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Buffer-gas effects on dark resonances: Theory and experiment
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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 solutioA afyatem 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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[. INTRODUCTION reduced by collinear beam propagation of the two lasers,
Doppler effects of the ground-state spacing frequency remain

Coherent population trapping has been observed in mani collinear geometry. In Rb at room temperature a residual
different laser-atom systenig]. In a three-levelA scheme, Doppler broadening of about 50 Hz is expected for the DR
driven by two lasers, absorption and spontaneous emissig#ue to the velocity spread of contributing atoms. This width
cycles create a ground-state coherence. The coherent supia-incommensurate with the narrowest linewidths reported
position of the ground states may decouple from the lasefiere. Furthermore, in a hot Doppler medium, two narrowly
fields by destructive interference of the absorption pathsspaced resonances should be observed because of the pres-
This state does not take part in fluorescence cycles and &nce of the two upper hyperfine-structure levels in the alkali-
therefore called a dark state or dark resona(@®). The  metal gases, which are involved inAasystem pair. In addi-
position of the DR requires that the Raman condition betion, the Doppler effect alone predicts that the DR position
fulfilled, i.e., the difference frequency of the two lasers co-should move slightly, even in collinear geometry, when tun-
incides with the energy spacing of the ground states. Thég the absolute wavelength of a laser from atomic reso-
absolute wavelength is of secondary importance as long ance. In the presence of a low buffer-gas pressure, required
the lasers are not detuned too far off resonance. The lindo achieve the narrow linewidth to observe these effects,
width of the DR is governed by ground-state relaxation ratehese effects are not observed, however. We show explicitly
and the relative phase stability of the two lasers. Despitéhat velocity-changing coherence-preserving collisions
numerous theoretical efforts to interpret the width of DRs no(VCCPCs in the density matrix equations of motion for a
full understanding has yet been reach2fl Under most ex- thermal distribution of a four-level system can explain the
perimental conditions, the ground-state relaxation is preabsence of these Doppler effects and the appearance of the
dominantly determined by the residence time of theys-  DRs. Initially, a broadening of the DR is observed when the
tem in the laser beanj8]. The addition of a buffer gas leads
to a diffusive motion of theA system by simultaneously 3)
preserving the ground-state coherence over millions of
buffer-gas collisions[4]. Spectacularly narrow DR line-
widths of 150 Hz in R 5] and even DRs below 50 Hz in
cesium have been observed with neon as buffer gas usin
phase-locked diode lasef6]. We examined DRs in spec-
troscopy cells orf®Rb and®Rb in 6.5-kPa neon as buffer
gas at room temperature and explored the effects of lase
intensity and detuning on the linewidth and position of the
DR. The ground-state decoherence was independently dete
mined by the “relaxation in the dark” methdd].

An approximate solution of density matrix equations of 1)
motion for the simpleA system taking into account colli-
sional effects reveals a reduction of the power broadening of ; ™
the DR. Thereby we explain the discrepancy of two orders of ~ ! T
magnitude in previously observed and previously predicted =
power broadening8]. While Doppler effects are rigorously  piG. 1, A scheme considered depicting the ground hyperfine

stategfor 8Rb) |1)=12S,,,,F=1,me=0), |2)=|2S,,,,2,0) and the

excited hyperfine stat8)=1|?P,,1,= 1). The reservoir of specta-
*Electronic address: Michael.Erhard@physik.uni-freiburg.de tor states not participating in the coherent population trapping is
"Electronic address: Hanspeter.Helm@physik.uni-freiburg.de  [L)=|2S,,,{1,2},#0).
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VCCPC rate increases from zero as already reported by Grathe detuningss, ; and &, , for the two lasers are defined by
et al. [9]. We show that for higher collision rates the DR 6, ;= ;— w3 and 8 ,=w ,— w,3. In the case of'Rb,
experiences a Dicke-type narrowifg0] and shifts its posi- the levels|1), |2), and|3) refer to the|?S,;,,F =1,mg=0),
tion. This can be explained by an averaging process of th¢S,,,2,0), and|?Pg,,1,= 1) states, respectivej11]. A res-
Doppler effects that is induced by frequent changes of veervoir of states|?S,,,F={1,2,,m:#0) is introduced as
locities. state|L). The phenomenological rateg; andl’;; are added,
In Sec. Il A we present the solution of/escheme model which stand for incoherent population transfer from stgte
including laser fluctuations and collisional effects. In Sec. llito |j). The diagonal rate§;; denote a decay ratE;;/2 for
we quantify the expected Doppler effects. A presentation otoherences involving level). Later the coherence decay
the theoretical model of the density matrix calculations takratesA;; are introduced to discuss collisions and laser-field
ing into account thermal motion and VCCPCs and a discusfluctuations.
sion of numerical results are given in Sec. IV. Section V. The Liouville—von Neumann equations of motion
summarizes our experimental observations and compares the
data to theory.

- 1 ~ A A A
Il. DARK RESONANCE IN A A SCHEME 0= E[H.Q]—(7+F+5)'Q 2.2
A. Equations of motion
We consider the\ scheme shown in Fig. 1 in the base of with
a rotating system defined by the transition frequencies A A A
and w,3 with the Hamiltonian y+T+A

representing the dissipation due to the, I';;, andAj; rates

~ 73 read explicitly in a matrix representation
A=h o] 1)(1) = — (113 +[3)(L) + 1 82l2)(2] Prety P
o=Mp (2.3
h Qo
- 521231 +[3)(2)). @)
0=(011,R€015,IMQ1;5,ReQ13,IMQ13,022,REQ3,1M 023,033,017, (2.9
Iy 0 0 0 Q13 I 0 0 Y31 IR
QZ3 ‘Q’l?:
0 -D 0 0 — 0 0 — 0 0
22 L 2 2
O3 O3
0 — 0 -D — = 0 0 — 0 0 0
L 33 5 5
Q
0 0 723 —Dyu S 0 0 0 0 0
Q Q Q
M: —%% —% O _5|_1 _D55 0 O 0 713 0 y (25)
Iy 0 0 0 0 Iy 0 Qs Y32 I,
Q
0 0 —713 0 0 0 -Dy 6 0 0
Q Q Q
0 713 0 0 0 —723 — 5., —Dgg 723 0
0 0 0 0 -0 O 0 —Q, -Dgg O
0 0 0 0 0 0 0 0 v, -D,
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Where 5|_: 5|_]__ 5|_2 ) D22: D33: (F11+ F12+ F21+ F22)/2 and
+Aq,, D4s=Dss=(ya1t+ ¥t yaL T 12t T'10)/2+ Ay,

D77=Dgg=(va1+ ¥3ot vaL + T 21t 1'2)/2+A%3, Dgg=va1 = F11+F12+F21+F22+A (2.12
+ y3ot+ y3, andD =T ;+T 5. All coherences involving 2 12 '
the level|L) decouple and are thus dropped.

