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The dynamics of coherences between sublevels of an electronic ground state is investigated under
conditions of modulated optical pumping. It is shown that the modulation corresponds to an
effective reduction of the apparent sublevel splitting, thereby allowing the excitation of coherences
between atomic sublevels whose energy splitting would require very high laser intensities for dc ex-

citation.

In addition, the frequency and phase of the modulation introduce additional degrees of

freedomthat can be utilized for the design of new experiments. The theoretical evaluations are
compared with experiments on the ground state of atomic sodium.

I. INTRODUCTION

The excitation of sublevel coherences with pulses of
polarized light is an eff|C|ent method for the spectroscopy
of atomic sublevels! A typical experimental setup, as
shown schematically in Fig. 1, uses a laser beam that in-
teracts with an electronic transition of the atomic medi-
um. If the laser beam is suitably polarized, it can transfer
angular momentum from the photons to the atomic
medium, thereby creating anisotropy in the state of the
atoms. In the example shown, the pump laser beam is
circularly polarized. A second laser beam is used to
detect the orientation present in the sample cell via
polarization-selective detection of the transmitted light.
For time-resolved experiments, optical pulses can be
used, derived either from a pulsed laser system or by
external modulation, as shown in the figure.

In the case of transverse optica pumping, i.e., when
the direction of the laser beam is perpendicular to the
direction of the magnetic field, efficient excitation of
ground-state sublevel coherences requires that the optical
pumping rate be large compared to the Larmor frequen-
cy.* If the sublevel splitting becomes large, the de-
phasing time of the optical coherences is short, or the op-
tical irradiation is far from resonance, this requirement
can pose severe requirements on the laser mtensty

On the other hand, it was realized early that if the in-
tensity of the light is modulated at a frequency near the
Larmor frequency of the system, it is possible to excite
coherence between atomic sublevels with relatively low
light intensities. These early experiments were performed
with harmonic modulation of a conti nuous light source, a
technique which is till applied today " With the intro-
duction of pulsed laser systems, however, it became also
attractive to use trains of short equidistant pulses? This
technique has been extended to very high frequencies re-
cently’ and thereby made it possible to detect sublevel
splittings in the GHz region.

Most of these experiments were performed in the fre-
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gquency domain by scanning either the modulation fre-
quency or the frequency of the sublevel splitting by vary-
ing the strength of the magnetic field, while keeping the
other quantity constant. A few time-domain experi-
ments, such as the creation of spin echoes, have also used
modulation of the laser intensity. 1® This experiment
demonstrated that modulation of the laser intensity not
only leads to more efficient optical pumping, but that also
the efficiency of the light shift effect, which is responsible
for the echo formation, !! is improved at higher sublevel
splittings.

®

LASER

A
AOM 4

FIG. 1. () Typical atomic-level scheme consisting of an elec-
tronic J :%<—>J’=% transition. The solid arrow represents the
trangition interacting with the optical pump beam, the dashed
arrows those coupled to the probe beam. (b) Schematic repre-
sentation of the general experimental setup. The rectangular
box in the center represents the atomic vapor cell in the magnet-
ic field B. The pump laser beam (full line) is circularly polar-
ized. A linearly polarized cw laser beam (dashed line) is used
for detection of the resulting spin polarization. P represents the
polarizer, BS the beam splitter, AOM the acousto-optic modu-
lator, B the magnetic field, A the analyzer, and PD the photo-
diode.
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Whilethese examplesdemonstrate that theadvantages
of optical pumping with modulated light are well known,
there is no thorough investigation so far of the dynamics
that are induced in the atomic system by the modulated
optical field. While such an analysisis crucial for most
time-resolved experiments, it is certainly also beneficia
for many frequency-domain experiments. The under-
standing gained from such an analysis allows one, e.g.,to
compare the advantages of the different modulation
schemes, such as harmonic or pulse train modulation for
particular experiments.

The possibility of exciting sublevel coherencesin sys-
tems with very large level splitting cited above is not the
only application of modulated optical pumping. In addi-
tion, it introduces additional degrees of freedom into the
experiment, the most. important ones being frequency and
phase of the modulation. These additional degrees of
freedom can, e.g., be usedto “label” the coherences that
are created by the optical irradiation with the corre-
sponding parameter, such as the phase. This labeling
scheme makes it possible to follow the evolution of the
coherences through an extended experiment. and distin-
guish coherencescreated at different stages.

The paper is structured as follows. Section Il summa:
rizes first the dynamics occurring in a J=1 atomic
ground state during constant optical pumping. The re-
sults are then extended to the case of modulated pump-
ing. In Sec. I11, the theoretical results are compared to
experimental measurements in Na vapor and some possi-
ble applications are discussed. Section IV contains a
summary and outlook.

Il. THEORY

A. Equation of motion

The goal of this section is the development of aphysi-
cally intuitive framework that gives arigorous descrip-
tion of the dynamicsoccurring in the systems of interest.
In order to facilitate this task, we make some assump-
tions about the system that will be fulfilled in all experi-
mental examples that we present here. We develop the
theory for the ground state of a model systemwith an op-
tically allowed J = 1+J'=1 transition (see Fig. 2) that is
homogeneously broadened. The experimental examples
will use Na gas with the laser tuned to the D, transition
and buffer gas added leading to a pressure-broadened
homogeneous optical transition and alowing one to
neglect excited-state effectsand the hyperfine couplingto
agood approximation. Sincethe use of modulated exci-
tation is of interest mainly in those cases wherethe light
intensity is low, we assumethat the population of the ex-
cited state can be neglected.

