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Adiabatic creation of coherent superposition states in atomic beams
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We describe a technique for creating superpositions of degenerate quantum states, such as are needed for
beam splitters used in matter-wave optics, by manipulating the timing of three orthogonally polarized laser
beams through which moving ator moleculeg pass; motion across the laser beams produces pulses in the
atomic rest frame. As illustrated with representative simulations for transitions in metastable neon, a single pass
through three overlapping laser beams can produce superpogitiihspreselected phagsef atomic beams
differing by transverse momentum corresponding to the momentum of four photons. Like the two-photon
momentum transfer of the tripod linkage pattern which it extends, the method relies on controlled adiabatic
time evolution in the Hilbert subspace of two degenerate dark states. It is thus a generalization to multiple dark
stateqand larger transfers of linear momentum to the atomic hedrthe single dark state occurring with the
stimulated Raman adiabatic passa§&IRAP) technique, and therefore it is potentially insensitive to deco-
herence due to spontaneous emission. By extending the tripod-linkage system to more numerous degenerate
states, the technique not only increases the atomic beam deflections but, as we demonstrate, allows control over
the superposition phase and amplitudes. Llke other techniques based on adiabatic time evolution, the technique
is robust with respect to variations of the intensity, timing, and other characteristics of the laser fields. Unlike
STIRAP, the same robust partial population transfer occurs for opposite timings of the pulse sequence, as is
needed for such procedures as Hadamard gates.
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I. INTRODUCTION verse center-of-mass motion are a key ingredient in schemes
for creating matter-wave beam splitters, an essential element
in the construction of an interferometer using matter waves

There exist many techniques for transferring populatiorvather than optical waves. Figure 1 illustrates schematically
completely and selectively from one quantum state—saythe momenta arrangements of such a superposition, in which
y,—to another quantum state—sajy. Many of these tech- each of the two beams is deflected by the angle
nigues also provide the possibility to create a superpositiorarctarink/K,) [1-5].

A. Statement of the problem

of the two states—sayR(6) =cos b, +sin 6y, or, more gen- In principle, it is a simple matter to create such a super-
erally, position ®(6, ¢) using a resonant one-photon transition be-
o tween nondegenerate states or, alternatively, a resonant two-
D(6, p) = cosOis, + expli)sin Oy, (1) photon Raman transition; the mixing anglés then just the

with prescribe mixing angl® and superposition phage temporal pulse area

When the two quantum states refer to internal excitation %
that accompanies the absorption of a photon more gen- f=a= f dtQ(t), (2)
erally, n photong in an atomic or molecular beam experi- —
ment, then each transition necessarily accompanies a change
of transverse momentum of the atom or molecule. In arPasically the product of a peak Rabi frequer§f0) and the
n-photon transition the atom will absorb momenturhk  pulse temporal widtfT. To produce the desired 50:50 super-
transverse to the atomic beam axis, whiereo/c for a pho-  position it is only necessary to adjust the pulse area to be
ton of angular frequencw, and will undergo a correspond- 7/4. Such techniques obviously require careful control of
ing deflection. The deflection may take place in two steps:
absorption of forward-moving photons followed by stimu- K
lated emission of backward-moving photons—a totah ail nkT
together. The state superposition then corresponds to the cre- B T %
ation of a coherent superposition of two matter waves having nk l‘ K, L b

different momentum directions. Such superpositions of trans-
K

FIG. 1. Schematic diagram of superposition of beam deflection
*Permanent address: Institute for Physical Research, Armeniagtates, showing originaflongitudina) momentumK, of atoms,

National Academy of Sciences, 328410 Ashtarak, Armenia. transverse momentumk of the n-photon transition, and resulting
"Permanent address: 618 Escondido Cir., Livermore, CA 94550atomic momentunk (all in units of ). The resulting deflection is
USA. by angleg=arctarink/Ky).
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pulse areas, and hence they are sensitive to variations of bottas first demonstrated by Theuetr al. in a beam of meta-
the peak intensityi.e., the square of the Rabi frequeneynd  stable neon atomgs]. The tripod system was subsequently
the pulse duratioff. proposed as the basis for a Hadamard gate by Daaa.

A highly desirable property for any such technique is in-[12]. We note that linkage patterns allowing more than two
sensitivity to various characteristics of the pulses that prodark states have been discussg®-193 although their use
duce the excitation. Such things as laser phase or pulse dhas not yet been exploited.
ration and intensity(pulse arep for example, may be In the present paper we extend the previous work on tri-
difficult to control precisely. Adiabatic processes typically pod system$5,8] to consider a generalization to larger num-
are more robust than techniques that rely on precisely corbers of coupled quantum states and two dark states, as occurs
trolled temporal pulse area@s with so-calledw pulses, when one has transitions between degenerate angular mo-
whose temporal area is an odd-integer multiplerpfFor = mentum states. We will illustrate the proposal with simula-
pulses the population change is often directly proportional tdions appropriate to metastable neon.
temporal area; under such a situation an error of 1% in pulse
area will produce a 1% error in mixing angle. By contrast,
adiabatic processes are insensitive to pulse area and can be
made to depend only quadratically upon the principal experi- We consider a degenerate two-level system, having
mental parameters, the temporal delay between pulses.  ground energie&, and excited energieS,> E,, whose de-

generacy originates in the orientation degeneracy of the an-
o gular momentumJ, andJ,, of the ground and excited levels,
B. Historical context respectively. We take the interaction to be that of an electric