We solve for a steady-state solution of the coherewdgs Va1t V3ot yaL  Aqzt Ay
and 05, to calculate the linear susceptibilitigg; and y, . Y= 2 2 (213

These describe the response of the atomic dipoles to the ex-
citation by the lasers 1 and 2. Normalized to a density of oné he stationary solution can be calculated from EQ8) by
particle per(wavelength®, they are setting 5’ -0

3 Va1,
XLl—mQ_lBQla ,

(2.6) o' =-M""1p". (2.14

As shown in Appendix A, we compare the imaginary part of

3 v ., X1 in the range of the DR with a Lorentzian line shape
XL2=7 27 923 - 2.7
47T 923 2
. . . . Im X =const M (2 13
In the following we deal with a fixed detuning , for laser L1 5E+(FDR/2)2, :

2 and discuss the spectra as a function of the detuning of

laser 1,5, ;. For the sake of simplicity we assume equal\yheres, = 8, ,— 8,,. The DR peak lies at the Raman reso-

Rabi frequencied) =0 ;5=(),; and decay ratéys =7z,  nance conditions, =0 and the full width at half maximum
Aq3=Az3, andI';=I';,. We keep on using the symbols 1 of the DR is

Y31, Y32, Aq3, andA,;to remind the reader of the origin of

these rates, but equality is still postulated. Furthermore, the 02 4

steady-state populationspg of the ground states are as- Ipr=2I"+ mJFO(Q ), (2.1
sumed to be primarily determined by pumping rates faster L2

than the ground-state relaxation(}, y,;>I'; . Due to sym- o ysing Eqs(2.12 and (2.13),

metry the ground-state populations are equal;=e5,

=Po- 2

For low intensitiesQ)<1y;;, Eqg. (2.2 can be approxi- Fpr=(T1yt Iyt gt Popt 2445) + Y+ 52L2/7
mated by using constant population value§=05,=po, (2.17)
035=0. The approximate equations read
' with
g'=Mg'+p’ 28
st ysat ya T Azt Ags 21
with r= 5 : (2.18
5 — T
0=(ReQ1z,ImQ15,ReQ13,IMQ13,R€023,IM 23 The minimum width is fixed by the ground-state relaxation
2.9 rate C+ Tty + T+ 2A15). Equation(2.17) predicts
Qp Qpo\T a linear increase of the width with laser intensity. The more
p=0,0,0- —20— —2| | (2.10  strongly the optical transitions<:3 and 2—3 are damped
4 4 out by decay or other decoherence processes, the smaller is
) ) the power broadening of the DR.
- 4 0 _ 0 _ The contrasiypg of the DR is defined as the peak height
2 2 within the enveloping absorption cury&q. (2.19],
B} r o 0 o 0 3py 02 1
o = -5 > Po
2 2 = — : 2.1
o XOR™16m2 Ty (1+ 62519°)? 19
0 — - d 0 0
) 2 4 H The observed peak heightpg (intensity signal is propor-
M'= QO , tional to xpgrl o @and thus proportional to the square of inten-
- 0 -8, -y O 0 sity, Hpr13.
0 _ % 0 0 —y 8L B. Laser-field fluctuations
Referring to[ 12,13, laser fluctuations can be included by
Q considering the additional Hamiltonian
— ? 0 0 0 - 5|_2 -
(2.1 Hs=fipy(t)ajas+7iu,(t)aja,. (2.20
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The operatorsliT and a; represent creation and annihilation Va1t vaot y3L+Af11+ Agz

operators of the laser fieidand the functiong;(t) describe V= 2 . (2.29

frequency fluctuations. For a white-noise model the two-

point correlation functions read The term 2Q!,+A%,—2A%,) stands for a DR broadening
(Mi(t)Mj(t’»:Aifj S(t—t"), (2.21) caused by laser frequency fluctuations. Observation of nar-

row DR linewidths therefore requires either lasers with nar-
whereAf is a constant. By iterating the additional terms of 'OW and stable line spectra or else critically cross-correlated
i ion | hich fulfil Al,=%(Al,+AL). The | i
the equations of motion asers, which fulfill Ajp=3(A3;+A5). The latter is
achieved by optical phase-locked diode lagéd. The laser
R R linewidthsA!, andA}, can be considered as additional con-
e+=- g[HS'Q]' (2.22 tributions to the natural linewidths to describe the effect on
power broadening of the DR width.

we obtain
i C. Buffer-gas collisions
e()+=—5[Hs(1),e(0)] The level energy shift due to a collisional process can be
taken into account by an additional Hamiltonian similar to
(2.20:

1 [t . N
- [ aAgo e ez
Hs=7ipu1 ()| 1){L+7u5(1)[2)(2] +ﬁ#é(t)|3><3|(-2 0

The functionsu; describe the motion in the additional po-
tential of the A-system—buffer-gas atom—molecule during a
collision. Assuming collisions of short duration and numer-
ous compared to other relevant time scales it is useful to split
up the functionsu =(u (t))+ui(t) into a time-average

The first term can be dropped, because the time average of
mi(t) is assumed to vanish. Expansion of the integral in Eq
(2.23 fromt to o0, which is reasonable due to the Markovian
nature of theu;'s, we end up with terms for the density
matrix elementp"i"2:MM2 whose superscripts; ,m; stand
for the photon numbers in laser field

