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Time-resolved electron microscopy by means of electron counting
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A method of time-resolved electron microscopy has been developed and applied to the study of the vortex-
line dynamics in a type-II superconductor and to the measurement of the elastic properties of nanoscaled
materials. Exploiting an electron counting technique, time-dependent electron microscope image beam current,
position selected by a probing aperture in the image plane, is measured as sequentially sampled electron counts
or a temporal and spatial correlation function which can be converted to the spectral density function. Experi-
mental techniques of detectors and correlators, presently allowing the measurement of the correlation function
up to the GHz range, are described. Fundamental electron counting statistics for the measurement of a counting
distribution, a power spectral density, and a cross-correlation function are examined using uncorrelated elec-
trons in a beam from a field-emission source. The intrinsic electron correlation due to the second-order
coherence appearing in the quest for fast time-resolved observation is also discussed with regard to its offering
possibilities of interferometric measurements.@S0163-1829~97!01634-2#
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I. INTRODUCTION

The objective of condensed matter physics is to desc
the physical properties of matter from the microscopic po
of view in the most general way possible. Electron micro
copy ~EM! has been used to obtain atomic-scale structu
information, which gives the starting point for the descr
tion of matter, but EM image observation gives us only lim
ited access to the individual or collective dynamics of el
trons and atoms. The most widely used previous appro
was to follow each event in real time~in situ observation!.
The temporal resolution is then in principle determined
the statistical fluctuations of electrons forming an ima
This means that when the duration of the image acquisi
is short (<ms!, the signal-to-noise ratio is low.

To overcome this limitation, stroboscopic techniqu
were first introduced in mirror electron microscopy.1 Scan-
ning electron microscopy~SEM! using those techniques ha
been used to observe the signal propagation in elec
devices:2 a short-pulse electron beam~pulse widths<ps are
available!3 synchronized to the period of the device’s ope
tion is used to observe a phase of the operation period
still image. The pulse-beam techniques are also used
transmission electron microscopy~TEM!4 and in reflection
high-energy electron diffraction~RHEED!.5 This approach,
however, is limited to the observation of highly periodic ph
nomena or of events for which the trigger signals are av
able, and this is often not the case when we are conce
with the dynamics of the constituents of matter.

Another method of time-resolved observation in EM im
ages has, therefore, been devised.6,7 An imaging electron
beam current, temporally modulated by the dynamics of
specimen, is selected by the aperture in the image plane
560163-1829/97/56~9!/5156~8!/$10.00
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is sampled by means of an electron counting techniqu8

Two-dimensional information can be obtained by using
array of detectors or by scanning the image, and in this c
text the present method can be called time-resolved elec
microscopy.

Bostanjoglo and Liedke9 measured a time-depende
TEM image beam current in order to observe melting o
crystal by using a scintillator and a photomultiplier tub
This current measurement in analog mode used a large
rent ('10 nA!, and a wide area ('mm2) had to be moni-
tored.

The present method exploits electron counting techniqu
so an extremely small current (< fA ! can be monitored and
the data is accumulated to reduce the statistical error o
appropriate function characterizing the time dependence
the current. Sequentially sampled~with a variable sampling
interval! electron counts can be used to follow events
rectly if the image contrast~i.e., modulation of the beam
current! is statistically significant. Faster phenomena can
observed as a temporal and spatial correlation function
tained by the sequential sampling and the numerical com
tation or by a correlator based on a coincidence-de
measurement.10 The dynamics of an ensemble of elemen
are often formulated as the correlation function, rather th
as the motion of the individual elements, so the results
easily compared with those predicted by a theoretical tre
ment. The technical basis for this method consists of fa
response electron detectors and fast logic circuits, and a
relator working with a frequency of up to the GHz range h
already been achieved.8

In this article, the method and its application are describ
with the fundamental electron counting statistics examin
We also mention that the quest for fast time-resolved ob
5156 © 1997 The American Physical Society
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56 5157TIME-RESOLVED ELECTRON MICROSCOPY BY MEANS . . .
vation will be confronted by the intrinsic electron correlatio
in a coherent beam due to the particle exchan
antisymmetry.11

II. EXPERIMENTAL

A. Configuration

The present time-resolved observation can be done w
out major modification of a standard TEM. Figure 1 show
simple embodiment of the time-resolved electron micr
copy. An image of the specimen is magnified through
electron lenses~only a single lens is shown! and projected
onto the phosphor screen in the observation chamber.
detector can be installed behind the screen. The output
nals are led to a preamplifier and a discriminator that mak
possible to count each electron without error.