One of the techniques frequently used for robust populadipoled with the electric fieldE(t) evaluated at the center of
tion transfer, and potentially available for the creation of su-mass of an atom moving with constant veloaitgcross laser
perpositions, is stimulated Raman adiabatic pasg8dé- beams. For an electric field expressible as a sum of polariza-
RAP) [6]. This technique uses two pulses, offset from eacHion components in spherical coordinates, all at the same
other in time, and the Raman coupliglg« . < ¢4. One of  frequencyw=2mc/\,
the conditions for successful complete population transfer
Ya— Yy, is that the two pulses occur with a definite time E(t) =, Eq(Deg coqwt), (3)
ordering (the so-called counterintuitive sequehde which q
the c-b pulse precedes theec pulse. Such a pulse sequence
is unsatisfactory for the return transitiop,— i, and so the electric dipole interaction Hamiltonian is
STIRAP is not a technique available for constructing Had-
amard transformations. HM(t)=-d - E(t) = - cogwt) D, (- 19, Eq0). (4

The addition of one more linked quantum state, extending q
the system from a three-statdlinkage to a four-state tripod . o )
linkage, provides the needed additional flexibility to deviseHere€—q(t) is the electric field amplitudggenerally complex
pulse sequences that have prescribed effects on each of tHalued associated with the unit polarization vectey and
potential startingground statesi, or ¢, [5,7,8. the dipole componerd,, for the three choiceg=-1,0, +1.

The use of the STIRAP technique to produce deflection of We make the usual rotating-wave approximati&wA)
an atomic beam as part of a beam splitter was first propose@y Writing the state vector as
by Marte et al. [1] and was subsequently demonstrated in
beams of metastable heliuf#] and cesiun{3]. This concept P(t) = exd- igg(t)]E CJgMg(t)|JgMg>
was also demonstrated in a beam of metastable neon atoms, Mg
where two applications of a five-state STIRAP-like process .
led to beam momentum splittings ofil8 [4]. Recently a +exr{—|§e(t)]M2 CJeMe(t)|‘]eMe> ()
four-state linkage in metastable neon, used with a STIRAP- €

like procedur_e, has_ been used to create a supe(position ahd choosings(t) = £,(t) + wt. In the Hamiltonian we replace
two states with arbitrary preselected phase, starting from e cosine with its cycle average 1/2. With allowance for

third state[9]. By contrast, the superpositions described iy, o0 independent polarization fields the interaction Hamil-

the present paper are of the initial state and a second statgnian matrix elements can be written. in the RWA. as
The STIRAP procedure makes use of a so-caliedk ’ '

state: an adiabatic state constructed from two stable or meta- 1

stable states that do not fluoresce. The extension of the origi-  (JMJHRYA)|IMg) = = (= 1)IE_(1)(IM|dg|IgM ).

nal three-state chain of STIRAP to longer chains, all with a 2

single dark state, was discussed several years[8@d1]. (6)

The benefits of extending the coherent dynamics of the

single dark state of th& system(or its generalizationsto ~ Here and hencefortly is constrained to take the valug

the two dark states of the tripod system have been pointedM.—M,. We extract the dependence on magnetic quantum
out [7,8]. The experimental demonstration of superpositionnumbers as a Clebsch-Gordon coefficient using the Wigner-
creation, and consequent beam splitting, in a tripod systerikart theorentcf. [16], Sec. 20.5 writing

Il. HAMILTONIAN
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FIG. 2. Excitation betweedy=1 andJ.=0, showing separate W
links of a4, o, and polarization fields. Thick lines mark the two

states between which a superposition is created.

FIG. 3. Sketch of the propagation axes of the laser beams pro-

% (I M 1q|J M,) viding the o, o_, and# polarization fields at the coordinate origin
=-— - , and of the atomic beam axis directed perpendicular to each of these.
(JMJHRYAD)| I M) ZQq(t)( 1 q—"—% i £ d of th ich is directed dicul h of th
N2y +

where the Rabi frequenc§),(t) is proportional to the re- hibiting each of the three orthogonal polarizations appropri-
duced dipole-moment matrix elemefi|d|J,)=d., and to  ate to spherical coordinates, usually termed o-, and 7.
the field amplitudet,(t): The selection rules for electric dipole radiation, assumed
here, allow three types of linkages between upper and lower
7 Q1) = E(1)deg. (7)  levels, distinguished by the selection rules

Although the Clebsch-Gordon coefficients are real values, as q= +1, Mc=Mg+1 (o, polarization,
will be noted the field amplitudes may be complex valued,

and so the Rabi frequencies also must be allowed this gen- q=-1, Mc=Mgy-1 (o polarization,
rality.

A. Two-state superposition 9=0, Me=Mq ( polarization).

Our concern is primarily the creation of a 50:50 superpo-We will consigler situations in which all three of these fields
sition (#=/4) of two of the ground-state sublevels— &€ present simultaneously. B_ecause the sublevels are dggen-
erate, all three types of transitions can be resonantly excited,
as we shall assume, by a single frequency fald=Ey—E..
|a) =[Jg,— Jg and|b) ={Jg, + Iy, (8)  Then all diagonal elements of the RWA Hamiltonian vanish.
Our interest here is with an atomic beam experim@mnt
contrast with experiments with trapped ions or atpnvse
Rake the axis of the atomic beam to define thaxis. Then
he first of these fields can be obtained from a circularly

namely,

with the notation|J,M) for an angular momentum state.
Various atomic and molecular systems can be found o
which to demonstrate the concepts presented above, invol

ing two dark states. Herg we discuss first a gene_ric tr.ipo olarized laser beam propagating along thaxis, perpen-
scheme(Jy=1), revealing in simplest form the basic prin- dicular to the atomic beam. By means of a beam splitter and

