Cutting Edge 2

Ultrashort Electron B

Mitsuru Uesaka, Takahiro Watanabe, and Nasr Hafz

Abstract

A 240-fs 18-MeV electron single bunch
was generated and synchronized with a 100-
fs 0.3-TW Ti:sapphire laser with the time reso-
lution of 330 fs. We have upgraded and tested
four diagnostic tools/methods: a femtosecond
streak camera, a coherent transition radiation
(CTR) interferometer, a far-infrared
polychromator, and a fluctuation method. The
subpicosecond synchronization system is used
to study radiation chemistry. We are close to
experimentally demonstrating that a 10-fs
tens-of-megaelectronvolt electron single
bunch can be produced by laser plasma ac-
celeration using a 12-TW 50-fs laser. This will
enable a pump-and-probe analysis system with
a time resolution of tens of femtoseconds to
explore the boundary between physics and
chemistry.

1. Introduction

Ultrashort-beam science and technology
began with the experimental verification of
50-fs (rms) 10-MeV electron multi-bunches”
and of a 700-fs 35-MeV single bunch.? The
S-band (2.856 GHz) laser-photocathode RF
electron gun has generated high-quality
femtosecond beams with low emittance (<10
mm mrad),>* and fourth-generation synchro-
tron light sources are going to be con-
structed>®. They will produce =100-fs intense
x-ray free electron laser via self-amplified spon-
taneous emission (SASE) and will make pos-
sible dynamic microscopic structural analysis.
Several compact inverse Compton hard-x-ray
(=10-keV) sources are also under develop-
ment,” and picosecond and subpicosecond
time-resolved synchronization systems using
electron linear accelerators and femtosecond
lasers have already been used to study ultrafast
radiation chemistry. &% Furthermore, ul-
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Fig.1 Femtosecond Ultrafast Quantum Phenomena Research Facility.

trashort beams of electrons, x rays, and ions
can be generated by means of laser plasma
acceleration using table-top multiterawatt
Ti:sapphire lasers. Ultrafast multibeam pump-
and-probe analysis using those lasers and
femtosecond electron linear accelerators may
be able to detect and visualize the movement
of atoms in laser-irradiated GaAs monocrys-
tals. Confirming these time resolutions will
require the use of ultrashort-electron-pulse
diagnostic tools and methodologies, and here
we introduce four: a femtosecond streak cam-
era, a coherent-radiation (CR) interferometer,
a far-infrared polychromator, and a fluctua-
tion method. Their resolution and reliability
have been crosschecked in detail and con-
firmed.

2. Femtosecond Ultrafast
Quantum Phenomena Re-
search Facility

As shown in Fig. 1, the Femtosecond
Ultrafast Quantum Phenomena Research Fa-
cility at the University of Tokyo’s Nuclear Engi-
neering Research Laboratory consists of two
S-band electron linear accelerators (linacs), a
0.3-TW 100-fs Ti:sapphire laser, a 12-TW 50-
fs Ti:sapphire laser, and equipment for analy-
sis. The linacs are synchronized with the 0.3-
TW laser with the time resolution of 330 fs,™
and an S-band laser photocathode RF gun
developed at Brookhaven National Laboratory
(USA)? is installed at the 18 MeV linac. The
best beam parameters are an energy of 3 MeV,
an emittance of 6 TTmm mrad, a pulse width
of 10 ps, and a charge per bunch of 7 nC."213
Using the 12-TW laser, we are performing ex-
periments to generate femtosecond and pi-
cosecond pulses of electrons, x rays, ions, and
neutrons by means of laser plasma accelera-
tion.

3. Magnetic pulse compression
As shown in Fig. 2, the magnetic pulse
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compression used to generate femtosecond
electron pulses is analogous to the chirped
pulse compression (CPA) in femtosecond la-
sers. CPA consists of chirping (longitudinal
energy modulation), stretching, amplification,
and compression. Generally a set of gratings
is used for chirping and compression. Higher/
lower-energy photons are located in an ear-
lier/later part of laser pulse for downward/
upward chirping. If we replace photons with
electrons, chirping and compression become
magnetic pulse compression. Downward and
upward chirping are respectively done by put-
ting the electron beam on an increasing or
decreasing RF phase of the accelerating trav-
eling wave in an accelerating tube. Then the
beam passes through a magnet assembly con-
sisting of bending and focusing magnets. The
chirping is transformed to path-length modu-
lation because the bending radius is inversely
linear to the electron energy. Therefore the
later electrons can catch up with the earlier
electrons and the beam is compressed. At the
35-MeV linac we have an achromatic-are-type
compressor for downward chirping, and at the
18-MeV linac we have a chicane-type com-
pressor for upward chirping.

camera.

