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ABSTRACT 

The absorpt ion spec t rum of gaseous plutonium hexa
fluoride was determined over the range of wavelengths fromi 
2000 A to 26,000 A, and molar absorbancy indices were ca l 
culated. A tes t of the spec t ra l method of analys is of pluto
nium hexafluoride in mix tu res of plutonium hexafluoride and 
uran ium hexafluoride was made. The r e su l t s indicate that 
plutonium hexafluoride m a y b e de termined in mix tu res con
taining uran ium hexafluoride by use of a spect ra l naethod 
although c a r e is r equ i red to p r e t r e a t the cel l windows to 
avoid react ion with plutonium hexafluoride. 

L THE ABSORPTION SPECTRUM OF PLUTONIUM HEXAFLUORIDE 

A. Introduction 

The p rope r t i e s of plutonium hexafluoride a r e of i n t e re s t both from 
a fundamental viewpoint re la ted to the p rope r t i e s of hexafluorides of the 
t rans i t ion e lements and from an applied viewpoint re la ted to separa t ions 
p r o c e s s e s for spent reac to r fuels. 

The Fluor ide Volatili ty P r o c e s s ut i l izes the volati l i ty of the p e r t i 
nent f luorides to obtain a separa t ion of the actinides from fission products . 
In connection with the separa t ions p r o c e s s , the spect ra l p rope r t i e s of plu
tonium hexafluoride have been invest igated to evaluate the applicabil i ty of 
spec t ra l data to the analys is of gaseous mix tu res containing plutonium hexa
fluoride. Owing to the fact that no adequate data on the molar absorbancy 
indices at va r ious wavelengths exist, a detailed determinat ion of the spec
t r u m of gaseous plutonium hexafluoride was ca r r i ed out in the ul traviolet , 
vis ible , and the nea r - i n f r a r ed regions . 



B. Exper imenta l 

The plutonium hexafluoride used in the determinat ion of the spect ra 
was p repa red by the react ion of plutonium dioxide or plutonium tetraf luoride 
and elemental fluorine at about 550^C in nickel equipm.ent. 11) The volati le 
plutonium hexafluoride was collected in a t r ap cooled to -80°C and purified 
by t r a p - t o - t r a p vacuum dist i l lat ion. 

P r i o r to each spec t ra l determ.ination, the fluorine formed in the de
composit ion of plutonium hexafluoride by i ts own alpha radiat ion was r e 
moved by evacuation while plutonium hexafluoride was cooled to -80°C. The 
puri ty of the samples was de termined by vapor p r e s s u r e measu remen t s at 
severa l temiperatures . In all c a se s , the measu red vapor p r e s s u r e s agreed 
with those repor ted in the l i t e ra tu re . (2 j 

Spect ra l cells w e r e cons t ruc ted from 1 | - - in , -d iamete r Monel pipe 
of var ious lengths, threaded at each end to rece ive a b r a s s retaining ring 
which held a Teflon gasket , a 3-mmL-thick quartz window, and another Teflon 
gasket. Cell lengths of 1, 5, and 10 cm were used, A small valve* contain
ing a f lare fitting was welded into the body of the cell. F igure 1 shows the 
const ruct ion of the spec t ra l ce l l s . 

P r i o r to use, each cell was thoroughly cleaned and checked for leaks 
with a hel ium m a s s - s p e c t r o m e t e r leak detector . In addition, each cell was 
t rea ted with elemental fluorine at room t empera tu re for severa l hours , fol
lowed by t r ea tmen t with plutoniuin hexafluoride for 15 min before being used 
with plutonium hexafluoride. 

Samples were introduced by expansion of the gas into the evacuated 
ce l l s . In al l ins tances , the t ime plutonium hexafluoride was in contact with 
the spect rophotometer cel ls was kept to a minimum to avoid deposition of 
plutonium te t raf luor ide on the quar tz windows. It was observed, however, 
that even with these precaut ions , a smiall amount of powdered plutonium 
te t raf luor ide was p re sen t in the cel l after a few determinat ions . The ab-
sorbance of the empty cel ls in the ul t raviole t region usually inc reased 
slightly with each exposure to plutonium hexafluoride. The absorbance of 
the empty cell in the vis ible and nea r - i n f r a r ed regions remained unaffected 
by p r e t r e a t m e n t and exposure to plutonium hexafluoride. 

