
tinguishable with respect to  the polarization properties 
from the case when the echo is formed in two indepen- 
dent transitions, each of which belongs to  the Q branch. 
A similar remark holds also for the second group of 
transitions and for  the case of formation of an echo on 
two independent transitions, each of which belongs to 
the P(R) branch, or  one of them belongs to  the P 
branch and the other to  the R branch. 

The line 5 in the figure is a plot of 8, against JI  when 
the echo is formed on two independent transitions, one 
of which belongs to the Q branch and the other to  the P 
o r  R branch. This polarization dependence is obtained 
from Ref. 5 if the echo is formed on two independent 
transitions: jl - Ol(jl >>l) and j2 =j2 + l (  j2 >> 1) a t  No, 
=Nor, 141 = 14 (and ( ~ 0 1 -  w.)r.<< 1. Here No, dl, 
and ool a r e  the density of the excess population, the 
reduced dipole moment, and the frequency for  the jl 
-jl transition, while Noz, 4, and woz a r e  the analo- 
gous quantities for the transition j,=& + 1. 

We note that the comparison of the experimental 
curves with those of the figure should be made a t  small 
areas  of the exciting pulses, when the theory considered 
here is valid. This points for the need of organizing 
new experiments aimed at  identifying molecular transi- 
tions by the photon-echo method. 

We note in conclusion that if 7, is comparable with the 
times of the irreversible relaxation, then the intensity 
of the echo will attenuate with time in accord with an 
exponential law that takes a t  y,, = y,, the form 
exp(-2ya,t). 
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Results are presented of an investigation of the detection of single sodium atoms by means of a 
fluorescence method under conditions of cyclic interaction between the sodium atoms and a circularly 
polarized light wave of resonant frequency. To ensure multiple interaction between the atoms and laser 
radiation, the atoms are preliminarily oriented optically, as a result of which they occupy the F = 2, 
m, = 2 sublevel from which only a transition to the F' = 3, m', = 3 sublevel is possible. The 
maximum mean signal from each sodium atom interacting with the radiation is ii,, = 2 photoelectrons. 
The minimum recorded sodium atom flux in the experiment is z 1 atom/sec for an atomic registration 
probability of 0.4. Strong suppression of the atomic absorption spectral l i e  wings occurs on registration 
of single atoms when the fluorescence signal in the center of the absorption line is ii,, > 1 photoelectron. 
It is shown that this method of suppression of spectral line wings can be used to detect low 
concentrations of the atoms of a certain element in the presence of a high concentration of another 
element when the distance between the spectral absorption lines of the elements is ~0.1-100 cm-'. 

PACS numbers: 32.50. + d, 35.80. + s 

INTRODUCTION tum states using single atoms and m o l e ~ u l e s . ~ * ~  In 
investigations of ultrasmall concentrations of atoms, 

One of the pressing problems in the development of the most effective a r e  the fluorescence and photoioni- 
laser spectroscopy methods is the attainment of maxi- zation methods, which have yielded the best results. 
mum sensitivity, up to a limit of spectroscopy of quan- Using cw dye lasers  and a standard fluorescence pro- 
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cedure, it was possible in Refs. 3 and 4 to  detect 
sodium atoms with a minimum concentration down 
to lo2 atoms/cm2 and uranium atoms with a minimum 
concentration 3 x loS atoms/cms (- 10 atoms in the 
registration zone). An improvement of this method 
has made i t  possible to advance to  a registration of 
individual atoms, a s  was done for  sodium 
and barium atoms.' The stepwise photoionization 
method p r o p o ~ e d l * ~ * ~ * ~  fo r  the detection of atoms made 
possible the detection of single atoms of Cs,1° Na," 
and Yb.12 

In the present paper we present the results of an in- 
vestigation of the detection of single Na atoms by a 
fluorescent method under conditions of controlled 
cyclic interaction of Na atoms with a circularly polar- 
ized laser  light wave a t  the resonant frequency. 

2. FORMULATION OF PROBLEM 

A feature of the method of resonant fluorescence is 
that the same atom can interact, under certain condi- 
tions, many times with the laser  radiation and scatter 
resonantly the spontaneous-emission of photons. Re- 
peated interaction of an atom with l a se r  radiation is 
realized under the following conditions: 

1) cyclic character of the interaction of the same 
atom with the laser  radiation a t  resonance; 

2) saturation of the cyclic quantum transition by 
sufficiently intense laser  radiation. 

The f i rs t  condition ensures multiple resonance be- 
tween the frequency of the l a se r  radiation and a defi- 
nite pair of levels of the atom during the time of inter- 
action when the photons a r e  reradiated. The second 
condition ensures a sufficient number of reradiated 
photons for reliable registration. 

