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Abstract. Anomalous transmission for X-rays in crystals as discovered by
Borrmann can also be observed for atoms interacting with a standing light wave
on resonance. It may be interpreted as a manifestation of a grey state. We
describe phenomena based on anomalous transmission for various regimes of
the atom-light interaction and elucidate these by numerical calculations for
argon and calcium. The grey state in anomalous transmission is linked to the
dark state in velocity selective coherent population trapping in atomic three-
level A systems.

1. Introduction

Anomalous transmission of light and matter waves, called ‘Ubernormale
Durchlassigkeit’ by Borrmann [1] in 1941, is the remarkable increase in the
transmission of waves in an absorbing periodic medium at the Bragg angle. This
effect was observed for X-rays, neutrons, electrons and recently for atoms [1-5]. It
cannot be explained by a simple classical shadow effect of rows of atoms in the
crystal, but it is caused by interference between two momentum states propagating
in the crystal [6, 7].

Experimentally there are two characteristics of anomalous transmission. First,
an increase in the transmitted intensity can be observed by tilting the crystal across
the Bragg angle. Second, the Pendellosung is damped, leading for thick crystals to
a far-field diffraction pattern consisting of two equally high peaks at the Bragg
angles, which correspond to the two interfering momentum states inside the
crystals.

In the field of atom optics, Bragg scattering of atoms from a refractive light
crystal, created by a far detuned standing light wave, has been predicted and
demonstrated [8-14]. Likewise, anomalous transmission of atoms through an
absorptive light crystal can be observed [5]. The necessary absorption mechanism
can be realized by a two-level atom where the excited state decays in a third non-
interacting and non-detected state. The absorption process starts with excitation
by resonant light and is followed by spontaneous decay to the non-observed atomic

state. Therefore atoms emitting a spontaneous photon can be regarded as
absorbed.
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In this paper we present an analysis based on quantized momentum states to
show the anomalous transmission for atoms through a light crystal. With a simple
numerical model we investigate two different regimes for anomalous transmission,
namely the regime of very long lifetime and the regime of very short lifetime
respectively of the excited atomic state. In both regimes we find parameters for
which this effect should be observable in an experiment. We shall show that
the excitation of the atoms inside a standing light field leads to extinction of the
oscillating behaviour of the Pendellésung belonging to Bragg scattering and that
the atom is left in a grey state. This connection between X-ray and atomic
anomalous transmission is a very good example of the possibility to transfer
elements from optics to atom optics.

We conclude this paper with a discussion of the connection between anomalous
transmission and velocity selective coherent population trapping (VSCPT) [15].
Where VSCPT is observed in a three-level A system with orthogonal polariza-
tions of light, anomalous transmission requires only an absorption mechanism
combined with a two-level system. We shall demonstrate that a truncated set of
equations for Bragg scattering is very similar to the equations describing VSCPT,
which immediately suggests that, with the right conditions, one may apart from
observing a grey state in Bragg scattering (which is the basis for anomalous
transmission) also observe Bragg like scattering in the VSCPT case [10].

2. Building a ‘light-field crystal’

Atoms can easily be manipulated via their interaction with light fields. We
consider here a two-level atom with an additional decay channel of the excited state
to a third non-interacting state. The interaction between the light field and the
atom can then be described by a complex optical potential [16]

d*E(x,y)"

Uy =h 27

(1)
Here E(x,y) is the electric field connected to the light, d is the dipole matrix
element of the transition, 4 represents the difference between the driving light
frequency and the eigenfrequency of the transition, and 7 is the loss rate from the
excited level to the non-interacting state. Thus light fields can model a complex
potential for atoms. A significant property is that, using diffractive optics and
holography, one can in principle build any desirable light field pattern in the
laboratory. This makes the atom-light system a model system for investigating
matter waves in periodic potentials with adjustable ratio of refraction and absorp-
tion. Therefore we call our standing light waves a ‘light crystal’. Generalization to
two- or three-dimensional light crystals is straightforward.

3. Bragg scattering and grey states

Before discussing anomalous transmission in detail we give a short description
of the standard view and calculation of Bragg scattering of an atomic beam from a
standing light wave following Stenholm [17] and Gould et al. [18]. Additionally,
we show how Bragg scattering is described in an intuitive picture involving grey
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states which will later be important for understanding the anomalous transmission
effect.

