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He-atom diffraction from nanostructure transmission gratings: The role of imperfections
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The relative diffraction peak intensities of He atoms with an incident beam energy of 65 meV diffracted
from a microfabricated 100 nm-period transmission grating are analyzed using both Fresnel and Fraunhofer
diffraction theory. The projected slit width could be varied from 50 nm down to less than 1 nm by inclining the
grating at angles up toQ0542° with respect to the incident beam. Good agreement between calculated and
measured peak intensities, up to the sixth order, is obtained by accounting for random deviations in the slit
positions, and averaging over the velocity spread of the incident beam as well as the spatial extent of the nozzle
beam source. It is demonstrated that He atom beam diffraction together with simple transmission measure-
ments is an excellent means of characterizing such gratings including a detailed determination of the slit width,
the bar shape, and random as well as periodic disorder.

PACS number~s!: 03.75.Be, 39.20.1q, 81.05.Ys
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I. INTRODUCTION

In recent years there has been a very rapid developme
using microfabricated structures for the manipulation a
analysis of atomic and molecular beams@1#. One of the most
interesting of these microfabricated devices is the diffract
grating, which was used first by Keithet al. @2# for diffract-
ing an atomic beam of Na atoms. The lighter helium ato
are particularly attractive for such experiments@3,4# since by
virtue of their very weak physisorption interactions they
not stick to or contaminate the surface, facilitating the use
delicate structures. Moreover, the beam source can be co
down to temperatures of several degrees Kelvin leading
much larger diffraction angles than possible with alkali
oms. Recently, our group demonstrated the use of trans
sion gratings for nondestructively selecting small heliu
clusters via their different diffraction angles@3,5#. These ex-
periments provided the first unequivocal evidence for
existence of the helium dimer and trimer@3#, which by virtue
of their very weak binding are difficult to detect by oth
means. Because of this weak binding, the average radial
tance of the dimer is 55 Å@6#, making it the largest ground
state diatomic molecule. Recently, the Go¨ttingen group has
embarked on a research program to determine the size o
He dimer by a comparative analysis of the He atom and
dimer diffraction intensities@7#. In the course of these studie
rather significant discrepancies were found between the m
sured relative diffraction intensities when compared with c
culations based on Kirchhoff’s formula@8#. In this theory the
relative intensities of the diffracted order peaks are co
pletely determined by theopen fraction, i.e., the ratio of the
width of the slits between the grating bars to the grat
period, while the wavelength of the atomic beam, for a giv
grating period, only determines the angular position of
peaks. Until recently, Kirchhoff’s theory, which is very su
cessful in explaining many features of light diffraction, h
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been assumed to be valid also for atom diffraction.
At the present time, on the basis of the most recent

periments, it is now believed that a number of effects n
incorporated in the Kirchhoff approximation have to be a
counted for, including a precise determination of~1! the av-
erage slit width,~2! the actual profile of the bars,~3! the
statistical randomnesses in the bar edge positions,~4! the
long-range attractiveC3 /z3 potential between the projectil
and the bars, and~5! the microscopic roughness of the su
face of the bars.

In the present paper, high-resolution experimental res
on the diffraction of helium atoms from a room-temperatu
nozzle-beam source, with an incident energy of 65 meV,
a 100 nm-period silicon-nitride grating are used to inves
gate systematically the first three of the above physical pr
erties of the grating, whereas effects~4! and ~5! have been
investigated recently@9#. The measured diffraction result
are first interpreted with theoretical calculations based on
Kirchhoff diffraction model in the Fresnel approximation
developed for optical gratings. By allowing for a small ra
dom distribution of variations in the slit widths and slit po
sitions, and by accounting for the velocity spread and spa
extent of the nozzle beam, both the measured diffract
peak intensities and the background signal between the p
can be well reproduced. Additional features similar to L
man ghosts@10–12# become especially apparent when t
grating is inclined at large angles with respect to the incid
beam, leading to a greater sensitivity to the positions a
smoothness of the slit edges@13#. Deviations in peak inten-
sities from the Kirchhoff-based calculations, especially
large angles of inclination, indicate that the interaction p
tential between the grating and the helium atoms also aff
the diffraction pattern@9#.

The paper is organized as follows. In Sec. II the expe
mental apparatus is described, followed by a presentatio
the experimental results in Sec. III. Section IV provides
©2000 The American Physical Society08-1
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discussion of the basic diffraction formalisms, grating mo
els and methods for accounting for the incident beam pr
erties and defects in the grating. The experimental results
compared with theoretical calculations in Sec. V and d
cussed in Sec. VI.

II. EXPERIMENTAL SETUP

A schematic diagram of the experimental setup@3,5# is
shown in Fig. 1. The nearly monoenergetic beam of heli
atoms is produced by supersonic expansion of p
~99.9999%! helium gas through an electron microscope a
erture, which is nominally 561 mm in diameter and abou
2 mm long. All the present measurements involving heliu
were made with the source at room temperatureT0
5300 K, with a source stagnation pressure ofP0
5140 bar, and a source chamber pressure of about
31024 mbar. Some measurements were also perform
with krypton at T05300 K and P0550 bar. At these
source conditions the fraction of clusters in both atom
beams is expected to be completely negligible@5#. The mean
velocity of the helium beam is measured to beu
51780 m/s with a full width at half maximum~FWHM!
spreadDv of Dv/u.2.1% and a mean de Broglie wave
length of 0.56 Å . For efficiently ionizing a tall narrow sl
beam the detector utilizes a homemade electron bomb
ment ionizer, which is followed by a simple low-mas
resolution (m/Dm'40), magnetic 90° deflection, mas
spectrometer. At the electron impact energy of 120 eV
overall efficiency~ions per incident atom! is estimated to be
somewhat greater than 1026, increasing with decreasin
atom beam velocity. Four differentially pumped vacuu
stages between the grating and detector chamber reduc
total pressure in the latter chamber to less than
310211 mbar corresponding to a background count rate
typically 4 counts/s.

Since the de Broglie wavelengthl of the helium atoms is
less than 1 Å and the grating periodd is 1000 Å , diffrac-
tion angles of the order of magnitude ofl/d'1 mrad are
expected. The flight path of the helium beam, as shown
Fig. 1, is parallel to the laboratory floor and the slits a
perpendicular to the plane of the floor. Because of the r
tively tall slits (5 mm) the effect of gravity can be ne

FIG. 1. Schematic top view of the apparatus used in the He a
diffraction experiments. The diffraction grating has a period of 1
nm and can be rotated by an angleQ0 about an axis perpendicula
to the plane of the page. The gratings are 200mm wide and 5 mm
high.
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glected. In order to achieve the spatial coherence neces
for resolving small diffraction angles, the beam is collimat
by two 10-mm-wide 5-mm-tall slits located 63 mm an
482 mm downstream from the source. The transmiss
grating is placed 25 mm behind the second slit. A third s
25 mm wide, is placed in front of the detector entran
520 mm downstream from the grating. The detector
mounted on a large support which is driven by a stepp
motor with an angular displacement of about 0.7mrad per
step in a circular path around an axis normal to the labo
tory floor and coinciding with the grating slits. The overa
effective angular resolution of the apparatus amounts
about 70 mrad FWHM as determined from the measur
intensity profile of the beam without the grating. Since this
significantly smaller than the estimated angular spacing
the diffraction peaks, they are clearly resolved for theT0
5300 K helium atom beam.

