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SPECTROSCOPY LETTERS, 8(9), 697-709 (1975) 

PROSPECTS OF DYE LASER A2PLICATIONS TO THB SELECTIVE 
USBB PHOrnPHYSICS. 

V. S . Le tokhov 

( I n s t i t u t e  Of Spectrosoopy, Aoadew Of Soienaes USSR, 

M o s o w ,  Podolekii rayony Aoademgorodok, 142092, USSR) 

ABSZRACT 

Applications of tunable dye laseme in the prooess of 

se lec t ive  atomio ion iza t ion  haoe been considered for t he  

purpose of laser Isotope separat ion and Substance purifica- 

tion. 

IHTBOWC~IOH. Gemration O f  mOnOCbrOImflC r a d i a t i o n  8t 

any given frequency i n  visible end UV range is the most 

valuable feature of dye lasers ,  that makes them a n  extremely 

e f f i o i e n t  instrument f o r  se lec t ive  a o t i o n  on a subetanoe by 

laser radiat ion,  Select ive ao t ion  meam a a r leo t ive  exoita- 

t l o n  of atoms (moleoulee) of a par t iou lar  sort which with 

the use of subsequent photopbyeloel and phstoohemioel proces- 

ses makes it possible t o  separate atoms (moleoules) of the 

selected s o r t  from a mixture. The tern na sort of atomn meam 

that any atom has a c e r t a i n  atomio numb-, a c e r t a i n  i so topic  

composition and, i n  pr inciple ,  a c e r t a i n  quantum s ta te  of 
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698 LETOKHOV 

i ts  nucleus. Such consecutive differences i n  atoms a r e  due 

t o  t h e  absolute difference i n  absorption spectra of a l l  

elements in the  periodic table ,  as well as t o  the  f a c t  t h a t  

atomic speotre have a d e a r l y  defined isotope s t r u c t u r e  and 

a hyperfine nuclear s t ruotare .  Thus, seleot ive a c t i o n  upon 

atoms by laser r a d i a t i o n  is i n  essence laser separat ion 

of chemical elements,isotopes and nuclear isomers. 

There may be a fairly great  number of potent ia l  me- 

thods and schemes of se lec t ive  a c t i o n  on atoms and molecules 

by laser r a d i a t i o n  in UV, v i s i b l e  and I R  range. These methods 

may employ both photopwsioal and photochemical pr inoiples  

(See reviews /', "). Dye laeers o s o i l l a t i n g  i n  v i s i b l e  and 

W range are best  sui ted i n  exc i ta t ion  of electronic  s t a t e s  

of atoms and molecules, that is t o  be applied in the selec- 

t i ve  electronio photophysics and photochemistry. In the  pre- 

sent paper consideration is given t e  prospects o f  t u m b l e  

dye l a s e r  appl ica t ion  t o  t h e  eeleot lve atomic photophysics, 

that is t o  ways of t h e i r  use i n  se lec t ive  ionizat ion of 

a t o m  by l a s e r  r a d i a t i o n  which is, apparently, t h e  most unl- 

rrreel method of se lec t ive  photophysics. 

The method of se lec t ive  atornio ion isa t ion  by l a s e r  

rad ia t ion  was first put forward and rea l ized  back i n  1971 on 

Rb-etoma 13/ and then presented in more d e t a i l  i n  work 14/. 
N o r ,  i n  view of the problem of l aeer  isotope separation 15', 
It is under r i d e  discussion. In m u r  opinion, the  potent la l i -  

t i e s  of t h e  method of se lec t ive  atomic ion ica t ion  a r e  beyond 

t h e  scope of the  problerP,The method is qui te  appropriate 

spec i f ica l ly  i n  separat ing atoms d i f fe ren t  elements t o  
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DYE LASER APPLICATIONS TO PHOTOPHYSICS 699 

obtain particularly pure substance8,and even i n  separating 

nuclear isomers t o  purify r ad ioac t ive  substances and se t t ing  

up an act ive medium for nuclear $-laser i6/. Dye lasers  

rill have, in our opinion, a dominant ro le  i n  real iz ing a l l  

these rays in practice. 