Auxi l iary equipment used in this work consisted of a vacuum mani 
fold, s to rage v e s s e l s and t r aps , all const ructed of nickel. Except for the 
valves used on the ce l l s , valves with nickel d iaphragms** were used through
out. The major portion of the equpment was housed in a Blickman Type K 
hood which had been modified for use with plutonium by replacement of the 

*Hoke type 1479. 

**Hoke type 413A or type 413. 



sliding front with a plast ic panel containing three glove r ings, wj A j ~ i n , 
nickel tube, terminat ing outside the hood in a valve and flare fitting, was 
used to at tach the spec t ra l cell to the appara tus . Although the cell was 
repeatedly disconnected from the appara tus at the f lare fitting , use of 
careful experim.ental techniques avoided any detectable quantities of plu
tonium from entering the room. 

F igure 1 

SPECTRAL CELLS FOR USE WITH CORROSIVE GASES 
TOP FIGURE - 1-cm CELL; BOTTOM FIGURE - 10-cm CELL 

108-6826 



P r e s s u r e s were de termined by use of a Booth-Cromer\4) p r e s s u r e 
t r a n s m i t t e r and self-balancing re lay which was operated as a null indicator 
and was connected to a Heise p rec i s ion gage. 

A Gary, Model 14 double-beam, recording spectrophotonaeter was 
used for this work. The wavelength cal ibrat ion of the ins t rument was checked 
against a m e r c u r y a rc and was found to deviate only very slightly from the 
l i t e r a tu re values repor ted for the m e r c u r y arc.(5) In o rde r to counteract 
the increas ing absorpt ion by the empty cell , par t icu lar ly in the ul traviolet , 
an empty cell which had been exposed to plutonium hexafluoride was used in 
the reference beam of the spect rophotometer when determining the u l t r a 
violet spec t rum. The spect rophotometer recorded the value of absorbance 
(log IQ/I) d i rect ly . 

The concentrat ion of plutonium hexafluoride in the cell in units of 
moles per l i te r was calculated from the observed p r e s s u r e and t empera tu re . 
All spec t ra l de terminat ions -were c a r r i e d out at ambient laboratory t e m p e r 
a tu re s . Molar absorbancy indices (molar extinction coefficients) were ca l 
culated from the m e a s u r e d absorbance and the calculated concentra t ions , 
according to the equation 

log IQ/I = e i c , 

where log l^/l is the absorbance (optical density), e is the molar absorbancy 
index in l i t e r s mole"'^ cm"-', c the concentrat ion in moles l i ter" ' ' , and i is the 
thickness of the absorbing medium or the length of the light path in the s a m 
ple. The la t te r was obtained from a knowledge of the dimensions of the nickel 
cell and the thickness of the compres sed gaskets sealing the quartz windows 
to the body of the cel l . Values for the absorbance were co r rec ted for the 
absorpt ion of the ennpty cell by using the a r i thmet ic average of the absorbance 
of the empty cell as de te rmined before and after each determinat ion of the 
spec t rum. 

C. Resul ts and Discussion 

1. Resul t s 

The absorpt ion spectruin of gaseous plutonium hexafluoride was 
de te rmined over the range 2000-26,000 1(50,000-3900 cm"^) and the resu l t s 
a re shown in F igure 2. This figure i l lus t r a t e s the var ia t ion of £ with wave 
number over the indicated range . The value for e, the molar absorbancy 
index, shown in F igure 2 , r ep resen t s the average of at l eas t two de te rmina
t ions, although in mos t ins tances three or more values were used. All peak 
heights were based on four or iTiore de te rmina t ions . The position of p r inc i 
pal peaks and thei r mola r absorbancy indices a re tabulated in Table 1. 
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Table 1 

