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Effects of pei-iiianent dipole moments on the collision-free interaction
of a two-level system with a laser and a static electric field

Gerald F. Thomas
Ontario Hydro Reserach Division, 800 Kipling Avenue, Toronto, Ontario, Canada MBZ5S4

(Received 14 December 1984; revised manuscript received 30 August 1985)

The consequences of having state-specific diagonal transition matrix elements on the interaction

of a two-level system with a laser field and a static electric field are examined within the dipole and

rotating-wave approximations. A finite difference between the permanent dipole moments can re-

sult in the appearance of subsaturating ancilliary fringes flanking the usual Lorentzian transition

resonance. The requisite conditions for a two-level system to exhibit an oscillatory line shape are

discussed. These fringes arise from the essential transparency of the system to the field at

prescribed intensity-dependent frequencies.

I. INTRODUCTION

The existence of permanent and induced electric di-
poles' in molecules was first postulated by Debye and the
concept is widely used in current theories of dielectrics
and molecular structure. For a molecular system consist-
ing of k =1,2, . . . , N„nuclei of charges Zke at Rk and
k =1,2, . . . , N, electrons at rk, the total electric dipole
operator is

N„

v =e gzkRk —hark

where the R's and r's are referred to a molecule-fixed
orthogonal curvilinear coordinate system I e
a=1,2,3, located at the center of mass of the system.
The unit vectors e are parallel to the principal axes of
inertia and p = g i p~ ~ e~ ~, where the p~ ~ 's are
the components of p~ in the inolecule-fixed ccerdinate
system. Within the dipole approximation, the interaction
potential of the system with a classical field is

ga, E(R,t)—, where E is the electric field vector at the
center of mass R with respect to a laboratory coordinate
system and p, is the electric dipole moment operator in a
space-fixed orthogonal curvilinear coordinate system

[e~, I, a=1,2, 3, located at R. In terms of its com-
ponents p~, in the space-fixed coordinate system,

p, =g, p,~,e~, . The orthogonal transformation ma-

trix A, whose components are the direction cosines be-
tween e, and e~ in terms of the Eulerian angles of
orientation, serves to relate the space- and body-fixed di-
pole moments through p.,=Ap . In the stationary state
eigenenergy basis, the interaction potential has the general
matrix element (i

~ p, E(R,t)
~
j) so that E may couple

the nonvanishing permanent electric dipole moment,
which is proportional to the diagonal matrix elements
(i

~ p, .E
~

i ) when the system is in the state
~

i ), in addi-
tion to the induced electric dipole moment, which is pro-
portional to the off-diagonal transition matrix elements
(i

~ gc, E [j) connecting the states
~

i ) and
~ j ).

In nearly all considerations of the dipole interaction of
a quantized system with an electromagnetic field it is usu-

ally assumed that the diagonal dipole matrix elements are
zero since ordinarily atoms, the most common systems of
attention, have no permanent dipole moments. Pantell
and Puthoff' have emphasized how Laporte's rule renders
the appearance of only those resonances corresponding to
the absorption of an odd nuinber of photons in a two-level
system whose states are of definite parity. In contrast,
Oka and Shimizu have treated two-photon saturation in a
two-level system whose states are of mixed parity. Zon
and co-workers "' ' ' have used second-order perturba-
tion theory to calculate the quasienergy spectra of a dipo-
lar molecule and of an excited-state hydrogen atom, sys-
tems with both permanent and induced dipole moments.
More recently, Meath and Power+' investigated the ef-
fects of diagonal matrix elements on the multiphoton res-
onances resulting from the interaction of a two-level sys-
tem with a static and an oscillating field. Without invok-
ing the rotating-wave approximation (RWA), exact rela-
tions were obtained subject to limiting conditions involv-
ing the orientations and strengths of the applied fields.
Meath and Power+ ' have also calculated the rates for
multiphoton absorption of plane- and circularly-polarized
light by molecules, both rigidly fixed and randomly
oriented with respect to the source, and include the contri-
butions from permanent moments. Their analysis in-
volves use of low-order perturbation theory and conse-
quently the results, although applicable to multilevel sys-
tems, are limited to relatively short presaturation times
where Fermi's golden rule is applicable.