'Qﬂllnzvmlmur=_[Afll(nl—ml)2+ 2A%(nin,—nym, value (u{(t)) and a fluctuating term,bi(t) with a time-
average value of zero and white-noise frequency spectrum.
—n,m;+ m1m2)+Af22(n2— m,)?] The time-average value can be written as
X" e, (2.24 AF=(u{(1))=RA®, (2.30
In the semiclassical limit the levels of th& scheme are representing an average phaseﬁ@fi “picked up” per col-
combined with the photon numbers lision at a collision rateR. The contribution of the time-
average value to the equations of motion is in good approxi-
L L2 mation
|1’n1+1!n2>H|3|n1!n2><_>|21n11n2+1>
. . i . i
and result in the following terms from E¢R.24): o+=— g[(Hs%Q] (2.32
Q1o+ =— (Al +AL—2A0) 015, (2.29 .
or explicitly
013+ =—Al013, (2.26 . .
. 012t =—1(AF-A%)01z, (2.33
0ot =—AN00. (2.27 ) )
Q1at =—i(AT—A3)013, (2.39
It has been shown by solving the equations of motion for the
photon field§12,13 thatA{ represents the linewidth of la- Qo3+ = —i(AS—AS) 0. (2.35
seri while A!, stands for the cross correlation of the two
lasers. o _ f _ Equation (2.33 shows up as a collisional shiff®=(A$
Reconsidering Eq(2.17) with the termsA;; defined by —A$) of the position of the DR. The shift is proportional to
Egs.(2.25—(2.27), the DR width reads the collision rateR and thus proportional to the buffer-gas

B ; ; ¢ pressure as observed experimenta@y:
Por= (Tt Dygt Dot o) +2(A1,+ A= 247, The fluctuating part is considered in the same manner as
02 the laser fluctuations and can be written as a contribution to

t 2.2 the equations of motion:
y+ 80l y (228 q

with 01t =— (A5 +A5—2A5) 01, (2.36
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'le+ _ (A§1+A§3— 2A§3)913, (2.37) TABLE |. Contributions to the total DR linewidth.
. Contribution DR width
Qo3+ =—(A5+ A3~ 2439 023. (2.38
Diffusion I'pr= 2lp
Introducing the quantit\fe=2(A%;+A5,—2A%,) and as- Collisional decoherence + 2Apr
suming equal decoherence rates on the optical transitiorsaser fluctuations + 2(AL+AL,—2AY)
AC=(AS,+AS—2A5) =(AS,+AS;—2AS,), the DR width o _ 02
reads ower broadening + —
y+oily
QZ
Tpr=(T 11+ T 1o+ T+ 7o) + AR+ —— . . : .
or=(Dirt Tiot Torto0) + Apg y+ 82,1y tions (as listed in Table )l The stronger the damping the
(2.39 less likely that Rabi oscillations give rise to a broadening of
the DR.
with

IIl. DOPPLER EFFECTS
_ ya1rt st yaL +2A°

2 . (2.40 In order to describe experiments in hot spectroscopy cells,
Doppler effects caused by thermal motion of thesystems
The collisional broadeningAS; in typical alkali-metal- need to be taken into account. In the following all frequen-
noble-gas collisions is very small and can be explained byi€s correspond to the rest frame of thesystem unless they
highly correlated fluctuations of the potential energy in col-are marked by the superscrib), in which case they refer
lisions of ground-state atoms with the buffer gas. We show0 the laboratory frame. Taking into account the Doppler-
in Appendix B that the small collisional broadening is not in shifted frequencies of & scheme, which moves at velocity
contradiction to the much bigger collisional shift of the DR, v With respect to the beam propagation direction of the two
ASr<|AS—AS|. However, the optical lines are typically collinear laser beams, we have
broadened by 2 X 80 kHz/Pa[15], which is a result of dif-
ferent potential-energy curves that describe collisions for the wL1= w<Lle11b)
excited- and ground-state atoms with the buffer gas. In our
experiment, the inclusion of collisional broadening in Eg.
(2.40 leads to a strong reduction of the power broadening of _ (ap|q_ Y
W 2= W » ( 1 E) .

:
l_E , (3.9

the DR as will be shown later. 32

The DR conditionw, ;— w »= wy; Yields a resonance fre-
) ) ] ) quencngaé’) for the DR observed in the laboratory frame of
A major relaxation process appears due to spatial diffu-

sion out of the laser beams. We define a diffusion e (ab_ (lab_ (labj_ _ “nf
describingA systems that leave the beams. This loss is com- WpR T WLl T WL T e

pensated by fully randomize@n the sense of a statistical

classical ensemble without any coherencesystems reen- |t has been showfil6] that for our experimental parameters
tering the observation region. Using the general ratg40  the main contribution to the observed DR originates from a
“diffusion probability” of both ground states is equallp  |ead to a resonance of lasérto transitioni—3 (wy;

=D+ o=+ 5. The state of the “reentering” sys- —,..). Takingi=2 and solving for, as a function of the
tem is independent of the state of the leaving system it compgar 2 detuning in the laboratory franﬁéL'ng w(,_'gb)—wzg
pensates for in terms of populationst';;=1"15, I'y;

D. Relaxation by diffusion

(3.3

= Wt

v
1+—].
c

oo results in
=I"p,. It follows thatI';;=I"p/2 and the contribution to the
DR width is TABLE Il. Significant contributions to the damping rajef the
Tpgt =20 . (2.4 power broadening.
Contribution Damping rate/
E. Total DR linewidth Optical decay 2- Yart v
As shown in Table | the total width of the DR sums up Optical loss chann@l + YaL

contributions due to diffusion, collisional relaxation of the | aser linewidths + Al +AT,
ground-state coherence, phase errors between the laser fieldglisional broadening + AS;+AS,

and a power-broadening part. The origin of power broaden
ing can be attributed to Rabi oscillations. These are dampehe sum ofyz;+ ys+ y5. is equal to the spontaneous decay rate
by optical decay, incoherent transfer to a loss channel, las@f the excited state. y3_ represents the Clebsch-Gordan weighted
linewidths, and collisional broadening of the optical transi-portion of spontaneous decay into the reservoir states

