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Efficient selective optical excitation for isotope separation, using short laser pulses

J.-c. Diels
Center for Laser Studies, University of Southern California, Los Angeles, California 90007

(Received 8 September 1975)

Propagation of short ( & T2, where T, is the phase relaxation time) light pulses through absorbing media

consisting of two ensembles of two-level systems of slightly different transition frequency is considered here. It
is shown that one group of absorbers can be totally excited (inverted) while the other is returned to ground

state. The effect of inhomogeneous broadening is illustrated by examples of propagation (numerical simulation)

of properly shaped pulses through media having a linewidth equal to 1/5 of the frequency separation between

the two transitions, The initial proportion of the two-level mixture is: 5% of the element to be excited, 95%
of the element to be kept in ground state. The selective excitation capabilities of a Gaussian pulse and a zero-

area pulse are compared.

I. INTRODUCTION

Isotope separation with lasers is based on se-
lective optical excitation of a transition of the
element to be extracted. The present study deals
exclusively with the selective optical-excitation
process, disregarding further processing of the
optically excited molecules. Pulsed flashlamp-
pumped dye lasers are the most promising for
this application because of theix tunability and
relatively high efficiency. Little consideration,
however, has been given to the optical-pumping
process itself. There seem to be two fundamental
limitations to the efficiency of conventional optical
excitation:

(i) The ratio ot upward transitions (excitation)
to the number of incident photons is maximum for
the lowest light intensities. The quantum efficien-
cy is then maximum when the rate of production
of excited states approaches zero. At saturation
intensities, the rate of excitation is high but the
quantum efficiency decreases to zero with in-
creasing irradiating power.

(ii) The absorbing lines have to be well sepa. -
rated. This is seldom the case for electronic
transitions of medium-heavy to heavy elements.
Even in the case of a light element such as lith-
ium, off-resonance pumping of the unwanted iso-
tope can occur with a powerful light source tuned
to resonance with the selected species. The se-
lectivity of the optical excitation may therefore
become very poor at high power levels.

It is shown here that by using short pulses in the
coherent interaction regime a total excitation (pop-
ulation inversion) of a selected isotope is possible
with quantum efficiency close to one, while the
other is left in the ground state. This selection
occurs even though the pulse spectrum overlaps
both lines. In one of the schemes proposed here,
the exciting radiation is even chosen resonant
with the "unwanted-isotope" absorption line. The

selective excitation process is illustrated first
with a simple example, assuming that the line
broadening (Doppier and collision broadening) can
be neglected.

For comparison, a discussion of the saturation
regime and its limitation follows. Computer-
simulation results are presented to determine the
effect of inhomogeneous broadening and the useful
propagation distance, for various excitation
schemes: a square pulse, a, Gaussian pulse, a
square zero-area pulse, and a "Gaussian" zero-
area pulse.

In all of the numerical examples, the initial
mixture contains 5/p of the isotope to be selected
and 95 j~ of the unwanted isotope. The frequency
separation between both absorption peaks is taken
to be five linewidths. The parameters of the ini-
tial pulse are optimized for the separation pro-
cess. Next, the propagation of this pulse is simu-
lated, and the selective excitation is found to be
enhanced with propagation distance. The price
for the optimized efficiency and separation factor
is that the pulse shape, energy, and duration are
no longer arbitrary. However, a wide variety of
pulse shapes are found which conserve their se-
lective excitation properties after propagation over
long distances. As will be shown in a subsequent
paper, many of the results presented here can be
transposed to two-photon transitions. However,
the enhancement of the separation factor with
propagation distance through pulse reshaping is
unique to the dipole transition considered here.

II. SIMPLIFIED MODEL

A. Square pulse (n -2m) selection

A plane wave of average frequency ~+ (jo), where

(i)=f Pp tf dB*dt

and of wave vector k propagating along a direction
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z is described by

E(z, t) =S(z, t) exp/i[&et+@(z, t) —kz]j+c c..

