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Abstract

The goal of this report is to demonstrate the spatial and temporal overlap of two femtosecond
laser pulses using a diffraction grating. By measuring the intensity profile of the standing
light wave at the overlap area it is proven that this is an easy way to overlap femtosecond laser
pulses. The second goal is to look at the possibilities to obtain and measure ponderomotive
forces when electrons travels through the standing light wave. By using GPT simulations
and calculations we study the the influence of different parameters of the laser beams on the
ponderomotive scattering. After these simulations we give some recommendations about the
optimal parameter values to obtain large ponderomotive forces.
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1 INTRODUCTION

1 Introduction

The Kapitza-Dirac effect is the diffraction of electrons on a standing wave of light. This effect
was already proposed by P. L. Kapitza and P. A. M. Dirac in 1933

[1]. To measure this effect
you need a standing wave of light with very high intensity. In that time it wasn’t possible to
measure this effect, because there were no lasers with enough intensity of the light beams. So
far this effect has been measured once [2] and so the theory has been experimentally proven,
but there is still a lot of research possible and the Kapitza-Dirac effect still stays interesting
[3]. It can split an electron beam without the presence of material, so the coherence of the
beam is retained. Therefore the Kapitza-Dirac effect may be used to construct an electron
interferometer. In Eindhoven, the group Coherence & Quantum Technology wants to build a
stable setup in which the Kapitza-Dirac effect can take place in a stable and controlled manner
for further research.

The Kapitza-Dirac effect is a quantum effect, where the electrons diffract into a diffraction
pattern, with a constant distance between the peaks of the orders. This is very difficult to
measure, because the divergence of the electron beam, due to the non-zero emittance of the
electron beam has to be smaller then the scattering angle of the first diffraction order. So
to measure the Kapitza-Dirac effect, you also need a good electron beam, which we haven’t
used right now. It is easier to study the classical limit of this effect, known as ponderomotive
scattering. By Ponderomotive scattering, electrons will experience a nonlinear force due to an
oscillating electromagnetic field. The electron not only oscillates at the frequency of ω but also
drifts toward the weak field areas. The ponderomotive force that the electrons experience in
this field is approximately proportional to the gradient of the light intensity described by [4]:

−→
Fp = − q2

e
2ε0mecω2

−→∇I, (1.1)

in which I is the light intensity, ω = 2πc
λ is the angular frequency of the electromagnetic field,

in which λ the wavelength of the light beam and the other symbols are the usual physical
quantities. This ponderomotive scattering is a much stronger effect and so also the width of
the peaks, are wider. This has the result that there are much less stringent conditions for the
quality of the electron beam.

Ponderomotive scattering can be used to measure the pulse length of an electron bunch
[5]. By delaying the laser pulse’s arrival time with respect to the electrons, one can determine
the length of an electron bunch by detecting the amount of spread from the laser-electron
interaction. Furthermore, Smorenberg [6] et al have shown theoretically and with simulations,
that the electrons travel along different paths after the laser-electron interaction when the
polarization of the standing wave changes direction, which does not follow from equation
1.1. This is also something the group Coherence & Quantum Technology wants to measure.
However, measuring ponderomotive forces is also not easy, because the standing field can
only have high enough intensity peaks when it is created by overlapping femtosecond pulses.
Besides the short time frame, the spatial area of the interaction zone is also very small (∼ µm2).
Another difficulty for the measurements is the finite repetition rate of the light beam pulses
(100fs pulses with an frequency of 75Mhz), while the electron beam is continuous. This means
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1 INTRODUCTION

that only one of 1.3 · 105 electrons is scattered by the standing wave, which will be very hard
to detect. The solution is that the electron beam is chopped to 75MHz pulses that are perfectly
synchronized with the light pulses, so there is no frequency mismatch.