043813-5
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3) TABLE lIl. Energy parameters fo®°Rb and®Rb together with
- the expected Doppler effects.
Parameter %Rb 8Rb Unit
Woptl27 3.85<10'* 3.85x10* Hz
w21 3036 6835 MHz
Wa3 yi2m 6 6 MHz
w327 63 157 MHz
Doppler shift
810 A3 5130 7.9 17.8 Hz/MHz
L Doppler broadening
WHf T'5% Doppief 277 47 107 Hz
____________ DR splitting
(0fRs— ogra2m 498 2795 Hz

FIG. 2. Frequencies for th& system considered.
IV. DARK RESONANCE IN THE PRESENCE OF BUFFER
(1ab) (1ab) GAS COLLISIONS
o2 o2

UZZC@”CH (3.9 A. Equations of motion

We consider a thermal distribution of the four-level sys-
tem shown in Fig. 3. The incoherent loss channel represented
&)y the level |L) is omitted, because it only modifies the
power broadening, which is not discussed here. As in Sec.
Il A we consider the Hamiltonian

With wop~ w13~ w,3, Which is fulfilled in alkali-atom ex-

periments. The position of the DR should therefore depen

on the absolute laser frequend}/3® and can be expressed

by
H=Hin+Hu+He, (4.7)
v, o
wg§)= whf( 1+ ?) = Whf 1+ w_) . (35) ~
23 Hine=7 8L I L[ +7 815 2)(2| + hiwsd 4)(4], (4.2
On the other hand, the velocity spread of the contributing _ hQs 7Oy,
velocity class can be roughly determined by taking into ac- H_ 1= — 5 (|121)(3]+3)(1])— > (12)(4]+4)(1]),
count the optical linewidth2< 3 transitior) denoted byy. 4.3
The velocity spread leads to a Doppler broadelﬂﬁﬁ),)ooppler '
of the observed DR in the laboratory frame:
N 1y Qo
Flio=— 5 (12)(3]+[3)(2]) — =57 (|12)¢4] + |4)(2)),
Y
1_‘géll?b,)Doppler: T Whi- (3.6 (4.4
Wopt

In addition, the experiment uses atoms with two upper hy-
perfine levels spaced by;,> vy as shown in Fig. 3. In our
experimental case the levi) would correspond t¢?Ps,,
F=2m:=+1) in ®Rb. In the presence of the two close-
lying A schemes, two DRs with a spacing of

w
(lab) __ 34
WpR,4~—

W (3.7

Wopt

should be observed at finite temperature.

We have summarized typical values of these Doppler ef-
fects for our®Rb and®Rb experiments in Table Ill. The
absence of these Doppler phenomena in buffer-gas experi-
ments is due to velocity-changing collisions, which lead to
physics completely different from the usual Doppler ap- FIG. 3. Four-level system considered. Stiecorresponds to
proach to hot gases, as we show in the following section. |?P4,,2,+1) for 8Rb. The other state labels are as given in Fig. 1.
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and add the phenomenological ralés and y;; . Applying 1 Rp,, n#m
the rotating-wave approximation, laser 1 couples to the3l an:N X R(p,—N), n=m
and 1—4 transitions and laser 2 drives the-3 and 2-4 Pn '
transitions. The upper hyperfine-state spacing of the43  gtands for completely thermalizing collisions at a collision
levels is denoted byz,. The detunings are defined By,  rate R Neglecting the dependence of the r&en the ve-

= w1~ w13 and § ;= w ,~ w,3. The equations of motion |ocity 4 is a reasonable approximation for heavy atoms in a
are set up in the same manner as in Sec. Il and are formallyynt puffer gas for a qualitative demonstration of the effects.
represented here by The linear susceptibilitieg's” for laser 1 andy{'3” for

laser 2 add up contributions of all velocity classes:

(4.12

>

0=M,0. (4.5
3 & [ 7m Ya1
We introduceN, velocity classes of this four-level system X(Llafb):Af_Wszl [Q—Q’fs,ﬁ Q—Qﬁ,n], (4.13
moving at velocities¢,...,v N, in the directions parallel and N 13 14
antiparallel to the two collinear laser beams. The detunings 3 M y y
S 1y and éy ,, of Eq. (2.2) and M, in Eq. (4.5 are gener- X3°=7— (Q—&Q’ngﬁr 9—429’2*4“]. (4.19
alized by the subscript to refer to a specific velocity class. 4m° =1 23 24

Due to the Doppler effect they are
B. Numerical results

5L1,n:wﬂib)< 1— ﬁ) — w1, (4.6) The numerical results are based on the following param-
eters(which roughly represent oudt’'Rb experiment ;3
=014= Q3= Q=27 X15KHZ, y31= 3= Ya1= Y42=27
1_ &)_0) (47) ><3 MHZ, F11:F12:F21:F22:27T><32 HZ, w23=277
23 ' X 3.85x 10**Hz, w1,= 27X 6835 MHz, way=27
X157 MHz, andv,,= 240 m/s. The Maxwellian velocity dis-
The buffer-gas collisions are included by a collision kerneltribution is represented by 1000 discrete velocity classes. All
Wim, N#m, describing the rate of four-level-system chang-graphs in Figs. 4 and 5 demonstrate the dependence of the
ing from velocity classn to n by simultaneously preserving transmission spectra on the VCCPC rate. It is important to
all density matrix elements. The complete set of equations dkeep in mind that in real experiments the VCCPC rate is
motion therefore reads strongly related to the buffer-gas vapor pressure. For a
clearer understanding of the effects related to the rate of
. 3 . VCCPCs we show results for constant relaxation rates and
O0n=Mnln+ 2—1 WnmOm- (4.8 neglect the influence of the buffer-gas vapor pressure on dif-
m fusion and collisional broadening. Therefore experimental
verification of the trend with the magnitude Bfin Figs. 4
and 5 becomes cumbersorteg., a cubic observation vol-
me of 1 ni would be required for the Doppler caBe=0).

