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Destabilization of dark states and optical spectroscopy in Zeeman-degenerate atomic systems
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We present a general discussion of the techniques of destabilizing dark states in laser-driven atoms with
either a magnetic field or modulated laser polarization. We show that the photon-scattering rate is maximized
at a particular evolution rate of the dark state. We also find that the atomic-resonance curve is significantly
broadened when the evolution rate is far from this optimum value. These results are illustrated with detailed
examples of destabilizing dark states in some commonly trapped ions and supported by insights derived from
numerical calculations and simple theoretical models.
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[. INTRODUCTION techniques involve either splitting the atomic energy levels
(most commonly with a magnetic fie[d2,13), or modulat-
Under certain conditions, a laser-driven atom will opti- ing the laser polarizatiopl4—-14. In Sec. IV, we consider
cally pump into a dark state, in which the atom cannot fluo-the application of these methods to the level systems encoun-
resce because the coupling to every excited state vanish&&ed in some commonly trapped ions. There we solve the
[1,2]. When the dark state is an angular momentum eigenéduations of motion for the atomic density matrix to find the
state, this phenomenon is called optical pumping. In theéXcited-state population as a function of the various experi-
more general case in which the dark state is a coherent sipental parameters. We also discuss destabilizing dark states
perposition of angular momentum eigenstates and the matriQ generic two-level atoms. We conclude in Sec. V with a
elements vanish through quantum interference, it is usuallprief discussion of the implications of these calculations and
called “coherent population trapping’3]. Dark states are @& summary of the general prescription for destabilizing dark
the basis of the stimulated Raman adiabatic passag&ates.
(STIRAP) [4] method for adiabatic manipulation of atomic
states and the velocity-selective coherent population trapping Il. DARK STATES

(VSCPT) [5] subrecoil Iaser-cqoling scheme, and they are  we will mostly consider a two-level atom in which the
closely related to the quantum-interference-based meChan'S{Btal angular momenta of the lower and upper levelsJare
of lasing without inversioii6]. However, sometimes popula- andJ;, respectively, with corresponding magnetic quantum

tion trapping in dark states is detrimental rather than beneﬁ'umbersm- andm. . In manv cases of interest. the atomic
cial, such as when fluorescence is used to determine the sta}i : fr y '

of an atom[7] or when atoms are laser cooled by scattering Sels are further split by the hyperfine interaction, which

. : . . introduces the possibility of optical pumping into other
photons(8,9]. Trapped ions illustrate this point very well, lower-state hyperfine levels. We will address this complica-

because their superb isolation from external perturbationtsIon briefly in Sec. IV C. Since we will be primarily inter-

can make the lifetime of cohgrent dark states extremely Iongésted in scattering photons at a high rate, we consider only
In such systems, laser-cooling rates will be drastically re-

duced when the atom pumps into a dark state. One also finaesle.?glc d|polg transitions. .

) - I e atom is driven by a laser field
that the laser-cooling transition can be significantly broad-
ened when there is significant accumulation of population in 1 _
dark states, thereby reducing the cooling rate. Although some E(t)= EE(t)ef'“’LtJr c.c., 2.9
methods for restoring atomic fluorescence have been briefly
discussed in the context of specific atoms, a general prescrigghere c.c. denotes the complex conjugate apds the laser
tion for destabilizing dark states does not seem to exist. Thﬁequency. It is convenient to expand the slowly varying am-
aim of this paper is to provide this information, supported bypjitude E(t) in terms of its irreducible spherical components.

insights derived from numerical calculations and simple the-These are related to the Cartesian componen{iByl§
oretical models.

The paper is laid out as follows. In Sec. II, we review the 1 )
physics of dark statdd.0,11]. In Sec. I, we discuss in gen- E.1= +E(Exi iEy), (2.29
eral terms some methods of destabilizing dark states. These
EO: EZ . (22b)
*Electronic address: djb@lanl.gov The advantage of this decomposition is that the components
"Electronic address: m.g.boshier@sussex.ac.uk E.1, Eg, andE_; (corresponding tar~, 7, ando ™ polar-
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TABLE I. Existence of dark states for arbitrary atomic systems and laser polarization in zero magnetic

field.
Upper level Lower level
Js IntegerJ; Half-integerJ;

Ji+1 No dark state No dark state

J; One dark state for any polarization One dark state for circular polarization only

Ji—1 Two dark states for any polarization Two dark states for any polarization
izationg drive pureAm= —1,0, and+ 1 transitions, respec- C_q -E_;
tively. In the the rotating-wave-interaction pictufrgl], the c 1 0
electric-dipole-interaction operaterer - E(t) is then 0= , (2.99

1 1
——er-E= Eer(EHC(}}— E.CV+E_,CcY), (2.3

2 and
where C((ql)E\/47TY1q are the components of the reduced c 4
spherical harmonic of rank 1. The nonzero matrix elements 1
of this operator are given by the Wigner-Eckart theorem as Co

. cop| V(EZ,+E%))(E2,+E2+E2))
<Jivmi|_§er'E|Jf!mf>

==
1 2 2
1 E<,+E%;
=— _(=1)Jim —1)9E _ X (2.9b
5(=1) q;ﬁ )IE_ EE L
J 1 X
X -m q m (Jiller]s). (2.4  exceptwhen the laser light is polarized, in which case the
! f space of dark states is spanned by
The transition Rabi frequenc!jlmimf is defined, as usual, so C 1 C 1 0
that the matrix elemen®.4) is equal to— %ﬁQmimf. We will Co [_|O and Co |_|O (2.99
also make frequent use of the rms Rabi frequeficy11], Cit 0 Cit

defined by the relationship

Table | summarizes the conditions under which Zeeman-

92=m_2m |Qmimf|2- (2.5 degenerate systems can have dark states. It shows that there
P is always at least one dark statelj=J;— 1, or if J;=J; and
Now, a genera| Superposition of lower-level states Jf is an integer. These are the cases that we address in this

paper. The dark states for the simplest of these systems,
found by solving Eq(2.7), are listed in Table II.

