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Resonance ionization spectroscopy, RIS, is a multistep photon absorption process in which the final state
is the ionization continuum of an atom. The RIS process can be saturated with available pulsed lasers, so
that one electron can be removed from each atom of the selected type. This method: was first applied to
the determination of the absolute number of He(2'S) excited states produced when pulsed beams of
protons interacted with helium gas. Laser schemes for RIS are classified into five basic types; with these,
nearly all of the elements can be detected with commercially available lasers. A periodic table is included
showing schemes applicable to all of the elements except He, Ne, F, and Ar. A compact theory of the
RIS process is presented which delineates the conditions under which rate equations apply. Questions on
the effects of collisional line broadening, laser coherence time, and nonresonant multiphoton ionization
processes are discussed. The initial demonstration of one-atom detection of Cs is described. By using
laser beams to saturate the RIS process and by using proportional counters as single-electron detectors,
one-atom detection is made possible. With RIS, one-atom detection is highly selective, has the ultimate in
sensitivity, and has excellent space and time resolution. Furthermore, a modification of the technique in
which single electrons (or single ions) are detected with a channel electron multiplier permits single-atom
detection in a vacuum. Resonance ionization spectroscopy has application to classical phenomena such as
the diffusion of free atoms, the chemical reaction of free atoms with a gas, the measurement of
concentration fluctuations in a dilute vapor, and a variety of other atomic fluctuation phenomena. The
authors describe how RIS can be used for photophysics measurements such as far wing collisional line
broadening, measurements of photoionization cross sections for excited states, and collisional
redistribution among excited states. Modern applications include the detection of single atoms in
individual ionization tracks, such as those created by the binary fission of a parent atom, and the
extension of this technique to the detection of stable or unstable daughter atoms in time coincidence with
the decay of a parent atom. These methods are beig developed for use in low-level counting to determine,

for example, the flux of solar neutrinos on the earth.
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relative to air and hydrogen (Taylor, 1913) was too
large and “difficult to explain unless the high value ob-
served by Taylor possibly may be due to the presence
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of a small amount of impurities in the helium used.” In
addition to its intrinsic interest as a curious phenom-
enon, the Jesse effect has its practical consequences.
Traces of impurities make it difficult to obtain reliable
data on the W values (mean energy expended per ion pair
produced) for charged particles in gases. A recent re-
view is the International Commission on Radiation Units
and Measurements Report 31 (ICRU, 1978).

Ionization and emission spectroscopic studies have
been directed toward the understanding of the interac-
tion of radiation with matter since the discovery of x
rays and of radioactivity before the turn of the century.
Additional motivation for spectroscopic studies in noble
gases and gas mixtures was created by the need to de-
velop new gas lasers. A large body of careful work has
been completed on the energy pathways involved as ex-
cited gases return to equilibrium. Some representative
examples chosen to illustrate the fundamental cases
where either high-energy electrons or protons are used
to excite the pure noble gases are: helium (Bartell,
Hurst, and Wagner, 1973), neon (Leichner, 1973,
Leichner, Cook and Luerman, 1975), avgon (Thonnard
and Hurst, 1972), krypton (Leichner, 1973), and xenon
(Keto, Gleason, and Walters, 1974; Leichner et al.,
1976).

An effort to understand the Jesse effect in noble gases
motivated a comprehensive research program in which
a pulsed 3-MV accelerator is used to study the energy
pathways following charged-particle interactions with
gases {(Hurst et al., 1974). The objectives of energy
pathways research are to obtain (1) information on the
spectrum of excited states produced by a charged parti-
cle in a noble gas, (2) the rate of decay of a selected
-excited state through various channels as a function of
gas pressure, and (3) the modification of the decay
channels due to the introduction of foreign species.
These pathways studies have applications far beyond the
understanding of the interaction of radiation with mat-
ter, to such varied topics as the development of gas
lasers (Chen, Judish, and Payne, 1978) for isotope
separation and to the development of sensitive methods
for analysis of atmospheric constituents.

In the course of energy pathways research a need
arose for a new kind of spectroscopic measurement.
The main tool for investigating energy pathways had
been time-resolved emission spectroscopy; such a
method was used (Bartell, Hurst, and Wagner, 1973) to
study proton excitation of helium gas. On the other
hand, in a recent model of the pathways in helium
(Payne, Klots, and Hurst, 1975), production and decay
of the metastable He(2!S) played the key role. Since
metastable states do not radiate except when perturbed
by collisions, it is difficult to obtain direct information
on the abundance and their lifetimes by emission spec-
troscopy. Thus a new method, resonance ionization
spectroscopy, was developed (Hurst et al., 1975; Payne
et al., 1975) for the study of long-lived excited states
using a laser photoionization technique. With resonance
ionization spectroscopy (RIS) a laser is tuned to a reso-
nance transition between the quantum-selected excited
state and some intermediate (bound) state at higher en-
ergy. Photons in the same laser pulse photoionize the
intermediate state; thus the amount of ionization versus
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photon wavelength shows a resonance structure. Abso-
lute yields of selected excited states can be made when-
ever the photon fluence per pulse is large enough to
saturate the ionization.

Actually, it has been clear since the 1913 work of
Niels Bohr that the stepwise absorption of two photons
could ionize an atom, and if the energy of each photon
is less than the ionization potential of the atom, the
process would require one resonance. Resonance ion-
ization has received considerable attention in connection
with isotope separation. See, for example, the Farrar
and Smith (1968) and Smith (1974) bibliographies. Mul-
tistep ionization formed the basis of a French patent
(Robieux and Auclair, 1965). Other patents were issued
to Levy and Janes (1973) and to Nebenzahl and Leven
(1973). Important uses were made of resonance ioniza-
tion in the early 1970’s by Stebbings and his colleagues
(Stebbings et al., 1973; Stebbings and Dunning, 1973;
Dunning and Stebbings, 1974) at Rice University to cre-
ate highly excited states in the noble gases for photoion-
ization studies. Two-step selective photoionization of
Rb atoms was reported by Ambartsumyan, Kalinin, and
Letokhov (1971) and extended by Ambartsumyan and
Letokhov (1972). Ambartsumyan ef al. (1976) published
a detailed paper on Rb.

The work on He(2'S) (Hurst et al., 1975; Payne et al.,
1975) was the first example of the use of saturated res-
onance ionization to make absolute measurements of
the population of a quantum-selected species. It has
been known since the discovery of x rays and of radio-
activity that ionization could be measured in extremely
sensitive as well as extremely accurate ways. How-
ever, traditional ionization measurements lack the se-
lectivity (i.e., the spectroscopic features) of light ab-
sorption. By using a tunable laser as a source of light
to produce ionization in two or more absorption steps,
spectroscopic features are attached to ionization. We
refer to the process as “resonance ionization” to dis-
tinguish it from the traditional nonselective ionization
associated with x rays and radioactivity.

B. Concept of one-atom detection

The success of the first RIS experiment with helium
established a firm basis for the belief that the same
technique would allow single atoms to be detected. It
was suggested in a patent filed in 1975 (Hurst, Payne,
and Wagner, 1976) that a single atom in its ground state
could be ionized with nearly 100% certainty with a
pulsed dye laser. The claim was made that if the atom
was in a proportional counter adjusted to detect one
free electron, a single atom of the selected type could
be detected. Furthermore, a proportional counter has
the useful property that the average size of its pulses
is directly proportional to the number of the free elec-
trons which initiate it; therefore, if more than one atom
is ionized, the height of the pulse measures the number
of atoms which were in a defined volume at the particu-
lar time that a laser beam was pulsed through it. For-
tunately, it turns out that with currently available lasers
the RIS process can be used to selectively ionize almost
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every kind of atom in its normal ground state. The first
demonstration of one-atom detection was done with Cs
(Hurst, Nayfeh, and Young, 1977a, 1977b).

Rutherford’s unpublished lecture notes (courtesy of
the University of Cambridge Library) contain the ex-
pression “the counting of atoms,” but he meant that the
energetic radiation product (e.g., an alpha particle) of
the transmutation of a single atom could be detected.
Here we have a much wider meaning of the expression
“one-atom detection” (Hurst, 1978). Imagine a region
of space whose volume can be reasonably large (e.g.,

10 or even 100 cm®). We can determine whether one
atom —or how many atoms—of a selected type and in a
selected quantum state is in the volume at the time of
our choice. Furthermore, such measurements can be
made in near vacuum or (under many conditions) at at-
mospheric pressure, so that if the volume contains
enormously larger numbers of atoms or molecules of
another type, these will not, in most cases, interfere
with the detection of even one atom of the selected type.
Since the detector has typically 1-usec time resolution,
it is possible to detect the small number of atoms which
happen to be in the defined volume at a particular time
as a consequence of mutual diffusion. Or, if an atom is
injected into the detector at the time of some event such
as the decay of a radioactive nucleus, it can be detected
as an individual entity before it escapes from the detec-
tor. Time-resolved detection of a single selected atom
that may be anywhere in a large volume in the presence
of large concentrations of other atoms or molecules is
nearly unique to RIS. For instance, this would be very
difficult for a laser fluorescence technique because of
the necessity of detecting photons from all points in the
volume with high efficiency, while simultaneously dis-
criminating scattered light.

Recently several other groups have announced the de-
tection of single atoms, and one of the methods (Bekov,
Letokhov, and Mishin, 1978) utilizes resonance ioniza-
tion. That same group (Balykin et gl., 1977) had already
developed a fluorescence method for neutral atomic
beams. Independently, but nearly simultaneously,
Greenless et al. (1977) developed a beam method in
- which time resolution for particular atoms can be re-
covered by time correlation of the fluorescence. Anoth-
er group (Gelbwachs, Klein, and Wessel, 1977) claimed
one-atom detection. These and other fluorescence
methods are discussed in more detail in Sec. IV.

The RIS technique applies to the specific detection of
“free” atoms—that is, atoms of a given type which move
about in a near vacuum or a gaseous atmosphere.
Atoms which are attached to surfaces or are bound in a
molecule can also be detected with the technique de-
scribed here if they can be liberated by some external
event. And, of course, the atoms which leave a surface
spontaneously can also be detected as free atoms. In
one class of applications of the methods, atoms are
dissociated from molecules or from surfaces at a known
time and then detected after various short time delays.
Another family of applications depends on the sudden
appearance of a daughter atom due to the decay of a
single radioactive parent. The decay of the parent can
give a radiation signal which is used to activate the de-
tector of the single daughter atom.
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C. Scope

A brief rate equation theory of RIS and a discussion of
the first use of RIS to determine the absolute population
of a quantum-selected excited species are presented in
Sec. II. Also in Sec. II a description is given of the im-
portance of such measurements in the broader subject
of the kinetics behavior of transient species. A wide
range of RIS schemes and further details on the laser
requirements for saturating the RIS process for nearly
every element in the Periodic Table are also treated.

In Sec. III a theoretical discussion is given of some pro-
cesses which are of key importance in using RIS for
ultrasensitive measurements. The two-step RIS pro-
cess is treated in detail, and two-photon excitation is
discussed both as a useful way to excite high-lying
states and as a possible multiphoton background prob-
lem. Collisional line broadening is discussed because
of its importance in determining the selectivity of the
method. Off-resonance multiphoton ionization is dis-
cussed as a possible background effect. Section IV
deals with the actual demonstration of one-atom detec-
tion. Classical applications of both RIS and one-atom
detection with examples such as molecular dissociation,
diffusion and reaction of atoms, statistical mechanics,
and fluctuation phenomena are discussed in Sec. V. In
Sec. VI we describe how RIS can be used for photophys-
ics applications such as line broadening and photoion-
ization cross sections. Some modern physics applica-
tions of one-atom detection are emphasized in Sec. VII.
These include the detection of single atoms in fission
particle tracks and the more general detection of
daughter atoms in space and time coincidence with the
decay of parent atoms. Finally, a description of the re-
cently planned use of one-atom detection for solar neu-
trino measurements, as well as some comments on
similar rare-event detection, is presented.

11. RESONANCE IONIZATION SPECTROSCOPY
A. Concept of RIS

Some basic features of the RIS process, in particular
the conditions required for its saturation, can be de-
scribed by considering an elementary case. Even though
the saturated RIS process was first used to measure an
excited-state population, our presentation is simplified
to consider, first, a population of atoms in their ground
state. Thus, by saturation of the RIS process, we mean
that each atom of a quantum-selected species which was
in its ground state before it was subjected to the photon
field of a pulsed laser will be converted to a positive
ion and a free electron during the short duration of the
laser pulse.

In Fig. 1 we show schematically what is involved in
the most elementary of all RIS processes. A pulsed
laser beam produces photons of just the correct en-
ergy, hw, to excite an atom initially in its ground state,
1, to an excited level, 2. Another photon at the same
energy can photoionize state 2, but, of course, not state
1. During the laser pulse the population of state 2
grows at the expense of state 1. Typically, after about
107° sec the rate of stimulated emission from the ex-
cited state will just equal its rate of production. Thus
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FIG. 1. Schematic for the RIS process in which the final state
is reached by photoionization. An atom in ground state (1) can
be ionized by first exciting to another bound state (2), making
ionization a resonance process. Symbols are explained in the
text.

an equilibrium persists as long as the laser intensity is
kept sufficiently high during a pulse. Such an equilib-
rium is actually a quasisteady state because photons of
the same wavelength can slowly photoionize the inter-
mediate state. If the photon fluence (photons per unit

of beam area) is large enough, a necessary condition
for saturation of the RIS process has been met. If, in
addition, the rate of photoionization, which depends on
the photon flux (photons per cm? per second), is larger
than the rate B at which the intermediate state is de-
stroyed by possible competing processes (i.e., pro-
cesses which convert the intermediate state to a species
that can no longer be photoionized), then another nec-
essary condition has been satisfied. When both the flux
condition and the fluence condition are satisfied, in
which case each selected state is converted to one elec-
tron plus one positive ion, the RIS process is said to be
saturated. Furthermore, the process is so selective that
only those excited states of the chosen type are ionized.
We shall show later in this section that the selective
two-step process can be generalized immediately to in-
clude a variety of multistep processes so that nearly all
of the known elements can at the present time be sub-
jected to the RIS process.

In order to show quantitatively the necessary and suf-
ficient conditions for saturating the RIS process, we
use a rate equation formulation and leave the justifica-
tion of rate equations for Sec. III. The concept of a sat-
urated RIS process could have been originated since the
work of Einstein; however, the light source necessary
to saturate the RIS process was not available prior to
about 1970. Let o,(v) be the cross section for photon
absorption (from state 1 to state 2), let o (v) be the
stimulated emission cross section, and let o,(vo) be the
cross section for photoionization of state 2 at the cen-
tral frequency v,. A laser beam is characterized by
letting

I(v)dv = the number of photons per cm? per second
and in the frequency interval v and v+dv,
where, for simplicity, a Gaussian line shape is used;
i.e., .
F (v = Vo)z]
v2rAyp2 P —[ 2807 17
In Eq. (2.1), F is the photon flux and Av is the laser

I(v)= (2.1)

Rev. Mod. Phys., Vol. 51, No. 4, October 1979

Hurst, Payne, Kramer, and Young: Resonance ionization spectroscopy

“1/2 of its maximum when

linewidth, i.e., I(v) drops to e
lv - uol =Av.

The rate of change of levels 1 and 2 are then given by

d
-ditl =—mn fdv 0 (VI(W) + Ty, + ny fdu o vI(v), (2.2a)
dnz
ikl dv o (VI(v) —=n, | dvov)I(v)
—Tyny—Bny,— 0, Fn,, (2.2b)

while the rate of ionization is given by

dn

—El-lTI=O'an2, (2.20)

Using Einstein’s detailed balancing arguments and tak-
ing advantage of the fact that both o (v) and ¢ (v) are
narrow compared to Ay,

MLaF o p g
8var'/2ay &

fdv o(WI(v)=0,F,

fduo(u)](u)—'gz o.F,

(2.3a)

(2.3b)

where the g’s are the statistical weights of the levels
and where the c_ys’s are the average cross sections for
the phototransitions. It is useful to note that with
broadband lasers one generally has g, ~)\3T'/87Av, ,,,
where I' is the spontaneous transition rate and Ay, ,,

is the full width at half-maximum (FWHM) of the laser.
With these relations, Eqgs. (2.2a) and (2.2b) simplify and
can be solved to obtain , if we assume a square pulse
of width T:

04Fn,(0) e=d -
2= (7 —e™), (2.4)
0 1
— ,F)"“—F”M a(l—e"“)—z(l—e'”) . (2.5)

where 7,(0) is the initial ground-state population and

with

x2=0,F(B+0,F), x,=T,+B+(0,+0,+0)F.

Now it will generally be true that if a laser is tuned
near line center and if its linewidth is not excessive,
both g, and ¢, are much larger than ¢, With one condi-
tion on the flux, i.e.,

o, F>»>8, (2.6)
x,> x,, and b >a. Equation (2.4) then simplifies, with
Ty <<(5a+ o, )F,

ny(0)e~ 9t (2.7)

"e= g1+g
where we have also restricted the time such that e™*
can be neglected. Thus, with the flux condition [Eq.
(2.6)], we have the simple quasiequilibrium picture;
when states 1 and 2 are strongly coupled with the laser
field, the sum of their populations [i.e., »,(0)] decays
at the rate e™% where a=[g,/(g, +g,)]o,F. Finally, if

&2
&1+ 82

po,>1, (2.8)
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where ¢ is the fluence and is equal to FT, for a square
pulse, then n,=#,(0) (i.e., complete ionization). Ex-
pression (2.8) is the fluence condition.

To saturate the RIS process, a flux condition [Eq.
(2.6)] and a fluence condition [Eq. (2.8)] must hold.
Usually the flux condition is not difficult to meet unless
the intermediate state used in the RIS process is rapidly
quenched. The fluence condition may or may not be dif-
ficult to obtain, depending on the mode of ionizing the
intermediate state and the availability of suitable las-
ers.

B. RIS saturation by photoionization

The purpose of this section is to show how the flux
condition and the fluence condition required for satura-
tion of the RIS process translate to laser requirement
in context with the first experiment in which these con-
ditions were met. In Sec. I we briefly reviewed the
motivation for the RIS experiment to obtain the absolute
population of a long-lived excited state in helium, [i.e.,
He(2'S)]. Verification of the abundance, as well as the
lifetime, of this metastable state was regarded as a
crucial test of an energy pathways model proposed to
explain time-resolved spectroscopic studies and total
ionization studies of helium gas excited by beams of
charged particles. Since, at some gas pressures, the
lifetime of He(2'S) is longer than the width of a laser
pulse, the study of a metastable state, using RIS tech-
niques, proceeds just as described above for atoms in
the ground state.

The pathways model for helium, while consistent with
a large body of experimental and theoretical informa-
tion, needed to be examined with an independent method
which went to the heart of the question of the population
and lifetimes of metastable states. For these reasons,
a new photoionization method (RIS) was developed (Hurst
et al., 1975) so that all of the long-lived metastable
states of a given set of quantum numbers would be con-
verted to ionization. When quantum-selected states are
selectively photoionized to saturation, it is straightfor-
ward to measure the population of the states by mea-
suring the number of ion pairs produced. )

The concept of the experiment is shown in Fig. 2. A
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Van de Graaff accelerator produces proton pulses which
ionize and excite the target gas at moderate pressure.
An ionization pulse is produced immediately in response
to the total energy absorbed in the gas cell. But excited
states are also created, and we wish to know the ab-
solute population of the He(2'S) state as a function of
time for a particular He pressure. Suppose the proton
pulse leaves behind a group of excited states as shown
schematically in Fig. 3. Each one of these can be se-
lected out and excited to an intermediate state by the
application of a laser pulse that provides a large flux of
photons at the appropriate wavelength. When the flux
condition and the fluence condition are satisfied, each
selected excited state is converted to one electron plus
one positive ion and the RIS process is saturated. If a
laser pulse is fired into the ionization cell, a secondary
ionization pulse is produced and the magnitude of the
secondary pulse gives the absolute number of He(2'S)
states which were in the volume swept by the laser
pulse at the time it was fired. Each encounter between
the proton pulse and the delayed laser pulse is recorded
on a transient recorder.

A commercial (Phase-R Company) laser provided (1)
a beam of reasonable quality over a 10-mm diameter,
(2) an energy per pulse of about 0.7 J at 5015 &, (3) a
photon spectrum of about 30 A FWHM, and (4) a pulse
width of about 300 nsec. Figure 4 shows a typical re-
cording of the signals at 0.6 Torr He. With -50 V ap-
plied to the field plates spaced 20 cm apart, the posi-
tive ion signals were collected in about 8 u sec, in
agreement with ion mobility and diffusion data. It was
shown that below 10° ion pairs the pulse heights are
linearly related to the number of ion pairs. A simple
ratio of pulse heights gives the number of quantum-se-
lected atoms per ion pair. Figure 5 shows the ratio of
peak heights plotted against energy per pulse at 5015 A.
The fact that an increase of a factor of 3 in energy per
pulse increases the ratio by ~20% suggests that the ion-
ization is close to saturation at the 0.4 J/cm? (i.e., 80%
ionization) level.

We can now examine the He(2'S) data at low pressure
with respect to the rate equation theory formulated for
the processes schematized in Fig. 1. At low pressure,
using a laser with 30-A linewidth to promote He(21S

FIG. 2. Schematic of the RIS
experiment on He (218). A
pulsed beam of protons excites
a gas in a parallel-plate ioni-
zation chamber. After a short

time delay, a laser pulse
sweeps out quantum-selected
excited states by the two-step
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ionization process. When sat-
uration is achieved, the num-
ber of excited states which
were in the region swept by
the laser beam is just the
number of electrons or pos-
itive ions created by the
laser.
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FIG. 3. Resonance ionization
spectroscopy (RIS) was first
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~3'p) at 5015 A gives 0,~10"* cm? and ¢,~3 x107*°
cm?, compared with ¢,=1.1x10"'" cm? at 5015 A
(Dunning and Stebbings, 1974). With these, x,=1 x107%¢
F and x,=1.3 X10"'° F. A convenient way to calculate F
is to note that the number of photons in a 1-J pulse is
5.0 X 10**), where X is the wavelength in A. Thus at 1
J/cm?, the fluence is 2.5 x 10'® photons cm™2 at 5000 A.
For a pulse width (taken to be a square pulse) -of 0.25-
i sec duration, F=10% photons cm™?sec™?, x,=10°
sec™, x,=b=1.3x10' sec™!, and a="7 x 10" sec™?; in-
deed b > q. Quasiequilibrium persists after about 3
x1071° sec, and the flux condition is satisfied: .o, F=4
x 107 sec™! while B=3 x 10° sec™! (due to the radiation-
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FIG. 4. An oscilloscope trace of the positive ionization current
as a function of time. The large pulse is direct ionization cre-
ated by protons; the smaller pulse is created by the laser
tuned to 5015 & and delayed 22 usec.
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GROUND STATE— BOUND ELECTRONS

trapped transition 1s3p—~1s?. The fluence condition is
also met since Eq. (2.8) gives 14>1. These agree with
the saturation of the signal in Fig. 5.

From the work of Alkhazov (1968) on electron excita-
tion, Bartell, Hurst, and Wagner (1973) estimated that
about 1 u sec after proton excitation the He(2'S) popula-
tion per direct ion pair is 0.27 at 0.6 Torr. This is in
reasonable agreement with Fig. 5. At times greater
than 1 usec the He(2'S) population includes not only its
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FIG. 5. The number of He(2S) states per ion pair as a func-
tion of the laser energy per pulse (700 mJ—1 on energy scale).
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directly excited population but also much of the original
populations of He(2'P), He(3'S), and He(3'P) which—
because of radiation trapping—cascade preferentially
to He(21S). Cascade effects were included, of course,
in estimating the 27%, as was the effect of energetic
electrons escaping to the walls of the cell. In sum-
mary, the determination of an excited-state population
by using the RIS method was consistent not only with a
simple rate theory of the RIS process itself but also
with a body of literature on the expected population of
He(2'S).

C. RIS saturation by associative ionization

Saturation of the ionization was also accomplished by
single-photon absorption followed by collisions with
ground-state atoms. ' This technique requires less laser
energy per pulse than does the two-step photoionization.
This version of the RIS technique was applied to kinetic
studies of He(2'S) over a wide range of helium pres-
sures (Payne ef al., 1975) and to the determination of
the He(2'S) population under conditions where the pri-
mary electrons were stopped in the gas. Thus the res-
onance ionization (i.e., the excited-state populations)
could be compared directly with the Jesse effect.

