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Abstract. Diffraction of molecular beams of CH3F, CHF3, and metastable He∗ and Ne∗ from a 100-nm-
period micro-fabricated transmission grating has been observed. Due to the finite velocity spread and
the corresponding temporal coherence of the molecular beams, diffraction peaks of only the first few or-
ders are resolved in total-intensity measurements, while higher order peaks are increasingly broadened
and smeared-out. Combining time-of-flight (TOF) measurements with angular scans has allowed to ob-
serve TOF-resolved diffraction data which yield full resolution of all detected diffraction peaks. Here, this
method has been applied to investigate atom/molecule-surface interactions. In general, it can be used to
observe resolved diffraction patterns of a wide range of atomic and molecular beams whose broad velocity
distributions prevent peak-resolution in conventional total-intensity measurements.

PACS. 39.20.+q Atom interferometry techniques – 03.75.Be Atom and neutron optics – 07.77.Gx Atomic
and molecular beam sources and detectors – 34.50.Dy Interactions of atoms and molecules with surfaces;
photon and electron emission; neutralization of ions

1 Introduction

The diffraction of atoms and molecules by micro-
fabricated transmission gratings has recently been demon-
strated for beams of a number of different atoms and
molecules [1–11]. The systems studied include sodium
atoms [1], metastable helium [2,11] and metastable
neon [11] atoms, ground state rare gas atoms including
helium [3,7], diatomic molecules of sodium (Na2) [4] and
deuterium (D2) [3,7], helium clusters from He2 up to
He26 [3,5,6,9,10], small hydrogen clusters (H2)N and deu-
terium clusters (D2)N [3], as well as fullerene molecules [8].
Aside from their academic interest as further demon-
strations of wave-particle dualism these experiments have
recently been shown to provide new opportunities for mea-
surements of molecular properties. Already in 1994, be-
cause of its non-destructive nature, grating diffraction pro-
vided the first unambiguous evidence for the existence of
the very weakly bound helium dimer [3,5]. Furthermore,
from the analysis of the diffraction peak intensities up
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to the seventh order it has been possible to determine
quantitatively the attractive long range particle-surface
van der Waals potentials between several ground state [7]
and metastable rare gas atoms [11], as well as H2 and
D2 molecules [7] with the surfaces of the silicon nitride
grating bars. Recently, a similar analysis has made it pos-
sible to determine the geometrical size and, from this, the
binding energy of the helium dimer [9]. Another interest-
ing application is the investigation of the kinetics gov-
erning the growth of small helium clusters allowing for
the study of homogeneous nucleation as the mechanism of
condensation in a purified gas [10]. In addition, analysis
of the intensities of atomic helium beams diffracted from
a 100-nm-period silicon nitride grating has been used to
characterize in detail shape, dimensions, and uniformity
of the nanoscale grating bars [12].

In most of these diffraction experiments the angular
resolution of the diffraction peaks has not been limited
by the finite lateral extension (width) of the diffraction
grating but rather by the spatial and temporal coherence
of the incident molecular beam. The spatial coherence of
the incident molecular beam is given by its angular width
∆ϑ(0) (full width at half maximum (FWHM)) which is de-
termined by the two collimating slits between beam source
and diffraction grating. The temporal coherence is limited
by the longitudinal velocity spread ∆v (FWHM) of the in-
cident beam with a most probable velocity denoted by u.
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Thus, the overall angular width (FWHM) of the nth-order
diffraction peak is given by1

∆ϑ(n) =

√(
∆ϑ(0)

)2 +
(

ϑ(n)
∆v

u

)2

, (1)

where ϑ(n) denotes the nth-order diffraction angle. Even
for highly expanded helium atom beams, which are charac-
terized by exceedingly narrow velocity distributions with
∆v/u � 1%, an increase in peak broadening with increas-
ing diffraction order (0 ≤ n ≤ 9) has been observed and
analyzed to be due to the second term in equation (1) [12].

This limitation in the resolution is especially severe
for molecular beams which inherently have rather broad
Maxwellian-like velocity distributions. For polyatomic mo-
lecules jet expansions with large source pressures are not
possible because of the tendency to form large clusters. Us-
ing seeded beams to decrease the velocity spread has the
disadvantage that the corresponding increase in beam ve-
locity leads to a reduced de Broglie wavelength. Thus, for
many molecules and atoms the limited temporal coherence
may prevent the observation of highly resolved diffraction
spectra. For C70 fullerene molecules this limitation was re-
cently circumvented by selecting a narrow range out of the
parabolic trajectories of the heavy molecules in the grav-
itational field [13] or by employing a mechanical velocity
selector [14]. In these techniques, however, molecules out-
side a narrow interval within the broad velocity distribu-
tion are discarded leading to a corresponding loss of signal
and of information.

