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Superfluorescent transitions between high-lying levels in an external electric field
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The occurrence of superfluorescence in the near-infrared regime has been investigated between high-
lying levels of Sr, Ba, and Na under the influence of a static homogeneous external electric field. The
time inequalities for single-pulse superfluorescence were fulfilled. The measurements show for all the in-
vestigated superfluorescent transitions that the square root of the peak intensity of the superfluorescent
pulse decreases with the square of the electric-field strength. If one takes into account the dependence of
the number of excited atoms, the wavelengths, and the line strengths of the superfluorescent pulses on
the electric-field strengths, the experimental findings cannot be explained by well-known theories of

superfluorescence.

INTRODUCTION

Superfluorescence (SF) is a coherent spontaneous emis-
sion from an ensemble of atoms. Because of the long
wavelengths and large dipole moments of transitions be-
tween high-lying levels, the decaying atoms may act
cooperatively due to coupling by their common near-
radiation field. SF resulting from this strong coupling
was predicted by Dicke [1] in 1954, and experimentally
confirmed in the optical region by Skribanowitz et al. [2]
in 1973.

Some of the early theories considered pointlike sam-
ples, i.e., samples with all atoms contained in a volume
with linear dimensions small compared to A, the wave-
length of the superfluorescent radiation. Pointlike sam-
ples, however, would require very special experimental
configurations, and therefore subsequent theories treated
extended samples, with all dimensions large compared to
A; in particular, samples that take the shape of a thin
pencil. The SF radiation is characterized by the emission
of a delayed pulse with peak intensity proportional to N2,
where N is the total number of atoms. In the pencil-
shape geometry the radiation is emitted in a narrow cone
in both directions along the sample axis.

For an unambiguous test of the theories it is desirable
that experiments be performed on the simplest possible
system and that they obey a set of conditions first formu-
lated by Bonifacio and Lugiato [3] for the regime they
denoted “pure SF.” In this regime the population of the
excited level in a pure two-level atom is removed by one
superfluorescent pulse and not by ringing, i.e., by a se-
quence of superfluorescent pulses. Gibbs er al. [4]
showed in their cesium experiment that single-pulse emis-
sion can be realized.

SF has been observed in the far-infrared [2,5,6], the
near-infrared [7-9], and the visible regions [10,11]. It
was shown [12-14] that it is possible to influence SF in a
cavity. This is due to the fact that the collective emission
in a cavity occurs only at transitions for which the cavity
is resonant. Recently we have shown [15] that it is also

4

possible to eliminate superfluorescent transitions between
high-lying states of Sr by applying an external electric
field. In this paper these measurements were extended,
and it was found that for all the investigated
superfluorescent transitions in Sr, Ba, and Na the square
root of the maximum of the intensity of the
superfluorescent pulse decreases with the square of the
electric-field strength. Calculations were carried out for
several theories of SF.

CONDITIONS FOR SUPERFLUORESCENCE

Simple experimental conditions make theoretical dis-
cussion of the results feasible; therefore, experiments
should be performed with single superfluorescent pulses.
The Bonifacio and Lugiato conditions for single-pulse SF
[3] can be summarized by inequalities between times
characterizing the experiment, i.e.,

Tg<Tc<Tp<7p<Ty,T5, T3 . (1)
The sample transit or escape time is
Tg=L/c, )

where L is the length of the pencil-shaped sample of in-
verted atoms. The Arecchi-Courtens cooperation time 7,
[16] is the maximum separation time between transitions
of atoms decaying cooperatively, given by

Tc =\/TETR , (3)

where the characteristic SF time 7 [17],

8Ty @
TR = ,
ool
depends on the partial lifetime of the excited level for the
superfluorescent transition 7y, the inversion density n,
and the wavelength of the superfluorescent transition A.
The delay time 7, between the creation of the inversion
and the peak of the SF emission is typically 10 to 100
times longer than the characteristic SF time 7, and is
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easily measured. The relevant relaxation times are the in-
version relaxation time T';, the inhomogeneous relaxation
time or dephasing time T3, and the homogeneous relaxa-
tion time T'5. One can calculate T, and T from the radi-
ative lifetimes. If one studies SF between an upper level
la) and a lower level |b ), one has [18]

1 _ 1 + 1 + 1

T, Tab 27

) (5)
ac 2de

where 7, is the partial lifetime of |a ) for the transition
from |a) to |b) and 7,, and 7,, are the lifetimes of |a )
and |b) to all other lower states. Similarly, the expres-
sion for T} is given by [18]

) (6)

where 7, and 7, are the radiative lifetimes of the two lev-
els in question. T3 is usually determined by Doppler
broadening [7]
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where Awp is the full Doppler width at half maximum.
Finally, one has to fulfill the condition

Tp<Tp » (8)

where 7p is the full width at half maximum of the excit-
ing laser pulse. Equation (8) means that the inversion
should be prepared in a time much shorter than the SF
buildup time.