Measuring ponderomotive scattering will be approached step by step. In this report we’ll
be looking at the first step. The first step is to get a standing wave by two overlapping
femtosecond laser pulses and to look at possibilities of this setup. There are several setups [10]

to get standing waves by femtosecond laser pulses by using one laser. Here, we use the setup
proposed by Maznev et al [8], in which the laser beam is splitted by using a diffraction grating
and the two beams come together, after they made a similar path, by means of lenses and
mirrors. In chapter 2 we’ll first build an optical setup to overlap two femtosecond laserpulses.
We measure the intensity pattern of the standing wave, which we compare with the pattern
predicted by theory in order to check the validity of the setup. In chapter 3, we use GPT
simulations to check the feasibility of this setup for measuring ponderomotive scattering and
give a description of its limitations and important parameters.
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2 EXPERIMENT
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Figure 1: The optical setup to overlap two femtosecond pulses

2 Experiment

This chapter consists of two parts. First an explanation of the optical setup and the associated
theory used to overlap the femtosecond laser pulses, followed by the execution and the results
of the optical setup.

2.1 Theoretical setup

The optical setup is schematically shown in figure 1. The laser beam first passes a grating.
The grating has two advantages. It splits the laser beam in two identical sets of beams (orders
n ≥ 1) and the order n = 0. After the grating, two identical beams (we use n = 1) are given a
similar path to overlap them with each other. In this way it is very easy to overlap the two
beams in the small space and time area [8] in contrast to using two counterpropagating beams.
The second advantage, the grating makes it possible to overlap over the entire cross section of
the beams by introducing a phase front tilt [9]. As a result the phase front stays perpendicular
to the propagating beam and the pulse front stays perpendicular to the zeroth order or initial
beam, like shown in Figure 1.

The angle θngof the nth order diffraction after the grating is determined by the grating
equation

Λg sin θng = nλ (2.1)

with Λg, the period of the grating and λ, the wavelength of the light. The intensities of the
first orders, I0, are about a quarter of the intensity of the initial beam. A grating with a right
blaze angle can increase the intensities of the first orders. However it’s more important for the
standing wave that both first orders keep the same intensity and the same angle, which isn’t
easy with a blaze angle. So, in our experiments, we’ve chosen for no blaze angle in the grating.
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2 EXPERIMENT

After the beams pass the grating, the first orders travel further with an angle θg determined
by equation 2.1 for n = 1. The higher orders don’t fall in the first lens and so we don’t have
them in our setup anymore. The zeroth order travels straight on and is blocked between the
two lenses by a beam block so we also don’t have this beam in our setup anymore. After the
two first order beams have traveled a distance of f1 in the y-direction and a distance of D/2 in
the x-direction, they reach a lens. This lens is part of the telescope configuration that overlap
the two beams. This telescope figuration creates an interference pattern with period Λ. The
size of the interference pattern is equal to the beam diameter at that position, d2, which is
equal to M · d1, where M the magnification of the telescope and d1 the beam diameter of the
initial beam. Hence, the magnification of the telescope is given by

M =
d2

d1
=

f2

f1
. (2.2)

with f1 and f2 the focal lengths of the two lenses. Note that, this setup gives the possibility to
increase or decrease the size of the interference pattern by changing the focal length of the
lenses.

By using geometrical optics with the equations 2.1 and 2.2 also the period of the interference
pattern Λ can be changed by the setup [8], with

Λ =
1
2

MΛg ≈
M
2

λ

θg
≈ λM f1

D
=

λ f2

D
≈ λ

2θ
(2.3)

where D the distance between the two beams between the two lenses and θ the half angle
of the two beams at the overlap. Because we want parallel beams after the second lens we
choose a distance of the focal length f1 between the grating and the first lens, although that is
not essential. When the distance between the grating and the first lens would not be equal to
the focal length of the first lens, the beam after the first lens is not parallel anymore and so
beam diameter d2 will be a function of the position y. Therefore the period of the interference
pattern Λ =

Λg
2

d2(y)
d1

, for position y = 2 f1 + 2 f2, d2(y), can be varied by varying the position of
the grating.

This setup has more possibilities for increasing or decreasing Λ with certain restrictions. We
first analyze this setup for making Λ small, because a small period of the interference pattern
will yield the strongest ponderomotive force. For this small period Λ, the angle θ = D

2 f2
must

be large and therefore f2 will be small. When the setup of 1 will be used in combination with
the electron beam, the distance between the second lens and the position of the interference
pattern requires a minimal length. If this length is not a restriction, then the diameter of the
second lens is the restriction, because this diameter must at least be larger than D + d2. So to
get Λ small, the distance between the second lens and the position of the interference pattern
has to be small enough, while the diameter of the second lens, and therefore also the diameter
of the first lens, has to be large enough.

