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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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FIG. 1. Energy level scheme for the rubidium atom and the 
working transitions. 

on the saturation of the ion photocurrent as a function 
of the intensity corresponding to the second step, and 
which does not require a knowledge of the absolute num
ber of excited atoms. The photoionization cross sec
tions have been measured for rubidium atoms in the 
62P3/Z, and 6ZP 1I2 states for ~ 1. 8 and 3.6 eV incident
photon energies. 

2. EXPERIMENTAL ARRANGEMENT AND METHOD 

We have investigated experimentally the two-step 
ionization of rubidium atoms by selective excitation of 
the components of the 6P2p doublet, using a tunable dye 
laser (vl = 23 799 or 23725 cm -1) and the simultaneous 
ionization of the excited atoms by ruby laser radiation 
(V2 = 14403 cm-1) or the second harmonic radiation (V2 

= 28 806 cm-1). The energy-level scheme for the rubid
ium atom and the working transitions are shown in 
Fig. 1. 

The experimental setup is illustrated in Fig. 2. It 
consisted of the following main parts: ruby laser (1), 
dye laser (2), rubidium vapor cell (3), and ion-current 
measuring system (4). The Q-switched ruby laser gen
erated a 20-nsec pulse carrying an energy of O. 5 J at 
a repetition frequency of 5 Hz. The energy carried by 
the second-harmonic pulse from the ruby laser was 
0.015 J. Some of this radiation was used to pump the 
dye laser. The narrow-band tunable dye laser (solu
tion of POPOP in toluene) was based on the standard 
schemes. (121 The laser cavity was formed by a 1200-
line/mm diffraction grating working in the first order 
and a flat mirror with a reflection coefficient of 30%. 
The cavity length was 0.5 m. A telescope with a mag
nification of 25 x was placed in the cavity to ensure that 
the aperture of the grating was filled and the divergence 
of the radiation incident upon it was reduced. The win
dows of the cell containing the dye solution were in
clined at 6° to the optical axis. The dye solution was 
flushed through the cell at a rate of O. 5 liter/sec. 
Wavelength variation was achieved by rotating the grating. 

The second-harmonic radiation from the ruby laser 
was used to pump the dye laser. The transverse pump
ing scheme was employed in which the second-harmonic 
radiation was focused on the cell containing the dye 
solution by a cylindrical quartz lens with a focal length 
of 9 cm. Under these conditions, the dye laser pro
duced 1 kW for a pulse length of about 20 nsec. The 
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width of the spectrum was measured with a Fabry
Perot interferometer having a dispersion band of 2. 5 
cm-l, and was found to be about 0.5 cm-1• 

The rubidium vapor was held in a glass cell with 
plane-parallel windows. 99. fRo pure metallic rubidium 
was introduced into a vacuum of 10-5 Torr through a 
side tube in the cell. The cell was located in a heater 
designed so that the temperature of the side tube was 
lower than the temperature of the cell by 20°C. The 
vapor pressure P was then determined by the tempera
ture of this tube. The cell windows were maintained 
at a higher temperature than the rest of the cell in 
order to prevent condensation of rubidium vapor. The 
cell was continuously pumped, and the pressure inside 
it was held at 10-4 Torr. Brass electrodes, 2 cm in 
diameter and 1 cm apart, were fixed inside the cell on 
molybdenum leads. 

The ion current was measured by a collecting capaci
tor (Co = O. 25 pF), with one of its electrodes held at a 
constant potential U, a load resistor (RI = 100 kG), and 
an S8-2 oscillograph. The signal recorded by the os
Cillograph can be described by the following formula: 

(2.1) 

where u is the potential difference across the load re
sistance Rz. t:..q is the charge produced in the space 
between the capacitor electrodes, C p is the parasitic 
capacitance, and t is the time. The parasitic capaci
tance was found to be 420 pF. The total recorded num
ber of ions was calculated from the amplitude of the 
voltage pulse given by (2.1), using the formula N j 

= 2. 9 X 109u, where u is the pulse amplitude in volts. 