PRINCIPLE OF MEASUREMENTS

The experiments were designed to approach as closely
as possible the desirable conditions for single-pulse SF
summarized by Eq. (1). In particular, in order to
lengthen the Doppler dephasing time 75, we used an
atomic beam instead of a cell. The basic elements of the
experimental arrangement are shown in Fig. 1. The
atomic beam was perpendicular to the direction of the
electric field, which was produced by two Stark plates
with 60-mm diameter and 10-mm separation. In the
center between the Stark plates the atom-beam density
was approximately 10'° cm %, The atoms were excited in
a resonant two-step transition by two dye-laser pulses.
The dye lasers were simultaneously pumped by an exci-
mer laser and had a line width of 3 GHz. The pulse
duration was 13 ns and the energy of the pulses about 1
mJ. In order to check Eq. (8), we changed the pump gas
of the excimer laser from XeCl to N,. The pulse duration
was then less than 5 ns. The experimental results did not
show a dependence on the pulse duration. To observe the
SF in pure electric fields, the earth’s magnetic field was
compensated within 5X1077 T by three pairs of
Helmbholtz coils.

The principle of excitation and observation is shown in
a fictitious level diagram in Fig. 2. The atoms were excit-
ed stepwise via level 2 into level 3. Due to this excitation
process, the atomic population was initially inverted for
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FIG. 1. Experimental setup. M, mirror; P, polarizer; A,

analyzer; L, lens; FP, electric-field plates; PM, photomultiplier,
PD, photodiode; Trans Dig, transient digitizer; HV, high-
voltage power supply; DVM, digital voltmeter; PC, personal
computer.

two allowed optical transitions, namely, 3—4 and 3—5.
From theoretical results concerning SF it is known [19]
that the transition with the shortest time constant 7
causes the system to start radiating. In Fig. 2 the atoms
thus radiate on transition 3—4 first, because this transi-
tion has the largest wavelength and consequently the
shortest SF time [Eq. (4)]. Due to the differences in ener-
gy between high-lying states, the atoms emit by SF at in-
frared wavelengths. This emission process can be detect-
ed either directly, by monitoring the infrared intensity, or
indirectly, as in the present experiment, by observing the
fluorescence from the superfluorescently populated levels
to lower states (4—7 in Fig. 2). The fluorescence was
detected by means of a monochromator and a high-speed
photomultiplier. The single-shot signal was recorded
time resolved by a fast transient digitizer, stored by a per-

3

FIG. 2. Fictitious level diagram. LP, laser excitation pulse;
SF, superfluorescent transition; FL, observed transition.
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sonal computer, and subsequently analyzed. Each experi-
mental run consisted of 500 single measurements, which
were averaged to enhance the signal-to-noise ratio. An
example of an averaged signal is shown in Fig. 3(a).

The connection between the SF pulse and the moni-
tored signal can be expressed by a rate equation. The
time dependence of the population density n(¢) of the
superfluorescently populated level is given by

dn(t) «
dt

7 is the radiative lifetime of the superfluorescently popu-
lated level and can be determined from the exponential
part of the decay curve [see Fig. 3(a)] by a least-squares-
fit procedure. I;_,,(2) is the time dependence of the in-
tensity of the superfluorescent pulse and k is a constant.
Since the observed intensity I, ,,(¢) is proportional to
the population density of level 4, one gets
1 dl,_;(1)
o« — AT
I5_,4(1) 7_14_,7(t)-|- pr . (10)
Thus it is possible to extract the SF intensity I;_, 4(2)
from the measured intensity I, , ,(¢). Figure 3 shows an
example of a measured intensity and the derived time
dependence of the SF intensity.

