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Colierent optival spectroscopy

1. Introduction

These lectures review a new branch of optical spectroscopy, whal may be
called coherent optical speciroscopy. Due to the availabilily of coherent Jgser
light, atomic and molecular quantum states can now be prepaied in coherent
superposition, in the same way that nuclear spin systems have been prepared
for over 25 years in pulsed nuclear magnetic resopance [1]. Coherently pye:
pared samples of this type exhibit a class of transient phenomena that of ey
new ways to obtain ultra high resolution optical spectra, and they allow fhe
optical spectroscopist to isolate fory the first time rndividual relaxajion pro-
cesses that have remained hidden within the optical lineshape. Many of thesg
optical transients have now been realized using the recently introduced Sturk
switching technique [2] and will be-reviewed. '

We shall treat these coherent transient effects semiclassically using the
coupled Schrédinger-Maxwell equations. Our procedure is to first solve the
Schrédinger equation, either in density matrix or Bloch form, for a molecular
system subject to a pulsed or continuous wave coherent optical field. This
preparative stage generates a sample polarization that can radiate coherent
light even after the preparation has passed, as prescribed by Maxwell’s eqoa-

. tions. Each transient effect corresponds to a particular sequence of one or
more preparative steps, followed by periods where the sample freely radiates
~ and where the polarization solutions can be traced from one stage to the pext.
In the case of a gas, the final polarization must be averaged over the Doppler
velocity distribution. As long as the radiated field amplitude is small compared
to the applied laser field, as in the present measurements, the solution is self-
consistent and the laser field can be assumed constant; this is the so-called
thin sample regime. At high optical densities, other coherence phenomena
such as self-induced transparency [3] occur.

1.1. Density matrix equations

We consider a molecular two-level quantum configuration where the lower
level is labeled 1 and the upper level is 2. In sect. 3, the corresponding three-
level problem is treated. The molecular gas sample encounters a laser field

Ei(z,1)= Ey cos{Qut — k2) (1.1)

. of frequency £ and amplitude E, polarized along the x axis and propagating
in the z direction. The time-dependent behavior of the density matrix p is
given by the Schrédinger equation of motion

ifip = {H, p] + relaxation terms . S (1.2)
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The Hamiitonian
H=Hy+Hy (1.3)
contains the free molecule part Hy where the eigenenergies are
UH (1 =t , '
QUHID = fieor , (1.4)
and the 1-2 level splitting in angular frequency units is
Wy — W F Wy (1.5
The molecule-optical field interaction term
Hy=-pEGD (1.6)
has the electric dipole matrix element |
My |2 =15 #0. (1.7
For this two-level problem, eq. (1.2) becomes
b1y = ix(pq) — py3) cos(Q ~ k2 — (pgy ‘P?l)/Tl ) (1.8a)
pr2 =ix(p3s — p11) cos(U ~ k2) — (ioagy + 1/T3) pya (1.8b)

where we have introduced the phenomenological decay time Ty, assumed
equal for the diagonal elements py; and py,, and T for pi4. The source term
£1; denotes thit molecules enter level 1 via relaxation from other quantum
states and Weé have defined the Rabi flopping frequency as
X = uyEolhi. - (1.9)

A similar equation in 4,, can be obtained from (1.8a) by the index inter-
change 1 + 2 and an equation in g5, from (1.8b) by taking its complex con-
jugate,

The rapidly oscillating fictors of the off-diagonal elements can be removed
with the substitution '

piz =Py @1-HD) (1.10)

and by neglecting foh-resonant high frequency terms that oscillate as
e2!(-k2), This procedure, known as the rotating wave approximation, re-
duces (1.B) to

dpyy ~ -
o = FixGay ~ 519) - oy — o7y, (1.11a)

]
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d 1y -~ ;
(a;-m*“fz—) P2 =3ix(p2y —p11) (1.11b)
where )
B=-Q+kv, +wyy . (1.12)

We also have recognized that the time derivative

{2 3
p—(§?+uzaz)p (1.13)

includes a second term because of a moleciilar velogity component v, along
the z axis that results in the Doppler shift kvz of ¥142). Note that at resonance

A=0,
1.2. Bloch equations

It is sometimes convenient to work with combinations of (1.11) and the
. . . L
corresponding equations for $5, and P2i. Fdr example, we may obtain

