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Photon-echo quantum beats arising from magnetic splitting of the cesium 7P,,,-6S,,, transition were
observed in a dilute atomic vapor by means of a novel polarization-rotation technique. The quantum-beat
spectrum contains frequencies generated by the hyperfine structure of the 7P;,, level as well as those due to
the Zeeman splitting of both ground and excited levels. Experimental data for .both F = 3 and F = 4
hyperfine components of the 6S,,, ground state and for several echo delay times were fitted to calculated
spectra, including corrections arising from Faraday rotation of the echo pulses.

I. INTRODUCTION

Photon-echo experiments, which study the time
evolution of a coherent superposition of atomic or
molecular states, have proved to be a sensitive
probe of relaxation process in a number of solid
and gaseous media.'”® In many cases, the levels
which participate in the echo are characterized by
small fine-structure, hyperfine, or Zeeman split-
tings which cause modulations, or quantum beats,
in the echo signal.%® For such systems, a detailed
analysis of multilevel echo dynamics is necessary
in any treatment of relaxation processes; a sim-
ple two-level description of the photon echo is in-
adequate.

This paper reports new experimental data on
echo quantum beats generated by hyperfine and
magnetic splitting of the 7P, , - 6S,,, transition in
cesium. The small magnitude of the 7P, ,, hyper-
fine structure permits observation of echo mod-
ulations in both the hyperfine Zeeman and hyper-
fine Paschen-Back regimes, testing the theoreti-
cal description of echoes in multilevel systems.
The experimental procedure exploits the photon-
echo polarization rotation reported by Baer and
Abella,® who observed echoes emitted by a cesium
sample subjected to an axial magnetic field whose
polarization was orthogonal to that of the excita-
tion pulses. Use of this novel technique yields a
spectrum of echo intensity which shows strong
modulations as a function of applied magnetic
field strength, at the same time greatly simplify-
ing laboratory observation of photon echoes. The
polarization-rotation effect arises from inter-
ference between the magnetic sublevels of the
states generating the echo, and is therefore a
form of quantum beat.

To illustrate the relationship between echo po-
larization rotation and quantum beats, we consider
the hypothetical energy-level diagram of Fig. 1(a).
The states are labeled by quantum numbers [J , M).
The excited state is assumed to have total angular
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momentum J =1, and to be split by a weak mag-
netic field into components corresponding to

M = £1,0; the ground state has J =0, and hence is
nondegenerate. As only AM = +1 transitions are
caused by linearly polarized light propagating
parallel to the magnetic field, the M =0 compo-
nent of the excited state does not interact with the
optical radiation, and is therefore omitted from
the diagram.

To generate a photon echo, a pair of laser pulses
are applied, separated in time by an interval 7.
The laser linewidth is assumed to be sufficiently
broad as to overlap both Zeeman components..

Although in general both magnetic sublevels of
the excited state are populated following illumina-
tion with linearly polarized light, we concentrate,
for purposes of clarity, on the part of the atomic
wave function corresponding to the superposition
of [1,+1) and |0,0) represented by Fig. 1(b). In
the time interval between the two pulses, the elec-
tric dipole moment of this superposition state ro-
tates at angular frequency w_.

Application of the second laser pulse causes
transitions to take place between ground and ex-
cited levels, remixing the state prepared by the
first pulse. If the action of the second pulse leaves
the atom in the original sublevels |1, +1) and
|0,0), as shown in Fig. 1(c), the phase evolution
between ¢ = 7 and ¢ = 27 compensates that between
=0 and t = 7, and no modulation or rotation of
the echo results.

An alternative channel is available to the system,
however. The second pulse can leave the atom in
a superposition of |1, -1) and |0,0), as shown in
Fig. 1(d). The relative orientation of the orbital
angular momentum and the Larmor precession
are now reversed, causing the electric dipole mo-
ment of the superposition state to rotate at a lower
angular frequency w_ during the second free-pre-
cession period. Thus at time ¢ =27, when the echo
pulse is generated, the dipole moment shows a net
rotation with respect to its initial direction, caus-
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FIG. 1. Hypothetical energy-level diagram. (a) Ener-
gy levels for J=0 and J=1 states in weak magnetic field;
w, and w_ denote transition frequencies for right- and
left-circularly-polarized light propagating parallel to the
magnetic field.

ing a corresponding rotation in the polarization of
the emitted light.

