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We report the first experiments carried out on a new imaging setup, which combines the high spatial

resolution of a photoemission electron microscope �PEEM� with the temporal resolution of extreme

ultraviolet �XUV� attosecond pulse trains. The very short pulses were provided by high-harmonic

generation and used to illuminate lithographic structures and Au nanoparticles, which, in turn, were

imaged with a PEEM resolving features below 300 nm. We argue that the spatial resolution is

limited by the lack of electron energy filtering in this particular demonstration experiment. Problems

with extensive space charge effects, which can occur due to the low probe pulse repetition rate and

extremely short duration, are solved by reducing peak intensity while maintaining a sufficient

average intensity to allow imaging. Finally, a powerful femtosecond infrared �IR� beam was

combined with the XUV beam in a pump-probe setup where delays could be varied from

subfemtoseconds to picoseconds. The IR pump beam could induce multiphoton electron emission in

resonant features on the surface. The interaction between the electrons emitted by the pump and

probe pulses could be observed. © 2009 American Institute of Physics. �doi:10.1063/1.3263759�

I. INTRODUCTION

A photoemission electron microscope �PEEM� images

surfaces using photoelectrons generated by a light source

with photon energies exceeding the work function threshold

�usually 4–5 eV�. The photoelectrons are accelerated in an

electric field, focused, and imaged with a resolution down to

the nanometer scale.
1,2

The versatility of PEEM as a tool to

study ultrafast processes with high lateral resolution has been

demonstrated in a number of cases.
3–12

This ranges from ul-

trafast magnetic processes in micro- and nanostructures oc-

curring in the picosecond range to electron excitation such as

plasmons and transient states in nanostructures occurring in

the femtosecond range. Two types of pump-probe measure-

ments were typically performed: first, the time structure of

electron bunches in synchrotron rings provided short probe

pulses, which were correlated with either laser or electrical

pump pulses. Second, frequency doubled infrared �IR� fem-

tosecond lasers have been used, requiring two-photon pro-

cesses to exceed the work function threshold. The latter type

of experiment is especially suited to study electric field en-

hancement as the photoemission yield will scale as the field

strength to the power of 4, resulting in high sensitivity to

variations in the electric field.

State-of-the-art laser systems are nowadays capable of

producing ultrashort extreme ultraviolet �XUV� pulses well

in the attosecond regime,
13,14

which in combination with a

PEEM should allow for extreme temporal and high spatial

resolution simultaneously when probing collective electron

excitation and motion. Recently, it was suggested by Stock-

man et al.
15,16

to use synchronized ultrashort IR and XUV

light pulses to study plasmon dynamics in a pump-probe

scheme. Such a setup, which we abbreviate “atto-PEEM,” is

limited in time resolution only by the pulse duration of the

XUV probe field, in the 100 as range. Stockman et al.
15,16

further suggested that by using a time-of-flight �TOF� detec-

tor in the PEEM to gain energy resolution, the microscope

can directly probe the nanoplasmonic field strength with nan-

ometer resolution. The idea is that the IR pump pulse creates

nanoplasmonic fields at various sites on the surface. As the

photoelectrons excited by the XUV probe pulse then leave

the surface, their escape speed will be changed by the pres-

ence of the nanoplasmonic field. This will manifest itself in a

significant increase or decrease in the electron energies as

measured in the TOF system, which can then be related to

the strength of the nanoplasmonic fields.

We propose, as opposed to directly probe the electrical

fields, to measure the lateral changes in electron density on

the surface induced by the nanoplasmonic fields. This should

be visible as a change in the number of photoelectrons re-

leased by the XUV pulse at specific positions. Measurements

of the spatial electron density can, in principle, be carried out

with less stringent demands on energy filtering capabilities,

while still revealing important information on plasmon dy-

namics. Surface charges will oscillate back and forth across

nanoplasmonic features such as holes or particles during a

cycle of the electric field.
17–19

The electron density should

appear asymmetric as the extremes of the electric field cycle

are reached.
17–19

Conceptually, the most straightforward IR/XUV experi-

ment involves a single femtosecond IR pump pulse, followed

by a single attosecond XUV probe pulse. By varying the

time delay between the IR electric field and the attosecond
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pulse, the time evolution of a single surface plasmon excita-

tion can be investigated on an attosecond time scale. Another

interesting possibility is to use a single femtosecond IR

pump pulse and a synchronized attosecond pulse train, with,

for example, one pulse per IR cycle.
20

This type of experi-

ment is displayed in Fig. 1, indicating how the different de-

lays between the pulse train and the IR field oscillation can

be used to probe the cycle of the charge excitations on the

surface. Such an experiment could be advantageous for ob-

servation of plasmons on a surface since the number of use-

ful probe pulses increases, but it would make it more difficult

to measure the delay of a plasmonic excitation over a rela-

tively long �femtosecond� time scales.