In the slowly-varying-envelope approximation,
the semiclassical Bloch-Maxwell equations re-
lating field and polarization can be written'

u= (a (u —j)v —u/T, ,

v = —(a(u —y)u —v/T, —~gw,

w = KSV —(w —wo)/Tg

aS n ~ 271 ~—+ —g = — vg(6) d6,
8z c nc

(2)

(2)

(4)

8cp n ~ 2 71'(d
g —+ —y = — ug(6) d6 .

8z c nc
(6)

Here, u and v are, respectively, the in-phase and
90 -out-of-phase components of the polarization
and w =p(X, -iV, ) describes the population dif-
ference between the upper and lower levels of
the nondegenerate transition. A phenomenological
phase relaxation time T, for the polarization and
an energy relaxation time T, for w are included.
The inhomogeneous broadening is described by
the function g(6). In z = 2p/g, p is the dipole mo-
ment of the transition. 4(d =(d, —~+ 5 is the dif-
ference between the light frequency and a par-
ticular transition frequency. Pulses of light will
often be characterized by their area, which is the
value of the Fourier amplitude

1, for 6 = 0 and 6 = daog6=
0, otherwise .

Let us consider a square pulse, without phase
modulation, of amplitude S, and duration T,
driving the polarization described by Eqs. (2)—(4).
If

(fl) I= y ge"~' "''~'dt
OO

at the average pulse frequency (0) = v+(jo).
Let us assume first that the pulse duration is

shorter than all relaxation times, and that the
inhomogeneous broadening can also be neglected.
Assuming two lines corresponding to two distinct
isotopes,

pulse has been switched off. The resonant excita-
tion corresponds to a "m pulse" or a rotation of
the pseudopolarization vector by an angle of 180',
while the off-resonance excitation corresponds to
a v(b&u'+ z'h')'~'=2w pulse, or a complete cycle
of the pseudopolarization vector.

The decrease of pulse energy

47t
S' dt

with distance is given by'

dv (d—= ——AW
qdz K

(9)

where aw/2p =(w„-w, )/2p is the number of up-
wards transitions induced by the light pulse. We
see from (9) that the quantum efficiency of this
selective excitation is equal to unity.

Before a more detailed analysis of the use of
coherent interaction properties for efficient iso-
tope separation is made, a short discussion of
the limitations of a classical pumping scheme is
presented.

B. Rate-equations approach

The inhomogeneous broadening will at first be
neglected in this section. For pulses long com-
pared with the phase relaxation time T„ the fol-
lowing rate equations can be derived from the
system of equations (2)-(4):

~ T2 W —W()2/PS w (10)

At low power levels, where the separation factor
is maximum, a fraction 1/(1+ 6&uoT 2) of the "un-
wanted" transition M is excited. If the lines are
five linewidths (T, ') apart, the maximum separa-
tion factor s that can be achieved here is only 26.
If the pulses are not short compared with the en-
ergy relaxation time T„ the quantum efficiency
of the absorption is reduced:

For a square pulse of amplitude S and duration v

applied at resonance with the line I and off-reso-
nance by an amount A(do from the line M, a "sepa-
ration factor" s can be defined as

Aw I/2wor 1+ d(oo T2+ w 8 T, T2

a(u, ~=a 3 n hw

e= ~S,~=m, (6) (12)

a complete population inversion will be achieved
for the line at resonance, while the line off-reso-
nance will be left in the ground state after the

The essential feature of the conventional excita-
tion in Eq. (11) is that the separation factor de-
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creases with increasing power. Therefore in an
actual separation process the enrichment factor
would decrease with the production rate. The de-
crease of separation factor with increasing power
is inevitable in the steady-state approach, where
the homogeneous broadening cannot be neglected.
In Sec. III we will consider pulses short compared
with T„and only an inhomogeneous broadening
need be taken into account.

