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Collective emission in a resonant cavity in the dependence on an external electric field
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Collective emission in a resonant cavity was observed between high-lying levels in Sr and Ba. These
transitions react very sensitively to a static external electric field. The square root of the maximum of
the intensity of the superfluorescent pulse decreases linearly with the second power of the electric field
strength. The behavior of the maximum of the intensity, of the characteristic superfluorescent time, and
of the delay time of the superfluorescent pulse was described in the framework of modified Maxwell-
Bloch equations and explained by a change of the characteristic time constant of the superfluorescent

pulse.

PACS number(s): 32.60.+1, 32.90.+a, 42.50.Fx

INTRODUCTION

Superfluorescence is a coherent spontaneous emission
of an ensemble of atoms or molecules due to strong cou-
pling by their common near-radiation fields. The
superfluorescence is typically a pulse with peak intensity
proportional to the square of the number of cooperating
atoms, delayed from the time of simultaneous excitation
[1-4]. This delay represents the time required for the in-
dividual atomic dipoles to come into phase lock as a re-
sult of the coupling between them.

Recently it was shown that superfluorescent transitions
in free space between high-lying levels of Sr [5], Ba and
Na [6] react very sensitively to an external electric field.
The measurements showed that the square root of the
peak intensity of the superfluorescent signal decreases
linearly with the increase of the square of the electric
field strength. The experimental result is confirmed qual-
itatively by calculations. Since the theory deals with
two-level atoms, the experimental conditions have to be
designed as closely as possible to a two-level atom.
Superfluorescent cascades and branching have to be
suppressed completely in order to simulate two-level
atoms. Therefore we now observed the field dependence
of the superfluorescent emission in a tunable cavity. The
collective emission occurs only at transitions for which
the cavity is resonant, thus avoiding unwanted cascading
and branching [7]. The experiments were performed with
Sr and Ba atoms. It was found that for all the investigat-
ed collective emissions between high-lying levels, the
square root of the maximum of the intensity of the
superfluorescent pulses decreases with the square of the
electric field strength. The experimental results were de-
scribed by the Maxwell-Bloch equations for a system of
two-level atoms.

MEASUREMENTS

The experimental arrangement is shown in Fig. 1. A
beam of alkaline earth atoms (Ba or Sr) ran through a
cavity in a direction perpendicular to the axis of the cavi-
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ty. The cavity was either a plane or a confocal Fabry-
Pérot resonator with a small finesse of about 5. The sur-
faces of the mirrors covered with aluminum served as
Stark plates, so that the direction of the electric field was
parallel to the axis of the cavity. Using a HeNe laser as
the monochromatic light source, the plane Fabry-Pérot
resonator was adjusted optically and so the Stark plates
were simultaneously aligned parallel with high accuracy.
It was possible to vary the distance between the mirrors
by a piezoelement.

In the center between the Stark plates, the beam densi-
ty was approximately 10'° cm 3. The atoms were excited
stepwise via the msmp 'P, level into a msns 'S, or a
msn'd 'D, level (m =5 for Sr; m =6 for Ba) by two dye
lasers simultaneously pumped by an excimer laser. The
pulse lengths of the dye lasers were about 13 nsec full
width at half maximum (FWHM).

The atomic population was initially inverted for a large

FIG. 1. Experimental setup. M, mirror; P, polarizer; A4,
analyzer; L, lens; FP, Fabry-Pérot; PE, piezo element; PM, pho-
tomultiplier; PD, photodiode; HV, high-voltage power supply;
Trans Dig, transient digitizer; PC, personal computer.
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number of optical transitions between the pumped
msns 'S, or msn'd'D, and lower msn”p'P, or
msn'" f 'F; levels. Tuning the cavity into resonance with
one of these transitions led to superfluorescent emission
only at one wavelength, since the collective emission
occurs only at a transition for which the cavity is reso-
nant. But this is not necessarily a transition between two
levels, since complications might arise from the Stark
effect. To select a sublevel as the initial level of the col-
lective emission, the laser light of the two lasers was
linearly polarized parallel to the electric field, so that
only (Am =0) transitions were induced, which selectively
populated the sublevel with m =0 of the !D, or 'S level.
Furthermore, the cavity can only sustain collective emis-
sion with a polarization direction perpendicular to the
axis of the cavity, and therefore the final level of the
superfluorescent transition is also determined (|m|=1).