Before we start with the analysis of the system under
modulated optical pumping, it is helpful to discuss the
dynamics of a system irradiated with alaser beam of con-
stant intensity. Several accounts of that Situation ex-
ist; 12 neverthel ess, we summarize the situation herein a
way that is especially suitable for the understanding of
the situation in the case of modulated optical pumping.

In addition, our derivation of the equation of motionis

_ P12 1
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FIG. 2. Level scheme used for the analysis of optical pump-
ing; levels 1 and 2 are substates of the atomic ground state while
levels 3 and 4 belong to an electronically excited state. A
represents the detuning of the laser frequency from the atomic
resonance, I'{™* the spontaneous decay rates, w, the optical
Rabi frequency, andp;; the elements of the density operator.

more general than those given previoudly; in particular, it.
is also applicableto systems withinequivalent decay rates
from the optically excited state to the various ground-
statesublevels.

Starting from the model system depicted in Fig. 2, the
first step isthe derivation of equations of motion for the
ground-state populations and coherencesp,;, pi2, and poy;
the optical coherences and the excited-state populations
should not appear in these equations, which, nevertheless
should give a correct account of the influence of the opti-
cal field. Thisis of course only possible in the limit of
low-power irradiation; in addition, the evolution of the
ground-state variables must be slow compared to the de-
cay of the optical coherences. This condition will always
be fulfilled inthe experimentsto be discussed here.

If the atom is irradiated with o, light, the excited-
state sublevel |3 ) isnot coupled to the rest of the system,
S0 that it is possibleto calculatethe full dynamics of the
system from areduced three-level system. We consider,
therefore, two electronic ground-state sublevels, one of
which couples viathe radiation field to an electronically
excited state. This three-level system is described by a
3 X 3density operator. We usethe abbreviations

X =pi;tPji» Yi;=ilp;—py). 1

to describe the dynamics of the system in terms of aset of
real-valued variables. The x;; represent, therefore, the
real part of the coherencewhile the y;; correspond to the
imaginary part. Physicaly, they correspond to an in-
duced electric or magnetic dipole moment.

For the time being, we neglect any magnetic fields
present and discuss only the influence of the laser field,
which is assumed to be a plane traveling wave with angu-
lar frequency wy,,. Writing T'{* for the spontaneous de-
cay rate from level 4to level 1 (see Fig. 2), the equations
of motion for the density operator elementsin aframe of

reference rotating at the frequency of the optical field are
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pu=(01/2)y1,+T1 pu

X =(01/2)yy ,

Vp=(01/2)xy, ,

pn=r ‘11*2/744 ’

Xy =Ap1a—Toxy @)

V1e="Ax 1y —0lp;;—pa)— Ty »

Pus=(— /21, —Tipsy »
x24=( _‘ﬂ)l/z)ylz +Ay24—F2x24 ,
Ju=(—w1/2)x 3~ Axyy —Topyy ,

where A=w,_ 0y, represents the offset of the laser fre-
quency from optical resonance and @, the optical Rabi
frequency. T';=T%~14T%~2 is the tota decay rate of
the excited state and T, the dephasing rate of the optical
coherences.

B. Optical pumping

When the radiation field is switched on initialy, the
system is in a state of thermal equilibrium. The thermal
equilibrium density operator does not commute with the
Hamiltonian of the combined system atom plus radiation
field; it is therefore forced into a precession and relaxes
on a time scale of the order of the optical dephasing time
Ty ! t0 a quasistationary state in which the optical coher-
ences are

_ _CDIA _ —(011"2
x14—P117§2“_{_—I,%, J’14‘P11A—2+F% y o 3)

and the population of the excited state is
_ o T
2N 4T Ty

Since the excited state |4 ) has a finite probability I'{—2
to decay to level 2, which is not coupled to the laser field,
population is pumped from level [1) to level [2). In the
quasistationary state, this process can be described by a
simple rate equation for the populations of the ground-
state sublevels:

Pal)=py,  tt 1)

£ pt)=—kpy()= = pr1), 5

with the rate constant

F:;,—»Z (O%

I" -
‘ri=l+ri-? 2(A%+ 1))

k= , ()

or, in terms of the population difference z5 =p,,—p11
, d .
212=’d_t(P22—P11)=2P11=kpu(f)=k[1_Z1z(t)] .

Under the assumptions made here, the ground-state
population is therefore pumped completely into the
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second level. This is of course only valid as long as the
relaxation of the ground state can be neglected and no
magnetic field is present.

C. Light shift and damping

In addition to the optical pumping, which describes the
effect of the optical irradiation on the ground-state popu-
lations, the light also affects the ground-state coherences
x5 and yy,. As seen from Egs. (2), the optical field cou-
ples them to the optical coherences x,4 and y,4.Asa re-
sult, the distinction between ground-state coherences and
optical coherences is no longer exact and this partial mix-
ing affects the precession and decay of the ground-state
coherences.