The system begins to superfluoresce on the transition
with the longest wavelength. If branching is possible,
and the density is high enough, the atoms are able to emit
by SF at several transitions (3—4 and 3—5). This com-
peting process occurs after the superfluorescent transition
that starts the radiation. Cascade SF, i.e,
superfluorescent emission between sequential transitions
(3—4, 4—6), is also known. Cascading can occur when
the population buildup in the lower level of the initial SF
transition is sufficiently large to produce high gain at the
coupled sequential transition. A detailed study of this
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FIG. 3. (a) Observed decay curve for the superfluorescently
populated S5s7p 'P, level; (b) the superfluorescent pulse derived
from this decay curve.
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effect has been carried out by Crubellier et al. [9].

In order to investigate the behavior of SF in an electric
field, one has to do the measurements on a system that is
as simple as possible, since the different theories of SF as-
sume only a two-level system. In our measurements,
competition as well as cascade effects were therefore
avoided.

EVIDENCE OF SUPERFLUORESCENCE

In order to check the superfluorescent character of the
emission, the variation of pulse height, pulse width, and
delay was studied. From theoretical results about SF it is
known (e.g., [3], [20], and [21]) that the intensity distribu-
tion of the SF pulse is given by

t—7p

I1(t)=1I,, sech? (1)

TR

and that the peak intensity I,, is proportional to N2, the
total number of atoms. In contrast to this, the delay time
7p and the pulse width are proportional to N ~!. To test
these dependences, time-resolved recordings were per-
formed for different atomic-beam densities. As an exam-
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FIG. 4. SF pulse for two different atomic densities for the
transition 6s8p 'P;—6p?3P, in barium. Oven temperature (a)
T=870K, (b) T =940 K.
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ple, Fig. 4 shows two SF signals of the transition
6s8p 'P,—6p23P, in Ba for different atomic-beam densi-
ties. The typical shape of the single symmetric pulse was
found. At the experimental pulse shapes a theoretical
pulse (11) was fitted with the delay time 7, SF time 7,
and peak intensity I, as free parameters. Figure 4 shows
good agreement between experimental and theoretical
curves. On increasing the density, one can see that the
peak intensity increases, but that the delay time and the
pulse width decrease.

Another method of showing the superfluorescent popu-
lation of a level is to monitor the dependence of the
fluorescent spectrum on increasing atomic-beam density.
As an example, Fig. 5 shows three transitions of Na (see
Fig. 6) as a function of increasing atomic density. For
these measurements the atoms were excited via the
3p 2P, , into the 7s %S, level by two pulsed dye lasers.
The monochromator was scanned and the signals were
recorded by the transient digitizer and stored by the com-
puter. By scanning the monochromator over a range of
50 nm, we stored several thousand shots. Subsequently,
the intensity data of several shots were added up to

T=588K
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FIG. 5. Fluorescence spectra of Na for different atomic-beam
densities. T, oven temperature; excited level 7s2S,,,. Transi-
tions: see Fig. 6.
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enhance the signal-to-noise ratio. By this process we
simulate a boxcar integrator, with the advantage that we
can choose the timing afterwards.

The monochromator was scanned from 470 to 520 nm,
so that, according to Fig. 6, three transitions are expect-
ed. When the temperature of the atomic-beam oven is in-
creased by 45 K, the signals on the left and on the right
(475 and 515 nm) increase by a factor of 2, whereas the
signal in the middle (498 nm) increases by a factor of 4.
This provides evidence that the signal in the middle
comes from a level that was populated by SF, because the
intensity of the SF pulse goes as N2 in contrast to the
normal fluorescence, which goes as N.

Finally, we have to show that the electric field acts
only on the SF transition and not on the normal optical
transition. This is demonstrated in Fig. 7, which shows
the same three transitions in Na as Fig. 5. When the
electric-field strength is increased, the middle signal de-
creases by a factor of 2, whereas the other transitions,
which start from levels not populated by SF, do not
change their intensity.

