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Phasor analysis of atom diffraction from a rotated material grating
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An atom-surface interaction was detected by studying atom diffraction from a rotated material grating. A
phasor diagram similar to the Cornu spiral was developed to explain why there are no missing orders in atom
diffraction from material gratings. We also show that atom-surface interactions combined with rotated grating
structures can produce asymmetric, i.e., blazed, diffraction patterns. Our conceptual discussion is supported by
experimental observations with a sodium atom beam and silicon nitride gratings. The data are consistent with
the nonretarded van der Waals interaction.
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Atom diffraction from a material grating has recently e (" inié
been used to measure the strength of van der Waals interac- Wo=—7 e edg, 2

tions between atoms and the grating. This was possible in w2

[1-3] because atom-surface interactions modify the intensityyhere ¥, is the incident wave amplitudel is the grating
in each diffraction order as a function of atonvielocity. In period, w is the aperture widthx=27(d)™! is the grating

this paper we measure van der Waals interactions by studygaye number, and is the spatial coordinate in the aperture
ing diffraction as a function of incidencangle We also  iong the grating wave vector.

demonstrate an asymmetric atom diffraction pattern from a Thjs integral can be visualized by adding phasors of

fabricated material grating. o length d¢ and phasexé in the complex plane. Parametric
Historically, a graphical analysis in the complex plane hasyrves generated this way are the real vs imaginary parts of

been useful to understand optical diffraction. This is espethe cumulative integrdlEq. (2)] for ¥,.. The magnitude and

cially true for the Fresnel integrals for which no closed formphase of a resultant vectdrom start to end of each cumu-

permits a physical interpretatio@]. We have adapted this shown in Fig. 1a). A resultant of zero magnitude represents

approach to our current problem in atom optics. Even in they missing order.

far-field ||m|t, van der Waals interactions m0d|fy atom dif- Before inc|uding phase shifts due to atom-surface interac-

fraction such that no closed form analytical description hasjons; this integral can be computed analytically:

been found. Hence we developed a phasor diagram similar to }

the Cornu spiral to interpret our atom diffraction data. W, = Winen sindng), (3)

In particular, we prove thaF no co.mbination of grating \where sinéx) =sin(mx)/ 7x. For comparison with experi-
geometry and van der Waals interaction strength can causfent intensity is given by,=|W,2
! n nl -

diffraction orders to disappear. This is proved using a phasor |, ihe WKB approximation, to leading order W(¢), van

diagram, and confirmed experimentally by rotating a diffrac- Waals int ti h - :
tion grating about an axis parallel to the grating bars whileder aals interactions cause a phase shi(¢) given by

measuring the flux in each diffraction order. _ =Vl
In the standard theory of diffraction from a Ronchi-ruling, boawl§) = vh (4)
i.e., a square-wave absorbing grating, a missing order is ob- ) . )
tained when whereV(¢) is the van der Waals potential for atoms interact-
ing with a surface] is the distance the atom propagates in
m the potentialp is the atomic velocity, and is Planck’s con-
n=+—, (1) stant divided by 2. Near a surfacéi.e.,r <\,) the potential
K is known to be
wheren is the diffraction orderm is an integer greater than -G,
zero, andy is the open fraction defined as window size di- V(r) = 3 (5)
vided by grating period. For example, a 50% open fraction
suppresses all the even orders. wherer is the atom-surface distance anglis the principle

The origin of missing orders in the diffraction theory can atomic transition wavelengtf6]. For simplicity, as in[1-3],
be explained with a phasor plot often referred to as a vibraV(r) is approximated by Eq5) inside a grating window-slot
tion curve[4,5]. In this approach a diagram in the complex of depthl, and approximated by zero outside the grating
plane[Fig. 1(a)] is used to visualize the amplitude and phasewindow.
of the field in each diffraction order. In the Fraunhauffer van der Waals interactions with the bars on either side of
approximation, the fieldV,, associated with the™" diffrac-  the slot thus modify the phase of each point on the phasor
tion order from a periodic array of apertures is diagram as shown in Fig.(i). This phase is described by
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FIG. 1. (a) Phasor diagrams for diffraction into orders0,1,2,3 from a grating with open fractioj=0.48. Resultant vectors are drawn
with dashed lines from tip to tail of each curu®) van der Waals interactions modify the phasor diagram, and considerably increase the
magnitude of the second order.