From the assumptions made above, the optical coher-
ences are in a quasistationary state on the time scale of
the ground-state dynamics, in close analogy to the Born-
Oppenheimer approximation for the separation of elec-
tronic and nuclear degrees of freedom. As an ansatz for
the solution of Eq. (2), we put

X1, =cos(8t)e TV, y,= —sin(8t)e TV, (8)
for the ground-state coherences and

X24 =[—c,cos(8¢t)+c, sin(8t)]e 77, .
Yau=[—cysin(8¢)—c, cos(8t)]e 7,

for the optical coherences, where & represents the light
shift, i.e., the frequency of the precession caused by the
optical field, and ¥ the associated relaxation rate. Insert-
ing these into the equations of motion, we find the
coefficients in the quasistationary regime,

¢ =28/wy, c;=2y/w, , (10)
while precession frequency and damping rate are
ot of
6=Am, y=1“2m . (11)

The precession frequency & corresponds to the well-
known light shift. Since the damping rate of the ground-
state coherences ¥ does not depend on the spontaneous
emission rates T'$™, it is in genera different from the op-
tica pumping rate k, as calculated in Eg. (6). For an iso-
lated J = J<>J'=1 system (e.g., Na atoms), the two rates
differ by a factor 1.5 so that the relaxation of the
ground-state magnetization is anisotropic; this effect was
not discovered in earlier analyses of the situation’* and
can give rise to a new type of spin echo. ¥ However, un-

___der the experimental conditions considered here, with a

large pressure broadening, the reorientation of the excit-
ed state is generally fast, leading to equal decay rates and
accordingly the damping rates for ground-state popula-
tion difference and coherence become the same.

D. Ground-state dynamics

Having expressed the dynamics of the coherences and
populations of the ground state independent of the excit-
ed state, it is now possible to reduce the system of interest
to the two ground-state sublevels. Since they represent
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now our total system of interest, we drop the indicest,2
and expand the density operator and Hamiltonian in
terms of the spin operators $=(8,,S,,S,). Thedynam-
ics can be described in arelatively compact way if we
define the optical pumping rate P+ as

o}

T AT, (148

With this definition, we can rewrite the light shift §
and damping rate y as

8=AP., y=P, . (11

In addition to the effect of the laser field, we include
now also the external magnetic field which wetake to be
oriented along the x axis. The ground-state dynamics are
then determined by

p=—i[#pl+Tp+P.S,, (13)
H=AP,S,+Q;S, , (14)

where A=A /T, represents the resonance offset A of the
laser frequency, normalized to the dephasing rate I, of
the optical coherence, Q, =Bpupg /# the Larmor fre-
guency, B the strength of the magnetic field, zz Bohr's
magneton, and g the Landé factor. T represents the re-
laxation superoperator that includes all the damping
mechanisms summarized above. In the case of fast reori-

entation of the excited state we have assumed here, the
relaxation of all three components is the same and the
equation can besimplified to

p=—i[FH.pl=veeptPiS;, (13)

with the damping rate y =¥+ P ., where y, summa
rizes the terms which do not depend on the optical irradi-
ation, such astransit time effectsin a gas.

The Hamiltonian is equivalent to a system with a mag-
neticfield

Q=(0;,0,AP, ) (15)

P, (12)

(written in units of angular frequency), where the x com-
ponent corresponds to the real magnetic field &, and the
light shift AP, appears as avirtual magnetic field along
the z axis. The equation of motion can be rewritten in
terms of the magnetization vector m=(m,m,,m,)
whose components are the expansion coefficients of the
density operator in the basis(S, 38y s 8, ):

h=0Xm—y m+P, (16)

with P=(0,0, P+ ). This equation is quite analogous to
the Bloch equation with a magnetic field in thexz plane.
The general solution of this equation of motionis?

1 At
m(t)= 3 c¢e ' +tm, , (17
i=—1
where the eigenvectors ¢; and eigenvalues A; are given as
§0=(QL,O,KP+ ) }"0= Vet »

§i1=(_A-P+,:T'iQ"—Q‘L): )\ﬂ:lm—-iin—’}/eﬁ" (18)
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with
0=(Q2+A*P% )12, ‘ (19)
and the stationary valueis »
P,
m, = 2 K2p2 1.2
' Yeff(QL_'_A P++7/eﬁ*')
 X(EPLQy, 70, K2P2 92 . (20)

Theeigenvector &, is paralld to the effectivefield and
corresponds thus to longitudinal magnetization, while
£.., describe the transverse component precessing around
the effective field. The precession frequency € is deter-
mined by the Larmor frequency Q; and the light-shift
term AP_.. Thedeviation from the Larmor frequency is
always positive and largest if the optical detuning is equal
to the homogeneous linewidth(A=1).

The expansion coefficientsc; are determined by theini-
tial condition. For a sample in thermal equilibrium, the
ground-state orientation vanishes, i.e, m(0)=0. The
coefficients are then

AP%

QZYeﬁ"

This solution of the equation of motion [Egs. (20) and
(21)] shows clearly why excitation of sublevel coherence
by steady-state irradiation becomes inefficient at large
sublevel splittings. This can be understood intuitively by
considering that the magnetization is generated in the z
direction and undergoes a precession aroung the effective
field Q. For large sublevel splittings,|Q, | >>|AP., |, the
direction of the effectivefield is orthogonal to the z axis

so that the precession leads to destructive interference be-
tween magneti zation packages created at different times.

