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Estimates of line-shape asymmetry are in qualitative

agreement with our observations.
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reported results which show a marked deviation from
the earlier work of Bennett, Chebotayev, and Knutson.!?

The recent theory of Gyorffy, Borenstein, and Lamb?®
is most relevant to the present experiment. Therein, an
expression for the power output of the type given in
Eq. (3) above is further clarified. Their parameters v;
and 7. correspond to our v’ and v, respectively. How-
ever, the theory predicts a nonlinear dependence on
pressure for vs. From our determination of v, this non-
linearity is apparently small for the 6328-A transition.
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Atomic relaxation in the presence of a strong coherent optical field is examined. Contrary to popular
practice, we find that the Bloch equations do not apply when the applied field is strong enough to saturate
the transition. The component of the induced polarization in phase with the field lives longer than the
out-of-phase component. One important consequence is that pulse durations for adiabatic inversion of
atomic levels need not be short relative to the transverse relaxation time of the atom if the pulse amplitude

is sufficiently large.

DIABATIC inversion of atomic levels by optical
pulses has been proposed! as a technique for
studying relaxation effects in atoms and molecules.
Previous experiments involving light pulses and atomic
coherence (e.g., photon echo? and self-induced trans-
parency?®) require pulse durations which are short com-
pared to the transverse relaxation time 7' of the atoms.
Usually T, is several orders of magnitude smaller than
the lifetime 7'y of the atom. Hence, this can be a serious
limitation.

We find that adiabatic inversion is not subject to the
same limitation on pulse duration. If the amplitude of
the pulse is sufficiently large, pulse durations need only
be short relative to 71, not T's. This feature, which is
analogous to field-dependent relaxation* or spin locking®
in NMR, suggests a broader range of applicability for
adiabatic inversion than previously anticipated.

To exhibit this property we consider a simple model
consisting of a two-level atom coupled to a coherent em
field. The atom relaxes by virtue of a weak interaction
with an external thermal bath, representing, for ex-
ample, collisions with other gas atoms. The atomic
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states, labelled |a) and [b) with energy spacing e,— s
= hw, are connected by an electric-dipole transition.
We choose I=1, m;=1 for level |a), and =0 for level
|8), where I,m; are the usual angular momentum
quantum numbers. The levels |a) and |b) are assumed
to be nondegenerate.

Both the coherent applied field and the incoherent
thermal bath are treated classically. The bath is de-
scribed by a weak electric field whose components
fluctuate randomly in time. The coherent wave oscillates
with the frequency w and is plane polarized in the
x direction.

The Hamiltonian for the interacting atom is written
H=H 4V ()4 Vi({), where H 4 is the Hamiltonian of
the bare atom, and V.(f) and V;(f) are the coherent
and incoherent interactions, respectively. Using the
eigenstates |a), |b) of H4 as a basis for a matrix repre-
sentation, we choose

01
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where p=ex,; is the atomic dipole matrix element,
E is the amplitude of the coherent field, 8E.(f)
= 8L, (1)=£i6E,(t) are the fluctuating field components
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of the bath representing “hard” (inelastic) collisions,
and p[8E,.(f)— 8E,(¢)] represents the fluctuation in the
atomic level spacing due to “soft” (elastic) collisions.

Each component of the incoherent field 8E.(Z)
(e===, a, b) is characterized by a correlation function.
We choose the following simple exponential forms:

BE(DSE,(t47)) = (8E, (1) 6 E, (1+7)).

=1AE;.26_“””',

)
([8Ea(t)—8Es(t) JL o Ea(t+7)— 8 Ex(t+ 1))

=AEj2e Il

where ( ), denotes a time average. Correlations between
different field components are assumed to be non-
existent. In this simple model, the thermal bath is
characterized by two correlation times 7, and 7. In a
gas, the correlation time for hard collisions 7 is of order
d/vr where d is an atomic diameter and 7 is the
thermal velocity of the gas. Typically, 7,~10—8 sec.
The correlation time for soft collisions is given by
7,~1/w,., where w, is the collision frequency.

The presence of a strong coherent field significantly
alters the relaxation of the atom by the bath. To under-
stand this field dependence it is convenient to transform
to a frame rotating with the frequency w of the coherent
field, viz., |¥())=exp(—iwL.t/#)| o(t)), where | (1))
is the state vector in the stationary frame, and L, is the
z component of the orbital angular momentum operator.

Under the rotation w the Hamiltonian H assumes the
new form 3¢=3Co+ U ({), where

Aw Q)2
JCoy~H 4 —wL,+eEx/2 =h< ) ,
Q2 0
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Here, Aw=wo—w measures the departure of w from
resonance, and Q= pE/# is the Rabi flopping frequency.
In the rotating-wave approximation 3¢y is time-inde-
pendent. Viewed from the rotating frame only the
interaction U(f) with the thermal bath depends on the
time.

