
PHYSICAL REVIEW A JULY 1997VOLUME 56, NUMBER 1
Observation of collisional modification of the Zeeman effect in a high-density atomic vapor

H. van Kampen, A. V. Papoyan,* V. A. Sautenkov, P. H. A. M. Castermans, E. R. Eliel, and J. P. Woerdman
Huygens Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands

~Received 13 December 1996!

We have studied the Zeeman effect of the resonance transition of atomic potassium vapor in a density range
where the collision time is comparable with the time in between collisions. We find that the Zeeman splitting
in this density range changes significantly as compared to the value for a free atom. In particular, we observe
that the Zeeman effect of the two resonanceD lines become equal at the highest densities that we have studied.
The modification of the Zeeman splitting is attributed to resonant dipole-dipole collisions between ground-state
and excited-state atoms.@S1050-2947~97!08907-5#

PACS number~s!: 32.60.1i, 32.70.Jz, 78.20.Ls
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I. INTRODUCTION

When a dense atomic vapor interacts with a resonant l
field the interaction between the atoms is dominated by
resonant dipole-dipole interaction between ground-state
excited-state atoms. Such systems have recently receive
newed attention, in particular, in connection with their no
linear optical response. A keypoint in these studies is that
local field rather than the external optical driving field go
erns the atomic response; this gives rise to a variety of n
linear optical phenomena such as optical bistability@1,2#,
self-induced transparency@3#, piezophotonic switching@4#,
etc. Local-field effects have also been shown to be impor
in the context of lasers without inversion@4#, a subject that
has been studied extensively over the last few years. In
these studies it is usually assumed that the response o
dense vapor to the optical field is well described by a Lore
zian line with a width given by the self-broadened linewid
Gself and a line shiftDv that is dominated by the local-fiel
shift DvL @5–7#. This assumption is well established for th
density regime where the collisions are binary, i.e., wher
probe atom interacts with one perturber at a time.

At low densities the duration of a collison is much shor
than the time in between collisions which implies that t
impact model for the collisions applies@8#. When one in-
creases the density the collisions are no longer well separ
in time and the impact model loses its validity. One may s
that an atom is permanently in a state of collision. For a sh
time it forms a quasimolecule with a neighbor, exchang
partners in rapid succession. This is the quasimolecular d
sity regime, which has recently been shown to be full
surprises@9–11#. Upon further increase of the density th
binary collision approximation fails and one enters the
gime where multiperturber effects dominate. A descript
of the atomic response in this last density regime is con
ered to be prohibitively complicated. It should be noted t
it has recently been argued that for the dipole-dipole inter
tion many-body effects are not only important at very hi
densities but are manifest at all densities@12#.

Our interest lies in the density regime where quasimole

*Present address: Institute for Physical Research, Ashtara
378410 Republic of Armenia.
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lar effects become important because this allows us to st
the onset of the transition from a gas of free atoms to u
mately, the condensed phase. The quasimolecular regime
be seen as the density range where atoms still interact p
wise but where the symmetry of the atomic wave function
broken due to the rapid succession of two-body collisio
The onset can be characterized by the condition:

rw / v̄'~Nprw
2 v̄ !21, ~1!

whererw is the Weisskopf radius, the impact parameter t
gives unity optical phase shift in the impact limit. Equatio
~1! equates the time of a collisionrw / v̄ with the inverse of
the collision frequency, whereN is the atomic density and

v̄ the mean relative speed of the atoms in the vapor. N
that Eq.~1! can be rewritten as

pNrw
3'1, ~2!

which indicates that on average there is one atom in a sp
of radiusrw around our probe atom. One can easily sh
that under these conditions a non-negligible fraction ('
20%! of the atoms has more than one collision partner wit
the Weisskopf radius at a time. This means that one can
clearly distinguish between the density range where very
quent pairwise collisions dominate and the density wh
multiperturber effects start to become important.

