PHYSICAL REVIEW A VOLUME 56, NUMBER 1 JULY 1997
Observation of collisional modification of the Zeeman effect in a high-density atomic vapor
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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 resonabcbnes 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 atomjsS1050-29477)08907-3

PACS numbegs): 32.60+i, 32.70.Jz, 78.20.Ls

I. INTRODUCTION lar effects become important because this allows us to study
the onset of the transition from a gas of free atoms to ulti-
When a dense atomic vapor interacts with a resonant lasépately, the condensed phase. The quasimolecular regime can
field the interaction between the atoms is dominated by thée seen as the density range where atoms still interact pair-
resonant dipole-dipole interaction between ground-state andise but where the symmetry of the atomic wave function is
excited-state atoms. Such systems have recently received feroken due to the rapid succession of two-body collisions.
newed attention, in particular, in connection with their non-The onset can be characterized by the condition:
linear optical response. A keypoint in these studies is that the _ _
local field rather than the external optical driving field gov- pwlv~(Nmpgv) %, 1)

erns the atomic response; this gives rise to a variety of non- ) ) i i
linear optical phenomena such as optical bistability?], wherep,, is the Weisskopf radius, the impact parameter that

self-induced transparendig], piezophotonic switching4], gives unity optical phase shift in th(impact limit. Equation
etc. Local-field effects have also been shown to be importarffl) equates the time of a collision, /v with the inverse of

in the context of lasers without inversiga], a subject that the collision frequency, wherbl is the atomic density and
has been studied extensively over the last few years. In ab the mean relative speed of the atoms in the vapor. Note
these studies it is usually assumed that the response of thieat Eq.(1) can be rewritten as

dense vapor to the optical field is well described by a Lorent-

zian line with a width given by the self-broadened linewidth aNpy~1, v

I'se and a line shiftA w that is dominated by the local-field L i ,
shift Aw, [5-7]. This assumption is well established for the which indicates that on average there is one atom in a sphere

density regime where the collisions are binary, i.e., where &f radiusp,, around our probe atom. One can easily show
probe atom interacts with one perturber at a time. that under these conditions a non-negl_lg|ble fractmﬁ_ ('
At low densities the duration of a collison is much shorter20%) Of the atoms has more than one collision partner within

than the time in between collisions which implies that theth® Weisskopf radius at a time. This means that one cannot
impact model for the collisions applid8]. When one in- clearly distinguish between the density range where very fre-

creases the density the collisions are no longer well separat&/€nt pairwise collisions dominate and the density where
in time and the impact model loses its validity. One may saynultiperturber effects start to become important.

that an atom is permanently in a state of collision. For a short N @ series of experiments on absorption spectra and
time it forms a quasimolecule with a neighbor, exchangingM@dneto-optic spectra performed in our laboratory, it was
partners in rapid succession. This is the quasimolecular ders?OWn that in the quasimolecular density regime the impact
sity regime, which has recently been shown to be full ofdescription fqr the line core of the spgctral_llne breaks down
surprises|9—11]. Upon further increase of the density the @nd the full line shape must be explained in terms of a qua-
binary collision approximation fails and one enters the reSiStatic picture. In particular, the Faraday spectrum of Rb
gime where multiperturber effects dominate. A description®l0MS immersed in a hlghsdensny xenon (&4 3 was mea-

of the atomic response in this last density regime is consigsured for densities up tpy,~1. Later, the Faraday experi-
ered to be prohibitively complicated. It should be noted thathents on Rb in Xe were extended to densities where
it has recently been argued that for the dipole-dipole interacNpy~4; in this case the description, that was successful at
tion many-body effects are not only important at very highNpg,~1, was shown to break down. This was interpreted as
densities but are manifest at all densitj&g]. indicative for the onset of multiperturber effe¢t0]. Also,

Our interest lies in the density regime where quasimolecuthe excitation-modulated reflectivity spectrum of a pure Rb
gas at densities Wheer3V~0.5 has been investigated ex-
perimentally[11].

