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Single-Atom Detection 
with 

Lasers 

W. M. FAIRBANK, JR., and C.Y. SHE 

Primarily because of the development 
of broadly tunable dye lasers, it has 
become possible to detect a single 
atom and also to measure its velocity. 
In the last five years, a number of dif
ferent single-atom detection schemes 
have been proposed and demonstrated. 
In some cases, the detected atoms 
were in a vacuum; in other experi
ments, detection was possible even in 
the midst of 1 0 1 9 atoms/cm3 of a dif
ferent atomic or molecular species. 

In this article we will review the dif
ferent methods of single-atom de
tection. As an example, we will con
centrate on our own single-atom 
velocity measurements by the method 
of laser-resonance fluorescence. Our 
emphasis on the resonance-fluorescence 
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method should not be construed as an 
endorsement of this technique as the 
best of the different schemes. In fact, 
the exact conditions of each experi
ment and the types of dye lasers 
available to the experimenter will 
dictate which single-atom detection 
method is the best choice. 

Al l the single-atom detection meth
ods that have been demonstrated to 
date involve the same first step: exci
tation of the atom to a low-lying 
excited state by a dye-laser beam 
tuned to the resonant wavelength of 
the atom. This is represented by the 
large arrow in Fig. 1. In most cases, 
this step can be performed quite 
easily. A few milliwatts of dye-laser 
power is usually sufficient to saturate 
the transition, creating a high probabil
ity that the atom is in the upper level. 
The excited atom then is detected in 
one of the six different ways shown in 
Fig. 1. 
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FLUORESCENCE METHODS 

The first four pathways of Fig. 1 are 
variations on a general method called 
laser-resonance fluorescence or laser-
induced fluorescence. Detection oc
curs through the spontaneous emission 
that the atom radiates in all directions 
when it decays from the excited state 
back to the ground state via one of the 
four pathways. The delays before 
emission are usually short (10-7 to 
10-8 sec), and reexcitation can occur 
soon after the atom returns to the 
ground state. This means that up to 
10 7 to 10 8 excitations and decays can 
occur in an atom each second, result
ing in 10 7 to 10 8 photons/sec of spon
taneous emission. In a typical experi
mental apparatus the light is collected 
by lenses and/or mirrors in a direction 
at right angles to the laser beam. Dia
phragms are often carefully placed so 
that little laser light bounces off sur
faces and reaches the detector and 
photon-counting apparatus. Even with 
a moderate collection efficiency, on 
the order of 105 counts/sec of signal 
can be recorded each time a single 
atom passes into the laser beam. Pro-

Fig. 1. Different schemes for detecting 
single atoms with lasers. After an atom is 
excited by a laser (the large arrow), it may 
be detected by observing its resonance 
fluorescence (path 2) or fluorescence at a 
different frequency (paths 1 and 3), by 
the method of SONRES (path 4), by photo-
ionization (path 5), and by field ionization 
(path 6). The nonradiative thermal energy 
for paths 1 and 3 may also be detected by 
photoacoustic spectroscopy. 
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vided that the stray laser light reaching 

the detector is small, this single-atom 

fluorescence signal is certainly detect

able. 

The first experiments in detection at 

the single-atom level were done by 

Fairbank et al. at Stanford Universi ty 1 

in 1974. The purpose of their experi

ments was to measure the vapor den

sity of sodium in an evacuated cell . In 

order to ensure accurate measure

ments, the laser intensity had to be 

kept well below saturation in these ex

periments. Hence a large laser-beam 

diameter (1 mm) and low power (3 

µW) were used. Nevertheless, sodium 

densities as low as 100 atoms/cm 3 

were measured, representing an im

provement of 6 orders of magnitude 

compared with the best results of con

ventional methods. In these experi

ments there were approximately one 

or two atoms on the average in the vol

ume from which fluorescence is col

lected (note that this volume is not 

well defined, since a laser beam has no 

sharp edge and the length o f the laser 

beam seen by the lenses is i l l defined 

because of imperfect focusing). Thus, 

although individual atoms were not 

detected in these experiments (the sig

nal was an average over many atoms, 

one or two at a time), very sensitive 

detection of matter and the prospects 

for future single-atom detection were 

clearly demonstrated. 

In the Stanford experiments, the 

emission fol lowed path 2 in F ig . 1. 