For helium, the states lying above the 3°P can be
converted to ionization by an associative process (known
as the Hornbeck—Molnar reaction). The intermediate
state He(3'P) is converted to ionization with a two-body
cross section of about 3 Xx10°° ¢m? (Wellenstein and
Robertson, 1972a) and to He(3'D) with a cross section
of about 30 X 10~'® ¢m? (Wellenstein and Robertson,
1972b;, He(3'D) is associatively ionized with a cross
section of about 20 X107'¢ ¢cm?® Effectively, the He(3'P)
is converted to (He)} at a rate of about 10’ P, where P
is the helium pressure in Torr and the rate is in in-
verse seconds. However, a competing process is col-
lisional conversion of 3'P to 3'S (with o=4.5x1071¢
c¢m?) which is not associatively ionized but, instead,
radiates (3 x 107 sec™!) to 2!P. Return of He(2'P) to
He(2'S) occurs at the rate of 1.9 X10°+6.4 X 10*P, com-
pleting a cycle (Bartell, Hurst, and Wagner, 1973;
Payne, Klots, and Hurst, 1975). During the cycle there
is a loss from the He(2'P) state due to resonance radia-
tion transport to the wall at a rate of 0.9 X 10° sec™! and
due to excimer formation at a rate of 90 P°. These
losses are not important over a wide range of pressure
since the chance that an atom promoted to the He(3'P)
intermediate state will enter the return part of the cycle
(where the losses occur) is small. As the pressure in-
creases, associative ionization dominates over photo-
ionization; at 15 Torr, photoionization contributes only
a few percent at an energy of about 1 J/pulse (with a
300-nsec pulse). '

Saturation of the ionization of He(2'S) as a conse-
quence of the laser pulse (0.7 J at 5015 A) was checked
by attenuating the beam by a factor of 3 and observing
that R(¢#), the ratio of the second to the first peak
height, was unchanged within experimental error.
Whenever associative ionization occurs at a rapid rate
(i.e., higher pressure), a very modest energy (i.e., 0.1
J) per pulse is required to saturate the ionization, even
when the spectrum is wide (30 A FWHM). In fact, with
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a narrow-band laser very low photon fluence is required
for saturation, because each intermediate state excited
with the laser is rapidly converted to ionization by col-
lision.

Measurements were carried out under saturation con-
ditions for a large number of delay times at each of the
several pressures. The decay curve for 100 Torr is
shown in Fig. 6. At times greater than 2 u sec follow-
ing excitation, it was found from RIS measurements
that the He(2'S) population decays exponentially with a
decay constant given by B=220 P+1.4 P? At low pres-
sures this rate agrees well with Phelps (1955), and at
pressures above 100 Torr it is nearly the same as that
of the 601-A, collision-induced emission of He(21S)
(Bartell, Hurst, and Wagner, 1973; Payne, Klots, and
Hurst, 1975). Furthermore, the absolute population of
the He(2'S) as a function of gas pressure was also used
to prove that two-body conversion of 2P to 2'S does
indeed occur (Payne et al., 1975). This is the most
conclusive evidence thus far that the major source of
the Jesse effect in He is due to the He(2'S) state.

This work was the first in which the RIS process was
saturated by exciting an atom to a state which could be
ionized in a collisional process (associative ionization).
The paper (Payne et al., 1975) also discussed the con-
cept of ionizing Rydberg states by many types of colli-
sions. For n about 25, saturated ionization can be
achieved by field ionization as well, provided the buffer
gas pressure is not too large—lsay 50 Torr.

Thus it was shown that the RIS technique can be ex-
tended to situations where the final step is collision in-
duced. Associative ionization is one collisional mech-
anism; Penning ionization of an impurity and charge
transfer to electronegative impurities may provide oth-
er useful mechanisms. Utilization of these collision
processes in resonance ionization spectroscopy can be
very important because it makes possible the use of
lasers having rather modest energy per pulse and hence
lasers having better performance in terms of repetition
rate, pulse width, and spectral line shapes.
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FIG. 6. The absolute population of He (21s5) states per direct
ion pair as a function of time, R(t), after 2-MeV proton exci-
tation of He at 100 Torr.
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D. RIS schemes for the atoms

A wide variety of laser schemes can be used to carry
out a resonance ionization process, and many of these
are easily saturated (Hurst et al., 1979a). Because of
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the attraction of using the RIS process for the detection
of single atoms in their ground state, we shall, unless
otherwise specified, assume that the atom is initially in
the ground state. It is convenient to adopt a notation,
suggested by nuclear physics, to describe the RIS pro-
cess. Thus we proceed as follows:

Atom Excitation Steps

Some examples will make this notation clear. Thus,

(a) Cs[w,, w,e~]Cs* (Hurst, Nayfeh, and Young, 1977a;
1977b) means that Cs can be excited by a photon of fre-
quency w,, following which the atom can be ionized with
another photon of the same frequency, producing a free
electron e~ and a positive ion Cs*. On the other hand,

(b) Y[w,, w,, ws, Ee~]Y* (Bekov et al., 1978)

indicates that a Y atom in its ground state absorbs pho-
tons in three steps, creating a Rydberg state which is
ionized with an electric field E. A two-photon excitation
process was recently reported as the first step for res-
onance ionization of H:

(c) H{w, w,, w,e"]H* (Bjorklund ef al., 1978).

A similar example of two-photon excitation was sug-
gested for Xe:

(d) Xe[w,w,, w,e"]Xe* (Bushaw and Whitaker, 1976).

Note that we use the notation w, w, to designate a two-
photon resonance and reserve the notation 2w, for a
single photon which is generated by frequency doubling.
In example (d) a two-photon allowed transition is driven

RIS SCHEMES

FIG. 7. Classification of RIS
schemes for sensitive detec-
tion of the elements. With
these five schemes, all of the
elements except He, F, Ne,
and possibly Ar can be detect-
ed.
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at a single frequency w, to a level which is photoionized
by a photon of a different frequency w,. Generalizations
of these examples are illustrated in Fig. 7.

Each of the basic photoionization schemes can be
modified so that photons are not involved in the final
step. For instance, in Fig. 8 we illustrate the case
where two-step excitation creates a Rydberg state which
can be ionized using an electric field E, or by various
collisional processes. In the figure, Alw,, w,,Ae"]A}
represents a process where associative. ionization with
a like atom is the final step, while A[w,, w,, Be"]AB*
implies that associative ionization occurs with a buffer
gas atom. Furthermore, a buffer gas atom can play a
catalyst role in the process A[w,, w,, Be"]A*. Molecular
additives M can cause Penning ionization,

Alw,, w,, Me"]M*, from an excited state; or if M has a
positive electron affinity, chemi-ionization,
Alw,, w,, MM~]A*, can occur.

Table I summarizes some of the RIS processes known
to date along with parameters of the lasers used. When
saturation of the process was of particular interest, it
is so designated.

We can now address the question of which laser
scheme is appropriate for a given element of the Per-

®

Alw, w,, we] At

@
Al2w,, w,, we™] A*
%

w=w, OR Wy

, (OR w5)
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SOOI Alw,, w,, EeT]AY
Alw,, w,, AeT1A}
A[w.l, Wy, Be~] A"
Alw,, w,, Be"]1AB*
Alw,, wy, Me™] m*
A[w1, wqy, MM™] At

FIG. 8. Ionization of Rydberg states by processes that do not
. require photons. Rydberg states prepared, for example, by
an w;,wy process can be ionized with electric fields and by
various kinds of collision processes (see text).

iodic Table. Spacing of the energy levels in each atom
determines which scheme can be used because available
lasers are restricted in their wavelength ranges. The
properties in a given atom which determine to first or-
der the kind of laser required are (1) the energy level

TABLE I. Table of some RIS experiments.

of the first excited state, (2) the quantal character of
the accessible lower-lying levels (i.e., whether one-
photon or two-photon allowed), and (3) the magnitude of
the ionization potential of the atom. These facts—as
well as the other specifications of available pulsed la-
sers such as the peak power, energy per pulse, pulse
duration, and beam quality —were taken into account in
arriving at the suggested schemes. The five basic
schemes of Fig. 7, ordered roughly according to com-
plexity, are adequate for nearly all of the elements.

A possible scheme for each of the elements (except

He, F, Ne, and Ar) of the Periodic Table is given in
Fig. 9. The key for interpreting the data is included in
the figure; it includes the chemical symbol, first ion-
ization potential, first excited state, and second ex-
cited state where needed. The simplest RIS scheme,
taken from Fig. 7, which can be used to detect the ele-
ment is circled in the center of each block. Where op-
tical levels are not known, a possible scheme is some-
times given with a question mark. The criteria used in
deriving the simplest RIS scheme follow. It is assumed

Process

Hlwyw,,w;eH*
He(2!,3S)[w; , w, e ]He*
He(2!S)[w,;, w e JHe*
He(2!S)[w,,Hee |(He);
Li[wy, wy, we ] Li*

Na[w;, wy,we INa*
Na[w;, w,, Ee"]Na*

Mg [w; , wye]Mg*

Klwy,wie K"

Ca(®P,)[wy, wye"]Ca*

Rb[w;, wye ]Rb*

Rb[w;, wye~]Rb*
Xe[wjwy, wye 1Xe*
Cs[wy, wye’]Cs*

Cslwy, wyeTICs”

Cs[wy, wye]Cs*

Y[wy,w,y, wy, Ee]Y*

Nd:Yag pumped dye laser system; A;=2660 A,
Ay=ca 2240 A; saturated a small volume.

Nitrogen pumped dye laser at various wavelengths to produce
sip, 4lp, slp, 3P, 43P, and 53P atoms

Coaxial flashlamp dye laser; A;=5015 .&, 1 J in 300 nsec;
saturated a large volume.

Coaxial flashlamp dye laser; A;= 5015 A, less than 100 mJ in
300 nsec; saturated a large volume.

Coaxial flashlamp dye lasers; A =6709 .&, A, =6105 A;
saturated a large volume.

Coaxial flashlamp dye lasers; A =5896 A, Ay=5683 A,
A =5890 A, A,=4196 A

Nd: glass pumped dye laser; A, =2853 &, A,=2900 to 4000 A;
absorption spectroscopy, ionization not recorded.

Nitrogen pumped dye laser; A= 4047 A

Argon ion pumped dye laser (cw); A =6162 A, A, = 4880 A
and other autoionization peaks

Ruby laser, dye laser system; Ay =7948 A, Ay =3471 A

Ruby pumped dye laser system; A\ = 4126 A, Ay=6943 A;
saturated a small volume.

Nitrogen pumped dye laser; A, =2525 &; (ionization not
recorded).

Linear flashlamp dye laser; A;=4555 A or 4593 &; saturated
a small volume; demonstrated one-atom detection

Coaxial flashlamp dye laser; A;=4555 A; saturated large
volume; absolute measurement of number of photodissociated
atoms.

Coaxial flashlamp dye laser; A= 4555 A or 4593 & saturated
large volume; measured Cs atoms from 2%2Cf fission

Nitrogen pumped dye laser system; Ay = 5556 A, A =6800 &,
Ay=5950—5770 A

Bjorklund et al. (1978)

Dunning and Stebbings (1974)
Hurst et al. (1975)

Payne et al. (1975)

Kramer et al. (1979)

Mayo and Lucatorto (1978)
Bekhov, Letokhov, and Mishin
(1978)

Bradley et al. (1973)

Calcott et al. (1979)
Brinkmann et al. (1974)

Ambartsumyan, Kalinin, and
Letokhov (1971); Ambartsumyan
and Letokhov (1972)

Ambartsumyan et al. (1976)
Bushaw and Whitaker (1976)
Hurst, Nayfeh, and Young
(1977a; 1977b) i
Grossman et al. (1977a; 1977b)

Kramer et al. (1978)

Bekov et al. (1978)
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FIG. 9. Resonance ionization spectroscopy schemes for the elements. For elements H through Ac: ionization potentials (I.P.)
and energy levels (E.L.), respectively, see Moore (1948) and Martin, Zalubas, and Hagen (1978); Th, Pa, Am, Bk, Cf, Es, Fm,
Md, and No: Sugar (1974)—I.P.; U: Hertel (1967)—I.P., Carlson et al. (1976)—E.L.; Np: Lawrence Livermore Laboratory
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Tomkins (1957)—E.L.; Cm: Smith (1971)—I1.P., Worden and Conway (1976)—E.L.; Bk: Conway et al. (1977)—E.L.; Es: Wor-

den et al. (1974)—E.L.

that the fundamental range of tunable dye lasers, which
will have sufficient power to saturate photoionization,
is 3800-7500 A (3.25-1.65 eV). It is further assumed
that dye lasers can be doubled over the range of 2170-
3600 A (5.71-3.44 eV). The higher the scheme designa-
tion, the more complex the process. Schemes 1 and 2
are the most simple: they require one laser, but in
scheme 2 a portion of the output must be doubled. In
schemes 1 and 2, time coincidence is guaranteed. In
schemes 3 and 4, it is possible that two lasers may be
used; this adds an additional requirement that time and
space coincidence must be controlled. Scheme 5 uti-
lizes two-photon transitions to states for which single-
photon transitions are not allowed, and this further
complicates the process. For the applications involving
scheme 5, the ground-state-first excited-state transi-
tion may involve photons obtained by doubling, redoub-
ling, and mixing a fundamental wavelength. Use of an
ultraviolet excimer laser could also be advantageous in
this scheme. Using known energy levels, 23 elements
can be detected by scheme 1; 25 elements by scheme 2;
and 39 elements can be detected by two-laser schemes
3, 4, and 5. Four elements are presently out of the
range of RIS schemes. Many of these ionization
schemes can be slightly altered so that Rydberg states
are excited. These states can be ionized in a variety of
ways without photons (see Fig. 8 for examples); thus
the energy-per-pulse requirement for saturation of RIS
can be greatly reduced.

In general, the quantitative evaluation of a particular
RIS process requires a knowledge of dipole matrix ele-
ments for all transitions between each discrete level
and lower levels. These quantities are poorly known
for many atoms. In addition, under pressurized con-
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ditions various collision cross sections are also needed.
In most cases the need for this information can be
eliminated by using dye lasers with narrow linewidths
(e.g., 0.01 A), power densities ~10* W/cm?, and 5- to
10-nsec pulse widths. The narrow linewidth and low
power densities permit saturation of all discrete-dis-
crete transitions in a time which is short compared
with the pulse width. Short pulse widths make spontan-
eous emission negligible and, combined with relatively
low pressure, minimize the effects of inelastic colli-
sions. An additional bonus is that moderate power den-
sities, narrow linewidth for the laser, and the low
pressure lead to a highly selective resonance process.
Thus we are often left with a situation where the major
unknown is the photoionization cross section of the
highest resonant level.

Experimental information on photoionization cross
sections for excited states is still sparse. Until re-
cently, all data of this type came from the application
of detailed balancing to studies of radiative recombina-
tion in plasmas. Studies have been reported by Mohler
(1933) for the 6p 2P states of Cs and by Rothe (1969,
1971) for the 3p 2P states of Na and the 2p 2P states of
Li. More recently, with atomic beam and flashlamps,
Nygaard (1975) measured the 6p°P, ,, 5,, states of Cs,
and Stebbings et al. (1973) and Dunning and Stebbings
(1974), using a pulsed dye laser, studied a number of

- excited states in He. Cell experiments have also been

carried out to yield rough estimates for a few excited
states in Cs and Rb.

A variety of theoretical methods have been used to
calculate photoionization cross sections for excited
states. Burgess and Seaton (1960) have used the quan-
tum defect method. Parametric potential methods have
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FIG. 10. Cross sections for the photoionization of various ex-
cited states of Li as a function of photon energy in Rydbergs.
These results were provided by S. T. Manson (private com-
munication).

been used by Aymar, Luc-Koenig, and Farnoux (1976),
as well as by Weisheit (1972). Finally, Msegane and
Manson (1975) have made extensive use of variations on
the HSF (Hartree—Slater-Fock) method. Figures 10 and
11 summarize some recent results for Li and Cs, re-
spectively.

11l. THEORY OF RIS AND RELATED PROCESSES

A. Introduction

The purpose of this section is to provide a brief theo-
retical discussion on a variety of effects related to the
interaction of laser fields with atoms in order to eval-
uate the RIS technique as a tool for making a large
variety of ultrasensitive and unambiguous physical
measurements. We use the simplest physical models
and the most elementary mathematics which enable one
to understand the effect under discussion.

Some of the questions that we shall try to answer are:
(1) What are the laser requirements for RIS when vari-
ous excitation and ionization schemes are used? (2)
Under what conditions of pressure, laser bandwidth,
and laser power density can one describe the atom-field
interaction problem in terms of rate equations as op-
posed to a full density matrix treatment of the problem?
(3) What restrictions are imposed on RIS by background
effects due to multiphoton ionization of any buffer gas
or impurity that might be present, and to what extent
can this be avoided by the proper choice of lasers for
a carefully thought out RIS scheme? (4) To what extent
is selectivity lost by pressure-broadening effects and
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FIG. 11. Cross sections for the photoionization of various ex-
cited states of Cs as a function of photon energy in Rydbergs.
The results were provided by S. T. Manson (private communi-
cation).

how can this be avoided by choosing a proper detection
method? Since we anticipate readers who are not pres-
ently engaged in laser physics, it is hoped that this
treatment can serve not only to answer questions (1) -
(4), but also as a springboard to literature which treats
many of the topics in more detail.

B. Formulation of equations for the two-step RIS process

The two-step RIS scheme is the simplest of all meth-
ods for the selective detection of atoms by a saturated
ionization process and has been the most widely used
method (Hurst et al., 1975; Payne et ql., 1975; Hurst,
Nayfeh, and Young, 1977a,1977b; Grossman et al.,
1977a,1977b; Nayfeh et gl., 1977). In this process, one
uses a single laser tuned to resonance between the
ground state of the selected atom and an excited state
lying more than halfway to the ionizing continuum (Fig.
12). Thus a second photon from the same laser can
ionize the atom; and at sufficiently high photon flux and
photon fluence, each of the selected atoms can be ion-
ized. We believe that it is appropriate that this scheme
be treated theoretically with enough generality so that
questions about line shape, conditions for saturation,
and the applicability of rate equations can be answered
in some detail. Many of these questions can be an-
swered in terms of a simple model in which the atom
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FIG. 12. Energy level diagram for the two-discrete state plus
continuum model used in discussing two-step ionization. The

laser used for the RIS process produces photons of energy 7w

which is off resonance for the discrete-discrete transition by

Bé=F(w—wi+wg). The continuum energy is E = Aw,+ 27w.

has only two discrete states of importance and an ion-
izing continuum. We shall see that the two-state + con-
tinuum model is tractible mathematically and that even
though hyperfine structure, fine structure, collisional
redistribution among magnetic sublevels, and other ef-
fects may keep the model from applying in detail to
many atoms at the relatively high power levels required
for saturated ionization, it still suggests general guide-~
lines for when rate equations would apply; and the rate
equations can incorporate the neglected effects. Furth-
er, in dealing with far wing line-broadening effects, the
model is appropriate, provided the two discrete levels.
are interpreted properly. Estimates of conditions for
saturation under different conditions of pressure, laser
coherence time, and laser state of polarization are also
given correctly within factors of 2 or 3.

We assume that the laser is tuned very near to reso-
nance (see Fig. 12) between state |0) and state |1) and
that with the power levels being used, only the states
|O), |1), and the continuum states iEc, ©) have any ap-
preciable amplitude for being populated. Thus solutions
of the time-dependent Schrédinger equation are approx-
imately of the form of a linear combination of the two
discrete state vectors |0) and |1) and the continuim
states ]Ec, w). In |Ec, u) the parameter p is an angular
momentum quantum number and E, is the energy of the
continuum state. The coefficients of these state vectors
are then the probability amplitudes for being in the re-
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spective states at the time in question
[(0))= aolt)e™90t |0} + ay(D)e™Hrt | 1)

+y dece"“c‘C(Ec,u.,t)IEc, [THR (3.1)
I

where, if ﬁo is the Hamiltonian of a simple isolated
atom of our dilute gas (or vapor) in the absence of the
laser field: H,|0)=7%w,|0), H,|1)= fiw, |1), H, | E,, 1)
=ﬁw¢1Ec7 B, <0|0>= 1, <1l1>= 1, <0|1>=0) (i lEc’ W)=0
(1=0,1),(E,, u|El, u")=5, ,.8(E,—E!). The total Ham-
iltonian is (B= - e2,r, is the electronic dipole operator)

H=H,-B-EWD+ V1), (3.2)
where —P+E(#) is the field—atom interaction term and
V(1) is a stochastic perturbation due to collisions of
the atom with the molecules of a buffer gas. The
—ﬁ'E(t) form of the laser field—-atom interaction term
has been shown by Power and Zinau (1959) to be cor-
rect to all orders in the vicinity of a dipole-allowed
transition, provided that the wavelength of the light is
very large compared with the size of the atom. We
shall treat the laser field classically since it is well
known that such a treatment gives identical results to
nonrelativistic quantum electrodynamics in a large
number of limiting cases. Among the situations where
a classical treatment of the laser field is correct are

(1) weak light interacting with atoms near an absorp-
tion resonance,

(2) when the laser field is a coherent field (correct
here at all power levels);

(3) very intense light where the number of photons of
a particular k and w in a cube of size A? is large (i.e.,
the correspondence principle limit where Maxwell’s
equations apply).

For generality, we take E(¢#) to be of the form

E(D=k Y E 0 cos[wr+nd)], (3.3)
i

where the E (¢) are such that E(¢) represents a pulse of
short duration compared with the radiative lifetime of
|1). Thus the light is linearly polarized in the z direc-
tion, but E(#) may be due to many sources in the most
general situation. The various terms in E(¢) can, for a
laser, represent different cavity modes [with n () con-
taining a part Aw, ¢ for the different mode frequencies];
or for an incoherent source, the different terms could
represent contributions to E(¢) due to different excited
atoms with 7,(¢) having a stochastic part due to time of
excitation, position of the source atom, and line-broad-
ening effects. In general, E,(#) will also be stochastic.
Thus, except for the limiting case of a single-mode
laser emitting transform-limited-linewidth pulses,
there are many E,(f); and both E (#) and 7(¢) are sto-
chastic so that no repeatability [in the detailed time
history of E(#)] can be expected. It is easy to show that
a sum of trigonometric terms such as that in Eq. (3.3)
can be written as

E()=KE(?) cos[wt+n(D)], (3.4)

‘where E(#) and 7(f) are related in a rather complicated
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way to the individual E(¢) and n(¢). In Eq. (3.4) we ex-
pect that E(#) and 7(#) are both strongly stochastic for
a laser of much broader bandwidth than is expected for
pulses with Fourier-limited bandwidths. The laser

line shape is determined by E*w), where E(w) is the
Fourier transform of E(#). By the convolution theorem
we have

EXw) = &, [EO-EG+ D],

where E(2)*E(¢+ 7) is the average of E(¢)*E(¢+7) over ¢
and F (F) indicates the Fourier transform of the func-
tion in parentheses with respect to 7, i.e.,

(3.5)

5(F)= [ etrRtr)ar. (3.6)

Typically, E* w) may reproduce reasonably well from
pulse to pulse, but the detailed time dependence of
E(¢#) will not. The detailed fluctuations in E(¢) and n(z)
do not reproduce, but the relative frequency of which
one gets a particular E,(f) and n(¢), as well as the way
fluctuations in these quantities decay, is reproducible.
This is suggestive of ergodic behavior in which the
time average over any time which is very large com-
pared with the field coherence time can be replaced by
an ensemble average over the phase space of the source
or equivalently over the stochastic variables 7, and E,.
Thus, if ( ) represents the ensemble average,
E¥w) « & [(E(D)E(¢t+7))] . (3.7)

The quantity (E(#)*E(¢+ 7)) is the lowest-order field

i-‘-ld—tzg = Ugo(Dag+ 2w et @1790)y (1) cos [wi+n(8)] g (2),

dt

dc i =
i~ (B, t)=2e iy mwe)t <Ec, ul%H a,£,8(8) cos(wi) ,

where wg=(0 | B,e,/ 25| 1),e5= (EXD)| 008 (1) = E(8)/ €,
Py, = (Oer(t) |0, 7auy, = (1| V (#)|1), and we have as-
sumed that ‘7:.- has no off-diagonal matrix elements
while P, has only off-diagonal elements. Collisional
shifts on continuum states have been neglected, as have
free—-free transitions which would largely modify the
energy spectrum of the photoelectrons if the bound-free
matrix elements vary slowly with w, in the region near
W, = W =Wy + 2Fw. In the above, wg is usually called the
Rabi flopping frequency because of the role it plays
when a very-narrow-bandwidth cw laser is tuned to ex-
act resonance for one-photon absorption. In the latter
situation the probability of remaining in the lower state
for times small compared with the upper states’ radia-
tive lifetime is |a,|*=cosX |wg|f). Thus the population
“flops” between the states |0)and |1) provided that
|wg| T> 1 (T=lifetime of |1)).