There are also restrictions for getting Λ large. In the setup you have to block the zeroth
order, so the first orders can’t overlap with the zeroth order at the first lens, so D > 3d1. The
same applies to the first order at the second lens, so D = θ f2 > 2d2. Therefore, the larger the
diameter of the lenses, the more opportunities to get Λ large by using this setup.
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2.2 Theoretical pulse overlap
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Figure 2: Two three dimensional Gaussian dis-
tributed pulses overlap each other and in the
overlapping area they make a standing wave

At the end of the described optical setup,
the two Gaussian beams overlap each other,
as shown in Figure 2. Both beams are as-
sumed to have a spatial and temporal Gaus-
sian profile. In the x- and z-direction, they
have a Gaussian profile with a root mean
square of w f and in the y-direction they
have a Gaussian profile with a root mean
square of c · wt. The FWHM beam diame-
ter is now d2 = 2

√
2 ln 2w f and the FWHM

laser pulse duration is 2
√

2 ln 2wt. The elec-
tric fields of the waves are determined by
−→
E (−→r , t) = E0(r, t)ei(

−→
k ·−→r −ωt)−→ep with E0(r, t)

the position- and time-dependent (Gaussian)
amplitude, k = 2π

λ the wavenumber, ω = 2πc
λ

the angular frequency and −→ep the direction
of the polarization. The polarization direc-
tion of the beams behind the second lens can
written as

−→ep = sin θp cos θ−→ex ± sin θp sin θ−→ey + cos θp
−→ez , (2.4)

where θp is the the polarization angle and ± distinguishes the two beams. We assume for the
calculations that the polarization is directed in the z-direction θp = 0, because by symmetry
the polarization in the z-direction of the two beams have no cancelling after summation of the
two beams. In practice, the polarization in the y-direction will cancel out by summation of the
two electric oscillating fields. For small θ, the polarization in the y-direction (∼ sin θ) is also
small, therefore this cancelling is negligible. The two beams then have the following electric
field:

−→
E1(t, x, y, z) = E0ei(kx sin θ+ky sin θ−ωt)e

−
(

(x−ct sin θ)2

2w2
f

+ (y−ct cos θ)2

2c2w2
t

+ z2

2w2
f

)
−→ez ;

−→
E2(t, x, y, z) = E0ei(−kx sin θ+ky sin θ−ωt)e

−
(

(x+ct sin θ)2

2w2
f

+ (y−ct cos θ)2

2c2w2
t

+ z2

2w2
f

)
−→ez

(2.5)

with E0 the amplitude at the center of the overlap for x = y = z = 0 and t = 0. The
first exponents are the travelling waves and the second exponents are the three dimensional
Gaussian spatial distributions of the pulses. The total electric field in the interaction zone is
then Esum(t, x, y, z) = E1 + E2 and the intensity I = cε0

2 E2
sum(t, x, y, z). The exact calculation and

result for the intensity is shown in Appendix A. In the region where it holds that ct, x, z� w f

and t, y/c� wt, the elaborate equation A.1 can be simplified to

I ≈ I0

2
(2 + 2 cos

4π sin θ

λ
x) ≈ I0 cos2 2πθ

λ
x ≈ I0 cos2 π

Λ
x. (2.6)

This intensity profile of the standing wave is what we expect to see in our experiment.
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Figure 3: The interference pattern measured by a CCD-camera with 4.6 µm x 4.6 µm pixels

2.3 Results

The just described setup is tested in experiments. We have got a camera with pixels of 4.6
µm x 4.6 µm, so we can’t observe an interference pattern with a period smaller than ∼ 10µm.
Therefore we choose parameter values to get a large period of the interference pattern.

We’ve built the setup with a laser, a mode locked Ti:Sapph oscillator1, the Mantis, with
6nJ per pulse with pulse length of 40fs and repetition rate of 75MHz, which has a wavelength
of λ = 800nm, a grating with period Λg = (33.3± 0.5)µm, plano-convex lenses with focal
lengths f1 = 62.9mm and f2 = 250mm, and so M = 3.97± 0.05. Therefore we expect an
interference pattern at the position of the CCD camera described by equation 2.6 and period
Λ = (66± 1)µm.