The signal photons had approximately 

the same wavelength as the laser, ex

cept for a small Doppler shift. Thus it 

was not possible to distinguish signal 

and stray-light photons wi th an inter

ference filter or monochromater. The 

sensitivity could have been better i f 

the stray light had been lower. In 

1977, Gelbwachs et al.2 of the Aero

space Corporation demonstrated that 

the stray-light problem could be solved 

by using path 3 in F ig . 1. They called 

their method S O N R E S (saturated op

tical nonresonant emission spectros

copy). In this scheme, a buffer gas at a 

moderate pressure is used. The excited 

atoms collide frequently wi th buffer-

gas atoms. Often the collisions transfer 

the atom to a nearby excited state. 

The experimental demonstration of 

S O N R E S was done with sodium atoms 

in an argon buffer gas at atmospheric 

pressure. In this case the emitted 

photon in path 3 is shifted by 6 A 

from the laser light. Thus they could 

use a monochromator to reject all 

stray laser light and pass only the de

sired spontaneous emission. With this 

apparatus, Gelbwachs et al. confirmed 

the sodium-vapor density measure

ments o f Fairbank et al. down to 180 

a toms /cm 3 . Since the effective volume 

was small, the signal at the lowest den

sity came from 0.2 atoms on the aver

age. 

Greenlees and his co-workers 3 at the 

University of Minnesota proposed a 

different scheme to beat the stray-light 

problem o f path 2 in F ig . 1 in 1977. 

They suggested that the signal photons 

should come in bursts as individual 

atoms cross the laser beam, whereas 

the stray-light photons should be dis

tributed randomly in t ime. By looking 

for bursts of photons, one should be 

able to distinguish signal photons from 

the stray-light noise. Their goal was to 

do high-resolution spectroscopy on ex

otic isotopes, for which only a few 

atoms/sec can be produced. 

The problem in this case is that 

atoms moving with thermal velocities 

spend only about 10-6 sec in the laser 

beam. Thus a detected count rate o f 

105 counts/sec is not sufficient, for it 

would y ield only 0.1 count per atom, 

on the average. They solved the prob

lem by using an ellipsoidal mirror to 

collect the spontaneous emission and 

achieved a collection efficiency of 

46%. The average number o f counts re

corded per atom was increased to 

about 1. Because of the statistical 

nature of the detection process, how

ever, bursts of 2 , 3, 4 , 5, and 6 counts 

appeared fairly often f rom single sodi

um and barium atoms. Thus, although 

not every atom was detected as it 

passed through the laser beam, some 

individual atoms were detected 

through the burst o f counts they pro

duced. By recording only bursts of 6 

counts or more, they found new spec

tral features that were invisible in the 

stray-light noise when all counts were 

registered (F ig. 2). They estimated 

from F ig . 2 that the burst method in

creased the sensitivity by a factor of 

400. 

Similar experiments on single-atom 

detection using the resonance-

fluorescence technique were carried 

out independently by Balyk in et al.4 

of the Institute o f Spectroscopy in 

Moscow, also in 1977. They used two 

detectors and the method-of-coinci¬

dence counting rather than the 

photon-burst method to discriminate 

against stray-light noise. Most of the 

coincidences in their experiments rep

resented the passage of single atoms 

through the laser beam. 

Fig. 2. Frequency sweeps over the 5535-Å 
transition of a barium atomic beam (taken 
from Ref. 3). The total counts (upper 
graph) and frequency of bursts exceeding 
six photons (lower graph) are plotted as a 
function of laser detuning (in MHz). The 
sensitivity of photon-burst spectroscopy is 
demonstrated very nicely as the peak due 
to 1 3 0 Ba is clearly resolved in the lower 
figure. 
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Before we go on to describe paths 5 
and 6 in Fig. 1, in which electrons 
rather than photons are detected, two 
comments are in order. First, in many 
cases, intermediate states, such as in 
paths 1, 3, and 4 in Fig. 1, can be a 
hindrance rather than a help to single-
atom detection. If the emission from 
these states is slow, the atom gets 
stuck in these "metastable" states and 
cannot be excited again. This problem 
does occur in sodium and barium but 
is not so severe as to prevent single-
atom detection. In some other atoms, 
particularly more-complex ones, the 
problems are more severe, and detec
tion of individual atoms by fluores
cence methods will be more difficult. 
(Of course, if single-atom detection on 
the average is all that is desired, such 
atoms can be removed and replaced by 
new ground-state atoms.) 

Second, it is conceivably possible to 
do single atom-detection by using the 
energy liberated in the collisions (the 
dashed lines in paths 1 and 3). Often 
this energy is converted directly into 
kinetic energy of the buffer gas. The 
local temperature and pressure rise 
propagates outward as an acoustic 
wave from the atom and is detectable 
by sensitive microphones. This is 
called optoacoustic or photoacoustic 
spectroscopy. Although detection of 
small absorptions has been achieved 
with this technique,5 to our knowl
edge it has not been demonstrated yet 
on the single-atom scale. 