For Bragg scattering, one may consider a two-level atom which is interacting
with two extended counterpropagating laser beams. We shall assume that only the
motion of the atom parallel to the laser beams in influenced and all subsequent
discussion of energy and momentum conservation should be considered in this
one-dimensional approximation. In particular, for an experimental set-up where a
transversely, well collimated atomic beam with thermal velocity is crossed by
extended laser beams, this assumption is valid because the direction of the photon
recoil hRphoton 1s parallel to the laser beams, and nearly orthogonal to the atomic
beam and additionally Auom > Rphoton-

Following Stenholm’s [17] approach the evolution of the amplitudes of the
ground states g; and excited states ¢; for the atomic motional states can be obtained
from the Heisenberg equation. The subscript j indicates that the atomic momen-
tum along the laser beam is quantized in multiples of the photon momentum
(j = —o0,00):

8i+1
4|
4,
de|
&j-1
G+ DWo+ (j+1)% -Q/2 0
= -Q/2 Wo+j2e+4—isy -Q/2 ,
0 -Q/2 (G—D)Wo+ (j—1)%
8j+1
X € s (2)
g1

where € = hk?/2M is the recoil energy, k is the wave-vector of the light field, vy is
the loss rate to the non-observed state, and 4 and @ are the detuning and the
standing-wave Rabi frequency. We have added the spontaneous emission to allow
for an on-resonance calculation and used a quantum Monte Carlo method [19] for
the numerical calculations. The spontaneous emission occurs to a state that is
not explicitly included in the calculation. This set of equations is intuitively
clear. Each ground state g; is coupled through the Rabi frequency with its
neighbouring excited states ej;; and ¢;_;, meaning that an atom can absorb or
emit only one photon at a time. The diagonal terms give the energy shift belonging
to each state, which consists of the detuning 4, the recoil shift € and the Doppler
shift Wy.

The above set of equations is extremely rich and makes it necessary to point
out the cases that we want to consider. Throughout this paper we will limit
ourselves to long interaction times At corresponding to Bragg scattering. This
means that the energy transfer to the atom (in our one-dimensional approximation)
has been determined so sharply, AE = h/At, that higher-transverse-momentum
states cannot be reached owing to the recoil shift (AE < €) (figure 1). Typically,
interaction times much longer than the recoil frequency should be chosen to
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Figure 1. The energy levels of the different atomic momentum ground states |jhk) are
shown including the kinetic shifts in the one-dimensional approximation. In the
standing light wave the atom can only change its momentum through absorption and
stimulated emission by two photon recoils (2hk). The comparison between the energy
uncertainty AE(= #/At) in the scattering process and the kinetic energy shifts is
critical. For Bragg scattering the uncertainty is much smaller, AE < 8¢, and an atom
starting in the | — 1hk) or | + 1hk) state cannot reach higher-momentum states. If the
atom does not start in one of these states (equal to the Bragg angles), then no
scattering will take place because of these kinetic shifts.

satisfy this condition. Furthermore the laser intensity (Rabi frequency) will
be chosen just strong enough for some coupling between different momentum
states to occur, that is the atom will scatter some photons (weak-coupling
limit). Under these conditions we may further discriminate between the
following possibilities depending on the chosen conditions of the atom-laser
interaction.

(i) The laser is tuned far off resonance, 4 > -, in which case the spontaneous
emission term can be omitted.
(11) Alternatively, on resonance 4 < v.

In the last case (4 < <) we may further discriminate between the specific
properties of the involved atomic transition.

(a) An atomic transition is chosen with a natural linewidth much larger than
the recoil shift (v > e).

(b) Alternatively, a natural linewidth is chosen much smaller than the recoil
shift (v < €).

For a large detuning, 4 >> 7, the spontaneous emission term iy/2 can be
neglected. Treating first-order Bragg scattering, we can now proceed to trun-
cate the set of equations at e; and e_; since close to the Bragg resonance the
higher-momentum states are weakly populated. Here, we are considering that
the atoms enter the laser light with the momentum |+ hk) (g1 = 1), which
corresponds to incidence at the exact Bragg angle. The Heisenberg equation is
chosen such that for this propagation direction the Doppler shift vanishes
(Wy =0).

