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Application of Fourier-Fresnel Imaging
to Neutral - Atom Interferometry
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In ghis ncce’:;’arcvidegé brief summary aof the
Fcur*er-;resnei imaging tc neutral atgm intecferametry.y Ue shall
see -ua:“‘xn anplicaticns of neutral*atom interferometry not
requiring “he interercmeter t3 have an open (multiply connected) !
rczaiagy, the use =f this imaging has sagnificant advantages,
rotaply ease of alignment, significantly increased through-put !

Flux. ability =o work with very shor:z wavelength (and/or  high
eigcity atems).

ftany of the/resuits cresented here are not new, and were

racagnizee Sy drevicus authers tc have important application in
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giecTron inrerferchmersy ang microscooy. indeed. Cowley and Moodie
Temarx :Kéél“ange =7 apaoticaticns of <heir work tc light is quite
iimited.9The resvits are srimar:ily interesting in that they span
tre houncary between crapezzidal fMoire fringes and sinusoidal
wave-incterference fringes. Their limited applicapility, perhaos
aczcunts Sor the reiative cbhscurity ©f many of the results to
tyFical curricuia cof mocern-day octics. The emphasis in this note

is thus ©o cut existing results (alcong with some additions that
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wl = i are neeges far clar:ty’ in a form suitable for use by techniques
td
™ ﬂ_ﬂt availiable fFcr reutrai-atcm interfercmetry. <
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bap it 2 1. Possible Layouts for a Neutral-Atom Interferometer.
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e 3.~ Figure :. den:czs two ccmmoniy discussed configurations for a

neutral particle interferometer. In these, a source of nsutral
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particles, is collimated into a narrow beam by a sequence of twa
slits, a distance Ac apart, each with a slit width w_. The

particles are preferably cold, slow, and possessing long deBroglie
-—-  wavelength, A. Following collimation, they pass through a sequenca
of three gratings (spaced respectively A‘ and Az apart), and
thence to a detector. Since it is generally counter-productive tao
place significant spacing betwssn the second collimating slit and
the fFirst grating, thesa elements are shown as  combined into a
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single finite extent grating.

The results of analyses of these configurations have
frequently concluded that although the collimator may gaperate in

the Fresnel regime (mc >> 1/::‘ ), there is no interference
visible at the third grating unless the second grating is divided
intg two distinct parts, with each part accepting only one Ffully
secarated diffracticn crder from the first grating while blocking
ali others; and in acditiaon, the third grating accepts only one
Fuily senarated diffraction aorder from each of the parts of the
seczng grating. Typical zransmission of such a configuration is
apcut 1077, Moreaver, widening the callimator acceptance angle
mc/A: to increase <he throughput flux translactes into a
carrespanding brcadening of the diffracted beams, now causing the
greers ta averlan. As a result, the througnput of the callimacor
must alsc te limiteg with the totai system throughput quite low.
An agdditional disadvantage of such a system is that it is
sifficult to aiign. Gratings appropriate for matter-wave deBroglie
wavelengths are unsuitaple for =sleczromagnetic radiation, unless
-he radiation is in the soft x~-ray region with a wavelength
ccmpoaraple to the matter-wave defroglie wavelength,
The purcose of che nresent note i{s ¢c indicate that, contrary
revigus anaiyses, it is not necessary to separate the
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diffracticn orders if the open topology is not needed for a

fic application, such as one requiring exploitation of the
guantum topolagical phase. A price one must pay for acceptance of
all diffraczian orders s thact the input atcmic beam must be more
nearly monochromatic. In actuality, this price was already being
paid with the separateg order configurations, since use of a
significantly nan-monochromatic beam with them will increase each
diffraccted beams angular width, and again lead to arder overlap
with the corresponding necessity of further reduction of wc' and

consequent throughput.