We break the cosine function in Eq. (3.8) into complex
exponentials according to cosx =3 (e®+ e™*) and find that
one part combines with the other complex exponential
to give a slowly oscillating term, while the other term
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19 _ uy (B)ay + 2whet @1 woltq (1) cos [wt+n(t)] g (8) + Z decC(Ec’ Ky 1) <1
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autocorrelation function. If in Eq. (3.4) 7(#) is constant
and E (#) is a reproducible, smoothly varying function
of time, the linewidth is determined by the extent in
time of Ey(f). If the pulse length is 7 1» then the band-
width follows as Aw;~1/7;. Such laser pulses are said
to have transform-limited bandwidths.

We shall devote much of our space here to cases
where the laser field has a transform-limited bandwidth
so that higher-order autocorrelation functions of the
field are simply products of the lowest-order autocor-
relation function, o7 to cases where the power density
is sufficiently low and the bandwidth large enough so
that another simplification occurs which requires only
a knowledge of the laser line shape to describe the RIS
process. With high-power, broad-band lasers-—which
can charge g, and ¢, in times short compared with the
coherence time of the laser—a detailed treatment re-
quires knowledge of all higher-order field autocorrela-
tion functions. Approximate theories have been devel-
oped for this region and references can be found in
deMeijere and Eberly (1978). A brief discussion of ex-
citation with powerful broad-band lasers will be given
later in this section.

We shall use Eqgs. (3.3)—(3.6) in characterizing the
laser throughout the present section. A detailed dis-
cussion of laser coherence effects has been given by
Glauber (1963); for an elementary discussion of co-
herence, see Loudon (1973).

We now substitute Egs. (3.1) and (3.2) into the time-
dependent Schrddinger equation and use the orthogon-
ality of |0), |1), and |E,, u) in order to obtain

P:go
2r

E,, p.> eilwrw0)i35 (1) cos(wt) ,
(3.8)

[

oscillates very rapidly. Perturbation theory can be
used to determine the relative importance of the two
terms at low power, and it is found that the slowly os-
cillating term gives a much larger contribution to a, and
C(E,, u,?). In fact, retaining the rapidly oscillating
term is inconsistent with the assumption of being near
resonance with |1) so that no other excited states are
important.

Thus we make what is ordinarily called the rotating
wave approximation and keep only the most resonant
(i.e., slowly oscillating) term. Letting o(E_, n)
=(1|P,/2K|E,, 1), 6= w, - w, + w, and eliminating C(E,, #),

da

== = ug(Dag+ wrg (e Pterinttly |

T

i%atg., =u,,(Ha, + wEg(De Btein®g,
—i Z decegf oA E,, u)|%g ()
m

t
X f dtlg(tl)al(tl)ei(wc'wl’w)(t"t)' (3.9)
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If o(E,, W) is slowly varying in the region of E_ near
E =fiwy,=#(w,+ 2w), we can simplify Eq. (3.9) con-
siderably (Choi and Payne, 1977). The condition that
must be satisfied is that there must exist a A such that
|Aa| is much larger than |w,|, the laser bandwidth & ,,
and the ionization rate of state |1). The quantity |A|
must also be small enough so that a(E,, W) can be re-
garded as constant for E, in the interval E, - |A| <E,
<E,+ |A|. For laser bandwidths <10'%/sec and laser
power densities <10° W/cm?, such a A almost always
exists unless w_, is near an autoionizing resonance.
When such a A exists, one breaks the integral over E_
into a region E,, - A <E_<E_+A, within which o(E,, n)
is replaced by a(E,, u) and a second integral over the
rest of the continuum. With our assumptions, the inte-
gral over the interval about E_, leads to a good approx-
imation to a Dirac delta function in time; and the other
part contains a rapidly oscillating function of time (for
all E, being integrated over) which enables one to eval-
uate the time integral by successive integration by
parts. We obtain

.da

z?d_tg = U Dag+ weg(t)edtei” g, |

_‘# = uu(t)aﬂ- w;g(t)e"iﬁte'i'n(t)ao
—gz(t)(Ao'*‘ir)al. s
C=r1 Y |E,, ) |%s,
Zu c0? 0 (3.10)
and

i, Y |ae, ]
Ay=P f L

w, - Wy — 2w

where P denotes principal value. It is important to note
that T" enters in as a damping term in the equation for
da,/dt. The term 2T represents a rate of photoioniza-
tion out of [1), and it is consequently related to the
photoionization cross section and to the peak photon
flux. The term 4, is a dynamic Stark shift in |1) due to

coupling to the continuum states, and it is inconsistent
to keep it without also incorporating such shifts in IO)
and |1) due to off-resonance discrete states. Typically,
the inclusion of such shifts is not important in two-pho-
ton ionization for power densities less than 10® W/cm?
(Choi and Payne, 1977) unless the transition in question
is weak. This is a consequence of the shifts’ being
small compared with the reciprocal pulse length until
the laser power beomes rather high.

In preparation for dealing with the stochastic prop-
erties of u,(#), u,(#), g(#), and n(¢), we now convert to
a density matrix form of Eqgs. (3.10). Letting A,
=a, expidt+in(t)], Z=|A,|*- |ao|?, Z=2Re(afA,), Z,
=2Im(afA,), and Z,= |4, |°, we use Egs. (3.10) in order
to find differential equations for Z,:

d_dZEl_= -2I'Z, g% - 20,87, ,

_d:iZt_zz (uu gy = O _-d—t)z -gTZ,,

%= _ (uu Uy — O _%77;>Zz+ 2wegZ, -Tg°Z,,

%1274= -2IZ, 8%~ w,gZ,. (3.11)
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Obviously, Z, is the probability of the atom’s being in
state |1) at time ¢, Z, is the probability of being |1)
minus the probability of being in IO), and Z, and Z, are
related to the time-dependent expectation value of P,
(i.e., to ((#)| B,|9(2))). If photoionization were absent,
the fu'st three equations would be sufficient, and we
would have Z7+ ZZ+ Z2Z=1 as a consequence of unitarity
[i-e., 22+ 22+ Z3=(| o]+ | @y |? where [ao|* |a|*=1].
In the presence of photoionization we have
t 2

Z2+ 22+ 22= [1 -2 f ng(t')Z4(t’)dl] , (3.12)
and the probability of ionization for the particular laser
pulse with the particular time history of uy,, #,,, E,,
and 7 is

P,=2 fw CgXtNzZ (") dt’ . (3.13)

In order to get some understanding of the effects of
collisions and laser coherence, we shall now cons1der
separately the following s1tuat10ns

1. The laser has a transform-limited bandwidth, but
collisions may be important. (n=const, fluctuations in
g are unimportant, but collisional line-broadening ef-
fects are included through u,, and u,,.)

2. Collisional line-broadening effects are absent
(#90=1u,,=0), but the coherence time of the laser is
short compared with the pulse length of the laser; con-
sequently the laser bandwidth is far larger than its
transform-limited value. Thus fluctuations in n and g
must be accounted for.

Cases 1 and 2 will be considered in order.

C. Effect of collisional line broadening on the two-step
RIS process

Before getting into the actual derivation, we note that
typically |(0|P,|1)| ~eay, where a, is the Bohr radius.
Thus, since the average power density near =0 is I
= Cel/81 and wy=~ eagze,/ 2k, we find that with I in W/cm?
typical values of wy are |wy|~10°VI, where |w,]| is
the Rabi frequency in radians/sec. Correspondingly, if
the photoionization cross section of [1) at frequencies
near w is ~107® ¢m?, we have for the photoionization
rate constant I'~ 3], where I" has units of sec™. With
buffer gas pressures <100 Torr, the time between col-
lisions that introduce appreciable phase shifts is = 107°
see, while the duration of these collisions is <1072
sec. The estimate of |w,| *10°VT represents a fairly
strong transition, and values =~107V] are not rare.
Thus, if I <10°W/cm?, we see from Egs. (3.11) that the
laser field produces very little change in the Z, during
a single collision.

Except for the largest power densities being consid-
ered, we can choose a time 7 which is large compared
with the duration of a collision but sufficiently small so
that |w,|7 <1 and I't <1. During the period of time
t—1t+7 the Z, evolve according to dZ,/dt
= (atyy —Upy — G)Zs, dZ,/dt= —(u,; —uy, — 0)Z,, with Z, and
Z, being constant. Letting W=2Z2Z,+i{Z,,

W(t+7)=W(t) exp (“ S 7 fean () — ool £") — G]dt') :
t
(3.14)
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We have allowed for the fact that during a single colli-
sion we can have [ d#'(u,, —u,,) > 1, and thereby a large
phase change is introduced. Equations (3.11) and (3.14)
apply to a single atom, subject to a particular time
history of u,,(#) —uy(#). Typically, in an ionization
study, there will be many atoms in the laser beam, and
Uy, —Ug, Will have a different time history for different
atoms. We want to arrive at equations which give a
prediction of the average behavior of the atom. To de-
scribe the average behavior, we replace Eqgs. (3.11) by
a set averaged over a large number of atoms see’ing‘
the same laser pulse, but with different »,, and »,,:

dzZ > -

-—E-t—l-=—ZI‘Z4g2—2ngZ3,

dZs; o o= de>

2 -8 I’Z2—5Z3+(dt e

dZ, .o > 5 = (dZ3)
—==0Z,-TZ,8°+2w,gZ, +

dt 2 N B ' dt coll’

dzZ, > =

dt4=_2I‘Z4g2—ng23, (3.15)

where we include the average of the terms involving u,,
—uy by way of (dZ,/dt),,, and (dZ,/dt),,,,- We have also
restricted 6 so that |6|7 <<1. Thus the results apply
very near line center (i.e., |6|=<10"). To get the av-
erage rates of change of Z, and Z;, we use Egs. (3.14)
with 6=0:

(d_W) _W(t+T) - W)
coll

o - ~W () [exp(-ig) 1] ,(3.16)

where
f t ( I) ( ) !
¢ ¢ [ull. ¢ Uoo! t ] dt

and we have broken the average of W[exp(—i¢)—1] into
a product of averages by assuming that W(¢) depends
only on collisions occurring before the time interval in
question and that at relatively low pressures the time
history of collisions in ¢ <¢’ <{+ 7 is totally uncorrelated
with what has occurred before. We have reduced the ef-
fect of collision in the region near line center to calcu-
lating e~ for t—¢+7. Let

P(¢,t,t")d¢p = probability of a net change in ¢ in the
range ¢ ~ ¢ + d¢ for the time ¢—~#'.

(3.17)

Letting ¥(v)dv = probability per unit time of a collision
which gives a phase change v—v+dy, we get

g‘?(w, t)= fwv(v) v [P(¢ —v,1,1') = P¢,,t)].
(3.18)
Obviously,
7= [ap Mg, 1,1+ emre. (3.19)

Multiplying Eq. (3.18) by ™" and integrating over ¢,
we obtain an equation that can be trivially solved to give

e~ = exp [1 j::‘r(v)d'/(ei"‘ 1)] )

sexp[r(-T,+ia))], (3.20)

Rev. Mod. Phys., Vol. 51, No. 4, October 1979

Resonance ionization spectroscopy 781

where I', is a positive number, and
r,= j Y(vX(1 = cosv)dv,

A= f y(v)sinvdy.

If collisions are sufficiently infrequent so that I' ;7 <1
and A,7 <1, we get from Eqgs. (3.15)—(3.20):

9z, _ 2IZ, g% - 2wygZ, ,

dt

ddth =—(6+4,.)Z,-(g’T+T)Z,,

idgt-‘i =(0+A,)Z, ~(g T+ T )Z,+ 2wr8Z, ,

ddZ; = - 2T9°Z, - wpgZ;. (3.21)

In the absence of photoionization (i.e., I'=0), Egs.
(3.21) reduce to the Bloch equations, which were orig-
inally developed in connection with nuclear magnetic
resonance, but which have been widely used in quantum
electronics. A little thought about the assumption re-
quired to obtain Egs. (3.21) tells one a great deal about

the region of validity of the Bloch equations. For the
ionization probability we get
P,=2r f gAtNZ,(t") dt’ . (3.22)

We see that with these assumptions the effect of colli-
sions is to cause an additional damping of the off-diag-
onal elements of the density matrix. The limit which
leads to the validity of rate equations occurs if |wg|
«<T, and |A]| <(duration of collision)®. For instance,
if the pressure of the buffer gas is large (= 100 Torr),
T, can approach 10'°-10'/sec. Therefore, if I <10* W/
cm?, we have |w,| <10°-10'° sec™, and Z, and Z,
change very little in a time 1/I",. Letting W=Z,+$Z,,
Egs. (3.21) lead to

— t —
W(t)=2inf g(NZ(t)

xexp|- [[g?+ T, —i(6+A,)](t—t)|dt’

2iweg(1)Z,(D)

zm, (3.23)

where we have used the fact that Z,(¢) varies very little
in a time interval 5/T,, while nearly all of the contribu-
tion to the integral comes from ¢ -5/, <¢’ <t. In this
approximation, both Z, and Z, are proportional to Z, so
that the off -diagonal elements of the density matrix can
be eliminated. Noting that Z, = p,, — poy, Z,= py,, We 0Ob-
tain

‘dpoe _ 2lwgl?g°T,
dt  T2+(0+A4,)2 (P11 = Poo) »

Py _ _op, .o 2lepl%eTe

dt P & _F§+(6+ a,)z (P11 = Poo) - (3.24)

Equations (3.24) are a set of rate equations equivalent
to those that would be written intuitively for an atom
which has an absorption and stimulated emission cross
section such that (F= photon flux)



782 Hurst, Payne, Kramer, and Young:
_ _ 2 IOJR lzgzI"c
Gaa(é)-as(ﬁ)ﬂf—rg+(6+Ac)2, (3.25a)
and
Fo,=2Tg?, (3.25b)

where o, is the photoionization cross section. Equation
(3.25b) substantiates the interpretation of I' that was
given earlier. The degeneracy factors do not enter here
as they did in the rate equation discussion of the
He(2'S) detection experiment because collisional effects
which would change m, have been neglected. )

In summary, rate equations are valid in the presence
of pressure-broadening effects and with narrow-band
lasers, provided I' > IwRI. In other words, the valid-
ity of rate equations with narrow-band plane polarized
light requires that collisional dephasing cause the atom
to lose memory of how it was excited in a time that is
small compared with the time required for a further
stimulated emission or absorption to become probable.
Rate equations do not apply if |wg|= I',, and the width
of the absorption line becomes dominated by power
broadening. However, we shall see later that for most
transitions, even power densities <10* W/cm? are suf-
ficient to level (i.e., make the upper and lower popula-
tions equal) the upper and lower populations in a time
short compared with the pulse length. The use of high
power levels (i.e., |wy|= ') is usually unnecessary if
a separate more powerful laser which is tuned far from
resonance is used for the ionization step.

Consider the simple model of broadening by a van der
Waals interaction in order to estimate the order of mag-
nitude of I',. If K;=C,s/h, where the van der Waals
interaction difference potential is AV (R)=C,/R°, we
find for a single collision at impact parameter b:

« dt

= [P 22
_3 K,

T 16 v

v=phase change= K

(3.26)

Thus the average rate of collisions which give v—v+dv
is the same as the rate of collisions in the correct b
-~ b+db range and

y(v)=211 b(v,v)%(v,v)vN, (3.27)

where b(v,v) is the impact parameter which gives a
phase change v when the relative velocity is v and N is

the concentration of buffer gas molecules. The bar de-
notes the average over relative velocities. We get from
Egs. (3.20), (3.26), and (3.27)

= 17K %2 /°N,

A, = —3(K)¥5(v)?/°N. (3.28)

Typically, Ks=~10"%° cm®/sec, v =10°/sec, N=3 x10'® P
(P in Torr). Thus I',~5 x10° P. When P>100 Torr,
we can have I', ~10'/sec. The van der Waals form of
the difference potential is usually inadequate to de-
scribe ', and A, (Hindmarsh, 1974) in detail, as is the
assumption of straight-line orbits. However, the esti-
mate of the order of magnitude of I', and A, is reason-
able. At line center the model predicts ¢,(0)F=0(0)F
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= |wg|?/T,~10'°I/T; or when I',~10", we get ¢, (0)F
=~10°] so that J ~10* W/cm? will saturate many dis-
crete-discrete transitions if a narrow-band laser is
used in the presence of a buffer gas with =100 Torr.
At I1=10* W/cm?, rate equations apply with a modified

I even if a second laser with I’ £10® W/cm? is present
which can ionize |1), providing that the second laser is
well out of resonance for any discrete-discrete process
beginning from |0). The 10°® W/cm? restriction on I’ is
due to the importance of keeping dynamic Stark shifts

in ]0> and ]1) small compared with the pressure-
broadened linewidth so that they can be neglected. Such
shifts arise due to the off-resonance laser field coupling
|0) and |1) to other levels to which they have dipole-
allowed transitions. These shifts leave a two-discrete
state picture intact but introduce power-dependent
shifts in 6. We emphasize again that leveling of the
upper and lower populations can be achieved with nar-
row-bandwidth lasers in the region of laser power where
rate equations apply providing that ' 7, > 1. At higher
power, the simplicity of rate equations is lost and a
more complex theory is required. However, at line
center, the upper and lower level populations will still
(on the average) become equal. When such a laser is
tuned away from line center, the core of the line will
have a width 2 2| w,|, since this is the reciprocal of the
time over which the laser can change the Z,. Reso-
nance ionization spectroscopy can still be used but with
less selectivity. When the laser power is such that

|wg| >T, and two or more sequential discrete-discrete
steps are used in the RIS scheme, a subtle effect occurs
in which power-dependent shifts in the atomic levels
play an important role (Moody and Lambropoulos, 1977).
This effect will be discussed further later in this sec-
tion.

In the preceding discussion of line-broadening effects
we have agsumed 3T,<<1, where T, is the collision
duration at an impact parameter where the total phase
change is 1 radian. When 6T ,>1, the line shape be-
comes sensitive to the details of what happens during
single collisions, and we enter the so-called quasistatic
region (Hindmarsh, 1974) of the absorption line shape.
In this region absorption is a very rare event since it
requires collisions in which 6 becomes equal to u,;, —u,,
at some intranuclear separation. At such a separation
the energy levels of the quasimolecule are separated by
exactly the correct amount for resonant absorption.
Even though the resonance condition may only be satis-
fied for a time= 1072 gec, this mechanism still domi-
nates the far wing absorption in almost all cases where
Uy, — Uy, — O becomes zero at some R for the d in ques-
tion. In contrast to the 8T, <1 case, where it is im-
portant to deal very carefully with the stochastics of
phase changes which accumulate over many collisions,
and their interplay with excitation which also occurs
continuously for a time interval which spans several
collisions, we have here a situation in which excitation
only occurs during collisions. The attention focuses on
the details of what happens during a rather rare single
collision, with many collisions which do not satisfy u,,
—#g,= 0 (but do introduce phase changes which destroy
memory) occurring in between. We therefore need rates
of absorption and stimulated emission due to collisions
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in which #,, —u,, — 6 becomes zero, because even at
lower pressures the times between such collisions are
random, and quantum interference effects between col-
lisions average out so that rate equations which focus
on transitions during individual collisions apply in gen-
eral. The required rate is calculated by returning to

1

|ay [ *= | wp| % %2)

ft exp(—i6t’) exp[i ft [ot1 (#7) = ugo( ™) ] dt"] dat’
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Eq. (3.10) and neglecting A,, I', and 7(¢#) while assuming
that |a,| =1. We get during a single collision

t
a, ™ exp [—-i f Uoo(2) dt'] , (3.29a)

2

(3.29b)

s

where ¢, is the time at which the distance of closest approach occurs for the collision. If we assume that the inte-
grand oscillates rapidly, causing strong cancellation except for times close to & —uy,(¢,) +ug(Z,) =0, we obtain for
Ia1 Iz (averaged over a small range of impact parameters to wash out interference between the two crossings)

_probability of absorption during a collision with a

|a1|2

__Amlwg|®g%(to)
=77 .
I‘_ﬁ (243, — %o0)

t=to

We have approximated 6=u,,(#) + #,,(¢) by a linear func-
tion of time near each of the two {,. Thus we are also
assuming that d(u,; — w,)/dt| +, #0, so that Eq. (3.30)
“would not hold near a satellite (Hindmarsh, 1974). Near
a satellite, emission is enhanced due to the resonance’s
lasting for a longer time period. We assume, as has
been found to be the case with some spectral lines
(Hindmarsh, 1974), that u,, —u,, is of the van der Waals
type until 6 becomes so large that we are many f\ng-
strom units in wavelength from line center. Then #,,

— o= K/(b%+v*?)°, where v is relative velocity and b

is impact parameter. Evaluating dlu,, —us)/dt|,., and
calculating a rate constant R for absorption, we get

R=m’ (3.313.)
where
(8 13 A
o'=271’f b!al’zdb’
0
4 2
=3 |@al K /262, (3.31b)
Thus,
R= 5N | wp | g (1)K /2677 2. (3.32)

To get some idea about how large R is at different
points away from line center, we take N=3.2x10' P,
w,=10"VI ,K ~107% c¢m®/sec, A, = line center wave-
length=5000 A. Thus, with I in W/cm?®, P in Torr, and
with P=~100 Torr, we have R~ 6.4I/AX%/2 with AX the
displacement from line center in Angstrom units. With
I=10° W/cm? and Ax ~10 A, we have R ~2.03 x107/sec.
The rate constant for absorption is equal to the rate
constant for stimulated emission so that the populations
of the upper and lower levels for short-pulse-length la-
sers satisfy

d,
'gtﬁg =R(P;1 - Poo)

d
Lu —R(py; — Poo) — 2Tg%0y; .

at (3.33)
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" particular relative velocity and impact parameter

(3.30)

Thus near line center we can use a Lorentzian line for
R as in Eqgs. (3.29), but on the far wing, where 6 —u,,
+uy, becomes equal to zero, we use an R similar to Eq.
(3.32). At very high power levels, Eqgs. (3.29) may fail
because of saturation effects. This usually occurs for
w2 10'%/sec, and in this case a Landau-Zener solution
of Egs. (3.10) leads to a better estimate of R, providing
6 is sufficiently large for the approximation to apply.
It is important to note that once

f Ig%dt>5

every atom which reaches the excited state is ionized.
At line center all atoms get to the excited state, but due
to saturation of the discrete—discrete transition this
may also have been true at a power level approximately
1000 lower. On the far wing, however, the number
getting excited has continued to grow so that the ioniza-
tion signal is perhaps approximately 100 to 1000 times
larger relative to line center than would be observed if
the upper-state population were monitored following ex-
citation with a weak laser. The rather impressive far
wing line broadening of a Cs line by a dye laser with
various power levels is shown in Fig. 13. At a later
point in this section we discuss RIS schemes that avoid
this lack of selectivity.

Resonance ionization spectroscopy also has applica-
tions to low-pressure situations where pressure-
broadening effects are unimportant. These applications
can be either cell experiments or experiments on atom-
ic beams. If we neglect Doppler effects, which can be
very important at low power levels, and assume wgT
>1, where 7 is the laser pulse length, the probability
of ionization becomes (Choi and Payne, 1977)

hd 161
P,=1-ex —f Ig? t)(l ———-—————)dt] . (3.34)
! p[ e g 52+ 4w, g2 (F
Equation (3.34) is derived for |6|7>10, but when w7
>10 it also holds for smaller |3| as well. Equation
(3.34) also depends on w,>>TI and upon the laser band-
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FIG. 13. Two-photon ionization signal as a function of power

and detuning from the 4593 & line of Cs. The Cs line is broad-
ened by 760 Torr of Ar.

width being transform limited. That is, if Aw, is the
laser bandwidth,

Aw,T=1.
With such narrow-band lasers and with wz and |8]>1/
T, several types of adiabatic perturbation theory lead to
Eq. (3.34). If I't is not too large compared with unity,
the FWHM of P, is about 2|le (i.e., the width is due
to power broadening). When I't > 1, the width can be

much larger than |w,| and is given roughly by 2| wg|VTT.

