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The shape of the nonlinear weak-wave absorption resonances in a gas in the presence of a strong field is 
considered for finite angles between the directions of propagation of the weak and strong waves. The 
possibility of using these resonances for scattered-light spectroscopy is discussed. 
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1. INTRODUCTION 

The methods of nonlinear spectroscopy allow us to 
obtain narrow resonances against a background of the 
relatively broad Doppler contour of the absorption line 
of atoms and molecules. At present these resonances 
are widely used to investigate the hyperfine structure 
of lines whose frequency coincides with a laser-transi­
tion frequency (see, for example, U-5]), 

In the present paper we propose to use a gas saturated 
by a resonance field as a spectral tool for investigating 
the spectra of scattered light. The essence of the meth­
od consists in the following. [6] A scattered-light sig­
nal Ip(w) is applied to a cell containing an absorbing 
gas simultaneously with, and at a small angle 8 to, a 
beam of laser radiation (of frequency Wl) that saturates 
the cell. The scattered light is excited by another 
laser of the same type, but of frequency w2 • The fre­
quency, Wl, of the laser illuminating the cell is tuned 
away from the frequency of the laser that causes the 
scattering within the limits of the Doppler line width 
t::.WD: I w2 - wll .;; t::.wD , The scattered-light frequency 
region I W - wll .;; y, where y is the homogeneous line 
width of the gas, is transmitted by the cell better than 
the remaining part of the spectrum. Therefore, by 
tuning the frequency wl away from the frequency of the 
scattering-inducing laser within the limits of the spec­
tral width, t::.w p, of the scattered light, we can plot the 
entire scattering spectrum. 

The intenSity, J [photons/cm 2-sec-sr], of the scat­
tered light that is transmitted through the curvette with 
the absorbing gas is equal to 

1 (c£lt)= S /p (ro)exp[ -k(ro)Lldw, (1) 

where L is the thickness of the curvette and k(w) is the 
absorption coefficient of the gas saturated by the laser 
field: 

k(ro) =a,(ro) [1_~2/(u)-ro,) 1. (2) 

Here a/(w) is the Doppler contour of the linear absorp­
tion of the gas, f/1(w - Wl) describes the effect of the 
line saturation by the laser field, rf is the saturation 
parameter, which determines the contrast of the reso­
nance, andf(w - Wl) is the shape of the nonlinear reso­
nance {f(O) = 1). The width, t::.w,= ff(w - wl)dw, of the 
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function/(w) determines the resolving power of the 
method. Therefore, it is natural to assume that t::.w, 
«t::.wp• Assuming also that a , L$l and rf$l, we ob­
tain from (1) and (2) that 

The signal from the photodetector registering the scat­
tered light that has passed through the curvette, (3), 
contains two terms, the first of which determines the 
constant background J b, while the second, Jg(Wl), is the 
useful signal and is proportional to Ip(wl)' The ratio, 
a, of the useful signal to the background is, in order 
of magnitude, equal to 

In our previous paper [6] we used the simplified ex­
pressions for the saturation parameter and the reso­
nance shape: 

'= (dE )'_1 
~ fl ,r ' 

(21) , 
I(ro-ro,)= (ro-ro,)'+(2,)" 

(4) 

(5) 

where E is the laser-wave field intenSity, y is the ho­
mogeneous line width, r is the population relaxation 
constant, d is the dipole moment of the transition, and 
Ii is the Planck constant. 

In the formula (5) it is assumed that the angle 8 be­
tween the laser and scattered-light beams is equal to 
zero or is sufficiently small: 8« y/ t::.wD • In a real 
situation we always have to deal with a whole set of 
values of the angle 8, Therefore, it is necessary to 
elucidate how the shape and contrast of the nonlinear 
absorption resonance change in the case of sufficiently 
large angles y/ t::.wD:5 8« 1. 

