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Electron diffraction of trapped cluster ions

Mathias Maier-Borst, Douglas B. Cameron, Mordechai Rokni,* and Joel H. Parks†
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A deeper understanding of the physics and chemistry of clusters has been constrained by the inability to
observe experimentally the structure and structural variations for size selected clusters. We report here mea-
surements of trapped ion electron diffraction, a technique that presents the possibility to directly observe the
evolution of cluster structure with size and temperature. The results of electron diffraction from C60

1 ions
stored in a radio-frequency Paul trap are reported.@S1050-2947~99!50305-3#

PACS number~s!: 36.40.Wa, 36.40.Mr, 61.14.2x, 61.48.1c
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Direct measurement of the structure of mass-selec
atomic clusters has presented such an exceedingly diffi
challenge that studies of the physics and chemistry of g
phase clusters@1# have proceeded for more than three d
cades without such a direct measurement. Cluster sou
contribute to this difficulty since they produce beams w
broad cluster size distributions of atomic number with unc
tain internal energy distributions. Since an adequate clu
flux for diffraction measurements requires the full sour
output beam, the uncertainties in cluster size and inte
energy prevent an unambiguous interpretation of electr
diffraction patterns@2–5#. This paper reports a technique th
relies upon an rf Paul trap@6# to take advantage of the cu
rent cluster source technologies yet avoid the shortcom
of beam measurements. The rf Paul trap enables one to
cumulate size selected clusters, collisionally relax the vib
tional energy distribution, and store the clusters for an
equate time to perform electron-diffraction measureme
This can lead to a better experimentally controlled investi
tion of quantum-size effects and can provide the opportu
to probe the phase transformations for the transition reg
from molecular to bulk behavior.

The individual components of the experimental appara
are schematically shown in Fig. 1. The rf trap, Faraday c
and microchannel plate/phosphor screen detector~MCP! are
mounted to maintain cylindrical symmetry around the el
tron beam axis. A charge-coupled-device~CCD! camera ex-
ternal to the UHV chamber images the diffraction patte
which is in the form of Debye-Scherrer rings similar to po
der diffraction as a result of the orientational and spa
disorder of the trapped cluster ions. The UHV chamb
achieves a base pressure of;1029 Torr and the pressure
during diffraction measurements is<1028 Torr.

The rf trap operates at 600 kHz with an end-cap electr
spacing of 1 cm. The diffractione beam of;0.5 mm diam-
eter traverses the trap through 2-mm apertures in
grounded end-cap electrodes. Diffraction data are obtaine
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an e-beam energy of 40 keV and a beam current of;400
nA. The diffraction volume and 2-mm end-cap aperture
low detection of scattered electrons with a maximum scat
ing angle of68.1°. For neutral beam diffraction measur
ments an effusive C60 beam emitted by a Knudsen ove
traverses the trap at right angles to thee beam through 2-mm
apertures in the ring electrode. For trapped C60

1 measure-
ments, ions are loaded into the trap byin situ ionization with
a low-energy~;100 eV! electron gun and then vibrationall
and translationally relaxed by a;10-s exposure to He gas a
a pressure of;1024 Torr and a temperature of 300 K. Afte
mass isolation of C60

1 by resonance ejection of all otherm/z
ions, the C60

1 ions were positioned at the trap operatin
point qz50.68 ~rf amplitude of 900V02p) during diffraction
exposures. Them/z spectrum after the diffraction exposure
determined by resonantly ejecting the ions into the chan
tron detector shown in Fig. 1.

A primary effort during the development of the trappe
ion electron diffraction~TIED! technique was directed to
wards minimizing the background electron scattering. T
small number of trapped cluster ions and their low-dens
results in such a low rate of elastic scattering relative to
incident electron-beam current (;1029) that it makes the
design and positioning of each component critically imp
tant. The lowest background electron scattering achie
was i e-back/ i eb51.631028, which was measured by coun
ing the rate of single-electron events (i e-back) detected by the
microchannel plate detector~MCP! at low incident electron-
beam current (i eb;2 nA! in the absence of cluster ions an
at the chamber base pressure. This low level of backgro
scattering was achieved by designing the Faraday cup a
electron trap with asymmetric entry and escape solid ang
In addition, the cup material was selected to maximize
conversion of high-energy electrons to x rays, which we
then absorbed in the walls. The dominant noise contributi
were from high-energy background electrons scattered f
apertures, electrons reemerging from the Faraday cup,
scattering from residual gases in the UHV chamber.

