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Manipulation of Zeeman coherence in solids at room temperature: Ramsey interference

in the coherent-population-trapping spectrum of ruby
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Coherent population trapping (CPT) in a three-level atomic medium pumped by two subsequent short optical
pulses is considered under the condition of negligible population decay from the excited optical state. It is
shown that the amount of atomic population transferred to the excited state by the combined action of the
pulses strongly depends on the phase of the ground-state coherence excited by the first pulse at the arrival time
of the second pulse. Oscillatory behavior of optical excitation efficiency on the time delay between the pulses
is predicted. It is also shown that saturating optical pulses can produce population inversion in a resonantly
pumped quasi-two-level system. A class of solid materials in which the predicted phenomena can be observed
at room temperature is found. It includes some rare-earth and transition-metal doped dielectric crystals where
Orbach relaxation between ground-state Zeeman states is suppressed: ruby, alexandrite, and several others. On
the basis of the theoretical predictions, experimental observation of Ramsey fringes in CPT spectrum of ruby

is reported.
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I. INTRODUCTION

Ramsey interference is one of the most significant appli-
cations of atomic coherence [1]. It can be viewed as a
double-slit experiment in which the magnitude and the phase
of atomic coherence excited at the initial instant of time and
location affects interaction with the coherent electromagnetic
wave at a later time and, possibly, at a different location. The
interference pattern is very similar to the one typically ob-
served in a double-slit experiment in which the time interval
between the interaction instants serves as a distance between
the slits. Ramsey interference allows one to read out the
complete state of atomic coherence including its amplitude
and phase. This feature is of great importance for quantum
information processing since it allows us to retrieve the state
of a qubit.

Though the first experimental demonstration of Ramsey
fringes was performed with separated oscillatory magnetic
fields, Ramsey interference can be observed in spectra of
coherent population trapping (CPT, Ref. [2]) by all-optical
means. Several groups reported their results obtained in
alkali-metal atomic beams [3] and vapor cells [4]. In these
experiments, Ramsey interference resulted in extremely nar-
row optical transmission and absorption resonances (of the
order of a few Hz). Another interesting effect related to Ram-
sey interference is the so-called diffusion-induced Ramsey
narrowing of CPT resonance [5]. In both cases, the ultimate
goal of the research was to detect ultranarrow optical reso-
nances for use in atomic clocks. Ramsey interference can be
also observed by Faraday rotation of optical polarization in a
situation when the atomic beam passes through two spatially
separated laser beams, of which the first creates spin coher-
ence and the second one probes it [6]. Faraday rotation of the
probe laser beam is an extremely sensitive tool of studying
the amplitude and the phase of spin coherence in the
collision-free situation. Apart from the atomic beam and va-
por experiments, some important results on the realization of
Ramsey interference have been achieved in solid media, such
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as quantum dots [7], and even in electrical circuits based on
a superconducting tunnel junction [8]. However, so far no
experimental results have been reported on Ramsey interfer-
ence in solids at room temperature.

In the present paper, we present the theoretical analysis of
Ramsey interference in room-temperature optical crystals
doped with either transition-metal or rare-earth ions and its
experimental observation in the coherent population trapping
(CPT) spectrum of ruby. The main idea of the present work
is to excite the coherence between Zeeman sublevels of the
ground state by an optical pulse, then let the coherence
evolve for some time, and then test its state by applying
another optical pulse. Thus we study the line shape of the
CPT spectrum of a A-type medium under the action of two
optical pulses as it was done in works [4,5]. The peculiarity
of room-temperature solids is that the lifetime of ground-
state Zeeman coherence is much shorter than the population
decay from the excited optical state. Thus excitation of
ground-state coherence cannot rely on the populating of so-
called “dark” state by population decay (see [9]). In the next
section, we consider a simplified three-level theoretical
model showing how Zeeman coherence excited by the first
optical pulse affects the absorption of the second one under
the condition of no population decay from the excited optical
state. It is shown that Ramsey interference can result in a
population inversion under resonant pumping of a quasi-two-
level medium. In Sec. III, the class of solid materials, in
which Ramsey interference in CPT spectra can be observed
at room temperature, is identified. Significant reduction of
Orbach relaxation rate between Zeeman or hyperfine ground-
state components for certain transition-metal and rare-earth
ions doped into optical crystals makes these materials suit-
able for optical creation and manipulation of Zeeman coher-
ence. Experimental observation of modulation of CPT
spectrum of ruby due to Ramsey interference is presented
in Sec. IV. Finally, the most important results are summa-
rized in Sec. V.
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FIG. 1. (Color online) (a) Three-level model of a medium inter-
acting with two optical pulses separated by time interval 7. (b) Two
situations are considered for saturating optical pulses: (i) the second
pulse arrives at T=27n/ &, it cannot pump the medium since the
transition |B,=B,)«|3) is already saturated by the first pulse; (ii)
the second pulse arrives at T=m(2n+1)/ &, it can excite more atoms
because “bright” and “dark” states flipped, i.e., |B,)=|D;) and
ID2)=|B)).

