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Lecture Series on Plasma Sources and Diagnostics

�46

> Plasma Sources I 
- Thursday, March 14, 9:00 - 10:00 
- Conceptual aspects 

> Plasma Sources II 
- Friday, March 15, 9:00 - 10:00 
- Technical aspects 

> Plasma Diagnostics 
- Tuesday, March 19, 10:00 - 11:00 
- Diagnostics: how to measure plasmas

http://forward.desy.de
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Outline - Plasma Sources II - Technical implementation
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Plasma source
Witness

e-

Driver

length? density? temperature? constituents?  
shape? fluctuations? homogeneity?  

technical compatibility?

Laser-pulse driven  
“Laser wakefield acceleration” 

LWFA

Particle-beam driven 
“Plasma wakefield acceleration” 

PWFA

e- +[        ]

how to actually realize plasma sources  
with the desired properties?

http://forward.desy.de
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Outline - Plasma Sources II - Technical implementation

�47

> Gas jets 
> Heat-pipe ovens 
> Gas cells 
> Plasma sources as waveguides

Plasma source
Witness
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Driver

length? density? temperature? constituents?  
shape? fluctuations? homogeneity?  

technical compatibility?

Laser-pulse driven  
“Laser wakefield acceleration” 
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Particle-beam driven 
“Plasma wakefield acceleration” 
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e- +[        ]

how to actually realize plasma sources  
with the desired properties?
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Gas jets

�49

> Supersonic nozzles provide a near-flat-top density profile 
for laser wakefield experiments 

> Plasma density controlled by varying backing pressure P  
- Typically 10 - 100 bar depending  

on nozzle diameter and desired density 
- ne typically 1017 -  1020 cm-3 

- Length typically a few mm 

> Larger nozzle diameters give lower densities for same P 

> Feature high gas flow rates, operation in pulsed mode 

- Requires rapid mechanical opening  
of fast valve (usually a solenoid) 

- Typical opening times of few ms 
- Opening can lead to vibrations 
- Mechanical parts can wear out 

> Provide open geometry for on-shot diagnostic access Backing pressure P

Fast valve

Nozzle

Gas feed

jet

Driving
laser

http://forward.desy.de
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Gas jets

�50

> Supersonic nozzles provide a near-flat-top density profile 
for laser wakefield experiments 

> Plasma density controlled by varying backing pressure P  
- Typically 10 - 100 bar depending  

on nozzle diameter and desired density 
- ne typically 1017 -  1020 cm-3 

- Length typically a few mm 

> Larger nozzle diameters give lower densities for same P 

> Feature high gas flow rates, operation in pulsed mode 

- Requires rapid mechanical opening  
of fast valve (usually a solenoid) 

- Typical opening times of few ms 
- Opening can lead to vibrations 
- Mechanical parts can wear out 

> Provide open geometry for on-shot diagnostic access
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Gas jets - diagnostic access
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CHAPTER 3. EXPERIMENTAL METHODS 93
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Figure 3.6: Two-dimensional nozzle density profiles measured with in-situ inter-

ferometry during the Astra Gemini experiment. (a) 10 mm, 22 bar Argon, (b) 8

mm, 15 bar Argon, (c) 5 mm, 5 bar Argon and (d) 3 mm, 6 bar Argon. At least 5

shots are averaged for each density profile.
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Figure 3.7: One-dimensional nozzle density profiles measured with in-situ inter-

ferometry during the Astra Gemini experiment. (a) 10 mm, 22 bar Argon, (b) 8

mm, 15 bar Argon, (c) 5 mm, 5 bar Argon and (d) 3 mm, 6 bar Argon.

On-shot interferogram of 10 mm plasma on Astra-Gemini, Rutherford Lab, UK

Courtesy Stuart Mangles 
Imperial College

Gas Jet

S. Kneip et al., 
Phys. Rev. Lett. 103, 035002 (2009)

http://forward.desy.de
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Gas jets - diagnostic access

�51

CHAPTER 3. EXPERIMENTAL METHODS 93
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Figure 3.6: Two-dimensional nozzle density profiles measured with in-situ inter-

ferometry during the Astra Gemini experiment. (a) 10 mm, 22 bar Argon, (b) 8

mm, 15 bar Argon, (c) 5 mm, 5 bar Argon and (d) 3 mm, 6 bar Argon. At least 5

shots are averaged for each density profile.

0 1 2 3 4 5 6 7 8 9 100

1

2

3

4

5

6 x 1018

z [mm]

de
ns

ity
 [c

m
-3
]

3 mm / 6 bar
5 mm / 5 bar
8 mm / 15 bar
10 mm / 22 bar

0

0.2

0.4

0.6

0.8

1.0

1.2x 1019

de
ns

ity
 [c

m
-3
]

Figure 3.7: One-dimensional nozzle density profiles measured with in-situ inter-

ferometry during the Astra Gemini experiment. (a) 10 mm, 22 bar Argon, (b) 8

mm, 15 bar Argon, (c) 5 mm, 5 bar Argon and (d) 3 mm, 6 bar Argon.