Because of space limitations, the angular position of
UHV chamber housing the detector ionizer is measu
about 20 cm below the beam line. As a result of some t
sional bending of the support mount the actual position
the detector ionizer may differ slightly from the indicate
angular position. Therefore, in comparing the measured
calculated diffraction patterns~in Fig. 11!, the peak positions
in the raw data were corrected by rescaling the measu
angular positions by a factor 0.84, in order to make th
coincide with the angular positions predicted by Kirchhof
formula.

The transmission diffraction grating is made out of low
stress, nonstoichiometric silicon nitride (SiNX) using achro-
matic interferometric lithography and reactive ion etchi
@14#. As shown in Fig. 2 the grating has overall dimensio
of 200 mm width and 5 mm height. The nominal gratin
period is 100 nm with nominally 50 nm wide bars and sli
As discussed in the next section, the thickness of the gra
was determined from measurements of the overall transm
sion as a function of angle of inclination to be about 90 n
@13#. The arrangement of three gratings on a single ch
their sizes, and the support bars are shown schematicall
well as in the scanning electron micrograph, in Fig. 2. Coa
horizontal support bars 1.5mm wide with a periodicity of
5 mm perpendicular to the slits maintain the stability of t
fine bars. The support bars reduce the overall transmis
from 50% to nominally about 30%.

Figure 3 shows a side view of the individual grating ba
at an intermediate fabrication step, before the bars have b
freed from the silicon substrate, and reveals the trunca
wedge shape profile, which was confirmed by the transm
sion experiments described in the next section. In the exp
ments described here, the chip is mounted in vacuum o
manipulator with provides for adjusting the three Cartes
coordinates, as well as rotation around an axis perpendic
to the grating plane and rotation around an axis perpend
lar to the plane depicted in Fig. 1 enabling measureme
under normal and off-normal incidence.

III. EXPERIMENTAL RESULTS

A. Transmission measurements

To characterize the profile of the grating bars, the tra
mitted intensity was measured as a function of the grat

m
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He-ATOM DIFFRACTION FROM NANOSTRUCTURE . . . PHYSICAL REVIEW A 61 033608
FIG. 2. On the left side, the
arrangement of three silicon ni
tride gratings on a silicon chip is
shown. In the experiment only on
grating is illuminated by the
atomic beam. The right shows a
electron micrograph of a smal
part of a grating. In addition to the
fine grating bars, two of the
1-mm-wide support bars, which
are spaced 5mm apart, are clearly
seen at the top and bottom of th
micrograph.
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angle of inclinationQ0. In order to collect as many of th
diffracted particles, including those diffracted into highe
order peaks, the 25-mm aperture slit in front of the detecto
was removed~see Fig. 1! to increase the acceptance angle
the detector to aboutDQ.3.431023 rad. Figure 4 shows
the results of such measurements for He and Kr atom bea
The transmission without inclination of about 30–35 %
explained by the expected 50% transmission of the grat
which is further reduced by additional losses due to the h
zontal support bars. Despite the increased acceptance a
helium diffraction ordersn.3 did not arrive at the detecto
and hence went uncounted. Furthermore, at larger angle
inclination, which result in a small decrease of the projec
grating period, the diffraction pattern extends to larger to
angles and the number of peaks not detected increasesn
.2. However, since these higher-order peaks are two
three orders of magnitude smaller in intensity than the c

FIG. 3. Electron micrograph of the silicon nitride grating at
intermediate fabrication step before the silicon substrate is remo
by reactive ion etching. The truncated wedge shape geometry o
grating bars is clearly visible confirming the interpretation of t
transmission shown in Fig. 4.
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tral peaks, the error caused by this effect is small. Wit
Kirchhoff’s theory in the Fraunhofer limit@Eq. ~11! of Sec.
IV B # the error is calculated to be 5% for a grating havi
equally wide slits and bars in the case that ordersn.3 are
not detected. In the case of krypton, due to its much sma
de Broglie wavelength (0.12 Å ), diffraction peaks up ton
512 are still within the acceptance angle of the detec
leading to a slightly larger apparent transmission, as

ed
he

FIG. 4. Measured total transmitted intensity as a function
grating angle of inclinationQ0 for He ~filled circles! and for Kr
atom beams~open circles! of energyEi565 meV (T05300 K)
for grating I. In combination with analysis of diffraction intensitie
the transmission can be used to calibrate the effective slit w
seff(Q0) as plotted on the right vertical axis. The lines are fits a
suming a truncated wedge shape cross section of the grating ba
depicted in the inset, revealing a grating thickness of 90 nm an
wedge anglea57.5°.
8-3
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R. E. GRISENTIet al. PHYSICAL REVIEW A 61 033608
served in Fig. 4. For normal incidence the krypton transm
sion is measured to be 33.7% in comparison to 31.7%
helium, the difference being in very good agreement with
expected 5% additional loss for helium. Otherwise, the
served dependence on the angle of inclinationQ0 for Kr is
nearly identical with that for helium.

As seen in Fig. 4, for the first 7° of inclination the inte
sity remains almost constant. This is explained by the cro
sectional shape of the grating bars. The results in Fig. 4
consistent with bars that are narrower at the front than at
back, or bars that are wider at the front than at the back s
and thus up to a certain angle of inclination the effective
width is not reduced. BeyondQ057° the total transmitted
intensity decreases nearly linearly withQ0, consistent with a
decreasing effective slit widthseff as shown in the inset o
Fig. 4 @15#. Up to aboutQ0531° the transmission decreas
linearly to a value of approximately 3% corresponding to
average effective slit width of 4.2 nm and then tapers
and falls off more slowly. The dependence of the transm
sion on the angle of inclination is fitted well~continuous
line! if truncated wedge shaped cross sections with sh
perfectly straight edges are assumed for the grating bar
shown in the inset of Fig. 4. From the slope of the curve a
the extrapolated cutoff angle of about 33° a grating thickn
of 90 nm and a wedge anglea equal to 7.5° were deter
mined from the best fit. This wedge angle is in good agr
ment with the electron microscope view of the grating b
shown in Fig. 3. The small tail in the transmission beyo
31° is attributed to the roughness of the grating bar ed
and to the nonuniformity in the positions of the bar edge

The effective slit width can be simply calculated from t
transmitted intensity,T(Q0),

seff~Q0!5seff~Q050!
T~Q0!

T~Q050!
. ~1!

The effective slit widthseff(Q0) is given on the right-hand
vertical axis of Fig. 4. In addition, for off-normal incidenc
the decrease in the effective grating periodd(Q0), and the
increase in the number of illuminated slitsN(Q0), which
depend on the angle of inclination, are given, respectiv
by

d~Q0!5d~0!cosQ0 , ~2!

and

N~Q0!5
N~0!

cosQ0
. ~3!

For example, for 40° off-normal incidence the period is d
creased by 23% and the number of illuminated slits increa
from 100 to 131.

