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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 t®,=42° 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 numbeps): 03.75.Be, 39.20:q, 81.05.Ys

[. INTRODUCTION been assumed to be valid also for atom diffraction.
At the present time, on the basis of the most recent ex-

In recent years there has been a very rapid development jperiments, it is now believed that a number of effects not
using microfabricated structures for the manipulation andncorporated in the Kirchhoff approximation have to be ac-
analysis of atomic and molecular beaft$ One of the most counted for, including a precise determination(bf the av-
interesting of these microfabricated devices is the diffractiorerage slit width,(2) the actual profile of the barg3) the
grating, which was used first by Keitt al.[2] for diffract-  statistical randomnesses in the bar edge posititfisthe
ing an atomic beam of Na atoms. The lighter helium atomdong-range attractiv€;/z> potential between the projectile
are particularly attractive for such experimef8s4] since by  and the bars, an¢b) the microscopic roughness of the sur-
virtue of their very weak physisorption interactions they doface of the bars.
not stick to or contaminate the surface, facilitating the use of In the present paper, high-resolution experimental results
delicate structures. Moreover, the beam source can be coole the diffraction of helium atoms from a room-temperature
down to temperatures of several degrees Kelvin leading t@mozzle-beam source, with an incident energy of 65 meV, by
much larger diffraction angles than possible with alkali at-a 100 nm-period silicon-nitride grating are used to investi-
oms. Recently, our group demonstrated the use of transmigrate systematically the first three of the above physical prop-
sion gratings for nondestructively selecting small heliumerties of the grating, whereas effe¢®y and (5) have been
clusters via their different diffraction anglg3,5]. These ex- investigated recently9]. The measured diffraction results
periments provided the first unequivocal evidence for theare first interpreted with theoretical calculations based on the
existence of the helium dimer and trin{&1, which by virtue  Kirchhoff diffraction model in the Fresnel approximation,
of their very weak binding are difficult to detect by other developed for optical gratings. By allowing for a small ran-
means. Because of this weak binding, the average radial distom distribution of variations in the slit widths and slit po-
tance of the dimer is 55 f6], making it the largest ground- sitions, and by accounting for the velocity spread and spatial
state diatomic molecule. Recently, thet@men group has extent of the nozzle beam, both the measured diffraction
embarked on a research program to determine the size of theeak intensities and the background signal between the peaks
He dimer by a comparative analysis of the He atom and Hean be well reproduced. Additional features similar to Ly-
dimer diffraction intensitie§7]. In the course of these studies man ghostd10-12 become especially apparent when the
rather significant discrepancies were found between the meagating is inclined at large angles with respect to the incident
sured relative diffraction intensities when compared with cal-beam, leading to a greater sensitivity to the positions and
culations based on Kirchhoff's formu|8&]. In this theory the  smoothness of the slit edggE3]. Deviations in peak inten-
relative intensities of the diffracted order peaks are comsities from the Kirchhoff-based calculations, especially at
pletely determined by thepen fractioni.e., the ratio of the large angles of inclination, indicate that the interaction po-
width of the slits between the grating bars to the gratingtential between the grating and the helium atoms also affects
period, while the wavelength of the atomic beam, for a giverthe diffraction patterri9].
grating period, only determines the angular position of the The paper is organized as follows. In Sec. Il the experi-
peaks. Until recently, Kirchhoff's theory, which is very suc- mental apparatus is described, followed by a presentation of
cessful in explaining many features of light diffraction, hadthe experimental results in Sec. Ill. Section IV provides a
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, . slit 3 glected. In order to achieve the spatial coherence necessary
1%";:“ fo'tfn &3 pm for resolving small diffraction angles, the beam is collimated
_J_dL \ 5 =T by two 10um-wide 5-mm-tall slits located 63 mm and
= J U U R W 482 mm downstream from the source. The transmission
M \90/;/” f grating is placed 25 mm behind the second slit. A third slit,
ﬂ ﬂ rotable 25 um wide, is placed in front of the detector entrance
atom beam grating s ™ 520 mm downstream from the grating. The detector is
source with period d and mounted on a large support which is driven by a stepping
shCwidth.g motor with an angular displacement of about QuTad per
_63cm | 42m  [250m_  52em \ step in a circular path around an axis normal to the labora-

tory floor and coinciding with the grating slits. The overall
FIG. 1. Schematic top view of the apparatus used in the He atoreffective angular resolution of the apparatus amounts to

diffraction experiments. The diffraction grating has a period of 100gbout 70 urad FWHM as determined from the measured
nm and can be rotated by an anglg about an axis perpendicular intensity profile of the beam without the grating. Since this is
to the plane of the page. The gratings are 206 wide and 5 mm  sjgnificantly smaller than the estimated angular spacing of
high. the diffraction peaks, they are clearly resolved for the

=300 K helium atom beam.
discussion of the basic diffraction formalisms, grating mod- Because of space limitations, the angular position of the
els and methods for accounting for the incident beam propuHV chamber housing the detector ionizer is measured
erties and defects in the grating. The experimental results amghout 20 cm below the beam line. As a result of some tor-
compared with theoretical calculations in Sec. V and dissional bending of the support mount the actual position of

cussed in Sec. VI. the detector ionizer may differ slightly from the indicated
angular position. Therefore, in comparing the measured and
Il. EXPERIMENTAL SETUP calculated diffraction pattern@ Fig. 11), the peak positions

in the raw data were corrected by rescaling the measured

A schematic diagram of the experimental sef@fb] is  angular positions by a factor 0.84, in order to make them
shown in Fig. 1. The nearly monoenergetic beam of heliuncoincide with the angular positions predicted by Kirchhoff's
atoms is produced by supersonic expansion of puréormula.
(99.9999% helium gas through an electron microscope ap- The transmission diffraction grating is made out of low-
erture, which is nominally 1 wm in diameter and about Stress, nonstoichiometric silicon nitride (SNusing achro-
2 um long. All the present measurements involving heliummatic mterferometnp I|thography_ and reactive ion etchlng
were made with the source at room temperatdfg [14]. As shown in Fig. 2 the grating has overall dimensions
—300 K, with a source stagnation pressure &, ©Of 200 um width and 5 mm height. The nominal grating
—140 bar, and a source chamber pressure of about 7_Eerlod is 100 nm with nominally 50 nm wide bars and slits.