In the present article a new method, first described in
a different context in references [15–17], is used to over-
come this limitation and is demonstrated by the diffrac-
tion of molecular beams of CH3F molecules, metastable
helium atoms (He∗), and metastable neon atoms (Ne∗)
by a 100-nm-period transmission grating. Instead of mea-
suring the total intensity at each angle, in the new tech-
nique the time-of-flight distribution is measured at each
deflection angle. From the data the angular distribution
for a given time-of-flight is extracted leading to a bet-
ter resolved diffraction pattern by effectively eliminating
the second term on the right hand side of equation (1).
This technique makes it possible to extend high resolu-
tion transmission grating diffraction to a wider range of
particles.

Following a brief description of the apparatus and the
experimental procedures in Section 2, the results on time-
of-flight spectra and improving the resolution are pre-
sented in Section 3. The article closes with conclusions
in Section 4.

1 This equation has been derived in reference [12] (Eq. (32))
by approximating the incident beam angular and velocity dis-
tributions by Gaussians. For not too large velocity spreads,
their convolution results in a Gaussian angular spread, the
variance of which is given by the sum of both variances.

Table 1. Source pressure P0, mean velocity u, relative width
of the velocity distribution ∆v/u, and mean de Broglie wave-
lengths λ of the atoms and molecules in the grating diffraction
experiments.

species P0 [bar] u [m/s] ∆v/u [%] λ [pm]

CH3F 2.0 754 31 15.5

CHF3 1.5 517 34 11

He∗ (3S1) 2.0 2347 27 42.5

Ne∗ (3PJ) 1.6 873 45 22.6

2 Experimental

The experiments were carried out with two similar molecu-
lar-beam grating-diffraction apparatus. Apparatus A, de-
scribed previously [12], was used in the CH3F and CHF3

experiments, while the metastable-atom experiments were
carried out with Apparatus B (“Magie I”), described pre-
viously in reference [9].

In Apparatus A the molecular beam is produced by
expansion of pure gas of CH3F (99.0% purity) or CHF3

(99.9%) through an orifice (5 ± 1 µm nominal diameter
and about 2 µm long) into vacuum. The source is at room
temperature (T0 ≈ 300 K) and the source pressures are
limited to about P0 = 4 bar by the onset of extensive
condensation to clusters, which is apparent in the mass
spectra as described below. The pressure in the vacuum
chamber increases from 2.5 × 10−7 mbar, if no gas is ap-
plied to the source, to about 3×10−5 mbar at P0 = 4 bar,
but had no significant effect on the beam velocity distri-
bution and intensity.

In Apparatus B the beam of metastable helium
(He 3S1) or neon (Ne 3PJ) atoms is produced by a contin-
uous discharge in the free-jet expansion zone of a sapphire
nozzle (0.16 mm orifice diameter) driven by a DC voltage
of −1.1 kV (He∗) or −0.9 kV (Ne∗) between a tungsten
wire inside the sapphire source and the skimmer (0.72 mm
orifice diameter). At source pressures of P0 = 2.0 bar
(He∗) and 1.6 bar (Ne∗) the observed mean velocities of
the metastable-atom beams, listed in Table 1, correspond
to effective source temperatures of T eff

0 (He∗) = 530 K and
T eff

0 (Ne∗) = 370 K.
In both apparatus the beam is collimated by two nar-

row slits located between the skimmer and the grating as
shown in Figure 1. The dimensions and positions of skim-
mers, slits, and gratings for both apparatus are listed in
Table 2. The transmission grating, located downstream
from the second slit, can be rotated by Θ0 around an axis
which is parallel to the grating bars and perpendicular
to the detection plane allowing for normal and off-normal
incidence [12]. High angular resolution of the detector is
achieved by a third, 25 µm-wide slit located downstream
from the grating in front of the detector entrance. The
given widths and positions of the slits result in overall ef-
fective angular resolutions ϑ(0) of about 70 µrad FWHM
(Apparatus A) and 100 µrad FWHM (Apparatus B) as
determined from the measured angular intensity profile of
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Table 2. Dimensions and the overall angular resolution of the two apparatus. The characteristic dimension is the nominal
diameter for nozzle-orifice and skimmer; the nominal slit width for the collimating slits (5 mm high); the disk diameter for
the chopper; the measured geometrical slit width s0 for the 100-nm-period grating; and the estimated length for the ionizer.
The position along the molecular beam axis is given with respect to the skimmer opening. The angular resolution is the width
(FWHM) of the angular intensity profile (apparatus function) observed without a grating in the beam path.