ciples. Such a scheme involves a two-photon transition fromyi.ors this same laser beam can serve as the source of the
statea to stateb, and hence a transverse momentum tra”Sfeéecond field, propagating also along thexis, possibly in

from field to atom of zk. We follow this with a proposal for ¢ oynsite direction. The third field, the polarization,
using a transition of metastable neon, for whigf=2 and o0 jires a laser beam propagating alongxtexis, perpen-
which offers the.possm!hty of Ak momentum transfer. We dicular to both of ther beams and to the atomic beam, with
show that, despite having a multiplicity af states in this ihear polarization along the atomic beam axis. Figure 3 il-
case, it is still possible to create the desired superpositiop,sirates the assumed geometry of such situations, obtained
state. from a single laser field, passing through a suitable arrange-
ment of mirrors, lenses, beam splitters, and polarizers. The
o, and o_ beams propagate in parallel, but spatially offset;
Figure 2 illustrates the general linkages of the well-knownthe atomic beam travels perpendicular to each of these laser
tripod configuration7,8,12,19, starting from the three sub- peams.
levels ofJ;=1 and ending with the single sublevel §=0. The result of these overlapping traveling-wave fields is
The 7 linkages are present at all time, whereas ¢hénk-  seen, in a reference frame moving with the atomic center of
ages are pulsed, sequentially. The superposition of interegiass, as a sequence of pulses. By suitably adjusting the
involves the states),=|Jy,~Jg»=[1,-1) and ¢,=|J5,+J)  beam widths and the separation of their centers, it is possible
=[1,+D. to create fields in the center of mass of the moving atoms as
shown in Fig. 4: a long but weak-polarization pulse that
overlaps the twoo-polarization pulses. These latter pulses
To create the desired linkages, a multistate generalizatioare offset from each other in time and will be assumed to
of the tripod system, we require laser beams capable of exrave equal amplitudes. However, in addition to a temporal

B. Tripod linkage pattern

C. Needed linkages
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% = %fm dt&y(t) = %95 (0)TA (13
40 oy, c- 8q= i), a T g :
T
4 30 When expressed in terms of beam powgand atom veloc-
20 ity v as the two essential experimentally controllable param-
10 T eters, the temporal pulse aragis independent of the beam
/J \ waist:
‘ 4 2 0 2 4
- - d 8
uT = Jeg \ [2Pg (14)

fiv c

FIG. 4. AmplitudesA of o, o, and polarization fields versus

time t, as seen in the atomic reference frame. Bhepulses pre-
cedes ther_ by 7.

Thus the peak Rabi frequencies are expressible variously as

d d,
040 = gy (0)) = 2= Len  [ETP0

. A hAwA
offset between the, ando_ pulses, as seen by the moving ¢

atoms, there can be a phase delsy between these two

fields, perhaps originating in a different path length from the

beam splitter; this appears as a phase of the field envelope

Eq(1). As we shall demonstrate, phases do affect the excita- We shall write the time dependence of the Rabi frequen-

tion dynamics in this system. cies in terms of real-valued functiorig(t) having unit peak
value

E. Defining the pulses

D. Parametrizing the interaction

, _ _ Qq(1) =[Qq0)| fo(Dexp(— i dg) (16)
The time dependence of the pulsed field derives from the . ) . o
spatial variation of the laser beams, across which atom&nd explicit phaseg,. To permit modeling a variation in the
move with constant speed, and thus the temporal pulse Pulse shape we take the temporal shape to be a hyper-
shape is a direct transcription of the spatial beam profileGaussianfor n=2 this is a Gaussign
Although typical laser beams are idealized as_Gaussians, ad- f.1(0) = exg— (t £ 0.50VT], 17)
vantages are to be expected from beam profiles whose cen-
tral distribution has a slower variation. To demonstrate this _ _ n
we take the spatial profile to be of generalized Gaussian folt) = exp— (V50T)"]. (18)
form. For those beams traveling along thaxis it is That is, the twoo polarization pulses are offset in time by
. and ther polarization pulse is essentially constant during the
E(y) = [EO)lexp(-idglexi{~ (o~ (/oT)"], (9 gier ouidss. P Y g

and thus, with the assumption that the atoms pass through the Although the magnetic sublevels associated with the

beam centefy=0,x=0), the time dependence is lower-lying levels may remain immune to spontaneous emis-
_ sion loss, the upper sublevels have no such constraint. The
Eq(t) = [E4(0)exp(—ipg)exd - (UT)"], (10)  assumed dipole linkages that produce laser-induced excita-

tion will also provide links for spontaneous emission. The
effect of such transitions can only be treated correctly by
means of a density matrix equation; see the Appendix.
We are interested in partial population transfer between
(vTA)? two of the degenerate magnetic sublevels of the lower-
5 energy level. Specifically, we consider partial transfer be-
tween the two extremes, those withy=-J; and Mgy=+J,,.
(11)

where the pulse duratiof is obtainable, for given atom
velocity v and beam waistv, as T=w/v. The power in the
beam is evaluated as

c +oo +oo 5 c 5
Pa=go | x| dyEyP=g-lEO)

