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Diffractive matter wave optics in time
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We demonstrate a programmable sideband modulator for atoms. A controlled phase modulation is engraved
on an atomic matter wave by interaction with a frequency-modulated light potential. The principle allows for
tailoring atomic optical elements, e.g., temporal lenses, adjustable beam splitters, and holograms, in the time
domain. As an illustration we present the time analog of a blazed grating that is generating asymmetric side-
bands of atomic matter waves. © 1998 Optical Society of America [S0740-3224(98)01012-1]
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1. PHASE MODULATION OF MATTER
WAVES

Methods that provide coherent control over matter waves
are subjects of increasing interest, both in fundamental
research and in applications such as atom lithography.!
Their importance may even grow with advances in the de-
velopment of an atom laser.?2 Although static atom optics
elements such as atom mirrors, lenses, and beam splitters
already exist, to date no programmable modulation meth-
ods for atomic matter waves have been developed, al-
though the feasibility of sideband generation was shown
recently.3?

Here we demonstrate two elementary advances in this
field: First we show how to imprint a programmable
phase modulation onto an atomic matter wave and then
we explain how to use this technique to transfer the prin-
ciples of spatial diffractive light optics to the time domain
for matter waves. This process promotes the existence of
atomic optical elements that are generalizations of tradi-
tional optics to the time domain, such as temporal lenses,
gratings, and time-domain holograms. As an illustration
we present the temporal analog of a nontrivial optical el-
ement, which is a blazed grating. The method extends
the possibilities of light modulation by exploiting the long
interaction times achievable for atoms in an extended
light potential. By temporal modulation of the potential
an atom can be transformed into a tailored superposition
of different energy and momentum states. We achieve
this result by using a frequency-modulated diode laser
without any mechanical device. Our method provides
full control over the spectral composition of matter waves
and can be used for coherently shaping an atomic wave
packet.

2. DIFFRACTIVE OPTICS IN SPACE AND
TIME

We start by recapitulating the idea of diffractive optics.
The basic principle is that many optical elements (e.g.,
lenses) operate by just spatially modulating the phase of
an incident wave front by their transmission function.
However, a phase shift of multiples of 27 cannot be dis-
tinguished from a zero phase shift. Therefore one can re-
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move excessive material (in steps corresponding to phase
delays of 27) just until the wave-front modulation is less
than 27 at each position. The resultant phase object has
imaging properties that are similar to those of the origi-
nal optical element. In optical holography these phase
objects are called kinoforms.® Thus imaging properties,
which are commonly attributed to refraction, can be also
achieved by diffraction in a quite natural way.

As an example, we consider a prism that has the well-
known property of refracting incident waves in only one
direction. This deflection is caused by the wedged refrac-
tive material’s producing a phase shift that varies lin-
early transversely to the beam direction. The corre-
sponding kinoform has the shape of a sawtooth function
and is known as a blazed grating. It deflects light in a
single direction only, by means of diffraction instead of by
refraction. Blazed gratings are used for achieving high
diffraction efficiencies (as much as 100%) in many techni-
cal applications, e.g., in optical spectrometers. Blazed
gratings for atomic matter waves in space have already
been demonstrated experimentally by use of superposed
standing light waves.”

How can this blazing principle now be transferred to
the time domain? Similar to the way in which a prism
changes the momentum of an incident wave, by applying
a phase shift that varies linearly in space, the correspond-
ing time-domain element changes the frequency of the
wave by applying a phase shift that varies linearly in
time. Thus the time analog to the lopsided momentum
transfer produced by a prism is a frequency shifter that
shifts the frequency of an incident wave in one direction
only. One can achieve such a frequency shift by trans-
ferring a time-dependent linear phase shift to the original
wave. According to the blazing principle such a linear
phase shift can be approximated by a sawtooth function,
i.e., an originally linear function that is reset to zero each
time a total phase shift of 27 is reached (see Fig. 1). Ap-
plying such a phase shift to a matter wave should produce
the same result as applying a linear phase shift: ie., a
pure frequency shift in one direction. Note that the de-
vice is a full temporal analog of a blazed grating in space
because it acts on the frequency spectrum of the matter
waves in a way analogous to that in which a real blazed
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grating acts on the transverse momentum distribution of
the scattered atoms.

