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Buffer-gas effects on dark resonances: Theory and experiment

Michael Erhard* and Hanspeter Helm†

Department of Molecular and Optical Physics, Albert-Ludwigs-Universita¨t, Hermann-Herder-Strasse 3, D-79104 Freiburg, Germany
~Received 20 September 2000; published 15 March 2001!

Dark resonances with widths below 30 Hz have been observed in a rubidium cell filled with neon as buffer
gas at room temperature. We compare an approximate analytic solution of aL system to our data and show
that under our experimental conditions the presence of the buffer gas reduces the power broadening of the dark
resonances by two orders of magnitude. We also present numerical calculations that take into account the
thermal motion and velocity-changing collisions with the buffer-gas atoms. The resulting dark-resonance
features exhibit strong Dicke-type narrowing effects and thereby explain the elimination of Doppler shifts and
Doppler broadening, leading to observation of a single ultranarrow dark line.
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I. INTRODUCTION

Coherent population trapping has been observed in m
different laser-atom systems@1#. In a three-levelL scheme,
driven by two lasers, absorption and spontaneous emis
cycles create a ground-state coherence. The coherent s
position of the ground states may decouple from the la
fields by destructive interference of the absorption pa
This state does not take part in fluorescence cycles an
therefore called a dark state or dark resonance~DR!. The
position of the DR requires that the Raman condition
fulfilled, i.e., the difference frequency of the two lasers c
incides with the energy spacing of the ground states.
absolute wavelength is of secondary importance as lon
the lasers are not detuned too far off resonance. The l
width of the DR is governed by ground-state relaxation ra
and the relative phase stability of the two lasers. Des
numerous theoretical efforts to interpret the width of DRs
full understanding has yet been reached@2#. Under most ex-
perimental conditions, the ground-state relaxation is p
dominantly determined by the residence time of theL sys-
tem in the laser beams@3#. The addition of a buffer gas lead
to a diffusive motion of theL system by simultaneousl
preserving the ground-state coherence over millions
buffer-gas collisions@4#. Spectacularly narrow DR line
widths of 150 Hz in Rb@5# and even DRs below 50 Hz in
cesium have been observed with neon as buffer gas u
phase-locked diode lasers@6#. We examined DRs in spec
troscopy cells on85Rb and87Rb in 6.5-kPa neon as buffe
gas at room temperature and explored the effects of l
intensity and detuning on the linewidth and position of t
DR. The ground-state decoherence was independently d
mined by the ‘‘relaxation in the dark’’ method@7#.

An approximate solution of density matrix equations
motion for the simpleL system taking into account colli
sional effects reveals a reduction of the power broadenin
the DR. Thereby we explain the discrepancy of two orders
magnitude in previously observed and previously predic
power broadening@8#. While Doppler effects are rigorousl
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reduced by collinear beam propagation of the two lase
Doppler effects of the ground-state spacing frequency rem
in collinear geometry. In Rb at room temperature a resid
Doppler broadening of about 50 Hz is expected for the D
due to the velocity spread of contributing atoms. This wid
is incommensurate with the narrowest linewidths repor
here. Furthermore, in a hot Doppler medium, two narrow
spaced resonances should be observed because of the
ence of the two upper hyperfine-structure levels in the alk
metal gases, which are involved in aL-system pair. In addi-
tion, the Doppler effect alone predicts that the DR positi
should move slightly, even in collinear geometry, when tu
ing the absolute wavelength of a laser from atomic re
nance. In the presence of a low buffer-gas pressure, requ
to achieve the narrow linewidth to observe these effe
these effects are not observed, however. We show explic
that velocity-changing coherence-preserving collisio
~VCCPCs! in the density matrix equations of motion for
thermal distribution of a four-level system can explain t
absence of these Doppler effects and the appearance o
DRs. Initially, a broadening of the DR is observed when t

FIG. 1. L scheme considered depicting the ground hyperfi
states~for 87Rb! u1&5u2S1/2,F51,mF50&, u2&5u2S1/2,2,0& and the
excited hyperfine stateu3&5u2P3/2,1,61&. The reservoir of specta
tor states not participating in the coherent population trapping
uL&5u2S1/2,$1,2%,Þ0&.
©2001 The American Physical Society13-1
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MICHAEL ERHARD AND HANSPETER HELM PHYSICAL REVIEW A63 043813
VCCPC rate increases from zero as already reported by
et al. @9#. We show that for higher collision rates the D
experiences a Dicke-type narrowing@10# and shifts its posi-
tion. This can be explained by an averaging process of
Doppler effects that is induced by frequent changes of
locities.

In Sec. II A we present the solution of aL-scheme mode
including laser fluctuations and collisional effects. In Sec.
we quantify the expected Doppler effects. A presentation
the theoretical model of the density matrix calculations t
ing into account thermal motion and VCCPCs and a disc
sion of numerical results are given in Sec. IV. Section
summarizes our experimental observations and compare
data to theory.

II. DARK RESONANCE IN A L SCHEME

A. Equations of motion

We consider theL scheme shown in Fig. 1 in the base
a rotating system defined by the transition frequenciesv13
andv23 with the Hamiltonian

Ĥ5\dL1u1&^1u2
\V13

2
~ u1&^3u1u3&^1u!1\dL2u2&^2u

2
\V23

2
~ u2&^3u1u3&^2u!. ~2.1!
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The detuningsdL1 anddL2 for the two lasers are defined b
dL15vL12v13 and dL25vL22v23. In the case of87Rb,
the levelsu1&, u2&, and u3& refer to theu2S1/2,F51,mF50&,
u2S1/2,2,0&, andu2P3/2,1,61& states, respectively@11#. A res-
ervoir of statesu2S1/2,F5$1,2%,mFÞ0& is introduced as
stateuL&. The phenomenological ratesg i j andG i j are added,
which stand for incoherent population transfer from stateui&
to uj&. The diagonal ratesG i i denote a decay rateG i i /2 for
coherences involving levelui&. Later the coherence deca
ratesD i j are introduced to discuss collisions and laser-fi
fluctuations.