SELECTIVE A?COmC EXCITATZO& Selective excitation is 

the first step i n  any process for select ive action by laser  

radiation on atone of a particular sor t .  Let's c lass i fy  

tuning, power end monochromatic requirements for laser  ra- 

d b t i O %  

Fig. 1 shows energy dist r ibut ion of allowed t rans i t ions  

from the ground s t a t e  t o  the f i r s t  exoited one for 9 1  ele- 

ments, from H t o  dm. Over one-half elements (53) can be 

excited jus t  by dye laser  radiation in the completely deve- 

loped region from 12030 A t o  3500 A. Using the  radiat ion 

of the  second harmonic i n  the w e l l  studiod region down 

t o  2500 A we may excite 73 elements, t ha t  is 80% of  a l l  

elements. In the region under development a t  present, from 

2000 A t o  2500 A, thare  a r e  absorption l ine8 of three ele- 

ments only  (Be,Te,B) and, a t  l a s t , i n  the inaccessible region 

shorter than PO0 A there  a re  1 6  elements which a r e  l i s t e d  

i n  Fig.1. Thus, dye lasers a re  capable of excitation of a l l  

heavy elements, almost all middle-atoric-neight elements and 

unusable i n  excit ing some 10 light-weight elements. 

0 0 

0 

0 0 

0 

For the resonume t rans i t ion  1-2 from the ground s t a t e  

"1" t o  an excited one "2" t o  be saturated by continuous 

wave, that i s  f o r  almost one-half atoms t o  be kept excited 
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F i &  1. Xrurgy d i s t r i b u t i o n  of allowed a t o r i o  t r 8 n e l t i o m  

f o r  var lous elements (from H t o  Am) from t he  
p o a n d  t o  the f i r a t  exoited artate. 

steadily,  t h e  parer of t h e  exci t ing r a d i a t i o n  should 

comply with the  oondition: 

where hut i e  the energy of t rans i t ion ,  & 
croae-section of r a d i a t i v e  t rans i t ion ,  7 i e  the relaxa- 

t i o n  tine of exoited l e v e l  popul8tion. In oaae the relaxa- 

t i o n  time i a  determined only by r a d i a t i o n  deoay t o  the 

ground a ta te ,  L e .  T=Azf 
depend on t h e  l e v e l  l i f e  time: 

fiu, e y q = m ,  (1) 
I s  t h e  

-1 , t h e  sa tura t ion  power doeenlt 
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LASER APPLICATIONS TO PHOTOPHYSICS 70 1 

a typical  atomic t rans i t ion  with the energy E = 3 ev 
e 

the Doppaer width of absorption l i ne  AW ==3.10 W ,  

mturat ion power 9% 
For almoet one-half a t o m  t o  be excited by a radiat ion 

-6 

2 
10 w/cm , 

pulse with the duration T,," 7 
pulse energy density &@ (a/Cm2) should comply wi th  the 

it is necessary that the 

where fe is the  saturation energgo For t h i s  typioal ato- 

mlc t r a m i t i o n  wi th  'h 4, =loo8 sea the cross-section w i l l  be 
- t  

de = 3.U)'13 ca2 and the mtura t ion  energp 6 = 10-6J/Cn2, 

For eff ic ient  population o f  the exalted level pmer and 

energy values of the order of? 

within a narrow epootral band 4A = 3 m10-6Ao = loo2 b. 
and I$ should be attained 

0 

IONIZATION OP EXCITED ATOMS se leo t i re lg  exolted stoma 

n y  be photeionired by an additional radiat ion with the 

qruatun energy $3 >EL -fU, but  fk$ C . The 
wanted wavelength of radiat ion f a l l s a l so  i n  the region acoes- 

s i b l r  for  dye lasers. Fig. 2 ehows the d is t r iba t ioo  of the  

onergg eseentlal  t o  photoionise atone of verloas elements 

from the first excited s t a t e  providing t h i s  s t a t e  is connect- 

ed t o  the greund s t a t e  by a radiat ion transition. In the re- 

&Ion A < 2500 ;, which i a  inaccessible for dye lasers and 

the second harmonic of the i r  radiation, there  a r e  duet some 

elements, Since theee elements are not overlapped by those 

l i e t ed  in Big, 1 they may be photoionized by a laser  radla- 
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702 LETOKHOV 

0 1 2 3 4 5 6 7 8 9  
4 - & c ,  @V 

Pig. 2. Dis t r ibu t ion  of the  energy required t o  photoionise 

atoms of varioue elements (from If t o  A n )  f r o m  the 

first exoited etste. 

