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Analytical Chemistry: Using Lasers to Detect Less and Less 
The minimum number of atoms or 

molecules that can be detected is one. 
This limit, which represents the ultimate 
sensitivity of any analytical technique, 
has now been attained by two groups of 
researchers using lasers to "tag" se- 
lected atoms in such a way that they 
could be counted. Numerous other 
groups, while not reporting such spec- 
tacular results, have been busy extend- 
ing the sensitivity of laser-based analyti- 
cal techniques as applied to a broad 
spectrum of atoms and molecules, thus 
hastening the day when these methods 
will join the repertoire of analytical 
chemical tools alongside such standbys 
as atomic emission spectroscopy and 
atomic absorption spectroscopy. 

It has been known for many years that 
lasers could be used for extremely sensi- 
tive chemical analysis. Among the most 
promising ways to use lasers for such 
purposes has been laser-induced fluores- 
cence. In this technique, the intensity of 
the fluorescence induced by the absorp- 
tion of laser light whose frequency is 
tuned to excite electronic transitions in 
atoms or molecules can be quantitatively 
related to the number of absorbing parti- 
cles. The narrow spectral width possible 
with today's tunable dye lasers ensures 
that only the species being analyzed is 
excited, and the high intensity of laser 
light means that enough particles are ex- 
cited to result in a measurable signal. 

An especially striking illustration of 
this promise was reported 3 years ago by 
William Fairbank, Jr. (now at Colorado 
State University), Theodor Hansch, and 
Arthur Schawlow of Stanford Universi- 
ty, who measured the vapor pressure of 
sodium over a range of nine orders of 
magnitude. At the lowest temperature 
measured, the investigators detected so- 
dium at a concentration of 100 atoms per 
cubic centimeter, but because of the low 
gas volume sampled by the laser, only 
about five atoms were actually respon- 
sible for the fluorescence signal. 

Even earlier, Richard Zare (now at 
Stanford) and his colleagues at Columbia 
University were obtaining attention-get- 
ting results in their laser-induced fluores- 
cence studies of chemical reactions in 
molecular beams. The researchers were 
able, for example, to detect barium oxide 
molecules in selected vibrational and 
rotational states at a density of 5 x 104 
molecules per cubic centimeter with the 
use of a pulsed dye laser. 

The first description of single-atom de- 

tection was published last March by 
Samuel Hurst, Munir Nayfeh (now at 
Yale University), and Jack Young of the 
Oak Ridge National Laboratory 
(ORNL). The investigators were able to 
count a single atom of cesium against a 
background of 1019 argon atoms and 1018 

methane molecules in a gas-filled cham- 
ber. In addition to demonstrating the ul- 
timate analytical sensitivity, the Oak 
Ridge team and several co-workers have 
extended their technique to measuring 
the concentration fluctuations of a gas, 
diffusion of atoms in a vapor, and the ki- 
netics of a chemical reaction. Even more 
recently, the Oak Ridge group has ob- 
served single atoms of cesium produced 
when the californium nucleus fissions. 
Investigators at other institutions are or 
will be assembling their own instruments 
to use the technique for the study of the 
vapor pressure of nonvolatile elements 
at ambient temperatures, the detection 
of neutrinos produced by nuclear reac- 
tions in the sun, and the observation of 
other rare events. 

Resonance ionization spectroscopy is 
the name given to the basic process be- 
hind single-atom detection by the Oak 
Ridge researchers. In essence, single- 
atom detection combines the capability 
of a pulsed, tunable dye laser to ionize 
selectively a desired population of atoms 
and of a well-designed gas-filled propor- 
tional counter to detect voltage pulses 
deriving from the presence of only a 
single free electron in the counter. 

Detecting Single Atoms with a Laser 

Resonance ionization spectroscopy 
can be viewed as a sequence of steps in 
which two or more photons from one or 
more laser beams are needed to ionize an 
atom. In the simplest case, two photons 
from the same laser beam are used. The 
first photon excites an atom from its 
ground to an excited state, and the sec- 
ond photon then causes the selected pop- 
ulation of excited atoms, and only these, 
to be ionized. The entire process can 
take place inside a proportional counter, 
and it is the free electron created by the 
absorption of the two laser photons that 
sets off the proportional counter. The 
size of the voltage pulse in the counter is 
a measure of the number of atoms ion- 
ized by the laser pulse. Use of a suffi- 
ciently powerful laser ensures that all the 
selected atoms are indeed ionized, so 
that the method is quantitative. 