ABSORPTION SPECTRUM OF GASEOUS PLUTONIUM HEXAFLUORIDE 

Pr inc ipa l Peaks 

V ( ! ) ( - ) 

21150 
10435 ± 1 
10245 ± I 
10075 ± 1 
9870 ± 1 
9734 ± 1 
9362 ± 1 
8374(c) 

8157 ± 5 
7974(c) 

7860 ± 2 
7500(c) 
5834(c) 

5614 ± 5 
5418(c) 

4371 ± 5 

4259^^) 
4139(^) 
3157(d) 
2500(d) 
2250(d) 
2090(c) 

Instrument: 
Temperature 
Cell Lengths: 
Pressures: 
Window: 

T7(cm"^) 

4728 
9583 
9761 
9926 
10132 
10273 
10681 
11940 
12260 
12540 
12720 
13330 
17140 
17810 
18460 
22880 
23480 
24160 
31680 
40000 
44440 
47850 

Gary 
22 ± 

1, 5, 
5-90 
Quar 

, Model 14 
1°C 
and 10 cm 
m m Kg 
tz 

e(^^ (imole"^ cm"^) 

1.7 
11.8 
8.9 

26.6(e) 

3.7 
3.2 
6.7 
5.7 
7.6 
6.3 
8.5 
2.1 
4.1 
7.0 
3.6 
14.5 

13.9 
15.5 

1055(f) 
1925 
2730 
3685 

f(g) 

11 x 10"^ 
4.3 x 10-^ 
5,7 x 10"^ 
19 x 10"^ 

Z,Z X lO"'' 
].6 X 10"' 

1.8 X 10"' 
12 X 10""̂  
17 X 10"' 

-

14 X 10°' 
_ 
_ 

28 X 10"' 
-

160 X 10~' 
_ 
_ 

2.7 X 10"^ 
6,0 X 10"2 

9.0 X 10"" 
-

î -) E r r o r in X obtained as the ave rage deviation of severa l scans . The 
wavelength of all sharp peaks have been co r r ec t ed by use of a stand
a r d m e r c u r y a r c . 

' " ' B a s e d on at l eas t four de te rmina t ions at each peak. 

(c) Broad i^eak. 

( d ) v e r y broad peak. 

(c) Average deviation ±0.6. 

(f) Average deviation ±80. 

(g)f = (4.60 X 10-9)emaxAi^i/2 (Ref. 6), 
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Included in Table 1 a r e values of f, the osci l lator s t rength, ' " ) 
for those bands believed important . These values may be useful to those 
wishing to c a r r y out a theore t ica l analys is of the absorption spectrum. 

In order to de te rmine the utility of severa l of the observed 
peaks for analys is of plutonium hexafluoride in mixtures , B e e r ' s law plots 
for the absorption at 10,075 A and 3157 A were constructed. These, (see 
F igures 3 and 4) show no significant deviation from lineari ty. 

F igure 3 

BEER'S LAW PLOT FOR GASEOUS 
PLUTONIUM HEXAFLUORIDE 

AT 3157 A 

Figure 4 

BEER'S LAW PLOT FOR GASEOUS 
PLUTONIUM HEXAFLUORIDE 

AT 10075 A 

2 0 3 0 4 0 5C 6 0 
iP/T X 10^ (cm - mm Hg "K"') 

12 16 1 0 
^P/T tcm-miii Hg "K" 

108-6874 108-6882 

The absorpt ion spec t rum in the near - in f ra red region shows 
two prominent bands which exhibit observable fine s t ruc ture . The peak 
separat ions observed in the spec t rum a r e tabulated in Table 2, together 

PEAK SEPARATlOfiS FOR SEVERAL BANDS IN THE ABSORPTION SPECTRUM OF GASEOUS PLUTONIWI HEXAFLUORIDE 

Band Center fcm-l)^ 

4728 

5975 

W26 

Peak Separation lcm-5) ^ 

175 
178 
nt 
223 

375 
450 

178 
165 
206 
141 
102 
75 

125 
106 

Pertinent Vibrational 

Frequency' (cm- l l 

W6 171 

w e i " 
WSZII 
U5 211 

_ 
-

05211 
V(,ni 

U4 or u j 

-
-
-
-
-

Band Center Ccm'lja 

12720 

17S10 

22880 

Peak Separation fcm-1)'' 

180 
185 
135 
315 
145 

265 
220 
450 
640 

235 
360 
560 
580 
350 
340 

Pertinent Vibrational 

Frequency' 'cm"!) 

wftin 
U f i l l l 

-
V2-Vi 320 

-
. 

