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HIGH RESOLUTION INTERMODULATED AND DOUBLE RESONANCE ATOMIC SPECTROSCOPY 

I N  A HOLLOW CATHODE 

M. I n g u s c i o  

Dipartimento d i  Fis ica d e l l  'Universi td  d i  Pisa, 1-56100 Pisa, I t a l y  

R 6 s d  - Les performances d'un tube a decharge 2 cathode creuse exploit6 en 
spectroscopie optogalvanique 2 haute r6solution pour des B l 6 n t s  rsfractaires 
e t  volatiles sont expliquses. Les structures hyperfines e t  isotopiques sont r6- 
solues . 
Les effets  de changement de vitesse dfi 2 des collisionnels sont etudies pour 
diffgrentes transitions. Des n-esures de double resonance optique sans effet  
Doppler sont present6es pour l a  premigre fois avec une detection optogalva- 
nique . 
Abs t rac t  - The performances o f  a h o l l o w  cathode d ischarge tube  developed f o r  
h i g h  r e s o l u t i o n  op toga l van i c  spectroscopy o f  bo th  r e f r a c t o r y  and v o l a t i l e  
elements a r e  i l l u s t r a t e d .  Hype r f i ne  and i s o t o p i c  s t r u c t u r e s  a re  reso l ved .  
The e f f e c t  o f  v e l o c i t y  changing c o l l i s i o n s  i s  i n v e s t i g a t e d  on d i f f e r e n t  
t r a n s i t i o n s .  Dopp le r - f r ee  o p t i c a l - o p t i c a l  Double Resonance measurements a r e  
r e p o r t e d  f o r  t h e  f i r s t  t ime  i n  op toga l van i c  de tec t i on .  

The combinat ion  o f  h i g h l y  s p e c t r a l  p u r i t y  Dye l a s e r s  w i t h  op toga l van i c  d e t e c t i o n  
scheme has a l lowed t h e  e x t e n t i o n  o f  a lmost a l l  t h e  n o n l i n e a r  techniques, t yp4ca l  o f  
abso rp t i on  spectroscopy, t o  t h e  whole emission spectrum o f  an atom. Since t h e  inves-  
t i g a t i o n s  a re  performed i n  a d ischarge,  much ca re  i s  necessary t o  reduce t h e  p e r t u r -  
b a t i o n s  so t h a t  deve lop ing homogeneously l i n e w i d t h  spectroscopy makes r e a l  sense. 
I n  o u r  l a b o r a t o r y  we have developed a h o l l o w  cathode d i scha rge  tube  and used i t  f o r  
h i g h  r e s o l u t i o n  spectroscopy o f  r e f r a c t o r y  atoms and v o l a t i l e  elements. 
Most o f  t h e  i n v e s t i g a t i o n s  were performed us ing  an a c t i v e  s t a b i l i z e d  Coherent 599/21 
Dye l a s e r  ( l i n e w i d t h  about 1 MHz) o p e r a t i n g  i n  t h e  rhodamine 66 ( o r  s t i l b e n e )  t u n i n g  
range. A.second s i n g l e  mode Dye l a s e r  was a l s o  employed t o  develope Doppler- f ree 
doub le  resonance spectroscopy. In termodula ted spectroscopy a l l ows  t h e  r e s o l u t i o n  o f  
i s o t o p i c  s h i f t s  and h y p e r f i  ne s t r u c t u r e s .  The comparison o f  homogeneously broadened 
s i g n a l s  and Doppler background p rov ides  a d i s p l a y  o f  v e l o c i t y  changing c o l l i s i o n s .  
Operat ion  i n  presence o f  a magnet ic f i e l d  leads t o  t h e  r e s o l u t i o n  o f  Zeeman e f f e c t  
b u t  a l s o  t o  enhancements o f  t h e  op toga l van i c  s i g n a l  ( n o n l i n e a r  Hanle e f f e c t ) .  
V e r s a t i l i t y  and usefu lness o f  t h e  t echn ique  are  i l l u s t r a t e d  showing some p a r t i c u l a r  
r e s u l t  and s t a r t i n g  w i t h  t h e  d e s c r i p t i o n  o f  t h e  h o l l o w  cathode d ischarge tube. 