with krypton at T,=300 K and Py=50 bar. At these

- . : . sion as a function of angle of inclination to be about 90 nm
source _condltlons the fraction of clustgrs in both atomlc[13]. The arrangement of three gratings on a single chip,
beams Is expected to_ be completel_y negligliE The mean their sizes, and the support bars are shown schematically, as
velocity of th_e helium _beam IS mea_sured o he well as in the scanning electron micrograph, in Fig. 2. Coarse
=1780 m/s with a ful (‘)N'dth at half mammun(nFWHM) horizontal support bars 1..xm wide with a periodicity of
spreadAv of Av/u=2.1% and a mean de Broglie wave- g ., hermendicular to the slits maintain the stability of the

length of 0.56 A. FOI’. _efficiently ionizing a tall narrow slit fine bars. The support bars reduce the overall transmission
beam the detector utilizes a homemade electron bombarqlr—

o hich is foll d b imole | om 50% to nominally about 30%.
ment ionizer, which is followed by @ simple low-mass- Figure 3 shows a side view of the individual grating bars
resolution M/Am~40), magnetic 90° deflection, mass

he ol X ‘ h at an intermediate fabrication step, before the bars have been
spectrometer. At the electron impact energy of 120 eV thereeq from the silicon substrate, and reveals the truncated
overall efficiency(ions per mcm;lent ato_bns egtlmated to pe wedge shape profile, which was confirmed by the transmis-

somewhat greater than 18 increasing with decreasing gjop, experiments described in the next section. In the experi-
atom beam velocity. Four differentially pumped vacuumments described here, the chip is mounted in vacuum on a
stages between the grating and detector chamber reduce theninylator with provides for adjusting the three Cartesian

totaliﬂressure in the latter chamber to less than Ilgordinates, as well as rotation around an axis perpendicular
X 10""* mbar corresponding to a background count rate otq, the grating plane and rotation around an axis perpendicu-

typically 4 counts/s. _ _lar to the plane depicted in Fig. 1 enabling measurements
Since the de Broglie wavelengthof the helium atoms is |,nder normal and off-normal incidence.

less than 1 A and the grating peridds 1000 A, diffrac-

tion angles of the order of magnitude ®fd~1 mrad are Ill. EXPERIMENTAL RESULTS
expected. The flight path of the helium beam, as shown in
Fig. 1, is parallel to the laboratory floor and the slits are
perpendicular to the plane of the floor. Because of the rela- To characterize the profile of the grating bars, the trans-
tively tall slits (5 mm) the effect of gravity can be ne- mitted intensity was measured as a function of the grating

A. Transmission measurements
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2 mm

FIG. 2. On the left side, the
arrangement of three silicon ni-
tride gratings on a silicon chip is
shown. In the experiment only one
grating is illuminated by the
atomic beam. The right shows an
electron micrograph of a small
part of a grating. In addition to the
fine grating bars, two of the
1-um-wide support bars, which
are spaced um apart, are clearly
seen at the top and bottom of the
micrograph.

Coherence across

8mm 5mm) all three windows

5um 100nm-period grating
in SiN, membrane

angle of inclination®. In order to collect as many of the tral peaks, the error caused by this effect is small. Within
diffracted particles, including those diffracted into higher- Kirchhoff's theory in the Fraunhofer limitEq. (11) of Sec.
order peaks, the 2mm aperture slit in front of the detector IV B] the error is calculated to be 5% for a grating having
was removedsee Fig. 1to increase the acceptance angle ofequally wide slits and bars in the case that orders3 are

the detector to abouk®=3.4x 102 rad. Figure 4 shows not detected. In the case of krypton, due to its much smaller
the results of such measurements for He and Kr atom beamde Broglie wavelength (0.12 A), diffraction peaks uprto
The transmission without inclination of about 30-35% is=12 are still within the acceptance angle of the detector,
explained by the expected 50% transmission of the gratindeading to a slightly larger apparent transmission, as ob-
which is further reduced by additional losses due to the hori-
zontal support bars. Despite the increased acceptance angle,

50

35-_........................

helium diffraction orders1>3 did not arrive at the detector [ ° :e exlp-
and hence went uncounted. Furthermore, at larger angles of 30 F - K? calc.
inclination, which result in a small decrease of the projected - Kr i;f’c' 40

grating period, the diffraction pattern extends to larger total
angles and the number of peaks not detected increases to
>2. However, since these higher-order peaks are two to
three orders of magnitude smaller in intensity than the cen-
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FIG. 4. Measured total transmitted intensity as a function of
grating angle of inclinatior®, for He (filled circles and for Kr
atom beamgopen circleg of energyE;=65 meV (T;=300 K)
for grating I. In combination with analysis of diffraction intensities,
FIG. 3. Electron micrograph of the silicon nitride grating at an the transmission can be used to calibrate the effective slit width
intermediate fabrication step before the silicon substrate is removesL#(®,) as plotted on the right vertical axis. The lines are fits as-
by reactive ion etching. The truncated wedge shape geometry of theuming a truncated wedge shape cross section of the grating bars as
grating bars is clearly visible confirming the interpretation of the depicted in the inset, revealing a grating thickness of 90 nm and a
transmission shown in Fig. 4. wedge anglex=7.5°.
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served in Fig. 4. For normal incidence the krypton transmis=65 meV (To=300 K). For®,=0° the odd-order peaks
sion is measured to be 33.7% in comparison to 31.7% foare at least an order of magnitude greater than the even-order
helium, the difference being in very good agreement with thepeaks. This trend is expected from Kirchhoff's optical theory
expected 5% additional loss for helium. Otherwise, the obin the Fraunhofer limit, according to which the intensities of
served dependence on the angle of inclinatifor Kris  the diffraction peaks are determined by the slit function en-
nearly identical with that for helium. velope[8]. The slit function is simply the diffraction pattern
As seen in Fig. 4, for the first 7° of inclination the inten- of a single grating slit, as will be discussed in detail in Sec.
sity remains almost constant. This is explained by the crossy. For a grating with exactly equal slit and bar widths the
sectional shape of the grating bars. The results in Fig. 4 argven-order peaks coincide with the zeros of the envelope slit
consistent with bars that are narrower at the front than at thgunction and hence should, in fact, be completely suppressed.
back, or bars that are wider at the front than at the back siderhus, the smaller even-order intensities are a sensitive and
and thus up to a certain angle of inclination the effective slitdirect indication that for the present grating the slit and bar
width is not reduced. Beyon@,=7° the total transmitted widths are not exactly equal. The range of observed intensi-
intensity decreases nearly linearly with,, consistent with a  ties is quite large, the most intense peak at zeroth order has
decreasing effective slit widtBe; as shown in the inset of an intensity of about 0 counts/s, while the smallest peaks
Fig. 4[15]. Up to about®,=31° the transmission decreases observed at normal incidence are the ninth-order which have
linearly to a value of approximately 3% corresponding to anintensities of approximately 50 counts/s on a background of
average effective slit width of 4.2 nm and then tapers offabout 20 counts/s. The ninth-order peaks seen in Fig. 5 are
and falls off more slowly. The dependence of the transmishy no means at the limit. For example, in other measure-
sion on the angle of inclination is fitted weftontinuous ments it has been possible to observe diffraction peaks out to
line) if truncated wedge shaped cross sections with sharghe 23rd ordef16].
perfectly straight edges are assumed for the grating bars as As the grating angle of inclination is increased, the even-
shown in the inset of Fig. 4. From the slope of the curve andrder peaks become more intense, which is expected for the
the extrapolated cutoff angle of about 33° a grating thicknesspreading of the slit function which becomes broader as the
of 90 nm and a wedge angle equal to 7.5° were deter- effective slit width decreases. With increasing angle of incli-
mined from the best fit. This wedge angle is in good agreenation up to®,=<30° the diffraction pattern nicely resembles
ment with the electron microscope view of the grating barshe expected Fraunhofer pattern. Fdg>30° the envelope
shown in Fig. 3. The small tail in the transmission beyondof the peak intensities deviates increasingly from the behav-
31° is attributed to the roughness of the grating bar edgeidr expected for the slit function which should become
and to the nonuniformity in the positions of the bar edges. broader and broader with increasing angle of inclination and
The effective slit width can be simply calculated from the finally should approach a horizontal line in the limit of van-
transmitted intensityT(®), ishing effective slit width. Instead, a much faster decrease of
the diffraction intensities with increasing diffraction order is
T(©o) (1) observed, falling off exponentially or even faster for angles
T(0e=0)" of inclination ®,>35°. As a result, for these angles of in-
o o ) clination the number of observed diffraction peaks begins to
The effective slit widthse(©,) is given on the right-hand  gecrease significantly, while the maximum intensity has
vertical axis of_ Fig. 4. In a_ddition,_for off—_normal incidence dropped to slightly more than 100 counts/s. At the largest
the decrease in the effective grating per(®o), and the  5ngle of inclination®,=42°, the maximum intensity is less
increase in the number of illuminated sli&(®,), which  than 100 counts/s but still peaks out to the 3 order can
depend on the angle of inclination, are given, respectivelypq clearly seen.
by These deviations from the predictions of optical theory for
a perfect grating are attributed mainly to two opposing ef-