2. Historical Background of Fourier-Fresnel Imaging.
In 1836 'Ialba‘t1 reported the results of an exparimant that
were quite surprising. The explanation of thasa results was

4. Talbot, Phil. Hag. ©, 401 C1836).




provided by Lord Rayleigh® in 1B881. The reciprocal effect Cwith
interchanged source and datector) was observed experimentally by
van Lau in 1848,

A diagram of the Talhat and van Lau experimental
canfigurations is shown in Figure 2. In the Talhot confliguration,
monochromacic light from a point source is focused parallel by a
lens angd passes through two transmission gratings (Ronchi cullngs)
<C an extenced detector. Clearly, when the gratings have zero
spac:ng (i.2. their pianes are in ccntact) and are orienced so
that their slits are parallel, they will form a Moire pattern. As
gne is transiatea parallel to the gther in its own piane in a
girection peroencicuiar to the slits, the transmitted light
intensity will vary in a periodic trapezoicdal fashion (triangular
when the slit width to spacing ratio is 1/22. When the gratings
are separatsd and the translation is again performeq, the
trapezcidai pattern tends to wash cut. Talbot’s surprising rcesult
was tThat at grating selaraticons that are integral multicies of a

=naracter:stic leng:th Lr' given by
L =ng a®/x = n L"‘ withn =G, 2, 2, ... s an integer,

ana 3 seing the gratings’ perioc, the Moire pattern reappears with
rnign zznrtrascoc. Moregver, when the integer n is gdd, the zattern is
sracezoidal desendence is snified by 1/2 perico.

A similar effect accurs in von Lau’s configuration when an
exTenced sgurce is usea aigng with a coint detecter at ©tne fcoccocus
cf a iens foiiowing the seccnd grating. Moreogver. i von Lau's
configuration, the image plane of the lens bdeoessws displays an
intensity pattern that is identizal to the grating transmission
function.

Since the fundamental Talbot-Rayleigh length LT' is a
Function of the wavelength A, the Talbot and von Lau effects
clearly are examples of wave interference. HMoreover, since the
second grating accepts light in many diffraction orders
simultaneously, a full analysis of these experiments must employ
Fresnel, not Fraunhafer diffraction. Moreover, the scaling of L,"l
- is intriguing for neutral atom interferometry, since it has
convenient values when calculated in terms of available atomic

©lord Rayleigh, Phil. Mag. 11, 186 (1881).

- |




deBroglie wavelengths and micro-fabricated gratings. However,
neither the Talbhot nor von Lau configurations are dlfectlu
suitable for matter - wave interferometry hecause of the raquired
presence of a lens.

Cowley and noodie3 provided a theoretical and experimental
analysis in 1857 of the images of a point source Faormed by a
cTansmission grating. They found that when a condition on the

gecmerry is satisfiea (similar tc the Talbot-Rayleigh cendition
given above), the image plane of the grating displays an intensity
pattern that is a magnifled exact resolica of the imaging grating.
Jhen the point source is replaced by a grating in their analysis,
they produce an inctermediate configuraction which contains the
Taibot and van Lau configurations as limiting cases (source and/or
detecIor maveac Lo infinityl. Note that these configurations do not
invalve the use cf a lens, and as such are eminently suitable fcr
use in matter-wave interfercmerry (an application of their results
That %hey ncted).

Wwinthrop ang wor:hingtcn% reanalyzed the Cowley and HMoodie
configuration in 1853 anc disccovered the existence of additional
high contrast images that do not satisfy the Taibot-Ragleigh
concdition, and do not previde exact replicas of the imaging
grating. They called these additicnal images Fresneli images.
reserving the term Fcurier images fcr those that form exact
magnified images. Fresnel images of an intensity distribution that
cansists aof a multiplicity of magnified repiicas (aliases) of the

criginal gracing.

