
its absorption at 8700 & !

3. Resulis and discussions

Evaluation of Unimolecular @ tion rales .

d

Extensive work on IR multiphoton dissociation (MPD) of polyatomic molecules,
in particular SF,, has indicated that the process is unimolceular  Although a
full evaluation of the exporimental results m terms of the existing unimolecular
rate vheories have not vet been done. 1t appoars that RRKM theory genorally
explain: tho thermal as well as laser induced dissociation of SFy [n t}}is paper,
we have utilisod the RRKM theory to compute the UF,-dissociation rates.

Following the RRKM theory (Robinson 1972). it 15 assumed that the multi-
photon excitation energy of UFg molecule is vapidly randomiscd hotween sll
the vibrational modes of the molecule The cnergised molecule. having more
than sufficient onergy for the distociation process to oceur, will than reorganise
its internal degrees of freedom to become an activated complex, having the
appropriate critical molecular configuration for the dissociation process to oceur
readily *

nhy Ka(Ev*)
UF,———UF* » UFq! — UF,F
(Energised molecule) (Activatod complex)

o« The conversion of the energited to activated complex occurs st & definite
rate, Ka(Z,*), which is a function of the non-vxea energy, available for redistri-
bution, with the molcoule. The RRKM-gkptastion for the unimblecular rate
oonstant for the dirsociation of the moleculex with energy £,*,'is given by :

. B
Kagry =1t 4 1 _ “Fppt
Q@ AN™(E]) g+,
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. The internal energy of the activated compiex is defined an ;
‘EY=E*—Eo,

sinco an energy Ko, equivalent to the energy barrier between the reaoctants
and the products, becomes fixed in the formation of the .activated complex.
Tor UF,, Eo is taken as tho U-F bond dissociation energy 68 KCal mole!
(Hilderbrand 1977). Other parameters in the above oxpression are as follows :

LY - the statistical factor, 1 taken ne 6 representing tho number of
oquivalent, paths by which the dissociation can oceur.

Q! and’ Q, ure the ‘rotational partition functions for the sutivated complex
and the undistorted molecule respectively. Assuming onc U-F hond length
ia doubled in forming the activated complex, @,*/@Q, =— 1-75.

N*(E*), the density of the vibra.tinnal states at enorgy E*, is given by -
N™(E») = (&, '+¢Ez)s" [1 _p 20 dW(E')]
(S—1)! n Py ak

§

whore »'s ate the fundamental vihrat.iona.] fraquencies of UFg and By=} X Jyg,
\ i1
the totsl zero-point vihrational cuergy for all S = 15 normal modes of UF,

@ iv an emporical paramoter which gives the hest approximation co the

direct count of the quantum states and is given by : |

@ =1—pgW(E) T

where 8 ={(S~1)[S] <»*>/<1>? in which <»v> and < v*> are the
mean and mean square frequencicy of the molecule

’

Empoerical function W(E') is given by :

¥ —|5-00E" {27380 £ 35111 for 01 < B' < 1:0
= oxp| —2-4191E'*5| for B’ > 1-0. -
whera B = E.%|E,.

The above t,reatmont known as Whitten-Rabinovitch upproxnmatxon gw«s
" the vibrational stato density N*(E,*) as a funotion of E.*

P(B,*) ix t-ha number of vibrational quantum states i the &c'alVM’-nd complex

E
at enargy E,+, and the cum I P(E' 1) is the total number of vibrational states
Ept=0

n .the Mt;vnted complex upto B! which is given by

ﬁ p(E ) = lEﬂfia_E_'ﬂ[ N = 14 for Uﬁ‘.*

'v"‘ . ST Bt
' 4ol !