Now the practical question arises of how to program
such a time-dependent phase shift of an atomic matter
wave. It has been already demonstrated that atoms can
be diffracted from material gratings® and even from
standing light waves.® The reason that this can be done
is that the complex interaction potential'? between a light
field and an atom gives rise to a complex index of refrac-
tion. The spectral dependencies of the real and the
imaginary parts of the potential are given by a dispersion
curve and by a Lorentzian, respectively, both centered at
an atomic transition line (inset A of Fig. 2). These curves
describe refraction and absorption (diffuse scattering), re-
spectively, of the incident matter waves. In our experi-
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Fig. 1. Principle of a blazed grating in time: An ideal fre-
quency shifter is characterized by a linear time-dependent phase
(linear function). An ideal blazed grating approximates this
shape by a sawtoothed function with the same slope and a (peak-
to-peak) amplitude of 27 (larger jagged curve). In our experi-
ment we realized a sawtoothed function with an amplitude of =
(lower curve). Inset, a complex pointer representation of the
phase shifts. Our realization corresponds to a pointer, which
suddenly takes a shortcut to its starting point after each semi-
circle.
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Fig. 2. A, Real part (real potential), imaginary part (absorp-
tion), and phase of the complex interaction potential between
light and atoms near an open electronic transition. The curves
are plotted as a function of the excitation frequency in units of
the linewidth y. The center of the plots corresponds to the reso-
nance frequency. The corresponding complex phase is an arc-
tangent function with an offset of —7/2 extending over a range
from —7to 0. Atoms diffracted at such a potential pick up this
complex phase angle. B, In our experiment we use the lsj
— 2pg (801.7-nm) transition in metastable argon. After reso-
nant excitation the atoms relax to their ground state with high
probability (72%). This corresponds to absorption because our
channeltron detector does not register ground-state atoms.
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ment the absorption is realized!! by resonant excitation of
the atoms, which leads to relaxation to an undetected
ground state (see inset B of Fig. 2).

From light optics it is well known that the scattering
phase of a photon at an atom depends on the detuning of
the light frequency from an atomic transition; i.e., the
scattered photon acquires the phase of the complex re-
fractive index that corresponds to the absorption line.
For example, this is the reason that the phase of light
scattered at purely absorptive gratings differs by #/2 from
that scattered at purely refractive gratings. However, it
is less obvious that in the course of the scattering process
the matter-wave phase of the atom also has to change, be-
cause the resultant phase of the total system of photon
and atom has to stay constant. Therefore the phase of a
diffracted matter wave also jumps by 7/2 if an originally
refractive light grating is interchanged with an otherwise
identical absorption grating.!’ However, to date it has
not been demonstrated that such a phase shift can be per-
formed smoothly by continuous shifting of the light fre-
quency across the atomic transition. Nevertheless, such
a shift is exactly the mechanism that we use to obtain
control of the matter-wave phase; i.e., we sweep the fre-
quency of a light grating, which diffracts the atoms. This
process changes the complex phase of the potential con-
tinuously as an arctangent function of the light frequency
in a range from — to O (inset A of Fig. 2). In what fol-
lows, we apply this phase control to transfer the principle
of diffractive optics to the time domain. Thus our experi-
ment can be seen as a confirmation both of this relation
and of the fact that the scattered atoms continuously pick
up the spectral phase angle of the complex interaction po-
tential.