I - THE HOLLOW CATHODE 

The h o l l o w  cathode d ischarge i s  a w e l l  e s t a b l i s h e d  method t o  p r o v i d e  gas phase emis- 
s i o n  spec t ra  o f  r e f r a c t o r y  elements. The atoms a r e  e j e c t e d  f r o m  t h e  su r face  o f  t h e  
cathode as a r e s u l t  o f  t h e  bombardement by e n e r g e t i c  r a r e  - gas i o n s  produced i n  t h e  
discharge. The s p u t t e r e d  atoms which i n i t i a l l y  posses h i g h  k i n e t i c  energ ies  r a p i d l y  
come i n t o  thermal  e q u i l i b r i u m  w i t h  t h e  gas as t h e y  d i f f u s e  f r o m  t h e  cathode. The use- 
f u l n e s s  f o r  atomic spectroscopy has been l a r g e l y  demonstrated a l s o  i n  l e v e l  c r o s s i n g  
and o t h e r  r e l a t e d  exper iments which depend upon how t h e  p o l a r i z a t i o n  o f  t h e  f l u o r e s -  
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Fig. 1 - Cross - sec t ion  drawing o f  the hol low cathode discharge tube. 

cence i s  preserved i n  the  presence o f  the r a r e  gas and the  discharge / l / .  
The development o f  h i g h l y  sens i t i ve  methods o f  Doppler - f r e e  laser  spectroscopy, 
also combined w i t h  the optogalvanic de tec t ion  scheme, has made poss ib le  the  study o f  
atomic l e v e l s  even sparsely populated a f t e r  spu t te r ing  i n  t h e  gas discharge. As a 
consequence also the  homogeneous l i new id ths  which can be obtained i n  a hol low cathode 
con f igu ra t ion  become important.  I n  f a c t  s ince a discharge does not  prov ide an i d e a l  
environment f o r  h igh r e s o l u t i o n  l a s e r  spectroscopy ( the re  are per turbat ions due t o  
neu t ra l  and charged p a r t i c l e  c o l l i s i o n s  and due t o  e l e c t r i c  f i e l d s ) ,  observed homoge- 
neous l i new id ths  are an i n d i c a t i o n  o f  the sever i t y  o f  such per turbat ions.  Narrow 
homogeneous widths can be achieved us ing la rge  cathode diameters which a l low opera- 
t i o n  a t  lower gas presv l re ,  reduced space-charge densi ty ,  and e l e c t r i c  f i e l d s .  The 
increase i n  the  cathode diameter causes a lso  a decrease i n  t h e  cu r ren t  densi ty  and i n  
r e f r a c t o r y  atoms densi ty .  As a consequence the design o f  a  hol low cathode f o r  h igh 
r e s o l u t i o n  optogalvanic spectroscopy must take i n  account t h e  request f o r  an easy 
demountabi l i ty  and change i n  the  geometrical c h a r a c t e r i s t i c s  i n  order t o  opt imize the  
operat ion f o r  the given element and t r a n s i t i o n .  F ig .  1 shows the  cross sect ion o f  the  
h01 low cathode discharge tube constructed i n  our laboratory .  The vacuum t igh tness  i S 

assured by commercial pyrex conica l  connections. They are demountable f o r  sample, 
cathode, anode changes and provide h igh  vacuum seal when remounted. The anode i s  a  20 
mm - diameter tungsten p i n  o r  a  50 mm - diameter aluminium rod. Once opt imized a l l  
the  parameters, no s i g n i f i c a n t  d i f fe rences  have been observed between t h e  two except 
t h a t  c lean discharge operat ion seemed easier  t o  be obtained w i t h  aluminium. As fo r  
the cathode sample, i n  the simplest case (Copper) i t  was cons t i tu ted  o f  a  Cu tube 
w i t h  i n t e r n a l  diameter up t o  12 mm. D i f f e r e n t  so lu t ions  have been adopted f o r  o ther  
mater ia ls .  For instance i n  case o f  Ca, m e t a l l i c  ca lc ium have been melted i n t o  a s t a i n  
less s tee l  c y l i n d e r  and then a hole has been d r i l l e d .  I n  case o f  U, a  rectangular  



