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Particle transport can be studied by determining changes in
the ground state population following the raising of a selec
ted source group into a long-lived metastable state.
Optical tagging comprises a class of
new measurement techniques which
permit several basic processes in gases
and plasmas to be diagnosed directly for
the first time. These remote, non-pertur
bing methods are useful in characteriz
ingtransport (diffusion, convection) and
field-particle interactions (heating, trap
ping). In addition to high space- and
time-resolution, they can trace the de
tails of the particle velocity (Boltzmann)
distribution with great detail. A novel
aspect isthat optical tagging has abuiltin "memory" and therefore provides in
formation on causality. Thus the trajec
tory of particles through phase space, in
cluding their direction, is mapped out.
By these means acomplete kinetic des
cription of gaseous processes, appli
cable in atomic, fluid and plasma phy
sics, can be approached.
Two quantum processes: velocity-se
lective optical pumping, and laser-indu
ced fluorescence, underlie optical tagg
ing. First, optical pumping is used to tag
(label) agroup of particles at a "source"
point in phase space. That is, by means
of radiation, one selectively assigns to
the particles a quantum property which
distinguishes them from the surroun
ding medium. Second, the migration of
the tagged particles fromthe source to a
"field point" is traced using laser-indu
ced fluorescence. Both processes derive
fromthe fact that atoms, molecules and
ions canexist indiscrete quantumstates
with finite lifetimes, which are intercon
nected with states of the radiation field
(photons).

These processes and the principal
physical factors involved are described
below, in connection with their use in
measuring ion transport in a plasma.
Consider a plasma containing singlyionized barium (Ba II). This is practical
because Ba II is acommon, easily-hand
led ion whose quantum scheme allows
strong (dipole) transitions from the
ground state to beexcited by radiation in
the visible part of the spectrum, where
tunable lasers are readily available. Inour
example, a "pump" beam of blue-green
light at 4934A induces transitions from
the 62S1/2 ground state of Ba II to the
62P1/2excited state with high efficiency,
since the photon energy ( 3eV) preci
sely equals the energy difference bet
ween the states (resonance fluores
cence).
The excited state can decay spon
taneously to only two levels: the ground
state, and the metastable state 52D3/2.
The Einstein A coefficients, describing
the spontaneous transition probabilities
for the two decay channels, have the
values A1 = 95 x 106s-1andA2 = 33
x 106s-1respectively, corresponding to
a lifetime (A, + A2)-1 = 7.7 x 10-9for
the excited state, and a branching ratio
A1/(A1 + A2) = 0.74. That is, within
10-8 following their excitation, via the
spontaneous decay channel, nearly
three out of every four ions excited from
the ground-state return to it, but the
fourth is pumped into the metastable
state. This process tends to alter the
distribution of ions over quantum states
in a specific, irreversible manner: the

Fig. 1— Experimental resultsin
Optical Tagging: measurement
of ion diffusion usingpulse tag
ging; I — light intensityagainst
Time. Lower trace: Excitation by
pump laser beampulse applied
at source. Upper trace: Delayed
response, laser-inducedfluores
cence detected at field point.
Transition 6eS1/2- 62P1/2in BaII,
4934 Å.
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ground-state population becomes de
pleted, while the metastable population
is enhanced.
The metastable state lifetime, about
1/4s, isvery long incomparison with the
mean life of plasma ions: for instance,
the ratio of a plasma device's dimen
sions, say 100 cm, to the ion speed,
typically 105cm/s or higher is less than
10-3s. Thus using optical pumping the
experimenter can prepare, at the time
and position of his choice, a distinct
quantum configuration which is carried
along by the ions and can persist during
their migration across the plasma. Inad
dition, by using narrow-band pumping
radiation, the initial velocity of these
ions can be pre-determined.
To identify the presence of these
"tagged" ions at other positions and
times — the diagnosed or field point —
use is made of laser-induced fluores
cence. This is a technique of increasing
use in atomic, nuclear, surface, fluid and
plasma physics. Inour example, the axis
of a"search" beamat 4934A (the pump
wavelength), and the optical axis of a
lens, are aligned sothat they intersect at
the field point. A wavelength filter and a
detector behind the lens select and mo
nitor the radiation at 4934A emitted
during decay from the excited to the
ground states. This intensity is propor
tional to the density of ground-state ions
at the field point. A fraction of these ions
represents the flux of particles from the
source.
The change in ground-state popula
tion caused by optical pumping at the
source point will induce acorresponding
change in the flux and consequently in
the radiation intensity emitted at the
field point. This radiative response con
tains the principal information describ
ing ion transport between the two
points.
An illustration of actual measure
ments is shown in Fig. 1. The output of a
CWtunable laser, using a variant of the
dye coumarin pumped by the UV line of
a krypton laser, is tuned to 4934A and
split intotwo beams. These areposition
ed to traverse a low-density (109cm-3)
Ba II plasma contained in a magnetic
field along parallel axes normal to the
field and spaced 2 cm apart. One beam,
the pump, is chopped to yield pulses
with short rise- and fall-times (0.1 ps).
The second, diagnostic or search beam
is on continuously. The ordinate in Fig. 1
plots the laser-induced fluorescence in
tensity / at a field point on the search
beam axis. As shown in the figure, /
varies with time in a manner distinct
from the pump beam pulse. During the
first 9 ps after the pump beam is on, /