On-shot interferogram of 10 mm plasma on Astra-Gemini, Rutherford Lab, UK

Courtesy Stuart Mangles 
Imperial College

Gas Jet

S. Kneip et al., 
Phys. Rev. Lett. 103, 035002 (2009)

Courtesy M. Kaluza, FSU Jena

2

Probing underdense interactions @ FSU-Jena: 
Laser wakefield acceleration of electrons 

2

100 µm

10 µm

100 µm

10 µm

High-resolution (µm and fs) visualization of plasma wave and its evolution

Also high-sensitivity measurement of pulse front tilt!
M. Schwab et al., Applied Physics Letters 103, 191118 (2013)
M. Schnell et al., Nature Communications 4, 2421 (2013) 
A. Sävert et al., Physical Review Letters 115, 055002 (2015)

ne = 1.7�1019 cm-3, !plasma = 9 µm

M. Schnell et al., Nat. Comm. 4, 2421 (2013)

Few-fs shadowgraphy of a laser-driven wakefield, Jena, Germany

http://forward.desy.de
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Gas jets - shock fronts

�52

> Gas jets allow for the creation 
of strong density gradients by shocks 

> Facilitates controlled injection of high-quality beams

from K. K. Swanson et al., Phys. Rev. AB 20, 051301 (2017)

basic idea: A. Buck et al., Phys. Rev. Lett. 110, 185006 (2013)

http://forward.desy.de
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Gas jets - clustering

�53

> Expansion of gas through a nozzle 
into vacuum results in cooling 
in frame of moving gas 

> Atoms and molecules can 
conglomerate due to 
van der Waals or hydrogen bonding 

> Hagena parameter Γ* ≫ 100 
describes onset of clustering 

> Cluster Features 

- Efficient laser energy absorption 

- Distinct ionization and 
fragmentation dynamics 

- Can vary in size from a few 
to 104 atoms per cluster (Nc)

from R. A. Smith et al., Rev. Sci. Instrum. 69, 3798 (1998)

= α

d

http://forward.desy.de
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Heat-pipe ovens

�55

> Beam-driven plasma accelerators may require 

- Long targets (meter scale) 

- Relatively low density ne = 1014 - 1017 cm-3 

- Ionizable by drive beam or a laser pulse (low Ip) 

- High uniformity (e.g. in AWAKE) 

P. Muggli et al., IEEE Trans. Plasm. Sci. 27, 791 (1999)
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Heat-pipe ovens

�56

> Alkali metal (Li, Rb, Cs,…) 
heated to form vapor 

> Alkali vapor expels buffer (e.g. He) 
from heated region by collisions  

> Helps to match masses (Li & He, Rb & Kr,…) 

> Steady-state when Palkali = Pbuff 

> Alkali vapor will diffuse into buffer gas 
for few mean-free paths before condensing 

> The “wick” returns condensed alkali 

> Increasing heater power increases 
evaporation rate but not Talkali 

> Pressure fixed by Pbuff, 
hence length of alkali vapor increases 

> Transverse diagnostic access difficult 

MUGGLI et al.: PHOTO-IONIZED LITHIUM SOURCE FOR PLASMA ACCELERATOR APPLICATIONS 793

TABLE III
LITHIUM PHYSICAL CHARACTERISTICS [14]

Li Atomic Number 3
Atomic Weight 6.94
Density (@ 25 C) 0.534
Thermal Conductivity 0.847 W cm K
Heat Capacity @ 25 C 3.582 J g K
Melting Point 180.54 C
Boiling Point @ 1 atm. 1342 C
Fusion Enthalpy 432 J/g
Vaporization Enthalpy 19 J/g
Ionization Potential: Li 5.392 eV
Ionization Potential: Li 75.638 eV

Fig. 3. Schematic of the heat-pipe oven (not to scale) and expected pressure
profiles for the buffer gas (He) and the Li vapor (assuming no significant flow
in the oven). The length of the Li column and width of the boundary layers
are arbitrary on this figure.

plasma at the locations where the beam pinches to its minimum
spotsize ( 0.5 m). However, numerical simulations are under
way to estimate the amount of ionization directly caused by
the beam electrons and by the plasma electrons blown outside
of the electron beam radius with kilovolts of kinetic energy.
Lithium (Li) is chosen (Table III) because it has the lowest

ionization potential, and can thus be photo-ionized by UV light
(1-photon process), and the lowest atomic number ( ) si-
multaneously. The photo-ionized plasma is expected to have a
very uniform transverse profile (over millimeters in radius with
a smooth laser pulse profile), and a small longitudinal gradient
( % over the 1 m) when double passed by the
ionizing laser beam. Lithium vapor pressures corresponding
to neutral densities in the 10 cm range—sufficient to
satisfy the above-mentioned requirements—can be obtained
in a heat-pipe oven at temperatures around 750 C.

