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Bloch-like quantum multiple reflections of atoms
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We show that under certain circumstances an atom can follow an oscillatory motion in a periodic laser
profile with a Gaussian envelope. These oscillations can be well explained by using a model of energetically
forbidden spatial regions. The similarities and differences with Bloch oscillations are discussed. We demon-
strate that the effect exists not only for repulsive but also for attractive potentials, i.e., quantum multiple
reflections are also possiblg51050-294{©9)09408-1

PACS numbe(s): 03.75.Be, 32.80.Pj

[. INTRODUCTION the atom optics equivalent of a multilayer dielectric mirror in
light optics.

During the past few years the development of different Among the different solid-state-like phenomena recently
and powerful laser cooling techniqugs| has led to the ex- reported, is of special interest thg a_naIyS|s qf the behawor of
perimental observation of several striking matter-wave pheS0ld atoms accelerated in a periodic potential. In this sense,
nomena for cold atoms. These phenomena resemble t Qe WeII_-known Bloch_ oscillations and their stationary coun-
usual effects observed in standard optics, and therefore ha grpart, i.e. the.Wannler—Stark ladders, he_lve been experimen-
been the subject of study of a fast-developing research fiel lly obseryed In t_he context of atom Opt'm.]- .
properly calledatom optics Some atom optics examples The main new idea of the presgnt paper is that an atomic
could be the diffraction of atomg], interferometer$3] and beam dropped onto a laser potential like that of RE2] can

lenseg4] for atoms, and very recently even the atom OptiCsundergo under certain conditions multiple oscillations inside
equivalent of a laser source, or atom laE& Atomic mir- the laser region. We show that this effect can be physically

rors have also been constructed using evanescent laser ﬁel%p_lamed using an |mage.of energeucally forbidden spa‘ugl
[6] or, more recently, with magnetic fieldg]. Both mirrors, regions, what we call spatial gaps. In particular the effect is

although based on different physical effects, share the san%?.ductehd duehto ?f_cpmttl)lnatlon of partt_lall Landau—ﬁener t;J_nl-
physical background, i.e., the atom “feels” a repulsive po-nil'ngt. roug thsu Icllenthy narrow sﬂr:a Ila g9aps, and a pa: Il?
tential, and if its initial velocity is sufficiently small, it refiection on them. in this sense the laser arrangément be-

reaches a turning point, being reflected. Note that after th aver? as 6}” atom;c—wgvti Fa.brﬁ-P_(;:.rot mtgn(‘je_frfom[été]. b
turning point the atomic density of probability follows an € have aiso analyzed the simiarities and ditterences be-

exponential decay, resembling the case of an electric ﬁelglveen these oscillations and Bloch oscillations. Due to these

impinged onto a metallic surface. Therefore, these atomiglmllarltles and differences we call the effect Bloch-like os-

mirrors can be considered the atom optics counterpart of melations. We show that the effect can be easily observed

tallic mirrors in light optics analyzing either the reflected momentum spectriuvhere

On the other hand, in the last few years, the behavior of annier-Stark-like resonances appear the temporal evo-
cold atom in periodic laser potentialéight lattices has ution of an atomic wave packet. We prove that the multiple

aroused great interest, in particular the resemblance of th(seflectlons also appear for attractive potentials, i.e., quantum

physical situation and solid-state phys[@&. In this sense, mu_::[;]ple re;lectlon? ?r:e also po_ssmle.f I n's "
Bragg scattering has been analyzed in the context of atomic . f e sc enlﬁ Oth € tpapler '(Sj ?SI 0 SWS' n teij RW?‘
waves[9], and so has the use of such an effect to constru netly review the theoretical model airéady preésented In Ret.