Apparatus A Apparatus B (“Magie I”)

device characteristic position [mm] characteristic position [mm]

dimension dimension

nozzle orifice ø = 5 µm ≈ −10 ø = 160 µm ≈ − 10

skimmer ø = 0.39 mm 0 ø = 0.72 mm 0

slit 1 10 µm 56 20 µm 150

chopper ø = 10 cm 64 ø = 14 cm 450

slit 2 10 µm 475 10 µm 1000

grating s0 = 53.4 nm 500 s0 = 66.8 nm 1150

slit 3 25 µm 1020 25 µm 1530

ionizer/channeltron lioni � 5mm 1384 — 2400

angular resolution 70 µrad 100 µrad

Fig. 1. Experimental setup of Apparatus A. The 100-nm-
period transmission grating can be rotated by Θ0 around an
axis perpendicular to the detection plane. Slits, grating, and
the chopper disc can be introduced into the beam path inde-
pendently. The geometry parameters are listed in Table 2.

the beam without grating. Hence, for the given de Broglie
wavelengths λ listed in Table 1, the collimation provides
for an effective lateral coherence length leff = λ/ϑ(0) of
about 0.22 µm (CH3F), 0.16 µm (CHF3), 0.43 µm (He∗),
and 0.23 µm (Ne∗), indicating that, in each case, diffrac-
tion from a 100-nm-period grating is expected to be ob-
servable.

The transmission diffraction gratings are made out
of non-stoichiometric silicon nitride (SiNX) and have a
period of d = 100 nm. They have been manufactured
by Tim Savas and Henry I. Smith at MIT using achro-
matic interferometric lithography and reactive ion etch-
ing [18]. Their overall dimensions are 200 µm in width and
5 mm in height. Grating A, used for the CH3F and CHF3

diffraction, is characterized by a geometrical slit width of
s0 = 53.4±0.6 nm, determined from an analysis of high-re-
solution helium atom beam diffraction intensities [7], and
by a thickness (depth) of the bars of t = 90 nm, derived
from an analysis of atomic beam transmission measure-

ments as a function of Θ0 as described in reference [12].
For Grating B, used in the He∗ and Ne∗ experiments, the
corresponding dimensions were found to be s0 = 66.8 nm
and t = 53 nm [11].

In Apparatus A the molecules are detected by a home-
made electron bombardment ionizer at an electron en-
ergy of 120 eV, and the resulting ions are subsequently
mass selected in a magnetic mass spectrometer with a
mass-resolution m/∆m ≈ 40. To minimize the background
count rates the vacuum in the detector chamber is main-
tained at less than 1 × 10−11 mbar. In Apparatus B the
metastable atoms, due to their large internal energy of
19.8 eV (He∗) and 16.6 eV (Ne∗), are efficiently detected
by a channeltron electron multiplier with an estimated
quantum efficiency of close to unity for both, He∗ and
Ne∗. With this detector the background count-rate is in-
herently vanishingly small.

For time-of-flight (TOF) measurements, in Appara-
tus A, a pseudo-random sequence chopper is introduced
into the beam path at 71 mm from the source (L = 1.32 m
long flight path to ionizer). The 100-mm-diameter disk
with two identical random sequences along the perimeter,
each consisting of 127 slit and bar segments, was rotated
at 218 revolutions per second resulting in a gate-time (i.e.,
the duration during which atoms pass through a slit seg-
ment) of τgate = 18 µs. The detector counts were accu-
mulated in 127 successive time-resolved memory channels
with a single-channel width of τch = 18 µs synchronized
to τgate. The finite length of the ionizer lioni � 5 mm
contributes another τioni = lionie/u to the total TOF-

resolution τtot =
√

τ2
gate + τ2

ch + τ2
ioni, such that the to-

tal relative TOF-resolution τtot/τmax, where τmax denotes
the most probable flight-time, is about 1.5% for CH3F
(τmax = 1.75 ms, u = 754 m/s).
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Table 3. Time-interval settings used in the TOF-
measurements and the corresponding TOF-resolutions (“rps”
stands for “revolutions per second”). See text for the defini-
tions of the time intervals.

