
' ) ~ t  is easy to  show that this is  due to the fact that COz has no 
absorption lines in the Q branches. 

4)~lectro-ionization CO and CO, lasers of high pressure (-10 
atm) can be  continuously tuned within a sufficiently wide 
range.I3 The driving laser can therefore be a CO laser of 
higher pressure than an amplifier tuned to vz 1930.2 cm". 

5 ' ~ e  use as measure of the duration of the output pulse its 
duration at  a level r = 1/3 of I,,,, since the energy of the out- 
put pulse i s  concentrated in the base of the pulse (see Fig. 1). 

 he maximum intensity of the input pulses that a r e  effectively 
amplified as  a result of the one-photon process, can be easi- 
ly estimated from the known formulas for the gain of a short 
pulse?' Its value for a CO laser a t  Tp- sec i s  lo5- lo6 
w/cm2. 
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Radiative collisions of atoms with excitation transfer at 
low resonance defects 

D. S. Bakaev and Yu. A. Vdovin 
Moscow Engineering Physics Institute 
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The effective cross section for the transfer of excitation from atom to atom in an external electromagnetic 
field with absorption and emission of a photon is calculated for small resonance defects. The radiative- 
collision line contour is determined in the strong- and weak-field approximations. It is shown that allowance 
for the angular dependence of the dipole-dipole interaction of the atoms affects significantly the line contour 
near resonance. 

PACS numbers: 34.10. + x 

Atomic col l is ions accompanied by emiss ion  or  ab- T h e s e  col l is ions were f i r s t  investigated theoret ical ly  
sorpt ion of a photon (radiative collisions) are being in- f o r  the resonant  case by Gudzenko and Yakovlenko2 and 
tensively investigated both theoret ical ly  and experimen- in  later s tud ies .  3-8 Ostroukhov, Smirnov,  and Shlyap- 
tal (see Yakovlenko's review'). We consider  in  th i s  nikovg have considered the  situation when the detuning 
paper  radiative col l is ions with excitation t r a n s f e r  f r o m  resonance  is l a r g e  enough and calculation of t h e  

B'(2)+A(l)+h~tB(l)+A'(2) cross sec t ion  ca l l s  f o r  knowledge of the  quasimolecular  

i n  a n  external electromagnet ic  field, when the  photon 
t e r m s  of the  atomic s y s t e m .  Excitation t r a n s f e r  in  a 

energy tiw is close to the energy difference m, between 
the  initial and f inal  states of the  atomic s y s t e m s  (see 
Fig.  1): 

+ E : ~ ) - E : * ) - E : ~ )  -E::) =A@,. (1 flu i lfiu, 

A resonant  s i tuat ion i s  produced here  (the resonance , 1 ,  I Jj---c' FIG. 1. Level scheme of 
defect  is smal l )  and one can expect relatively l a r g e  ef- Ez atomic system. 

fect ive c r o s s  sect ions if the electronlagnet ic  field is 
s t rong  enough. The  recent  advent of high-power tun- 
able lasers has  s t imulated to  a considerable  degree  the  t;"'- - E?) 
in te res t  in  these  p r o c e s s e s .  6 A 
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resonant field from strontium to calcium atoms was ex- 
perimentally observed in Refs . 10 and 11, and from 
europium to strontium atoms in Ref. 12. 

The operator of the interaction of the atoms with one 
another and with an external electromagnetic field of 
strength E and of frequency w is  given by 

~ ( t )  =[ (d,dz)RZ-3(dtR) (daR) IIR" (d,+dz)E, (2) 
where d, and d, a re  the dipole-moment operators of the 
colliding atoms B and A, respectively; R2 = v 2 f  + p2; v 
is the relative velocity of the atoms, and p is the impact 
parameter. The atom motion can be regarded a s  along 
a straight line with constant relative velocity. 

We denote by 4 and a, the amplitudes of the states 
corresponding respectively to excited atom B and unex- 
cited A on the one hand, and to unexcited atom B and 
excited A, on the other. The equations for the ampli- 
tudes a r e  of the form 

ic i l=Vlal+Va2e"w-~' ,  

iciz=V2al+ Va,e-""-"." (3 

with initial conditions 4 ( -  m )  = 1 and a,(- m) = 0, where 
w - w, is  the resonance defect; 

V,=Cl/R'+BIE,a, V,=C2/RB+B2E,1, 

V=BE,IR3 
are  the matrix elements of the interaction operator, 
taken in second-order perturbation theory, and E, i s  
the field amplitude. It is  assumed that the excited state 
of the atom B i s  connected with i t s  ground state by an 
allowed dipole transition. 