3. EXPERIMENTAL DEMONSTRATION:
A BLAZED GRATING IN TIME

Our experiment is sketched in Fig. 3.12 A collimated (<6
purad)  beam of metastable argon atoms (v
= 700 m s~ !; 60% velocity spread) is Bragg scattered at a
thick standing light wave (length: 4 cm), which forms an
extended periodic potential for the atoms that corre-
sponds to a one-dimensional light crystal (grating con-
stant, 401 nm). This light crystal is set up by retroreflec-
tion of a collimated expanded diode laser beam at a
mirror in vacuum. The laser frequency can be modulated
in a wide range (120 MHz ~ 20 linewidths) across the
atomic absorption line by direct modulation of the laser
diode current with frequencies up to 100 kHz by use of a
programmable signal generator. Thus the complex po-
tential phase can be changed a few times (>5) during the
passage of each atom through the crystal. The meta-
stable atoms with their high internal energy (12 eV) can
be registered by a channeltron detector. A thin slit in
front of the detector guarantees that only first-order dif-
fracted atoms are counted. By tilting the mirror with a
piezo actuator one can measure the diffraction efficiency
of the atoms as a function of their incidence angle at the
light crystal. Because of the angular selectivity of Bragg
diffraction, atoms are scattered only if their incidence
angle lies within a narrow range around the Bragg angle
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Fig. 3. Experimental setup (not to scale): A collimated thermal
beam of metastable argon atoms is Bragg diffracted at a thick
standing light wave created by retroreflection of an expanded la-
ser beam at a mirror. The laser frequency can be modulated
across the atomic resonance line (at 801.7 nm) by direct modula-
tion of the laser diode current by use of a programmable signal
generator. We can vary the incidence angle ® by tilting the mir-
ror. A channeltron detector located 1.4 m downstream, masked
by a 10-um slit, counts first-order diffracted atoms as a function
of their incidence angle at the light crystal.

(18 urad), and therefore the result of such a measurement
consists of a single peak at the Bragg angle in static ex-
periments.

The situation changes when atoms are scattered at a
periodically time-modulated light crystal. It was shown
earlier® that in this case coherent matter-wave sidebands
can be created that are symmetrically offset to higher and
lower energies by the modulation frequency. However,
because the frequency shift of a matter wave is always re-
lated to a momentum change, there is only one specific in-
cidence angle under which a particular frequency shift
can be obtained. Therefore the frequency-shifted atoms
appear at new discrete Bragg angles, and a rigid relation
connects the new Bragg angles with the corresponding
frequency shift of the diffracted atoms.'®'* In our case of
small incidence angles, the angular separation A® of the
new Bragg angles from the static Bragg angle @3 is pro-
portional to the modulation frequency wjy;, which is si-
multaneously the frequency shift experienced by the scat-

tered atoms!®:

AG®
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where w,. is a geometric constant of the experiment,
namely, the two-photon recoil frequency that an atom ac-
quires when it is absorbing a photon from one light-
propagation direction within the standing light field and
then reemitting the photon in the other direction. In our
case W, = 27 X 30 kHz. The derivation of Eq. (1) is a
straightforward generalization of the Ewald construction
to a Bragg diffraction process in space and time. Be-
cause of the wide transverse extension of the monochro-
matic standing light wave in the Bragg case, both the
length and the direction of the light grating vector are
sharply defined. Then the energy of a scattered atom af-
ter addition of such a grating vector is strictly determined
by momentum conservation. In the Ewald picture the
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Bragg condition for first-order elastic scattering is ex-
pressed by the requirement that incident and diffracted
waves connected by such a grating vector form a symmet-
ric triangle. At all other incidence angles there is an en-
ergy difference between incident and diffracted atoms,
suppressing any elastic scattering. However, diffraction
can be enabled if the corresponding energy difference is
resonantly supplied by a periodic time-dependent pertur-
bation with the appropriate frequency realized, e.g., by
temporal modulation of the light crystal. The relation of
Eq. (1) merely connects the deviation of any incidence
angle from the static Bragg angle to the corresponding
frequency change of the atoms after diffraction. The tra-
ditional static Bragg condition results in a special case,
assuming equal energies of incident and diffracted atoms.
In particular, the new Bragg angles are related to the
sign of the frequency shift; i.e., frequency upshifted atoms
are diffracted closer to perpendicular incidence and vice
versa. Consequently the angular deviation from the
static Bragg angle is a direct measure of the frequency
offset of the diffracted atoms, and our light crystal repre-
sents both a frequency shifter and a spectrum analyzer at
the same time.