II. CPT IN A THREE-LEVEL MEDIUM UNDER
EXCITATION BY TWO SUBSEQUENT ULTRASHORT
PULSES

Let us consider interaction of a three-level atomic me-
dium with two optical ultrashort pulses of duration 7<§7!,
where Jis the frequency splitting between Zeeman sublevels
1 and 2, and time interval 7> 7 between them [see Fig. 1(a)].
The following assumptions will be used: (i) there is no popu-
lation decay from the excited optical state 3 at the time scale
of interest; (ii) dipole moments of both optical transitions
13 and 23 are equal, u3;=pu3,=u, and assumed to be
real and positive; (iii) optical transitions are homogeneously
broadened with half linewidth being I" and I'"! is the shortest
time scale in the problem; (iv) Zeeman transition 1«2 is
homogeneously broadened with half linewidth being
y<7!; (v) the initial populations of the two ground-state
sublevels are equal. These assumptions reflect the real physi-
cal parameters of the transition-metal and rare-earth doped
optical crystals mentioned above. We will be interested in the
amount of population transferred into level 3 under the com-
bined action of optical pulses. The following notations will
be used: A6 is the energy separation between the ground-
state sublevels p,,, n=1, 2, 3 is the population of the nth
level, and o is the complex amplitude of the ground-state
coherence. The electric field in the optical wave is defined as
follows:

2
E=2{&[1-(n=1D)T]e ™ +c.c}2. (1)

n=1

Here & ,(¢) are the complex amplitudes of the electric field
in the two pulses and w is the career frequency. The ampli-
tudes &, ,(¢) are essentially nonzero only for |f, [-T|<r.
The efficiency of interaction of the pulses with the medium
is defined by their Rabi frequency, Q; ,(1)=u& »(1)/2h.
First of all, we examine how the first pulse interacts with
the medium. We assume that its duration is shorter than the
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oscillation period of Zeeman transition, i.e., 7<275" I The
latter condition means that each optical pulse couples the
excited state 3 with a “bright” coherent superposition of Zee-
man sublevels [2] defined as follows:

B =—=(1)+[2)). 2)
V2

Index 1 indicates that we are dealing with the bright state
during the action of the first pulse. Optical excitation from
the bright state is determined by the matrix element
(3|4|B,)=V2u. The coherent superposition orthogonal to
|Bl), the so-called “dark” state, is defined as follows:

Dy = —=(1) - [2)). 3)
V2

It is not involved in the excitation process since the dipole
matrix element (3|4|D,)=0. Initially, both |B,) and |D,) are
equally populated as the pure energy levels 1 and 2: pp p
=pD1Dl=p1,=p22=1/2. Due to very strong homogeneous
broadening of the optical transitions, both pulses act as an
optical pumping with the instantaneous pumping rate
Pl’z(t)=80%’2(t)/ I'. The final population of level 3 after the
action of the first pulse is given by the following expression:

o

1
P33=Z(1—x1), X1=6Xp(—f Pl(t)dt>. 4)

—oo

Correspondingly, the population of the bright state is PB,B,
=(1+4x;)/4. One sees that the optical pulse tends to equalize
p33 and PB B,

