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The i n i t i a l  oxidat ion o f  plutonium metal a t  27  " C  has been s tud ied  

using AES and XPS. I n i % i a l l y  a "clean" p1utoniui:i sur face  was pre- 

pared by Ar' bor:!~ardii!ent and 500 "C-Ar' bo,-bcirdiii:ln.r; heat c y c l e s .  

Changes occurrlng i n  t k  plutonili~ii Aurjer e lec t ron  spec t ra  i n  the  

energy range of  40 t o  120 eV and the 4f,/,, L?f7/2 ( co re  leve ' l s ) ,  a n d  

5 f ,  7s  (valence b a n d )  X?S peaks were monitored during oxygen exposure 

(10 t o  1 .8  X l o 8  L ) .  

oxidat ion s t a t e s  which a r e  a t t r i b u t e d  t o  a suboxide and Pu02. 

4f7 /2  binding energies  f o r  the two oxidat ion s t a t e s  and plutonium 

metal a r e  426.1 , 424.4, and 422.2 eV, respec t ive ly .  By taking the  

Auger r a t i o  

proceeded by two s teps .  

o f  oxygen with the formation o f  t he  suboxide. 

t h e  O(511 eV)/Pu(317 eV) 

suboxide t o  ?u02. 

Examination o f  the  4f,/, level  revealed two 

The 

[0(511 eV)/Pu(317 el , ) ] ,  i t  was observed t h 7 t  ox ida t ion  

I n  t h e  f i r s t  s t ep  t h e r e  was a r a p i d  i n c r e a s e  

In t h e  second s t a g e ,  

r a t i o  was cons tan t  w i t h  conversion o f  the  

- 
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I N TRO DUCT I 0 N 
c- 

Until r e c e n t l y ,  t he re  have been very few s tud ie s  of g a s  reac t ions  w i t h  

the  a c t i n i d e s  using surface techniques.’  Most of t he  cur ren t  su r f ace  

s tud ie s  have involved thoriurn and  uranium.*-’ L i t t l e  work has been done 

on plutoniuni because more soph i s t i ca t ed  f a c i l i t i e s  a r e  necessary t o  

s a f e l y  hand1 e p l  utoniuni and pro tec t  the environment because of i t s  

a l p h a  emission a n d  t o x i c i t y .  

t o  plutonium. 

a r e  k i n e t i c  s t u d i e s  on the  formation of t h in  oxide f i lms  using e l l i p -  

~ o m e t r y ~ ~ ~ ~  a n d  adsorpt ion s tud ie s  by dynamic pui i iping measurements. l 1  

Also only a few l abora to r i e s  have access  

The few sur face  s t u d i e s  t h a t  have been made on plutonium 

Auger e l ec t ron  spec t r a  have been taken on plutoniumy1* b u t  a su r f ace  

f r e e  0.f oxygen could n o t  be obtained with the  experimental method of  

-- i n  s i t u  scrapping.  There was no provision f o r  c leaning the specimen 

with Art bombardment or in  s i t u  heat ing.  
I- 

_ _  The oxides a n d  carb ides  o f  plutonium a r e  s t a b l e  compounds and  d i f f i c u l t  

t o  remove from the  metal. 

a t  300 K i s  -252 .9  kca l /n ;o l .13  Possible  oxides t h a t  could e x i s t  on t h e  

sur face  a r e  P u O ,  Pu203(P-Pu203), P u O l . 5  2 ( c x - P u ~ O ~ ) ,  a n d  Pu02. These 

oxides a re  semiconductors and  t h e i r  type i s  dependent on s to ich iometry  

and preparat ion condi t ions .  For example, P U ~ . ~ ~  i s  p-type while Pu02-x 

( x  = 1 . 9 7  t o  1 . 9 9 )  with oxygen vacancies i s  n-type.’ 

For ins tance ,  t he  heat of formation o f  PuO, 

I n  ch i s  s tudy,  a r e l a t i v e l y  clean sur face  was prepared by Art bombardment 

arid -- i n  - s i t u  heat treaticients. 

X-ray photoelectron spectroscopy (XPS)  were used t o  examine the  su r face  

- 
Then Auger e l ec t ron  spectroscopy (AES) a n d  

1 



__ . .. ..... - . ....... 

a f t e r  oxygen exposure. 

i n  the energy range of 40 t o  120 eV a n d  XPS changes in the 4 f 5 / 2 ,  

Reported here a r e  A E 5  changes which occurred 

4 f 7 / 2  

( c o r e ) ,  and 5 f ,  7s (valence band) l e v e l s .  The oxidat ion react ion was 

followed f o r  oxygen exposures of  10 ' to 1.8 X l o a  L [lL(Langmuir) = 

1 X Torr sec]  a t  27  OC. 

EXPERIMENTAL 

The plutonium specimen used in t h i s  i nves t iga t ion  was from a double 

e l e c t r o - r e f i n e d  batch. The m j o r  impur i t i e s  were: Am - 522, Ga - 107, 