The general expressions for the coefficients C and B 
were obtained in Ref. 2 .  It must be noted, however, 
that the coefficient B, and hence the transition proba- 
bilities, becomes appreciable if the initially unexcited 
atom has an intermediate level connected with the 
ground state by a dipole'transition, the frequency of 
transition to which i s  close to the transition frequency 
of the atom B. Denoting the energy of the intermediate 
state by EiA', we have (see Fig. 1) 

E , ( * ' - E : ~ ' ~ E : : '  =E:,B' +a, 

where 6 << E::'. This is  precisely the situation realized 
in the experiment .12 In this case the principal role i s  
played by transitions through this intermediate level, 
and approximately we have 

Here (d':'),,,n((d:2'),n) stands for  the matrix elements of 
the i-th projection of the dipole moment of the atom B 
(A)  taken between the states m and n. The summation 
is over all the states corresponding to the intermediate 
level with energy EAA'. The index E denotes the com- 
ponent directed along the field E,.  

The expression for B is valid under the condition that 
6 i s  small compared with the atomic frequencies of the 
transitions, but i s  at the same time large compared 
with the resonance defect. For  the system (3) to be 
valid it is also necessary that 6 be large compared with 
the effective values of V,, V, and V. We note that the 
resonant situation i s  realized also under the condition 

A consistent allowance for the possible level degeneracy 
in the system (3) i s  a rather complicated matter. Ne- 
glect of this degeneracy, however, replacement of the 
matrix elements V,, V,, V by their values averaged over 
the angles, a s  was done for example in Refs. 2-7, ob- 
scures some singularities of the line contour of the 
radiative collisions near resonance. We shall there- 
fore take into account the level degeneracy quasiclassi- 
cally,13 replacing the matrix element of the dipole-mo- 
ment operator of the atom B by the classical vector 

(d:") 12-+d~:'n/(2j+l)'h, (5 
where d ::' i s  the modulus of the reduced matrix element 
of dipole-moment operator of the atom B for the transi- 
tion under consideration, j is the angular momentum of 
the excited state,  and n is a unit vector in the direction 
of the dipole moment of the atom, with subsequent aver- 
aging of the final expressions over the directions of the 
vector n.  For  the atom A, the selection rules for the 
transition between the ground and excited state in the 
case of L-S coupling yield 

For  a 0- 0 transition, both atomic states a re  degen- 
era te .  However, if the initial o r  final state (or both) 
of the atom A a re  degenerate, then this degeneracy is 
taken into account in analogy with (5), followed by av- 
eraging of the obtained expressions. This procedure 
i s  valid for  transitions between states with large intrin- 
s i c  angular momenta j ,  when the arising corrections 
a re  of the order of l/j. In the general case, the nu- 
merical factors obtained in this approach a re  correct 
only in order of magnitude. Nonetheless, the line-con- 
tour fine structure revealed in this manner seems to be 
general in character and is not connected with the indi- 
cated simplifications. In particular, such a structure 
was revealed also in our earlier paper,' where the de- 
generacy in the atom was lifted by a magnetic field. 

Our task is to calculate the effective cross section of 
the excitation transfer a s  a function of the frequency of 
the electromagnetic field: 

where the angle brackets denote averaging over the di- 
rections of the dipole-moment vector of the atom B (and 
of the atom A in the case of a transition between degen- 
erate states),  a s  well a s  over the orientations of the 
collision plane relative to the electromagnetic field po- 
larization vector. The effective cross section a must 
also be averaged over the Maxwellian velocity distribu- 
tion. We solve the system (3) in the weak- and strong- 
field approximations . ' 

1. STRONG-FIELD APPROXIMATION 

This approximation means that over the effective dis- 
tances the diagonal matrix elements c, /~'% = 1,2)  a re  
small compared with V and can therefore be left out. 
As seen from the result (lo), (11) (see below), we have 
in order of magnitude 
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Consequently the inequality C, /R6  << V(i = 1 ,2)  is satis- 
fied under the condition 

EoB ( U ~ C , ' ) ' ~ ~ !  I B, I. (7) 
With this inequality taken into account, the system (3) 
takes the form 

iS,=Vel""'b,, i62=Ve-iA*ib,, (8) 
b , ( -m)  =l, b r ( - W )  =0, 

where 

b,( t )  =a,(t) csp(iBkEo't),  k= ( I ,  2), 

Ao=o-o0+ t io2 (B , -B , ) ,  
(9) 

Aw is the resonance defect with account taken of the 
term shift due to the dynamic Stark effect. 