Several methods of realizing a cyclic interaction of 
the atom with the radiation can be indicated. The 
simplest case is when the atom levels interacting with 
the laser radiation can be represented by a two-level 
scheme. Examples a r e  atoms in which the resonant 
transition is not split by hyperfine interaction (Na20, 
~ a ) .  This case, however, is rare .  An atom having 
a hyperfine structure can be brought into one of the 
hyperfine-structure states from which i t  interacts with 
the radiation like a two-level ~ y s t e m . ' ~ ~ ' ~  The most 
general case of realization of a cyclic interaction is 
through the use of several transitions excited by a 
multifrequency laser. 

In the present study, using sodium, which has a 
hyperfine structure, the cyclic interaction was effected 
by the second method between the atom and circularly 
polarized laser  radiation. 

Figure l a  shows the energy scheme of the hyperfine 
structure of the D2 line of the sodium atom. The only 
transition that satisfies the multiple excitation condi- 
tion is 3 's, 12(F = 2) - 3 'P~,~(F' = 3),  SO that in accord- 
ance with the selection rules the atom can go from the 
F' = 3 state only to a lower state with F = 2. Thus 
cyclic excitation of the atom can be produced by a 

FIG. 1. a) Energy diagram of hyperfine structure of the D2 
line of the Na atom; b) optical orientation of the Na atom by 
circularly polarized laser radiation. 

single-mode cw dye laser  whose frequency stability 
in time does not exceed the homogeneous absorption 
line width. As noted above, to obtain the maximum 
number of scattered photons from a single atom i t  is 
necessary that the power of the exciting radiation 
exceed the saturation power. In this case, however, 
a noticeable broadening of the levels takes place1' and 
leads to transitions of the atoms from the lower state 
3 's,,~(F =2) to an upper state ~ ' P ~ / ~ ( F '  =2),  from 
which i t  can go over to the ground state with F = 1. 
In this state the atom can no longer interact with the 
laser  radiation because of the large frequency differ- 
ence between the components F = 1 and F = 2. The 
excitation ceases to be cyclic a s  a result. 

In Refs. 5 and 6, cyclic excitation of the atom was 
produced by using a multimode dye laser  a t  high power 
( 4 5 0  mW) a resulting in a noticeable broadening and 
overlap of the hyperfine splitting levels of the upper 
state F'= 3. The atoms were excited both from the 
sublevel F = 2 and from the sublevel F = 1 of the ground 
state. 

In the present study, to obtain a cyclic interaction 
between the radiation and the atom, the sodium atom 
was f i rs t  optically oriented (Fig. lb). Intense o+-po- 
larized light excites transitions with change of the 
magnetic quantum number Am = +l .  As a result of 
this process, the atoms a r e  optically pumped into the 
state F = 2, m, = 2. The only transition possible from 
this state is to an upper state with F' = 3, m6 = 2. 
Transitions from the state with F' = 2, rn; = -2, -1,O, 
+1, +2 a r e  also forbidden in the dipole approximation. 
Thus, the atoms in the state F = 2, m, = 2 can be re- 
garded a s  two-level systems in which multiple cyclic 
excitation is possible. 

I t  should be noted that even in this case there a r e  
channels through which the atom excitation can lose 
its simplicity. First ,  in optical pumping, when not 
al l  the atoms a r e  gathered on the sublevel F =2, m,=2, 
transitions to upper states with F' = 2 a r e  possible, 
followed by a transition to the ground state with F = 1. 
Second, regardless of the method used to obtain u+- 
polarized laser  radiation, a fraction of the radiation 
is always linearly polarized. As will be shown below, 
neither of these channels is significant in our case. 

Let the atom cross  a laser  beam tuned to a resonant 
absorption line. Then, in the regime of cyclic inter- 
action of the atom with the laser  radiation, during the 
time that the atom crosses the beam it  absorbs and 
emits a number of photons, equal to 
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where A,, and T,, are  respectively the Einstein coeffi- 
cient of the considered transition and the lifetime of 
the upper level, 17 is the ratio of the average popula- 
tions of the upper and lower levels, and t ,  is the time of 
cross of the beam by the atom. If the intensity of the 
laser radiation exceeds the intensity of the saturation 
of this transition, then the number of emitted photons 
is 

N,-tc/2cl. (2) 

We now estimate this time for the sodium atom. The 
most probable velocity of the sodium atom at a temper- 
ature 50 "C in an atomic beam is  5 . 8 ~  lo4 cm/sec. The 
lifetime of the excited state i s  7 = 1.6 10- see. Then the 
number of photons emitted by the atom over a path of 
4 mm in the laser beam is 220. The use of an ellis- 
soidal reflector makes it actually possible to gather on 
the photomultiplier cathode photons from a solid angle 
of approximately 5 sr. The number of photons inci- 
dent on the photo-cathode i s  then N,,, 3 90. The better 
photomultipliers have a quantum efficiency 10-20% at 
a wavelength X = 589.0 nm. 

Thus, from each passing atom whose excited transi- 
tion is in the deep-saturation regime one can expect 
from the photomultiplier cathode a maximum signal 
N ,  3 9 photoelectrons. 