0 
t i o n  wi th  h > 2500 A provided the  inttarmediate l e v e l  ener- 

gy is oboeen properly. 
To photoionise each excited atom a t  a r a t e  competing 

wi th  the r a t e  of atomic re laxa t ion  t o  the  ground state it I s  

necessary that the porer of photoionicing r a d i a t i o n  
ahould oonply with the condition slmilar t o  (1): 

where di 
atom. Thus, the photoionization of a l l  excited atoms requi- 

res a power whioh exoeeds that of exci t ing  r a d i a t i o n  i n  the 

r a t i o  ( 2 & / d i  ) approximately. Since the  typioal  value of 

is the  photoionization oross-section of exoited 
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DYE LASER APPLICATIONS TO PHOTOPHYSICS 703 

di 2 value in the  Case should 

Bpke up l o 5  - 10 W/cm rh iah  i s  prac t ica l ly  inaccessible. 

The use of a n  intermediate metastable l e v e l  reduces require- 

ments on? 

because of t h e  shor t  time of atoms f l i g h t  through the  

l i g h t  beam l i m i t e d  in diameter. Therefore in any case of non- 

resonance photoionization of excited atoms q >  ?O W/cn2. 

Brcited atone may be i o n h e d  by a short  r a d i a t i o n  pulse 

an2 17/ the  4 
6 2 

but it is d i f f i c u l t  t o  a t t a i n  T> lo3 sec 

4 

synchronised with a shor t  exc i ta t ion  pulse and with i t 6  dura- 

t i o n  being below t h e  re laxa t ion  time 7 . In t h i s  case, ior  

t h e  main portion of excited atoms t o  be photoionised, t h e  

pulee energg density E. mwt obey t h e  condition: 

(5) cv $4 Ei > I f i  = - 
With kW, = 4 eV and dL =2-17cm2 t h e  wanted density of pal- 

Be en=; <. k 0.1 J/om2 i n  a time shorter  than 7. 
The use of autoionizat ion resonance8 is the  most d r a s t i c  

method for increasing the  photoionization moss-eection and 

for  reducing requirements on pcrer and energy of ionizing 

radiat ion.  To c i t e  an example, ic  the spectrum of/?/$! from 

t h e  excited s t a t e  3.s3p'c0 exie t  autoionizat ion resonances 

with 4 = 5.10-16cm2 la/. Autoionleation l e v e l s  similar t o  

these a r e  known in spectra of Cuy Ag, Zn, Cd, Hg and other  

atoms. When employing a n  autoionizat ion t r a n s i t i o n  wi th  i t s  

cross-section $. 
2 
decreases t o  10 w/cm . 

- 

3c ? c I " ~ c ~ *  and a n  intermediate l e v e l  with 

= 10-6sec, the  wanted power of ionizing rad ia t ion  
2 2 

The p o s s i b i l i t i e s  of ouch a resonance photoioniration 

w i l l  be widened,when ufiing autoionizat ion o f  d i s c r e t e  leve ls  
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704 LETOKHOV 

arising below the ion isa t ion  l i n i t  under external  e l e c t r i c  

field.  The e l e c t r i c  f i e l d  changes t h e  eleotronic  spectrum of 

atom 80 

t o  t h e  i o n i t a t i o n  linit f a l l  within the oontiauum and the 

r e s t  beoome autoionlzed. The probabili ty of t h e i r  ionination 

decay rieee rapidly wi th  increase in the  main quantum number. 

The optimum caete i a  when the second laeer rad ia t ion  exc i tes  

an a tom t o  a state wi th  the autoionisat ion r a t e  being higher 

than that of rad ia t ion  decay but autoionisat ion broadening 

l e s s  than the  Doppler l ine width of the internediate-euto- 

ionisation s t a t e  transition. I n  t h i e  case each excited atom 

w i l l  be ionized, the  crosa-seotions of such an ion iza t ion  

approaching that of reaonance t r a n s i t i o n  between d iecre te  

energy levels. In t h i s  optimum 0988 

10 - lo2  w/olp2, no matter what t h e  intermediate l e v e l  life- 

time 7 is.Phe caloulatlone made in work /'/ show that t h i e  

method can be rea l ized  In comparatively weak e l e c t r i c  fields 

(no more than 30 k!V/ca) whiob oauee no e l e o t r i c  breakdown in 

the  i r rad ia ted  atomic beam. 

that some l eve ls  of disore te  speotram next 

kw 
.$ + Aw, 4 ," 

Select ive a tonlc  ion ice t ion  with use of autoionisat ion 

e t a t e e  (epontansous o r  lnduoed by external e l e c t r i c  field) 

necess i ta tes  tunable radiation. And again dye so lu t ion  la- 

iers are best aui ted t o  t h i e  purpose. 