The exciting and ionizing radiations were introduced 
into the cell in opposite directions and were limited by 
stops, 2.6 mm in diameter (see Fig. 2). 

The background signal during ionization by the fun
damental-frequency radiation from the ruby laser did 
not exceed 10 mV (2. 9X 107 ions). In the case of ioniza
tion by the second-harmonic radiation, the background 
signal was found to increase linearly with increasing 
rubidium vapor density in the cell and the intensity of 
the second harmonic, It was found to be 30-50% of the 

FIG. 2. Experimental setup: I-ruby laser; 2-dye laser; 
3-cell containing rubidium vapor; 4-ion detection system. 
(en-recording capacitance, RI-load resistance, U-voltage 
between electrodes, F-filter, KDP nonlinear crystal, D-beam 
stop) . 
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FIG. 3. Total number of recorded ions N j as a function of field 
strength. a) Small values of U: curve 1 (left-hand scale)
ionization by ruby laser radiation (v2 = 14 403 cm-I ) , curve 2 
(right-hand scale)-ionization by second-harmonic radiation 
from the ruby laser (v2 = 28 806 cm-I ), Frequency of exciting 
radiation vI = 23 799 cm-I , rubidium-atom density in the cell 
No = 2.9 X 1013 cm-3. b) Large values of U: curve I-rubidium 
atom density in the cell No = 2 x 1014 cm-3 , curve 2-No = 7. 6 
x 1013 cm-3, curve 3-No=2.9X1013 cm-3. 

resultant signal. The resonance signal in this case was 
determined as the difference between the resultant and 
background signals. The amplitude of the background 
signal was determined by detuning the exciting .dye
laser radiation from the absorption line of the rubidium 
vapor. The width of the resonance in the ion current 
was about 0.5 cm-1 (full width at half height) and was 
equal to the dye-laser linewidth. 

3. EXTRACTION OF IONS BY AN ELECTRIC FIELD 

The simultaneous exposure of the rubidium vapor to 
the frequencies VI (23799 cm-1) and va (14403 cm-1) led 
to selective ionization of the rubidium atoms, and the 
energy of the laser radiation was sufficient to produce 
a plasma in the space between the electrodes. 

Figure 3a shows the total number of recorded ions as 
a function of the potential difference between the elec
trodes (separated by 1 cm). Curves 1 and 2 correspond 
to cases where the energy of the ionizing photon was 
0.56 and 2.3 eV above the ionization limit, respectively. 
Figure 3b shows the total number of recorded ions as 
a function of the potential difference between the elec
trodes for large negative values of the potential on one 
of the electrodes. Curves 1-3 were obtained for differ
ent rubidium-vapor densities in the cell. It is clear 
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that these characteristics reach saturation and, more
over, as the rubidium vapor density increases, a higher 
electric field is necessary for the complete extraction 
of the ions. The necessary electric field is about 104 

V /cm for a maximum total number of ions N j -1012 per 
pulse (the ion density at the initial instant of time was 
n j -1013 cmoS, curve 1 in Fig. 3b). 

We have also investigated the total number of re
corded ions. as a function of the electric field for differ
ent intensities of the laser radiation corresponding to 
the first step. We found that, when the first-step radi
ation intensity was attenuated by a factor of 100, this 
dependence became saturated for electric fields of about 
1. 8X 103 V /cm between the electrodes. The rubidium
atom density in the cell was then 4.4 x 1012 cmoS, and the 
recorded number of ions at saturation was about 2X 1010. 

Analysis of the current-voltage characteristics (Fig. 
3a) by the double-probe methodCl3 ] showed that the elec
tron temperature of the plasma for curves 1 and 2 was 
0.48 and 1. 4 eV, respectively. 