Fe - 9 9 ,  Cr - 76,  A 1  - 6 4 ,  Ta - 60,  Ni - 38, Z n  - 28, C - 23,  a n d  S i  - 22 

ppm. 

s i l i c o n  carbide paper and rinsed w i t h  1 , l  , l  t r i ch lo roe thanc .  Then the  

sample was t r a n s f e r r e d  t o  the glovebox which completely encloses the  vacuum 

chamber. 

shee t s  on the  sample holder.  The o u t e r  shee t  h a d  c7 5 nim diameter hole c u t  

out which exposed the  pl utoniuni su r face .  

was spot welded t o  the  back s ide  o f  the  o u t e r  tantaluni shee t .  Nith t h i s  

arrangement, temperature measurcnients n e a r  500 " C  were w i t h i n  50 " C .  

The su r face  of  the specimen was prepared by abrasion with 360 g r i t  

The plutonium was placed between two 0.254 mrn th ick tantulurn 

An ill uiiiel-chrome1 thermocouple- 

After  evacuation of the chamber, a vacuum bakeout a t  220 " C  f o r  72 hours 

reduced the  pressure t o  120 nPa ( 1  Pa = 7.52 X Torr) .  The plutonium 

oxide and o t h e r  impuri t ies  (carbon, c h l o r i n e ,  a n d  s u l f u r )  were removed by 

1 keV (%130 pA/cm2) Art A t  t h i s  bombardnicnt cond i t ion ,  t he  

renioval r a t e  determined by e l l i p somet r i c  measurements f o r  a U02 f i lm  on 

uranium i s  about 16 f i / n i i n .  

bombardment. 

Using t h i ;  s p u t t e r  e t ch  r a t e ,  a b o u t  2 pm were 

removed from the  plutoniuni surface.  
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For  f u r t h e r ' c l e a n i n g ,  the specimen was heated a t  500 "C fo r  30 min. The 

heat treatment caused a la rge  amount of chlor ine t o  segregate t o  the  

sur face .  Also plutonium carbide was forrned probsbly froni a react ion , 

with the residual  gases (CO-500 nPa,  C02-200 n P a )  during the  heat t r e a t -  

ment. 
" 

These sur face  cons t i tuents  were rernoved by taking 500 A o f f  the 

surface with Ar' bombardment. This 500 " C  heat a n d  Ar' bombardment 

cycle was repeated 25 times. After t h i s  treatment,  a r e l a t i v e l y  "clean" 

surface was obtained.  

The surface was examined w i t h  AES and  XPS using a double p a s s  cy l ind r i ca l  

mirror analyzer .14 The X-ray source f o r  XPS was Mg ka w i t h  an  energy of 

1253.6  eV. The c a l i b r a t i o n  of the spectrometer was checked using the 

Auger e lec t ron  peaks o f  69  a n d  2024 eV f o r  g o l d  a n d  the A u  4f 

83.8 eV. The P u  4f peaks were recorded with a resolut ion of 0 . 5  eV while 

the resolut ion for  P u  5 f ,  7s a n d  0 I s  was 1 eV. 4 

peak a t  , ,  
7 1 2  

- _  
' AES showed only ca rbon  ( i n  carbide s t r u c t u r e )  a n d  oxygen Ilripurities on 

the surface a f t e r  c leaning.  The Auger e lec t ron  peak-to-peak height r a t i o s  

were C(272 eV)/Pu(317 eV) = 0 . 4 7  a n d  O ( 5 1 1  eV) /Pu(317  eV) = 0 . 2 2 .  

A l t h o u g h  AES d i d  n o t  show any t a n t a l u m  o n  t h e  sur face ,  XPS showed some 

tan ta lu in  contamination w i t h  a T a ( 4 d -  

The t a n t a l u m  was propably sput tered ofT the tantalum holder onto the 

p 1 u t o  n i um s u r face . 
After preparat ion o f  Ihi  s "cl  can" sur face ,  oxygen was admi t?cd 

with the specimen a t  27  "C,and spectra  were recorded a f t e r  each exposure. 

The oxygen pressures  ranged from 13.3 UPa- t o  1 .33  Pa.  

a t  1.33 P a ,  a dynaniic oxygen flowwas maintained t o  keep the oxygen 

)/Pu(4f7, ,)  peak r a t i o  of  0 .04.  1 2  

During exposure except 
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reasonab y pure.  A t  1.33 Pa oxygen exposure, the  systeni was s t a t i c .  

