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Spectrum of the ion-trap laser
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The spectral properties of the ion-trap lagfeurophys. Lett37, 317(1997)] are investigated for a realistic
multilevel scheme containing A&-type subsystem. In the laser region, the linewidth of the output spectrum is
up to ten times smaller than the cavity damping rate and roughly proportional to the inverse of the mean photon
number. Significant modifications and photon antibunching occur for thresholdless lasing. The fluorescence
spectrum displays the signature of the coherently scattered resonatof SiEI$0-294{@7)50608-1

PACS numbes): 42.50—p, 32.80-t, 42.55~f

Recently, an experimental setup has been proposed thedtesI'; and I', on the transitiong3 D3,)«|4 P3,) and
allows for laser operation with a single Caon in a high- |3 Ds;)«|4 P3,), respectively, are needed to complete the
finesse optical resonatft,2]. With the help of an ion trap, pump cycle and to prevent the population from collecting in
the charged atom can be kept in permanent interaction witmetastable statgpockets.
the cavity field. The resulting dynamics of this one-atom To treat the system in a realistic way, one has to consider
laser[3-5] is very different from the one in the microlaser the polarizations of the laser and pump fields as well as the
[6], where a sequence of prepared atoms traverses the reséeeman sublevels of the fine structure. Therefargyiori,
nator. we have a multilevel scheme with 18 levels. We assume the

It has been pointed out that the ion-trap laser can produceesonator modeq) and the coherent pump field)) to be
light with Poissonian and even sub-Poissonian statistics. Thignearly polarized and the incoherent pump field$, (and
coherently pumped system shows the formation of twadl,) to be unpolarized. By grouping the sublevels, which can
thresholds. In general, as in conventional lasers, a certaibe labeled by their magnetic quantum numbey, the 18-
pump strength is needed to drive the system above thresholtkvel scheme can be reduced to an eight-level system, as
The second threshold is due to the dynamic Stark effecindicated in Fig. 1b). The pump fields are distinguished by
which moves the atomic system out of resonance with thdifferent types of arrows. Atomic decay is represented by
cavity mode if the coherent pump is too strong. Betweerdashed arrows; for clarity, these are not shown on the laser
these two thresholds, lasing occurs. For certain pump paranand pump transitions. The decay rates between the groups of
eters, the first threshold disappears, and there is thresholdlesgblevels follow from the Clebsch-Gordon coefficients be-
lasing[7]. tween the Zeeman components and are given in E@. To

In this Rapid Communication, we investigate the spectralllustrate the grouping for the laser transition, the corre-
properties of such a microscopic laser system. So far, outpiponding Zeeman substructure is depicted in Fi{g).1For
and fluorescence spectra have only been examined in ideadxample, the relative decay rate from the upper laser level
ized two-level model$4,8]. After elaborating on the details |4 Py, to the lower laser leve|3 Dy, +1/2) is given by
of the Ca scheme, we study the output and fluorescencel/3+ 1/6=1/2. In order to calculate the atom-field coupling
spectra of the ion-trap laser. New spectral features and phane has to use the relative coupling strength 1/3 instead of
ton antibunching9], not found in the two-level laser, are 1/2, as can be seen in Fig(dL
observed in the region of thresholdless lasing. It has been discussed in Ref4,2] that with the help of

The setup under investigation is the ion-trap laser as prothe pump-operator methdd 3] the system can be reduced
posed in Refs[1,2]. The active medium consists of one further to an effective three-level system whose dynamics is
single 4°Ca" ion, which is kept in an endcap tr4m0]. Itis  governed by a non-Markovian master equation. This simpli-
difficult to find a laser transition in the frequency range fies the numerical calculation of the statistical properties of
where high-finesse resonatddsl] are available. In addition, the multilevel system.
the need for a pump scheme with appropriate transition rates We are here primarily interested in the dynamical proper-
and frequencies excludes most ions. The pump scheme fdies and treat the problem numerically for the eight-level sys-
Ca' is illustrated in Fig. 1a). As the laser transition we use tem by direct integration of the master equation
|4 Py« |3Dgp with the wavelengtth =866 nm. A co-
herent field couples the ground sta#sS,,,) to the upper 1 .
laser level|4 P,,,). This pump transition, which has already 7P~ i tHP1F Lieiwp + Laonp = Lp @)
been used for laser coolif@2], and the laser transition form
a A-type subsystem. The coherent pump induces, togethdor the density operatop of the atom-field system. The
with the resonator field, atomic coherences between the levHamilton operator
els|4 S,,) and|3 D3,), which support laser action. Further-
more, two incoherentbroadbanyd pumps with bidirectional H=-#Ag(ac'+a'o)—7Q(|4S,)(4 Py +Hc) (2
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(a) 4P,, =g spect_rurTSa(w), and the spectrum of the photons emitted out
; = the sides of the cavity, thuorescencespectrumS,(w).
—= I They are defined as
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FIG. 1. (a) Schematic representation of the ‘Tscheme as pro-