|d)=% CrmlJi . my), (2.6)
I Ill. DESTABILIZING DARK STATES:
will be dark if the electric-dipole matrix element GENERAL PRINCIPLES
(d|—er-E|f)=0, 2.7 To decrease population accumulation in dark states by

. _ _ making them time dependent, one can either shift the ener-
V-an|Shes for every excited Staté> For example, -|n the giesgmi of the state#m» by unequa| amounts with an ex-
s!mﬁle Ji=1ﬁJ}=0hsy§tekm, Eqs(2.6) and (2.7) give @  yo1nq) field, or modulate the polarization of the laser field
single equation for the dark state E(t). The general instantaneous dark s{t€) then evolves

c_1E,1+CcoEg+c,E_1=0. (2.9 in time as
This equation has a nontrivial solution fany static laser |d(t)>=2 Cm[E(1)]]3;,m)e emtif (3.1)
field E, which has the important consequence that an atom m, i e '

driven on aJ;=1«<J;=0 transition by light of constant po-

larization will always be pumped into a dark state. For thiswhere we have made explicit the dependence of the dark-
transition, Eq.(2.8) has a two-dimensional solution space State components, on the laser fieldTable ). The appli-
spanned by the states cation of a magnetic field is probably the simplest and most
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TABLE Il. Unnormalized dark states for several atomic systems when laser light 8 polarized. Forr-polarized light, the dark states
are|J;,m;=0) for integerJ;« J; transitions andJ; ,m;=£J;) for J;—J;— 1 transitions.

Dark statets)

-y
Ji Js
Ciy
E EoE+1
1 0 0 | and|—(E*;+E%)
E+1 EOEfl
E
1 1 —Eo
Eiy
V2E_E, E.1(3E%,+E_4E5,—2E3E, 1)
3 i  BE_E.s VBEN(E®  +E3 )
0 and | - V3(EL,+E2,(265+3E2))
E2, —\2E_JEo(E . 4(E 1~ 3E, )~ 2E))
E_.(E_,E,,—2ED) B —\2E(E, (2E2+3E% E,,+E_,E3, ~E2E2,) 7
VBE_,EoE. E_.E.,(E*,+6E2,E%,+EY,)—2EXE* +E%))
2 1 —J6E_,E%, and —\BEq(—E%,E 1 +E3,+2E%,(2E%, +EF))
0 —E%,(E*,+6E2,E%2,+E%,)+4E% E3E. (E_,—2E.,)—4E%,E}
E3, | V2E_ Eo(E%(E2,—2E_1E 1 +3E% ) +EJE. 1(—3E_; +4E ) +2E) |
_ £2, -
—2E_,E,
2 2 ~VEE E.+ED
—\2EoE 4
i E%, i

widely used method of destabilizing dark states. But therghe decay of coherences between the excited states into co-
are systemgfor example, trapped-ion frequency standardsherences between ground stai2$],

[19,20) in which external fields cannot be tolerated. In these
cases, the laser field must be modulated instead. Ipmm!

We will evaluate the effectiveness of a destabilization — =(=D)M M 23+ 1)y
technique by calculating the excited-state populatipro-

portional, of course, to the fluorescence fate a function of J 3 1\ I g 1

experimental parameters. This is done computing the evolu- X Z (_ )(_ / ) )pmfmf/,

tion of the atomic density matrix using the Liouville equa- ACYARELERLEE (AL L

tion of motion 3.3
dp 1 H +3Pre|ax 39 where g has the value that causes thg 3ymbols to be
at iﬁ[ P] a (3.2 nonzero. Equation(3.2) results in a system of 4(+J;

+1)? coupled differential equations that can be solved nu-
whereH includes both the rotating wave interaction picture merically and, in some simple cases, analyticB2g]. When
Hamiltonian for the coupling to the lasgtl] and the Zee- the laser polarization is static, the steady-state solution is
man interaction with the external magnetic field. The lasteasily found by solving Eq(3.2) with dp/dt=0. When the
term in Eq.(3.2) accounts for the spontaneous decay of thdaser field is modulatedwith period T), the density matrix
excited states and its effect on the ground states, includingill, in general, evolve towards a quasi-steady-state solution
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in which p(t)=p(t+T). In these cases, we compute the ex-the strength of the magnetic field in terms of the Zeeman-
cited state population by averaging the quasi-steady-state sehift frequencydg= ug|B|/%, whereug is the Bohr magne-
lution over a modulation period. ton. The detuning of the laser frequeney from the unper-

At this point, the main result of this paper can already beturbed atomic-resonance frequeney is A= w, — g, and
summarized qualitatively. There are always three relevanthe total decay rate of the excited levehisFinally, we will
time scales in the problem, with three corresponding fre-usually assume that laser linewidths are negligible compared
guencies: the excited-state decay ratethe resonant Rabi to the relevant decay rates.
frequency ), and the laser-polarization modulation fre-
guency or energy-level shif. The parametep character- A Ji=13;=0
izes the evolution rate of the dark std®1) [if necessary,
the exact time evolution of the dark state can be found by . ! L . X .
substituting the shifted energies or the time-dependent las@tited to discussing in detail, the main methods of destabi-
field and the appropriate dark state from Table Il into Eq.12Ing dark states. Also, the closely related nuclear spin
(3.1)]. We find from our simulations that the evolution rate — 2 Fi=1«F¢=0 transition is uEed In IaS(le7r1 coglmg and
that maximizes the excited-state populationsis /2. The  fluorescence detection in botfHg™ [16] and **Yb ™" [25-

excited-state population is never large wh@nand & are 28] (F_denotes as usual the_total angular momentum_in at-
significantly different: it is small ifQ) is too large because ©MS With nonzero nuclear spirDecays to thé; =0 state in