There are several ways of to sample the data and to
figure the detector. The data sampling methods are~1! se-
quential sampling of the number of counts with variable
terval and~2! correlation function measurement by means
a coincidence-delay technique.

Sequential counts can be used to follow the event direc
The resolving time can be defined12 as the minimum width of
the sampling intervalT in which the object is detectable wit

a given signal-to-noise ratioNs : KAn̄>Ns , whereK is the
visibility of the object, andn̄ is the average count in th
sampling interval (n̄5pr 0

2iT/e, wherei is the current den-
sity, r 0 is the radius of the probing aperture, ande is the
electron charge!. This n̄ is constrained by the invariance13 of
the brightnessB5 i /pb2 (b is the beam divergence ha
angle!, since an EM observation requires a certain transv
sal coherence length'l/2b (l is the wavelength!. Then the
minimum resolvable time is given as

Tmin5
e

BS Ns

pr 0bK D 2

. ~1!

The relation in Eq.~1! is shown in Fig. 2 for the observatio
of atomic structure images in high-resolution transmiss

FIG. 1. Method of time-resolved electron microscopy with
single detector.
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electron microscopy~HRTEM! and for the magnetic-vortex
images in Lorentz microscopy.14 In the case of HRTEM, a
required value ofb is determined from the envelope of th
contrast transfer function.15 In Lorentz electron microscopy
b should be smaller than the beam deflection at the magn
field of a vortex.16 A brightness17 of 13109 A/cm2 is as-
sumed. Approximately 1 ms is the minimum resolvable tim
for both atom dynamics and vortex dynamics observatio
Faster phenomena can be evaluated by numerically calc
ing the spectral density or the correlation function from t
sequentially sampled data, but this requires a large amou
memory~depending on the duration of the measurement! and
the data transfer to memory is time-consuming.

A coincidence-delay measurement with electric sh
registers as delays gives the correlation function in a m
elegant manner. A digital correlator working with the cloc
frequency up to the GHz range can be constructed us
electric circuit and detector technology~Secs. II B and II C!.
Since the error of the counting data is given by the statist
fluctuation, a given signal-to-noise ratio is achieved by
data acquisition of appropriate duration~details of statistical
relation are discussed in Sec. III!. The spectral density can b
found by calculating the Fourier transform of the correlati
function.

Single, double, and multiple detectors can be used. Wi
single detector, autocorrelation and power spectral den
can be obtained, and a two-dimensional map of those fu
tions can be derived by scanning the image.

When we have two detectors, the cross correlation fu
tion can be observed. The temporal and spatial correla
map can be obtained by changing the sites of the detecto
by using the electron biprism,18 which is usually used to
overlap two electron waves to make interferen
measurements.19 Two electron biprisms perpendicular t
each other may be used to locate any two positions in
image at the fixed two detector positions. This may be use
in the observation of the correlation function of the vort
transports.

A multiple-detector configuration would make the abov
mentioned measurement easier by allowing parallel proc
ing to obtain complete spatial and temporal correlation fu

FIG. 2. Temporal resolution of the TEM observation as a fun
tion of the spatial resolution. Atomic structure imaging is assum
to be done with the beam divergence angleb between 531024 and
131023 rad. Vortex observation by Lorentz microscopy is a
sumed to be done with 1027,b,1026. Brightness of 13109

A/cm2 is assumed.
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5158 56NOBUYUKI OSAKABE, TETSUJI KODAMA, AND AKIRA TONOMURA
tion. The technical difficulties of the multiple-detecto
configuration are due to the possible cross-talk between
jacent detector elements.