D. Effect of laser coherence time on the two-step RIS
process

The main effects of laser coherence time for two-pho-
ton ionization near a one-photon resonance have to do
with the excitation process itself. This is because the
resonance situation usually involves a rapid leveling
(on the time average at least) of the upper- and lower-
state populations with ionization proceeding at a far
slower rate out of the upper level. For this reason we
use Eqgs. (3.11) with #;, =#,,=0=T in order to investi-
gate the effects of laser coherence time on excitation.
In this approximation Z, decouples and

daz
7=—-2ng23,
dz, ( dn)
ar -~ \°* )%

az d
#: (6+—CZ—1;>Z2+ 2wpgZ, .

(3.35)
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In this case g and dn/dt have stochastic properties which
must be dealt with.

Letting W= Z,+1Z,, we obtain W (and hence Z,) as an
integral of Z,. When the integral for Z, in terms of Z;
is substituted back into the first of Egs. (3.35), we ob-
tain after some manipulation

, .
Z,=-1+ azf Z (t"K(¢t, t") dt’, (3.36)

where
t
K, )= — f dt"g(t)g (t") cos[g(t) — g(tM]
.

q(f)=0t+n(t), and a=2w, As described before, these
equations represent the response of the atom to a parti-
cular time history of g(¢) and n(¢). Perturbation theory
yields

t t t
Zl=_1—a2] K2, 8,) di,+ a“f dtzf 2 4t K(t, t,)K(t,, ;)

t ¢ t3
—af f dt, f *at, f At K, 1)KLy, t) KLy, 1)+ ** .
(3.37)

The ensemble-averaged Z, involves (K(t,t,)), (K(¢,t,)
K(t,,1,)), (K(¢t, t,)K(¢,, 1)K (25, ¢,)), etc. That is, in the
most general case, Zl depends on laser field autocor-
relation functions of all orders. However, if a<I',,
the laser field can only change Z, over times that are
long compared with the field autocorrelation time, and
most of the contribution to the integral in Eq. (3.36)
comes from times very near ¢'=¢ (i.e., within 5/T; or
so). In this situation one can accurately use (Z,(#')
K(t, 1))y = Z (+'){K(t,t')). We get

t
Zo2-1vo? [ ZOKKG, 1) at'). (3.38)
Equation (3.38) is strictly speaking only an expansion in
(a/I‘L), but it is often used in more general situations
where this parameter /T, is not small (van Kampen,
1975). The problem with Eq. (3.38) is that a perturba-
tion expansion shows that it is only exact if higher-or-
der field autocorrelation functions factor into a product
of first field autocorrelation functions. That is, (K(¢,1%,)
K(t,, t5))= (K(t, t,)) (K(t,, t5)), etc. This type of an as-
sumption is only exact for a coherent field. Similar
approximations have been used by a number of workers
(Mallow, 1975; Carmichael and Walls, 1975; Eberly,
1976, Kimble and Mandel, 1977) in dealing with a va-
riety of atom-laser field problems. In situations where
Z, -0 (i.e., the upper- and lower-level populations are
leveled) is achieved in a small fraction of the laser
pulse duration while a/I'; <1, this approximation prob-
ably also works very well for @/T'; >1 in predicting
the increased linewidth due to power-broadening ef-
fects.

The rate equation limit will now be shown to corre-
spond to a/T'; <<1. We choose a model for the light
field in which the source is a group of gas phase atoms
excited at random times and each producing a classical
E field which decays exponentially in the time following
excitation. The emission of this light source is pres-
sure broadened due to collisions with a buffer gas. With
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this model, one can derive field autocorrelation func-
tions of all orders. We find

t
(K(t,t’)):-I ar’{ g*(¢"))
"

xexp[-T (¢ —t')]cos[6(¢+” —t)].  (3.39)

The line shape of the light field based on such a model
is Lorentzian. To derive the rate equations, we differ-
entiate Eq. (3.38):

le —_ 2 ft 7 r a ? 4

= mzl(t)at (K(t, ¢'))at' .
In the integral, contributions come only from times ¢
-5/T <t'<t; and over this region, Z,(#’) is nearly
constant since « is too small to change Z, appreciably
in such a small time period. Thus,

(3.40)

S

== QZZIK(t’ ""°°) ’

o~ 9T (2™¢) Z .

R v a2t (3.41)

Since Zl= P11 — Poo and py+ p;, =1, we can convert Eq.
(3.41) into two rate equations for p,, and p,,.

In order to give a better picture of the situation where
r,T,>»1and o/T';>1, we follow other work and as-
sume the validity of Egs. (3.38) and (3.39). These equa-
tions are easily shown to be equivalent to the following
Bloch equations:

dZ,/dt= —an(t)Z,,
dZ,/dt= al(t)Z, - T 1 Z,+ 6Z,,
dZ,/dt=-T,Z,~5Z,,

where i(t)= [{(g%(#))]'/% It follows that

d = — = - =
2 23+ 22+ 22 = - 21,25+ 73],

which provides rigorous information about the decay of
Z,and Z,. The similarity between these equations and
the Bloch equations derived for pressure-broadening ef-
fects is obvious. The features of solutions to the above
equations can be illustrated by taking #(#)=0 for #<0 and
K(#)=1 for ¢>0. Using /T, > 1, we find

Z ~ 62 ex r; a’t

1w P e

a?® za?
-— - —_——— 2 2
R exp[ I‘Lt(l an azﬂ cos[Voz+ a2t ] .

Now, py,=(1+Z,)/2, and if ' ;> 1, we see that p,, is
substantial for [6[ <a evenattimesas shortas a™. For
]6[ > a, the populations are nearly leveled in atime T
given by

T ~2[1+ 8% a®]TF.

When T is shorter than either the laser pulse length or
the lifetime against spontaneous emission, saturation
can occur over a § region which is large compared with
a. The role of power broadening is clear, even though
this model of the pulse shape is not very realistic. Ob-
viously a similar discussion would apply to pressure
broadening with I'; replaced by T',. The extended region
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over which saturation occurs will also reflect itself in
the RIS linewidth. In particular, if I were large enough
to produce ionization in the laser pulse (i.e., I'T,=~1),
the width would be ~ aVT,I';, where T, is the time at
which the square pulse is terminated. Despite the more
complex appearance of the solution to the Bloch equa-
tions, as compared with Eq. (3.41), conclusions about
saturation and the linewidth for an RIS signal are ex-
tremely similar. That is, a linewidth based on blindly
using Eq. (3.41) at the higher power levels also gives
an RIS linewidth ~avLl',;T;.

A generalization of (3.41) to include a more general
laser line shape and photoionization, but still requiring
/T, <1, is

f;;’u = fdv I(v, o (VXN, =N,) ,
%I;-rl-z_ deI(u,t)a(v)(Nl_No)__f;:(t)g’N“ (3.42)

where N,= Npp,,=number of atoms in the lower discrete
state, N,=total number of the selected atoms in the
beam, N;=Npp,, =number of atoms in the upper ex-
cited state; I(v,#)=number of photons per unit frequen-
cy interval per second per cm?® in the beam at time ¢

o (v)=cross section for absorbing a photon of fequency
v or for stimulating emission at frequency v if the atom
is in the upper state; (¢)=photon flux= [I(v, #) dv.
With no pressure broadening and with short pulses,
o(v) is very sharply peaked at the resonance and

J Kv, Do (v) dv= I8 f o(v) dv, where by I(f) we mean
the number of photons per unit frequency per cm? per
second at the resonant wavelength when the laser line
center is tuned 6 angular frequency units away. From
Eq. (3.41) we see that a laser with a bandwidth ~10*°/
sec permits a leveling of the populations in ~10~° sec
with a peak power density of 10° W/cm? Thus, in the
absence of line-broadening effects, very modest power
densities (consistent with rate equations) level the pop-
ulations very quickly.

In conclusion, when the bandwidth of the laser is large
compared with |w R| , rate equations apply and the rate
of excitation is proportional to the value of I(v, ) eval-
uated at the resonant frequency. This characteristic
points out an important practical consideration when
using powerful broadband lasers for the discrete-dis-
crete step. When the laser is sufficiently powerful to
saturate the ionization, it is usually many times more
powerful than what is required for saturating the dis-
crete—discrete step. Thus, even if the laser is tuned
relatively far from resonance, photons on the wing of
the line could still saturate a discrete-discrete transi-
tion, leading to total ionization of the selected atoms.
Consequently, when high selectivity is required and
background effects might be important, the most effec-
tive RIS scheme is one where relatively low-power,
relatively narrow-bandwidth lasers are used to saturate
one or more discrete—discrete transitions, and a long-
wavelength laser such as a Nd:Yag is used for the final
(ionization) step. Short pulse length (i.e., ~10~2 sec) is
also desirable (despite the accompanying higher peak
power requirements) because it reduces the possibility
of inelastic collisions out of excited states as well as
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confusion due to spontaneous emission. Our consider-
ations on far wing line broadening further reinforce the
argument for using narrow-bandwidth dye lasers with
modest peak power for the discrete—discrete transi-
tions. We shall see below that the need for long wave-
lengths at all high fluxes is compatible with a need to
keep multiphoton ionization to a minimum.

E. Two-photon excitation

When one-photon excitation can be achieved with pho-
tons of energy <5.6eV, the use of one or more relative-
ly weak dye lasers to saturate discrete—discrete transi-
tions and a strong laser with A= 6000 A for ionization
provides a convenient vehicle for RIS with commercially
available laser systems. However, sufficiently power-
ful tunable sources are not available for A <2170 A.
Consequently, if one is to use RIS on atoms which have
their lowest excited states at energies >5.6 eV, it is
necessary to use a more complicated scheme, such as
two-photon excitation, to reach the lower excited states.
We shall now present an elementary discussion of two-
photon excitation with pulsed lasers in order that the
laser requirements and the problems associated with
this method can be evaluated.

To get a rough idea about the two-photon process,
consider the case in which a laser beam interacts with
an atom initially in the ground state ]0). The atom has
a dipole-allowed transition to a state |1), but the la-
ser’s angular frequency is off resonance so that zw=E,
—E,+ 7A. If the laser linewidth is very small compared
with A, then this level will not be populated after the
laser pulse is gone. In fact, from the energy time un-
certainty principle the atom can only spend a time ~1/A
in this level and, consequently, the amplitude for being
in the level must adiabatically follow the laser field. If
w is much closer to resonance between ]0) and |1) than
with any other dipole-allowed transition from the ground
state, and if 2%w = E, — E, for a state |2) which has di-
pole-allowed transitions to |1), we expect that a good
approximation to the state vector of the system initially
in state |0) is (see Fig. 14)

|9(0))= ape™t90t | 0)+ @, ™11t | 1)+ a,e™iw2t | 2), (3.43)

where differential equations for a,, a@,, and a, are to be
found by using Eqs. (3.43) and the orthogonality proper-
ties of |0), 1), and |2) in the time-dependent Schr5-
dinger equation. We have H|¢) 79 | )/ 9t with A given
by Eq. (3.2) with V(t) 0. Then

i(day/dt)= = 2w (0, 1)g(t)a, exp[—i(w; — wy)t] coslwt+ ()],
i(da,/dt) = - 2wk(0, 1)g()a, exp[i( w, — w,)t] cos[wt+n(#)],
—2wg(1, 2)g(t)a, exp[- i(w, — w,)¢] cos[wt+n(#)],
i(da,/dt)= — 2w¥(1, 2)g (¢)a, exp[i( w, — w,)t] cos[wt+ (D],
(3.44)

where wg(0,1)= (0|P |Leo/ 275 we(1,2)=(1|P,|2)e,/2n;
gW)=E(t)/e,; £5=(Ext));.0; and, as before, Eq. (3.4)
has been used for the laser field. The possxblhty of
ionizing the population of |2) has been neglected. We
break the cosine function up into its complex exponen-
tial parts and notice that lda,/dt| <2lwg0,1) 1, |da,/
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FIG. 14. Energy level diagram used in discussing the two-pho-
ton absorption promoting the atom from state | 0> to state |2 >.
The laser pulse has photons at line center of energy #w. The
photons are off resonance for the transition between | 0 > and
[1>by 7 A and for the two-photon excitation by the much
smaller amount %6.

dt1<2|wg1,2)]. Thus, if lw, ~w,—w!l and lw, — w,+ wl
are both much larger than |dlng/dtl, lwg0,1)], and
lwg(1,2)], the equation for da,/dt can be simplified by
integrating both sides with respect to £. The right-hand
side of the integral (a rapidly oscillating complex expo-
nential times a slowly varying function of time) can be
asymptotically evaluated by integration by parts. Thus,

() = k0, Vg (Bat)

y l:exp[i(w1 — wy+ w)t]et” N
W, — Wy+ W

expi(w, — wy — w)t]e”’]
W, — Wy — W

+wg(l, 2)g(tax?)

y [exp[i(w - w,+ w)t]et" .
W — W+ W,

expli(w, — w, — w)t] e"”]
W - Wy — W ’

(3.45)

Equation (3.45) represents the adiabatic following rela-
tion between g, and the laser field that we mentioned
earlier. Using Eq. (3.45), we can eliminate g, in the
other equations and, on keeping only the most resonant
terms in analogy with the rotating wave approximation,

i(day/dt) = Dyg2a, — U0, 2)g2e*tte2ing, |
i(daz/dt) = ngzaz - Q*0, 2)gze"°’e'2‘"ao ,
where

A0, 2)= wx(0, 1) wgl, 2)/w = w+ w, ,

(3.46)

0= —w,+ wy+ 2w,

Dy= ~ IwR(0,1)|2[

1 1
+ )
W = Wot+ W W =Wy — W
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1 1
= _ 2 .
D,= - [wx(1,2)| [w 0t @y Wy —wy— w]
In analogy with the transformation that we made earlier
on Egs. (3.10), we let A,=a,exp[idt+2in], Z,=|A,|?
- |ao|? Z,=2RelatA,), Z,=2Im(afA,), and find

az,

dt

%—-‘ [(Dz"Do)gz“G"ng] Zs,

= -20(0,2)g°z, ,
dt dt (3.47)

az,
dat

- [(D2 —Dy)g*— 5~ 2%’;-] Z,+ 2900, 2)g°Z, .

Z2+ Z%+ Z2=1 follows from Eqs. (3.47). Clearly, ioniza-
tion could be included in these equations by incorporat-
ing the coupling of a continuum to ]2) and eliminating it
to leave a damping term and level shift. Also, pertur-
bation due to collisions could be incorporated with fewer
complications.

In cases where there is no state |1) which is much
closer to a one-photon resonance than all others, one
must include all states |i> which have the property
(0|P,|i)#0 and (i|P,|2)#0. All of the states |i) (in-
cluding continuum states) can be eliminated, and Egs.
(3.46) are obtained once again except £(0, 2)
=S, w0, wi, 2)/(w - w,+ w). D, and D, also become
sums of terms, one for each state ]i). In the far off
one-photon resonance case, one can estimate orders of
magnitude for §(0,2), D,, and D, by putting in a common
w— w,+ w, for all i. For example,

£

(0, 2)= e

oo, ORGP 2

= (3.48)

(w=w,+w)T,
10e%a &2

e v E——————— el 2
T o= w,+ ) 101 (W/cm?).

In the above we have taken |w — w,+ o,| ~10'/sec,
(0| PZ|2)~10e%%. The terms D, and D, are of the same
order of magnitude but are generally larger than [Q(O, 2) [
in absolute value. These terms D, and D, arealso com-
monly referred to as ac Stark shifts, and they can play
an extremely important role in determining the line
shape for two-photon transitions when a powerful nar-
row-band laser is used. This is due to the fact that the
two-photon Rabi frequency (0, 2) is smaller or of the
same order of magnitude as the ac Stark shift.

The effect of laser coherence time for two-photon ex-
citation is similar to that for one-photon excitation. Let
T'; be the laser bandwidth., We see from Eqs. (3.47) that
|dz,/dt| <2|(0,2)|; so that if ;> |(0,2)|, we can
choose a time 7, which is very large compared with 1/
I'; but so small that Z, does not change appreciably for
t in the interval ¢, <¢<{¢,+7,. Steps similar to those
which led to Eq. (3.40) give for A=0

az, .

=l _4]Q0,2)|Xg!t))2,/T .

ai (3.49)

The decay constant in Eq. (3.49) is only roughly correct

since it depends on the details of the laser phase and
amplitude fluctuations. Thus I'; > |Q(0, 2)| assures the
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validity of rate equations. Typically, rates for two-
photon absorption and stimulated emission are R
=1007%/T ;=2 Xx1071°12/AX ;. With a power density I
=~3 x10° W/cm? we have R ~2x107/Ax;. With a laser
linewidth Ax; =~0.01 A we get R =~2 x10°/sec. We note
that rather high power densities and fairly narrow line-
widths are required if one is to saturate the ionization
signal when the RIS process begins with two-photon ex-
citation. A laser pulse of length~10"% sec, energy per
pulse ~0.03 J, and a beam waist ¥, ~0.05 cm will
usually produce the intensity required for saturation if
the linewidth satisifies Ax;<0.01 A (i.e., Aw, ~10'°
sec™). Dye lasers pumped by the second or third har-
monic of a Nd:Yag laser serve as powerful tools for RIS
processes which begin in this way (Bjorklund et al.,
1978).

We shall discuss multiphoton ionization as a source of
background to RIS later in this section. Such a back-
ground is expected to be severe when high power and
short wavelengths are required simultaneously. For
instance, if one wanted to detect very small quantities
of Xe, a two-photon excitation process with high power
densities around A= 2500 A would be required. With
3 x10° W/cm? at A ~ 2500 A, only small concentrations
of atoms or molecules with ionization potentials < 10
eV could be tolerated before a considerable background
would be produced due to nonresonant two-photon ion-
ization. If single-atom detection of Xe were desired,
the buffer gas might have to be restricted to Ne or He
with only small concentrations of other gases allowed.

Before closing this section we should mention that if
perturbations due to collisions had been incorporated
in Egqs. (3.47), the same type of analysis which led to
Eqgs. (3.24) for the one-photon excitation case would
lead to similar equations here. That is, if I,
> |€(0,2)|, we would obtain for a transform-limited-
bandwidth laser

dp00=2|ﬂ(0,2)|2g4rc( — o)
dat r§+(A+ Ac)z P2z = Poo/ »
219(0, 2) 1%

d
Loz, -2r zzgz"_rm')Tc'(pzz = Poo) -
¢ ¢

dt
At line center the rate constant for two-photon absorp-
tion is then R=~2|(0, 2) |%*/T,, or R ~200I%¢)/2 % 10°
P=10"°1%/P, where P is pressure in Torr.

The use of transform-limited -bandwidth lasers at suf-
ficiently high power levels presents interesting new ef-
fects for RIS which begin with a two-photon transition.
Here the ac Stark shifts are time dependent and are us-
ually larger than the two-photon Rabi frequency (0, 2).
Thus interesting crossing effects occur on one side of
the unperturbed resonance, and this results in an asym-
metric line shape (Choi and Payne, 1977). A further
effect occurs when three-photon ionization uses two
one-photon resonances with the first transition being
driven by a much more powerful laser. In the latter
case a linear ac Stark shift splits the atomic levels so
that optimum RIS signal occurs when the second laser
is detuned by + |w,| (wy is the Rabi frequency for the
first transition) from the second resonance. The latter
effect has been studied experimentally by Moody and
Lambropoulos (1977) and by Hagan ef al. (1978). In us-

(3.50)
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ing RIS as a detection scheme in which two or more
discrete—discrete transitions are involved, the power
level should be no higher than necessary, and the sit-
uation of widely different Rabi frequencies for the tran-
sitions should be avoided. In cases where high-preci-
sion spectroscopy is not required, simplifications are
achieved by using a bandwidth which is several times
larger than either the ac Stark shifts or the two-photon
Rabi frequencies, which are kept small by using the
minimum power which will level the populations. In
the latter case, rate equations apply and saturation can
still be achieved. For three-photon resonances, ac
Stark shifts are large compared with the corresponding
Rabi frequencies. Such higher-order resonances will
probably never be useful as the first step for RIS be-
cause of the high power requirements and the difficul-
ties of assessing the effects of the power shifts and the
added broadening due to a large rate of ionization which,
in most cases, results from high power densities.
Two-photon excitation has already proven itself as a
powerful spectroscopic tool. This is largely a conse-
quence of the fact that when counter-propagating beams
of very narrow bandwidth are used, the dominant pro-
cess (if the power level is not too high and the laser
satisfies 2w= w, — w,) is to absorb one photon from each
of the counter-propagating beams. In doing so, an
atom with a component of velocity », parallel to the
beams absorbs an amount of energy 7w(l —v,/c)
+Aw(l + vx/c) ~2rw. Thus, by this process, resonance
is obtained for atoms with all »,, while the absorption
of two photons propagating in the same direction is out
of resonance by 2%wy,/c. On detuning slightly, the
width of the Doppler-free resonance is determined by
the spontaneous decay rate. The combination of two-
photon excitation with counterpropagating beams with
ionization measurements should make a simple but
powertful tool for Doppler-free spectroscopy.

F. Background effects due to multiphoton ionization

- The subject of multiphoton ionization has recently
been reviewed by Lambropoulos (1976). A great deal
of theory has been done on the subject for the cases of
H and the excited states of He. However, most of the
experimental work has concentrated on inert gases or
alkali metals (Lambropoulos, 1976). Recently a number
of calculations have also been directed toward two- and
three-photon ionization of alkali metals, and in most of
these cases agreement between theory and experiment
is good.

Our approach to the subject of multiphoton ionization
will sacrifice a great deal in accuracy in order to
obtain generality, to save space, and to achieve sim-
plicity. We have already formulated a special case of
multiphoton ionization in this section. Equations (3.11)
with 8] > |u,, —u, and |dn/dt| describe [along with
Eq. (3.13)] two-photon ionization when the laser is
tuned sufficiently close to resonance between IO) and
[1) for |1) to be the dominant virtual state for the
process. Thus, using lowest-order perturbation theory
to solve for Z,, we obtain

AP;/dt =2Tg?Z,=50;Z ;= Forwh g2 /(w— w, + w,)?.
(3.51)
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Equation (3.51) is equivalent to Eq. (3.34) when ||

> |wg|. Equation (3.51) can also be written dP;/dt = Fo,,
where 0, is the power-dependent two-photon ionization
cross section. We have 0, =0;w% g2/6%. In practice,

|6] does not have to be very large before the single
virtual (or intermediate) state ceases to be dominant.
The more general perturbation theory result for the
case where IO) is an S state and all P states are in-
cluded as intermediate states is

aP; 0|P,|n, Py(n, P|B,|E.,, 1) | 2
—;Z-t-! :gﬁgtls?;z S,,,< 2 )( 3 2 co’_2 .

w, -_—wW,=-Ww
1=0,2 np °

(3.52)

In Eq. (3.52) the S, denotes summation over discrete
and integration over continuum states.

When an average w, , is defined and the remainder of
a complete set of intermediate states is summed over,
Eq. (3.52) becomes

apPy _ m_ w3 \SolﬁilEm 12‘2
ar "t e |G- w,—w

~53, (eape,/20)g?

R (3.53)

Similar considerations of n-photon processes, with the
same crude approximations, lead to

dP; _ FT,(Acayc,/2h)""2g "2
dt - 52n-2

, (3.54)

where A is a phenomenological parameter which will be
taken to be the same for all n. § will be taken as w
independent as long as the value of 2w is no closer than
10'3/sec to a k photon resonance (¢ <n —1). Figure 15
shows six-photon ionization of H. This figure gives
some encouragement that such a 3 can be found, since
the valleys between resonances have nearly the same
depth within a few orders of magnitude. We take §=E,/
7m, where E, is the energy of the first excited state,
which is assumed to be greater than Zw. The intro-
duction of E, and n roughly scales the results between
elements with different ionization potentials. Equation
(3.54) is not based on any profound physics, and its

-84
10 T '

10-85 r__

10786

Q/8

10787 |

40788 |

1089 L 1 I L l ] 1 ]
4600 4800 5000 5200 5400
A R)

FIG. 15. Power-dependent cross section (in units of cm!? sec®
w™%) for 6-photon ionization of H in the ground state as calcu-
lated by Karule (1974). This detailed calculation shows the
nearly constant power-dependent cross section in the off-res-
onance regions of wavelength.
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most remarkable property is that is is usually within
a few orders of magnitude of more detailed calculations
provided w is well off resonance with all lower excited
states and #<8. It is clear that for »n~ 8 some of the
resonant denominators are small near the atoms’
Rydberg levels; but for such high order near reso-
nances, agreement is still reasonable. We note that
the photon flux F in units of cm™2sec™ is related to
the intensity I in W/cm? and the laser wavelength in

A by F=5x10"AI, Taking A=~5 and 0;~3 X 10718 cm?,
we obtain

o 1.52 X 10~1¢ 2(n=1)

—_n -18

SriT ~ 3% 10 B , (3.55a)

g - x 10-7] 2(n-v

T ~3 X108 i’i——:w—\ , (3.55b)
where E, is in eV, A is in A, Fis in cm™sec™!, o, is

in cm?, and I is in W/cm®. Figure 16 shows a graph
of (3.55a) as compared with more detailed calculations
for the alkali metals.