The Liouville–von Neumann equations of motion

%̇5
1

i\
@Ĥ,%#2~g9 1G9 1D9 !•% ~2.2!

with

g9 1G9 1D9

representing the dissipation due to theg i j , G i j , andD i j rates
read explicitly in a matrix representation

%Ẇ 5M%W ~2.3!

with
%W 5~%11,Re%12,Im %12,Re%13,Im %13,%22,Re%23,Im %23,%33,%LL!T, ~2.4!

M5

¨

2G12 0 0 0 V13 G21 0 0 g31 GL1

0 2D22 dL 0
V23

2
0 0

V13

2
0 0

0 2dL 2D33 2
V23

2
0 0

V13

2
0 0 0

0 0
V23

2
2D44 dL1 0 0 0 0 0

2
V13

2
2

V23

2
0 2dL1 2D55 0 0 0

V13

2
0

G12 0 0 0 0 2G21 0 V23 g32 GL2

0 0 2
V13

2
0 0 0 2D77 dL2 0 0

0
V13

2
0 0 0 2

V23

2
2dL2 2D88

V23

2
0

0 0 0 0 2V13 0 0 2V23 2D99 0

0 0 0 0 0 0 0 0 g3L 2DLL

©
, ~2.5!
3-2
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BUFFER-GAS EFFECTS ON DARK RESONANCES: . . . PHYSICAL REVIEW A63 043813
where dL5dL12dL2 , D225D335(G111G121G211G22)/2
1D12, D445D555(g311g321g3L1G121G11)/21D13,
D775D885(g311g321g3L1G211G22)/21D23, D995g31
1g321g3L , andDLL5GL11GL2 . All coherences involving
the leveluL& decouple and are thus dropped.

We solve for a steady-state solution of the coherences%13
`

and%23
` to calculate the linear susceptibilitiesxL1 andxL2 .

These describe the response of the atomic dipoles to the
citation by the lasers 1 and 2. Normalized to a density of o
particle per~wavelength!3, they are

xL15
3

4p2

g31

V13
%13

`* , ~2.6!

xL25
3

4p2

g32

V23
%23

`* . ~2.7!

In the following we deal with a fixed detuningdL2 for laser
2 and discuss the spectra as a function of the detunin
laser 1,dL1 . For the sake of simplicity we assume equ
Rabi frequenciesV5V135V23 and decay ratesg315g32,
D135D23, and GL15GL2 . We keep on using the symbo
g31, g32, D13, andD23 to remind the reader of the origin o
these rates, but equality is still postulated. Furthermore,
steady-state populations 2p0 of the ground states are a
sumed to be primarily determined by pumping rates fas
than the ground-state relaxation:V,gk1@G i j . Due to sym-
metry the ground-state populations are equal,%11

` 5%22
`

5p0 .
For low intensitiesV!g i j , Eq. ~2.2! can be approxi-

mated by using constant population values%11
` 5%22

` 5p0 ,
%33

` 50. The approximate equations read

%Ẇ 85M8%W 81pW 8 ~2.8!

with

%W 5~Re%12,Im %12,Re%13,Im %13,Re%23,Im %23!
T,
~2.9!

pW 5S 0,0,0,2
Vp0

4
,0,2

Vp0

4 D T

, ~2.10!

M85

¨

2G dL 0
V

2
0

V

2

2dL 2G 2
V

2
0

V

2
0

0
V

2
2g dL1 0 0

2
V

2
0 2dL1 2g 0 0

0 2
V

2
0 0 2g dL2

2
V

2
0 0 0 2dL2 2g

©
,

~2.11!
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G5
G111G121G211G22

2
1D12, ~2.12!

g5
g311g321g3L

2
1

D131D23

2
. ~2.13!

The stationary solution can be calculated from Eq.~2.8! by

setting%Ẇ 850:

%W 8`52M821pW 8. ~2.14!

As shown in Appendix A, we compare the imaginary part
xL1 in the range of the DR with a Lorentzian line shape

Im xL15const2
xDR~GDR/2!2

dL
21~GDR/2!2 , ~2.15!

wheredL5dL12dL2 . The DR peak lies at the Raman res
nance conditiondL50 and the full width at half maximum
GDR of the DR is

GDR52G1
V2

~g1dL2
2 /g!

1O~V4!, ~2.16!

or, using Eqs.~2.12! and ~2.13!,

GDR'~G111G121G211G2212D12!1
V2

g1dL2
2 /g

~2.17!

with

g5
g311g321g3L1D131D23

2
. ~2.18!

The minimum width is fixed by the ground-state relaxati
rate (G111G121G211G2212D12). Equation~2.17! predicts
a linear increase of the width with laser intensity. The mo
strongly the optical transitions 1↔3 and 2↔3 are damped
out by decay or other decoherence processes, the smal
the power broadening of the DR.

The contrastxDR of the DR is defined as the peak heig
within the enveloping absorption curve@Eq. ~2.15!#,

xDR5
3p0

16p2

V2

Gg

1

~11dL2
2 /g2!2 . ~2.19!

The observed peak heightHDR ~intensity signal! is propor-
tional to xDRI 0 and thus proportional to the square of inte
sity, HDR}I 0

2.

B. Laser-field fluctuations

Referring to@12,13#, laser fluctuations can be included b
considering the additional Hamiltonian

ĤS5\m1~ t !a1
†a11\m2~ t !a2

†a2 . ~2.20!
3-3
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MICHAEL ERHARD AND HANSPETER HELM PHYSICAL REVIEW A63 043813
The operatorsai
† and ai represent creation and annihilatio

operators of the laser fieldi and the functionsm i(t) describe
frequency fluctuations. For a white-noise model the tw
point correlation functions read

^m i~ t !m j~ t8!&5D i j
f d~ t2t8!, ~2.21!

whereD i j
f is a constant. By iterating the additional terms

the equations of motion

%̇152
i

\
@ĤS ,%#, ~2.22!

we obtain

%̇~ t !152
i

\
@ĤS~ t !,%~0!#

2
1

\2 E
0

t

dt8†ĤS~ t !,@ĤS~ t8!,%~ t8!#‡. ~2.23!