In the case of photoionization of rubidium atoms by 
laser radiation, the energy excess lI.E above the ioniza
tion limit is carried off by the liberated electrons (Mj 

»m,,), so that ions and monoenergetic electrons with 
kinetic energy lI.E are formed at the initial instant of 
time. However, even for plasma densities of -1012 

cmoS, the Maxwellization of the electron component oc
curs in a time 'T JI- 7 nsec and, under these conditions, 
'TJI -n;1[14] (n" is the electron density). 

Thus, before the laser pulse is over ('T I> - 20 nsec), 
the electron component succeeds in reaching the Max
well distribution, and the electron temperature T. 
= tll.E is established. For lI.E corresponding to the 
ionization frequencies VI and va, this yields electron 
temperatures of the order of 0.37 and 1.53 eV, .which 
is in good agreement with values obtained experimen
tally (Fig. 3a, curves 1 and 2). 

Further interpretation of the experimental results 
will require formulas giving the ion yield as a function 
of the radiation intensity and the density of atoms. 

4. KINETICS OF TWO-STEP PHOTOIONIZATION 

We shall now consider the kinetics of the two-step 
photoionization of atoms, subject to the following as
sumptions which correspond to the experimental condi
tions: (a) in addition to the two-step transitions induced 
by the laser radiations, there is also spontaneous de
cay to the ground state at the rate A and spontaneous 
decay to the intermediate states at the rate A*; (b) all 
types of relaxation by collision can be neglected; (c) 
absorption of laser radiation corresponding to the first 
step in the direction of propagation is taken into ac
count, and (d) the medium is assumed to be optically 
thin for the laser radiation corresponding to the second 
step. Under these assumptions, the set of equations 
for the populations n1 (ground state) and na (excited 
state) and for the intensity II of radiation corresponding 
to the first step has the form 

R. V. Ambartsumyan et al. 868 



an, (n,) -=-a/, n,-- +An" at g . 

(4.1) 

In these expressions, (J 1 is the total absorption cross 
section for the working transition, (Ja is the cross sec
tion for the photoionization of the atom from the excited 
state, g=ga/gl is the ratio of the statistical weights of 
the excited and ground states, and the intensities II 
and la are expressed in photons/cma • sec. 

Let us suppose that the laser radiation pulse is rec
tangular in shape and that its leading edge passes 
through the boundary of the medium (z = 0) at time t= O. 
We shall use the new variable T = t - z/c and the follow
ing substitutions: 

In terms of the new notation, and subject to the initial 
and boundary conditions 

llllt=o=no, n2!T=O=O, W1 jz_o=V1=const 

(0 < T < T ;), the set of equations given by (4. 1) can be 
reduced by the standard methodC151 (see Appendix) to the 
following differential equation for the function W1(T): 

~ (_1_ dW,) + g+i dW, + A+B dW, +BW,=BV,. (4.3) 
d. W, d. g d. W, d. 

The variable z is present in the initial conditions for 
(4.3) as a parameter: 

W,I._.=V, exp(-a,n,z), 

dW'1 g+1 -d =--V,'exp(-a,n,z)ll-exp(-a,n,z)]. 
L (_0 g 

(4.4) 

(4.5) 

Equation (4.3) is convenient because the total number 
Nj of ions produced during the laser pulse in a cell of 
length 1 and unit cross section can be expressed in 
terms of the solution W1(T, l) (see Appendix): 

v { W, g+l 
N, =- ",n.l+ln-. +-:--='-~-=-

a,B T', (g+I)A+B W, d. 
1 dW, 

(g+l)' V,-W, ] 
-'-g- (g+l)A+B for z=l, '=Tp. (4.6) 

We shall now consider two different cases. 