Ty
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UF, has the highly symmetrical Oy point group. Tho frequercies corres-
ponding to the six fundamental vibrational modes are given in table 1. The
ovaluation of TP(Eyt) depends on what set of vibretional frequencies can be
assigned to the sctivated romplex, UF,’. For the primery decomposition shannel

of UF, s in UF, s UF,! - UF,+T : AH ~ 68 KCal mole~'; the activated
complex UFg' assumed to have the vonfituration where one U-F bond haa been
stretched and the bond length is doubled Although other possible decomposi-
tional channel like molecular elimination of F,

Table 1. UFg(On point group) fund tal vibrat 1 freq

[Claasen 1970]

7 Iy vi(em-1) Asgignment:
1 Ay 667.1 VU-F)

2 Ey A32.5 V(F-U-F)
3 Fiu 624.0 yu-r,

4 By 186.2 Sp_v_r,
5 Fay 202.0 dr_v_r,
6 Fau 142.0 SF_v_F,

<v> = 346.3 cm—
<»¥> ¥ = 405.656 cm!
¥ = 285.98 cm

UF, -U¥,+T,: AH =~ 133 KCal mole-

exists; it is much more energetically prombitive. Hencoe tho decomposition
may be expected to proceed through U-F bond dissociation as m the case of SF,
(Grant 1977). The number of modes in the activated complex is reduced by
one since the normal stretching mode of U-B’ (which is now different {from oth(r
F-atom) becomes the reaction co-ordinate. The vibrational frequencies of the
activated complex were determined hv firat dividing the frequencies of UF into
two categories :
a) those which are little affected and

b) those moat affectod by oxtonding the hond.

* As one bond is stretched and that particular F atom is different from the rest,
the symmetry point group for the aotivated complex changes from Op to O,,.
Trom the correlation table of Op point group to C,,, it will be possible to sssign
UF,+ frequencies (cf. Table 2). The frequencies which are least - affected were
taken to be 0-95 timet the corresponding UF frequencios. The.most affected
mode frequencies are taken as 0-75 and 0-85 times those of UF, to allow adequate
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range for defining the properties of the activated complex. Figure 2 shows the
variation of vibrationsal state densmity N*(E,*) with E,* Figure 3 shows the
variation of Kq(Ey*) with energy in terms of excess photon for the above men-
tioned two cases. The predicted trends are similar and show that the unimoleoular

n* (&) [Vewt]
n

1 1 [T T | 1 1 i 1 1

L 1 1.
8000 18000 24000 32000 4DOO0 48000 86000 64000

L 3,

EY Cem']

Figure 2. Variation of vibrational state density N*(E.*) with vibrational
energy content of the molecules Egt forUF, using Whitten-Rebino-Viteh ap-
proximation with the parameters in table 1.

rate vonstant inoreases rapidly upto sbout seven photons eXcess. At higher
energies, the dissociation rate inoressos slowly. It will be possible to define the
vibrational frequencies of thé activated oomplex more precisely by ocompsrison
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with thermal roiction rate data, if’ availablo. In the case.of §Fy,.such & som-
perison had ensbled Lyman (Lyman 1977) to conclude that the most, affected
SF,' frequencies arc 0-75 timer those of SF,. .

16 M LASER PHOTONS
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Figare 3. The lecular rate constant Ka (E,f) versus internsl energy

content of activated complex E,t. Curve (a) 18 ocalculated with vibrational
frequencies for UFct, 0.95 tamos (least affected) & 0.66 times (most affected)
the ding £i ies of UFs Curve (b) is caleulated using the above

e Y

factors as 0,96 and 0.76. The upper scale i« E¢t in term+ of excers photons of
164 lasex [635 cm=?] above the dissociation threshold.

F‘rom tlm point of view of isotopic selectivity, Lwo par nmatuﬂ which are of
mterest arc (1) What should be the optimum level of (-nwglﬂatlon for UF mole-
oule to dissociate without collimonal cnergy-exchange and (2) What laser ftuences
are required 1o achieve this cnergisation. The mean collisional time for 238UF,
collisions at 1 torr natural UF is 285 n«. The random life time for an enorgised
UF, molecule 8t 15 excoss photons is 10-20 ns. Within & typical laser pulse
of 200 ns, we oan therofore oxpect ~10%, loss of BfJF, excited at 13-15 exocess
photons ie , about 56164 laser photons (of. Table 3). g
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Table 2. Activated lex (UF,t) fund ol wibeati