Herein the dipole interaction of a two-level system
with a near-resonant applied electromagnetic field is in-
vestigated. The system's two states

~

i ) and
~ f ) are as-

sumed to possess permanent dipole moments. If the field
E has a static component E' and an oscillating com-
ponent E of circular frequency co each polarized in the
direction e, i.e., E=Ee=(E'+E costi)e, we denote the
diagonal dipole matrix elements (i

~
y, , e

~

i ) and
(f

~ p, e
~ f ) by p;; and off respectively, while the off-

diagonal dipole transition matrix elements (i
~ p, .e

~ f )
and (f ~ p, .e

~

i ) are denoted by p,f and pf;, respectively.
1n Sec. II, the induced transition probability for phot»b-
sorption by a two-level system from an initial state

~

i )
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with energy co; to a final state
I f ) with energy co~ in a

field E is calculated, with inclusion of the effects of per-
manent dipole moments on the line shape. The paper
closes in Sec. III with a concluding summary.

Atomic units are used throughout this paper unless oth-
erwise indicated.

II. FORMAL ANALYSIS

Since the analysis in this section is predicted on the di-

agonal dipole matrix elements p;; = (i
I y,, e

I
i ) and

p ff (f I

——p, e
I f ) having unique finite values, one must

endow the states
I
i ) and

I f) with their full complement
of quantum numbers and attendant motions in order to
establish the condition(s} for the validity of this assump-
tion. For simplicity, take Ii) and

I f) to be rovibronic
states of a polar molecule in a totally symmetrical elec-
tronic state. If the polarization axis e is chosen to coin-
cide with the space-fixed axis e3, and the permanent di-
pole moment is inclined at an angle 8 to e3, then

p, e=p, 3 cos8 is the projection of the dipole moment

operator on e. An isolated molecule in a nondegenerate
state

I
k ) and free to orientate itself in all directions has a

vanishing expectation value (k
I p., I

k) since
I
k) is of

fixed parity and p, is a vector operator. However, in the
presence of a static field E'=eE', the projection of the to-
tal dipole moment (permanent and induced) operator on e
1S

p3,pygs8+(&33, pg All yg )E cos 8+(x i] ygE

where the a's are components of the polarizability in the
molecule-fixed coordinate system. It is well known' that
for sufficiently large E' the orientation-averaged dipole-
moment operator is JM3 +a E', where a =a33 is the
field-directed polarizability. Thus, the static field aligns
the permanent dipole moment along its polarization direc-
tion and consequently inhibits the free rotation of the
molecule. Under these circumstances one can readily
show that the initial state amplitudes a;(0) and af(0} of

I
i ) and

I f ) evolve under the influence of the static elec-
tric field as

at(t} —1

af(t)

exp( —,'i tof;—t)

exp( ,
' i o3f;t)—

y cos( ,
' yt)+i tof; s—in( ,

' yt)—
2ipflE'sin( ,

' yt)—2ip,fE'sin( ,
' yt) —a;(0)

y cos( —,
' yt) —itoflsin( ,

' yt)—

4(p,fE')'
Pi(O, t) = sin2(yt/2),

y' (2a)

which has the steady-state value

where cof; cof; (p——ff p, ;; )—E' is a—n effective level separa-
tion, cof —cof N ' is the isolated system's level sep-
aration, y'=o3 fl'+4(is, tfE ) pg'g =(i

I p3 ping I
t )+kg(E',

Pff =~f IP3. If&+& E' i2 f Pf = &i Iit3, If & and
for simplicity we have taken a to be independent of the
rovibronic state of the system. From Eq. (1) it follows
that for a;(0)=1, the field-inducai time-resolved transi-
tion probability is

I
1&=a'I &)+b'If),

where the expansion coefficients are given by

2ay =(y+osf;)a;(0) —2p,fE'af(0),

2by =(y osf; )af (0)—2p—, ,fE'a; (0),

2a'y =(y —osfl)a;(0)+2pflE'af(0),

2b'y=( y+oifl)a f(0 )+p2flE' a(0),

(3c)

(3d)

4 Es 2

P,"(0)=-'
2 y'

with corresponding eigenenergies

1 1No= T(co;+os }—Ty (3e)

H =Ho (iJ3 ~+a~E')E', — (3a)

where Ho =os'
I
' )('

I
+os If ) ~f I

is the Hamiltonian
operator for the isolated two-level system, has the nonde-
generate stationary states

IO&=a
I

t &+b I f) (3b)

where the power-broadening saturation parameter is

ALE fE'. Thus, if p'ff &pii, then E' effectively decreases
the level separation (i.e., os; &cofl), and the nutation
period of Pi(O, t) increases, and conversely.