B. Diffraction measurements

Figure 5 shows a series of measured diffraction patte
in which the signal is plotted on a logarithmic scale as
function of the deflection angleq f for a number of different
angles of inclinationQ0 at an incident beam energy ofEi
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565 meV (T05300 K). ForQ050° the odd-order peaks
are at least an order of magnitude greater than the even-o
peaks. This trend is expected from Kirchhoff’s optical theo
in the Fraunhofer limit, according to which the intensities
the diffraction peaks are determined by the slit function e
velope@8#. The slit function is simply the diffraction patter
of a single grating slit, as will be discussed in detail in S
IV. For a grating with exactly equal slit and bar widths th
even-order peaks coincide with the zeros of the envelope
function and hence should, in fact, be completely suppres
Thus, the smaller even-order intensities are a sensitive
direct indication that for the present grating the slit and b
widths are not exactly equal. The range of observed inte
ties is quite large, the most intense peak at zeroth order
an intensity of about 105 counts/s, while the smallest peak
observed at normal incidence are the ninth-order which h
intensities of approximately 50 counts/s on a background
about 20 counts/s. The ninth-order peaks seen in Fig. 5
by no means at the limit. For example, in other measu
ments it has been possible to observe diffraction peaks ou
the 23rd order@16#.

As the grating angle of inclination is increased, the eve
order peaks become more intense, which is expected for
spreading of the slit function which becomes broader as
effective slit width decreases. With increasing angle of inc
nation up toQ0<30° the diffraction pattern nicely resemble
the expected Fraunhofer pattern. ForQ0.30° the envelope
of the peak intensities deviates increasingly from the beh
ior expected for the slit function which should becom
broader and broader with increasing angle of inclination a
finally should approach a horizontal line in the limit of va
ishing effective slit width. Instead, a much faster decrease
the diffraction intensities with increasing diffraction order
observed, falling off exponentially or even faster for ang
of inclination Q0.35°. As a result, for these angles of in
clination the number of observed diffraction peaks begins
decrease significantly, while the maximum intensity h
dropped to slightly more than 100 counts/s. At the larg
angle of inclination,Q0542°, the maximum intensity is les
than 100 counts/s but still peaks out to then53 order can
be clearly seen.

These deviations from the predictions of optical theory
a perfect grating are attributed mainly to two opposing
fects. The first one, due to the van der Waals interact
between the helium atoms and the silicon nitride of the g
ing bars, introduces an additional narrowing of the effect
slit width @9#, which depends on the geometry of the slits a
bars and is expected to be increasingly important at la
angles of inclination where the effective slit width is sma
est. The second effect, resulting from the roughness in
slit edges and fluctuations in the slit edge positions and t
spacings, leads to an increase in the intensity falloff w
increasing diffraction order and thus appears to be the do
nant effect. It will be analyzed quantitatively in Sec. V A.

At angles of inclinationQ0>27° very small additional
peaks can be seen as satellites at angles at about 2/3 o
angle of the first-order peaks. With increasingQ0 additional
small peaks appear at about 1/3 of the first order peak a
and begin to appear between the higher order peaks and
8-4
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FIG. 5. Experimentally observed diffractio
intensities for a He beam of incident energyEi

565 meV for several different angles of inclina
tion up to Q0542° plotted as a function of de
flection angleq f for grating I. The stagnation
temperature and pressure in the source cham
wereT05300 K andP05140 bar, respectively,
and the measured speed ratio was 77.
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come increasingly evident for increasing angles of inclin
tion. These structures cannot be explained by the diffrac
of small helium clusters@3,5# since peaks due to clusters a
largest near the central peak and, moreover, are expect
decrease with the overall transmitted intensity and wo
therefore disappear with increasing angle of inclination.

These additional peaks are similar to a phenomenon
ignated Lyman ghosts@10,12,17#, which was observed in the
early days of mechanically ruled optical interference gr
ings. They are caused by small superimposed periodic fl
tuations in the grating period which are hard to detect by
other means. Periodic defects are not expected to occu
holographically produced gratings, as used in these exp
ments, since these rely on the wavelength of light which
fixed by the laser used and is uniform over the surface of
grating. Periodic imperfections could, however, be int
duced in the subsequent series of processes which ar
volved in the grating fabrication@14# as discussed in the
Appendix. In the present case, the observed angular posi
of the ghost peaks, tentatively attributed to Lyman gho
correspond to a period slightly larger than three grating
riods.
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Moreover, it should be emphasized that the evidence
the ghost peaks is not as direct atQ050° and is implied
only by the very low intensity (1023 of the central peak!
shoulders on the side of the first-order peak and some of
higher-order peaks, such as the seventh-order peak~see Fig.
5!. It is important to note that the ghost peaks increa
strongly in relative intensity with increasing angle of inc
nation and increase to about 5% of the central peak at la
angles of inclination. This suggests that periodic fluctuatio
in the grating thickness and not so much in the widths are
major contributing factor. Of course, both affect the po
tions of the bar edges which determine the effective op
ings. Periodic oscillations in the thickness of the grating c
easily occur in the course of the chemical etching~see Ap-
pendix!.

There is also the possibility that there are additional pe
odic fluctuations in the grating period extending over a lar
number of periods, which would give rise to Rowland gho
@11,17#. However, Rowland ghosts are expected to give r
to supplementary peaks very close to the main diffract
peaks, where they are more difficult to resolve. No cle
evidence for Rowland ghosts could be found.
8-5
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R. E. GRISENTIet al. PHYSICAL REVIEW A 61 033608
In order to extract the positions of the ghost peaks as w
as the main diffraction peak intensities, an analysis of e
of the diffraction spectra was made by fitting to a sum
assumed Gaussian diffraction peaks. This analysis was
ried out for all measured values ofQ0, and three example
for such an analysis carried out for two different gratings
shown in Fig. 6. In each case, prior to the fitting procedu
the background intensity was subtracted from the meas
data by a linear interpolation between the minima betw
neighboring peaks. A comparison of the resulting data w
best fits is shown in Fig. 6~a! for normal incidence and fo
Q0535°, for two different gratings in Figs. 6~b! and 6~c!. It
was necessary to include small Gaussian peaks near to

FIG. 6. Examples of the diffraction spectra from grating I fitt
by a sum of Gaussians forQ050° ~a!, 35° ~b!, and for grating II at
Q0535° ~c!. Shown in the upper part of each graph is the final
Shown below are the individual Gaussian peaks which make up
final fit. The small Gaussians on either side of the main peaks fit
ghost peaks discussed in the text.
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on either side of the diffraction peaks in order to fit th
shoulders or distinct ghost peaks which are the small feat
tentatively attributed to the Lyman peaks. These, in acc
dance with standard theoretical interpretations@12#, are as-
sumed to be associated with the nearest main diffrac
peak. Figure 7 shows the angular positions of the ghost pe
relative to the angle of the neighboring main diffractio
peaks for six of the larger values ofQ0 as a function of
diffraction order. This fractional angle is approximately 3.
which implies that the supposed Lyman peaks are due
superimposed periodicity of about 3.5d5350 nm.