P1a+ Py = ~ibGy - B19)~ Gy +Fy )T, , (1.14a)
o2 —512)= AB12 % Py} *+ X(pgg — gy )L i(pa1 — 512)/T, (1.14b)

Paz = P11 = ~iX(By — B12) ~ (o33 - oy T + (0%, -} Ty

t1.140)
These are the Bloch equations and tmay be-written as
utAv+ufT, =0, S
U —Au—xw+y/T5=0, L15E
W+ xu+(w— WO)T =0, (1.152)
using the variables
u=512+521 , ‘.16;‘._'
W= — P13 . Ao
The set of egs. (1.15) can be written compactiyAs
d8 _
T BxXB (1.17)
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where these vectors have components

B=ju+tju+kw=[u, v w}, .(1.18)

B=ix+kA=[-x,0, 4}, (1.19)

and we have omitted relaxation for the moment {4]. Eq. (1.17) has the geo-
metric interpretation of a vector of constant length B, the Bloch vector, pre-
cessing about an effective field p (fig. 1). In the nuclear magnetic regpnance
case formulated by Blach [5], the spins precess in real space about ap eflective
magnetic ficld, consisting of a statlc and an oscillating part. In the elgctric
dipole or optical case considered here, the precession is not in real gpace, but .
is only a geometric interpretation of a mathematical result. Relaxat|on may
e included simply in (1.17)if we let T=T5 = Ty, and thus the Bloch vector
shrinks with time as e=%/7. In general, the Bloch vector will not only be a
function of z and r but of other variables such as molecular velocity v, namely,
By, z ).

The solutions to eq. {1.15), which were discussed initially by Torrey {6]
are of the form

M()=Ae~9 + Be=P cosst + Ce~¥ sinst + D, (1.20)

é’_-» -
T = xB

Q.IQ.

Bit) = [uit), vit), wit]
E =[x, 0, &)

Fig. 1. The Bloch vector B in its precessionat motion about the effective field Eprovides
a simple geometrical representation of the time-dcpendent behavior of the molecule-
opiical field Interaction, following directly from Schrodinger's equation.

)
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where M(?) = u(#), v(f) or w(r). The D term expresses steady-state behavior
and the other terms are transient in nature. The constants cannot be obtained
analytically in general except for certain specialized cases such as

A=0,
T =T, .
x> 1Ty, x> 1Ty.

1.3. Polqrization and field equations

The tight wave, eq. (1.1), induces in a sample of molecular density N the
polarization

P(Z, f)=Nleei(nr“kz)(alz)+ c.Cc. . (1-21)
The bracket {) denotes an average over the Maxwellian molecular velocity dis-
tribution
~ 1 P 2
= —(a/ke)” 4
@12 = o [ Bz da, (1.22)

where A is given by (1.12) and u is the rms velocity, not to be confused with
the Bloch vector component. Note that 5, = 3 (u + iv). This polarization, in
turn, is the origin of a signal field '

Es(z, f) = Elz(z, by el —kz) 4 c.c., (] .23)
which can be calculated from Maxwell’s equations

0}, : - o

5z ="'21|’lkN,U]2(.012>. (124) o

In eq. (1.24), only the lowest order terms of the wave equation
2By 1 3@ _4r 3%, 0)
922 2 a2 2 32

have been retained, a procedure that is justified as long as the signal amplitude
is much smaller than the laser field, £ 12 € £,

(1.25)

1.4. Optical nutation
Simplified case. Consider now the transient effect that results when a mole-

cular sample is suddenly exposed to intense resonant laser light. Molecules
begin to execute an alternating absorplion and re-emission of laser light us

=
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-— Absorption
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Fig. 2. The cptical nutation effect in l:’CHgF following & Stark pulse of amphtude
¢= 35 Vfem. (From Brewer and Shaemaker {2].)

they are driven coherently between upper and lower states (fig. 2). The effect
has been called “optical nutation” {7} by analogy with Torrey’s transient

“spin nutation™ [6].
To illustrate the solution of the Bloch equations for this effect, we first

simplify the problem by omitting the decay terms in (1.15) so that

u+thAv=0, (1.26a)
G- Au—-xw=0, (1.26b)
wHxw=0. o (1.26¢c)
These are easily solved to give in the regime £ >> G,
u(:)=A‘;§°) (cosfr— 1, (1.273)
>
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u) = "“’(0) XW) sin it (1.270)
w(t) = w(0) [1 +5 Ceospi- )] , (1.27¢3
where the initial conditions at time £ =0,
B(0) = [0,0,w(0)], (1.28)
have becn utilized. Eq. (1.27) states that the amplitude of the Bloch vector
B(8) = [42(6) + v2(£) + w{£)]1/2 = w(0) (1.29)

is preserved at al! times, and that it precesses about the effective field f of
{1.19) with 2 frequency

IB=|/A§ +x§_ . (1.30) ’

This motion is especially easy to visualize for the case of exact resonance,
when A = 0, because u{#) = 0 and the Bloch vector executes a right angle rota-
tion about g = x; see fig. 1.