Let us first examine the situation when decoherence be-
tween Zeeman sublevels is absent [see Fig. 1(b)]. During the
time interval between the pulses, the coherent superpositions
of states, being initially bright and dark, evolve according to
the following formulas:

ISD(E=0)=|B)), [S)(=0)=|Dy), (5)

1 ) 1 .
1S =721 +e72)), [S))=—7=(1)-¢7"2)). (6)
V2 V2

It is clear that the bright state gradually becomes dark and
vice versa. However, populations of |S;) and |S,) do not
change. If the second pulse arrives at the instant of time
corresponding to the whole period of oscillations at the Zee-
man transition, the corresponding bright and dark states are
exactly the same as during the action of the first pulse:
|B2)=|S\(1=27m/8))=|B,) and |D,)=[S,(t=2mn/8))=|D).
In this case, the second pulse tends to equalize the popula-
tions of states |B,) and 3 with the initial conditions being
pp,p,=(1+x;)/4 and p3;=(1-x,)/4. The resulting popula-
tion of level 3 is given by the expression
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[

P2(z)dt) .
(7)

Here n is an integer. The situation is different if the second
pulse arrives at the time instant T=m(2n+1)/8. In this
case, |By)=|S,[t=m(2n+1)/8])=|D,) and |D,)=|S,[t=m(2n
+1)/8])=|B,) therefore the initial conditions are pp,5,=1/2
and p33;=(1—-x;)/4. The population of level 3 after the sec-
ond pulse can be easily evaluated as follows:

1
p33(T=2mn/é) = Z(l = X1Xp), X2=CXP(_ f

—00

1 1
plT=7(2n+1)/6]= 2 1- Z(l +x)(IT+xy)[. (8)

The difference in the excitation efficiency in those two cases
is given by

Apsz = p33[T= m(2n + 1)/ 8] = p33(T =27/ 6)
1
= g(l —x)(1=x,). )

It is clear that the pair of pulses separated by T=m(2n
+1)/8 always excite more atoms than those separated by
T=27mn/é. Thus one should expect oscillatory behavior of
the excitation efficiency as the pulse temporal separation or
the Zeeman transition frequency changes.

Let us consider the case of T=m(2n+ 1)/ more carefully.
If both pulses saturate the optical transition, i.e.,
JZ.P15(t)dt>1 and x,,—0, the final population of the ex-
cited optical state becomes pgf_;"):3( 8. At'the same tin_le,
populations of levels 1 and 2 are pgfl"’)= pgzm)=5/ 16<p§};m).
Thus the two pulses create population inversion at both 13
and 2+« 3 transitions. This is a nontrivial result, since both
pulses effectively interact with two-level systems 3 < |B ,).

In order to take into account decoherence processes be-
tween Zeeman sublevels, the atomic medium has to be de-
scribed using the density-matrix approach. Since both optical
transitions are assumed to have the same dipole moment and
homogeneous width, the populations of the two ground-state
Zeeman sublevels are equal at all instants of time, p;;=p,
=p=(1-ps3)/2. At the same time, complex amplitudes of the
optical coherences o3, and o3, follow the amplitude of the
optical field and can be evaluated algebraically in terms of p
and o, the ground-state coherence. Those two conditions al-
low one to reduce the whole set of six density-matrix equa-
tions to only two of them describing the behavior of p and o

C;—C)+P(t)[2(3p— D+o+0]=0, (10)

Lz—(;+i5(r+2P(t)(3p—1+0')=—yo: (11)
Here P(1)=Q2(t)/T is the pumping rate while Q(1)=Q,()
+Q,(t=T). Analytical calculations can be performed under
the conditions &, y<< 71 In this case, we can neglect the
terms responsible for oscillation and relaxation of the coher-
ence during the action of each pulse. Thus after the first pulse

PHYSICAL REVIEW A 74, 053820 (2006)