In our present experiment we exploit this specific fea-
ture of light crystals together with the temporal blazing
principle to demonstrate, for the first time to our knowl-
edge, an asymmetric sideband creation (or suppression) of
matter waves. We proceed in three steps to approach our
closest implementation of the blazing principle.

First we demonstrate the effect of a time-dependent
phase on the complex potential by sinusoidally modulat-
ing the frequency of the light grating symmetrically from
the red side to the blue side of the atomic transition line.
The laser frequency is changed sinusoidally at a rate of
wy = 100 kHz in a range of =30 MHz (corresponding to
+5 atomic linewidths) across the atomic resonance line.
The resultant diffraction efficiency is plotted in Fig. 4A as
a function of the incidence angle. It shows one central
peak and two symmetrically located side peaks. The cen-
ter of the plot corresponds to the static Bragg angle. The
atoms in the central peak are not frequency shifted,
whereas the atoms in the side peaks are shifted by the
modulation frequency of +100 kHz, as explained above.
The sign of the frequency shift differs for the two side
peaks. The same experiment with an unmodulated
Bragg crystal results only in the central peak of elasti-
cally scattered atoms.

To realize our blazed grating in time we next applied a
temporally asymmetric phase shift. We chose a saw-
toothed frequency modulation symmetrically across the
atomic resonance line with a frequency of 100 kHz and a
modulation amplitude of =5 linewidths, as in the previ-
ous experiment. The result is displayed in Fig. 4B.
Now, aside from the central peak of unshifted atoms, only
one side peak of frequency-shifted atoms appears. This
result demonstrates that an asymmetric modulation in
the time domain can produce a corresponding asymmetry
in the frequency domain.

However, some reflection shows that our pure saw-
toothed modulation of the light frequency is not the best
realization of the blazing principle, because it does not re-
sult in the desired sawtoothed modulation of the scatter-
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Fig. 4. Diffractive optics in time: The intensity of first-order
diffracted atoms is plotted as a function of the atomic incidence
angle at the frequency-modulated light crystal. Solid curves,
Gaussian fits used as guides for the eye. Insets show the fre-
quency modulation » applied to the laser and the corresponding
phase modulation of the atom ¢. A, A temporal symmetric
(sinusoidal) frequency modulation (100 kHz) about the atomic
resonance frequency results in symmetric frequency sidebands.
B, A sawtoothed frequency modulation suppresses the lower-
energy sideband. C, A tangent frequency modulation compen-
sates (inset) for the arctangent spectral variation of the complex
potential phase (Fig. 2), yielding the closest approximation to a
sawtoothed phase grating (blazed grating) in time (note that the
integration time per data point is doubled relative to those of the
previous figures).

ing phase (Fig. 4, insets). For optimum realization, the
frequency modulation has to compensate for the nonlin-
ear (arctangent) spectral variation of the complex poten-
tial phase (see Fig. 2) when one is scanning across the
atomic transition. Therefore the laser frequency has to
sweep as the corresponding inverse function, i.e., a tan-
gent function with appropriate slope. The result of such
modulation is displayed in Fig. 4C, for which we chose a
tangent frequency modulation with a 100-kHz modula-
tion rate symmetrically across the atomic absorption line.
As expected, we obtained a more pronounced sideband
asymmetry than in the previous results. Additional ex-
periments with a temporally inverted (negative) tangent
modulation showed that the sideband peak now appeared
at the other side of the static Bragg peak, corresponding
to an opposite sign for the frequency shift. Thus the en-
ergy shift depends only on the temporal orientation of our
frequency modulation, in accordance with our blazed-
grating model.

