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In~ersionless Amplification of Picosecond Pulses due to Zeeman Coherence
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We extend the basic idea of inversionless amplification to a picosecond test pulse in the absence of
initial optical coherences. The crucial role of population trapping by lower level Zeeman coherence
in atomic samarium vapor (1= 1 ~ J' = 0) is demonstrated experimentally and theoretically in a
time separated preparation-test setup.

PACS numbers: 42.50.Md, 32.80.Bx, 42, 50.Hz

Amplification without population inversion has re-
cently attracted considerable attention [1—6]. To achieve
the reduction of upper state population in the atomic
transition under consideration, some proposals involve
the coupling of excited atomic states [2]. Related experi-
rnents have already demonstrated electromagnetically in-
duced transparency [7—9]. On the other hand, most of the
proposals and theoretical analyses of inversionless ampli-
fication deal with the preparation of macroscopic coher-
ence between some of the low-lying atomic states. In this
paper, we propose a new scheme for an experimental re-
alization of this general idea and present experimental
evidence of amplification without inversion (AWI). Our
approach makes use of picosecond pulses (PSP's) and
has the virtue of clearly separating in time the creation
of coherence between low-lying states, the preparation of
population in the upper state, and the amplification of a
probe beam. Insofar as we use short pulses the experi-
ment is related to [1,4]. We found it essential, however,
to use pulses short compared to all relaxation times of
the medium.

It follows from the Bloch vector description of a two-
level system that PSP's can be amplified in the absence
of inversion if coherence between the upper and the lower
level, optical coherence, is initially present in the system
[10]. In this paper, however, we discuss AWI, which is en-
tirely due to coherence between low-lying states. Since in
our experiment this coherence can be controlled by an ex-
ternal parameter, we can arbitrarily switch off the AWI
and even switch to increased absorption, thus demon-
strating the crucial role of the lower states' coherence.

In most of the cited publications, the A-type system
is discussed as a modified laser transition. Beyond that,
we demonstrate that AWI can be realized with the more
complicated J = 1 ~ J' = 0 transition. We therefore
prepare a Zeeman coherence in a J = 1 ~ J' = 0 transi-
tion of atomic samarium (Sm) in the presence of a rnag-
netic field without having population inversion at any
time (p, , ( p44, i = 1, 2, 3; see Fig. 1). The Zeeman co-
herence is described by the off-diagonal component p]3
of the density matrix and is created in the lower state
of the 570.68-nm line by applying an equidistant train of

optically resonant PSP's. This pulse train has an rf pe-
riod T„and its linear polarization is perpendicular to the
static magnetic field so that the o+ and o transitions
labeled in Fig. 1 are driven.

After each PSP, p~3 oscillates with the double Larmor
frequency (20). To always prepare the atoms in the same
way and to achieve the largest values of ~pis~, in this
paper we only use discrete values of the magnetic field
such that the pj 3 oscillation period is rf resonant with the
pulse train, ir/A=T„/n with n=1, 2, or 4. Our idea can
be demonstrated with n being the only free parameter of
the experiment.

A similarly polarized test PSP follows the last PSP
of the train with a delay time T„/4. Depending on the
value of n, the test PSP arrives at different phases of the
pts oscillation (see Fig. 2). Energy transfer is coupled
only to Rep~3, not to Imp~3. In the case n =1, the test
PSP arrives when Repq3 ——0 and, because there is no
inversion, it is attenuated. If n = 2, Repq3 is maximum
with a positive sign leading to even stronger attenuation.
For n=4, inversionless amplification is maximized.

During the time interval T„/4, the optical coherences
relax almost completely. Argon buffer gas with a pres-
sure of 90hPa is used to match the relaxation times. In
Sm, a part of the upper state population relaxes as well.
For that reason, an orthogonally polarized pump PSP
driving the 7t. transition in Fig. 1 reestablishes the up-
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I'IG. 1. Energy scheme of the J = 1 +-+ J' = 0 tran-
sition in the representation of the unperturbed atom in a
magnetic field, B. cu = ~~2 —~4~ is the atomic frequency;
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= g @a B/h is the Larmor frequency. In Sm,
=2irc/(570. 68nm) and g= 1.498.
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of 1050 K [ll]. During the relaxation phases, the ground-
state coherence oscillates:

OP j3 2~ P13
2 P13

The dipole interaction of all PSP's (k = ke ) is de-
scribed by H~ = —p E~ with the dipole operator ~ and

i/ '-' i/.. A ~ r . A n, r . A. ~
'I/ V J ~ 'I/ V & ~ 'I/ V

per state population 175 ps before the arrival of the test
PSP. Because of orthogonality, the optical coherence thus
produced does not inHuence the test PSP.

For a quantitative description of the experiment, we
write the Hamiltonian

H = HQ + H13 + Hc (t) + H~ (t) + HT (t).