We assume f i rs t  that a transition between states with 
zero angular momentum takes place f i rs t  in the atom A 
(0- 0 transition). In this case the angular momentum 
of the intermediate level i s  equal to unity, and from 
among the three intermediate states only the state with 
m = 0 contributes to B [see (4)]. The expression for  V 
is then 

v - =  " [ e -  3 (Rn) Rz ( R e )  I F ,  B,E, 
R3 

where 

B0=d~:'d,':'d::'/6h6(2j+1)'", 

4:) and $f) are  the reduced matrix elements of the di- 
pole-moment of the atom A for the transition between 
the considered states (see, e - g . ,  Ref. 14); e is the unit 
vector of the electromagnetic-field polarization. The 
final expressions must be averaged both over the direc- 
tions of the vector n and over the directions of e (aver- 
aging over the orientations of the colllsion plane rela- 
tive to the direction of the field polarization). The sys- 
tem (8) with the interaction operator (10) i s  equivalent 
to the system considered in Ref. 13 with another inter- 
action constant. At small resonance defects Aw, using 
the results of Ref. 13, we have - 

where A =  2 ( ~ , ~ , ) ' / ~ 1  AW I /nv3I2 i s  a dimensionless 
smallness parameter. Expression (1) i s  valid a t  A<< 1. 
At h = 0 we have exact resonance. 

Assume now that the transition in atom A is between 
degenerate states.  Replacing the matrix elements of 
the dipole-moment operator of the atom A in accord 
with (5), we have 

11' 
(1 2) 

where 

~ , ' = d ~ , " d ~ ~ ' d ~ ~ ' / 2 ( 2 j ~ + 1 ) f i d ( 2 j , + l ) " ' ;  

n, and n, are  unit vectors pertaining to atoms B and A, 
respectively, and a re  defined in (5). 

The system (8) with interaction operator (12) can also 
be investigated on the basis of the procedure developed 
in Ref. 13. It must be borne in mind that the operator 
V contains now an additional factor (n,.e), and the ex- 
pression for the effective cross section should be av- 
eraged also over the direction of the vector e .  Using 
the results of Ref. 13 and averaging additionally over 

FIG. 2. Radiative-collision line shape in the strong-field a p  
proximation. Solid curve-the function f (A), dashed-the function 
c p i ( ~ ) .  

the directions of the vector e, we obtain 

where A' = 2(Bi E,) I Aw 1 /nv3I2 and the condition A'<< 1 
must be satisfied. 

Equation (13) has exactly the same structure a s  ( l l ) ,  
and differs only in the numerical coefficients. The f re-  
quency dependence of the cross  sections (11) and (13) 
determines the line shape of the radiative transition 
near resonance. It is shown for the transition 0 - 0 in 
Fig. 2, where f ( ~ )  denotes the function u(~)/u(O). It is . 
seen that in this approximation the line shape is sym- 
metrical about the resonance shifted by the Stark effect 
[see (9)]. A characteristic feature of the function f(A) 
is that there is no maximum a t  A = O .  This line shape 
is due to the form of the interaction operator V and to 
its angular dependence. If we use in lieu of the opera- 
tor V i ts  angle-averaged value, i . e . ,  a scalar operator 
in the form C/R3, where C is a constant (the quadratic 
combination a re  naturally averaged out), then the ef- 
fective cross  section has a maximum a t  A =  0. If the 
intrinsic angular momenta of the considered levels a r e  
not large, then the use of the quasiclassical transfor- 
mation (5) introduces e r r o r s  in the numerical values of 
the constants in the expressions for the effective cross  
sections (11) and (131, but the common structure of 
these expressions i s  apparently preserved. This is in- 
dicated, in particular, by the agreement between ex- 
pressions (11) and (131, a s  well a s  by the fact that in 
Ref. 8 ,  where the quasiclassical transformation (5) was 
not used, an expression was obtained for  the effective 
cross section of the radiative transition in a form simi- 
l a r  to (11) and (13). 