Electron scattering from gas-phase molecules@7# is com-
posed of~a! elastic scattering from individual atoms,~b! mo-
lecular terms arising from the interference of waves scatte
by atoms separated by distances characteristic of the mol
lar structure, and~c! inelastic scattering characterized by th
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electronic states. The total scattering intensity decrease
the fourth power of the momentum transfers
5(4p/l)sin(u/2), wherel is the electron de Broglie wave
length~0.06 Å21 for 40-keV electrons! andu is the scattering
angle.

Diffraction data were initially obtained from a neutr
beam of C60 as it passed through the trap in the absence o
voltage. The diffraction signal was first acquired for a peri
of time determined by the CCD pixel saturation, and then
electron background signal was obtained under identical c
ditions but with the C60 oven shutter closed. The measur
background signal was uniformly distributed over the MC
detector surface. Using the C60 vapor pressure@8# at an oven
temperature of;800 K, the number of molecules in the vo
ume defined by the intersection of the molecular and elec
beams is estimated to be;53105. The electron background
signal was subtracted from the diffraction signal pixel
pixel and the resulting CCD data array was averaged ove
data sequences, each with an exposure time of 45 s. A
exposure time of 30 min ate-beam current of 410 nA wa
required to obtain data with highS/N over the range 3
<s (Å 21)<13. The plot of signal intensityI sig vs s (Å21)
shown in Fig. 2~a! is obtained by averaging the CCD da
from pixels forming a circle around the electron-beam a
while discounting pixels shadowed by the Faraday cup.

The molecular signal@9# I mol , which contains the struc
tural information, was obtained fromI sig by subtracting a
background arising from atomic elastic-scattering contri
tions and contributions from inelastic scattering. This w
accomplished using a trial and error method similar to t
described in Ref.@10#, which relies upon the expected ze
crossings of the molecular diffraction term, calculated
assuming a given molecular structure. In Fig. 2~b! the experi-
mental molecular diffraction signalI mol is compared with the
theoretical prediction. The theoretical curve has been ca
lated using vibrational amplitude parameters derived fr

FIG. 1. The diffraction apparatus includes an rf trap, Farad
cup, and microchannel plate detector~MCP!, and is structured to
maintain a cylindrical symmetry around the electron-beam a
Thee beam passes through a trapped ion cloud producing scat
electrons, indicated by dashed lines. The primary beam enters
Faraday cup and scattered electrons strike an image quality M
producing a diffraction pattern on a phosphor screen. This scree
imaged by a scientific-grade CCD camera mounted external to
UHV chamber. The distance from the trapped ion cloud to the M
is approximately 7.5 cm in these experiments. The channel
electron multiplier detects ions ejected from the trap after a diffr
tion exposure.
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the C60 gas-phase diffraction data of Hedberget al. @11#, and
it has also been smoothed to account for the finite electr
beam diameter of;0.5 mm. Figure 2~c! displays the differ-
enceDI mol between experiment and theory. The gray ba
superimposed onDI mol represents the standard deviation
each data point. Our C60-beam experimental data closely r
produce the Hedberget al. @11# results. This agreement wa
essential for our evaluation of the data reduction analysis
the constraints imposed by electron background scatte
and detector saturation limits.

The possible effects of the trap rf field on the scatte
electrons was studied by comparing diffraction data p
duced by a neutral C60 beam passing through trap center wi
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FIG. 2. Diffraction data for a neutral C60 beam.~a! The average
diffraction intensityI sig vs s ~Å21! is obtained by averaging CCD
pixels forming a circle around thee-beam axis.~b! Comparison of
the experimental~solid curve! and theoretical~dashed curve! mo-
lecular scattering intensityI mol . ~c! The differenceDI mol is shown
in with the uncertainty of61s ~gray band! displayed at each data
point.

FIG. 3. Comparison of molecular diffraction data produced
e-beam scattering from a neutral C60 beam in the presence of the
field ~solid curve! with that obtained with the rf field off~dashed
curve!.
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the rf field on with that obtained with the rf field off. Th
data comparison shown in Fig. 3 indicates that rf trap vo
ages up to 800V02p produce no appreciable effect on th
detected diffraction pattern. This is consistent with our e
mates of the perturbations of the scattering angle and of
electron energy by the rf field. However, measurement of
background electron-scattering intensity did indicate a sli
increase in the presence of the rf field. The degree to wh
this might constrain the applicable rf voltage amplitude w
depend on the diffracting species.