then the strongly driven atom is able to follow the evolving tN€S€ Systems are infrequent, occurring only through off-
dark state adiabatically, and also dfis too large because 'esonance excitation of the;=1 level. The atom can be
then the atom and the laser become detuned. We find aldy'mped out of thé==0 state by a microwave field driving
that the transition line shape is broadened in both of thes#® |Fi:q'mi:0_>‘__’|':i:1’mi:0> transition[ 25,26, or by
limits (Q/8>1 andQ/8<1). This can be a practical con- & laser field driving gFi=0,m=0)«|F¢=1) transition
cern when laser cooling an ion, because the Doppler-limite§16]- AS long as this pumping mostly keeps the population
temperature of a Doppler-cooled atom is proportional to thVithin the F;=1 andF=0 levels, the results fozr thesze real
resonance widti23]. The ultimate temperature of the jon Systems are nearly identical to those for the0, S, —“Py
can, therefore, be substantially increased i§ not optimum, ~ transition we discuss here. o ,
both because the scattering rate is decreased and also be-The next two sections discuss destabilizing dark states in
cause the width of the transition is increased. Fortunately, thiiS System, first with a magnetic field, and then with polar-
conditions that maximize the excited-state population alsdzation modulation.
minimize the transition linewidth, and we find that making
both () and § about a fifth of the decay ratg leads to
appreciable excited-state population without significantly The steady-state solution of E(B.2) for the J;= 1 J;
broadening the transition. =0 system in a magnetic field can be found analytically. The
resulting expression for the excited-state population is

The simple 2S,—2P,, J;=1-J;=0 transition is well

1. Destabilization with a magnetic field

IV. DESTABILIZING DARK STATES

2 -
IN SPECIFIC ATOMIC SYSTEMS _ 3 0%cos fgesin’ Ope 1

P__ y
"4 14300205 (y'12)%+A2

4.1

We now consider the application of the techniques dis-
cussed above to some commonly used atomic systems. Wenhere
begin in Sec. IV A with theJ;=1+J;=0 system, which

illustrates the basic properties of the destabilization methods "2 2 1—3 co26

, . : Y Y 2 COS Ugg

in two-level systems. Then, in Sec. IV B, we discuss the > =3 +0%c0oS0ge———
bichromatic A system of J;;=3—Ji=3<J,=3. This 1+3 coSbge
complex system illustrates several important consequences 20 Q4

of dark states for some commonly trapped ions. Finally, in + €0 Pee +1682 (4.2
Sec. IV C we generalize these results to two-level systems 1+3 cog g | 1653 B

with higher values of the total angular momenttine spe-
cific case of thel=5«J=5 system has already been dis- and(} is the rms Rabi frequency defined in Eg&.5). In our

cussed elsewhere by one of [2%1]). normalized units, the Zeeman shifts of the=*=1 ground
When a magnetic fiel® is applied to the atom, we will states aret265g, respectively, so the dark-state evolution
choose the quantization axis to be paralleBtacand we will  rate is6=26g.

assume that the laser light is linearly polarized at an angle Figure 1 is a graph of the excited-state populafigras a
0ge to B. This choice of polarization makes the calculationsfunction of magnetic field strength and polarization angle for
somewhat simpler, and it is generally more straightforwarda convenient value of Rabi frequency. It shows that there is
to implement in the laboratory than solutions using circularlyboth an optimum magnetic-field strength and an optimum
or elliptically polarized light. Also, if a transition has a dark polarization angle for the laser fiel®; vanishes wherdgg
state, we find that driving it with circularly or elliptically =0° or 90° because the atom then optically pumps into the
polarized light does not significantly change the optimumm,=*1 states or then;=0 state, respectively. One finds
efficiency of the techniques discussed here. We will measurrom Eq.(4.1) that the excited-state population is maximized
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FIG. 1. Excited-state populatio; in the J;=1<J;=0 transi-
tion as a function of normalized magnetic fieft4/y and laser-
polarization angledgg. The rms Rabi frequenc@ = (1/3/5)y and
the laser detuning=0.

for a given Rabi frequency by choosing the magnetic-field
strength so thabg=(1/4 and the laser-polarization angle so
that 6gz=arccos(14/3) (the angle that makes the three tran-
sition Rabi frequencies equalFigure 2a) showsP; as a
function of Rabi frequency and magnetic field for this opti-
mum angle. The excited-state population is, as expected,
small in both the low-intensity regim€ <y and in the
large-detuning regimég> y. However, it is also small even
at high intensity (1>1v) if §g<<Q. Our simulations show
that this occurs because under these conditions the atom
adiabatically follows the evolving instantaneous dark state. (b)
On the other hand, near the optimum conditigy= /4 the 0'0(1)001 = "”(;';)1 T T
dark state evolves quickly enough that the atom never en- ’ o o ) ’
tirely pumps into it, and so the excited-state population can normalized magnetic field 6/y
be substantial. FIG. 2. (a) Excited-state population, ar{t) resonance widtfin

In many applications the linewidth of the transition is alsoynits of y) as a function of normalized magnetic field and normal-
an important quantity. Figure(B) shows the dependence of ized rms Rabi frequency for the=1+J;=0 transition withfge
the resonance widtly’ on the Rabi frequency and the mag- =arccos1{/3 andA =0.
netic field. We see that the linewidth is large whég> v

normalized rms Rabi frequency (}/y

because of Zeeman broadening, whep y because of or- co2d 04
dinary power broadeninghe second term in Eq4.2)], and BE ( ~+ 165§> _ (4.3
also whendg<(, a less obvious regime that will be dis- 1+3 cosfge | 1655

cussed below. Figured@ and 2b) illustrate the useful re-

sult[easily obtained from Eq¢4.1) and(4.2)] that maximiz-  The term proportional ta53 is simple Zeeman broadening,
ing the excited-state population for a particular Rabibut the term proportional to 8, does not have an obvious
frequency also minimizes the resonance linewidth. Thesehysical interpretation. We find that such a broadening term
plots show that the choic@ ~ y/3 gives substantial excited- is present whenever the atom contains aystem, regardless
state population without significantly increasing the line-of the method of destabilizing the dark state. To understand
width. If the linewidth is not important, then the laser inten- this behavior in simple physical terms, consider Fi¢p)3
sity can be chosen to saturate the transitiOr»(y) and the  which shows a generiaz system in which the laser field

magnetic field strength then adjusted so thgt (/4. drives only one arm of the system, with Rabi frequetity
The broadening of the resonance wh#y< () is apparent |i) and|d) represent light and dark ground states, respec-
in EqQ. (4.2), which contains the terms tively. The excited state decays to the two ground states with
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FIG. 3. Generic three-level systems with(a) incoherent cou-
pling between ground states, afig) laser coupling of both transi-
tions.

branching ratio (+ «):«a. All of the systems discussed in

this paper can be described similatglthough with higher

PHYSICAL REVIEW A65 033413

the source of the broadening can be seeR#aQﬁ/y and
A; =<y, then the time during which the atom scatters photons
is very short compared to the time that it spends not fluo-
rescing at all. The average rate of photon scattering is, there-
fore, very small and does not change much with detuning
until A;; becomes much larger than because then the time

it takes to pump into the dark state is no longer less than the
time the atom spends in the dark state. When only the aver-
age photon-scattering rate is measured, the line shape as a
function of laser frequency is, therefore, very broad. We will
also consider below in Sec. IVB 1, an explanation of the
broad line shape at low incoherent pump rates in terms of
rate equation§l2].