By measuring the number of free elec- 

trons rather than fluorescence, the Oak 
Ridge technique bypasses a principal 
limitation of laser-induced atomic fluo- 
rescence-scattered laser light. Scat- 
tered light is neither absorbed by, re- 
flected from, nor transmitted unaffected 
through a sample but is scattered at vari- 
ous angles with respect to the laser 
beam. Because of its high intensity, scat- 
tered light can overwhelm weak fluores- 
cence signals. The high intensity results 
because everything in a sample chamber 
is a potential scatterer, whereas only a 
few particles emit fluorescence. 

To detect a single cesium atom, the 
Oak Ridge researchers placed a source 
of cesium vapor inside a cylindrical pro- 
portional counter. By moving the source 
farther and farther from the laser beam 
(which was parallel to the axis of the cyl- 
inder), the investigators eventually 
reached a point where the probability 
that only one cesium atom is in the laser 
beam during each pulse is about 0.1. Un- 
der these conditions, it is known from 
random statistics that, if a signal is ob- 
served, it comes from only a single atom. 
Measurements made at various source 
distances resulted in the detection of 
concentrations of cesium ranging from 
0.1 to 108 atoms per cubic centimeter. 

According to Hurst, the two-photon 
method applied to cesium works only for 
a few alkali-metal atoms, if only com- 
mercially available lasers are used, be- 
cause the energy of two photons is not 
sufficient to ionize most other elements. 
If two lasers are used, the method can be 
extended to more than one-half of the 
known elements. When both lasers are 
fired simultaneously, an atom can absorb 
one photon from each and thereby reach 
a much higher energy level. A third pho- 
ton from either of the lasers completes 
the ionization process. The feasibility of 
this scheme has been demonstrated by 
the Oak Ridge group with the lithium 
atom and by Santos Mayo and Tom 
Lucatorto of the National Bureau of 
Standards (NBS), who applied it to the 
problem of detecting sodium. 

The second single-atom detection 
technique that has been reported em- 
ploys laser-induced fluorescence. Jerry 
Gelbwachs, Chris Klein, and John Wes- 
sel of the Aerospace Corporation, El Se- 
gundo, California, detected just a single 
sodium atom in an argon-filled cell at 1 
atmosphere. Similar experiments with 
nickel and platinum have had less spec- 
tacular outcomes (for reasons to be ex- 
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plained below) with detection limits of 
about 106 atoms per cubic centimeter. 

The Aerospace investigators empha- 
size three ingredients critical to the suc- 
cess of their technique, which they have 
christened saturated optical nonresonant 
emission spectroscopy or SONRES. The 
first ingredient is called nonresonant 
emission, which simply means that the 
laser-induced fluorescence observed has 
a different frequency from that of the in- 
cident laser light. In order to achieve 
nonresonant emission, the investigators 
relied on the occurrence of collisions be- 
tween atoms excited by the laser to a 
particular quantum state and other atoms 
or molecules in the gas-filled cell. The 
collisions can either impart to or remove 
a small amount of energy from the ex- 
cited atoms, thus transferring them to a 
different quantum state. The atoms 
decay back to their ground state by emit- 
ting photons (the fluorescence) that have 
a slightly higher or lower frequency than 
the laser. The second ingredient is called 
saturation. Saturation occurs when the 
laser light is so intense that all the se- 
lected atoms are either absorbing or 
emitting photons at any given time. The 
third ingredient is the use of a continuous- 
wave (cw) rather than a pulsed laser. 

Nonresonant emission ensures that 
scattered laser light does not interfere 
with the fluorescence signal, since the 
signal and the scattered light occur at dif- 
ferent frequencies. Saturation means 
that each atom can contribute several 
million photons per second to the fluo- 
rescence process, thereby accounting for 
the extreme sensitivity of the technique. 
The use of a cw laser further enhances 
the sensitivity because a pulsed laser is 
only "on" a very small fraction of the 
time each second, thus reducing the av- 
erage fluorescence signal. According to 
Gelbwachs, it was the use of a pulsed la- 
ser that accounted for the poorer detec- 
tion limits for platinum and nickel as 
compared to sodium. 

