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Plasma acceleration: Stability and reproducibility

Electron beam fluctuations may originate from

variations in
laser pulse parameters

→ spatial and temporal energy profiles, pointing

variations in
target conditions

→ spatial and temporal 3D density profile
amplified through

nonlinear processes

Improve control over and stabilize
crucial laser parameters

Popp et al., Phys. Rev. Lett. 105, 215001 (2010)
Gonsalves et al., Phys. Plasmas 17, 056706 (2010)

e.g. 

Develop stable, tailored
plasma sources

Osterhoff et al., Phys. Rev. Lett. 101, 085002 (2008)e.g. 

Control of phase-space
population by controlled 
injection

dephasingenergy spread

longitudinal profile taper

→  e.g. wavebreaking, …

Wednesday, 5 June 13

http://plasma.desy.de
http://plasma.desy.de


Lucas Schaper |  http://plasma.desy.de/  |  1st European Advanced Accelerator Concepts  |  5 June 2013  |  Page 00 

Controlled injection: Various mechanisms to be compared
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The goal: development of tailored plasma sources for 
controlled electron injection, acceleration and emission

5

Example: Segmented capillary discharge waveguide (injector, booster, collimator)

Full 3D simulations with fluid code Femtosecond-laser machining
into sapphire 200 µm

C. G. R. Geddes, PRL 100, 215004 (2008)

W. Rittershofer, Phys. Plasmas 17, 063104 (2010)

T. Mehrling, Master Thesis
C.M.S. Sears et al, Phys. Rev. ST 
Accel.Beams 11, (2008) 101301
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Raman scattering diagnostics: Setup

7

Technique: Raman scattering for longitudinal profile
- scattered intensity proportional to gas density: IRaman = nGas· σ · ILaser

- non resonant technique → filters can be used
→ T. Weineisen et al., Phys Rev STAB 14, (2011) 050705

excitation 
Rayleigh 

Stokes-
Raman 

Energy levels

excitation Rayleigh
scattering

Stokes Raman
scattering

Rot. / vib. mode

- demonstrated sensitivity:few 1018 cm-3

- PW lasers (e.g. BELLA at LBNL)
and external injection (e.g. at REGAE) 
require few 1017 cm-3

- Ionization injection experiments:
dopant densities down to low 1015 cm-3

capillary(

laser(

cam
era(

z 

Lens 

Lens 
Filter 

species specific

not necessarily in the infrared. The possible detectors avail-
able for the ITER LIDAR system, and their EQE are dis-
cussed in detail in Ref. 8. 10 mbar is a low gas pressure and
so should be acceptable from a safety perspective. If a higher
gas pressure is allowable, the number of scattered photons
may be scaled linearly. The table shows that there are sig-
nificantly more scattered photons from the high Z elements
and significantly more scattered photons from the lower
wavelength lasers. The table also shows that scattering from
10 mbar of nitrogen using a 1064 nm laser produces a similar
number of photons as scattering from 10 mbar of hydrogen
using a 532 nm laser. This number of photons is measurable;
scattering from 10 mbar of nitrogen is routinely performed
on MAST.15 Although in the MAST case this is achieved
with higher etendue collection optics, it is performed with
lower laser energy and much shorter scattering length than
the system used to compile Table I. The spectral distributions

of the scattered photons for the different gases and lasers are
shown in Fig. 1. Oxygen provides a greater number of scat-
tered photons than nitrogen, although both elements produce
scattered spectra close to the laser wavelength. To obtain a
random error of less than 1%, at least 10 000 photo electrons
should be detected from Raman scattering at each gas pres-
sure. The number of laser pulses required to achieve this
accuracy at the center of plasma may be deduced from
Table I.

V. FILTER WAVELENGTHS FOR RAMAN SCATTERING

Four different filter transmission bands are considered in
detail in the following sections of this paper. These transmis-
sion bands are summarized in Fig. 2!a". To capture nitrogen
anti-Stokes lines from a 1064 nm laser, a filter of bandwidth
20 nm transmitting from 1041.5–1061.5 nm was chosen.
This filter will capture a very large fraction of the anti-Stokes
spectrum, missing only those lines very close to the laser
wavelength. As shown in Fig. 2!b", this filter will provide
useful Thomson scattering measurements down to low elec-
tron temperature.