Although the above discussion applies toa J =0
to J =1 transition, the argument may be general-
ized to arbitrary ground- and excited-state angu-
lar momenta. The splittings which modulate the
echo amplitude can occur in the ground as well
as the excited state; in this respect, photon-echo
quantum interference phenomena differ from the
fluorescence quantum beats observed by Haroche
et al.” As no atom-atom correlations are involved,
they differ as well from the collective quantum
beats discussed by Chow et al. and Herman etal.®
They are closely related, however, to the super-
fluorescence quantum beats reported by Vrehen
et al.®

II. THEORY .

The photon echo is most clearly visualized by
treating the atom or molecule under investigation
as a two-level system illuminated by a monochro-
matic laser beam.!® This approach yields a par-
ticularly simple picture of the dynamics of the
laser-atom interaction, but is inappropriate for
discussion of echo quantum beats and polarization
rotation, since it explicitly disregards the level
splittings responsible for these quantum inter-
ference effects. Lambert ef al.!' have derived a
suitable formalism for multilevel echo problems,
basing their work on the earlier treatment by
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Gordon et al.? of photon echoes generated on highly
degenerate molecular transitions. We briefly re-
view this theory as it applies to the present ex-
periment; details of the calculation may be found
in Refs. 2 and 11. (Schenzle et al.'? present a
different formalism, which is equivalent to that
described here for the specific case of on-reso-
nance excitation of a three-level system.)
Consider a pair of ground and excited states
|vJ) and |yJ’) split into sublevels |%/M) and
|y'J’M'). In the presence of monochromatic light
of frequency w (assumed to be on or near reso-
nance with the transition frequency and linearly
polarized along the x axis), the density matrix ¢
for such a system obeys the equation of motion

mg‘tl= [3¢,0], (1)
where
3¢ =3¢, - 2p-E(t)cos wt , (2)

3¢, is the unperturbed atomic Hamiltonian, { is the
electric dipole moment of the atom, and E(t) is
the slowly varying envelope of the electric field
associated with the applied optical excitation. To
remove the rapidly oscillating part of the Hamil-
tonian, we make the rotating-frame transforma-
tion

p(t) = e 'Sto(t)e®st, (3)
m%l = [ia - 3-8, 0]. @)

S is a diagonal matrix with elements
M |S|YM'y=E,+iw, (yM|S|yMy=E, (5)

for all M and M’, where E, is the energy of the
center of gravity of the ground-state multiplet,
and w=(1/%)(3¢, - S) is the detuning operator.

For a laser pulse initiated at time ¢ =1¢,, Eq. (4)
has the solution

p(t) = U(t =t)p)U (¢t ~2,) , (6)

where the pulse operator U(t —1,) is given by
U(t - t,) = exp[—iA + )= exp[—(i/ﬁ) f E(t"at’ -ﬁ].
+0
M

(In the presence of a laser pulse, we neglect 74
in comparison to p-E.)

If the optical excitation is turned off at ¢ =#,, the
subsequent evolution of the density matrix is de-
termined by

p(t) = emiatE-tp (¢ eid (t=t1) | (8)

The rotating-frame density matrix following a
two-pulse echo excitation sequence is therefore
found by evaluation of



p@) = e-iA(t-ta)U(ta _tz)e-iA(tz-t,_)
X U(t, =t )o(t) U™ (¢, —t,)ets ttemt)
X U'l(t3 _tz)eiA(t-ts) , ©)

where the first pulse is applied between ¢, and ¢,
and the second between /, and #,. The electric
dipole moment of the atomic system can then be
determined from

() = Tr[Bo(?)] = Tr[Be *S'p(t)e?*]. (10)

The intensity of the echo will be proportional to
| (B(£))|? evaluated at ¢ = 27, where 7 is the inter-
val between the two excitation pulses.

