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Atom diode: A laser device for a unidirectional transmission of ground-state atoms
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An atom diode, i.e., a device that lets the ground-state atom pass in one direction but not in the opposite
direction in a velocity range, is devised. It is based on the adiabatic transfer achieved with two lasers and a
third laser potential that reflects the ground state.
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The detailed control of internal and/or translational states 2 and 3 with Rabi frequen€ls. We assume here that
atomic states is a major goal of quantum optics. Optical elthese two lasers are on resonance with the corresponding
ements in which the roles of light and matter are reversedransitions. We shall need, in addition, a third laser causing
such as mirrors, gratings, interferometers, or beam splitteran effective reflecting potenti&l(x)% /2 for the ground-state
made of laser light or magnetic fields, allow to manipulatecomponent. It could be realized by an intense laser with a
atomic waves. Atom chipfl,2] and atom-optic circuit$3]  |arge positive(blue) detuningA (laser frequency minus the
have been also realized recently. The aim of this paper is tgansition frequency with respect to a transition with a
propose simple models for an “atom diode,” a laser Qevicqourth level, W(x)7/2=0,4X)?h/4A, Q4,4 being the corre-
that lets the neutral atom in its ground state pass in ongponding Rabi frequency. Due to the large detuning, there is
direction but not in the opposite direction for a range ofno pumping so that this type of coupling has a purely me-
incident velocities. A diode is a very basic control element inchanical effect. Even a large detuning is very small com-
a circuit and many applications are possible for atomic trappared with the optical frequencies between the different lev-

ping or quantum information processing. ~els, so we can neglect the effect of this third laser on the
More specifically, our goal is to model an atom-field in- gther levels.

teraction so that the ground-state atom is transmitted when Neglecting decay firstwe will take it into account later

traveling, say, from left to right, and it is reflected if coming gp), the resulting Hamiltonian for the atomic state, within the

from the right. We shall describe effective three-level androtating wave approximation, and in the interaction picture to
two-level atom models, for simplicity in one dimension, to get rid of any time dependence, is

achieve the desired behavior. The one-dimensional descrip-

tion is accurate if the atom travels in waveguides formed by W Qo) 0
P

optical fields[3], or by electric or magnetic interactions due 5
to charged or current-carrying structuf@$. It can be also a Ha = ot 2 Qp(x) 0 Qdx) |, 1)
good approximation in free space for atomic packets which 0 Qgx) O

are broad in the laser direction, perpendicular to the incident

atomic direction, as demonstrated for time-of-arrival mea-Wherer:_ihme) is the momentum operator. The shapes
surements by fluoresceng4).

In our models the atom is in an excited state after beingO]c the Rabi frequ(.ancies anq the reflecting pqtential in the
transmitted and, in principle, excited atoms could cross thénodel are Gaussiar)p(x)=QI1(x,xp), Qs(x)=QII(x,Xs),
diode “backwards,” i.e., from right to left. Nevertheless, anW(x)=WII(x, xy,) with
irreversible decay from the excited state to the ground state,
will effectively block any backward motion.

Let us denote b}nga(U) [R,,(v)] the scattering ampli-
tudes for incidence with velocity> 0 from the left(right) in
channela and reflection in channed. Similarly, we denote
by T' ,(v) [Trﬁa(v)] the scattering amplitude for incidence in
channela with velocity v >0 from the left(right) and trans-
mission in channeB to the right(left). The potential will be
such that |Ty,(v)?=1, |Rj(v)?=0 and |T5(v)?=0,

IR ,(v)[?~ 1. The basic idea is to combine two lasers that
achieve stimulated Raman adiabatic pasg&J¢RAP) with

a state-selective reflecting interaction for the ground state.
The STIRAP method is well knowfb] and consists of an .
adiabatic transfer of population between levels 1 and 3 by (b) X

two partially overlappingdin time or spacglaser beamsgsee

Fig. 1). The pump laser couples the atomic levels 1 and 2 FIG. 1. Schematic connection of the atom levels by the different
with Rabi frequency()p, and the Stokes laser couples the lasers(left figure) and location of the different lase(gght figure).
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i FIG. 3. Limit v,y for “diodic” behavior, e=0.01; three-level
o 061 T atom, the mass is the mass of nedix=15 um, xg=140 um, Xp
= ol || =170 um, Xy=260 um.
‘. first state(Ry;, Ry, Ti5, Thp) are zero. The left-incidence
02t I velocity boundary for diodic behaviou,.q, is due to the
o b i breakdown of the STIRAP effe¢8]. The addition of a spon-
40 30 20 10 0 PP YT a—, taneous decay rate from state 2 does not alterey, signifi-
(b) viems] cantly for Q/T'=100. This boundary can be increased by