Bunch shapes obtained with and without
bunch compression are shown in Fig. 3. The
13-ps bunch is compressed to 440 fs (FWHM).
The best pulse compression was done around
the phase of the best emittance. After this
measurement, we calibrated the streak cam-
era by using an 86-fs (FWHM) Ti:sapphire la-
ser (Spectra-Physics, Tsunami). The 86-fs la-
ser pulse was elongated to 390 fs. Thus, ac-
cording to the error propagation law, the er-
ror at the camera was estimated to be 370 fs
(FWHM). We found that this error was mainly
due to the degradation of the microchannel
plate (MCP) in the streak tube. If we assume
independent Gaussian distributions for both
the electron bunch and the error, the error
propagation law gives a bunch length of 240
fs (FWHM) after the error reduction. When
we do not assume that the distributions are
Gaussian and use the error propagation func-
tion evaluated from all measured data, the
bunch length becomes 290 fs (FWHM). After
this experiment, we replaced the degraded
MCP with a new one, the error of which has
been evaluated by the same procedure to be
240 fs.'?

Fig.3 Pulse shapes without and with compression measured by the femtosecond streak

4. Pulse shape diagnosis

a. Femtosecond streak camera

We have used a commercial femtosecond
streak camera (FESCA200, Hamamatsu
Photonics, Japan) with a time resolution of 200
fs (FWHM). We measure electron pulse shape
via Cherenkov radiation in air and Xe gas for
more and less than 20 MeV electrons, respec-
tively. If a focusing lens is used, the optical dis-
persion and wide spectrum of the Cherenkov
radiation yield serious pulse elongation. We
therefore instead use a narrow(about 10 nm)
bandpass filter. But this reduces the radiation
intensity at the camera so much that the sig-
nal-to-noise ratio becomes poor.' To solve this
problem we constructed a non-dispersive op-
tics using only reflective mirrors to guide the
radiation. This improved the signal-to-noise
ratio remarkably, maintaining the time resolu-
tion even when a 20-nm filter was used.'

b. Coherent radiation interferom-
eter

When an electron bunch passes through
the interface of two media of different dielec-
tric constants, it emits transition radiation (TR)
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of the radiation emit-
ted by one electron dif-
fers from that of the ra-
diation emitted by an-
other electron. And as
shown in Fig. 4, when
the wavelength is
longer than the bunch
length, the radiation is
almost coherent be-
cause the phase of the
radiation by any elec-
tron is almost as that of
the radiation emitted

Fig.4 Incoherent / Coherent radiation

that carries the information of the bunch dis-
tribution. Similarly, when an electron bunch
passes through an aperture in a dielectric ma-
terial or near the edge of a dielectric material,
diffraction radiation (DR) is emitted from the
edge. The relation between the transition ra-
diation /. 7z and the diffraction radiation /o pr is
given by the following equation:'®

leor (D, v, 8)=le,1 (v, O)E(D, v, 0)) (1)

where

E(D,v,0)=Jo(rvDsin@)[rvD/(By)IK:\(rvD/(By)). (2)

Here Jo is the Oth-order Bessel function, D
is the diameter of an aperture, K; is the 1st
modified Bessel function, v is the wave num-
ber, s the radiation angle, and Byare the
relativistic factor of the electron. The diffrac-
tion radiation due to an infinitesimal hole (D
= 0) corresponds to the transition radiation.

When the wavelength of the radiation is
shorter than the length of the electron bunch,
the radiation is incoherent because the phase

by the others. This re-

sults in the temporal

coherence of radiation.
Coherent radiation yields an interferogram
when we use an interferometer such as the
Michelson interferometer, and the information
in the electron bunch can be inferred from
the interferogram. Another important feature
of coherent radiation is the dependence of the
power on the number of electrons in the
bunch. The following equations show that
the power of incoherent radiation increases
linearly with the number of electrons while
that of coherent radiation increases linearly
with the square of the number of electrons.
When two coherent radiation pulses interfere,
the longitudinal bunch distribution can be de-
rived from the interferogram of the light in-
tensity by the following procedure.