It would, in principle, be possible to model the gho
peaks and hence to analyze also their intensities. But th
are too many ways to model these peaks, because the s
periodicity could be caused by a number of different mec
nisms: a superperiodicity in the grating period, in the size
the bars or slits, in the shape of the bars or slits, in
grating thickness as mentioned above, or in many other
pects of the grating. Since the currently available experim
tal data is not sufficient to distinguish which would be co
rect, a modeling of the ghost peaks has not been carried

The results shown in Fig. 6~c! for Q0535° were obtained
with a newer 100 nm-period grating~grating II!. Since it has
a larger slit width of almost 60 nm and the measurem
was done with somewhat broader collimating slits, the pe
widths are increased and peak intensities are more tha
order of magnitude larger. Furthermore, the peak envel
resembles more the slit function expected from opti
theory as compared to Fig. 6~b!. This can be interpreted as
result of the larger effective slit width, which decreases
effect of the van der Waals interaction between the heli
atoms and the grating bars, thereby reducing the relative
viations from the optical behavior. In addition, the sm
ghost peaks are apparently much less pronounced, dem
strating the greater uniformity in the structure of this gratin
which was produced after the results shown in Fig. 6~b! in-
dicated the need for further optimization of the fabricati
process.

.
he
e

FIG. 7. The angle between neighboring main diffraction pea
divided by the angle between the main diffraction peak and
nearest ghost peak, plotted against the diffraction order. The
points are approximately centered around the value 3.5 indicati
superperiodicity of 3.5d or 350 nm.
8-6
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He-ATOM DIFFRACTION FROM NANOSTRUCTURE . . . PHYSICAL REVIEW A 61 033608
IV. THEORY

A. Basic formulas

The calculation of the diffraction pattern produced by
transmitting object like a grating is a standard problem
optics. If the atomic particle is infinitesimally small and
assumed not to interact with a grating bar unless it strike
directly, then optical theory is expected to be applicable
this case the atom beam can be described by a sphe
wave, which is generated from a point sourceR05(x0 ,y0 ,
2z0), with R05Ax0

21y0
21z0

2 wherex0 , y0, andz0.0 are
measured with respect to the transmitting object atx5y5z
50. The diffraction problem is described completely by t
solution of the wave equation for propagation in thez direc-
tion through an opening in the object placed atz50 once the
appropriate boundary conditions have been specified.
amplitude c(R) of the diffracted wave at an observatio
point R5(x,y,z) with R5Ax21y21z2 is then given by the
Helmholtz-Kirchhoff integral theorem@8#. For simplicity a
one-dimensional aperture is assumed, which also imp
taking y5y050, so that the intensity distributionI
5uc(R)u2 is a function only of the incident and scattere
polar anglesq i8 and q f8 which are defined by the relation
x052R0sinqi8 , z05R0cosqi8 , x5R sinqf8 , and z
5R cosqf8 as depicted in Fig. 8. If the characteristic dime
sion of the aperture is small compared toR andR0, then the
intensity is given by the Fresnel limit of the Helmholt
Kirchhoff integral @8#

I~q i8 ,q f8!5uA~q i8 ,q f8!u2

5I 0k2U E
2`

`

dxexpF i
k

2 S cos2q f8

R
1

cos2q i8

R0
D x2G

3exp@2 ik~sinq f82sinq i8!x#t~x!U2

, ~4!

wherek52p/l andl is the de Broglie wavelength. In Eq
~4!, t(x) is the transmission function of the aperture which
general is a complex function

t~x!5t0~x!eiw(x). ~5!

In the simplest case of the usual Kirchhoff extinction boun
ary conditions,t(x)50 at the position of the grating bars an
t(x)51 in the slits between the bars. Equation~4! represents
the diffraction intensity for a geometry in which the gratin
lies in the planez50.

When the grating is inclined by an angleQ0 the actual
experimental deflection angleq f is no longer of the same
order ofq f8 , since under the present experimental conditio
Q0@q f ~see Fig. 8!. Thus, in order to make direct compar
sons with the measured diffraction spectra forQ0Þ0 it is
convenient to setq f85Q01q f . The same reasoning can b
made with the incident angleq i8 which becomesq i85Q0

1q i . Substituting these expressions in Eq.~4! and making
an expansion consistent with smallq i andq f leads to
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I~q i ,q f !5I 0k2U E
2`

`

dx expF i
k

2
cos2 Q0S 1

R
1

1

R0
D x2G

3exp@2 ik cosQ0~sinq f2sinq i !x#

3exp@2 ik sinQ0~cosq f2cosq i !x#t~x!U2

,

~6!

where terms of the orderx2sin2qi /R have been neglected
Equation~6! has been used in Sec. V B to simulate diffra
tion patterns at different angles of inclinationQ0 in the
Fresnel limit.

A further simplification is possible if the maximum d
mension of the aperturexmax is such that

p~xmax!
2

l S 1

R
1

1

R0
D!1. ~7!

In this case Eq.~4! reduces to the Fraunhofer diffractio
formula in which the intensity distribution is given simply b
the Fourier transform of the transmission functiont(x)

I~k!5uA~k!u25I 0k2U E
2`

`

dx e2 ikxt~x!U2

, ~8!

wherek5k(sinqf2sinqi).

B. Grating models

Within the above theory, a diffraction grating is com
pletely described in terms of the transmission functiont(x).
Once an appropriate model fort(x) has been chosen, th
diffracted intensity distribution is determined via Eq.~4! or
Eq. ~8!. In the present discussion it is assumed that the ato
interact with the diffraction bars via a hard wall potenti
thereby altering only the amplitude and not the phase of
incident wave field. In this special casew50 in Eq. ~5! and
one speaks of anamplitude grating. For an amplitude grat-
ing, t(x) can be expressed as the sum of the transmis
functions of each periodic element

FIG. 8. Definition of the coordinate system. Thex axis lies in
the grating plane, perpendicular to the grating slits, thez axis is
defined parallel to the grating normal, while they axis is perpen-
dicular to the paper plane. The anglesq i andq f as well as the angle
of inclination Q0 are defined with respect to the apparatus a
~dash-dotted line! defined in Fig. 1.R andR0 are vectors defined in
Sec. IV A.
8-7
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t~x!5t0~x!5(
j 51

N

t0 j~x!, ~9!

with N the number of illuminated slits. For a grating consi
ing of a succession of equidistant slits, each of widths,
Kirchhoff’s extinction boundary conditions imply the fo
lowing form for t0 j (x):

t0 j~x!5H 1, S N11

2
2 j Dd2

s

2
<x<S N11

2
2 j Dd1

s

2
,

0, otherwise,
~10!

where d is the grating period. In the Fraunhofer limit, th
substitution of Eq.~10! in Eq. ~8! yields the well-known
formula

I~k!5I 0ks2F sinS 1

2
ksD

1

2
ks

G 2F sinS N

2
kdD

sinS 1

2
kdD G

2

, ~11!

where the first factor in brackets is the sinc function. Sinc
depends only on the slit widths it is called theslit function.
The second factor which involves the ratio of two sine fun
tions, is called thegrating functionsince it depends only on
the grating periodd. The position of the main order pea
intensities is determined byk5n(2p/d), n50,61,
62, . . . . For small diffraction angles and zero incidenc
angle the angular positions can be approximated by
de

03360
-

it
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q f
(n).n

l

d
. ~12!