Diffraction data were obtained from trapped C60
1 during

an experimental run composed of repeated trap loading
described above. An average of;23104 C60

1 ions were
stored initially for each diffraction exposure. The bac
ground electron-scattering signal was obtained by expo
an empty trap for an identical exposure time. The plot
average diffraction intensityI sig vs s ~Å21! shown in Fig.
4~a! was obtained by averaging over 360 data sequences
an exposure time of 45 s each. A total exposure time of
h at ane-beam current of 400 nA was required to obta
;10>S/N>2 over the range 3<s (Å 21)<13, respec-
tively. The total experimental run time, including the ele
tron background measurement and the trap loading/ejec
sequences, was 12 h.

The trapped C60
1-ion molecular diffraction intensityI mol

is compared with theoretical calculations for neutral C60 in
Fig. 4~b!. Figure 4~c! displays the differenceDI mol , and the
superimposed gray band represents the standard deviati
each data point. The increased deviation between data
theory ass increases is the result of weaker scattering
larger angles compounded by a less reliable fitting of
background scattering for larges values. Although theS/Nis
reduced by a factor of;8 relative to the neutral beam dat
the diffraction pattern is clearly consistent with that of ne

FIG. 4. Diffraction data for trapped C60
1 ions. ~a! The average

diffraction intensityI sig vs s ~Å21!, is obtained by averaging CCD
pixels forming a circle around thee-beam axis.~b! Comparison of
the experimental~solid curve! and theoretical~dashed curve! mo-
lecular scattering intensityI mol . ~c! The differenceDI mol is shown
with the uncertainty of61s ~gray band! displayed at each dat
point.
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tral C60. This S/N level precludes a more careful analysis
determine the presence of Jahn-Teller distortions predic
@12# for C60

1 ions.
Inelastic electron-scattering channels were also studied

exposing the trapped ions for 5 min to a 100-nA beam
40-keV electrons used for the diffraction experiments. Exp
sure to the 40-keV beam resulted in only a slight decreas
the number of C60

1 ions, in marked contrast to the larg
conversion of C60

1 to fragmentation products C6022n
1 and

multiply charged ions C60
z1 observed@13# for low-energye

beams~100 eV!. The dominant inelastic scattering chann
we observed at these high energies was the productio
multiply charged ions; however, no fragmentation was o
served for any charge state. This is consistent with previ
measurements of the excitation of gas-phase C60 by high-
energy electrons@14# and photons@15#, which identified an
autoionization channel via the surface plasmon excitat
near 20 eV as the dominant inelastic process. The cross
tion for the loss of a C60

1 ion by inelastic processes is est
mated to bes;2310218 cm2, which is comparable to
measurements@16# of the second ionization cross section
Li1 by 25-keV electrons. During the 45-s exposure time
the diffraction measurements, all multicharged ions produ
by inelastic scattering were unstable at the trap opera
point of qz50.68 and could not contribute to the diffractio
data.

This Rapid Communication has introduced an experim
tal method of trapped ion electron diffraction and has s
cessfully demonstrated the technique by measuring diffr
tion patterns from;23104 C60

1 ions stored within an rf
Paul trap. Obtaining diffraction from trapped C60

1 ions was
an exceptionally severe test of the method since the w
scattering cross section required long exposure times~4.5 h!
to achieve diffraction patterns with;10>S/N>2 over the
range of 3<s (Å21)<13. However, these experimen
demonstrated that the experimental apparatus is capab
providing reproducible results over long run durations.

The inelastic scattering channels will always be an imp
tant consideration. The dominant inelastic channel in th
experiments was ionization and not fragmentation of
trapped ion. This may be unique to C60

1 ions and the inelas-
tic scattering will have to be measured for each species s
ied.

The diffraction experiments with C60
1 ions provide infor-

mation to evaluate the possibilities for more interesting cl
ters and molecular-ion species. For example, we are
rently considering a study of the structure and pha
transitions of gold clusters@17#, which have recently been
the subject of extensive calculations@18–20#. Diffraction
studies of alloyed clusters~e.g., AunSim) could provide an
opportunity to observe the competition between atomic s
regation and stoichiometric mixtures as a function of s
and temperature. Finally, it may be possible to extend TI
to biopolymers, which suggests that measurements relate
protein conformation dynamics might be considered.

This research was fully supported by The Rowland Ins
tute for Science. We would like to thank Tom Tyrie and P
Charpentier of Kimball Physics Inc. for helping to optimiz
the electron gun operation.
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