1) Let us suppose that the optical thickness of the 
cell is so large that the medium does not transmit ra
diation corresponding to the second step during the 
laser pulse, i. e., 

(4.7) 

Equation (4.3) is then simplified and can be integrated. 
The approximate solution is 

. { B ( g+ 1 B) V, } W,""v,exp -a,n,l+--V,.+ ---__ __ [l_e-(A+Blt] • 
A+B g A+B A+B 

(4.8) 
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Because of the rapid exponential dependence in (4.8), 
the condition for this to be valid is 

v, ( g+i) 
Glnol > -- BTu +--

.1+B g 
for (A+B}Tp>l, (4.9) 

g+l 
o,n,I>--V,Tu for (A+Bhp<1. 

g 
(4.10) 

The number of ions obtained in this case is given by 

V,V, (1 ) N·""---- T ---[l-exp{-(A+B).}] , a,(A+B) p A+B P • 
(4.11) 

As can be seen, it is independent of the density of 
atoms. This has a simple physical interpretation: all 
the photons corresponding to the first-step radiation 
are absorbed in the cell. In the limiting case of strong 
saturation at the second step (Va» 1/7;, A +A*), the 
number of ions is simply equal to the number of first
step photons. 

2) Let us now consider the case where the medium 
transmits and this can be due to two factors, namely, 
photoionization of most of the atoms interacting with the 
radiation, and transmission through the working transi
tion. Suppose that the medium begins to transmit at 
time T 1 after the beginning of the pulse (T 1 < T;). A pos
sible case is 

(A+B}T,~1. (4.12) 

Since, under the actual experimental conditions 
(A +A*)T;« 1, the inequality given by (4.12) is equiva
lent to VaT 1» 1, i. e., it is possible only for relatively 
high second-step laser power. The medium then trans
mits with the inequality (4.9) violated. 

It is readily shown that the transmission time T 1 is 
given by 

(4.13) 

The number of ions produced at time T 1 is 

(4.14) 

i. e., practically all the atoms interacting with the ra
diation are ionized. The transmission of the medium 
is due to complete photoionization. The conditions 
under which this occurs can be obtained from (4.12) 
and (4.13): 

(4.15) 

Let us now suppose that the transmission time T 1 is 
such that the opposite condition is satisfied: 

(4.16) 

It is clear that, in this case, the transmission of the 
medium can only occur through the working transition 
alone. One can then readily show from (4.10) that the 
transmission time is given by 

g a,n,Z 
Tl~---

g-t-l v, . (4.17) 

The number of ions produced at this time can be found 
from (4.11): 

N'''''n,l (-g-) , V,a,n,l 
, g+l 2V,' 

(4.18) 
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FIG. 4. Total number of recorded ions as a function of 
rubidium-atom density in the cell (U = 200 V /crn; vI = 23 799 
cm-I , v2=14403 cm-I). 

The conditions for transmission through the working 
transition can be found from (4.16) and (4.17) 

g (A +B) a,n,l g a,n,l 
-- «1 ----<'1" g+l V, 'g+1 V, p. (4.19) 

It is clear that we then have 

(4.20) 

L e., the relative fraction of atoms that are ionized at 
the transmission time T 1 is small. From the time T 1 

onward, the medium transmits, L e., n1"" rial g. 

The first two equations in (4.1) readily yield the fol
lowing formula for the total number of ions during the 
laser pulse: 

. V,[ ( g )' Ba,n.l ] N=ni- l-e-T + -- ___ e-T 
. ' B g+l 2V, ' 

(4.21) 

where 
g ( g a,n.l) l=--B "t p-----g+1 g+1 V, . 

(4.22) 

5. ION YIELD 

Dependence on the density of atoms 

The experimental dependence of the total recorded 
number of ions on the density of rubidium atoms in the 
cell is shown in Fig. 4. This dependence is linear for 
densities in the range 2X 1012 - 2X 101S cm-s, and even
tually becomes saturated as the rubidium vapor density 
increases. In accordance with the theory, therefore, 

N· 
"0 

10 

FIG. 5. 