We now apply the results of subsect. 1.3. According to (1.24), the ampli-
tude of the signal field which exits a sample of length L is

Elz(L, f) = --ZTfikNLﬂlz(Elz) » . (1.31)
and the Doppler-averaged density matrix is given by (1.22),

~ S 2
(pu>=mf "2"(u+w)e'“mﬂ‘") da

iXW(O) —(a l/ku)z SanAz + x
qu - e dA

A+x

BT () e~ o). (1.32)

For simplicity, we have assumed that the excitation is centered near the Dopp-
ler peak at A = A; so that the Bloch component () ~ 0. Furthermore, we as-
sume that the bandwidth excited is narrow compared to the Doppler width

_ ku so that the Gaussian may be taken outside the integral. Combining {1.31)

and (1.32), we obtain for the signal field (1.23)

E(L D= ~(@/k)’ o (xr) cos(Qt — kL) . (1.33)
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The transmitted laser beam thus ex):iLii. - 7 »w aszillation, of frequency ~,
that is expressed by the zero-order Bessel function Jy(xf) and reflecls the rate
that molecules are driven between lower and upper states. This is essentially
the result that is obtained in a more complete treatment where damplipg is not
neglected, the case we will consider next. Fig. 2 shows the “nutation” e¢ffect
which displays the Bessel function ringing behavior (2).

Nutation with damping. We now give the results of a similar calcylation
[7,8] where the damping terms in (1.15) are not neglected. Since tge Bloch
equations did not yield to an analytical solution in general, we need to assume
that T'= T, = T'|. We find in a straightforward manner that for times ¢ >0

- ot/T 3 T sin ft
P

w0/T2 ] cosfr—1 Axw?
X2+A2+”T2 ﬁl X2+A2+1,T2

‘A [Au(()) +w(0) —

. (1.34a)
X+aZryre’

= _r/T _ XWOIT
b(t) = e [[u(o) Mx2+A2+llﬂ-[cosﬁt

T2 ] sin Bt T
+[Au(0)+x\v(0) Z+at+ 172 B +x2+A2+1/T2'

(1.34b)

_ .
w(f) =e~t/T [W(O) - w0 X[U(O) 5 +XZZ/+ T”TZ] snﬁl3 pt

0172 <y 2y,0
xwd/T ]cosﬁt—l Xw
+ x| Au(®) + Q) - t.
x[ 4(0) + xew(®) x2+ A2+ 172 iz x2+ A2+ 1/T2

2
+0 (1 — X ) , {1.34¢)
x2 +A2 + 172

Here, the initial conditions (0), »(0) and w(0) at ¢ = O are not assumed to be
zero and we recall that w0 = 09, — £9, is the occupation probability difference
in the absence of external radiation. The last term in eqs. (1.34a, b and ¢) is
the steady-state value; it will be of interest in the case of steady-state prepara-

3
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tion. The trunsient solutions will be of interest for the case of pulse prepara-
tion, as in an echo experiment.

Proceeding as before, we adopt the initial conditions (1.28) B(Q) =
[0, 0, w(0)], and find that the Doppler-averaged density matrix element is

~ 1 ” 1 iy d
= 2 ~{afki)
b1z K/ f FAGREL da

SV 0y e G’ oy T[Jo(xr) ¢ 20O

ki N

oa

_ 2W%/w(0) f da
T o x2 +A24 IITZ

T +§1_A_+_>£5)} _ _
X(co A+ yét TW (1.35)
The leading term of (1.35) is the same result as eq. {1.32) except that it is
damped by the factor e=*7. The second term is the steady-state value of
(912 and for the present purpaose can be ignored. The remaining two integrals,
which cannot be evaluated analytically, can be estimated by replacing the tri-
gonometric functions by unity; they are smaller than the leading term by
~1/xT and ~1/(xT)? respectively; these rerms can be neglected usually since
xT ~ 102. The nutation signal field then becomes

