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Magneto-optic drift of ions
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Light-induced drift of optically active atoms in a buffer gas is a consequence of the unequal diffusive
frictions suffered by the excited and the ground-state atoms. This drift can be used to create an “optical
piston,” in which the active atoms are pushed forward by light through the semipermeable membrane of the
buffer gas. Normally, optical piston effect is studied when the active atoms are neutral in a confined one-
dimensional situation. We present a detailed theory of this phenomenon when the active atoms are charged and
a magnetic field is applied for “tuning” the direction as well as the magnitude of the drift, thus removing the
necessity of confinement. Our study is in different geometries of the light beam and the magnetic field, first in
the weak collision model, and then for the strong collision and the Boltzmann-Lorentz models.
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[. INTRODUCTION which would otherwise not allow penetration of light beyond
a few optical depths—but now, light can penetrate deep in-
The effect of light-induced driffLID) of optically active  side, sweeping the active atoms to the dark end of the cell.
two-level atoms embedded in a dense buffer gas was initialljf his mechanical action of light on atoms is different from the
predicted by Gel’'mukhanov and Shalagil; its first unin-  well-known radiation pressure; the LID pressure is much
tentional observation was by Bjorkholet al. [2], and the larger than the radiation pressure, since in the former, atomic
first detailed experimental reports on LID were given bymomenta instead of photon momenta are transferred. In case
Antsygin and coworker§3]. LID occurs when(i) the exci-  of a blue-detuned laser, the direction of the drift is reversed.
tation of the absorbing atoms is velocity selective because dfID has found important applications in isotope separation
the Doppler effect, andii) the rate of collisions with the [5], particularly in the astrophysical conte].
buffer gas is state dependent, i.e., the interaction potential Nienhuis[7] has theoretically investigated the LID and
with the buffer gas atoms is not the same for the excited anghe OPE, treating the diffusion and drift of the atomic density
the ground'state atoms. When the active atoms are excited W on'y one space dimer‘]sion7 ViZ., a|0ng the axis of the gas
a narrow-band radiation field with a midfrequency red-cell. In reality, it is not quite appropriate to ignore atomic
detuned with respect to the Doppler-broadened absorptiopotion in directions transverse to the cell axis and treat the
line center of the atoms, the traveling laser beam excites th@stem as one dimensional. Recently we have presented a
ground-state atoms with a velocity component opposite tQariant of the OPE called the “magneto-optic piston effect”
the light beam as they get Doppler-shifted into resonancenopPE) [8], in which the active atoms are taken to be elec-
The excited atoms acquire a velocity component in the ditrically charged and are subjected to a large external mag-
rection of the light beam and the ground-state atoms have aQ;c fie|d5 along the light beam, which inhibits diffusion in
average velocity component in the opposite direction. TheSﬁ,]e plane normal to the magnetic field. Thus, it is the mag-
two fluxes would cancel if t_here Were no buffe_r gas._ln thenetic field that causes a “dimensional reduction” and the
presence O.f a buffer gas, if the rate of CO”'TQ"OnS with theo tical piston action is “confined” to one dimension even
bufter gas is state dependgnt, e.g., if an excited atom hast ough the system is three dimensional. For MOPE to work,
Iarg_er collisional cross section thaq a ground—stgte atom, thfﬁe incident light intensity should be uniform over the cross
excited atoms suffer a stronger collisional Qamplng of Spe(.ad§ection of the Landau orbit of the charged atoms in the ap-
than the grou_nd-state atoms. Thus the active atoms acq_uwepﬂed magnetic field, and it can be ensured by taking a well-
net drift velocity opposite to the mean velocity of the excited

atoms and the atoms are pushed forward by the light. Basec(:jol\l/l\r/r;a;eac\i/:ejg proposed an effect different from MOPE

on this drift, an “optical piston effect"(OPE [4] can be

demonstrated in a long gas cell in an optically dense systenj'nen the direction of the wave vectirof the light beam,
instead of being parallel, is perpendicular to the direction of

B. It has an interesting consequence that we call the “optical
* Author to whom correspondence should be addressed. Electronfd@ll effect” (OHE) [9] in which the drift velocity of the ions

address: ghosh_r@vsnl.com, ghosh@jnuniv.ernet.in is in a direction perpendicular to bokhandB, as in the usual
"Electronic address: sdgupta@boson.bose.res.in Hall effect in solid state physics, but now in the absence of
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an electric field. We have generalized the results for various P (F,0,0)=04q(F,0,1) 3)
geometries of the light and the magnetic field. 99 9gt