III. HEAT-PIPE OVEN
The heat-pipe oven, shown schematically in Fig. 3, consists

of a stainless steel tube heated along its central part with
water-cooled jackets at both ends and a stainless steel mesh
“wick” encircling the inner wall of the tube [8]. The cold
oven is filled with a given pressure of helium buffer
gas ( 200 mT in this experiment) and contains a 30-g ingot
of Li. When heated, the Li melts and its vapor pressure
increases. The Li vapor transports away from this evaporation
zone and eventually condenses onto the wick some distance
away. Condensation heats the wick through release of the Li
heat of evaporation (19 J/g), while the transport of the vapor

Fig. 4. Temperature profiles along the oven axis without Li in the oven and
W (open circles) and with Li in the oven and

W (filled triangles) and W (filled squares). The lines are drawn
to guide the eye. The Li column length, defined as the length over which
the density drops by 20% (according to the Li vapor pressure curve), is

cm with W and C. mT.

away from the center of the oven expels the helium buffer
gas through lithium–helium collisions. As the heating power
is increased, the evaporation rate of the liquid Li on the wick
increases, as do the temperature and pressure of the Li vapor.
At some heating power, the oven reaches a temperature such
that the vapor pressure of the liquid Li is equal to .
The evaporation zone of the oven now contains a column of
pure Li with (assuming the Li flow velocity
from the evaporation to the condensation zone of the oven is
substantially subsonic). Collisional diffusion of the Li vapor
at the helium boundary ensures that the Li condenses onto
the wick (where it returns to the evaporation zone through
capillary action) and does not penetrate more than a few
collisional mean-free paths into the helium, thus forming sharp
boundaries. Further increasing the heating power increases
the evaporation rate but not the Li temperature. Instead,
the column of Li vapor increases in length until the room-
temperature boundary condition imposed by the water jackets
ultimately limits the length of this column. The Li pressure and
temperature (i.e., density ) are fixed by the buffer pressure,
while the Li column length is proportional to the heating
power.
The device described here has an inner diameter of 25.2 mm.

It is heated over 40 cm, the insulation is 46 cm long, while
the distance between the cooling jackets is 52 cm. Optical
windows (quartz or BaF ) are located at the ends of the oven
and are in contact only with the room temperature buffer gas.
They provide access for the ionizing laser pulse and for optical
diagnostics of the Li vapor and the plasma.

IV. TEMPERATURE PROFILE MEASUREMENTS
The length over which the Li vapor extends is estimated

from temperature profiles measured with a thermocouple probe
inserted along the axis of the heat-pipe oven. The profile
without Li in the oven (Fig. 4) shows that the temperature is
decreasing away from the oven center due to heat conduction
along the oven. In contrast, the profiles measured with Li
in the oven and with comparable heating power exhibit a

No alkali

With alkali

P. Muggli et al., IEEE Trans. Plasm. Sci. 27, 791 (1999)
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Heat-pipe example: AWAKE
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> Alk 

Heat pipe example: AWAKE

Not strictly a heat-pipe oven… 

> 10 m long, 40 mm diam. oil-heated pipe 

> No buffer gas: fast valves contain vapor 

> Density variations related to temperature variations 

> Better density uniformity than heat-pipe oven 

> Plasma is laser ionized

equivalent to providing uniform plasma density. The density
uniformity of such a closed system can be estimated as follows:
the density fluctuations can be related to temperature fluctuations
for an ideal gas with the ideal gas equation:

p¼ nkT

where p is pressure, n is density and k¼ 1:38" 10#23

m2 kg s#2 K#1 is the Boltzmann constant. At constant pressure,
density and temperature fluctuations are related by

Δn
n

¼
ΔT
T

:

The fluctuations result from two sources: the externally imposed
and internal fluctuations. The internal fluctuations are estimated
from the average value of temperature fluctuations for an ideal gas
[3] at temperature T which is given by

〈ðΔTÞ2〉¼
kT2

cV

where cV is the heat capacity at constant volume. This can be put
in a useful form to calculate the temperature uniformity
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈ðΔTÞ2〉

T2

s

¼

ffiffiffiffiffi
k
cV

s

50:002:

Therefore the externally imposed fluctuations dominate and hence
a density uniformity of Δn=nr0:002 can be achieved with a
temperature uniformity of ΔT=Tr0:002.