Thus far, we have implied that the laser and scat­
tered-light beams propagate in almost the same direc­
tion, In fact, we can also use the variant in which the 
laser and scattered-light beams propagate in almost 
opposite directions. It is not difficult to show that in 
this case the cell has a narrow transmission peak at the 
frequency W = 2wo - Wl, where Wo is the frequency of the 
atomic transition. In this variant it is, apparently, 
easier to separate the scattered light from the laser 
light. 
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The instrument function of the spectral device under 
consideration is determined by the shape of the non­
linear, weak-wave absorption resonance in the presence 
of a strong laser field. This problem was originally 
considered by Rautian[7] with restrictions on the field 
and the relaxation constants of the operating levels. 
Subsequently, these limitations were removed in 
Baklanovand Chebotaev's papers, [8] but the analysis 
was carrie(i out for cases when the angle, S, between 
the directions of propagation of the strong and weak 
waves is equal to zero or when S = Tr. 

In the present paper the problem of the shape of the 
nonlinear, weak-wave absorption resonance in a gas 
in the presence of a strong wave is solved for the case 
of a finite angle, S, between the directions of propa­
gation of the interacting waves (Sec. 2). As will be 
seen from what follows, the angle 9 is very important, 
and is, in a number of cases, the principal parameter 
determining the shape of the nonlinear resonance and 
the luminosity of the device. 

In Sec. 3 we discuss the spectral characteristics 
of the absorbing cell, as well as the specific properties 
of atomic and molecular transitions in a gas. It turns 
out that the best characteristics are possessed by a 
cell with an atom ic gas. 

2. THE SHAPE OF THE WEAK·FIELD ABSORPTION 
LINE 

Let us consider the shape of the absorption reso­
nance for a weak wave in the presence of a strong laser 
field. We shall assume that on the cuvette with the 
absorbing gas are incident a strong laser field 

8, exp [ik,R+iw,t]+c.c. 

of wave vector kl and frequency wl and a weak wave 

i!, exp [ik,R+iw,t J +c.c. 

of wave vector kz and frequency wz. The frequencies 
Wl and Wz are close to the transition frequency Wo of 
the absorbing gas. To describe the resonance interac­
tion of the waves with the gas molecules, it is con­
venient to use the concept, introduced earlier in the 
papers[9], of the density matrix <T"",(Pt p'), where m, 
n are quantum numbers of the electronic states of a 
molecule; and p, p' are the wave vectors of the motion 
of the center of inertia of the molecule. The system of 
equations for the density matrix was solved in third­
order perturbation theory in the strong field if1 and in 
the linear approximation in the weak field if 2. 

Let us give the final expression for the coefficient, 
a[cm-1], of absorption of the weak wave ifz in the case 
of almost parallel propagation of the waves if 1 and if z: 

(6) 

where a f is the standard Doppler contour of the linear 
absorption: 
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4n'd'wzo {( W,-Wo ) '} a'=-_--exp - -- , 
r n k,vocn k,vo 

(7) 

C (Q)= 2 (r,+2y.) R Jd exp{-(xl/lkvo)'} 
, y.(r,+r,+y.)n"'t!.kvo e x i(Q+x)+2y , 

(8) 

4 R S d _1_+_r~,1_2[=-i..:..(Q_+_x~)_+....!y.:.:.]:.._e:-.x.!..p.!...{-_(~x-:-/t!._k_v..::o)~2}=-C,(Q)=-_--· e x 
Y:dkv. i(Q+x) +r,+r,+y. i(Q+x) +2y 

(9) 
Here d=d12 =d2l is the dipole moment of the transition, 
Vo is the mean molecule velocity, Zo is the averaged­
over the velocities-difference between the populatiorts 
of the levels 1 (the upper level) and 2 (the lower level) 
in the absence of the field, r 1 is the constant of the 
radiative decay from the level 1 to the level 2, while 
r 2 is the constant of the radiative decay from the level 
1 to all the rest of the levels, Yy is the impact-relaxa­
tion constant, Y= (r 1 + r 2)/2 + Y" is the transition-line 
width, O=w2 - Wlo and 

I t!.k I = I k,-k, I ""k,f)«.k" k,; 

the direction of the vector ~ can be assumed to be 
perpendicular to the vector k2 • Notice that in the con­
sidered level scheme the lower level, 2, is the ground 
level and does not have a radiative decay channel. This 
scheme corresponds to the most realistic situation 
when, as the absorbing medium, we use an unexcited 
gas. For simpliCity, the impact-relaxation constant 
Y" is assumed to be the same for the upper and lower 
levels. 