CH3F He∗ Ne∗

Apparatus A B B

Chopping method random-sequence single-slit single-slit

Chopper-disk
rot. speed 218 rps 350 rps 150 rps

τgate 18µs 25 µs 60 µs

τch 18µs 7 µs 12.5 µs

τioni � 7 µs – –

τtot 26µs 26 µs 61 µs

τmax 1.75 ms 0.83 ms 2.0 ms

Resolution τtot/τmax 1.5% 3% 3%

In Apparatus B a 142-mm-diameter chopper-disk with
two diametrically opposite single-slits of identical trun-
cated-wedge shape was spun at 350 (He∗) and 150 (Ne∗)
revolutions per second. The slit width w decreased lin-
early with radius from w1 = 5 mm at R1 = 53 mm to
w2 = 1 mm at R2 = 68 mm allowing to vary the gate-
time by translating the chopper-disk, thereby varying the
effective slit width w̃ at radius R̃ of the intersection of
molecular-beam axis and chopper-disk resulting in a gate
time τgate = w̃/(R̃ 2πνdisk). Given the coarse positioning
control of the chopper translation stage, R̃ and w̃ and,
hence, τgate are known only approximately to be about
τgate � 25 µs and τgate � 60 µs in the He∗ and Ne∗ mea-
surements, respectively. The signal was cyclically accumu-
lated in 200 (He∗) and 265 (Ne∗) memory channels with
a single-channel width of τch = 7.0 µs (He∗) and 12.5 µs
(Ne∗). The total resolution of the TOF-measurement fol-
lows from convoluting both contributions to be τtot =√

τ2
gate + τ2

ch. The contribution resulting from the finite
length of the metastable-atom detector is negligible. The
relative resolution is then calculated to be τtot/τmax � 3%
for both, He∗ (τmax = 0.83 ms) and Ne∗ (τmax = 2.0 ms).
The timings used in the TOF-measurements are summa-
rized and compared for both apparatus in Table 3.

The mass spectrometric detection of polyatomic mole-
cules is complicated by the fragmentation of the molecules
upon electron impact ionization. Figure 2 shows mass
spectra of CH3F (a) and CHF3 (b) beams at source pres-
sures of P0 = 2 and 4 bar, respectively, with the ion signal
plotted on a logarithmic scale as a function of the ion
mass. The dashed line shows the background mass spec-
trum without the molecular beam. For CH3F, the carbon
ion C+ and the molecular ions CH+, CH+

2 , CH+
3 , CF+,

CHF+, CH2F+, and CH3F+ are all clearly observed as
indicated in Figure 2. Rather weak signals on masses 19
and 20 amu are attributed to F+ and HF+ ions. Since the
CH3F+ ion fragment at 34 amu has the most intense sig-
nal and a relatively low background count rate of only

Fig. 2. Electron impact mass spectra of a CH3F beam at
P0 = 2bar (a) and of a CHF3 beam at P0 = 4bar (b). The
dashed lines represent the detector background signal. The ar-
rows mark the peaks at ion masses of 34 amu and 50−51 amu
at which the mass spectrometer was operated in the CH3F and
CHF3 diffraction experiments, respectively.

100 counts/s, the mass spectrometer was operated at this
mass in the diffraction experiments. The small intensi-
ties at larger masses, e.g. at 35 amu (CH3FH+), 47 amu
(CH3FCH+), and 49 amu (CH3FCH+

3 ), which cannot re-
sult from ionization of monomers, confirm the presence of
only a small amount of clusters in the beam.

For CHF3 the situation is similar. Intense peaks are
observed at masses of 31, 50, 51, and 70 amu correspond-
ing to the fluoride fragment ions CF+, CF+

2 , CHF+
2 , and

CHF+
3 , respectively. The fragment peak at 50−51 amu

has the highest intensity and a small background of only
100 counts/s and was therefore used for detecting CHF3.
As for CH3F an appreciable amount of clusters could
be ruled out by the weak signals at masses larger than
120 amu.

3 Results

3.1 Diffraction of CH3F and CHF3 beams

Total-intensity diffraction patterns for CH3F are shown
in Figure 3a for normal (Θ = 0) and in Figure 3c for off-
normal (Θ = 21◦) incidence. At normal incidence only
the first order diffraction peaks are clearly resolved at
diffraction angles of ϑ(1) = ±200 µrad with peak heights of
800 counts/s. These peaks are significantly broader than
the zeroth order central peak indicating the expected in-
crease in peak width due to the relatively broad velocity
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Fig. 3. Measured diffraction patterns of CH3F and CHF3 at
normal (Θ0 = 0◦; graphs (a) and (b), respectively) and off-
normal (Θ0 = 21◦; (c) and (d), respectively) incidence of the
beam with respect to the plane of the diffraction grating. The
source pressures are P0 = 1 bar, 1.5 bar, 3 bar, and 1.5 bar
in the measurements of (a), (b), (c), and (d), respectively. The
numbers indicate the diffraction order n.

distribution (Eq. (1)). In the off-normal position the ef-
fective grating period, i.e. the projection of the grating
period in the beam direction [12], is reduced by about 7%
and, hence, the resolution is increased revealing second
order diffraction peaks at ϑ(2) ≈ ±400 µrad in addition to
the first and zeroth order peaks. The factor two reduced
intensity of the zeroth order peak is explained by the re-
duced transmission at off-normal incidence resulting from
the finite thickness (depth) of the grating bars [12].