The present paper is organized as follows. In Sec. II, we Ped(T,0,t) = ec(F,0,)eXHi(K-T—w )], (4)
reproduce the basic equations governing the drift and the g ¢
diffusion of active ions in the presence of a magnetic field. pge(F,J,t)=age(F,J,t)exp[—i(IZ- r—wt)]. (5)

Our earlier result48,9] applied only to the case ofleak
collisions, i.e., when active atoms/ions are heavier than théhe resulting evolution equations for the transformed density
buffer atoms so that the velocity changes occur in smalMatrix o are
steps. Here in Sec. lll, we elaborate on these results and , o o i ) o
present the details of our previous short communications for — o (r,v,t)=—Aocedr,v,t)+ S[Q(r,t)oge(r,v,t)
MOPE and OHE, in the weak-collision limit. In Sec. IV, new Jt 2
results are obtained for the LID when collisions are de- P
scribed by the strong-collision model (SCM) and the _Q*(F,t)geg(ﬁ;,t)]_lj. Taee(ﬁyg,t)
Boltzmann-Lorentanodel (BLM). In the SCM, the active ar
atoms are assumed to be lighter than the buffer atoms so that - -
the effect of collisions is “strong,” i.e., it washes out the tLe[oedr v, 0], (6)
memory of the precollision value of the velocity. The rate of i
collisions is taken as an average rate given by the inverse of — g (r,5,t)= AgedT,0,1) + 5 [Q* (I, 1) oeg(T,0,1)
the mean free time between collisions. The BLM is similar to 2
the SCM, except that here the speed of atoms is taken to be g
constant in between collisions, only the direction of the ve- — Q1) oge(r,u,0)]—v- —0gg(r,u,t)
locity is randomized by the collisions. Also, the rate of col-
lisions in the BLM is taken to be a dynamical variable, .o
which depends on the instantaneous velocity of the absorber. + Lyl ogg(r,v,b)], (7)
Of course, in the end, the velocity is averaged over the Max- 1
wellian distribution. Finally in Sec. V, we summarize our __ C 1) =i —wn—K-1 F ot —— F 0
results that are testable i)rll experiments and should lead tgt Tedlov D=L~ wo=k-v)oerv.1) ZAUeg(r'U't)
related applications. i A . o
+EQ(r,t)[Ugg(r,v,t)—o’ee(r,v,t)]
Il. DRIFT AND DIFFUSION OF ACTIVE
TWO-LEVEL ATOMS - d > > 8
—v-— r,,t)— r,,t),

We follow the treatment of Nienhuif7] in which the 0 ar TedF0.1) = YoedF 0. ©
active atoms or ions are taken to have juab levels|g) and
le) with a frequency separation ab,. A more realistic ia (szt)=ia* (;5 t) (9)
analysis would have to take into account the multiplet struc- 7 e A
ture of the atomic level$10,11]. In our simplified picture,
the Hamiltonian for the coupled atom and field in the
rotating-wave approximation is

Here A is the spontaneous decay rai&, and £, are the
operators describing the rate of change of the velocity distri-
bution due to velocity-changing collisiong-@) is the Dop-
H=Ege)(e|+Eyg)(g| pler shift in frequency, ang is the rate of collisional damp-

g ing of the optical coherence due to phase-interrupting and
velocity-changing collisions.

If v (t) represents a stationary Markov process having an
underlying probability functiorg(J,t), then g(J,t) obeys
where Q) is the space-time-dependent Rabi frequericys ~ the master equation
the wave vector, ana, the frequency of the light beam. The
time evolution of the atomic density matrb(F,J,t), where E[g(J,t)]=
r ando are the position and velocity of the active atom, is
governed by the quantum Bloch equations arising from the R o
atom-field couplinggexpressed by the commutatormfvith =— j do’ W(J’,v)g(u,t)

H), as well as the classical stochastic motion of the atoms

due to velocity-changing collisions with the buffer gas. The R .. R

fast oscillations with the optical frequenay,, and the +f dv' W(v,v")g(v',t), (10
position-dependent pha&er can be eliminated by the usual .