It can be seen from the formulas (6)-(9) that against 
the background of the Doppler linear-absorption con­
tour ~, are formed two narrow structures Cl(O) and 
C2(O). The function Cl(O) is connected with the ehange, 
in the presence of the strong field, in the diagonal ma­
trix elements 0"1f(P, p) and, therefore, describes the 
population depletion effect. The function C2(0) is con­
nected with the off-diagonal matrix elements 0"" (P, P 
+ kl - k2) and describes the influence on the absorption 
of the so-called nonlinear interference effect. [8] A 
qualitative distinction of the spectral structures de­
scribed by these functions can be seen from the fact 
that !C2(O)dO= 0, whereas 

S 2n(r,+2y.) 
C,(Q)dQ= (r +r + )' (10) 

y. , ,Y. 

The fact that the integral of the function C2(O) is equal 
to zero, has been noted before by Baklanov and 
Chebotaev, [8] who considered the 9 = 0 case, but with­
out the use of perturbation theory in the strong field 
ifl . Apparently, this property has a general character, 
and does not depend on either the angles or the magni­
tude of the field. 

The formulas (6)-(9) solve the problem of the shape 
of the absorption line for the weak signal if 2 in the 
presence of the strong field if 1 for an arbitrary relation 
between the relaxation constants r 1, r 2, Y y and the 
width Il.kvo= Il.wD 9, which is determined by the angle, 
9, betWeen the directions of propagation of the if 1 and 
if2 waves. 

Let us discuss the shape of the absorption line for dif-
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3 3 ~/r 

The frequency dependenceof the noniinearpart ofthe coefficient 
of absorption of the weak field: the curve 1) r 1 = 0, r 2 = r, 
'l'/r = o. I, j3f = O. 5, j3~ = 0.04; the curve 1') Is the plot of the 
function (d' t/m2C2(0) for the same values of the parameters as 
for the curve 1); curve 2) r 1 = 0, r 2 = r, 'l'/r= 0.2, j3f = O. 4, 
j3~=O.l; curve 3) r 2 =o, r 1 =r, 'l'/r=0.2, 131=0.5, j3~=0.42. 

ferent relations between the width Akvo and the relaxa­
tion constants. Let us first consider the simplest case 
of relatively large values of the angle 9, when Akvo 
»')1" r 1 + r 2' In this case Cz = 0 and, performing the 
integration in (8), we find for a the expression 

where 

~2 _ (_dfS_' )' --=-_2_n...:.(f..:.,+_2--,"t.:.:.') __ 
- Ii l'nAkv.(f,+f,+1.h.' 

j(Q) =exp [- (Q/ Akvo)'], AWt= l'nMvo. 

(11) 

(12) . 

As can be seen from (12), there arises against the 
background of the standard linear Doppler absorption­
line contour a, a dip of width .fii!l.kvo. 

In the opposite limiting case of small 9, when Akvo 
«')I" we obtain for a the expression 

where 

41' 
/,(Q)= Q'+41" 

~,' = ( ~/' )' f,+21. . 
f n.(f,+f,+1.) , 

{ 21 (f,+ r,+1.) -Q' 
/,(Q)=/,(Q) Q2+(r,+f,+y.)' 

+ f,[2n .(f,+f,+y.)-Q'(21+f,+f,+2"t.)} 
2 (Q'+1,')[Q'+(r,+r,+1.)'j , 

( drs)' 1 J p,' = -i f' /,(Q)dQ=O. 

(13) 

(14) 

For r 1 = 0 the expressions (13) and (14) coincide with 
the expressions obtained in[8J for the fI = 0 case. The 
function!2(n) has quite a complex spectral structure 
whose width may be smaller than the width of the func­
tion It (n). ThUS, in the case when y y« r 1 + r 2 the func­
tion!2(n) has a narrow resonance of width of the order 
of ')I y • The shape of the function a/O', - 1 for different 
relations between the param eters ')I y and r 1 + r 2 is shown 
in the figure. 
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We can consider in exactly the same fashion the case 
of oppositely directed laser and scattered-light waves, 
when 

k,=-k" Ak=k,+k" IMI",k,(n-8). 

The absorption coefficient in this case has the form 

cx=cx, [1- (drs'/II) 'C, (Q)], 

C,(Q)= 2(r,+21.) Re S dx exp{-(x/akv.)'} , 
"(.(r.+f,+1.) l'n AklJo i(Q+2AIJ}-x) +21 

(15) 

Aw=w.-w,. 