does not vary. Then it beginsto decrease
at a rate much slower than the rise-time
of the pump beam, reaches astationary
level at 15 µs and eventually increases,
slowly again, to its original level. This
delayed response is interpreted as fol
lows :the ionstagged at the source point
and which migrate to the field point turn
out to have avelocity distribution chara
cterized by a mean speed as well as a
nearly Gaussian spread. The fastest ions
arrivefirst, causingthe initial decrease in
/; theirspeed is roughly 2cm/9 µs, or 2.2
x 105 cm/s. The mean speed corres
ponds tothe stationary level, 2cm/15µs
or 1.3 x 105cm/s. Evidently the timevariation of / in between these extrema,
traces out in detail the entire velocity
distribution for the ions which migrate
from source to field point at the time of
the measurement.
This interpretation is checked out
using independent and much more labo
rious methods. It is remarkablethat opti
cal tagging can yield such details con
cerning the ion transport without re
course to dispersive optics (interferome
ters), using only broad-band laser radia
tion, and with the beams positioned at
right angles to the ion motion, so that
the pump beam does not select ion
speeds at the source point. In unfolding
such data, several factors must be con
sidered. First, inaddition to spontaneous
decays, induced transitions — propor
tional to the product of the Einstein B
coefficients, the g-factors of the states,
and the radiation intensity — also affect
the rate at which the quantum state po
pulation changes within the pump
beam. Collisional processes and transit
time effects can also come into play. In
general, a system of rate equations is
needed to describe the evolution of the
population, and the velocity distribution
of the tagged ions may end up different
from that of the original, un-pumped
ions. Second, during transit from source
to field point, collisional or radiative tran
sitions could alter the tagged quantum
population causing a loss of "memory".
Analytical expressions for handling
these cases are on hand, principally
fromthe literature on laser-induced fluo
rescence.
It is simplest, however, when the
spontaneous decay rate is much larger
than all other terms, and the distance
from source to field point is smaller than
the quantum mean free path. This is the
case in the example given here, where
the pump intensity and beam diameter
are kept at aminimum, and the ion velo
cities, electron density and temperature
are low. As aresult the variation in / with
time represents directly the velocity dis

tribution of the unperturbed diffusing
ions.
Threeother parameters are important.
First, the radiation must interact directly
with the particles, rather than with the
plasma collective modes. The latter be
come significant when the plasma di
electric function approaches zero, e.g. if
the light frequency approaches the plas
ma frequency (A ne2lm)1l2, where n is
the charge density, and e and m are the
electron charge and mass (in an elec
tron-ion plasma). For radiation inthe visi
ble, n has to be less than 1021 cm-3, a
value fortunately much beyond most
laboratory plasmas.
Second, the pump intensity should be
sufficiently intense to create an appre
ciable change in the quantum state den
sities Semi-classically, the Einstein A
and Bcoefficients representing stimula
ted transitions satisfy the detailed-ba-

lance relation B = Ac λ2/8 per unit
energy, where c isthe speed of light and
A is the radiation wavelength. This rela
tionship is equivalent to a cross-section
for resonant excitation with apeak value
σ  λ2/8 . In the visible, σ is roughly
10-10cm2, a very large value (the elec
tron Thomson scattering cross-section
is about 1015smaller). A 10mWbeamin
the visible (3 eV photons) with diameter
1mm, corresponds to aphoton flux of 2
x 1018cm-2s-1. The product of crosssection, radiation flux and g-factors is
therefore of the order of 108s-1, indica
ting that the laser-induced excitation
rate can be close to the excited-state
lifetime for the case above. In general, a
low-power laser — narrow enough in
wavelength just to cover the particle ab
sorption Doppler width (roughly 0.05Â
in our example) — will suffice to satu
ratethetransition. Such spectral intensiRe-announcement
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Fig. 2— VelocitySelectioninOp
tical Tagging: experimentally
measuredBoltzmann distribution
functions of taggedions in ama
gnetic field; I — light intensity
against Velocity. Parameter Φ:
axial separation along magnetic
field lines between pump and
searchlaserbeams, normalizedto
v/ωc. With v = mean diffusion
velocity of ions along fieldandωc
= ion cyclotron frequency. Trace
a: Φ =  ; dotted lines outline
hyperfine structure obtained by
long-termintegration in this velo
city region. Traceb: Φ = 0and .
Tracec: plot of Gaussian equiva
lent temperature T* of Boltzmanndistribution functions asafunctionof axial separation Φ.
Measurements on asingleZeeman component of transition 62S1/2- 62P1/2inBaII, 4934Å.
ties are easily available in tunable lasers.
Using more intense radiation does not
alterthe quantumpopulation when used
in the pump beam, and will power-broaden the observed distribution if used in
the search beam.
Third, signal/noise ratio at the field
point must be adequate. An upper limit
on fluorescence is obtained in an idealiz
ed two-level quantum system, which
saturates with the populations of exci
ted and depleted ground state at roughly
equal values. The signal available then is
the product of half the tagged particle
density, the diagnosed volume, and the
spontaneous decay rate. For our exam
ple, the last two factors are approxima
tely (1 mm)3 x 108s-1, or 105photon/s
for each ion/cm3 diffusing to the field
point. This flux is emitted into 4 steradians, of which only a fraction, 10% at
most, can be remotely intercepted via
finite f-number optics. One notes howeverthat light rates of the order of 1pho
ton/s or less can be detected using
signal processing. Noise terms compe
ting with the signal include emission at
the observed wavelength, from sponta
neous transitions occurring in the me
dium within the field of view of the de
tection optics. Inthe example given, the
electron density and energy are so low
that the medium is dark, and this noise
term remains negligible.
Many alternative experimental confi
gurations are possible. For Instance,
using the appropriate wavelength filter
at the field-point one can monitor the
laser-induced fluorescence via decay
fromthe excited to the metastable state
at 6497Â. This has a slower rate and
provides less signal, but is so far remov
ed from the laser wavelength that acci
dentally scattered "elastic" laser light
can be blocked out. Another scheme
uses a separate search laser. This can
excite any allowed transition, including
ones with higher decay rates. The two4