Ho is the Hamiltonian of the unperturbed atom, H~ that
of the static magnetic field, and H~, H~, and HT are
those of the coherence creating pulse train, the pump
PSP, and the test PSP, respectively. Most of the time,
the electromagnetic fields are not present and the system
is described by H =Ho+H@. We choose the quantization
axis to be parallel to the magnetic Geld and to the z axis,
so Ho + H~ becomes diagonal with the elements of the
energy axis in Fig. 1.

We solve the Liouville equation for the density opera-
tor:

ih- = [H, p]+ R(p).
Bp

(2)

The term R(p) phenornenologically describes the relax-
ations to the thermal equilibrium represented by p&q&

——

p22 = p33 3 with all other elements zero. The relax-
ations can conveniently be written for the irreducible ma-
trix components. Here only upper state population p44,
optical coherences pi4, 2 =1,2, 3, and alignment compo-
nents po = (pll 2p22+p33)/V6 and p2 —p13 have to be
considered:
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T~ ——8.87 ns,

T2 ——1.04 ns,

= 14.9ns,

for 90hPa argon buffer gas pressure and a temperature

FIG. 2. Time sequence of the last PSP's of the pulse train,
E~, pump PSP, E~, and test PSP, ET. The oscillation of
Rep&3 is displayed for the rf-resonant magnetic fields.
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&1(t)&~(t) cx: b~, l, m = C, P, T, and a is the center
frequency of the pulse spectrum. The envelopes E'~ are
slowly varying in time t and propagation direction x, and
describe the incoming Gaussian fields. The nonvanish-
ing dipole matrix elements are (Hc,z)14 = (Hc,T)34 =

ip Ec—7 /+2 and (HI )24= —p Ez.
The equations of motion for the pulses' interaction

with the atoms are obtained by use of the rotating wave
approximation with the usual definition pi4 ——a.,-4e'("

and noting that for the pulse duration 7.„and the whole
Doppler spectrum: 7„((2+/0 and r„« ~a/A~ & T2 &
T, & T„& ~ (7-„ is the full width of half maximum of
the intensity, AL1 the half 1/e width of the Doppler spec-
trum). The phase of the reduced dipole matrix element
p,„=~3p is chosen such that p, F1 is real:

v = —V2Re(o.14+ o34),
'W —p44 p11/2 —p33/2 —Rep13)

p~c, T ~ I ~c,T
at 6 "' at

v = Img24,

~ = P44 —P22~

BV PE~ BQ) PE~
at 6"' ot h

'

(9)
(10)

(11)

(»)
(»)

Oi =—p dt Z1(t).
one PSP

Via Eqs. (10) and (11) Zeeman coherence is created,
i.e. , population trapping occurs. In principle, this is the
mechanism proposed for AWI of a pulse in [1,4], but, in
that treatment, a A-type system, homogeneous broaden-
ing, and T2 ((~„were assumed.

For the pulse train, we calculate the self-consistent so-
lutions of all matrix elements for alternating PSP's and

All other matrix elements remain unchanged. In par-
ticular, because of the symmetry of pulse and Doppler
spectra and because of the relaxation of the optical co-
herences, no orientation is created, i.e. , pii ——p33 and

pi2 ——p23 ——0. Furthermore, all matrix elements except
the optical coherences can be treated independently of
atomic velocity.

Equations (ll) and (14) describe the rotation of Bloch
vectors by an angle O~.
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relaxations. To ensure that no inversion is created, the
pulse area of each PSP of the train has to be smaller than
0.76+. The train prepares pi3, a population p44, and also
an enhanced population p22 which relaxes slowly with the
time constant ~ . Therefore, the pulse area of the delayed
pump PSP has to be smaller than only 0.46vr. We find
that macroscopic values of ~Repis~ up to 0.14 can be cre-
ated. Because of the relationship between the actual Sm
dipole matrix element @=4.39 x 10 3O jv 3 Cm and the
power of our laser system (maximum P = 120 mW), the
three beams have to be focused and in order to achieve
the specified pulse areas must be individually adjusted.

Figure 3 shows the transverse preparation of popula-
tion difFerence and AWI at the beginning of the vapor,
where all of the three Gaussian beams are focused. Here
on axis, the largest values of upper state population p44
in our process are created; it can be seen that no inver-
sion occurs. The test pulse area is chosen to be maxi-
mum 0.77~, which is not a small perturbation and de-
stroys Rep&3 significantly, but assures a sufIicient signal-
to-noise ratio in our experiment. We define a transverse
integrated relative amplification factor as the ratio of en-
ergy change by amplification, AR'A~p, and by attenua-
tion without any preparing field, LW . In the first layer
of the vapor it should be AWAwi /AW =0.22. This am-
plification is weak because of the transverse structure of
the preparation.