2. Description of Rb vapor source

Rubidium is chosen because of its low ionization potential
(URb ¼ 4:177 eV), and relatively low temperature requirement to
obtain the desired vapor density when compared to other alkali
metals. Rubidium has a melting temperature of 38.89 1C, conse-
quently it is in solid form at room temperature. The temperature
range in order to reach the required densities is & 150–200 1C.
This is determined by the vapor pressure curve of Rb [4] (see
Fig. 1). Independently heated liquid reservoirs provide the desired
Rb vapor density inside the 10 m-long 2 cm radius pipe. A sketch
of the vapor plasma source is given in Fig. 2(a). Proton, electron
and laser beams enter and exit the source through fast valves.
Valved Rb sources with temperature regulation of 70.03 K will be

purchased from MBE-Komponenten incorporated [5] Fig. 2(b).
They contain only a few grams of Rb. An advantage of having
two independent heating systems for the reservoirs and the pipe is
that by keeping the temperature of the pipe a few degrees above
that of the reservoirs prevents condensation of Rb in a cold spot
inside the pipe, all the condensation occurs in the reservoir.

Rubidium is known to form dimers and clusters at these
densities [6]. However, the number of dimers or clusters is
expected to be small when compared to the number of single
atoms. In addition, a fraction of non-atomic species will not effect
the plasma density uniformity unless they are themselves non-
uniformly distributed in this constant temperature environment.
Several methods are described in literature to get rid of these
dimers [7], such as by super heating the vapor or by using a diode
laser tuned across Rb2 D2 resonance line. It is also possible that
after the passage of the beams the clusterization may be enhanced
by plasma electrons seeding [8]. Since the reservoir and the source
can be independently heated and isolated it is possible to get rid of
non-atomic species by dumping the vapor onto a cold plate at
room temperature and completely refill the source from the
reservoirs between events.

Vapor density can be determined by using the vapor pressure
curves [4,9,10] or using the hook method. In this method the
source is placed in one arm of a Mach–Zehnder white light
interferometer, and interference patterns that resembles hooks
resulting from the ground state absorption lines of the vapor
element [11,12] are measured.

Uniformity of 0.2% means the temperature should not change
more than 0.85 K at 423 K (i.e. 150 1C) and 0.95 K at 473 K (i.e.
200 1C). Therefore for the required temperature range the source
needs to remain at T & 70:4 K. In the literature it is reported that
to set the temperature standard in the temperature range 50–
350 1C, stirred liquid baths containing a synthetic or mineral oil
[13] are used. For example a small 50 cm deep liquid bath can
provide a uniform temperature with ΔTo1 mK i.e. ΔT=Tr2"
10#6 at T¼473 K, 1000 times better than the requirement for the
plasma source.

A custom built circulating oil bath is developed to reach the
temperature uniformity (see Fig. 3). A simple calculation for the
temperature change of hot oil flowing through an insulated pipe
over 10 meters demonstrates the feasibility of such a system: Steady
state solution energy balance leads to a simple equation [14]

ΔT ¼ ðT0#TrÞ
z
λT

where z is the position along the pipe, ΔT ¼ TðzÞ#T0, T0 is the
temperature of the oil at the entrance of the pipe and Tr is the
surrounding ambient temperature. The constant is λT ¼ cpω=U2πro,
where cp is the heat capacity per unit mass of the oil, ω¼ ρvπr2o the
mass flow rate, ρ the oil density, ro the pipe radius, v the oil flow

Fig. 1. Rubidium vapor density (blue line) and vapor pressure (green dashed line)
as a function of temperature. Region between 1"1014 cm#3 and 1"1015 cm#3,
and the corresponding temperature show the parameter range of interest for the
PDPWFA. (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)

Fig. 2. (a) Sketch of the plasma source. Two independently heated sections consist
of a 10 m long Rb vapor section with fast valves for proton, electron and laser beam
access and valved Rb liquid reservoirs. (b) Photo of the valved Rb liquid reservoir by
MBE Komponenten incorporated.

E. Öz, P. Muggli / Nuclear Instruments and Methods in Physics Research A 740 (2014) 197–202198

E. Öz & P. Muggli, Nucl. Inst. Meth A 740, 197 (2014)

http://forward.desy.de
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Heat-pipe ovens: laser ionization

�58

> Pre-ionized plasma often preferable 
since head of driver beam not guided by neutral gas 
→ head erosion 

> AWAKE: ionization laser triggers ionization front inside 
20 cm long proton beam → seeds self-modulation 

> Laser ionization 

- Need to maintain required laser intensity 
over long distance (plasma source length) 

- Need large spot size (transverse wake size) 

- Long focal length lens or “axicon” 

> Ionization mechanism 

- Tunneling/BSI as threshold process yields flat-top profile 

- SPI/MPI scales with power of n-photons required 
and varies with laser intensity profile 

Plasma Phys. Control. Fusion 56 (2014) 084011 S Z Green et al

Figure 5. Laser ray tracing (left, not drawn to scale) and picture of laser dump after line focus (right).