The first term can be dropped, because the time averag
m i(t) is assumed to vanish. Expansion of the integral in
~2.23! from t to `, which is reasonable due to the Markovia
nature of them i ’s, we end up with terms for the densit
matrix elements%n1n2 ,m1m2, whose superscriptsni ,mi stand
for the photon numbers in laser fieldi,

%̇kl
n1n2 ,m1m2152@D11

f ~n12m1!212D12
f ~n1n22n1m2

2n2m11m1m2!1D22
f ~n22m2!2#

3%kl
n1n2 ,m1m2. ~2.24!

In the semiclassical limit the levels of theL scheme are
combined with the photon numbers

u1,n111,n2&↔
L1

u3,n1 ,n2&↔
L2

u2,n1 ,n211&

and result in the following terms from Eq.~2.24!:

%̇12152~D11
f 1D22

f 22D12
f !%12, ~2.25!

%̇13152D11
f %13, ~2.26!

%̇23152D22
f %23. ~2.27!

It has been shown by solving the equations of motion for
photon fields@12,13# that D i i

f represents the linewidth of la
ser i while D12

f stands for the cross correlation of the tw
lasers.

Reconsidering Eq.~2.17! with the termsD i j
f defined by

Eqs.~2.25!–~2.27!, the DR width reads

GDR5~G111G121G211G22!12~D11
f 1D22

f 22D12
f !

1
V2

g1dL2
2 /g

~2.28!

with
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g5
g311g321g3L1D11

f 1D22
f

2
. ~2.29!

The term 2(D11
f 1D22

f 22D12
f ) stands for a DR broadenin

caused by laser frequency fluctuations. Observation of n
row DR linewidths therefore requires either lasers with n
row and stable line spectra or else critically cross-correla
lasers, which fulfill D12

f 5 1
2 (D11

f 1D22
f ). The latter is

achieved by optical phase-locked diode lasers@14#. The laser
linewidthsD11

f andD22
f can be considered as additional co

tributions to the natural linewidths to describe the effect
power broadening of the DR width.

C. Buffer-gas collisions

The level energy shift due to a collisional process can
taken into account by an additional Hamiltonian similar
~2.20!:

ĤS5\m18~ t !u1&^1u1\m28~ t !u2&^2u1\m38~ t !u3&^3u.
~2.30!

The functionsm i8 describe the motion in the additional po
tential of theL-system–buffer-gas atom–molecule during
collision. Assuming collisions of short duration and nume
ous compared to other relevant time scales it is useful to s
up the functionsm i85^m i8(t)&1m i(t) into a time-average
value ^m i8(t)& and a fluctuating termm i(t) with a time-
average value of zero and white-noise frequency spectr
The time-average value can be written as

D i
c5^m i8~ t !&5RDf i ~2.31!

representing an average phase ofDf i ‘‘picked up’’ per col-
lision at a collision rateR. The contribution of the time-
average value to the equations of motion is in good appro
mation

%̇152
i

\
@^ĤS&,%# ~2.32!

or explicitly

%̇12152 i ~D1
c2D2

c!%12, ~2.33!

%̇13152 i ~D1
c2D3

c!%13, ~2.34!

%̇23152 i ~D2
c2D3

c!%23. ~2.35!

Equation ~2.33! shows up as a collisional shiftdc5(D2
c

2D1
c) of the position of the DR. The shift is proportional t

the collision rateR and thus proportional to the buffer-ga
pressure as observed experimentally@6#.

The fluctuating part is considered in the same manne
the laser fluctuations and can be written as a contribution
the equations of motion:

%̇12152~D11
c 1D22

c 22D12
c !%12, ~2.36!
3-4
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BUFFER-GAS EFFECTS ON DARK RESONANCES: . . . PHYSICAL REVIEW A63 043813
%̇13152~D11
c 1D33

c 22D13
c !%13, ~2.37!

%̇23152~D22
c 1D33

c 22D23
c !%23. ~2.38!

Introducing the quantityDDR
c 52(D11

c 1D22
c 22D12

c ) and as-
suming equal decoherence rates on the optical transit
Dc5(D11

c 1D33
c 22D13

c )5(D22
c 1D33

c 22D23
c ), the DR width

reads

GDR5~G111G121G211G22!1DDR
c 1

V2

g1dL2
2 /g

~2.39!

with

g5
g311g321g3L12Dc

2
. ~2.40!

The collisional broadeningDDR
c in typical alkali-metal–

noble-gas collisions is very small and can be explained
highly correlated fluctuations of the potential energy in c
lisions of ground-state atoms with the buffer gas. We sh
in Appendix B that the small collisional broadening is not
contradiction to the much bigger collisional shift of the D
DDR

c !uD1
c2D2

cu. However, the optical lines are typicall
broadened by 2p380 kHz/Pa@15#, which is a result of dif-
ferent potential-energy curves that describe collisions for
excited- and ground-state atoms with the buffer gas. In
experiment, the inclusion of collisional broadening in E
~2.40! leads to a strong reduction of the power broadening
the DR as will be shown later.

D. Relaxation by diffusion

A major relaxation process appears due to spatial di
sion out of the laser beams. We define a diffusion rateGD
describingL systems that leave the beams. This loss is co
pensated by fully randomized~in the sense of a statistica
classical ensemble without any coherences! L systems reen-
tering the observation region. Using the general ratesG i j to
describe this process within the closed system of Fig. 1,
‘‘diffusion probability’’ of both ground states is equal,GD
5G111G125G211G22. The state of the ‘‘reentering’’ sys
tem is independent of the state of the leaving system it c
pensates for in terms of populations:G115G12, G21
5G22. It follows thatG i j 5GD/2 and the contribution to the
DR width is

GDR152GD . ~2.41!