where A is the integral of the generalized Gaussian: Ill. DARK STATES

i N As in previous work on thex and tripod linkages, our
A Ef dxexp - x"]. (12) interest lies with systems for which the degeneracy of the
- ground levels exceeds that of the excited level, so that at
Resonant two-state coherent excitation is often paramleast one dark state exists. In particular, we assume that the
etrized by the temporal pulse area, defined as the time intengular momentum of the higher-energy lev&l, is J;— 1.
gral of the Rabi frequency. When degeneracy is presenilhe total number of magnetic sublevels—and thus the total
there are numerous dipole transition momeifitsm the nu-  number of quantum states—i¢=4J,. The structure of the
merous combinations of magnetic quantum numparsd linkage patterns of interest, in which there exist two more
hence numerous Rabi frequencies. We shall use just threguantum states of the lower degenerate level than of the up-
pulse areasa,, q=0,+1, corresponding to the use of the per degenerate level, means that for any combination of po-
single reduced dipole moment: larization linkages the system is equivalent, at any instant of
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time, to a set ofN,=2J.+1=2J3—1 independent two-state
systemgan excited state paired with a bright ground state
plus two additional state@lark statesconstructed from the
set of ground stategl7]. These have no connection to the
excited states; they are unaffected by the radiation at that
moment. The composition of these two dark states varies as
the pulse polarizations vary, but they never include any com-
ponent from the upper manifold of states. Thus the dark
states never undergo spontaneous emission—they do not
fluoresce.

This property, of multiple dark states, differs from the
situation in STIRAP, where there is only a single dark state. FIG. 5. Energy levels and transitions in metastable neon. The
In that case it is possible to transfer population from siate transitions of interestshown by heavy ling are at wavelength
to statey, via counterintuitive pulsegStokes before pump  0.588um, between magnetic sublevels ¥, and °P,. Dashed
or to create a superposition of these states starting from staliees show spontaneous emission paths.

i, but the requirement of counterintuitive pulses means that

these pulses will not transfer population frafg back to,; d d

nor will they create a desired superposition starting from d—tAl(t) == V(HAL(D), d—tAz(t) =-V(OA(), (22
state 4,: there is an asymmetry between the states of this

system which prevents the use of STIRAP for the creation ofvhere the coupling is

a Hadamard gate, for example. q

The situations d|scus_sed in the present paper also differ V(t) = <<D1(t)|—d>2(t)>. (23)
from the tripod linkage discussed earlier in having more than dt
one state comprising what is here termed theset—
degenerate ground states that are neitheatbite or theb
state. As will be demonstrated, the extra complication doeg
not prevent a similar production of a superposition; in fact, it

It follows from Eq. (22) that after the conclusion of all
ulsed interaction, which we take to be tas o0, the adia-
atic amplitudes take the values

allows control of.the phase of _this.sgperpo_sition Aq(+ ) = Aj(— 2)cody) — Ay(— )sin(y), (24)
In treating adiabatic evolution it is desirable to use the
adiabatic state®;(t), solutions to the eigenvalue equations A+ %) = Ay(— 0)sin(y) + Ag(— 0)cog ), (25)
H(t)D;(t) = &) D (1) (19) where the dark-state mixing angle is the integral of the cou-
! A pling:
The adiabatic states are orthogonal and are assumed normal- A
ized, (®;(1)|®;(1))=48;. We know that in our system there =] dtv(t). (26)

exists a subspace of two degenerate dark states, which we

take to be the first two of this set. They are identifiable byUnlike the mixing angle of single-photon excitation, this

their null eigenvaluess;(t) =e,(t)=0. angle does not depend on the pulse area: itge@metrical
We aim to start in a state within this two-dimensional darkrather thardynamicalangle[8,12,18,19.

space and to ensure that the time evolution thereafter is adia-

batic, as will happen if the energy separation between the A. Linkage pattern of neon

adiabatic energies of the dark states and those of any other

adiabatic state is large. Under these conditions we can writﬁe

the state vector as

Figure 5 shows the important transitions of metastable

on. The two degenerate levels considered ¥gJ,

=1,Me=-1,0,1 and®P,(J;=2,My=-2, ...,2. The super-

position of interest involves the stateg=|Jy,~J;)=|2,-2)

W(t) = Ay()D1(1) + A() Dy(1) . (200 andyy,=|Jy, +J9 =2, +2. The complete transfer of popula-

tion corresponds to a transverse momentum change from

Such a restriction to the subspace of two dark states is justfour photons. We denote the corresponding probabilities, fol-

fied if the initial state is within this subspacas it will be in  lowing pulse completion, aB, and Py,

our systemp and if the subsequent evolution is adiabatic. Spontaneous emission occurs from ?rﬁq levels to the

The condition for this can be shown to be that all the pulsdower-lying 3P1 and 1P1 levels of the »°3s configuration,

areas be large: with rates, respectively, Ygeco=0.011 NS and  y,u,
=0.0438 ns'. Of these decays, 20% goes to ﬂﬁez level of
QT>1,q=0,£1. (21  Interest.

Figure 6 illustrates the general linkages of this situation.
Because these two adiabatic states are degenerate, th&iie 7 linkages are present at all time, whereas ¢hénk-
amplitudesA(t) will not remain constant. Their changes are ages are pulsed, sequentially. The Appendix presents the
governed by the equations RWA Hamiltonian matrix elements in detail.
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(a)

J,=1
o4 c-
n =
= 05
J,=2 .
My=""22 -1 0 +] +2 g
o . -4
FIG. 6. Excitation betweedy=2 andJ.=1, showing separate
links of oy, o_, and 7 polarization fields. Thick horizontal lines
mark the two states between which a superposition is created. 1

As with the tripod system, there are two dark states for
this system. However, the transition between statesdb 2 45
involves four photons, so this transfer will be accompanied =
by a linear momentum change ofkd