Laser pulses injected into the vapor cell are focused by
the axicon lens to form the plasma. For practical reasons, a
conventional spherical lens cannot produce a uniform high-
intensity profile over a meter-scale distance but an axicon lens
[9] can. The axicon lens also requires lower laser power than
the conventional spherical lens. Figure 5 illustrates the laser
ray tracing and the focal region where laser ionization leads to
plasma formation. After the line focus, the laser diverges and
is dumped onto a glass neutral density filter, which protects
a beryllium vacuum window located further downstream that
is used to isolate experimental vacuum region from the linac
vacuum. The pointing stability of the laser focus has been
measured to be 37 µrad (RMS) at a location 2.7 m downstream
of the axicon lens.

The length of the plasma column depends on the angle
of the axicon lens and the diameter of the laser beam. Using
an axicon lens with a smaller apex angle increases the plasma
length by the ratio of the angles of the lenses. For example,
reducing the axicon angle from a 2◦ to 0.5◦ lengthens the
plasma from 40 to 160 cm, but requires proportionally more
laser energy to maintain the same peak intensity. The diameter
of the laser, which is restricted by the aperture of a mask just
in front of the axicon lens, also controls the ionization length
since it determines where the focal line ends, as illustrated in
figure 5. A smaller circular mask centered on the laser axis at
the same plane as the outer mask likewise determines where the
focal line begins. The mask blocks the central laser rays that
define the start of the line focus. The laser energy delivered to
the axicon was about 140 mJ for the first experiment in June
2013, and it was about 480 mJ in December 2013 after a laser
energy upgrade.

The E-200 experiments also require spatial overlap of the
laser and the electron beam. A phosphor screen is mounted
on the back of the turning mirror in figure 4 to aid in beam
positioning. To align the electron beam and the laser along the
axis of the oven, a motorized translation stage moves the oven
to the side and substitutes a bypass line with two OTR targets
at locations roughly corresponding to either end of the plasma.
A 500 µm-thick titanium disk generates an OTR signal from
the electron beam and also reflects light from the laser; both
profiles are measured by a CCD camera at each OTR location.
The pointing of the laser is adjusted until the two beams are
spatially overlapped to < 50 µm at each OTR target. The laser
pulses propagate through the axicon lens and form a Bessel
intensity profile when aligned as expected.

3. Results

A laser-ionized plasma column of 36 cm (FWHM) long with
a diameter of about 1.2 mm was formed and used for the E-
200 PWFA experiments at FACET. A 1.5◦ axicon lens was
used in combination with a 480 mJ, 42 mm diameter laser pulse
compressed to 250 fs. The diameter of the plasma column was
determined by translating the final turning mirror and hence
the laser pulse parallel while observing the accelerated feature
of the beam.

The final turning mirror can be extracted to allow the laser
pulses to be brought outside of the chamber for equivalent plane
imaging. A CCD camera on a rail (figure 4) is positioned at the
equivalent locations of the entrance and exit of the oven relative
to the axicon lens. The transverse laser profiles captured by
the camera shown in figure 6 confirm that a Bessel profile is
maintained to the end of the oven. The images in figure 6 were
taken with an attenuated ∼ 20 mJ laser and the color bar has
been scaled to reflect the projected intensity for the full energy
laser which is 480 mJ. More importantly, the laser intensity
(> 1012 W cm− 2) is high enough to fully ionize Li vapor in the
experiments with density of 5 × 1016 e cm− 3.

When the final turning mirror is inserted, another CCD
camera captures an image of a laser ionization filament
(figure 7) through a viewport in the oven bypass line where only
argon gas is present. The presence of the filament indicates
that the laser is able to ionize argon. The compressed electron
beam is also strong enough to ionize argon. When the laser and
electron beam are spatially aligned, the two filaments overlap
one another.

The latest E-200 experiment observed a clear difference
between the interaction of the electron beam in a lithium
plasma ionized by the electron beam itself and a plasma
generated by the laser [4]. More energy gain and more
participating charge were observed when the laser was fired
into the lithium vapor ahead of the electron beam. This was
a good indication that the electron beam was going through a
laser-ionized lithium plasma. In the two-bunch experiments,
the witness bunch was accelerated to higher energies in a
laser-ionized plasma due to a longer beam–plasma interaction
length.

The laser intensity required for ionization of lithium,
hydrogen and argon is ∼ 1012 W cm− 2, ∼ 1014 W cm− 2, and
∼ 1014 W cm− 2, respectively. Since ionizations of argon and
lithium were observed, one can expect that hydrogen can also
be ionized. This shows that PWFA experiments performed
with hydrogen gas are feasible. There is only one electron
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Figure 7. Image of the plasma recombination light taken at the
beginning of the axicon focal line shows a laser-ionized filament in
the argon gas. The color bar indicates the light intensity in arbitrary
units.

available to be ionized in hydrogen, and thus experiments can
avoid the potential problem of secondary ionization as can be
the case with lithium, cesium or rubidium for example. The
ease of bringing hydrogen gas to and from the experimental
chamber and lack of residual or mixed waste are some of the
added advantages that make it an attractive choice for future
PWFA experiments.