t h i n  piece has been r o l l e d  i n t o  a copper cy l inder .  Water coo l ing  i s  provided f o r  the  
cathode holder, shown i n  more d e t a i l  i n  t h e  upper - r i g h t  p a r t  o f  the  f i g u r e .  A l l  the 
m e t a l l i c  pa r ts  i n  the discharge tube but  the f i n a l  p o r t i o n  o f  the  cathode holder  and 
the p o i n t  o f  the  anode are shel ted by glass tubes. It i s  essen t ia l  t h a t  a l l  the win- 
dows be located f a r  enough from the  cathode t o  prevent a  sput tered metal coat ing. A l l  
t h e  device i s  r e l a t i v e l y  simple t o  const ruct ,  and uses a small amount o f  sample mate- 
r i a l  ( f o r  instance i n  case o f  uranium about 0.8 grams were used). Neon and argon were 
used t o  operate t h e  discharge. Clean operat ion could be obtained f o r  gas pressures 
down t o  .4 Torr and f o r  cu r ren t  i n t e n s i t i e s  from 1 t o  80 mA. 

I1  - INTERCiODULATED SPECTROSCOPY 

Thanks t o  the  good o p t i c a l  a c c e s s i b i l i t y  o f  the i n t e r n a l  p o r t i o n  o f  the cathode where 
the  discharge i s  local ized,  laser-sample i n t e r a c t i o n  geometries are easy obtained 
which a l low subdoppler record ins o f  optogalvanic s ignals .  General performances o f  the 
system can be deduced from the measurements repor ted i n  re f . /2 / .  The Cu t r a n s i t i o n  a t  
578.2 nm was invest igated.  The measurement using a u n i d i r e c t i o n a l  l aser  beam d i s p l a i e d  
a Doppler width d e f i n i t i v e l y  lower than t h e  prev ious ly  repor ted f o r  the same t r a n s i -  

0 
t i o n  i n  the  1 i t e r a t u r e . I t  cou ld  be com uted a k i n e t i c  temperature T= 512 K t o  be g 
compared w i t h  T= 1025 OK and T= 1457 K respec t i ve ly  est imated from /3/ and /4/. 
The lower k i n e t i c  temperature i n  our apparatus i s  caused by the  water coo l ing  and the  
lower cu r ren t  i n t e n s i t y  (50 mA i n  the record ing o f  /2/) .  The Doppler-free intermodula 
ted  spectrum was also recorded. The s ignal  to no ise r a t i o  was almost comparable t o  
other  spectra repor ted /3,4/using hol low cathodes bu t  de tec t ing  t ransmi t ted  o r  f l u o r e  
scent l i g h t .  It should be added t h a t  the b e t t e r  s igna l  t o  no ise r a t i o  obtained w i t h  
intermodul ated f luorescence spectroscopy /5/ requ i res  i n  general the e l  im ina t ion  o f  

iig. 2 - Doppler-free intermodulated optogalvanic spectroscopy record ing o f  Calcium 
3 

P - S t r a n s i t i o n  a t  612.2 nm. Argon was used w i t h  a pressure o f  1.1 Torr.  I=50 mA. 
1 1  

the noise o f  the scat tered laser  l i g h t .  Th is  i s  usua l l y  obtained by de tec t ing  the 
f luorescence on associated t r a n s i t i o n s  i n  d i f f e r e n t  spect ra l  ranges. When t h i s  possi-  
b i l i t y  i s  not  avai lab le,  the  optogalvanic detect ion i s  the only  one ava i lab le  w i t h  
s ignal  t o  noise r a t i o  good enough t o  gerform h igh r e s o l u t i o g  spectroscopy. Calcium 
t r a n s i t i o n s  connecting the metastable P 