B. Useful observables

To complete the definition of the superposition states we uT
require the anglep of Eq. (1). Our goal can be usefully
quantified through the use of a two-state density matrix by FIG. 7. Time dependence of populations in the initial stae
defining the population®,(t) = p.,(t) and P,(t) =pp(t) to-  the target statéb), and the intermediate state) for the tripod
gether with the Bloch variables system.(a) Pulses in intuitive ordefo, precedesr_, 7=+1.2. (b)
Pulses in counterintuitive ordét_ precedesr,, 7=-1.2. Param-
u(t) +iv(t) = pap(t) andw(t) = ppp(t) = paalt)  (27)  eters:a=50m, 7=1.2, and3=0.54. Phasesi_;=0, $,=0, and

for the two states of interest. A typical objective is to start all Pr=m

the atoms in state a, with initial condition$t) =v(t)=0 and . o . o _
w(t)=-1 att— -, and by subjecting the atoms to a crafted acterize this field by the ratio of peak electric field ampli-

pulse sequence to obtain the reslilig)| =1 andv(t)=w(t)  tudes or, what is the same thing,

=0 after the pulse completion, &t +o. The goal of creat- 106(0)] = B|4(0)] = B1Q_1(0)]. (29)
ing a 50:50 superposition corresponds to rotating the Bloch
vector by /2 from its initial alignment. The excitation dynamics is affected also by the phase of this

field, as we note in Sec. IV F.
Even with the foregoing simplifications, several param-
IV. SIMULATION RESULTS eters are needed to describe the pulse sequence: one pulse
In this section we provide illustrative simulations of areaa, the ratio of amplitudess, the delayr, and, taking the

pulsed excitation of the two systms defined in the previou§’hase of ther_ pulse as a reference, the wo phagesand

section: a simple four-state tripod system and a more elabo‘z—’o' As befits adiabatic procedures, there is typically a mini-
rate eight-state linkage system mum value of the areathat must be exceeded for the results

to be satisfactory, but any larger area will produce the same
results. As will be noted, there are particularly desirable
A. Essential parameters choices for the two adjustable phases. Thus the search for

We shall assume that the twopolarization pulses have ©OPtimum conditions for producing a specified superposition
the same peak intensities, meaning that amasa ,=a, [and a corresponding optlmur_n path in the parameter space
and have the same pulse widfhgbut we allow them to have ({2+:0,{2-)] reduces essentially to a search in a two-
different phases; they are offset in time byWhen solving ~ dimensional parameter space, thagand 7.
the Schrddinger equation it proves useful to express all times _
in multiples of the pulse duratioh (accomplished by setting B. Tripod system
T=1 in the various algebraic expressipasid to express the  The dynamics of the tripod system has been considered
three-peak Rabi frequenci€,(0) in terms of pulse area and earlier in some detai[7,8,12,19. As has been noted, it is
phase (,(0)=a4/ A expli¢,), where A is the normalization  possible to achieve population balance using pulses ordered
area of Eq(12). either intuitively (the o, connected with the initially popu-

We assume that ther-polarization pulse is of much lated state, occurs first or counterintuitively(the o occurs
longer duration than these pulses and that its peak value first). The two orderings correspond to atoms passing
centered midway between the other two pulses. For computhrough the laser beams in opposite directions. Figure 7 il-
tations we often take it to be of constant amplitude. We chartustrates these two possibilities. The plots display the time
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1 \ 1
=
§0 v < 05
s 7 ay
_1 < 0
-2 -1 0 ! 2 -4
/T

FIG. 9. Time dependence of populations in the initial stafe
the target statéb), and all other ground statgs) for the neon
system. Parameters&=200m, 7=1.5, and3=0.318. Phases¢_;
=0, ¢o=0, andp,=.

FIG. 8. Bloch variablesi, v, andw for the tripod system at the
end of the pulse sequence, as a function of delayarametersa
=50 and B=0.54. Phasesp_,=0, ¢9=0, and¢,,=.

dependence of the populations in the states of inteagét,

andc. This latter population is only transient: at the end of Soy= Syo = |deg? = (Jelldll 3g)% (30)
the pulse sequence only stagandb have population. The 9 e el eay '
ggsglatlon in the excited statsis at all times too small to be We then have the formula

Some idea of the adiabatic nature of the evolution dis- 3 0dId) — 3 \3
played in Fig. 7 can be obtained from the time-integrated deq= eTg— = V5= \/ (2 + l)ra_uAegZW

population in the excited stat¢dtP.(t). For Fig. {a) this

value is 1.4 10°3T, while for Fig. by it is 7% 107T. = 22.216/(2J + D)ALns I\ [wm])®. (32)
In obtaining these plots, which demonstrate successful , B 1 _

50:50 superposition but without indication of the phase, we FOr neon, using the valudeg=1.1 ns™ for A=533 um,

first fixed the pulse area and phases, and then iterativelf® Obtain a dipole momerd,,=1.819 66. With this dipole
found satisfactory values for and g. moment and a representative velocity 10° m/s, a pulse

To appreciate the complementarity of these two delay val&réa of 200 corresponds to beam power of 12.2 mw. With
ues and to see the phase of the superposition, it is useful fP&am waist of 2 mm, the peak intensity is 0.19 Wi ctine ,
examine values of the Bloch variables at the end of the pulsBUISe duration iS'=2000 ns, and the peak Rabi frequency is
sequence. For a perfect 50:50 superpositioaximal coher-  0-18 rad/ns.
ence these values are=0 andu®+v2=1. Figure 8 shows
such a plot. The equality of populatigw=0) occurs here at D. Gaussian beams: Optimizingg and =
7=*7,, Wherer,=1.ZT. We see that the population inversion