A p a r t i a  

the  gas was a b o u t  4%. 

pressure ana lys i s  a t  133 UPa showed t h a t  the  amount o f  CO in 

RESULTS AND DISCUSSION 

A .  AES C H A N G E S  AFTER O X Y G E N  EXPOSURE 

Changes in  the plutoniuiii Auger e lec t ron  spec t ra  and  increases  in  the  

oxygen peak upon oxygen exposure a r e  shown in Figure 1 .  

spec t ra  in  the  40 t o  120 eV range, a negative 50 V bias  was p u t  on  the  

To enhance the  
- 

sample. The most notable change i n  the spec t ra  i s  t he  s h i f t  o f  t he  97 eV 

peak t o  91 eV a f t e r  oxygen exposure. 

Energies of the Auger t r a n s i t i o n s  observed experimental ly  and 

ca lcu la ted  f o r  plutonium and Pu02 a r e  l i s t e d  in Table I .  

were ca l cu la t ed  from the  relat ion15 E = E N - E  - E  

e lec t ron  t r a n s i t i o n .  

Trans i t ion  energ ies  

for a ( W X Y )  Auger 
X Y  

- -  __ _ _  - _-_-- - - -- - ~ - _  . _  - -  - -  - - 

The previous co r re l a t ion  of experirwntal Auger e l ec t ron  trarisi t i o n s  

w i t h  ca lcu la ted  values12 a re  i n  e r r o r  when t h e  P , ,  P, ,  a n d / o r  P 3  l e v e l s  

a r e  involved. 

values f o r  the P l eve l s  were used. I n  these  c a l c u l a t i o n s ,  t he  valu-es 

used f o r  the energy leve ls  a r e  o u r  XPS r e s u l t s  and  a r e  given in Table 11. 

To c o r r e c t  f o r  the work funct ion of t he  analyzer  a n d  the  f a c t  t h a t  the  

experimental energy i s  the  minimum of  the  d e r i v a t i v e  (&gQ ) a n d  t he  

ca l cu la t ed  energy i s  f o r  the midpoint of t he  de r iva t ive  (M(E)-peak maximum), 

the ch lo r ine  ( L 3 > 1 2 3 M 2 , 3 )  minimum determined experimentally a t  180 eV was 

compared t o  181 eV ca lcu la ted  by Coghlan a n d  Claus ing . l$  Thus, 1 eV was 

Recent r e s u l t s  o f  Veal e t  a l l  for  Pu02 show t h a t  i nco r rec t  
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subtracted ,from t h e  ca lcu la ted  energies .  The calculated energies a re  i n  

reasonabl e agreement with experimental Auger e lec t ron  peaks. A1  so the 

peak s t ruc tu re  a n d  Auger t r ans i t i on  designation of the o ther  ac t in ides ,  

uranium7 a n d  t h o r i u r ~ i , ~  a re  qu i t e  s imi l a r .  

B. XPS C H A N G E S  IN 4f5/2,  4f, /2,  ,AND V A L E N C E  BAND 

Changes occurring in the 4f p l u t o n i u m  peaks a f t e r  oxygen exposure 

a re  presented i n  Figure 2 .  These spectra  revealed two oxidation s t a t e s  

with the f i r s t  s t a t e  being a t t r i b u t e d  t o  a plutonium suboxide a n d  the 

second t o  Pu02. No peak s h i f t s  were observed f o r  0 1s measured a t  530.0 eV. 

Also  changes i n  the  valence ( 5 f ,  7s) band were monitored d u r i n g  

oxygen exposures. The 0 2p peak was n o t  resolved i n  the valence 

b a n d .  Also two d i s t i n c t  oxidation s t a t e s  were n o t  observed as they were 

f o r  the 4f core l eve l s .  As oxidationproceeded the 5 f ,  7s level sh i f t ed  t o  

higher binding ene r s i e s .  Observation of the 5 f ,7s  peak widths (FWHM) i n  

r e l a t ion  t o  changes occurring in the 4f peaks shows t h a t  the peak broadens 
~~ - - - - - . - - - I  -- - 

when inore t h a n  one chemical s t a t e  i s  p resent .  The energ ies .of  the 4f and  

5 f ,  7s l eve l s  a n d  the  5f, 7s FWHM a f t e r  oxygen exposures a re  presented i n  

Table 111. 

O X I D A T I O N  PROCESS 

By taking the  Auger peak-to-peak height r a t i o  [0(511 eV)/Pu(317 eV)] i t  

was observed t h a t  oxidat ion proceeded by two s t eps  (Figure 3 ) .  

s t e p ,  there  was a rapid increase of oxygen with the formation of the 

I n  the f i r s t  
c 

suboxide as shown by XPS. I n  the second s t age ,  the O(511 cV)/Pu(317 eV) 

ra t io  was constant w i t h  conversion of the suboxide t o  P u 0 2 .  Based on 

ell ipsoii ietric d a t a , g  the t o t a l  oxide thickness  a f t e r  1 . 8  X l o Q  L oxygen 
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would be a b o u t  200 i. 