transformations where the collision kernaNV(v,v") gives the probability per
unit time that the initial velocityv’ changes(instanta-

PedU,1)=0edT,0,1), (2)  neously to the final velocityv. The general solution for

—ZQ(F,t)exp[i(lZ- r—wt)]leXg|+Hc., (1)

ag(v,t)
ot

coll
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g(v,t) is not known except in the two extreme cas@sthe d

weak-collision model, where (t) is assumed to describe _f(r v,t)= o f(r v t)——(vXB) f(r u.b)
Brownian motion, andii) the Boltzmann-Lorentz or strong-

collision model, where;(t) is a jump process. The first term s(r v t)f(r v b

on the right-hand sideRHS) of Eq. (10) is generally written Lo\—F—==— 1425700

in terms of a rate of velocity-changing collision,

—k(v)g(v,t). The total collision ratex(v) of atoms with [1+s(r,v t)]f(FJ t)

speedv is related to the collision kern&V by the sum rule Ly Lt2st.at) : (16)

Equation(16) is a highly nonlinear equation, since the evo-
lution of f(r,v,t) depends oms(r,v,t) which is proportional
to the local instantaneous field intensify ,t), which in turn

f do W(v,0")=«(v"). (11)

If an external magnetic field is applied to atoms with depends ori(r,v,t).
chargeq as in the case under study, the effect due to the

Lorentz forceq(v X B) is to be included in Eqs(6)—(9) as

well. In considering the phase-space dynamics of the averaged
The coupled atom and field problem can be simplifiedatomic density matrix, we first assume the weak-collision
using the fact that the quantum processes involving radiativgnodel in which the active atoms are viewed heavier than the

transitions occur on time scales much faster than those fqﬁuffer atoms so that the Ve|oc|ty Changes occur in small
the free flow and the diffusionlike collisional processes. The, steps. The collision kernM/(v o 'Y in Eq. (10) can then be

implied time-scale separation allows one to first averag&ssumed to be nonzero mainly for small values of the veloc-
o(t) over the quantum fluctuations, and then consider the

IIl. MOPE AND OHE IN THE WEAK COLLISION LIMIT

phase-space dynamics of the averagég. Following Nien-

hws[?] one obtalns the quasistationary population dlstrlbu

tions, oee ando, T4g, S

R U T BTN (12
Tadlv, )= E— rv,t),
€ 1+2s(r,v,t)
( _1+s(ru,t) (it 13
r ’ - _ S > _ r, H 1
ooul10 1+2$(r vt v

wheref(r,v,t)dv is the density of atoms at positianwith

velocity betweerv andv +dv, ands is the so-called effec-
tive saturation parameter

- - B - L.
S(r’v’t):KJ’ dol(w;r,t)P(o—Kk-v). (14

Here B is the Einstein coefficient for stimulated radiative

transitions A is the spontaneous decay rate as befoigethe
spectral intensity, and?(w) is the collision-broadened ab-
sorption line shape, given by

-1

1
Plw)= ;Re v+ =

5 (19

i(w—wgp)

Now, restoring the free flow and the diffusion terms, the

evolution of the atomic distribution functiorf(r,v,t)
=0eelI,0,1) + 0gy(r,v,t) can be written as

ity changev—v , and it can be approximated by a second-
order Kramers-Moyal expansion in velocity moments, yield-
ing a Fokker-Planck formi12,13. Thus,

keT o || -
Llg(v)]= I +—m —|(9(), (17)
1

where{’s are the velocity-dampinédiffusive friction) coef-

ficients,m is the mass of the active ator,is the tempera-

ture of the gas, anllz is the Boltzmann constant.
Equation (16) for the atomic distribution function

f(r,v,t) then becomes

af (rv,1)
v

—f(r v,t)= f(l’ v t)——(vXB)

B

+¢ ) EILCL f(r,0,t)
—<|vT——= rv
% o0 m oy

d |- kgT ¢
+(§e_§g)_—>' vt ——=
Jv

m gy

|s(r U t)f(r v, t)} 18)

1+25(r v )