+1/2

+3/2

Sy(w)= f:drcos{m—wo)r]gg”(r), @

Sy(w)= foxdTCOﬂw—wo)T]gﬁf)(f), 5

wherew is the frequency of the resonator field a@g is the
atomic frequency of the laser transition. The normalized
first-order correlation functions are given by

~ (a@'(t+na(t)) Tr{a'e ap(s9}
(1) :| = y 6
2 (7 o (a'(ta(t)) Tr{a'ap'*%} ©

W= | (oT(t+71a(t)) Tr{c'e opsd}
= lim —
ot i (0T (Da(t)) Tr{oTops}

)

wherep(®9is the atom-field density matrix in the steady state
and L is the total Liouville operator.

For the calculation, the same parameters as in[Ré¢are
used, i.e.,A=1 MHz, g=14.8 MHz, I';=40 MHz, and
I',=100 MHz. These parameters could be realized, for ex-
ample, in a symmetric optical resonator with the length
=1 mm, the beam waistvy=25 um, and the finess&
=10°. Similar resonators have been used in Réf11].
Furthermore, the decay rat&, , for Ca" (as listed in Ref.
[1]) are taken into account.

Figure 2a) shows a plot of the output spectrum for dif-
ferent Rabi frequencies of the coherent pump field. For con-
venience, we have introducell= w— wq. Lasing is most
pronounced for)~50 MHz with a photon flux ofa’a)A
~6X1 MHz. The output spectrum is particularly narrow in

posed in Ref[1]. (b) A more detailed look at the pump and decay this parameter region, and its shape is Lorentzian. Below the

channels. The grouping of the magnetic sublevels is give(t)in
together with the relative decay rates between the gradpZee-

first threshold and above the second threshold, the spectrum
is much broader and deviates from a Lorentzian. The depen-

man sublevels and relative coupling strengths on the laser transitiogency of the full width at half maximuniFWHM) of the

|4 P12 —[3Dgp).

output spectrum on the coherent pump strerf@tis shown
in Fig. 2(b) together with the mean photon number. The

describes the coupling of the atom to the quantized lasefnewidth is found to be approximately proportional to
mode with coupling strengtly and to the coherent pump (@'a) " In the laser region, the linewidth is about
field with Rabi frequency 2. The lowering operator on the 0.1 MHz, which is a factor of 10 smaller than the photon

laser transition is denoted hy=|3 D3, *1/2)(4 Py, the
photon annihilation operator by. The losses of the cavity

are described by

At T t
Liewp=— 5 (@'ap+pa‘a—2apa’)

3

damping rateA.

The corresponding fluorescence spectrum fér
=50 MHz is plotted in Fig. &). It is dominated by a narrow
elastic peak at center frequency on top of an inelastic back-
ground. Only part of the peak, which has the same width as
the output spectrum, is shown in the plot. The origin of this
peak is the following: the photons of the laser mode are
elastically scattered off the very same atom they were gen-
erated by. Even if the finesse of the resonator is ten times

with the damping rateA. Relaxation processes as well asworse, i.e.,A=10 MHz, the elastic peak is still visible, as

incoherent pumping are given lhy,m. In Fig. 1, the rate for

a transition from leve|L) to |L') is designatedR,, /.
We study two kinds of spectra: the spectrum of the phosee Fig. &). The emergence of this Autler-Townes doublet

tons emitted through the cavity mirrors, here caltmaput

shown by the dashed curve in FigaB For larger values of
), sidebands due to the dynamic Stark splitting are resolved,;