E. Total DR linewidth

As shown in Table I the total width of the DR sums u
contributions due to diffusion, collisional relaxation of th
ground-state coherence, phase errors between the laser fi
and a power-broadening part. The origin of power broad
ing can be attributed to Rabi oscillations. These are dam
by optical decay, incoherent transfer to a loss channel, l
linewidths, and collisional broadening of the optical tran
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tions ~as listed in Table II!. The stronger the damping th
less likely that Rabi oscillations give rise to a broadening
the DR.

III. DOPPLER EFFECTS

In order to describe experiments in hot spectroscopy ce
Doppler effects caused by thermal motion of theL systems
need to be taken into account. In the following all freque
cies correspond to the rest frame of theL system unless they
are marked by the superscript~lab!, in which case they refer
to the laboratory frame. Taking into account the Doppl
shifted frequencies of aL scheme, which moves at velocit
v with respect to the beam propagation direction of the t
collinear laser beams, we have

vL15vL1
~ lab!S 12

v
cD , ~3.1!

vL25vL2
~ lab!S 12

v
cD . ~3.2!

The DR conditionvL12vL25vhf yields a resonance fre
quencyvDR

~lab! for the DR observed in the laboratory frame

vDR
~lab!5vL1

~ lab!2vL2
~ lab!5

vhf

12v/c
'vhfS 11

v
cD . ~3.3!

It has been shown@16# that for our experimental paramete
the main contribution to the observed DR originates from
class of atoms moving at velocityv i whose Doppler effects
lead to a resonance of laseri to transition i↔3 (vLi
5v i3). Taking i 52 and solving forv2 as a function of the
laser 2 detuning in the laboratory framed L2

(lab)5vL2
(lab)2v23

results in

TABLE I. Contributions to the total DR linewidth.

Contribution DR width

Diffusion GDR5 2GD

Collisional decoherence 1 2DDR
c

Laser fluctuations 1 2(D11
f 1D22

f 22D12
f )

Power broadening 1
V2

g1d L2
2 /g

TABLE II. Significant contributions to the damping rateg of the
power broadening.

Contribution Damping rateg

Optical decay 2g5 g311g32

Optical loss channela 1 g3L

Laser linewidths 1 D11
f 1D22

f

Collisional broadening 1 D13
c 1D23

c

aThe sum ofg311g321g3L is equal to the spontaneous decay ra
of the excited state. g3L represents the Clebsch-Gordan weight
portion of spontaneous decay into the reservoir statesL.
3-5
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v25c
d L2

~ lab!

vL2
~ lab! 'c

d L2
~ lab!

vopt
~3.4!

with vopt'v13'v23, which is fulfilled in alkali-atom ex-
periments. The position of the DR should therefore dep
on the absolute laser frequencydL2

(lab) and can be expresse
by

vDR
~lab!5vhfS 11

v2

c D5vhfS 11
dL2

~ lab!

v23
D . ~3.5!

On the other hand, the velocity spread of the contribut
velocity class can be roughly determined by taking into
count the optical linewidth~2↔3 transition! denoted byg.
The velocity spread leads to a Doppler broadeningGDR,Doppler

~lab!

of the observed DR in the laboratory frame:

GDR,Doppler
~lab! 5

g

vopt
vhf . ~3.6!

In addition, the experiment uses atoms with two upper
perfine levels spaced byv34@g as shown in Fig. 3. In our
experimental case the levelu4& would correspond tou2P3/2,
F52,mF561& in 87Rb. In the presence of the two clos
lying L schemes, two DRs with a spacing of

vDR,3
~ lab!2vDR,4

~ lab!5
v34

vopt
vhf ~3.7!

should be observed at finite temperature.
We have summarized typical values of these Doppler

fects for our 85Rb and 87Rb experiments in Table III. The
absence of these Doppler phenomena in buffer-gas ex
ments is due to velocity-changing collisions, which lead
physics completely different from the usual Doppler a
proach to hot gases, as we show in the following section

FIG. 2. Frequencies for theL system considered.
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IV. DARK RESONANCE IN THE PRESENCE OF BUFFER
GAS COLLISIONS

A. Equations of motion

We consider a thermal distribution of the four-level sy
tem shown in Fig. 3. The incoherent loss channel represe
by the level uL& is omitted, because it only modifies th
power broadening, which is not discussed here. As in S
II A we consider the Hamiltonian

Ĥ5Ĥ int1ĤL11ĤL2 , ~4.1!

Ĥ int5\dL1u1&^1u1\dL2u2&^2u1\v34u4&^4u, ~4.2!

ĤL152
\V13

2
~ u1&^3u1u3&^1u!2

\V14

2
~ u1&^4u1u4&^1u!,

~4.3!

ĤL252
\V23

2
~ u2&^3u1u3&^2u!2

\V24

2
~ u2&^4u1u4&^2u!,

~4.4!

TABLE III. Energy parameters for85Rb and87Rb together with
the expected Doppler effects.

Parameter 85Rb 87Rb Unit

vopt /2p 3.8531014 3.8531014 Hz
vhf /2p 3036 6835 MHz
g/2p 6 6 MHz
v34/2p 63 157 MHz
Doppler shift

DvDR
~lab!/dL2

~lab! 7.9 17.8 Hz/MHz
Doppler broadening

GDR,Doppler
~lab! /2p 47 107 Hz

DR splitting
(vDR,3

~lab! 2vDR,4
~lab! !/2p 498 2795 Hz

FIG. 3. Four-level system considered. Stateu4& corresponds to
u2P3/2,2,61& for 87Rb. The other state labels are as given in Fig.
3-6
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and add the phenomenological ratesG i j and g i j . Applying
the rotating-wave approximation, laser 1 couples to the 1↔3
and 1↔4 transitions and laser 2 drives the 2↔3 and 2↔4
transitions. The upper hyperfine-state spacing of the 3↔4
levels is denoted byv34. The detunings are defined bydL1
5vL12v13 and dL25vL22v23. The equations of motion
are set up in the same manner as in Sec. II and are form
represented here by

%Ẇ 5Mn%W . ~4.5!