The collective emission was detected indirectly by ob-
serving the spontaneous decay of the superfluorescently
populated level by means of a monochromator and a
high-speed photomultiplier. The single-shot signal was
recorded time resolved by a fast transient digitizer and
stored by a personal computer. Each experimental run
consisted of 500 single measurements, which were aver-
aged to enhance the signal-to-noise ratio. Due to the in-
direct detection, one has to extract the superfluorescent
pulse from the recorded signal before further investiga-
tions can be done. If one assumes that the
superfluorescently populated level decays only by spon-
taneous emission with the time constant 7, the
superfluorescent intensity I () can be evaluated from the
measured intensity I (¢) [5]:

T() < (1/T)M g () +1 (1) . (1

Figure 2 shows an example of an averaged decay curve
and the superfluorescent signal derived by applying for-
mula (1). To investigate the dependence of the
superfluorescent emission on the electric field, the mea-
surements were performed in one of the following in-
frared transitions at different electric field strengths:

Ba 6snd 'D,-6s(n —3)f 'Fy(n=10,11) ,
Sr 5s10s 'S, —5s9p 'P, ,

Sr Ssmd 'D,-5smp 'P, ,

Ssmd 'D,—5s(m —2)f 'Fy(m =8,9) .

The frequency of the cavity was adjusted to the Stark
shift of the superfluorescent transition frequency by vary-
ing the distance between the mirrors of the cavity. The
electric field E caused a decrease of the spontaneous
emission of the superfluorescently populated levels (see
Fig. 3). Figure 4 shows the field dependence of the max-
imum of the intensity I, of the superfluorescent pulses
evaluated with Eq. (1) from the spontaneous emission.
One can see that the square root of the maximum of the
intensity decreases linearly with the square of the electric
field strength. This is the same dependence that was
found earlier in the case of free-space superfluorescence
[5,6]. Furthermore, the superfluorescent pulses, which
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FIG. 2. (a) Experimental decay curve for the

superfluorescently populated 6s8f 'F; level of Ba. Observed
transition 6s8f 'F;—6s5d 'D,. (b) Superfluorescent pulse of the
transition 6s11d 'D,—6s8f 'F; derived from the decay curve
compared with a numerical solution of the Maxwell-Bloch
equations (for details see text).
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FIG. 3. Experimental decay curves for different electric field
strengths observed in the transition 5s7f 'Fy—5s4d 'D, of Sr
following the superfluorescent transition 5s9d !D,—5s7f 'F;.
The arrow denotes the fluorescence of the transition
5s5p 'P, —5s% 1S, (first excitation step).
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FIG. 4. Square root of the maximum of the intensity of the
superfluorescent pulses plotted against the second power of the
electric  field strength, shown for the transition
559d 'D, —5s7f 'F; of Sr.
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obviously change in the presence of an external electric
field (Fig. 3), contain much more information than just
about the decrease of the maximum intensity. The delay
time and the width of the pulses increase with the in-
creasing electric field strength. The connections between
the maximum of the intensity, the delay time and the
pulse width will be discussed in the following section with
the Maxwell-Bloch equations.

DISCUSSION

For a theoretical discussion of the phenomenon, we de-
scribe the superfluorescence in a semiclassical way by the
Maxwell-Bloch equations for a system of two-level atoms
[8-10]. As was discussed above, only superfluorescent
(Am ==1) transitions between Zeeman levels m =0 and
|m|=1 were investigated. In this case, it is possible to in-
troduce an alternative basis system, in which the dipole
radiation vanishes in one transition [11], so that the
superfluorescence can be described in a two-level system.
When the axis of the cavity is chosen as the z axis, in the
slowly varying envelope approximation the Maxwell-
Bloch equations take the following form [8]:

P(z,t)=(i|d|*/#)E(z,t)n(z,1) ,
Az, t)=[i/(2A)][E*(z,1)P(z,1)
—6E(z,)P*(z,1)] .

(2)

&(z,t) is the electric radiation field in the cavity, 7(z,1)
the macroscopic polarization of the ensemble, and n(z,t)
the population inversion density. |d| is the reduced elec-
tric dipole matrix element of the superfluorescent transi-
tion.

Since in the present investigations the delay of the
superfluorescent pulses is of the same order of magnitude
as the radiative lifetimes 7; (i =1 upper level, i =2 lower
level) of the states that are coupled by the
superfluorescent emission, the decrease of the population
densities n; due to spontaneous emission, has to be con-
sidered in the Maxwell-Bloch equations. This decrease
leads to a damping of the macroscopic polarization with
a time constant 7,. An additional decrease of the macro-
scopic polarization with the time constant 75 is caused
by the loss of phase coherence between the oscillating
atoms mainly determined by the Doppler effect [12].
Moreover, the excitation process has to be considered in
the Maxwell-Bloch equations, since the duration of the
laser pulses is not negligibly small compared with the ra-
diative lifetime 7,. The pump rate, which populates the
upper level, is given by the pulse shape of the pump laser,
Ap(t)=(t/75)exp(—t/7p) [7]. Equations (2) have to be
completed by expressions which introduce the described
relaxation and excitation mechanisms. In addition, for
the numerical evaluation, the Maxwell-Bloch equations
were converted in a system of rate equations consisting
only of dimensionless quantities or quantities of dimen-