Let us write out the explicit form of the absorption 
coefficient 

in the case of large, Akvo» ')I, and small, Akvo« y, 
values of the angle 'IT - e. 

For Akvo» y we have 

For /j.kvo« ')I we obtain 

(17) 

As can be seen from the formulas (16) and (17), the 
difference between this case and the case of unidirec­
tional waves consists in the fact that the transmission 
resonance arises now at the frequency ''''2= '''''0+ (wo - WI), 

which is tuned away from the line center Wo by the value 
'''''0 - WI' Let us recall that in the case of almost paral­
lel laser and scattered-light waves the resonance ap­
pears at the frequency ''''2= WI, and that its position does 
not depend on the transition eigenfrequency ''''0 . 

3. THE SPECTRAL CHARACTERISTICS OF THE 
ILLUMINATED CELL 

The above-considered variant of the gas cell il­
luminated by a laser field is essentially a fairly nar­
row-band filter whose transmission band of width /j.w, 

'" 104 - 107 Hz can be retuned within the limits of the 
Doppler line width of the working gas of the cell (in 
the visible region of the spectrum this spectral band is 
- (5 - 15)X 108 HZ). In case of need this band can be 
further broadened several times with the aid of an ex­
ternal magnetic field. 

The only spectral instrument that has a resolving 
power /j.W,- 106 - 107 Hz is the Fabry-Perot interferom­
eter, the resolutions region /j.w,'" 106 Hz being in prac­
tice extremely difficult to realize. [10J As will be seen 
from what follows, the illuminated cell as a spectral 
instrument possesses a much greater liminosity than 
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the Fabry-Perot interferometer for the same resolu­
tions. Furthermore, the resolving power of the cell 
can, in principle, be improved right up to values flw, 
= lOf _ 105 Hz, which, for the interferometer, are gen­
erally unattainable. The saturated...,.by a laser field­
cell can be used in two ways. In the first case the 
scattered-light beam under investigation is directed at 
the cell at a small angle 8 to the illuminating laser 
beam. In the second case the scattered light falls on 
the cuvette in a direction almost opposite to that of the 
laser beam. The resolving powers of the method in the 
two cases are virtually equal (see Sec. 2), but there ap­
pears a difference in the contrast of the transmission 
peak of the cell. 

Let us begin the consideration of the spectral char­
acteristics of the cell with the variant of almost parallel 
propagation of the laser and scattered-light beams. 

For practical use the case of the sufficiently narrow 
instrument function, when flw,« flw p, is of greatest 
interest. Then the observable magnitude, J u(w 1), of the 
useful scattered-light signal transmitted through the 
cuvette (see (3» is proportional to the integral of the 
instrument function over the frequencies, i. e., 

(see (6)-(8». As has already been noted above, /c2(n) 
x dn = 0, and, therefore, the function C2(n) in the case 
under consideration does not, in general, contribute to 
the spectral characteristics of the illuminated cell. 
The integral of the function C1 (n) is determined by the 
formula (10). Substituting (10) into (1) and (2), we ob­
tain for the quantity Ju(Wl) [photons/cm 2-sec-sr] the 
expression 

J ( ) = I ( ) ( liE.), 2n(r,+21.) L 
u III I P III I h 1,(r,+r'+1,) a, • 

a=27qa,L~.'/ ~IllP' ~I''';i. 

(3a) 

(4a) 

As can be seen from the expreSSion (3a), the magni­
tude of the useful Signal depends quite weakly on the gas 
density N in the absorbing cell. Since a I ex: Nand y y ex: N, 
the quantity Ju(w1) does not depend on the density at low 
N (y y « r 2) and at high N (y y» r 1, r 2), changing as we 
go over from low to high densities by only a factor of 
two. 