The analogous diffraction patterns for CHF3 beams
are shown in Figure 3b for normal and in Figure 3d for
21◦ incidence. As the de Broglie wavelength of the heavier
CHF3 is only λ = 0.11 Å (see Tab. 1), the diffraction an-
gles are smaller than for CH3F. For Θ0 = 0◦ the first order
diffraction peaks are resolved at ϑ(1) = ±120 µrad with a
peak height of 600 counts/s. As for CH3F the first order
peaks are slightly more distinct for Θ0 = 21◦ because of
the 7% increase in the diffraction angle and because of the
increased ratio of first to zeroth order peak intensities re-
sulting from the broadening of the slit function. Second or
higher order diffraction peaks are, however, not resolved,
but a wide pedestal is observed, the intensity of which
decreases slowly from |ϑ| = 200 to 600 µrad. This is at-
tributed to the broader velocity distribution, which causes
a spreading and overlapping of the second and third order
peaks, as confirmed by the greater widths of the first order
peaks compared to CH3F.

The improvement provided by TOF-measurements is
illustrated for CH3F in Figure 4. At P0 = 2 bar 120 TOF-
distributions were measured at equidistant angular
positions between ϑ = −0.8 and 0.8 mrad. Each TOF-
spectrum was integrated over 5 min resulting in an over-
all measuring time of more than 10 hours. A typical

Fig. 4. Contour plot of flight-time resolved diffraction data of
a CH3F beam measured at normal incidence (Θ0 = 0◦) and
P0 = 2 bar (c). A cross-section of the contour plot at a given
deflection angle of ϑ = 0 mrad is shown in (b). A cross-section
of the contour plot at a time-of-flight of τ = 1.77 ms (lower
curve in (a)) is compared with the total-intensity diffraction
pattern (upper curve in (a)).

broad TOF-distribution measured for the zeroth order
peak at ϑ = 0◦ is shown in Figure 4b. The maximum
at τmax = 1.75 ms corresponds to a (most probable) ve-
locity of the CH3F-molecules of u = 754 m/s, and its
width (FWHM) of ∆τ = 0.54 ms indicates a beam ve-
locity spread of ∆v/u = 31 %. The range of flight-times
extending from τ = 1.1 to 3.0 ms corresponds to a range
of velocities from 1200 to 440 m/s. In Figure 4c the TOF-
spectra in the angular range from −0.5 to 0.5 mrad and
for flight-times ranging from 1.2 to 2.4 ms are shown as
a contour plot. The zeroth order peak is visible at flight-
times between 1.45 and 2.1 m/s corresponding to veloc-
ities between 880 and 630 m/s, respectively. In addition,
the first order peaks are clearly visible at diffraction an-
gles increasing from 150 µrad at a flight-time of 1.5 ms to
about 200 µrad at 2.1 ms.

The observed linear increase of the diffraction angles
ϑ(n) with flight-time τ is expected from the simple wave-
optical condition for small diffraction angles [19],

ϑ(n) ≈ sin ϑ(n) = n
λ

d
= nτ

h

dmL
, (2)

where m and h stand for the mass of the molecule and
Planck’s constant, respectively. In the limit of vanishing
flight-times ϑ(n) → 0 holds, which corresponds to the limit
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of classical particle propagation. From the slope of the
diffraction angle as a function of flight-time the product
dm and hence, since d is known, the mass of the particle
can, in principle, be determined.

The top curve in Figure 4a shows the total-intensity
diffraction pattern, which is essentially similar to Fig-
ure 3a, but is characterized by an improved signal-to-
noise ratio and is plotted on a logarithmic intensity scale.
The first order peaks are clearly visible. Due to the veloc-
ity spread their FWHM ∆ϑ(1) of about 90 µrad is more
than 2 times larger than the FWHM of the zeroth order
∆ϑ(0) = 40 µrad. Also the second order peaks are visible
as shoulders at about ±0.4 mrad. The third order diffrac-
tion peaks cannot be unambiguously identified at their
expected positions indicated by an arrow in Figure 4a.
Since, according to equation (1), the absolute broadening
of the diffraction peaks due to the velocity spread increases
with increasing diffraction order, the second order peaks
are broader than the first order peaks and are no longer
resolved.