On the right-hand side of Eq18), the first term represents
“free flow,” while the second term arises from the Lorentz

force due to the magnetic fiell. The last term contains the
nonlinear atom-field contribution characterized by the satu-
ration parametes(r,v,t). If {e={q4, Eq.(18) reduces to the
usual equation of motion for a charge in a magnetic field
[12]. In general, however, exceedsy for neutral active
atoms because excited atoms are bigger than the ground-state
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atoms. Even for activions the same holds trug8]. There P 52N P

may be examples in whicli;>{., as in the case of alkali —N=Dg— +DgA Nn——(NU)—
atoms interacting with neon, in which case the direction of 0z 9z

the drift velocity will reverse. The active ion®.g., N& or 9
Ca") are expected to be surrounded by negatively charged + —(Uy— weTuynN|,
electrons forming a neutral plasma. Normally these two com- ay

ponents of the plasma have a strong Coulomb coupling giv- RN
ing rise to “ambipolar” diffusion. Here, however, we con- where n=n(r, t) u=u(r,t), A, =d*ox*+3%dy* Dg
sider adilute gas of active ions wherein the only important =D /[1+(wc7') 1, 7= g;l is the meantime between colli-
collisions are those with a neutral buffer gasg., Cd with sions, andw.=qB/m is the cyclotron frequency. Sindeg
buffer H). Besides, the ambipolar diffusion depends on the<D,, the diffusion of the ions in the cros,fy) directions
characteristic spatial scale of the problem. Because we haus less than that in zero magnetic field, i.e., there is a trans-
a weakly ionized plasma, and the effective range of Coulomlverse confinement of the LID of ions due to the suppression
interaction is reduced due to finite “screening length,” am- of cross diffusion in the presence of a magnetic field.

gl d
D_g &(Ux-i— wCTUy)n

(26)

bipolar diffusion can be neglected. Equation(26) may be recast as
We introduce the usual definitions of the atomic density
n(r,t) and the corresponding current dengfiyx) j(r.t) as ] a%n a J .
(r.1) P g sityx) §(r.1) —N=Dyg— +DgA n——(nuy)——=-u'n, (27
ot [922 0z ar
n(F,t)=f dv f(r,v,t), (19
whereu’ is the magnetic field-modified drift velocity given
as
j(l‘,t)=f dvof(r,v,t). (20
Since the magnetic field does not change the thermal velocity U= ——[(Ux+ Buyx+(Uy— Buyl+uz, (28)

1+ 82

distribution[12], and we expect the drift velocity to be much
slower than the average thermal velocity, we can factonza

the atomic distribution function belng in the direction of the wave vectds, i.e., U

=uk/k, X,y,z are the unit vectors along the coordinate axes,
f(ro,H)=n(r,tHw(v), (2y  and

- . . w
w(v) being a Maxwellian == r (29)

m 3/2 m -
2mkaT) T T 2kT)Y
That the velocity distribution of the active atoms or ions
differs only slightly from a Maxwellian is an assumption that

is valid in most experimentsl0]. For timest> gg‘l, we can k2 k2
: [K2+
derive cosa— R N (30)
k 1+ B2

. J . I . -
j(r,t)=—Dgﬁ—Fn(r,t)+n(r,t)u(r,t)+mi£g[j(r,t)xB],

w(v)= (22

is a dimensionless parameter. For the general case Wwigen

in any arbitrary direction, the angle betweenk andu’ is
given as

The following two interesting cases arise from E2g).

(23 Case | The direction of propagation of the laser beam is
- . _ along theB field [8]. In that case, in Eq(14), P(w—K-0)
where theD;’s are the diffusion coefficients given by depends only ow, and hences also depends only o, .
keT _Because the Maxwellir_:m distri_butiqm(_v) fgctors into three
Di=— (i=g,e), (24 independent, symmetric velocity distributions along the three

méi Cartesian axes, E¢25) implies thatu,(r,t)=uy(r,t)=0.