W is symmetric abour=0, but that the curve of the phase- tension of the four-state tripod results shown above to the

sensitive variablel vs 7 is antisymmetric; wherr=+7,, we . . ; .
y © eight-state neon system. We first consider purely Gaussian

find u=+1, while for 7=-7, the coherence is=-1. These P . . .
two values are associated with the two coherent superposl?-e"’ms'n_2 in Eq. (17). With a suitable choice of area,

tions|a)x|b). It should be noted that these simple symmetryphases’ delay, andl one finds a time dependence as shown

: T . : in Fig. 9. Here, as in Fig. 7, are displayed the time depen-
properties occur only when the evolution is adiabatic. dence of the populations in the states of interastdb, but

now c denotes the summed populations in all the other three
C. Metastable neon: Numerical values ground states. This latter population is only transient: at the
end of the pulse sequence only stadeandb have popula-
Although the simulation of this system need make no spetion. The population in the excited states is at all times too
cific reference to either the laser power or the the laser insmall to be seen; the time integral Bf(t) is 1.6X 1073T.
tensity, it is useful to associate various choices of pulse area Figure 9, appropriate to neon, is to be compared with
with realistic values of those quantities. For that purpose it iqrame (a) Of F|g 7, for the tr|p0d System_ The qua"tative

only necessary to have available a dipole moment. To obtaiBehaviors of curves andc are similar, but they are by no
the reduced dipole transition momet, we use the connec- means identical.

In the following sections and figures we consider the ex-

tion between the Einsteia coefficient(here in cgs and then  |n obtaining this plot, which demonstrates successful

atomic unitg: 50:50 superposition but without any indication of the phase,
we first fixed the pulse area and phases, and then iteratively

4 (0\2d? 1 4f2ma, 2%9 fpund satis_factory vf'ilues for a_nd B. A simila_r superpos_i-
9= el o = a3l (29) tion, but vy|th opposite phase, is obtaln.ed with the cho_rce

9  Tau e =-1.5 while all other parameters remain the same. This so-

lution corresponds to a situation where the atoms move
and the transition strength across the beams in the opposite directions. Figure 10 shows
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-2 -1 0 1 2 -2 -1 0 1 2

/T T
FIG. 10. Bloch variabless, v, andw at the end of the pulse
sequence, as a function of delay Parametersa=2007 and 3
=0.318. Phasesp_1=0, ¢p=0, and¢,,=.

FIG. 12. Bloch variabless, v, andw at the end of the pulse
sequence, as a function of the delayfor a Gauss-6 beaifm=6 in
Eq. (10)]. Parameters are: area=4p@and 5=0.363.

such a plot. The equality of populatigw=0) occurs here at
7=+ 17, Wherer,=1.ZT. We see that the population inversion

w is symmetric about=0, but that the curve of the phase- . ) . )
y P the situation of Fig. 10, where an error in choicerddffects

sensitive variablel vs 7 is antisymmetric; wherr=+ 7, we " :
the superposition quadratically, here the effect of such an

find u=+1, while for 7=-7, the coherence is=-1. These i i d therefore th hoi ore | d
two values are associated with the two coherent superpos‘?—.rror IS inear, an erefore these choicessadre less de-

tions |a) |b). sirable.
Figure 10 displays results for an optimal choice of the
Rabi ratio—namelyB=0.318. This plot is qualitatively simi-

B is smaller than optimum, there are four possible values for
whichw=0 and 50:50 superpositions occur. However, unlike

E. Effects of the pulse shape: Hyper-Gaussian beams

lar to Fig. 8. In both cases the curvewfvs ris symmetric Gaussian profiles are the usual forms assumed for focused
about=0 and that ofu vs 7 is antisymmetric. However, the laser beams, butin principle other shapes are possible. As the
details of the two plots differ noticeably. beams become more rectangular, there is a longer interval of

In making these plots we select@dso thatw approached ~delay over which the 50:50 superposition occurs. Figure 12,
but did not exceed 0. Figure 11 illustrates the effect of varyfor @ Gauss-6 beaiin=6 in Eq.(9)], illustrates this.
ing the choice of8. When g is larger than the optimum The increasing rectangularity of the pulse does not pre-

value, the inversiom is never complete for any delay. When Vent adiabatic evolution and has definite advantages: the pro-
duction of population equality is less sensitive to the choice

of pulse delay. With increasingthere occurs an increasingly
wide range of delay values for which the desired superposi-
tion occurs.

B=04

F. Effects of the pulse phase

(a)
u
For the tripod system the relative phases of the pulses
only affects the phase of the superpositioa., whether or
v /\ v or some combination occurs whem=0). However, for
Jy=2 the relative phase of the twe pulses has a profound
effect on the excitation dynamics. This can be seen even in
~2 -1 0 1 2 the simple choice of a change in sign, as is obtained with the
B=025 choice ¢_;=¢,1=0, rather than the choice above in which
' (b) the two phases differed by. Figure 13a), for equal phases,
illustrates this assertion. Here there are four possible choices
for 7 that will give the desired superposition. Figure(h)3
shows ther dependence when the twe are 90° out of
2 /\ v /\ phase. In this case a 50:50 superposition is possible at two
o 0 times, but at each of these bothand v are nonzero: the
/W \ superposition has a complex phase.

The phase of ther-polarization pulse also matters. Figure
14 shows the Bloch variables as a function of this phase. As
can be seen only the choiceg=nm for integern will allow
the desired superposition.