V j Z l l 
»i * W5 414 
W1628 

y j 211 
U2-l^ 352 
y2 523 
W2 523 
U 2 - l « 352 

V2-% 352 

a Position of either the center of the band or the principal peak in the band, 
h Betermined from a plot of »a»e number versus molar absorbancy. 
' Correlation made using only fundamental frequencies h>i to %i or coBibinations obserked in the infrared spectrum of gaseous plutonium hexafluoride. 



with the observed peak separa t ions for those bands which pe rmi t such calcu
la t ions .* Since i t is likely that the observed fine s t ruc tu re r e p r e s e n t s the 
vibrat ional energy levels of plutonium hexafluoride, the data in Table 2 a r e 
supplemented by a l i s t of the fundamental vibrat ional frequencies observed 
in the infrared r eg ion . ( ' ) 

2. Discuss ion 

The only l i t e r a t u r e re fe rence to the absorpt ion spectrumi of plu
tonium hexafluoride in which exper imenta l data a r e presented is that of 
Goodman,(8) who showed the observed peaks in the spec t rum of plutonium 
hexafluoride. His r e s u l t s , although not extending very far into the u l t r a 
violet and also not containing any data which pe rmi t evaluation of the molar 
absorbancy, a g r e e with the p r e sen t work in the position of the observed 
peaks. Goodman developed a d i scuss ion of the spec t rum of plutonium. hexa
fluoride from the theore t i ca l viewpoint and calculated the energies of peaks 
expected for plutoniumi hexafluoride. Jorgensen(9) a lso has d iscussed the 
spectrumi of plutonium hexafluoride from the theore t ica l viewpoint of the 
e lec t ronic configurations of the act in ides . 

Spect ra of spec ies in the i soelec t ronic s e r i e s U(IV), NpCV), and 
Pu(Vl) may be compared in o rde r to de te rmine the s imi l a r i t i e s which exist 
due to the comm,on e lec t ronic s t ruc tu re of the cent ra l heavy ion. Although 
d i rec t compar i son is made difficult by absence of data taken from s imi lar 
compounds, ce r ta in s imi l a r i t i e s can be pointed out. The absorpt ion spec
t r u m of U(IV) in fused CsCl at 825°C shows peaks at 11,000 A (9091 cmj"^) 
and 20,250 A (4938 cm-^)^^°) which c o r r e l a t e with the peaks at 10,435 A and 
21,150 A in plutonium hexafluoride. Severa l of the peaks observed in the 
spec t rum of U(IV) in aqueous solutionis-^z can be co r re l a t ed with those ob
served in gaseous plutoniumi hexafluoride. The spec t rum of Np(V) in both 
aqueous solution( 12) and in fused n i t r a te saltsl-*-^/ shows strong peaks at 
9830 A and at 6170 A, the fo rmer corresponding to the 9870 A peak observed 
in gaseous plutonium hexafluoride. The in te res ted r eade r is r e f e r r ed to the 
cited l i t e r a tu re , pa r t i cu la r ly the work of Goodman, for d iscuss ions of the 
in te rpre ta t ion of the spec t rum of plutonium hexafluoride. 