Seft( @) = Ser( O =0)

d(®o)=d(0)cosO,, @) fects. The first one, due to the van der Waals interaction
and between the helium atoms and the silicon nitride of the grat-
ing bars, introduces an additional narrowing of the effective
N(0) slit width [9], which depends on the geometry of the slits and
0= 050, (3)  bars and is expected to be increasingly important at large

angles of inclination where the effective slit width is small-
For example, for 40° off-normal incidence the period is de-€st. The second effect, resulting from the roughness in the

creased by 23% and the number of illuminated slits increasedit €dges and fluctuations in the slit edge positions and their
from 100 to 131. spacings, leads to an increase in the intensity falloff with

increasing diffraction order and thus appears to be the domi-
nant effect. It will be analyzed quantitatively in Sec. V A.
At angles of inclination®,=27° very small additional
Figure 5 shows a series of measured diffraction patterngpeaks can be seen as satellites at angles at about 2/3 of the
in which the signal is plotted on a logarithmic scale as aangle of the first-order peaks. With increasi®g additional
function of the deflection anglé; for a number of different small peaks appear at about 1/3 of the first order peak angle
angles of inclination®, at an incident beam energy &; and begin to appear between the higher order peaks and be-

B. Diffraction measurements
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FIG. 5. Experimentally observed diffraction
intensities for a He beam of incident enerBy
=65 meV for several different angles of inclina-
tion up to ®,=42° plotted as a function of de-
flection angled; for grating I. The stagnation
temperature and pressure in the source chamber
wereTy,=300 K andP,=140 bar, respectively,
and the measured speed ratio was 77.
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come increasingly evident for increasing angles of inclina- Moreover, it should be emphasized that the evidence for
tion. These structures cannot be explained by the diffractiothe ghost peaks is not as direct @,=0° and is implied
of small helium cluster§3,5] since peaks due to clusters are only by the very low intensity (10° of the central peak
largest near the central peak and, moreover, are expected $boulders on the side of the first-order peak and some of the
decrease with the overall transmitted intensity and woulchigher-order peaks, such as the seventh-order fmek Fig.
therefore disappear with increasing angle of inclination.  5). It is important to note that the ghost peaks increase
These additional peaks are similar to a phenomenon destrongly in relative intensity with increasing angle of incli-
ignated Lyman ghosts10,12,17, which was observed in the nation and increase to about 5% of the central peak at large
early days of mechanically ruled optical interference grat-angles of inclination. This suggests that periodic fluctuations
ings. They are caused by small superimposed periodic fludn the grating thickness and not so much in the widths are the
tuations in the grating period which are hard to detect by anynajor contributing factor. Of course, both affect the posi-
other means. Periodic defects are not expected to occur iions of the bar edges which determine the effective open-
holographically produced gratings, as used in these experings. Periodic oscillations in the thickness of the grating can
ments, since these rely on the wavelength of light which isasily occur in the course of the chemical etchisge Ap-
fixed by the laser used and is uniform over the surface of th@endix.
grating. Periodic imperfections could, however, be intro- There is also the possibility that there are additional peri-
duced in the subsequent series of processes which are indic fluctuations in the grating period extending over a larger
volved in the grating fabricatioil4] as discussed in the number of periods, which would give rise to Rowland ghosts
Appendix. In the present case, the observed angular positiofi$1,17. However, Rowland ghosts are expected to give rise
of the ghost peaks, tentatively attributed to Lyman ghoststo supplementary peaks very close to the main diffraction
correspond to a period slightly larger than three grating pepeaks, where they are more difficult to resolve. No clear
riods. evidence for Rowland ghosts could be found.
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‘g 10 2 FIG. 7. The angle between neighboring main diffraction peaks
é 3 divided by the angle between the main diffraction peak and its
— 10° ¢ E nearest ghost peak, plotted against the diffraction order. The data
§ 10" F 7 points are approximately centered around the value 3.5 indicating a
S 10% | 1 superperiodicity of 3.8 or 350 nm.
2 102
o £ : . . . . . ,
n 10° 3 on either side of the diffraction peaks in order to fit the
£ 10° E b) shoulders or distinct ghost peaks which are the small features
107 tentatively attributed to the Lyman peaks. These, in accor-
1000 o ok . x . GI i ' III‘; dance with standard theoretical interpretatiphg], are as-
© =35 rating sumed to be associated with the nearest main diffraction
10° ¢ 3 peak. Figure 7 shows the angular positions of the ghost peaks
102:_ 3 relative to the angle of the neighboring main diffraction
SIS f BEER peaks for six of the larger values @, as a function of
100 T W R diffraction order. This fractional angle is approximately 3.5,
e AL L L el L which implies that the supposed Lyman peaks are due to a
104 ' ’ ' ' ' ' 1 superimposed periodicity of about 85350 nm.
10° E It would, in principle, be possible to model the ghost
102 & E peaks and hence to analyze also their intensities. But there
10" | /\ /\ 3 are too many ways to model these peaks, because the super-
E 1 L I )\ l | . | C) . . . .
8 4 » 0 o 4 6 periodicity could be caused by a number of different mecha-