FIG. 11. Bloch variables), v, andw at the end of the pulse G. Understanding the effect of the pulse phase

sequence, as a function of delayParameters are area=2p@and An understanding of the dynamics can be obtained by
(a) B=0.4 and(b) 3=0.25. considering first a four-state tripod linkage, with population
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=0 (a)
1 |
- © o
3 / v .
u (@) © ®
- -2 -1 (b)
1
1(p=1t/2 _@)_ O.
o. T

Sy FIG. 15. Tripod-system linkage patter(e initially and (b) fi-
= nally. Insets show schematic pulse forms appropriate to the linkage.

T to statea, and a coherent superposition is created. The am-
FIG. 13. Bloch variables:, v, andw at the end of the pulse plitudes _of this superposition do not depend on the phases of
sequence, as a function of delayParameters are area=4fQa) the 'f’:.lpplled p‘%'ses- . .
$.1=0, B=0.493, andb) ¢,,=/2, B=0.19. (ii ) In the final stage of the interaction only the and =
' ' ’ pulses are present; see Fig(l)5 These provide a counter-

initially in statea, as indicated in Fig. 1B). This system is Intuitive (STIRAP) sequence for moving population from
to be subjected to a long pulse and a sequence of and statec into stateb, the desired final destination. Because

o_ pulses. We can regard the overall dynamics as thre@0Me population has returned during stage 2 into statiee

stages. final result is a coherent superposition of stadesndb.
(i) In the initial stage, prior to the presence of the The situation is more complicated when there are more
pulse, there is first ar pulse and then a stronger, pulse. linkages, as is the case with metastable neon we have con-

These two provide the conventional counterintuitive pulseSidered above; see Fig. 16. Nevertheless, we can identify
sequencéof STIRAP) to transfer all population from stage ~ three stages of the dynamics.
into statec, a temporary residence; see Fig(d)5 (i) In the _|n|t!al stage, prior to the presence of the

(i) In the second stage of the interaction all pulses ar@ulse, there is “f'VSt ar pulse _an(g then a stronger, pulse.
present: ther ando, pulses form an “intuitive” sequence for The re;ultmg counter-intuitive” pulse ‘sequence transfers
reversing the population transfer from statback into state POPulation into one of the states; see Fig. 18).
a. The o_ pulse serves to produce a dynamic Stark shift of (i) In the second stage of the interaction all pulses are
these two states, thereby preventing continued two-photoHrese”t- There is population transfer back into stat@uring

resonance. Therefore only a portion of the population returndiS stage the various state vector amplitudes acquire phases
that depend on the phases of the laser pulses.

(ii) In the final stage of the interaction only the and =
pulses are present; see Fig(l)6 Population moves from the
c states into statb. The phases of the-state components is
critical in determining the result of the final stage.

H. Decoherence processes

In an atomic beam experiment collisions have no influ-
ence, but the possibility of spontaneous emission is always
present. Only this mechanism can produce changes not pre-
dicted within the coherent dynamics of the Schrodinger
equation.

FIG. 14. Bloch variabless, v, andw at the end of the pulse As described here, the successful creation of a superposi-
sequence, as a function of the phagg Parameters are area tion takes place by means of adiabatic time evolution in
=400m, 7=1.2, andB=0.318. which the state vector is restrained to a degenerate dark
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(=) emission; the condition T=1 impliesT=18 ns.
To verify the validity of our approximation, under as-
@ sumed experimental conditions, we have carried out simula-

tions using more elaborate density matrix equations of mo-
tion, as discussed in the Appendix. These are for the full set
o4 of eight sublevels, not just tha-b pair, and they take into
T account both the losses of probability from spontaneous
@ @ emission outside of the chosen two degenerate levels, and
the return of population within the chosen set.
@ With the density matrix equations the behavior can be
considered as depending on two parameters: the pulse area
(an absolute quantijyand the pulse duration relative to the
® lifetime of the excited state, oyT. For the simulations re-
@ ported in previous sections we have taken the pulse area to
be 200r. With this value the population in the excited state is
seen to be small, and the results are seen to be essentially
independent of pulse area. However, with the beam param-
eters mentioned above, including a pulse durationTof
@ @ =2000 ns, we haveT>100, and so even a small transient
excitation can have an appreciable effect.

o-

@ The error produced by spontaneous emission affects our
results in two ways.
(i) Loss of probability out of the eight-state manifold will
mean that fewer atoms remain in any superposition. Loss
from the two-state manifold will similarly diminish the avail-

space. Were the time evolution to be completely adiabaticable atoms. To measure this effect we examine the normal-
then no population would be present in the excited states aatione,=1-Trp, wherep is the 2x 2 density matrix of the

any time, and therefore spontaneous emission could not tak&b sublevels.

place. Such time dependence can be successfully modeled (ii) Within this reduced numbers of atoms there will occur
using the Schrédinger equation. The dependence on such ewss of coherence, as measured by the esgeu/Trp—Ugon
perimentally controlled quantities as beam power, beanibetween the Bloch componentin the presence of sponta-
waist, and atomic velocity occur only through the single pa-neous emission and the valug,, obtained by neglecting all
rameter, the temporal pulse ar@gane integral of the Rabi spontaneous emission. Among those atoms that have not
frequency. been lost to other manifolds, this is a measure of the attain-

The time evolution in any real experiment will deviate to able coherence and, hence, of the coherence loss due to spon-
some extent from the adiabatic ideal, and with this deviatiortaneous emission.
some population may come temporarily into the excited Figure 17 shows examples of the effect of spontaneous
states. Thus it is desirable to verify that the assumed adisemission upon the two-state normalization, as a resul)of
batic evolution does describe situations of possible experivarying the pulse duratiotby adjusting the beam waist or
mental interest. the atomic velocity or (b) as a result of varying the pulse