Consider a laser with pulse length=107% sec, I=10°
W/cmz, A=~10% A, and ionization potential of 6 eV.
The probability of ionization well away from any
resonance is

P;=~Ft0,,
~5X10'8(108)* x 1075 x 3 x 1018
~10720,

Thus one would expect that no background would occur
even with concentrations ~10'/cm3. The dye lasers
present might have 71078 sec, I=~10* W/cm?, and
A=5000A . The probability of ionization is

Py~ 370, ~5X10*(10%)?100 X 10728 X 3 x 107
~10722,

We see that the technique of using several Ddye lasers
with 7 107% sec, 1=210* W/cm?, X 24500 A, and Axg
=~ 1072 A together with a laser having 721078 sec,
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A>10000 A, and I=~10° W/cm? can be background free
with rather high concentrations of a low-ionization-
potential impurity. We assume, however, that the
pressure is also low so that no pressure-induced res-
onances occur. Equations (3.55) are obviously only
rough approximations. If they predict that there could
be a problem or that there are only a few orders of
magnitude of margin, a more detailed calculation
should be sought or an experiment performed.

The use of multimode lasers for ionization leads to
the enhancement of multiphoton ionization over what
would be obtained for the same energy per pulse and
pulse length with a transform-limited-bandwidth laser
(Lambropoulos, 1976). This enhancement can be as
large as n! (or perhaps even larger). The reason for
the enhancement is that the multimode laser has an E
made up of several terms in Eq. (3.3). The energy
per pulse is the sum of the energy due to each separate
term, but for brief time intervals (~1/Aw_) there can
be constructive interference between the various terms
so that the instantaneous power is very much larger
than would ever be obtained with an extremely narrow-
band laser of the same energy per pulse and pulse
length. The ionization rate depends on [I(¢)]", so that
for large n the enhancement during the brief periods of
constructive interference completely dominates the
decrease during destructive interference, the net
effect being a greatly enhanced ionization probability.
In terms of photons, one says that with incoherent
light photons arrive in bunches. With multimode
lasers, Eqs. (3.55) need to be multiplied on the right-
hand side by a factor of the order of »!. In the five-
photon ionization case considered as an example, the
enhancement might be =100.

The multiphoton ionization of molecules is just
beginning to be explored. Again, in order to avoid
background problems one should avoid (if possible)
having molecules present with low ionization poten-
tials. Any high-power laser should have a long wave-
length and should be no more powerful than is neces-

150 1 T

-~ 100

Fo-

50

FIG. 16. Simulation of z-pho-
ton ionization of the alkali
metals. Graph of —logiy(o,/
F"“) vs n based on Eq. (3.55a)
with E;=5 eV, A=5000 A.
The data bars represent the
range of more detailed calcu-
lations on all alkali metals

at wavelengths corresponding
to the fundamental and vari-
ous harmonics of the Nd—Yag
and ruby lasers. The results
of the detailed calculations
were taken from the review
paper by Lambropoulis (1976).
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sary for purposes of saturating ionization. It is very
likely that large concentrations (~10*%/cm?®) of mole-
cules with ionization potentials =10 eV and with the
lowest electronically excited states lying higher than

6 eV can be tolerated if one observes these general
rules. This has already been demonstrated experi-~
mentally with methane (Hurst, Nayfeh, and Young,
1977a, 1977b). However, in general the potential for
problems is far greater with molecules due to a num-
ber of complications. The following are some of these:
(1) Even with a molecule in its ground, rotational, and
vibrational states, the density of resonant wavelengths
is far greater than in atoms. Further, there are usual-
ly many rotational states populated at room tempera~-
ture, with each having a somewhat different set of
resonant levels. The potential for having a near reso-
nance is clearly far greater. (2) There are broad bands
of frequency over which molecules can be dissociated
into neutral fragments, with one fragment being in an
electronically excited state which can often be photo-
ionized by a much smaller number of photons. (3) Some
molecules can be dissociated into positive and negative
ions with further absorption resulting in photodetach-
ment of the electron. Recently a number of experi-
ments have been carried out on multiphoton ionization
of molecules (see, for instance, Johnson, Berman,

and Zakheim, 1975; Dalby et al., 1977, Zakheim and
Johnson, 1978; Feldman, Lengel, and Zare, 1977;
Lehmann, Smolarek, and Goodman, 1978). These ex~
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periments were carried out for purposes of determining
the spectroscopy of higher electronically excited states.
But the work can also be used to make crude estimates
of the expected background when various molecules are
subjected to laser pulses. While this work is excellent
in its own right, it is not what we would call molecular
RIS. Molecular RIS would involve only discrete—dis-
crete transitions of various orders driven to saturation
and followed by saturated ionization. Thus all mole-
cules of a particular type would be ionized or dis-
sociated into neutrals. However, ionization efficien-
cies can be used to relate the number of ion pairs to
the absolute number of molecules in the sample. The
implementation of molecular RIS would generally re-
quire several simultaneous dye laser pulses at various
wavelengths.

IV. A DEMONSTRATION OF ONE-ATOM DETECTION

A. Sensitive detection of ionization

With gas phase ionization detectors, free electrons,
negative ions, and positive ions can be detected. The
time behavior of the voltage pulse which results from
a sudden creation of ions in a parallel-plate ionization
chamber can be derived in terms of the drift velocity
of the ions as they are separated and ultimately col-
lected with an electric field. Thus the pulse shape can
be used to distinguish the electrons from the more
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slowly drifting negative or positive ions. The history
of the sensitivity of the ionization chamber is sum-
marized'in Fig. 17. Soon after the development of
radio, Greinacher (1926) developed a pulse amplifier
that could drive both a galvanometer and a loudspeaker
to record single alpha particles. Since a 5-MeV alpha
particle creates about 2 X 10° ion pairs when it is
completely absorbed in a gas, we assign a nominal

10° ion pair sensitivity to the method. With modern
solid state circuits operating at room temperature, it
is now possible to record a few hundred electrons with
a pulse ionization chamber. Thus Blalock (1964) has
been able to reduce noise to the equivalent of about 200
electrons (rms). The effective use of the ionization
chamber (as well as other ionization detectors) requires
a good knowledge of the subject of gaseous electronics
_ [see, for example, McDaniel (1964) and Huxley and
Crompton (1974)] and the effective use of pulse elec-
tronics [see, for example, Nicholson (1974)].

Historically, the proportional counter preceded the
pulse ionization chamber. Rutherford and Geiger (1908)
invented the proportional counter, a device that
amplifies the initial free electrons according to the
Townsend method, to record the individual ionization
pulses due to alpha particles. With modern proportion-
al counters and modern pulse amplifiers, it is not
difficult to record single thermal electrons. Since the
height of the pulse from a proportional counter is a
linear function of the number of electrons per pulse, it
is an analog device; but, as we noted above, it can also
be a digital device for the detection of a single electron.

Geiger and Mueller (1928) showed that under certain
conditions ionization tubes can be made such that the
height of the pulse is independent of the number of
initial electrons. Because of very high gas amplifica-
tion, space charge limits the size of pulses. Hence,
these detectors can be used only as digital devices,
but they have the often useful characteristic that the
pulse initiated by a single electron can have an ampli-
tude of several volts.

Figure 17 summarizes these facts. We note that with
the use of laser beams to create ionization inside these
detectors, several features are under better control
than is usually the case with “ionizing radiation” such
as alpha, beta, or gamma radiation. Since the laser
beam is parallel to the collector wire, all electrons
are at the same distance from the wire; recombination
is minimal; and track orientation effects are absent.
But perhaps the most useful feature is the time co-
incidence afforded by triggering the laser at a known
time. This feature virtually eliminates background due
to all sources that are random in time.

Single electrons and heavy ions can be accelerated
in a vacuum system and hence are easily detected as
individual particles with detectors such as channel
electron multipliers. Therefore RIS can also be used
for the detection of atoms that are evaporated from
samples placed in a vacuum system.

In summary, ionization detectors are extremely
sensitive, quantitative, and reliable. These devices,
whose development started with the discovery of
X rays, can be used with RIS to make sensitive mea-
surements in a wide variety of circumstances.
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B. Experimental demonstration

We shall describe the original one-atom detection
experiment in some detail. One-atom detection re-
quires a saturated RIS process and a single-electron
detector. Several means for the detection of one
electron, such as gas proportional counters (which
operate at reasonable gas pressures, e.g., 1-1000
Torr) or electron multipliers (which operate at very
low pressures, <107° Torr), are available. The first
demonstration was carried out with a proportional
counter to show that a single atom could be picked out
in a gas containing an enormously larger number of
atoms (or molecules) of another type. The element
cesium was chosen for several reasons. It is suffi-
ciently volatile that a wide range of Cs concentrations
could be generated. It is very reactive chemically,

a fact that would be utilized in ultimately getting to a
concentration of one atom in the sampling volume.
Lastly, cesium could be photoionized with the

Cs(w,, w,e”)Cs" process involving the absorption of
two photons of a single energy; thus only one laser
was required. In Fig. 18 we show a detailed diagram of
spectral wavelengths, transition rates, and lifetimes
for the lower levels of the cesium atom. The transi-
tions 62S,,-72P,, (4555 A) and 62S,,~72P,, (4593 A)
fall within the range of flashlamp-pumped dye lasers,
and the 7P levels can be photoionized by a second
photon with reasonable efficiency. The photon fluence
(¢) required for saturation can be calculated from
measured (Zeman, 1974) photoionization cross sec-
tions (i.e., 8 X107 ¢cm?). To make 0¢ =2.4 (i.e.,

90% ionization) requires 100 mJcm™2, The light source
was a flashlamp-pumped dye laser, having a beam di~
vergence of 1 mrad, a diameter of 3 mm, a linewidth
(FWHM) of about 0.7 A, and a pulse width (FWHM) of

2 usec. About 1-mJ pulses are obtained at 4555 A

(15 mJ cm™2); therefore, 100 mJ cm”~2 requires modest
focusing of the 3-mm beam.

Considering the pathways shown in Fig. 18, we have
a typical situation with respect to spontaneous radia-
tion from the excited state which must be considered
in estimating the required laser power level for sat-
urated ionization. If we use a pulsed laser having a
width of 1 to 2 usec, the 7TP-"TS transitions are not
important because this route leads back to the ground
state in less than 1 usec; therefore, the ground state
can be recycled back to the 7P level. However, the 7P
to 5D routes are of more concern because the 5D level
has a lifetime of about 1 usec, and thus atoms can
accumulate here during the laser pulse. But these
states will also be photoionized by the laser pulse
with very good efficiency since the photoionization
process from 5D is just above threshold. Whereas
radiation processes complicate the measurement of
excited~state photoionization cross sections, they are
often of less consequence to the saturation of the
photoionization.

The apparatus used for the detection of cesium atoms
is shown in Fig. 19. With P-10 gas (90% Ar +10% CH,)
at 100 Torr, the gas amplification was on the order
of 10* when the wire (0.005 cm in diameter) was at
+1000 V. To prevent capture of the free electrons by
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FIG. 18. Spectrum wavelengths, transition rates, and lifetimes for lower levels of the cesium atom. The references for the life-
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levels. Courtesy of Professor Ray Hefferlin of Southern Missionary College.

electronegative molecules such as O,, the P-10 gas
was pumped through the counter. The 3-mm diameter
laser beam was focused below the center of the counter
wire using a lens of 25-cm focal length. With a 1-mrad
divergence, the beam focused to 0.025-cm diameter
at the center of the counter and had a 0.10-cm diam-
eter under both ends of the counter wire. The laser
beam volume in the active region of the counter was
5% 1072 cm®. Under these conditions and with the
field tubes decoupled from the wire to suppress photo-
electrons from the quartz windows, there was no mea-
sureable photoelectron background. Backgrounds due
to external radiations, such as cosmic rays, were
eliminated by using electronic time-gating techniques;
that is, a coincidence between the detector laser signal
D and the proportional counter signal P is required.
The volatility of cesium metal can provide large con-
centrations of atoms; however, the highly reactive
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nature of cesium vapor is the dominant factor in
establishing a steady-state transport of cesium atoms
from source to reaction site. The counter was filled
with P-10 counting gas for the demonstration. Although
precautions were taken to minimize impurities, there
were reactive contaminants such as O, present. The
concentration C(r) of Cs atoms in the laser beam can
be estimated from the equilibrium concentration (C,)
of Cs atoms, the rate of Reaction (B) with impurities
in the counting gas, and the diffusion coefficient (D)
of Cs atoms in the counting gas. Thus a rough estimate
is

C(r) =Cyro/v) exp[~(r =7, VB/D ],
where 7, is the radius of the small source. This ex-
pression assumes a small spherical source of radius

¥, With an equilibrium concentration near its surface.
Wall effects are neglected and the gas and source are
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at the same temperature. The quantities(D)and 8 have
both been measured for our particular example; see
Sec. V for details. If we use the values for 8 and D and
let r=~2 cm, Cy~10"° cm™, »;=~0.2 cm, we find that
C=1 atom cm™? if Po,~107* Torr when P,, =400 Torr.
Surprisingly, we must keep Po,/Pa:<2.5X 1077 to
have even one atom of Cs in a laser beam 2 cm from a
small Cs surface held at room temperature. The con-~
centration of cesium vapor in the active laser beam
volume could be varied by changing the distance of the
cesium source from the laser beam, by controlling
the temperature of the cesium source, or by varying
the counter gas pressure.

Under separate conditions of saturation, every
cesium atom in the laser beam volume was photo-
ionized and detected. In Fig. 20 we plot a pulse-height
distribution for a large number of Cs atoms with the
condition that the laser always saturated the ionization.
From the known fact that each 6.4-=keV x ray produces
250 electrons in P-10 gas, we find that the Cs peak in
Fig. 20 corresponds to 10* Cs atoms. Distributions
were measured for populations ranging from 10? to 10°
atoms. :

One electron in a proportional counter produces an
exponential-like pulse-height distribution [see, for
example, Genz (1973)]. Figure 21 was obtained by
using a Hg lamp to release single photoelectrons from
the inner walls of the counter at a low rate. With the
Cs sample in its lowest position and a gas pressure of
200 Torr, a nearly identical distribution due to the
ionization of a Cs atom was found. In Fig. 21 the
fluctuations in the distribution are due to counting
statistics, which do not reflect uncertainty in the total
number of atoms counted. By integrating the total
number of pulses produced above the normal elec-
tronic and laser transient noise, it was found that it
is not difficult to count directly 95% of the one-atom
pulses. At all population levels, including one atom,
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FIG. 19. Schematic of appa-
ratus used for the detection

of cesium atoms. A pulsed
beam is used to remove from
the selected atom one electron
which is detected with a pro-
portional counter.

it was observed that the signals vanished when the
laser was detuned from the Cs transition.

With the demonstration of the detection of a single
cesium atom, the validity of the RIS technique for
true, unambiguous, single-atom detection is shown.
The tremendous potential of the ability to detect single
atoms, or small groups of atoms, is presently being
pursued in a number of research areas. Some of these
applications are summarized later in this paper.

C. Other laser experiments

As pointed out in the Introduction, some laser
fluorescence methods applied to certain selected atomic
species can be capable of time-resolved single-atom
detection. The unique method described by Greenless
et al. (1977) used photon (fluorescent) bursts emitted
by an atom at it was cbntinuously excited during its
transit of a laser beam. Time-resolved, single-atom
detectability is possible for atoms with the required
optical properties. When a laser is tuned to a res-
onance transition such that the levels are saturated,
it is possible to have resonance photons re-emitted
at high rates (e.g., 10®/sec). A schematic of the
Greenlees et al. system is reproduced in Fig. 22. By
collecting photons from only one focal point of the
ellipsoid reflecting system and placing a photon counter
at the other focus, they obtained an overall counting
efficiency of 5.5%. When the intersection of the narrow
beam of atoms and the cw laser beam was placed at a
focal point, somewhat more than one photon was de-
tected for a single atom crossing the laser beam of
1-mm diameter. As few as 10 atoms/sec have been
detected by this technique. This appears to be an ex-~
tremely useful technique where the atoms, as in an
atomic beam, are confined to a small and well defined
region of space. By combining this detection scheme
with the fast beam technique described by Kaufman
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(1976), it should be possible to do high-resolution
spectroscopy at very low atomic beam fluxes. Re-
cently, She, Fairbank, and Billman (1978) proposed
a variation of this method using two spatially separated
laser beams to measure velocities of individual atoms.
Certainly laser fluorescence is capable of extreme
sensitivity for detection of atoms. The original fluo-
rescence technique described by Fairbank, Hinsch,

200
)
°
100 5 —
—® p—
o ]
g 50 & —
2 . ]
s % -
w o
o
20 — —
x .300 Hg LAMP
2 Nat]
2 10 .OOO
z — oo —
w — My ¥ e |° csSOURCE ]
[ = o%) ° '/ —
< s5f— o oo 4 e o0 4
o
'&J — ® (o o ¢ oo *—
)
— ”e O P® eele o
°o°°‘dD° KX
o
22— oo oo ooqg%‘?%
1 9 &
(o] 10 20 30 40 50 60 70

CHANNEL NUMBER

FIG. 21. Pulse-height distribution for the case where one Cs
atom was counted per 20 laser pulses, compared with a one-
electron distribution produced by an incoherent light source.
Sensitive volume was 0.05 cm® per laser pulse. With available
lasers, the volume per pulse could be greater than 100 cm?,
Background gas was about 10'? Ar atoms per cm? and 10'® CH,
molecules per cm?,
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and Schawlow (1975) could detect concentrations of
10 atoms/em?® of sodium. In the work of Gelbwachs,
Klein, and Wessel (1977) this technique was modified
by detecting the nonresonant emission from excited
atoms. By shifting the detection to the nonresonant
fluorescence, the authors point out, background
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FIG. 22. Ilustration of the photon burst spectroscopy develop~
ed by Greenlees et al. (1977). Part A—barium energy level;
Part B—schematic of apparatus.
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scattering effects are eliminated and highly sensitive
measurements can be made at atmospheric pressure.
Balykin et al. (1977) used resonant fluorescence but
added the requirement that two independent detectors
record the same resonant fluorescence signal so that
background effects of scattering, which would only be
detected by one photodetector, could be reduced. By
this technique; using an atomic beam of sodium, as
lowas 10 atoms/sec were detected. Other comparisons
and comments on RIS methods versus fluorescence
methods have been made by Robinson (1978).

V. CLASSICAL APPLICATIONS

Following the demonstrations of one-atom detection
it became clear that many of the applications in clas-
sical physics and chemistry could best be achieved by
the combination of a time-resolved source of atoms and
a time-resolved detector of atoms. For example, if
atoms can be created at £ =0 and detected at arbitrary
t>0, then it should be possible to study the diffusion of
atoms and the chemical reaction of free atoms in de-
tailed ways which probe both the temporal and the
spatial variables of the transport processes. Further-
more, such time-resolved techniques should be ideal
for the study of the statistical behavior of atoms and
of various fluctuation processes involving free atoms.
These considerations led to a'series of experiments
involving the photodissociation of CsI molecules. Many
experiments on various alkali halide molecules remain
to be done. '

A. Photodissociation of molecules

In an experiment on CsI it was demonstrated that
every CsI molecule in a small volume could be photo-
dissociated with a laser pulse; and when combined with
the RIS technique for the detection of each Cs atom
thus created, the absolute concentration of CsI mole-~
cules could be measured. From this information the
absolute cross section for photodissociation could be
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FIG. 23. Experimental ar-
rangement for the study of
saturated photodissociation of
alkali halide molecules. The
pulsed uv laser is used to dis-
sociate CsI molecules at time
t=0, and the pulsed visible
laser is used to detect Cs
atoms at¢>0.

determined without recourse to thermodynamic data
on CsI.

The experimental arrangement (Fig. 23) utilizes
a parallel-plate ionization chamber mounted inside a
vacuum system. Even when the CsI sample is heated
to 700 K, the concentration of CsI molecules between
the parallel plates is quite low (e.g., 107 cm™3);
nevertheless, it is more than adequate for the RIS
method of detection. A pulsed laser! using kiton red
dye pumped with a linear flashlamp is frequency
doubled and used to dissociate Csl. The narrow beam
is about 0.5 mm in diameter when focused and is ideal
for defining the initial location of free Cs atoms at time
t=0. A second pulsed laser® having a much larger
beam, about 7 mm in diameter, is coaxial with the
first narrow beam. In this way the second pulsed laser
can be used to detect those free atoms which were lib-
erated on the axis of the detector beam at time £=0
and which are still contained in the detector cylinder
at the arbitrary time £>0. It will be shown below that
the photon fluence (¢s) associated with the source beam
is large enough to dissociate all of the CsI molecules
contained in the volume swept by the source beam, and
the photon fluence (¢,) associated with the detector
beam is large enough to remove one electron from each
of the liberated atoms in the detector volume.

The electronics logic and data acquisition are quite
conventional and will not be discussed. Each pulse of
the detector laser was fired when a predetermined con-
dition was met—namely, that it be preceded with a
pulse from the source laser at a prescribed time. For
each event, three quantities were recorded: (1) the
relative energy per pulse of the source laser S, (2)

IFor the dissociation of CsI molecules, we used a linear
flashlamp-pumped dye laser, model CMX-4, Chromatix Corp.,
Sunnyvale, CA 94086.

2For the detection of Cs atoms, we used a coaxial lamp dye
laser, model 2100C, Phase-R Company, New Durham, NH
03855.
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the relative energy per pulse of the detector laser D,
and (3) a signal, P, proportional to the amount of ion-
ization (i.e., number of free electrons) produced in the
guarded region of the parallel-plate ionization chamber.

In the initial experiments (Grossman et al., 1977b)
the wavelength of the source laser was set at 3175 A
near the Csl dissociation peak (Davidovits and Brod-
head, 1967). To detect the neutral Cs, the detector
laser was set to produce photons at 4593 A for the
process Cs[w,, w,e”]Cs". Carrying out the experi-
ment in a buffer gas such as argon at moderate pres-
sure (e.g., 100 Torr), produced several desirable
effects. First, the CsI molecules were in thermal
equilibrium near 300 K due to argon collisions. Also,
photoionization occurred from all the degenerate
magnetic levels. Finally, with a buffer gas, Cs-
atom diffusion was of no consequence during the life-
time (FWHM) of the laser pulse (i.e., 1.5 usec for the
source laser and 0.5 usec for the detector laser).

For these reasons, most of the studies were made
with a buffer gas. Ionization signals were studied as
a function of the detector laser fluence, ¢p. As ¢p
increased, the ionization signal climbed gradually
to a saturated value, consistent with earlier work
(Hurst et al., 1977) (see Fig. 24).

With sufficient fluence ¢ to saturate the ionization
(i.e., to detect each free atom in the laser beam),
studies were then made of the photodissociation pro-
cess. Several significant observations were made on
the production of neutrals. For instance, there was a
gradual decline in the number of free atoms as the time
between the source laser and detector laser was in-
creased; but this variation was just what one expected
on the basis of calculations of the rate of diffusion of
the atoms out of the detection region. Special tests
were made with very short time delays between the
source and detector lasers; all of the atoms were
dissociated in less than 0.5 usec after the source
laser pulse. Berkowitz (1969) observed ionization with
a photoionization mass spectrometer only when the

photon energy exceeded 7 eV,

Figure 25 shows the ionization signal as a function
of the number of photons in a single pulse of the
source laser, both for an unfocused beam and for a
beam which was focused with a 50-cm focal length
lens. The focused beam signals continue to rise
gradually because of a nonuniform source beam. To
obtain the Cs photoproduction cross section o, the
following analysis was made. Assuming (as found
experimentally) a Gaussian beam profile, we write

¢(p) =, exp(-p°/R?), (5.1)

where ¢, is the fluence when the radius p=0, and R is
a constant. Since each atom is detected, the mea-
sured signal is proportional to
n; =N f 27pdp[1 - exp(—-op e *R%)], (5.2)
0
where n; is the number of atoms dissociated per unit

of length and N is number density of the CsI molecules.
It can be shown that

F(o¢,) =n,;/NuR? =y +1n0p,+ E,(0¢,), (5.3)

where E, is the exponential integral

[E,,(z) = f;m e **dx /x "]

and v is Euler’s constant (0.577...). The ratio of the
focused beam signal to the unfocused beam signal (see
Fig. 25) is just F(09,)/0¢,, since in the limit o¢,—~ 0,
F(op,)=0¢, For a given total number of photons (e.g.,
2.5 x10"), the 0¢, which makes F(0¢,)/0¢ , equal to
the experimental ratio (0.41) was found. The fluence
¢, was determined experimentally by measuring the
energy transmitted through a small aperture with a
joule meter. In this way a value of 2.9 X 1077 cm? at
3175 A was found for the Cs photoproduction cross
section.