In the rate-equation approach, the separation
factor is more difficult to evaluate if the line
broadening is both homogeneous and inhomoge-
neous. However, the line integrations can be
performed analytically in the case of an inhomo-
geneous Lorentzian broadening (inhomogeneous
relaxation time T*), and for the condition

I+a 8'T, T, = T'/T*'

yielding a separation factor

8=1+@4(d T

If the lines are five (total) linewidths apart for T*
= T„ the maximum (zero-field limit) separation
factor is again only 26. The same maximum
separation factor applies also in the limit of pure
Lorentzian inhomogeneous broadening (A&a, = 5T*).

C. Figure of merit

For the same separation factor, preference
would be given to the scheme that requires the
smallest power for the maximum number of ex-
cited molecules. This can be expressed by re-
quiring that the dimensionless quantity

(&d/K)awg wo~Awgr=
2&s& ~oi~~~

tail, and the steep flanks of the square pulse will
be differentiated. Deeper insight into the problem
therefore requires numerical computation. Some
results are presented in Fig. 1. The absorption
lines are assumed to be inhomogeneously broad-
ened. In all numerical examples, the line profile
is choosen to be the Gaussian

(14)

The mixture is composed initially of 5% of the
isotope to be separated (with its transition fre-
quency resonant with the radiation frequency)
and 95% of another isotope having the corre-
sponding absorption line off-resonance by an

'

amount 4(do=55„. The fractional excitation of
both species as the square pulse propagates
through the medium is plotted in Fig. 1. Distances
are expressed in units of linear absorption lengths
n„' at the resonance frequency of the main —off-
resonance —line (n, = —,', n„). The effect of finite
inhomogeneous broadening of the lines is to re-
duce the inversion of the resonant transition and

partially excite the main isotope. It is, however,
remarkable that the latter excitation drops by a
factor of 10 during propagation, while the highly
distorted pulse still achieves nearly complete
inversion. A somewhat naive interpretation of
this effect is that a hole is burned in the pulse
spectrum by the main line. Observation of the
pulse Fourier transforms versus propagation
distance qualitatively supports this argument.

300

or (13)

Awz wo„Awe (linewidth)

be the largest possible, where ni is the linear
absorption coefficient at the selected isotope fre-
quency,

uj 0.5

CL

200

D
I—

0

&00

nz ——4mur~worg, (0)/nc .
This number will prove useful in the selection of
the parameters of the initial pulse. From (12)
and (13), r ~ —,'2Is, with the equality holding for
linear absorption.

III. SQUARE PULSE (n -2n) SELECTIVE EXCITATION

The propagation of a square pulse satisfying
conditions (7) and (8) is highly nonlinear. Phase
modulation of the pulse will occur because the
main absorption line is off-resonance. In addi-
tion, some light will be reemitted at the pulse

0
0 20

PR 0PAGAT I ON

2W

0
CO 5030

Dl STANCE

FIG. 1. 7t-27t separation with a square pulse. The
initial pulse has a width of 7 =

5 v 37rh,y and an amplitude
of KBp= 56~/~3. The medium consists of two groups of
two-l. evel systems, both having an inhomogeneously
broadened line profile g {i5)= (A /4~v Tt) exp[- (6/b'av) ],
withAI= 0.05 for the group I andA& =0.95 for the second
group P4). The spacing between the transition frequen-
cies of I and I is 56„. The radiation is applied on-re-
sonance with the group I. The excitation rates and se-
paration factor s are shown as a function of propagation
distance (in units of the linear absorption length e p~
at the resonant frequency of the line M).
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FIG. 2. Three-dimensional.
representation of the spectral
excitation of the transition M
as a function of amplitude of
an applied Gaussian pulse.
The exciting pulse is Kh
= KS

p exp [- (t 6~/0 788)2]

where K8 is expressed in
units of 6~. The frequency
origin is the center of the
line I. The center of the line
M is indicated by the dash-
dot l.ine. The dashed line
connects points left unexcited
by the pulse (transition re-
turned to the ground state).