[14] goes hand in hand with the vanishing of laser action.
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FIG. 2. () Output spectrunt,(w) for Q=10 MHz (dashed FIG. 3. Fluorescence spectru8y(w) for the cavity damping

line), Q=50 MHz (solid line), and Q=110 MHz (dotted line. ratesA=1 MHz (solid line) apd A=10 MHz (dashed ling The
The other parameters arg=14.8 MHz, A=1 MHz, T, coherent pump strength i@ (=50 MHz and (b) Q
=40 MHz, andl',=100 MHz. (b) Linewidth (FWHM, solid ling ~ =110 MHz. The other parameters are as in Fig. 2.

and mean photon numbeta('a), dashed lingversusQ.

For small values ofl’;, the photon statistics becomes
sub-Poissonian and the first threshold disappgassshown
in Fig. 4b) of Ref. [1]]. Nevertheless, laser light with a
photon distribution as in Fig. 4 is produced. The second-
order correlation function

~ (a(va'(t+na(t+na(t))
(2) —
a (7) tlzr; @ ma)? , (8)

P(n) 0.2

g8(7)

as depicted in Fig. 4, displays photon antibunching for /
thresholdless lasing and photon bunching for two-threshold 081 / 0.1
lasing. 00

Figure 5 shows the linewidth of the output spectrum and T 0 2 4 6 8
the mean photon number in the parameter region of thresh- 07 n
oldless lasing, illustrating two new features. First, the output
can have very different linewidths for the same intensity,
e.g., forQ=8 MHz and (2 =138 MHz we find(a'a)=0.2
(i.e., an output flux of X10° photons per secopd but FIG. 4. The correlation functiog?(7) shows antibunching for
FWHM=0.5MHz and FWHM=0.8 MHz, respectively. hresholdless lasing with';=5 MHz, Q=20 MHz (solid line),
This behavior is due to the fact th&=8 MHz lies in the 1 —1 MHz, Q=20 MHz (dashed ling and bunching for two-
linear gain region and)l=138 MHz is already beyond the threshold lasing witH"; =40 MHz, Q=50 MHz (dotted ling. The
second threshold. In the presence of two thresholds, howsther parameters are as in Fig. 2. The photon distribution in the
ever, the minimum of the linewidth and the maximum of theinset corresponds to the solid curve.
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N
=)

10 E— ; 12 A=1 MHz. This is in contrast to the situation of Fig(b2.
However, for very small}, the linewidth depends critically
on the number of thermal photoms In the presence of ther-
mal photons, the resonator field approaches the thermal state
108 and the linewidth is given by for vanishingQ. The tran-
sition from the behavior fow#0 to »=0 for very small
Q) can be inferred from the inset of Fig. 5. For smallthe
linewidth shows first a steep decrease from FWHK for
104 increasing() and then a plateau. The smaller the value of
v, the steeper the decrease. In the limit:0, the linewidth
T versus() approaches a step function. For the present resona-
/ tor mode(\ =866 nm) at room temperaturél = 300 K), the
04 £ oy pr 120 number of thermal photons is~ 10 2% The linewidth in the
 (MHz) plateau region depends on the width of the metastable lower
laser level, which is broadened by the incoherent pui
' y purmp
FIG. 5. Linewidth of the output spectrufsolid line) and mean To summarize, we have investigated the spectral proper-
photon numbetdashed lingfor I'; =1 MHz. The other parameters {jag of the ion-trap laser. In the laser region between the two
are as in Fig. 2. The inset shows the dependence on the number ffieshods, a narrow laser line has been found. The signature
Tig@?l(ght?tznﬁ”_o (solid line), »=10"" (dashed ling andv ot the generated resonator field can also be seen in the fluo-
- otted ling. rescence spectrum, even for a cavity which is ten times
worse than the one envisioned. In the region of thresholdless
mean photon number occur for nearly the sdes in Fig.  lasing, the dynamical properties are found to be qualitatively
2(b), and the feature mentioned above is not found. different from the two-threshold situation. The present cal-
Second, for(0—0, the linewidth seems to approach a culations are relevant for an experimental realization of the
value that is substantially smaller than the cavity decay ratén-trap laser.

FWHM (MHz)

)
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