The effective cross sections (11) and (13) depend on 
the relative velocity v of the atoms. If the excitation- 
transfer process i s  observed in a gas phase a t  thermal 
equilibrium, then the effective cross  section (11) o r  
(13), o r  more accurately the quantities uv that deter- 
mine the level population, must be averaged over the 
Maxwellian distribution. Such an averaging, however, 
cannot be carried out consistently, since expressions 
(11) and (13) a re  valid only at A << 1 ,  and the parameter 
A itself depends on the relative velocity. If, however, 
the value of A corresponding to the maximum of the 
Maxwellian distribution function i s  small ,  then such an 
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averaging can be carried out approximately, recogniz- 
ing that the effective cross  section must decrease rap- 
idly with increasing resonance effect, i .  e .  , a t  A > 1 . 
Therefore, assuming approximately that expressions 
(11)and ( 1 3 ) a r e v a l i d u p t o ~ - 1  a n d t h a t o = O a t  A > l ,  
we obtain for the 0- 0 transition 

where 

and for a transition between degenerate states we have 

where 

u= (2k~/M)'/', M is the reduced mass of the atoms, 
and T is the te'mperature of the system. Expressions 
(14) and (15) a r e  valid a t  p<< 1. Thus, radiative exci- 
tation transfer line shape averaged over the Maxwellian 
distribution, the function (p1(d, is  shown in Fig. 2 
dashed. As already noted earlier (see Ref. 2), the 
radiative-transition cross section is proportional in the 
strong-field approximation to the amplitude Eo of the 
field, rather than to i ts  strength. 

2. WEAK-FIELD APPROXIMATION 

In the weak-field case, when an inequality inverse to 
(7) is satisfied, the system (3) can be solved by pertur- 
bation theory, assuming V to be small. We then obtain 
for the transition probability 

where x(t) = (C, - C,)/R6. We confine ourselves in this 
case to the 0- 0 transition. ~ ( t )  is  then defined by ex- 
pression (10). Replacing in the general expression for  
the difference C, - C, (Ref. 2) the true matrix elements 
of the dipole-moment operator by their quasiclassical 
expression (5) and summing over intermediate states of 
the atom A that differ in the value of the magnetic quan- 
tum number, we obtain 

where 

c,=-ld::' d::' IY3(2j+l)Ab. 
- -- 

After substituting (16) in (6) and averaging over the 
directions of the vector e,  numerical integration yielded 
the effective cross section o a s  a function of the fre- 
quency w . 

To determine the singularities of the behavior of the 
cross section near resonance, we expand expression 
(161, assuming Aw to be small. We retain the quanti- 
ties that can contribute to the transition probability 
terms proportional to AW,: 

laz(-, Am) ,2-la2(-,  Am-0) I%=-Am f d t , j d t ~ V l ~ z ~ t , - t l ~  
- w  -- 

- - 
x sin ( j x ( t ' ) d t l )  t, + j dll  dt2VtV2ain(Aot,)sin(Aotz)cos (j %(t)dt) 

-ts -- I, 

- 1 I 

+2  dtV [cos ( (t) dt) 8-+ con ( j (i) dt ) o,] , 

where 

We substitute in expression (6) for the cross section 
the quantity ( 4 ( ~ ,  AU) 1 '  from (18) and average over the 
direction of the electric-field vector e relative to the 
collision plane. Using the smallness of the resonance 
defect Aw, we integrate with respect to the impact pa- 
rameter p and obtain an expression for the excitation- 
transfer cross section in the form 

where 

h=i-:i(R,n)'-3(R?n)L+n(R,n) (R2n) (R,R,) ,  

q=1 -3(Rn)Z-3r~,Z+9(R~i)  EII.~, 

x=r~,,z-n,?-3(R~i) [ r 1 , , ( 1 - ~ ? ) ' : - n , ~ ] ,  

T=~,N,,-l .:(Rn) [ I ? , ( !  -Z3)".+n,,g], 

R,=:, R,=(l-by)"'.  

The vectors R, and R, lie in the same plane x y .  AV- 
eraging over the directions of the vector n is  designated 
by the angle brackets. As before, A denotes the small 
parameter of the problem. In the weak-field approxi- 
mation we have A =  Awp,/v, where p, = (c$v)'I5, po 
= ( E ~ B ~ / ~ ) ' / ~ .  The function G ( ( , ,  5,) is of the form 

G ( L .  Z,) =G(E2)-G(L) ,  
G ( 5 )  =0.5 (11,'-n,') ( I-:') / . -t0.25 (1+0.5n12+2.5nyZ) 

~ ( ~ ( l - ~ ~ ) " ~ + l . ~ j ( i - - ~ ) ' ~ ~ + I . 5  ar~t~[f/(l-;')'~]}-n.n,(l-~~) '. 
The integrals in (19) were calculated with a computer. 
The final effective cross section u(A) i s  given by 

o(h) = ~ . ~ E , z B , ' c ~ " ~ - ' ~ ~ { ~ - s ~ ~ ~ ( c ~ ) ~ ~ o . I I - ~ ~ [ o . ~ ~  ln(l?,l) +0.62]}, 