When the grating is inclined by an angleQ0 the angular
positions of the main diffraction peaks are scaled to lar
values as compared to Eq.~12! according to

q f
(n).n

l

d cosQ0
, ~13!

which is a good approximation sinceq f
(n)!Q0 holds even

for the highest orders observed in this work (n510).

C. Grating defects

Equation~11! is for an idealized, perfectly ordered dif
fraction grating. Real gratings are subject to a number
defects which can significantly affect the intensities of t
diffraction pattern, and as discussed in the previous sec
can even give rise to spurious peaks in the intensity wh
can be mistakenly attributed to other phenomena. Poss
defects include~1! periodic errors in the spacing and width
of the bars and~2! randomerrors in the period, spacing, an
widths of the grating bars. Periodic errors give rise to t
already mentioned Lyman ghosts@10# and Rowland ghosts
@11#. The most straightforward way to account for either p
riodic or random errors is through the transmission functi
The errors can be described by introducing the displacem
of the center of thej th slit about its periodic position denote
by ddj and also the displacements of the leading edge of
slit denoted byds1 j and displacements of the trailing edge
the slit given byds2 j . Then the transmission function be
comes
s

t0 j~x!5H 1, S N11

2
2 j Dd1ddj2S s

2
1ds1 j D<x<S N11

2
2 j Dd1ddj1S s

2
1ds2 j D ,

0, otherwise.

~14!

The final intensity distribution will then be the average ofI(q i ,q f) over all the distribution probabilities of the variou
displacementsdd1 , ds11, ds21, . . . ,ddN , ds1N , ds2N , that is

Ī~q i ,q f !5E
2`

`

ddd1•••E
2`

`

dds2Nf d~dd1!••• f s~ds2N!I~q i ,q f !, ~15!
s of

,
rder

ri-
tri-
f
he
where thef s(ds) and f d(dd) are distribution functions. An
example of the latter are random variations given by in
pendent Gaussian distributions:

f d~dd!5
1

A2psd

expF2
~dd!2

2sd
2 G , ~16!

f s~ds!5
1

A2pss

expF2
~ds!2

2ss
2 G , ~17!
-
wheresd andss represent the mean square displacement
the slit positions and edges, i.e.,sd

25^dd2& andss
25^ds2&.

Since Eqs.~15!–~17! are well suited to numerical evaluation
they have been used in Sec. V B to simulate random diso
in the gratings.

D. Analogy to Debye-Waller attenuation

The inclusion of random variations of the slits and pe
odicity of the grating, such as given by the Gaussian dis
butions, Eqs.~16! and ~17!, changes the overall intensity o
the diffraction pattern, and in particular the intensities of t
8-8
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main maxima are reduced. An analytical result is obtained
the Fraunhofer limit if the scattering amplitudeA(k) of Eq.
~8! is calculated using the transmission function of Eq.~14!.
After averaging over the Gaussian distribution functio
Eqs.~16! and ~17!, the final result is

Ā~k!5E
2`

`

ddd1•••E
2`

`

dds2Nf d~dd1!••• f s~ds2N!A~k!

}H sinF1

2
ks2

1

4
k2~ss1

2 2ss2
2 !G

1

2
ks

J
3F sinS N

2
kdD

sinS 1

2
kdD G exp~2k2sd

2/2!

3exp@2k2~ss1
2 1ss2

2 !/4#. ~18!

The diffraction intensityuĀ(k)u2, that has been applied t
analyze the data in Sec. V A, is similar to the simple Fra
hofer result, Eq.~11!, except for two important differences
First, the additional term2k2(ss1

2 2ss2
2 )/4 in the slit func-

tion in the curly brackets can introduce an asymmetry in
overall diffraction pattern if the mean square displaceme
of the leading and trailing edges of the slit are unequal. S
ond, the overall intensity of the diffraction pattern, and
particular the intensities of the maxima, are reduced by
last two exponential factors in Eq.~18!. This apparent loss o
total intensity can be readily explained by the more gene
averaging process applied directly to the intensity rather t
to the amplitude. A simple calculation shows that the red
tion in intensity of the diffraction maxima is identical to th
in Eq. ~18!. Moreover, there is a compensating increase
the diffuse background in analogy with the scattering
thermally induced roughness for two-dimensional surfa
@18#.

This analysis shows that random disorder in the grat
spacing has the effect of reducing all diffraction peaks w
the concomitant increase of a broad background of inco
ent diffuse scattering. As a particular example, for the spe
case of a grating with bars and slits, which on average
equally wide, the even-order diffraction peaks will still ha
zero intensity and the effect of random disorder of the s
described by Eqs.~16! or ~17! will not cause small intensity
peaks at the even-order positions. Thus, the small even-o
peaks apparent in the experimental data of Fig. 5 for nor
incidence indicate that the average bar width to slit wid
ratio differs slightly from unity.

Finally, it should be mentioned that the averaging analy
of Eqs. ~15!–~17! which leads to the result of Eq.~18! can
also be analytically applied to the full Fresnel limit intens
of Eq. ~4!. The result is that Eq.~18! becomes multiplied by
correction terms, all of which go to unity in the limit ofR
andR0 becoming large compared to the grating period.

The two Gaussian-like exponential factors appearing
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Eq. ~18!, which depend both on the momentum transfer a
the mean square displacements, are analogous to the De
Waller factors which arise in the theory of scattering of fa
projectiles from vibrating targets@19#. In both cases the de
pendence on the scattering wave vectork is identical. In the
present case the mean square displacement is due to
random displacements in the grating positions whereas in
case of the Debye-Waller factor the displacements are du
dynamical vibrational motions of the atoms of the scatter
target.

In order to estimate the importance of the Gaussian f
tors, in Eq.~18! it is useful to note that for the present gra
ings (d5100 nm) the main diffraction orders are given b
k (n)5n2p/d5n30.063 nm21. Thus, the argumentsks of
the two Gaussian factors increase linearly with bothn ands
but do not depend upon the de Broglie wavelength. If
total mean square displacement of the slit edge position
10% of the slit width, or 5 nm, then (ks)2 varies from
about 0.1 forn51 to 10 forn510. This leads to a signifi-
cant damping of the diffraction intensities, reducing the fir
order peak to 90% and the tenth order even down to
31025 of its value for an ideal grating. This effect ca
largely explain the observed sharp decrease in the diffrac
intensities with increasingQ0 evident in Fig. 5. Instead o
remaining nearly constant with higher order as expected
the slit function of a narrow slit they are observed to fall o
rapidly. Moreover, Eq.~18! implies that the observation o
high-order diffraction intensities depends crucially on t
uniformity of the grating structure.

E. Incoherence due to the finite size and velocity spread
of the jet beam source

Equations~4! and ~15! describe the diffraction intensity
distribution due to a monochromatic spherical wave from
single point source. In order to make comparisons with
perimental diffraction peak intensities, the real geometry
the apparatus and the incoherence of the atomic beam so
due to its velocity distribution and its spatial extent also ha
to be accounted for.