In this paper, we demonstrate imaging with trains of at-

tosecond pulses �width of 200 as, energy spread of 10–30

eV� using a Focus IS-PEEM with no special energy filtering.

We resolve structures having widths down to 200–300 nm

and show that at present our spatial resolution is limited by

the lack of energy filtering used in the PEEM experiment, a

problem that can be solved using either a more advanced

version of the PEEM or by introducing small contrast aper-

tures. The time resolution is, in principle, given by the pulse

width of the attosecond pulses, but this could not be directly

verified.

II. EXPERIMENT

A schematic drawing of the experimental setup is shown

in Fig. 2�a�. A chirped pulse amplifier system operating at

800 nm delivers pulses of 35 fs length and energy of 3.6 mJ

at a repetition rate of 1 kHz. A fraction of the pulse energy is

split off to a delay stage and used as a pump beam, while the

major part is focused with a f=75 cm mirror into a 6 mm

long pulsed argon gas jet for high-harmonic generation

�HHG�. The emerging XUV emission from the gas cell is

subsequently spatially and spectrally filtered using a small

aperture and metallic filters to provide trains of about 10

pulses with 200 as pulse duration and a separation of 1.3 fs.

Figure 2�b� shows a typical spectrum of the generated XUV

beam, and Fig. 2�c� shows the time structure of the attosec-

ond pulse train. The number of photons is estimated to be

107–108 photons per shot per harmonic. As discussed in

more detail below, this result in the release of �107 photo-

electrons from a gold surface in each pulse, and thus only a

fraction of the total flux can be used in the PEEM experiment

due to space charge effects. The metallic filters used include

200 nm Al, 400 nm Al, and 200 nm Al+200 nm Sn. The

energy range is 18–55 eV with the Al filter, which can be

further reduced to a narrow bandwidth around 20 eV by ad-

ditionally applying a Sn filter. The filtered XUV beam is

combined with the IR pump beam with a recombination mir-

ror and finally focused onto the sample stage of the PEEM

with a toroidal mirror �focal length of 30 cm�.

The PEEM is a commercial Focus IS-PEEM supplied by

Omicron,
21

as schematically shown in Fig. 2�a�. Photoelec-

trons are extracted from the sample stage with voltages of up

to 15 kV and focused using an electrostatic focusing system.

The test setup used in these measurements relies on a tur-

bopump for vacuum, with no special damping, and the

PEEM had no highpass/bandpass energy filter. Nevertheless,

resolution down to 100 nm could be achieved with a stan-

dard mercury arc light source, as discussed below. The

PEEM vacuum chamber is directly connected to the HHG

vacuum chamber. Alignment of the PEEM could be done via

XY boards on the vacuum system base and guided by the IR

laser beam used to generate the XUV radiation and usually

cut by Al filters, which is therefore superimposed on the

XUV beam. Final alignment and initial characterization of

the XUV beam is done using the PEEM in low magnification

�3 kV�, as shown in Figs. 2�d� and 2�e�.

The setup was first tested with a lithographic sample,

described here: the sample consisted of a Si substrate with a

65 nm thick patterned Au film. Figure 3�a� shows a scanning

electron microscopy �SEM� image of one of the fabricated

structures used in this work. Figure 3�b� shows a schematic

of the negative resist structure. The patterned film was made

using electron beam lithography �EBL� as follows. First, a

negative EBL resist ma-N 2403 was spin coated on the wafer

at 3000 rpm and baked at 90 °C for 60 s. The thickness of

XUV pulses

IR field

t

∆t T

FIG. 1. �Color online� Schematic of the oscillating field of the IR laser beam

and the XUV pulse train. It is possible to align the distance between the

XUV attosecond pulses with the cycle period T of the electric field. The

delay between the train and the IR field can now be varied with high preci-

sion. Charge oscillations on the surface following the IR pulse �such as

surface plasmons� should now be visible by comparing images obtained at

different delays �∆t�.