The filter considered for capturing nitrogen Stokes lines
from a 1064 nm laser is also 20 nm and transmits from
1070.25–1090.25 nm. A larger gap is required to the laser

TABLE I. Total number of detected photoelectrons from Raman scattering
integrated over the entire spectrum at a gas pressure of 10 mbar. Optical
transmission of 10%, f/12, scattering length of 67 mm, and EQE of 4%.

H2 D2 N2 O2

1.25 J, !0=532 nm 124 141 836 2135
3.0 J, !0=694.3 nm 129 151 902 2303
2.5 J, !0=1064 nm 28 34 208 536
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FIG. 1. !Color online" Raman spectra for scattering from various laser wavelengths and gases at 298 K. Note that each row of plots has different intensity
scales.
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N2: Shift to first vibrational band = 2329 cm-1

corresponds to 75.2nm (for 532nm excitation)
But: Cross section smaller by 3 orders 

R. Scannell et al. Rev. Sci. Instrum. 81, (2010) 045107
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Sensitive diagnostic important for profile characterization
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Sensitive diagnostic important for profile characterization
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L. F. Schaper et al., in preparation
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New technique: Raman scattering combined with longitudinal interferometry

- profile determination by Raman scattering in polished capillaries

- integrated density under profile determined by interferometry
→  reconstruction of profile with high accuracy

(currently being done)}
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Transverse density shaping

11

Technique: Laser guiding by transverse plasma channel, ignited through electric discharge
- PFN with adjustable pulse duration and either peak current or dI/dt

- Max voltage: 40kV     max current: 1.5kA (tested so far)     max pulse duration: 400ns

- shot to shot RMS jitter @ 15kV < 5nsCHAPTER 3. EXPERIMENTAL SETUP 21

(a) Unoptimised discharge setup. R
p

=12⌦.

HV

PFN

Rp

Cap

R

Rg

Thy1

Thy2

(b) Optimised discharge setup. R
p

=20⌦.

Figure 3.5: Discharge setup as before (3.5a) and after (3.5b) optimisations. Cap = varying ⌦,
R = 2⌦, R

g

= 10M⌦.

Figures 3.6 and 3.7 show the current through the capillary (red) and voltage (yellow)
profiles for the unoptimized case with and without shortening of the pulse, with the voltage
measured right after the first thyratron. The delay between the voltage and the current is
due to the fact that the voltage was measured directly at the pulser whereas the current
was monitored at the capillary and travelled approximately 15 m to the oscilloscope. As
can be seen the profiles are far from smooth. There are numerous spikes due to reflections
at the capillary and improper matching of the impedance. The high reflection peak in the
voltage profile is due to the high resistance of the capillary before the breakdown. Also
the voltage not dropping to its initial value after the reflection peak is a clear indication
for the impedance not being matched during the breakdown. If the pulse is shortened the
spikes amplitude increases and the setup produces heavy electro-magnetic-pulses (EMPs),
disturbing the control units. The same features can be observed if the voltage is measured
before the thyratrons (figures 3.8 and 3.9) directly at the PFN. The initially charged
voltage drops to half its value when the discharge is triggered and decreases to zero when
the discharge is over as it should, but there are also large reflection spikes and big noise
peaks. These become again more dominant for shortening of the pulse.

In the process of optimisation several changes were made in the setup, which in its final
form is shown in figure 3.5b:

• The capacitance of the PFN was reduced to 8 nF by detaching two of the cables to
limit the energy and prevent damage to the capillary.

• For better matching of the circuit and hence reduction of reflection effects, the
pre-resistance R

p

was changed to 20⌦.

• A bypass-resistance R

g

was installed so leak currents can safely leave the system.
Otherwise the current would build up potential and cause spontaneous ignition of
the discharge.
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Transverse density shaping
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Technique: Laser guiding by transverse plasma channel, ignited through electric discharge
- PFN with adjustable pulse duration and either peak current or dI/dt

- Max voltage: 40kV     max current: 1.5kA (tested so far)     max pulse duration: 400ns

- shot to shot RMS jitter @ 15kV < 5nsCHAPTER 3. EXPERIMENTAL SETUP 21

(a) Unoptimised discharge setup. R
p

=12⌦.
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(b) Optimised discharge setup. R
p

=20⌦.

Figure 3.5: Discharge setup as before (3.5a) and after (3.5b) optimisations. Cap = varying ⌦,
R = 2⌦, R

g

= 10M⌦.