atomic beam splitters and interferometEt8]. Bragg reflec- 12]. Section i is_devoted to the devglopmer_ﬂ of the spatia[
tion is just a particular case of a more general situation, i.e Japs Image. Section IV uses th? spatial gap image to explain
the so-called photonic-band-gap structui@sPBGS’3 [11]. the appearance of resonances in the momentum spectrum of
In dielectric periodic structures, some electromagnetic wavegIe ref_lected atoms, and compare the effect .W'.th a Fabry-
cannot propagatébasically because their corresponding en- erot interferometer. Section V dlscus§ th_e similarities and
ergies are within an energetic gap produced by the periodig!ffefences between the presented oscillations and'BIoch 0s-
structurg, and therefore are reflected. In previous papé2$ C|Ilat|pns. In Sec. VI we present the temporal ev_olutlon of an
we proposed a laser arrangement that acts as an atomic-bar?tﬁ(;l)m'c wave packet for the case of a repul_swe p°tef?“a"
gap structure, in the sense that it resembles a PBGS but fgyhereas in Sec. VI fche case of quantum r_nult|ple reflections
atomic waves instead of electromagnetic ones. The atoms ale considered. We finalize in Sec. VIl with some conclu-
reflected if their incoming kinetic energy lies within a gap sions
produced by the laser periodicity. This effect produces a
bandlike momentum spectrum of the reflected atoms. We
have shown that the atoms can be reflected not only by re- In this section we briefly discuss the theoretical model we
pulsive laser potentials, but also by attractive ones, allowingise in the paper. For a more detailed discussion, see Ref.

Il. THEORETICAL MODEL
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Atoms in z=0, sufficiently far away fromz. to consider that the
field in z=0 is negligible. To make the model as realistic as
possible, one could include the diffuse scattering resulting
from spontaneous emission by adopting the lossy vector
Schralinger equation method of Refl6], i.e., A—A
+iyl2, where vy is the spontaneous emission frequency.
However, a large detuning is considered in this paper to
avoid the effects of the spontaneous emission.

Using convenient units of lengttk (1), momentum £k),
and frequency §,=#k?/2M), we can rewrite the Schro
dinger equation in a dimensionless form:

Laser 1

dz Yy ol 1|
d722¢(2)=— q°+ Bz+ EAiE\/A +4Q0(2)% | ¥(2z),

FIG. 1. Scheme of the considered laser arrangement. Two %)
Gaussian lasers propagate, forming and aggénd — ¢ with the x

axis. The atoms are dropped from a trap onto the interference regigg which the tilde denotes dimensionless units. In &g, we
of both lasers, where a periodic profile is formed. find the function ﬁ(z) -0 exp(—[(~z
=320

Laser 2

[12]. Let us consider the same laser arrangement as that of Zc) cos pJdP)cog(z-z)sin4]. B is a gravitational pa-
Ref. [12], formed by the interference of two laser beams'ameter which introduces some differences depending on the

(Fig. 1) of the same intensity, polarization, and with the samemass of the atom. Since we shall assume fhg&|A|?, we
Gaussian profile, but with respective wave vectds can define a parametep=03A which determines the
=k(cosgU,+singu,) and K,=k(cosdu,—singu,). In the strength of the laser potential. This can be easily shown by
zone very close ta=0 the electric field, which is assumed introducing a Taylor expansion on the right hand side of Eq.
to be linearly polarized in thg-direction, can be written in 4),

the form &
2 — W(2)=—{0*+ Bz—V(2)}y(2), (5)
£y o] T e

X cog k(z—z.)sin ¢]cog kx cosp— wt), (1)

where

V(z)=nexd —2 co$ ¢(z—z.)%/d?*]coS[(z—z,)sin ¢].
whereE/2 is the amplitude of each lasex, is the center of (6)
the laser region, and is the halfwidth of the Gaussians. Let
us assume that the laser frequeneyis quasiresonant with Note that the potential is formed by the product of a cosine
some atomic transition between the ground state and an egguared function and a Gaussian envelope.

cited state(of energiesfiwg and iwe, respectively, and In all the figures throughout the paper, we analyze the
therefore we can treat the atom as a two-level system. In thigase of the 8-2p ’Li transition, whose parameters ake
paper, we assume a large internal detunjdg=w—(w, =670.8 M, ®,=3.96x10° s™!, y=3.72x10" s !, and