D(8) = () + Dpawl ) + Dotsen (6) For C3=0 the phasor curves lay on circles because the
. . _ . curvature, given by the derivative of phase with resped, to
where ¢,(¢) is due to diffraction without an atom-surface g constant(d/dé&)é,=n«]. The phase difference between

interaction,¢,qw(§) is due to van der Waals interactions with 4 endpoints of the curvgiven by ¢n(é=w/2)-¢n(é

surfaces located a@=+w/2, and a constangsseiis added  =_\y/2)] corresponds to the anglew, and the arc length of
for reasons that will be discussed: the curve is given by the window size Thus the radius of
the circle isp=(nk)™! and it is centered at the locatiap.
$n() =Nk, (7)  When the curve is an integral number of full circles, the

endpoints overlap and the resultant field has zero magnitude.
C.l This corresponds to a missing order.
boanl &) = —=[|&-wi2| 3+ | £+ w23, (8) Additional phase due to van der Waals interactions makes
vh the phasor curve deviate from a circle. One end of the spiral
will always beinside the circle defined by and the other
16C4| end must beoutside This is true because the curvature
— [(d/d&d,] increases monotonically ag increases from
-w/2 to w/2 (and still equalsnk at £=0). Hence, the two

Examp|es of phasor diagrams for each diffraction order ends of the spiral will never coincide and the resultant field
=[0,3] modified by ¢,qy are shown in Fig. (b). Figure 2  Will never have zero magnitude. .
shows several phasor diagrams fo¥2 given different val- We have now proved that regardless of the physical open
ues ofCs. fraction, there are never missing orders in atom diffraction
The constantpyse is NOt physical but is chosen to be from a material structure unle€%=0. This expands on the
bottse=—bpanl0) as a convenience. This permits comparisonP0int already identified if1] that phase shifts due to atom-
between shapes of the phasor diagrams for arbiGaryrhis ~ Surface interactions modify the envelope of the diffraction
phase offset does not change the norm of the resultant anRattern. . .
plitudes, hence it will not affect the argument regarding 1he phasor diagram also provides a method to bound the
missing orders. It simply rotates the spirals in Fig. 2 to main-error on numerically computed amplitudes. If the limits of
tain the condition tha®,(0)=0 independent ofs. Thus, the  integration in Eq.(2) are replaced by @w/2-¢), then the

tangent to each curve parallels the real axis wkef. maximum error in the resultant amplitudes is given by the
radius of a circle with the curvature of the phasor diagram at

the endpoint, i.e., error iV, is less thar¥;,.(R/d) where
Rt= dq)n/d§|§=(wlz—s)-

d’offset: - th3 . (9)

2™ order
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FIG. 2. Phasor diagrams for diffraction from a grating with open | y
fraction »=0.48 shown for diffraction orden=2 given different v twist axis
values of the van der Waals coefficieb4=0,1,10,100 eV A The
resultant vectors from tip to tail are drawn with dashed lines. FIG. 3. Experimental geometry.
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FIG. 4. (Color onling Diffraction scans with different grating
twist. Diffraction of both sodium atoms and sodium dimers is vis-
ible. First order atom diffractiorl, is located at 0.3 mm from the
Oth order.

To confirm this theoretical description, we present diffrac-
tion data using a beam composed of sodium atoms and so-
dium dimer molecules incident on a silicon nitride grating
with a period of 100 nm. We call rotation about a grating bar
twistas shown in Fig. 3. Normal incidence defines zero twist.
Diffraction patterns shown in Fig. 4 were obtained by scan-
ning the position of the hot-wire detector while the grating
twist was fixed at 0, 12, and then 22°. Twist foreshortens the 3
grating period and therefore slightly increases the diffraction Twist _(degrees)
angle. However, therrand -n diffraction orders are nearly
equally deflected because the atomic de Broglie wavelength FIG. 5. (Color onling Data (circles and models(dashed and
is small compared to the grating spatial period. solid lineg of the intensity in each diffraction order as a function of

The feature explored in this study is the relative intensitygrating twist. The model parameters ads:100 nm,w=67 nm, |
in each order, which changes considerably as the grating i$116 nm, andv=3.5. For dashed line€3=0 [using Eq.(11)], and
twisted. Atom flux diffracted into the zeroth order decreasesfor solid linesC;=5 eV A® [using Eq.(13)]. Statistical error bars
but flux in the second and third orders oscillates as a functiofP’ €ach data point are smaller than the circles.
of grating twist. Figures 4 and 5 show that the second order
intensity is maximized for an intermediate twist. Variation in
the relative intensity among diffraction orders is expected
because the projection of the grating viewed from the inci-
dent atom beam changes with twist. However, a model based
on absorptive atom optics is not sufficient to explain our
data. Phase shifts due to van der Waals interactions must be &
included, as discussed earlier. —

We also present data obtained by scanning the grating 1
twist while leaving the detector at one positigfig. 5). In /
the latter experiment we have measuigd|¥,|?> for each -
n=[0,4] while continuously changing the projected open B\ L~ d
fraction. This technique is well suited to the task of searching //w
for missing orders because the projected open fraction can be )
scanned through values that should cause missing orders ac- T
cording to the theory without atom-surface interactiong.,

11 1
51 31 and 1)

For a perfectly thin grating, twist would not affect the
open fraction. For our gratings, with a cross-section geom- S
etry shown in Fig. 6, twist does modify the projected open z
fraction. Furthermore, due to trapezoidal grating bars, van F|G. 6. Top view of the atom beam passing through the grating
der Waals phase shifts must be carefully analyzed. With refsiots. The grating twist is denoted |8 the wedge angle of each bar
erence to Fig. 6, twisting the grating by anglecauses slots s «, the grating period isl, the thickness i$, and physical open
to appear narrower so the resulting open fraction is width is w.