2.9 -6 -5 -3
FREQUENCY FROM RESONANCE hu&, (units of g& ).

n~, » v(4n+ 3)'~'/T, . (17)

Therefore n=0 is clearly the best choice.
The laser associated with an efficient scheme of

isotope separation should be efficient too. Square
pulses can be approximated either by chopping

The efficient excitation of the isotope over very
large propagation distances is due to the conserva-
tion property of the area 0 = m,

' as can be observed
from the numerical computation (not shown in Fig.
1). The efficiency of the pumping of the selected
isotope decreases with propagation distance, part-
ly because the effect of the dispersion of the main
line is to repel the average pulse frequency, ' which
therefore does not remain resonant with the transi-
tion I. Complicated reshaping and phase modula-
tion resulting from the nonlinear propagation is
observed in the numerical simulation (not shown
here).

The conditions (7) and (8) are not the only ones
that would yield selective excitation with a square
pulse. One could consider also a square pulse
corresponding to an uneven number of 7t rotations
of the pseudodipole vector for the molecule I and
an even number for the molecule M. The condi-
tions for the pulse width and amplitude are

(1~)

(16)

where n is a positive integer. Only the lowest
value of n (zero) need be considered, which cor-
responds to lower intensities and shorter pulses.
The requirement that the pulse length be shorter
than T, puts a lower limit on the smallest isotope
shift to be resolved,

away the front and tail of a Q-switched pulse with
a Kerr cell, ' or by using nonlinear intracavity
elements. 4 All of these techniques involve some
energy losses from the laser pulse. Therefore
a reduced efficiency of the source is the price that
is paid in the present scheme for the improved ef-
ficiency of the optical selection.

The square pulse is obviously the best choice
for an infinitely sharp line but is not necessarily
the optimal shape for m-2m separation in the pres-
ence of inhomogeneous broadening. When excited
off-resonance with the Gaussian "m pulse" ~$
= (v v/v') exp[ —(t/r)'], the population of the main
line is left with a "dip" which moves across the
line (from —6„to + 6„) as the pulse width is var-
ied from 0.656„' to 0.975„'. An optimal pulse
width of &=0.795„', which corresponds to the dip
centered with the line, is chosen. For that pulse
width it is shown in Fig. 2 how the spectral excita-
tion varies with the amplitude of the applied pulse.
The w pulse corresponds to an amplitude of vS,
=2.255„. The dashed line shows the center of the
dip moving across the absorption line (of which
the center is indicated by a dash-dot line) when
the amplitude of the pulse is varied. The advan-
tage of working in the coherent interaction regime
to incoherent excitation is dramatically demon-
strated by Fig. 3, which shows the variation of
the excitation rates and separation factor with
pulse amplitude (or area). In the incoherent case,
or with pulses longer that T„ the separation fac-
tor is maximum for zero-amplitude radiation and
decreases to zero with increasing light power [Eq.
(11)]. For Gaussian pulses shorter than T„how-
ever, the excitation rate of the "rare element"
and the separation factor reach a maximum for a
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FIG. 3. Total. excitation of the transitions M and I
(dashed lines) and separation factor s (solid hne) as a
function of the amplitude whp (in units of 6~) of the
Gaussian pulse &8 = &Spexp[- (t6gif/0. 788)~].

pulse area close to 8 =w (Fig. 3). In this plot the
pulse width is constant (~=0.788). Since the sepa-
ration factor remains large for all pulse ampli-
tudes 0& ~So& 3, the full cross section of a laser
beam mould be usable in a separation device based
on this scheme.