—wg)], in such a way that the adiabatic approximation will 8=2.93<10"*. The position of the center of the laser region
be valid[15]. In order to obtain a scalar Schiinger equa- is atz.=300y27k 1=0.142 mm, and the halfwidth of the
tion to describe the atomic interaction with the laser, welaser Gaussians is given loy=1007k 1=33.5 um.
follow the standard formalism developed in Relf5], except
for the inclusion of the gravitational field. The scalar equa- lIl. SPATIAL GAPS IMAGE
tion takes the form

In this section we present a model which allows us to

2 understand the physics behind the results we will observe in

2 2
WE_ZZ"D(Z):{;_M_V(Z) (), (2 the following sections. From Eq(6) we observe that the
potential V(z) is quasiperiodic, except for the Gaussian en-
where velope, its periodicity given byAz=m/sin¢. In order to
understand the effects of periodicity better, let us remove
V(z)=—Mgz— AT 14 AZ+40(2)2, (3)  gravitation and spontaneous emission, and for the time being

let us forget the smooth Gaussian dependence. With these
with  Q(2)=Qq exd —coSd(z—z.) % ]cogk(z—z,)sin ¢]. assumptions, the laser potential is a simple cosine squared
The sign in Eq.(3) depends on the detuning: the “~" sign potential, whose amplituder{) can be positiveif A>0) or
corresponds ta\ <0, and the “+" sign corresponds tA\  npegative (if A<0), depending on which dressed state is
>0. The coupling is given b¥)o=—uEy/2%, which is the  reached. It is well known that a periodic potential leads to an
Rabi frequency associated with each laser, where energy structure of allowed and forbidden bahtig. Only
=<§yﬁ), with ,& the transition dipoleq is thez momentum  the incoming momentum componeitsvhose associated ki-
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7=2.0, Zc=300y27, d=1007, and ¢= /3. (@) Spatial band g

structure. White regions correspond to three different spatial gaps.

Small vertical bars indicate the geometrical Bragg modes. The at- FIG. 3. (a) Detail of Fig. 2a). (b) Detail of Fig. Zb). Note the
oms are assumed to travel in the graph initially from down t0 Up,aphearance of several resonances in the reflection spectrum.
beginning with momenturg at the bottom%=0) of the figure (b)

Reflectivity without gravitation and spontaneous emission. . .
v 9 P these numerical results. If an atom with some momentum

component finds during its travel inside the laser region a
spatial gap, then the propagation through it is energetically
forbidden, and consequently the atom is reflected. This point
r%&:comes clear by comparison between Figa). &hd Zb). In

netic energy lies within an allowed band can propagate in
side the potential. Iy does not satisfy the band condition
(i.e., if g?/2M lies in a gap, then the atoms with this incom-

ing momentum cannot propagate inside the laser region a . .
are therefore reflected, reflection bands being formed. ef. [12], we also show that this model explains very well

However, this image is excessively simple. In order tothe effects of the spontaneous emission and gravitation. In

obtain physical insight into the numerical results, obtaineu[hIS paper we will assume a sn_Jff|C|entIy large detumng_ to
by direct resolution of the Schainger equatior(s), we must neglect the spontaneous emission effects. The gravitational

take into account the Gaussian laser envelope. The analysig ?rgtfr\elzvs”tl i?:st%iz € gegetg':L%f?grﬂt]ﬁe”;ggne?n;lrjrrgncoerpn%%rt]ecngﬁ_
is greatly simplified if, as we consider in this paper, the Paper, 9

width of the Gaussian envelope is very large compared to thgdered.

cosine squared periodicity. In particular, in the cases ana-

lyzed below the width of the Gaussian envelope of the po- IV. EABRY-PEROT-LIKE BEHAVIOR

tential at 1¢ is 245 times the cosine squared period. If this

condition is satisfied, we can consider that within small in- In Sec. Il we have observed that an atom is reflected if it
tervals of the envelope we have a large number of cosinéinds a spatial gap inside the laser region. Therefore the spa-
squared oscillations of approximately constant amplitudetial gap acts as a potential barrier. Note the following.