Expanding the trace in terms of the energy
eigenfunctions |yJM), we find

(p@®) =3 WM|p|y'T' MYy ' T M p(8) | I M)
7
xe i@t + ¢.c. (11)
The density-matrix element
'™ [p@) | vIM)

is obtained by substitution from Eq. (9); it can be
expanded in the same set of eigenfunctions by
writing the pulse operators as

U = (- AD) = cos(A-p) — i sin(A-P) (12)
and noting that
(WM|cos A-p

,y 'J’M’)
is nonzero only if ¥ =y’, while

(WM |sin AB|y' T’ M) #0

requires y#vy'.
Retaining only those terms which contribute to
the echo, we find

. e-iwt‘
B@E) =—5— Zexp[A,zMz' =) =85 )
XQ.(JlMI;JzMz;JsMs;J“M‘I) +c.c., (13)

QUM 3, M, My;J M)
= (W, M, |B|y T, M)y I, M, | sin A, - B| W M)
X (WM, | sin2A,p

y'J, My
X(y'J M, |sin &, - B| W, M,) . (14)

The summation runs over all values of A, J, and
M for each of the four matrix elements which
make up the coefficient Q. The frequencies ap-
pearing in the argument of the exponential are de-
fined by

AJM, yu = (1/R)[E(yIM) - E(y'J'M")] s
where E(»/M) is the energy of the sublevel |ywWM).
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Kl and Kz are the integrated electric field envel-
opes of the first and second excitation pulses.

Equation (14) may be greatly simplified if the
applied laser pulses are sufficiently weak as to
allow the substitution

(WM |sinA+B|y'J' My~ K- (M| 5[vy’J’M'). (15)

Physically, this weak-field approximation corres-
ponds to neglect of the multiphoton transition pro-
cesses, represented by the higher-order terms in
the power-series expansion of sinA.p, in com-
parison to the first-order single-photon term.
Using approximation (15) and taking the laser
polarization to lie along the x axis, we can write
the coefficient Q

Q(JIMI;J2M2;J3M3;J4M4) :
=2AY A, (W M, l El v T MyXy ', M, Ipxl W sMg)
X (W gM, |px|7"J4M4> ' M, ipxl v, M. (16)

With the introduction of spherical components
p.==VZ(p,+ip,) and p_=VE(p,-1p,), Q, may be
seen to be real and @, pure imaginary if the stand-
ard phase conventions are assumed whereby the
matrix elements of p, are taken to be real. The
amplitude of the oscillating electric dipole mo-
ment, along the x and y axes, corresponding to
echo polarization parallel and perpendicular to
that of the excitation pulses, will then be

P.() = Z cos[AJzMz' flMx(t -T) = Bty T5its 7]
X QI M, 3J,My; I My; I, M,) , 17)

p(8) = ~i E Sin[AJzMz, s (E=7) = A iy Tghs 7]
X QI My 3, My ;I My d M) . (18)

As in the simple example discussed above, mod-
ulation of the echo amplitude indicated by nonzero
arguments of the sine and cosine factors in Eqs.
(17) and (18) arises when the first and second ex-
citation pulses connect differvent pairs of sublevels.
The x and y components of the dipole moment os-
cillate out of phase corresponding to a rotation of
the plane of polarization of the echo. Coefficients
Q arising from excitation of the same pair of sub-
levels by the first and second pulses yield zero
argument for the trigonometric factors at time
t=27; p, is then zero, while p, assumes a value
which is independent of 7. The x component of the
echo signal therefore appears as a constant amp-
litude modulated by quantum interference. This
constant background is absent from the y com-
ponent.