The potential-energy curves of the ground-state Ne-Rb
molecule[17] allow a rough estimate of the kinetic cross
section ofo,= 7r2~4x 10" ®cn? (r~0.35nm). Using our
experimental parameterp=6.5kPa, T=300K, and v

_ (lab
5|_2,n— w}_g )

N

The diagonal elementd/,, represent the population losses
of the velocity classes®. The demand for particle number
conservation maked/,,,, dependent on the other elements ofY
the collision kernel. Therefore the rate out of velocity class
must coincide with the sum of rates from clas$o classm
with m#n,

N, =500 m/s for neon, the kinetic collision rate is therefore
W= — 21 Winp,- (4.9 0
m#n Ry=——= 0w =314 MHz. (4.15
keT

We use a one-dimensional Maxwellian velocity distribution

with a most probable velocity,— \2kgT/m, Assuming that the rate of completely thermalizing collisions

Ris smaller than the collision rate in E@.15, our experi-
(o fo)? mental data should be compared to the numerical results for
pn=Ne~ tnftwr, (410 approximatelyR= 100 MHz.
o ] ] Figure 4 shows the calculated absorption of laser 1 as
wherep,, indicates the population of velocity classand V' g,nction of detunings{'??) for different VCCPC ratesR.
is calculated by making use of the total number of partlcle%ere, laser 2 is resonantly tuned to the-3 transition of a

N, resting four-level systeméﬁ'gm: 0. In each graph the DR
N region is expanded and shown as dashed traces. For the Dop-
N= B (4.12) pler case, we observe three regions of increased absorption in
S e onfow the enveloping Doppler curve. These repumping peaks are
caused by velocity classes whose>*¥ and 2—* transitions
The simplest collision kernel couple resonantly to the two lasdrsstands for levels 3 and
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R = 0 (Doppler)

10% Im {13
104 Im x{'20)
'S

FIG. 4. Absorptioniimaginary part of the lin-
ear susceptibilityof laser 1(Imy?”) as a func-
tion of the detunings % for 6/3°=0. R de-
notes the collision rate of completely
thermalizing collisions. The dashed traces corre-
spond to arx axis scaled by a factor of 10 and a
y axis scaled by a factor of 5 and an arbitrary
offset.

O 2 L n I " 1
-400 200 0 200 400 600
Detuning 3{(2% [MHz]

-400 200 0 200 400 600
Detuning 8{2%) [MHz]

R =10 MHz R =100 MHz

[+2]

n
n

10* Im {20
S

10* Im {0
&

0
-400 -200 0 200 400 600
Detuning {5 [MHz]

-400 -200 0 200 400 600
Detuning 5{2®) [MHz]

4). The ping-pong-like pumping of population between theln the Doppler case the DR splits up into two parts due to the
two ground states avoids depletion of either ground-statéwo upper hyperfine-structure levels involved as already pre-
level as occurs in other regions of the Doppler absorptiordicted in Sec. Ill, Eq(3.7). For VCCPC rates of some kilo-
curve. The association of the peaks with pumping schemes Isertz, the DRs are broadened. The broadening of a DR in this
given in Table IV. For ratesR>100 kHz>() these peaks range of collision rates has already been demonstrated by
disappear, because the pumping process is overridden Iyraf et al. [9]. This broadening is a result of the additional
velocity-changing and therefore resonance-changing effect®laxation process byt systems leaving the resonant veloc-
(see Fig. 4 ity class. However, for higher VCCPC rates, which exceed
Figure 5 illustrates the effect of VCCPCs on DRs by ex-the intrinsic DR width due to relaxatiorR&1'g), the DR

panding the frequency region of interest by a factor of. 10 spacing[R> (0@~ wi@)], and the pumping ratefR

R = 0 (Doppler) R=1kHz R =10 kHz
Y sg [T ] sg T T T
_— —_ — . —_— < ’
5- 57} 357} \f\ﬁ 8570
= a2 e \ //_
E 56 | E 56 | 1 E 56 | y /
- 55 | - 55 1 + 55 f=
T 54r = 54y 1 = s4p
4321012 4321012 4321012

Detuning 3{2°! [kHz] Detuning 8{2°) [kHz] Detuning 8{3°) [kHz]

R = 50 kHz R = 100 kHz R = 500 kHz
N P e SN —————— FIG. 5. Absorptioniimaginary part of the lin-
5. . L 1 3., 1 3 ear susceptibilityof laser 1(Imy?”) as a func-
3- 5. 55 57} 1 =5 (1ab) (lab) _
; 56F A g 56 | v g tion of the detunings 7’ for §5°=0. R de-
+ 55} /1 & ssf ‘-\ i1 & s notes the collision rate of completely
2 54f V] 2 54t Vil R sal I thermalizing collisions. The dashed lines are au-
N TR YA L 1 b toscaled and do not correspond to thaxis la-
4321012 4321012 4321012 bel.
Detuning 5{%! [kHz] Detuning &{3) [kHz] Detuning 3{2) [kHz]
R=1MHz R =10 MHz R = 100 MHz
R iy B g B
8- 85 57} ] &) r
k3 = =
£ £ 56T 1 E 577 .
h < 55 k < 56 -
=] | © ©
= 54f B4 T 54rF {1 = 55¢ .
4-3-2-101 2 4-3-2-101 2 -4-3-2-101 2

Detuning 3{3) [kHz]

Detuning §{8°) [kHz]

Detuning 8{%%) [kHz]
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TABLE IV. Association of the repuming peaks of Fig. 4 with Beat Signal
specific transitions for the Doppler caRe=0. i
M
81391271 (MHz) Laser 1 Laser 2 L2 PLL " OSC[* ™ feut
—157 13 42 Bs | » T
0 13 3«2 FC / L1 dur
1-4 42 !
157 14 32 SME . __ .
O O g O :
C - SRR Ny N
>(0?/y)], this dissipation process surprisingljecreases o o T \* L1
. . . . I 11
again and the DRs merge into a single DR, wéthhanced Sttty gty PD l
contrast andharrower than that in the pure Doppler case Shielded Cell T,¢
(R=0). The linewidth observed here is determined by the . .
relaxation rates put into the numericEd=2mXx 128 Hz). FIG. 7. Schematic of the experimental setup. Two external-