In a simple approximation, the supersonic expansion
yond the nozzle is divided by afreezing zoneinto two re-
gimes, the continuum hydrodynamic flow region inside t
sudden freeze radiusRs f , followed by a free-molecular, col
lisionless region@20,21# outside this sphere. By treating th
expansion as spherically symmetric, the flow in the hydro
namic region is directed radially outward from the jet orifi
to the sudden freeze radius. Beyond the sudden freeze ra
no further collisions are assumed to occur between partic
Thus, each point on the sudden freeze radius acts as a
dependent effective point source for which Eq.~4! or ~15!
can be applied. Consequently, the observed intensity wil
the weighted incoherent summation of Eq.~4! or ~8! over the
spatial distribution of the sudden freeze surface and the
tribution over velocities of the atoms emitted from this su
face.

The important geometrical features of the present app
tus are shown schematically in Fig. 9. The lateral dimensi
of the source, the sudden freeze radius and the two collim
ing slits a1 anda2 in front of the grating are greatly exage
8-9
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ated compared to thez direction. The two slits serve to col
limate the beam and to increase the spatial coherence o
source by reducing the area of the sudden freeze sur
which contributes to the incident flux illuminating the gra
ing. This reduced area can be expressed geometricall
contained within the small polar angleq0

max ~see Fig. 9!
about thez axis on the sudden freeze sphere which, by
suminga15a2[a, is given by

sinq0
max5

a

2Rs f
F112

L1

L2
S 12

Rs f cosq0
max

L1
D G . ~19!

In the present case the sudden freeze radius is approxim
Rs f&1 mm, the collimating slits 1 and 2 are 10mm wide
and the distancesL1 and L2 are large in comparison. Thu
Eq. ~19! can be simplified to give

q0
max.

a

2Rs f
S 112

L1

L2
D . ~20!

The sudden freeze radius can be calculated from the so
aperture diameterd0 and the measured speed ratioS ~see
below! @22#

Rs f50.2S3/2d0 . ~21!

The next task is to develop a distribution function for t
angular and velocity distribution of particles emanating fro
each point on the sudden freeze surface. A simple but a
rate velocity distribution model is the so-called ellipsoid
Maxwellian model, which assumes two Gaussian distri
tions with different widths@23#

f ell~v i ,v'!5N~v i
21v'

2 !expF2
m

2kBTi
~v i2u!2G

3expF2
m

2kBT'

v'
2 G , ~22!

FIG. 9. Schematic top view of the atomic trajectories in t
apparatus. The shaded area near the nozzle indicates the hyd
namic continuum which ends at the sudden freeze zone at a dis
Rs f from the center of the nozzle orifice. From a point on the s
den freeze area the atoms are emitted with an angular and vel
distribution characterized by the speed ratioS. Only atoms which
can pass through the collimating slits arrive at and are diffracted
the grating.
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where kB is the Boltzmann constant,N is a normalization
factor, the two parametersTi and T' are the parallel and
perpendicular temperatures, and, similarly,v i andv' are the
velocities parallel and perpendicular to the direction of t
beam with a most probable velocityu. Up to the freezing
radiusT'5Ti . Beyond the freezing radiusTi remains con-
stant at larger distance from the orifice, whileT' continues
to fall off approximately likeT';(z/d0)22 due to geometri-
cal effects, wherez is the distance from the orifice@23#.
Defining the angleq5q01q i , whereq i is as before the
angle of incidence, the velocityv is given byv25v i

21v'
2

with componentsv i5v cosq and v'5v sinq. By making
use of small-angle approximations forq, Eq. ~22! becomes

f ell~v i ,v'!5 f ell~v,q!

5Nv2 expF2S v2u

u D 2

S2GexpS 2q2S2
v
uD ,

~23!

where

S25

1

2
mu2

kBTi
. ~24!

For very narrow velocity distributionsv.u, and the term
v/u can be set equal to unity in the second exponential fu
tion. In this limit the function f (v)5cfv

2exp$2@(v
2u)/u#2S2% describes the velocity distribution and the fun
tion exp$2q2S2%, the angular distribution, where the two p
rametersu andS are determined experimentally, andcf is a
normalization constant. The speed ratioS is related to the
experimental velocity distribution via

S52Aln 2
u

Dv
.1.67

u

Dv
, ~25!

whereDv is the FWHM of the velocity distribution. With
these assumptions, the observed intensity distributionI obs is
given by the weighted average of the intensity

I obs~q f !

5E
0

`

dv f ~v !E
2q0

max

q0
max

dq0E
2p/2

p/2

dq g~q,q0!I~q i ,q f !,

~26!

with I(q i ,q f) given by either Eq.~6! or Eq. ~8! in the
Fresnel or Fraunhofer case, respectively. Equation~26! in the
Fresnel case has been used in Sec. V B to simulate the
fraction measurements. The angular distribution is co
pletely specified by

g~q,q0!5cgx~q,q0!e2q2S2
, ~27!

where the factorcg is a normalization constant. The functio
x(q,q0) takes into account that the classically allowed pa

dy-
ce
-
ity

y
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with initial values ofq are confined byq0 and the dimen-
sions of the two collimating slits, as can be seen in Fig
i.e.,

x~q,q0!5H 1, qmin~q0!<q<qmax~q0!,

0, otherwise,
~28!

where the anglesqmin(q0) and qmax(q0) can be approxi-
mated as

qmin~q0!.H 2q02FRsf

L1
~q01q!!G , q0<2q!,

2q02F Rsf

L11L2
~q01q!!G , q0.2q!,

~29!

qmax~q0!.H 2q02F Rsf

L11L2
~q02q!!G , q0<q!,

2q02FRsf

L1
~q02q!!G , q0.q!,

~30!

with the definitionq!5arcsin(a/2Rsf).(a/2Rsf).

V. COMPARISON OF EXPERIMENT WITH THEORY

A. Diffraction peak intensities

For comparison with theory it is advantageous to anal
relative diffraction intensities that are normalized to t
zeroth-order diffraction peak. In this way the need to pred
intensities which depend on detector efficiencies and o
experimental factors which are difficult to determine ab
lutely is circumvented. To take into account the broaden
of the measured diffraction peaks due to the velocity spr
of the atomic beam, the areas of the peaks instead of
heights were evaluated by fitting each diffraction peak t
Gaussian profile as shown in Fig. 6. The areas were t
divided by the respective zeroth-order peak area for e
angle of inclination to give relative diffraction intensitie
i n,0 .

In the first method used to analyze the measured diffr
tion intensities, Eq.~18!, describing the diffraction of a plan
wave by an imperfect grating with vanishing thickness,
used. In addition, a perfectly uniform period,sd50, is as-
sumed for simplicity with identical Gaussian randomness
the leading and trailing edges of the slits,ss15ss2[s.
Then, from Eq. ~18! the ratios of the intensity of the
nth-order peak to that of the zeroth-order peak are given
the slit function modified by the appropriate Debye-Wal
factor

i n,05
I n

I 0
5Fsin~nps/d!

nps/d G2

exp@2~2pn/d!2s2#. ~31!