nisms: a superperiodicity in the grating period, in the size of
Deflection Angle &, [ mrad ] the bars or slits, in the shape of the bars or slits, in the
grating thickness as mentioned above, or in many other as-
FIG. 6. Examples of the diffraction spectra from grating | fitted pects of the grating. Since the currently available experimen-
by a sum of Gaussians fé,=0° (a), 35° (b), and for grating Il at 3| data is not sufficient to distinguish which would be cor-
®ﬁ:35;(‘|3)- Show?} in tI;_e _lépptlar(zpart of each Erap:]‘_ ishthe I:i”a| fitHrect, a modeling of the ghost peaks has not been carried out.
Shown below are the individual Gaussian peaks which make up the O _Aarco ;
final fit. The small Gaussians on either side of the main peaks fit th%it:]'genr:\lsvlél:slggom?]_lg;:géﬁé:;)tr"%?aﬁiz “\;vesrﬁ,]sgti?lr?:s
ghost peaks discussed in the text. a larger slit width of almost 60 nm and the measurement
was done with somewhat broader collimating slits, the peak
In order to extract the positions of the ghost peaks as welvidths are increased and peak intensities are more than an
as the main diffraction peak intensities, an analysis of eaclrder of magnitude larger. Furthermore, the peak envelope
of the diffraction spectra was made by fitting to a sum ofresembles more the slit function expected from optical
assumed Gaussian diffraction peaks. This analysis was catheory as compared to Fig(l§. This can be interpreted as a
ried out for all measured values 6fy, and three examples result of the larger effective slit width, which decreases the
for such an analysis carried out for two different gratings areeffect of the van der Waals interaction between the helium
shown in Fig. 6. In each case, prior to the fitting procedureatoms and the grating bars, thereby reducing the relative de-
the background intensity was subtracted from the measuredations from the optical behavior. In addition, the small
data by a linear interpolation between the minima betweemghost peaks are apparently much less pronounced, demon-
neighboring peaks. A comparison of the resulting data withstrating the greater uniformity in the structure of this grating,
best fits is shown in Fig. (& for normal incidence and for which was produced after the results shown in Fidp) 6n-
0,=235°, for two different gratings in Figs.(B) and Gc). It  dicated the need for further optimization of the fabrication
was necessary to include small Gaussian peaks near to apeocess.
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IV. THEORY e K 2 1 1),
(9 ,91)=Tok i —+—
A. Basic formulas (i, 91)=To dexex;{l 20 ®o R Ry X
The_c_alculat?on o_f the diffractio_n pattern produced by a X ex — ik cos®(sin9;— sin 9;)x]

transmitting object like a grating is a standard problem in
optics. If the atomic particle is infinitesimally small and is o 2
assumed not to interact with a grating bar unless it strikes it Xexd —ik sin@o(cosd— cosd;)x]t(x)|
directly, then optical theory is expected to be applicable. In
this case the atom beam can be described by a spherical (6)

wave, which is generated from a point souRg= (Xg,Yo,

—Zp), With Ry= \/x02+y02+ zo2 wherexg, Yo, andz,>0 are  where terms of the ordex?sir?9;/R have been neglected.
measured with respect to the transmitting objectaty=z Equation(6) has been used in Sec. VB to simulate diffrac-
=0. The diffraction problem is described completely by thetion patterns at different angles of inclinatidd, in the
solution of the wave equation for propagation in theirec-  Fresnel limit.

tion through an opening in the object placedat0 once the A further simplification is possible if the maximum di-
appropriate boundary conditions have been specified. Themension of the apertunrg,, 5, is such that

amplitude ¢(R) of the diffracted wave at an observation

point R=(x,y,z) with R=\x?+y?+Z? is then given by the T(Xmax? [ 1
Helmholtz-Kirchhoff integral theoreni8]. For simplicity a T(—
one-dimensional aperture is assumed, which also implies
taking y=yo=0, so that the intensity distributiorif _ ) )
=|4(R)|? is a function only of the incident and scattered In this case Eq(4) reduces to the Fraunhofer diffraction

polar anglesd’ and 9; which are defined by the relations formula in which the intensity distribution is given simply by
Xo=—RoSiN Y , zy=Roc0SY/ x=Rsin 9/ and z the Fourier transform of the transmission functigr)
[ [ ]

=Rcosd; as depicted in Fig. 8. If the characteristic dimen-
sion of the aperture is small comparedR@ndR,, then the

intensity is given by the Fresnel limit of the Helmholtz-
Kirchhoff integral[8]

1
R+R—O)<l. (7)

2

(k)= |A(K)|?=T ok? : )

f dx e "t (x)

(9], 97)=| A ,9)|? where k=K(sind;—sin ).

"y k(cog#; cosV]| ,
fﬁx Xexpis| —g— g |X

=Iok2 B. Grating models

Within the above theory, a diffraction grating is com-
2 pletely described in terms of the transmission functifx).
, 4 Once an appropriate model fo(x) has been chosen, the
diffracted intensity distribution is determined via Ed) or
Eq. (8). In the present discussion it is assumed that the atoms
wherek=2x/\ andX\ is the de Broglie wavelength. In Eq. interact with the diffraction bars via a hard wall potential
(4), t(x) is the transmission function of the aperture which inthereby altering only the amplitude and not the phase of the

xexg —ik(sind{ —sin9d{)x]t(x)

general is a complex function incident wave field. In this special cage=0 in Eq.(5) and
one speaks of aamplitude grating For an amplitude grat-
t(X) =to(x)e e® (5) ing, t(x) can be expressed as the sum of the transmission

functions of each periodic element

In the simplest case of the usual Kirchhoff extinction bound-
ary conditionst(x) =0 at the position of the grating bars and
t(x)=1 in the slits between the bars. Equatidn represents
the diffraction intensity for a geometry in which the grating
lies in the plane=0.

When the grating is inclined by an angk, the actual
experimental deflection anglé; is no longer of the same
order of 91 , since under the present experimental conditions

©0> ﬂf.(see Fig. 8 Thus, n Orde?r to make direct compart- o grating plane, perpendicular to the grating slits, zteis is
sons W_'th the me{jlsured diffraction spectra Q’&EO Itis defined parallel to the grating normal, while theaxis is perpen-
convenient to sety =Oo+ J;. The same reasoning can be gicyjar to the paper plane. The angi&sandd; as well as the angle
made with the incident angl® which becomesd{=©,  of inclination ©, are defined with respect to the apparatus axis

+ ;. Substituting these expressions in E4). and making (dash-dotted lingdefined in Fig. 1R andR, are vectors defined in
an expansion consistent with smal] and 9 leads to Sec. IVA.

FIG. 8. Definition of the coordinate system. Thexis lies in
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N \
t(x)=to(X)= 2 toj(¥), ©) oV=ng. (12
=

When the grating is inclined by an angt, the angular
positions of the main diffraction peaks are scaled to larger
values as compared to E(.2) according to

with N the number of illuminated slits. For a grating consist-
ing of a succession of equidistant slits, each of width
Kirchhoff's extinction boundary conditions imply the fol-

lowing form for tg;(x): \
ﬁgn): : dcos®,’ (13
N-+1 s N-+1 s 0
to; (X) = 2 d— SSXS| T T d+ PR which is a good approximation sina®(W<®, holds even

0. otherwise, for the highest orders observed in this work=10).