*Present address: Institute for Physical Research, Ashtarak-2, In the present paper we show experimental results for the
378410 Republic of Armenia. density dependence of the optical response of a pure potas-
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sium vapor in a magnetic field. In particular, we show that, M,
by performing a magneto-optic experiment, we sensitively an
probe howresonant dipole-dipole collisions modify the mag- .
netic response of the atonfSince a theoretical description of P
collisional modifications of the magnetic response of an , e 12
atom is complicated, the discussion of our experimental re- | ——‘—‘
sults will be qualitative. 5 IR V2
: 32
Il. QUASIMOLECULAR PROBES
Linear spectroscopy is not a suitable tool to probe the
character of the spectral line in a dipole-dipole broadened :
system[12]. This is because for this type of broadening the :
absorption line is Lorentz(ia]n shapéekcept f‘(Er t?e very far , ' Y -
wings) in both the impac{8] and quasistati¢14] regimes, —‘—-——: el ;
with comparable widths. Within the binary approximation it Fir v T o= ¢
is not possible to determine from the line shape whether the s PR
impact or a quasistatic model applies. For example, a study o 6 < O
on high-density potassium vapor showed a linear relation D : D2 P
between the self-broadened linewidth and density when pro- ! b 2
ceeding from the impact limitNp2<1) to the regime where 2 P
Np3~1[5]. Sin
However, nonlinear spectroscopy or, equivalently, linear Tl g —
spectroscopy in the presence of an external static field, pro- B=0 B>0

vides more information. For example, it has been observed
that the spectral shape of the resonance line in dense ru-
bidium vapor is modified when it is partially excit¢di1]. In FIG. 1. Fine-structure levels of theS#4P transition in potas-
this experiment the density was such that the Weisskopf raSium showing the magnitude of the Zeeman splittings in the various
dius was of the order of the interatomic distance, i.e., thetates.

experiment probed the limit of the binary impact-collision i i )
approximation. The dielectric function of the dense vapordiPole effects for thezfollowmg regsons:zThe hyperfine split-
was found to be well represented by the dielectric functioriiNdS in the ground &°S,/, and excited $°Py; 3, States are
for a dilute vapor including an excitation dependent line-relatively small < 0.5 GH2. The resonance lines of potas-
width and shift. The results for the excitation dependence ofiUm have a self-broadening coefficiehte /N=2mXx7

— 8 3c— P —
the linewidth agreed with an estimate based on a quasistati¢ 10 ° c¢m®s™* for the D; line and I'sefN=2mx10
picture of the collisions. X108 cm3s~1 for the D, line [8]; herel 4 represents the

Kristensenet al. [9,13] have shown how linear spectros- full width at half maximum of the self-broadened line. In the

copy in an external magnetic field can provide a handle offlensity range of interest\N(=0.2x 1017cm'3—5><_ 10''cm™3)
the collision physics. In their work the Faraday spectrum the pressure broadened width is then appreciably larger than
i.e., the rotation of the polarization of the transmitted laserthe hyperfine splitting and the Doppler width GHz at 600
light as a function of frequency, was studied for rubidium K); both effects will therefore be neglected. In addition, the
atoms immersed in a very high-density Xe gas in a statidine-structure splitting is very larg@. 700 GH2 so that even
magnetic field. For low perturber densities the Faraday spec@t the highest densities the two resonance lineg and
trum is, up to a scale factor, identical to the dispersionD2) are very well separated. This all implies that we can
dn/dw, a relationship established by Woerdman, Nienhuisdiscuss the Zeeman effect in terms of fine-structure states.
and Kuger [15]. The deviations that were observed between The energy shiftAE; of an atomic state with angular
the Faraday and dispersion spectrum were attributed tBromentumJ; and magnetic quantum numberinduced by
quasimolecular effects, i.e., the creation of an additional axi§ magnetic field is given by
during the collision that perturbs the free precession of the
atomic magnetic moment in the static magnetic field. AE=gyueBm, )