Taking into account the focusing, during the propaga-
tion through the vapor all pulse areas, O~, are attenuated
by both dispersion [10] and diffraction. Although the test
pulse area decreases during propagation, the test pulse
energy can be amplified. An exact analysis of preparation
and test pulse shaping during the propagation described
by Maxwell equations will be given in a forthcoming pub-
lication.

f44 gl I

I —. —' III
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AWI can be realized if the pulse areas are only slightly
decreased. Because of our laser equipment, focusing can-
not be avoided and therefore only small particle densi-
ties are allowed. In this case, the propagation is de-
termined by difFraction and the beams remain approxi-
mately Gaussian in the vapor. Transverse and longitudi-
nal integration (see experimental parameters below) then
lead to a relative amplification factor of AWAwi jAWe =
0.16.

In our experiment (see Fig. 4), we use a pulse train
from a synchronously pumped dye laser resonantly tuned
to the Srn line with a pulse length of w„= 30ps mea-
sured by optical autocorrelation. This corresponds to a
spectral width of =15GHz which is small enough to as-
sure that the PSP's do not interact with the adjacent
Sm lines 45 and 50 GHz apart. The pulse separation is
T„=13.214ns. With a period of 64T„, a single PSP is
separated from the pulse train using a laser triggered high
voltage pulse of length —T„applied to an electro-optic
moduiator. This single PSP is divided into the test PSP
and an orthogonally polarized pump PSP and all PSP's
are made collinear again.

The focusing is achieved by the same lens for pulse
train, pump, and test PSP's with resulting Gaussian
beam waists of 42, 45, and 25 pm, respectively, all exactly
at the beginning of the vapor. In the chosen geometry,
the pumping beams overlap the test beam for the whole
interaction region of 5 rnrn. It is assured by optical auto-
correlation that pump and test PSP remain separated in
time during the propagation through the vapor.

The (unsaturated) low density Sm vapor is confined
between two apertures of tantalum 5mm apart which
are placed in an electrically heated quartz tube (1050K).
For reasons of purity, the cell is evacuated to &10 hPa
and heated before introducing the Sm. The whole con-
struction including the heating is antimagnetic. With
two coils, the magnetic field of n x (1.805 mT), n= 1, 2, 4,
transverse to the polarization of the test field is applied.
After passing through the cell, the pump PSP is elimi-
nated by a polarizer and the test pulse is detected with
a rapid photodiode and a sampling oscilloscope.
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FIG. 3. Transverse profiles of the population difference
at the beginning of the vapor at diB'erent times: I is exactly
after the last pulse of the pulse train, II is before the or-
thogonal pump pulse, III is before, and IV after, the test
pulse. Not even in the center of the beam does inversion oc-
cur. pi i ) p44 (p22 ) pi i). Beam waists are 42, 45, and 25
pm and maximum pulse areas are 0.76m, 0.467r, and 0.77vr for
pulse train, pump, and test PSP's, respectively.
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FIG. 4, Schematic experimental setup. EOM: electro-
optic modulator; HVP: high voltage pulse generator; PBS:
polarizing beam splitter; M: mirror; I' lens; BS: beam split-
ter; D: delay; PD: photodetector; arrows mark the direction
of the beam polarization.
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ics in the complex level structure of sodium and because
of the well-known fine-structure state-changing collisions
[13].

In conclusion, we demonstrate for Zeeman coherences
the macroscopic eKect of population trapping by lower
level coherence on the amplification of a picosecond pulse,
an eKect that does not exist in the conventional laser
process. In the representation of the unperturbed atoms
in the static magnetic field, this amplification is inver-
sionless with respect to all participating Zeeman states
which is a rather restrictive definition. Of course, with
another choice of representation, for example, rotation
of the quantization axis, the process is not inversion-
less. However, the important result is that sublevel dy-
namics may play a determining role in new amplification
schemes. Presently, we are extending our experiment by
adding a second atomic transition to demonstrate fre-

quency up-conversion.

t [125ps/div]

FIG. 5. Experimental energy attenuation and inversion-
less amplification displayed by time resolved test pulse in-
tensities as described in the text. The relative gain of
AWAwr/&W —0.16 is in good agreement with the theory.

We observe the time resolved intensity of the transverse
integrated test pulse convolved with the electronic re-
sponse function of photodiode and sampling oscilloscope
(full width at half maximum of 93.9 ps). Figure 5 (b)
displays the absorption of the resonant test pulse with-
out preparing fields. In Fig. 5(a), the frequency has been
changed to observe the freely propagating test PSP. In
Figs. 5 (c), 5(d), and 5(e) the test PSP is resonant and
all fields are present, but the magnetic field is 1.805 mT,
3.61 mT, and 7.22 mT, respectively. Each curve is an av-
erage of 16 single curves, each of which has been sampled
over 5500 test pulses. In this way, all discrete Huctuations
of the pump laser have been eliminated.

For the sake of completeness, it should be mentioned
that an experiment on amplification of a test field in
sodium vapor has been recently reported using the theory
of inversionless amplification [12]. This interpretation is
problematic because of the unfavorable transient dynam-
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