The lower angular distribution in Figure 4a shows a
cross-section of the contour plot at constant flight-time
τ = 1.77 ms. In this time-slice diffraction pattern the
peak resolution is improved and, in addition to the ze-
roth and first order peaks, the second and even the third
order peaks are fully resolved despite the factor 30 reduced
peak intensities which are just above the noise level. The
residual velocity spread is given by the TOF-resolution
mentioned above to be ∆v/u = τtot/τmax = 1.5%. By ap-
plying equation (1) it is expected to result in a negligible
broadening of the diffraction peaks allowing to achieve
high resolution that is limited by the beam collimation,
i.e. by ∆ϑ(0) 2.

In Figure 5a the observed CH3F total-intensity diffrac-
tion pattern from Figure 4a is re-plotted (points con-
nected by a dashed line) and compared with a full simu-
lation [12] (continuous line), in which a mean de Broglie
wavelength λ0 of 15.5 pm and a velocity spread ∆v/u of
44% were employed and a constant of 114 counts/s was
added to account for the detector background signal. The
best fit to the observed total-intensity diffraction pattern
is achieved for the parameters seff = 34.5 nm, δ = 7.0 nm,
σ = 4.3 nm, which describe the real and imaginary part
of the effective slit width and random slit-width varia-
tions across the grating, respectively [7]. Both, the result-
ing difference between geometrical and effective slit width,
s0−seff � 19 nm, and the δ-parameter are large compared
to the corresponding values observed previously for rare
gas atoms and diatomic molecules [7] and indicate a rela-
tively strong interaction between the CH3F-molecules and

2 The widths of the first order peaks observed in the lower
angular distribution in Figure 4a are about ∆ϑ(1) = 69 µrad,
which is smaller than the corresponding value of 90 µrad in the
total-intensity measurements but still significantly larger than
the width of the zeroth order ∆ϑ(0) = 40 µrad. This residual
broadening of the first order peak can be attributed to the low
signal-to-noise ratio in the TOF-measurements which can be
seen in Figure 4b for the most intense zeroth order and which
is even stronger for the less intense first orders.

Fig. 5. Comparison of the measured total-intensity (a) and
time-slice (b) diffraction patterns of a CH3F beam (points con-
nected by dashed lines, re-plotted from Fig. 4a) with full sim-
ulations (continuous lines) assuming an angular width ∆ϑ(0)

of 50 µrad and a velocity spread ∆v/u of 44% and 1%, respec-
tively.

the surfaces of the grating bars. The calculation was re-
peated for a small velocity spread of ∆v

u =1% and a con-
stant effective background of 0.8 counts/s, while keeping
the other parameters identical. In Figure 5b this calcula-
tion is compared with the observed time-slice diffraction
pattern at τ = 1.77 ms flight-time copied from Figure 4a.

The comparison of the observed total-intensity and
time-slice diffraction patterns with the corresponding cal-
culations in Figure 5 indicates, to a large extent, quanti-
tative agreement between the data and the model calcu-
lation confirming that the increasing broadening results
from the finite velocity distribution. The calculation in
Figure 5b confirms the assignment of the weak peaks to
second and third diffraction orders as indicated by arrows.
Further, it confirms that, due to the narrow effective ve-
locity distribution in the time-slice, full resolution of the
diffraction peaks is restored as described above.

Appreciable deviations of the calculation from the ob-
served data in Figure 5a occur only at the inner sides of
the first order peaks and at the slight overestimation of the
zeroth order peak width. These deviations are attributed
to molecular clusters and small Fresnel corrections. In Fig-
ure 5b the deviations in peak widths and heights between
experiment and calculation can be attributed mainly to
noise in the observed data, while the relatively intense
minima between zeroth and first order peaks, which have
a much smaller minimum intensity in the calculation, are
attributed to molecular clusters and small Fresnel correc-
tions just as the deviations in Figure 5a. The discrepancies
in the third-order peak positions are also partly attributed
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Fig. 6. Time-of-flight distributions of a metastable helium
beam at P0 = 2bar and normal incidence on the grating.
The detector was positioned at ϑ = 0 (a), 1.21 (b), and
3.32 mrad (c). Each TOF-peak corresponds to a diffraction or-
der n as indicated.

to a systematic error in the measurement of the small de-
flection angles, which has resulted in a small bogus angular
asymmetry in measured diffraction patterns [12].