Additionally, by choosing a well-collimated beam, the inten-

andu(r,t) is the "drift-velocity sity of which is uniform in thex-y plane normal to the beam

(Dy—Dg) S(F,0.1) direction, we can take the saturation parameter to be
u(r,t)=————- f do ow(v) ————=—. (25  S(zv,.t). This makes the drift velocity, which is now along
De +2s(r,v,t) the direction of propagation of the light beam, also a function

of zonly. Taking the limit of a large magnetic field for which
The last term can be combined with the left-hand side tq, s >y, i.e, Bin Eq.(29) is much larger than 1, we recover
yield the three Cartesian componentg oAssumlngB to be theone-dimensionaliffusion equation for the density(z,t)
along thez axis for definiteness, we obtain from EQJ) of the active atom§7],
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92 J transition valueN/(Lb), whereN is the total number of ac-
EH(ZJ)ZDggn(zi)—E[U(ZJ)H(ZJ)], (3)  tive atoms per unit cross section of the cell, ahe
—v(Dg—D¢)/(DgDefiw A), v being the axial velocity of
where D, is the diffusion coefficient24) for the ground- the active ions as befqre. The ions are swept inside the cgll
state atomsu(z,t) is the z component of the drift velocity and are driven along tlI_I the_ density reaches the_ asymptotlc
obtained from Eq(25) that, as mentioned earlier, is propor- Valué ©Jo). For excitation in the red Doppler wing, is

tional to ({e—{g), andn(z,t) is defined as {i‘gg;t'vioanf lI)SL V%?it;vetsgf trlmse d:g; )\(/mcrlrfsa liofrgtzir-
. —(kgT/m)*2,
n(z,t)zf f dxdynr.t). (32 Case Il If KL B, e.g. K is along thex axis, the drift is not

_ . ' only in thex direction but also in theg direction. From Eg.
The observation of the OPE requires a lofmgpillary) (28) we see that ik is confined to thec-y plane andgs1

cell geometry and depends on other assumptions about the g -, - .
uniformity of the beam intensity over the cross section of thgstrong magnetic field thenk, d’, andB are all at right

cell [7], and negligible interaction of the active atoms with @ngles to each other. In particular, whgs-1, if k is along
the capillary walls1]. As demonstrated above, the applica- they direction, the drift velocityd” is along thex direction.
tion of a suitable coaxial magnetic field allows us to bypassThis is the optical Hall effect9]. _ o
such requirements and leads naturally to the one-dimensional L&t us consider the ions in a closed box with an incident
diffusion equation(31) signifying the magneto-optic piston light beam with wave vectok along they axis, and a mag-
effect[8]. netic fieldB along thez axis as before. Then E€R7) for the
The intensity profile of the optical radiation changes dur-atomic density reduces to
ing propagation through the system as the saturation effects

give rise to different effective absorption coefficients for dif- 9 J°n Dg| 4 9
ferent frequencies within the bandwidth of the field. This En=Dg—2+DBALn— D a—uyn—ﬂa—uyn .
leads to a spatially nonuniform drift. We assume that the 9z gl X

o . — 36)
Doppler widthkv (k being the wave number andthe mean (
thermal velocity is much larger than the homogeneous line-|t can be shown that
width (v+ A/2) so that the spread in the selected veloeity
is small compared with thermal velocitieghe Doppler (Dg—De) viy J
limit). Then the saturation paramet, v, ,t) is zero unless Uy =5 oA 3y’ (37

the velocity v, is close to the selected velocity, = (w,
—wg)/K, w_ being the laser frequency. The evolution of the

light intensity I (z,t) is then determined bj7] whereJ(r,t) =/dw | (o,r,1), andu,, is they component of

the selected velocity. Hence from E(B7), one can write

A (zt) ) (D) (z0) - using the continuity equation,

gz 12’ an 3J\ .
[1+1(2,0)/1 sad i —[Ds(awb’w)x
In EqQ. (33) o4 is the unsaturated inhomogeneqopplen
absorption cross section proportional to the one-dimensional +D +b’&J S4D an. 38
Maxwellian w(v,); lsa=fh o Al(20}) is the saturation in- Bloy "~ ay YT Pg72) (38)
tensity, o, is the homogeneous absorption cross section on
resonance. The drift term(z,t)n(z,t) in Eq. (31) is given  where
by
(Dg_De) ULy
Dy—D v al(z,t b'=-—F5—7—71. (39
u(z,t)n(z,t):( s~ De) L b (34) DyDe frwpA