When the cross section of the beam is
small and the observation point is far from the
source, the intensity of the transition radia-
tion is expressed — by analogy to the inten-

sity of coherent synchrotron radiation —
as16,17,18)

IV)=N[1+(N-1)f(v)]le(v) (€)

where N is the number of electrons in the
bunch, v is the wave number (the inverse of
the wavelength of the transition radiation) and
le(v) is the intensity of the transition radiation
emitted by a single electron. The first term of
Eqg. (3) represents the incoherent transition ra-
diation and the second term represents the
coherent transition radiation. The quantity f(v)
is the bunch form factor, which is given by
the Fourier transform of the distribution func-
tion, S(x), of electrons in the bunch:

(€

where n is the unit vector directed from the
center of the bunch to the observation point
and X is the position vector of the electron
relative to the bunch center. Since N>>7,

|Z

fv)=|[S(x)explizn(i - ¥)VIdx

Lot =N*F(V)1e(V). (5)

The form factor f(v) can be divided into
two parts, the longitudinal bunch form factor
f. (v) and the transverse bunch form factor
fr(v), as follows:®

f(v)=fu(v)fr(v) (6)
where

fuv)=||__h(2)expliznzcosom)dz|’ @)
fr(v)=|2nJ:g(p)Jo(2np sin 9v)pdp|z, (8)

Here h(z) and g(p) are respectively the lon-
gitudinal and transverse distribution functions
of the electron bunch, and we assume that
the transverse beam distribution is circular.
The transverse bunch form factor is obtained
by measuring the transverse distribution of the
electron bunch. When we observe the transi-
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where F,(v) is the Fourier transform of the lon-
gitudinal bunch distribution h(z), g(p) is the
transverse bunch distribution, and Jy(0) is the
Oth-order Bessel function.

The interferogram of the light intensity of
two interfering coherent transition radiation
pulses as a function of the position of the
movable mirror of the Michelson interferom-
eter is obtained as shown in Fig. 5(a). The
interferogram can be written

S
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the polychromator
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s@®)=4r]_|RTI|Ew)| e av 1)
where S(9) is the intensity of the recombined
radiation intensity at the detector (expressed
in the time domain with an additional time
delay &/c for the movable mirror) minus the
intensity at & *, £(v) is the Fourier trans-
form of the electrical field of the transition
radiation, and R and T are the coefficients of
reflection and transmission at the beam split-
ter.
Solving for | E(W)[? yields

- 1 - v
|E(V)|2=TIRTIZ j_NS(E)e"ZM“d& (12)

The spectrum deduced from the interferogram
is shown in Fig. 5(b), where the theoretical
beam splitter efficiency is also drawn in order
to show non-uniform sensitivity for wave num-

O— L

Michelson Interferometer

Polychromator

Fig.7 Measurement setup for the femtosecond streak camera, CTR interferometer and polychromator.

bers. This effect is compensated by using the
theoretical curve.

Using Eq. (5) and the relation /o(v)=|EW)P,
we can obtain the following equation for the
bunch form factor:

j:s(s)e-unvs/cdal
= amclRTNLD) "
Then, as is seen in Fig. 5(c), the longitudi-
nal bunch form factor is obtained using Eqgs.
(6) and (13). Finally, the Kramers-Kronig rela-
tions and inverse Fourier transform give the
longitudinal bunch distribution h(z) from the

longitudinal bunch form factor as follows:'¢1®

f(2)=]" g(v)expli(@s(v)-2mvt)ldv (14)
gv)=f"*(v) (15)
9s(v)=+2[ W dv”. (16)

¢. Far-infrared polychromator

By using the polychromator, the spectrum
of the radiation can be obtained directly from
the frequency measurement bins of the out-
put voltage as shown in Fig. 6.9 Then the
bunch distribution can be deduced by the
same procedure used in interferometry. One
can skip the procedure to get the spectrum
described as Eq. (12). This simplification of
the analysis is one of the advantages of the
polychromator method. Another important
advantage is that it can be used to diagnose
the electron bunch by a single shot. The spec-
tral information obtained in an experiment,
however, is limited by the number of detec-
tors. The typical output voltage of the
polychromator is shown on the left-hand side
of Fig. 6. The response function of the optics
and the sensitivity of the detector in each
channel of the polychromator were calibrated
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using the mercury arc as well as the interfer-
ometer. Furthermore, the discreteness of the
experimental data, which depends on the grat-
ing pitch and the configuration of the mea-
surement bins installed in the polychromator,
is interpolated in order to obtain a continu-
ous spectrum.