IONIZATION METHODS 
Paths 5 and 6 in Fig. 1 represent a 
totally different concept in single-
atom detection. In these methods, 
laser-induced ionization of the atom 
occurs, creating a free electron and an 
ion. These charged particles are then 
detected by electrodes placed near the 
interaction region. 

The first experiments using reso¬
nance-ionization spectroscopy (RIS) 
(path 5) for single-atom detection 
were done by Hurst et al. at Oak Ridge 
National Laboratory in 1976.6 In their 
scheme, cesium atoms were ionized 
directly by the same high-intensity 
pulsed-laser beam that provided the 
first step of excitation. A buffer-gas 
mix of argon and methane was added 
to the detection chamber so that the 

single electron released by photo¬
ionization of one atom led to an ava
lanche of 10 4 electrons, as in a gas-
proportional counter. These experi
ments actually were done about a year 
before the Minnesota and USSR exper
iments using resonance fluorescence. 
Thus the Oak Ridge group was really 
the first to achieve true single-atom de
tection using a laser. 

One of the disadvantages of the RIS 
method is that photoionization cross 
sections are small compared with cross 
sections for transitions between bound 
states. Thus a high-power pulsed laser 
(on the order of a kilowatt) was re
quired. Bekov et al. at the Institute of 
Spectroscopy in Moscow pointed out 
that the laser-power requirements 
could be reduced by several orders of 
magnitude if the second laser beam ex
cites the atom instead to a high-lying 
state near the ionization limit. After 
the two-step excitation by the pulsed 
lasers, a pulsed electric field on the 
order of 10 kV/cm is applied to the 
atom. This is sufficient to cause spon
taneous ionization of the highly ex
cited atoms only, as indicated in path 
6 of Fig. 1. The ion is then accelerated 
and detected by an electron multiplier 
tube. This method is called selective 
laser excitation and field ionization by 
its proponents. Bekov et al. detected 
single sodium and ytterbium atoms by 
this method in 1978.7 

COMPARISON OF METHODS 

None of the six schemes shown in Fig. 
1 is clearly superior to the others. The 
two ionization methods have the ad
vantage that they are applicable to a 
wider variety of elements. Usually ion
ization occurs rapidly, before the atom 
has a chance to decay to metastable 
intermediate states. At least half the 
elements could be detected with 
single-atom sensitivity by both ioniza
tion methods. One disadvantage of the 
ionization schemes, however, is that 
pulsed lasers are required. Unless the 
atoms are moving very slowly or the 
laser repetition rate is very high, some 
atoms will go undetected during the 
time between laser pulses. A second 
disadvantage is that the atoms are de
stroyed in the detection process (they 
become ions). Certain applications, 

such as the single-atom velocity mea
surements described below, cannot be 
done with these methods. The fluores
cence schemes all have the advantage 
of using low-power continuous dye 
lasers. In addition, the detection pro
cess is nondestructive. The main disad
vantage of the fluorescence methods, 
however, is the limited applicability. 
The many cycles of excitation and 
emission that are required provide 
plenty of opportunities for the atom 
to get stuck in a metastable inter
mediate state. As a result, most atoms 
from the middle of the periodic table 
are not good candidates because they 
have multiple ground states. Only the 
alkali and alkaline earth elements ap
pear favorable for true single-atom 
detection by fluorescence methods. 

A variety of interesting applications 
should be possible now that single-
atom detection has been successfully 
demonstrated. We have already men
tioned high-resolution spectroscopy on 
rare isotropic species. Two other appli
cations that we will discuss in this arti
cle are measurements of the velocity 
of single atoms and the possibilities of 
applying these methods to look for 
quarks. Other exciting applications in
clude the detection of solar neutrinos 
and super-heavy elements, measuring 
evaporation from surfaces directly, 
studying slow transport processes and 
chemical reactions, and investigating 
the statistical fluctuations of atoms in 
a small volume. 