0 1 2  
l e v e l s  t o  the S provide an experimental 

s i t u a t i o n  o f  absence o f  associated f luorPstence.   evert he less' (F ig .  2)  an intermodul a- 
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ted  optoga lvan ic  s i g n a l  cou ld  be obta ined w i t h  good s i g n a l  t o  no i se  r a t i o .  That was 
preserved even when t h e  d ischarge was operated i n  presence o f  a s t a t i c  magnetic f i e l d  
and made poss ib le  subdoppler Zeeman optoga lvan ic  spectroscopy measurements / 6 / .  I n  
t h e  r e c o r d i n g  o f  F ig .  2 t h e  homogeneously broadened s i g n a l  (Lo ren tz ian )  i s  w e l l  de- 
t e c t e d  over a smal l  background due t o  v e l o c i t y  changig c o l l i s i o n s  /7/. It i s  wor tn  no- 
t i n g  t h e  not p a r t i c u l a r l y  pronounced c o n t r i b u t i o n  o f  v e l o c i t y  changing c o l l i s i o n s  i n  
s p i t e  o f  t h e  l ong  l i f e t i m e  o f  t h e  metastable lower l e v e l .  On t h e  o t h e r  hand t h e  smal l  
e f f e c t  o f  t h e  c o l l i s i o n s  on t h e  Ca metastable t r i p l e t  i n  a d ischarge have been recen t -  
l y  demonstrated d i r e c t l y  i n v e s t i g a t i n g  t h e  broadening o f  t h e  l e v e l s  by means o f  opto- 
ga l van i c  non l i nea r  Hanle e f f e c t  /8/ .  Th is  techn ique has al lovted t o  observe w i t h  t h e  
apparatus descr ibed i n  t h e  present  paper subhomogeneous l i n e w i d t h  s t ruc tu res ,  c o r r e -  
sponding t o  a l e v e l  FWHM o f  8 MHz /8/ and t o  be pub l ished.  

I 1 1  - VELOCITY CHANGING COLLISIONS - Neon 

The r e s u l t s  o f  prev ious paragraph f o r  t h e  metastab le  s t a t e  of Ca were p o s s i b l e  thanks 
t o  t h e  smal l  c o l l i s i o n a l  c ross sect ions.  I t should be noted t h a t  i n  general  t h e  impor- 
tance o f  v e l o c i t y  changing c o l l i s i o n s  i s  d i f f i c u l t  t o  be s t a t e d  a p r i o r i  s imply  on t h e  
bas i s  o f  atomic mass and l e v e l s  l i f e t i m e s .  Fo r  i n s t a n c e , d i f f e r e n t l y  f rom Ca, i n  case 
o f  Cu t h e  e f f e c t  was a s t u a l l y  enhanced /2/ by t h e  r e l a t i v e l y  l ong  l i f e t i m e  o f  t h e  me- 
t a s t a b l e  lower  l e v e l  ( D ) .  The importance o f  t h e  lower  l e v e l  l i f e t i m e  can be e v i -  

3/2 

NEON 

IS: 2.3 GHt IS: 1.7 GHz 

F ig .  3 - Ooppler - f ree in termodula  
t e d  reco rd ings  o f  n a t u r a l  Neon 
t r a n s i t i o n s  i n v o l v i n g  ( lower  two) 
o r  n o t  (upper two) metastab le  
l e v e l s .  The values o f  t h e  20 - 22 
i s o t o p i c  s h i f t s  have a l s o  been 

1s5(2)-24(1) repor ted.  

IS: 1.6 GHz IS: 1.7 GHz 

denced by per forming measurements on t h e  same element, w i t h  s i m i l a r  pressure and 
d ischarge cond i t i ons ,  b u t  choosing t r a n s i t i o n s  i n v o l v i n g  l e v e l s  w i t h  d i f f e r e n t  l i f e -  
t imes.Typica1 r e s u l t s  a re  shown i n  F jg .  3 f o r  Ne. The v e l o c i t y  changing c o l l i s i o n s  



background i s  s i g n i f i c a n t l y  more pronounced f o r  t r a n s i t i o n s  s t a r t i n g  from metastable 
leve ls .  The values o f  gas pressure were .55, 1.2, .65, and .60 Torr  going from l e f t  t o  
r i g h t  and up t o  down i n  the  Figure. I t i s  worth no t ing  the  b e t t e r  doppler- f ree doppler 
broadened s ignals  r a t i o  f o r  t h e  t r a n s i t i o n  a t  607.4 nm i n  s p i t e  o f  a pressure value 
which was about tw ice  t h e  one used f o r  the  t r a n s i t i o n s  s t a r t i n g  from metastable leve ls .  