10 'Z 10 '3 
EI , photon/em2 

Total number of recorded ions as a function of the 
exciting-radiation intensity: curve l-rubidium-vapor density· 
in the cell No = 4.5 X 1013 cm-3; curve 2-No = 1. 4x 1013 cm-3. 
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FIG. 6. Total number of recorded ions as a function of ioniz
ing radiation intensity 12 with ruby laser radiation used for 
ionization: . curve l-U=2.4 kV/cm; curve 2-U=1 kV/cm (VI 

=23799 cm-I, v2=14403 cm-I, No=3.2xlOI3 cm-s). 

two cases are realized in this range of densities: (1) 
all the laser radiation corresponding to the first step 
is absorbed within the detection length l, and the total 
number of ions is determined by the number of first
step photons, but is independent of the density of the 
rubidium atoms [formula (4.11) subject to (4.9) and 
(4.10)]-this is the plateau on the curve; (2) the medium 
transmits, and the total number of ions is determined 
by the rubidium-vapor density in the cell [formula (4.12) 
subject to (4.15) and (4. 19)]-this is the linear part of 
the curve. The point at which the curve reaches the 
plateau in Fig •. 4 is determined by (11n~- V1TJ>. 

It is important to note, however, that the quantity no 
differs from the rubidium-atom density No in the cell . 
This is due to the presence of fine structure (mode 
structure and the structure due to additional selection) 
in the first-step laser line, so that only a fraction of 
the atoms within the Doppler profile can interact with 
the laser radiation, Le., no = NoAlIlIllID , where AIID is 
the Doppler width of the rubidium absorption line, Ailli 

= O!AII~, O! is the number of modes within the Doppler 
profile, and AII~ is the width of a single mode. These 
parameters have the following numerical values: 

~vD=3.6·1O-' em-I, E,=Vt Tpla t =2.9·10" photon/em', 

at =3.2 ·10-" em' ["], 1=2.5 em. 

From the condition for the onset of saturation (Fig. 4), 
we have no = 1. 2 X 1013 cm-3 and hence the optical thick
ness of the rubidium-vapor layer at this point is L 
= (Jlnr! = 9. 3. The experimental curve in Fig. 4 yields 
No=7x1013 cm-3, i.e., AIIIIIAIID=0.17. 

Dependence on radiation intensities 

Figures 5-7 show the typical ion yield as a function 
of the intensity of the exciting (111 = 23 799 cm-1) and 
ionizing (112 = 14403 and 28806 cm-1) radiations. Re
sults of this type were obtained in a broad range of ru
bidium-atom density in the cell and for different ex -
tracting fields. It was found that, in the range of den
sity and exciting and ionizing intensity that we have in
vestigated, a chang~ in the extracting field resulted in 
a change in only the absolute yield of ions, but the shape 
of the curves remained unaltered. 

The dependence of the ion yield on the intensity of the 
exciting radiation is shown in Fig. 5 for different ru-
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FIG. 7. Total number of ions as a function of the intensity of 
ionizing radiation using the second harmonic of the ruby laser 
(Vt=23799 cm-t , v2 =28806 em-I, No=3xl013 cm-3). 

bidium-atom densities in the cell. For low radiation 
intensities, the ion yield is a linear function of the 
first-step laser radiation intensity, but a departure 
from linearity is observed at higher intensities. An 
increase in the rubidium-vapor density returns this to 
a linear dependence. 

This behavior of the curves in Fig. 5 is explained sat
isfactorily by the theoretical model considered above. 
Thus, when the attenuation of the intensity of exciting 
radiation corresponding to the first step is insufficient 
to produce transmission in the medium, Le., when 
conditions (4.15) and (4.19) are violated, all the excit
ing photons are absorbed within the length of the re
cording system and, consequently, the yield of ions is 
determined by the number of absorbed photons [formula 
(4.11)]. When the rubidium-atom density is high, on 
the other hand, so that conditions (4.9) and (4.10) are 
satisfied throughout the range of radiation intensity, 
the dependence becomes linear for all these intensities. 
The points at which departure from linearity should oc
cur can readily be obtained from the condition (f1nol 

~ V1T I> [see (4.9) and (4.10)]. The position of these 
points is indicated by the large circles in Fig. 5. 