FIG. 2. �Color online� �a� Schematic model of the experimental setup. The

label BS denotes the beam splitter, FM the focusing mirror, RM the recom-

bination mirror, and TM the toroidal mirror. �b� Energy structure of the

XUV beam recorded with a magnetic-bottle TOF spectrometer. �c� Time

structure of the XUV attosecond pulses in the central part of the train with a

200 nm Al filter. �d� 3 kV low magnification PEEM image of the electron

emission spot from the XUV laser pulse at high intensity. �e� Profile mea-

sured across �d�, as indicated by the broken �blue� line in �d�.
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the resist was about 300 nm. The electron beam exposure

was performed on a Raith 150 e-beam writer with an expo-

sure dose of 300 �C /cm2. After exposure, the resist was

developed with ma-D532 for 30 s and then rinsed with water

for 10 min. Finally, 5 nm thick Cr and 65 nm thick Au were

evaporated on the wafer and lift-off was performed in Re-

mover 1165. Nine arrays of holes were made in a 150

�150 �m2 region of the Au film. The region was divided

into nine 50�50 �m2 squares using 1 �m wide lines. At

the center part of each square, there is an array of holes with

a coverage area of 20�20 �m2. The diameter of the holes

was 100 nm in all the nine arrays and the separation between

holes was designed to be different in different arrays and was

systematically changed from 240 to 400 nm. The hole

diameter and the separation between holes in each hole array

were indicated by text numbers made lithographically with

200 nm wide text lines.

Other structures imaged in this test experiment were

size-selected 50 nm Au aerosol nanoparticles, deposited on a

conducting Si substrate with a density of 1 /�m2, as well as

35 nm III-V nanowires which were also deposited on a con-

ducting Si substrate. Growth and deposition of these struc-

tures were described previously.
22,23

III. RESULTS AND DISCUSSION

From Fig. 3, it can be concluded that the PEEM used

with a Hg lamp has a resolution of �50 nm. To study the

extent to which resolution in the present setup was limited by

mechanical vibrations introduced by a running turbopump,

we imaged the lithographic structure again using a standard

Hg lamp �Fig. 4�a��. From these images, we estimate that we

Side view

(a)

(d)

Au

Cr

Si

10 µm

(b)

400nm

2 µm

(c)

700nm

FIG. 3. �Color online� �a� SEM image of part of the lithographic pattern. In

total, nine square arrays of holes were fabricated in a square region of

150�150 �m2 of the Au film. �The magnification in this image is so low

that the hole arrays cannot be seen, instead see Fig. 3�c�.� Each region is

divided using 1 �m wide lithographic lines, and at the center of each di-

vided region there is an array of holes covering a 20�20 �m2 area. The

hole diameter and the separation is indicated using text numbers fabricated

lithographically with 200 nm wide text lines—the arrow points to this text

line. �b� Schematic of the lithographic sample. The Au film is connected to

the sample holder to minimize charging effects. �c� SEM image of a small

part of the hole array with 100 nm in hole diameter and 400 nm in hole

separation. �d� PEEM image recorded with an extractor voltage of 14 kV

using a standard Hg lamp �h��4.9 eV� for illumination. The image shows

part of a structure similar to the one in Fig. 2�a�. The inset shows the array

of 100 nm holes as imaged by PEEM indicating that the PEEM can obtain

a resolution of �50 nm. The holes could only be clearly seen when the

PEEM was run with an ion pump and no turbopumps on.

(b)

(a)

10 µm

10 µm

FIG. 4. �Color online� �a� PEEM image recorded with an extractor voltage

of 14 kV using a standard Hg lamp �h��4.9 eV� for illumination. The

image shows the same structure similar to the one in Fig. 2�a�. �b� PEEM

image recorded under the same conditions using XUV attosecond pulse

trains with a max energy of 30 eV. Notice that in both cases the 1 �m broad

lines can be clearly observed, while also the text can be observed as indi-

cated by the arrows. The structure obtained with the XUV beam is not as

sharp as with the Hg lamp and we estimate that our resolution has dropped

to �200 nm.

123703-3 Mikkelsen et al. Rev. Sci. Instrum. 80, 123703 �2009�
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can still resolve features down to at least �100 nm despite

having made no serious efforts to mechanically damp the

system.