II. ANALYSIS OF MIXTURES OF PLUTONIUM HEXAFLUORIDE AND 
URANIUM HEXAFLUORIDE BY ABSORPTION SPECTROMETRY 

A, Introduction 

The Fluid Bed Fluor ide Volatil i ty P r o c e s s involves the fluorination 
of oxide fuel e lements with e lementa l fluorine which conver ts uran ium and 
plutonium to the hexafluorides.(14) xhe hexafluorides a r e separa ted from 
mos t of the f ission products by dist i l lat ion. In this and subsequent opera 
t ions, gaseous mix tu r e s of the hexafluorides mus t be handled, and a s imple, 

*The peak separatioo data shown in Table 2 have been taken directly from the observed data j only the 
major peaks are listed in TaDle 1. 



nondest ruct ive method of analys is for plutonium hexafluoride in such naix-
t u r e s is des i rab le . A method based on the absorpt ion spec t ra of the hexa
f luorides was developed for use in the p r o c e s s . Other applications of th is 
method, par t i cu la r ly in l abora tory invest igat ions, a r e believed to be feasible. 

B. Exper imenta l 

Plutonium hexafluoride was p repa red and purified as outlined p rev i 
ously in this r epor t . Uranium hexafluoride, obtained from AEC sources , 
was purified in a manner s i ini lar to that used for plutonium hexafluoride. 
The vapor p r e s s u r e of u ran ium hexafluoride, used as a c r i t e r ion of purity, 
was compared with the l i t e r a t u r e value.(^5) Mixtures of plutonium hexa
fluoride and uran ium hexafluoride were made manometr ica l ly . In order to 
obtain a check on the accuracy of the manomet r i c technique, samples of the 
nnixture were hydrolyzed by aqueous n i t r ic ac id-a luminum ni t ra te , and plu
tonium and u ran ium were de te rmined in the resul t ing solution. Plutonium 
was de te rmined by alpha counting of al iquots of the solution (±2 percent ) and 
uraniuiTi was de termined by a co lo r ime t r i c p rocedure (±2 percent) . '^^z The 
ag reemen t between the chemica l ana lys i s and the manomet r i c data were , in 
genera l , sa t is factory except at low plutonium concentra t ions , for which the 
manome t r i c data a r e bel ieved to be m o r e re l iable . 

The determiination of the absorbancy of the mix ture was c a r r i e d out 
in the same manner as desc r ibed for pure plutonium hexafluoride in Section ! 
of this r epor t . Spec t ra l ana lyses w e r e ca r r i ed out both with a Beckman 
Model DU and a Gary Model 14 spec t rophotometer . Compar ison of the two 
ins t rumen t s revea led l i t t le difference in the m e a s u r e d absorbanc ies of the 
mix tu r e s (± one percent) . One of the peaks used for analysis of the mix tu res 
was the ve ry sharp peak at 10075 A. The Gary ins t rument proved m o r e suit
able at this wavelength since wavelength adjustments could be made more 
p rec i se ly than in the case of the Beckman. 

Two wavelengths w e r e chosen a r b i t r a r i l y for use in the analys is . 
O 

The f i rs t , at 3157 A, is applicable for re la t ively low concentrat ions of plu
tonium hexafluoride. Uranium hexafluoride also absorbs at this wavelength,! 1 "7) 
and the mola r absorbancy index of uran ium hexafluoride was determined as 
16 ± 1 i mole '^cm"^. The corresponding value for plutonium hexafluoride is 
1055 ± 80 i mole'^cm""^. The other wavelength, useful for l a rge r concentra
tions of plutoniuin hexafluoride, is the sharp peak at 10075 A, where uran ium 
hexafluoride is t r anspa ren t , Plutonium hexafluoride has a molar absorbancy 
index of 26.6 ± 0 . 6 i m.ole"''cmi"\ 

C, Resul t s and Discuss ion 

The r e s u l t s of the ana lyses of mix tu res of plutonium hexafluoride and 
uraniumi hexafluoride a r e shown in Table 3 and in F igures 5 and 6. The molar 
absorbancy index (molar extinction coefficient) of the mix ture , shown in 
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Table 3 

DETERMINATION OF THE MOLAR ABSORBANCY INDEX FOR MIXTURES OF PuFj AND UFj 

Instrument: Cary Model 14or Beckman DU 
Temperature: AmDient Uboratory (~220C) 
Window: Quartz, 3 mm thick 

Empty Cell 
tjefore Use 

s.m 
0.017 
0.018 

0.001 
0.029 
0.041 

OMZ 
0.093 
0.110 
0.121 

0.014 
0.043 
6.0W 

O.MO 
0,125 
0,159 
0,216 
0.264 

0.075 
0.(B7 
0.112 
0.123 
0.148 
0.000 

o.mi 
o.mo 
am 
0.015 

O.CBO 

am? 
0.027 
0.043 

0.110 
0.132 

o.» 