PO (+iQ4y.5)
C41= ‘
20202492

Cy= 21

E. Modulated excitation

This destructive interference can be shown easily if the
concept of different packets of magnetization being creat-
ed at different times during the experiment is carried over
into an actual experiment. Figure 3 shows an example
where a sequence of short pulses was used to excite the
magnetization (for experimental details see Sec. 11l or
Ref. 2). In the top trace, the pulse spacing is equal to the
Larmor period, so that the different magnetization pack-
ets are generated in phase and interfere constructively.
In the second trace, the pulse spacing is equal to 3 times
the Larmor period; the various packets still interfere con-
structively, but the total amplitude is smaller since the
number of pulses per unit of time is three times smaller
than in the top trace so that less magnetization is gen-
erated. In the third trace, the pulse spacing is equal to
half the Larmor period; successive packets are therefore
exactly out of phase and interfere destructively. The
remaining magnetization is due to the fact that the mag-
netization is damped before the next packet is created.

The destructive interference between packets of mag-
netization created at different timesis the basic motiva-
tion for using modul ated excitation: |f the magnetization
is not generated continuously, but in packages, it be-
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comes possible to create them in phase, so that the in-
terference between them becomes constructive. This
modulated optical pumping can be implemented in
different ways, via modulation of the polarization or in-
tensity of the light. As a specific example we discuss here
the case of harmonic modulation of the laser intensity.
This scheme alows a straightforward theoretical anaysis
and its experimental implementation gives a large
amount of freedom in the variation of the relevant pa
rameters such as frequency, phase, and amplitude of the
modulation.

With the sinusoidal modulation scheme, the optical
pumping rate for our model system becomes time depen-
dent and can be written as

P ()=2Py[ 1+cos(w,, t —¢)],

where o,, represents the frequency and ¢ the phase of the
modulation. The time-dependent Hamiltonian for the
two-level system can then be written as

H)=Q;8, +S,28) 1+coslw,t —8)], (22
where 280=2ZP0 represents the average light shift. The
equation of motion is then

%%:_i[ﬂ(t),p]—yeﬁ(t)p—l-P_,.(t)Sz . (23)

We are now especialy interested in the case of low-

@ i

0.2

0.1
my O = E]:

0 50
time (iLsec)

FIG. 3. Measured evolution of magnetization as a function of
time for various pulse spacings; the arrows indicate the position
of a representative set of pulses. In the top trace, the pulse
spacing 7 is equal to the Larmor period, in the second trace 3
times the Larmor period, and in the third trace half the Larmor
period. For details of the experimental setup see Sec. I11.
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power excitation, when the optical pump rate is small
compared to the sublevel splitting. In this case, it is use-
ful to transform the time-dependent equation of motion
into a frame of reference rotating at the modulation fre-
quency @, :

r
9 i O 1yl TPOSE, 04
where the superscript indicates that the operators are to
be transformed into the rotating reference frame. The
transformation can be accomplished by

p)=Ut)p(t)UN2), (25)

iw, 1S,

Ult)=e , (26)
H(6y=UFH DU )= UU ™ (z)
=8,.8, +8;5,[cos(¢)+2cos(aw,, t)
+cos(2w,,t —¢)]

+8,5, [sin(¢)+2sin(w,, £} +sin( 2w, ¢ — )] .
(27)

Here, §; = (Q; —w,,) represents the difference between
the sublevel splitting €; and the modulation frequency
@,. On atime scale long compared to the precession fre-
quency, the modulated terms can be neglected in first or-
der. This corresponds of course to a rotating-wave ap-
proximation: only the terms corresponding to the correct
velocity and sense of rotation are retained. The Hamil-
tonian becomes then

F(1)=81S, +8[S, cos(¢)+S, sin(¢)]. (28)

This Hamiltonian is quite similar to the one describing
the excitation of sublevel coherence with unmodulated
light. The main differences are that the field due to the
sublevel splitting is reduced by the modulation frequency
and therefore can be made to vanish and that the light-
shift contribution to the field is no longer parallel to the z
axis but can be made to point in any direction in the yz
plane by appropriate choice of the modulation phase.
Via a combination of the two parameters, frequency and
phase, it is therefore possible to generate an effective field
pointing in an arbitrary direction in the rotating frame.

Since we have assumed here that the relaxation term in
Eq. (24) is isotropic, the transformation into the rotating
frame is simply achieved by averaging the relaxation rate
over time. For the above modulation scheme we there-
fore obtain the result ¥ =7, +2P,.

In addition to the transformation of the Hamiltonian,
the pumping term also has to be transformed as

P(1)S]=Py{ S,[cos(¢)+2cos(w,,t)+cos(2w,,t —¢)]
+8, [sin(¢)+2 sin(w,, t) +sin(2w,,t —¢)]} .
(29)

We may again neglect the time-dependent terms so
that

P(8)S]=Py[S, cos($)+S, sin(#)] . (30)
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The orientation of the magnetization generated by the
optical pumping therefore can also be varied by changing
the modulation phase. A phase shift is therefore
equivalent to changing the orientation of the rotating
frame.

An interesting result of this transformation into the ro-
tating frame is that with the modul ation scheme chosen
here, the pumping rate is at most half the size of the re-
laxation rate so that the stationary magnetization is al-
ways below 4. Higher ratios of pumping rate to relaxa-
tion rate, and correspondingly higher polarizations, could
be obtained with different modul ation schemes, e.g., via
modulation of the polarization of the pump field.