d. Performance

The experimental setup is shown in Fig.
7. The incoherent Cherenkov radiation emit-
ted in air was measured by the streak camera,
and the CTR in the far-infrared region was
measured by the Michelson interferometer and
the polychromator. At the Michelson inter-
ferometer the radiation was split into two
bunches at a beam splitter and, after one
bunch was delayed by the linear stage, the
two bunches were recombined at the same
beam splitter and the resulting signal was de-
tected by a Si bolometer cooled in liquid he-
lium. The radiation, which is transported to
the polychromator, is deflected by the grating
and then resolved by the 10-channel-detec-
tor array. The polychromator, which was con-
structed by Y. Kondo et al.,’ covers wave
numbers from 12.2 to 26.2 cm™'. When the
mirror mounted on the motorized linear stage
was moved to the beam path at the linac exit,
Cherenkov radiation emitted in air was trans-
ported to the streak camera. The major beam
parameters were as follows: the electron en-
ergy was 34 MeV, and the electron charge per
bunch was controlled between 10 and 100
pC to keep the detectors from saturating. The

bunch length was ad-
justed to be about 900

fs (FWHM, or 380 fs 35

rms) and 1.6 ps
(FWHM, 680 fs in rms)
at the linac by using
the streak camera.
Consequently, the
longitudinal bunch dis-
tribution was inferred
from information pro-

Density distribution(a.u.)

—— Streak camera (FWHM=1.0ps)
— - Interferometer (FWHM=1.2ps)
— — Polychrometer (FWHM=1.0ps)

vided by the streak
camera, the Michelson
interferometer, and the

Longitudinal axis (mm)

polychromator (Fig. 8).
This is the first time
agreement among the
three methods has been shown for a roughly
1-ps electron bunch.

e. Fluctuation method

When the wavelength of the radiation is
shorter than the length of the electron bunch,
the random phase of the radiation emitted
from a single electron,Eq(t) , causes the total
electric field £(t) in a bunch to fluctuate ran-
domly: 29

(=3 Eolt-t). 7)

A photodiode can measure only the time-
integrated intensity [|E(t)|*dt, and shot-by-shot
fluctuations in the radiation are eventually ob-
tained in the experiment. As pointed out in
Ref. 20, the fluctuation of the time-integrated
intensity gives information about the number
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Fig.9 Measurement setup and numerical results of pulse structure for the fluctuation method.
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Fig.8 Measured electron pulse shape by the femtosecond streak camera, CTR
interferometer and polychromator.

of independent parts in a bunch, Ninge. One
can write

2 F FTeon
o =N/ndep= Tb ! (18)

where Fis a form factor that is computed from
the Fourier transform of the bunch distribu-
tion, and Ter and T, are respectively the dura-
tions of the independent part and the bunch.
The duration of the independent part, Tcon,
which is associated to the coherent time, re-
sults from the finite length of the envelope of
the electric field emitted by a single electron
and it can therefore be calculated from the
bandwidth of the radiation.

We first measured the time-integrated in-
tensity of the incoherent radiation in several
bandwidths. The experimental setup is shown
in Fig. 9(a). Cherenkov radiation emitted in
air was measured with optical transition ra-
diation (OTR). OTR, however, is much less in-
tense than Cherenkov radiation, so the influ-
ence of OTR can be ignored. In the experi-
ment the spectrum was limited by the
bandpass filter so that the coherent time
would be a fraction of the bunch duration.
The calculated intensities of electric field of
incoherent radiation with and without the
bandpass filter are shown in Figs. 9(b) and 9(c).
As is seen from the figures, by introducing the
band pass filter, the electric field is made of
about ten independent spikes, each of which
has a random amplitude. Figure 10 shows
the fluctuation of time-integrated intensity,
where the measured pulse width was 1.0 ps
by the streak camera.?” However, by the mea-
sured fluctuation the pulse width was esti-
mated to be 4.5 ps. The discrepancy between
the above results was due to the transverse
beam size of the bunch, since so far we have