In the resonance-fluorescence method, the sensitivity 
is limited by the background signal due to the scatter- 
ing of the laser radiation by the parts of the cell in 
which the atoms are  detected. The background radia- 
tion incident on the photocathode during the time that 
the atom crosses the laser beam is  

Nb=EWLtC/hv, (3) 

where W, is the laser-emission power at the entry to 
the cell, and 5 i s  a parameter that characterizes the 
quality of the cell and is equal to the ratio of the stray 
laser radiation incident on the photocathode to the 
laser power at the entry to the cell. 

The necessary condition for observing an atom i s  the 
requirement 

NbtNd.1. (4) 

From this requirement we can estimate the value of: 
b<Ndeth~IW~tc. (5) 

For the experiment described abwe W, = 10- W,  T 
= 12 psec, and condition (5) yields 5 << 2 x 10". 

3. EXPERIMENTAL STEUP AND RECORDING 
PRINCIPLE 

The experimental setup is illustrated in Fig. 2. It 
consists of the following principal elements: a laser 
atom-excitation source, a cell in which the radiation 
interacts with the atom, an atom source, recording 
and analyzing electronic circuitry, and a system for 
monitoring the frequency and power of the excited 
radiation. 

FIG. 2. Diagram of experimental setup: 1,2-photomulti- 
pliers, 3-atomic-beam source, 4-lens, 5-1/4 plate, 6- 
Glan prism, 'I-laser , 8--ellipsoid. 

The source of excitation of the sodium atoms was a 
single-mode cw dye laser. The radiation power 
reached 10 mW. The lasing frequency could be tuned 
to the axial modes of the resonator (Av, = 400 MHz). 
To obtain circularly polarized (0') radiation, the laser 
beam was passed in succession through a polarizer 
(Glan prism) and a quartz quarter-wave plate. The 
degree of polarization was not worse than 99%. The 
radiation was applied to a cell with a sodium-atom 
beam. The cell was designed to minimize the stray 
light. For this purpose it  was blackened, diaphragms 
of variable diameter were placed outside and inside, 
and the entrance windows had surfaces with small 
light scattering coefficients. The cell was evacuated 
to 10' Torr. To saturate the excited transition at 
a small laser input power and to decrease the back- 
ground signal due to the laser beam a s  it passed 
through the internal diaphragms of the cell, the laser 
radiation was focused with a long-focused lens (F = 50 
cm). The beam diameter in the interaction region was 
d=0.57 mm. Since the laser radiation was single- 
mode and could be tuned only in discrete steps equal 
to the distance between the longitudinal resonator 
mode (Av, =400 MHz), the tuning to the transition 
32S,12(F = 2) -- 32P312(F' = 3) was effected by directing 
the atom bean at an angle to the laser beam. The 
source of the sodium vapor was an oven in which 
metallic sodium was placed. The oven temperature 
could range from room temperature to 100 "C. The 
atom beam was collimated by a cylindrical channel 
4 mm long and 0.5 mm in diameter and by additional 
diaphragms. The distance from the split of the oven 
to the interaction region was 150 mm. The atom beam 
crossed the laser beam at an angle 7". The average 
path of the atom in the beam was 4 mm. 

The resonant fluorescence was gathered by two 
ellipsoids so arranged that the atoms interacting with 
the laser beam were located in one of the foci of the 
elltpsoids and the cathodes of the photomultipliers 
(FEU-79) were located in the other focus. The gather- 
ing angle of one ellipsoid was = 4.6 sr. The selected 
photomultipliers were those having the maximum quan- 
tum yield out of a large batch. 

The use of elliptic reflectors to increase the number 
of photons coming from the atom resulted in th:! 
present study to an increase of the laser stray light 
incident on the photocathode, compared with the case 
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when a cell with lens condensers is The pa- 
rameter t characterizing the quality of the cell in- 
creased from 10''' t o  6 x  10'12. F o r  the described 
experiment, the input power was I 6 lo3 W , T = 12 
psec, and condition (5) was certainly satisfied: t,,, 
<< 2 x 10'. 

At the indicated laser-radiation input power and the 
parameter 5 ,  the background radiation incident on the 
photomultiplier cathode during the time of flight of the 
atom through the beam amounts to 0.3 photon, which 
is negligibly small  compared with the signal from the 
atom. 

To register the atoms we chose a system with double 
coding, in which a signal was registered when the 
number of electrons from the photomultiplier cathode, 
during the measurement time, was equal to o r  larger 
than the discrimination threshold, and no signal was 
registered a t  a lower number. In such a system, in 
the absence of a background signal, passage of an 
atom is registered if a t  least  one photoelectron is 
received during the measurement time (in our case, 
during the time of flight of the atom through the laser  
beam). On the other hand i f  not a single photoelectron 
is received, absence of an atom is registered. 

