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Nonlinear-resonance line shapes: Dependence on the transverse intensity distribution
of a light beam
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We analyze the line shape and width of atomic coherent-population-trappPi§ resonances excited by
laser beams with different transverse intensity profiles. A dramatic difference in the resonance line shape is
found when comparing a beam with a “steplike” profile to a beam with a Gaussian profile. In particular, for
nonuniform profiles, a non-Lorentzian functional form is given that is more appropriate for describing the
nonlinear resonance line shape than is a conventional Lorentzian. Our analysis is supported by measurements
of CPT line shapes in a thermal vapor BRb.
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The nonlinear response of a medium to resonant incidenvhere kv is the usual parameter describing the Doppler
light has found a large number of applications in science andvidth, in whichk is the magnitude of the wave vector and
technology. Some common examples are nonlinear highu/v2 is the root-mean-square velocity of the atoms.
resolution laser spectroscopyl—5], magneto-optics and This paper studies the influence of another factor on the
magnetometry6,7], frequency standards, and atomic clocksspectroscopic signal: that of the transverse distribution of the
[8]. In all these cases, a detailed description of the line shapght-beam intensity in the power-broadened regifas op-
of the spectroscopic signal and its dependence on varioysosed to the transit-time regiméVe find that this important
parameters is of great significance in optimizing perfor-factor leads to significant changes in the resonance shape and
mance. width. Here, we compare the line shapes for two light-beam

The most fundamental resonance shape, which appears pnofiles with cylindrical symmetry, one steplike with a uni-
various theoretical models describing the interaction of lightform intensity over a limited spatial range, and one Gaussian.

with atoms, is a generalized Lorentzian: We consider this problem in the limiting case where the
ratel” , of redistribution of atoms among internal degrees of
L(8)xA (Y2 (Y2 + 82) + B (y8l(y2+ 62)), 1) freedom significantly exceeds the inverse of the average drift

time through the beam in the transverse direction. Thus, if

) ) the beam has a radiug, the condition considered here can
where y is an atomic parameter related to the resonancgg \yritten as

width, & is a frequency parameter of detuning from the
atomic resonance, anilB are constants independent (@f virg<I'g, (3
weakly dependent 9né. In particular, such expressions ap- ] ) o
pear in the theory of one-photdwith B=0 or A=0) [1] and in the presence of a buffer gd3 is the diffusion con-
and two-photon resonancgs). stan}

However, if additional factors are taken into account the D/r2<T .. @)
shape of the spectroscopic signal can differ significantly 0=t L
from Eq.(1). For instance, in a thermal gas of free particles, . . ,
one of E[qhe most significant factors is the translational motio :I'he conditions(3) and (4) essentially .defme the ranges of
which affects the resonance line shape primarily through: parameters where the resonance width is no longer influ-

the Doppler shift of the resonance frequency for moving at_en_ced_by the m(_)t|on_of the_ atoms, but |r_lstead IS gove_rned
oms; or(b) transit-time effects due to the finite interaction primarily by t_he light Intensity and (elaxatlon constants in a
time of the atoms with a light beam of finite extent. For chosen specific atomic model. In this case, moving atoms see

example, due to the Doppler effect, the one-photon absorp}-he local field intensity change a_d|abat|cally, and the effect§
the transverse motion can be ignored. If the spectroscopic

tion resonance can be significantly broadened and its shar?é : : ; '
acquires the well-known Gaussian dependence on detunirjdn@! is the absorptiofor scattering of the field propagat-
(within one Doppler width [10]; ing through the resonant medium, then we must calculate the

volume integral of the excited-state population For opti-
5 5 cally thin medium and collimated light beams it is sufficient
D(o)=exd — 67/(kv)“], @ 1o integrate over only the transverse coordinatesdy:

Signatxf f Ne(r,)dr2, (5)
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In particular, we will analyze the shape and width of non- Let us consider an important example connected with
linear resonances, considering two light beams with the sam@vo-photon Raman spectroscopy, where a coherent interac-
power P, radiusr, and cylindrically symmetric profiles of tion between two monochromatic fields takes place, such as
the intensity distributior(steplike or GaussianIn this case in the three-levelA system. It is well known that the coher-
the dependence of the intensity on the transverse distanceent population trapping(CPT) effect can occur in this