It must be emphasized that the photon-echo po-
larization rotation is physically distinct from the
Faraday effect. Faraday rotation arises from the
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propagation of light through the active medium;
the rotation angle is therefore proportional to the
optical path length in the sample. The echo polar-
ization rotation is caused by the precession of the
atom’s dipole moments during the intervals be-
tween pulses, and is independent of sample path
length. Nevertheless, Faraday rotation of both
excitation and echo pulses may add an additional
small rotation of the echo polarization to that ob-
tained from Eqgs. (17) and (18). The intensity of
the echo pulse measured by a polarized detector
with pass axis along the y axis will then be

L~ (b, |2 cos?0(H) + [(p,)|?sin*0,(H), (19)

where 6 .(H) is the Faraday rotation angle, and
(p,) and {p,) are given by Eqs. (17) and (18),
corresponding to a mixture of x and y components
which changes with magnetic field strength.

If the pulse separation 7 is fixed, but the Zee-
man splittings A, ;... are varied by sweeping
the external magnetic field, the echo quantum
beats will be observed as oscillations in the echo
intensity as the field is swept. To obtain this
spectrum of echo intensity as a function of mag-
netic field strength requires evaluation of both the
coefficients (3, defined by Eq. (14), and the depen-
dence of the frequencies A Ji, 7 e OR the applied
field. In the specific instance of the cesium
TP,,,—6S,,, transition, the hyperfine splittings
in the excited state are much smaller than the
Doppler width, and hence unresolved. The sum-
mations of Egs. (17) and (18) must therefore be
extended over several values of the total angular
momentum F=T+J , introducing modulations at
the hyperfine splitting frequencies which persist
for zero magnetic field. (The 9.2-GHz ground-
state splitting is sufficiently large to allow the
F =3 and F =4 components to be excited selec-
tively.) The coefficients Q are therefore com-
posed of matrix elements of the form

3K2+ 3K ~-II+1)J(J +1)

IF My | 5| ITFMy) = AK +B =% @I-D@s -1)

(YIIF M |3e| yIJF + 1M ) = — uH, g [(F + M, + 1)(F - M,
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(YHFMg|p,|y'W'F'M]),

which may be simplified by use of the Wigner-
Eckart theorem,'® and by noting that the dipole
moment operator acts only on the electronic part
of the state, commuting with the nuclear spin I,
we get

(YITFMy |p,|y ' 'F' ML)

F 1 F’

= (-DF'MF( >(y1JF| [p|lv'1'F"),

}

(20)

-M, £1 M]
(IF | |p||y'1'F")

! ’

= (_1)F+I+J'+1[(2F + 1)(2FI + 1)]1/2{1 F' J

I J F

X(H||p||v'Er).

An additional consequence of the small magni-
tude of the excited-state hyperfine splittings is
that a weak magnetic field— 5 G or more— suffices
to decouple the nuclear spin from the electronic
total angular momentum, over the range of mag-
netic field strengths utilized in this experiment,
the frequencies corresponding to a particular co-
efficient Q (J,M,; J,M,; JM; J,M,) vary non-
linearly with the magnetic field, and must be ob-
tained by diagonalizing the Hamiltonian:

¥= Jchvperﬁne*- C‘CZeemzm
3F-3)2+ 21T -1272
21T (21 —1)(2J - 1)

-

=AT-J+B -u-H,

(1)

where A and B are the dipole and quadrupole hy-
perfine constants: [The frequency difference be-
tween the centers of gravity of ground- and ex-
cited-state multiplets cancels in each term of Egs.
(17) and (18), and hence may be ignored.] In the
IJF M, representation the Hamiltonian has matrix
elements

-

JJ+1)+FF+1)-I(I+1)

<

where
K=3[FF+1)=I(I+1)-J(@ +1)].

(*%3Cs has nuclear spin /=1%.) For the TP,,, ex-

_MFIJOHng 2-F(F +1) ) (22)

+1)]1/2
J+J+F+2)(J=1+F+1)I+J+F +1)(I+dJ -F)\*/2 93
4(2F + 3)(F + 1)2(2F + 1) > @9

cited state, the matrix elements of Eq. (22) were
evaluated using the following experimental

values'? for the hyperfine constants and g factor:
A =16.605 MHz, B = -0.15 MHz, and g, =1.3349.
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FIG. 2. Level diagram of the cesium 7Pj,, state in
magnetic field of 0—25 G. The nuclear spin I =%; hyper-
fine constants A =16.605 MHz, B=-0.15 MHz, and g fac-
tor g;=1.3349 were obtained from Ref. 14.