Equation (1) suggests that the static field-oriented
two-leveI system with the Hamiltonian operator

and

1 1

~1 2 (~ +~f}+Ty (3

respectively. If E'=0, one notes that
I
0) =a;(0)

I
i ),

ohio ——co; and
I
1)=af(0)

I f), co, =cof. Thus, the initially
isolated two-level system is rotationally polarized by the
static field and adopts the stationary states IO) and

I
1)

with energies coo and co&, respectively. %'e now proceed to
explore the photodynamics of the aligned two-level system
in a classical time-varying field. The equation of motion
for the state amplitudes of this nondegenerate two-level
system dipole interacting with an oscillating field
E =eE cosset is
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d
l

dt

cop —pppE cos(cot) ppiE cos(cot) ap

—pipE cos(cot) coi —piiE cos(cot) cii
(4)

where ak is the probability amplitude of the state
~
k), k =0 or 1, pm=(0~ p3 ~0)+a E 2ctbptf+a

pll (1
1 p3~ I

1 ~+amE 2' b pfi+amE ~ and p=ppl =pip= (0
~ p3 (

1 ) =(ctb'+ct'b)pcf. We denote the difference
in the permanent dipole moments of the field-orientated two-level system by d =p» —p~&. Using Eq. (3d) one can easily

s ow that
I
d

~

(
~ pif ~

aild d =0 if E =0; otherwise d is finite, even if pff —p,;;=0 in the isolated molecule eigenener-

gy basis. Also, y )4(p;fE') T.ransforming to an interaction picture defined by

PkkE
ctk(t) =bk(t)exp i c—okt — sin(cot), k =0 or 1 (5)

Eq. (4) becomesb'0, 0
i —= pE c—os(cot)

bi P exPti [coipt —rl sin(cot)]I

expI i[co,pt— falsi n(—cot)] I bp

0 b)

where coip ——coi —cop is the level separation, and the dimensionless parameter rl is defined by

7cl=dE /co .

Using the identity

e px[i lysi (ncto)]=J (ptr)+ g Jt, (i))[exp(ikcot)+( —1) exp( ikcot)], —
k=&

where the J's are Bessel functions of the first kind, and invoking the RWA wherein one discards all rapidly oscillating
terms that make negligible contribution to the transition rates, Eq. (6) reduces to

bii
i b

————,' pE ai(d,—E,co)
exp(icoipt)

exp( i'co
i pt) b—p

(9)

a(i,d E, c)o=(2/rt)Ji(rl), (10)

where the time-independent parameter ai(d, E,co) is de-
fined by

P, (co, t) =1—
~
cp(t)

~

and is given by

(pE ai)
p, (co, t)= sin (QRt) .

~ ', ii+(pE'a, )'
(14a}

and coip ——co,p
—co is the detuning frequency. Further

transforming to an interaction picture defined by

ck(t) =bk(t)exp( —,'ico&pt), k—=0or 1

If the oscillating field executes many optical cycles
throughout its duration then the long-time averaged value
of Pi(co, t) is

Eq. (9) yields

cp(t)+ ~ [Sip+(pE ai) ]cp(t)=0, (12)

(pE a, )
Pi" (co)=—

32 co ip+(pE ai)
(14b}

with a similar equation for ci. So within the RWA, the
two-level system dipole interacting with a classical field is
dynamically equivalent to a unit mass oscillator with a
Rabi frequency of oscillation

Qii =
z [co ip+(pE'ai)']'" (13)

The solutions of Eq. (12) are of the form c p+Qiicp ——A,
A an arbitrary constant, and represent a family of ellipses
in the cpcp plane so that all solutions are 2'/Qs periodic
in time. The most interesting solution is that correspond-
ing to the situation in which the two-level system is ini-
tially in the lower state

~
0) with the oscillating field in-

ducing Rabi nutations between ~0) and the upper state

~

1). In the c picture the initial conditions are cp(0) =1
and cp(0)= (i/2)coip so —that the induced transition
probability for excitation from

~
0) to

~
1) is

Whenever d+0, the power-broadening saturation pa-
rameter pE ai(d, E,co) is frequency dependent and, from
Eq. (10), it clearly vanishes at frequencies

co'i"' dE /j i k, k = 1——,2, . . . (15)

where j i k is the kth zero of Ji. At frequencies approach-
ing coIk', the Rabi nutation period increases, especially
if co'i