0.36

0.34

0.32

0.3

0.28

0.26

-20 -10 0 10 20

FIG. 2. Simulated CPT spectra: (a) under double-pulse excita-
tion and (b) under single pulse excitation. The simulation param-
eters are y=0.03, the shape of each pulse P(r)=10exp(-r*/7),
7=0.2, the distance between the pulses 7=10.

the ground-state population and coherence become of the
following form:

3+x x—1
o) = R T iy
8 8

(12)

with x; being defined above. Before the arrival of the second

pulse, populations of Zeeman sublevels remain the same

while the ground-state coherence oscillates and decays:
3+x

pV’ = Tl’ oV’ =W exp[- (i5+ YT]. (13)

These are the initial conditions describing the state of the

medium before the arrival of the second pulse. Final popu-

lations of the ground-state Zeeman sublevels emerge from
the set of equations (10) and (11) in the following form:

1
p(2) = 3_2[11 +X+ X+ 3X1X2+ (1 —Xl)

X(1=x,)e " cos 6T, p%) =1-2p%. (14)

The amplitude of the interference term is proportional to
exp(—yT), as expected. The excitation efficiency is modu-
lated as a function of Zeeman splitting.

The results of simulation of the set of equations (10) and
(I11) are presented in Fig. 2. The population of level 3 is
plotted as a function of the ground-state splitting. The CPT
spectrum corresponding to a single optical pulse is plotted
for comparison. The above analytical description reproduces
the results of simulation very well for §<< 77"

It is possible to generalize the above analytical treatment
for an arbitrary number of equidistant ultrashort pulses if
each pulse saturates the optical transition. It is rather easy to
show that after the nth pulse the excited-state population is
given by the following expression:

1 1{1+3exp(=yT)cos é‘T)”‘1
= 1——< P 15
P33 3{ 4 4 . (15)

The resulting population of the excited level is also an oscil-
lating function of the ground-state splitting though
the widths of Ramsey interference resonances decrease as
(n—=1)""2 for y=0. Thus the evolution of the CPT spectrum
with the increase of the number of pulses is the following. A
single ultrashort pulse produces a single level-crossing reso-
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nance in zero magnetic field which is significantly broadened
due to the short pulse duration [see Fig. 2(b)]. Two ultrashort
pulses lead to harmonic modulation of the CPT resonance
[see Fig. 2(a)]. With increase of the number of ultrashort
pulses, this periodic modulation develops into a sequence of
narrow CPT resonances within the original broad level-
crossing resonance. The width of each resonance decreases
as the number of pulses grows.

Noteworthy is that two limiting cases of a single broad-
ened CPT resonance produced by a single ultrashort pulse
and a series of CPT resonances produced by an infinite train
of ultrashort pulses were studied earlier both theoretically
and experimentally [9,10]. However, the general case of an
arbitrary number of pulses and the intermediate case of sev-
eral pulses (including the especially interesting case of two
pulses) leading to periodic modulation of the single pulse
CPT spectrum were not studied so far.

III. ESTIMATES FOR SOLIDS AT ROOM TEMPERATURE

In the present section, it will be discussed how the phe-
nomena discussed above can be observed in room-
temperature solid media. The consideration will be focused
on optical crystals doped with either transition-metal or rare-
earth ions. The choice of the dopant ions is rather broad and
includes most of those, in which electron paramagnetic reso-
nance (EPR) can be observed at room temperature, i.e., Cr3+,
Mn?Zt, Eu?*, Gd3*, Cu?*, Fe?*, and some others. All of them
have an odd number of electrons in the open 3d or 4f shell
and therefore they are Kramer’s ions, i.e., all their electronic
levels are spin doublets. The most important feature of these
ions is large energy separation of the first excited electronic
state from the ground one. This strongly reduces the contri-
bution of resonant inelastic phonon scattering (so-called Or-
bach relaxation [11]) to spin dephasing and thus to EPR line-
width. The latter lies in the MHz—GHz range depending on
the ion and crystalline host. However, in all these compounds
the time of ground-state decoherence is much shorter than
the time of population decay from the excited optical states
(typically in the microsecond to millisecond range). Thus the
mechanism of ground-state coherence excitation cannot be
based on populating the dark state through spontaneous de-
cay of the excited ions as is the case for alkali-metal vapors.
In the following discussion, we consider two crystals,
namely, ruby and alexandrite, and make estimates of the la-
ser intensities and pulse delays required to observe previ-
ously discussed phenomena.