3.2 Diffraction of He∗ and Ne∗ beams

With the metastable atom beams, due to the larger over-
all signal, even more diffraction orders not resolved in the
total-intensity diffraction pattern become visible by the
time-of-flight technique. With a He∗ beam at P0 = 2 bar
and normal incidence on the grating 137 TOF-spectra
were measured, for 5 min each, at equidistant detector po-
sitions between ϑ = −0.1 and 4.25 mrad. In Figure 6 three
of these TOF-distributions are shown. In the forward di-
rection at ϑ = 0 mrad one intense, broad peak is found
and attributed to the zeroth diffraction order (Fig. 6a).
In Figure 6b, for ϑ = 1.21 mrad, three narrower, fully re-
solved peaks appear at about τ = 0.6, 0.8, and 1.2 ms. In
Figure 6c, finally, for ϑ = 3.32 mrad, five even narrower
peaks at about τ = 0.65, 0.73, 0.82, 0.93 and 1.1 ms are
resolved. Given the mass of the helium atom mHe and
the flight-path length (L = 1.95 m for Apparatus B) the
diffraction order n for each peak can easily be calculated
from the time-of-flight using equation (2) and is indicated
in the figure. The ratio of the orders n of any two peaks is
just inverse to the ratio of the flight-times τ at the peak
centers, as can easily be verified in Figure 6.

The decrease in width of the TOF-peaks with increas-
ing n can be understood by the contour plot of the TOF-
data in Figure 7a, where diffraction peaks up to the ninth

Fig. 7. Flight-time resolved diffraction data (a) and total-
intensity diffraction pattern (b) of the metastable helium
beam. In (c) a horizontal cut through the contour plot (time-
slice) at a given flight-time of τ = 826 µs reveals resolved
diffraction peaks up to the ninth order which are obscured in
the total-intensity diffraction pattern. The TOF-spectra shown
in Figure 6 represent vertical cuts through the contour plot.

order are clearly visible. With increasing diffraction or-
der n the peaks are increasingly rotated in the τ -ϑ-plane
around the origin. Thus, the peak width in a cut parallel
to the flight-time axis for a given ϑ decreases with n−1,
reflecting the derivative dτ/dϑ = dmL/nh of equation (2).
In addition, the contour plot illustrates how the smearing-
out of the peaks in the total-intensity diffraction pattern
plotted in Figure 7b results from the increasing overlap of
peaks with increasing deflection angle. While at an angle
of ϑ = 0.65 mrad only the first and second order peaks
overlap, at, e.g., ϑ = 2.77 mrad the center part of the sev-
enth order peak overlaps with the slow-atom part of the
sixth and the fast-atom part of the eighth order peak and,
as can be seen in the corresponding TOF-distribution,
even with the very slow-atom tail of the fifth and the very
fast-atom tail of the ninth order peak.

In the observed He∗ total-intensity diffraction pattern
shown in Figure 7b only the zeroth, first, and second or-
der diffraction peaks are well resolved while the third order
peak at ϑ(3) � 1.3 mrad is barely resolved from the fourth
order peak, and higher order peaks are not resolved de-
spite the relatively large signal of more than 200 counts/s
up to ϑ = 4 mrad.

Figure 7c shows a time-slice of the contour plot at
τ = 0.83 ms corresponding to a velocity of 2347 m/s.



132 The European Physical Journal D

Fig. 8. Peak widths (FWHM) of the He∗ time-slice diffraction
pattern shown in Figure 7c (points). From the comparison with
calculations based on equation (1) assuming ∆v/u = 3, 5, and
7% (lines) the effective velocity spread of the time-slice is found
to be slightly larger than the calculated TOF-resolution listed
in Table 3.

In the time-slice diffraction pattern all diffraction peaks
within the angular range of the measurement are fully
resolved, thereby demonstrating a striking improvement
of resolution compared to the total-intensity data of Fig-
ure 7b. Quantitative analysis reveals that the angular
width of the peaks in the time-slice increases only slightly
from 0.1 mrad (FWHM) for the zeroth order to about
0.18 mrad for the eighth order peak as shown in Figure 8
(points). From a comparison with calculations based on
equation (1) (lines) the effective relative velocity spread
of the time-slice diffraction pattern is determined to be
3% ≤ (∆v/u)eff ≤ 5% which is somewhat larger than
the theoretical effective velocity resolution of the TOF-
measurement of 3% as listed in Table 3. The slight dis-
crepancy can be attributed to the uncertainty in the ac-
tual chopper-slit width w̃. It follows from equation (1)
that for a velocity spread of only 3%, an angular width
of the collimated molecular beam of ϑ(0) � 100 µrad, and
the given diffraction angles of He∗ the diffraction peaks up
to the 32th order will have a broadening smaller than the
angular distance to the neighboring peaks and thus can,
in principle, be resolved.

Similar experiments have been carried out for a
metastable-neon atom-beam. Figure 9a shows data from
76 TOF-spectra measured at equidistant angles between
ϑ = 0 and 2.5 mrad. Diffraction peaks up to the ninth
order are well resolved and easily identified. In the total-
intensity measurement shown in Figure 9b the resolution
is worse than for He∗, which can easily be understood
in terms of the smaller de Broglie wavelength and the
broader velocity distribution (see Tab. 1); only the zero
and first order diffraction peaks are resolved, while all the
higher order peaks are completely smeared out.