SINGLE-ATOM VELOCITY 
MEASUREMENTS 

In 1976, Bartlett and She discovered 
that, by modifying conventional laser-
Doppler-velocimetry (LDV) tech
niques, they could measure the veloc
ity of a single dust particle moving 
with the wind at a distance of 100 m. 8 

They used two parallel beams rather 
than crossed beams, as in the L D V 
method. In their method (called LTV), 
a burst of light is scattered by a dust 
particle when it passes through each 
laser beam. A telescope and a photon 
counter located near the laser detect 
two bursts of photons for each dust 
particle passing through the two laser 
beams. A clipped digital correlator 
computes the correlation function of 
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the detected counts in real time. The 
time of flight, T, of the particle be
tween the two beams can be deter
mined directly from the correlation 
function of scattered light on the oscil
loscope. The transverse velocity of the 
particle can then be calculated using V 
= d/T, where d is the measured separa
tion of the two laser beams. 

The impressive sensitivity obtained 
with individual dust particles at large 
distances led us to expect that the 
velocity of individual atoms could be 
measured at short distances.9 The suc
cess of the Minnesota group in detect
ing bursts of fluorescence from single 
atoms confirmed our expectations. We 
built the apparatus shown in Fig. 3 for 
the purpose of measuring the velocity 
of single sodium atoms. Some care was 
taken to reduce the level of stray laser 
light reaching the detector with the 
use of Brewster windows, light traps, 
and baffles. The detectable stray light 
in this cell is about 10-11 of the inci
dent laser light when the cell is evacu
ated. When the cell is filled with 
helium buffer gas at 200 Torr, flowing 
vertically downward, a small amount 
of additional stray light that is due to 
Rayleigh scattering results. 

A few sodium atoms are seeded into 
the helium flow by heating a side pock
et containing sodium metal. As the 
sodium atoms drift through the two 
laser beams, we expect to see a burst 
of fluorescence as an atom crosses 
each beam. Although the total effi
ciency of our lens-mirror and photo-
multiplier system is only 1% (one 
count detected per 100 photons emit
ted), theoretical calculations predict 
that each detected burst will contain a 
number of counts under a variety of 
flow conditions. 

In our initial experiments we have 
been using 130-µm-diameter laser 
beams of about 1-mW power, each 
with a separation of d = 875 µm. The 
flow speed, as determined by experi
ments using dust particles, is about 80 
cm/sec in the focal region. With this 
apparatus we have observed correla
tion functions in real time such as that 
shown in Fig. 4. The center of the sec
ond bump in Fig. 4 gives the apparent 
time of flight, T = 900 µsec, from 
which we calculate that v = 97 cm/sec. 
The observed number of counts-in 
each burst, about 30, is in good agree
ment with theoretical predictions.9 

Unfortunately, we cannot say for 
sure that we have measured the veloc
ity of a single atom in Fig. 4. At the 
pressures and beam sizes of this experi
ment, diffusion contributes as much to 
the atom's observed motion as the 
mean flow velocity. In fact, we cannot 
be absolutely sure that both bursts of 
counts were due to the same atom. It 
is possible that one atom diffused side
ways after it passed through the first 
beam and missed the second beam. 
Sometimes we do observe single-bump 

Fig. 4. A correlation function obtained 
with the apparatus of Fig. 3. The laser 
beams were 130 µm in diameter and sepa
rated by 870 µm. The total measurement 
time was 4 msec (100 samples). 

Fig. 5. Probability distributions for 
photons arriving in 250-µsec time arrivals: 
laser off resonance (dashed line) and laser 
in resonance (solid line) with sodium atoms. 

correlation functions indicating only a 
single burst from an atom. Although 
we have reduced the sodium density to 
prevent the appearance of two atoms 
in a measurement time, we cannot rule 
out the possibility that Fig. 4 may rep
resent two different atoms rather than 
one atom traversing two laser beams. 
We can be sure, however, that each 
burst observed is due to a single atom's 
passing through a laser beam. 

In order to check the statistics of 
burst sizes and occurence frequencies, 
we measured probability distributions 
for the number of counts in a sample 
time (250 µsec) larger than a typical 
atom's transit time across one beam 
(130 µsec). To simplify the analysis, 
only one laser beam was used in these 
experiments. When the laser was tuned 
off resonance, we obtained the distri
bution represented by the dashed line 
in Fig. 5. This distribution is exactly 
Poisson, corresponding to random 
noise and no bursts. When we tuned 
the laser back to resonance, we saw a 
non-Poisson distribution, as indicated 
by the solid line in Fig. 5. Note that 
on-resonance samples with 30-50 
counts occur much more frequently. 
These sample times must have con
tained bursts of counts from single 
sodium atoms. Computer calculations 
that take into account the measured 
density of sodium atoms agree well 
with these observations. 