De fio(A+Ky) 9z
Since the box is closed, for stationary solutions, each com-

whereK, is the thermalization rate for the ground-state at-ponent off is equated to zero. Thusbecomes a function of
oms. Substituting Eq33) into Eq. (34) yields the drift ve- (v gx) and we get

locity
n(x,y)=n(y+pBx)=F+b'J(y+ Bx), (40)
(Dg—De) UL [(z,1)
u(z,t)= D. hw (ArK )Ua[1+|(z O/ o] 2 whereF is an arbitrary constant.
9 /T sa 5 For the case without saturation, we obtain the following

intensity and atomic density profiles:
For the stationary case of an optically dense system in a
closed cell of length., optical piston action occurs when the Jxy) = FJo
incident intensityJy= [dw | (w;z=0}) is larger than the ' bJy+(F+bJy)exdaF(y+p8x)]’

(41)
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n(xy) = F(F+bJp) 2 weak collision or Brownian motion model has already been
X,y)= introduced, and its implication for the magneto-optic drift

’ (F+bJo) +bJoexil —aF(y+Ax)]’ assessed, in Sec. lll. V\?e now discuss the ogt]her caspe, viz., the
whereJ, is the constant intensity along the plape —8x.  SCM in which the active atom completely loses the memory
The above equations reduce to those of Nienhuis in the atf its precollision velocity. This situation is expected to apply
sence of magnetic field, i.e., whe®=0. From the above when the mass of the active atom is much smaller than that
equations we also note that the intens(as well as the of the perturbing buffer gas atom. A variant of the SCM is

atomic density is constant a|0ng the p|anq3|—ﬁx:const, the BLM, borrowed from the classical kinetic theory in

+ Bx=0. The drift velocity, given as randomizethe direction of the velocity but its magnitude
remains constarjtl4].
Strong collision modelOur first task is to determine the
(43 structure of the collision operatork and £, . In doing this,
we note that the collision kernel in E¢LO) is given in the

is perpendicular to these planes of constant intengity, SCM by
+ Bx=const. These planes of constant intensity move from
y=const for3=0 to x=const forg tending to. When g
tends tox, the drift velocity must be in th& direction, i.e., ) . - .
perpendicular to the planes=const. This is consistent with whergy IS th.e rgte of collision anw(v) is the l_\/Iaxw_elllan
Eq. (27), in that for 8 tending to, the magnetic field, the velocity distribution(22). Note that under the stlpulatlon that

incident light, and the drift velocity are all at right angles to the LHS of Eq.(44) is independent of the initial velocity’,

each other. the RHS is the only allowed form, consistent with the de-
In order to observe the above atomic density and lightailed balance of transitions

intensity distributions, the light intensity has to be main- R .. R .o

tained constant along the playe= — Bx. In a given mag- w(v" )W(v,v")=w(v)W(v',v) (45

netic field, the stationary solution will be obtained for a par-

ticular direction of the incident light, depending on the value@"d the conservation of probability

of the field strengttB. For demonstration of the optical Hall

effec_t in general, the condition of stationarity is not a _f W(v,0")do=1. (46)

requirement. Y

- .1
u = Y1,

u X+—7
1+p%  1+p2

W(v',0)=yw(v), (44)

IV. THE STRONG-COLLISION AND THE Then, from Eq.(10), we get

BOLTZMANN-LORENTZ MODELS

. Lser 9(v,H)]=—yg(v,t)+ yw(z?)f g(v’,tydv’.
As mentioned earlier, the probability functiggv,t), as- sem

sociated with a stationary Markov proceé(st), obeys the S
Chapman-Kolmogorov-Smoluchowski equatidt0). The  Following our discussion preceding E(L6), the evolution
general solution fog(v,t) is not known in analytically trac- of the atomic distribution function obeys the following equa-
table forms, except in two cases. One such case, the so-calléidn:

J af(r v Ry
—f(r v t)+v —f(r v t)+—(v><B) _—
ar ﬁv

= Yel -

s(ru,Of(rv,b) )f . s(ro' Of(ro t)]
1+2$(r v, t) 1+25(r v "1

1+s(r,o,t)

— f F,Q,t —W ) J‘d_)/
g 1+2s(r,v,t) (ro.) ) Y

1+s(ro’,t) ..
ff r,v’,t)
1+2s(r,v’,t)

=- yg{f(ﬂﬁ,n—w(aj dJ'f<F,5',t>}—<ye— %)

s(r,v,t)
1+2s(r,v,t)