In their single-atom detection experi- 
ment, Gelbwachs, Klein, and Wessel 
used photon-counting techniques (a 
mode of operation of a conventional 
photomultiplier tube with special elec- 
tronics that respond to pulses induced in 
the tube by individual photons). These 
investigators essentially repeated the 
earlier Stanford experiments of Fair- 
bank, Hansch, and Shawlow with the 
important exception that the sodium was 
in an argon-filled rather than an evacuat- 
ed chamber. The minimum concentra- 
tion of sodium detected was 180 atoms 
per cubic centimeter, but the average 
number of atoms contributing to the fluo- 
rescence each second was 0.2 because 
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the gas volume illuminated by the fo- 
cused laser beam was much less than 1 
cubic centimeter. This result is the basis 
for the claim of single-atom detection. 
The estimated concentration that could 
have been detected was 10 atoms per 
cubic centimeter. 

Comparison of resonance ionization 
spectroscopy and SONRES is difficult, 
in part because each may end up being 
used for different problems. At Oak 
Ridge, Hurst emphasizes the dynamic 
capabilities of resonance ionization spec- 
troscopy, as well as the capability to ana- 
lyze large volumes of 1 to 10 cubic cen- 
timeters. For example, because of the 
use of a pulsed laser and a detector that 
counts each ionized atom immediately 
after ionization, time-dependent phe- 
nomena such as density fluctuations and 
other statistical processes can be investi- 
gated. SONRES, with either a pulsed or 
a cw laser, measures the average fluores- 
cence over a given time interval, and on- 
ly steady state information is obtainable. 
In contrast, Gelbwachs points out that 
SONRES has already been shown to be 
adaptable to flame spectroscopy and 
may therefore be easier to apply to trace 
element analysis. In flame spectroscopy, 
solid or liquid samples are vaporized into 
their constituent elements by the flame. 

Making a Difficult Choice 

One person who has already had to 
choose between the two techniques is 
Andrzej Miziolek of the Scripps Institu- 
tion of Oceanography. Miziolek wants to 
measure the vapor pressure of non- 
volatile elements at ambient temperature 
as part of a project to determine the 
sources of the heavy metals that are 
known to be present in the atmosphere. 
The decision was in favor of resonance 
ionization spectroscopy, but just barely. 
The deciding factor was the frequency 
range of commercially available tunable 
dye lasers. The present lasers permit a 
wider variety of elements of the type 
Miziolek is interested in to be studied by 
resonance ionization spectroscopy. 

Analytical chemists, who more often 
than not work with commercial instru- 
mentation rather than with machines 
they build themselves, realize that 
single-atom detection represents primar- 
ily the best performance obtainable un- 
der optimum and somewhat artificial 
conditions. Resonance ionization spec- 
troscopy, for example, is still so new that 
its potential has hardly been explored. 
But of the applications that have been or 
are planned to be made, it can fairly be 
said that they are sophisticated basic re- 
search, not routine trace-element analy- 
sis of the sort that many analytical chem- 

ists spend much of their time doing. No 
one has yet shown, for example, how to 
vaporize real-world samples, such as 
seawater that contains many chemical 
species other than those being analyzed, 
inside a proportional counter (or other 
electron multiplier-type detectors). Nor 
has anyone shown how to relate the con- 
centration in the counter gas to that in 
the actual sample, which is the quantity 
ultimately of most interest in quan- 
titative analysis. 

One example of this sort of difficulty is 
being faced by Mayo and Lucatorto at 
NBS, who want to study sodium con- 
tamination of silicon, a problem of inter- 
est in the manufacture of microelec- 
tronics. They plan to vaporize silicon 
with a powerful infrared laser, but they 
worry that oxygen, which is present in 
all silicon, may combine with the sodium 
atoms before they can be ionized. If 
most of the sodium is removed in this 
way, the effective sensitivity of the tech- 
nique would be greatly reduced. (Hurst 
and his colleagues have already studied 
the kinetics of the reaction between ce- 
sium and oxygen by resonance ioniza- 
tion spectroscopy and conclude that, in 
this case, reaction with oxygen ought not 
to be a limiting problem.) 