We introduceNv velocity classes of this four-level syste
moving at velocitiesv1 ,...,vNv

in the directions parallel and
antiparallel to the two collinear laser beams. The detuni
dL1,n anddL2,n of Eq. ~2.2! andMn in Eq. ~4.5! are gener-
alized by the subscriptn to refer to a specific velocity class
Due to the Doppler effect they are

dL1,n5vL1
~ lab!S 12

vn

c D2v12, ~4.6!

dL2,n5vL2
~ lab!S 12

vn

c D2v23. ~4.7!

The buffer-gas collisions are included by a collision kern
Wnm , nÞm, describing the rate of four-level-system chan
ing from velocity classm to n by simultaneously preservin
all density matrix elements. The complete set of equation
motion therefore reads

%Ẇ n5Mn%W n1 (
m51

Nv

Wnm%W m . ~4.8!

The diagonal elementsWnn represent the population losse
of the velocity classesn. The demand for particle numbe
conservation makesWnn dependent on the other elements
the collision kernel. Therefore the rate out of velocity clasn
must coincide with the sum of rates from classn to classm
with mÞn,

Wnn52 (
m51
mÞn

Nv

Wmn . ~4.9!

We use a one-dimensional Maxwellian velocity distributi
with a most probable velocityvw5A2kBT/m,

pn5Ne2~vn /vw!2
, ~4.10!

wherepn indicates the population of velocity classn andN
is calculated by making use of the total number of partic
N,

N5
N

(n51
Nv e2~vn /vw!2 . ~4.11!

The simplest collision kernel
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Wnm5
1

N
3H Rpn , nÞm

R~pn2N!, n5m
~4.12!

stands for completely thermalizing collisions at a collisi
rate R. Neglecting the dependence of the rateR on the ve-
locity vn is a reasonable approximation for heavy atoms i
light buffer gas for a qualitative demonstration of the effec

The linear susceptibilitiesxL1
(lab) for laser 1 andxL2

(lab) for
laser 2 add up contributions of all velocity classes:

xL1
~ lab!5

3

4p2 (
n51

Nv H g31

V13
%13,n* 1

g41

V14
%14,n* J , ~4.13!

xL2
~ lab!5

3

4p2 (
n51

Nv H g32

V23
%23,n* 1

g42

V24
%24,n* J . ~4.14!

B. Numerical results

The numerical results are based on the following para
eters~which roughly represent our87Rb experiment!: V13
5V145V235V2452p315 kHz, g315g325g415g4252p
33 MHz, G115G125G215G2252p332 Hz, v2352p
33.8531014Hz, v1252p36835 MHz, v3452p
3157 MHz, andvw5240 m/s. The Maxwellian velocity dis
tribution is represented by 1000 discrete velocity classes.
graphs in Figs. 4 and 5 demonstrate the dependence o
transmission spectra on the VCCPC rate. It is importan
keep in mind that in real experiments the VCCPC rate
strongly related to the buffer-gas vapor pressure. Fo
clearer understanding of the effects related to the rate
VCCPCs we show results for constant relaxation rates
neglect the influence of the buffer-gas vapor pressure on
fusion and collisional broadening. Therefore experimen
verification of the trend with the magnitude ofR in Figs. 4
and 5 becomes cumbersome~e.g., a cubic observation vol
ume of 1 m3 would be required for the Doppler caseR50!.

The potential-energy curves of the ground-state Ne-
molecule @17# allow a rough estimate of the kinetic cros
section ofsk5pr 2'4310215cm2 (r'0.35 nm). Using our
experimental parametersp56.5 kPa, T5300 K, and v̄
5500 m/s for neon, the kinetic collision rate is therefore

Rk5
p

kBT
skv̄5314 MHz. ~4.15!

Assuming that the rate of completely thermalizing collisio
R is smaller than the collision rate in Eq.~4.15!, our experi-
mental data should be compared to the numerical results
approximatelyR5100 MHz.

Figure 4 shows the calculated absorption of laser 1
function of detuningdL1

(lab) for different VCCPC ratesR.
Here, laser 2 is resonantly tuned to the 2↔3 transition of a
resting four-level system,dL2

(lab)50. In each graph the DR
region is expanded and shown as dashed traces. For the
pler case, we observe three regions of increased absorpti
the enveloping Doppler curve. These repumping peaks
caused by velocity classes whose 1↔* and 2↔* transitions
couple resonantly to the two lasers~* stands for levels 3 and
3-7
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FIG. 4. Absorption~imaginary part of the lin-
ear susceptibility! of laser 1(Imx L1

~lab!) as a func-

tion of the detuningd L1
~lab! for d L2

~lab!50. R de-
notes the collision rate of completel
thermalizing collisions. The dashed traces cor
spond to anx axis scaled by a factor of 10 and
y axis scaled by a factor of 5 and an arbitraryy
offset.
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4!. The ping-pong-like pumping of population between t
two ground states avoids depletion of either ground-s
level as occurs in other regions of the Doppler absorpt
curve. The association of the peaks with pumping scheme
given in Table IV. For ratesR.100 kHz.V these peaks
disappear, because the pumping process is overridde
velocity-changing and therefore resonance-changing eff
~see Fig. 4!.

