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Observation of Magnetic-Field-Induced Laser Beam Deflection in Sodium Vapor
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A circularly polarized laser beam propagating through sodium vapor is shown to be deflected by the
inhomogeneous magnetic field from a nearby electric current-carrying thin wire aligned parallel to the
beam. The effect arises from the refractive index gradient induced by magnetic-field-modified optical
pumping. The experimentally observed beam deflection is in good agreement with predictions from a
J =1/2 < J = 1/2 model for the full four-dimensional spatialtemporal evolution of the interaction
between radiation field and atoms. The time of order 100 ns needed for the beam to switch between
undeflected and deflected positions is determined by the average Larmor precession period and is
2 orders of magnitude shorter than the optical pumping time. [S0031-9007(97)03129-3]

PACS numbers: 42.25.Bs, 32.80.Bx, 42.25.Ja, 42.62.Hk

The interaction between light and matter provides ondion of left- and right-hand circularly polarized laser beams
of the most enduring interests in physics. A main aspecid] by establishing adjacent regions of opposite atomic
of this field—the mechanical motion of atoms induced bymagnetic-dipole orientations. With regard to possible ap-
light—includes topics ranging from the contemporary oneplications these effects provide “control of light by light”
of laser cooling to the classical problem of radiation preswhile the experimental evidence of “magnetic control of
sure in stars. The conjugate subject—the manipulation dfght deflection” presented in this Letter may be of rele-
light by matter—is an even broader scientific and techvance for novel electrically driven devices to be used in
nical field. Emphasis in the latter area has mostly beewptical communication or optical computing systems. The
on light-atom coupling through the electric dipole inter- observed deflection which is sufficient to switch a laser
action which is many orders of magnitude larger than thdbeam between, e.g., two optical fibers, occurs for a rela-
magnetic-dipole interaction. However, magnetic effectstively low electric current, low atomic density, and, there-
though small in absolute terms and not previously emfore, low laser beam intensity. As numerical simulations
phasized, may dominate behavior in an appropriately chandicate, the deflection could be increased by about a factor
sen system. Laser beam deflection in an atomic vapaf 2 for experimentally less favorable but still realistic val-
placed in ahomogeneousnagnetic field is in principle ues of atomic density, beam power, beam waist, detuning,
possible, and has indeed been observed [1] with a cirelectrical current, or the distance between the laser beam
cularly polarized laser beam in a 50 G transverse magand the electrical current-carrying wire.
netic field. However, the presence of some additional In the experiment (see Fig. 1) a dye-laser beam propa-
spatial symmetry-breaking interaction is required to pro-gates with its axi®90 um from a20 wm diameter wire
vide a significant deflection [2]. In Ref. [1], a glass inter-
face is employed to introduce magnetic circular dichroism

of Cs atoms. This leads to a deflection of abbét prad. - 5.7 cm >

We present here a simple arrangement in which symme- “«— 35cm —»

try breaking is intrinsic to the experiment, arising from

a magnetic-fieldgradient Specifically, we demonstrate laser — T
control of laser beam propagation by a spatially inho- beam i—r} 24 cm
mogeneous magnetic field for a circularly polarized laser

beam traveling through sodium vapor parallel to a current- ] [

carrying wire. Deflection of the beam is 3 orders of mag- input + + output
nitude larger than reported in [1], and is essentially due to window . window
the transverse magnetic-dipole density gradient established electric

by a local competition between optical-pumping-induced current

creation and magnetic-field-induced destruction of the orifIG. 1. Cylindrical Pyrex-glass cell with current-carrying
entation of atomic magnetic dipoles. Related effects Whic@nre. Residual magnetic fields are compensated to within about

. . L mG of zero by three orthogonal pairs of Helmholtz coils.
also involve substantial, but purely light-induced beam de,o gold-platedz% um diametegr tunng)ten wire is clamped by

flections are the spatial separation of circularly polarizectopper fittings right at the top of the 1 mm thick tungsten
laser beams in an atomic vapor [3] and the mutual deflediolding wires sealed into the cell.
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passing through a glass cell containing sodium vapor
and argon buffergas at 2068. The beam waist of
50 um is adjusted to be at the beginning of the wire
to within =0.2 cm. The role of the argon, at a pres-
sure of 230 mbar, is to suppress the effects of hyperfine
structure while permitting optical pumping in the effec-
tive J = 1/2 ground state. The diffusion rate of sodium
atoms is drastically reduced: this inhibits nonlocal effects,
increases the transient time of sodium in the laser beam,
and leads to a low value for the magnetic-dipole dephas-
ing rate [; = 4.7 X 10* s™!) essential for efficient op-
tical pumping in the relatively low power beam (6 mW
at the entry point to the vapor). A further consequence
of the buffer gas in collisionally broadening the transi- 200 um
tion (optical dipole dephasing ratg, = 1.0 x 10'° s7!

is large compared to the natural radiative decay rate of
the excited statey = 6.25 X 10’ s!) is that dispersive !
and absorptive effects are comparable at the experimental wire off on
laser detuning (1.7 GHz above the peak absorption fre-
quency of the homogeneously broadered transition).