= x?+y? to the beam center can be written as scheme[11]. The CPT leads to the appearance of narrow
L) =1 F(r/ 6 spectral features as a function of the frequency difference
(N)=lof(r/ro), ®  petween the two lasers. Such resonances are usually called

dark resonances, or CPT resonances. For example, from the
solution of the steady-state equation for the density matrix of
a A atom (see Fig. 1 it follows that in the low-saturation
limit, V]-2< 1, with respect to one-photon transitions and for

where the peak intensityozP/TrrS is the same for both
beams, and(r/ry) is a profile function(0<f(r/ry)<1).
Thus, for the steplike profile we have

FOrlr) = 1, r=ry 7 small one-photon detuning, <y, the two-photon contribu-
(rlro)= 0, r>rg, @) tion to the excited-state populati@iy can be written as
and for the Gau??w;\n ;:)roﬁIe;{ We( r;av)ez} o opn, V§V§[1~W— 2(V2+V3)] ©
rirg)=exp{—(r/rg)}. e - .
° ° [T+2(V2+V2) ]2+ 82

Even without an exact analysis we can see that the resonance
width in the case of a Gaussian profile must be lower than itHere V;=dE; /Ay is the normalized Rabi frequency of the

the case of a steplike profile, when intensity effects are takery, \wave (=1.2) l~“=1“/y is the normalized relaxation rate
into account. For the Gaussian beam, the intensity reaches it§ ihe ground-,sta,te coheren@ier example, due to collisions

peak value}o, only at the very centerr0) of the beam; with a buffer gag dg= g/ is the normalized two-photon

while for the steplike profile this peak intensity is present . . . )
everywhere inside the beam. If we remember that we are ilqetunmg, andy is the homogeneous width of the optical

the limit of atoms more or less “stuck” in the buffer gas, this transition. Further approximations in E(@) areI'<1 and
means that all atoms in the steplike profile see the samér<<1, which are very well fulfilled in experiments. Equal
intensity, whereas for the Gaussian beam, the change in lingrobabilities(1/2) are also assumed for the spontaneous tran-
shape is inhomogeneous in nature, and atoms in the outeitions from the excited stafe) to each of the lower states
regions contribute narrower lines to the overall shape. Thisl) and|2).

simple observation clearly demonstrates why the profile Most conveniently, the bichromatic field for the two-
function is important when analyzing experimental depen-photon spectroscopy in the scheme is provided by modu-
dencies. However, in practice the field intensity is usuallylating the frequency of a single laser. Thus we can assume
calculated ad?/s (s is the area of the light spptwithout a  the same profiles for both waves. The analysis of the reso-
detailed investigation of the intensity profile. Thus, for seem-nance shape and its dependence on the total resonant power
ingly identical parameters, different experimental setups caffor a cylindrically symmetrical profilethen begins with the
produce significantly different results. expression

Re2m2 fwwf%w)vjuo>VE(Io>[f+2<VE<|0>+VE<IO>)f<w)] i 10
0 [T+2(V2(19)+Va(l)f(W)]?+ 5%
|
for the line shapes, whem‘jz(lo) corresponds to the peak Re= WF(Z){SS[lJFSo]}/{[lJF Sol?+ A%}, (12

light intensity. Assuming that the intensity ratio is constant
[V2(10)/V5(l,) does not depend ohy] we arrive at the ex- and represents the usual Lorentzian curve as a function of

pression normalized detuning. For the Gaussian profile another ex-
i - WEW) S 1+ Sof (W)] pression results:
RZZ”ofO [i+sfwiZ+az W 1 Re=mr2(Sp— A arctafiSyA/(1+ Sy+ A?)]

- 1 2 2, A2
Here So=2[V2(lo)+V3(lo)]/T is proportional to the peak T2 I+ ADLA+S)™HATD. (13

intensity 1, and A="85 IT= or/T". Obviously, the depen- As seen from Fig. @), the resonance shape becomes sharper
dence of the resonance on light intensity is governed by théor the Gaussian profile compared to the steplike intensity

dependence of Eq11) on S. distribution. The explanation here is: the central part of the
The integral Eq(11) is easily found for the steplike pro- line is due to the contribution of atoms in the spatial region
file of the light beam: where the light intensity is small and where the resonance
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FIG. 1. Three-level\ system with the nomenclature used in this
paper.

width corresponds to the collisional widith The resonance
curvature in the center of the absorption curve as a function
of &is governed mainly by this width. The dependence of .
the resonance amplitude on intendilig. 2(b)] is very simi- T Nommalized irllzrenl;irylfs‘ "o
lar for the two cases, and for lar@g, the slopes of the two o °
lines are equal<Sy); the only difference being a constant (©)
offset. It is also seen that for the Gaussian profile the transi- ‘
tion to the region of linear dependence is smoother and that
it occurs at larger intensitl.