After truncating this set of equations at ¢, and e_; one obtains
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e A+4e —-Q/2 0 0 0 e
& —Q/2 € -Q/2 0 0 &1
i% wl=| 0o -2 a 92 o ||lel|l @
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We now discuss case (i). For large detunings (A > v) and small Rabi frequencies
(4 > Q) we can adiabatically eliminate the excited states at 2hk, Ohk and —2hk
momentum and shift the energy with the transformation g_;1 — g_1,1 exp (iUpt),

to find that
d - U -U
i_[g1]:[€ 0 0][&’1]’ (4)
dr | g -Uy e—-Us |lg
where U = 2?/44 is the light shift potential of the atom in the laser light. In the
basis | — hk), | + hk) this equation is analytically solved by

g1 = exp (—iet) [A — Bexp (12Uyt)] (5)
g-1 = exp (—iet) [A + Bexp (i2Uyt)], (6)

where 4 and B are determined by initial conditions. This equation could also have
been directly obtained from a description more familiar to the two-beam approx-
imation in dynamical diffraction theory. The wavefunction of the atoms inside the
standing light wave is described by the |+) and |—) eigenstates of the atom in the
periodic potential (also called the Bloch states) which are superpositions of the
incoming and the Bragg deflected beam. A transformation to this basis

1
[|+>]_ 72 (| = hk) + | + hk)) -
ST ’
= S U k) =+ k)
which corresponds to two standing matter waves with a n phase shift, decouples
the above two equations and yields, in terms of their amplitudes b, and b_,

i Ly, = (e—2U0)p,.

dt

P (8)

1 T b_=eb_.

Although this basis transformation is mathematically trivial, the first basis is
physically more appropriate for a well collimated atomic beam outside the light
crystal, while the second basis is more appropriate inside the light crystal. The two
equations mirror the fact that the two states couple differently to the light field;
therefore we call the |+) state a bright (or strong-coupling) state and the |—) state a
grey (or weak-coupling) state.

For initial condition of Bragg incidence g =1, g_y = 0 and W, = 0, we find
that |g;|> = cos? (Uyt) (figure 2). This means that, when an atomic beam is directed
at the Bragg angle with the standing light waves, the forward scattered intensity
shows a periodic dependence on the potential height 2Uj and interaction time ¢.
This is known as Pendellésung. This could be regarded as an interference between
the |—) state and the |+) state which accumulate because of their different
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Figure 2.  (a) A well collimated atomic beam crossing a thick standing light wave at the
Bragg angle fp results in an oscillating behaviour in the intensity of the two outgoing
beams (Pendellésung). (b) Initial conditions where two atomic beams with a well
defined phase difference enter the standing light wave lead to a time independence for
both indicated phases. This is a feature of grey and dark states.

couplings to the light field different phases. Preparing only one eigenstate by
combining two coherent atomic beams incident symmetrically at the ‘4’ and ‘=’
Bragg angle corresponding to gy = 1/21/2, g_y = —1/21/2 (|g1|2 = |g_1|* = 0-5) the
Pendellésung vanishes.

A numerical solution of the original set of equations truncated not at j = 1 but
at j = 5 at very weak coupling for the case (i) (@) (4 > v > €) shows that this grey-
state behaviour does not disappear when allowing coupling to higher-momentum
states.

4. Anomalous transmission

When the laser is chosen on resonance (ii), coupling to the excited state becomes
important. Some of the consequences of this case for a closed two-level system
have been carefully studied by Schumacher et al. [20]. In contrast, we shall
consider an open two-level system where the emission of a photon leads to an
unobserved state and therefore can be viewed as absorption of the atom. We
must now consider two cases: the recoil energy is much smaller than the atomic
linewidth (case (ii) (@)) and the recoil energy is much larger than the atomic
linewidth (case (ii) ()).

4.1. Recoil shift smaller than natural line width (e < )

For small recoil (ii) (@) (¢ € ), we are not allowed to reduce the set of
equations (2) to only g; and g_;, but have to include e;, ¢y and e_,. Still, the
presence of the grey state is felt. This is best seen in a description using the Bloch
state basis (equation (7)).