In a series of experiments on absorption spectra
magneto-optic spectra performed in our laboratory, it w
shown that in the quasimolecular density regime the imp
description for the line core of the spectral line breaks do
and the full line shape must be explained in terms of a q
sistatic picture. In particular, the Faraday spectrum of
atoms immersed in a high density xenon gas@9,13# was mea-
sured for densities up toNrw

3'1. Later, the Faraday exper
ments on Rb in Xe were extended to densities wh
Nrw

3'4; in this case the description, that was successfu
Nrw

3'1, was shown to break down. This was interpreted
indicative for the onset of multiperturber effects@10#. Also,
the excitation-modulated reflectivity spectrum of a pure
gas at densities whereNrw

3'0.5 has been investigated ex
perimentally@11#.

In the present paper we show experimental results for
density dependence of the optical response of a pure po
-2,
310 © 1997 The American Physical Society
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56 311OBSERVATION OF COLLISIONAL MODIFICATION OF . . .
sium vapor in a magnetic field. In particular, we show th
by performing a magneto-optic experiment, we sensitiv
probe howresonant dipole-dipole collisions modify the ma
netic response of the atoms. Since a theoretical description o
collisional modifications of the magnetic response of
atom is complicated, the discussion of our experimental
sults will be qualitative.

II. QUASIMOLECULAR PROBES

Linear spectroscopy is not a suitable tool to probe
character of the spectral line in a dipole-dipole broade
system@12#. This is because for this type of broadening t
absorption line is Lorentzian shaped~except for the very far
wings! in both the impact@8# and quasistatic@14# regimes,
with comparable widths. Within the binary approximation
is not possible to determine from the line shape whether
impact or a quasistatic model applies. For example, a st
on high-density potassium vapor showed a linear rela
between the self-broadened linewidth and density when
ceeding from the impact limit (Nrw

3!1) to the regime where
Nrw

3'1 @5#.
However, nonlinear spectroscopy or, equivalently, line

spectroscopy in the presence of an external static field,
vides more information. For example, it has been obser
that the spectral shape of the resonance line in dense
bidium vapor is modified when it is partially excited@11#. In
this experiment the density was such that the Weisskopf
dius was of the order of the interatomic distance, i.e.,
experiment probed the limit of the binary impact-collisio
approximation. The dielectric function of the dense vap
was found to be well represented by the dielectric funct
for a dilute vapor including an excitation dependent lin
width and shift. The results for the excitation dependence
the linewidth agreed with an estimate based on a quasis
picture of the collisions.

Kristensenet al. @9,13# have shown how linear spectro
copy in an external magnetic field can provide a handle
the collision physics. In their work the Faraday spectru
i.e., the rotation of the polarization of the transmitted la
light as a function of frequency, was studied for rubidiu
atoms immersed in a very high-density Xe gas in a st
magnetic field. For low perturber densities the Faraday sp
trum is, up to a scale factor, identical to the dispers
dn/dv, a relationship established by Woerdman, Nienhu
and Kuščer @15#. The deviations that were observed betwe
the Faraday and dispersion spectrum were attributed
quasimolecular effects, i.e., the creation of an additional a
during the collision that perturbs the free precession of
atomic magnetic moment in the static magnetic field.

In the present experiment we study the collision phys
in a pure, dense atomic vapor using a different variant
magneto-optic spectroscopy. Because the vapor is optic
very thick ~extinction lengthl 'l0/2p with l0 the reso-
nance optical wavelength! we measure its reflection spe
trum. In particular, we measure the magnetic-field induc
difference in reflectivity fors1-polarized ands2-polarized
light with the incident light propagating parallel to the dire
tion of the externally applied magnetic field. The Zeem
effect lies at the heart of this reflectivity difference.