Figure 5 illustrates the effect of VCCPCs on DRs by e
panding the frequency region of interest by a factor of 15.
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In the Doppler case the DR splits up into two parts due to
two upper hyperfine-structure levels involved as already p
dicted in Sec. III, Eq.~3.7!. For VCCPC rates of some kilo
hertz, the DRs are broadened. The broadening of a DR in
range of collision rates has already been demonstrated
Graf et al. @9#. This broadening is a result of the addition
relaxation process byL systems leaving the resonant velo
ity class. However, for higher VCCPC rates, which exce
the intrinsic DR width due to relaxation (R@GR), the DR
spacing @R@(vDR,3

~lab! 2vDR,4
~lab! )#, and the pumping rates@R
y
u-
FIG. 5. Absorption~imaginary part of the lin-
ear susceptibility! of laser 1(Imx L1

~lab!) as a func-

tion of the detuningd L1
~lab! for d L2

~lab!50. R de-
notes the collision rate of completel
thermalizing collisions. The dashed lines are a
toscaled and do not correspond to they-axis la-
bel.
3-8
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BUFFER-GAS EFFECTS ON DARK RESONANCES: . . . PHYSICAL REVIEW A63 043813
@(V2/g)#, this dissipation process surprisinglydecreases
again and the DRs merge into a single DR, withenhanced
contrast andnarrower than that in the pure Doppler cas
(R50). The linewidth observed here is determined by
relaxation rates put into the numerics (GR52p3128 Hz).
This can be understood when considering that all four-le
systems take part in a single DR. The reason is that the l
VCCPC rate makes them resonant many times during a
evant period of time. The Doppler effect is expected to
averaged over the velocity contributionP(v), which leads to
a DR position of

d̄L1
~ lab!5E dv P~v !S vhf

v
cD . ~4.16!

For a symmetric velocity distribution~as in our case! the
Raman resonance conditiondL

(lab)5dL1
(lab)2dL2

(lab)50 still ap-
plies, thus explaining the appearance of a single DR
dL1

(lab)50 ~dL2
(lab) was chosen as zero for the calculations

Fig. 5!. Further calculations that take into account a co
sional broadening ofD135D145D235D2452.63R ~roughly
describing our experimental parameters! yield the same re-
sults as shown in Fig. 5. This is due to a collisional broa
ening that is smaller than the Doppler broadening in the c
sidered range ofR.

C. Dark resonances in the Dicke limit

For the sake of completeness, we demonstrate traditi
Dicke narrowing@10# effects for even higher collision rate
R51 – 10 GHz in Fig. 6 as predicted from our numeric
model. The lines corresponding to the two upper hyperfi
levels can be resolved at a Doppler-reduced width an
single DR is still present atdL1

(lab)2dL2
(lab)50. For traditional

TABLE IV. Association of the repuming peaks of Fig. 4 wit
specific transitions for the Doppler caseR50.

dL1
~lab!/2p ~MHz! Laser 1 Laser 2

2157 1↔3 4↔2
0 1↔3 3↔2

1↔4 4↔2
157 1↔4 3↔2

FIG. 6. Absorption~imaginary part of the linear susceptibility!
of laser 1(ImxL1

~lab!) as a function of the detuningdL1
~lab! for dL2

~lab!

50 in the Dicke regime. R denotes the collision rate of com
pletely thermalizing collisions. All axes of the magnified diagram
are equally scaled~note the change in frequency scale from th
used in Fig. 5!.
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Dicke narrowing, collision rates much higher than the opti
decay rates are required,R@g, and the experimental realiza
tion of this regime is cumbersome at least in buffer-gas
periments.

V. EXPERIMENT

A. Setup

Our experimental setup is shown in Fig. 7. We used t
external-cavity diode lasers tuned by varying temperatu
cavity length, and current@18#. One laser is operated eithe
stabilized to an atomic transition by Doppler-free saturat
spectroscopy or else free running by monitoring the detun
with a Fabry-Pe´rot interferometer. The corresponding line
widthsDv rms are about 60 kHz and a few megahertz, resp
tively. The second laser is phase locked to the first one n
the frequency difference of 3036 or 6835 MHz correspon
ing to the hyperfine splitting of the two rubidium isotope
@19#. The achieved phase stability of aboutDf rms520° ful-
fills the required critical cross correlation@the second term in
Eq. ~2.28! being;0#. The optical phase-locked loop~PLL!
is realized by superimposing both lasers on an ultrafast p
todiode and mixing the electrical signal with a reference f
quency of a computer-controlled microwave synthesizer
an intermediate frequency of 20 MHz. A phase-frequen
detector ~PD! compares the intermediate frequency sign
with a 20-MHz reference source to generate two feedb
signals to the cavity and current of the slave laser. B
lasers are guided through a single-mode fiber~SMF! to
achieve collinearity. The beams are circularly polarized a
passing the fiber, and then expanded by a telescope
passed through a room-temperature spectroscopy cell
taining both rubidium isotopes and 6.5-kPa neon. The ce
magnetically shielded by three layers ofm metal. The trans-
mission signal is refocused on a photodiode and fed int
lock-in amplifier. All DR spectra discussed here correspo
to ground-state levels withmF50, a residual magnetic field
of ;5 mT splits the DR into 11mF components in85Rb
(F52,3) and sevenmF components in87Rb (F51,2). Thex

t

FIG. 7. Schematic of the experimental setup. Two extern
cavity diode lasers~L1 andL2! are phase locked~PLL!. The modu-
lated (fM) oscillator ~OSC! is externally tuned (f ext) while a
lock-in amplifier~L1! monitors the transmitted intensity~M, mirror;
BS, beam splitter, FC, fiber coupler; SMF, single-mode fiber!.
3-9
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MICHAEL ERHARD AND HANSPETER HELM PHYSICAL REVIEW A63 043813
axes labeled ‘‘detuning’’ represent the frequency differen
of the two lasers. The experimental radial beam profile
well fitted by the Gaussian function

I ~r !5I 0e22~r /r 0!2
. ~5.1!

In the experiment, the laser intensities are adjusted to
approximately equal and peak intensityI 0 and 1/e2 radiusr 0
for one of the two lasers are specified.

A typical spectrum is shown in Fig. 8. The DR occurs
the left- and right-hand sides of the real position spaced
the modulation frequency of 1 kHz. The interested reade
refered to@20# for details on frequency-modulation spectro
copy and the interpretation of its spectra.

B. Ultranarrow linewidths

By using a 1/e2 beam radius ofr 051.44 cm and a weak
intensity of I 05300 nW/cm2 DR linewidths of 2862 Hz
could be resolved as shown in Fig. 9. Repeating the meas
ment on consecutive days under nominally identical con
tions, we obtained widthsGDR/2p53664, 4363, 2762,
and 3763 Hz. These DRs in rubidium are a factor of 5 na
rower than those previously reported in rubidium@5#.