This can be understood when considering that all four-levefavity diode laseré.1 andL 2) are phase locke(PLL). The modu-
systems take part in a single DR. The reason is that the lardgted (@w) oscillator (OSQ is externally tuned fe) while a
VCCPC rate makes them resonant many times during a re ock-in amplifier(L1) monitors the transmitted intensiti, mirror;
evant period of time. The Doppler effect is expected to be>>+ Peam splitter, FC, fiber coupler; SMF, single-mode jiber

averaged over the velocity contributi®{v), which leads to

a DR position of Dicke narrowing, collision rates much higher than the optical

decay rates are required>> vy, and the experimental realiza-

v tion of this regime is cumbersome at least in buffer-gas ex-
gﬂi’b):f dv P(v)(whf E)' (4.16  periments.
For a symmetric velocity distributiotas in our casethe V. EXPERIMENT
Raman resonance conditiait® = 52" — 5(ab=0 still ap- A. Setup

plies, thus explaining the appearance of a single DR at
s(a)=0 (5%) was chosen as zero for the calculations in
Fig. 5. Further calculations that take into account a colli-

nggzb?goagsp'gg g?irlr?;n%f_ ﬁr(z':n; eAlz“i;é'Gtaz (Sr;#]geh% stabilized to an atomic transition by Doppler-free saturation
sults as sghown ionig 5 This is due?g) a collisional broad-spGCtrOSCOpy or els_e free running by monitoring thg det_uning
ening that is smaller tﬁaﬁ the Doppler broadening in the Con\_/v!th a Fabry-Peot interferometer. The corresponding line-
sidered range oR widths A w,,s are about 60 kHz and a few megahertz, respec-
: tively. The second laser is phase locked to the first one near
the frequency difference of 3036 or 6835 MHz correspond-
ing to the hyperfine splitting of the two rubidium isotopes
For the sake of completeness, we demonstrate tradition&l9]. The achieved phase stability of abau,,=20° ful-
Dicke narrowing[10] effects for even higher collision rates fills the required critical cross correlatigthe second term in
R=1-10GHz in Fig. 6 as predicted from our numerical EQ. (2.28 being ~0]. The optical phase-locked loqLL)
model. The lines corresponding to the two upper hyperfings realized by superimposing both lasers on an ultrafast pho-
levels can be resolved at a Doppler-reduced width and &diode and mixing the electrical signal with a reference fre-
single DR is still present aﬁ(L'?i‘b)_ 5(L'gb>: 0. For traditional quency of a computer-controlled microwave synthesizer to
an intermediate frequency of 20 MHz. A phase-frequency

Our experimental setup is shown in Fig. 7. We used two
external-cavity diode lasers tuned by varying temperature,
cavity length, and currerjtl8]. One laser is operated either

C. Dark resonances in the Dicke limit

R=1GHz R=10GHz detector (PD) compares the intermediate frequency signal
20 20 : with a 20-MHz reference source to generate two feedback
8- 15 o 815 / ‘ signals to the cavity and current of the slave laser. Both
£ 10 ) £ 10 / /\ lasers are guided through a single-mode fil8MF) to
o 5 200 200 % o , \/ |20 0 20 achieve collinearity. The beams are circularly polarized after
Py — e 0 passing the fiber, and then expanded by a telescope and
400200 0 200 400 600 400200 0 290 400 600 passed through a room-temperature spectroscopy cell con-
Detuning &7~ [MHz] Detuning &7~ [MHz]

taining both rubidium isotopes and 6.5-kPa neon. The cell is
FIG. 6. Absorption(imaginary part of the linear susceptibijty Magnetically shielded by three layers pimetal. The trans-

of laser 1(Imy(®?) as a function of the detuning{@® for sl mission signal is refocused on a photodiode and fed into a

=0 in the Dicke regime. R denotes the collision rate of com- l0ck-in amplifier. All DR spectra d|SCU§Sed here Corre§pond

pletely thermalizing collisions. All axes of the magnified diagramst0 ground-state levels witm==0, a residual magnetic field

are equally scalednote the change in frequency scale from thatof ~5 uT splits the DR into 11mg components in®°Rb

used in Fig. 5. (F=2,3) and sevem; components iff’Rb (F=1,2). Thex

043813-9



MICHAEL ERHARD AND HANSPETER HELM PHYSICAL REVIEW A63 043813

FM Signal [arb. units] FM Signal [arb. units] TABLE V. Uncorrected measured DR positions,, literature
Ty R values forw;, [21], and pressure shifts with neon as buffer gas.
85Rb 87Rb
/27 3035.73343) MHz 6834.68377) MHz
F E 3 w27 3035.7321) MHz 6834.68261) MHz
0123 45678 041234508678 8, 12 1.5+0.3 Hz/P& 3 Hz/Pa[4]

(Detuning - 3035.73 MHz) [kHz] (Dsetuning - 3035.73 MHz) [kHz] *This work

FIG. 8. DR spectra obtained by frequency-modulation spectros-
copy on ®Rb with 1,=3 uWi/cn?. The left diagram shows the ©°Rb, with no literature value to compare to. We note that
in-phase signal and the right diagram shows the quadrature part. the pressure shift of the two isotopes matches the 2:1 ratio

between nuclear magnetic momentsSiRb and®Rb.
axes labeled “detuning” represent the frequency difference

of the two lasers. The experimental radial beam profile is C. Linewidth and contrast as functions of intensity

well fitted by the Gaussian function ) ) ]
We studied the width and contrast of DRs using rg 2

|(r):|0e—2(f/fo>2_ (5.1) =1.6 cm diameter beam and intensities ranging from 1 to 75
uWi/cn?. The results for the width are shown in Fig. 10 and
In the experiment, the laser intensities are adjusted to b#hose for the height in Fig. 11. The experimental data are
approximately equal and peak intengifyand 1&? radiusr, fitted to the formulas
for one of the two lasers are specified.