FIG. 2. (a) Reflection probabilityR(|v|)|2 and(b) transmission ~ iNcreasing{). The velocity boundaryyg, for right inci-
'(|u])|% negativev correspond to incidence from the dence, due to the inability of the reflecting laser to block fast

probability | T4 (|v])
right, positivev correspond to incidence from the left; the mass is atoms, increases whefv increases, so that both boundaries
the mass of neonAx=15um, xs=140 um, xp=170um; three-  can be adjusted independently from each other. We may de-
level atom: x,, =260 um, =0.2X10°s™!, W=20x10fs* (thin  fine vpma,as the minimum obeq andvyign.

dashed ling Q=1x10°s%, W=100x 10°s? (thick dashed ling There is also a lower, positive-velocity boundary for the
two-level atom:f2=100x 10°s™! (solid line, coincides with thick STIRAP effect, i.e., the STIRAP effect breaks down at ex-
dashed ling tremely low velocitiesy <v,,=0.05 cmk with the laser
intensities (Rabi frequencigs of the numerical examples.
5 This may appear contradictory since one expects better adia-
T1(x,%o) = exp(— (X__Xg)> batic transfer at lower velocities. Indeed this is the case, but
2AX only as long as the semiclassical approximation is valid for

the translational motion. For sufficiently low velocities the

but similar shapes do not alter the results in any significanflu@ntum aspects of translational motion become important
way. We shall also assume for simplicity that the shapes an@nd atomic reflection occurs. _ _ _
widths of pump laser, Stokes laser, and state-selective re- More preciselyppa,andvp, are defined by imposing that

flecting laser potentials are all equal. The location of thedll scattering probabilities from the ground state be small
three laser beams is shown in Fig. 1. except the ones that define the diodee probability for

If the atom is incident from the left in the ground state, it transmission to 3 from the left and for reflection to 1 from
will be transfered by STIRAP to the third state so it is notthe righd, i.e., they are the limiting upper and lower values
affected byW(x), and will be transmitted, i.e., the transmis- forl which Ea:l(|Ral|2.+|Tral_|2).+Ea:l(|R[1+l,1|2+|Tal|2)+(1
sion probability|T5,(v)[?~ 1, while the other reflection and _|T31|2)A+(1—|E3r11|2)<6 is satisfied. In Fig. 3ymaxis plotted
transmission amplitudes for left incidence in the first stateversus() andW. For the intensities considered,,is in the
(R Ry, Ry, Thy, Top) will be approximately zero. If the ultracold regime below 1 m/s. In thgyay surface ;g due
atom is incident from the right, in the ground state, and withto reflection failure is more restrictive in the hillside repre-
low enough velocity, it is reflected by the potentilix)n/2.  sented by circles, whereag, due to “high-velocity” STI-
Therefore |T5,(v)|?=~0+# [T, (v)> and |R,(v)[?~1. The RAP failure, is more restrictive in the hillside with triangles.

other reflection and transmission amplitud&s,;, R5;, Ti,, From the numerical scales used far and W, it becomes

T,,) will be also approximately zero. clear that, generally, reflection failure will be more problem-
This behavior is indeed observed solving numerically theatic than STIRAP failure in practice.
stationary Schrodinger equation with Ed) by the invariant Notice that a unidirectional transmission can also be ob-

imbedding method6,7]. The results are shown in Fig. 2. In tained for a two-level atom. It is well know[@] that the

a velocity range, the “diodic” behavior holds, i.8R;;|°~0, three-level Hamiltoniar{1) with W=0 can be reformulated
ITy;2=~1 and |R,|?~1, |T5;|?~0. In this range the other as a two-level one, but here we use a different idea to con-
transmission and reflection coefficients for incidence in thestruct directly a two-level potential with the “diodic” prop-
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FIG. 5. Scheme for the time-dependent simulation including de-
cay. The mass is the mass of neggs 140 um, QS=0.2>< 10° 71,
Xp=170um, Qp=0.2x10F 5L x,=260um, W=10x10°s?,
Ax=15 um, Xo=40 um (vg>0) or Xo=360 um (vg<0), and Av
=0.1 cm/s.

direction, i.e.,|Ti5v)P=1, |Rs)[?=0 and |Ti5v)?=0,

IR, (v)|?~1. This is not the case for the Hamiltonia)
unless an additional potential acting on the third level is
added.