As before, we consider the motion in the light crystal in a truncated set of
quantized momentum states {|g,+hk),|g, —hk)}; here the ground state g is
explicitly indicated. We chose the basis (equation (7)) {|+),|—)} for a simple
and intuitive picture of the atomic motion in the standing light wave by calculating
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the coupling of an atom to the resonant light field that forms the light crystal.
On resonance we have to take into account the excited momentum states
{|e, +2hk), e, Ohk, |e, —2hk)}. The coupling strength to the excited state is given
by (e, nhk|d-E|g, mhk) = M, y=ns1, where M = —Q/2. We neglect the effect of the
recoil shift in this equation because the natural line width is large. The coupling of
the |—) state and |+) state to the various excited states follows directly:

1
(e, +2hk|d'El—> = 21—/2‘ M,
(e, Ohk|d-E|—-) =0, (9)
1
(e, —2hk|d'E|—> = —m M,
and
1
(e, +2hk|d-E|+) = 2172 M,
(e, Ohk|d-E|+) = 22 M, (10)
1
(e, ~2hkld-E|+) = 575 M.

To get the total transition amplitude for each state (|—) and |+)), we have to
sum over the three momentum states:

|(e|d-E|+)|* = |(e, —2hk|d-E|+) + (e, Ohk|d-E|+) + (e, +2hk|d-E|+)[?,
[{e|ld-E|—)|* = |(e, —2hk|d-E|=) + (e, Ohk|d-E|~) + (e, +2hk|d-E|-)|?,

where the question of interference arises. Note that the different excited states are
distinguishable in the far field because of their momentum states and therefore no
interferences between the different amplitudes arise and one finds the following
coupling to the excited states:

(e|d-E|+)|* = |(e, —2hk|d-E|+)|* + |(e, Ohk|d-E|+)|* + |(e, +2hk|d -E|+) |’
=1M?+2M° +1 M2
= 3M?, (12)
|(eld-E|=)* = |(e, —2hk|d-E|-)|* + |(e, Ohk|d-E|-)|” + (e, +2hk|d-E|-)|?
=1M?+0M?* +iM?
= M. (13)
On the other hand for a simple incoming beam |g, p) (p # hk) we find that
|(e|d-Elg, p)|* = |(e, p — hk|d-Elg, p)|* + (e, p + hk|d-Elg, p)|°
- M2 +M2
=2M>. (14)

Therefore the |-} state couples more weakly to the radiation field than an atom
incident in an arbitrary direction does, and the |+) state couples stronger. Once in
the excited state the atom will spontaneously decay, and therefore the |—) state will
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Figure 3. (a) The damping of the Pendellésung for the case of Ar* is shown. The
departure of the minima from zero indicates the presence of the grey state. The inset
shows that the atomic beam is transmitted through the light crystal longer than would
be expected from considering absorption without taking coherences into account. (b)
The transmission of atoms is increased at the Bragg angles just as for anomalous
transmission of X-rays.

scatter less light and the |+) state will scatter more light than an atom incident at
arbitrary direction. A well collimated beam incident at the Bragg angle is described
by a 50:50 superposition of the |+) and |—) states. In this case the overall
scattering is less than for arbitrary incidence, because the reduced scattering of
the grey state is not compensated by the enhanced scattering of the bright state.

We performed a numerical integration of the full set of equations (2) truncated
at j = £20 including the spontaneous emission term, which confirms the physical
picture above. We chose as an example the Ar* line 1s5—2p4 (4 1S—43Py). For this
line the excited state decays preferably to the states 1s3 and 1s; (branching ratio
Iss:1s3:1s; = 2:56:42). For our purposes this can be viewed as an open two-
level system, because atoms in the states 1s3 and 1s; can be filtered out. The
numerical results for exact Bragg incidence and for a detuning of half a linewidth
(as shown in figure 3 (@)) demonstrate that the Pendellésung is damped exponen-
tially owing to the absorption. The total transmission of the state 1s5 as shown in
the insert decays half as fast as a beam which pass the light field at arbitrary
direction for long interaction times. The characteristic time scale is given by the
absorption time 1/v, = (Y? + 2Q% + 442)/2Q%y (figure 3 (b)) [5, 21]. For an inter-
action, which lasts longer than the characteristic time, the atomic population
survives essentially in the grey state.