4. DISCUSSION

It should be mentioned that in our experiment the abso-
lute and relative efficiencies of sideband generation, i.e.,
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the ratios of frequency-shifted atoms to incoming and
transmitted atoms, were of the orders of ~5% and ~50%,
respectively. Thus the absolute efficiency was less than
that of a previous experiment (=~20%) in which an
intensity-modulated, purely refractive light crystal was
used.? This result is due to the additional absorption in
the present experiment. However, the demonstrated
phase-modulation scheme allows for arbitrarily shaping
the sideband structure, whereas in the previous experi-
ment the sideband composition was fixed and always
symmetric. One application of this arbitrary access to
the sideband composition appears if the modulation
scheme is applied in a thin-grating regime. There, the
angular selectivity of sideband production will be lost,
and all allowed sidebands will arise simultaneously in the
diffracted beams. Thus a temporally modulated dif-
fracted matter wave can be produced, with a tailored side-
band structure. Because this kind of sideband manipu-
lation is a coherent process,'® wave packets with
programmed features can be be generated or coherently
manipulated. Detection of such a tailored wave packet
would require a new interferometric detection scheme be-
cause in the thin-grating regime our setup loses its ability
to act as a frequency analyzer; i.e. the frequency-shifted
atoms can no longer easily be identified as new Bragg
peaks.

It is interesting to investigate how the feasibility of our
phase-modulation scheme is affected by the simultaneous
modulation of the potential strength connected with the
laser frequency modulation. In fact, the scheme explains
the deviation from the behavior of an ideal blazed grating
in time, which should provide only one single-frequency
sideband, without any unshifted atoms, in a way similar
to that in which a spatially blazed grating deflects an in-
cident beam only in a single direction. The potential
modulation arises because the potential strength depends
on the frequency detuning from resonance during a fre-
quency sweep with constant light intensity. We can ana-
lyze this behavior by regarding the spectral dependence of
the complex potential drawn in Fig. 2:

Viw) = QO pabi” 1 @
4 - wy+iy2’

Here Qg,,; = dE/#% is the Rabi frequency of an atom in
light field E at resonant excitation, vy is the width of the
absorption line, and @ — w, is the detuning of the light
frequency from the resonance frequency w,. This com-
plex function can also be expressed in a representation
that uses absolute value and complex phase:

w — U)O)
V(w) = i’ ks 3)
¢ 4 [o- 0 + (v2)27

I arctan

This representation already suggests that a periodic
time-dependent frequency modulation with rate w;; of the
shape

w(t) = wy + (y/2)tan(wyt) 4)
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compensates for the complicated spectral dependence of
the phase in the exponential factor. Inserting Eq. (4)
into Eq. (3) yields, after some trigonometric manipula-
tions,

. 2
—ifiQRapi

V(t) = 1y

cos(wpt)exp(iwyt)

—ifi Qpapi”
4y

[1 + exp(2iwyt)]. (5)

This result corresponds to the Fourier representation of
the potential modulation, consisting of a static component
and a second component at frequency 2w;;. Note that
the Fourier spectrum is not symmetric (non-Hermitian);
i.e., there is no conjugate frequency component at —2w,, .
In a simplified model, which is valid for small modulation
efficiencies, the sideband intensity of a frequency shift
should be proportional to the square of the corresponding
Fourier component. Accordingly, the modulation of Eq.
(5) results in two equal fractions of elastically scattered
atoms and frequency-shifted atoms with a frequency off-
set of 2wy;. These fractions correspond to the two peaks
in the data of Fig. 4C.17 Further analysis of the Fourier
spectrum of the potential modulation shows that the in-
tensity of the frequency-shifted sideband grows if the am-
plitude of the potential modulation in Eq. (4) exceeds the
value /2. Actually, such an overcompensation of the
slope of the complex phase is the reason that the peak of
frequency-shifted atoms is larger than the peak of elasti-
cally scattered atoms in the data of Fig. 4C.