In the real  situation, photoelectrons produced by the 
background due to the s t ray  laser radiation and to the 
dark current of the photomultiplier a re  present. This 
makes i t  necessary to increase the registration thresh- 
old compared with a value equal to one photoelectron 
during the measurement time. Because of the statisti- 
cal character of the photon emission by the atom, the 
increase of the registration threshold makes i t  possi- 
ble that a signal (atom) can remain unobserved. The 
background results not only in the need for increasing 
the threshold, but also in the appearance of a false 
signal. 

Assuming that the photoelectrons have a Poisson 
distribution the expression for the probability of re- 
ceiving a signal is15 

ps= t x e x p ( - i i s ) ,  
m-n, 

m! (6) 

where n, is the average number of photoelectrons dur- 
ing the time of registration in the presence of a signal, 
and n, is the threshold level above which the received 
signal is registered. The probability of receiving a 
false signal is given by 

where n, is the average number of the background pho- 
toelectrons. 

Figure 3 shows the electric block diagram of the 
setup that made i t  possible, during the time of the 
experiment, f irst ,  to analyze the number of pulses 
arriving during the strobing time, i.e., the number of 
photoelectrons arriving during the time of flight of the 
atom through the laser  beam; second, to provide dis- 
crimination with respect to the number of received 
photoelectrons during the strobing time, s o  a s  to 
eliminate the background parasitic signal; and third, 

FIG. 3. Electric block diagram (the symbols are explained in 
the test). 

to provide time discrimination with the aid of a coinci- 
dence circuit for additional elimination of the back- 
ground signal and to determine the atom registration 
probability. 

The pulses from the photomultiplier were fed 
respectively to amplifiers (U-1,2), discriminators 
(D-1,2) and pulse shapers (S-1,2). After shaping, 
the pulses were fed to an adder (PA) and gates G-1, 
G-2, which were closed in the normal state. The first  
pulse received by the adder triggers the shaper of the 
strobing signal, whose duration could be varied in the 
range from 3 to 60 psec. The strobing duration in the 
experiment was chosen to be equal to the average time 
of flight of the atom through the laser  beam. The 
strobing signal opened the gates G-1 and G-2 and the 
pulses from each c h a ~ e l  were fed, during a time 
equal to the strobing duration, to counters C-1, 
. . .C-10. Each of the ten counters operated after 
receiving a number of pulses equal to the number of 
the counter. The signals from the counter were fed 
to the adder C, whose function was to generate a signal 
i f  i t  received a t  least one pulse from the counters C-1, 
. . . C-10. The pulses proceeded from the adder either 
to frequency meters F-3, F-4, or to a coincidence 
circuit CC, from which they were fed in turn to the 
frequency meter F-5. Frequency meters F-1, and 
F-2 were intended to count the pulses in each of the 
channels. 

4. OPTICAL ORIENTATION AND CYCLICITY OF 
EXCITATION OF THE ATOM 

The crucial instant in fluorescent detection of atoms 
is the realization of cyclic excitation of the atom, s o  
a s  to obtain the maximum number of photons during the 
time of flight of the atom through the laser beam. In 
the present study this was accomplished by optically 
orienting the sodium atom, so that the atom landed in 
the state 3 2 ~ ,  Iz (F = 2, mF = 2), became a two-level 
system, and could absorb and emit repeatedly photons 
via the transition F = 2, m, = 2 - F' = 3, m i  = 3. 

In the experiment, the atom beam was directed a t  
a small  angle to the laser  beam, so  that the first  to 
interact with the laser  beam, inasmuch a s  the sodium 
atom has a hyperfine structure, a r e  three groups of 
atoms from the Doppler contour in a small range of 
velocities, for which the condition of resonance with 
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the radiation is satisfied. These three groups of 
atoms a r e  excited from t he ground state with F = 2 into 
excited states with F1= 3,2,1. All the atoms excited 
into states with F'= 2 and 1 go over very rapidly, 
compared with the time of stay of the atom in the laser 
beam, into the state with F = 1 and no longer interact 
with the laser radiation. This group of atoms will 
not be considered hereafter. 

The atoms whose transition F = 2 - F' = 3 has a fre- 
quancy resonant with the laser radiation, can interact 
repeatedly with the radiation. The intense circularly- 
polarized laser radiation excites transitions with Am 
= +l; as  a result of these transitions, the atoms reach 
very rapidly the sublevel F = 2, m, = 2.13 The only 
possible transition from the sublevel F = 2, m, = 2 is 
to the sublevel F' = 3, m,.= 3. The nonresonant transi- 
t i o n s F = 2 , m F = 2 - F 1 = 2 , m , , = - 2 ,  -1,0,+1,+2, 
a r e  also forbidden by the selection rules. Thus, when 
the atom is on the sublevel F = 2, m, = 2, i t  can re- 
peatedly and cyclically interact with the circularly 
polarized (a') laser radiation. 