We take three images with the CCD-camera. An image (A) when the optical setup is
completely intact, one image (B) where we block the plus first order and one image (C) where
we block the minus first order. To observe the interference pattern, we substract image B and
image C from image A, which results in figure 3a. A nice part of this picture is shown in figure
3b.

From the right image, we take the average pixel value of every row pixels in the z-direction
and plot that values to the x position. With a simple calibration we link the value of a pixel
to the light intensity. We detect the laser intensity with a power meter and at the same place
we take an image with the CCD camera. The total counts of all the pixels is set equal to the
measured intensity and so followed the intensity value for a count. The calculation of this

1Note, for the ponderomotive scattering experiment we will use an amplified laser with yields 2mJ per pulse at
1 kHz, the Legend. However here we want to show as a proof of principle that we are able of overlapping two
femtosecond laserpulses. The high intensity of an amplifier is not necessary.
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Figure 4: The light intensity as a function of the position at the CCD camera

calibration is shown in Appendix B. This gives figure 4, where also the next function is fit

I(x) =
I0

2
cos2 π

Λ
(x− x0). (2.7)

The fit gives the values I0 = (79± 1)MWm−2 and Λ = (64.9± 0.5)µm, which is consistent
with the expected value 66± 1µm. So by this measurement it is clear that the experimental
setup works and shows that it’s now very easy to overlap the femtosecond pulses in space and
in time.
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3 SIMULATIONS

3 Simulations

Now we have the light intensity profile at the overlap. In this chapter we use simulations to
analyze the effects of the standing light of the experiment on the ponderomotive force. First
we calculate these forces using equation 1.1 and we explain how we simulate the paths of
the electrons. In the second section we look at the paths of the electrons and the important
parameters, that theoretically have an important influence on these paths. We work with the
simulation program General Particle Tracer (GPT) [11]. This program uses a 5

th order Runge-
Kutta integrator to determine the path of (charged) particles and electromagnetic fields, by
solving Maxwell’s equations while taking all 3D effects and space-charge effects into account.

3.1 Theory

In Appendix A, we have calculated the ponderomotive force for our setup, by substituting
equation A.1 in equation 1.1. This 3D force in equation A.2 is substituted in GPT as a quasi
electric field E = F

qe
. This 3D force is by approximation

Fx ∼
d

dx
I ≈ π I0

Λ
cos

(π

Λ
x
)

sin
(π

Λ
x
)

and Fy ≈ Fz ≈ 0 (3.1)

which is consistent with equation 2.6 and where Λ is the period of the interference pattern
determined by the setup of chapter 2. So, for high ponderomotive forces we want Λ as small
as possible and therefore the period of the grating Λg and the magnification M of the setup
small. This is in contrast to the experiment in section 2.3, where we wanted a large Λ for
better visibility of the interference pattern. For these small parameters θ will be large, which is
already discussed in section 2.1.

Then we send electrons through this standing wave along the z-direction. The electrons in
the electron beam have an energy of Ee = 30keV and so the velocity of the electron beam is

βz =
ve

c
=

√
1− 1

γ2 =

√
1− 1

(1− qeEe
mec2 )2

≈ 1
3

(3.2)

and in the other directions βx = βy = 0. At the overlap area the peaks repel the electron,
when it is close to one peak, it travels away to the other one and will propagate back when it’s
coming closer to the other one. When the electrons pass the standing wave, their exit angles
are distributed normally. To explain the meaning of this angle, we take two simulations, shown
in figure 5, to explain the way we work. In these simulations, the values are not realistic, but
they are only chosen this way to get good graphs to explain the idea of this chapter. At the
horizontal axis the z-position, which is linear with time is shown. In the left graph, the paths
of the electrons are shown from before to after they have passed the interference pattern. After
the interference pattern the ponderomotive scattering angle of a single electron is given by