EXPERIMENTAL RESULTS

Strontium

A partial level diagram of Sr is shown in Fig. 8. The
atoms were excited stepwise via the 5s5p !P, level into

2 2 2
SV 2 PV 23/2 D3/ 25/2
5 101 185 _9%  _s8d
2 2 _8p 7d
L 8s —_
_7p 6d
38 7s
6s
367 s153np S OB 4983 |
174 3p:
z 589.0nm
0 - 3s /

FIG. 6. Na energy levels relevant for the measurements. =,
laser excitation pulse; =, SF pulse; —, observed fluorescence
light.
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FIG. 7. Fluorescence spectra of Na for different electric-field
strengths &. Transitions; see Fig. 6.

the Ssns!S, level with n=8-12. The existence of
superfluorescent decays to the 5s(n —1)p !P; levels was
proved by observing the population transfer to the
5s4d 'D, state. If the atomic density is sufficiently small,
no superfluorescent cascades were observed.

The important times for SF are listed in Table I. It can
be seen that the Bonifacio and Lugiato time inequalities
for single-pulse SF (1) are fulfilled. The radiative life-
times of the Ssnp 'P| levels were taken from Ref. [23] and
of the 5sns 'S, levels from Ref. [22], except for the life-
time of the 5s12s 'S level, which was determined in this
work. The partial lifetimes, which are equal to the re-
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FIG. 8. Sr energy levels relevant for the measurements.=—e,
laser excitation pulse; =, SF pulse; —, observed fluorescence
light.

ciprocal Einstein A factors for the transitions, were cal-
culated in Coulomb approximation [24,25] and the other
times are given by the experimental conditions [26].

As an example of the measurements, Fig. 9 shows the
observed intensity of the transition 5s7p P, —5s4d 'D,.
The maximum of the intensity of the SF pulse was de-
rived using (10) and (11). In Fig. 10 the square root of the
peak intensity was plotted against the square of the
electric-field strength & for three investigated transitions.
For each transition the measured points are on a straight
line. The solid line was obtained by a least-squares-fit
procedure. This linear dependence was found for all the
measured single-pulse superfluorescent transitions. The
gradients of the function relating V/'1,,(6)/I,,(E=0) to
&2 are listed in Table II, and are discussed later.

Barium

A partial level diagram of Ba is shown in Fig. 11. The
atoms were excited stepwise via the 6s6p !P, level into
the 6sns 'S, levels (n =10,11), into the 6sn'd 'D, levels
(n'=9-11), and into the level 6p>!D,. The SF occurs
from the 6sns 'S, levels to the nearest lower P, level,
from the 6sn’d 'D, levels to the 6s(n’'—3)f 'F; levels,

TABLE I. Important times for the measured Sr transitions; A in um, all times (see text) in ns.

SF transition A ('So) T('Py) TE Tc TR T, T TS
5585 1Sy—Ss7p 'P, 4.66 70.9° 39.2° 0.03 0.34 3.83 46.5 50.5 37.6
5595 'S, —5s8p P, 74.82 119.0? 27.1% 0.03 0.27 2.40 44.1 44.1 507.0
55105 'Sy—5s9p 'P, 54.32 303.0% 42.7° 0.03 0.22 1.68 74.7 74.9 368.6
55115 'Sq—5s10p ‘P, 62.30 376.0% 81.0° 0.03 0.17 1.00 132.6 133.3 422.7
5s12s 1S0~—>5511p P, 79.11 889.0 123.0° 0.03 0.20 1.36 218.4 219.2 536.8

*Reference [22].
"Reference [23].
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FIG. 9. Observed decay curves from the superfluorescently o] 652

populated level 5s7p 'P; following laser excitation of the
558s 'S, level for different electric-field strengths. Signals ob-
served in the transition 5s7p P, -5s4d 'D,.

and from the 6p2'D, level to the 659p 'P, level. All the
superfluorescent transitions were proved to exist by the
presence of optical transitions to the 6s5d 'D, level. The
time inequalities for single-pulse SF (1) were again
fulfilled [26]. Superfluorescent cascades from the 'S lev-
els and superfluorescent competing transitions from the
1D, levels could be avoided if the atomic-beam density
was sufficiently small, but in the Ilatter case
superfluorescent cascades could not be suppressed. As an
example, Fig. 12(a) shows the intensity of the SF pulse of
the transition 6s11d 'D,—6s8f !F;. The minimum indi-
cates that the superfluorescently populated 6s8f 'F; level
decays by a further SF pulse. The intensity distribution
of Fig. 12(a) is given by

o _
I(t)=1I,,, sech? ﬁ —1I,, sech? T::Z (12)
5 10-
c
oo |
0
]
L"‘f i
b
051 o 3
0 , 40 80
2[(kV/icm)d]

FIG. 10. Square root of the maxima of the intensity of the
superfluorescent pulses plotted against the squared electric-field
strengths for the Sr transitions (a) 5s8s 'S,—5s7p 'P;, (b)
5s11s 1S4—5s10p 1Py, (c) 55125 1S,-5s11p 'P,.