James Winefordner and his co-work- 
ers at the University of Florida have 
been pioneers in applying laser-induced 
fluorescence in more workaday circum- 
stances, such as atomic fluorescence 
flame spectroscopy. In fact, virtually all 
of the variations of laser-induced fluores- 
cence, including those applied in SON- 
RES, have been explored at Florida in 
the context of flame spectroscopy. 

In the earliest experiments, the detec- 
tion limits obtained at Florida and in oth- 
er laboratories were often poorer than 
those found with analytical techniques, 
such as atomic absorption spectroscopy. 
More recent work, however, has 
changed this situation and gives perhaps 
the most direct view of the near-term 
role of the laser in quantitative analysis. 
Stephan Weeks (now at NBS), H. Hara- 
guchi, and Winefordner at Florida have 
made a systematic investigation of laser- 
induced atomic fluorescence as applied 
to elemental analysis using a pulsed dye 
laser and a variety of vaporization meth- 
ods (flame, furnace, and so on). By care- 
fully optimizing their apparatus, they 
were able to obtain concentrations of 
some 23 elements at a level of 1 nano- 
gram per milliliter (a standard concentra- 
tion unit referring to the weight of ele- 
ment contained in a liquid sample) or 
less. These detection limits are improved 
from 10 to 200 times as compared to 
those obtained previously. While not yet 
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superior in every case to other analytical 
methods, the investigators concluded 
that further improvement is possible and 
that laser-induced atomic fluorescence 
spectroscopy has a good chance of be- 
coming the method of choice when high 
sensitivities are needed. Winefordner 
adds that a commercial instrument could 
appear within a year. 

Laser-induced atomic fluorescence 
flame spectroscopy has also been carried 
out at Aerospace using SONRES. Under 
the turbulent conditions of the flame and 
with the use of a pulsed dye laser rather 
than a cw dye laser, Gelbwachs, Klein, 
and Wessel were not able to achieve 
quite so high a sensitivity as that ob- 
tained in the ideal environment of a clean 
argon-filled cell, but the concentration 
reported (105 sodium atoms per cubic 
centimeter, which approximately corre- 
sponds to a concentration of 0.1 pico- 
gram per milliliter) is still 50 times lower 
than the next best flame method can de- 
tect. 

A technique that bears some resem- 
blanfce to SONRES has been developed 
at Sandia Laboratories by J. P. Hohimer 
and P. J. Hargis, Jr. These researchers 
used a graphite furnace to vaporize solu- 
tions containing cesium or thallium. In 
atomic absorption spectroscopy, for ex- 
ample, use of such flameless atomizers 
has resulted in detection limits 100 times 
better than those when flames were 
used. Detection limits obtained at Sandia 
for cesium and thallium were 20 pico- 
grams per milliliter and 0.5 picogram per 
milliliter, respectively. 

A second group at NBS is working on 
a laser-analytical technique that relies on 
ionization rather than fluorescence to tag 
atoms of interest in the context of flame 
spectroscopy. Richard Keller (now at 
the Los Alamos Scientific Laboratory), 
John Travis, and their co-workers at 
NBS first observed what they called an 
optogalvanic effect when laser light was 
absorbed by the gas in a hollow cathode 
lamp. More recently, Gregory Turk, 
Travis, James DeVoe, and their col- 
leagues at NBS have applied the obser- 
vation, now renamed laser-enhanced io- 
nization in flames, to elemental analysis. 
The detection limits obtained vary wide- 
ly among the half-dozen elements that 
have been analyzed, but in the best cases 
are more than ten times better than those 
of other flame techniques. They could 
detect sodium at a level of about 50 pico- 
grams per milliliter, which corresponds 
to about 5 x 106 sodium atoms per cubic 
centimeter in the flame, for example. Be- 
cause laser-enhanced ionization is little 
more than a year old and hardly opti- 
mized, Travis thinks that considerable 
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increases in sensitivity can still be 
achieved in the future. 

The mechanism responsible for the ef- 
fect they observe is suggested by the 
name of the technique, although it is not 
yet understood in detail. What the re- 
searchers see is a change in the con- 
ductivity of the gas in the flame when la- 
ser light is absorbed by atoms there. Ap- 
parently, the laser excites atoms to a 
high energy level which can then be eas- 
ily ionized by the high temperature of the 
flame. 