We can therefore define an energy band structure for each of (i) If the spatial gap is sufficiently narrow, then transmis-
these intervals considered as the band structure calculated fgion via tunneling becomes possible. This tunneling pro-
an infinitely extended periodic potential with this constantduced from one allowed spatial region to another is no more
amplitude. We can extend this reasoning and define a locdhan the well-known Landau-Zener tunneling between al-
band structure for each positiag inside the laser region, or lowed energetic bands.

in other words for each value of the Gaussian envelope (ii) The form of the spatial gap depends on the specific
[VendZo)]. This local band structure is calculated for a co-incoming momentum one considers, and hence this effective
sine squared potential of infinite number of periods with con{otential barrier has the interesting property that it changes
stant amplitude/,. (o). Therefore, each position within the its form and width depending on the incoming atomic mo-
laser region is linked with an energetic spectrum of allowedmnentum.

and forbidden energies, a spatially dependent band structure For certain interval of momentfaroundq=2 in Fig.
being formed. Figure @) shows such a spatial band struc- 2(b)], several peaks in the momentum spectrum of reflection
ture for the case of a repulsive potential $£2.0. In par- can be observed. These peaks are depicted in detail in Fig.
ticular, for certain momenta some spatial regions are ener3(b). The physical process behind these peaks can be well
getically forbidden (white regions. We will call these understood by using the spatial gap image of Sec. Ill. In Fig.
regionsspatial gaps Figure Zb) shows the reflectivity for 3(a) we present in detail the region in Fig(a® correspond-
different incoming momentum componengs obtained by ing with the region depicted in Fig.(8). As we observe in
direct resolution of Eq(5). The spatial gaps image allows an this figure the spatial gap, i.e., the effective potential barrier,
intuitive understanding of the physical processes behinds very narrow in this region. This fact allows the possibility
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of tunneling of the wave function through the spatial gap
(from pointAto pointB), and therefore a partial reflection is
produced. Since the envelope is symmetric, the transmitted
part reaches again an spatial ggpint C), from where the
atoms can be partially transmitted again by tunneling until
point D, or can be reflected back to poit from where they
can be partially reflected and so on. This process leads to
multiple oscillations between poinBandC, i.e., the region GAP
from B to C acts as Fabry-Perot cavifi8], whereB andC

act as lossy mirrors. As we indicated previously, since the
form of the effective barrier depends on the momentum, the
length of the “cavity” depends also on the momentum. Fol- GAP
lowing the optical analogy, this is the same case we would Allowed
have if the length of a Fabry-Perot cavity was different de- band
pending on the wavelength of the light. The peaks we find in
the momentum spectrum of the reflection can therefore be
explained as resonances of this special Fabry-Perot cavity.

GAP

Allowed

a)

Energy

b)