A1~ L% 5

60
— 1D simulation
50 t+
= O D=0.01Tmm
g 20 | O D=0.05mm
= A D=0.1Tmm
g 30
Rel I
® O
2 20 |
v
=
“ 10
0 L L L L
0 20 40 60 80 100
Bandwidth [nm]

Table 1 Overall comparison of the four diagnostic methods

L . . . Influence of ) Timing jitter
Radiation Single shot Time resolution Dynamic range .
other parameters evaluation
Incoherent . . .
Streak camera K . available 200fs small wide available
Low intensity
Coherent . theoretically . )
Interferometer L ) not available o large relatively narrow | not available
High intensity unlimited
Coherent ) theoretically . .
Polychromator L B available L large relatively narrow | not available
High intensity unlimited
. Incoherent " theoretically . . . N
Fluctuation . . available .. relatively small relatively wide not available
Low intensity unlimited

Fig.10 Fluctuation of radiation power at several bundpass filters.

assumed that the transverse beam size is in-
finitesimal. It is worth noting that an infini-
tesimal transverse beam diameter is assumed
in the above theory, whereas the transverse
beam diameter in our experiment was more
than 1 mm and cannot be ignored. To in-
crease the precision of our work, we are now
using two-dimensional numerical analysis to
take into account the effect of the transverse
beam size on the fluctuation. The transverse
beam size at the radiation sources was mea-
sured to be 3 mm (FWHM of Gaussian distri-
bution) for a 1.0-ps pulse width.

The spectrum shows fluctuation shot by
shot. It is known that observation of the spec-
trum provides more information than does
observation of the time-integrated power.??
The longitudinal bunch distribution can be
inferred by analyzing the variance of the Fou-
rier transform of the spectrum, and informa-
tion about the transverse beam size can also
be extracted from the spectrum. It is there-
fore expected that the pulse information will
be obtained in the frequency-domain mea-
surements that are under way.

f. Overall Evaluation

For pulse widths up to 200 fs, it is obvi-
ous that the streak camera is the best. As for
less than 200 fs, upgrade, combination and
crosscheck among the other methods are
needed. Shot-by-shot measurement is avail-
able for the streak camera and polychromator
and is important for evaluating the beam sta-
bility. The timing jitter between two pulses,
which determines the time resolution of
pump-and-probe analysis, can be evaluated
only by the streak camera. The overall evalu-
ation of our instruments and methodology is

summarized in Table. 1.

5. Laser plasma cathode for
tens-of-femtosecond electron
single bunch generation

a. Pump-and-probe analysis using
femtosecond beams

Here we introduce the generation of ul-
trashort-bunched electron beams from
underdense plasma driven by ultrashort and
ultra-intense laser pulses. For this purpose,
computer simulations and experiments based
on the 12-terawatt 50-fs laser system have
been conducted.

The target short electron bunch along
with the short laser pulses already available
could be used to make a pump-and-probe sys-
tem for studying, for example, the initial phase

of radiation-induced chemical reactions. A
proposed configuration for such application
is shown in Fig. 11. A beam splitter would be
used to split the 12-TW 50-fs laser beam into
an intense beam (=11.5 TW) used for elec-
tron beam generation and a less intense beam
(=0.5 TW) used as a probe.

b. Laser wakefield accelerator

Of particular interest in the laser plasma
acceleration schemes is the laser wakefield
accelerator (LWFA),?? in which an intense la-
ser pulse propagates through underdense
plasma and generates large-amplitude plasma
waves (wakefields) by the effect of the
ponderomotive force associated with the la-
ser pulse envelope. A plasma density n, of
10'® cm can support a field £, of 100 GV/m.
The plasma wavelength of interest is of the
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Fig.11 Schematic diagram of a pulse radiolysis system based on femtosecond bunched electron beam generated from an

ultraintense ultrashort laser-plasma interaction.
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order of 10-100 um, so the longitudinal length
of the accelerated and/or injected (for addi-
tional acceleration) electron bunches should
be within this range. Furthermore, the elec-
tron bunch should be injected in the correct
phase in order to get trapped and accelerated
by the wave. Two schemes based on laser-
triggered electron trapping in the plasma wave
has been proposed for generating ultrashort
electron beams.?? For this purpose, several
laser pulses should be synchronized in space
and time more precisely than currently pos-
sible. We have therefore proposed?” a sys-
tem based on the use of a single ultra-intense
laser pulse focused in the plasma (Fig. 11).
The basic idea for generating the electron
bunch is to trap and accelerate some of the
plasma electrons in a nonlinear plasma wave,
which is forced to ‘break’ in the plasma. At
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the wave-breaking region, many ultrashort-
bunched electrons are accelerated and leave
the plasma with relativistic energies.