(10 C. Grating defects

whered is the grating period. In the Fraunhofer limit, the  Equation(11) is for an idealized, perfectly ordered dif-
substitution of Eq.(10) in Eq. (8) yields the well-known fraction grating. Real gratings are subject to a number of
formula defects which can significantly affect the intensities of the

diffraction pattern, and as discussed in the previous section
N ) 2 can even give rise to spurious peaks in the intensity which
—«d

5 can be mistakenly attributed to other phenomena. Possible

.1 defects includél) periodicerrors in the spacing and widths
of the bars and2) randomerrors in the period, spacing, and
) widths of the grating bars. Periodic errors give rise to the
already mentioned Lyman ghodt$0] and Rowland ghosts
where the first factor in brackets is the sinc function. Since i{11]. The most straightforward way to account for either pe-
depends only on the slit widthit is called theslit function riodic or random errors is through the transmission function.
The second factor which involves the ratio of two sine func-The errors can be described by introducing the displacements
tions, is called theyrating functionsince it depends only on of the center of th¢th slit about its periodic position denoted
the grating periodd. The position of the main order peak by 4d; and also the displacements of the leading edge of the
intensities is determined byx=n(2w/d), n=0,+1, slit denoted byds;; and displacements of the trailing edge of
*2,... . Forsmall diffraction angles and zero incidence the slit given byds,;. Then the transmission function be-
angle the angular positions can be approximated by comes

1 2
sin( > KS) sin

I(k)=T ks

1 ) q
7 kS sin| 5 «

S N+1
§+5Slj =X= T—

S
d+5d,-+(§+552j),

d+6d;—

1 (N__-
t)=1 | 2 (14)

0, otherwise.

The final intensity distribution will then be the averageZ{f9; ,9¢) over all the distribution probabilities of the various
displacement$d,, 6511, 0S1, ...,0dyN, 0SiN, OSyyN, that is

f(ﬁi,ﬁf):f d5d1"'fJ dosonfg(ady) - - - F(ISon) (D, D), (15

where thef¢(8s) and fy(dd) are distribution functions. An  whereoy ando represent the mean square displacements of

example of the latter are random variations given by indethe slit positions and edges, i.e:5=(8d?) and o2=(5s?).

pendent Gaussian distributions: Since Eqs(15)—(17) are well suited to numerical evaluation,
they have been used in Sec. V B to simulate random disorder

o) 1 I (5d)2 9 in the gratings.
d = exp — ,
V2may 20§ D. Analogy to Debye-Waller attenuation
The inclusion of random variations of the slits and peri-
1 [ (5s)? odicity of the grating, such as given by the Gaussian distri-
fo(ds)= L exg — > | (17 butions, Egs(16) and(17), changes the overall intensity of
2mos | 205 the diffraction pattern, and in particular the intensities of the
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main maxima are reduced. An analytical result is obtained irEq. (18), which depend both on the momentum transfer and
the Fraunhofer limit if the scattering amplitudé(«) of Eq.  the mean square displacements, are analogous to the Debye-
(8) is calculated using the transmission function of Bigt). ~ Waller factors which arise in the theory of scattering of fast
After averaging over the Gaussian distribution functions,projectiles from vibrating targefsl9]. In both cases the de-
Eqgs.(16) and(17), the final result is pendence on the scattering wave vegtds identical. In the
present case the mean square displacement is due to static
random displacements in the grating positions whereas in the
case of the Debye-Waller factor the displacements are due to
dynamical vibrational motions of the atoms of the scattering

Z<K>=f°° dad,. f d5Sonfa(501) - - - Fo( 5pm) A(K)

. 1, 5, target.
Sin 5 18— 71505~ 0%5) In order to estimate the importance of the Gaussian fac-
« 1 tors, in Eq.(18) it is useful to note that for the present grat-
= KS ings (d=100 nm) the main diffraction orders are given by
2 kM=n2m/d=nx0.063 nm’. Thus, the argumentgo of
N the two Gaussian factors increase linearly with bo#nd o
sin(ixd) but do not depend upon the de Broglie wavelength. If the
X| —— | exp(— ?52/2) total mean square displacement of the slit edge positions is
sin(lxd) 10% of the slit width, or 5 nm, thenx)? varies from
2 about 0.1 fom=1 to 10 forn=10. This leads to a signifi-

2 2 2 cant damping of the diffraction intensities, reducing the first-
Xexf — k(o og)/4]. (18 order peak to 90% and the tenth order even down to 5
X 10 ° of its value for an ideal grating. This effect can
The diffraction intensity].A(«)|2, that has been applied to largely explain the observed sharp decrease in the diffraction
analyze the data in Sec. VA, is similar to the simple Fraunintensities with increasing, evident in Fig. 5. Instead of
hofer result, Eq(11), except for two important differences. remaining nearly constant with higher order as expected for
First, the additional term- x?(o2, — 02,)/4 in the slit func-  the slit function of a narrow slit they are observed to fall off
tion in the curly brackets can introduce an asymmetry in thd@pidly. Moreover, Eq(18) implies that the observation of
overall diffraction pattern if the mean square displacementg§igh-order diffraction intensities depends crucially on the
of the leading and trailing edges of the slit are unequal. Secuniformity of the grating structure.
ond, the overall intensity of the diffraction pattern, and in
particular the intensities of the maxima, are reduced by the
last two exponential factors in E¢L8). This apparent loss of
total intensity can be readily explained by the more general Equations(4) and (15) describe the diffraction intensity
averaging process applied directly to the intensity rather thadistribution due to a monochromatic spherical wave from a
to the amplitude. A simple calculation shows that the reducsingle point source. In order to make comparisons with ex-
tion in intensity of the diffraction maxima is identical to that perimental diffraction peak intensities, the real geometry of
in Eqg. (18). Moreover, there is a compensating increase othe apparatus and the incoherence of the atomic beam source
the diffuse background in analogy with the scattering bydue to its velocity distribution and its spatial extent also have
thermally induced roughness for two-dimensional surfaceso be accounted for.
[18]. In a simple approximation, the supersonic expansion be-
This analysis shows that random disorder in the gratingrond the nozzle is divided by fieezing zonento two re-
spacing has the effect of reducing all diffraction peaks withgimes, the continuum hydrodynamic flow region inside the
the concomitant increase of a broad background of incohesudden freeze radiuR;;, followed by a free-molecular, col-
ent diffuse scattering. As a particular example, for the specidisionless regiorf20,21] outside this sphere. By treating the
case of a grating with bars and slits, which on average arexpansion as spherically symmetric, the flow in the hydrody-
equally wide, the even-order diffraction peaks will still have namic region is directed radially outward from the jet orifice
zero intensity and the effect of random disorder of the sorto the sudden freeze radius. Beyond the sudden freeze radius
described by Eqq16) or (17) will not cause small intensity no further collisions are assumed to occur between particles.
peaks at the even-order positions. Thus, the small even-ord&hus, each point on the sudden freeze radius acts as an in-
peaks apparent in the experimental data of Fig. 5 for normadlependent effective point source for which E4) or (15)
incidence indicate that the average bar width to slit widthcan be applied. Consequently, the observed intensity will be
ratio differs slightly from unity. the weighted incoherent summation of E4). or (8) over the
Finally, it should be mentioned that the averaging analysispatial distribution of the sudden freeze surface and the dis-
of Egs.(15—(17) which leads to the result of Eq18) can tribution over velocities of the atoms emitted from this sur-
also be analytically applied to the full Fresnel limit intensity face.
of Eq. (4). The result is that Eq.18) becomes multiplied by The important geometrical features of the present appara-
correction terms, all of which go to unity in the limit &  tus are shown schematically in Fig. 9. The lateral dimensions
andR, becoming large compared to the grating period. of the source, the sudden freeze radius and the two collimat-
The two Gaussian-like exponential factors appearing iring slitsa, anda, in front of the grating are greatly exager-