The results of Fig. 3 can be used to compute the
excitation and separation factors over the total
cross section of a beam of finite size. For a
Gaussian beam profile, numerical integration
yields an average excitation of the rare element
(Azo, /2gg, z) =0.269; for the main line the average
excitation is (Aw„/2so, „)=0.000424. In contrast
to conventional excitation, mhere the average sepa-
ration factor is smaller than in the weak intensity
limit, the computed average separation factor
here is (s) = 636, nearly twice the value for a
weak pulse of the same temporal dependence (Fig.
3). For comparison, numerical computation has
been made in the case of conventional excitation
[Eq. (10)] of the excitation averaged over the
entire cross section of the same Gaussian profile.
This calculation shows that in order to achieve the
same average excitation of 0.269 over the entire
beam cross section (as obtained with coherent ex-
citation) the field strength in the center of the
beam has to be such that ~'P T,T2 = 11.5. The two-
level systems are then driven far into saturation,
which implies a reduced separation factor. For
instance, under this saturation condition, a sepa-
ration factor of 400 in the center of the beam could
be obtained only if b,co = 70T, ' and no inhomoge-
neous broadening is present.

The evolution with distance of its separation

O
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FIG. 4. Propagation of the Gaussian pulse ff:8
=2.8Sexp[ —(t4&~/0. 788) ] through the same medium as
described in Fig. 1. The excitation rate of the rare
el.ement I (resonant with the radiation) and the separation
rate s are shown as a function of propagation distance
(in units of Apz).

properties, as reshaping of an initially Gaussian
pulse takes place through propagation in the me-
dium, is illustrated in Fig. 4. The initial pulse
has an amplitude of vSo = 2.895„and a width ~
= 0.7886,„', corresponding to an area of 8= 4.035,
and is applied on-resonance with the isotope I
(6%%uo abundance) and five linewidths off resonance
from the main line M. The excitation rate and
separation factor are plotted as a function of prop-
agation distance, expressed in units of resonant
absorption lengths at the frequency of the main
isotope. As in the case of the square-pulse ex-
citation illustrated in Fig. 1 the sepal ation rRtlo
is enhanced in the first 50 absorption lengths.
Since the initial pulse area is larger than m, re-
shaping towards a 2m hyperbolic-secant-shaped
pulse occurs, '~ with a corresponding decrease of
the excitation rate of the resonant line.

Comparison of Fig. 1 with Figs. 2-4 clearly
demonstrate that the Gaussian pulse shape is
much more efficient in dea, ctivating (returning to
the ground state) an off-resonant inhomogeneously
broadened transition than a square pulse.

The present analysis is carried out in the plane-
wave approximation. Off-resonant coherent inter-
action results in wave-front distortion leading to
self-focusing and defocusing effects. ' However,
in the observation of self-induced transparency
off-resonance over propagation distances not ex-
ceeding five linear absorption lengths' ' these
wave-front distortion effects appeared to be neg-
ligible. For the particular medium considered
here, the contribution to the wave-front distor-
tion would come from the main line, since the
rare element is on-resonance. It should be noted
that the computer calculations presented here do
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not extend beyond five linear absorption lengths
off-resonance from the main line or at resonance
with the selected transition. Therefore self-fo-
cusing-defocusing effects can be neglected.

IV. ZERO-AREA PULSE EXCITATION

A zero-area pulse has a special phase modula-
tion such that the area of the pulse is zero. A
simple example is that of a symmetric shape for
the electric field amplitude and a phase jump of m

in the middle of the pulse. Another equivalent de-
scription is that of a signal with constant phase
whose amplitude has a sign opposite in the first
half of the pulse to the sign in the second half.
Anomalous transmission effects of such a pulse
have been studied theoretically and experimental-
ly."' Nonlinear transmission occurs because part
of the energy lost by the first half of the pulse is
restituted to the second half by stimulated emis-
sion. As a result of this stimulated emission, the
medium is returned to the ground state by the tail
of the pulse. It is therefore proposed here to use
the zero-area pulse at resonance with the unwanted
isotope M, exciting the rare component I off-
resonance. One predictable advantage of this con-
figuration is that frequency-pulling effects will be
less important than in the cases where the main
line M is off-resonance. Indeed, in the later
cases with the mean pulse frequency being shifted
away from the main line, the resonance condition
with the selected transition is destroyed.