There is also substantial interest in ap- 
plying laser-induced fluorescence to con- 
densed media, such as solutions, without 
first vaporizing them. An instance in 
which this would be desirable might arise 
in measuring the concentration of a par- 
ticular molecular species in a sample. In 
this case, an elemental analysis would 
not be of much help. Because of the 
plethora of vibrational and rotational 
states in molecules, almost all fluores- 
cence is nonresonant even without colli- 
sional effects. Nonetheless, condensed 
media present special problems of their 
own, and workers in the field jokingly re- 
fer to detecting impurities in gases as 
easy by comparison. In impure solu- 
tions, for example, fluorescence from 
other species can interfere with that 
being sought. Thus, detection limits of 
condensed media techniques are general- 
ly poorer than those of the gas phase. 

Measuring Aflatoxin Contamination 

An exceptionally timely application of 
laser-induced fluorescence is being car- 
ried out by Gerald Diebold, Noga Karny, 
and Zare of Stanford in collaboration 
with Larry Seitz of the U.S. Grain Mar- 
keting Research Center, Manhattan, 
Kansas. These researchers are trying to 
measure the degree of contamination of 
corn by aflatoxins, which are mold me- 
tabolites that have been shown to cause 
tumors in laboratory animals. By com- 
bining thin-layer chromatography, high- 
pressure liquid chromatography, and la- 
ser-induced fluorescence, they have suc- 
ceeded in detecting a particular aflatoxin 
to a level of 100 parts per trillion (weight 
of aflatoxin per weight of corn). In an 
earlier experiment at Columbia, Diebold 
and Zare had reported a detection limit 
of 0.75 picogram when standards of afla- 
toxin were used as samples. The number 
of aflatoxin molecules in the 4-micro- 
liter detection volume was estimated to 
be less than 107 in the latter experiment. 

The essence of the Stanford technique 
is the replacement of conventional liquid 
chromatography detectors with laser-in- 
duced fluorescence. To accomplish this, 
it was necessary to convert the poorly 

fluorescing aflatoxin molecules to a more 
fluorescent form by treating the sample 
with hydrochloric acid. On passing 
through the liquid chromatography col- 
umn, the aflatoxin molecules have a 
characteristic time for passage and are in 
effect "bunched together" by the chro- 
matography process. The researchers 
used a cw ultraviolet laser to irradiate 
the liquid droplets continuously emanat- 
ing from the end of the chromatography 
column. But only at the time correspond- 
ing to the duration of the aflatoxin transit 
through the column was the character- 
istic fluorescence detected. 

According to Zare, contaminants in 
the corn interfered with the fluorescence 
from the aflatoxin molecules, so that the 
detection limit achieved earlier with pure 
samples was not attained. Nonetheless, 
the limit that was reached is some 50 
times better than that of previous meth- 
ods. Zare is so enthusiastic over the 
prospects of tagging molecules of all 
sorts by making them efficient fluophors 
that he thinks this procedure in combina- 
tion with laser-induced fluorescence 
could replace conventional methods of 
detection in other standard analytical 
techniques, such as radioimmunoassays. 

Analytical chemists emphasize that 
any new technique must undergo a 
years-long breaking-in period between 
the first spectacular results and its ap- 
pearance as a commercial instrument. 
During this development period, the per- 
formance limits of the technique under 
many conditions, the cost of the instru- 
mentation, and a convenient mode of op- 
eration must all be determined and opti- 
mized. Most of the laser-based tech- 
niques are just in the beginning stages of 
this process. One large obstacle to even- 
tual widespread adoption may be cost. 
At present, pulsed, tunable dye laser 
systems present a $30,000 price tag to 
their users, about double the cost of an 
automated flame atomic absorption spec- 
trometer. A second obstacle is the limit- 
ed frequency range available in com- 
mercial tunable dye lasers. Dye lasers 
emit light mainly in the visible range (al- 
though there are now some ultraviolet 
pulsed dye lasers), but the energy levels 
of many atoms and molecules are well in- 
to the ultraviolet. Rounding out the limi- 
tations is that dye lasers are complicated 
to operate in comparison with other in- 
struments. 

Observers agree that the cost and 
complexity of lasers will limit their use 
for routine quantitative analysis for some 
time to come, but as investigators want 
increasingly better detection limits, la- 
ser-based techniques will come into their 
own.-ARTHUR L. ROBINSON 
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