Potassium is eminently suited for the study of dipo
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dipole effects for the following reasons: The hyperfine sp
tings in the ground 4s2S1/2 and excited 4p

2P1/2,3/2 states are
relatively small (, 0.5 GHz!. The resonance lines of potas
sium have a self-broadening coefficientGself /N52p37
31028 cm3 s21 for the D1 line and Gself/N52p310
31028 cm3 s21 for theD2 line @8#; hereGself represents the
full width at half maximum of the self-broadened line. In th
density range of interest (N50.231017cm-3–531017cm23)
the pressure broadened width is then appreciably larger
the hyperfine splitting and the Doppler width~1 GHz at 600
K!; both effects will therefore be neglected. In addition, t
fine-structure splitting is very large~1700 GHz! so that even
at the highest densities the two resonance lines (D1 and
D2) are very well separated. This all implies that we c
discuss the Zeeman effect in terms of fine-structure state

The energy shiftDEi of an atomic statei with angular
momentumJi and magnetic quantum numberm induced by
a magnetic fieldB is given by

DEi5gJimBBm, ~3!

with gJi the Lande´ factor for the leveli and mB the Bohr

magneton (' 1.4 MHz/G!. In Fig. 1 the fine-structure level
of potassium split by the Zeeman effect are shown.

In our experiment we effectively determine the frequen
difference between the atomic responses for two differ
polarizations (s1 and s2) of the incident light. This fre-
quency difference between transitions induced
s1(DmJ511) ands2(DmJ521) light can be expresse
as 2amBB/h with h Planck’s constant~Fig. 1!. In the colli-
sionless regime the Zeeman transition parametera for the

FIG. 1. Fine-structure levels of the 4S-4P transition in potas-
sium showing the magnitude of the Zeeman splittings in the vari
states.
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312 56H. van KAMPENet al.
D1 transition equals half the sum of the single atom Lan´
factors of the ground-state (2S1/2) and excited-state (2P1/2):
a 5 4/3. For theD2 transition a more elaborate procedure
necessary. For each polarization component two contr
tions with their appropriate intensities have to be taken i
account. This yieldsa 5 7/6 @15,16#. The idea of the experi-
ment is to measure the Zeeman transition parametera as a
function of density in order to probe the onset of quasim
lecular effects.

III. EXPERIMENTAL TECHNIQUE

The experiments are performed using a single-m
Ti:sapphire laser beam, attenuated toP 5 10 mW, that is
incident onto a potassium vapor cell as a left-circular po
ized beam. The spotsize is of the order of a few mm so
beam intensity is well below the saturating value which is
the order of 1W/cm2 at a potassium densit
N5231016cm23 @17#. The cell is made completely of sap
phire and consists of two parts. The rear section is heate
the desired temperature and contains the potassium va
the front section sticks out of the oven and is evacuated
avoid turbulence~see Fig. 2!. The two sections of the cell ar
separated by a wedged sapphire window so the reflec
from the air-sapphire and sapphire-vapor interfaces can
ily be distinguished. To avoid effects of birefringence t
optical axis of the window lies perpendicular to its plane a
the laser beam is reflected at near-normal angle of incide
The reflected beam is measured with a photodetector an
signal is proportional to the reflected power

Prefl5PinR~v2v0!, ~4!

wherePin is the power of the incident laser beam and

R~v2v0!5Uh2Ae~v2v0!

h1Ae~v2v0!
U2, ~5!

the interface reflectivity between the sapphire window a
theK vapor. In Eq.~5! h is the refractive index of the sap
phire window (h 5 1.76 for l' 770 nm! and e(v) is the
dielectric function of the potassium vapor.

In order to measure the magneto-optic spectrum as
scribed in the preceding section the cell is placed in a ho

FIG. 2. Experimental setup to measure the magneto-optic s
trum of a high-density potassium vapor.
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geneous, longitudinal magnetic field supplied by two co
We modulate the magnetic-field amplitude according
Bz5B0sin(Vt) with B050.01 T andV52p310 Hz. The
magnetic field is determined with a calibrated magnetome
but we cannot probe the field exactly at the position of
cell window because of the geometry of the oven. The sig
from the photodetector is demodulated and we record
amplitude of the demodulated signal as a function of
frequencyv of the laser. This approach, where we use
left-circular polarized laser beam and periodically switch t
direction of the longitudinal magnetic field, is equivalent to
situation where the magnetic field is stationary and
modulate the polarization of the incident light from left ci
cular to right circular. Modulation of the magnetic field im
plies that we modulate the atomic resonance freque
around its zero-field valuev0. It then becomes clear that fo
the magnitude of our demodulated signalSmag(v2v0) we
have

Smag~v2v0!}
]R~v2v0!