¢. Simulations

Two-dimensional (2D) simulations were
done using the recently developed fully rela-
tivistic particle-in-cell code OSIRIS.?® The simu-
lations for the gas jet 1.5 mm in diameter were
run for a time of 12600 w (e is the laser
frequency), that is 4.6ps. We set the maxi-
mum plasma density to 5 x 10'%cm? and the
laser pulse as 12-TW 50-fs with spot size of
10 um.

Figure 12 shows part of the 2D-PIC com-
puter simulation results. Figure 12 (a) shows
the contour plot of the laser pulse as it propa-
gates through the plasma; the laser is self-fo-
cused. Figure 12(b) shows the contour plasma

wave electric field generated behind the laser
pulse. The laser intensity was originally 1.1x
10" W/cm? and reached 14.2 x 10" W/cm?
because of the self-focusing effect. The maxi-
mum amplitude of the electric field of the
plasma wave,£,, reached 0.7 TV/m. The self-
focusing of the laser and the generation of
super-high electric field in the plasma wave
are essential in the process of electron trap-
ping and acceleration as will be made clear
below. Figure 13 shows the longitudinal
phase-space of plasma electrons trapped and
accelerated to 110 MeV by the plasma waves.
A plasma-wavebreaking mechanism for pro-
ducing for a sharp density gradient when elec-
trons are injected into the plasma waves has
been proposed, ?” but for a laser pulse of rela-
tivistic intensity (a = eE,/ mac >1), the elec-
tron injection (regardless of how sharp the
density gradients are) is based on the break-
ing of waves produced by the relativistic ac-
celeration of electrons into wakefield waves.
The relativistic force, which acts along the la-
ser propagation direction, grows as a?.?® As
shown in Fig. 13(a), the relativistic force cre-
ates waves with wavelengths of the order of
the laser wavelength propagating with the
laser pulse. The maximum energy of electrons
in the waves is determined by the longitudi-
nal component of the electron momentum:

2
Y= mPE =a7 sin‘(@t+kx). (19)

These electrons constitute the injection source
for the following relativistic wave so that elec-
trons acquire the maximum energy after
propagating 0.5 mm as shown in Fig. 13(a) or
after propagating 1.5 mm as shown in Fig.
13(b).

We can see in Fig. 13(b) that the average
energy of all electrons is 22.5 MeV, but an
energy spread of 100 % was produced. Us-
ing a magnetic chicane, it is possible to filter
this beam in order to get a beam with a smaller
energy spread. In the energy range from 82
MeV to 110 MeV, the bunch length was 3.5um
(equivalent to =12 fs), the rms emittance was
=0.7 mm mrad, and the total charge of accel-
erated electrons was about 580 pC.

d. Experiment

The experiment was performed with the
12-TW laser system that delivers 600-mJ 50-
fs pulses at 790 nm. The laser beam was fo-
cused with an f/2 off-axis parabolic mirror to
a spot about 20 pm in diameter. The peak
intensity in the focus point is expected to ex-
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ceed 10" W/cm?. The focus was placed at
the edge of a free-expansion helium gas jet
generated by a high-pressure gas nozzle with
a circular orifice 2 mm in diameter. The den-
sity profile has been measured by Mach-
Zehnder interferometry. The transverse den-
sity profile in the interaction region 2 mm
above the nozzle tip corresponds to a Gaussian
profile. The electron density in the tunnel-
ionized underdense plasma created by the foot
of the laser pulse is, up to a maximum value
of 5x 10%° /cm?, linearly proportional to the
backing pressure.

The transverse profile image of the elec-
tron beam observed when the laser power and
plasma density were 4 TW and 2.7 x 10%°/
cm? is shown in Figure 14. Such beam has
been observed at a distance of 20 cm after
the gas jet inside the experimental vacuum
chamber. A thin foil of aluminum was inserted
after the gas jet to prevent the laser light from
reaching the electron beam detection system.
The angle of divergence of the electron beam
was about 120 mrad. Since the diameter of
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