In the course of the optical pumping, however, the 
interaction of the atom with the laser radiation can be 
interrupted by nonresonant transitions from the sub- 
level F =2,mF=-2, -1,0, +1 to the sublevels F1=2,  
mk = -2, -1,0, +1, +2, from which the atom can go 
over to a lower sublevel with F= 1 and cease to inter- 
act with the laser radiation. 

Calculations of the distribution of the calculations of 
the sublevels of the 3 2 ~ , 1 2  state of the sodium atoms in 
the atom beam optically pumped by laser radiation with 
o+ polarization and linear polarization (n) were calcu- 
lated under the following assumptions: 1) the laser 
radiation is a t  resonance with the transition F = 2 - F1 
= 3; 2) the transitions to the nearest sublevel of the 
upper state F' = 2 is due to the wing of the absorption 
line; 3) the transitions from the level F = 1 to the level 
F'= 2 a r e  inessential and therefore disregarded; 4) 
the magnetic substructure of the levels F = 1 is dis- 
regarded. Thus, we consider the following lower- 
state levels: 

and the following upper-state levels: a )  for o+ polar- 
ization: 

and b) for n polarization: 

The kinetic equations for the populations of the con- 
sidered sublevels a re  of the form 

for the lower levels and 

for the upper levels, where we have put P sF, m,; P '  
SF', m,,. Here nk and n a r e  the populations of the 

lower and upper levels; A:, a r e  the probabilities of 
the spontaneous transition between levels; w,8, and 
w &  a r e  the probabilities of stimulated transitions: 

where I,, i s t h e  integrated intensity of the laser radia- 
+ion and B& is the Einstein coefficient of the stimu- 
a t e d  transition. It is assumed that the spectral pro- 
file of the laser radiation is 

4 'i, i 
V - v  - 2  ) - e r p [ - 4 ~ n 2 ( ~ ) x ] ,  AvL (10) 

where Av, is the width of the laser-emission line. 
The absorption-line contour is 

j n(v-6-vo)dv=l, 
-- 

where Av,, is the homogeneous width of the sodium- 
atom absorption line and b is the frequency difference 
between the center of the absorption line and the cen- 
t ra l  frequency of the laser emission. 

Figure 4a shows the calculated plots of the popula- 
tions of the F' = 3 levels in the interaction with radia- 
tion of power l, = 100 mw/cm2 and Av, = 10 MHz with 
circular a* polarization and linear n polarization a s  
functions of the time of interaction with the radiation. 
The population of the level F' = 3 in interaction with o+ 
polarized radiation is increased by optical pumping; 
when the optical pumping ends, the population of the 
level remains practically constant in time. When the 
atom interacts with n polarized radiation there is no 
optical pumping to the sublevel F = 2, m, = 2, and the 
atom goes over via non-resonant interaction with the 
upper level F' = 2 to the lower level F = 1. The popu- 
lation of the level F' = 3 decreases continuously during 
the time of flight of the atom through the laser beam. 

A simglar difference in the behavior of the popula- 
tions of the level with F' = 3 should lead to a change in 
the fluorescence signal from the atoms interacting with 

t=12 *set 

0 ~ 1 ~  0.2 :ky=;: 
X UOO 

0 I I 
C I zoo d 
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0 200 VffO 600 0 07 1 2  OJ 
t/trpont J , ~ / c r n ~  

FIG. 4. Optical orientation of sodium atom. a) time variation 
of population of the sublevel 32~3,2(F '  =3) when atoms interact 
with a+ and r polarized radiation whose frequency i s  tuned to 
resonance with the transition 3 2 ~ , , 2  ( F = 2 ) -  3 2 ~ 3 , 2 ( ~  =3) 
( Z o = l O O  mw/cm2 A v = 1 0  MHz), b) dependence of the fluores- 
cence signal of Na atoms on the laser-radiation power for the 
two polarizations u* and r. 
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o' and n polarized radiation, since the integral of the 
dependence of the atom population on the F' = 3 level 
is proportional to  the fluorescence signal from the 
atom. From the difference between the values of the 
fluorescence signal one can assess  the degree of 
polarization of the atom. 

Figure 4b shows plots of the fluorescence from the 
sodium atom in the beam when u+ and ?r polarized ra-  
diation excited the transition 3 's, 1 2 ( ~  = 2) - 3 'p3 , 2 ( ~ 1  
= 3). I t  is seen from the figure that with increasing 
laser power the absorption of the transition saturates 
in both polarizations. The fluorescence signal follow- 
ing excitation with a+ polarized radiation exceeds the 
fluorescence signal due to n polarization excitation by 
a factor 1.52 and a power 300 mw/cm2. Comparing 
this value with the ratio 1.68 of the integrals of the 
curves 'that describe the population on the level F' = 3 
in Fig. 4a, we can conclude that the sodium atoms 
a re  effectively oriented. 