FIG. 11. Ba energy levels relevant for the measurements. ==e,
laser excitation pulse; =, superfluorescent pulse; —, observed
fluorescence light.

The second pulse can be suppressed by a small
electric-field strength [Fig. 12(b)], as is also shown in Fig.
13. Figure 13(a) shows the dependence on the electric
field of the fluorescence intensity from the laser popu-
lated level 6s11d 'D, observed in the transition
6s11d 'D,—6s6p 'P,. Figure 13(b) shows the fluores-
cence intensity from the superfluorescently populated lev-
el 6s8f 'F, following laser excitation of the 6s11d 'D,
level at the same three electric-field strengths. The
signals were observed in the transition
6s8f 'F;—6s5d 'D,. In Fig. 13(c) the fluorescence inten-
sity from the level 6s10d !D, is shown in the transition
6s10d 'D,— 6s6p 'P,. This level was populated by a
superfluorescent cascade, which consists of two
superfluorescent pulses: the first populates the 6s8f IF,
level and the second the 6s10d 'D, level. As a result of
the electric-field strength of 170 V/cm, the second pulse
in the SF cascade was suppressed [Fig. 13(c)], the popula-
tion of the 6s8f 'F; level was a little lower than for O
V/cm [Fig. 13(b)], and the intensity of the transition
6s11d 'D,-6s6p 'P, was increased [Fig. 13(a)]. Raising
the field strength to 500 V/cm caused the super-
fluorescent pulse from the laser-excited 6s11d 'D, level
to the 6s8f 'F, level to disappear [Fig. 13(b)], and caused
the intensity in the transition 6s11d 'D,—6s6p 'P; to in-
crease further [Fig. 13(a)].

Finally, if the electric-field strength was high enough to
suppress the second superfluorescent pulse in a cascade,
then plots of the square root of the peak intensity of the
SF pulse versus the square of the electric-field strength
show the same linear behavior as for Sr [26]. The gra-
dients of the function relating V/1,,(&6)/I,,(6=0) and
&2 are given in Table II.

Sodium

A partial level diagram of Na is shown in Fig. 6. The
atoms were excited via the 3p 2P; , level into the ns %S ,,
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FIG. 12. Superfluorescent pulse of the Ba transition
6s11d 'D,-6s8f 'F; derived from the observed transition
6s8f 'Fy~6s5d 'D, for different electric-field strengths (a) with
and (b) without a superfluorescent cascade. The cascade con-
sists of two pulses: The first one populates the 6s8f 'F; level
and the second one depopulates this level.

levels with n =6-9. The time inequalities for single-pulse
SF (1) were again fulfilled [26]. We found that
superfluorescent cascades populate the (n —2)d ’D ; lev-
els via the (n —1)p *P;. levels. In contrast to the mea-
surements on Ba, it was not possible to suppress the
second superradiant pulse relative to the first
superfluorescent pulse in the cascades at lower electric-
field strengths. Therefore, to have definite conditions in
the measurements the np 2P, levels (n =5-8) were direct-
ly excited from the ground state by a frequency-doubled
dye laser. The fluorescence from the superradiantly pop-
ulated (n —1)d 2D;. levels was observed in the transitions
to the 3p 2P;. levels. The dependence of the maximum
intensity of the superradiant pulse on the electric-
field strength was the same as for the alkaline-earth
metals. The gradients of the function relating

V' 1,,(6)/I,,(6=0) to &2 are again listed in Table II.