We are currently working on mea
surements with larger beam diameters 
and faster flow speeds, in which dif
fusion plays a lesser role. Only after 

Fig. 3. The experimental setup 
for single-atom velocity mea
surements. 
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these experiments are completed wi l l 
we be able to say that single-atom 
velocity measurements have been 
made unambiguously. As further im
provements are made, we hope that 
flow speeds o f 1 0 4 - 1 0 5 cm/sec wi l l be 
measurable with this type of appara
tus, setting the stage for wind-tunnel 
applications. Another interesting appli
cation is the measurement of the dif
fusion coefficients themselves. The 
correlation functions obtained with 
one laser beam at low f low speeds, 
where diffusion dominates, could be 
used to determine the diffusion coef
ficients o f atoms in a buffer gas di
rectly. 

SPECTROSCOPIC SEARCH FOR 
QUARKS 

One of the most exciting applications 
of single-atom detection is an optical 
search for quarks, the fundamental 
subunits of elementary particles. The 
theory of quarks, which dates back to 
1964, is now well established. Accord
ing to this model , the quarks wi l l have 
noninteger charge: ± 1/3 or ± 2/3 
times the charge of the electron. A 
variety of quarks searches, including 
cosmic-ray, mass-spectrometer, accele
rator, and magnetic-levitation experi
ments, has been conducted. However, 
until two years ago, no experiment 
produced any reliable evidence for the 
existence of free quarks. B y this time 
theorists had developed models that 
predicted that quarks can only exist 
inside elementary particles and not 
alone by themselves. Then, in 1977, 
Larue et al.10 of Stanford University 
reported evidence for fractional 
charges in units of 1/3 e in supercon
ducting Mil l ikan-type experiments 
they had been working on for over a 
decade. St i l l , two years later, no solid 
confirming evidence, except from their 
own exper iments, 1 1 has been pub
lished. 

Most of the principal researchers in
volved with single-atom detection wi th 
lasers have expressed interest in look
ing for quarks by spectroscopic means. 
This idea was mentioned in the origi
nal paper by Fairbank et al.1 and has 
appeared in subsequent publications 
by others. A number of proposals have 
been submitted by these researchers, 

Fig. 6. Energy levels of a sodium atom 
and a sodium atom with a -1/3-e quark 
bound to the nucleus. 

but not one has yet been funded. The 
mood of the physics community sti l l 
seems to be one of skepticism, parti
cularly among high-energy theorists, 
whose models are now in confl ict wi th 
the Stanford experiment. 

The proposed optical quark searches 
would look for quark atoms, that is, 
atoms that have a fractional nuclear 
charge because an extra quark is 
bound to the nucleus. Since we can 
now detect single atoms, we should be 
able to f ind the one exotic quark atom 
that might be in a sample. The pre
dicted energy levels of a sodium atom 
with a -1/3-e quark bound to the nu
cleus are shown in F ig. 6, as an ex
ample. Note that the fractional change 
in nuclear charge has a pronounced ef
fect on the energy levels; it reduces the 
spacings by almost a factor of 2 in this 
case. The first excitation step for these 
quark atoms would have to be at 9700 
or 6025 A , instead of 5890 A as in 
normal sodium. The second step could 
involve any of the methods shown in 
Fig. 1. In the resonance-fluorescence 
scheme, for example, when the excita
t ion is at 6025 A , the photons at 
either 6025 or 9700 A could be used 
for detection. 

Since no accurate calculations from 
first principles have been done for 
quark atoms, the energy levels shown 
in F ig . 6 are only approximate. They 
were obtained by extrapolation of ex
perimental data for the sodium isoelec¬
tronic sequence. The uncertainty in 
the wavelengths shown is on the order 

of 100 A . This is typical o f estimates 
for other -1/3-e quark atoms. For 
+1/3-e quark atoms, however, inter
polation rather than extrapolation is 
required, and accuracies of a few 
angstroms can be obtained. 

One o f the advantages of optical 
quark searches is that, i f resonances 
appearing to be quark atoms are 
found, they can be tested unambig
uously by looking for transitions to 
higher states. 

By using the observed resonance 
wavelength, the higher quark-atom 
transitions can be predicted very ac
curately. A successful optical quark 
search should leave no doubt as to 
whether or not a free quark has been 
found. These types o f experiments, 
therefore, are ideal as confirmation 
tests o f the existence of free quarks in
dicated by the Stanford experiments. 

Our work on single-atom velocity 
measurements has been supported by 
N A S A and monitored by Ames Re
search Center. The data displayed in 
Figs. 4 and 5 were taken by graduate 
students C. L. Pan and J . V . Prodan. 
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