A typical spectrum is shown in Fig. 8. The DR occurs on I'pr=Tr*alo, (5.2
the left- and right-hand sides of the real position spaced by N
the modulation frequency of 1 kHz. The interested reader is Hpr=Clp, (5.3
refered to[20] for details on frequency-modulation spectros- ) ,
copy and the interpretation of its spectra. and the values obtained are presented in Table VI. In the

following we compare the predictions of Eq2.17), (2.28),
and(2.39 with the fitted experimental resulf&g. (5.4) be-
low]. The sum of decay rates is given by the optical decay
By using a 1¢ beam radius of o=1.44cm and a weak rate (ys;+ ysp+ vs ) =27X6 MHz. The collisional broad-
intensity of 1,=300nW/cn? DR linewidths of 282 Hz  ening for a neon vapor pressure of 6.5 kPa was measured by
could be resolved as shown in Fig. 9. Repeating the measurettingeret al.[15] asAj,=A5,=2mXx 263 MHz. The coher-
ment on consecutive days under nominally identical condience loss due to VCCPCs, the linewidths of the lasers, and
tions, we obtained widthd'pr/27m=36+4, 43+3, 27+2,  the detunings, , are negligible compared to the collisional
and 373 Hz. These DRs in rubidium are a factor of 5 nar- broadening. The power broadening can therefore be approxi-
rower than those previously reported in rubidi{ij. mated by
We measured the frequencya;?sitions of the DRs with ”
me=0. These values are given ag, in Table V. Compar- C
ing the value for thé’Rb DR to the literature value for the [pr=T"g+(2m)?X10.9kHz MHZﬂ_WXAiaJF AL
hyperfine spacind21] plus the pressure shift for 6.5-kPa (5.4
neon[4], we obtain a relative deviation of 2.7x 10 © for
our time base. This value is commensurate with the specifiTaking into account Clebsch-Gordan coefficients jofve
cations of the manufacturer. Using this result to calibrate ouobtain a theoretical value ofe/27=20.7 Hz/(uW cm ?).
time base, we end with a pressure shift of (63 Hz/Pa for  This value is commensurate with the experimental observa-

B. Ultranarrow linewidths

(1

+ real position —1kHz.

28+2 Hz —» | | -

FIG. 9. Sample of the measured ultranarrow
linewidths withI" yr/27 below 30 Hz. Parameters
were |,=300nW/cn? and beam diameterr3
=2.9cm.

FM Signal [arb. units]

0 100 200 300 400 500
{Detuning - 3035.732 MHz) [Hz]

FM Signal [arb. units]

Real position +1 kHz —
0 100 200 300 400 500

(Detuning - 3035.734 MHz) [Hz]
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TABLE VI. Fit parameters for the dependence of the DR width

1.0 —— 1.0 — and the DR contrast on intensity f8tRb and®’Rb (obtained with

08 == 08 r T the laser-beam diameter 2=1.6 cm at a Ne pressure of 6.5 KPa

g'i P/ ] g'i /m/ | In the last line we include the independently measured value of the

02 | *,. 02 | w'/'/ ground-state hyperfine relaxation observed for the same experimen-
£ o tal parametergsee Sec. VI

0.0
0 10 20 30 40 50 60

0.0
0 10 20 30 40 50 60

Laser Intensity [AW/cm?] Laser Intensity [uW/cm?] Parameter 85Rb 8'Rb Unit
FIG. 10. Dependence of the DR width on intendiigft, 3°Rb; Iri27 70.3+11.2 69.1-27.1 Hz
right, 8Rb). The intensity values given are the peak intensitjesf al2m 15.7+0.4 13.9:0.9  Hz(uWcm )
one laserbeam diameter ,=1.6 cm. n 2.35+0.32 2.12+0.15
2I' /27 72.8+8.2 110.4-37.6 Hz

tions in Table VI, because the latter refer to the peak inten
sity and do not take into account the spatial decrease of in-
tensity over the beam profilghe observed value in Table VI

being lowej. We conclude that the collisional broadening is We carried out relaxation measurements using the “relax-
the dominant factor in power broadening and the reason foLiion in the dark” method4,7] with a laser-beam profile of

the previously noted discrepancy of two orders of _magnitud%roz 1.6cm. A laser resonant to one transition of the

from the pureA-system approacf22]. The asymptotic value gy tem depletes one lower level by optical pumping. Then
of the DR width at zero intensityl'r, will be compared 10 ne |aser is interrupted and relaxation to equilibrium is al-
our optical pumping data in the next section. The quadrali,yeq to take place. For different dark periods, the transmis-
law of the height from Sec. Il A is well satisfied by the fitted iy, is determined and fitted to an exponential recovery

values ofn for Eq. (5.3 (see Table V). _ curve of absorption. The data are shown in Fig. 12. An ex-
The predictions of E(5.4) are also in agreement with the onential fit yieldsI'p/27 = 36.4+ 4.1 Hz for ®°Rb and 55.2
much narrower widths observed in the large-diameter-beam. 18.8 Hz for®’Rb. With Eq.(2.41) these independent mea-

case. To demonstrate this we consider the dependence of 1 ements predict the relaxational contribution to the DRs to
loss by diffusion from a cylindrical vessel of rading and be T'g/2m=2Tp/27=72.8-8.2 and 110.437.6Hz, re-

lengthl [23], spectively. This independent result is in excellent agreement
) with the asymptotic experimental values given in Table VI.
T
+(— |
/]
The ratio of I'p’s for the large and small diameters (

=6.5cm) isI'p(1.44cm)I"'5(0.8cm)=0.32. Using the fit
parameters of Table VI we predict a width for the conditions
in Fig. 9 of

D. Relaxation measurement by optical pumping

p

(5.9

D[/[2.41\2
D:

o E. DR position as a function of laser detuning

Figure 13 illustrates measurements of the DR position in
87Rb for different detuningss(3” of the fixed laser 2. The
detuning range studied is up torX 800 MHz. At the ex-
treme values of detuning, E¢3.5) predicts that the Doppler
effect should shift the DR by 2% 14.2 kHz as indicated by
the dashed tracécompare Sec. I)] but no such effect is