DISCUSSION

For discussion of the experimental results we study
first the influence of the Stark splitting of the initial and

100 200 300 T T T T
oY
—_— T T T T T T 34 em (c) 6s10d 'D,—6s6p 'F
a
=
C r 1 24
3 13 €t :100Vicm |
:c} 1 70
L]
| 0 100 200 300 400 tins)

FIG. 13 Observed decay curves of Ba transitions for different
electric-field strengths from (a) the laser-excited 6s11d 'D, level,
(b) the superfluorescently populated 6s8f !F; level, and (c) the
level populated by a superfluorescent cascade, from the laser-
excited 6s11d 'D, level via the 6s8f 'F, level.

final levels involved in superfluorescent transitions. An
electric field splits degenerate levels into sublevels, and
therefore the dipole moments on various nearly degen-
erate transitions oscillate at slightly different frequencies.
For this reason phase coherence can be lost, and conse-
quently the intensity of the superfluorescent pulse can be
reduced. In all superfluorescent transitions studied, at
least one of the levels is degenerate. If the Stark splitting
were a possible explanation of the experimental find-
ings, then the gradient m of the function relating

\/IM((?)/IM((S“:O) and 62 should show a linear depen-
dence on the Stark parameter a,, which describes the
Stark splitting. Such a correlation was not found. The
values of m and a, of the investigated transitions in Sr
and Ba are given in Table III. Thus we conclude that the
lifting of the degeneracy cannot explain the experimental
findings.

This conclusion is supported by an experiment in
which the superfluorescent transitions were investigated
under the influence of static homogeneous external mag-
netic field. Since the Zeeman splitting is proportional to
the magnetic field B, one expects the square root of the
peak intensity of the superfluorescent pulse to decrease
linearly with the magnetic-field strength. Figure 14
shows the results for two superfluorescent transitions,
one in Sr (5s11s'S;—5s10p 'P;) and one in Ba
(6s11d 'D,—65s8f 'F;). In the latter case the laser light
was linearly polarized parallel to the magnetic field, so
that only Am =0 transitions were induced, as was done in
the investigations in electric fields. No dependence of the
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TABLE II. Comparison between experimental and theoretical values of the gradient m of the function
V'1,,(8)/I,(6=0)=1+mp’E? for all measured SF transitions; & in kV/cm, p=1/(kV/cm).
Calculated
SF transition (a) (b) (c) Experimental
Sr 5s8s 1Sy->5s7p 'P, +3.0%x1077 +2.7%1077 +5.1%x1077 —7.0X1073
Sr 5s9s 'S, —5s8p 'P, —8.9%1075 —1.2%x107* —2.9%x107* —2.9%1072
Sr 5s10s 'Sy, —5s9p 'P, +1.5x1073 —6.3X107¢ —2.0X1073 —3.6X1072
Sr 5s11s 'S,—5s10p 'P, +2.8X107* +2.5%107* +4.9%107* —59%1073
Sr 55125 'S, —5s11p 'P, +1.0X1073 +1.1x1073 +2.0%x1073 —9.3%107?
Ba 6s10s 'Sy,—5d7p P, —2.6X107* —2.2%10™* —4.6X107* —8.0X1072
Ba 6s11s 'S;—6s10p 'P, —2.5%1073 —5.9%107* —1.6X1073 —4.0X1072
Ba 6p2'D, 659 'P, —1.4X107* —1.3X107* —2.7X107* —1.0X1072
Ba 6s9d 'D,—>6s6f 'F, —2.1x107* —2.0%x10™* —8.0X10™* —2.4%107!
Ba 6510d 'D,—6s7f 'F, —32%x1073 —5.0%x1073 —6.3%x1073 —8.0x107!
Ba 6s11d 'D,—6s8f 'F, —3.6X1073 —3.7%1073 —7.3%X1073 —2.9%107!
Na 5p 2P, ,,—4d D5, —1.0X107* —1.1x107* —2.0X107* —2.0%107!
Na 6p 2P, ,,—5d 2Ds —1.1X1073 —1.1X1073 —2.1%1073 —1.1X1072
Na 7p 2P, ,,—6d 2Ds , —7.4X%1073 —7.3%1073 ~1.4X1072 —1.0X1072
Na 8p 2P, ,,—7d 2Ds ~7.6X107* —1.0%1073 —55%107* —1.4X1072
#Calculated according to Eq. (13a).
®Calculated according to Eq. (13b).
“Calculated according to Eq. (13c).
peak intensity of the superfluorescent pulses on the
magnetic-field strength was found. Thus it follows th SN?
gnetic-field strength was found. us 1t follows that , Rehler and Eberly [20] (13a)
the lift of the degeneracy does not play a dominant part Al
in the explanation of the experimental results. This be- SN2 o )
havior can be explained if we assume that in our experi- Ioa i 2 Bonifacio and Lugiato [3] (13b)
ments there was only a single superfluorescent pulse be- M
tween two particular sublevels and not a superposition of S’N?
> , mean-field model
superfluorescent pulses of various nearly degenerate tran- Al
sitions that oscillate at different frequencies and mutually without damping [27] . (13¢)
influence each other.