2. Destabilization with polarization modulation

We turn now to the second category of techniques for

multiplicity of stateg after a change in basis states. For ex-destabilizing dark states, modulating the polarization state of

ample, in the];= 1+ J;=0 transition driven byr-polarized
light, |d) corresponds to either th;=1 or m;=—1 state,
li) corresponds to then,=0 ground state, andf) corre-

the laser field. In order to destabilize dark states id;a
=1<J;=0 system in zero magnetic field, the three spheri-
cal components of the field_,, Ey, andE, ; must be non-

sponds to the excited state. For simplicity, in this genericzero and they must have linearly independent time depen-
case, the coupling between the light and dark ground states gences because otherwise Ef.8) will have a nontrivial
represented by an incoherent r&erather than the coherent solution. Physically this is because only one excited state is
magnetic field. When the steady-state density-matrix equacoupled to three ground states, forming two conjoined
tions are solved for this system, the population of the excite@dystems that must be independently destabilized. Imposing

state|f) is found to be

1
g
Pf:

1 3 1 , 4.9

Z’)/2+§Qi2f+ ga‘yﬂizf/R'F Alzf

whereA;; is the detuning of the laser frequency from reso-

nance with the atomic transition. The terﬁnyyﬂizf/R is
analogous to the broadening te/1653 in Eq. (4.2. In

different time dependences on all three polarization compo-
nents requires two noncollinear laser beaf®. This makes
the J;=1<J;=0 system experimentally more complicated
than every other two-level system, since Table Il shows that
their dark states can still be destabilized if one polarization
component is zero and the other two have different time
dependences, which requires but a single laser beam.

One obvious way of producing a suitable polarization
modulation is giving the three polarization components dif-
ferent frequencies. This can be done, for example, by passing
three linearly polarized beams through separate acousto-

both cases the linewidth becomes large as the dark grounghtic modulators(AOM’s), followed by appropriately ori-

state is coupled less strongly to the light ground state.

ented waveplates. If right- and left-handed circularly polar-

For trapped ions this behavior has a simple physical eXjzeq light are separately shifted and copropagate along the

planation in terms of quantum jumps. Suppose th&tl, so

guantization axis, while a second beam is polarized along the

most of the decays are to stdi¢, and also that the pump quantization axis, the resulting field can be written as

rateR out of the dark statéd) is very small. Then, as long as
the atom is not in statg), it behaves like a two-level atom
and we can use the well-known results for this system. It

follows that, on average, an atom initially in staite will for
a time At=(1—a)/a(%y*+A%)/5Q%y scatter (+a)/a
photons before decaying into stdt#). The atom will then

not fluoresce for an average timeRlso that on average the

number of fluorescent photons emitted per unit time is

1 -1
224 A2
1+147+Alf
R @ 1 ,

1
SOy
(4.5

which agrees with the average photon-emission rgie
~R/« obtained from Eq(4.4) in the limit of smallR. Now

E*l E0.+e_i(sAOM7t 0
o | = 0 +| B,  @s
Eiq E _e i%aom+t 0

(o8

where dpoms and Saom - are the relative frequency shifts
due to the AOM's, ande .+, E-, andE . are the amplitudes

of the three laser fields. The symmetrical conditidiagy, +
=—6pom- andE_+=E_- are most efficient at destabilizing
dark states. In this case, the analytical solution to the density-
matrix equation of motior{3.2) is identical to that obtained
when a magnetic field with &= dom+ IS applied at an
angle #g=arctan(/2E./E,+), and so the discussion ac-
companying Figs. 1 and 2 applies here also. The optimum
parameters are, thereforfg | =|Eq|=|E_1| and Saom+
=—Spom- =Q/2 and Q) ~ /3. Experimentally, this is per-
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haps the simplest technique to destabilize dark states in this 4 [ " om=+1 ! i
system, because AOM's are simple, inexpensive devices. SN

An alternative technique for continuously altering the po- ’
larization state of the field is modulating, with different 0.3
phases, the amplitudes of the polarization components of the.g

field. In atomic beam experiments, this can be done by send- % 02k 4
ing the atoms through two or more laser-atom interaction &
regions of different laser polarizatiofil4]. With trapped ol

ions, it has been demonstrated in several systems by =0

smoothly varying the intensity ratios or relative phases of the /\,\M_\_/f\/w___\
polarization components of the light driving the stationary 0.0 . L
atoms[15,16. For examplg16], overlapping at right angles 0 100 200 300
a mr-polarized laser beam with a second beam that has passec time (271/y)

through a photoelastic modulat¢§PEM) in which the fast

axis is compressed while the slow axis is expanded produces Fl_G_' 4. Populations Of_ |nd|y|dual states in tbﬂez_ 13;=0
the field transition when the laser field is modulated according to (Bd)

and the quasi-steady state has been reached. The laser detuning
=0, phase modulation amplitude =107, modulation frequency
Spem= ¥/50, and Rabi frequencied _; ;= Qg o= —Q ;0= ¥/5, SO
that the rms Rabi frequend) = (/3/5)y, as in Fig. 1.