The resolving power, flw" of the illuminated cell is 
determined by the maximum of the quantities flw, 
= max[y, flwD8], which in the case under considera­
tion is much smaller than the width of the scattered­
light spectrum: max[y, flwD8]« flwp. Therefore, the 
angle 8 is lim ited by the condition 

(18) 

It is worth noting that the instrument function of the 
device has different forms in the cases 8« y/ flwD (see 
(13» and y/ flwD« 8« flwp/ flWD (see (12». However, 
the integral of the instrument function has one and the 
same value (3a) in the entire region of 8 values defined 
by the inequality (18). The limiting value of the re-
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solving power of the cell is determined by the prob­
ability, r 1 + r 2, of the radiative decay of the upper 
operating level, and is attained at angles 8 ~ (r 1 + r 2)/ 
flwD • Thus, the resolving power of the cell can be 
varied within the broad range from y to flwD8. 

Let us now compare the liminosity of the illuminated 
absorbing cell with the luminosity of the Fabry-Perot 
interferometer. 1) The luminosity, flO" of the inter­
ferometer (see, for example, [11]) is determined only 
by the resolving power of the interferometer, and is 
equal to flO,=8~= 2r/w, where 8, is the permissible 
angle of inclination of the beam to the axis of the plane­
parallel interferometer, r is the halfwidth of the trans­
mission band, and w is the frequency of the light. 

The luminosity of the illuminated cell, flO, is also 
determined by its resolving power flw,= flwD8: flO = 82 

= (flrJ),/flwD)2. For the same resolving powers, i. e., 
for r = flw" the ratio of the luminosity of the cell to the 
luminOSity of the interferometer is 

110 f ool1oof 

110 1 =""2 I1IllD' • 
(19) 

For visible light of frequency w=i-x 1015 Hz and flwD 

= 5 X 108 Hz we obtain flO/flO, = 1O-3flw,[Hz]. As the 
value of flw, is varied from 105 to 108 Hz the ratio flO/ 
flO, varies within the range from 102 to 105• Notice 
that the resolution region r = 106 Hz is a difficult region 
for the investigation of scattering spectra with the aid 
of the Fabry-Perot interferometer, as well as by the 
optical-shift methods, which are best in the region 
flw,~ 105 Hz. [10,11] Therefore, in the resolutioI). region 
- 106 - 108 Hz the illuminated cell may prove to be the 
most convenient spectral instrument for investigating 
light scattering. 

In the case of oppositely-directed laser and scattered­
light signals all the results pertaining to the resolving 
power and the luminOSity of the method remain the 
same, but the contrast may decrease in comparison 
with (4a) because of the presence of a hyperfine struc­
ture of the line inside the Doppler contour. As can be 
seen from the formulas (16) and (17), in this case a 
transmission peak arises at the frequency W2 = 2wo, - WI, 

where wo, is the frequency of the i-th component of the 
hyperfine structure. The remaining components of the 
hyperfine structure (for example, in the case of J 2 na,lt] 

the number of components m - 20) produce at the fre­
quency w2 a background whose intensity is proportional 
to the number m. Therefore, there arise m transmis­
sion peaks' against the background of the linear absorp­
tion coefficient, but the contrast of each peak - t~Um, 
i. e., it decreases m times in comparison with the 
single line or with the variant of unidirectional waves. 

As can be seen from the formula (4a), the ratio of the 
useful signal to the background cannot, even under op­
timal experimental conditions, when a,L= 1 and ~= 1, 
be greater than the value a= 21T'Y/ flwp< 1, i. e., in the 
method under consideration the useful signal is always 
smaller than the background. Furthermore, in detect­
ing the signal it is necessary to separate the scattered 
light from the laser signal illuminating the cell. A 
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purely geometrical separation of the beams is the sim­
plest to achieve in the variant of oppositely directed 
waves. In the case of parallel propagation of the beams, 
a geometrical separation of them is also pOSSible, since 
the laser light has virtually a diffractive divergence, 
while the scattered light propagates in quite a wide solid 
angle 82"" (~Wp/ ~WD)2. For a more precise separation 
we can also use the methods of polarization decoupling 
and the method of synchronous detection. 