The atomic mass by i t s e l f  seems t o  be less  important i n  a f f e c t i n g  v e l o c i t y  changing 
c o l l i s i o n s .  That w i l l  be i l l u s t r a t e d  us ing the heavy Uranium atom. U was sputtered i n  
the  Ne gas discharge as described i n  f i r s t  paragraph. A sample w i t h  235 isotope en- 
r i ched  t o  6% was used f o r  the measurements shown i n  F ig .  4.Doppler broadened record- 

U 

A = 5915.4 A 
238 235 

0 5 10 GHz 

1.2 torr Ne 
55 mA 

1 1  C )  
a) b) 

3 6 9 12 GHz 
I I I I I 

F ig .  4 - Doppler l i m i t e d  
optogalvanic r e c o ~ d i n g s  w i t h  
a U sample enriched t o  6% o f  
235 isotope.The t o t a l  metal 
amount used i n  the  hol low 
cathode was about .8 grams. 
a) X I ;  b )  X3; c )  X18. 

ings  obtained w i t h  about 50 mW o f  l a s e r  power are reported. From t h e  Doppler widths 
i t  i s  obtained a k i n e t i c  temperature o f  760°~, a l i t t l e  higher than f o r  Cu but  s t i l l  
low enough t o  a l low a f i r s t  p a r t i a l  r e s o l u t i o n  o f  the  hyper f ine s t ruc tu re .  The obser- 
ved envelope o f  the  s h i f t  and hyper f ine components o f  the  235 isotope i s  consis tent  
w i t h  data ava i lab le  i n  l i t e r a t u r e  and schematical ly shown i n  the  i n s e r t  o f  F ig .  4. 
A complete r e s o l u t i o n  o f  the  hyper f ine s t ruc tu re  could be obtained by intermodulated 
optogalvanic spectroscopy / t o  be published/. I n  t h i s  case the  s ignal  t o  no ise r a t i o  
and r e s o l u t i o n  were comparable t o  those o f  previous pho to ion iza t ion  measurements on 
an atomic beam /10/. On the  con t ra ry  the  r e l a t i v e  i n t e n s i t y  o f  the  i n d i v i d u a l  compo- 
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Fig.  5  - Doppler-free record ing 
o f  the  591.5 nm t r a n s i t i o n  i n  
23aU 

nents was n o t  i n  agreement w i t h  the  t h e o r e t i c a l  r e l a t i v e  strengths, conf i rming t h a t  
caut ion must be used i n  the  q u a n t i t a t i v e  analys is  o f  the  i n t e n s i t y  o f  l i n e s  detected 
by means o f  optogalvanic spectroscopy. 
An intermodulated optogalvanic record ing o f  the  isotope 238 i s  shown i n  7ig.5. The 
laser  beam (70 mW) was s p l i t t e d  i n t o  two counterpropagating beams o f  near l y  the  same 
i n t e n s i t y .  The h igh  D o ~ p l e r  background confirms the  considerat ion o f  previous paragr- 
aph t h a t  t h a t  the atomic mass by i t s e l f  i s  no t  determinant i n  reducing t h e  e f f e c t  o f  
v e l o c i t y  changing c o l l i s i o n s  ( t h e  t r a n s i t i o n  s t a r t s  from the  ground l e v e l  ) . 
O f  course one o f  t h e  advantages o f  hol low cathode optogalvanic technique i s  t h a t  the 
inves t iga t ions  can be extended t o  l e v e l s  o f  r e f r a c t o r y  elements other  than the ground 
one.?or instance i n  F ig .  6  i t  i s  shown a compared q u a n t i t a t i v e  analys is  o f  optogalva- 
n i c  s igna ls  f o r  two U t r a n s i t j o n s  s t a r t i n g  from t h e  ground s t a t e  (439.4 nm) and from 
the metastable one a t  620 cm (435.6 nm). Measurements were performed a t  constant 
laser  i n t e n s i t y  (about 150 mW) as a f u n c t i o n  o f  the  discharge current .  Signals inc re -  
ase almost l i n e a r l y  up t o  a constant value. This value i s  reached a t  lower cu r ren t  
i n t e n s i t i e s  f o r  the  ground s t a t e  t r a n s i t i o n ,  but  the  f i n a l  s ignal  i n t e n s i t i e s  are a l -  
most comparable. 
Another e f f e c t  which can be used t o  enhance an optogalvanic s igna l  i s  the  nonl inear  
Hanle e f f e c t  /11/ which i s  caused by t h e  d i f f e r e n t  sa tu ra t ion  o f  an atomic t r a n s i t i o n  
when an external  magnetic f i e l d  removes the M sublevels degeneracy. Increases of the  
optogalvanic s ignal  h igher  than 10% are f o r  instance shown i n  Fig. 7  f o r  the  U t r a n -  
s i t i o n  a t  591.5 nm. I n  t h a t  case the  hol low cathode discharge was operated i n  presen- 
ce o f  a  magnetic f i e l d  p a r a l l e l  t o  t h e  cu r ren t  and t o  t h e  l a s e r  beam and orthbqonal 
t o  the l i n e a r  p o l a r i z a t i o n  o f  t h e  l a t t e r .  Dashed( curve r e f e r  t o  a poss ib le   it-to a 
Lorentz ian f o r  the  low magnetic f i e l d  po ints ,  which can lead  t o  an evaluat ion o f  the  
sa tu ra t ion  o f  the t r a n s i t i o n  /8,1 l/. 