4.2, Recoil shift larger than natural linewidth (e > v)
Now we shall consider the case (ii) (b) where the recoil energy is much larger
than the linewidth of the atomic transition (e 3> 7). For the case (ii) (a) (¢ € 7)
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Figure 4. The coupling between the momentum ground and excited states is shown for
the on-resonance case where in contrast with figure 1 the excited state cannot be
neglected. Here the comparison between the natural linewidth 7 of the atom and the
recoil shift in energy is essential. For a large recoil shift, 4¢ > =, the system is reduced
to two momentum ground states and one excited state.

discussed above, we could not truncate the set of equations at g; and g_;. Here we
are allowed to do so because the excited states are recoil shifted with respect to
each other and are therefore shifted out of resonance (figure 4). Note that because
of the narrow atomic linewidth the resonance condition is not 4 = 0 but 4 = —e.

The analysis of our problem is again simplified by using the basis (7). The atom
inside the resonant light field couples only via the excited state with zero
momentum |e, 0hk), because of the recoil shift (the amplitude of the Rabi flopping
to the | + 2kk) states is reduced to 2%/[Q* + (4€)?]. The result can now be copied
from the previous section:

|(eld-E|+)I* = |(e, Ohkld-E|+)|* = 2M?,

(15)
|(eld*E|-)|* = (e, Ohk|d-E|-)|* = 0.

Contrary to the previous case (Y>> €) the atom-light interaction depends
strongly on the angle of incidence. For a detuning 4 = —¢ the light field is only
resonant with the atomic transition at the two Bragg angles; hence absorption
occurs only at these angles of incidence. Decomposing the incident atomic beam in
the eigenstates |—) and [+), one can easily deduce that half the atoms are in a dark
state and pass the crystal also for times much longer than the absorption time. The
momentum distribution in the far field is then given by two equally high peaks.

On the contrary, the atomic interaction with two counterpropagating incoher-
ent light waves tuned on the atomic resonance would result in a complete
absorption of the atoms for the same angle of incidence (figure 5).

We solved our system numerically by integrating the set of equations in time.
The interaction time must be chosen to be at least as long as the spontaneous decay
time. For a shorter interaction time the Pendellésung will not have been damped
out yet and also the absorption will not be efficient. We checked using a quantum
Monte Carlo method [19] that recoil due to spontaneous emission back to the
initial state is not important at our indicated parameters.

Only a few atomic lines have such small linewidths. The intercombination
lines of alkaline earths such as Ca (and Mg) are examples (table), which would
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Figure 5. (a) The damping of the Pendellésung into a grey state for the case of Ca is
shown as a function of interaction time. As for anomalous transmission for X-rays the
atoms take much longer to pass through the crystal than would be expected from a
simple absorption picture with no coherences. (5) The transmission of atoms as a
function of incident angles does not have maxima at the Bragg angles but shows that
only half of the atoms are absorbed at the Bragg incidence owing to interference.

The atomic constants and calculation parameters used for our two examples shown in
i figures 3 and 5.

A 2 Tint 5, 2 €
Case Atom (nm) (kHz) (ms 20° [ a4 (kHz)
e>y Ca 657 0-408 50 10 —€ 23
ey Ar* 1s5~2py 715 650 03 0-5 4y 23

experimentally be very close to a closed two-level system. An experiment for this
long interaction time could be performed in a trap or with a laser-slowed atomic
beam.

Up to now the boundary conditions for a single incident beam led to the
population of both the bright and the dark grey states.

We would like to mention another possibility of how to load one of these states.
One can populate one particular state by entering the interaction zone with two
coherent atomic beams, which could be realized by a two-grating Mach—Zehnder
interferometer. Here an incoming atomic beam may be split into two parts by
Bragg scattering; then the resulting beams are redirected in an additional inter-
action zone and finally superposed in order to form one of the eigenstates. By
adjusting the relative phase between the two atomic beams one can choose between
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the bright and the grey state. A similar method has been used very recently for
photon scattering of a photorefractive crystal [22]. Recently case (ii) (b) has been
studied theoretically [23, 24]. The difference is that for this particular case we are
considering scattering of an atom at one incident angle to the laser beam, while in
[23] a wide distribution of incident angles with transverse Doppler cooling is
considered. The very interesting result reached in [23] is a ‘quasi-VSCPT’ process
that fills the grey state belonging to the two-level system. We think that this is
caused by the grey state in the anomalous transmission effect. The work in [24] for
a more complicated system is directed towards the application of the case (ii) (4)
with respect to atom interferometers.