Figure 10 shows some of the data of Fig. 5 plotted as rela
diffraction peak areas normalized to the zeroth-order p
area. The curves in Fig. 10 represent least squares fits b
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on Eq.~31! which yield both the effective slit widthseff and
the randomnesss for each angle of inclination. Reasonab
fits could only be obtained for angles of inclination smal
thanQ0.30° and the results for both gratings are listed
Table I. The slit width at normal incidenceQ050° is found

FIG. 10. Experimental diffraction intensities evaluated from t
data in Fig. 5 normalized to the respective zeroth-order inten
~filled circles! compared with best fits of the Debye-Waller damp
slit function ~solid line! of Eq. ~31!.

TABLE I. Comparison of effective slit widths determined from
transmission experiments according to Eq.~1! with those from best
fits of the damped slit function according to Eq.~31! for different
values of the angle of inclinationQ0. Also shown are the best-fi
mean square deviations.

Q0 Transmission Diffraction
seff (nm) seff (nm) s (nm)

Grating I:
0° 47.21 47.21 2.25
21° 25.99 28.87 2.62
27° 13.34 18.54 2.63
29° 9.23 15.17 2.57
Grating II:
0° 57.34 57.34 2.61
15° 46.11 46.30 2.91
20° 37.75 40.15 2.58
25° 27.95 31.69 3.06
30° 17.68 23.30 2.90
8-11
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to bes.47.2 nm ands.57.3 nm for grating I and for grat
ing II, respectively, differing slightly from the nominal valu
of 50 nm. These values have been used asseff(Q050) in
Eq. ~1! to determine the effective slit width as a function
angle of inclination from the measured krypton transmiss
as shown in Fig. 4. The results are listed in Table I as w
Both the transmission and the diffraction measureme
show the decrease of the effective slit width with increas
angle of inclination, but consistently for both gratings t
effective slit widths determined from the transmission d
decrease faster with increasing angle of inclination th
those determined from the diffraction intensities. The la
discrepancy especially at large angles of inclination
surprising.1 Possibly, it is due to an increased deviation
the diffraction intensities from Eq.~31!, which is based on
Kirchhoff’s extinction boundary conditions, which negle
the influence of the van der Waals interaction potential
tween the 4He atom and the grating surfaces. For sma
effective slit widths at larger angles of inclination, this effe
which, in the diffraction of the heavier rare gas atoms h
been observed to change the relative diffraction intensi
significantly @9#, is no longer negligible, and the diffractio
patterns are less well described by an effective slit wid
This conclusion is confirmed by the fact that for angles
inclination larger than 30° satisfactory fits by Eq.~31! could
not be found with reasonable values of the effective
width indicating the failure of the optical formula Eq.~31!.
This failure can in part also be attributed to a breakdown
the Gaussian distribution used to mimic the distribution
defects. As discussed in Sec. III in connection with Fig.
nonuniformity of the grating edges has an ever increas
effect on the diffraction patterns with increasingQ0.

Deviations from and failure of the optical formula E
~31! at large angles of inclination cannot be explained
taking into account that the trapezoidal cross sections of
grating bars are likely to be rounded. Rounded trapezo
would also be described by an effective slit width in com
nation with possible random disorder, whereas the disc
ancy observed at large angles of inclination indicates a
viation from the concept of effective slit width, i.e., from
Eqs.~18! and ~31!.

The fits forQ0,30° all give nearly the same value of th
root-mean-square deviation of the slit edge position of
proximatelys.2.5 nm for grating I and about 2.8 nm fo
grating II, without showing a clear trend with increasin

1The discrepancy, which, as discussed in the text, is attributed
combination of effects resulting from the long-range van der Wa
forces and grating imperfections, would be expected to be the
posite with the transmission experiments yielding larger slit wid
than the diffraction experiments. This is explained by the fact t
in the transmission experiments the detector angular apertu
opened up to Du.3.431023 rad compared to Du.70
31026 rad in the diffraction experiments so that atoms scatte
through small angles should be collected and effectively trans
ted.
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angle of inclination. These values correspond to only 5%
the slit width indicating the high uniformity of the gratin
structure.

B. Theoretical simulations of the spectra

The second analysis of the diffraction data was based o
complete numerical simulation of the diffraction spectra u
ing the Fresnel formula Eq.~6! averaged over~i! the inco-
herence of the source as in Eq.~26!; ~ii ! Gaussian distribu-
tions in slit edge positions; and~iii ! the velocity distribution
of the beam using the speed ratioS577 as determined by
independent time-of-flight measurements. The sudden fre
radius was determined from Eq.~21!, Rs f50.2S3/2d0 @22#,
where d0 is the source aperture. In the present cased0
55 mm) this givesRs f50.67 mm. In addition, a convolu
tion of Eq. ~26! with a Heaviside function accounted for th
25 mm wide detector slit~see Fig. 1!. In Fig. 11 the mea-
surements~thick solid lines! are compared with the ful
simulations~thin solid lines! based on Eq.~26! using a slit
width seff and a rms random disorder in slit edge positionss,
both as determined from the simple fit analysis discusse
Sec. V A.

The overall agreement with the experiment is very go
up to about the sixth order. Both the intensities and the ba
ground are reasonably well reproduced. The discrepancie
the positions are due to experimental errors in the pre
position of the detector. At higher orders and at angles
inclinationQ0 greater than about 30° the increased disord
surface roughness, and the influence of the atom-surface
tential not accounted for in these simulations appear to m
large contributions.

To illustrate the effect of disorder the calculations we
repeated with the same average over the temporal and sp
incoherence of the extended beam source, Eq.~26!, the same
seff but with neglect of disorder, i.e.,s50. These results are
also shown in Fig. 11 as thin dotted curves. From the co
parison it is seen that slit disorder not only reduces the m
mum diffraction peak intensities with an increasingly grea
relative effect with increasing diffraction order but also i
creases the diffuse background between the diffrac
peaks.

It has already been shown in Fig. 10 that the decreas
maximum peak intensities due to slit disorder agrees ra
well with the analytical expression of Eq.~31!. Thus, the
agreement with the full numerical simulations shown in F
11 indicates that for calculating the maximum diffractio
peak intensities the Fresnel corrections are small and
Fraunhofer expressions are adequate.

Recent experiments and calculations for the diffraction
D2 and heavy rare gases~Ne, Ar, Kr! by the same grating a
used here, show a significant effect of the atom-surface
teraction potential on the main peak intensities@9#. Since the
attractive atom-surface van der Waals potential is sign
cantly stronger than for4He, these effects are much mo
readily apparent, for example, for krypton than for helium

Thus, the present experiments demonstrate that for4He
atoms the Kirchhoff boundary conditions, and consequen
Fresnel and Fraunhofer theory, are quite adequate for s
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diffraction orders and forQ0,30°, corresponding to effec
tive slit widthsseff*9 nm.

C. Determination of the speed ratio

In addition to providing a detailed characterization of t
nanoscale transmission grating as presented in the above
tions, the analysis of the diffraction data also provides inf
mation on the velocity distribution of the atom beam as
demonstrated in this section.