F. Evolution

As this derivation shows, the equation of motion for
the system is quite analogous to that obtained with un-
modulated light if the dynamics are calculated in aframe
of reference rotating at the modulation frequency. If we
redefine the nutation frequency as@ = (82 + 83)!2 and
¥ =7Yo 2Py, We therefore can use the results obtained
inearlier work! 3 to calculate the evolution of the system
intherotating frame. As aspecific example, we calculate
the evolution of the magnetization during a one-pul se ex-
periment. We assume that the system is initidly in
thermal equilibrium (m=0) and a modulated pulse is
switched on at t=0 with phase ¢=0 for a duration T.
The evolution of the magnetization intherotating frame

|

m,,(8)={— A sin[5,(t —T)+B], 4 cos[6, (t —T)-+B]}e "7,

where amplitude A and phase 8 are given as
A=[m,(TP+m, (TP
_ Py [v%8L + (85 +yie)]

Yeft 8i+8%+7€ff ’
fanB=— my( D) = Ver®s (38)
mT) & +v%

These two transient effects are summarized in Fig. 4,
where the evolution of both magnetization componentsis
shown: when the laser is switched on, magnetization is
generated by the optical pulse and starts to precess
around the effective field with the nutation frequency Q.
After afew oscillations, the system settles into a steady
state determined by Eq. (32); under the relatively weak
pump field chosen for this example, the stationary mag-
netization is closer to the y axis than to the z axis. When
the laser is turned off, the magnetization starts to precess
again, thistime around the x direction. In the absence of
optical pumping, the magnetization now decaysto zero.

G. Detection

The polarization-selective detection of atransmitted
probelaser beamthat isinitialy linearly polarized leads
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isthen
P, —y
my, (t)= » [mym+myz[+myzt Je T, (31)
eff
where
_ 1
myZ o QZ +‘yiﬂ‘ {SLYEE’ 86+Y%ﬁ} (32)
representsthe stationary value,
B A%p}
My = 10, — o2 | 33)
the component parallel to the effective field, and
B ver
o= QZ_‘_ 2 \1/2
my t Qz( 02"’7’%&‘) ( Yeﬁ”)
X {Qcos(Qt —a),d, sin(Qr —a)} (34)

the transverse component precessing around the effective
field. The phase aisgiven as

tana = —y7/Q . (35)

Equations(31)-(35) describe the evolution of the mag-
netization in the rotating frame during the pulse. If the
pump field is switched off at atimeT, after the system
has reazched the stationary state, a free-induction decay
occurs:

o= (36)

|

to a difference signal that is either proportional to the
dispersion or the-absorption of the unpolarized medium
and the component of the magnetizationm /() parallel to
the laser beam,>> measuredinthelaboratory coordinate
system. The setups for both cases are shown in Fig. 5,

0.02—

-0.04

time(usec)

FIG. 4. Calculated evolution of the magnetization in the ro-
tating frame. The full line represents the z component; the
dashed line the y component. Parameters: 5, /2= 160 kHz,
A=3, P,=5X10%ec™!, and y,=5X 10%ec ™.
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with the A/4 plate being present in the case of absorptive
detection and absent in the dispersive case.

In order to calculate the observed signal, we have to
transform the yz component of the magnetization back
into the laboratory frame. This transformation is
achieved by

Py

mi(t)=
eff

+my, [Qcos(Qt —a)sin(o,, l‘)+5Lsin(Qt~a”)cos(a)m t)]e _yeﬁ‘} )

We eliminate the products of angles in the third term to get
Py

mi(t)=
eff

1,3 {(Q 48, )sin[(,, +Q)t —a]—(Q~8, sin[(0,, —Q)t —a]je 7).

The resulting signa oscillates, therefore, at the modu-
lation frequency @,,, with sidebands occurring at @, 0.
During the FID, the signal is calculated analogously as

t—T1)

mlt)=— 4 cos[, (t —~T)+w,t+Ble "™ (42)

It oscillates, therefore at the single frequency ,,+5;.
This signd is obtained by a straightforward polarization-
selective measurement of the transmitted light, However,
inspection of Eq. (39) suggests an aternative: if phase-
sensitive detection at the modulation frequency is used,
the (trivial) contribution of @, can be eliminated from
the signal and the measurement reflects directly the evo-
lution of the corresponding quantities in the rotating
frame. If a two-channel device is used, both m, and m,
can be measured simultaneously as the in-phase and out-
of-phase components. The phase-sensitive signal corre-
sponds, therefore, directly to the signal calculated above
and shown in Fig. 4.

Dy Emm

FIG. 5. Setup for the polarization selective detection of the
transmitted light. If the observed signal is to be proportiona to
the absorption of the unpolarized sample, the A/4 plate is
present, for a dispersive measurement it is absent. BS represents
the polarizing beam splitter, PD the photodiode, and AMP the
amplifier.
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(39

where the upper index [ refers to the laboratory frame of
reference, while the rotating-frame components carry no
index. During the initial transient, the signal is therefore
proportional to

ml£)=m,(t)cos(w,,t)—m,(t)sin(w,,1) ,

{ [m,co8(0,,1)+m,  sin(e,, t)‘] +my,cos(w, the e’

(40)

([m, e cos(@,, )+ m,, sin(w,, t)]+m, cos(w,,t e Vet

41)

|

H. Pulse train modulation

The results obtained in the previous sections now aso
alow a comparison of the different modulation schemes.
While we have assumed sinusoidal modulation of the
laser intensity for the calculation, it is obvious how this
result can be generalized to other modulation schemes:
the dynamics should aways be anayzed in a rotating
frame of reference where the time-dependent terms can
be neglected. If the modulation is not harmonic, such as
in the case of pulse train excitation, there are many possi-
bilities for the choice of the rotating frame, the rotation
speed corresponding to the different frequency com-
ponents of the pulse train. For the idedlized case of a
train of &function pulses, the laser intensity can be writ-
ten as

I(t)=I, 3, cos
i=0

[" |, (43

where 7 represents the pulse spacing. In general, only
one of the harmonics of the repetition rate corresponds to
a resonance. As an example, the hyperfine splitting of the
Cs ground state was measured with the 110th harmonic
of the pulse repetition rate’ The transformation to the
rotating frame is then achieved by the unitary transfor-

mation
e
T )

where n represents the index of the harmonic.