Figures 3.6 and 3.7 show the current through the capillary (red) and voltage (yellow)
profiles for the unoptimized case with and without shortening of the pulse, with the voltage
measured right after the first thyratron. The delay between the voltage and the current is
due to the fact that the voltage was measured directly at the pulser whereas the current
was monitored at the capillary and travelled approximately 15 m to the oscilloscope. As
can be seen the profiles are far from smooth. There are numerous spikes due to reflections
at the capillary and improper matching of the impedance. The high reflection peak in the
voltage profile is due to the high resistance of the capillary before the breakdown. Also
the voltage not dropping to its initial value after the reflection peak is a clear indication
for the impedance not being matched during the breakdown. If the pulse is shortened the
spikes amplitude increases and the setup produces heavy electro-magnetic-pulses (EMPs),
disturbing the control units. The same features can be observed if the voltage is measured
before the thyratrons (figures 3.8 and 3.9) directly at the PFN. The initially charged
voltage drops to half its value when the discharge is triggered and decreases to zero when
the discharge is over as it should, but there are also large reflection spikes and big noise
peaks. These become again more dominant for shortening of the pulse.

In the process of optimisation several changes were made in the setup, which in its final
form is shown in figure 3.5b:

• The capacitance of the PFN was reduced to 8 nF by detaching two of the cables to
limit the energy and prevent damage to the capillary.

• For better matching of the circuit and hence reduction of reflection effects, the
pre-resistance R

p

was changed to 20⌦.

• A bypass-resistance R

g

was installed so leak currents can safely leave the system.
Otherwise the current would build up potential and cause spontaneous ignition of
the discharge.
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R = 2⌦, R
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= 10M⌦.

Figures 3.6 and 3.7 show the current through the capillary (red) and voltage (yellow)
profiles for the unoptimized case with and without shortening of the pulse, with the voltage
measured right after the first thyratron. The delay between the voltage and the current is
due to the fact that the voltage was measured directly at the pulser whereas the current
was monitored at the capillary and travelled approximately 15 m to the oscilloscope. As
can be seen the profiles are far from smooth. There are numerous spikes due to reflections
at the capillary and improper matching of the impedance. The high reflection peak in the
voltage profile is due to the high resistance of the capillary before the breakdown. Also
the voltage not dropping to its initial value after the reflection peak is a clear indication
for the impedance not being matched during the breakdown. If the pulse is shortened the
spikes amplitude increases and the setup produces heavy electro-magnetic-pulses (EMPs),
disturbing the control units. The same features can be observed if the voltage is measured
before the thyratrons (figures 3.8 and 3.9) directly at the PFN. The initially charged
voltage drops to half its value when the discharge is triggered and decreases to zero when
the discharge is over as it should, but there are also large reflection spikes and big noise
peaks. These become again more dominant for shortening of the pulse.

In the process of optimisation several changes were made in the setup, which in its final
form is shown in figure 3.5b:

• The capacitance of the PFN was reduced to 8 nF by detaching two of the cables to
limit the energy and prevent damage to the capillary.

• For better matching of the circuit and hence reduction of reflection effects, the
pre-resistance R

p

was changed to 20⌦.

• A bypass-resistance R

g

was installed so leak currents can safely leave the system.
Otherwise the current would build up potential and cause spontaneous ignition of
the discharge.

guiding 15 mm long capillary, laser < 1 mm Rayleigh length

transmitted beam profile
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(a) Raw diode signal zoomed in on the region
with the highest noise.
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(b) FFT signal of the raw data around the fre-
quency of the discharge imprinted signal.
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(c) FFT with the notch filter applied around
the 400 MHz region.
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(d) Offset diode signal after noise filtering.

Figure 4.12: Examples of raw and Fourier transformed data visualising the process of noise
reduction.

 

D
io

d
e 

Si
g

n
al

 [
m

V
]

0

5

10

15

20

25

30

35

40

N
orm

. T
ran

sm
ission

0.00

0.25

0.50

0.75

1.00

Time [ns]
0 200 400 600 800 1,000

Figure 4.13: Example of the results of the integration plotted together with the noise-reduced
raw data. Also images of the exit mode at two significant points are shown.
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the 400 MHz region.
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Figure 4.12: Examples of raw and Fourier transformed data visualising the process of noise
reduction.
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Figure 4.13: Example of the results of the integration plotted together with the noise-reduced
raw data. Also images of the exit mode at two significant points are shown.