Figure 26 shows the cross section for the production
of Cs neutrals from CsI as a function of wavelength.
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<_I' UNFOCUSED BEAM FIG. 25. Signals due to Cs
Z 0.6+ atoms as a function of the
o number of photons in a single
» pulse of the source laser.
W Each atom produced was de-
= tected with the RIS process.
j 0.4 Data are shown for unfocused
wi se and focused beams. The func-
o T o tion F(o¢o) [Eq. (5.3)] is fitted
. to the experimental data and
0.2+ FOCUSED BEAM is the curve drawn through
’ the focused data points.
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These cross sections have a functional form which is
similar to that for photoabsorption and at the peak
agree to within a few percent with those of Davidovits
and Brodhead (1967). The RIS measurements (Gross-
man et al., 1977b) were made at 320 K, while the
photoabsorption data were taken at about 1000 K; the
reduction in vibrational populations which results
from this temperature difference could account for the
difference in widths. A knowledge of the vapor pres-
sure of CsI was not required to obtain the RIS photo-
dissociation cross section. With the RIS technique,
the number density of CsI molecules is obtained di-
rectly from the saturated curve obtained by plotting
the number of Cs atoms per pulse against the laser
energy per pulse, or it is obtained through fitting to
Eq. (5.3).

Thus it was shown that all CsI molecules in a volume

can be dissociated by using a photon fluence exceeding
3 x10' em~2 in a single laser pulse of microsecond
duration. When this fact is combined with the demon-
strated fact that one atom can be detected when using
an RIS scheme and a proportional counter (Hurst et al.,
1977), the capability for one-molecule detection is
obvious.

Some clarifications of the photodissociation process
in CsI can be deduced from the present studies. Berry
(1957) showed that in the alkali halide molecules one
may expect to observe in some cases a band system
and in other cases a smooth continuum in the photo-
absorption spectrum. Here we observe a smooth
continuum in the actual appearance of neutral atoms;
furthermore, these neutrals appear in a short time
(i.e., in less than 0.5 usec) after excitation. Presum-
ably, then, the process is one in which photoabsorp-

b e.coed oo’ | | ! | | |

FIG. 26. Cross section for
the photoproduction of Cs from
CslI as a function of wave-
length. Points are those of
Grossman et al. (1977b) at

320 K; solid curve is data of
Davidovits and Brodhead
(1967) at 1000 K.
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798 Hurst, Payne, Kramer, and Young:

tion occurs from an ionic ground state to a nonionic
predissociation state, which dissociates into the
neutral continuum state in a short time, perhaps much
less than our measured upper limit of 0.5 usec. Be-
cause the predissociation state changes from a non-
ionic to an ionic state at a rather large internuclear
distance (about 20 2’&), nuclear motion can no longer
be considered adiabatic with respect to electronic
motion; hence an otherwise valid noncrossing rule

is violated. Direct observations of prompt neutral
atoms produced in a smooth photon energy contin-
uum, as well as the observation that no Cs* or I” ions
are formed, are consistent with the simple descrip-
tion of the alkali photodissociation process given by
Berry (1957), in context with the “harpooning” model
of Magee (1940).

B. Mutual diffusion of gases

The measurement of the coefficient for mutual dif-
fusion (Marrero and Mason, 1973) of atoms through
other atoms or molecules has always been difficult.
Problems arise because it has not been possible to
make the measurements in geometries where the
diffusion equation can be rigorously solved. Further-
more, if one of the species (such as an alkali atom) is
highly reactive with the medium or its impurities,
additional problems can be encountered of both ex-
perimental and analytical nature. Grossman et al.
(1977a, 197'b) developed a laser method in which a
narrow laser beam produces atoms (by the photodissoc-
iation of a trace concentration of a molecule) at time
t =0 along the axis of an imaginary cylinder which can
be swept at £ >0 with a large-diameter laser beam that
detects (by photoionization of the selected type of
atom) the atoms which kave ot diffused out of the
cylinder.

A much more precise measurement (Hurst et al.,
1978b) can be made of mutual diffusion coefficients
by using two narrow laser beams which are parallel

IONIZATION
DRIFT CHAMBER

FIG. 27. Schematic of exper-
imental arrangement for stud-
ies of the diffusion of alkali
atoms through other gases.
An alkali halide is first seeded
into the gaseous medium,
which is then dissociated with
a source laser, SL, to pro-
duce free alkali atoms, which
then diffuse into a detector
laser, DL, beam. Electrons
created by the RIS process
occurring in the DL beam are
drifted into a proportional
counter for sensitive mea-
surements. By varying the
delay between SL and DL and
by changing p, detailed stud-
ies of the diffusion of atoms
in an unbounded medium can
be made.
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to each other at a distance p. One laser beam pulses

at £ =0, and during a short time Af, it produces atoms
along a narrow line by photodissociation of a trace of

a molecular gas. After time £ the second laser beam
pulses on for another short interval to detect the atoms
which have diffused into the detector beam at distance

p from the source beam. It was shown that diffusion
processes can be studied in detail and the precision
results for D, the coefficient of mutual diffusion of

two gaseous components, can be obtained. The method
(Grossman et al., 1977a, 1977b) previously described,
however, remains the most straightforward and ac-
curate way of measuring 3, the rate at which free atoms
react with the medium. In both cases atoms are
created and detected in an infinite medium. In the sense
that reactive species never reach the walls of the ap-
paratus, containerless chemistry is made possible in
the laboratory. )

A schematic diagram of a method for precision
measurements of the diffusion coefficient is shown in
Fig. 27. A source of alkali halide molecules (in the
present case, Csl crystals) was heated to about 745 K
to produce a concentration of CsI molecules of about
10° cm™® in the region of the source laser, SL. This
laser (see Footnote 1, this section) produced Cs +1
atoms both in their ground states by phot(;)dissocia.—
tion of CsI at a laser wavelength of 3220 A, A second
pulsed laser, DL, detected Cs atoms in a very selec-
tive way with the process Cs[w,, w,e”]Cs" with w, cor-
responding to 4593 A. Electrons produced in this way
can be drifted by means of the ionization drift chamber
into the proportional counter for sensitive detection.
This method avoids the contamination of the propor-
tional counter surfaces with the CsI products and leads
to stability and good reproducibility of the results.
Furthermore, in the parallel-beam geometry the dis-
tance p between the narrow laser beams can be changed
over a wide range by using an optical stage equipped
with a micrometer screw.

~—PROPORTIONAL
COUNTER

SOURCE
LASER

ALKAL| HALIDE
SOURCE
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With the geometry just described, free atoms are
dissociated and detected in a region of space completely
decoupled from the walls of the apparatus. Because of
the high rate of reaction of the alkali atoms with even
trace impurities, it is unlikely that the free atom ever
contacts the wall. Under these conditions we can solve
the diffusion equation exactly (and trivially). For con-
venience, we adopt the notation of Marrero and Mason
(1973) and define D, as the diffusion coefficient of a
tracer in a multicomponent mixture. In the absence of
pressure and temperature gradients, but with chemical
reaction occurring at a rate 8, we seek a solution of

an(p,t)/9t =D, V?n(p, t) — Bn(p, 1), (5.4)

where %(p, ¢) is the number density of free alkali atoms.
The solution for Eq. (5.4), where A is the number of
alkali atoms created per unit of length (cm) along the
narrow beam, is

A 2 -
n(p,t)=41m)ltexp (-— P )e Bt (5.5)

4Dt
In the above, boundary effects have been neglected. In
fact, there are no surfaces near either the source
of atoms or the detector of atoms.

Since we are stressing here the precision measure-
ment of D, even with large B, it is convenient to note
that if measurements are made at two separations
p=p, and p,, where p,>p,, one can write

Resonance ionization spectroscopy 799

Thus,
w (i)~ (555)7- @

Equation (5.7) expresses the fact that the slope of
In(n, /n,) plotted against 1/¢ is just (pZ — p?)/4D,, in-
dependent of the chemical reaction rate 8. This is
the basis of a precision determination of ®,, since the

»p’s can be well defined for parallel-laser-beam
‘geometries.

The data acquisition system schematized in Fig. 28
is consistent with the precision objectives of the above.
Sets of signals (S, D, P) are stored in a PDP-11-type
computer so that all information on each observation
is kept. The signal S is proportional to the source
laser energy per pulse, the signal D applies similarly
for the detector laser, and P is the pulse height of the
proportional counter, giving the number of electrons
drifted in and giving accurate information on ». When
the data are retrieved, P is normalized in two ways.
First, P is divided by S since here the number of atoms
produced is a linear function of the laser energy per
pulse. Next, (P/S) is divided by F, where (P/S)=F(D)
and represents a nonlinear dependence of the number
of atoms detected on the energy per pulse of the de-
tector laser. In fact, (P/S) saturates when the energy
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and P associated with each
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sec”!'—in remarkable agreement. Plotted in Fig. 29

are the fits to the complete data for these B’s, and
also for comparison what would be expected for both
p’s when 8=0. The value of 8 derived above is con-
sistent with the presence of about 10 ppm of O, in the
apparatus. This was a steady-state balance between

a small rate of leakage of O, into a static system and
O, reaction with a cesium getter sealed into the system.
It is gratifying to see such agreement even when the
medium is so reactive that severe distortion of the data
is found at a given p; nevertheless, the technique in-
volving the ratio n(p,, t)/n(p,,t) gives accurate results
for ®.

Grossman et al. (1977a) had shown earlier that the
coaxial geometry could also be used for the measure-
ment of the diffusion coefficient. From Eq. (5.8) we
see that the fraction y(¢) of the number of atoms con-
tained in a cylinder of radius R is

R
y©) =27t [ 2mpdpn(p,1) =[1 - exp(=R? /4D,t]e """
o]

(5.8)

In Eq. (5.8) v(t) is a slowly declining function of ¢ only
if B8 is small. The success of fitting to y(¢) to obtain
D, depends, therefore, on a small B (i.e., a non-
reactive medium). Furthermore, to obtain an ac-
curate D;, the detector laser must have a well defined
beam of uniform quality so that R can be precisely
known. '

The parallel-beam geometry is a precision method
for the measurement of the diffusion of atoms. More-
over, the diffusion equation has been tested rather
completely in both its spatial and temporal domains.
Uncertainties in the absolute values of D, here are
about +5% due to uncertainty in the p’s. With smaller
B, the p’s. With smaller B, the p’s could be made large
enough to reduce uncertainties in the absolute values
to £1%.

C. Chemical reaction of free atoms

The coaxial-beam geometry is an excellent method
for determining the rate of chemical reaction of a free
atom with its environment. This point is illustrated in
Fig. 31 for Cs interactions with O, in the presence of
Ar. For 100-Torr Ar, the y(f) [see Eq. (5.8)] is slow
but goes over into a rapidly decaying function that is
exponential in time when traces of O, are added. From
the slopes of these semilog plots, one can easily deduce
B. It was found for the region 0<Py,<0.02 Torr and
25 < Py, <1200 Torr,

B=T000P, Po, , (5.9)

where B has units of sec™! when the pressure units are
in Torr at 300K. For Po,>0.5 Torr, Eq. (5.9)
overestimates the observed rate, suggesting a some-
what complex reaction scheme. Basically, however,
the following mechanism appears to reproduce the
results:

Cs +0,% (Cs O,)**, (5.10a)
(Cs 0,)**+AZ (Cs 0,)*+A, (5.10b)
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FIG. 31. Relative number of Cs atoms surviving a function of
time for various partial pressures of O, in 100 Torr of Ar.

(Cs0,)*+0,%2 Cs +0,, (5.10c)
(Cs0,)*+A%Cs0,+A. (5.10d)

In these, (CsQ,)** is a highly excited vibrational state
of the cesium superoxide molecule which will reverse
to Cs + O, unless ain atom A (=Ar) removes some energy
to make (CsO,)*. However, Cs can be released (i.e., a
back reaction can occur) due to collisions of (CsO,)*
with O, creating the O, molecule. Further relaxation
of (CsO,)* with the inert atom A makes a stable (CsO,)
molecule. The O, molecule has been known for a long
time (Herzberg, 1950) both as an atmospheric and a
laboratory species. Furthermore, the CsO, molecule
has been observed (Andrews, Hsang, and Trindle,
1973) in solid matrix samples at low temperatures.
The example above shows how the rate of reaction
of free atoms with their chemical environment can be
determined in a rather direct way, even when the free
atoms are so reactive that normal chemistry studies
are not feasible. Here we do not have to be concerned
about corrosive reactions on the walls, because only a
small number of free atoms are formed at a given time
and these react before they find the wall.

D. Statistical mechanics and atomic fluctuations

One-atom detection makes it possible to examine
some basic questions in statistical mechanics. One of
these is the statistics obeyed by free atoms diffusing in
a gas. The history of this subject shows that this prob-
lem has never been put to direct test. We must remind
ourselves that randomness is frequently assumed (proof
is more elusive), and we are led to the binomial dis-
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tribution for which the Poisson distribution is a special
case. Smoluchowski (1908) derived an expression for
the frequency distribution of the number of atoms found
at a given time in a small volume surrounded by an in-
finite medium. Similarly, Rutherford and Bateman
(Bateman, 1911) showed that the number of alpha
particles emitted from the nucleus in a fixed interval
of time can be described by a formula which is exactly
the same as the Poisson equation. Many other ex-
amples in statistical physics start with a prescribed
physical situation and end with the Poisson distribu-
tion. These are all done independently of the work of
Poisson (1837), who derived purely mathematical
expressions and applied them to civil and criminal
questions such as the optimum size of a jury!

Another basic question which can be tackled is that
of the ergodic hypothesis. Einstein (1956), while
analyzing the diffusion problem in the context of the
Brownian motion studies of Perrin, suggested a
“Gedanken” experiment to test the assumption of an
ergodic system. He visualized a time-resolved diffu-
sion experiment in which the diffusion equation could
be tested both by “time summation” and “space summa-
tion.” Such an experiment is now feasible with atoms.
It is convenient that a proportional counter can be used
as both a digital detector for measuring the probability
that an atom is in a volume and as an analog detector
to measure the number of atoms in the volume in a
given trial. The ergodic hypothesis takes on a very
modern context in connection with the use of short-
duration laser pulses for the photodissociation of
complex molecules; see, for example, Bloembergen
and Yablonovitch (1978).

With the availability of a detector of single atoms, it
is now possible to record atomic fluctuation phenomena
with electronic methods. Previously direct observation
of density fluctuations had to be made on particles
which could be seen under a microscope. Apart from
these studies of the Brownian motion of particles, in-
formation on density fluctuations was deduced from such
indirect sources as the Smoluchowski (1908) and
Einstein (1910) theories of the blue of the sky. Ac-
cording to these theories, scattering can only occur
from an inhomogeneous medium; it is, therefore,
argued that concentration fluctuations of particles
in the atmosphere are responsible for the observed
spectrum of scattered light, and this is consistent with
Poisson (1837) statistics. Just prior to the develop-
ment of the methods described here, it was not pos-
sible to record even as low as 10° atoms in a time-
resolved measurement. Thus VN/N was too small for
accurate measurement of fluctuations. Now, however,
with N as small as 100 (or much less, if desired)
VN/N can be made quite large. A wide range of these
fluctuation experiments are, in fact, rather straight-
forward. The list includes:

(1) The direct measurement of the density fluctua-
tion of free atoms,

(2) The fluctuation of the number of interactions of a
given (large) number of photons with a given (large)
number of atoms,

(3) The fluctuation of the collision frequency of pairs
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of atoms accounting for collisional line broadening,
" (4) The fluctuation of the total number of ion pairs
produced by absorption of a fixed amount of energy from
a swift charged particle, :

(5) The fluctuation of the gas amplification of a
proportional counter.

We conclude this section with a review of some pre-
liminary observations on (1) above and a more detailed
study of (4) and (5) to obtain the Fano factor associated
with ionization fluctuations.

E. Measurement of the Fano factor

Previously (Curran, Cockroft, and Angus, 1949;
Campbell and Ledingham, 1966; Alkhazov, Komar,
and Voreb’ev, 1967; Charles and Cooke, 1968;
Alkhazov, 1970; Genz, 1973; Breyer, 1973; Sipila,
19'76) radiation sources such as low-energy x rays or
other sources of swift charged particles were used to
study both the magnitude and the fluctuation of the
amplification of gas proportional counters. In contrast
to this, the RIS method involves the production of free
thermal electrons in a spatially well defined laser beam
at a known time. Furthermore, the mean number of
electrons produced in the proportional counter can be
“dialed in” electronically, and the statistical fluctuation
about the arbitrarily chosen mean number is described
by the known Poisson function, which involves no Fano
factor. ‘

In the proportional counter literature, use is made of
the following equation, which describes the standard
deviation 6P of the mean pulse height P,

() - (30)" g

> = > (5.11)

where N and 6N are, respectively, the mean and the
standard deviation of the number of free electrons be-
fore gas amplification, and 4 is the mean gas amplifi-
cation whose standard deviation is 84. When the free
electrons are produced by charged particles (e.g.,
swift electrons created by photoelectron ejection from
an atom due to an x-ray interaction), the standard
deviation 6N of the number N is smaller than that for
a purely random source (Fano, 1947). The term
(6N/N)? can be replaced with F/N, where F is now
known as the Fano factor. An F value less than 1 has
its origin in the fact that the total energy of the charged
particle is exact, and the process in which this energy
is dissipated to produce ion pairs and excited states in
a gas cannot be purely random, owing to a definite
pattern of oscillator strengths for given kinds of atoms
and molecules (the counting gas). By studying (6P/P)
as a function of N by laser ionization of atoms which
are subject to density fluctuations, one can be reason-
ably assured that the ionization process is random and,
therefore, F=1. We shall be thus in a unique position
to determine the relative standard deviation 84 /A of
the amplification process and, by incorporating studies
using x-ray sources, we can also obtain F in a new
(and hopefully more accurate) way.

The concept of the experimental method is shown in
Fig. 32. Two laser beams at separation p and parallel
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SOURCE LASER
DETECTOR LASER

X-RAY SOURCE

LASER WINDOW
FIG. 32. Schematic of the proportional counter fluctuation ex-
periment. A pulsed laser in the ultraviolet can be used to dis-
sociate an alkali halide (e.g., CsI) molecular vapor to provide
a time-resolved source of atoms which diffuse into a detector
beam. A pulsed laser (detector laser) in the visible can be
used to ionize Cs atoms in the resonance, two-step process
Cslwi,wi€e”]Cs*. The electrons thus created are detected with
a proportional counter.

to the counter wire are pulsed into the proportional
counter with an aribitrary time delay 7 set between the
lasers. With CsI crystals in the small furnace, a very
low vapor pressure of CsI (e.g., 10® molecules/cm?®)
can be created in the proportional counter otherwise
filled with P-10 gas at a few hundred Torr. Thus the
source laser set at 3220 A dissociates (Grossman et al.,
1977b) CsI into Cs +1I and the detector laser ionizes Cs
according to the RIS process Cs[w,, w,e”]Cs" with w,
corresponding to 4555 A or to 4593 A. several param-

" eters are available to control the number of electrons
created (i.e., the CslI concentration, laser energies per
pulse, the distance p, and finally, for fine control, the
delay time 7). In this way the average number N of
electrons per pulse is under excellent control, and the
various fluctuations associated with the counter can be
measured as a function of N. This experimental ar-
rangement is suitable for a number of other studies
such as the fluctuation of the density of atoms, col-
lisional fluctuations, and photon-atom interaction
fluctuations.

Both lasers are linear flashlamp-pumped dye lasers
which produce about 1 mJ of photons tunable over a wide
spectral range in the visible. A time delay can be set
between the source laser (SL) and the detector laser
(DL) by using a digital delay generator. The SL is
monitored with a photodiode via a beam splitter; and
with kiton red dye (frequency-doubled to give 3220-A
photons), it is stable enough so that a narrow (4%
FWHM) window could be set on a single-channel
analyzer without rejecting more than 50% of the laser
shots. However, with the coumarin-2 dye, the DL is
so unstable that control with a narrow window is not
feasible. The general data acquisition shown in Fig. 28
is, therefore, very appropriate.

As previously mentioned, the resonance ionization
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process provides good control over the location, the
statistical fluctuation, and the average number of
electrons created in the proportional counter. For a
Csl temperature =585 K for p=0.5 cm and for 7=10
msec, N =1X10% when the SL provides 0.15 mJ per
pulse and the DL provides 0.5 mJ. The unfocused
beam diameters for both SL and DL are about 0.3 cm;
therefore lenses of 50-cm focal length were placed

50 cm from the wire center for focusing the beams.
Thus both lasers were focused to about 0.050-cm
diameter waist at the center of the counter and were
about 0.10-cm diameter at the ends of the wire defined
by the field tubes. Under these conditions, the number
of Cs atoms dissociated from CsI molecules is non-
linear with the energy per pulse S of the source laser.
The number of detected atoms (electrons) also begins
to saturate for the larger values of the energy per
pulse D of the detector laser.

Several pulse-height spectra (i.e., plots giving the
relative probability of observing various pulse heights)
corresponding to various N in the range of 4 to 20
are shown in Fig. 33. Since the values of D were large
enough to partially saturate the RIS process, one sees
that the RIS signals fluctuate due to fluctuation of atoms
combined with the fluctuation of photon-atom interac-
tions.

It is convenient to have somewhat larger values of
N (i.e., N>25) so that the data can be represented with
Gaussian functions. Several of these are plotted in Fig.
34 and compared to x-ray spectra with N =100 and
N =227. At comparable values of N, the spectra due to
the laser interactions are clearly wider than those
associated with the x-ray sources. This presentation
vividly shows that the Fano process is operative. With-
out data analysis of any sort, one sees there is a Fano
factor less than unity.

To analyze the RIS data and to compare them with
the x-ray data requires only the following extension
of Eq. (5.11):

()-8 BT
P N /. N

L

/

(5.12)

where the term (6N/N)3 will be just 1/N, assuming
Poisson statistics for the fluctuation of the RIS sig-
nals, and the term (87)® represents any fluctuation which
is independent of N. For instance, fluctuation of the
energy per pulse of the source laser can give rise to

a term which is independent of N, The term (64 /A)?

is related to the single-electron pulse-height spectrum
as follows:

 (8A/AY =[2 - (EP)/(eF, (5.13a)
where
T = f wP(S)E’”dc, (5.13b)

and P(€) is the probability density function for pulse
height € due to a single electron. For x-ray sources,
we have, from Eq. (5.12)
: 9_13) 2 [F-1+e2/(E)
7). N ’

(5.14a)

while for the RIS process,
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When the RIS data of Fig. 34 are plotted to fit Eq.
(5.14b), the results in Fig. 35 are obtained. From the
figure, (67)>=0.015 and €2/(€)*=2.31., From Eq.
(5.14a), F'=0.31 and 0.21 for the 3’Ar and %°Fe x-ray
lines, respectively.