We measured the frequency positions of the DRs w
mF50. These values are given asvm

( i ) in Table V. Compar-
ing the value for the87Rb DR to the literature value for th
hyperfine spacing@21# plus the pressure shift for 6.5-kP
neon@4#, we obtain a relative deviation of22.731026 for
our time base. This value is commensurate with the spe
cations of the manufacturer. Using this result to calibrate
time base, we end with a pressure shift of 1.560.3 Hz/Pa for

FIG. 8. DR spectra obtained by frequency-modulation spect
copy on 85Rb with I 053 mW/cm2. The left diagram shows the
in-phase signal and the right diagram shows the quadrature pa
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85Rb, with no literature value to compare to. We note th
the pressure shift of the two isotopes matches the 2:1 r
between nuclear magnetic moments in87Rb and85Rb.

C. Linewidth and contrast as functions of intensity

We studied the width and contrast of DRs using a 2r 0
51.6 cm diameter beam and intensities ranging from 1 to
mW/cm2. The results for the width are shown in Fig. 10 a
those for the height in Fig. 11. The experimental data
fitted to the formulas

GDR5GR1aI 0 , ~5.2!

HDR5CI0
n , ~5.3!

and the values obtained are presented in Table VI. In
following we compare the predictions of Eqs.~2.17!, ~2.28!,
and ~2.39! with the fitted experimental results@Eq. ~5.4! be-
low#. The sum of decay rates is given by the optical dec
rate (g311g321g3L)52p36 MHz. The collisional broad-
ening for a neon vapor pressure of 6.5 kPa was measure
Ottingeret al. @15# asD13

c 5D23
c 52p3263 MHz. The coher-

ence loss due to VCCPCs, the linewidths of the lasers,
the detuningdL2 are negligible compared to the collision
broadening. The power broadening can therefore be appr
mated by

GDR5GR1~2p!2310.9 kHz MHz
cm2

mW
3

^I &
D13

c 1D23
c .

~5.4!

Taking into account Clebsch-Gordan coefficients of1
4 we

obtain a theoretical value ofa/2p520.7 Hz/(mW cm22).
This value is commensurate with the experimental obse

s-

.

TABLE V. Uncorrected measured DR positionsvm , literature
values forv12 @21#, and pressure shifts with neon as buffer gas.

85Rb 87Rb

vm/2p 3035.7334~3! MHz 6834.6837~7! MHz
v12/2p 3035.732~1! MHz 6834.6826~1! MHz
d r /2p 1.560.3 Hz/Paa 3 Hz/Pa@4#

aThis work.
w
FIG. 9. Sample of the measured ultranarro
linewidths withGDR/2p below 30 Hz. Parameters
were I 05300 nW/cm2 and beam diameter 2r 0

52.9 cm.
3-10
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BUFFER-GAS EFFECTS ON DARK RESONANCES: . . . PHYSICAL REVIEW A63 043813
tions in Table VI, because the latter refer to the peak int
sity and do not take into account the spatial decrease o
tensity over the beam profile~the observed value in Table V
being lower!. We conclude that the collisional broadening
the dominant factor in power broadening and the reason
the previously noted discrepancy of two orders of magnitu
from the pureL-system approach@22#. The asymptotic value
of the DR width at zero intensity,GR , will be compared to
our optical pumping data in the next section. The quadr
law of the height from Sec. II A is well satisfied by the fitte
values ofn for Eq. ~5.3! ~see Table VI!.

The predictions of Eq.~5.4! are also in agreement with th
much narrower widths observed in the large-diameter-be
case. To demonstrate this we consider the dependence o
loss by diffusion from a cylindrical vessel of radiusr 0 and
length l @23#,

GD5
D

p F S 2.41

r 0
D 2

1S p

l D 2G . ~5.5!

The ratio of GD’s for the large and small diametersl
56.5 cm) is GD(1.44 cm)/GD(0.8 cm)50.32. Using the fit
parameters of Table VI we predict a width for the conditio
in Fig. 9 of

GDR/2p50.32370.3 Hz115.7
Hz

mW/cm230.3
mW

cm2

527.463.7 Hz ~5.6!

in perfect agreement with the fitted linewidth in Fig. 9. Fu
thermore, this result confirms that diffusion is the main
laxation process in our experiments and collisional grou
state relaxation is negligible for the buffer-gas pressure u
here.

FIG. 10. Dependence of the DR width on intensity~left, 85Rb;
right, 87Rb!. The intensity values given are the peak intensitiesI 0 of
one laser~beam diameter 2r 051.6 cm!.

FIG. 11. Dependence of the DR height on intensity~left 85Rb;
right, 87Rb!. The intensity values given are the peak intensitiesI 0 of
one laser~beam diameter 2r 051.6 cm!.
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D. Relaxation measurement by optical pumping

We carried out relaxation measurements using the ‘‘rel
ation in the dark’’ method@4,7# with a laser-beam profile o
2r 051.6 cm. A laser resonant to one transition of theL
system depletes one lower level by optical pumping. Th
the laser is interrupted and relaxation to equilibrium is
lowed to take place. For different dark periods, the transm
sion is determined and fitted to an exponential recov
curve of absorption. The data are shown in Fig. 12. An
ponential fit yieldsGD/2p536.464.1 Hz for 85Rb and 55.2
618.8 Hz for87Rb. With Eq.~2.41! these independent mea
surements predict the relaxational contribution to the DRs
be GR/2p52GD/2p572.868.2 and 110.4637.6 Hz, re-
spectively. This independent result is in excellent agreem
with the asymptotic experimental values given in Table V

E. DR position as a function of laser detuning

Figure 13 illustrates measurements of the DR position
87Rb for different detuningsdL2

(lab) of the fixed laser 2. The
detuning range studied is up to 2p3800 MHz. At the ex-
treme values of detuning, Eq.~3.5! predicts that the Dopple
effect should shift the DR by 2p314.2 kHz as indicated by
the dashed trace~compare Sec. III!, but no such effect is
observable. Measurements of DR positions in Cs with Ne
buffer gas@24# yielded similar results, clearly demonstratin
the absence of Doppler effects. The predictions of the sim
lations of Sec. IV that a single resonance should app
immune to detuningdL2

(lab) , are thus confirmed experimen
tally.