' is near resonant with coip. Further, the long-time
averaged transition probability vanishes at these
prescribed frequencies so that the usual Lorentzian line
shape is fianked at the saturating central frequency
co=coip by subsaturating oscillatory fringes. However, if
d =0 so that ai(O,E,co) = 1, then Eq. (14a) and Eq. (14b)
reduce to the well-known Rabi expressions'a" for the
time-resolved and time-averaIled induced transition proba-
bilities, respectively. Torrey ' claims that if E &&coip
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then the diagonal matrix elements )ts00 and pii do not ap-
pear in the approximate solution of Eq. (4) valid near res-
onance.

As is well known, the composite two-level molecule-
field system may be described in terms of dressed states"
with eigenenergies

sufficiently flexible to embrace the bandwidth uncertainty
in the former and the inherent modulation of the latter
from its peak value. The conditions for the validity of the
R%A are

(18a)

g) 1
6)p =COp —

2 OP&p+ Qg ( 16a) aild

co'» [(pE'/s) )&i(rl )]', (18b)

D 1

CO& =CO)+ 2 CO)p —Qg (16b)

Pi(co)=~ ' f exp( t/r)Pi(co—,t)dt,

is given by

, 4(pE ai)
Pi(co)= —,

'

v-'+n~

where r is a mean collisional relaxation time. Off reso-
nance and when dE is arbitrarily large so that rt~ea,
ai~0 and consequently P'i(co)~0. Similarly, as ~~0+,
Pi(co)~0 at on- and off-resonance frequencies. Thus, ex-
citation processes induced by a near-resonant oscillating
field will be ineffective if dE is arbitrarily large or if the
collisional relaxation time is very short.

An interesting consequence of the power broadening
parameter's dependence on both d and co is that Pi" (co)
will be asymmetrically skewed with respect to the one-
photon resonance or the central frequencies of the ancil-
lary fringes. This asymmetry is independent of the sign
of d and Pi (co)'s one-photon resonance and attendant
fringes will be skewed towards higher frequencies.

The foregoing formulas were derived within the RWA
on the tacit assumption that the oscillating field is near
resonant with the level separation. Since d and the jI k's
are unalterable, appropriate choice of E0 will ensure that
the co',"'s, for some k's, will cluster close to co=coi0. If
this is so then use of the fact that

I
d

I
&

I pcf I
alid

y & (2p tf'E) in Eq. (7) allows one to show that
E &2J'tkE'. Thus, provided E' is strong enough to
orientate the molecule along a fixed direction, a near-
resomint laser field of frequency coi -coi0 and of strength(k)

E & 2jt kE' and polarized in this direction will ensure the
appearance of a line shape with satellite fringes. The esti-
mates co'i '-coi0 and E &2jt kE'on the requisite laser fre-
quency, and field strength for an oscillatory line shape are

where, because of the periodicity of the oscillating field,
+Qx are the Floquet quasienergies. When E =0, co0 and
coi reduce to the undressed stationary states of the static
field-orientated two-level system. However, when 8+0
and in an electric field oscillating at co=co'i ', Qx ———,

'
coi0

and the dressed eigenenergies co0 and co, coincide with co0
and coi, respectively. Further, if for finite d, E becomes
arbitrarily large then again Qx ———,'coi0. Thus it would
appear that a finite difference d in permanent dipole mo-
ments between the states in an aligned two-level system
can allow such a system to be essentially transparent to
the laser field, irrespective of the strength of that field.

The Laplace collisional time-averaged value of Pi(co, t),
i.e.,

which physically correspond to the requirements for a
sma11 detuning and a small coupling-strength parameter,
respectively. When E'=0 and hence d =0, Eq. (18)
reduce to the usual criteria, ' viz. , coi0-co » I

—,
' pE

I
. It

is well known' that the antiresonant terms omitted when
invoking the RWA introduce intensity-dependent shifts in
the energy levels. The first-order Bloch-Siegert shifted
one-photon resonance is