Numerical diagonalization of the resulting Hamil-
tonian yielded the energy levels shown in Fig. 2.
As a check of the accuracy of the numerical cal-
culation, the positions of several level crossings
were computed, and were found to reproduce cor-
rectly the original measurements of Svanberg and
Rydberg.!s

For the 6S,,, ground state, the magnetic split-
tings are small compared to the zero-field hyper-
fine structure, and the off-diagonal elements of
the Hamiltonian may be neglected. The hyperfine
Zeeman energy levels are then obtained directly
from Eq. (22), with A =9.1926 GHz, B =0, and
g;=2.003. (Values for these constants also taken
from Ref. 14.) The frequency differences obtained
from the numerical calculation and from Eq. (22)
may then be combined with the coefficients Q cal-
culated by means of Egqs. (16) and (20) to evaluate
the x and y components of the electric dipole mo-
ment as a function of applied magnetic field, by
means of Eqs. (17) and (18). The spectrum of
echo intensity versus magnetic field may then be

obtained from Eq. (19), once the magnitude of the
Faraday rotation is determined. In the limit of
low sample number density, the Faraday rotation
is small, and the echo-intensity spectrum may be
found directly by squaring the y component of the
dipole moment.

III. EXPERIMENTAL PROCEDURE

The apparatus employed is shown schematically
in Fig. 3. A Hinsch-design dye laser,'® pumped by
an N.R.G. Inc. nitrogen laser, produced pulses of
5-nsec duration with a peak power of 3 kW at
4555 A, and a repetition rate of 60 Hz. The line-
width was estimated to be about 3 GHz, readily
resolving the 9.2-GHz ground-state hyperfine
splitting in cesium. The dye, a 1073)M solution of
T-diethylamino-4-methylcoumarin in ethanol, cir-
culated through a stainless-steel cell with cem-
ented windows. A beam splitter divided the laser
output, sending approximately 70% of the intensity
to a White-cell optical delay line. A second beam
splitter recombined the delayed and undelayed
pulses to form a pulse train, collinear to within 1
mrad.

Collinear excitation was chosen to eliminate
Doppler dephasing of the echo signal due to non-
parallel propagation of the excitation pulses
through the gas sample. We show in the Appendix
that, if the propagation vectors of the two pulses
intersect at an angle «, the echo signal will be re~
duced by a factor given by Eq. (A3):

y = exp[-(872/In 2)(TaAp)?],

where 7 is the time interval between the pulses
and Ajis the Doppler half-width of the resonant
transition.

The pulse train was linearly polai*ized by a Glan-
Thompson prism and passed through the sample

N, LASER

L| vV

?—O —<—| DYE LASER

C, Ca
ot X X
Lz # P Cs PR Py L PM
—>O—>—\—N—>— [J%— [Z]—)-[Z]—O—> }—J
BS2
FIG. 3. Experimental schematic. DL is a White-cell
delay line; BS; and BS, beam splitters; C; and C, Hel-
moltz coils; Py, P,, and P; Glan-Thompson polarizers;

L,, Ly, and Lj lenses; and PM an RCA 7265 photomul-
tiplier.
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cell. The time interval between pulses was varied
between 44 and 124 nsec in steps of 20 nsec by
adjusting the number of reflections in the delay
line. Losses in the beam-handling optics reduced
the excitation intensity in each pulse to 10% of the
entire dye-laser output. A second Glan-Thompson
prism,. placed between the sample and the photo-
multiplier detector with its pass axis orthogonal
to the first polarizer, transmitted the rotated
echo component, while substantially attenuating
the excitation pulses. No electro-optical switch-
ing is required. In practice, use of three analy-
zer prisms’yielded the best discrimination be-
tween echo and laser pulses. It was also neces-
sary to aperture the detector carefully to minimize
pickup of fluorescence and scattered light.