E—l e+i§0(t)+ie*i¢‘(t) 0
By | _ Epew 0 +| E

m ’

E+1 \/E e+i<p(t)_ie—i<p(t) 0

optimum modulation frequency i$pgy~0.1y for small
4.7 modulation amplitude® < 7, moving to lower values a$
increases abover and the amplitude of the sidebands in-
creases. The excited-state population is small wibeipgy,
1 <(), because the atom then adiabatically follows the slowly
e(t)= Eq>[1—cos( Spemt) 1, (4.8 evolving dark state. It is also small whdnspg)> y because
then much of the power of the modulated field is at frequen-
cies that are far from resonance.
In many experimental situations it may not be possible to
ropagate the modulated and static linearly polarized beams

where

® is the phase modulation amplitude, afig), is the modu-
lation rate of the PEM indices of refraction. As above, we

have defined the quantization axis to be parallel to the prop St right angleg16]. We have, therefore, repeated the calcu-

gation direction of the modulated beam.d=, then the lation of Fig. 5 with the unmodulated beam polarized at

polarization of the modulated beam continuously cycles be-  ano . o
tween linear and right- or left-hand circular polarizations.angle arccos(1/3) ~63 to the propagation direction of the

Whend >, Fourier analysis of the modulated field reVealsmodulated beam. The time evolution of the three polarization

a flat spectrum of harmonics @y up to a maximum har- 100 N
\ \ \\\L \ 1 \ ]
%% 2 ]

monic number of~2®/, so that the effective dark-state
evolution rate in this high-modulation-index regime &
~ P Spew-

In this case, the system never reaches a steady state. This
can be seen in Fig. 4, which shows the numerically calcu-
lated populations of each level of tlde=1+J;=0 system
as a function of time when the field is modulated as in Egs.
(4.7 and(4.8). The field has been applied for a time of about
10004, sufficient in this case to reach the quasi-steady state
in which the atomic state evolution is periodic. The settling
time depends on the initial state of the atom, on the laser
intensity, and on the modulation rate. The time evolution of
the state populations seen in Fig. 4 displays oscillations at
the harmonics obpgy imposed on the field by the modula-
tion.

Figure 5 shows the numerically calculated populatiyn
of the excited statdaveraged over time @/ Spgy in the
quasi-steady-state regimnas a function ofépgy/y and the
phase modulation amplitud®. The Rabi frequencies and
detunings are the same as for Fig. 1, in which the dark states F|G. 5. Excited-state populatio®; in the J;= 1 J;=0 transi-
were destabilized with a magnetic field. A comparison of thetion as a function of normalized modulation frequeragy/y and
two graphs shows that the two techniques can be similarlynodulation amplituded for the field given by Eqs(4.7) and(4.9).
efficient at destabilizing dark states. Figure 5 shows that theaser intensity and detuning as for Fig. 4.

10. B

modulation amplitude &

0.1 L1 1l L1 a1l L1 1l [EEEE
0.001 0.01 0.1 1. 10.

normalized modulation frequency dppm /Y
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5P, 003 F T T T T T -

0.02

0.01

excited state population Py

-3/2 -1/2 +1/2 +3/2

0.00

4D, —2.0 -15 -1.0 -0.5 0.0 0.5 1.0
normalized detuning Asp/y
-172 +1/2 FIG. 7. Populaton of the 2P;, level of the
58, 88grt 235, 2P, 2Dy, System in a magnetic field as a function

) . P . . of normalized laser detuninygp/y. Both lasers are linearly polar-
FIG. 6. Partial-level diagram of°°Sr" showing transitions ized at angledge to the magnetic field directior)p=(v2/5)y,

%'C\:lef byw;g%ailzed laser l'ght_' This level dlag_ram alsq applies to andApp=+ y/2. CurveA, and all other curves unless noted other-
“Ca anq Ba after respectively decrementing and increment- ... 05c=90°, Qpp=(y2/5)y, 85=0.1y. Curve B: Qpp
ing the principal quantum numbers by one. :(\/5/20)% CurveC: QDP=2\/§y. CurveD: #gc=10°. Curve

E: 83=0.003y.
components of the field is no longer completely orthogonal,
and so the excited-state population is reduced for all moduof this state is far greater than any other time scale of the
lation frequencies, in this case by about a factor of threeSystem. The rms Rabi frequencies and detunings of the cool-
However, the modulation frequency at which the excited-ng and repumping lasers are denoted®yp, Agp, Qpp,
state population is maximized does not change appreciablndApp, respectively. )

nor does the frequency bandwidth of the atomic response to Although the J;=3<J;=3 cooling transition does not
the modulation. have a dark state, thg=3—J;=3 repumping transition

In correspondence with the magnetic field case discussedoes(Table Il). In the following sections, we discuss meth-
in the previous section, we find from our simulations that theods for destabilizing this dark state. As above, we consider
linewidth is large when the laser intensity is high%y),  first destabilizion with a magnetic field, followed by a dis-
when the modulation significantly broadens the lasercussion of the polarization-modulation technique. We will
frequency spectrumd§ Spg\>7) and when the evolution also show how coherent population trapping in dark states
rate of the dark state is lowd{(Spgy<(). affects the line shape of the cooling transition.

Finally, we remark that although this second polarization ~Convenient analytic solutions of the equation of motion
modulation scheme may not be the best approach fodithe for the density-matrix in this complex system are not pos-
—1<J,=0 system because it needs a relatively expensivéible, and so all results presented for 8 ,—?Py/,— Dy,
PEM, a variation of it is probably the most appealing methodsystem are based on numerical solutions.
for destabilizing dark states in every other two-level system
in zero magnetic field. In these systems, it is sufficient to use
a field having only two polarization components with differ-  wWhen a magnetic field is applied to destabilize dark states
ent time dependences. This can be accomplished very simplyi this eightstate system, the transition line shapes develop
by passing a single beam through an electro-optic modulatatch structure. This can be seen in Fig. 7, which shows the
(EOM), as we will discuss in the next section. cooling-transition line shape for different values of
magnetic-field strength, laser-polarization angle, and
repumping-laser intensity. The structure seen arodrg
=+ /2 in each graph in the figure is due to coherent popu-