iaser system makes possible a new
signal mode. If tuned to a transition
which has the metastable state as the
lower level, it "interrogates" the meta
stable population and therefore produ
ces an increase in the signal intensity
(bright signal) when the density enhanc
ed by the pump beam reaches the field
point. This can enhance signal/noise ap
preciably. The dark — and bright —
signal schemes are also known by the
names of the quantum optics pioneers
Kastler and Dehmelt.
Major sophistication inoptical tagging
is afforded by the use of narrow-band
radiation in the pump or search beams.
The Doppler principle requires that ra
diation at A interacts resonantly only
with particles whose velocity compo
nent v along the laser beam axis satis
fies the formula λ  λo(1 + v/c), where
λois the resonant wavelength for parti
cles at rest. For instance, single-mode
scanning lasers whose frequency band
width is less than 106 Hz can tag and
diagnose sub-groups of particles with
velocity ranges Δv < 106 λo  102
cm/s, using visible radiation. By these
means, velocity/velocity correlation
measurements in phase-space can be
made in great detail. A simple version of
such an experiment uses a single nar
row-band laser split into two beams, on
the same Ba II plasma as above. Nowthe
separation betweeen the beams is va
ried alongthe magnetic field lines, and at
each position the laser wavelength is
scanned over the Doppler ion velocity
profile. The pump beam is modulated,
and the corresponding modulated com
ponent / of the laser-induced fluores
cence isplotted as inFig. 2. It represents
the velocity distribution of ions which
diffused to the field point, were tagged
at the source, but retained their velocity
component along aspecific axis normal
to the magnetic field. A very large syste
matic variation in the velocity distribu

tion function is found as a function of
the distance. The reason is that, in ama
gnetic field, the velocity and position of
a charged particle are coupled by the
Lorentz force, resulting in spiral Larmor
trajectories with a unique periodicity
and a radius that is a function of the
transverse velocity.
Thetwo-laser scheme selects on both
the velocity and position of the tagged
ions, and only a narrow sub-class can
satisfy the double requirement. A simple
analysis verifies this relationship, predic
ting the effective "temperature" T* as a
function of the normalized distance Φ
along the magnetic field, as shown in
trace c. This varies from a maximum of
2600 Kto aminimumof 60 Kover adis
tance corresponding to one-half a com
plete Larmor orbit. This velocity selec
tion for in-situ particles can be useful in
eliminating Doppler widths which obs
cure spectroscopic features such as the
Zeeman effect and hyperfine structure.
The details (dashed line) in the trace
show the enhanced hyperfine detail,
which otherwise require accelerator
techniques for resolution.
Optical tagging has also been used to
measure the trajectories in phase space
of ions trapped and de-trapped by cyclo
tron waves, to plot the cross-magnetic
field ion diffusion inunstable and heated
plasmas, and also in polarization spec
troscopy and atomic beam magnetic
resonance studies. As an example in the
last-named fields, sodium atoms with
initially random spins are optically spin
oriented by a circularily-polarized pump
laser beam at the principal resonance
3 S1/2(F = 2) - 3 P1/2(F = 1). They dif
fuse across a magnetic field and are de
tected by a search beam, split off the
same laser, displaced 1 cm across the
field. The atoms precess during their
transit, leading to changes in the
strength of their interaction with the
linearily-polarized search beam. The pre
cession, as well as the effect of colli
sions with abuffer gas of variable densi
ty, can therefore be measured as afunc
tion of atomic velocity. Evidently, entire
classes of measurement which classi
cally required uniform magnetic fields
can now be carried out, with much en
hanced detail, using lasers instead.
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