Ruby (Cr**: Al,05) is the most studied crystal in terms of
its optical and EPR properties. The ground state of the Cr**
ion has the total spin of 3/2 and consists of two spin dou-
blets separated by 0.38 cm™! with +1/2 doublet lying above
the +3/2 one (see Fig. 3). The ground state of the chromium
ion in ruby is described by the following Hamiltonian:

S(S+1)>

Hyo= pp(gB)S.+g. B, -S.)+ D(Si T3
(16)

where up is Bohr magneton, gy=1.982 and g, =1.987 are the
ground-state g factors in the directions parallel and perpen-
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FIG. 3. Zeeman structure of electronic levels of Cr’* in ruby.
Splittings and optical polarization selection rules are indicated for
B L c. Optical transitions allowed for o polarization of light propa-
gating in the c¢ direction are indicated by arrows connecting the
corresponding energy levels accompanied by the corresponding ma-
trix element. For the R, line the upper/lower sign stands for o*/o™~
polarizations, respectively, while for the R, line the first and second
numbers correspond to o* and o~

dicular to the crystal axis, respectively, 2D=-11.47 GHz is
the ground-state zero-field splitting, and B and B, are the
longitudinal and transverse magnetic-field components, re-
spectively. The quantization axis is chosen to be along the
crystal axis. Two lowest excited electronic states lie ~1.4
X 10* cm™! above the ground one. They give rise to two very
well-known red lines in the optical emission and absorption:
R, (694.3 nm) and R, (692.9 nm). Their linewidths at room
temperature are =11 cm™' (full width at half maximum,
FWHM) and the peak absorption cross section corresponding
to the R;-line absorption is 2.5 X 10729 cm? [12]. The lifetime
of excited states is 3 ms at room temperature and 4.3 ms at
cryogenic temperatures. Since ruby has an internal symmetry
axis, the optical selection rules strongly depend on the polar-
ization of optical radiation. In addition, polarization selection
rules for the transitions between particular Zeeman sublevels
in the ground and in the excited states depend on the mutual
orientation of the external magnetic field and the ¢ axis [13].
The particular geometry of present interest is B L ¢ with the
incident laser light being circularly polarized and propagat-
ing along the ¢ axis as depicted in Fig. 3. In this geometry,
there are two independent A systems formed by the two-
photon optical transitions between the components of +1/2
and +3/2 doublets, respectively. Both A systems give rise to
two overlapping CPT resonances in the vicinity of zero mag-
netic field [9]. Decoherence times at +1/2+—1/2 and
+3/2+-3/2 Zeeman transitions are different because the
former one is magnetic-dipole allowed while the latter one is
forbidden. The direct measurements of coherence lifetimes
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were performed in series of works [14,15] in which oscilla-
tory behavior of optically induced magnetization (OIM) was
studied under various excitation conditions and in various
geometries. The longest lifetime was detected for the coher-
ence excited between +3/2 sublevels of the ground state
(~20 ns, Ref. [15]).

Let us make estimates of the laser intensity required to
observe Ramsey fringes in the CPT spectrum related to Ra-
man transition between +3/2 states. The pumping rate P(r)
can be estimated on the basis of the absorption cross section
o and photon flux T1(¢) as P(¢t)=11(¢)0,=1(t) 0 s/ ho,
where I(z) is the laser intensity. Correspondingly, the total
excitation probability is given by [P(t)dt=Fc,,,/hw with F
being the energy flux of the pulse. As was discussed in the
previous section, Ramsey fringes are the most pronounced in
case of saturating laser intensity, i.e., when [P(¢)dt> 1. Thus
the required energy flux is F,=hw/o,,,~10 J/cm?. Ac-
cording to the previous discussion, the time interval between
the two pulses has to be shorter than the decoherence time,
i.e., shorter than 20 ns. At the same time, each pulse should
be much shorter than the time delay between them. Thus the
optimal requirements for experimental observation of Ram-
sey fringes in ruby would be 100-ps—1-ns pulses delayed by
3-10 ns with the total-energy flux 5-10 J/cm?. The re-
quirement for laser intensity can be relaxed by choosing an-
other material with greater oscillator strength at the optical
transition. One of the possible candidates would be alexan-
drite (Cr**:BeAl,0,) where the maximum absorption cross
section at the R; line for chromium ions in mirror sites is
~1.5% 107" cm? [16], i.e., an order of magnitude larger
than in ruby, while Zeeman decoherence parameters are the
same as in ruby. In this case, the required laser flux is
<1J/cm?.