VI. CONCLUSIONS

We have shown that, in a quantitative understanding
dark-resonance experiments in the presence of buffer ga

FIG. 12. Relaxation in the dark for both rubidium isotopes. Le
85Rb; right, 87Rb.

TABLE VI. Fit parameters for the dependence of the DR wid
and the DR contrast on intensity for85Rb and87Rb ~obtained with
the laser-beam diameter 2r 051.6 cm at a Ne pressure of 6.5 kPa!.
In the last line we include the independently measured value of
ground-state hyperfine relaxation observed for the same experim
tal parameters~see Sec. V D!.

Parameter 85Rb 87Rb Unit

GR/2p 70.3611.2 69.1627.1 Hz
a /2p 15.760.4 13.960.9 Hz/~mW cm22!

n 2.3560.32 2.1260.15
2GD/2p 72.868.2 110.4637.6 Hz
3-11
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the velocity-changing process caused by buffer-gas c
sions plays a major role. The power broadening in such
periments is significantly reduced due to the increased re
ation caused by the presence of buffer gas. In addition,
frequent velocity changes eliminate Doppler effects and l
to observation of spectacularly narrow lines, ultimately lim
ited only by residence time and pressure broadening of
ground-state energy splitting. Since the latter is negligible
low alkali-metal densities@4#, only a substantial and imprac
ible increase of the observation volume could reduce
widths below a magic 1 Hz level. In this regard the lo
observation time in dipole-trapped cold-atom clouds m
provide a means of reaching the limit set by the curren
achievable phase stability of the lasers used in preparing
dark resonance.
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APPENDIX A: APPROXIMATE SOLUTION

The imaginary part of the linear susceptibility

Im xL152
3

4p2

g31

V13
Im %13

` ~A1!

can be calculated from Eq.~2.14! as

Im xL15
a01a1dL1a2dL

2

b01b1dL1b2dL
21b3dL

31b4dL
4 ~A2!

with

a053G2g2~g21dL2
2 !1 3

2 Gg3V2, ~A3!

a15 3
4 g~2g2G!dL2V2, ~A4!

a253g2~g21dL2
2 !1 3

4 g2V2 ~A5!

and

FIG. 13. Measurements of DR positions for different detunin
of laser 2 for I 0524 (3) and 7 mW/cm2 ~1!, respectively. The
dashed line indicates the expected Doppler effect from Eq.~3.5!
~compare Table III!.
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b05p2$16G2~g21dL2
2 !2116Gg~g21dL2

2 !V214g2V4%,
~A6!

b15p2$32G2~g21dL2
2 !dL2116GdL2V2!V2%, ~A7!

b25p2$16~g21dL2
2 !2116G2~g21dL2

2 !

18„Gg1~dL2
2 2g2!…V21V4%, ~A8!

b35p2$32~g21dL2
2 !dL218dL2V2%, ~A9!

b45p2$16~g21dL2
2 !%. ~A10!

The assumptionsG!g and dL!g lead tob3dL!b2 , b4dL
2

!b2 , b1!b2dL , anda1!a2dL . Equation~A2! can then be
approximated by

Im xL1'
a2

b2
S 12

b0 /b22a0 /a2

b0 /b21dL
2 D . ~A11!

The full width at half maximumGDR @compare Eq.~2.15!# is
determined as

GDR'2Ab0 /b252G1
V2

g1dL2
2 /g

1O~V4!. ~A12!

In this approximation, the height of the DRxDR @compare
Eq. ~2.15!# reads

xDR'
a2

b2
2

a0

b0
5

3

32p2

V2

Gg

1

~11dL2
2 /g2!2 . ~A13!

APPENDIX B: COLLISIONAL SHIFT VERSUS
BROADENING

Here we show that a collisional shift of the ground-sta
splitting ~DR! of several kilohertz~as appropriate in our ex
periment! is not in contradiction to the observed linewidth
of 30 Hz. We assume collisions at a rateR and an average
phase ofDf i ‘‘picked up’’ by level ui& per collision. These
phases are approximated by perfectly correlated squ
spikes in them i ’s of Eq. ~2.30! with heightsm̂ i during the
collision durationtc ~compare Fig. 14!. The shift of the DR
due to the considerations of Sec. II C isdc5(Df2

2Df1)R. For short collision durations the amplitudesD i j
c of

s

FIG. 14. Temporary evolution of the level shiftsm i due to col-
lisions. The shifts are assumed to be equal~average value! and of
square shape with heightm̂ i and collision durationtc . Each colli-
sion leads to an additional ‘‘phase kick’’ ofDf i5m̂ i3tc in the
coherences of levelui&.
3-12
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the two-time correlation functions

^m i~ t !m j~ t8!&5D i j
c d~ t2t8! ~B1!

can by approximated byD i j
c 5(m̂ im̂ jtc)(tcR), where the first

term corresponds to the area of the convolution of the
square functions and the second term is a weighting fa
due to the averaging of the correlation functions. It follow
thatD i j

c 5Df iDf jR and for the collisional broadening~com-
pare Sec. II C!
. D

y

rh

a-

04381
o
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DDR
c 52~D11

c 1D22
c 22D12

c !52
dc

2

R
. ~B2!

For our experimental parameters ofR5100 MHz anddc
52p39.8 kHz, Eq. ~B2! predicts DDR

c 52p312 Hz. The
observed scaling of the expected value ofGR ~see Table VI
and Sec. V C! of measurements with the small- and larg
diameter laser beams suggests that the true contributio
DDR

c to GR is much smaller than this estimate. This could
explained by a collisional shift due to the wings of the lon
ranging Rb-Ne potentials having smaller fluctuations th
considered here.
ev.

y,

8.
y,

l.
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