Optical pumping should lead to a change in the ratio 
of the fluorescence signals when the laser is tuned to 
the transitions 3 'S,,~(F =2) - 3 'P,/,(F' = 3) and 3 2 ~ ,  / 2  

( F  = 1)- 3 2 ~ 3 1 2 ( ~ 1  = 1,2),  a s  a function of the laser 
radiation power. Tuning to the f i rs t  transition should 
cause optical orientation of the atom, and tuning of 
the laser radiation to the second transition cannot 
orient the atom in our case. 

Figure 5 shows the absorption-line contours of the 
atoms in the beam when the laser  radiaton is scanned, 
for three different values of the laser  power. It is 
seen that a t  low radiation power (I, =0.2 mW/cm2, 
Fig. 5a) the ratio of the intensities of the hyperfine 
structure components corresponds to  the statistical 
weights of the levels and is equal to 1.68. When the 
pump power is increased (I, = 7.8 and 660 mW/cm2, 
Figs. 5b and 5c) the fluorescence signal corresponding 
to the transition from F = 2 of the ground state in- 
creases strongly, thus indicating that atoms a r e  

FIG. 5. Change of the contour of the D, line of sadium atoms 
interacting with a+ polarized laser radiation: a) I,= 0.2 
mw/cm2, b) I&= 7.8 mw/cm2, c) I,= 660 mw/cm2. 

accumulated on the sublevel F = 2, m, = 2, i.e., the 
atoms become optically oriented. 

5. REGISTRATION OF MULTIPHOTOELECTRON 
PULSES 

The number of photons emitted by each atom a s  i t  
passes through the laser  beam is a random quantity 
and is described by a Poisson distribution. The sta- 
tistics of the photoelectron emission is also described 
by a Poisson distribution. By repeating many times 
the experiment on the reception of the signal from the 
sodium atoms passing through the laser  beam and in- 
teracting with the radiation (as was in fact done in the 
experiment) i t  is possible to find this distribution. 
Not only the distribution of the number of photoelec- 
trons i t  is possible to turn to determine the average 
number of photoelectrons from the atom. Knowledge 
of the average value of the received photoelectrons 
from the atom is essential when it  comes to discrim- 
inating the parasitic background, and also for many 
other applications which will be discussed later on. 

It should be noted that an important role in the de- 
termination of the average value of the photoelectrons 
from an atom is played by the estimate of the fluctua- 
tions of the atom flux itself, neglect of which can dis- 
tort  the determined quantity. At the atomic-beam 
geometry used in the experiment, and a t  an oven tem- 
perature, T = 90 "C (the maximum oven temperature 
used in the measurements) i t  is easy to estimate that 
the flux through the interaction zone is N =  2 X 10' 
atoms/sec. The actual number in the experiment 
was smaller because of scattering of the atomic beam 
in the residual gas of the cell @ = 10" Torr). Since 
the laser beam interacts only with the group of atoms 
from the Doppler contour in a small range of velocities 
corresponding to the homogeneous absorption-line 
width, the flux of the interacting atoms amounts to 
N, =NAv,,,/A,,,= 2.5 atoms/sec. At a strobing 
duration T =  12 psec, the average number of atoms in 
the interaction volume is Zm,= 0.03. The probability 
of two atoms landing in this volume during the time of 
interaction can be easily estimated from the Poisson 
formula and amounts to P(2) = 4.5 ' loe4. The pro- 
bability of 3, 4 and more atoms landing there is even 
smaller, i.e., such event can be neglected both when 
considering the fluctuations of the photoelectrons and 
when measuring the velocity of the flux of atoms. 

Figure 6 shows the dependence of the number of 
registered pubes  from the flux of the sodium atoms 
interacting with the radiation on the discrimination 
threshold during a measurement time t = 1 a t  a strobe 
duration t = 12 psec and a t  a laser radiation intensity 
I, = 120 mW/cm2. The discrimination threshold n, = l 
corresponds to registration of atoms producing a sig- 
nal equal to one and more photoelectrons, the threshold 
n, = 2 is the same for two or  more photoelectrons, 
etc. The maximum discrimination threshold a t  which 
atoms could still be detected a s  n,= 8. The experi- 
mental points a re  best approximated by a Poisson dis- 
tribution with ii= 1.3, i.e., the average number of 
photoelectrons received from the atom is 1.3. 
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FIG. 6. Number of registered pulses from a beam of sodium 
atoms interacting with radiation as a function of the discrim- 
ination threshold (0). Dashed curve-Poisson distribution 
function with ii,= 1.3 (0). 