In this section we consider thS, ;< 2P1—2D3,A Sys-  lation trapping in superpositions &S,,, and 2D, states.
tem, which occurs if°Ca’” [29-33, ®Sr* [15,34,33, and  These dark resonances have already been studied in several
1388a" [36-39 ions. Figure 6 shows a partial energy level experiments with trapped iori&2,40.
diagram of these atoms. THe,,, states decay to both the Figure 7 shows that the cooling-transition line shape is
23,,, and the metastabléD 5, levels with a branching ratio sensitive to the magnetic field, to the polarization angle, and
that favors the’P,,,—2S,, decay(1:12 for Ca", 1:13 for  to the intensity of the repumping laser. In cases where the
Srt and 1:2.7 for B4). Because driving theéS,,,—~?P;;,  evolution rate of the dark state is low, either because the
laser-cooling transition optically pumps the atom into themagnetic field is smallcurve E) or the polarization angle is
metastable’D 5, level, a second “repumping” laser is tuned small (curveD), the resonance is broadened, for the reasons
near resonance with th& g, 2Py, transition to pump the discussed above in Sec. IV A 1. If the repumping-laser inten-
ion out of the?D 4, states. For simplicity, we assume that the sity is high (curve C), then the dark resonances are power
’D,, state is stable, which is reasonable because the lifetimeroadened and th&S, ,,— 2P, transition displays a substan-

1. Destabilization with a magnetic field

B. 2Syp+?P "Dy
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tial ac Stark shift. On the other hand, when the repumping- 90
laser intensity is lowicurveB), the resonance is again broad-
ened.

The broadening seen in cunBis closely related to the 75
broadening already encountered in Sec. IV A 1 in the regime
where the dark state evolves too slowly. Its origin can be
understood here most simply in terms of rate equatj@g@$
Figure 3b) shows a simplified version of the system, in
which two lasers drive a simpl& system in which the ex-
cited state|f) decays to the ground statéig and|d) with
branching ratio (* «):a. The|i)«|f) transition has exci-
tation rateR; and the|d)«|f) transition has rat®y. The
steady-state rate equations for this system are easily solved
to give the following expression for the excited state popu-

[=
(=2

w
(=)

]

N

laser polarization angle fgg (deg)
N
wn

lation Py : 15 | .
1 1-a)y ay
—=3+——+t=. 4.9 a1
Py Rif Ryt 0
0.001 0.01 0.1 1. 10.
When the rate on thigl)«—|f) transition is low, the last term normalized magnetic field 6p/y

in this equation dominates, so that the excited-state popula- , 5 BBt

tion is insensitive to changes in the rate of fe-|f) tran- FIG.2P8. ngU'at'O” of tk;e P I;evel of t?'eld ST o

sition, which in turn means that this transition is broadened, “v2 P12 “D3 System as a function of magnetic-field strengtt
nd of the angle between the magnetic field and the polarization

P_h_y3|cally, the lnsenSItIVIty_arls_es because “'?d‘?r these Cor\iillectors of the two laser fields. The rms Rabi frequencie(hsp
ditions most of the population in the system is in state

. . > = = =+ =0.
nceasing e rae on |1 raneiion hen has only a7 207 (1297, 214 e detuing o~ 92 aniser 0
very small effect on the excited-state population, becausgq e thin curve in Fig.)0
almost all of the population removed from stéite ends up
in state|d). There is an obvious connection here to the pic-conditions as those of Fig. 8 and wittye=90° (a conve-
ture for the broadening given above in terms of quantunmient choicg. The excited-state population vanishes for two
jumps. It follows from Eq(4.9) that to avoid broadening the magnetic fields. First, whedg= 35 y~0.23y the |2S,,,m,
cooling transition, the transition rates must be such that=+1/2) and |?Ds,,m;=—3/2) states are Zeeman shifted
a(l-a)Ry>R;. In terms of the Rabi frequencies for the into Raman resonance, which forms a stable dark superposi-
23, 2Py ;p>?Dgp, System, this condition becomed2, tion of these two states. The same is true &t=3y
>a0Z, in the limit 2<1. Another constraint on the inten- ~0.83y, where the dark state is composed of {f®,,,m;
sities arises from the need to avoid excessive power=+1/2) and|?Dg;,,m;=+1/2) states. We note that for the
broadening of the dark resonances by the repumping laseigalistic Rabi frequencies used here, the optimum field
which translates into the restrictiddipp< y/2. strength, corresponding @;~0.05y, is well removed from

While the structure seen in Fig. 7 makes it difficult to the dark resonances.
produce meaningful graphs of the linewidts in Fig. 2b)], T
it is still straightforward to plot the excited-state population I =
as a function of the polarization anghgg and magnetic field
strength(Fig. 8). The laser frequencies and intensities used
here have been chosen to keep the dark resonances on thi
blue side of the laser-cooling transition and to avoid power
broadening. The graph is similar to tle=1<J;=0 case
(Fig. 1), with two important differences. First, the peak is
broader in both angle and in magnetic-field strength. The
reduced sensitivity to the magnetic field arises because this
system does not pump into dark states as quickly aslthe 0.000] il e B
=1+J¢;=0 system, since most excited state decays are to 0.001 0.01 . 0.1 . L 10.
the 2S,,, states and the repumping laser is detuned from normalized evolution rate 6y
resonance. |t fol!ows that th_e system can toIerate_ slower rig. 9. Excited-state population as a function of dark-state evo-
dark-state evolution rates without adversely affecting theyton rates for the 8Sr+ 2S,yc2Py 2D 4, System. Thin curve:
excned—statg pop'ulatlon.' The second difference is the set Qhagnetic field applied age=90° andd= 85 . Thick curve: EOM
narrow vertical dips, which are due to coherent populatioryolarization modulation as in Eggt.10 and(4.11) with ® = and
trapping in dark states. These dips can be seen more clearb- 5..,,. Dashed curve: AOM polarization modulation as in Eq.
in the thin curve in Fig. 9, which shows the excited-state(4.12 with Syom+=— Saom— and 6= 3S8aom+ . Laser intensities
population as a function of the magnetic field for the sameand detunings are as for Fig. 8