B. Detectors

There are several choices of detector:~1! scintillators and
photomultipliers,~2! microchannel plates~MCP’s!, ~3! pho-
todiodes ~PD’s!, and ~4! avalanche photodiodes~APD’s!.
The present method requires detectors with a small sens
area and a fast response with a small dead time. The AP
thus an ideal detector for this application.

A schematic of the structure of a Si-APD is shown in t
left inset of Fig. 3. Electrons incident on the APD deposit t
energy to generate electron-hole pairs~3.61 eV/pair!10 in the
absorption layer. The electrons are injected into the multi
cation layer, where the successive impact ionization by
accelerated carriers in the electric field multiply the charg
giving low-noise amplification.20 This internal gain plays an
important role, especially in a fast circuit (> GHz!, in pull-
ing signals from the noise level, because the noise figur
the avalanche amplification is smaller than that of the am
fiers based on the electric circuit.

The pulse height distribution~PHD! depends on the pri
mary electron energy and the thickness of the absorp
layer.21 Shown in Fig. 3 is the PHD of a Si-APD
~Hamamatsu SPL2941!, with a 20-mm-thick absorption
layer, for 50-keV electrons.8 The incident energy is fully
absorbed in the absorption layer, giving a sharp distribut
APD’s can also be used for electrons of higher energy
which case the primary electron penetrates the absorp
layer to partially deposit its energy.22

The wave form of the output pulse is shown in the rig
inset of Fig. 3. The rise time is 180 ps and the pulse width
430 ps, allowing a time jitter of'20 ps in acquiring the
arrival timing information8 and the small dead time dete
mined by the overlapping of two pulses.10

C. Correlator

The temporal resolution of the intensity correlation me
surement depends on the statistical error reduction by
data accumulation, so an efficient measurement techniqu

FIG. 3. Pulse height distribution of a Si-APD for 50-keV ele
trons. Left inset: schematic structure of the Si-APD. Right ins
wave form of the output pulse.
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required. A digital correlator based on the coincidence-de
measurement with electric shift registers as delays23 can be
used for this purpose.

A diagram of the digital autocorrelator is shown in Fig.
Electrons incident on the detector are amplified and th
standardized in a discriminator to give a train of pulses c
responding to the temporal distribution of electrons in
beam. The signal is led to the synchronized circu
~‘‘derandomized’’!24 and is moved sequentially down a sh
register by a clock of the frequencyf c which determines the
sampling intervalT51/f c . It is then cross correlated with
the original digital signal by coincidence circuits. The tot
counts and the coincidence counts are stored to give a
malized autocorrelation̂n(t)n(t1ST)&/^n(t)&2 at t5ST;
n is an electron number current andS is an integer corre-
sponding to theSth delay channel of the coincidence coun
storage. For the work described here, the average elec
beam intensityn̄ should be sufficiently low thatf c@ n̄ .
Therefore the slow measurement is better to be done with
sequential sampling and the numerical calculation. The te
nique described here can be easily extended to the cross
relator.

A digital correlator with clock frequency of about 10
MHz and with about 103 delay channels can be designe
with versatile field programmable gate arrays~FPGA’s!. A
5-GHz digital cross correlator with five delay channels h
already been made.8 To make a GHz correlator with an ac
ceptable number of delay channels, problems of low-sk
clock distribution and the power consumption should
solved. We also note that the recent progress of data ac
sition and analysis in high-energy physics25 and the advance
in the lightwave communication systems26 may provide the
technology for fast detectors as well as an appropriate wa
handling data.

III. COUNTING STATISTICS

Electron counting statistics relevant to the error estim
tion are examined with an electron beam and withou
specimen. When a current consisting of uncorrelated e
trons is measured as the sequential counts of electrons
distribution is known to be a Poissonian represented by
probability density to countn electrons in a sampling inter
val T, Pn(T)5(aT)nexp(2aT)/n! (a is the counting rate!.
The standard deviation is given bys5An. Shown in Fig. 5
is the distribution of field-emitted electrons sampled w

t:

FIG. 4. Block diagram of the autocorrelator. The derandomi
is a circuit where the asynchronous signals are injected into
synchronized circuit.
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T5200 ms anda54.913105 counts/s. The distribution is
almost consistent with the Poissonian, but is slightly wid
~‘‘super-Poisson’’!. This is also shown bys25104 larger
than n̄598.3. This widening is due to the field-emissio
noise described in Sec. IV. The detailed test of the distri
tion of uncorrelated electrons should be done with a hig
sampling frequency.27

The cross correlation functionC12(t) can be defined as

C12~t!5^I ~r1 ,t !I ~r2 ,t1t!&, ~2!

whereI (r i ,t) is an electron beam current at a positionr i and
a timet. The normalized cross-correlation functionR12(t) is
defined as C12(t)/^I (r1 ,t)&^I (r2 ,t)&. The raw cross-
correlation functionC12(t) is related to the~one-sided!
cross-spectral densityS12(v) as

S12~v!52E
2`

`

C12~t!eivtdt. ~3!

If electrons in the current are uncorrelated, or following t
Poisson process,R12(t)51 and the power spectral densi
S11(v)52e^I (r1 ,t)&.28 Shown in the inset in Fig. 5 is a
power spectral density of the current. It is white spect
density and the average value of 0.0260 fA2/Hz is consistent
with the value 2e Ī 50.0252 fA2/Hz ( Ī 578.7 fA!. Again
the slight discrepancy is a result of the additional fluctuatio
due to field-emission noise.

Measurement of the current and the correlation funct
by using electron counting technique will be done in t
finite duration of the total sampling timeTs and finite sam-
pling interval T. Using the correlator shown in Fig. 4, th
normalized cross-correlation function is obtained as

R12~t i !5

~1/M !(
j 51

M

n12~t i ,t j !

~1/M2!(
j 51

M

n1~ t j !(
j 51

M

n2~ t j !

, ~4!

FIG. 5. Electron counting distribution. Electron counts in 2
ms at intervals of 300ms were taken over 65 536 sampling poin
with a 300-keV field emission electron microscope. The Pois
distribution is shown by the line connecting the points. Inset: pow
spectral density. Power spectral density were Fourier transfor
from the sampled data with averaging successive 16 points.
r

-
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where M5Ts /T is the number of samplings,nk(t j ) is the
numbers of counts of thekth detector in thej th time bin, and
n12(t i ,t j ) is the number of coincidence counts of thei th
time delay in thej th time bin. The interval of the delay an
the duration of the sampling are bothT. The statistical error
in the estimation of the normalized cross-correlation funct
is given by

dR12

R12
5

A11 n̄11 n̄2

AM n̄1 n̄2

. ~5!

Figure 6 shows the normalized cross correlation of fie
emitted electrons taken with a digital correlator working a
clock frequency of 5 GHz. The counting rate was'13107

counts/s for both detectors. Total sampling time was'50 s
for ~a! and'5000 s for~b!. Statistical errors determined b
Eq. ~5! are shown as bars in the figure. The cross-correla
function is consistent with the statistical predictions for u
correlated electrons, constant (51) over the measured dela
of 800 ps.

IV. INTRINSIC FLUCTUATIONS

A. Field-emission noise

Field-emission current has been known to exhibit a flu
tuation other than the shot noise.29 This fluctuation is due to
the hopping of the absorbed residual gas molecules chan
the work function of the emitter surface. The lifetime of th
hopping interval is' ms. Amplitude of the fluctuation is
'10% of the current. The power spectral density of t
beam current was experimentally found29 as S(v)} f 2e,
(0.8,e,1.3), giving a rapid decay in the high-frequenc
region. This fluctuation does not seriously affect the m
surement faster than a millisecond.