At flight times of between about 3.3 and 3.4 ms and at
angles smaller than about 0.7 mrad a stripe of increased
intensity can clearly be seen in the contour plot in Fig-
ure 9a. It is attributed to UV-photons from the discharge
source which can reach the detector and contribute to the

Fig. 9. Flight-time resolved diffraction data (a) and total-
intensity diffraction pattern (b) of a metastable neon beam at
P0 = 1.6 bar and normal incidence on the grating. In (c) a
horizontal cut through the contour plot (time-slice) at a given
flight-time of τ = 2.5ms reveals resolved diffraction peaks up
to the eighth order which are not resolved in the total-intensity
diffraction pattern.

counting rate during the time the chopper slit crosses the
beam axis (gate time). As their velocity is the speed of
light, the UV-photons must have passed the chopper slit
one chopping-cycle period later than the atoms. As the
chopper speed is 150 revolutions per second and there are
2 cycles per revolution, the photon’s delay is calculated to
be 3 1

3 ms in agreement with the observation.
In Figure 9c a time-slice diffraction pattern for τ =

2.5 ms is shown, determined from the data shown in Fig-
ure 9a. All peaks appear completely resolved with their
widths increasing only slightly from 100 µrad (FWHM)
for the zeroth-order peak to about 140 µrad for the eighth
order. With an effective velocity spread in the time-slice of
3% (see Tab. 3) Ne∗-diffraction peaks up to the n = 30th
order can, in principle, be resolved with the given setup,
whereas only the zeroth and first diffraction-order peaks
are resolved in the total-intensity diffraction measurement
shown in Figure 9b.

4 Conclusions

The time-resolved diffraction data shown in Figures 4, 7,
and 9 represent a direct demonstration of the inverse pro-
portionality between velocity and de Broglie wavelength
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of a particle. In addition, it indicates that, by combin-
ing time-of-flight measurements with angular scans it is
possible to observe highly-resolved diffraction patterns in-
dependent of the velocity distribution of the molecular
beam. The achievable resolution is characterized by the
zeroth-order peak width plus a small broadening of the
higher-order peaks due to the residual width of the ef-
fective velocity distribution resulting from finite TOF-
resolution. The zeroth-order peak width is limited by ei-
ther the spatial coherence of the apparatus, i.e. the beam
collimation, or by the lateral extension of the diffraction
grating. To gain high resolution diffraction patterns from
TOF-resolved diffraction data the intensity observed at a
given flight-time is extracted to get a time-slice diffraction
pattern. In the resulting intensity pattern as a function
of deflection angle the broadening even of higher-order
diffraction peaks can be negligibly small, depending on
the time-of-flight resolution.

Thus, even for molecular beams with a velocity dis-
tribution too broad to allow for resolution of diffraction
peaks in total-intensity measurements, the demonstrated
method allows to observe high-resolution diffraction pat-
terns. Thus, transmission grating diffraction can be re-
solved with this technique for beams which cannot be
formed with a narrow velocity distribution.

The technique is excellently suited for intense beams
with a broad velocity distribution because a large signal al-
lows to observe the resolved peaks even for relatively high
diffraction orders as shown above for metastable helium
and neon beams. As the random-chopping technique re-
duces the overall intensity only by factor two, this method
is also well suited for low intensity experiments as, e.g.,
in the diffraction of a thermal C60 or C70 beam [8]. Since,
in addition, with the random-chopping technique the re-
duction of the signal-to-noise ratio caused by the loss of
intensity is largely counteracted [20], this technique is es-
pecially advantageous for measurements suffering from a
notoriously large detector background signal.

In the present application of this technique the time-of-
flight resolved diffraction data has been used to estimate
the long-range attractive van der Waals potentials −C3/z3

between the surface of the grating bars and the atoms or
molecules. For CH3F the C3 constant has been found to be
greater than expected, based on previous experiments for
the rare gases [7]. Additional measurements are needed
to establish the origin of the increased interaction with
the grating bars. For metastable helium and neon atoms
the C3 constants have been found to be more than an
order of magnitude larger than those of the corresponding
ground state atoms in agreement with calculations based
on Lifshitz’s theory for the C3 coefficient [11].
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schung, Report 7/1999, ISSN 0436-1199, Göttingen, 1998)
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11. R. Brühl, P. Fouquet, R.E. Grisenti, J.P. Toennies, G.C.
Hegerfeldt, T. Köhler, M. Stoll, Ch. Walter, Europhys.
Lett. 59, 357 (2002)
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