0.01 E

0.001 £

excited state population Py

TR Y TP Y NP

033413-9



D. J. BERKELAND AND M. G. BOSHIER PHYSICAL REVIEW A65 033413

We conclude this section with a discussion of the opti-5~® 6¢,,). The excited-state population will be reduced
mum parameter values for destabilizing dark states with gyhen one of these sidebands connects 4bg,, and 2S,,,
magnetic field without excessively broadening the transitionstates in Raman resonance. In this case, where the modula-
The intensity of the cooling laser should be set to drive th&jon index is~ 1, two such dips are visible. The excited-state
cooling transition as hard as possible without power broadpopulation does not vanish completely in these dips because
ening it, which will be the case if)gp~ y/3. Setting the the other frequency components present in the field still act
repumping-laser intensity so th&pyp~ y/3, will make the to destabilize the dark state.
repumping efficient without excessively power broadening Another easily realized modulation scheme gives dfe
the overall transition or the dark resonances. Since thgnd o~ p0|arizati0n components different frequencies_ The
branching ratiox<1, this choice also avoids excess broad-beam can be split into right- and left-hand circular polariza-

ening of the cooling transition from the mechanism dis-tion components separately shifted in frequency with two
cussed after Eq4.9). The detuning of the repumping laser AOM's, to create the field

used in Fig. 7App=+ v/2, was chosen because it ensures

that the laser still drives the repumping transition efficiently E_, E .o i%om-t

while keeping the dark resonances far from the red side of E v

the cooling transition, where the cooling laser is tuned during 0 )= 0 . (4.12
Doppler cooling. The magnetic field strength should be cho- E 1 E, e Pomt

sen so that 0.01< §5<<0.1y (the upper limit is less than the
value ofy implied by Fig. 8 because we also wish to confine
the dark resonances to a region of widthy to keep them all . g ! S
on the red side of the resonancginally, although we have symmetrical modulation most effecuvely destab|I|;es the
performed the calculations for light which is linearly polar- dark state. The dashed curve in Fig. 9 shows the excited-state

ized perpendicular to the magnetic field, Fig. 8 shows thaPOPulation for this type of modulation. The result is similar

any polarization angle greater than 15° works well. In fact 1© the magnetic field and EOM methods, except that there is
our simulations show that the resonance curve is not changdf!y @ single dark resonance, &fon=—App.

significantly even if the laser polarizations are perpendicular 1 n€ Similarity of the three curves in Fig. 9 means that the

to each other or if the repumping laser is circularly polarized discussion in the previous section of optimum parameter val-
ues for the magnetic-field method applies also to the

2. Destabilization with polarization modulation polarization-modulation case, with the appropriate dark-state
evolution rate ¢ Sgom O Saom) replacingdy .

Although it is not necessary thalyon+=— Saom-— , this

We now consider destabilizing dark states in tfs,
level by modulating the repumping-laser polarization. In this
system, as in every other except the 1<+ J;=0 system, it ) . ,
is sufficient to use a field having only two polarization com-  In this section, we consider what happens when the short-
ponents with different time dependences. Perhaps the sin{e™ linewidth 6w of either laser is larger than the decay
plest method of achieving this is to pass a single laser beaft€ Y- Th'IS situation can be incorporated into the s_;lmulatlon
through an electro-optic modulatdEOM) acting as a vari- by selectively increasing the decay rate of the optical coher-

3. Nonzero laser bandwidth

able waveplate to produce the field gnces on the relevant transitions. The dark superpositions of
S,» and 2D, states are then unstable, so that the depth of
E_; 1+ijeie® the dark resonances is reduced, which in turn simplifies the
e |_ Eeom 0 41 destabilization problem. This point is of some practical im-
0= 2 _ ' (4.10 portance because the repumping transitiof88r" is often
E.q 1—ie'¢® driven with a multimode fiber laser, whose linewidth is many

times y. We find in this case that the line shapes of both
where we have again defined the quantization axis to be pafransitions remain symmetric and structureless as long as
allel to the propagation direction of the beam. The retardag) < sw, (where hereQpp is the Rabi frequency for a
tion ¢(t) is similar to that of Eq(4.8), single-mode repumping laser of the same intepsifpe in-
tensity of the broadband repumping laser intensity should
then simply be increased, subject to this limit, to maximize
the excited state population. The rate at which the atom is
pumped into the’D 5, dark states is then determined by the
with dgopm being the EOM drive frequency. The thick curve intensity of the cooling laser, and so the other parameters
in Fig. 9 shows the time-averaged excited-state populatioshould be set as discussed above: the magnetic field or po-
when the polarization of the repumping laser is modulated ifarization modulation frequency should make the state evo-
this way. We see that the excited-state population is reduceldtion rated less than the linewidtly and comparable to the
for certain values 0oy . This is because the Fourier trans- cooling transition Rabi frequenc gp.
form of the field of Eq.(4.10, like that of Eq.(4.7), contains The multimode nature of the fiber laser also makes pos-
harmonics ofégoy up to harmonic number-27/® when  sible a particularly convenient form of polarization modula-
the modulation index exceeds ofs® that the effective dark- tion on the 2D, 2Py, transition[41]. A superposition of
state evolution rate in this high-modulation-index regime istwo fiber laser beams having different polarization vectors

1
p(t)= 5 ®[1-cos eomd)], (410
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FIG. 10. Excited-state populations as a function of magnetic fieldferJ,—1 andJ;<J;—1 transitions. In all cases, the rms Rabi
frequency isQ = (y/3/5)y, the polarization angl@sz=arccos1{/3, and the laser detuning=0.

produces a field whose direction changes on the time scalkexcited-state populations do not vanish whignapproaches
corresponding to the laser mode spacing. This interval can bgero, since the half-integek < J; transitions have no dark
comparable toy, with the result that the simple two-beam state. However, in these transitions the excited-state popula-
arrangement can effectively destabilize 2, dark states tions can still be increased by applying a magnetic field,
(see Fig. 9 without magnetic fields or modulators. especially whenJ is large. Curves(b)—(d) display two
simple scaling laws: the excited-state population falls off like
1/B? when 6g>vy because the atomic transition becomes
_ _ Zeeman broadened, and it grows BS$ in the regimedg
2SThe2P resggnses of thehJi—dl<—>be_|__0 ) and h < as the pumping out of the dark steebecomes more
D127 "P12- "Dy, Systems 1o the destabilization teCh- griant These three curves also show thatidscreases,
niques discussed above are strikingly similar. This observat—he region in which the excited-state population is large ex-
tion leads us in this section to consider atoms with higher glon Popu 9
angular momentum, to demonstrate that the behavior seen Fha”ds. 0 include smaller valugs 6f. This IS because in- .
those systems is for the most part quite general. For reasofkeasing the number of states in the system increases the time

of computational simplicity, we consider only the destabili- needed for optical pumping into a dark state, and so the

zation of dark states with a magnetic field, noting that Wedark—state evolution raté can be smaller. Similarly, had the

have seen in the previous sections that the response to polé?—ser bgen detuned from resonance, then the excited-state
; rpopulatlon would be relatively constant over a range that