I, (k/sec)

40

]
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.
Waals potential for an infinite surface when the atoms are

w
qd’ 18l < a, inside the grating slots, and zero elsewhere. Then the phase
shift due to one wall of a twisted grating is

7(B) =9 w-I(tan 8- tan @) (10)
d + @ <|Bl < Bmax C4[2hv(tan a + tan B)cos B coSa] | =2
¢vdM§O) = W | 2
\O, Bmax< |8l {E+(E+z>tana+§o+ztan,3J
wherew is the slot width viewed at normal incidendds the z=-2
thickness of the gratingy is the wedge angle of the bars, (12

is the twist, Bnax is the maximum twist at which any flux is  and the phase shift due to the opposite wall is given by the

transmitted, andl is the grating period viewed at normal ggme expression with the sign gfand &, reversed. As be-

incidence. The intensity in different diffraction orders thenfgre the field amplitude imth order diffraction is given by

depends on twist as an integral, but now the limits of integration depend on grat-

- 2ai ing twist, wedge angle, and thickness and so doggy [as
In(B) = 7BY*Sin(n(B)n). A en by Eq.(12)] i

This model without an allowance for atom-surface interac- .

tions was used to predict intensity in the first five orders as a Vo= mmei[¢n(§o)+¢vdv\,(§0)]d§ (13)

function of twist shown in Fig. §dashed lines and com- " o

pares poorly with the data. o o
Two features of this model are familiar from standard The lower limit of integration is

diffraction theory. First, in the limit of small open fraction -w |

the intensity of each order becomes equal. This happens at énin= — + < tan g, (14

large twist. Second, at certain angles for whigtB)=m/n, 2 2

missing orders are predictdds per Eq(1)]. However, the and the upper limit of integration is

observed atom beam flux is never entirely suppressed until

the projected open fraction is zero. This demonstrates that

§m ax

w
—+=-tanB, |B<a,

there are no missing orders in the data. )2 2
Several of the grating geometry parameters are known Emax= W | (15
from the manufacturing process and SEM imagjgis The > +| tana - S tang, 1B > a.

period isd=100 nm and the window size 8=67+5 nm, so
at normal incidence the open fraction is approximately 67%Equation(13) can now be used to describe intensity in each
The thickness], and wedge angleq, are constrained by order as a function of van der Waals coefficient, atom veloc-
measuring the maximum twist at which atoms are transmitity, and grating twist:l,(C3,v,8)=|¥,|?>. WhenC; is zero,
ted. These must satisfy the conditior=I(tan Sna—tana),  the expression for the intensities reduces to&). In com-
with the measure@,,,=31+2°. With this constrainte is  parison, wherC; is not zero the model predicts no missing
the only free parameter in the model before atom-surfacerders and agrees qualitatively with the data in Figttis
interactions are included. model is shown with solid lingsWe note the van der Waals

The relative intensity for each order is determined withoutinteraction diverts flux from the zeroth order into the higher
interactions by Eq(11), and can be compared to the data thatorders, and tends to smooth the features given by(Eg).
were recorded without changing the detector gain or incidentven the slight asymmetry in intensity as a function of twist
beam flux. However, the velocity distribution of the beamis reproduced. To our knowledge this is the first hint of a
broadens the higher order diffraction peaks. Each diffractionmaterial structure acting as a blazed grating for atom waves.
order has a HWHM in the detector plane given approxi- The maximum asymmetry we observe in the first order
mately byoi=o05+[@,L(c,/v)]? whereoy is the HWHM of  occurs at a twist of £5° and i§°"/17°°=1.1. In simulations
the zeroth ordet. is the distance between the grating and thewith a larger wedge angle and largés, the asymmetry can
detector,o, /v is the ratio of the HWHM spread in velocity be as large as 1.5. An asymmetric distribution of intensity
to the average velocity, an@, is the diffraction anglg2]. between the +1 and -1 orders, as this implies, would be
The velocity ratio is 1/15 and the average velocity isuseful for atom interferometers that only employ the 0 and
1000 m/s. To allow for the velocity distribution, the relative +1 diffraction orders.
intensity of each diffraction order is multiplied hy," in the When used to measuf®; for sodium atoms and a grating
model. We have not accounted for the changeédinwith surface of silicon nitride, this experiment determin€s
twist, but we note this has the effect of further reducing the=5'3 eV A (statistical error only. This measurement is con-
recorded intensity of the higher orders at large twist. sistent with the theoretical value &@;=7.6 eV A® for Na