Hz uW observable. Measurements of DR positions in Cs with Ne as

T'op/2m=0.32¢70.3 Hzt 15'7,U,W/(:m2 X030 buffer gas[24] yielded similar results, clearly demonstrating
the absence of Doppler effects. The predictions of the simu-
=27.4+3.7 Hz (5.6) lations of Sec. IV that a single resonance should appear,

immune to detunings{3”

in perfect agreement with the fitted linewidth in Fig. 9. Fur- ta|ly.
thermore, this result confirms that diffusion is the main re-
laxation process in our experiments and collisional ground-
state relaxation is negligible for the buffer-gas pressure used

, are thus confirmed experimen-

VI. CONCLUSIONS

here. We have shown that, in a quantitative understanding of
dark-resonance experiments in the presence of buffer gases,
By - . .
£Z - ==F e /= ¢ R
N > /»Lo—1 NS ] PN - 1 NG I
Eg . Eg oF - ] 8| _—1 |
L5 5 g5 g g3 # 3 | 1
o= T Panl o= T e @8 i g8 ¥ 1
— e ) . — e ) ) %E‘ %E‘ jf{
0 20 40 60 80 0 20 40 60 80 g S g V.
Laser Intensity [pW/cmz] Laser Intensity [uW/cmz] F 0 5 10 15 20 F 5 10 15 20

Dark interval [ms]

Dark interval [ms]

FIG. 11. Dependence of the DR height on intengigft Rb;
right, 8Rb). The intensity values given are the peak intensitjgesf
one laserlbeam diameter )=1.6 cm).

FIG. 12. Relaxation in the dark for both rubidium isotopes. Left,
8Rb; right, &'Rb.
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+ ><+x “+ ¥ palt) J-I n I/sz i-i‘_AQb2 n

4 A |

-600 -400 -200 0 200 400 600
8{5” MHz)

DR shift [kHz]
o

]
N

FIG. 14. Temporary evolution of the level shiftg due to col-
lisions. The shifts are assumed to be eq@alkerage valueand of

FIG. 13. Measurements of DR positions for different detuningssquare shape with heiglit; and collision duratiorr,. Each colli-
of laser 2 forl,=24 (X) and 7 uW/cn? (+), respectively. The sion leads to an additional “phase kick” af ¢;= 1;X 7 in the
dashed line indicates the expected Doppler effect from (Bg)  coherences of level).

(compare Table Il
bo=m2{1602(y?+ 67,)%+ 16 y( v+ 57,) Q2+ 49204},

the velocity-changing process caused by buffer-gas colli- (A6)

sions plays a major role. The power broadening in such ex- )

periments is significantly reduced due to the increased relax- by=m2{320'%(y?+ 62,) 8., + 161" 6, ,02) 02}, (A7)

ation caused by the presence of buffer gas. In addition, the ) )

frequent velocity changes eliminate Doppler effects and lead b,= m?{16(y*+ 6L2)2+ 160'2(y?+ 61 2)

to observation of spectacularly narrow lines, ultimately lim- 2 N2 4

ited only by residence time and pressure broadening of the +8(Cy+ (6~ )™+ Q7, (A8)
round-state energy splitting. Since the latter is negligible at

) R J19 by=72{32(y?+ 62,) 8, + 86,02, (A9)

low alkali-metal densitiep4], only a substantial and impract-
ible increase of the observation volume could reduce DR ) s 2
widths below a magic 1 Hz level. In this regard the long by=mH{16(y"+ 5(,)}
observation time in dipole-trapped cold-atom clouds may , >
provide a means of reaching the limit set by the currently! "€ assumption$' <y and 5 <y lead tobs5, <b,, bsd;
achievable phase stability of the lasers used in preparing th& P2, P1<b28, anda;<a, 4, . Equation(A2) can then be
dark resonance. approximated by

(A10)
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Q
I'pr~2\bo/b,=2T'+ ———+0(Q%. (A12)
APPENDIX A:  APPROXIMATE SOLUTION Y+ oLy
The imaginary part of the linear susceptibility In this approximation, the height of the DRRyg [compare
Eqg. (2.19] reads
Im x =—iﬁ|mg“ (A1) 2
L1 472 O 13 a, ag 3 Q 1 (A13)

XOR™ 1 " by 3272 Ty (14 6%,192)%
can be calculated from E@2.14 as

APPENDIX B: COLLISIONAL SHIFT VERSUS

ap+a o +a,d)
0 i 2L (A2) BROADENING

M X b6, 5,021 b3o0 + by o7

Here we show that a collisional shift of the ground-state
with splitting (DR) of several kilohertZas appropriate in our ex-
perimenj is not in contradiction to the observed linewidths
ap=3I2y2(y?+ 82,)+ 3T v30?2, (A3)  of 30 Hz. We assume collisions at a r&eand an average
phase ofA ¢; “picked up” by level |i) per collision. These
a1=32y(2y—T)6,,07, (A4) phases are approximated by perfectly correlated square
spikes in theu;’s of Eq. (2.30 with heightsu; during the
a,=37%(y*+ 552“%7’292 (A5) collision duration7, (compare Fig. 13 The shift of the DR
due to the considerations of Sec. IIC i§;=(Ad¢,
and —A¢,)R. For short collision durations the amplitud@% of
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the two-time correlation functions 5§
Apr=2(Af;+A5,—2A7)= ZE- (B2)
(mi(Dpy(t"))=Af8(t—t") (B1)  For our experimental parameters Bi=100MHz and &,

=2mwx9.8kHz, Eq.(B2) predicts Ajg=2mXx12Hz. The

. o ) observed scaling of the expected valuel'gf (see Table VI
can by approximated bi; = (42 7c) (7cR), where the first  ang sec. v ¢ of measurements with the small- and large-
term corresponds to the area of the convolution of the twqjjameter laser beams suggests that the true contribution of
square functions and the second term is a weighting factox¢ _ to I' is much smaller than this estimate. This could be
due to the averaging of the correlation functions. It f0"0WSeprained by a collisional shift due to the wings of the long-
thatAf; = A ¢;A ¢;R and for the collisional broadenirigom-  ranging Rb-Ne potentials having smaller fluctuations than
pare Sec. I ¢ considered here.
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