Let us return to the three-level atom to study the possible
effect of decay from the third state to the first state with a
FIG. 4. Schematic connection of the atom levels by the differentre|ative|y small decay ratg. This is unlikely a spontaneous
laserg(left figure) and the order of the functiorfg, fp (right figure). process but it can be forced by a laser coupling of the third

state to an auxiliary state decaying to the ground state. The
erty. Assume first that we can neglect the kinetic term in thgprocess may be characterized by an effective decay rate from
Hamiltonian and that the motion ix direction is classical. 3 to 1[11]. We examine the time-dependent case, see Fig. 5,
Let us define the two-position-dependent eigenvectors of they means of a one-dimensional master equation which in-
two-level potential as cludes the effect of recoil, sg&0],

f
pm—— N |

d i y
\,rf%(x) + f%(X) - fp(x) ap == Z[H3Lap]— - §{|3><3|1P}+
1 fp(X) '3 2 Morec
600 = —< P ) +y dué(l +Uu%)ex = ux |1)
VER(X) + 5(x) \ fs(X) -
With the order offg,fp=0 shown on the right-hand side of ><(3|p|3>(1|exp<— ierchX>. (3)
Fig. 4, we get for Gaussiafor similan functionsfg and fp f

the asymptotic properties
The initial state at=0 is p(0)=|W )} ¥y|, namely a Gaussian

fi(=) = (é) {1(+ ) :< 01), wave packet with mean velocityp,
1 ! Avgm m
0 1 v U
a-=(0), ar=(}) o= 0 oxe{ - 22 74107,

This means that ground and excited states are asymptotically

swapped.; should correspond to the eigenvaluag=0  whereN is a normalization constant. We solve the master
which results in adiabatic transfer from ground to excitedequation by using the quantum jump technigLg]. Let t;a
state if the atom impinges from the left, aggd should cor-  be a large time such that the resulting wave padkgt,,,)
respond to)\zz(ﬁIZ)[fﬁ,(x)Hé(x)]>0, so there will be of nearly every quantum “trajectoryj’ separates into right
nearly full reflection if the atom impinges from the right. The and left moving parts far from the interaction region but
eigenfunctions and eigenvalues define the potential, and theossibly with third-state components, not decayed yé&} gt
two-level Hamiltonian is By averaging over all trajectories we get

_p_§+ﬁ( 300 fP(X)fs(X)>
Tam 2\ fp0fs A

We have calculated the scattering amplitudes numerically

with fp(x)=f I1(x,xp) andfgx)=f I1(x,xg) for right and left  which is plotted in Fig. 6 as a function of, for different y
incidence and observed the diodic behavisee Fig. 2. The anduv,. The error bars, defined by the absolute difference
two-level Hamiltonian can be also used as a diode for incibetween averaging over/2 andn trajectories, are smaller
dence in the excited state. Then it works in the oppositéhan the symbol size.

Hop (2

pr= fo dv (<U|p11(tmax)|v> + <U|P33(tmax)|v>)a (4)
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PO E 888 g_@__@__@__g_@___@ ground state moving to the right. This is true fog
@ =8 cm/s[with p,(vg) = 0.95 for all examined combinations
. of decay ratey and recoil velocityv,... Therefore, for not-
06l 4 too-low velocities, a large part of the atoms will be transmit-
e ted and stay finally in the ground state, i.e., the atom diode
041 7 works also with decay and recoil, with the advantage that
decay prevents the backward motion of excited atoms. The
decrease op, for low, positive velocities is due to the atom

0.8 -

ok . . . . . . . i decay before passing the potentisi{x)# /2.
16 12 8 4 0 4 8 12 16 In summary, we have presented a simple model for an
volem/s] atom diode that can be realized with laser interactions, a

device which can be passed by the atom in one direction but
not in the opposite direction.

Note addedRecently, we received a manuscript of Raizen
et al[13] in which, independently of our paper, a similar idea
for unidirectional atomic transmission is discussed.

FIG. 6. Probability p, of traveling to the right aftert,.y
=400 um/vg;, vec=3 cm/s, y=20 st (down-pointing triangles
Urec=3 cm/s, y=40 s (up-pointing trianglel v,ec=6 cm/s, y
=20s! (circles; n=1000 trajectories; the dashed line indicates
p,=0.95; other parameters are the same as in Fig. 5.
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