B. Two-electron interference

If a coherent electron beam is used, two-electron inter
ence occurs andR12(t) exhibits the anticorrelation due to th
particle ~fermion! exchange symmetry.11 Silverman30 de-
rived the correlation function

n
r

ed
FIG. 6. Cross-correlation function of uncorrelated electrons:~a!

s50.9731023; ~b! s51.031024.
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R12~t!512k12~t!, ~6!

wherek12(t) is given by

k125
e

S1S2
E

S1

dr1dt1E
S2

dr2dt2ug~r22r1 ;t22t1!u2 ~7!

ande is a factor depending on the polarization of the elect
beam giving unity for the fully polarized beam and 1/2 f
the unpolarized beam. The termS i( i 51,2) denotes the
product of the sensitive area of the detector and the coi
dence time window, andg is the first-order degree o
coherence31 written as

g5

E d3kkxn~k!exp@ i $k•~r22r1!2v~ t22t1!%#

E d3kkxn~k!

, ~8!

where the propagation direction is taken asx andn(k) is a
momentum distribution withk the wave number vector. Th
dispersion relation isv5\k2/2m with \ the Planck’s con-
stant andm the elctron mass. This degree of coherence ha
significant value within the transversal coherence len
l t51/Dkt (Dkt is the transversal wave number spread! and
the coherence timetc5\/DE (DE is the energy spread!.
Therefore the correlation function shows the substantial
duction of the probability of finding two particles within th
coherence volume (l t

2tcv; v is the average velocity!. This is
also called ‘‘antibunching,’’ in contrast to photon ‘‘bunch
ing’’ of the chaotic ensemble.32 This antibunching is a direc
consequence of the Pauli exclusion principle, or the
change antisymmetry of fermions.

In the field-emission electron beam, the coherence tim
\/DE'2 fs whenDE50.4 eV. This time range is severa
orders of magnitude shorter than the attainable resolutio
the measurement system, but the effect may appear in
correlation function as a small dip'tc /T at delayt50.33

This correlation has not yet been observed, but the t
electron interference could provide not only tests of quant
mechanics34 but also a way to measure the energy dispers
precisely, since the coherence time measured in the elec
correlation is the reciprocal of the energy spread. This i
counterpart of photon correlation spectroscopy.23

V. APPLICATIONS

A. Vortex-line dynamics

When a magnetic field is applied to a type-II superco
ductor, it penetrates the sample in localized tubes of qu
tized magnetic flux ofh/2e, which are also known as vorti
ces. Transport currents force the vortices to move
dissipate energy, giving the material a nonzero resista
Thus it is important to understand the motion of vortic
interacting with the pinning potentials.

Lorentz microscopy observation14 has been used to stud
the interaction between vortices and the pinning sites35 by
using a 30-frame/s camera. A Lorentz micrograph of a
n
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thin film, taken with a 300-keV field emission TEM
equipped with a specimen cooling stage, is shown in Fig
The specimen foil was mounted at 45° to the electron be
and the magnetic field was applied transversally. Individ
vortices manifest themselves as tiny globules, one s
bright, the other side dark, and the separation line paralle
the vortex line on the image plane.36 The image contrast can
be explained as a consequence of Lorentz deflection of
electron beam by the transverse component of the magn
flux of vortex-lines: the bright side is formed by the supe
position of deflected and transmitted beams, and the d
side is formed by the releasing of the deflected beam.

The vortices in Fig. 7 are arranged periodically to for
the Abrikosov lattice. When the magnetic field applied to t
Nb thin film is changed, the vortices relax to a stable co
figuration by successive hopping.14 The vortices stayed for a
while at particular sites, which are supposed to be pinn
sites. Figure 8 shows the sequentially sampled beam cur
obtained when the probing aperture was set at one of
sites. The image magnification was 2200 and the diamete
the probing aperture corresponded to 90 nm. The counts
represented as the number of electrons detected in 2 ms.
average count is 117 (s'11). The high-current state
('148 counts! beginning at time'2 s and'10 s corre-
spond to the vortices staying at the site for about a seco

FIG. 7. Lorentz electron micrograph of the vortex-line lattice
a Nb thin film atT57.5 K andH575 G.