E. Incoherence due to the finite size and velocity spread
of the jet beam source
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nozzle slit 1 slit2 grating wherekg is the Boltzmann constanty is a normalization
L,=6.2cm L,-Ly=42cm _ 25em factor, the two parameter§; and T, are the parallel and

perpendicular temperatures, and, similadlyandv , are the
velocities parallel and perpendicular to the direction of the
beam with a most probable velocity Up to the freezing
radiusT, =T . Beyond the freezing radiug; remains con-
stant at larger distance from the orifice, while continues
to fall off approximately likeT , ~(z/d,) 2 due to geometri-
cal effects, wherez is the distance from the orificE23].
Defining the angled= 94+ ¥, where; is as before the
angle of incidence, the velocity is given byv2=0ﬁ+ v?
with components=v cos? and v, =v sind. By making

FIG. 9. Schematic top view of the atomic trajectories in the use of small-angle approximations f&r, Eq. (22) becomes
apparatus. The shaded area near the nozzle indicates the hydrody-
namic continuum which ends at the sudden freeze zone at a distance fg(v|,v,)=fgy(v,9)

exp( - 19252%> ,

can pass through the collimating slits arrive at and are diffracted by
the grating. (23

7

Rs¢ from the center of the nozzle orifice. From a point on the sud- )
den freeze area the atoms are emitted with an angular and velocity ~ Nv2exd — v—u 2
distribution characterized by the speed refioOnly atoms which -V

ated compared to thedirection. The two slits serve to col- where

limate the beam and to increase the spatial coherence of the

source by reducing the area of the sudden freeze surface lmUZ
which contributes to the incident flux illuminating the grat- z:2 (24)
ing. This reduced area can be expressed geometrically as KgT)

contained within the small polar angt8y'®* (see Fig. 9

about thez axis on the sudden freeze sphere which, by asFor very narrow velocity distributions=u, and the term
suminga;=a,=a, is given by v/u can be set equal to unity in the second exponential func-
tion. In this limit the function f(v)=csv2exp—[(v
—u)/u]’S? describes the velocity distribution and the func-
tion exd—9?S%}, the angular distribution, where the two pa-
rametersu and S are determined experimentally, andis a

In the present case the sudden freeze radius is approximatéiprmalization constant. The speed raBas related to the
Rss=1 mm, the collimating slits 1 and 2 are 16m wide  experimental velocity distribution via

and the distancek; andL, are large in comparison. Thus

max__ a

0 2Ry

sin, (19

L, RsfCOSUg "
1+2L—2< 1- L—]_ .

Eqg. (19) can be simplified to give - M Sl
S=24In2 Ao 1'67Av' (25
ﬁmax,v a l 2L1 20
0 " 2Ry + L, (20 whereAv is the FWHM of the velocity distribution. With

these assumptions, the observed intensity distributignis
The sudden freeze radius can be calculated from the sour@iven by the weighted average of the intensity
aperture diameted, and the measured speed rafio(see

below) [22] lobs( 1)
— 3/2 £ gmax /2
Rer=0.257h. PV ot [ dve [ avao,00709,.9).
0 — g —ml2

The next task is to develop a distribution function for the (26)
angular and velocity distribution of particles emanating from
each point on the sudden freeze surface. A simple but accyyith 7(9,,9;) given by either Eq.(6) or Eq. (8) in the

rate velocity distribution model is the so-called ellipsoidal Fresnel or Fraunhofer case, respectively. Equa@éhin the
Maxwellian model, which assumes two Gaussian distriburesnel case has been used in Sec. VB to simulate the dif-

tions with different widthg23] fraction measurements. The angular distribution is com-
pletely specified by

m
fan(v,v ) =Muof+ vf)exp{ - m(vru)z}

9(9,90) =Cox (9, Fo)e™ S, (27)
xexp{ — va , (22)  Wwhere the factoc is a normalization constant. The function
2kgT, x(9,9,) takes into account that the classically allowed paths
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with initial values of are confined by, and the dimen- 100 7100
sions of the two collimating slits, as can be seen in Fig. 9, : 3
ie., 107k 410"
5|t D P=I=Pmal Do), " L
X(9.90)= 0, otherwise, 28) 100 & g 10°
2 i ]
where the angles),i,(U¢) and 9,,(¥,) can be approxi- é- 104 ED, 310°
mated as 2 = =
8 100 E 3 10°
= i ]
R 107 410"
— 0o H (Bt 0|, de=—0, & :
L g 102} {102
Fmin( ¥o) = Ry &
S * * e .3 [ 1 10+
(29 % 100 310*
£ 2 -
R S 10 { 10°
— Vo -9 Fo=1", E ]
Vo Ll_H_Z(ﬂo 0 )}, 0 100 | |10
Imax Fo) = R . )
_00_[L_Sf(ﬁo_ﬁ*)} Yo> 07, 1% 110
1 F 1 F ]
(30) 10°F 310 ] F s 310
< L 4 E 4 10¢
with the definition* = arcsin@/2Rq) = (a/2Ry)). R 3 B, 370
1086420246 810-108-6-4-20 2 4 6 810

V. COMPARISON OF EXPERIMENT WITH THEORY Diffraction Order n

FIG. 10. Experimental diffraction intensities evaluated from the
data in Fig. 5 normalized to the respective zeroth-order intensity
For comparison with theory it is advantageous to analyz&filled circles compared with best fits of the Debye-Waller damped
relative diffraction intensities that are normalized to theslit function (solid line) of Eq. (31).
zeroth-order diffraction peak. In this way the need to predict

intensities which depend on detector efficiencies and othegn Eq.(31) which yield both the effective slit widts.; and
lutely is circumvented. To take into account the broadeningits could only be obtained for angles of inclination smaller
of the measured diffraction peaks due to the velocity spreaghan @ ,~30° and the results for both gratings are listed in
of the atomic beam, the areas of the peaks instead of thegpie | The slit width at normal incidend@y=0° is found
heights were evaluated by fitting each diffraction peak to a