The system 3Co (not the bare atom) relaxes by virtue
of the interaction U(¢). The two eigenstates of 3Cy are
readily found:

Wo| ) =hwi|x); we=3[Awt (AP +2)!2], (4a)

o) 1)

In this representation, the eigenstates |+) and |—)
are two-component column vectors with eigenvalues
wy and w_, respectively.

(4b)
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Following the semiclassical theory of damping first
suggested by Bloembergen, Purcell, and Pound® and
later generalized by Redfield,” we write®

0pyy dp__
P B —Y1(ps+—p--),
at at
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at
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Here, p is the density matrix (p,_=(+|p|—), etc.)
written in the interaction picture.

To describe atomic relaxation it is customary to
assume the validity of the Bloch equations.® These
phenomenological equations presume that the com-
ponents of the polarization in phase and out of phase
with the applied field decay at the same rate while the
population difference between atomic levels decays at a
different rate.

We find that the Bloch equations do not apply when
Q is large enough to saturate the transition. A trans-
formation of the Redfield equations (5) from the basis
|+) to the basis |a), |b) vields

dR
—=QXR—{[2y:24v:40* R,

dt
= (v2—2v1)AQR3} / (Aw?+4-Q2)
“]A’Y2Rz—é{[271Aw2+7292]R3
— (v2—2yD)AwQR,}/ (A?+Q2).  (7)
Here,

R=Ri+Ryj+Rsk, Ri=pas'+pvd,

R‘z=i(Pabl_‘Pbu/)y R3=Paal—pbb,) pﬂbl=<a|pilb>7

etc., where
o’ =exp(—1i3Col/h)p exp(i3Cot/%).
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Also, Q=0Qi+Awk and 1,7,k are orthogonal unit
vectors. Equations (7) reduce to the usual Bloch equa-
tions in the limit of infinite temperature® if 2<<Aw or in
the special case of isotropic relaxation y,=2y; for
arbitrary , Aw.

Note that R-Q and RXQ relax according to 2vy; and
72, respectively. This means that 2y; and vy, measure
the relaxation of R parallel and transverse to the
precession axis Q rather than to the k axis as in the
Bloch equations.

Whether this distinction is important depends on
the relative magnitude of 2y, and .. Substitution of
(2), (3), and (4) into (6) gives
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Viewed from the rotating frame, soft collisions appear
partially as hard collisions and vice versa. This explains
the admixture of both effects in the expressions for v,
and 7..

By way of comparison in the limit of vanishing
applied field (2 — 0), Egs. (8) reduce to

(8b)
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where I',= (pAE,/h)*r, is the contribution due to soft
collisions. Since the amplitude of the fluctuation in level
width pAE/#% is of order w. and 7,~1/w,, we have
I'y~w, as required.

Assuming v’ and v° are known for the bare atom, we
can obtain an order-of-magnitude assessment of v,
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and v If o~w>(Aw?+0%)12) as is likely for optical
frequencies, the term in (8a) due to hard collisions is of
order v". The remaining term due to soft collisions is
of order I'y/[14 (Aw?+Q2)7,2]. The latter is small rela-
tive to v,® provided that (Aw?4Q2)!27, is sufficiently
large. This condition requires that the precession fre-
quency of the vector R about the axis Q be large com-
pared to the collision frequency w.~1/7,. In this event,
the longitudinal (along Q) relaxation rate vy, is of order
v1’, which is generally small compared to the transverse
relaxation rate y.~v," given by (8b).

A specific example will serve to illustrate this result.
For the 1.15-u Ne transition in a 10:1 He-Ne mixture,
Szoke and Javan® measure y;"~7X10® sec! and
I'y~10%pr sec™!, where pr is the partial pressure of Ne
in torrs. For typical laser pulses and atomic dipole
matrix elements, the Rabi flopping frequency lies in the
range Q~10%-10 sec™!. Choosing Q~10® sec™! and
pr=1 Torr, we obtain Qr,~102 This gives, for the
1.15-u Ne transition, y1~v1"~7X 106 sec™!, while ya~y°
~Ty~10%sec”!. We conclude that for resonant Ne
atoms (Aw=0) the in-phase component of the polariza-
tion R; will live more than ten times as long as the
out-of-phase component R,. Thus, operating conditions
appropriate for a relatively long-lived in-phase com-
ponent appear to be readily realizable in practice.

A characteristic feature of adiabatic inversion is that
it generates a large in-phase component of the polariza-
tion. Since the projection of R along Q is preserved
during ~T1=1/y," (provided that Qrj >1), pulse
durations need not be short relative to To=1/v".

Preliminary experimental confirmation of adiabatic
inversion in SFs at 10.6-u wavelength has been obtained
by Treacy and DeMaria."" The apparent persistence of
the effect at anomalously high buffer gas pressures'?
prompted the present theoretical study. The relevance
of our theory to SF; is not clear because of cross relaxa-
tion between neighboring rotational levels. We believe
the theory is applicable to any system for which the
distinction between 7y and T, is large, a notable
example being an impurity atom in a solid.

We wish to thank E. B. Treacy for suggesting this
problem and for subsequent helpful conversations.
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