We now have to discuss other reasons for the depen-
dence of the peak intensity of the superfluorescent pulse
on the electric-field strength. To do this, we calculate the
peak intensity according to different theories:

Here, N is the number of atoms in the excited state, S the
line strength, and A the wavelength of the transition. S,
N, and A depend on the electric-field strength. Under the

TABLE III. Experimental values of the gradient m of the function V/'Iy(&8)/I,(6=0)=1+mp?&>

of measured superfluorescent transitions and values of the tensor polarizabilities «,.

a, in

kHz/(V/cm)?, &in kV/cm, and p=1/(kV /cm).

Transitions m ay('Py) a,('F;)
Sr 5s8s 'Sy —5s7p 'P, —0.007 0.009
Sr 5595 'S, —5s8p 'P, —0.029 —0.17
Sr 5s510s 'S;—5s9p 'P, —0.036 —0.19
Sr 5s11s 'S;—5s10p 'P, —0.0059 —0.30
Sr 55125 'Sy—5s11p 1P, —0.0093 —0.54
Ba 6510s 'S, —5d7p 'P, —0.08 —0.033
Ba 6s11s 1Sy—6s10p 'P, —0.04 —0.21
Ba 6p*'D,—6s59p P, —0.01 0.12
Ba 659d 'D, —~6s6f'F, —0.24 —0.18
Ba 6510d 'D, —6s57f 'F, —0.80 —0.49
Ba 6s11d 'D,—6s8f 'F; —0.29 —0.37
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FIG. 14. Square root of the maxima of the intensity of the
superfluorescent pulses plotted against the magnetic-field
strengths B, (a) for the transition 5s11s 1S,~5510p !P, in Sr and
(b) for the transition 6s11d 'D,-6s8f 'F5 in Ba.

condition for large damping, the mean-field model with
damping [6] shows the same dependence on the electric
field as the model of Rehler and Eberly. In our experi-
ments we had large damping, since all the measured
superfluorescent pulses could be fitted with a sech? func-
tion (see, e.g., Figs. 4 and 12).

To study the dependence of the wavelength on the elec-
tric field, the Stark effect of the two levels that are con-
nected by the superfluorescent pulse has to be calculated.
The energy shift AW (JM) of a fine-structure level |JM )
of a free atom exposed to an electric field & is given by
[28,29]

— MP—JJ+1) | 6
AW (IM) )+ )= >
(14)

a, is the scalar polarizability describing the overall shift
and a, is the tensor polarizability responsible for the
splitting into the sublevels. a; and a, are given by

2 [y J|ID Y|y J ") |2

D= =357 yz, E(yD—E(y'J") °
(15)
5 J(2J —1) 2
= T T DT +1) ]
XS (=1
v,J'

o L alID ) 2
E(yJ)—E(y'J")

J J 1
S TS

where (yJ||D!||y'J’) is the reduced matrix element of
the electric dipole operator D! connecting the levels |yJ )
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and |y'J’) and E(yJ)—E (y'J’) is the corresponding en-
ergy difference. The sum has to be extended over all the
states |y'J’') connected with the investigated state by the
electric dipole operator. The sum converges so rapidly
that the nearest 40 levels already make up more than
99% of the polarizability that is obtained by taking into
account a much larger number of levels. The reduced
matrix elements were calculated using the Coulomb ap-
proximation. The energy differences for the Sr levels
were taken from Refs. [30-34], for the Ba levels from
Refs. [35-38], and for the Na levels from Ref. [39].

Using the calculated polarizabilities, the Stark shift of
the levels that are connected by an SF pulse were calcu-
lated with (14) in order to get the dependence of the
wavelength on the electric field. The line strength is
given by

S=[{yJ || DYy I)I*. (17)

Since the electric field admixes eigenstates of different
parity, one has to use the perturbed wave functions,
which are written as

Iy == |l +Z e |77
+E[BklykJ")+B}<|yk(J"+l))]] (18)
with *

N= [1+2 e+ BE+BH 12,
i k

Ay S8y

5T EGD—E(yd)
Ay J7|D'6||yT)

K EGD)—E(y,J")

Ay T"+DIID6 ||y )
E(yJ)—E[y, (J"+1)] ~

For Na, the wave functions, which are indicated by a
horizontal bar, are pure configuration basis vectors. For
a 2P, level, the perturbed wavefunction is given by (18)
with [y J')=lis2S,,,), |y J")=|kd?D;,,), and

ly«(J"+1))=|kd ?D5,,). For Sr and Ba we used
multiconfiguration wave functions, again indicated by a
horizontal bar, derived from mixing parameters given by
Refs. [31,34-36,40].