In the present experiment we study the collision physics ]
in a pure, dense atomic vapor using a different variant ofVith g the Landefactor for the leveli and ug the Bohr
magneto-optic spectroscopy. Because the vapor is opticallgnagneton & 1.4 MHz/G). In Fig. 1 the fine-structure levels
very thick (extinction length/~\y/27 with Ay the reso- of potassium split by the Zeeman effect are shown.
nance optical wavelengthve measure its reflection spec-  In our experiment we effectively determine the frequency
trum. In particular, we measure the magnetic-field inducedlifference between the atomic responses for two different
difference in reflectivity foro " -polarized andr~-polarized ~ polarizations ¢* and o~) of the incident light. This fre-
light with the incident light propagating parallel to the direc- quency difference between transitions induced by
tion of the externally applied magnetic field. The Zeemano ™ (Am;=+1) ando™ (Am;=—1) light can be expressed
effect lies at the heart of this reflectivity difference. as 2zugB/h with h Planck’s constantFig. 1). In the colli-

Potassium is eminently suited for the study of dipole-sionless regime the Zeeman transition parametdor the
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FIG. 2. Experimental setup to measure the magneto-optic spec- (c)
trum of a high-density potassium vapor. \‘(

D, transition equals half the sum of the single atom Lande -5 a) < (d)

factors of the ground-staté$,,) and excited-state’P,,,): ( - T "

a = 4/3. For theD, transition a more elaborate procedure is \/

necessary. For each polarization component two contribu-

tions with their appropriate intensities have to be taken into 10

account. This yieldsr = 7/6[15,16. The idea of the experi- -10 -5 0 5 10

ment is to measure the Zeeman transition parametas a Frequency (GHz)

function of density in order to probe the onset of quasimo-

lecular effects. FIG. 3. Reflectivity spectra on th@; line for potassium vapor
(N=0.8x10Y cm™%). For details see text.

ll. EXPERIMENTAL TECHNIQUE
geneous, longitudinal magnetic field supplied by two coils.

_The experiments are performed using a single-modgye modulate the magnetic-field amplitude according to
Ti:sapphire laser beam, attenuatedRo= 10 mW, thatis g =B,sin(Qt) with Bo=0.01 T andQ=2mx 10 Hz. The
1S ! . 2 : .
incident onto a potassium vapor cell as a left-circular polaryagnetic field is determined with a calibrated magnetometer
ized beam. The spotsize is of the order of a few mm so thg,+"\ve cannot probe the field exactly at the position of the
beam intensity is well below the saturating vglue which is of cell window because of the geometry of the oven. The signal
the order of 1w/cth at a potassium density from the photodetector is demodulated and we record the
N=2x10"cm > [17]. The cell is made completely of sap- amplitude of the demodulated signal as a function of the
phire and consists of two parts. The rear section is heated tﬁ’equencyw of the laser. This approach, where we use a
the desired temperature and contains the potassium vapQg_circular polarized laser beam and periodically switch the
the front section sticks out of the oven and is evacuated t@jjrection of the longitudinal magnetic field, is equivalent to a
avoid turbulencésee Fig. 2 The two sections of the cell are gjyation where the magnetic field is stationary and we
separated by a wedged sapphire window so the reflectiogogy|ate the polarization of the incident light from left cir-
from the air-sapphire and sapphire-vapor interfaces can eagy|ay to right circular. Modulation of the magnetic field im-
ily _be dls_tmgwshed_. To ay0|d effects_of bwefr_mgence theplies that we modulate the atomic resonance frequency
optical axis of the window lies perpendicular to its plane andy g its zero-field valuey. It then becomes clear that for

the laser beam is reflected at near-normal angle of incidencg,q magnitude of our demodulated sigrel*Y w — w,) we
The reflected beam is measured with a photodetector and i, e

signal is proportional to the reflected power

ma IR(w— wp)
Pren= PinR(0— wyg), (4) S g(w—wo)“&—wkoo, (6)

whereP;, is the power of the incident laser beam and

with A w, the modulation depth of the atomic resonance fre-
2 quency. For the latter we can write

5

n—Ve(w— wp)
ntVe(w— wp) 7

the interface reflectivity between the sapphire window and

the K vapor. In Eq.(5) 7 is the refractive index of the sap- with By the magnetic-field modulation depth.