Since the light source for pulse train modulation
schemes is often a pulsed laser with high peak intensity, it
is necessary to discuss the validity of our assumption that
the atomic system is only weakly pumped. As a specific
example, we consider an experiment with a mode-locked
laser system and picosecond pulses.’ The high peak
power of these pulses clearly violates the weak pumping
assumption; however, in most cases the pulse repetition

Ult)=exp (44)
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rateis slow compared to the dephasing timeT, of the op-
tical coherences. In those casesit istherefore permissible
to use the low-intensity approximation as long as the
mean power of the pump beam does not exceed the satu-
ration intensity of the atomic system. Apart from the in-
tensity, pulsed laser sources have alarger spectral width
than cw lasers; this can be incorporated into our formal-
ism, e.g., by including the spectral width of the laser field
inthe optical dephasing rate T",.

If the different modulation schemes are to be com-
pared, one main difference is apparently that in the case
of pulse train excitation, all the magnetization created
during an experiment adds coherently if a harmonic of
the pul se repetition rate coincides with the precession fre-
guency of the sublevel coherence. In the case of harmon-
ic modulation, however, only 4 of the average incident
laser intensity (1 of the maximum intensity) acts as pump
field in the rotating frame [see Eq. (30)]. Judging by the
criterion of utilization of the incident light, the pulse
train modulation is, therefore, clearly more efficient.
However, if the highest possible pump rate in the rotat-
ing frame at a given peak power isthe criterion, the har-
monic modulation scheme performs better. Other cri-
teriathat will affect the comparison are, e.g., the desira-
bility of multiple resonances (different harmonics of the
pulse repetition rate), the ability to adjust the modulation
frequency, and other experimental considerations.

I1l. EXPERIMENTAL RESULTS

The general experimental setup (see Fig. 1) used for ex-
periments on optically induced sublevel coherences has
been described in detail elsewhere.? The atomic medium
was again Na vapor and Ar was used as a buffer gas. For
the experiments discussed here, the modulation of the
pump laser intensity is achieved in the same way as the
generation of the pulses, by an acousto-optic modulator
(AOM) (see Fig. 6). The radio frequency is gated with the
desired pulse shape and the resulting electrical signal is
applied to the driver of the acousto-optic modulator.
The signal can be measured directly at the detector (sig-
nal path 1 in the figure) or after phase-sensitive detection
(path 2}, in which case the reference is obtained from the
same source that is used to drive the acousto-optic modu-
lator. For most experiments discussed here, the laser fre-

CW LASER

FIG. 6. Modification of the general experimental setup for

modulated excitation. The different signal paths for direct and
phase-sensitive detection are labeled 1 and 2, respectively. For

details see text.
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quency was set on resonance with the Na Dy transition,
the pump laser power was set to an average power of 0.9
mW and the beam diameter was 1.1 mm; under these
conditions, the effective optical pump rate P, was
1.2X10%sec™ !,

A typical experimental signal is shown in Fig. 7: the
top trace represents the time dependence of the pump
laser intensity, the second trace the directly detected sig-
nal, and the bottom trace was obtained with phase-
sensitive detection. As can be seen, the system moves to-

wards a pseudostationary state in which the signal oscil-

lates at the modulation frequency. This oscillation corre-
sponds of course to the driven precession of the magneti-
zation around the effectivefield, synchronously with the
modulated intensity of the pump laser. This can be seen
most easily in the third trace, which was obtained with
phase-sensitive detection. The beat frequency visible here
isthe difference between the free precession frequency of
the system and the modulation frequency. When the
pump laser is switched off, the system starts to precess
freely and a FID signal appears.

Whiletheinformation content of the demodulated sig-
nal is basically the same asthat of trace (b), the analysisis
clearly simplified. The features of the signal are the same
as those of alow-field system excited with a dc pulse.
This alows one to compare the experimental results
directly with the dynamical calculations performed in the
rotating frame. The details of the initial and final tran-

psd signal

1 | |
0 100 200 300 400
time(usec)

FIG. 7. (a) Intensity of the pump beam as a function of time,
(b) together with the resulting signal. (¢) The bottom trace
shows the same signal, using phase-sensitive detection at the
modulation frequency. Parameters: §, /2m=328 kHz, pump

laser intensity =0.9 mW mm™>.
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sients are completely analogous to those obtained with dc
puIses.L3 As can be seen from Fig. 7, the phase-sensitive
detection simplifies the data analysis by removing the os-
cillations due to the driving field from the signal. In ad-
dition, since the frequency range of the demodulated sig-
nal can be considerably smaller than that of the original
signal, this procedure has also the advantage that the re-
guirements on the speed of the analog-to-digital convert-
ers are also reduced.