G,a,uss'an profile as Sh,own in Fig. 6. The areas were then TABLE I. Comparison of effective slit widths determined from
divided by the respective zeroth-order peak area for each,nsmission experiments according to Eg.with those from best
angle of inclination to give relative diffraction intensities fits of the damped slit function according to E&2) for different

ino- ] ) values of the angle of inclinatio®,. Also shown are the best-fit
In the first method used to analyze the measured diffracmean square deviations.

tion intensities, Eq(18), describing the diffraction of a plane
wave by an imperfect grating with vanishing thickness, is @, Transmission Diffraction

used. In addition, a perfectly uniform periody=0, is as- Ser (NM) Sert (NM) o (nm)
sumed for simplicity with identical Gaussian randomness in

A. Diffraction peak intensities

the leading and trailing edges of the slisy=o0,=0c. Cratingl:
Then, from Eq.(18) the ratios of the intensity of the O° 47.21 4r.21 2.25
nth-order peak to that of the zeroth-order peak are given byl° 25.99 28.87 2.62
the slit function modified by the appropriate Debye-Waller27° 13.34 18.54 2.63
factor 29° 9.23 15.17 2.57
| » ) ) Grating Il:
. In_|sin(nms » 0° 57.34 57.34 2.61
o= = Thped | ST @m0 GY 46.11 46.30 2.91
20° 37.75 40.15 2.58
Figure 10 shows some of the data of Fig. 5 plotted as relativese® 27.95 31.69 3.06
diffraction peak areas normalized to the zeroth-order peakge 17.68 23.30 2.90

area. The curves in Fig. 10 represent least squares fits based
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to bes=47.2 nm and=57.3 nm for grating | and for grat- angle of inclination. These values correspond to only 5% of
ing 11, respectively, differing slightly from the nominal value the slit width indicating the high uniformity of the grating
of 50 nm. These values have been usedat®,=0) in  Structure.
Eq. (1) to determine the effective slit width as a function of

angle of inclination from the measured krypton transmission ) ) )
as shown in Fig. 4. The results are listed in Table | as well. 1Nhe second analysis of the diffraction data was based on a

Both the transmission and the diffraction measurementSOMPlete numerical simulation of the defracu_onhspgctra us-
show the decrease of the effective slit width with increasin negrézge':crj?stﬂglngarpclgaafﬁﬁ)aa\g;r?ﬁ])e ngggi)ara gié?r(i:t?l;-
angle. of |n.cI|nf':1t|on, but co_nastently for both gr_atmgs thetions in slit edge positions; an(i) the velocity distribution
effective slit WIdthS. deFermmeq from the transmss_lon datayf the beam using the speed raie=77 as determined by
decrease faster with increasing angle of inclination thanndependent time-of-flight measurements. The sudden freeze
those determined from the diffraction |nten5|t|§s. Thg |af99radius was determined from E1), Ry;=0.25%%d, [22],
discrepancy especially at large angles of inclination isyhere d, is the source aperture. In the present cadg (
surprising® Possibly, it is due to an increased deviation of =5 wum) this givesRy;=0.67 mm. In addition, a convolu-
the diffraction intensities from Eq31), which is based on tion of Eq.(26) with a Heaviside function accounted for the
Kirchhoff's extinction boundary conditions, which neglect 25 um wide detector sli{see Fig. L In Fig. 11 the mea-
the influence of the van der Waals interaction potential besurements(thick solid line3 are compared with the full
tween the*He atom and the grating surfaces. For smallersimulations(thin solid lineg based on Eq(26) using a slit
effective slit widths at larger angles of inclination, this effect, width s« and a rms random disorder in slit edge positions
which, in the diffraction of the heavier rare gas atoms hasoth as determined from the simple fit analysis discussed in
been observed to change the relative diffraction intensitieSec. V A.
significantly [9], is no longer negligible, and the diffraction =~ The overall agreement with the experiment is very good
patterns are less well described by an effective slit widthup to about the sixth order. Both the intensities and the back-
This conclusion is confirmed by the fact that for angles ofground are reasonably well reproduced. The discrepancies in
inclination larger than 30° satisfactory fits by E81) could  the positions are due to experimental errors in the precise
not be found with reasonable values of the effective slitposition of the detector. At higher orders and at angles of
width indicating the failure of the optical formula E(B1). inclination ® greater than about 30° the increased disorder,
This failure can in part also be attributed to a breakdown irsurface roughness, and the influence of the atom-surface po-
the Gaussian distribution used to mimic the distribution intential not accounted for in these simulations appear to make
defects. As discussed in Sec. Il in connection with Fig. 5,large contributions.
nonuniformity of the grating edges has an ever increasing To illustrate the effect of disorder the calculations were
effect on the diffraction patterns with increasifiyg,. repeated with the same average over the temporal and spatial
Deviations from and failure of the optical formula Eq. incoherence of the extended beam source (&), the same
(31 at large angles of inclination cannot be explained bys.; but with neglect of disorder, i.eq=0. These results are
taking into account that the trapezoidal cross sections of thalso shown in Fig. 11 as thin dotted curves. From the com-
grating bars are likely to be rounded. Rounded trapezoidparison it is seen that slit disorder not only reduces the maxi-
would also be described by an effective slit width in combi-mum diffraction peak intensities with an increasingly greater
nation with possible random disorder, whereas the discreprelative effect with increasing diffraction order but also in-
ancy observed at large angles of inclination indicates a decreases the diffuse background between the diffraction
viation from the concept of effective slit width, i.e., from peaks.
Egs.(18) and(31). It has already been shown in Fig. 10 that the decrease in
The fits for®,<<30° all give nearly the same value of the maximum peak intensities due to slit disorder agrees rather
root-mean-square deviation of the slit edge position of apwell with the analytical expression of E¢31). Thus, the
proximatelyo=2.5 nm for grating | and about 2.8 nm for agreement with the full numerical simulations shown in Fig.
grating I, without showing a clear trend with increasing 11 indicates that for calculating the maximum diffraction
peak intensities the Fresnel corrections are small and the
Fraunhofer expressions are adequate.

The discrepancy, which, as discussed in the text, is attributed to a Recent experiments and calculations for the dlffrgctlon of
combination of effects resulting from the long-range van der Waald2 and heavy rare ga_séE.si.e, Ar, Kr) by the same grating as
forces and grating imperfections, would be expected to be the opdS€d here, show a significant effect of the atom-surface in-
posite with the transmission experiments yielding larger slit widthst€raction potential on the main peak intensifiék Since the
than the diffraction experiments. This is explained by the fact tha@ttractive atom-surface van der Waals potential is signifi-
in the transmission experiments the detector angular aperture Bantly stronger than fofHe, these effects are much more
opened up to A9=3.4x10°3 rad compared to A#=70 readily apparent, for example, for krypton than for helium.
x10°® rad in the diffraction experiments so that atoms scattered Thus, the present experiments demonstrate that'fe
through small angles should be collected and effectively transmitatoms the Kirchhoff boundary conditions, and consequently
ted. Fresnel and Fraunhofer theory, are quite adequate for small

B. Theoretical simulations of the spectra
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3 FIG. 12. Widths of the main diffraction peakBWHM) for both
10° ¢ E gratings as extracted from the analysis shown in Fig. 6, plotted
102 ] against the diffraction angle. The dashed lines represent calcula-

, P tions according to E(32) for a speed ratio o6= 77, as determined
10 E by time-of-flight measurements. Better fits are achievedSei67
10° . and S=50 (solid lines.