5. Anomalous transmission and velocity-selective coherent population
trapping

Bragg scattering [9] and VSCPT [15] have been demonstrated to split an
atomic beam into two parts by interaction with laser light. For Bragg scattering,
one part is the beam giving straight through, while the other part is scattered with
a change in transverse momentum of two photon recoils, 2hk. One photon recoil
comes from absorption directly from the laser beam, while the other recoil is due to
stimulated emission into the retroreflected laser beam or vice versa.

Also in the field of laser cooling the effect of VSCPT results in two emerging
beams. Following a random walk in momentum space due to spontaneous
emission, atoms are trapped in a dark state which is a superposition of two
momentum states again separated by 2hk. The question of whether both effects
are due to the same physical cause or not seems natural.

The grey-state-like behaviour discussed in the Bragg case and in anomalous
transmission are both related to the dark state of VSCPT. This relation becomes
clear when comparing equation (2) with the equations that describe VSCPT. For
VSCPT, one may consider a A system where the counterpropagating laser beams
have a o, — o_ configuration. This can be realized in an F =1 — 1 transition.
Following Marte et al. [10] the evolution of the amplitudes is given by

R Wo + 2¢ -10 0 &
ia e |=| 1@ e—4-ily -1Q e |- (16)
g-1 0 —%Q —Wo+2e| | g1

A transformation of the basis to

V2( - 1) - 1), (17)

shows upon substitution into the truncated set of equations that the dark state
|NC) is decoupled from the light. A trivial shift in energy of € and realizing that the
detuning has been defined with opposite sign shows that the equations for VSCPT
are embedded in the truncated set of equations (2) for Bragg scattering. So both
have for the appropriate initial conditions as a solution the dark state that is the
basis for VSCPT.
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The selection criterion for VSCPT is the internal atomic state and not the
external state as for the two-level system in a standing light wave. If the atom is in
the m = —1 ground state, it can absorb only a o photon to excite the m = 0 state.
Because this photon can come from only one side, higher-momentum states cannot
be reached and thus results for all regimes in a perfect dark state.

The initial conditions gy = %21/2, g1 = —%21/2 corresponds to the coherent
dark state of VSCPT just as for the two-level case; note that for VSCPT there is a
7 phase shift between the two momentum states. It is very interesting to reverse
the argument and to ask what the initial condition g; = 1 and g_; = 0 amounts to.
It is straightforward to show that this condition gives a Pendellosung for the
o4 — o_ configuration. One might argue that the Pendellésung in the three-level A
system cannot be stable because of spontaneous emission, which causes momen-
tum diffusion. However, with a suitable choice of the Rabi frequency 2 and the
detuning 4 it is possible to keep the potential Up constant, while reducing the
optical pumping time -y, = 927/2A2. It is even possible to chose a short interaction
time, because, as discussed above, the selection criterion is not given by the
interaction time.

6. Conclusion

We feel that anomalous transmission is a very good example showing the
similar behaviours of the external states of X-rays, neutrons, electrons and atoms
in periodic potentials.

Atoms moving in light crystals offer an advantage over other particles for
studying such effects because the light fields can be very precisely engineered
using laser technology. Using diffractive optics and holography, one can, in
principle, build any desirable structure in the laboratory [25]. In addition, one
can change the interaction between the object and the atom at will, so that one may
consider firstly very weak elastic interactions such as those in dynamical diffrac-
tion, secondly very strong interactions as in channelling and thirdly those
interactions which are dominated by dissipative processes using on-resonance
light. One therefore can build complex potentials with almost arbitrary spatial
symmetry which may lead to a new tool for creating, manipulating and investi-
gating matter wave fields. In addition this offers a nice example of the wave-
particle duality through the use of the laser light to form a crystal for atomic matter
waves.
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