It is interesting to point out a possibility of creating popu-
lation inversion at the R, transition in ruby under pumping at
the R, transition. This up-conversion process can be used in
laser cooling of crystals. Such a possibility is based on the
fact that it is possible to excite two ground dark and bright
states simultaneously by choosing the appropriate magnetic
field and time interval between the two pulses. This fact
allows one to exploit two ground-state coherences excited at
+1/2+—-1/2 and +3/2 - —-3/2 transitions. We assume that
both optical pulses tend to saturate the R; pumping transi-
tion. At room temperature, the populations of the two excited
states of Cr** ion equilibrate in a few picoseconds. Thus
under or even 10—100-ps pumping the ratio of the two popu-
lations is fixed at all times and is equal to exp(—D,,/kz®)

~ (.87 for ®=300 K with population of the E doublet being
greater than that of the 2A one. Here D, =29 cm™' is the

energy difference between E and 2A levels, ky is the Boltz-
mann constant, and © is the temperature of the crystal. Let
us consider the case when the ratio of the frequencies of the
two ground-state Zeeman transitions +1/2«+-1/2 and
+3/2+-3/2 is an odd integer number. This can be done
since the splitting of +1/2 levels is a linear function of the
magnetic field while the frequency w,s3,.,_3, is its cubic
function. For a given number n, the magnetic field at which
this ratio is equal to n is given by the following expression:
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3 (upg B\’ e e 4 DI
—D(—B - >=2uBgLB, B =—=——. (17)
8 D \3n up8 1

The first optical pulse equalizes the populations of the two
bright states

B = (| +1/2) + |- 1/2)\2 (18)

and

|B,) = (| +3/2) + |- 32)\2 (19)

and those of the two Zeeman sublevels of the E state. The
initial populations of |B;,) and the orthogonal dark states
D, ,) are equal to 1/4. We need to remember that pyi3
=xpgg, x=0.87. Thus after the first pulse PB,B,=PB,B,= PEE
=1/4(2+x) while the populations of the two dark states do
not change. The second pulse arrives after half period of
oscillation at +3/2+«>—-3/2 transition. The condition B=B*
means that the transition +1/2«—1/2 experienced odd
number of half oscillations. Thus both coherent superposi-
tions that were bright for the first pulse, become dark for the
second one and vice versa. Consequently, the second pulse
“sees” the medium in which there are two ground states hav-
ing populations of 1/4 (former dark states), two excited

states +E having populations 1/4(2+x), and two +2A states

coupled to the +E ones by phonon relaxation. Thus the sec-
ond pulse redistributes the populations in the following way:

__3+2x
PEE= 42 4 x)2 = PBLBIY

1
Pp! D! (20)

P2424 = XPEE> D), —4(2 )

Here B}, and Dj , denote the two bright and two dark states
for the second pulse, respectively. The populations of the for
ground-state sublevels are given by the following expression:
_ 5+3x
S 8(2+x)%

21

+ppr pr )2

P¢1/2¢1/2,¢3/2¢3/2=(PB’ B! 1201,

1,271,2

Thus it is possible to get population inversion at the R, tran-
sition if the following condition is satisfied:

_ o x(3+2x)
P2A24 = 42 +x)2 P+1/2+1/2,43/2+3/2
543x V89 -3
=0 > xy=——""=~0.804. (22)
8(2+x)

For room-temperature ruby, x=0.87>x_,;, thus population
inversion can be achieved. Under the optimal conditions, the

population of +2A states can be made =~0.125 while the
population of each of the four ground-state Zeeman sublev-
els is =0.115. This result is obtained under the condition of
correlated action of the coherences at two independent spin
transitions. Of course, it is required that the time interval
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FIG. 4. (Color online) Laser-induced emf in room-temperature
ruby crystal. The frequency of magnetization oscillations alters as
the external magnetic field changes.

between the two pulses is shorter than the shortest decay
time of those two coherences.