10'1: ll l :-J-"l TR T T Y N T N S N O S 1"‘-1.': l ||| ]

4 -2 0 2 4
(32

AM= \/(A(O))2+

FIG. 11. Full theoretical simulations of the diffraction spectra whereu denotes the mean velocity. This equation is derived
for several angles of inclinatio®,. The thick solid lines represent from an evaluation of Eq26) by assuming Gaussian shapes
the experimental results, the thin solid lines the numerical Fresngly, bothf(v) as well as the zeroth diffraction order of angu-
calculations of Eq(26), which include the averages over the inco- |5, width A®) which is determined by the beam divergence
herence of the extended beam source and the random slit disord?ﬁrough the collimating slits and the spatial extent of the
The thin dotted lines are similar calculations from E26), butfor 05 "source as described above. It follows that a measure-
a diffraction grating without disorder. ment of the increase in diffraction peak widths provides an
independent measurement of the speed @&tbthe incident
beam, in addition to the direct time-of-flighftOF) measure-
ments ofS

Figure 12 shows a plot of the FWHM of the Gaussians
fitted to the main diffraction peaks as in Fig. 6 as a function
. o . o of diffraction angle. For comparison the dashed lines repre-

In addition to providing a detailed characterization of theggnt the theoretical widths as given by E82) in which a
nanoscale transmission grating as presented in the above S&%eed ratio equal to the val®= 77 measured by TOF was
tions, the analysis of the diffraction data also provides infor-zssumed. In Fig. 13) (grating ) a slightly better fit of the
mation on the velocity distribution of the atom beam as iSgata is achieved iS=67 is assumedsolid line). In Fig.
demonstrated in this section. 12(b), where the data for the newer gratigrating ) is

The widthAv of the atom beam velocity distributidifv) plotted, a better fit is obtained foB=50 (solid line).
and hence the speed rafi@an be determined by an analysis Whereas the grating | value agrees quite well with the TOF
of the experimental angular widths™ (full widths at half  result, grating Il shows a significant discrepancy. This dis-
maximur) of the diffraction peaks. The latter is expected to agreement appears to be only apparent. Since the ghost peaks
increase monotonically with increasing diffraction ordeas  are much less pronounced and less well resolved as com-
a result of the energy spread of the incident beam accordingared to grating I, it was not meaningful to use extra Gaus-
to sians to fit the small ghost peaks in all of the diffraction

Av\?
o —) :
u

Deflection Angle 8, [ mrad ]

diffraction orders and fo®;<30°, corresponding to effec-
tive slit widthssez=9 nm.

C. Determination of the speed ratio
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TABLE Il. Summary of the properties of two 100 nm-period pattern the finite velocity spread and spatial extent of the
transmission gratings obtained from He atom diffraction and transheam source also had to be accounted for. When all these
mission experiments, which were analyzed following proceduressffects are included a very satisfactory fit of the data out to
described in this paper. intermediate diffraction ordersn&6) and at not-too-large
angles of inclination was achieved.

Randomness of  The experience gained here and the procedures developed

Slit width  Bar profile _ slitedge  are an important prerequisite for many applications of dif-

(00=0°) wedge angle Bar thickness  positions  fraction gratings for physical investigations. They confirm

s (nm) a (°) t (nm) o (nm) the previous interpretation of satellite structures obtained at
G ma 7sis senm g oueTScerpenuuescsh 6 n e ol e
Grating Il 57.34 815 90+ 10 261 clustersis,of and help delineate conditions p

rious effects may be expected and discounted in future stud-
ies. Recently, large differences have been found in the rela-

peaks. The neglect of additional Gaussians results in an ovelive intensities of different diffraction orders in experiments
estimation of the widths of the main diffraction peaks andWith room-temperature supersonic atomic beams of He, Ne,
can explain the discrepancy. Ar, Kr, and D, [9]. In order to relate these observations to

the effect of the long-rang€,/z> attractive potential be-
tween the atoms and the grating bars the grating imperfec-
tions studied here all have to be correctly accounted for.
In the present workHe atom diffraction has been used to Another application aims at determining the mean internu-
characterize the structural features and imperfections oflear distances of the He dimer and trimer. Because of their
100 nm-period transmission gratings used in atom and cludarge physical size the effective slit widths are expected to be
ter beam diffraction experimentg3]. The results show reduced as compared to the diffraction of He atoms, and this
clearly that the simple Kirchhoff formula commonly used for effect will also lead to changes in the relative intensities at
optical scattering is only able to qualitatively describe thethe different diffraction orderg24]. In this case to determine
measured diffraction spectra. In the course of the preseribe effective slit width all the above imperfections as well as
studies the average slit width, the actual profile and thicknesthe effect of the long-range potential must be properly ac-
of the bars, and the statistical randomness in the bar edgunted for.
positions of two gratings were determined. The results for We hope that this investigation will stimulate the further
the gratings studied are summarized in Table II. development of the technology of fabricating transmission
The slit widths are determined by a best fit of the diffrac-gratings and their widespread use in molecular and atomic
tion intensities which depend sensitively on the ratio of thephysics.
effective slit widths to the bar widths, but also to a lesser
extent on the distribution of the bar edge positions. A simple ACKNOWLEDGMENTS

theory, which provides a convenient approximation to ac- We thank G. C. Hegerfeldt and T. Kter for many fruit-

count for the randomness in the bar edge positions, is deriveﬁlJI discussions about the role played by the van der Waals

t)oeised on the analogy to the well-known Debye-Waller facs o tion potential in diffraction experiments. J.R.M.
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of inclination of the grating with respect to the incident beam
direction. By inclining the grating with respect to the incom-
ing atomic beam, the effective slit widths are decreased and
the deviations from the ideal Kirchhoff behavior become in-  The fabrication of grating | used a bilayer-resist process
creasingly important. Under these conditions the randoni25] followed by evaporation of titanium on the tops of resist
variations of the slit width constitute an increasingly largerlines. In the process of etching through the antireflection
fraction of the effective slit width and their effect become layer and the Sil, thermally induced stress in the Ti caused
increasingly apparent. The diffraction patterns measured fosome of the grating bars to deviate. In some cases adjacent
different angles of inclination reveal a number of additionalbars approached one another. We believe this is probably the
periodic structures which are especially apparent near therigin of the Lyman ghosts. To avoid this problem, a
central peak and with increasing angle of inclination. Theserilayer-resist process was developed and used to fabricate
have been tentatively assigned to Lyman ghosts since theyrating 1l. No evidence of deviations was observed with the
appear to be correlated with structural imperfections. trilayer process, which is consistent with the near absence of
To obtain a full simulation of the measured diffraction the ghosts that were observed with grating I.

VI. CONCLUSIONS

APPENDIX
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