The last method is widely used at present in nonlinear 
spectroscopy. [13,14] Here the illuminating laser beam 
is modulated by a low frequency 0 - 500 - 100 Hz, and 
the 0 component is separated out by the method of 
synchronous detection in a weak scanning beam. In 
our case it is convenient to modulate both signals-the 
laser beam with frequency 0 1 and the scattered-light 
signal with frequency O2, The intensities of the laser 
light, 11 , and the scattered light, I p , are equal to 

(0) 1 + cos Q,t 
1,=1, 2 ' 

(0) 1 + cos Q,t 
Iv=/p 2 

while the 0 1 + O2 component of the signal from the photo­
detector registering the scattered light has the form 

The signal from the photodetector does not contain a 
background at the frequency 0 1 + O2. Synchronous de­
tection also eliminates exactly the cell's harmful 
spontaneous-emission signal, which turns out to be 
modulated, just like the laser light, at the frequency 
0 1 , 

It follows from the foregoing that the most important 
gas parameters in a luminous cell are the following: 
1) the radiative-decay probability r = r 1 + r 2, which 
determines the maximum attainable resolving power of 
the method; 2) the value of the power Ws [W/cm2] of 
the laser field necessary for the saturation ofthe operat­
ing transition of the gas; 3) the magnitude of the linear 
absorption coefficient of the working gas. 

It is well known that the frequencies of the electronic 
vibrational-rotational transitions of molecular iodine in 
the visible region of the spectrum coincide with the fre­
quencies of the radiation of the most widely used Ar+ 
and He-Ne lasers. [12-15] However, for scattered-light 
spectroscopy these transitions are, apparently, incon­
venient. In this case the radiative decay of the upper 
state occurs simultaneously along many channels cor­
responding to transitions to a large number of vibra­
tional levels of the lower electronic term; therefore, 
r 2» r l' As a result, the saturating-power value, 
which is de term ined by the value of r 2, turns out to be 
very large: Ws "" 1-10 W/cm2, [5,13,14] while the linear 
absoI1ltion coeffiCient, determined by the quantity r 1, 
turns out to be small: a, = O. 02 cm-1_Torr-1. [15] This 
situation is, apparently, typical of all electronic transi­
tions in molecular spectra. 

It is most convenient to use a cell with an atomic gas 
having in the visible region of the spectrum absorption 
lines corresponding to transitions from the ground 
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state. Here we have in mind the use of tunable-with the 
aid of dyes-Ar+-Iaser systems that have now been de­
veloped. It is desirable that the probability, r 1, of the 
radiative decay of the upper state be sufficiently small: 
r 1"" 104 - 106 Hz. These requirements are satisfied, 
in particular, by the intercombination transitions of the 
elements of the second group, for example, in Sr by 
the transition 1S0_3plo A=689nm, r 1 ",,104 Hzandin 
Ba by the transition 1S0_3pl' 71.=791 nm, r1""5x105 
Hz. [16] For these transitions the lower 1So state does 
not have a hyperfine splitting, and, therefore, the 
quantity r 2 = O. The coefficient of linear absorption at­
tains a value a = 1 cm-1 in the case of Sr at a density 
N"" 1014 cm-3 and in the case of Ba at N= 1012 cm-3. The 
condition that aiL"" 1 for atomic gases is easily ful­
filled for a cuvette length L"" 1 cm and at sufficiently 
low densities N$1014 cm-3. The laser-field power Ws 
necessary for the brightening of a cell with an atomic 
gas turns out to be several orders of magnitude smaller 
than the corresponding value for a molecular gas. For 
the 71.= 689-nm Sr transition, setting N"" 1014 cm-3, the 
quantity Yy "" 3x 104 Hz at thisdensity2), and ~wD9 = 106 

Hz, we obtain for the saturating power Ws "" 4 X 10-5 

W/cm 2• For the 71.= 791-nm Ba transition in the case 
when N= 1012 cm-3, the value of Yy "" 3x 102 Hz« r l' 
Taking into account the fact that ~WD() "" 106 Hz, we ob­
tain for the saturating power Ws '" 6x 10-6 W /cm 2• 

Another advantage of an atomic gas consists in the 
fact that in this case we can use the variant of opposite­
ly directed laser and scattered-light beams. It is 
then by far easier to geometrically separate the laser 
and scattered-light beams. In contrast to a molecular 
gas, the splitting of the hyperfine structure of the con­
sidered Ba and Sr transitions is greater than the Dopp­
ler line width and, therefore, does not lead to a re­
duction in the contrast of the method. 

The authors are grateful to B. Ya. Zel'dovich and 
I. I. Sobel'man for valuable discussions. 