Figure 4�b� shows the lithographic structure imaged with

the XUV attosecond pulse train. To obtain a sharp image, we

had to turn down the gas pressure in the HHG cell. The

pressure measured in the chamber was reduced from 3.2 to

0.06 �bar or below. The harmonic yield varies as the square

of the pressure at lower pressures, but gets saturated at a

higher pressure. We estimate the reduction in the signal to at

least a factor of 100. Also, a 200 nm Al filter was added,

reducing the light intensity by an additional factor of 3, de-

pending on the degree of oxidation of the filters. Altogether,

we estimate the necessary reduction in the XUV intensity to

more than a factor 300. At higher XUV intensity, the images

gradually became blurred until only the broad ��200 �m in

diameter� footprint of XUV beam was observed. The inten-

sity of the XUV beam could still be reduced a factor of 10

below the threshold �where no blurring occurred� without

observing any further changes in the image except for the

expected reduction in intensity. The blurring can be under-

stood in terms of space charge effects: although the average

electron density on the scale of seconds �as is the exposure

time of the PEEM� is relatively moderate, the short duration

of the XUV pulses leads to high peak photon intensities, in

the range 108–109 W /cm2. Put in another way, with a total

length of each pulse train of �20 fs and a repetition rate of

1 kHz, the intensity of each pulse will be 1012 higher than the

intensity of the field from a cw XUV source with the same

average power. As a result, the average electron density gen-

erated by each pulse will also be very high. This will lead to

Coulomb repulsion, which can manifest itself in three ways:

temporal broadening, longitudinal broadening, and energy

broadening. The longitudinal broadening and energy broad-

ening can both lead to significant blurring of the images,

while the energy broadening in this case is probably less

relevant as we already have a very broad energy spectrum.

As in previous work,
24

the number of photoelectrons

emitted per pulse can be quantitatively estimated for our gold

films using the photoionization cross section, atom density,

and electron mean free path of gold for photons with an

energy around 30 eV.
25,26

Thus, we can estimate the photo-

electron emission to �107 electrons per pulse train at the

maximum power of the laser system. As the spot size is

roughly 250 �m in diameter and we have 1000 pulse trains

per second, this corresponds to �200 000 e /s �m2. This

can be compared to the measured sample current generated

by the Hg lamp, which taking the larger footprint of the Hg

lamp spot into account gives �8000 e /s �m2. This agrees

with our observation that the maximum intensity achievable

using the laser system is much higher than the intensity from

the Hg lamp. However, we also find that we can reduce the

peak intensity of the laser system to avoid space charge prob-

lems, while still generating enough photoelectrons on aver-

age to form an image. In this situation, we compare images

from similar structures made using the standard Hg lamp or

the attenuated XUV laser. We find that we now have to in-

crease exposure times by a factor of 2–4 for the XUV imag-

ing to achieve the same image intensities as with the Hg

lamp. This is in reasonable agreement with the estimates

made above and it is important to note that we could still

reduce the intensity of the laser by another factor of 5–10

before completely losing the possibility to perform imaging.

In our experiment and from the calculations above we

can deduce that the threshold electron density for avoiding

space charge problems is �2 e /�m2 pulse. Theoretical and

experimental works on short electron pulses
27–29

and

photoemission
30,31

have shown that similar space charge

problems also appear at a threshold around 2 e /�m2 pulse,
27

in good agreement with our results. Generally, it was found

that while longitudinal broadening of electron pulses can be

very significant at the values found also in our case, energy

broadening would typically be up to a few eV. As we already

have an energy distribution of �30 eV, we believe that the

energy broadening will not cause much additional geometric

smearing of the image.

Our results can also be compared to results obtained us-

ing the femtosecond XUV pulses from the free-electron laser

at Hamburg.
24

For photoemission energy spectra, space

charge effects were observed at a threshold of �105

electrons/pulse, with a similar footprint as our laser beam,

which is in good agreement with the threshold for space

charge effects found for the attosecond pulses in our experi-

ment. Interestingly, it was recently found that in the two-

photon or three-photon photoemission microscopy experi-

ments using a laser system operating at 1 kHz repetition rate

�as ours� intensity had to be reduced to levels where imaging

was only possible by measurements over 15 min.
32

In this

case the space charge problems are believed to occur at the

hemispherical energy analyzer incorporated in the design, a

feature not installed in our PEEM. Thus, it seems quite con-

ceivable that the specific design of the PEEM will very much

influence the degree of space charge problems observed, es-

pecially if electrons are decelerated in the PEEM as is the

case in the hemispherical analyzer described in Ref. 32.