There is a significant difference in magnitude of the reso-
nance width, as seen in Figl@. Furthermore, for the Gauss-
ian profile the dependence is nonlindéris is hard to see 91 4 5 8 @ W36 052
from viewing the figureé Though in the general case a Normalized intensity S
simple analytical expression for the width of the resonance FIG. 2. The two-photon contribution in the excited-state popu-
described by Eq(13) does not exist, for large intensity we lation of three-levgl atoms under blchromatllc excitation. Compari-
can nevertheless use the simplified asymptotic expression fGP" ©f the Gaussiacsolid curves and steplike(dashed curves
the line shape: bearr_l profiles(a) The Ime_ shapes aso_z 10. (b) The resonance

amplitude versus intensity(c) Full width at half maximum
Ree{l— (A/Sy) arctan(Sy/A)},  Sp>1. (14  (FWHM) versus intensity.

; . SR ; optical tuning, aA system was formed by the two first-order
\'/:v:gtmh this we find that at large field intensity the resonanceOlotical sidebands, connecting the=2 andF=3 hyperfine
levels of the %5,,, ground state to the B, excited state.
(FWHM) /T ~0.865,, (15 Light from the diode laser was collimated and sent through a
quarter-wave plate to circularly polarize the light. The beam
‘then entered a glass cell containing a thermal vapor of Rb
with the natural abundance of the two isotopes, and a buffer
(FWHM)4/I" =28, (16 gas of 0.4 kPa of Ne. At this buffer gas pressure, the Rb
ithouah th litude i tically th .atoms are in a predominantly diffusive regime, describ_ed
although the resonance amplitude 1S practically the same 1fyq, by Eq. (4). The cell was surrounded by a magnetic

boFS c?s?ts.hln Fig'ﬁ thetneyv ?ﬁpendetnce sgen i 1=yis t t.shield, and a weak longitudinal magnetic field was applied
EVIh ent. ~1/aASZ atsl arp dlptm' € center and an asymptotifyy, 5 pair of Helmholtz coils. Finally, the power of the light
enhavior atlarge detuning. transmitted through the cell was detected by a photodiode

Equations(13) .and(l4) with S as a.f|tt|ng parameter are (PD) to measure the CPT resonance. The optical absorption
useful for numerical data processing in experiments with la-

ser beams of Gaussian profile, such as two-photon spectros- 1.0+
copy or various magneto-optical resonances in a monochro-
matic light field(e.g., Hanle spectroscopy, nonlinear Faraday
effect), where the Zeeman splitting of the ground state takes
the role of the two-photon detuningy .

The theoretical treatment of the preceding sections was
verified in part by measurements of CPT line shapes in a
thermal Rb vapor confined in a cell with a buffer gas. The
experimental setup is shown in Fig. 4. A distributed-Bragg-
reflector diode laser tuned to tiby transition in®Rb at 795 A e N A I A RS A AR
nm was modulated with a rf signal at 1.5 GHz. This modu- Raman detuning A/Sp
lation produced sidebandsf unequal intensityon the opti- FIG. 3. Comparison of the asymptotic line shape for the Gauss-
cal carrier separated from each other by 3.0 GHz, roughly thein beam profile Eq(14) (solid curve and the usual Lorentzian
ground-state hyperfine splitting 8PRb. At the appropriate shape 11+ (A/Sy)?) (dashed curve

(@)

Absorption (arb units)

(b)

Amplitude (arb units)

which is less than half that for the beam with steplike profile
where

o =4 o4
IS Y oa
1 1

Absorption (arb. units)
o
N
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FIG. 4. Experimental setup for the measurement of the CPT line
shape using a modulated laser diode

Fractional Change in Absorption

> 2 &b
Residuals
(x100)

at the peak of the Doppler-broadened optical resonance was
12%, indicating that the cell was optically thin.