APPLICArPIOXS OF THX SELBCTIVE IOdTZATIOB HBTfIOD. 

Most e f f io ien t ly  and well choeen acheme of se lec t ive  atomic 

Photoionhat ion under the  a c t i o n  of two ( o r  more, in prin- 

c ip le )  laeer beam wi th  spec i f ica l ly  tuned frequencies makes 

poseible t h e  ionizat ion of eaoh atom in t h e  time 
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DYE LASER APPLICATIONS TO PHOTOPHYSICS 705 

= - lo” sec with the  r a d i a t i o n  power a t  each fre- 

R/oa2. When t h e  r a d i a t i o n  energy ie 2 quency being about 10 

completely spent on the atomic photoionisatiori with 

E i z  7-8 eV and the l i g h t  beam cross-eeotion o f  1 om2 t h i s  

oorresponds t o  about l / 2  gram-atom of a substame ioalmed 

eeleotirely per hour. Thus, a laboratory setup is oapable, 

in priaoiple ,  t o  eeparate about 1 t o n  of a substanoe In a 

year. Therefore the method of s e l e c t i v e  atomic i o n i s a t i o n  

in oorbination with tunable 10 -100 W output power dye la- 

sers tecnique mag be oonsidetred as a r a t h e r  e f f i c i e n t  me- 

thod of f i n e  separat ion of substancee a t  atomic level ,  1.8, 

laser atomic-molecular technologg of materials. 

The preparation of a substame in  the  otomia eseoue  

state i e  the  first Imperative s t e p  in t h i s  method, Moet 

elenente m u s t  be heated t o  r a t h e r  hi& temperatures in t h i s  

oase. It i s  possible  a l s o  t o  obtain atoms by decompoebg 

molecular compounds. I n  the both case8 we oan a o t  by laser 

r a d i a t i o n  on a condensed medium or molecular gas t o  ob ta in  

atoms. For ions t o  be brought out of the  s t o a i c  vapour,the 

use of a geometry, i n  which the atomic gas represents a 

beam of atoms, is more ratiorrpl. 

There are a t  l e a s t  t r o  promising l a rge  sca le  applica- 

t i o n s  of l a s e r  technology a t  atomic level: isotope separa- 

tion end substance pur i f lca t foa  (production of extremely pu- 

re materials). 

LASER ISOTOPE SEPARATIOB by t h e  se lec t ive  i o n h a t i o n  

method, suggested f o r  t h i s  purpooe back in work 13/, has been 

considered i n  many papers  /4,5*10’ and m u s t  be current ly  un- 
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706 LETOKHOV 

der extensive studies. Therefore we'll l i m i t  ourselves here 

t o  listing the  requirements on dye lasers placed by t h i s  

applioation. For t h i s  purpose i t  i e  necessary t o  hare avai l -  

able dye lasers a t  wavelengths ranging from 6000 t o  3000 1 
with t h e i r  bandwidth o f  no more than 0.01 f and with the 

same s t a b i l i t y  of o s c i l l a t i o n  wavelength. The following two 

regimes a r e  optinum: pulsed regime wi th  a high r e p e t i t i o n  

rate and CIA one. b d e r  the  puleed regime t h e  peak power must 

make up 10-10 W/cm with a r e p e t i t i o n  frequency of 10 -10 

Ht and a pulse durat ion of 

operation t h e  power must amount t o  10-100 W/cm2 .The t o t a l  

power of r a d i a t i o n  depends on t he  desired oapaoity of 8etup. 

TO produce about one ton of f inal  product per year it is 

necessary t o  have l a s e r s  with t h e  man porar of t h e  order 

o i  l o 2  w o r  more. 

3 2  5 4  

-10'' sec. Under the CW 

by t h e  s e l e c t i v e  ionieo- 

t i o n  method is  no d i f f e r e n t  from isotope separation in t h e  

pr inaiple  of operation but necessitates a higher ooeff ic ient  

of separat ion (enrichment) within one step,  over 10 , say. 