The line strengths in an electric field were derived by
(17) using the perturbed wave functions (18), whereas the
radial parts of the matrix elements were calculated by the
Coulomb approximation. Equation (18) shows that the
main contributions to the perturbed wave functions are
given by the levels nearest to the state under considera-
tion. Therefore, we restricted our calculations to the
nearest states of each series.

The number of excited atoms N is proportional to the
line strength of the laser transition:

N« |[{yJ|D |y T ?. (19)

Bk

These line strengths were also calculated with the per-
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TABLE IV. Dependence of the wavelength, line strength, and number of excited atoms on the electric-field strength for the mea-
sured single-pulse superfluorescent transitions in Sr standardized to the case without the electric field [§ in kV/cm, p=1/(kV /cm)].

SF transition

ME)/ME=0)

S;(8)/S;(E=0)

N(E)/N(E=0)

558s 'Sy —5s7p 'P,
559s 1Sy —5s8p P,
5510s 'So—5s9p 'P,
5511s 'Sy —5s10p 'P,
55125 'S, —5s11p 'P,

1+0.18 X 10~ %p%6>
1—0.15X1073p?6?
1—0.10X 107 3p?6?
1—0.15X1073p%8?
1—0.28 X 107 3p?6?

1+0.42X 109262
1—0.39X 103p262
1—0.10X 103p26?
14+0.41X 10 3p26?
1+0.20X 10”3262

1—0.24X 107 "p%&?
1—0.25X 107 "p%&?
1—0.14X 10 %p%&2
1—0.12X107%p?6?
1—0.11X10"%p%&?

turbed eigenfunctions.

The dependence of A, S, and N on the electric-field
strength can be derived using (14), (17), and (19). Table
1V shows the results for the investigated SF transitions of
Sr. Based on the low electric-field strength in the experi-
ments, the terms with power higher in & than &% were
neglected because they are several orders of magnitude
smaller. The greatest contribution to the dependence of
the maximum of the intensity of the SF pulse on the elec-
tric field (13) comes form the wavelength A and the line
strength S, whereas the contribution of N can be neglect-
ed (Table III). The same was found for the other ele-
ments. The contributions to the peak intensity for all
theoretical models were derived with (13). The contribu-
tions beyond 62 were again neglected. In order to pro-
vide a comparison between the theoretical and experi-
mental results, the gradient of the straight line relating

V'1,,(6)/I,,(6=0) and &2 is listed in Table II.

For the investigated transitions of Sr the theoretical re-
sults are not in agreement with experiment. However,
this is not surprising because we have used the Coulomb
approximation for the calculation of the radial integrals.
From lifetime [22,23] and Stark-effect investigations [41]
it is known that the Coulomb approximation for these
levels is not a suitable method for calculating the radial
integrals.

For the investigated transitions of Ba, Table II shows
an agreement of the sign between experimental and
theoretical gradients, but the theoretical values are two
orders of magnitude too small for all the theoretical mod-
els. The reason for this difference might again be the

Coulomb approximation [42].

For Na, however, the Coulomb approximation should
be a good method for calculating the radial integrals
[43-45]. Despite this, Table II shows only an agreement
of the sign between experimental and theoretical gra-
dients, whereas all the calculated values are too small.

CONCLUSION

The experiments reported in this paper demonstrate
that superfluorescent transitions react very sensitively to
external electric fields. Thus it is possible to suppress
superfluorescent transitions by applying field with
strengths lying between several tens of V/cm and several
kV/cm, depending on the investigated element and tran-
sition. It was found for all the investigated
superfluorescent transitions that the square root of the
maximum of the intensity of the superfluorescent pulse
decreases linearly with the square of the electric-field
strength. This is confirmed for most transitions by calcu-
lations using different theoretical models.
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