4. Conclusion and outlook

A laser system for the first laser-ionized plasma wakefield
acceleration experiments has been successfully commissioned
and operated at FACET. The use of an axicon lens was
demonstrated to focus a laser that ionizes the lithium alkali
metal vapor to form a 36 cm plasma column suitable for
PWFA. The E-200 experiments performed at FACET used this
technique for plasma formation and achieved high-efficiency
acceleration of an electron beam [4]. These experiments used
lithium because of its low ionization potential. However,

a laser intensity of > 1014 W cm−2 is sufficient to ionize a
hydrogen-filled gas cell as well. Therefore, future PWFA
experiments may choose to use hydrogen as the plasma source.

Most recently, good quality axicon profiles have been
created over a 1.5 m distance. In the next E-200 experimental
run, the 40 cm long Li oven will be replaced with one of 1.5 m
in length. A smaller angle axicon lens will be used for plasma
formation over the increased length. The expectation is that
these changes to the FACET PWFA experiments will result in
energy gains in excess of 10 GeV.

The pre-ionization for PWFA presented in this paper
is an example of just one experimental application of the
10 TW laser system. Other applications of high power
lasers with electron beams include Thomson backscatter for
bright directional gamma-ray production [10], imaging of the
evolving beam-driven plasma structures [11], and Faraday
rotation diagnostics of the accelerating beam inside the PWFA
[12], as well as applications of synchronized auxiliary laser
pulses that have been demonstrated in connection with laser-
driven wakes.

In summary, the high power laser opens up numerous
exciting possibilities for new experiments at FACET. One
example is the Trojan Horse Plasma Wakefield Acceleration
[13] where electrons are released in plasma wave with a
focused, ∼50 fs, ∼1 mJ, synchronized laser pulse to generate
a high brightness witness beam (ϵn < 10−8 m-rad). Another
experiment being tested at FACET is the self-modulation of
long lepton bunches (σz ∼ 500 µm) in a dense laser-ionized
plasma (ne = 0.6–2.3×1017 cm−3) [14]. Experiments without
plasma including the optical probe [15] and terahertz radiation
pump-probe measurements [16] can be performed by utilizing
both the high-field terahertz pulses from the electron beam and
the laser at FACET.
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Cooling

“Beam” view with ionisation laser on

Laser-ionized heat-pipe example: PITZ
> Cross-shaped Li vapor oven  

> Side ionization with UV-laser (SPI)  

> Max. design plasma density 1015 cm-3 

> Ionisation degree ~10% 

> Typical operation temperature 
in centre ~750°C 

> Longitudinal profile shaping 
of plasma density possible 

> Gas-vacuum separation with 
µm-thin polymer windows

Side port view during Lithium melting. Lithium 
vapour confined to cell centre by buffer gas.
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Gas cells
> Region of uniform neutral gas contained  

by differential pumping through coaxial pinholes 

> If flow resistance of outlets > inlets, 
uniform density distribution in central volume 

> Finite filling time (typically 100s of ms) 

> Gas flow small enough to operate 
in steady state regime with continuous flow 

> No mechanically moving parts 
→ low-vibration, no shocks  

> Plume of gas from front and back of cell 
→ extended density transitions 

> Density easily adjusted by controlling gas flow 
in range: 1017 - 1019 cm-3 

> Potential issue: erosion of outlet pinholes will change density

Target pressure P

Gas feed

Driving
laser

Plume Plume

Gas flow
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Variable-length gas cell
> Region of uniform neutral gas contained  

by differential pumping through coaxial pinholes 

> If flow resistance of outlets > inlets, 
uniform density distribution in central volume 

> Finite filling time (typically 100s of ms) 

> Gas flow small enough to operate 
in steady state regime with continuous flow 

> No mechanically moving parts 
→ low-vibration, no shocks  

> Plume of gas from front and back of cell 
→ extended density transitions 

> Density easily adjusted by controlling gas flow 
in range: 1017 - 1019 cm-3 

> Potential issue: erosion of outlet pinholes will change density 

> Variable length gas cell designs exist 
(e.g. LMU Munich, Imperial College London) Variable length gas cell

OpenFoam simulations show uniform 
density within cell & extent of plumes

Courtesy Stefan Karsch 
LMU Munich
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Three-chamber gas cell Courtesy Zulfikar Najmudin 
Imperial College London
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Differentially pumped miniature gas cell

> 2 to 10 mm long, 300 to 500 µm diameter 

> Operated in continuous-flow mode 

> 1018 - 1019 cm-3 density range 

> Differentially pumped, linked to accelerator vacuum 

> 24 hour operation at ~1 Hz without degradation

Project coordinator: 
Andreas R. Maier (UHH, CFEL) 