In the bottom trace of Fig. 7, the full line corresponds
to the in-phase output of the phase-sensitive detector,
while the dashed line corresponds to the out-of-phase
component. According to Eg. (39), they should corre-
spond to the z and y components of the magnetization in
the rotating frame, respectively. A single measurement
yields therefore, not only the component of the magneti-
zation parallel to the probe beam (m, ), but also the com-
ponent orthogonal to probe beam and magnetic field
(m,). In Fig. 8, both components are measured for vari-
ous modulation frequencies. Clearly m, has an absorp-
tionlike dependence on the offset of the modulation fre-
guency, i.e, it reaches a maximum if the modulation fre-
quency is equal to the Larmor frequency and does not de-
pend on the sign of the offset. m,, on the other hand, has
a dispersionlike (antisymmetric) offset dependence.

It was shown earlier’that the stationary value of the
magnetization should have a Lorentzian dependence on

101

signal (arb. units)

time (ms)

5

§,=+8 kHz

1

FIG. 8. Phase-sensitive detection of magnetization for vari-
ous detunings & of the modulation frequency. The full line cor-
responds to the in-phase component #,; the dashed line to the
out-of-phase component nz,.
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the field strength. With the current setup this behavior
can be measured, by tuning the modulation frequency to
both sides of the Larmor frequency. In Fig. 9, the sta
tionary values of m, and m, were measured systematical-
ly and compared to the theoretical absorption and disper-
sion line shapes. The agreement between the theoretical
and the observed dependence is excellent. The width of
the resonance line equals 7 kHz and is determined pri-
marily by the diffusion rate ¥y at which the atoms
traverse the laser beam.

In an earlier work using dc pulses for excitation of sub-
level coherence,’ it was shown that amplitude and phase
of the FID signa depend strongly on laser intensity, laser
detuning, and magnetic-field strength. In light of the
present investigations, it is clear that this behavior can be
understood as a detuning effect: in the case of dc excita-
tion, the detuning is equal to the Larmor frequency of the
system. The amplitude and phase dependence found in
the earlier work can be generalized, therefore, to the
present situation if the Larmor frequency is replaced with
the resonance detuning.

In order to illustrate this dependence on the resonance
offset, Fig. 10 shows the Fourier transforms of the FID
signal as a function of the modulation frequency. They
correspond to conventional magnetic resonance spectra
excited with an off-resonant radio-frequency pulse. Be-
tween successive traces, the modulation frequency (and
therefore the carrier frequency for the demodulation) was
shifted by 4 kHz. Since the Larmor freguency remains
constant, the resonance line is shifted by the same
amount in the opposite direction. As expected, the am-
plitude reaches a maximum if the modulation frequency
matches the Larmor frequency and fals off to both sides.
The phase of the FID and of its Fourier transform and

stationary magnetization

T —r T

300 3‘50

modulation frequency (kHz)

FIG. 9.Stationary magnetization, in and out of phase with
the modulation as a function of the modulation frequency. The
parameters for the theoretical curves are half-width equals 3.8
kHz and resonance frequency equals 328 kHz.



modulation frequency detuning(kHz)

FIG. 10. Fourier transform of the FID as a function of the
modulation frequency detuningd. Phase-sensitive detection at
the modulation frequency was used, so that the center frequency
of the resonance appears at the corresponding detuning.

falls off to both sides. The phase of the FID and of its
Fourier transform corresponds to the prediction of Eq.
(38). The physical interpretation of this formula is quite
simple if one considers the special case of optically reso-
nant excitation (A=0). Equation (38) simplifies then to
tanf=8, /y.;. The phase can be understood, therefore,
as the precession angle that the magnetization acquires at
the precession frequency 8; during the phase-memory
time ¥z

As in the case of dc pulse excitation, the observed sig-
na depends not only on the resonance detuning, but also
on the laser intensity. Experimental results are presented
in Fig. 11 together with the theoretical prediction which
was calculated without any adjustable parameters, apart
from the vertical scaling. Note that the system is amost
completely polarized even at the relatively low pump
power of 17 mW.

As we have emphasized above, the modulation of the
laser intensity introduces also additional degrees of free-
dom into the experiment, such as frequency and phase of
the modulation. These additional variables can, e.g., be
used to “label” the sublevel coherence generated in the
optical pumping process. As we have seen above, a
change in the phase of the modulation leads to the mag-
netization being generated in a different direction in the
rotating frame.

Figure 12 shows an example of the application of such
a phase-shifting scheme: in a two-pulse experiment (see
first trace), the phase of the modulation of the first pusle
was incremented systematically while it was kept con-
stant during the second pulse. The subsequent traces
show details of the signa for three different excitation
phases; the dashed lines connect equal times and are in-
tended as guides to the eye. During and after the first
pulse, the observable signal follows the phase of the exci-
tation, i.e., it evolves acos(8;t —¢), as can be verified by
comparing the signal in the vicinity of the dashed refer-
ence line: in the first trace, the reference line goes
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FIG. 11. Stationary magnetization as a function of laser
power with the modulation frequency set on resonance (full cir-
cles) and at a detuning of =—8%kHz (open circles) of the
modulation freguency.