2ig.  6 - Comparison o f  d i f f e r e n t  
t r a n s i t i o n s  s ignals  from U sput- 
te red  i n  the  hol low cathode. 
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V - OPTOGALVANIC DOUBLE RESONANCE 
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Opt ica l  - o p t i c a l  double resonance optogalvanic de tec t ion  had been proposed /12/ as a  
method f o r  s t a t e  se lec t i ve  spectroscopy i n  plasnas. The e f f i c i e n c y  o f  the  technique i n  
g e t t i n g  simpler complex molecular spectra was r e c e n t l y  demonstrated /13/. The technique 
can be used t o  determine a  common intermediate energy l e v e l  bu t  can a lso lead t o  i n t e -  
r e s t i n g  in format ion concerning energy t r a n s f e r  processes i n  atoms o r  molecules when 
the two t r a n s i t i o n s  are coupled v i a  c o l l i s i o n s .  For instance t h i s  p o s s i b i l i t y  was ex- 
per imenta l ly  evidenced i n  / l 4 1  . It i s  worth no t ing  t h a t  both i n  / l 3 1  and /14/ Doppler 
f r e e  s ignals  were no t  reported. On the contrary  t h a t  i s  an important fea tu re  t o  be 
invest igated,  i n  p a r t i c u l a r  f o r  a  study o f  the mechanism o f  epergy t rans fe r .  i o r  
instance the  recent  d i r e c t  observat ion o f  heat ing o f  the  discharge obtained combining 
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F ig .  8 - Experimental demonstration o f  o p t i c a l  - o p t i c a l  double resonance Ooppler- 
f r e e  optogalvanic spectroscopy i n  Ne. The two l a s e r  beams i n t e n s i t y  was about 100 
mW and the gas pressure 1 Torr .  

optoacoust ic and optogalvanic detect ions /15/ opens the quest ion i f  energy t rans fe rs  
are caused by simple atom-atom c o l l i s i o n s  o r  i f  there  i s  an important in termediate 
r o l e  p l a i e d  by the e lect rons.  O f  course the two e f f e c t s  can be d isc r im ina ted  s ince 
t h e  f i r s t  can lead t o  Doppler-free observations. 
We repor t  here the  experimental observat ion o f  Doppler-free optogalvanic double reso- 
nance spectroscopy. Two counter-propagating s i n g l e  mode laser  beams were f e d  i n t o  the  
hol low cathode discharge, each tuned on one Ne t r a n s i t i o n  and amplitude modulated a t  
a d i f f e r e n t  acoust ic frequency. The optogalvanic s ignal  was detected a t  a frequency 
sum o f  the  two. As shov~n i n  F i g  8, t h e  wavelength o f  one o f  t h e  lasers  was f i x e d  and 
the  s ignal  was recorded by scanning the  wavelength o f  the  other. The homogeneously 



broadened signal is well evident over the large background caused by velocity 
changing collisions. Note that the common level shared by the two transitions is me- 
tastable, as shown also in Fig. 3. Different atomic velocity groups can be selected 
by changing the wavelength of the fixed laser within the Doppler profile. We think 
that the good signal to noise ratio observed opens the possibility of investigating 
velocity changing or not collisions in energy transfers in plasnas. 

In conclusion the results illustrated in the present paper show that high resolution 
laser spectroscopy of refractory and volatile atoms can be successfully performed 
using the simple hollow cathode developed. 

The author wishes to thank the colleagues and friends of the University of Pisa who 
have made possible the progress here described: F.Strumia, B.Barbieri , N.Beverini , 
G.Bionducci and M.Gal l i . 
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