In the image seen in Fig. 4�b�, the thick lines and even

the lithographic text �to some extent� can be seen. As the text

lines are 200 nm wide, this indicates that objects down to a

size of 200 nm can be discerned. Further, we find, as seen in

Fig. 5�a�, that changing the focus of the PEEM leads to the

possibility of observing the dot arrays at the center, though

still no features below 200 nm are seen. Finally, we have

(a

0

20

40

60

80

100

120

48 50 52

Distance (µm)

Im
ag
e
in
te
ns
it
y
(a
.u
)

(b)

∆D=300nm

10 µm

FIG. 5. �Color online� �a� PEEM image of the lithographic structure using

the XUV laser source at a different focus, where the central square contain-

ing the hole array can be seen and the marking lines appear black. �b� Profile

averaged along the 1 �m wide lithographic. The distance 20% from the

bottom to 80% from the top of the troughs can be used as a different

measure of resolution with a result of �300 nm.
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measured the profile across the 1 �m wide lines in the pat-

tern and find that using a span of 20%–80%, as seen in Fig.

5�b�, the resolution is less than 300 nm. We therefore esti-

mate the spatial resolution limit of the atto-PEEM system to

be between 200 and 300 nm at present.

To further explore the experimental setup, we also im-

aged a sample with Au aerosol nanoparticles with a diameter

of 50 nm. The image obtained with the Hg lamp is seen in

Fig. 6�a�, while an image obtained with the 35 fs IR pump

pulse �photon energy of 1.55 eV� is seen in Fig. 6�b�. The

50 nm Au particles can be clearly seen with the Hg lamp, and

some multiphoton excitation is observed with the IR laser �as

discussed more below�. However, we did not observe the

particles using XUV light. From changing the XUV light

intensity, we see no indication that this effect is due to space

charge effects. We believe that the limitation in resolution is

mainly due to the energy spread of the photoelectrons—

chromatic aberration. This is not a problem for the multipho-

ton emission induced by the IR beam, which will result in

electrons within a narrow energy range just above the work

function threshold. Because the XUV light has photon ener-

gies from 15 to 40 eV, the emitted photoelectrons will have

an energy spread from 0 to 35 eV, when taking into account

the �5 eV work function of the material. As our PEEM

does not have an electron energy filter, we see electrons with

all kinetic energies in the image. This results in a certain

blurring due to the different paths taken by electrons of dif-

ferent energies originating from the sample position. The

problem of chromatic aberration in PEEM is well known.
33

Crude low-pass electron energy filtering can be achieved by

using small enough contrast apertures �as also found in our

PEEM�, however, at the cost of significant loss of intensity.

As the charge coupled device camera presently used in our

PEEM is not suitable for long exposures/low intensities, we

could only use the two largest apertures, with no energy fil-

tering effect.
34

To check if this chromatic aberration could explain our

spatial resolution limit using photon energies around 30 eV,

we made a test at the Elmitec SPELEEM system situated at

the MAX-II synchrotron ring at MAX-laboratory.
35

Using 34

eV photons from a synchrotron beamline we imaged semi-

conductor nanowires, with diameters of 35 nm and length of

several microns, spread randomly across a Si substrate. The

image recorded with an energy bandpass filter �0.7 eV� can

be seen in Fig. 7�a�. Nanowires randomly spread on the sub-

strate are observed. Removing the energy filter �resulting in a

bandwidth of �10 eV�, and imaging the same area, as seen

in Fig. 7�b�, we find that virtually all nanowires in the image

have disappeared and only large features wider than 100 nm

wide can be seen. Our experiment demonstrate that imaging

using �30 eV photons without an energy filter results in

resolution being limited to �100 nm. This suggests that a

normal spatial resolution of 50 nm or below could be

achieved with the atto-PEEM by introducing an energy filter

in the PEEM. This will result in a loss of photoelectron in-

tensity, which can be compensated by extending the expo-

sure time in order to obtain images of reasonable quality. A

small contrast aperture may also act as a low-pass energy

filter. We demonstrate this in Fig. 7�c� where we have in-

serted a small contrast aperture and smaller features again

appear at the center of the image, albeit with significant loss

of intensity.