(20) 
where I A I<< 1. A characteristic feature of this cross 
section i s  that even near resonance it is no longer sym- 
metric, and its maximum is shifted in a direction de- 
termined by the sign of C,, namely towards the less 
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FIG. 3. Radiative-collision line shape in the weak-field a p  
proximation. Solid curve-the function fh), dashed-the func- 
tion pb). points-experimental. 

s t e e p  (power-law) d e c r e a s e  at la rge  I A I  . The  shif t  of 
the maximum of t h e  cross sect ion and the a s y m m e t r y  
of the line shape are due to van d e r  Waals  interaction 
of the a toms .  We note that  a similar contour-asymme- 
t r y  effect near resonance takes place also in the usual  
theory of impact  broadening of s p e c t r a l  l ines  .I5 

The  l ine shape  of the  radiat ive t ransi t ion is d e t e r -  
mined by the function AX)  = o(~)/a(O).  T h i s  function is 
shown graphically in Fig.  3 at C, > 0. At s m a l l  1 A 1 it 
is determined by (20), and at l a r g e  I X I  it is obtained by 
numer ica l  integration. The  l ine shape of the  radiat ive 
collision, a f t e r  averaging o v e r  the  Maxwellian d i s t r i -  
bution, will be charac te r ized  by the function cp(d =(ov)/ 
(u(0)u). At 14 c< 1 th is  function takes  the f o r m  

The  function cp(d is shown in F ig .  3 by the  dashed line. 

In the  experiments  of Refs .  10 and 11 (see  also Ref. 
7) they investigated the  excitation t r a n s f e r  f r o m  s t ron-  
t ium to calcium atoms:  

Sr(5plpo) +Ca (4s' Is) +Am (4977 A) +Sr(5sz Is) +Ca (4p1 Is). 

Thus,  the t ransi t ion 0- 0 is real ized f o r  the calcium 
atoms. For th i s  t ransi t ion,  according to the es t imates  
of Ref. 7 ,  C 6 = 4 . 2 -  lo7 cm-I- As (our definition of the 
constants d i f fe r s  in  s ign f r o m  that used in Ref. 7). At  
a n  i r radiat ion intensity on the o r d e r  of 5 X lo6 W/cm2, 
used in the experiment ,  and at a tempera ture  300 K, a n  
inequality inverse  to (7) is certainly sat isf ied,  i. e. , 
the  weak field approximation is valid. The correspond- 
ing experimental  d a t a  are marked  in F ig .  3 as functions 
of the  dimensionless  p a r a m e t e r  A .  In the calculation of 
the p a r a m e t e r  A we  used the constant  C, indicated 

above. It is s e e n  that  t h e  calculated curve  accounts  
well f o r  t h e  rapidly decreas ing  (exponential) l ine wing. 
T h e  observed  shif t  of the  maximum is de te rmined  by  
express ion  (21). Since the dynamic S ta rk  effect is neg- 
ligibly s m a l l  at the electromagnet ic  field intensity used 
i n  the exper iment  (the shif t  is of the o r d e r  of lo-" cm-I), 
the  observed shif t  is due  en t i re ly  to the  interact ion of 
the  atoms. T h e  exper imenta l  d a t a  show also a d e c r e a s e  
f a s t e r  than calculated i n  the slowly decreas ing  (power- 
law) l ine  wing. T h i s  is apparent ly due  to the  need f o r  
taking into account, f o r  this  f requency region,  a m o r e  
realistic f o r m  of the interact ion potential of the atoms, 
i .e.,  ref inement  of the employed long-range p a r t  of the 
potential,  which plays t h e  pr incipal  role i n  t h e  region 
of the maximum of the cross sect ion.  

Experiment12 revealed excitation t r a n s f e r  f r o m  euro-  
pium a t o m s  (s tates  'P ,,,, to s t ron t ium a t o m s  
( t ransi t ion 'So- ID,). T h e  i r rad ia t ion  intensity w a s  10' 
W/cm2, and the t e m p e r a t u r e  was 1200 K, so that the  
weak-field approximation w a s  again sat isf ied in th i s  
case. T h e  experimental ly  observed  l ine also took the 
f o r m  of a n  a s y m m e t r i c  curve.  In  a c c o r d  with (21), the  
s ign  of shif t  of the maximum and the c h a r a c t e r  of the 
a s y m m e t r y  are determined by the s ign  of C, (by the 
s ign  of 6). 
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