FIG. 8. Sequentially sampled electron counts obtained at in
vals of 2 ms. The insets~a!–~c! are enlarged plots with a time spa
of 500 ms and a vertical span of 250 counts.
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The insets show enlarged parts~500 ms! of the current. The
narrow peaks in the insets~a! and ~b! indicate the vortices
staying at the site for;ms. The inset~c! shows a period
when no vortex stayed at the site. The fluctuation of
current in this period is consistent withs. This type of mea-
surement allows the lifetime of the vortex at the site to
determined, and thus the activation energy to be obtaine6

The visibility @52uI max2I minu/(I max1I min)# of the vortex
is '0.24 ands/ n̄50.093 giving a signal-to-noise ratio o
2.6. Thus the sampling interval of 2 ms is almost the limit
this direct tracing of vortices under the conditions used
this observation.

Averaging in time domain is, therefore, needed to acc
faster phenomena. The measurement of the correlation f
tion is suitable for the study of the dynamics of vortex flo
driven by currents.37 This issue is relevant to the other sy
tems in condensed matter, such as to the dynamics of ch
density waves,38 and has thus been attracting considera
interest over the past few years. One experimental appro
has been through voltage or magnetic flux no
measurements39 characterizing the collective motion of vo
tices. The present method provides the vortex density co
lation function directly.

The objective of this kind of experiment is to find how th
vortex lines are arranged when driven by the current. T
arrangement is formulated39 by the vortex density correlation
function Rv(r1 ,r2 ,t):

Rv~r1 ,r2 ,t!5^r~r1 ,t !r~r2 ,t1t!&, ~9!

r~r ,t !5(
i

d~2!@r2r i~ t !#. ~10!

Herer(r ,t) denotes the vortex density function consisting
a set of two-dimensional delta functionsd (2). An image
beam current is given as

I ~r ,t !5I 0E @11r~r 8,t !* K~r 8!#dS. ~11!

Here the asterisk denotes a convolution,I 0 is an average
current, andK(r ) is an image intensity function of a
vortex.36 The integration should be performed in the probi
aperture area. Thus, the correlation function of the im
beam current essentially represents the vortex density co
lation function.

The elastic flow of vortices was simulated by feeding
triangular wave current to the image shift coils in order
make the Lorentz image oscillate. The specimen was a
film cooled to 7.5 K and under a magnetic field of 75 G. T
image was oscillated by about'1.7 mm, corresponding to
about three vortex intervals, with a frequency of 1 Hz. T
inset in Fig. 9~a! shows the sequential counts obtained w
the sampling interval of 5 ms. The oscillation corresponds
the bright and dark part of vortex image passing the prob
aperture. 6-Hz oscillation is clearly evident in the normaliz
autocorrelation is shown in Fig. 9~a!. If we assume that the
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time-dependent currentI is sinusoidal asI 5I 0(11acosvt),
with 2a the visibility of vortices andI 0 the average current
the normalized autocorrelation functionR(t)5111/
2a2cosvt. The amplitude in the autocorrelation functio
'0.016 is consistent with the visibility'0.37 found in the
sequentially sampled counts.

The faster scan is shown in Fig. 9~b!. The amplitude of
the image oscillation is same, but the frequency is 200
The average count in the 300-ms sampling intervals is 10.4
so the sequential counts do not show statistically signific
information. The autocorrelation measured for 13 s clea
shows the oscillation with frequency'1.2 kHz. Large peaks
at t'5 ms andt'10 ms in the cross correlation are due
the 200-Hz true frequency. In this case the amplitude in
normalized autocorrelation is'0.01, smaller than the valu
in ~a!. This is because the frequency of 1.2 kHz is close
the 1.6-kHz sampling limit under these conditions. The
measurements were done with the sequential sampling
the numerical calculation. The sampling frequency and
length of the total sampling time in~b! represents the maxi
mum performance of the present apparatus. The correl
described in Sec. II will provide the correlation function u
to 100 MHz without constraint on the total sampling tim
Thus the feasibility of observing the elastic flow depends
the total sampling time needed to achieve the accept
signal-to-noise ratio, whose time is given by the statisti
error Eq. ~5! and the amplitude of the correlation functio
mentioned above.