A linear gate sampled the output from the RCA
7265 photomultiplier, accepting only the echo sig-
nal. Noise and dark current were rejected by a
lower -level discriminator. A fast analog-to-dig-
ital convertor then determined the echo amplitude.
As the dye laser exhibited substantial intensity
fluctuations, some 500 to 1000 echo pulses were
measured and averaged for each value of magnetic
field. In addition to the random shot-to-shot var-
iations, the dye-laser output and frequency tuning
often exhibited a slow systematic draft during the
1 to 2 h experimental run. Even though all laser-
cavity components and beam-handling optics were
securely anchored to a rigid optical table, and a
large volume of dye circulated through the laser
system, the echo amplitude at fixed magnetic
field was observed to fall off by as much as 50%
over a period of 2 h. To minimize the effect of
this systematic drift on the echo spectrum, the
magnet current was repeatedly reset to a stand-
ard value, and the corresponding echo amplitude
monitored during the course of each experimental
run. If the echo signal at the calibration point
dropped by more than 20%, data taking was sus-
pended and the laser retuned.

The cesium sample was double-distilled into the
sidearm of a 2-cm path-length glass cell, sealed
at a background pressure of less than 107 Torr.

A temperature-regulated oven heated the sidearm
to 75+ 2°C, corresponding to a number density of
about 10'2 em™, At this density, interatomic col-
lisions have an entirely negligible effect on the
photon echo. A separate heater maintained the
cell body at approximately 100°C, preventing ces-
ium condensation on the optical windows. For the
TPy, - 68, ,, transition at 4555 A, the absorption
length was estimated to be 2 cm.

A pair of Helmholtz coils generated the magnet-
ic field which rotated the echo polarization. Field
strengths up to 60 G could be obtained. A 0.1-Q
precision resistor and digital voltmeter monitored

the current in the coils ; regulation of the magnet
power supply and water cooling of the coils limited
current fluctuations to less than 0.1%. The mag-
netic field was calibrated as a function of coil
current with a Hail-effect gaussmeter and a set

of standard magnets.

IV. DATA AND DISCUSSION

Figures 4-8 show the measured photon-echo in-
tensity as a function of applied magnetic field
strength for both F = 3 and F = 4 ground-state
hyperfine components at excitation pulse separa-
tions of 43.9, 63.9, and 83.9 nsec. Each datum
point represents an average of 500 to 1000 echo
pulses; the averaging procedure reduced statisti-
cal fluctuations to (10-20)% of the measured amp-
litude.

The solid lines in Figs. 4-8 represent theoreti-
cal spectra calculated by means of the theory pre-
sented in Sec. II. As was discussed there, the
Faraday effect causes a rotation of the polariza-
tion of pulses propagating through the active me- -
dium which must be added to the echo polariza-
tion rotation, as in Eq. (19). Faraday rotation
angles of several degrees were observed for sin-
gle laser pulses traveling through the cesium
sample, even at low values of applied magnetic
field. Theoretical determination of the Faraday
rotation of intense pulses nearly resonant with a
transition between states of high angular momenta
entails complicated calculations'” and requires
knowledge of the sample number density, a quan-
tity which is both difficult to measure and unlikely
to be uniform along the optical path. Dependence
of the Faraday angle on magnetic field strength of
the form 6 .(H) = VH, where V is a Verdet constant,
was therefore assumed; the best fit to the exper-

e
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FIG. 4. Echo intensity in arbitrary units vs magnetic
field in gauss for 6S;,, F=3 ground state, 43.9 nsec
pulse separation interval. Experimental data are de-
noted by solid circles; calculated spectrum by solid line.
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FIG. 5. Echo intensity vs magnetic field for F=3
ground state, 63.9 nsec pulse separation interval.

imental data was obtained for the value V=1.3°/G.
Comparable effects arising from Faraday rotation
were not observed in a previous photon-echo
polarization-rotation experiment on the cesium
TP, ,, - 68, ,, transition,® as the oscillator strength
of this line is smaller by a factor of 4.3 than that
of the 7P;,, - 65, ,, line.