The case of a square zero-area pulse will be
considered first, for comparison with the excita-
tion scheme previously considered. The condi-

tions for selective excitation are now

KS ~(d0 & (18)

0.1—

a(d, ~ = m &2 . (19)

The pulse amplitude is A",/z for 0& t& ~ r and
—A&u, /xfor ,'r—&f& r. Here, in contrast to the
cases discussed previously, the transition on-
resonance with the radiation is returned to the
ground state, while the transition off-resonance
by the amount b, (d, is completely inverted. Com-
parison with the conditions (7) and (8) shows that
a factor of v 6 more energy is required for the
zero-area pulse separation process. The pulse
duration is, however, slightly shorter for the
same amount off-resonance.

The influence of inhomogeneous broadening on
square-pulse selective excitation is seen from
Fig. 5 to be much more important for the zero-
area case than in the case of the ~-2m separation.
The selection properties of the square zero-area
pulse are shown as a function of the pulse dura-
tion for the 5% mixture taken as example in this
paper. For the pulse corresponding to the condi-
tions (18) and (19) (—,'8=area of the first lobe
= w/~2 in Fig. 5) nearly total excitation of the
transition I is achieved, but an appreciable frac-
tion of the transition M is seen to be also excited.

XEu
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0.1
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0
0

AREA OF FIRST LOBE e/2

FIG. 5. Excitation rates and "figure of merit" r of a
square zero-area pul. se as a function of the area of its
first lobe or its pulse width, for a constant pulse am-
plitude (& =&~0= 5&av)-

0.2
0

0 10 20 30

PROPAGATION DISTANCE (UNITS OF CM )

FIG. 6. Propagation of a square zero-area pulse. The
excitation rates and pulse area (defined as the Fourier
ampl. itude of the pulse at the resonance frequency of the
main line) as a function of propagation distance (ex-
pressed in units of linear absorption lengths at the re-
sonance frequency of the main line M).
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h, WI

30

The "figure-of-merit" number x is therefore seen
to have a maximum for smaller values of —,'8 (or
r).

Results of a computer simulation of the propaga-
tion of a pulse with initial value corresponding to
—,
' 8= 1.111 (v8 = 66„) are illustrated in Fig. 6. As
in the case of the unmodulated square pulse (Fig.
1), the "residual" excitation of the main transi-
tion Ihw„/2wo„I drops with propagation distance.
The naive interpretation that the improved se-
lectivity is due to "hole burning" from the main
line in the pulse spectrum is seen to have some
qualitative value. Indeed, the varia. tions of I &w„/
2w»I with distance are clearly correlated to the
variations of 8 (Fourier amplitude of the pulse at
the resonance frequency of the transition M) in
Fig. 6. A gradual increase of 8—and therefore
an increase of

I aw„/2w» I
—is to be expected be-

cause the weak off-resonance line I repells the
mean carrier frequency of the pulse. Interfer-
ences between the various nodes of the zero-
area pulse at different frequencies propagating
with different velocities' probably cause the ob-
served oscillations of the value of 8 with distance.
The highest separation factor is about two-thirds
of the highest value reached in the example of
Fig. 1.