Previously the Fano factor was determined experi-
mentally by measuring the pulse-height fluctuation due
to the complete absorption of ?2¢Ra alpha particles in a
pulsed ionization chamber. In this case the relative
fluctuation was small due to the fact that N is on the
order of 2 X 10° and it is difficult to separate the small
fluctuation of ionization from other fluctuations as-
sociated with the measurements. However, by using
this method, Alkhazov, Komar, and Voreb’ev (1967)
were able to avoid the fluctuations associated with the
gas amplification process that are encountered when a
proportional counter is used. Prior to the RIS method
there was no satisfactory way to independently mea-
sure the fluctuation of gas amplification. The above

values for F for the two x-ray sources, compared with
the value measured by Alkhazov, Komar, and Voreb’ev
(1967) for alpha particles, are shown in Table II. Also
listed is the mean number N of electrons produced in a
single pulse for each of the sources, where N was cal-
culated by dividing the energy in electron volts by the
W value (Melton, Hurst, and Bortner, 1954) for P-10
gas (i.e., W=26 eV)., Fano factors can depend on the
energy of the swift particle producing the ionization.
Therefore, in principle, the value for the 2.6-keV
photoelectrons could be larger than the value for the
5.9-keV photoelectrons. The method reported here
gives a Fano factor for each source independently.
Finally, we stress that the technique for studying
the fluctuation of proportional counters by using the
RIS process allows one to determine the fluctuation of
gas amplification under conditions where N can be
arbitrarily selected and where the fluctuation about N
can be assumed to be that of Poisson statistics. With
this independent determination of (64 /A), one can more
accurately determine the Fano factor which enters into
the statistics of the ionization of gases by fast charged
particles.
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FIG. 34. Pulse-height spectra for the indicated N produced by laser ionization in the RIS process. When the RIS distributions
are compared with the narrower x-ray distributions, the existence of a Fano factor is immediately apparent.
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VI. PHCTOPHYSICS APPLICATIONS

A. Previous use of RIS for study of excited states

The use of saturated RIS for the purpose of making
time-resolved measurements of the absolute number of
atoms in an excited state began at Oak Ridge National
Laboratory in 1975 (Hurst et al., 1975; Payne et al.,
1975). However, the use of RIS for isotope separation
and for studies in photophysics began earlier (see Sec.
I). A number of applications of RIS to the study of
excited-state populations are described here.

Some of the earliest and most beautiful work involving
the use of RIS for the study of excited-state populations
was carried out by the group of R. F. Stebbings at
Rice University. In the Stebbings experiments (Steb-
bings, Dunning, and Rundel, 1974) a sophisticated
beam apparatus (Riola et al., 1974) (see Fig. 36) was
used in order to obtain populations of rare gas
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metastable atoms. The beam of metastable atoms is
crossed with a pulsed dye laser beam which could be
used to promote them to higher excited states or to
ionize them in one- or two-step processes. The
number density of metastable rare gas atoms is mea-
sured independently of the ionization so that saturated
RIS is not required for purposes of determining ac-
curate cross sections for photoionization of the
metastable atoms. Stebbings’ group has measured
accurate photoionization cross sections for He(2!S) and
He(2S) by one-photon ionization (Stebbings et al.,
1973). They also saturated the transition from He(2!'3S)
to higher P state, He(n''®P), where n =3, 4, and ob-
served ionization out of these states (Dunning and
Stebbings, 1974). Results of these photoionization
studies are given in Fig. 37 and Table III. In other
studies (Rundel et al., 1975) Xe metastable atoms
were excited to autoionizing resonance, and they
showed that the ionization signal gives the line shape
for the autoionizing level. More recently the Rice
group has introduced a few u Torr of target gas into
the cell and studied collisional ionization of Xe atoms
which are laser excited to high Rydberg states. West
et al. (1976) concerned themselves with collisions
with SFy for 25 <#n <40, and Foltz et al. (1977) studied
collisions of the |nF) levels with CCl,, CCLF, and
SF,. Absolute rate constants for Xe* production

were reported; values up to 10”7 cm®/sec were found
for 25 <sn < 40.

Photoionization of excited states has also been studied
in cell experiments by a number of groups. In 1975 .
the Oak Ridge group confirmed a cross section for the
photoionization of He(3'P) at 5015 A of ~1 X 10”7 cm?
by a study of the saturation curve for the two-step
ionization of proton-excited He(2'S) (Hurst et al., 1975).
A bit later, Ambartsumyan et al. (1976) reported a
similar cell experiment on the 6*P state of Rb. This
group found 0;(6%P) on the order of 1.7 X 1077 ¢m? at
the fundamental of the ruby laser and 1.9 X 1078 at the
first harmonic. A saturation curve from this study is
shown in Fig. 38. Photoionization cross sections for
Cs(5D) at 4593 A and Cs(7P), also at 4593 A, have been
reported by Nayfeh et al. (1977). The latter study also
made use of the saturation curve for two-step ioniza-
tion of ground-state Cs atoms with Cs(7P,,) as an
intermediate. The Cs(5D) state was populated by
spontaneous emission from the Cs(7P) levels.

Nayfeh ef al. (1977) also demonstrated the feasibility
of using the laser ionization technique in order to study
far wing line broadening. The basic idea in these
measurements is that each time far wing absorption

_occurs the atom is ionized. Thus, by making sensitive

measurements of the ionization, it is possible to make

TABLE II. Measured values of the Fano factor, F, for *’Ar and **Fe x-ray sources in P-10 gas.
Comparison is made with a measurement made for a particles in a mixture of Ar and CHy.

Source N Observer F
3TAr (2.6 keV, x-ray) 100 Hurst et al. (1978a) 0.31 £ 0.10
%re (5.9 keV, x-ray) 227 Hurst et al. (1978a) 0.21 +0.10
224Ra (3.68 MeV, « particle) 2.2 X 10° Alkhazov, Komar, 0.19

and Voreb’ev (1967)
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FIG. 36. Schematic of the Rice University group’s beam apparatus. Metastable atoms are generated by the incidence of an
electron beam on a rare gas. Charged particles are deflected out of a resulting collimated beam leaving a ground state and
a metastable beam. A dye laser beam is crossed with the particle beam between the plates of a detector which measures
ion production. The metastable beam intensity is measured by a surface detector farther downstream, and the velocity dis-

tribution can be measured by pulsing the metastable source.

absolute measurements of absorption as far from line
center as 100 A while keeping the gas pressure as low
as 50 Torr. The Oak Ridge group has also made ab-
solute measurements of cross sections for the photo-
dissociation of diatomic molecules by using standard
RIS as a tool (Grossman et al., 1977b). This work
is described in detail in Sec. V.

It is suggested in Sec. III that the observation of ion-
ization would also be an excellent tool in laser spec-
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FIG. 37. The photoionization cross section of He(2!S) as a
function of wavelength. The data points are the measurements
of Stebbings et al. (1973).
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troscopy. In fact, Niemax and Weber (1978) have
recently used the ionization signal in carrying out
Doppler-free, two-photon spectroscopy on Rydberg
states in Rb. They suggest many advantages over the
more conventional technique of observing fluorescence
from the excited level. In the case of Doppler-free,
two-photon excitation the excited state often lies high
enough so that another photon can ionize it, and the
power levels are sufficiently high so that there is an
appreciable probability of ionization. Thus, given the
high sensitivity of electron detection (with channel
electron multipliers) in the presence of a concentration
=10'" /cm?® of an atomic vapor, there should be a
proliferation of this technique.

B. Photophysics experiments with coaxial beams

It is clear from the previous discussions that the
sensitivity and time resolution inherent in RIS make
possible a large number of accurate, but relatively
easy, measurements in atomic physics. In the next
subsection measurement techniques are described for
the following:

(1) Photoionization cross sections for excited states,

(2) Far wing line broadening,

(3) Thermal rate constants for quenching or collision-
al redistribution among states,

(4) Imprisonment of resonance radiation.

In most of this section it is assumed that the atoms
to be studied have been produced along a narrow line
in space at # =0 by the pulsed dissociation of molecules
and that the free atoms are detected in a second beam
of larger diameter concentric with the source beam and
pulsed at some £>0. This geometry has already been
illustrated in Fig. 23. Dissociation of molecules into
free atoms can be brought about either by a short laser
pulse or by a pulse of heavy charged particles. The ad-
vantage of producing the atoms in this way is that in
the presence of a buffer gas the atoms will remain for
about 1072 sec in a region very near their original
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TABLE III. Summary of results for helium.?

807

Excitation Oscillator strength Cross section-cm?
wavelength Lifetime for He 235-n°P Triplet system quantum defect Close coupling calculation
n A U sec transition Present experiment calculation length approx?  velocity approx?
3 3888.6 0.105 6.7 x10%2 8.7+2.0 1078 7.9 x 10718 7.5 x 10718
4 3187.7 0.198 2.3 x10% 2.1+0.4 108 2.1x 10718 1.8x 1018 2.1 x 108
5 2945.1 0.341 1.14x 1072 8.6+1.8 1019 8.8 x 10-19
Excitation Oscillator strength Cross section-cm?
wavelength Lifetime for He 2!S-#lP Singlet system quantum defect Close coupling calculation
n A nsec transition Present experiment calculation length approx? velocity approx®
3 5015.6 1.6 1.5 x10 1.0+0.2 1017 1.1x 107
4 3964.7 4.1 5.07 X 102 2.2+04 10718 2.4x 10718 2.4x1018 2.5x 1018
5 3613.6 7.8 2.21x10% 8.8+1.8 1019 9.7 x 1019

2This table is from Stebbings, Dunning, and Rundel (1974).

position and there will be none of the selected atoms
elsewhere. Further, this technique enables one to use
a nonreactive compound as a source of reactive atoms
so that concentration is relatively insensitive to small
concentrations of impurities up until the time the atoms
are desired. With this method it is easy to reproduce
the generation of 10° to 10® atoms along a line.

With reactive atoms, such as the alkali metals, it is
difficult to obtain 10° to 10® atoms/cm?® in a reproducible
way by working with the vapor of the element. The
density is too low for the system to be self-cleaning,
with the result that the actual density varies in a
complicated way with position and is extremely sensi-
tive to small concentrations of impurities. If the cell
is heated to a higher temperature, the vapor concentra-
tion eventually becomes high enough to react with all
impurity molecules and a clean system results. How-
ever, the density is now high enough so that saturated
ionization leads to extremely large space-charge ef-
fects (space-charge effects become important for plas-
ma density > 10%/cm?3).
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FIG. 38. Saturation curve obtained by Ambartsumyan et al.
(1976) for the two-step ionization of Rb.
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Apart from the practical chemical reactivity question
discussed above, the coaxial-beam arrangement has
another major advantage—namely, the data are ex-
tremely simple to interpret. This simplicity is due to
the fact that all atoms see the same peak power den~
sity, while in a situation where the atoms are every-
where, some atoms see high peak power and others
low, so that the shape of the saturation curve depends
on the detailed radial intensity distribution of the
laser beam.

C. New methods for measuring photoionization cross
sections

As an example, suppose that one wants to measure
the photoionization cross section for the 7P, level
of Cs. The chamber is filled with 20 Torr of Ar in the
presence of a CslI sample heated to ~700 K. A laser
pulse at about 3200 4 is reduced to a beam radius of
0.01 cm and produces ~107/cm3®Cs atoms at £ =0. After
a delay time of a few microseconds, the RIS scheme
Cs[w,, we"]Cs" is used to ionize Cs. The laser at w,
has A=~ 4593 A, I~10° W/cm?, and Ar; ~0.01 A and is
plane polarlzed while the laser at w has I>107 W/cm?,
Ar, <1 .&, and its wavelength is to be varied from ion-
ization threshold to well into the ionization continuum.
Both of the detector lasers have beam radii = 0.5 cm

and are concentric with the line of atoms. The follow-
ing rate equations describe the process:

dN,/dt =5 F (N,—N,),

dN,/dt =T F,(N,—N,) = 0y (w)F(w)N, , (6.1)

dN, /dt = o (w)F(w)N,,

where T is the mean cross section for absorption or
stimulated emission, &, is the photon flux for the laser
at w,, o7(w) is the photoionization cross section for the
TP, level at frequency w, N, is the population of the
6S,, level, F(w) is the photon flux for the laser with
frequency w, N, is the population of the 7P, level, and
N; is the number of ions. One has T F=10'°/sec, which
is typically much larger than Ot(w)EF(w) Neglecting
07(w)F(w) at early times and solving for N, and N,, one
finds that in a time ~107'° sec, N,=N,. Thus for most
of the pulse time the two populations stay in equilibri-
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um. Let Ny=N,+N,; thus, except very early in the
pulse, Ny =2N,. By adding the equations, one obtains

dN r/dt =0 (w)F(W)N ,
or

dN,/dt = =30, (W) F(w)N, .
Thus,

Ny =f_:c,(w)$(w)dt&5@ exp(— 1 o,(w)ﬁ(w)dt'> )

-

-N, [1 — exp (- 0 c,(w)ff(w)dt)] :

=N, [1 — exp(~30; ()9 ()],

where ¢(w) is the fluence due to the ionizing laser as
seen by an atom at beam center. The fluence on the
axis of the beam can be monitored by defining the beam
with an aperture of known radius and using a beam
splitter and photodiode to monitor the transmitted sig-
nal for each pulse. These signals are calibrated by
using a joule meter on a known number of the trans-
mitted pulses and correlating with the mean of the same
number of photodiode signals.

The data analysis is easy if o;(w)¢(w)>1 at some
value of ¢(w), since N;=N,(0). The ionization does not
have to be saturated for all w; in fact, when 0;(w)¢p(w)
<1, a graph of N; vs ¢(w) is a straight line with
slope N 0; (w)/2.

By using three dye lasers one could study the ioniza-
tion of excited S and D levels of Cs (or any other
alkali). However, in this case the photoionization cross
section of the intermediate P level must be measured
in detail. In cases where excited levels are involved
with J> 3, the dependence on the pressure of the buffer
gas enables one to determine not only the photoioniza-
tion cross sections but also the rate of collisional
mixing of the magnetic substates.

(6.2)

D. Method for measurement of far wing line broadening

The concept is again illustrated by considering a
specific example. Generalizations on the concepts of
such experiments are obvious. Suppose we want to
determine the cross section for absorption on the red
wing of the 4593 A line of Cs. The.same laser system
and configuration are used as described in determining
photoionization cross sections for excited states. In
this study the laser at w, will be tuned away from line
center and the laser at w will be tuned to a wave-
length where 0;(w)F(w)>>1 can be achieved. The rate
equations for the process are

AN, /dt = =0(w,)F(w, )N, =N,),
dN],/dt = o(wl)s(w),)(No ""N).) - 0,(w)€F(w)N1 ’
ANy /dt =0y (w)F(WIN |,

where the laser has been assumed to be sufficiently
monochromatic so that the cross section, o(w,), is
nearly constant for all photons in the pulse and w is
assumed to be very far from line center. Above, F(w,)
is the photon flux due to the laser tuned to the line

(6.3)
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wing and F(w) is the photon flux of the ionizing laser.
Equation (6.3) is appropriate to relatively low pres-
sures where collisional mixing of the fine-structure
levels can be neglected. Also, absorption by other
levels (such as 7P, ;) has been neglected but is not
valid on the far wing.

The laser does not have to be tuned very far onto the
wing before 0;(w)F(w)>0o(w,)F(w,); therefore,

Ny =N0{1 - exp[—o(wl)tp(wl)]} ,

where N, is determined by doing saturated ionization

at line center. Thus o(w,)=—[In(1=N;/N,)]/¢(w,).

The cross section of interest, o(w,), is best determined
by plotting ~In[1=N;/N,] vs ¢(w,) for each w in
question. The slope of the resulting straight line is
o(w,). This technique is extremely sensitive since every
excited atom gets ionized and 0(w,) can be made quite
large. In a less refined version of this method (Nayfeh
et al., 1977) absorption was easily studied 100 A from
line center. This high sensitivity permits absolute
measurements to be made on the very far wing even at
rather low pressures.

Obviously, higher excited states which do not have
dipole-allowed transitions to the ground state can also
be studied by using a laser to saturate a transition be-
tween the ground state and a state which is optically
connected to the state of interest. A second laser is
tuned to the wing of the transition between the saturated
excited state (having population N,/2 at early times)
and the state of interest. If the state of interest lies
higher than the other populated excited state, it can
be selectively ionized with 0;(w)F(w)> 1, yielding

Np=No{1 - exp{-[0(w,)/2]¢(w,)}},

where o(w,) is the absorption cross section for the off-
resonance transition.

Again, the localization of the atoms along a line, to-
gether with the use of more than one laser having a
short pulse length, results in a high degree of simplic-
ity in the data analysis. To appreciate this, one need
only compare the present concept with our earlier study
where cascading and nonuniformity of the laser in-
tensity had to be accounted for in detail (Nayfeh et al.,
1977).

(6.4)

(6.5)

E. Studies of quenching phenomena

The selected atoms are again produced along a line
at £ =0 by dissociating molecules with the narrow beam
of a pulsed laser. However, in this case a laser with
only slightly more power than is required to saturate
a discrete~discrete transition is fired almost immedi-
ately after dissociation. After this laser pulse, N,/2
ground-state atoms and N,/2 excited atoms are located
along the line. Obviously, RIS can be used to selective-
ly ionize any excited state after various delay times.
This is a situation where a single state is initially
excited with a known population and all excited states
can be monitored on an absolute basis as a function of
time after excitation. A total rate of destruction of the
initial excited state can be measured, as can the sub-
sequent population of other states. Quenching and col-
lisional redistribution processes can be studied in de-
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tail over a wide range of partial pressures and
temperatures.

F. Studies of imprisonment of resonance radiation

When an atomic gas or vapor is present at concen-
tration 210'*/cm?, photons emitted in transition to the
ground state are absorbed resonantly by other ground-
state atoms. At concentrations >10'°/cm?® and with
system dimensions >1 cm, a single excited atom may
emit a photon which will be absorbed and re-emitted
hundreds (or even thousands) of times before it reaches
a wall of the container. This phenomenon is usually
referred to as radiation trapping or resonance radia-
tion imprisonment. One of the practical consequences
of radiation trapping is that atomic states with very
short natural lifetimes may, at some gas pressure,
have population lifetimes a thousand times longer.
Thus, like other long-lived excited-state populations,
resonant states play an important role in kinetic
studies of excited-state populations. Up to the present
time almost all studies of radiation trapping have been
based on observing the escape of trapped radiation
through a window in the cell or on observing fluores-
cence from a short-lived population which was ex-
cited by discrete-discrete energy transfer from the
résonance~-state population (Payne ef al., 1974),

The theory of radiation trapping (Holstein, 1947;
Holstein, 1951; Biberman, 1949; Payne and Cook,
1970; Payne et al., 1974) predicts not only the rate of
escape of radiation to the walls but also the detailed
distribution of excited atoms in space as a function of
the time after excitation. A description of how the
spatial distribution can be measured as a function of
time is now given. Again, the trick is to produce a line
of the species to be detected at ¢=0. If, for example,
one wants to study the 1048-A resonance radiation in
Ar, a line of excited Ar atoms can be produced by a
short pulse of heavy charged particles. Once the line
of excited atoms is made at £ =0, the spatial distribu-
tion of resonance atoms is measured by firing the de-
tecting lasers parallel and at a distance p from the
initial line after various delay times. In this way, one
measures N(p,t), the number of excited atoms per unit
volume at p at a time ¢ following the generation of A
excited atoms per unit length at p=0 and £=0. The
situation appears similar to the diffusion studies de-
scribed in Sec. V; however, the transport process being
studied here can never be described as a diffusion
process.

VII. MODERN APPLICATIONS
A. One-atom detection in fission tracks

Many modern applications of one-atom detection re-
quire both time and spatial resolution of a single atom
of a specified type. The most general demonstration
of one-atom detection is a digital experiment in which
a signal is generated if and only if a single atom is in a
specified volume at a specified time. These require-
ments are necessary if a certain class of “rare-event”
experiments is to be undertaken.

To demonstrate the detection of a single atom that is
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in a volume v during a time interval AT, it is first
necessary to develop a method for producing a single
atom at a known location in space and time. One tech-
nique which has been used (Kramer ef al., 1978) de-
pends on the spontaneous fission of 252Cf. It is well
known that this isotope undergoes binary asymmetric
fission. This means that in the fission process the nu-
cleus splits into two fragments of unequal masses (and
unequal energies) and that these particles will recoil
in exactly opposite directions. The kinetic energy and
mass distributions of the two fragments are the well
known double-peaked functions.

The ?**Cf nuclei were ion-implanted in a thin Ni foil.
The foil was mounted in front of an apertured surface-
barrier detector which sensed a fission fragment to
signal that the complementary fragment had been in-
jected into the sample chamber. About one fission
fragment per second was emitted through the aperture.
By performing energy discrimination on the comple-
mentary fragment in the surface-barrier detector and
by using a recent parametrization (Erten and Aras,
1978) of the nuclear charge distribution in fission, it
was estimated that 15% of the time when the surface-
barrier detector senses the fragment of highest energy
a Cs fission fragment will be injected into the sampling
region. Since the complementary fragments are created
simultaneously, the surface-barrier detector signal
serves to indicate that a fragment is recoiling in the di-
rection of the laser beam; with pulse-height selection,
the surface-barrier detector signal can indicate that a
heavy or a light fragment is directed toward the laser
beam.

The heavy fragment was stopped at a known position
in 317 Torr of P-10 gas (90% Ar, 10% CH,). At this
pressure, 65% of the signaled heavy-mass fragments
stopped in the laser probe volume of about 1 cm?3. Di-
rect ionization of the buffer gas due to the dissipation
of the fission fragment energy (about 50 MeV in the gas)
resulted in the production of more than 10° free elec-~
trons in the ionization track. All of these electrons had
to be cleared before the laser could be fired at the
single atom. This criterion dictated the experimental
design shown in Fig. 39 in which the fission fragment is
stopped in a region between two plates thatare physically
separated from the proportional counter. With the col-
lector plate held at a positive potential with respect to
a parallel field plate, electrons produced in the fission
track are swept onto a collector plate and away from the
proportional counter. It was necéssary to allow 40
usec for collecting all the free electrons. Grossman
et al. (1977a) showed that in this time scale neither
diffusion nor chemical reactions will remove Cs from
the probe volume. At a time of 40 usec following a
fission event and 10 psec prior to probing the chamber
with the laser, the collector plate was pulsed negative
with respect to the field plate. Single electrons created
by photoionization of a single atom drifted through an
aperture in the field plate and into the proportional
counter where they were detected.

The wavelength of the laser could be tuned to ionize
selectively the neutralized fission fragment of interest.
In the case of Cs, the laser was tuned to either 4555 A
or 4593 A in order to excite either the TP, or the
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Cf-252 SOURCE

AND SURFACE
BARRIER DETECTOR

FIG. 39. Schematic of appa-
ratus used to detect a single
atom formed in spontaneous
fission. A signal generated in
the surface-barrier detector
indicates the occurrence of a
single fission of 2%Cf, After
the initial ionization has been
swept onto the collector plate,
a tunable laser pulse is used
to photoionize the selected
single atom. The liberated
photoelectron then drifts into
a proportional counter and is
detected as a single event.

COLLECTOR
PLATE

FISSION FRAGMENT
EMISSION CONE

TP,,, level, respectively, in the scheme Cs{w,, w,e]Cs".
With a laser linewidth of only 4 A (which was somewhat
greater than the pressure-broadened Cs lines at 317
Torr) with a fluence of 0.3 J/cm?, saturation was easily
achieved (Grossman et al., 1977b). Therefore one free
photoelectron was created each time a Cs atom was in-
jected into the laser beam.

Pulse-height discrimination of the proportional coun-
ter signal was required to eliminate electrical trans-
ients associated with the laser. At the discrimination
level used, only 80% of the pulses due to single-elec-
tron events could be counted. Combining this counting
fraction with the 65% geometrical factor described
above, the expected Cs resonant signal is about 7% of
N,, where N, is the number of triggered fission frag-
ments observed in the surface-barrier detector.

In order to establish a tuning curve for the expected
Cs RIS effect, eight wavelengths in the interval 4500 A
to 4620 A were studied. The results, after correcting
for a wavelength-dependent background, are shown in
Fig. 40. Both neutral Cs resonant line peaks at 4555 A
and 4593 A stand out dramatically at a level exceeding
two standard deviations above the background. At these
two peaks, the average net effect is (8.5+2.2)%, which
compares with the 7% effect expected if all the Cs ions
are neutralized. Since we detected neutral Cs atoms
directly, the results show quite conclusively that an
appreciable fraction, if not all, of the Cs fragments
thermalize as neutral atoms in P-10 gas.

This evidence for complete neutralization deserves
some comment. Since the neutral detection technique
had not been available prior to this work, we can make
no direct comparisons with other experimental obser-
vations. Extensive studies (Bohr, 1941; Betz, 1972)
have been carried out on the charge state of energetic
ions, and the tendency for them to become neutral as
they are reduced to low energy has been noted. How-
ever, when an ion is completely stopped (thermalized)
in a gas, its final charge state is uncertain because the
studies have not been extended below 1 keV. But it was
shown with a method in which the neutral atom is de-
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FIELD PLATE

PROPORTIONAL
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tected directly that the positive ion of Cs born from the
spontaneous fission decay of 2%2Cf forms, with high
probability, a neutral Cs atom when the ion is therma-
lized in P-10 gas. In this case the ionization potential
of the projectile, Cs, is less than that of the buffer gas
constituents, Ar and CH,.