Energy

GAP

V. BLOCH OSCILLATIONS AND WANNIER-STARK

LADDERS —_— >
zZ

Another way to understand these resonances in the reflec-
tion spectrum is provided by a well-known phenomenon of FIG. 4. (8) Scheme of an atom evolving inside an allowed re-
solid-state physics, namely the Wannier-StafkS) ladders gion between two forbidden ones when an external constant force is
[19]. This effect is simply a stationary counterpéie., in applied. Therefore thc_a atom is myltiply reflected leading to_the
the frequency domajrof another effect in the time domain WeII_-k_nown Bloch o_scnlatlons(b) Without external force ther_e is
called Bloch oscillationgBO’s). Let us briefly review this no tilting of the spatial gaps, and Fhe.atom evolves freely inside the
concept. BO's appear when particles within a periodic poten-a”c’we_d band. Therefore, the oscillations are not produped. In both
tial are affected by a constant acceleration. We must poirgraPhics the energy armare represented in arbitrary units.
out that although this effect was initially observed in the o
solid-state contex20], several recent experiments3] have (i) The physical process which produces the “cavity” is
reported the same phenomena in atom Optics_ BO’s can H@Sica”y different: in the BQ,S the t||t|ng of the bands is due
eas”y understood for weak poten“ém], due to the accel- to an e.XternaI force, while in our case is the Symmetry of the
eration, the momentum of the particles increases linearly acGaussian envelope. o
cording to Newton’s law until it reaches a critical value sat- (i) Whereas in the BO's the reflection is produced be-
isfying the Bragg condition; then the atomic wave istween two different spatial gaps, in the oscillations reported
reflected and its momentum is reversed. The atom travel@ere both sides of the “cavity” are produced by the same
again under Newton’s law until it reaches other Bragg con-sSPatial gap, which is curved due to the Gaussian shape of the
dition and then it is reflected again. Then the BO's can bhdaser envelope. S
understood as multiple reflections between two Bragg reflec- (iii) In the BO’s the atom is initially inside the allowed
tions. For larger potentials the BO’s can be understood usinfggion between two forbidden ones. In our case the atom
the spatial gaps imag@s pointed out previously, Bragg re- €nters from outside,_ and the_refore needs to tun_nel a narrow
flection is a particular case of the band-gap structures fogPatial gap to enter into the internal allowed region where it
weak potentials Let us consider an infinitely extended pe- oscillates. o _
riodic potential of constant amplitude affected by an external Due to these similitudes and differences, we call the reso-
force. Let us suppose that this force is linear in the spatiahances in the reflection spectrum Wannier-Stark-like reso-
coordinate. Hence the band structure varies in the space leadances.
ing to tilted allowed and forbidden spatial regidfsg. 4(a)].
Let us suppose a particle inside an allowed region. This par-
ticle moves until it reaches a forbidden regi¢point A),
from where it is reflected. Then it travels again within the We have therefore interpreted the resonances appearing in
allowed region until it finds another forbidden regi@oint  Fig. 3(b) as Wannier-Stark-like resonances. As for standard
B), from where it is reflected, and so on, leading to multipleWS ladders, the Wannier-Stark-like resonances are linked in
oscillations. Note that in absence of external force, no tiltingthe time domain with what we call Bloch-like oscillations. In
is presenfFig. 4(b)], and hence there are not multiple oscil- order to observe this effect we have numerically calculated
lations. the evolution of an atomic wave packet through the laser

We observe that the oscillations reported in Sec. IV arearrangement. In order to achieve this we have solved the
certainly similar to the BO's. In particular, both are due to Schralinger equatior{5) evaluating the wave function inside
the same reason, i.e., multiple reflections between forbiddeand outside the laser region for different incoming momen-
regions. However several important differences can beéum components. Note that at this point turns very impor-
pointed out. tant the possibility to calculate the wave function inside the

VI. TIME DOMAIN. BLOCH-LIKE OSCILLATIONS
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0 /\ Sy, 5(b) a partial reflection and tunneling is clearly produced.
The reflected wave packet travels to the left, disappearing,
1 d) while the transmitted wave packet travels within the laser
| |2 82 — region. In Fig. %c) the previously transmitted wave packet is
¢ 0.4 again split into two parts: a transmitted part which travels to
O-CZ) A the right, disappearing, and a reflected part which travels

back in the laser region. Again in Fig(dd a new splitting is
produced. The observation of successive multiple reflections
(-ic)/m becomes more difficult due to the wave-packet spreading and
adue to the losses in the different partial transmissions.

-400 -200 O 200 400

FIG. 5. Temporal evolution of an atomic wave packet through
laser region whose parameters are those of Fig. 2. The parameters
of the wave packet ara= 35 andq,=1.9. (a) shows the density
of probability | ¢(2)|? at timet=0, while (b), (c), and(d), respec- In this section we show that the previously reported mul-
tively, show successive snapshotstat6T, t=10T, and t= 14T tiple oscillations can also be observed for the case of attrac-
where T=18rrw;1. In all the figures the Gaussian shape of the

VII. QUANTUM MULTIPLE REFLECTIONS

laser envelope is shown in dashed lines for comparative purposes 1 — a)
(an arbitrary scale is used to depict the Gaugsi@ihe appearance |q>|2 0.5
of multiple oscillations inside the laser region is evident in this case. 0

laser region, which cannot be calculated by using a transfer-

matrix method like that of Ref.22]. We have employed a 1 b)
finite-differencing numerical method previously presented in of 0.5 A——»

Ref. [12], which allows us also to know the wave function 0 -

inside the laser region. Once we have calculated the spatial
behavior of the wave function for the different momentum

components)(q,z), we obtain the temporal evolution of an 1 )
atomic wave packet by applying a one-dimensional Fourier |¢|2 0.5 \/\—»
transform: ol—=