through a signal maximum, in the second trace the signal
is approximately zero, and in the bottom trace a
minimum. By contrast, the magnetization created by the
second pulse is independent of the phase of the modula-
tion during the first. In this experiment, an inhomogene-
ous magnetic field was used, so that the coherences creat-
ed by the pulses decayed rapidly and inhomogeneously.
The second pulse led therefore to: an echo with the time
between the second pulse and the echo maximum equal
to the delay between the two pulses. The echo is formed
by magnetization generated during the first pulse which
therefore “remembers’ the phase. Due to the phase re-
versal associated with the echo formation, it appears with
the inverse sign of the first FID, evolving as cos(8, ¢ +¢),
where ¢ is again the modulation phase. This example
shows that the modulation phase can be used as a label
for the coherence created during the optical pumping
process. Details of the experiment will be published else-
where, 14

IV.CONCLUSION

Modulation of the intensity of the optica field has
several attractive features: it allows one to pump atomic

50

! sec

FIG. 12. “Labeling” of coherences by the phase of the modu-
lation. The top trace shows a typica signal of a two-pulse ex-
periment; the lower traces show the first and second FID and

the echo for three different phases of the first pulse.
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systems optically under conditions where pumping with a
constant intensity is no longer possible, e.g., due to a
large level splitting. The modulation affects not only the
optical pumping, but equally the fictitious fields_ generat-
ed by the light-shift effect. If modulated excitation is
used, the dynamics occur effectively in a frame of refer-
ence rotating around the direction of the magnetic field;
in this reference frame, the static magnetic field is re-
duced by (®,,%)/(ppg). This reduction of the strength of
the static field represents an additional degree of freedom
that allows the experimenter to change the apparent field
during the experiment by adjusting the modulation fre-
guency. In most cases, the experimenter will set the
modulation frequency near the Bohr frequency of the sys-
tem in order to make the excitation dynamics most
efficient. Such a procedure allows one to effectively turn
off the evolution of the sublevel coherences during the
preparation step; when the preparation of the system into
the desired initial condition is complete, the laser can be
turned off and free precession is alowed to proceed.

A second degree of freedom that is added by this pro-
cedure is the phase of the modulation. This can be used,
e.g., to change the dynamics of the system in an experi-
ment with more than one pulse. Alternatively it can be
considered as a label of the coherence created by the
pulse. An application of this method is the labeling of
multiple quantum coherence described elsewhere. 13

The introduction of a harmonic time dependence into
the experiment and the fact that the most natural frame
of reference for the description of the dynamics rotates
with respect to the laboratory frame at the modulation
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frequency suggest the use of phase-sensitive detection.
This alows also a reduction of the size of the data set
and, if it is performed with analog electronics, the re-
quirements on the speed of the analog-to-digital conver-
sion are significantly reduced. In addition, it is possible
to detect the in-phase and out-of-phase components sepa-
rately, thereby simplifying the data analysis.

The results presented here show that the reduction of
the amplitude of sublevel coherence created by optical
pulses under conditions of long-pulse excitation can be
understood as an off-resonance effect: the intensity of the
optical field is constant during the pulse and therefore off
resonance with respect to the Bohr frequency of the
coherence generated. The modulation changes this by a-
lowing the experimenter to move the excitation frequency
from O to a value near the Bohr frequency. With tech-
niques available today, modulation frequencies up into
the GHz range are feasible and it seems likely that the
technology even will be improved in the future. Even
higher modulation frequencies are, of course, possible by
superposition of light from two separate lasers;, however,
with such a setup, the resolution of the resulting spectra
is determined by the laser linewidths and not by the
coherence properties of the radio frequency, as in the
present case.

ACKNOWLEDGMENTS

This work was supported by the Schweizerischer Na-
tionalfonds.

1See, e.g.,D. Suter and J. Mlynek, inAdvances in Magnetic and
Optical Resonance, edited by W. S. Warren (Academic, New
York, in press), Vol. 16, and references therein.

2D, Suter, M. Rosatzin, and J. Mlynek, Phys. Rev. A 41, 1634
(1990).

3M. Rosatzin, D. Suter, andJ. Mlynek, J. Opt.Soc. Am. B 7,
1231 (1990).

1. A. Walmsley, M. Mitsunaga, and C. L. Tang, Phys. Rev. A

8H. Harde and H. Burggraf, Opt. Commun.40, 441 (1982).
°H. Lehmitz, W. Kattau, and H. Harde, in Methods of Laser
Spectroscopy, edited by Y. Prior, A. Ben-Reuven, and M.

" Rosenbluh (Plenum, New York,1986), p. 97.

—_'OM. Tanigawa, Y. Fukuda, T. Kohmoto, K. Sakuno, and T.

Hashi, Opt. Lett. 8, 620 (1983); T. Mishina, M. Tanigawa, Y.
Fukuda. and T.Hashi, Qut. Commun.§2, 166(1987).
1IM. Rosatzin, D. Suter, and_J. Mlynek, Phys. Rev. A 42, 1839

38.4681 (1988).

5W.E. Bell and A. L. Bloom, Phys. RevLett. 6,280(1961).

7. Mlynek, K. H. Drake, G. Kersten, D. Frélich, and W.
Lange, Opt. Lett. 6, 87(1981).

T, Mishing, Y. Fukuda, and T.Hashi, Opt. Commun. 66, 25
(1988).

(1990).
12F, Mitschke, R. Deserno, W. Lange, and J. Mlynek, Phys.
_ Rev. A 33, 3219(1986).
BM. Rosatzin, Ph.D. thesis, Eidgendssische Technische
Hochschule Ziirich, Ziirich, 1990.
Up, Suter, M. Rosatzin, and J. Mlynek (unpublished).