φ =
vx

vz
=

βx

βz
=

∆px

mecβz
=

1
mecβz

∫
Fxdt (3.3)
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Figure 5: Two graphs, left the path of the electron in the x,z-plane and right the velocity of the
electron in the x-direction as function of the z-position

with ∆px the momentum transfer. In the right figure the velocity of the electrons in the
x-direction is shown as a function of the position z. After the electrons have passed the
interference pattern, all electrons have acquired constant transverse velocities which are
normally distributed. From this distribution we determine the standard deviation for the
further simulations. We want to make this standard deviation big enough to measure, with
σβx = σφβz ≥ 1

3 · 10−4 rad, because βz = σβz . The angle φ is measurable for φ ≥ 10−4

rad [7], because this is the angular divergence of the electron beam, due to the non-zero
emittance of the electron beam. The angle φ can’t be calculated, because the forces on
the electrons are to complex. Therefore, we have to determine this with GPT simulations.

I

X Y Z

Λ
wf

c•wt wf

Figure 6: The profile of the intensity at the overlap in the
three directions

In the simulations we’ve changed
equation A.2 a little bit, because the
intensity I0 is dependent of other
parameters and so we take

I0 =
power
surface

=
E00/wt

w2
f

. (3.4)

in which E00 the pulse energy. By
inspection of equations A.2 and 3.4,
we see that we have only three
interesting parameters to analyze,
namely the diameters wt and w f and the period of the pattern Λ = λ

2θ . These three important
length scales are depicted in 6. Because the ponderomotive force is proportional to the gradient
of the intensity, it can be approximated by

−→
F ∼ −→∇ I ≈ ( I0

Λ/4 +
I0

w f /2 , I0
cwt/2 , I0

w f /2 ). It is clear that
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Figure 7: The standard deviation of the velocities of the electrons as function of Λ after they
passed the interference pattern on a logarithmic scale. The left graph shows that a small
interference period Λ gives a higher beam divergence in the x-direction. Both graphs show
that for Λ < 30µm the beam divergence in the x-direction larger is then in the y-direction.

for some regions in parameter space (Λ ∼ w f ∼ c · wt) the ponderomotive forces in the y- and
z-directions can also be important. However, we do not want the angle of the electrons in
the y- or z-direction multiple times bigger dan the angle of the electrons in the x-direction.
Because the intensity is Gaussian in all three directions, we don’t know anymore whether we
measure the ponderomotive forces due to the standing wave in the x-direction or whether we
measure the ponderomotive force due to the gaussian envelope of the x-, y- or z-direction or
the edge-effects from the intensity profile of the the y- or z- direction. So to get the force in the
x-direction larger than the force in the y- or z-direction we need respectively c · wt > Λ and
w f > Λ. Both are not necessarily true. However, the momentum transfer in the z-direction
will be relatively small because of the large initial velocity. Therefore we will look for the
parameters wt and Λ also to the paths of the electrons in the y-direction.

So, in the simulations of the next section, the electron beam pulse and the light pulses
overlap at the time t = 0 at the position x = y = z = 0. By this interference pattern, the
electrons scatter in the x- and y- direction. GPT simulates the velocities of the electrons
from the electron beam after they passed the interference pattern and calculates the standard
deviation of this velocities in the x- and y-direction. These standard deviations are plotted as a
function of the parameters Λ, w f and wt.

3.2 Results

In this section we simulate the standard deviations of the velocities of the electrons in the x-
and y- direction, so basically the divergence or angular spread, after they leave the interaction
zone, σβx and σβy for some varying parameters. . We use values, which correspond to the
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3 SIMULATIONS

Legend, E00 = 125µJ, wt = 100fs, w f = 50µm, and θ = 0.08rad, unless indicated otherwise.
The angle θ corresponds to λ = 800nm and Λ = 10µm and substituting E00, wt and w f in
equation 3.4 yields a peak intensity of I0 = 5 · 1017 Wm−2. The electron beam has a radius of
50 µm in the x- and y-direction and the pulse has a length of 100fs or 30 µm in the z-direction.
One hundred electrons are uniformly divided over this volume.

Figure 7 shows the standard deviations of the velocities in the x- and y- direction as function
of the period of the standing wave Λ. In this simulation we substitute θ = λ

2Λ in equation
A.2. Because this approximation is only valid for small angle θ < 0.1rad, the simulation is
unreliable for Λ < 4 · 10−6m and so, there is no plot for smaller values of Λ.