The above analysis shows that the deviation from the
behavior of an ideal blazed grating, which should sup-
press the peak of unshifted atoms, is due to the intensity
modulation connected with our phase modulation. How-
ever, it is not trivially possible to compensate for the ef-
fect of this intensity modulation [the cosine-function in
Eq. (5)] by simultaneously controlling the light potential
strength and the reciprocal function, i.e., «1/cos(wyst).
The reason is that such simultaneous control would re-
quire a periodic change of the sign of the potential, which
one can attain only by flipping the sign of the frequency
detuning. Unfortunately, this sign flip would be accom-
panied by an undesired phase jump of 7, canceling the re-
quired effect. This problem could be circumvented in an
inverted system that also provided a negative absorption
process, i.e., gain, because there the corresponding com-
plex potential switches sign compared with the complex
potential drawn in Fig. 2. Practically, this solution
might be accomplished in a three-level system by use of a
repumping transition from the absorbed state. In such a
system the efficiency of sideband generation would no
longer be limited by the absorptive contributions, because
they were compensated for by repumping. Scanning the
laser frequency over two adjacent absorption and emis-
sion lines provides the jump of the potential sign in the
middle between the two lines (assuming equal line
strengths) that is required for compensation of the cosine
function in Eq. (5). Simultaneously, this scanning step
corresponds to the step of performing full circles, instead
of our actual semicircles, of the potential in the complex
plane (see Fig. 1). This procedure would yield a perfect
analog of a blazed grating in time. More generally, such
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a system allows one to adjust any scattering phase in the
whole interval from 0 to 27 by controlling the light fre-
quency and to adjust the interaction strength indepen-
dently by modulating the light intensity. Thus it pro-
vides all features to yield arbitrary access to the sideband
composition of atomic matter waves by use of the prin-
ciples of diffractive light optics.

Summarizing, we have demonstrated that spatial con-
cepts of traditional diffractive optics with light can be
transferred to matter wave optics in the time domain,
yielding a mechanism, similar to a frequency synthesizer,
to shape the distribution of matter wave sidebands. As
an example, we realized a lopsided frequency shifter for
matter waves that acts as a time analog of a blazed grat-
ing. The generalization of the principle to other optical
elements in the time domain is straightforward. For ex-
ample, the realization of a refractive-index Fresnel lens in
time requires transferring the well-known spatial phase
profile of a Fresnel lens as a temporal phase profile to the
diffracted atoms, which is achieved by a tailored fre-
quency modulation of the light grating. As in our experi-
ment, the tangent variation of the spectral phase of the
light potential needs to be compensated for by appropri-
ate programming of the frequency-modulation function.
Diffraction of a monochromatic atomic beam at such a
modulated light grating should result in a frequency-
chirped matter wave that focuses periodically in time.

Such experiments, which exploit the principle of dif-
fractive optics in the time domain, can give fundamental
new insights into the quantum mechanics of wave pack-
ets. Additionally, we expect numerous practical applica-
tions, e.g., in active atomic interferometry, atomic lithog-
raphy, and coherent matter wave manipulations,
especially in combination with progressing developments
in coherent sources of atomic matter waves.
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The coherence of atomic matter-wave sidebands created
with a modulated refractive light crystal has been already
demonstrated.? This coherence is not destroyed in the
present modulation scheme because diffraction at absorp-
tive light crystals is also a coherent process, as was shown
previously.!!

It might be striking that a frequency shift of 2w;,; results
from a modulation o« tan(wy,t), i.e., with modulation rate
wyr. However, the tangent function is periodic in an inter-
val of 7 instead of 27; i.e., the actual periodicity of the ap-
plied modulation is 2w,;. Note that a Fourier component
at a positive o value in the spectrum of the modulated po-
tential creates a frequency sideband with negative fre-
quency offset. In the Schrodinger equation this negative
frequency is expressed by the sign in front of the time de-
rivative of a wave function; e.g., the representation of a
plane de Broglie wave with positive kinetic energy corre-
sponds to a negative sign of the time-dependent exponent
< exp(—iwt + ikx).