The oxygen uptake a s  a funct ion o f  oxygen exposure obtained from Auger 

d a t a  i s  s imi l a r  t o  data  obtained by A d a m  and DiGiallonardolI f o r  t he  

adsorption of oxygen on plutonium a t  300K. These data  were obtained by 

dynamic pumping measurements, and  t he  lower curve in F-igure 3 stissws tile 

r e s u l t s .  

A f u r t h e r  comparison with the adsorpt ion d a t a  can be made a t  10  L 

oxygen exposure. 

from the XPS 4f,,, peaks by using the  equation19 Is  = Io, exp ( - x / 0 . 7 5 ~ )  

where: 

The thickness  of the  suboxide f i lm can be determined 

I s  = signal  of  s u b s t r a t e ,  

Ios=  s ignal  of pure s u b s t r a t e ,  

x = thickness  of sur face  f i lm ,  a n d  

p = e lec t ron  mean f r e e  p a t h .  
I 

The e l ec t ron  mean f r e e  p a t h  can be deterniined from 11 = O . 5 E i 2 O  kihere E 

i s  the  k ine t i c  energy in  e l ec t ron  v o l t s .  This c a l c u l a t i o n  gives a thick--  - 

ness of 5 . 9  

t h e  adsorption data of Adains and  DiGiallonardo.ll 

- - .. 

which i s  in reasonable agreement with 2 .5  1 determined from 

SUMMARY 

Examination o f  the oxygen-plutonium reac t ion  a t  27 

exposures from 10 to 1.8 X l o 8  L by AES a n d  XPS showed 

> 

O C  a n d  oxygen 

t h a t  t he  oxidat ion 

involved two s t e p s .  D u r i n g  the  i n i t i a l  oxygen exposure o r  chemisorption 

phase, there  was a r a p i d  increase  in axygen on t he  su r face .  Oxidation 

caused a n  increase o f  2 . 2  eV in the  binding energy of the  P u  4 f -  e l e c t r o n s ,  
I /  2 

I 



a 

a n d  t h i s  ogidation s t a t e  i s  considered t o  be a suboxide. 

After the chemisorption phase, the  second oxidation s tage  would 

involve the d i f fus ion  of oxygen anions t o  the plutonium metal i n t e r f a c e .  

Moni to r ing  oxygen uptake on the surface w i t h  AES showed no f u r t h e r  i n -  

crease. A new oxidation s t a t e  appeared in which the 4 f  binding 
7/2 

was increased by 3 .9  eV from "clean" plutonium. This oxide energy 

p r o b a b  

P U O Z .  

y PuO,.  During t h i s  second s tage,  the  suboxide was converted 

S 

t o  

a 

. , .._, . . . 
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I . .  

Tab le  I .  Plutonium Auger e lec t ron  t r a n s i t i o n s .  

Transi t ion 

0 4 p 2 p 2  

0 4 p 1 p 3  

O.5 p 2 p 3  

05 1v 

0 4 p 2 p 3  

0 4 p 1 v  

O5 p 2 v  

05P3P3 

04P2V* 

04P3P3 

04P3V 

0, vv* 

0 4 vv* 

EcALc(eV 

45 

51 

52 

55 

62 

64 

66 

69 

93 

96 

106 

Pu  

EOBS ‘eV 1 

50 

61 

68 

80 

- - . . - - 

97  

103 

109 

ECALC (eV 1 
.~ 

47 

51 

53 

53 

63 

62 

64 

68 

90 

92 

101 

Pu02 

* Trans i t ions  used t o  designate  experimentally observed Auger e l e c t r o n  peaks 
f o r  uranium7 and thorium. - 

. . . .  .. . ,/ 
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Table 11. Energy l e v e l s  o f  plutonium. 

Pu 

B i n d i n g  Energy (eV) 

111.3* 

101.5 

43.8 

32.3 

15.5 

2** 

Pu02 

Binding Energy (eV) 

114.4* 

104.6 

45.0 

33.2 

17.6 

6** 

* Estimated from energy separat ion between j subshe l l s  i n  atoms given by 
Carlson. 1 7  

** Bonding bands o f  uraniuni7 used as  approximations for plutonium. 

. .  
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F I G U R E  CAPTI,ONS 

Figure 1 .  AES changes a f t e r  exposure 

Figure 2.  XPS changes i n  4f peaks a f  

o f  plutonium t o  oxygen. 

e r  exposure of  plutoi,  ,urn ;o oxygen. 

Figure 3. Increase of oxygen o n  plutonium sur face  measured by Auger peak- 

to-peak height r a t i o  [0(511 eV)/Pu(317 eV)]. Lower curve shows 

the  oxygen adsorpt ion da ta  of  Adams and DiGiallonardo. 1 1  

I 
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