Wednesday, 5 June 13

http://plasma.desy.de
http://plasma.desy.de


Lucas Schaper |  http://plasma.desy.de/  |  1st European Advanced Accelerator Concepts  |  5 June 2013  |  Page 00 

Transverse density shaping

11

Technique: Laser guiding by transverse plasma channel, ignited through electric discharge
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Figure 3.5: Discharge setup as before (3.5a) and after (3.5b) optimisations. Cap = varying ⌦,
R = 2⌦, R
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= 10M⌦.

Figures 3.6 and 3.7 show the current through the capillary (red) and voltage (yellow)
profiles for the unoptimized case with and without shortening of the pulse, with the voltage
measured right after the first thyratron. The delay between the voltage and the current is
due to the fact that the voltage was measured directly at the pulser whereas the current
was monitored at the capillary and travelled approximately 15 m to the oscilloscope. As
can be seen the profiles are far from smooth. There are numerous spikes due to reflections
at the capillary and improper matching of the impedance. The high reflection peak in the
voltage profile is due to the high resistance of the capillary before the breakdown. Also
the voltage not dropping to its initial value after the reflection peak is a clear indication
for the impedance not being matched during the breakdown. If the pulse is shortened the
spikes amplitude increases and the setup produces heavy electro-magnetic-pulses (EMPs),
disturbing the control units. The same features can be observed if the voltage is measured
before the thyratrons (figures 3.8 and 3.9) directly at the PFN. The initially charged
voltage drops to half its value when the discharge is triggered and decreases to zero when
the discharge is over as it should, but there are also large reflection spikes and big noise
peaks. These become again more dominant for shortening of the pulse.

In the process of optimisation several changes were made in the setup, which in its final
form is shown in figure 3.5b:

• The capacitance of the PFN was reduced to 8 nF by detaching two of the cables to
limit the energy and prevent damage to the capillary.

• For better matching of the circuit and hence reduction of reflection effects, the
pre-resistance R

p

was changed to 20⌦.

• A bypass-resistance R

g

was installed so leak currents can safely leave the system.
Otherwise the current would build up potential and cause spontaneous ignition of
the discharge.

guiding 15 mm long capillary, laser < 1 mm Rayleigh length

transmitted beam profile
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(c) FFT with the notch filter applied around
the 400 MHz region.
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(d) Offset diode signal after noise filtering.

Figure 4.12: Examples of raw and Fourier transformed data visualising the process of noise
reduction.
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Figure 4.13: Example of the results of the integration plotted together with the noise-reduced
raw data. Also images of the exit mode at two significant points are shown.
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(c) FFT with the notch filter applied around
the 400 MHz region.
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(d) Offset diode signal after noise filtering.

Figure 4.12: Examples of raw and Fourier transformed data visualising the process of noise
reduction.
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Figure 4.13: Example of the results of the integration plotted together with the noise-reduced
raw data. Also images of the exit mode at two significant points are shown.

Preliminary data: electron beams with 25 TW laser (Lund) in self-injection mode

32 pC

50 pC

M. Burza, M. Hansson,
O. Lundh, L. Senje, 
C.-G. Wahlstrom
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Discharge seeding

12

Technique: Adding a pulsed laser to partially pre-ionize target via multiphoton-ionization
- Reduction of discharge jitter to level of thyratron switching time (about 1ns)

- Result: lower voltages needed, allows for long targets

130mJ, 53 μm focus

80mJ, 90 μm focus
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Discharge seeding

12

Technique: Adding a pulsed laser to partially pre-ionize target via multiphoton-ionization
- Reduction of discharge jitter to level of thyratron switching time (about 1ns)

- Result: lower voltages needed, allows for long targets

20kV, 100mbar, 80mJ seed
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Summary

13

> Longitudinal density tailoring

> Transverse density shaping

> Relative density profile measurement down to 1017 cm-3

> Absolute density calibration for fringe shifts < 5x10-3 mm-1

> results form simulations and measurements agree

> PFN allows flexible discharge parameters
> low discharge-on jitter in typical capillary length at typical voltages of about 20kV
> High transmission through capillaries with length >> Rayleigh length of the laser

> Discharge seeding
> increased stability and decrease discharge time lag 
> stable operation at lower voltages, longer capillaries possible
> BUT: Not guiding (so far)
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Thank you for
your attention!

Accelerator Research and Development Virtual Institute for PWA at FLASH
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