The yield of ions as a function of the intensity of the 
ionizing radiation is shown in Figs. 6 and 7 (va = 14403 
and 28806 cm-1, respectively). At low intensities of 
the ionizing radiation, the dependence is linear (Fig. 
6) but, as the intensity increases, the straight line 
turns over and reaches saturation in which each selec
tively excited atom is transformed into an ion. 

In the case of ionization by radiation of frequency Vz 
= 28 806 cm-1, there is no saturation (Fig. 7) and the 
dependence remains linear for all intensities lz. 

Let us now determine the point at which saturation 
is reached in Fig. 6. We shall do this as follows: we 
continue the linear part of the curve until it cuts the 
plateau by extension (shown by the broken line in Fig. 
6). Analysis of the experimental yield of ions as a 
function of the second-step intensity la (va = 14 403 cm-1) 

shows that the position of the point A defined in this way 
does not depend on the intensity of the exciting radiation 
11 (vl = 23799 and 23725 cm-1) in each of the intervals 
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(u1nol< V1TI> and (flnol >TI»' 

Let us now consider the case where complete absorp
tion of the exciting radiation 11 occurs within the length 
1 of the recording system [see (4.9) and (4.10)]. The 
ion yield is then given by (4.11), which takes the fol
lowing form in the two limiting cases: 

NJE'''''D,E,I2, D,E,<1; 

NJE,,,,, l, D,E,>1 

(5.1) 
(5.2) 

(ATI>'" 0.17). Thus, at low intensities of ionizing radia
tion, (f2Ez« 1, the ion yield is linear as a function of 
lz and reaches the plateau for (fzEz » 1, which is deter
mined by the total number E1 of exciting photons. The 
point A in Fig. 6, defined as the point of intersection of 
(5.1) and (5.2), is then given by 

(5.3) 

A similar analysis of the ion yield N 1 as a function of 
ionizing intensity lz in the case when the medium trans
mits [Eqs. (4.14), (4.21), (4.22) subject to (4.15) and 
(4.19)] yields the following condition for the point A: 

(5.4) 

(g=2 and 1 for the 6zP3/Z and 6zPl IZ levels, respec
tively). 

Thus, in complete agreement with the experimental 
results, the point A on the curve showing the ion yield 
as a function of the ionizing radiation intensity is inde
pendent of the intensity of the exciting radiation and 
is given by (5.3) and (5.4). 

6. CROSS SECTIONS FOR THE PHOTOIONIZATION OF 
THE RUBIDIUM ATOM FROM THE EXCITED STATE 62P 

The experimental and theoretical analysis of the yield 
of ions as a function of the intensity of ionizing radia
tion has shown that the point at which the plateau is 
reached (point A in Fig. 6) is independent of the inten
sity of the exciting radiation and is given by (5.3) and 
(5.4). This provides us with a simple method of de
terminingthe cross sections for the photoionization of 
atoms from excited states. The photoionization cross 
section is determined only by the total number Ez of 
photons in the ionizing beam at the point A at which the 
curve reaches saturation (Fig. 6), and does not require 
any information about the absolute number of excited 
atoms. 

We have used this method to determine the cross sec
tions for the photoionization in the 6zP 3/Z and 6zP 1/2 

states by ruby laser radiation. The average cross sec
tion obtained for ten measurements on the 6ZP 3/Z level 
was found to be (1. 7 ± O. 3)x 10-17 cma. The absolute 
uncertainty is largely determined by uncertainties in 
the measured radiation energy and was estimated to be 
O. 3X 10-17 cm-2. The corresponding result for the 
6aP 1/Z state is (1.5±0.3)x10-17 cmz(see table). 