COres CO10{ 1+[it'E ~1( Pres)/~10 )res) (19)

where rt,~=dE /co,~. The shift, which depends on both
the intensity of the field and on the difference in per-
manent dipole moments between the levels, is towards the
blue but will be small if co=cog'. If d =0, Eq. (19)
reduces9 to the usual expression'3 for the shift caused by
the counter-rotating phasor of the oscillating field. Not-
withstanding the possible fulfillment af the RWA and the
attainment of a negligible Block-Siegert shift, there are
two other major implicit requirements of our treatment
that must be met, viz. , validity of the resonance approxi-
mation and the absence of field ionization. The resonance
approximation, in which all but two of the quantized
system's energy levels are ignored, provides a convenient
starting point for analyzing the response of atomic or
molecular systems undergoing interactions with an oscil-
lating field which is nearly resonant with only two states
of the system. Herman, '+' by evaluating the polarization
af an atomic system both exactly and within the two-level
appraximation, has given an interesting account of the as-
sumptions necessary to justify the resonance approxima-
tion; only when one includes the lowest-order contribu-
tions from states outside the two-level manifold will the
resonance approximation be generally applicable. Wong
et al. '+b' and Burrows and Salzman'+" have shown that
neighboring nonresonant states cause a shift in the fre-
quency of the resonance profile of the two resonant levels.
The prevailing paradigm' of infrared laser-induced mul-
tiphoton dissociation of many polyatomic inolecules sug-
gests that the ascent up the low-energy harmonic stack of
discrete states proceeds through the sequential near-
resonant absorption of single photons, each photon being
absorbed by a two-level system in accordance with the res-
onance approximation. It would appear that the reso-
nance approximation and the concept of a two-level sys-
tem are well based provided field ionization does not jeop-
ardize the integrity of the two-level system. Field ioniza-
tion' usually refers to the ionization of an atomic or
molecular system by a static electric field which renders
possible the tunneling of one or more electrons to un-
bound states. Normally, field ionization requires either
large field strengths E'-e/a0 so that the electron-field
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cz„(d,E,co) =(2n/i))J„(g), (20)

where n = 1,2, . . . refers to the photon multiplicity of the
process. Since a„(O,E,co) =5„„it follows that when
d &0 the RWA treatment adequately accounts for
unshifted multiphoton resonances at co =co &o/n,
n =2,3, . . . , in a two-level system. Thus, the absorption
of n photons by the two-level system involves the partici-
pation of (n —1) virtual intermediate states. This ability
to absorb inany photons rescues the concept of a two-level
system from the derisive claims that it is a mere artifice
with an apparent life of its own, especially if the interleav-
ing levels correspond to stationary eigenstates bracketed
by the initial

~
i) and final

~
f) states of the isolated mol-

ecule. As in the single-photon case, if E =j„kco&olnd so
that E & 2j „kE'/n for some integer k, where J„
(j„k}=0,the n-photon resonance exhibits an oscillatory

interaction -eE'ao-e /ao is comparable to the Coulom-
bic electron-nucleus interaction, or that the atom or mole-
cule be in a high Rydberg state. In the present context the
requirement for a static electric field is merely to orientate
the polar molecule in a fixed direction and can be accom-
plished by relatively low-field strengths E'&&e/ao so that
the likelihood of inducing field ionization is small. Both
theoretical' ""' ' and experimental' "evidence suggest
that such a weak static field results in an enhancement in
intense laser-induced multiphoton processes in atomic and
molecular systems. Even if the static field is relatively
weak it is possible for the laser field to cause the system to
ionize. However, the moderately intense infrared lasers
used'~ for the deposition of many photons delivered in
short duration pulses to polyatomics do not generally re-
sult in the photo-ionization of such systems but, at best,
give rise to photodissociation through desirable channels.
In many cases the deposited energy is randomized
throughout the molecule via intramode coupling. Such a
thermalization mechanism is not possible in diatomics
and one must resort to the use of ultraintense laser fields
with F. -e/ao in order to induce dissociation or possibly
ionization. In such circumstances one should legitimately
works'b' with the field-dressed Hamiltonian operator of
the system and in terms of the field-dressed eigenstate
basis. Herein we are restricted to the use of laser field
strengths that, on the one hand, are large enough to in-
duce single photon (and multiphoton, see the discussion to
follow) absorption in molecules but, on the other hand, are
not so large as to undermine the validity of the resonance
approximation through allowing for the possibility of
photo-ionization. Also, since we are considering the pho-
todynamics of a single molecule orientated in a static elec-
tric field under collision-free conditions, the possibility of
dielectric breakdown is not an issue since the usual cas-
cade processes cannot take place.