phire window ( = 1.76 forA~ 770 nm and €(w) is the Instead of trying to model the modulated reflection spec-

dielectric function of the potassium vapor. trum and compare it with the experimental spectrum in order
In order to measure the magneto-optic spectrum as dde determine a value of the Zeeman transition parameter

scribed in the preceding section the cell is placed in a homowe compare the magnetic-field modulated spectrum with the

R(w— o) =

B
o=, @
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FIG. 4. Reflectivity spectra on th@, line for potassium vapor minimum signal of the frequency modulated-reflection spectrum for

(N=2.6x10"cm™3). For details see text. theD, () andD, (A) lines of potassium as a function of atomic
density.

reflection spectrum that we obtain by modulating the laser
frequency by an amourt wg . It can easily be shown that

for the frequency modulated signal we have vacuum interface. The reflectivity of the vapor at densities of

aboutN=3x10'cm 3 varies betweer= 20 % and~ 3 %.
IR(w— wp) Curves (c) and (d) show the high-density frequency and
Awg. (8) magnetic-field modulated reflection spectra, respectively.
An important parameter that can be extracted from these
sltpectra is the self-broadened linewidth.;. Experimentally

In this way we avoid errors that can arise because we do nof; .
s ) is tedious to spectrally cover a larger frequency range than
know a priori the exact frequency dependence of the dielec- P y 9 9 y rang

tric function e(w — wg) . Comparison of the amplitudes of the roughly 25 GHz which is the electronic tuning range of the

i . Ti:sapphire laser; we have not attempted to do this. We
two modulated reflection spectra together with knowledge O{here?(?re cannot extract the self-broagene d linewibtp

the modulation depths then yields a value dorit is obvious directly f he reflecti hiah densities. H
that the magnetic-field modulation depthgB/%) and the irectly from the reflection spectrum at high densities. How-

frequency modulation depthA), which are both of the ever, for a Lorentzian lin&'.; can be directly deduced from

order of 100 MHz, should be much smaller than the width ofth€ frequency differenca vy, between the maximum and
the reflection spectrurforder of GH2. minimum of the frequency modulated-reflection spectrum.

This frequency differencd v, is smaller than 25 GHz for
densities up taN=5x10"cm 3. Assuming the absorption
line shape to be Lorentzian one can show that fodhdine

We have investigated the magneto-optic spectrum in thef potassiumAwv,,=0.81XT's; while for the D, line
density range fromN=0.2x10"" cm 3 to N=4.8x10""  Av,,,=0.87XI'y. In Fig. 5 the frequency difference
cm™ 3. Typical experimental results for tH2, transition in  Av,,, is depicted as a function of vapor density. From our
potassium for densitiedN=0.8x10'" and N=2.6x10' data we can extract a value for the self-broadening coeffi-
cm 3 are shown in Figs. 3 and 4, respectively. cient for the D; line: Tgf N=27x5.9x108 s71 in

In both figures curve (a) shows the low-density good agreement with the result found by Maikial. [5].
(N=10'"tcm™3) absorption spectrum of potassium as mea- The experimentally observed linear dependence of the
sured in a separate cell; it serves as an absolute frequengyidth versus density shows that for all measured densities
reference. The reflection spectra of the high dersityapor N, i.e., covering the impact and quasimolecular regime as
near the sapphire interface are depicted in cuiflgsThe  well as the regime where multiperturber collisions are ex-
reflection curve is a dispersionlike shaped curve centerefected to become dominant, the ratio of collisional width and
around the resonance frequency. Far in the wing the refledensity is constant. This observation is in agreement with our
tivity has a value of 7.6% corresponding to the sapphire-argument that the linewidth itself does not give information

Sfre _ o
Yw—wp) o

IV. RESULTS AND DISCUSSION
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simolecule during the collision. Since an atom in the ground
state has a much smaller polarizability than an atom in the
excited state the effect of the collision on the excited atom
Zeeman splitting is much larger than that on the Zeeman
splitting of an atom in the ground state. This implies that we
only need to consider the effect of collisons on the Zeeman
effect of the 2P, states. The evolution of an excited atom
alternates then between that of a more or less free atom with
its free-atom Zeeman precession frequency and one forming
a quasimolecule with a collision partner with a modified pre-