N )
E{L D)= 3’%‘_ VLY xw(@) g p0 ™A ot1Ty (yyeos(@r — kL)
(1.36)

1.5. Free induction decay

Let us assume that a molecular sample is resonantly excited under steady-
state conditions by a laser beam and that suddenly the excitation is terminated.
Under these conditions, the sample will radiate an intense coherent beam of
light which has been called “optical free induction decay” [9] (FID) by analo-
gy with the NMR effect first seen by Hahn [10]. For the present purpose we
shall assume that the preparative stage ends by switching the molecular transi-
tion frequency out of resonance with the laser frequency. The switching mech-
anism is the Stark effect and will be discussed in the next section,

The preparative steady-state solutions for the period ¢ < 0 can be derived

from the Bloch equations (1.1 5) by setting the time derivatives equal to zero
and yield

u(0) = —AxwO/OAT, /T, + A2 + 1 1%, (1.37)

(0
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v(0) = QO TR ORT Ty + A7 = 1/73) (1.38)

w(0) =wO[1 — OAT,/TIGRT /T, + A2 +1/T3)) . (1.39)
These are the three time-independent terms of (1.34), 'but withous the restric-
tion that Ty = T3. A _

At time ¢ = 0, we assume that the molecular transition frequency has been
shifted by Aws) so that _

A A=A+ Aw,y , ' (1.40)

and that the sample is sufficiently far out of resonance with luser light that we
may set x = 0. The Bloch equations are then of the form '

it Av+ufT,=0, -~ (1.412)

6 —Au+u/Ty=0, . (1.41b)

W+ (w-w0)T; =0, (1.41c)
and the solutions for ¢ > O are given by

u(?) = [u(0) cos A"t — v{(0) sin A'r]e"/ T2 (1.42a)

we) = [u(0) sin A"t + u(0) cos A'tfe T3 (1.425)

w() =w0 + [w(0) — wO] e_t"Tx . (1.42¢)

To obtain the field ra.diated, we again take ihe molecular velocity average ex-
pressed by (1.22)

@)= 2\/'_]( f g—ta /i)’ [1(0) sin A't + v(0) cos A't] e-m" dA,
mku <

i —(ay fan)? 0 —1/T
[+ e
2k X
f“ ~Asin At +(1/Tp) cos At
e XETYT, + A2+ 113
T (A fku)
w%{_ e s wd exp[—#/T,(1 +\/x7T1T2 +1}]

u

~

cos Awgy

X (—-—1—- - l) cos Awqyt, (1.43)
VXZT]_ T2 +1
L

Conerent opticdd spectraicop:

Here, &) = 0 and we have assumed that the Ucppler factor can he taken out-

side the integral. The field amplitude (1.24) asscciated with the 1duced pola-
rization is

Elz = —I(Zn'ﬂ/c) NLulz(Elz) ' (1 44)
whereas the total field, including that of the laser, is
Ep=(Eyp +1Ep) el¥-k2) 4 o 0. (1.45)

The intensity, therefore, contains a cross term or beat

(E2Ypoqy = 2£158g

=EqQy4(7) cos Aw, 4t , t1.46a)
where
1
0,0y =2m3NLud E wo(————l)
X exp[—(A, /ku)?]exp[—t/Ty(1 +/X2T\ T, + 1)]. (1.46b)
§
‘
T B T
Time {psech

Fig. 3. Optical fres induction decay in NH, D following a step function Stark field. The
beat frequency is the Stark shift, and the slowly varying background is a nutation slgnal
of a second velocity group, more clearly shown in fig. 2. (From Brewer and Shoemaker

91).
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The decay behavior of (1.46) has two contributions [8.9]: (i) a homogeneous
part with time constant 7' and (ii) an inhomogeneous part with time constant
Ty/Nx2T T + | that reflects the velocity bandwidth excited during steady-
State preparation. At moderately high laser intensities (a few W/cm2), the in-
homogeneous dephasing can be dominant, the free induction signal +vill then
decay rapidly and appear modulated at a frequency given by the Stark shift
Awo) - The subtle behavior near the time origin is discussed eisewhere. An ex-

perimental demgastration of LWo FID effect is shown in fig. 3.
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