For single-photon processes considered above, use of
Eq. (8) in Eq. (6) coupled with the RWA amounts opera-
tionally to the retention of only those terms evolving slow-
ly enough to make an appreciable contribution to the state
transition rates, subject to the proviso of Eq. (18). Exten-
sion to multiphoton processes occurring at integer frac-
tions of the level separation is straightforward. The gen-
eralization of Eq. (10) is easily shown to be

line shape that is asymmetrically skewed towards higher
frequencies although the "degree" of asymmetry and the
"widths" of the resonance decrease as n increases. Thus,
with multiphoton resonances essentially no new features
emerge over those revealed in the consideration of single-
photon processes.

Oka and Shimizu have shown that the two-photon
transition probability is given approximately by

1 [S d(~')'/~iol'
Pi"(co)=—

[V d«')'/~i o]'+[~—
& ~io —

&
(u&')'/~io]'

(2la}

This was derived' within the R%A and under the as-
sumption that the state amplitudes can be written as the
sum of high- and low-frequency parts. Equation (21a)
gives Pi (co) as a Lorentzian exhibiting a two-photon res-
onance at co= —,'coio[1+ 3 (pE /co&o) ], which has been
shifted towards the blue with respect to —,'co,o. In con-
trast, from Eq. (20) one obtains

p ~
( )

1 [ P 2

2 [4V&'Ji(n)/n]'+(2' coio)'—

where i) is given by Eq. (7). If we set co=—,'coio in Eq. (7),
then for sufficiently small dF. so that i)-0, Pi" (co) in
Eq. (21b} is equivalent to Eq. (21a) provided that we
neglect the shift in the resonance.

III. CONCLUSIONS

Within the RWA, a difference between the permanent
dipole moments in the states of a two-level system dipole
interacting with an oscillating electric field and a static
electric field was shown to result in a carrier frequency-
dependent Rabi-flopping frequency and power-broadening
saturation parameter. This power-broadening parameter
vanishes at prescribed frequencies so that the usual
Lorentzian time-averaged transition probability is flanked

by subsaturating oscillatory fringes. The first-order shift
in the saturating resonance is towards the blue and is
dependent on both the strength of the oscillating field and
the difference in permanent dipole moments between the
levels. The steady-state transition probability and its at-
tendant fringes will be asymmetrically skewed towards
higher frequencies, with the widths of the fringes becom-
ing smaller as the detuning frequency increases. If the
difference between the permanent dipole moinents in the
states is sufficiently large, then an off-resonance field will
be ineffective in inducing transitions between the levels.
A short collisional relaxation time will suppress all excita-
tion of the system. Both necessary (validity of the RWA,
negligible Block-Siegert shift) and sufficient (moderate
laser field strength E, relatively weak static field strength
E', co-co&o/n and E & 2j„kE'/n for n =1,2,3. . ., valid-
ity of the resonance approximation, absence of field ioni-
zation) conditions, that delineate the validity of the
analysis presented on the possibility of a polar molecule
exhibiting a line shape with satellite fringes, were dis-
cussed.

The essential reason why the time-averaged transition
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probability is accompanied by oscillatory fringes is that at
certain near-resonant frequencies consistent with the va-

lidity of the RWA, the two-level system is transparent to
the field. Indeed, at such frequencies the dressed states of
the molecule-field system coincide with the undressed sta-

tionary states of the static field-aligned two-level system.
Generalization of the formulas presented herein to ac-

count for induced multiphoton absorption in a two-level
system allows for the recovery of an early result of Oka
and Shimizu for the two-photon transition probability in
a system with state-specific permanent dipole moments.

We mention the resemblance of the oscillatory line

shape discussed here with the appearance of Ramsey
fringes' in beam experiments. Whereas the oscillatory

fringes we have discussed originate with the finite differ-
ence between the permanent dipole moments of a pair of
states near resonant with a laser field, Ramsey fringes
arise from the phase relation betwtx:n two magnetic fields
experienced by an atom and/or molecule in a beam ap-

paratus.
Finally, apart from allowing a uniform collisional re-

laxation mechanism to compete with the power-
broadening effects, the treatment presented here relates to
an isolated two-level system. Elsewherez we examine the
effects of permanent dipole moments on the response of a
Doppler-broadened two-level medium to a single-mode
standing wave.
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