The divergence of the beam in the x-direction decreases exponentially as a function of
the period of the interference pattern. This is because the peaks are closer to each other and
therefore the electrons are closer to a peak, so the ponderomotive force due to standing wave
has more influence on the electrons. Therefore, the period of the interference pattern Λ has
to be small and so follows from equation 2.3 that θ has to be large and Λg has to be small.
Theoretically it is interesting whether we can get the beam divergence larger for a small period,
where our calculations aren’t valid anymore. However, in the future beam line the minimal
distance between the second lens and the overlap area will be about 25cm and the radius of
the second lens will have a maximum of 2.5cm. Therefore, the angle θ will be smaller then 0.1,
and so the period of the interference pattern Λ will be bigger than 4µm. However, focusing
the beam with a lens with a large focal length in front of the grating which is described in
section 2.1.

The beam divergence in the y-direction is almost constant for de plotted values of the
interference pattern Λ, so this is barely independent of Λ. For a interference pattern Λ < 30µm,
the divergence in the x-direction is larger than the divergence in the y-direction, which is
expected.

Figure 8 shows the standard deviations of the velocities in the x- and y-direction as a
function of the pulse length wt. Two regimes can be seen in the x-direction, the angular spread
remains constant for pulse lengths smaller than 500fs. This may be appear strange, since
equations 3.1 and 3.4 show that Fx ∼ 1/wt. An explanation for this is that the total angular
momentum transfer is a time-averaged quantity, with vx =

∫ Fxt
me

dt. The electron travels with a
velocity of 0.1 µm fs−1 in the z-direction, while the diameter of the beam in the z-direction is
approximately 2w f =100 µm. So, for a pulse duration < 1000fs, the limiting factor for the total
momentum transfer is the duration of the pulse-electron interaction. In general, the velocities
in the x-direction as a function of the pulse duration wt stay nearly constant till wt =

2w f
vz

.
For larger pulse durations, the electrons travel through parts of the overlap where the force
is smaller due to the gaussian envelope. At the area where there is no overlap anymore, the
velocity vx will decrease with 1/wt.

For the divergence of the beam in the y-direction is small pulse durations still fifteen times
larger than the divergence of the beam in the x-direction, but this decreases much faster as
a function of the pulse duration. This is a result of the factor 1/w2

t in the y-component of
equation A.2. So, to get the standard deviation in the y-direction small compared to the
x-direction, it is better to take the pulse duration wt > 100fs.
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3 SIMULATIONS
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Figure 8: The standard deviation of the velocities of the electrons as function of wt after they
have passed the interference pattern on a logarithmic scale. The left graph shows that the
beam divergence in the x-direction is constant as a function of wt for wt < 500 f s. Both graphs
show that for wt > 50fs the beam divergence in the x-direction is larger than in the y-direction.
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Figure 9: The standard deviation of the velocities of the electrons as function of w f after they
have passed the interference pattern on a logarithmical scale. The left graph shows that a small
beam waist w f gives a higher beam divergence in the x-direction. Both graphs show that for
all simulated values of the beam waist, the beam divergence in the x-direction is larger than in
the y-direction.
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3 SIMULATIONS
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Figure 10: The standard deviation of the velocities of the electrons as function of w f after they
have passed the interference pattern as a result of ponderomotive scattering due to the standing
wave left and due to the Gaussian envelope right. These graphs show that the influence of the
Gaussian profile is relatively large for small values of w f and therefore not negligible.

Figure 9 shows the standard deviations of the velocities in the x- and y-direction as a
function of the beam waist w f . In the area where w f < Λ = 10µm, the scattering is more
determined by the forces due to the gaussian envelope than due to the standing wave, because
the beam waist is there smaller then the period of the interference pattern. The angular spread
of the beam decreases when w f increases. So the smaller w f , the larger the angle φ. This is the
result of the intensity of the laser which is proportional to 1

w2
f
. For all beam diameters holds

σβx < σβy , so we don’t have to expect any important edge effects of electrons traveling in the
x-direction as a result of the intensity profile in the y-direction for these values of θ. So, to get
a large angle φ, take the beam waist as small as possible. So, a small w f is a very important
parameter for high ponderomotive forces in the x-direction. However, we have seen that the
angular spread in the x-direction is a result of both the intensity gradient due to the standing
wave and the intensity gradient due to the Gaussian envelope.