cession frequency. Averaged over many collisions this may
lead to a precession frequency different from that of a free
atom and thus to modified Zeeman splittings.
13 A quantitative description of this effect is very difficult
A since there is an extremely rapid succession of collisions
a with partners from all directions. In each collision the inter-
atomic distance and therefore the coupling strength changes
1.2 Np, =1 D -transition on even faster time scales. In a molecular picture one would
| 2 need to calculate the Zeeman effect dynamically, taking into
account all the directions of the collision axes relative to the
i external magnetic field and various Hund’s coupling cases
1.1 [18]. In many of these collisions interatomic distances are
probed where the dipole-dipole interaction is much larger
than the spin-orbit interaction. This implies that the total
electronic angular momentum of each atom is not conserved
FIG. 6. The Zeeman transition parameteras a function of ~@nymore. The immediate consequence of this uncoupling
densityN for the D, (C1) andD, (A) lines inK vapor. The hori- Phenomenon is again a modified Zeeman precession fre-
zontal dashed lines give values farfor a free atom. Typical error quency(compare with the Paschen-Back effect
bars on either side of the density range are indicated. At the highest densitiesN~4x 10""cm3) the atom is
permanently in a state of collision and the coupled represen-
about the nature of the collisions. However, as will be showriation is not valid at any time. It is then very plausible that
below, the magneto-optic spectrutoeschange significantly the Zeeman effect for théP,,, and Py, excited states are
at densities where the impact approximation breaks down. equal in this limit. This agrees with our observation that the
As explained in the preceding section we can condense alwo curves for théD; andD,, line converge at high densities.
the amplitude information contained in the modulated reflecit is important to realize that at these densities the two reso-
tivity spectra into the Zeeman transition parametewhich nance lines are still very well separated; for our highest den-
we determine as a function of density. In Fig. 6 we show ssities the linewidth is a small fraction~( 2%) of their fre-
clear density dependence of this parameter for bothDthe quency separation.
andD, transitions. The density dependence becomes appar-
ent already at densities for whicbhpfvzl. This corresponds
to the onset_ of t_he regime where the_ time of a c0II|5|qn In conclusion, we have experimentally shown that for a
equ_als the time in between the coII|S|ons. In this densr[ydense potassium vapoE 1x 107¢m ) the Zeeman pre-
regime multiperturber effects may be of importance. At the

highest densities m red we observe thapnver ¢ cession frequency of atoms in the excitedtate is modified
gnhest densities measured we observe i €r9eS 10 as the result of dipole-dipole collisions with ground-state at-
the same value for both tHe, andD, transitions.

i Z . oms. These modifications first appear at densities where the
At low densm_es (\|$1><1017_cm ) the Zeeman ransl- ¢y jision time is no longer short as compared with the time in
tion parameter |s.found fo be mdependent of densny. This petween collisions. In the density range where the binary-
I not surprising since the _atom is free r_nos'F of the time amiollision approximation loses its validity the Zeeman split-
the symmetry of the atomic wave function is conserved: tings of the two resonance lines become equal. This implies

should be equal to the free a_1t_om vfalue. NOt? that the Me3 breakdown of the quantum number associated with the
sured values for at low densities slightly deviate from the oo tronic angular momentum of an excitSdatom. Since

value_s_ for a fre_e a‘°f‘.(‘4’3 for the D, anq 7/6. for theD, . our results give new insight into the resonant dipole-dipole
transition. This is ascribed to the uncertainty in the determi-¢yjision physics in dense atomic vapors, a well-built theory
nation of the magnetic field that has been discussed befor?\}ould be very valuable to the field of nonlinear optics.
however theratio of the @ parameters for th®, and D,
transition (0.89 is in good agreement with the free atom
value (0.89.

We will now discuss the higher-density regime where the This work is part of the research program of the “Stich-
collision time becomes comparable with the time in betweerting voor Fundamenteel Onderzoek der Materie” and was
collisions. An excited atom experiences a rapid succession ehade possible by the financial support from the “Neder-
collisions with different ground-state partners forming a quadandse Organisatie voor Wetenschappelijk Onderzoek.”

D ] -transition

N (10" em™®)

V. CONCLUDING REMARKS
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