]v0
Dv0 , ~6!

with Dv0 the modulation depth of the atomic resonance f
quency. For the latter we can write

Dv05
amBB0

\
, ~7!

with B0 the magnetic-field modulation depth.
Instead of trying to model the modulated reflection sp

trum and compare it with the experimental spectrum in or
to determine a value of the Zeeman transition parametea
we compare the magnetic-field modulated spectrum with

c-

FIG. 3. Reflectivity spectra on theD1 line for potassium vapor
(N50.831017 cm23). For details see text.
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56 313OBSERVATION OF COLLISIONAL MODIFICATION OF . . .
reflection spectrum that we obtain by modulating the la
frequency by an amountDvF . It can easily be shown tha
for the frequency modulated signal we have

Sfreq~v2v0!}
]R~v2v0!

]v
DvF . ~8!

In this way we avoid errors that can arise because we do
know a priori the exact frequency dependence of the diel
tric functione(v2v0). Comparison of the amplitudes of th
two modulated reflection spectra together with knowledge
the modulation depths then yields a value fora. It is obvious
that the magnetic-field modulation depth (amBB/\) and the
frequency modulation depth (DvF), which are both of the
order of 100 MHz, should be much smaller than the width
the reflection spectrum~order of GHz!.

IV. RESULTS AND DISCUSSION

We have investigated the magneto-optic spectrum in
density range fromN50.231017 cm23 to N54.831017

cm23. Typical experimental results for theD1 transition in
potassium for densitiesN50.831017 and N52.631017

cm23 are shown in Figs. 3 and 4, respectively.
In both figures curve ~a! shows the low-density

(N'1011cm23) absorption spectrum of potassium as me
sured in a separate cell; it serves as an absolute frequ
reference. The reflection spectra of the high densityK vapor
near the sapphire interface are depicted in curves~b!. The
reflection curve is a dispersionlike shaped curve cente
around the resonance frequency. Far in the wing the refl
tivity has a value of 7.6% corresponding to the sapph

FIG. 4. Reflectivity spectra on theD1 line for potassium vapor
(N52.631017cm23). For details see text.
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vacuum interface. The reflectivity of the vapor at densities
aboutN5331017cm23 varies between' 20 % and' 3 %.
Curves ~c! and ~d! show the high-density frequency an
magnetic-field modulated reflection spectra, respectively.

An important parameter that can be extracted from th
spectra is the self-broadened linewidthGself. Experimentally
it is tedious to spectrally cover a larger frequency range t
roughly 25 GHz which is the electronic tuning range of t
Ti:sapphire laser; we have not attempted to do this.
therefore cannot extract the self-broadened linewidthGself

directly from the reflection spectrum at high densities. Ho
ever, for a Lorentzian lineGself can be directly deduced from
the frequency differenceDnmm between the maximum an
minimum of the frequency modulated-reflection spectru
This frequency differenceDnmm is smaller than 25 GHz for
densities up toN5531017cm23. Assuming the absorption
line shape to be Lorentzian one can show that for theD1 line
of potassiumDnmm50.813Gself while for the D2 line
Dnmm50.873Gself. In Fig. 5 the frequency difference
Dnmm is depicted as a function of vapor density. From o
data we can extract a value for the self-broadening coe
cient for the D1 line: Gself/N52p35.931028 s21, in
good agreement with the result found by Makiet al. @5#.