- includes smaller values af, because the atom would pump
here a two-level atom with af; ground state and & . - . .
5, 9 I into the dark states less rapidly. We find that the calculations

excited state. We assume the nuclear spin is zero and vapigiting in Fig. 2 for the width and excited-state population
the electronic spiiBto increase the total angular momentum, ;, the J;=1J;=0 transition give very similar resuli®ot
|

so these generic atoms have no hyperfine structure. shown hergfor these other two-level transitions.

_ Figure 10 shows the numerically calculated total popula- |, yea) atoms, large values of the total angular momentum
tion Py of the P, levels as a function of magnetic field, with 56 ysyally due to the presence of nuclear spin. In this case
linear laser polarization and polarization anglézse  the g factors of the atomic levels involved will be different
=arccos1{/3. The laser is tuned to resonance, and its intenthan those used in Fig. 10, which mostly results in a simple
sity gives an rms Rabi frequendy=(\/3/5)y, as in Fig. 1.  shift along thex axis of the appropriate curve. More impor-
The graphs in this figure all show that the excited-state poputantly, when the nuclear spin is not zero, the atom can be
lation is large whensg~Q/4. In graph(a) of Fig. 10, the optically pumped into hyperfine levels that do not absorb

C. Large-angular-momentum systems

033413-11



D. J. BERKELAND AND M. G. BOSHIER PHYSICAL REVIEW A65 033413

light from the laser field. This leads to situations that areshapes. The magnetic-field technique is simple, but the more
similar to those shown in Fig. 3, with a repumping mecha-complex polarization-modulation method has the important
nism being needed to return the atom to the light state. Theradvantage of leaving the atomic energy levels unperturbed.
are several ways of accomplishing this. Corresponding t&everal different atomic systems were analyzed, and their
Fig. 3(@), an rf or microwave field can drive transitions be- responses to both techniques were found to be quite similar
tween the ground-state hyperfine levels, or a second lasécompare Figs. 5, 9, and L0This universal behavior arises
field can pump the atom out of the extra ground-state hypetbecause the evolution is always governed by the same fun-
fine level through an auxiliary excited state. Correspondinglamental parameters: the state evolution #atgiven by the
to Fig. 3b), a repumping-laser field can couple the dark stateZeeman shift, the AOM splitting, or the highest sideband
to the same excited states as the main laser. For all of theseequency for the case of phase modulatjahe Rabi fre-
cases, the conclusions are the same as in the previous septency(), and the excited-state decay rate
tions: the rate at which the atom is pumped out of the dark For a given laser intensity, the excited-state population
hyperfine level must be as large as possible without exaggeand the scattering rate are maximized by makéhgompa-
ating coherence effects such as dark resonances. This meaasgle toQ) (typically 5~/2). The excited-state population
that the polarization of the radiation driving the transition outwill be small if > § because the atom is then able to follow
of the hyperfine states must be such that these hyperfinge evolving dark state adiabatically, and it will be small if
states do not have a stationary dark state, and that the intefy< 5, either because the laser intensity is lo@< y) or
sity of this radiation must be great enough to drive the tranpecause the atom and the laser are deturdedy. If the
sition strongly. If these conditions are not met then the widthiransition linewidth is not important, then the scattering rate
of the primary transition will be broadened and the maxi-can be maximized by makinf (and 8) larger thany, so
mum scattering rate will be reduced. that the transition is saturated. If the linewidth is important
It it also useful to consider the opposite limit in which (e.g., in laser-cooling applicationghen the choice)~ y/3
optical pumping into dark hyperfine states has little effect orgives substantial excited-state population without excessive
the scattering process because the decay rate into these sta§@sadening. The two regimes that give small excited-state
is sufficiently slow. In this case, it may be possible to detecipopulation 2>y and Q<y) also result in broad line-
the scattered photons with a time resolution that is muckshapes. Fortunately, the evolution rate that optimizes the
smaller than the decay time to the dark hyperfine level. Thexcited-state population also minimizes the linewidth.
dark periods following decay into the dark state can then be |f the system has more than two levels, then these rules
selectively neglected, with the result that the lineshape of thepply to the extra transitions if they too are to remain narrow.
strong transition will not be broadened, in contrast to theHowever, often only one transitioffor example, a laser-
situation discussed in Sec. IV A1, where only the averageooling transitiopn must be narrow. In this case the extra
scattering rate was detected. Another consequence of weglansition should be driven as hard as possible if the system
coupling to a dark hyperfine state is that the Doppler-coole@¢annot form dark resonances. If the system can form dark
atom may be able to reach equilibrium long before it decaysuperposition stateg.g., the2S;,« 2P~ 2D3, System,
into the dark statg16]. The ultimate temperature of the atom then the intensities of the lasers should give Rabi frequencies
will then be the same as if the atom had only two lev@ls  sych thatQ<y/2, to keep the dark resonances narrow. In
long as the atom is not heated while it is in the dark $tate addition, because the dark resonances occur when lasers are
equally detuned from resonance, the laser frequencies can be
V. DISCUSSION AND CONCLUSION set to keep them away from any region of interest.

In this paper, we have discussed how the accumulation of
atomic population in dark states can be prevented by either ACKNOWLEDGMENTS
applying a static magnetic field or by modulating the polar-
ization of the driving laser. We have also considered the ef- This work was supported in part by ARDA under NSA
fect of these destabilization techniques on transition linedEconomy Act Order MOD708600 and by the U.K. EPSRC.
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