This is q u i t e  practioable,sinoe when atoms of different 

elements a r e  separated the re  I s  no resoname charge t r a n s f e r  

that l i m i t s  t he  s e l e o t i v i t g  of the isotope separat ion method. 

Suoh a method hes a number of subs t an t i a l  advantages against 

existing methods of substance p u r i f i a a t i o n  based on the 

hifference between s p e c i f i c  chemical snd physical properfiee 

of subs t ame  under p u r i f i c a t i o n  and impurities. 

3 

F i r s t l y ,  t he  method has a n  extremely high se l ec t iv i ty .  

The degree of pur i f i ca t ion ,  88 t h e  desired element is clean- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
2
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



DYE U S E R  APPLICATIONS TO PHOTOPHYSICS 70 7 

3 ed of aw inprrritg, is no l e s s  than 70 . This value depende 

on t ransfer  of charge a r i s i n g  when a n  ion of the  desired 

element comes i n t o  c o l l i s i o n  with a neut ra l  atom of the  

impurltg. I n  prinoiple,  by redwing the  atomic dellsltg in 

t h e  beam we m y  a t t a i n  a separation s e l e c t i v i t y  of about 

l o 6 ,  the  efficiency therewith drops respectively. Bor examp- 

le, should a commercial l a t e r i a l  w i th  Its p u r i t y  of lo” % 

is taken for pur i f ioa t ion  it may then be oleaned up t o  

by t h e  method of se lec t ive  atomic ionhat ion .  

Secondly, the method is very universal. Ally element 

(apart froe some those l i s t e d  i n  Fig.l) ,  no matter w h a t  i t s  

physical and chemiool propert ies  (temperatures of fusing, 

boiling, reac t iv i ty ,  etc. is) can be slelectively ionized by 

eelect ing f rcquemies  of tunable dye lasers. 

If there  is a substance t o  be cleaned of one or more 

speoified elements It is possible in t h i s  case t o  ionize 

select ively only impuri t ies  and t o  remove them from the  a to-  

mic beam o f  t h e  subst(Bnce. Under these conditions the effi-  

ciency aC t h e  method is naxirnum while expenditures of l i g h t  

energy are minimum. 

Thirdly, the  method i s  rather adaptable for d i r e c t  

producing substances in t h e  form of f i l m s  as well asthose 

of complex composition. The ion beam may be directed over 

the  surfaee of the  substratum t o  produce a pure f i b .  Inde- 

pendent se lec t ive  ion iza t ion  of two o r  three d i f fe ren t  ele- 

nente a t  a time in di f fe ren t  beams and col lec t ion  of t h e i r  

ions on the  same substratum seems t o  be feasible.  Thas,i t  
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708 LETOKHOV 

is possible t o  obtain films of oomplex atomio oompouade and 

t o  oontrol t he i r  oomposition by intensi ty  of ionio ourrents. 

The whole prooeee of aeleotive atomic ionioetioo, ion 

extraction from a beam and the l r  deposition on the eubstra- 

tnm may be aooompliehed in a high raouum, It doesn*t neoessi- 

tote a oontaot between the subatanoe under purlfloation and 

any reagent or material, exoept for  a eubstratum for whioh 

arrJr material without unwanted Impurities m a r  be urred. 

The development of dye laser8 of r i s i b l e  and UV range 

with tumble  and OOntrQllad frequenoy, wi th  a high mean po- 

w e r  and a long s s n i o e  t i ne  i o n  the  basie for euooeseful 

elaboration of  the  method. Laboratory experiments require 

arerage powere of 1-10 W, while pi lo t  indutriel setup rill 

oonaume 102-103 I. These w i l l  be CW or  pulsed laser8 with  a 

repe t i t ion  pulse r a t e  of about 10 kEs and over. 

So, dye tunable lasers hold muoh promiee f o r  developnent 
and elaboration of LIBIT teohnlquee of substanoe separation 

a t  atomic level.At the same t h e  the poten t ia l i t i ee  desoribed 

above w i l l  be p rao t ioa l ly  rcrolised oaly with the further 

adranoement of tunable dye laser8,their  average pow- being 

by 2-3 order6 higher than t h a t  aohicsred a t  perrent, 
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