The spatial profile of the light was measured near the cell
position. The vertical profile showed a close match to a step
function (probably because of clipping of the light beam by
the lens used to collimate the laser lighind the horizontal
profile showed an even closer match to a Gaussian profile.
Thus the situation closely resembles the intensity profile
given by Eq.(7), at least in one dimension. In order to study . ——
the asymptotic behavior an average intensity of &§@/cn? 1 f
was used in the experiments, much larger than is typically I e
used in precision experiments with CPT resonaitgs-14.

When the frequency of the laser current modulation was
scanned near the first subharmonic of the atomic ground- . FrequenCY(kHz.) . .
state hyperfine transition, a change in the absorption of the FIG. 5. Line shape measured using a laser beam with a Gaussian

spatial profile compared with theoretical predictions. The open

light in the vapor cell was observed, typical of a CPT reso'squares are the experimental data poifas.shows a best fit to a

nance. A typical resonance is shown in Fig. 5. Also shown imple Lorentzian line shape, whi{b) shows a best fit to the arctan

aref_fllts tglthe mo((jjel “T.e shapﬁsr:or th: ;WO Lypes c;f sdpatl rofile of Eq.(14). The residuals from the fit are shown below each
prqles Iscussed earlier, with the width an .amp itude a lot. The width and height are independent parameters in the fitting
fitting parameters. It can be seen from the residuals that thﬁrocess.

fit to the arctan line shape of E@L4) is clearly superior to
that of the simple Lorentzian. The experimental data therelan beam profiles. In addition, under some experimental con-
fore support the theoretical treatment provided earlier. ditions, the sharply peaked structure of the arctan line shape
We have described theoretically how the line shape ofor Gaussian beam excitation may enable a more precise de-
CPT resonances in/a system depends on whether the trans-termination of the resonance center.
verse profile of the excitation light is a step function or a Experimental measurements are also presented on CPT
Gaussian. For a step-function profile, the usual Lorentziamesonances in a thermal vapor $¥Rb excited by a beam
line shape results, while for a Gaussian profile the line shapwith a Gaussian profile in one transverse dimension. For
is described by an expression involving an arctan functionthese measurements, E@4) provides a better fit to the ex-
In addition, the Gaussian beam profile results in a narroweperimental line shapes than does a simple Lorentzian. The
transition width, which could lead to improved sensitivity or experimental data therefore supports the theoretical results
stability for magnetometers or atomic frequency reference$or excitation with Gaussian beams.
based on CPT, although in many cases the best strategy is to We thank S. Knappe, C. Affolderbach, I. Novikova, A.
fill the entire cell uniformly with the beam. However, the Matsko, and H. Robinson for helpful discussions. M.S. and
relevance of this work to the design of such devices is enR.W. thank the German Academic Exchange Service and the
hanced by the fact that lasers used to measure the atomieutsche Forschungsgemeinschaft for financial support.
resonances often naturally have Gaussian beam profiles. AsfaV.T., A.M.T., and V.l.Yu were financially supported by
result, frequency references or magnetometers using lasdRFBR (Grant Nos. 04-02-16428, 04-02-16488, and 04-02-
driven CPT resonances can be easily designed to use Gaud$525.

= e
o w

Fractional Change in Absorption

T
e =
n o

JEET 0 g e 0.0

Residuals
(X100)

.
A
(=]

3 2 4 0 1 2

[

[1] W. Demtrader, Laser SpectroscopgSpringer, Berlin, 1991 [8] J. Vanier, and C. AudoinThe Quantum Physics of Atomic
[2] J.E. Thomas and W.W. Quivers, Phys. Re222115(1980. Frequency Standarddilger, Bristol, 1991.
[3] S. G. Rautian and A. M. Shalagin, JETP Lé&xt.427 (1969. [9] S. Knappeet al, Appl. Phys. B: Lasers Opt6, 57 (2003.
[4] A. V. Taichenache\et al, JETP Lett.72, 173(2003. [10] D. H. Cloze, Phys. Rew53 360(1967.
[5] V. I. Yudin, Master Doctor thesigin Russian, Novosibirsk  [11] E. Arimondo, Prog. Opt35, 257 (1996.
State University. [12] M. Stanler et al, Europhys. Lett54, 323 (2001).
[6] A. Weis et al,, J. Opt. Soc. Am. BLO, 716 (1993. [13] P. R. Hemmeet al,, Opt. Lett.8, 440(1983.
[7] E. Pfleghaaet al, Opt. Commun99, 303 (1993. [14] J. Kitchinget al., IEEE Trans. Instrum. Mead9, 1313(2000.

024501-4