The difference between undeflected and deflected beam
positions at the cell output window is recorded by a CCD
camera with a pixel resolution &f um. In order to sup-
press background noise effects the position of the beam
is determined by spatial averaging over all pixels brighter
than 50% of maximum. An important issue with the setup
is that the electric current of 60 mA needed to produce an 0 ; Y
appreciable steady-state beam deflectid?8-um mea- .
sured at the cell output window as shown in Fig. 2 (top)— time [ps]

gives rise to a slight temperature change in the wirerF|G. 2. Top: Undeflected and deflected beam spots at the out-
After about 5 ms the heating effect causes the locaput window of the sodium vapor cell before and after the
sodium density to rise and leads to an increase of beaglectric current through the wire has been switched on. For

. « " . . the determination of the beam positions only pixels brighter
deflection. “Steady-state” deflections [Fig. 2 (bottom)] than 50% of maximum are consiZered. Bottoym‘:J Beam dgflec-

are recorded betweein-30 us after current initiation, ion guring the first30 us after the current has been switched
sufficiently delayed to avoid the initial transients in beamon. Error bars indicate the standard deviation of ten measure-

displacement but before the onset of thermal effectsments taken within 3 min. The main causes for the scatter of
These measurements were carried out using a strobéj”twl'e meb}lsgrsefé\ggst_st a;le é?e;:%ﬁgf?ﬂgig :ft';]f;e\jgpgtr E;TY if%tﬁg-
: : - gy sity as we ity fluctu .
scopic reC(_)rdlng technlque as described in [3]. R da)éhed line marks thé mean deflection(2§ + 2) Zm aver-
The basic mechanism can be understood by consideringeq over the displayed series of 17 times ten measurements.
the effect in terms of an encoding/diffraction sequence
[5]. A somewhat oversimplified view (which ignores the . . o
spatial variation of intensity across the beam as well a§tood in terms of a response functiop. which is de-
absorptive effects) is that the optically pumped mediunfined in Eq. (5) of Ref. [6], and related to the refractive
can be approximated as a glass prism of refractive indelidex n of the medium byn = 1 — (aoc/2w) Im[n+],
less than unity. The “thick” edge of the prism is adjacentWhere « is the weak-field resonant absorption coeffi-
to the wire where the high magnetic field inhibits optical ¢ient. The additional phase that is imparted on the field
pumping, and the medium has a near-normal (linear valuBy the medium after a propagation distangg is ¢enc =
of) refractive index. Further from the wire, where the —@oZenc IM[7+1/2. An explicit form for . is given by
magnetic field is insufficiently large to suppress opticalémploying a/ = 1/2 « J = 1/2 transition to model the
pumping, the medium is bleached with a refractive indexP1 line [7]:

(@)

current off

current on

40

beam deflection
[ um]
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—e—
—e—

tending towards free space; here, the prism has its “thin” (1 + iA)

edge. The net effect of the prism is to phase encode the T+ = 11 A2 + QB + 4 1)
laser beam and bend the propagation direction away fom

the wire. Here,I = |E,/Eq|? is the intensity (withZ the pos-

This picture can be developed semiquantitavely in anaitive frequencyo *-polarized component of the electric
Iytical terms. The behavior of the medium is best underfield propagating initially along the direction, andE;,,
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a saturation field defined in Ref. [6]\ is the laser-atom sidering the approximations involved, is in reasonable

detuning in units of the optical dipole dephasing rate, anédgreement with the experimental value=e®.6 mrad.

B’ is a function describing the effect of optical pumping, To confirm the validity of this physical picture we have

discussed further below. The response function is essemodeled the experiment using the spatially and temporally

tially zero in the center of the beam where the intensity isdlependent Maxwell-Bloch equation

large, but in the beam edges where the intensity falls belo ) ) )

the critical valuel.;, = (1 + A%)/(2B' + 4), the disper- Tti + 1 i) _ i(a_ + a_ﬂ;ﬂ(,. 1) =

sive response Ifm ] is approximatelyA /(1 + A2). dz ¢ at) 2w\dx?  dy? ’
The effect of the magnetic field is expressed by the i