Finally, we have tested a full experimental pump-probe

setup including 35 fs 800 nm IR pulses and XUV attosecond

pulse trains: atto-PEEM. The pulses were spatially super-

posed in space and the time delay between them could be

controlled from the subfemtosecond level up to a few

picoseconds.
17

In Figs. 8�a�–8�c� we show images of the

lithographic structures illuminated with XUV, IR, and

XUV+IR, respectively. The IR beam is powerful enough to

induce photoelectron emission from the sample even when

strongly attenuated. Emission occurs primarily from points

within the broad lines in the lithographic structure. Two-

photon plasmon resonance enhancement has been imaged in

PEEM previously;
12

however, since the photon energy is

only 1.55 eV, multiphoton processes are needed to excite

electrons above the work function threshold �4–5 eV for Si

and Au�. In addition, resonant enhancement must presumably

occur, which increases the field locally and thus the number

of multiphoton processes. Geometric features that enhance

the fields of the IR laser beam would have a rather specific

size and shape.
12,19,35

Electron emission due to multiphoton

and thermionic electron emission have been observed for IR

(a) (b)

10µm 10µm

FIG. 6. �Color online� �a� PEEM image �extraction voltage of 14 kV� of Au

aerosol nanoparticles of 50 nm in diameter recorded with the standard Hg

lamp as photon source. �b� PEEM image �extraction voltage of 14 kV� of the

same area with Au aerosol nanoparticles of 50 nm in diameter as in Fig.

4�b�, recorded with a 35 fs IR pulse with a photon energy of 1.55 eV. Some

points can be observed presumably corresponding to two or more Au par-

ticles with interparticle distances leading to plasmon resonances for this IR

wavelength �Ref. 36�, thus allowing considerable multiphoton electron

emission.

(a)

4µm

(b)

4µm 4µm

(c)

FIG. 7. �Color online� �a� 40�40 �m2 PEEM image of nanowires dis-

persed on a Si surface recorded using monochromatized 34 eV photons from

the MAX-II synchrotron with an Elmitec SPELEEM system. An energy

filter of 0.7 eV was used. One nanowire is indicated by the light gray �blue�

arrow, while two larger features are indicated by the dark gray �red� arrow.

�b� 40�40 �m2 PEEM image of the same area as in �a�. The energy filter

was removed and only the background structure of the PEEM micro channel

plate and a few large features can be observed �at the �red� arrow�. �c� 40

�40 �m2 PEEM image of the same area as in �a�. A small contrast aperture

was inserted and again small features can be observed.
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lasers systems
36

in the presence of Au and Ag nanoparticles.

Photoelectrons are only excited from a few points on the

surface, indicating that indeed very special morphological

conditions have to be present.