- e I
f(l’,v,t)—W(U)f dv mf(l’,v . (48)
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Thus, if y. equalsyg, the principal cause of the light- PR N q - - of(r0,1)

induced drift disappears; then the nonlinear contribution of  —f(r,v,t)+v-—f(r,v,t)+—=(vXB)- ————

the atom-field coupling vanishes and the equation above re- ot ar m v

duces to the standard kinetic equation for magnetohydrody-

namics[15]. =—,4(v)
We are now ready to write down the equation of motion

for the current density defined in E@0), following the

- 1 -
f(rv.t)— EJ' dq’ f(r,v,Q’,t)}

arguments preceding E3). In the SCM ~[ye(0) = 74(0)] S(r'”;tz HEo )
1+2s(r,v,t)
(?_) - kBT (9 -> q > > > g ’
_j(r!t)+_Tn(rat)__[j(rat)XB] _i do’ S(I’,U,Q ’t) f F Ot
(?t m ar m 477_ 1+ZS(F,U,Q/,t) ( WU,y ) ) .
(54)

— (70 (ve=7) | 5 5w(o)
R The equation of motion for the current dens{80) in the
s(r,v,t) - BLM is
X ——=—=—n(r,1), (49)
1+2s(r,v,t)

d. . +kBTo7 - q . - "
—j(r,0 Wa—Fn(r.t) E[J(f,t) ]

. at
since
e =—fdJJyg(u)f(F,J,t)
f w(v)v dv=0. (50
. e —J dv v[ Ye(v) — ¥4(v) W(v)
Therefore, again in the diffusive limit$ y, ), we get
X (. f(r,v,t) (55
> - k T (9 - JEGN > NN r!vl )
J(r)=——— —n(r.H+ i[j(r,t)xs] 1+2s(r,v,t)
Myq gr Myq

again using the fact that

- . s(r,v,t I
—Mn(r,t)f(—azw(v)vdv. L
Vg 1+2s(r,v,t) Yg(v)f(r,v,t)v dv=0. (56)
(51) . :
But, now we need to express the first term on the right-hand
| side of Eq.(55) in relation to the current density. Note that

Comparing with Eq(23) we find that we have an identica the collision rate in the BLM is given byi4]

equation(and concomitant analysig we identify the colli-
sion ratey in the SCM with the friction coefficient of the
weak-collision model.

Boltzmann-Lorentz modeThe case in the BLM follows  yherea is an effective scattering radius anglis the number

along similar lines, but now, in a collision, the velocity does of scatterergperturbers per unit volume. Therefore,
not change in magnitude, only its orientation specified by the

yi(v)=mainy (i=g,e), (57)

Euler angle() changes. Thus the equation corresponding to .- - -
Eq. (44) reads f dv vyg(v)f(r,v,t)
Wil 0b (0.0 = 2 52 =wa§npf dvaJ dQ vZ(Q)F(F,0,0,10),
1 L 1 471' .

(58)
Note that in this case the effective rate of collisiopss a ~ . . . N -
on wherev () is the unit vector in the direction aef. Compar-

function of the instantaneous velocity of the active atom.. - L o
Hence y ing with the definition of the current density in E@0), we

may then rewrite Eq(58) as

4
cBLM[g<J,t>]=—y(v)g(J.tHﬁ—fT)f 9(v,0,HdQ’". fdaaygw)f(aat):Wagnp%f(rin, (59
(53)

where (- - -) denotes average over the Maxwellian in Eg.
The evolution of the atomic distribution function is given by (22). Thus,
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. . L. of the collision cross section of the excited state and the
j dv vyg(v)f(r,v,t)=Ngj(r,1), (600  ground state is shown to be as high as 0.25. At the high
temperature considered above, at most half of the b(ggsy,
where hydrogen will also be ionized, and still, the opposing fluxes
of excited and unexcited Ca ions will not compensate each

3, 2mkgT other.
Ng=7 magn, . (61) - .
4 m A magnetic fieldB of about 2.5 T will produce a cyclotron

frequencyw,~6x10° s ! of the Cd ions. The MOPE wiill

Hence, in the diffusive limit (X ?), be seen for a low-to-moderate rate of velocity-changing col-
T lisions, with a{;~5x10° s™* or lower. For a cyclotron
(F=——2 2 nifn+ i[f(?,t)x 5] freq,l,J_ency ofwc~10¢, we getDg/Dy~0.01, i.e., the “leak-

MAg or M\ 4 age” in the transverse directions is substantially reduced. The

Ca" ions at a high temperaturg of 5000 K will have an

4(aj-a) [ m f s(r,v,t) rms. speed ob=1.76 km/s. Then for our chosen value of
37 a2 Vomke?