→ http://lux.cfel.de/



Discharge/laser ignited gas cell

> 10 to 195 mm long (plans for 450 mm exist), 200 to 2000 µm diameter 

> Operated in continuous-flow mode 

> 1014 - 1019 cm-3 density range 

> Differentially pumped, linked to SRF accelerator vacuum 

> 72 hour operation at ~1 Hz without degradation FLASHFORWARD‣‣
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Grazing-incidence waveguides

> Laser is guided by the index of refraction change from vacuum/gas/plasma to wall under grazing incidence 

> Operation in a large parameter range 
- Inner diameter: 50 - 500 µm 
- Glass walls: optically smooth 
- Length: limited by laser damping length 

(several meters for 100µm diameter capillary) 
- Laser intensity: limitations owing to imperfect beam quality and stability 
- Gas pressure control: 0-500 mbar, pulsed (1shot / 10s)

Courtesy Brigitte Cros 
LPGP, CNRS-Université Paris-Sud
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Plasma waveguide: hydrodynamic expansion

> Hot plasma column produced by longitudinal line focus 

> Plasma expands rapidly, driving shock into surrounding gas 

> On-axis density well is formed

Axicon

Plasma column
Plasma generating

laser pulse

Low density
plasma

Shock wave

t = 0 t > 0

C.G. Durfee & H.M. Milchberg, 
Phys. Rev. Lett. 71, 2409 (1993)
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Plasma waveguide: hydrodynamic expansion

> Hot plasma column produced by longitudinal line focus 

> Plasma expands rapidly, driving shock into surrounding gas 

> On-axis density well is formed

Axicon

Plasma column
Plasma generating

laser pulse

Low density
plasma

Shock wave

t = 0 t > 0

C.G. Durfee & H.M. Milchberg, 
Phys. Rev. Lett. 71, 2409 (1993)

Figure 1 shows the experimental layout. This arrangement
not only eliminates the need for a synchronized auxiliary
long-pulse laser for channel generation, as used in the
axicon case [3,8], but the optical setup and alignment are
much less complex.

Two different liquid-nitrogen-cooled gas jets were used
for these experiments. Clusters are formed when high
pressure gas expands adiabatically through a small orifice
into vacuum. High valve backing pressures and low tem-
peratures favor the formation of large clusters. An all-
optical method to measure cluster size and density was
developed to characterize the jet [26]. For argon gas, which
clusters easily, a 10 mm! 0:25 mm slit nozzle was used to
produce a long interaction region. Valve backing pressure
and temperature ranged from 10 to 50 bar and from 150 to
300 K. However, the slit nozzle could not efficiently pro-
duce hydrogen clusters, which requires lower temperature
and higher gas density. Hence, for hydrogen, we used a
conical nozzle cooled to 90 K to generate jets 3 mm across.

The inset of Fig. 1 is an interferogram of an "8 mm
long plasma waveguide produced by the pump pulse in the
elongated argon cluster jet. The slight axial taper of the
guide is caused by absorption of the pump as it propagates.
Because of self-focusing of the pump pulse in the clustered
gas, these channels are considerably longer than the
Rayleigh range ("200 !m). These channels constitute
the longest and most uniform hot plasma structures ever
produced by laser end pumping. Figures 2(a) and 2(b)
show time-resolved electron density profiles of the result-
ing waveguide near its center for high (190 K, 27 bar) and
low (170 K, 20 bar) gas densities. Pump pulse absorption
was measured to be 85% and 70%, respectively, for the
high and low density jets. Mean cluster radius was mea-
sured to be "6 and "2:5 nm, respectively (the jet was
optimized after these measurements, so these values rep-
resent lower limits). A central minimum in electron density
develops in "1 ns. These results illustrate the ability to
control the guide density to low levels of "1018 cm#3.
Note that the pump pulses are only 30 mJ, approximately
10 times less energy than required for heating conventional

gas targets for plasma waveguide generation [3]. We note
that the radial wings of the electron density profiles extend
considerably farther out than for channels generated in
nonclustered gases [25]. This is evidence of the precursor
heating of the surrounding cluster gas [24]. Figure 2(d)
shows the electron density profile measured at the entrance
of the waveguide. The channel develops into a waveguide
over a short distance ("100 !m) along the pump laser
propagation direction. This represents a substantial im-
provement over waveguides generated in conventional
gas jets, where "500 !m tapering at the entrance hinders
efficient coupling of the injected pulse [8]. Even though the
cluster density gradient at the edge of the gas jet can be as
large as "500 !m [26], the strong heating of individual
clusters ensures an axially uniform rate of radial plasma
expansion, and a much-reduced waveguide-entrance taper.

Delayed probe pulses were injected into and guided by
these channels, and exit modes of the probe were relay
imaged to a CCD camera. Figure 2(c) shows the exit mode
of the laser pulse at the optimum delay (1.3 ns), for a 25 mJ
pump, and a 40 mJ injected probe. The guided mode is
quite stable on a shot-to-shot basis, and this image is a 50-
shot average. The coupling efficiency and channeled in-
tensity of the guided pulse were determined using such
images. The highest transmitted intensity is 3!
1017 W cm#2 at 1.3 ns delay, with 50% coupling efficiency.
At shorter delays, the energy transmitted is lower, and at
longer delays, the mode becomes larger.