To include the van der Waals interactions with the twistedand a perfectly conducting wal8], and also with the theo-
grating, the model must account for the varying distance taetical value 0fC;=3.2 eV A for a 1-oscillator Na atom and
the surface as atoms pass through the slots as shown in Fig surface made of silicon nitride calculated using the method
6, i.e., the transverse coordinate in the grating now dependsutlined in [3]. Hence, no additional atom-surface interac-
on the longitudinal positioré— &+ztan 3. The potential tions such as those due to ad-atoms reported @h are re-
due to each interior wall is approximated by the van derquired to explain our data.
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Uncertainty in the measure@; could be reduced if the predicted withC;=0. As an extrapolation, if we could obtain
grating wedge angley, and the grating window size were  similar gratings with a 20 nm period, the flux transmitted
more accurately known. Themwould not be a free param- into the zeroth order will be reduced to 0.06 of the flux
eter, and any systematic uncertainty due to imperfect knowlpredicted with C;=0. Alternatively, if atoms slower than
edge é)fw would be reducid. To n;gtwatg work "r‘]"th ”Tf" 1000 m/s were used, the transmission into zeroth-order dif-
proved precision, we note that a gold coating on the surfacg. iqn will be further reduced. For example, 100 m/s at-
of the grating bars should modifg;. Measurements of this . . . .

[pms would have the intensity of the zeroth-order diffraction

change would test the theoretical work of Zhou and Spruc
[9]. Additionally, a search could be made for the effect offeduced by a factor of 0.28 compared to the zeroth-order flux

polarized ad-atoms by applying external electric fields on th@redicted withC;=0. This factor for atoms with a speed of
grating[10]. 10 m/s would be 0.05. Hence, van der Waals interactions

In principle the experimental method presented here cawill have a large effect on sub-100-nanometer scale atom
also be used to verify the functional form of the atom-surfaceoptics, or material atom optics with cold atoms.
potential. However, the statistical agreement between the In conclusion, a novel way to measure the atom-surface
data presented here and various models usirg=—C;/r! interaction potential was presented. By twisting a 100-nm
does not allow us to discriminate betwepn2, 3 or 4. To  period diffraction grating we show that atom-surface interac-
improve this study, three sources of uncertainty must be adions prevent missing orders and cause asymmetric diffrac-
dressed. The detector should be relocated to the peak of eagbn patterns. Both observations are explained by a complex

order as a function of grating twist. The grating geometrictransmission function and a phasor analysis similar to the
parametersw, |, and«) should each be independently mea- corny spiral.

sured. Finally, a theoretical model for the potential in all

locations around the physical grating bars should be included

in this analysis. This work was supported by the Research Corporation.
The absolute transmission efficiency of the grating is anWe thank T. Savas and H.l. Smith for fabricating the 100
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fraction by a factor of 0.65 compared to the zeroth-order fluxH. Uys and P. Hoerner for technical assistance.

[1] R. E. Grisenti, W. Schollkopf, J. P. Toennies, G. C. Herger- [6] P. W. Milonni, The Quantum VacuurgAcademic, New York,

feldt, and T. Kohler, Phys. Rev. Let83, 1755(1999. 1994).
[2] R. E. Grisenti, W. Schollkopf, J. P. Toennies, J. R. Manson, T. [7] T. A. Savas, M. L. Schattenburg, J. M. Carter, and H. I. Smith,
A. Savas, and H. |. Smith, Phys. Rev. &L, 033608(2000. J. Vac. Sci. Technol. BL4, 4167(1996.

[3] R. Bruhl, P. Fouquet, R. E. Grisenti, J. P. Toennies, G. C. 8]
Hergerfeldt, T. Kohler, M. Stoll, and D. Walter, Europhys.
Lett. 59, 357 (2002.

[4] E. Hecht,Optics(Addison-Wesley, Redwood City, CA, 1990

[5] D. Halliday, R. Resnick, and K. Kran®&hysics(Wiley, New
York, 2002.

A. Derevianko, W. Johnson, M. Safranova, and J. Baab, Phys.
Rev. Lett. 82, 3589(1999.

[9] F. Zhou and L. Spruch, Phys. Rev. 32, 297 (2004).
[10] J. M. McGuirk, D. M. Harber, J. M. Obrecht, and E. A. Cor-
nell, Phys. Rev. A69, 062905(2004).

043607-5