Upon taking the Faraday effect into account, we
find that the calculated spectra of echo intensity
versus magnetic field fit the experimental data
well, reproducing the major spectral features
for all delay times investigated. As can be seen
from Figs. 4-8, the echo spectrum does not scale
with the product Bt, as was observed for the
6S,,, = TP, ,, transition. The breakdown of this
scaling behavior is a consequence of the nonlinear
dependence of the energy of the magnetic sublevels
on field strength as the atom passes from the
hyperfine Zeeman to the hyperfine Paschen-Back
regimes.

Several small peaks in the experimental spectra
do not appear in the theoretical curves. A possible

-
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.‘
¢ ° .'. ° L]
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L] ..
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y | YCR l 1
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FIG. 6. Echo intensity vs magnetic field for F=3,
83.9-nsec pulse separation interval.
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FIG. 7. Echo intensity vs magnetic field for F=4,
43.9-nsec pulse separation interval.

explanation is that the excitation pulses are suf-
ficiently intense that Eq. (15) is no longer correct.
When the attenuation of the laser pulses by the de-
lay line and beam-handling optics is accounted
for, an estimate of the pulse area 6 = A ) yields
6~20° for a laser peak power of 2 kW, suggesting
that the validity of this linear approximation may

- be somewhat marginal ({5) is the reduced dipole

matrix element for the 6 S,,, — TP;,, transition).
An experimental comparison of the echo spectrum
for full laser intensity with that obtained with both
laser pulses attenuated by 40% tends, however, to
support the use of this approximation, as the sole
effect of reducing laser power appears to be a
proportionate reduction in echo intensity.

A second possible explanation of the additional
peaks in the experimental data is incomplete reso-
lution by the dye laser of the 9-GHz ground-state
hyperfine splitting. Overlap of the wings of the
laser line with the nonresonant ground-state com-
ponent could mix additional frequencies into the

-sum of Eq. (17), since the dipole moment operator

i-:: - F=4
g * 83.9
Z| .9 NSEC
|_
Z .
o | *
Il .
]
w
—o e N .o
....- oo . .'.
. * ) ®ee ®ee
> ! I 1 1
0 4 8 12 16 20

B (GAUSS)

FIG. 8. Echo intensity vs magnetic field for F=4,
83.9-nsec pulse separation interval.
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connects the F = 3 and F = 4 ground states to dif-
ferent sets of excited-state hyperfine sublevels.

In point of fact, the theoretical treatment employed

neglects both the finite width of the laser line and

the degeneracy of ground and excited states during
the application of the laser pulses. Linewidth and

off-resonance driving effects may, in fact, signif-
icantly influence the behavior of the photon echo.

V. CONCLUSION

A new photon-echo polarization-rotation proce-
dure makes possible observation of photon-echo
quantum beats in the form of highly detailed spec-
tra of echo intensity as a function of applied axial
magnetic field strength. Such experimental spec-
tra, obtained on the cesium 7P,,, -6S,,, transi-
tion, are correctly predicted by a calculation
based on the theoretical work of Lambert et al.!!
over a range of magnetic field values character-
ized by a highly nonlinear dependence of the ex-
cited-state magnetic splittings on field strength.
The F = 3 and F = 4 ground-state hyperfine com-
ponents were selectively excited, and a number of
different excitation pulse intervals investigated.
The agreement obtained between experiment and
theory in a system possessing a complex and
finely spaced level structure confirms the inter-
pretation of the echo polarization-rotation effect
as a quantum interference phenomenon.

Although the present experiment did not en-
compass high-precision measurements, the de-
pendence of the echo quantum-beat spectrum on
both ground- and excited-state g gactors and hy-
perfine constants suggests that this technique may
be useful in the future determination of these
quantities, particularly in short-lived excited
states. Polarization-rotation studies of echo
quantum beats may also find application to the in-
vestigation of collisional relaxation processes in
gases, as spin-dependent interactions may pro-
duce observable changes in the echo quantum-beat
structure. Photo-echo relaxation work may also
profit from the great simplification of the labora-
tory setup introduced by the echo polarization-
rotation method.