Kramer et al. (1978) proposed a new model to explain
the observation of a high neutral yield for this case
where the ionization potential of the neutralized particle
is much less than that of the buffer gas. As an ener-
getic positive ion loses its energy in a gas, its charge
state is governed by dynamical processes involving pri-
marily electron capture and electron loss since recom-
bination of Cs* with free electrons is negligible. At
high energies, where the particle makes many col-
lisions before losing a significant fraction of its energy,
a rate equation formulation based on electron capture

2= | I | | | n

. B % 1e;s.,z—T?Pl‘,z l ]65’/2'17"1/27 %
| N

4 | | I L ! T

4500 4520 4540 4560 4580 4600 4620
LASER WAVELENGTH (R)

FIG. 40. Summary of results obtained by Kramer et al. (1978).
The data points at the indicated wavelengths represent the num-
ber of photoelectron events per 100 heavy-mass fission frag-
ments. The data points at wavelengths of 4555 A and 4593 A
show clearly a Cs resonant ionization effect at the known 7P
resonant levels indicated by the arrows.

RIS SIGNALS PER 100 FISSION
FRAGMENTS (HEAVY)
N
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and loss cross sections ¢,(E) and ¢,(E), respectively,

is valid for determining the average charge state. For
the simple case where the particle can only be in a

0 or +1 charge state, the fraction of neutrals at energy
E is fy(E)=0.(E)/[0.(E) +0,(E)]. If the quasiequilibrium
solution to the rate equations held at all energies, it
would not be possible to account for Cs due to Cs*
thermalization in Ar or CH, for the following reason.
Since, as shown in Fig. 41, conservation of energy re-
quires 0, =0 for E <E, while ;>0 for E>E,, there is a
narrow range of particle energy, E,<E<E,, where con-
servation of energy requires that g, =0, while o; can be
finite. The quasiequilibrium approximation for a solu-
tion to the rate equations predicts f,,,ﬁ 0 for all particles
that pass through the gap.

However, for E less than about 100 eV, only a few
collisions are required for a particle to lose a large
fraction of its energy; thus the quasiequilibrium ap-
proximation is no longer valid. In fact, if the cross
section for total energy loss o p(E) >0,(E), it is likely
that the particle will cross the ionization gap without
charge exchange. We note, in particular, that when a
neutral particle at energy E > E, suffers a charge-con-
serving collision that reduces E below E,, it must
thermalize as a neutral; that is, the ionization gap is
crossed and the charge state has been fixed. In the
“charge fixation model” the final charge state at ther-
mal energy is then determined by o,(E) and o,(E) at E
above the gap.

For the case of identical atoms (symmetric charge
transfer), it is generally believed (Rapp and Francis,
1962) that o, (E) becomes larger than ¢,(E) for energies
just above the ionization gap; thus we expect a large
neutral fraction at thermal energies. In the case of un-
like projectile and target (the asymmetric case), the
behavior of o,(E) and ¢,(E) is more complex. Even here
(Rapp and Francis, 1962), however, an accidental en-
ergy degeneracy between the projectile in a +1 charge
state and an electronically excited state of the target
gas can lead to a large ¢,(E) compared to ¢,(E) at low
energies. A near degeneracy of this type in the case of
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Cs® moving through Ar does exist with an electronically
excited state in Ar, and quite likely with many possible
levels in the electronic-vibrational quasicontinuum in
CH,. In view of the mechanism reported here, it should
be possible to choose an appropriate buffer gas to en-
sure a high probability of ion neutralization; thus one-
atom detection is possible for particles initially pro-
duced as energetic ions.

Direct extensions of the above technique in a number
of directions is possible. For example, simply by using
lasers at other appropriate wavelengths the ionization
tracks due to %2 Cf fission could be scanned for other
neutral species. It is even conceivable that fission
sources could provide atoms which are otherwise dif-
ficult to produce in the gas phase, so that chemical
reactions of these atoms with other species could be
studied at room temperature. Recently other possible
applications of the technique in which single atoms are
detected in dense ionization tracks were pointed out at
a track structure conference (Hurst ef al., 1978c).
These include the detection of single negative ions and
the production of single excited atoms due to the ab-
sorption of nearly 80 MeV of energy in an individual
ionization track. '

B. Detection of single daughter atoms

The fission daughter atom experiment is an example
of a more general possibility—the detection of daughter
atoms in time coincidence with the decay of radioactive
parent atoms. Alpha particles, beta rays, positrons,
gamma rays, and fission recoils can all be used as a
signal that a daughter atom has been created. The ap-
plications of such a capability are many; a few ex-
amples are listed to show the variety:

(1) Exotic light nuclei (Cerny and Poskanzer, 1978)
and other unstable nuclei created by accelerated parti-
cles could be identified.

(2) The chemical reaction of heavy elements could be
studied at room temperature even though their vapor
pressure is very low.
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FIG. 41. Schematic of the charge fixation model. Electron loss, but not capture, is energetically possible in the ionization gap.
However, if 0,> 0;, electron loss is unlikely in the gap; thus a neutral particle passes through the gap without electron loss.
(0, 03, and o are cross sections for electron capture, electron loss, and total energy loss, respectively.)
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(3) The detection of lower concentrations of isotopes
such as %°Ar would provide better information on en-
vironmental transport processes occurring in the at-
mosphere, the oceans, and the soil (Geiss, Oeschger,
and Schwarz, 1963).

(4) The determination of the flux of solar neutrinos
on the earth could be improved by making available a
wider range of neutrino detectors (Bahcall, 1978).

(5) Cosmochronology would benefit from the ability
to detect lower concentrations of certain radionuclides
(Kirsten, 1978).

This abbreviated list already includes a variety of dis-
ciplines: nuclear physics, chemistry, environmental
research, and solar research. In this subsection we
point out some general considerations which are com-
mon to all of these areas, while the next subsection
discusses the solar neutrino application in much greater
detail. Essentially, the basic idea is that the detection
of a daughter atom in time coincidence with the decay
of the parent makes it possible to reduce backgrounds
by orders of magnitude, opening up the possibility of
analyses at extremely low levels. For a more exten-
sive review of the applications of low-level counting,
see Oeschger and Wahlen (1975).

The common considerations are as follows:

(1) A laser scheme is needed for each daughter atom;
see the Periodic Table in Sec. IL

(2) A signal that the parent has decayed is needed.

(3) In many cases the daughter product is a positive
ion that must be neutralized to create a free atom.

The last two requirements depend critically on the type
of decay—whether a,B~,8", EC,y, or spontaneous fis-
sion. For all of the decay modes, except ¥, a charged
particle is emitted and can be detected with nearly unit
efficiency in a proportional counter. Therefore it is
expedient to have an arrangement in which the daughter
atom is stopped in a counting gas which can be swept
with a laser pulse after some short delay time, as in
Fig. 42. Thus we require that the initial signal cor-
responding to the decay of a single parent be in delayed
coincidence with the electron removed from the daughter
atom in the selective RIS process. In the case of o de-
cay the radiation signature could already be reasonably
good, while in the case of 3~ and g* it would be poorer.
This difference is, of course, due to the fact that o de-
cay is characterized by a distinct energy, while there
is a wide possible energy range for the charged parti-
cles in 8~ and B* decay. However, if the daughter atom
is required to be a given type, these radiation signa-
tures are of little significance except as a starting sig-
nal.

Electron capture, EC, offers several interesting pos-
sibilities. In some cases good characteristic radiation
signatures are available through x rays or Auger elec-
trons, while in other cases only very low-energy Auger
electrons are emitted. With EC it should be generally
possible to require spatial (as well as time) coincidence,
since the range of the low-energy Auger electrons is
very short; thus the initiating electrons and the final
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FIG. 42. Proportional counter designed for RIS detection of
single daughter atoms. Displaced wire permits sweeping of a
large fraction of the counter volume with a laser beam. R. E.
Zedler, ORNL Instrumentation and Controls Division, designed
and tested the proportional counter. Ray Davis, Jr. of Brook-
haven National Laboratory contributed to the design of the
counter for its use in solar neutrino detection. '

RIS electron are created at the same place in the de-
tector. Position determination can be done rather
simply by using a one-dimensional, position-sensitive
proportional counter (Borkowski and Kopp, 1968) which
has a resolution of about 1 mm. More elaborate posi-
tion-sensitive proportional counters and drift cham-
bers have been reviewed in a recent article (Charpak,
1978).

The charge state of the daughter product also depends
critically on the type of decay process. For « decay
the recoil ion may have enough energy to ensure neu-
tralization via the charge fixation model discussed
above, even if the ion has an ionization potential less
than those of the counting gas constituents. However,
for B8~ or EC the positive ion could have only a few elec-
tron volts of energy and may not be automatically neu-
tralized in the counting gas. In these cases, neutraliza-
tion via charge exchange from some suitable donor will
be necessary. The simplest approach is to add a gas
species M which has an ionization potential IP less than
that of the daughter atom A i.e.,

A"+ M—~A°+M*.

Some of the lowest IP’s known are for tetrakis-(di-
methylamino)-ethylene, and 1, 1/, 3, 3’ -tetramethyl-
A%? _pi(imidazolidine). These all have adiabatic ioniza-
tion potentials of about 5.4 eV (Nakato et al., 1971).
With one of these the above process would neutralize
every daughter atom except Li, Na, K, Rb, Cs, Fr,

Ra, and Ac. However, these are important exceptions.
In addition, as discussed in Sec. III, the addition of low-
ionization molecules to the sample could adversely af-
fect the signal background. A possible neutralization
method which avoids this difficulty is the scheme

A*"+M+B-~(AM)*+B,

hv+(AM)* ~A+M"*.
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In this method an ion molecule is formed by a three-
body process where B is a buffer gas atom. The com-
plex (AM ™) is then photodissociated with a suitable
laser pulse. Candidates for M will depend on the par-
ticular choice of A and the laser available. For the
case of Cs and letting A =4000 A, M can have an ioniza-
tion potential of up to 7 eV. The rate of the clustering
process of 1073° cm®sec™? is typical. Thus, with 300
Torr of Ar and 3 Torr of M, the ion molecule associa-
tion occurs in about 107¢ sec.

The effort to achieve charge neutralization of daughter
ions led to the concept of resonance ionization spec-
troscopy with amplification (RISA) (Hurst et al., 1979b).
Amplification of the ionization signal could come about
due to repeated electron transfer occurring in various
collisional processes (as illustrated above). Thus RISA
offers the advantage of signal gain along with the sought
for charge neutralization. Viewed in another way, RISA
cycles can be started equally well in the ionization con-
tinuum or the ground state of an atom.

It will often be necessary to incorporate the parent
nucleus into a compound (e.g., when the parent is
chemically very reactive or when it has a very low
vapor pressure). In the previous discussion it was as-
sumed that upon decay a daughter atom or ion would be
separated completely from the carrier molecule. Some
general rules can be used to evaluate the chance that
neutrals are ejected in nuclear decay processes (Snell,
1965; Wexler, 1965). Those nuclear processes which
result in large recoil energies, such as often occur in
alpha decay, will produce free daughter neutrals. In
addition, those events which cause deep electron vacan-
cy formation and extensive electron cascading and Auger
electron emission, such as internal conversion and
electron capture, will virtually always produce a free
daughter atom or ion. For example, in studies of
CH, '?*I and C,H '*I, where '*°I undergoes electron
capture to give '**Te, it was found (Carlson and White,
1963) thdt the **Te remained bound to the carrier mole-
cule in only 1% of the decays. Similarly, in the internal
conversion of 8"Br incorporated in gaseous HBr (Lueb-
be and Willard, 1958), CH,Br (Hamill and Young, 1952),
and C,H.Br and CC1,Br (Gordus and Willard, 1957),
molecular disruption occurred in no less than 93% of
the decays.

In contrast, those decay mechanisms such as gamma-
ray emission which do not affect the electronic shells
will, in the absence of sufficient recoil energy, leave
the molecule intact. The case of 3~ and 8* decay is
somewhat more complicated. Although these decays
also do not to first order affect the number of binding
electrons, they do result in a change of nuclear charge
between the parent and daughter nuclei. A change of Z
can free the daughter nucleus, but is not a necessary
consequence. For example, the parent and daughter
nuclei may be chemically similar and bond breakage
fail to occur; hence a molecular ion is formed. This
mechanism has been seen (Edwards and Coryell, 1948)
in **Ce-acetylacetonate, where '**Ce undergoes 8~ de-
cay to *Pr. In a more subtle mechanism the carrier
molecule may dissociate, but the daughter molecule
may remain bound to one of the molecular fragments.
In some cases the molecule may remain bound even if
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the chemical properties of the parent and daughter are
quite different. For example, it was found (Wolfgang,
Anderson, and Dodson, 1956) that in 47% of the 8~ de-
cays of *C to N in CH,CH, the final product of
CH;NH, was formed.

C. Solar neutrino measurements

Although electron capture processes have already
been discussed as a time-resolved source of atoms for
one-atom detection, there is one application which de-
serves special mention—the detection of atoms pro-
duced by neutrino interactions. Neutrinos are the only
particles that are able to escape from the center of the
sun where thermonuclear processes occur. They thus
serve as the only direct means of testing the standard
theory (Bahcall and Sears, 1972) of solar fusion pro-
cesses.

Recent measurements (Davis and Evans, 1973) of the
neutrino flux indicate that it is less than one-third of
that expected from standard models. This discrepancy
can apparently only be resolved by rather drastic
changes in the solar model or in weak-interaction theo-
ry (Bahcall, 1978). Due to the large discrepancy be-
tween the only available measurements and theory, it
is highly desirable to perform other experiments.

Neutrino experiments are difficult due to the fact that
typically 10 000 kg of matter are needed to generate
one neutrino event per day. For example, in the only
experiment done to date (Davis and Evans, 1973), which
depended on the reaction v +3'Cl—3’Ar +e~, only about
50 *’Ar atoms were created in 400 000 liters of C,Cl,
after an exposure of several months. The 3’Ar was de-
tected by counting the 2.8-keV Auger electrons pro-
duced in the inverse electron capture reaction in a
shielded proportional counter. It was found necessary,
in order to discriminate against background counts, to
monitor both the peak height and the rise time of the
counter pulses (Bahcall and Davis, 1976; Rowley ef al.,
1977).

Two new radiochemical neutrino detection schemes
have been proposed. One (Bahcall ef al., 1978) makes
use of the reaction v+™Ga— e~ + *Ge, while the other
(Bahcall, 1969) uses v—"Li—~ ¢~ + "Be. Both the "Ge
and "Be then decay back by electron capture to *Ga and
"Li, respectively, causing the emission of an Auger
electron. Figures 43 and 44 show the decay schemes
in more detail. It is important to note that the Auger
electron in the “Li example has only 50 eV of energy.
This low energy makes the pulse-height analysis tech-
nique that was used in the *'Ar experiment inadequate
to differentiate between an actual “Be decay and back-
ground pulses. Furthermore, even though the "‘Ge
decay yields Auger electrons of higher energy, it would
be extremely useful to have a way of testing for anactual
"'Ge decay that did not depend on pulse-height analysis.
The one-atom detection scheme can provide this ad-
ditional test. As shown in Figs. 45 and 46, there exist
several possible energy level sequences which could be
used to saturate the photoionization process in "Li and
"Ga. A particularly advantageous sequence for “Li is
shown in Fig. 45(b). Besides using wavelengths which
can be easily generated, the cross sections for the
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DECAY OF 7Be(e, v)7Li
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FIG. 43. Decay of "Be(e™,v)
TLi.
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discrete-discrete transitions are known to be large,
with lifetimes of about 15X 10”° sec (Weiss, Smith, and
Glennon, 1966), while the final transitions from the 3D
states to the continuum have been calculated to be about
10"'" ¢cm? (Gezalov and Ioanova, 1968; Bhatia, Temkin,
and Silver, 1975; Manson, 1978). This means that for
a laser pulse, fluence of only a few hundred millijoules
per cm? is necessary for saturation of photoionization.
Recent experimental results (Kramer ef al., 1978) con-
firm this estimate. This combination of relatively long
wavelengths and low power fluxes will also decrease
the possibility of unwanted multiphoton ionization pro-
cesses in other species present in the sample.

The technique for detecting the "Be decay is outlined
in Fig. 43. Using standard chemical techniques, all of
the neutrino-created "Be (approximately 100 atoms)
would be incorporated into the compound beryllium
acetylacetonate. This compound, which has a high
enough vapor pressure so that the complete sample will
be vaporized at 150 °C, will be placed into a heated
position-sensitive proportional counter. In the decay
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process e~ + ‘Be— "Li+7, a 50-eV Auger electron is
produced as well as a 53-eV “Li recoil nucleus. As
these particles are brought to rest, they will produce
a small amount of ionization which will trigger the pro-
portional counter (see Fig. 42). A few microseconds
after the initial pulse, the lasers tuned to the "Li re-
sonance levels will be fired. If neutral “Li is indeed
present, the electron produced in the photoionization
process will trigger the counter. This pulse will be
pulse-height analyzed to confirm that it is truly a one-
electron event, and its position in the counter will be
determined. Within the position resolution of the coun-
ter (~0.2 mm), the original Auger electron and the
laser-induced photoelectron will be produced at the
same position. The large number of checks inherent
in a multicoincidence experiment of this type should
eliminate essentially all background effects.

The main assumption that is made in this scenario is
that the "Li has become a neutral atom by the time the
laser is fired. There is no a priori reason to suppose
that this is true (Perlman and Miskel, 1953), although
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FIG. 45. Resonance ionization spectroscopy for Li.

the "Li nucleus has enough energy initially to start above
the ionization gap. Lithium has a relatively low ioniza-
tion potential of 5.39 eV, as does Ga, which has an
ionization potential of 6.00 eV. Therefore it should be
possible to neutralize Li* by a collisional charge trans-
fer between the ion and a neutral species with an ioniza-
tion below 5.39 eV. As discussed previously, photo-
dissociation of a positive ion cluster might also produce
neutral cesium. In any case, the neutralization agent
should have a reasonable vapor pressure (~1 Torr) at
150 °C and it should not be electronegative. In addition,
it should be stable and nonreactive over the approxi-
mately three-month period of the experiment.

D. Detection of exotic atoms

It is not our purpose to speculate on a large number
of applications of one-atom detection to the detection
of “exotic” atoms, even though they are of considerable
interest. Because the spectroscopy of most of the
“normal” atoms is known, we know where to tune a laser
to look for them. However, the spectroscopy of many
kinds of exotic atoms is not known.

Bemis (1977) proposed to use one-atom detection in
a search for fission isomers. For example, 2*°Am has
an isomeric state that lives a few milliseconds before
its highly distorted nucleus decays by fission. Bemis
proposed to produce the nuclear isomer of 2*°Am by
bombardment of a 23%U target with pulses of ®Li, so that
the accelerator itself furnishes the laser trigger sig-
nals. With the Oak Ridge Isochronous Cyclotron, iso-
mers can be created at a rate of about one per minute.
To detect the isomer and to distinguish it from ?¢°Am
requires tuning the laser wavelength to a perturbed re-
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FIG. 46. Resonance ionization spectroscopy for Ga.

sonance level (i.e., an electronic level that is. shifted
due to the distorted nucleus).

Another exotic atom to receive attention is the quarked
atom. For a review of various efforts to detect quarks,
see Jones (1977); and for a recent report of evidence
for fractional charge using the levitation method, see
LaRue, Fdirbank, and Hebard (1977). Fairbank, Hidnsch,
and Schawlow (1975) proposed a spectroscopic method
in which a laser is tuned toa quark-perturbed electronic
transition to look at fluorescence from quarked atoms.
Obviously, one-atom detection using RIS offers another
spectroscopy method. The addition of a quark to the
nucleus of an atom can perturb electronic levels ap-
preciably because of the change in the effective nuclear
charge seen by the outer electrons. Several methods
have been used to calculate the shifted energy levels,
but perhaps the simplest is the fitting of spectral lines
to isoelectronic series (Skutnik, 1970; Rau, 1978).

The exotic atom is of most recent vintage and is not
tobe confused with the lone atom, a concept used by
Lucretius, ca.60B.C. (Winspear, 1956).

But many wander through unending space

And have no chance

To meet and link themselves with other forms,
Or unify their moves with theirs.

Of these lone atoms, just as I’ve said ....

The objective of ultralow-level counting is to find small
numbers of perfectly normal atoms. Finding the few
lone atoms produced by prolonged exposure of a large
sample on earth to solar neutrinos is currently one of
the challenges in science.
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Vill. CONCLUSION

This paper has reviewed the emergence of a new mea-
surement principle that makes possible a wide range of
new experimental studies which include one-atom de-
tection. Thus the process in which a single electron
can be removed from each atom of a selected type brings
together the selectivity long utilized in spectroscopy
with the ultrasensitivity which was developed for the
measurement of ionizing radiation soon after its dis-
covery by Roentgen in 1895. Modern laser technology
makes it possible to carry out the RIS process in nearly
all of the elements; on the other hand, the technology
of single-electron and single-ion detection makes it
possible to utilize the process in a wide variety of
physical configurations.

The practice of measuring just one atom of nearly any
selected type while discriminating against the back-
ground atoms (whose abundance is many order of magni-
tude greater) is rapidly emerging. Some of the remain-
ing problems are practical matters such as the avail-
ability of reliable lasers to carry out saturated RIS
in each case of interest. Other problems are more
fundamental and require research for their solution.
For example, the use of one-atom detection to de-
tect single daughter atoms in time coincidence with
the decay of the parent atom is only possible in
those cases where neutral daughters can be produced.
In a few cases (e.g., Ball and Call) RIS can be ap-
plied to the direct detection of positive ions. Like-
wise, the work with surfaces is just underway. Here
we need to learn how to cause surfaces to emit their
atoms; and if focused laser beams are used for this
purpose, we need to learn how to cope with the con-
comitant plasma before the atoms themselves are de-
tected.

The practical utilization of RIS and OAD have been
demonstrated. We have discussed in this paper their
applications in a wide variety of classical as well as
modern phenomena. We note here that the solar neu-
trino problem is just one example of a wider class of
applications which we could label ultralow counting.

The methods of resonance ionization spectroscopy and
of one-atom detection are also beginning to find their
places in process control and environmental applica-
tions previously belonging to conventional analytical
chemistry. For instance, at the National Bureau of
Standards, Santos Mayo and Thomas Lucatorto are us-
ing the technique to detect minute quantities of im-
purities such as sodium in semiconducting materials,
while Andrzej Miziolek at the Scripps Institution of
Oceanography is using RIS to measure the vapor pres-
sure of nonvolatile elements at ambient temperature

to determine the sources of heavy metals that are known
to be present in the atmosphere (Robinson, 1978). While
it is true that the most pressing applications are those
such as the solar neutrino problem which requirve one-
atom sensitivity, it is significant that the more tra-
ditional areas of analytical chemistry are also finding
the technique competitive.

The above discussion has concentrated on the use of
a proportional counter for the detection of single elec-
trons. Indeed that is appropriate because it illustrates
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the solution of the most difficult problems in one-atom
detection—the detection of one atom with extremely
high rejection of the background gas atoms. However,
another class of applications involves the release of
atoms from a surface into an evacuated region of space.
In these applications the single electrons or the ions
created by the saturated RIS process can be detected
with a channel electron multiplier or with similar de-
vices.

Our discussion has also concentrated on the detection
of the cesium atom; this allowed us to show a wide
variety of applications of the method of RIS, even for
only one kind of atom. Recently at this laboratory and
elsewhere a much wider variety of atoms has been
studied with the resonance ionization process. There-
fore we predict with confidence that the techniques
which have been discussed here will be extended into
applications involving nearly all of the atoms in a very
wide spectrum of circumstances.

In principle, RIS and the techniques used for the de-
tection of single atoms can be extended to the detection
of single ions, single molecules, or free radicals. In
a few cases, as already noted, positive ions can be
further ionized with RIS; in other cases they must be
neutralized as a first step in the detection process.
Negative ions can also be detected with great sensitivity
by photodetachment of electrons followed, for specificity,
by delayed coincidence detection of the RIS electron
ejected from the neutral species. Molecules (and free
radicals) can be detected either by first photodissociat-
ing atoms or by using the RIS process directly on the
molecule. In the latter case, one electron may not
correspond to one molecule of the selected type, even
when the RIS process is saturated, because photoab-
sorption at a given wavelength can cause both ionization
and neutral fragmentation. However, ionization ef-
ficiencies are known for many molecules; hence cali-
brations are straightforward. Detection of single atoms
in quantum-selected states with spatial and time reso-
lution is important enough to ensure the future of RIS;
extension to other species could add exciting new di-
mensions to that future.
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