1+2s5(f.0 1) w,=6x10° s 1, the radius g of the transverse Landau or-
Y bit of an active ion isv/w,=0.29 mm. For the transverse
X f(r,v,t)vo do. (62)  confinement to work efficiently, we need thig< the radius
of the laser beam causing excitation of the ions. This condi-
Keeping in mind Eq(21), Eq.(62) is very similar to Eq(23)  tion is easily satisfied in a realistic situation, typical
but now we have a new definition for the “drift velocitytf. ~ focussed-beam radius beingl mm. It may be difficult to

Eg. (25)], observe the proposed magneto-optic drift of ions over and
above their large thermal speed at a temperature of about
D 4 (aj-aj)) [ m J s(r,o,t) 5000 K in the MOPE geometry. The geometry of the OHE
ur,t)y=—= e : .
3 22 27ksT) 1+ 2s(f.0.0) may be more amenable to observations in a Iaboratqry.
9 In summary, we have presented a complete analysis of the

- magneto-optic drift effects of optically active ions, incorpo-
w(v)vv dv 63 rating buffer-induced collision mechanisms within the Mar-

From the knowledge of the experimentally observed driftkov limit. It has been shown that a combination of the cy-
velocity, one can determine the ratio of the scattering radiflotron motion of charged active atoms in an applied coaxial
ay/a.. Further, in this classical model of collisions and the Magnetic field and the usual light-induced drift due to

stochastic motion, if we assume that the scattering radius i¢elocity-changing collisions with a buffer gas yields an ef-
given as fective way to confine the optical piston action to a one-

dimensional motion. The magnetic field inhibits diffusion of
ai=r+r; (i=e,0), (64)  the active atoms in the plane normal to the field and thus
facilitates the observation of the magneto-optic piston effect.
wherer is the known radius of the buffer atoms andhat of It has also been shown that when the incident light is per-
the active atom in stateone can experimentally determine pendicular to the coaxial magnetic field, the drift of the ions

the ratior/r of the active atoms. gives rise to the optical Hall effect. We have treated the
problem in the weak-collision, the strong-collision, and the
V. DISCUSSIONS AND SUMMARY Boltzmann-Lorentz models. From the experimentally mea-

) ) sured drift velocity in the Boltzmann-Lorentz model, one can
The OPE has been observed in Na-noble gas mixturegxiract the ratio of the radii,/r, of the active atoms in their

contained in a narrow capillaryd,10,11,18, and there are excited and ground states. The magneto-optic drift is be-
discrepancies between the predicted and observed valugfved to be responsible for the observed chemical “anoma-
which are attributed to the nonuniformity of the laser beamjjes” and the surface inhomogeneity in certain stars. Also, it
over the cross section of the capillary and the effect of adig important to assess theegative impact of this drift on
sorption and desorption of atoms at the capillary surface. Fofe workings of ion traps, since the vacuum in a trap can
the observation of drifts of ions in a magnetic field, one mayneyer be perfect. It should be possible to observe the drift in
consider Ca in a buffer gas—the single-electron ionizationhe OHE geometry in a laboratory plasma. We hope our re-
energy for Ca is 6.113 eYor 589.84 kJ/mal For ionization  syjts will stimulate studies in other suitable samples, e.g., in

of the active atoms, a radio-frequency discharge may bgptically excitable charged polymers exhibiting diffusion.
used. An intense laser beam, tuned above a resonance in the

ions (say, the Zeeman-split’8— 42P of Ca" subject to the
selection rultAF =0, *1) then produces velocity-selective
saturation of the ions due to the Doppler effect.

The drift velocity for ions is substantial only at high tem-  R.G. wishes to thank Fabien Bretenaker for fruitful dis-
peratures~5000 K (as in a plasma or in stellar atmospheres cussions. The School of Physical Sciences, Jawaharlal Nehru
[6,17]. From the calculation of the interaction potential be-University is supported by the University Grants Commis-
tween ions of Ca andeutral H [18], the relative difference sion, India, under a Departmental Research Support scheme.
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