The widthDv of the atom beam velocity distributionf (v)
and hence the speed ratioScan be determined by an analys
of the experimental angular widthsD (n) ~full widths at half
maximum! of the diffraction peaks. The latter is expected
increase monotonically with increasing diffraction ordern as
a result of the energy spread of the incident beam accor
to

FIG. 11. Full theoretical simulations of the diffraction spec
for several angles of inclinationQ0. The thick solid lines represen
the experimental results, the thin solid lines the numerical Fre
calculations of Eq.~26!, which include the averages over the inc
herence of the extended beam source and the random slit diso
The thin dotted lines are similar calculations from Eq.~26!, but for
a diffraction grating without disorder.
03360
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D (n)5A~D (0)!21S q f
(n)

Dv

u
D 2

, ~32!

whereu denotes the mean velocity. This equation is deriv
from an evaluation of Eq.~26! by assuming Gaussian shap
for both f (v) as well as the zeroth diffraction order of ang
lar width D (0), which is determined by the beam divergen
through the collimating slits and the spatial extent of t
beam source as described above. It follows that a meas
ment of the increase in diffraction peak widths provides
independent measurement of the speed ratioSof the incident
beam, in addition to the direct time-of-flight~TOF! measure-
ments ofS.

Figure 12 shows a plot of the FWHM of the Gaussia
fitted to the main diffraction peaks as in Fig. 6 as a functi
of diffraction angle. For comparison the dashed lines rep
sent the theoretical widths as given by Eq.~32! in which a
speed ratio equal to the valueS577 measured by TOF wa
assumed. In Fig. 12~a! ~grating I! a slightly better fit of the
data is achieved ifS567 is assumed~solid line!. In Fig.
12~b!, where the data for the newer grating~grating II! is
plotted, a better fit is obtained forS550 ~solid line!.
Whereas the grating I value agrees quite well with the T
result, grating II shows a significant discrepancy. This d
agreement appears to be only apparent. Since the ghost p
are much less pronounced and less well resolved as c
pared to grating I, it was not meaningful to use extra Ga
sians to fit the small ghost peaks in all of the diffractio

el

er.

FIG. 12. Widths of the main diffraction peaks~FWHM! for both
gratings as extracted from the analysis shown in Fig. 6, plo
against the diffraction angle. The dashed lines represent calc
tions according to Eq.~32! for a speed ratio ofS577, as determined
by time-of-flight measurements. Better fits are achieved forS567
andS550 ~solid lines!.
8-13



v
nd

to

lu

or
he
e
e
d
fo

c
th
e

pl
ac
iv
ac

ar
f t
gl
m
-

an
in
o
e
e
f
a
th
s

th

n

the
ese

t to

oped
if-
m

at

u-
tud-
ela-
ts
Ne,
to

fec-
for.
nu-
heir
be

this
at

as
ac-

er
ion
mic

als
.

nd
ant

ss
ist
ion
d
cent
the
a

cate
he
e of

d
n
re

f

R. E. GRISENTIet al. PHYSICAL REVIEW A 61 033608
peaks. The neglect of additional Gaussians results in an o
estimation of the widths of the main diffraction peaks a
can explain the discrepancy.

VI. CONCLUSIONS

In the present work4He atom diffraction has been used
characterize the structural features and imperfections
100 nm-period transmission gratings used in atom and c
ter beam diffraction experiments@3#. The results show
clearly that the simple Kirchhoff formula commonly used f
optical scattering is only able to qualitatively describe t
measured diffraction spectra. In the course of the pres
studies the average slit width, the actual profile and thickn
of the bars, and the statistical randomness in the bar e
positions of two gratings were determined. The results
the gratings studied are summarized in Table II.

The slit widths are determined by a best fit of the diffra
tion intensities which depend sensitively on the ratio of
effective slit widths to the bar widths, but also to a less
extent on the distribution of the bar edge positions. A sim
theory, which provides a convenient approximation to
count for the randomness in the bar edge positions, is der
based on the analogy to the well-known Debye-Waller f
tor.

The profiles and effective thickness of the grating b
were simply determined by measuring the dependence o
overall transmission of the grating as a function of the an
of inclination of the grating with respect to the incident bea
direction. By inclining the grating with respect to the incom
ing atomic beam, the effective slit widths are decreased
the deviations from the ideal Kirchhoff behavior become
creasingly important. Under these conditions the rand
variations of the slit width constitute an increasingly larg
fraction of the effective slit width and their effect becom
increasingly apparent. The diffraction patterns measured
different angles of inclination reveal a number of addition
periodic structures which are especially apparent near
central peak and with increasing angle of inclination. The
have been tentatively assigned to Lyman ghosts since
appear to be correlated with structural imperfections.

To obtain a full simulation of the measured diffractio

TABLE II. Summary of the properties of two 100 nm-perio
transmission gratings obtained from He atom diffraction and tra
mission experiments, which were analyzed following procedu
described in this paper.

Randomness o
Slit width Bar profile slit edge
(Q050°) wedge angle Bar thickness positions
s (nm) a (°) t (nm) s (nm)

Grating I 47.21 7.561.5 90610 2.25
Grating II 57.34 8.061.5 90610 2.61
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pattern the finite velocity spread and spatial extent of
beam source also had to be accounted for. When all th
effects are included a very satisfactory fit of the data ou
intermediate diffraction orders (n<6) and at not-too-large
angles of inclination was achieved.

The experience gained here and the procedures devel
are an important prerequisite for many applications of d
fraction gratings for physical investigations. They confir
the previous interpretation of satellite structures obtained
lower source temperatures (T0<50 K) in terms of small He
clusters@3,5# and help delineate conditions under which sp
rious effects may be expected and discounted in future s
ies. Recently, large differences have been found in the r
tive intensities of different diffraction orders in experimen
with room-temperature supersonic atomic beams of He,
Ar, Kr, and D2 @9#. In order to relate these observations
the effect of the long-rangeC3 /z3 attractive potential be-
tween the atoms and the grating bars the grating imper
tions studied here all have to be correctly accounted
Another application aims at determining the mean inter
clear distances of the He dimer and trimer. Because of t
large physical size the effective slit widths are expected to
reduced as compared to the diffraction of He atoms, and
effect will also lead to changes in the relative intensities
the different diffraction orders@24#. In this case to determine
the effective slit width all the above imperfections as well
the effect of the long-range potential must be properly
counted for.

We hope that this investigation will stimulate the furth
development of the technology of fabricating transmiss
gratings and their widespread use in molecular and ato
physics.
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APPENDIX

The fabrication of grating I used a bilayer-resist proce
@25# followed by evaporation of titanium on the tops of res
lines. In the process of etching through the antireflect
layer and the SiNX , thermally induced stress in the Ti cause
some of the grating bars to deviate. In some cases adja
bars approached one another. We believe this is probably
origin of the Lyman ghosts. To avoid this problem,
trilayer-resist process was developed and used to fabri
grating II. No evidence of deviations was observed with t
trilayer process, which is consistent with the near absenc
the ghosts that were observed with grating I.
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