The experimentally observed linear dependence of
width versus density shows that for all measured densi
N, i.e., covering the impact and quasimolecular regime
well as the regime where multiperturber collisions are e
pected to become dominant, the ratio of collisional width a
density is constant. This observation is in agreement with
argument that the linewidth itself does not give informati

FIG. 5. Frequency differenceDnmm between the maximum and
minimum signal of the frequency modulated-reflection spectrum
theD1 (h) andD2 (n) lines of potassium as a function of atom
density.
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314 56H. van KAMPENet al.
about the nature of the collisions. However, as will be sho
below, the magneto-optic spectrumdoeschange significantly
at densities where the impact approximation breaks dow

As explained in the preceding section we can condens
the amplitude information contained in the modulated refl
tivity spectra into the Zeeman transition parametera which
we determine as a function of density. In Fig. 6 we show
clear density dependence of this parameter for both theD1
andD2 transitions. The density dependence becomes ap
ent already at densities for whichNrw

3*1. This corresponds
to the onset of the regime where the time of a collisi
equals the time in between the collisions. In this dens
regime multiperturber effects may be of importance. At t
highest densities measured we observe thata converges to
the same value for both theD1 andD2 transitions.

At low densities (N<131017cm23) the Zeeman transi
tion parametera is found to be independent of density. Th
is not surprising since the atom is free most of the time a
the symmetry of the atomic wave function is conserveda
should be equal to the free atom value. Note that the m
sured values fora at low densities slightly deviate from th
values for a free atom~4/3 for theD1 and 7/6 for theD2
transition!. This is ascribed to the uncertainty in the determ
nation of the magnetic field that has been discussed be
however theratio of the a parameters for theD1 andD2
transition ~0.89! is in good agreement with the free ato
value ~0.88!.

We will now discuss the higher-density regime where
collision time becomes comparable with the time in betwe
collisions. An excited atom experiences a rapid successio
collisions with different ground-state partners forming a qu

FIG. 6. The Zeeman transition parametera as a function of
densityN for theD1 (h) andD2 (n) lines inK vapor. The hori-
zontal dashed lines give values fora for a free atom. Typical error
bars on either side of the density range are indicated.
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simolecule during the collision. Since an atom in the grou
state has a much smaller polarizability than an atom in
excited state the effect of the collision on the excited at
Zeeman splitting is much larger than that on the Zeem
splitting of an atom in the ground state. This implies that
only need to consider the effect of collisons on the Zeem
effect of the 2PJ states. The evolution of an excited ato
alternates then between that of a more or less free atom
its free-atom Zeeman precession frequency and one form
a quasimolecule with a collision partner with a modified p
cession frequency. Averaged over many collisions this m
lead to a precession frequency different from that of a f
atom and thus to modified Zeeman splittings.

A quantitative description of this effect is very difficu
since there is an extremely rapid succession of collisi
with partners from all directions. In each collision the inte
atomic distance and therefore the coupling strength chan
on even faster time scales. In a molecular picture one wo
need to calculate the Zeeman effect dynamically, taking i
account all the directions of the collision axes relative to
external magnetic field and various Hund’s coupling ca
@18#. In many of these collisions interatomic distances a
probed where the dipole-dipole interaction is much larg
than the spin-orbit interaction. This implies that the to
electronic angular momentum of each atom is not conser
anymore. The immediate consequence of this uncoup
phenomenon is again a modified Zeeman precession
quency~compare with the Paschen-Back effect!.

At the highest densities (N'431017cm23) the atom is
permanently in a state of collision and the coupled repres
tation is not valid at any time. It is then very plausible th
the Zeeman effect for the2P1/2 and

2P3/2 excited states are
equal in this limit. This agrees with our observation that t
two curves for theD1 andD2 line converge at high densities
It is important to realize that at these densities the two re
nance lines are still very well separated; for our highest d
sities the linewidth is a small fraction (' 2%! of their fre-
quency separation.

V. CONCLUDING REMARKS

In conclusion, we have experimentally shown that for
dense potassium vapor (N>131017cm23) the Zeeman pre-
cession frequency of atoms in the excitedP state is modified
as the result of dipole-dipole collisions with ground-state
oms. These modifications first appear at densities where
collision time is no longer short as compared with the time
between collisions. In the density range where the bina
collision approximation loses its validity the Zeeman sp
tings of the two resonance lines become equal. This imp
a breakdown of the quantum number associated with
electronic angular momentum of an excitedP atom. Since
our results give new insight into the resonant dipole-dip
collision physics in dense atomic vapors, a well-built theo
would be very valuable to the field of nonlinear optics.
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