sion sec ™ L

pi(z,)=n(z,t)/n,
=Ap()— (g (z,th(z,t)—p((z,t) /7,
po(z,1)=n,(z,t)/n,
=(Dog(z,(z,t)—pyz,t) /7, , (3)
0(z,0)=P(z,0)e "2 /(n,d|)
=wg(z,t)[p(z,t)—py(z,1)]
—(1/Ty+1/T$w(z,1) .

no=n;+n, is the total population density.
wg(z,t)=16(z,t)||d| /# is the Rabi frequency of the tran-
sition.

The time necessary to establish a standing wave is
about 1 nsec in a cavity with a length of 50 mm. This
time is much shorter than all the other evolution times in
the problem, and especially the shortest time constant,
the characteristic superfluorescence time T, which will
be defined below. For the observed transitions, T has a
minimum value of about 2 nsec. Therefore, &(z,t) and
wg(z,t) can be described by a standing wave
6(z,1)=E6y(t)cos(kz) and wg(z,t)=wg(t)cos(kz), respec-
tively. It is sufficient to complete the above equations by
an equation describing the time evolution of the radiation
field 6y(t), and wg(t). An easy way to do this is to ex-
press the energy conservation for the combined atoms
and field system [8]. In the notation introduced, this
yields

dr(0=[1/(4Tx T,)] [ v(z,0)cos(kz)dz /82

—wg(1)/(2T¢) . @)

Tg =€yfimc /(8wl|d|*nyf8z) is the characteristic time
constant of the superfluorescent emission, where 8z is the
length of the active medium in the direction of the cavity
axis, f the finesse of the cavity, and o =kc the frequency
of the superfluorescent transition. 7, is the damping
time of the energy in the cavity. The set of Egs. (3) and
(4) allows one to calculate the coupled evolution of
ny(z,t), ny(z,t), &(z,t), and P(z,t). The experimental
conditions of the system at time ¢t =0 are given by

ny(z,t =0)=n,(z,t =0)=wg(t=0)=0,

v(z,t=0)=b(nydz) " cos(kz) .

Expression (5) describes the ad hoc initial polarization
simulating the random fields impinging on the system at
time ¢ =0 [8,9]. Since the superfluorescent system is not
initially inverted by the exciting laser pulse, a parameter
b has to be introduced [13]. b was chosen in such a way
that at a small static external electric field a good agree-
ment was obtained between measured and calculated
superfluorescent pulses (see Fig. 2). This was possible for
all the investigated transitions with different values of the
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parameter b. In a definite transition, b was a constant for
all the values of the electric field strength.

In order to describe the experimental results of the col-
lective emission in a static homogeneous electric field by
the Maxwell-Bloch equations, we assume that the
influence of the external electric field can be attached
mainly to the characteristic time constant T. This is
known from the investigation of the free
superfluorescence in a homogeneous electric field [5,6].

A sequence of pulses of decreasing intensities was now
calculated in the following way: Egs. (3) and (4) were
solved with the parameter set given by the experimental
conditions and by the specified transition without an
external electric field. Since the characteristic time con-
stant increased with increasing electric field strength, the
characteristic time constant was increased stepwise, Eqgs.
(3) and (4) were solved for each step. The simulated pulse
data of the maximum of the intensity or of the pulse
width were plotted versus the delay time (Fig. 5). To give
a visual impression of the result, a solid line was drawn
through the calculated points. The experimental values
were also entered in the figure. The evaluations were
done in the described way for all the investigated transi-
tions in the plane resonator. The result is that the data of
the simulated pulses obtained by changing the charac-
teristic time constant T reproduce the course of the ex-
perimental pulse data in all the studied superfluorescence
transitions very well. This result is not unexpected, since
in a superfluorescent system T determines the features
of the emission process. To discuss now the dependence
of Tg =¢,fimc /(8w|d|?nyf8z) on the static electric field,
the change in , |d|?, and n, has to be considered.