IV. EXPERIMENTAL OBSERVATION OF RAMSEY
FRINGES IN RUBY

In this section, experimental results on observation of
Ramsey fringes in CPT spectrum of a room-temperature ruby
crystal are presented. Spin coherence was excited at Zeeman
transition +3/2«<—-3/2 by means of a circularly polarized
pulsed Ti:sapphire laser tuned in resonance with the ruby R,
line. The behavior of Zeeman coherence was tested in the
preceding experiment, in which oscillations of laser-induced
magnetization were observed. In that experiment, a ruby
crystal was placed into an external magnetic field produced
by an electromagnet whose direction was perpendicular to
the crystal axis. Circularly polarized laser output (about 1 mJ
per pulse, 84 Hz repetition rate) was loosely focused onto the
ruby sample and propagated along the crystal axis. A single
turn pickup coil, whose axis coincided with the ¢ axis, was
used to detect the magnetization. The emf signal was ampli-
fied by a 24-dB broadband amplifier (500 MHz bandwidth)
and passed through a low-pass filter (3 dB at 55 MHz) in
order to filter out high-frequency noise (mostly, FM radio
stations operating at =100 MHz). The resulting signal was
averaged several thousand times using a digital oscilloscope
(Tektronix TDS684A). The results of these measurements
are shown in Fig. 4. The laser-induced origin of these oscil-
lations was confirmed by changing laser polarization from o™
to o~ and observation of the signal sign change. The fre-
quency of magnetization oscillations depends on the external
magnetic field in accordance with cubic dependence of the
frequency splitting between +3/2 states. This measurement
basically repeats the result obtained in [15] in a slightly more
systematic manner.

The above auxiliary test clearly indicates the presence of
oscillating ground-state coherence. After that, observation of
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FIG. 5. (Color online) Experimental setup used in observation
of Ramsey fringes in ruby. Ti:sapphire laser cavity is formed by
mirror (M), tuning prism (TP), and tuning mirror (TM). Output of
the laser system for three distances between the primary oscillator
and the beam splitter (BS) is shown in Fig. 6. Laser-induced fluo-
rescence detected by a photodiode (PD) is studied as a function of
the external magnetic field.

Ramsey fringes in the CPT spectrum of ruby was performed
in the following manner (see Fig. 5). A short-cavity Ti:sap-
phire laser operating in the free-running mode was pumped
with the second harmonic of a Nd:YLF laser (527 nm) hav-
ing a rather long pulse (~300 ns). The Ti:sapphire laser
emitted a short pulse (=4.5 ns at 694.3 nm) before the pump
pulse ended. After traveling several meters, the beam from a
Ti:sapphire laser was split on a 50%/50% beamsplitter. Half
of the beam was sent back into the laser cavity while the
other half was circularly polarized by A/4 waveplate and
focused onto the ruby crystal placed inside an electromagnet.
The first half of the beam (the one sent back into the laser)
served as a seeding pulse for the laser. As a result, a train of
several 4.5-ns laser pulses separated by a few tens of nano-
seconds was generated. The typical shape of the train ob-
served with a 1.5-GHz-bandwidth photodiode and 500
-MHz-bandwidth oscilloscope is shown in Fig. 6. The time
interval between the pulses in the train was controlled by the
distance between the beamsplitter and the short laser cavity.
It was chosen to be longer than the Zeeman decoherence
time so that only two subsequent pulses contribute to the
interference pattern. In other words, the medium does not
“remember” the phase of Zeeman coherence created by the
first pulse at the arrival of the third, fourth, and later pulses.
The beam size at the location of the ruby crystal was
50-100 um and the total energy in the train was 0.5—1 mJ.
The repetition rate of the pump laser was 84 Hz, so that the
time interval between the subsequent trains (~12 ms) was
much longer than the population decay time of the excited
optical state. This was done in order to make sure that before
each pulse train chromium ions inside ruby crystals are in the
same initial state (ground state). Laser-induced ruby fluores-
cence (i.e., population of the excited optical states) was de-
tected by a photodiode 1 ms after the laser pulse during
100 us. The photodiode signal was stored in a sample-and-
hold system and plotted as a function of the sweeping exter-
nal magnetic field applied to the crystal. The sweep rate was
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FIG. 6. Shapes of the three pulse trains for three different dis-
tances between the beamsplitter and the short laser cavity. See text
for details.