!lAs is well known, the Fabry-Perot interferometer has a 
higher luminosity than any other spectral device. [121 

2lWe have in mind in estimating the values of /'y typical line­
width values ~ 107 Hz/Torr for the van der Waals broadening 
mechanism. The broadening due to the resonance transfer of 
excitation for the considered transitions is of the same order 
of magnitude. 
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Selective two-step ionization of rubidium by laser radiation 
R. V. Ambartsumyan, A. M. Apatin, V. S. Letokhov, A. A. Makarov, 
V. I. Mishin, A. A. PuretskiT, and N. P. Furzikov 

Institute of Spectroscopy, USSR Academy of Sciences 
(Submitted September 13, 1975) 
Zh. Eksp. Teor. Fiz. 70, 16@..1673 (May 1976) 

Selective application of pulsed laser radiation from dye and ruby lasers was used to produce two-step 
ionization of rubidium atoms with initial ion density of about 1013 cm- 3 per pulse. Every excited atom of 
rubidium was ionized, i.e., radiation-intensity saturation was achieved for the second step. The yield of ions 
as a function of the exciting and ionizing intensities and of the density of atoms was investigated both 
experimentally and theoretically. This analysis was used as a basis for a simple method of measuring the 
photoionization cross sections for atoms in excited states, which did not require a knowledge of the 
absolute number of excited atoms. The method was used to measured the cross sections for photoionization 
from the 62P state of the Rb atom by fundamental-frequency radiation from a ruby laser 
[0"2 = (1.7±O.3)x 10- 17 cm2] and the second-harmonic radiation from a ruby laser [0"2 = (O.19±O.03)X 10- 17 

em']. 

PACS numbers: 32.IO.Qy 

1. INTRODUCTION 

The exceedingly small spectral width of a laser line 
makes the laser a very precise instrument for the selec­
tive interaction with matter, and the high intensity of 
laser radiation ensures that this interaction occurs 
very efficiently. Two-step ionization is one of the most 
universal methods of selective interaction between laser 
radiation and atoms and molecules. It was first pro­
posed and used in[M]. Its principle is as follows. 
Laser radiation at frequency 111 is absorbed by atoms 
of a selected type (for example, atoms of the required 
isotopic composition or those containing nuclei of a 
particular isomer, or simply atoms of a particular 
element), and transitions to the excited state take place. 
A second laser operating at frequency 112 is then used 
to ionize the selectively excited atoms, and this second 
frequency is chosen so that atoms still in the ground 
state are not ionized. 

Selective two-step ionization of atoms by laser radi­
ation is now regarded as a universal method for isotope 
separation, for producing ultrapure materials, and for 
the separation of atoms containing isomeric nuclei. [3] 

The method has been used to separate the isotopes of 
uranium, [4] calcium, [5] and magnesium. [6] However, 
the last three papers were concerned only with the pos­
sibility of separating isotopes by two-step ionization by 
laser radiation, and the ion densities produced by this 
selective process did not exceed 106 cm-3• 
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In a practical application of the process, on the other 
hand, one must produce high densities of selectively 
generated ions (1012 _1014 cm-3). Resonance charge 
exchange with typical cross sections in the range 10-14 

- 10-15 cm2 [7] imposes an essential restriction on the 
upper limit of possible densities. Moreover, the pro­
cess must be carried out so that each atom of the se­
lected type is ionized, and each selectively produced ion 
is removed from plasma. We have succeeded, for the 
first time, in using the selective interaction between 
laser radiation and rubidium atoms to produce plasma 
with a density of 1013 cm-3• The extraction of ions pro­
duced in this way by an electric field has been investi­
gated. Every excited atom in the volume under investi­
gation was ionized, i. e., intensity saturation was 
achieved for the second step. 

Before the method of selective two-step ionization of 
atoms by laser radiation can be used, one must know 
the cross sections for the photoexcitation and photo­
ionization of atoms from excited states. The photo­
ionization cross sections are well known, [8] but the 
cross sections foi' photoionization from excited states 
are practically unknown. [9] Whenever such measure­
ments have been performed, [10.11] they required a 
knowledge of the absolute number of excited atoms, and 
this was difficult to determine. In this paper, we pro­
pose a Simple method of measuring the cross sections 
for photoionization from excited states, which is based 
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