In the presence of inhomogeneous broadening,
the zero-area pulse satisfying the conditions (18)
and (19) may not be the best choice for optimal
separation. The dependence of separation proper-
ties on pulse width for a zero-area pulse com-
posed of two Gaussian lobes is illustrated in Fig.
7. Such a signal can be constructed by delaying
50% of a Gaussian pulse by an uneven number of
half wavelengths in a Michelson-type interferom-
eter. ' It should be noted that neither this type of
zero-area pulse shaping nor the one used by
Grieneisen et al.' involves any loss of electro-
magnetic radiation, as the generation of a square
pulse would. It can be seen from Fig. 7 that the
excitation of the main line M decreases with de-
creasing pulse width. It can indeed be argued
that with decreasing pulse width, the frequency
difference between the two peaks of the "Camel-
shaped" Fourier spectrum of the zero-area pulse
increases, which makes the increase of separa-
tion factor plausible (because of the reduced in-
tera. ction with the main line M at resonance).
Here also, the high values of the excitation rate
of the group I clearly demonstrate that classical
arguments based solely on Fourier or field ampli-
tudes are inappropriate. The major difference
between this excitation scheme and the 71-27T se-
lection is that the separation factor has its higher
values for much shorter pulses. This is an ad-
vantage, since it implies that the optical selec-
tion can be made at a higher pressure with zero-
area pulses than with normal Gaussian pulses

O
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I—

10

0.1

0
0.3 0.4" PULSE WIDTH"

FIG. 7. Excitation rate of the rare element (dotted
line), separation factor (dashed line), and "figure of
merit" & (sol.id line) of a Gaussian-generated zero-area
pul. se, as a function of pulse width &. The area of the
Gaussian generatrix is maintained constant and equal to
mV 2.
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FIG. 8. Propagation of the Gaussian zero-area pulse

of Fig. 7 corresponding to v= 0.2089.
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(the pressure determines the collision time T„
which has to be longer than the pulse duration).
The evolution of the separation properties with
propagation distance of a "Gaussian" zero-area
pulse is illustrated in Fig. 8. The input pulse
was choosen to be

~2 t-0.1 05
'

(( o 1pg)']cS = exp — —exp—

(20)

(x8 given in units of D„and f in units of 5,„)
which, from Fig. 7, combines a high excitation
rate with a moderate pulse energy. The variation
of separation factor with distance does not peak at
as high values as for the pure Gaussian pulse
(Fig. 4). However, in the present example, the
input pulse is not optimized for higher separation
ratio.

It is difficult to compare directly the zero-area
excitation with the conventional steady-state ap-
proach because the physical conditions are dif-
ferent. The merit of the method proposed here,
as compared to long-pulse excitation, depends
upon the relative values of the energy relaxation
time T„ the phase relaxation time T„ the Doppler
width 6,„, and the isotope shift, and thus on the
choice of a particular system. As an example,
let us consider a model where T, =2T, =85,,', with
an isotope shift of 55„. The separation properties
shown in Fig. 8 for the zero-area pulse of Eq.
(20) apply to this medium, since the pulse width
is shorter than T2 (r =-', T2). Figure 8 shows
roughly 80% excitation for the rare element for
a long propagation distance, with an average sep-
aration factor of approximately 80. Let us now
consider selective excitation of the same medium
with a square pulse of duration &» T„of the
same energy as the zero-area pulse (fv'8'T, dt

=48.5), applied now at resonance with the rare
element. It is of course impossible to achieve
80% excitation with pulses longer than T2. Ne-
glecting the inhomogeneous broadening, Eq. (11)
shows a separation factor of only s = 2.6 and an
excitation of

~
awz/2woz

~

=0.497 for a pulse width
of 7 =32T, . For a much longer pulse of the same
energy, r=400T„Eq. (11) gives a. separation fac-
tox of approximately 80, while the excitation drops
to (iLa'z/2woz~ =0.89. Still lower figures would re-
sult if the inhomogeneous broadening was taken
into account.

In conclusion, there is a wide range of possi-
bilities for quantitative excitation of a particular
isotope using coherent interaction properties. Se-
lective excitation using either Gaussian or zero-
area pulses has been compared for a particular
mixture. Propagation of a Gaussian pulse through
the medium is seen to lead to higher separation
factors. On the other hand, the possibility of
using shorter pulses and denser matter may be
a definite advantage of the zero-area pulse scheme.
The choice of one or the other scheme, which de-
pends upon a number of practical considerations
in a specific application, is beyond the scope of
this paper.
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