chosen to be 0.16 Hz, so that it was much slower than the
laser repetition rate. The signal was averaged over several
hundred sweeps of the magnetic field.

The results of three measurements for three distances be-
tween the beamsplitter and the short laser cavity (i.e., for
three repetition rate of pulses in the train) are shown in Fig.
7. The upper graph shows bare spectra, i.e., the fluorescence
intensity as a function of the magnetic field. The lower traces
show the same spectra recalculated into frequency domain.
In the latter re-scaling procedure, it was assumed that the
external magnetic field was exactly perpendicular to the crys-
tal axis. Under this condition, the frequency splitting be-
tween levels +3/2 in the vicinity of zero field is given by the
following formula:

3
3<8¢MBB) D (23)

V33 ==
3202327 g\ T Ep

Periodic modulation of a single pulse CPT spectrum due to
the action of the second pulse is clearly seen in Fig. 7. Even
though it was not possible to determine the positions of
fringes exactly because of rather poor signal-to-noise ratio,
one sees that these positions roughly correspond to the rep-
etition rates of pulses in the trains (28, 33, and 39 MHz,
respectively).

The quality of the CPT spectrum and its modulation could
be significantly improved if the laser emitting a single pulse
of 100-ps—1-ns duration was available. Exploiting such a
laser would allow us to use shorter pulse delays T
~3-5ns<y! so that the interference pattern is more pro-
nounced.

V. CONCLUSION

The following is the summary of the results obtained in
the paper. Coherent population trapping (CPT) in a three-
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FIG. 7. (a) CPT spectra of ruby under excitation by a train of
pulses. Fluorescence is plotted as a function of the magnetic field.
The three spectra correspond to the pulse trains shown in Fig. 6.
The sharp CPT resonance at zero magnetic field corresponds to the
A-system coupling +1/2 states and should be disregarded. (b) Same
spectra recalculated into frequency domain. Crystal axis is assumed
to be exactly perpendicular to the magnetic field, so that the split-
ting between levels +3/2 is equal to 3gi ,U%B3/ 8%3D2. For both (a)
and (b) arrows indicate the positions of resonances of reduced fluo-
rescence excitation.

level medium under the action of two optical pulses is con-
sidered under the condition of no population return from the
excited optical state to the ground-state sublevels. The situ-
ation is typical for optical crystals doped with rare-earth and
transition-metal ions at room temperature. Periodic modula-
tion of optical excitation as a function of either pulse delay
or ground-state splitting due to Ramsey interference is pre-
dicted. The period of modulation in the frequency domain is
inversely proportional to the time interval between the
pulses. An interesting possibility of creating population in-
version in such a system is revealed for the two pulses satu-
rating the optical transition and delayed by half period of
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ground-state splitting. Such population inversion does not
require the use of optical pulses of certain area (7 pulses). If
applied to ruby at room temperature, such a method would
allow one to create population inversion at the R, transition
(692.9 nm) under optical excitation at the R, transition of
lower frequency (694.3 nm); experimental observation of
Ramsey fringes in the CPT spectrum of room-temperature
ruby is reported. Laser-induced fluorescence oscillates as a

PHYSICAL REVIEW A 74, 053820 (2006)

function of the ground-state splitting and the oscillation
period corresponds to the time interval between the pulses.
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