Lw
parameterd’. In generalg’ is a complicated expression, e Pi(r,t). (5)
but in the regime of interest in this Letter, where the
radiative decay ratey > T/, it can be written a3’ =  The macroscopic polarizatio ) is self-consistently de-

v/T;, whereT; is an effective lower-level orientation termined by the solution of Eq. (5) in conjunction with the
decay rate. I'; increases rapidly with the ground-state time-dependent atomic density matrix equations for ho-
Larmor frequencywp [see [7] and Eq. (2) of Ref. [8]] mogeneously broadendd= 1/2 — J = 1/2 atoms [see
and for large magnetic fields,;; takes the value Eq. (3) of Ref. [6]]. The density-matrix equations have
2 the same form as those given in Ref. [9], but with addi-
(1+4—A); for wg > y4/(1 + A2), (2) tional terms describing the effects of the transverse mag-
] o ) netic field. These computationally intensive equations
while for small magnetic fields it takes the much smallerp3ye peen solved on a NEC SXZAR supercomputer.
value In Fig. 3 we present simulation results showing how the
NS 5 spatial distribution of the field intensity evolves.
Leie = (1 + A )Z’ for wp <+/y[i(1 + A%). (3) When there is no electric current, the beam estab-

] ] lishes an undeflected steady-state profile after ab@uts
These equations reflect the fact that for a parefield, [Fig. 3(a)]. Upon application of the current at= 0 the

saturation occurs by optical pumping of the atoms intoheam quickly deflects to its final position: Fig. 3(b) gives
them = +1/2 ground state. A transverse magnetic fieldihe situation after 50 ns. The reason for this rapid re-
causes Larmor precession of the ground-state magnetigonse is that the magnetic field depolarizes the ground
dipoles about the magnetic field, and, consequently, as thgate within a fraction of an average Larmor period (i.e.,
magnetic field increases, the laser intendity, needed sypmicrosecond); on the other hand, decay of the tran-
to achieve optical pumping increases. For a Gaussiagients as shown in Fig. 2 (bottom) will take several aver-
beam, the critical intensity occurs at a transverse dlstanqgge Larmor periods and arises through the magnetic-field
de = woy/(In Ip)/2 from the beam center, wheney is  inhomogeneity as well as atom diffusion. Although the
the beam waist andoo = (28’ + 4)loo/(1 + A%) (and  deflection suffers little further change the output inten-
where I is the on-axis intensity). The distaneg is  sjty at beam center continues to grow as optical pumping
smaller on the side of the beam closest to the wire. becomes more complete, and eventually a steady state is
An upper limit of the bending angle of the beam is achieved, as shown in Fig. 3(0 us after the current
estimated by assuming phase encoding to be significai§ turned on. The simulated beam deflection in the final
only on the high-magnetic-field edge of the beam nearesfteady state34 um, is in good agreement with experi-
the wire. In the subsequent diffractive propagation.ments shown in Fig. 2, given that all parameters used in
the center of the beam occurs where tgtical paths  the theory correspond to experimentally determined val-
from each edge of the beam are equal, and so thges without fitting. The destruction rafg of the ground-
geometric difference in the paths must compensate fogtate orientation includes the effects of radiation trapping
the phase encoding a@b.... This leads to the estimate [10,11] and is determined as described in [12]. The in-
for the maximum bending angle 6f..x = dencA/47dc,  verse of ', determines the upper limit to the time scale
and using an encoding distance [3}. = [8zx(1 +  for reaching equilibrium intensity. We have also used the
A?)/aplAlIn Iyy]z, wherez is the free space Rayleigh simulations to test the accuracy of Eq. (4). Over a wide

Icrit =~

length, we finally obtain range of parameters Eq. (4) consistently overestimates the
[an Al bending angle by a factor of approximately 3. The prin-
Omax =~ woy 2ol . (4)  cipal reason for the overestimation is our simplifying as-
2In(Zoo) zr(1 + A2)

sumption that the magnetic field is “large” throughout the
The validity of this expression is restricted to the disper-half of the beam closest to the wire, and is “small” in the
sive regime [5], and for simple tractability we evaluate other half.
Iy in the large magnetic-field regime3( — 0). This In summary, we have demonstrated that a laser beam
leads under the conditions of the experiment to an uppgrropagating through an atomic vapor may be magneti-
estimate for the deflection angle of 1.8 mrad which, con-<cally controlled in direction, and that the magnitude of
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output netic field gradient than by optical pumping. The four-
window dimensional spatial-tempordl= 1/2 «— J = 1/2 model

we present describes the steady-state behavior accurately:
with respect to the fast time scale on which the deflec-
tion is established, the diffusion of atoms in and out of
the beam is of minor importance. The model, however,
cannot describe slower dynamic effects associated with
Larmor oscillation damping, optical pumping, or the dif-
fusion of atoms in the true dynamical time scale [13,14].
Preliminary results from a more general model including
input o4 hyperfine structure are in excellent agreement with the

window N time-resolved experimental observations and confirm the
b) / validity of the J = 1/2 «~ J = 1/2 picture for calcula-

tions of the steady-state deflection.
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