3. Application of Fourier - Fresnel {imaging to neutral - atom
Interferometry

We now summarize and apply the above results to a
configuration suitable for matter-wave interferometry. Consider a
sequence of three broad transmission gratings, whose planes are
spaced a distance R apart. The middle grating has equally spaced
cpen (vacuum) slits of width s with periodic spacing d, while the
3

J.M.Cowley and A.F.Maoodie, Proc. ?hgs. Soc. (London) 70,
486,497,505 (1957).

t5.T.uinthrop and C.R.Worthington, JOSA, 8, 373 (1985).




first an third gratings have open slits of width 2s with paricdic
Spacing 2d. A convernient ratic of s/d = .1 will suffice for our
purposes, but this choice is not critical. The sequenca s
diffusely illuminated by nearly manachramatic but weakly
callimated neutral-atcm deBroglie waves. In this cenfiguration,
unlike the configurations discussed earliec Ffor neutral atam
interferometers, the middle grating is naot split into two parts.
Let us define a characzeristic wavelength for this
configuratiaon k?- = a%/ R. The first grating Fforms a series of
small equally spaced incoherent sources, each one illuminating the
second grating. All possible Fresnel diffraction orders aof the
secong grating then reach the third grating. Following the above

results, when the atomic debroglie wavelength A = L xrn' then

n
each source goint an the flrst grating will fForm an image on the

thire grating censisting of a series of n stripes per 2d, each of
wicth s. {(When n = [ holds, the images are Fcurier images. When
n > 1 haids the images are Fresnel images, by winthrop and
Warthington’'s cdefinition.? If every n’th stripe is bositioned on
an apen slit of the third grating, then transmission will occur.
If the thirg grating is siocwly transiacted across its cwn pattern,
then the transmissicn will vary pericdically with spactial period
cf 2c/n. When A\ / A1' is not a ratic of two small integers,
periggic zTransmissicn does not cccur. The periodic transmission
signal can then easily be measurea using standard phase sensitive
detectiaon (lock—-in) techniques.

Since eacn socurce point of the first grating provides exactly
the same pattern, the .periodic set of sources provided by the
first grating will increase the intensity transmitted by the third
grating in proportion to the number of sources. Correspondingly,
since the sizes of the sescond and third gratings may be increased
‘without limit, smd a very high detector flux will thus be
obtained.

An additional interesting effect can be observed when one
varies A. Transmission resonances can be cbserved when A = XT‘m/n
holds. If one monitors the aforementionad psriodic tranamission at
the n-th harmonic, there will occur a resonance whaneaver m |is

approximately Lntegtal.jrha width and shape of thesa rescnances

wibn
@.m« omdn 0l SRPewenuu. of,»ilo.plvu.)

5

bt e it




depends on (s/d), m and n. When the actomic heam has a dominantly
particle-like character (as opposed to wave-like) the n = 1
resgnance reappears. Thus, in the high velacity limit C¢i.e. beam
cocler/decslerator turned off), the three gratings Ffarm only
gecmetric shadows, and a simple HMaire pattern results. This
wave-particle transiticn occurs when the deBroglie wavelength s
sufficiently short that any point aon the third grating |is
illuminated by at most agne slit.

The above configuration will also work as a sensitive
inerzial sensor, in the same sense as the earlier coaorisidered
interferomerers. The path frem any source point to any image point
forms a set of nesteg diamond shape interferometers, each with its
own Inertial sensing cavability. However, each such interferomecer
has a different area. Thus if significant gravitational or
Ccriclis force is applied to the atcms, the various
interferomerers within the nest will get ocut 3f phase and the
interference will cdisappear. Thus zhe magnetic-field servo sysctem
discusseg earlier by the author can be used to keep the atoms
sensing essentially the equivaient cf an inertial frame, and the
inercial signals obrtainea from the servg system error signal.

Finally, let us discuss a further advantage of the system
thus cescribed. That is its case of aligmnmenc. It was noted above
that in the high velocity 1limit (i.e. beam cooler/decelerator
turned cff), the gratings form _onlg geometric shadows, and a
si1mple Ngire pattern results. Qsing the same phase sensitive
dectecticn technique, gne then can align the gratings to this toire
pattern by maximizing the n = 1 harmonic signal. In addition,
since the grating pericd d can be much larger thanm that required
for the separated beam configuraticns, these gratings can now be
inccrporated as elements of an tn-sttu optical interferometer, and

the coarse alignment performed with light. AsCozica For ";"'"“}
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