Returning for a moment to the Au nanoparticles, imaged

in Fig. 6, we find that emission induced by the IR beam only

occur in a few points which again would indicate that reso-

nant enhancement occurs at a few Au particle pairs separated

by a distance matched to the laser wavelength or overlapping

in specific configurations.
36

Combining the XUV and IR

beam, as seen in Fig. 8�c�, it can be observed that the IR and

XUV beams influence each other, seen as a defocusing of the

image. We have investigated this influence as a function of

delay between the IR and the XUV beam and we find that the

effect clearly diminishes on a picosecond time scale. The

effect is observed both when the XUV pulse is before and

after the IR pulse. This would indicate an effect where the

electric fields from the charges created by the two pulses

influence each other. Such effects should be most important

at the point where the charges are closest to each other and

therefore most concentrated. Charge density is generally

highest in the focal points of the PEEM—thus, the back focal

plane or the area near the sample would be a candidate. The

distance between the two charge pulses will be smallest in

the region between the extractor and the sample where they

are accelerated up. In a simple model,
27

the central position

of a electron pulse in this region will vary as z�t�

= �eV0t2� / �2md�, where z is the distance between the pulse

and the sample, d is the distance between the extractor and

the sample, m is the electron mass, V0 is the extractor volt-

age �set to 14 kV�, and e is the electron charge. From this

formula we calculate that the total time spent in the extractor

region is 60 ps. Assuming that the two pulses generated are

separated by 5 ps, we calculate that after the second pulse is

released, the distance between the two pulses is between 15

and 80 �m during the first 10 ps—less than the estimated

diameter of the pulses of �250 �m. The separation between

the pulses after they leave the accelerating field can be cal-

culated to be �350 �m. This is also the distance between

the two pulses in the back focal plane. Thus, we estimate that

the interaction between two pulses, when separated in time,

is strongest near the sample. In a simple model of the first

stage of the PEEM and the sample described as a cathode/

anode lens,
37,38

the observed effect can be understood as a

result of the field from the photoelectrons released by the

XUV pulse effectively spreading out the photoelectrons from

the IR pulse, as indicated in Figs. 9�a� and 9�b�—thus, acting

as an additional electrostatic element in the system. As is

also observed, this effect would exist no matter which pulse

comes first as the photoelectron bunches would affect each

other while moving through the lens system of the PEEM.

Finally, if the charge created by one pulse acts as a simple

electrostatic lens on the other pulse moving the focal point

�as also shown in Fig. 9�, one can, under some conditions,

refocus the spots in the images by changing the focus of the

PEEM. Indeed, we find that by changing the focus of the

PEEM we can refocus the bright spots of electrons emitted

due to the IR beam. Finally, we have observed that this space

charge effect can also be removed be reducing the intensity

of the IR beam, while still observing multiphoton electron

emission.

IV. CONCLUSIONS

In this work, we demonstrated that the attosecond pulse

trains generated by a kilohertz laser system provide sufficient

average photon flux for PEEM experiments. We noticed that

the spatial resolution of the measurements is limited by the

energy spread in the photoelectron beam. This problem can

be resolved by filtering the electron beam in the imaging

column of the PEEM either using small contrast apertures or

other energy filtering schemes.

We find that the pump IR beam in the experimental sys-

tem is strong enough to induce strong multiphoton electron

emission at resonant nanoscale features on the surface. The

photoelectrons emitted from the pump and probe beams are

(a) (b)

(c) (d)

10µm

10µm10µm

10µm

FIG. 8. �a� PEEM image �12 kV� of lithographic structure recorded using

the XUV beam. �b� PEEM image �12 kV� of the same structure and area

using the 1.55 eV IR laser beam. �c� PEEM image �12 kV� of the same

structure and area using the 1.55 eV IR laser beam and the XUV beam with

no time delay between the two beams. �d� PEEM image �12 kV� of the same

structure and area using the 1.55 eV IR laser beam and the XUV beam with

a time delay of 10 ps between the two beams.

(a)

-
-
-

++

-

++

(b)

Sample

Anode

FIG. 9. �Color online� Simplified illustration of the mechanism behind the

interaction of the electrons created by the IR and the XUV pulses, respec-

tively �Refs. 37 and 38�. The first stage of the PEEM lens system consists of

the sample as cathode and the first lens of the PEEM as anode. �a� If only

one electron excitation source �indicated by the arrows� is used, the electron

paths �indicated by solid �blue� lines� will pass into the microscope being

bend by the first lens, thus effectively creating a focus point behind the

sample �Refs. 37 and 38�. The focus point of the PEEM behind the sample

is indicated by the crossing of the broken black lines. �b� If two consecutive

excitation pulses follows rapidly after each other �indicated by the arrows�.

The electric field from the charges excited from the first pulse will act to

bend the trajectories of the electrons excited by the second pulse. This also

effectively moves the focus point. For some special cases it will be possible

to move the focus point back by then changing the focus of the PEEM.

123703-6 Mikkelsen et al. Rev. Sci. Instrum. 80, 123703 �2009�

Downloaded 15 Jun 2011 to 130.235.184.47. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



found to affect each other through the lens system. We have

observed that by turning down the intensities of the pump

and probe beams the effects diminish.

The peak intensity of the attosecond probe beam needs

to be attenuated to avoid space charge effects. To increase

the average photon flux, thus allowing us to obtain higher

quality images by energy filtering, one would need a repeti-

tion rate higher than the 1 kHz of the present system. High

power laser systems, with repetition rates between 100 kHz

and 1 MHz, are under development.
39,40

An elegant solution

to this problem may also be to generate the high-order har-

monic beam by plasmon resonance field enhancement in

nanoscale arrays.
41

Such a system could operate with a

megahertz repetition frequency, thus increasing the average

intensity while individual peak intensities could be kept low.
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