We split the ponderomotive force in the x-direction in two forces like equation A.4 and
we choose Fy = Fz = 0 and simulate the angular spread of the beam in the x-direction again,
which is shown in figure 10. The left picture shows the angular spread as a result of the
ponderomotive force due to the standing wave and the right picture shows the ponderomotive
force due to the gaussian envelope. We see for a small beam waist w f an approximately equal
contribution of the two parts. But as expected the influence from the ponderomotive scattering
in relation to the Gaussian profile is larger for a large beam waist. So, if the beam waist is
relatively small compared to the period of the standing wave Λ, you don’t know if you will
measure the ponderomotive scattering due to the standing wave or due the Gaussian profile.

In the graphs we see that the forces in the y-direction are not negligible compared to the
forces in the x-direction. The created approximation of equation 3.1 was valid in an area with
the conditions ct, x, z � w f and t, y/c � wt. However, these conditions are not valid at the
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3 SIMULATIONS

edges of the beam waist and the pulse duration in all three directions. For example, the smaller
the pulse duration, the more the electrons interact with the edges of the pulse duration and
will travel in the y-direction as showed in figure 8. The same is valid for the forces in the x-
and z-direction. If electrons interact with the edges of Gaussian profiles, the ponderomotive
forces as a result of the Gaussian envelope, will increase. Because we have taken the pulse
duration and the radius of the electron beam smaller than the waist of the laser beam, this
happens at our simulations for the small values of w f and wt in figures 8, 9 and 10.

It is in all three directions possible to avoid interaction with the edges of the Gaussian en-
velopes, but not all three at the same time. Avoiding the interaction at the edges perpendicular
to the y-axis is always possible. The beam waist of the electron beam in the y-direction has to
be smaller than the beam waist of the light pulses in the y-direction. The interaction in the
other two directions can not be prevented in the same setup. If the pulse duration of the light
beams is much larger than the pulse duration of the electron beam, first the front of the light
pulse travels to the origin, then the electron pulse travels along the z-axis from the edge at the
negative z-axis to the edge at the positive z-axis and than the backside of the light pulse passes
the origin. So, to avoid the edges perpendicular to the x-axis, wt −

we f
c >

w f
cβz

+ wet where we f

is the transverse size of the electron pulse and wet is the duration of the electron pulse with
our values w f ≤ 3µm, which we have not simulated, because it is not realistic. To avoid this
fields the interaction with the edges perpendicular to the z-axis, the electron pulse first has to
reach the region near the origin, then the light pulses have to travel along the origin and then
the electron pulse leaves the region near the origin. So to avoid the edges perpendicular to
the z-axis, the condition wt +

we f
c <

w f
cβz
− wet must hold. Of course these are the restrictions

when everything is aligned perfectly. We recommend to avoid the interaction with the edges
perpendicular to the z-as for two reasons. The momentum transfer in the z-direction will
be relatively small because of the large initial velocity and the momentum transfer in the
x-direction is a result of the ponderomotive forces due to the standing wave and due to the
gaussian envelope, where we want to know sure that we measure the ponderomotive forces
due to the standing wave.

In conclusion, to measure ponderomotive scattering is is best to use a grating with a small
grating period, to focus the laser beams around w f = 50µm, while the pulse length must be
wt < 500fs.
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4 Conclusion

In chapter 2 we see that it is very easy to spatial and temporal overlap two femtosecond laser
pulses and to obtain an interference pattern of a standing wave at the overlap. The results in
figure 4 are consistent with the calculated values. So, the optical setup [8] is a nice first step
towards measuring ponderomotive forces.

To obtain ponderomotive scattering, electrons have to travel through the standing wave in
which they will be scattered in the x-direction. GPT Simulations of this scattering is showed in
chapter 3 as function of different parameters. We also distinguish a scattering in the x-direction
as a result of the ponderomotive forces due to the standing wave from scattering in the x- and
y-direction as a result of the ponderomotive forces due to the gaussian envelope of the laser
pulse.