1 froquencies

wt(em=1)
I'UFy ['UFst 1 A

(a) = 0.95vprg (8) = 0.96vypg
(b) = 0.8Bvyry (b) = 0.T6vurs

Ay, A 2 viym(UFy) 633.75¢ 033.76¢
B, A, 3 8ym(UF Jout of 346,13 399.376
plane

B, 5 veym(UPQout of 505.88¢ 505.88¢
phase
Fo A L vy p, 405.60 468.00
E 8 vasym(UF,) 592.8¢ 592.8¢
Fiu A, 4 vy i Reaction Co-ordinate
E 9 & (PUF,) wagging  176.892 170.89¢
Fyy B, 7 Sym(UF,) inplane  191.9¢ 101.9¢
Beissoring
E 10 84yym(UF,) in plane 131,80 15L.6¢
Fygu B, 6 dasym(UF,)out of 92,36 108.5¢
plane
E 11 &(FUF,)UF, 134.9¢ 134.9¢
rocking

<vt> 303.38ecm—* <yf> 815.54 cm—?
<v1?>1360.9 cm=! <pt*>t 371.48em
it 244.50 om™ wt  267.47 om—?

Table 3.

0.75 case
Exooss NYEBy") IZP(Evt) Ko(Ey*)sec™ 7(ns) 9loss of
energy selectivity

6 6.2 x10% 1.8 x107 9.16x10° 109289 —

7 11 x10% 4.2 x10° 1.18x10° 8774 96.7

9 186x101% 44 x10°  8.56x10° 1168 804
0 2.54x 10 16 Xx10 1.88x10° 606 64.0
12 42810  113x10"  8.47x10° ns 28.3
13 55610  2,82x10% 1.6 x107 62.6 18,0
14 7.16x 10  6.63x 10"  2.87x107 35 10.9
15 0.17x 10" 1.44x10% 4.94x107 20 6.6

17
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The laser fluence requirements for orcating such massive multiphoton
oXoltation are now being cvaluated. Experimentally, Kaldor e/ «l have found
for UFg, MPD ooccurs with & threshold of 1J em~t Tn goneral, it has been found
that higher lager fluxes will populatc higher and higher quantum states in poly-
atomic moleculos within & limitod energy sproad.

UFg-Photolysis in the B-X band

Irradiation of UFg slone or with H, at 2537 A produced oxtonsive solid
deposits, which on chemical analysis, were shown to be a mixture of UTy and UF,.
The ratio of thesc two products was determined as 7 * 3. The fact that the disso-
ciation product is & solid is of tremendous importance. [4 implies that tho
soparation of enriched products from the feed material will be simple, as it involves
only phase scpaiation. Also, isotopic scrambling between (nn(,l\od product:
and starting material is likely to he reduced.

Irradiation of UF, and H, at 3371 & by N, lasor gave rise to \ﬁuo white
deposit on the window The depletion of UF, on irradiation, as detormined
by spoctrophotometry, coriesponded to u quantum yicld of UT, dissociation
of 0-14.

The existing hterature on UF; photolysix is confined to the A-X band,
which is aldo a weakly flnorescent exXcited state. Much ol the reported work
monitored the fluorescence to obtain the quenching rate with various additives,
including self-quenching by UF,. At low prossures and in the absence of addi-
taves the lifo time of 4-X band exelwtlon is about 400 ns at 30°C (Audroom 1977),
rather large to be uscful for sotopic enrichment. The lifotimes also decrcase
very rapidly in the presence of additives, especially hydrocarbons (Wampler 1978),
but it i8 not yet known whother the high quenching rates definitely involve
chemical reactions which can be used as a means of collecting the selcctively
excited species. The only indication about the UF; photo decomposition in
the A-X band was that of Kaldor (Kaldor 1978) who reported quantum yields
of about 0-1, comparable to what we have now obtained for cxeitation within

the B-X band.

3. Summary

1. We have discussed the various parameters for [R-MPD and two stop
photodissociation of UF

2. The optimum level of vibrational cxcitation for 1sotopically sclective
MPD has been estimaten by applying RRKM theory.

3. Wc have studicd the photo decomposition of UF, in the B-X bana which
can be used as 2nd step of two stap dissociation.
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