In the case of ionization by second-harmonic radia
tion, the cross sections were determined by comparing 
the slope of the corresponding graph (Fig. 7) with the 
slope of the linear part of the curve obtained by ioniza
tion with the fundamental-frequency ruby radiation 
(Fig. 6) under identical experimental conditions. The 
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State of atom· I I adO", em' 

'\12, em-I Experi· I Ca~eu. 
ment lat10n 

\
14403 \1.7±0.3\ 0.95 
14403 1.5±0.3 0.95 
28806 0.19±0.03 0.3 

*The figure in parentheses indicates the 
value of the excitation frequency v l' em- l , 

cross section for photoionization from the 62p3/2 state 
in the case of ionization with 112 = 28 806 cm-1 is (1. 09 
± O. 3) x 10-18 cm2 • Calculations of the photoionization 
cross section for the 62P state of the rubidium atom 
based on Burgess-Seaton formula[16J were found to be 
in good agreement with the measured values (see table). 

7. CONCLUSIONS 

Two characteristics are the most important for the 
process of selective two-step photoionization of atoms 
by laser radiation: the degree to which the ionization 
and the extraction of a given species from the mixture 
is selective, and the probability of ionization of atoms 
belonging to the selected species during the interaction 
with the light field. In this paper, we have investi
gated the second characteristic. We have analyzed the 
relevant conditions and have demonstrated the possibility 
that each of the selected atoms will be ionized during a 
single radiation pulse and sufficiently high ion density 
will be produced (-1012 cm-3). The method of two-step 
photoionization under saturation conditions has also 
been found to be effective as a means of measuring the 
cross sections for photoionization from excited states. 
Our work has shown the importance of chOOSing the 
transition scheme for ionization with rnaximum cross 
section. Phototransitions into the continuum have the 

. common defect that the photoionization cross section 
is low even under optimal conditions. There is, there
fore, considerable interest, in our view, in investi
gating ionization schemes using coupled autoionization 
states, especially autoionization of highly excited states 
of atoms in electric fields. [17] Recent experiments[18J 
have demonstrated the efficacy of this approach. 

APPENDIX 

Let us transform (4.1) to a more convenient form. 
To do this, let us differentiate the third equation with 
respect to T = t - z Ie. Simple rearrangement then 
yields, in the notation of (4.2), 

~ ( .. ~ aWl) =_ gH aw, _ a,r (gH)A+B] n,. 
dz W, 111: g az -I. g (A. 1) 

Differentiating again with respect to T and using the 
second and third equations in (4.1) together with (A. 1), 
we obtain the following equation for W1 which contains 
the complete differential with respect to Z: 

~ (_i_aW') +!:!:! a'w. +(A+B)~(_l_aWI) +B aw, =0 
i)zih W, <:iT g t7Za, az W, a, fJz ' 

(A.2) 
It is clear that this equation can be integrated with re
spect to z. The integration constant will, in general, be 
a function T. It can be found from the additional condi
tion that the pulse has a given form on the boundary 
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z =0. In our case, the integration constant is equal to 
BV1 on the time interval (O<T<Tp) and this yields (4.3). 

The second-order equation given by (4.3) should have 
two initial conditions. The first initial condition (4.4) 
is found by direct integration of the third equation in 
(4.1) with respect to z. The second initial condition 
for the value of the derivative for T = 0 can be found by 
integrating (A. 1) with respect to z. Using the specified 
shape of the pulse on z = 0, this yields: 

1 dW. g+1 [ (gH)A+B] f' , ---=--(V,-W,)-(J, n,dz, 
W, dT g g, 

(A.3) 

and hence we obtain (4.5). 

Let us now express the total number Ni(T) of ions in 
a cell of length 1 and unit transverse cross section in 
terms of the function W1(T,1). It is clear that 

v, I 

Ni(')=S[ n,l-f (nl+n,)dz]. (A.4) 

The third equation in (4.1) yields 

, 1 ' 1 W, S n,dz--f n,dz=--ln-I . 
t' g!J 0'1 V t :=1 

(A. 5) 

Combining this with (A. 3), we finally obtain the expres
sion for Nj(T) given by (4.6). 
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