To measure the ponderomotive scattering after the electrons passed the overlap area,
the ponderomotive forces due to the standing wave have to be large enough; the angular
spread of the beam φ has to be bigger than 10

−4rad and the angular spread as a result of
the ponderomotive forces due to the gaussian envelope have to be smaller than φ. Different
parameters have an influence on this scattering.

The period of the standing wave Λ has to be small. However, the optical setup gives a
restriction for this in which this period can not be smaller than 4µm. Focusing the beam with
a long-focal length lens in front of the grating can further decrease this period Λ.

The divergence of the beam in the x-direction is nearly constant for the pulse duration
wt <

2w f
vz

, where the divergence of the beam in the y-direction decreases as a function of the
pulse duration wt. So, it is a recommendation to take the pulse duration wt ≈

w f
vz
≈ 500fs.

For a large standard deviation of the velocities in the x-direction, it is recommended to take
the beam waist w f small. In order to ensure that the measured ponderomotive scattering is
mainly caused by the standing wave, take w f ≤ wt

cβz
+ wet +

we f
c ≈ 3µm with the values used in

the simulations or more realistic w f ≥ 50µm.
So, the experiment and the simulations show that it is possible to obtain and measure the

ponderomotive forces with the described optical setup. A lot of parameters can be varied to
increase the divergence of the beam after the overlap area. The next step will be the aligning
of the electron pulses through the overlap of the two femtosecond laser pulses. It is important
this happens perfectly so that the electron pulses travel through the center of the standing
wave and experience as much ponderomotive scattering as possible.
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A APPENDIX A

A Appendix A

In this appendix we give the derivation of the ponderomotive force at the overlap area of the
two laser beams. We start with equation 2.5. The intensity at the overlapping area is then
given by

I(−→r , t) =
I0

2
| E1 + E2 |2=

I0

2
e
−

c2w2
t (x2+z2)+w2

f y2+ct(−2w2
f y cos θ+ctw2
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t sin θ(2x+ct sin θ))

c2w2
f w2

t
(

1 + e
4ctx sin θ

w2
f + 2e

2ctx sin θ

w2
f cos

4πx sin θ

λ

)
,

(A.1)

in which the first exponential factor describes the Gaussian profile in three directions and the
factor in between parentheses describes the periodic interference pattern in the x-direction. If
we substitute equation A.1 in equation 1.1 we get the ponderomotive force at the overlap
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It’s easier to see what happens, if we take I = P(x, t)eR(x,y,z,t). Equation A.2 is then described
as

−→
F = (P

dR
dx

+
dP
dx

, P
dR
dy

, P
dR
dz

)eR (A.3)
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B APPENDIX B

So ,the force in the x-direction exists of two parts. The first part is the result of the Gaussian
profile and the second part is the ponderomotive scattering, with

Fxgauss = P
dR
dx
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(A.4)

in which by approximation dP
dx eR equal is to equation of our ponderomotive force 3.1. In figure

10 are the consequences for the ponderomotive scattering due to this two parts simulated as a
function of w f .

B Appendix B

In this chapter we explain the calibration, which is used in Chapter 2 to determine the intensity
of the interference pattern.

The CCD-camera, with pixels 4.6µm x 4.6 µm, gives a 1024x768 matrix with a number of
counts for every matrix element. We call the number of counts from one matrix element uij

and the total counts U = ∑1024
i=1 ∑768

j=1 uij. Then we measured at the same place and from the
same beam the power with a measurer, Pc = 220mW and with the CCD-camera, U = 11 · 1012

counts. So

1count =
Pc

U
= 20 · 10−15W. (B.1)

However the power meter measures the average intensity at a large time interval. We don’t
use a continuous beam, but pulses with a length wt = 40fs and with a frequency of f =75MHz.
The intensity of the pulse is then K times bigger then the power meter detects, with

K ≈ 1/ f
wt

= 0.33 · 106. (B.2)

Now we can calculate the intensity with

I =
Puij

Apix
=

K1count
Apix

uij =
0.33 · 106 · 20 · 10−15

(4.6 · 10−6)2 uijWm−2 = 312uijWm−2. (B.3)

where the value of the intensity at figure 4 from follows.
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