To study the dependence of @ on the electric field
strength, the Stark shift of the two levels that are con-
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FIG. 5. Experimental (+) and simulated (O) data (see text) of
the collective emission in a plane resonator. Simulated data
were obtained by solution of the Maxwell-Bloch equations for
increasing values of the characteristic time constant Ty (from
left to right). (a) I,'/? plotted vs T, for the transition
559d 'D,—5s9p'P; () Tp vs Tp for the transition
559d 'D, —5s7f 'F.

nected by the superfluorescent pulse has to be calculated.
The energy shift AW(JM) of a fine-structure level of a
free atom in an electric field is expressed in terms of the
scalar and tensor polarizabilities o, and a,:

AW(IM)=—{ag(J) +a(D[3M2—=J(J + D]/[J(2] —D]}E*/2 . (6)

Since the electric field admixes eigenstates of different
parity, one has to use perturbed wave functions |yJ) to
calculate the change of |d|*> with the electric field
strength. The wave function is then written as

1??>=[|w>+2e,-ly,~1'>+zﬁk|yk1">]/N, @)
i k

with
N= [1+ze,?+23§ 2
i k

€=y ' [dE|lyI ) /[ W(yJ)—W(y,JJ)],

B =Ky J dE|yI ) /Wy ) —W(y, JJ")] .
As an example, the perturbed wave function of a
5snd 'D, level is given by (7) with |yJ)=|5snd 'D,),

ly J')=|5sip 'P, ), and |y, J")=|5skf 'F;).
The population density n is proportional to the line

—

strength of the exciting transition. The line strengths
also have to be determined with the perturbed wave
functions (7).

Using for the elements Sr and Ba multiconfigurational
eigenfunctions [14—18], the dependence of w, |d|?, and n,
on the electric field can be derived. The change of the
characteristic time constant Ty with the electric field in
the transition 6s10d 'D,—6s7f 'F in Ba is then given by
TR(E)=TR(E =0)(1+0.018E%?), in the transition
559d 'D,—5s7f'F; in Sr by TRr(E)=Tg(E=0)1
+0.022E%p?), and in the transition 5510s 'S,—5s9p 'P,
in Sr by Tg(E)=Tk(E =0) [1+0.26X 10 3E?p?), with
Ein kV/cm and p=(kV/cm)~!. Since in the experiments
the electric field strengths were smaller than 1 kV/cm,
the terms with power higher in E than E? were neglected
because they are several orders of magnitude smaller. Ty
increases with increasing electric field strengths, as was
found in the experiments. These calculations confirm the
experimental results qualitatively as in the case of the
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free-running superfluorescence [5,6].

In order to study what happens if the external static
electric field is not homogeneous, the collective emission
was observed in an inhomogeneous electric field. The ex-
perimental data were obtained by observation of the col-
lective emission in a confocal resonator. Since the curved
mirrors were used as Stark plates, the static electric field
is inhomogeneous. The maximum of the intensity of the
superfluorescent emission shows the same qualitative be-
havior as in the case of the plane resonator. The square
root of the maximum of the intensity decreases linearly
with the square of the electric field strength. But this de-
crease cannot be reproduced by a change of the charac-
teristic time constant T, (Fig. 6) as in the case of a homo-
geneous static electric field (Fig. 5).

In the case of an inhomogeneous static electric field,
spatial variations of the field strengths over the cross sec-
tion of the cavity will result in different Stark shifts of
atoms at different points. Therefore, the atomic dipoles
radiate at different wavelengths, leading to a loss of phase
coherence between the emitting dipoles. This leads to a
damping of the macroscopic polarization and to a change
of the relaxation time T (1/T5=1/T*+1/T,). A se-
quence of pulses of decreasing intensity was now calculat-
ed by solution of Egs. (3) and (4), where the relaxation
time 7', was decreased stepwise. The data of the simulat-
ed pulses reproduce the experimentally observed depen-
dence between the maximum of the intensity and the de-
lay time of the pulses very well (Fig. 6). These simula-
tions show that the calculated parameters of the collec-
tive emission for the used inhomogeneous electric field
depend more sensitively on the relaxation time 7T than
on the characteristic time constant T. If the inhomo-
geneity of the electric field is smaller, then one has to
change T and Ty simultaneously in order to describe the
collective emission.
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FIG. 6. Experimental (+) and simulated (O) data (see text) of
a collective emission in a confocal resonator for the transition
6s10d 'D, —6s7f 'F, of Ba. Simulated data were obtained by
solution of the Maxwell-Bloch equations for increasing values of
the characteristic time constant T or decreasing values of the
relaxation time T (from left to right).

In conclusion, it can be stated from the experimental
results that an external static electric field can inhibit
superfluorescent emission in a cavity. The square root of
the maximum intensity decreases linearly with the square
of the electric field strength. This is the same dependence
as in the case of the free-running superfluorescence [5,6].
In a homogeneous electric field this decrease is most like-
ly due to a change of the characteristic time constant of
the emission process, whereas in an inhomogeneous elec-
tric field it is due to the relaxation time.
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