Absorbancy (1^ l o / l i 

Sample 

0.070 
0,073 

' 0.082 

0,987 
0,878 
0.451 

0,405 
0,3% 
0 325 
0,415 

0.367 
0,392 
0.3« 

0.366 
0.368 
0,389 
0.450 
0,482 

0.286 
0.298 
0,252 
0,333 
0,350 
0.594 
0.625 
0.461 
0.647 
0.685 

0.474 
0.534 
0.529 
0.4W 

0.352 
0.414 
0.366 

Empty Cell 
after Use 

O.H)7 
0.018 
0.027 

0.029 
0.041 
0.048 

0.W 
0.110 
0.121 
0.138 

0,043 
0.057 
0.114 

0.1S 
0.159 
0.176 
0.264 

o.m 
0.087 
0.112 
0.117 
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Table 3, was calculated by use of the de
te rmined absorbancy of the mixture , cor 
rec ted by the average absorbancy of the 
empty cell. It is rea l ized that simple av
eraging of the absorbancy of the empty 
cell may resul t in a smal l e r r o r , but no 
other procedure short of eliminating the 
absorbancy of the empty cell altogether 
leads to bet ter r esu l t s . The two straight 
l ines , shown in F igures 5 and 6 r ep re sen t 
the spread of the calculated values for the 
molar absorbancy index of the mix tures , 
based on the established uncer ta int ies for 
the molar absorbancy indices of the pure 
components, and assuming the validity of 
B e e r ' s law for the mixture . 

It was established that the spectrum, 
of a one- to-one mixture of plutonium hexa
fluoride and uranium hexafluoride is 
identical with the spec t rum of the two com

ponents determined separately, showing no shift in the position of the peaks 
and showing the absence of new peaks. It may therefore be concluded that 
the re is no significant in teract ion between gaseous plutonium hexafluoride 
and uraniuna hexafluoride. 

It should be noted that the validity of B e e r ' s law for plutonium hexa
fluoride was not tes ted in the p resence of an iner t gas and hence deviations 
may be anticipated when plutonium hexafluoride is mixed with uranium hexa
fluoride. The size of the squares shown in F igures 5 and 6 reflect the l imits 
of the determined molar absorbancy indices and the composition of the mix
tu r e s . Deviations of the molar absorbancy indices of the mixtures from 
B e e r ' s law may be due to a var ie ty of causes , although the positive deviation, 
observed at 10075 A, is re la t ively unusual. 

The re su l t s indicate that mix tu res of plutonium hexafluoride and 
uran ium hexafluoride can be analyzed by spec t romet r ic techniques. In view 
of the deviations from B e e r ' s law, observed par t icular ly at 10075 A, ca l i 
bra t ion curves must be constructed. The most accura te chemical or mano
m e t r i c means available mus t be used to determine the composition of the 
s tandard mix tures . Fur the r , exposure of the quartz cell windows to mixtures 
of the hexafluorides should be kept to a minimum, and careful p re t rea tmen t 
is requi red . It is likely that c rys ta l l ine calcium fluoride windows may be 
l e s s reac t ive toward these mix tures , and those wishing to apply this method 
should consider test ing their use. Fur the r , more p rec i se determination of 
the molar absorbancy indices of the pure components, coupled with an a c 
cura te determinat ion of the composit ion of standard mixtures , a r e required 

F igure 6 
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to improve the p rec i s ion of the m.ethod of analys is . Finally, it is l ikely that 
suitable cal ibrat ion curves could be developed for mix tu res which a lso con
tain e lemental f luorine. 
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