Figure 7 shows the ratio of the number N,,,, of the 
pulses received from the sodium atoms and registered 
by the coincidence circuit to the number N, of the 
pulses registered in one channel, a s  a function of the 
laser-radiation power. At a low laser power, I ,  
<I,,, the ratio N,,,,/N, is much less than unity, i.e., 
the signal in one channel is larger than in the coinci- 
dence circuit. The reason is that a t  low radiation 
power the sodium atom passing through the laser beam 
does not emit enough photons to record it simultane- 
ously in both channels. If the probability of the regis- 
tration of the atom in one channel is P,, then the prob- 
ability of i ts  registration in the coincidence circuit is 
P,,,, =P:. When the laser power is increased, the 
probability of registration of the atom increases. The 
number of registered atoms in one channel is N, 
=NatP,, where N, is the number of atoms interacting 
with the radiation. The number of registered atoms 
in the coincidence circuit is N,,,, = N,P,,,, = N,,P:. 
From these two expressions we get for the probability 
of registering an atom P, = N,,,,/N,. From the plot 
in Fig. 7 we can determine the probability of register- 
ing an atom: P, = 0.87, i.e., a t  a power ZL >> I,, = 10 
mW/cm2 the probability of registering an atom in our 
case is 87O/0. Knowing the probability of registration 
of an individual atom a t  a discrimination threshold 
n, = 1, we can determine from (6) the maximum aver- 
age number of photoelectrons received from the atom. 
The sum in the right-hand part of expression (6) was 
tabulated for different values in Ref. 16. Using the 
data of that reference and the atom-registration prob- 
ability P, =0.87, we get for the average number of 
photoelectrons n= 2. This is smaller by a factor 4.5 
than the value estimated in the introduction. The 
principal causes of the loss of photons emitted by the 
atom a r e  the following: the decrease of the reflection 

o r  I I I 0.2 0 4 06 
1, w/cm2 

FIG. 7. Ratio of the number of registered pulses from a beam 
of sodium atoms in one channel (4) to the number of regis- 
tered pulses in the coincidence circuit (Nmh ) as a function of 
the laser-radiation. 

coefficient of the peripheral regions of the ellipsoids, 
the losses in the focusing on the photomultiplier cath- 
odes, and the insufficient quantum efficiency of the 
photomultipliers. 

6. REGISTRATION OF SINGLE ATOMS 

After selecting the atom-registration regime (power, 
spectrum, radiation polarization) that yields a maxi- 
mum registration probability we registered the atom 
flux while varying the oven temperature. Figure 8 
shows the dependence of the atom flux registered in 
the coincidence circuit on the oven temperature at 
the various discrimination thresholds. The upper plot 
was obtained a t  n, = 1 (all the atoms that produce a 
signal of one pho&electron and more a r e  registered), 
and the lower plot a t  n, = 2 (all the atoms that produce 
a signal of 2 photoelectrons and more). It is seen that 
a t  n, = 1 the minimum registered atom flux is deter- 
mined by the background stray illumination and 
amounts to approximately 200 atoms/sec. The prob- 
ability of registration of each atom is in this case 
P = 0.8. 

At a discrimination threshold n, = 2, the background 
signals is decreased and the sensitivity of the system 
correspondingly increased. In this case the minimum 
registered atom flux amounts to several atoms per 
second. However, a t  the same time the probability 
of registration of the atoms decreases to P = 0.4. 

Figure 9 shows plots of the atom registration prob- 
ability against the discrimination threshold for differ- 
ent values of the average number of registered photo- 
electrons, calculated from formula (6). I t  is seen 
from the figure that the discrimination level that can 
be used for the registration of the atoms depends 
substantially on the average number of photoelectrons. 
The larger this number, the higher the discrimination 
threshold that can be effected for  the registration of 

FIG. 8. Atom flux as a function of the oven temperatme for 
different discrimination thresholds: 0-g = 1 (P= 0.8), A- 
n t = 2  (P=0.4). 
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FIG. 9. Atom-registration probabilities as functions of the 
discrimination threshold at different values of the average 
number of the registered photoelectrons from the atom. 

an atom without substantially decreasing the registra- 
tion probability. 

7. MULTIPHOELECTRON SPECTROSCOPY 

It is seen from Fig. 9 that the probability of regis- 
tration of the atom a t  a definite discrimination thresh- 
old is larger the larger the mean value of the photo- 
electrons received from the atom. When the laser 
frequency is tuned away from the center of the absorp- 
tion line of the atom, the average number of photo- 
electrons that can be registered from the atom de- 
creases with the decrease of the absorption cross 
section. This leads to a decrease of the probability 
of registration of an atom when the frequency of the 
laser is tuned to the absorption-line wing. When the 
atom flux is registered, the signal a t  the center of the 
absorption line (vL = vo) is equal to No = N,,P(O), where 
N, is a t  the flux of the atoms interacting with the 
radiation and P(0) is the probability of registration of 
the atom a t  vL = vo. At a l a se r  frequency v, = vo + Av, 
on the absorption-line wing, the corresponding signal 
is N=N,P(Av), where P(Av) is the probability of 
registration of an atom when the frequency of the 
laser is detuned from the center of the absorption line 
by Av. 