APPENDIX: DOPPLER DAMPING OF PHOTON ECHOES FOR
NONCOLLINEAR EXCITATION

In a gaseous sample, the thermal motion of the
excited atoms damps the photon-echo intensity un-
less the excitation pulses propagate collinearly.
Let €,, &,, and € be unit vectors along the direc-
tions of propagation of the first, second, and echo
pulses. If a denotes the angle between &, and §,,
the phase-matching condition € = €, — 2§, causes
the echo to be emitted' at an angle 2o with respect

yA
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:

X

FIG. 9. Echo generation for noncollinear excitation.
The first excitation pulse propagates parallel to unit
vector €; and the second along &,, while the echo is
emitted along &. :

to &, as shown in Fig. 9. An'atom moving perpen-
dicularly to € with velocity v at the time of arrival
of the first pulse will then have a velocity compo-
nent v . sina along €,, advancing or delaying the
arrival time of the second pulse by (v/c)7 sina,
where 7 is the pulse separation interval seen by a
stationary atom. The moving and stationary atoms
therefore rephase at slightly different times, and
their radiation along € will interfere destructively,
reducing the echo signal.

An estimate of the severity of this effect may
readily be obtained from a calculation of Scully
et al.*®* For a small sample, confined to a volume
V near the origin, the expression derived by these
authors for the macroscopic dipole moment of a
Doppler-broadened system, subsequent to a two-
pulse echo-excitation sequence, can be reduced to

i V.8 R\

P(t)=(p) E;cos [w (1 +_JE—) (t -27 -/
+2wr 0 7% (ce - el)], (A1)

where (p) is the expectation value of the electric
dipole moment created by the two laser pulses,
¥, the velocity of the jth atom, w the resonance
frequency of a stationary atom, and R the distance
to the observation point. Terms of order vj/ c?
have been neglected.

The assumption of a small sample volume is
made in order to isolate the Doppler damping
mechanism, which is specific to echoes generated
in gases:. Consideration of extended samples intro-
duces additional interference effects, previously

described by Abella et al.' and by Allen and Eberly !°
which tend to reduce the echo intensity for large

angular separation of the excitation pulses. Such
an intensity reduction, whose magnitude is deter-
mined by the geometry of the excitation region,
acts independently of the Doppler damping dis-
cussed here, and is equally present in solid and
gaseous samples of equivalent dimensions.
Replacing the sum over » atoms with an integra-



tion over the Maxwell-Boltzman distribution, and
making the assumption that the angle « is suffi-
ciently small that sine~ @, we evaluate Eq. (Al)
as

p= n<p>(21rkT>3/2

X fe'm”Z/Zchos [Sw (1 P 8 av ) ]d% By
c ¢S v

= N(p)exp(——— S22 )(cos wS)

41In2
X exp(—

where S =t -2 —R/c, and where the Doppler
width

l_g'(TaAD)z) 3 (AZ)

(2 1n2)1/z (kT)llz
T c\m

and the number density N =#/V have been intro-

duced. The unit vectors &, €,, and &, have been

taken to lie in the x-y plane, with € aligned along
the x axis.

From the first exponential factor and the cosine
term, it may be seen that the macroscopic polari-
zation, which oscillates at frequency w, reaches a
maximum amplitude for S =0, corresponding to the
emission of an echo pulse at time /= 27. The sec-
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ond exponential term causes the echo to damp
sharply as the angle between the two excitation
pulses is increased. Since the echo intensity is
proportional to the square of the macroscopic
dipole moment, the signal damping factor y will be

¥ = exp[—(8m%/In2)(Taa p)?]. (A3)

For the cesium 7P,,, -68S,,, transition with a
sample temperature of 100°C, the Doppler width

is 0.79 GHz. Taking 7= 44 nsec (the shortest de-
lay time available experimentally), we get

v=0.88 for @ =1 mrad. and y=0.033 for o =5
mrad. The Doppler dephasing of the echo intensi-
ty is thus quite severe, even for very small angles.
This result suggests that use of collinear excita-
tion may be quite advantageous for photon-echo
experiments in atomic vapors.
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