We expect that when pulses are shorter than the spontarea(by adjusting the beam poweiThe uppermost curves of
neous emission lifetime, meaningl <1, then any excited- the two frames are the same; the subsequent curves reveal
state population will have little liklihood of decaying, and how errors can be improved either by making the pulses
hence we expect the Schrddinger equation to remain satishorter so that the atom spends less time in the excited state
factory, even though the evolution may not be adiabaticor by increasing the power, so that the evolution is more
Only when the pulses become much longer can the effects afdiabatic.
spontaneous emission be felt. But as the pulses become As can be seen, even though the excited-state population
longer, we expect the evolution to become more adiabatids never large, the product of this population wigfi can be
and so the influence of the excited states should become leappreciable. Thus considerable population is lost when one
evident. has pulses as long as 2000 ns.

If spontaneous decay proceeds primarily to states other It is significant that, although population is lost and there-
than those of the set of states being modeled by coherefdre fewer atoms are available to provide the desired super-
excitation(i.e., the system is “ope,’then such effects can position nevertheless the superpositions of the remaining at-
be satisfactorily treated by simply including a logagi- oms remains good. Figure 18 shows examples of the effect
nary energy from the upper state. However, with the neon of spontaneous emission upon the coherence, as a result of
system considered here this is not a good approximation: avarying the pulse duratiofby adjusting the beam waist or
appreciable fraction of the decays are to the states of intereshe atomic velocity or as a result of varying the pulse area
Such a situation requires treatment using a density matrixby adjusting the beam power
The lifetime of the?’P1 state of neon, 18 ns, provides the These plots show that the experimental conditions de-
needed time scale for simulating the effects of spontaneouscribed earlier should suffice to permit the formation of co-

FIG. 16. J linkage patternga) initially and (b) finally.
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FIG. 17. Normalization errog,,=1-Trp as a function of delay
7. (8) For fixed area 208, varying the pulse duratiofi, 2000 ns FIG. 18. Coherence erraf,=u/Trp—Uc, as a function of delay
and 200 ns(b) For fixedT=2000 ns, varying the pulse area, 200 7. (a) For fixed area 208, varying the pulse duratiof, 2000 ns
4007, and 1006r. and 200 ns(b) For fixedT=2000 ns, varying the pulse area, 200

4007, and 1006r.

herences with degradation error of around 0.04 and that an
increase of power by a factor of 2@ factor of 5 in Rabi emission from excited states can be lessened by using larger

frequency would be needed to drop this error to 0.01. pulse areas.
Extension from the tripod to more general linkage sys-

tems, associated with angular momentum larger than 1, is
readily accomplished. The general principles acting to
In common with other coherent excitation schemes forachieve coherent superpositions with the tripod system work
manipulating atomic beams, our scheme requires a prelimiequally well for more general systems; it is only necessary
nary step of optical pumping to replace the typical thermalthat J,>J,, so that there be two dark states. As the angular
distribution of populations among all magnetic sublevels bymomentum increases, so too will the momentum transfer
a situation in which all atoms are in a single quantum state oénd, in turn, the separation of the two beams from a beam
internal excitation, termed here tleestate. From this start, splitter. Thus it is advantageous to use large angular mo-
the three laser beams produce the desired superposition pfenta.
internal excitation and the consequent superposition of the The creation of a superposition state in the manner de-
transverse translational motion. scribed in the present paper has a symmetry of initial and
We mention that this preparation can be done without los$inal states that is absent with conventional STIRAP: starting
of population by optical pumping with circularly polarized with either initial state and applying a fixed pulse sequence,
light on the 3P,-°D, transition, since this forms a closed one arrives through adiabatic evolution to a specific
system. superposition—say,ja)+|b). Subsequent reversal of the
Our proposed scheme for producing 50:50 superpositionpulses returns the system to the initial state. This can be
is an adiabatic process. As such, it can be improved by inunderstood by following the evolution of the Bloch vector
creasing the pulse areas of thepulses, with consequent from pole to equator and back. Such behavior is needed for
increase in laser-power requirements. In particular, the corthe construction not only of beam splitters and atomic optics
tamination(and consequent decoherence from spontaneouslements, but also for the construction of Hadamard gates

V. SUMMARY AND CONCLUSIONS
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and other elements needed for quantum information processdges support from the European Union network Complex
ing. Quantum System@UACS).

Our simulations with the density matrix give an idea of
the degree to which the proposed superpositions can be ac-APPENDIX: SIMULATING SPONTANEOUS EMISSION
complished in the presence of spontaneous emission. With To test the the applicability of the Schrédinger equation to
known radiative properties of neon and assumed values ghe neon system we used density matrix equations. We took
the lasers and atomic beam, errors of 0.04 or less should hfese to be of Lindblad forrf20]
possible; these can be reduced by increasing the laser power

or shortening the pulse duration. 3P —i[HRWA 5] 70ut Lp- MPL + Ydecon
a 2 2
- Y
Ydecoh
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|
The nonzero elements of the mattixare Ly(5,1) = V3, Ly(6,2) =2, Lo(7,3) = V3,
L(1,)=1,L(2,2=1,L(3,3 =1, B i
and the nonzero elements of the matrite$u=-1,0,+1 Li1(4,D) =16, L11(5,2) =13, L1(6,3 = 1.
are 1A10 times: N We integrate this equation numerically using the fifth-order
L4(6,1)=1, L_4(7,2 =3, L_4(8,3 = \;’E, Runge-Kutta method.
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