FIG. 9. Autocorrelation functions of an oscillated vortex-lin
lattice image obtained with a Nb film at 7.5 K and 75 G, simulati
elastic vortex flow. The image was oscillated with an amlitude
about three vortex intervals at triangular wave frequencies of~a! 1
Hz and~b! 200 Hz. Lines are drawn to guide eyes.
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B. Vibration analysis

Recently mechanical properties of nanoscale mater
especially fullerenes and their relatives, have attracted in
est because of their potential practical applications.40 The
evaluation of the elastic properties by means of the conv
tional method41 has been difficult, however, because of t
small sample sizes. Recent work by Treacy, Ebbesen,
Gibson42 measured the temperature-dependent amplitud
the thermal vibration of carbon nanotubes as a blurring of
electron microscope images in order to estimate the Youn
modulus of the tubes. Elastic constants can be found f
the effective spring constantk of the specimen. The averag
elastic energy 1/2ku2 (u is the vibration amplitude! is, from
the principle of equipartition, equal to 1/2kBT, with kB being
Boltzmann’s constant andT the absolute temperature. Co
sequently, the measured^u2& gives the spring constant.

Time-resolved electron microscopy can be used to fi
the resonance frequency of oscillations driven by therm
agitation7 or damping oscillation initiated by an extern
force. In the case of thermally driven oscillation, the spri
constant and theQ factor have been shown to be found b
the power spectral density measurement.7

When oscillations are measured using TEM, the effec
the electron beam is crucial. The primary electrons hitt
the sample generate the secondary electrons, thus cha
the specimen. This charging effect is negligible when c
ductive materials are used, but materials with low conduc
ity or contaminated conductive material keep the char
yielding extra electrostatic force. The resonant frequenc
shifted by the presence of the gradient of the force~this is the
principle of magnetic force microscopy!.43 The frequency
shift is given by

D f 05
f 0

2k

]2V~y!

]y2
, ~12!

wheref 0 is the resonant frequency,V(y) is the potential,y is
the direction of the oscillation, andk is the spring constant

Figure 10 shows, for two different primary current den
ties at the specimen, the power spectral densities of an e
tron beam current monitoring thermally driven oscillations
a thin Pt wire. If charging up of the specimen introduces
appreciable force gradient on the Pt wire, the resonant
quency should be shifted. We can see in this figure that
use of the primary current densities differing by an order
magnitude does not change the resonant frequency within
resolvable bandwidth of 0.10 Hz. The electrostatic force
considered to be negligible in this case.

VI. CONCLUSION

A method of time-resolved electron microscopy has be
described. Time-dependent electron microscope image b
current, position selected by the aperture in the image p
is measured as sequentially sampled electron counts or a
relation function using an electron counting technique.

The error in the counting data is due only to the statisti
fluctuations of the number of electrons, so the error reduc
resulting from the data accumulation—hence the resolv
time in the correlation measurement—depends on whethe
ls,
r-

n-

nd
of
e
’s
m

d
l

f
g
ing
-
-

e,
is

-
c-

f
n
e-
e
f
he
s

n
am
ne
or-

l
n
g
or

not the duration of the total sampling time needed in orde
achieve an acceptable signal-to-noise ratio is permissi
Experimental techniques for the detector and the correl
are given, and a correlator working at a frequency up to
GHz range has already been made.

Fundamental electron counting statistics has also been
amined by measuring the counting distribution, power sp
tral density, and cross correlation of uncorrelated electron
the beam from a field-emission source. This kind of micro
copy has so far been used to study vortex-line dynamics
to measure the elastic properties of materials.

The intrinsic electron intensity fluctuations due to the p
ticle exchange antisymmetry has also been described. T
have not yet been detected, but their existence opens p
bilities for measurement.

In summary, the present method has a growing techn
basis and can be applied widely in TEM observation witho
major modification of the microscopes. The quest for fas
observation will be confronted by the intrinsic electron flu
tuations, a problem of great interest,44 but so far experimen-
tally untouched. The progress in experimental technolog
giving us the chance to attack this problem.
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FIG. 10. Power spectral densities of electron beam curre
monitoring thermally driven oscillations of a Pt thin wire.~a! and
~b! show the fundamental frequency and the first overtone obse
when the electron current density was 0.23 mA/cm2; ~c! and ~d!
show those observed when the electron current density was
mA/cm2.
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