Assume that the number of received photoelectrons 
is discriminated in the course of the detection of the 
atom. If the number of photoelectrons a t  the center of 
the absorption line (i.e., a t  v, = vo) is E a  1, then this 
discrimination does not lead to a noticeable decrease 
of the probability of registration of the atom, meaning 
also the signal No. At a noticeable deviation of the 
laser frequency from the absorption-line center, the 
number of photoelectrons received from the atom de- 
creases substantially and the atom registration prob- 
ability is correspondingly decreased. Discrimination 
in this case lowers noticeably the atom registration 
probability P(Av), meaning also the magnitude of the 
signal N. Thus, in this atom-registration regime one 
should observe a strong suppression of the spectral- 
line wings. 

Figure 10 shows the beam-atom absorption-line 
contours measured in the indicated regime. The aver- 
age number of photoelectrons in this case is no = 1.8. 
The discrimination threshold changed from 1 to 4. 
The figure shows the suppression of the absorption- 
line wings when the discrimination threshold is in- 
creased. The magnitude of the wing suppression can 
be characterized by the detection selectivity defined a s  

FIG. 10. Dependence of the absorption-line contour of Na 
atoms in a beam, corresponding to the transiton 3 2 ~ i l z ( ~ =  2) - 3  2 ~ 3 1 2 ( ~ '  = 3). in cyclic interaction of the atoms with the 
laser radiation. 

It is equal to the ratio of the probability of registering 
the atom a t  v, = vo a t  the center of the absorption line 
to the registration probability on the absorption-line 
wing a t  the frequency v,= v, + Av. It is easily seen 
that the detection selectivity defined in this manner is 
equal to 

(14) 

which is the ratio of the signal a t  the center of the 
absorption line to the signal a t  the frequency vo +Av 
for the chosen discrimination threshold. 

Figure 11 shows the selectivity of detection of the 
sodium atom a s  a function of the discrimination 
threshold, obtained from the plot of Fig. 10 fo r  a 
frequency deviation Av=0.036 cm" from the center 
of the absorption line. The selectivity was deter- 
mined from (14). The dashed curve in the same figure 
shows a calculated detection selectivity obtained from 
formula (13) a t  Zo= 1.8, taken from an experiment in 
which the absorption line contour was measured in the 
multiphoto electron registration regime. The two 
plots agree within the limits of errors .  

The excitation selectivity S, (v) describes not only 
the degree of suppression of tbe spectral-line wings, 
but also the detecting ability when the concentration of 
one element is determined against the background of 
the concentration of another element. For  example, 
if the number of excitation cycles of two different 
atoms (elements, isotopes, excited isomers) with 

"t 

FIG. 11. Sodium-atom detection selectivity as a fundion of the 
discrimination threshold at a detuning Av= 0.036 cm-I from the 
center of the absorption line. 
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FIG. 12. Atom-detection selectivity as a function of the de- 
tuning from the absorption line center a t  different values of 
the discrimination threshold for a Lorentz contour (the quanti- 
t ies in the parenthesis a r e  the probabilities of the atom regis- 
tration). 

concentrations N and n is  the same, the detection 
selectivity determines the possibility of observing the 
smaller concentration against the background of the 
larger at the frequency v, = v,,; Av= vo,- v,,. The 
smallest observable concentration is 

n=&J, (15) 

It is of interest to estimate the detection selectivity 
a s  a function of the detuning from the absorption-line 
center. 

Figure 12 shows plots of the selectivity of atom de- 
tection against the detuning from the absorption-line 
center for different values of the discrimination 
threshold in the case of a Lorentz contour (solid 
curves). The plots are  based on Eq. (13) for an aver- 
age number no = 5 of the photoelectrons received from 
the atoms at the center of the absorption line. It i s  
seen from the figure that for a small decrease of the 
registration probability of the atoms the detection 
selectivity can reach a value loS0. In a real experi- 
ment, the maximum selectivity is limited by the 
presence of parasitic noise. 

In our experiment this noise consists of the back- 
ground laser stray illumination. The minimum back- 
ground signal in one channel in the experimental was 
3 x loS pulses per second. This correspond to an aver- 
age number of background photoelectrons during the 
registration time % = 4.5 X lom2. This quantity deter- 
mines the maximum selectivity of detection of sodium 
atoms in our experiment. 

Figure 12 shows the calculated dependence of the 
detection selectivity of sodium atoms with account 
taken of the background stray laser illumination in 
our experiment (dashed line). It is seen that the 

presence of the background signal limits the detection 
selectivity, but even in this case the detection selec- 
tivity in multiphoto electron registration of the signal 
is larger by many orders of magnitude that the detec- 
tion selectivity of the usual registration method 
(nt = 1). 

Simultaneously with the increase of the detection 
selectivity, the atom registration probability de- 
creases in multiphotoelectron signal registration. 
For example, it is seen from Fig. 12 that the atom 
registration probability at the discrimination threshold 
n, = 5  amounts to 0.56. 

In conclusion, the authors thank 0. V. Terent'ev and 
G. I. Bekov for help with the experiment, and V. G. 
Minogin for numerous and helpful discussions of the 
results. 
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