$(zt)= f e I 4 AT (g, (7)

—>
2
wherefy(q) is an initial Gaussian momentum distribution of o 05 | % L» /\
the form 0 S
fo(q) =g (4= Ve Tazo, ®) 400 -200 0 200 400
(E-ic)/m

whereqq is the central momentum component of the atomic
wave packet. FIG. 7. Temporal evolution of an atomic wave packet through a

Figure 5 shows the evolution of an atomic wave packeﬂaser region whose parameters are those of Fig. 6. The parameters

T ~ f the wave packet ara=35x andg,=2.2. (a) shows the density
with a=357 and q,=1.9 through a laser arrangement as® ve p ; Yo~
that of Fig. 3. The initial position of the center of the atomic °f probability| (2)| at timet=0, while (b), (c), and(d), respec-

~ ) tively, show successive snapshotstat5T, t=7T, and t=9T,
wave packet igo= —35x. Figure 3a) shows the snapshot at \yperet= 187w, *. In all the figures thénegativé Gaussian shape

t=0, whereas Figs.(6), 5(c), and %d), respectively, show of the |aser envelope is shown in dashed lines for comparative
the snapshots at=6T, 10T, and 14, with T=187w,*. N purposesian arbitrary scale is used to depict the Gaussidhe

all the figures the Gaussian form of the laser envelope iappearance of multiple oscillations inside the laser region is evi-
represented in dashed lines for comparative purposes. In Figent, even considering that in this case the potential is attractive.
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tive laser potential, i.e., it is possible to achieve multipleto a partial Landau-Zener tunneling through sufficiently nar-
reflections in a laser potential that classically allows nonerow spatial gaps, and also due to the Gaussian symmetry of
Figure 6 shows a detail of the reflection spectrum for thethe laser potential, an atom can undergo multiple reflections
case of an attractive potential with=—5.0. We clearly inside the laser region, in a process which resembles a Fabry-
observe the appearance of several resonances like those Rérot interferometer but for atomic waves. These multiple
Fig. 3. These distortions are no more than the previouslpscillations have been compared with the well-known Bloch
analyzed WS-like resonances. As for the repulsive case, ascillations of solid-state physics, analyzing the similarities
narrow spatial gap appears, leading to the already analyzezxhd differences between both oscillations. In particular, al-
effect of partial Landau-Zener tunneling, and therefore tathough both processes are due to multiple reflections be-
multiple reflections, whose effect in the momentum domaintween energetically forbidden spatial regions, in the effect
is the appearance of the WS-like resonances. As in the pr@resented in this paper the spatial gap is curved due to the
vious case, Bloch-like oscillations can be observed if weGaussian symmetry, and the atom oscillates between two
monitor the evolution of an atomic wave packet through thebarriers which are actually part of the same spatial gap, con-
laser region. Figure 7 shows this evolution for the case of thérary to the Bloch oscillations in which the atom oscillates
same atomic wave packet of Fig. 5, but now the laser is thabetween two different spatial gaps. Also, the reported mul-
of Fig. 6. The first snapshdFig. 7(a)] is att=0, whereas tiple oscillations are not due to an external force like Bloch
Figs. 1b), 7(c), and 7d), respectively, are obtained &t oscillations, but due to the Gaussian form of the envelope.
=5T, t=7T, andt=9T, with T= 1877(0;1, where we ob- Due to these similarities and differences we have called these
serve different wave-packet splittings due to partial tunnelingPscillations Bloch-like oscillations. We have analyzed the
and reflection. As in the repulsive case multiple oscillationseffect both in the frequency domaiwhere Wannier-Stark-

are possible, i.e., quantum multiple reflections also appear.like resonances appgaand in the time domairiobserving
the Bloch-like oscillations We have proved that the effect

VIIl. CONCLUSIONS appears not only for repulsive laser potentials, but also for
attractive ones, i.e., quantum multiple reflections are also
In this paper we have analyzed the reflection of an atomigossible.

beam dropped onto a laser with a periodic profile modulated
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