The pump pulse is intense enough to ionize argon atoms
in the clusters to Ar8$ [23]; further ionization by the probe
would require >1018 W cm#2 intensity. The probe pulse is
therefore not expected to further ionize the channel. To
verify this, the spectrum of the guided pulse was measured
using an imaging spectrometer. Figure 2(e) shows the mea-
sured input and output spectra of the probe pulse when
guiding was optimum. The absence of an ionization-in-
duced blueshift indicates that the intense guided probe
does not cause significant additional ionization of the
waveguide.

In order to avoid ionization due to even higher intensity
pulses than guided here, it is desirable to form the wave-
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FIG. 2. (a),(b) Electron density profiles from 8 mm long plasma channels, with the argon gas jet at 193 K and 27 bar, and 113 K and
20 bar, respectively. (c) Laser mode at the exit of the waveguide (173 K, 40 bar, 1.3 ns delay). (d) Electron density profile at the
waveguide entrance (150 K, 13 bar jet). Note the "100 !m length scale over which the waveguide develops from the edge of the gas
jet. (e) Guided pulse spectrum at optimum delay (193 K, 27 bar). The spectrum shows negligible additional ionization by the guided
pulse in the waveguide.
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Evolution of plasma density (1018 cm-3) in 
clustered Ar gas jet (113K, 20 bar)V. Kumarappan et al., Phys. Rev. Lett. 94, 205004 (2005)
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Plasma waveguide: hydrodynamic expansion
> Original scheme 

- ~100 ps laser pulse creates and heats plasma 
- On-axis density ~5×1018 cm-3 
- Matched spot WM ~10-20 μm 
- Length < 30 mm 

> Ignitor-heater method 
- Two, crossed beams create plasma: 
- fs-duration “ignitor” 
- ps-duration “heater” 

> Clustered gases 
- Efficient energy absorption of clusters facilitates heating 
- Ionized and heated by fs-duration pulse 
- Generates lower on-axis densities ~1×1018 cm-3

Figure 1 shows the experimental layout. This arrangement
not only eliminates the need for a synchronized auxiliary
long-pulse laser for channel generation, as used in the
axicon case [3,8], but the optical setup and alignment are
much less complex.

Two different liquid-nitrogen-cooled gas jets were used
for these experiments. Clusters are formed when high
pressure gas expands adiabatically through a small orifice
into vacuum. High valve backing pressures and low tem-
peratures favor the formation of large clusters. An all-
optical method to measure cluster size and density was
developed to characterize the jet [26]. For argon gas, which
clusters easily, a 10 mm! 0:25 mm slit nozzle was used to
produce a long interaction region. Valve backing pressure
and temperature ranged from 10 to 50 bar and from 150 to
300 K. However, the slit nozzle could not efficiently pro-
duce hydrogen clusters, which requires lower temperature
and higher gas density. Hence, for hydrogen, we used a
conical nozzle cooled to 90 K to generate jets 3 mm across.

The inset of Fig. 1 is an interferogram of an "8 mm
long plasma waveguide produced by the pump pulse in the
elongated argon cluster jet. The slight axial taper of the
guide is caused by absorption of the pump as it propagates.
Because of self-focusing of the pump pulse in the clustered
gas, these channels are considerably longer than the
Rayleigh range ("200 !m). These channels constitute
the longest and most uniform hot plasma structures ever
produced by laser end pumping. Figures 2(a) and 2(b)
show time-resolved electron density profiles of the result-
ing waveguide near its center for high (190 K, 27 bar) and
low (170 K, 20 bar) gas densities. Pump pulse absorption
was measured to be 85% and 70%, respectively, for the
high and low density jets. Mean cluster radius was mea-
sured to be "6 and "2:5 nm, respectively (the jet was
optimized after these measurements, so these values rep-
resent lower limits). A central minimum in electron density
develops in "1 ns. These results illustrate the ability to
control the guide density to low levels of "1018 cm#3.
Note that the pump pulses are only 30 mJ, approximately
10 times less energy than required for heating conventional

gas targets for plasma waveguide generation [3]. We note
that the radial wings of the electron density profiles extend
considerably farther out than for channels generated in
nonclustered gases [25]. This is evidence of the precursor
heating of the surrounding cluster gas [24]. Figure 2(d)
shows the electron density profile measured at the entrance
of the waveguide. The channel develops into a waveguide
over a short distance ("100 !m) along the pump laser
propagation direction. This represents a substantial im-
provement over waveguides generated in conventional
gas jets, where "500 !m tapering at the entrance hinders
efficient coupling of the injected pulse [8]. Even though the
cluster density gradient at the edge of the gas jet can be as
large as "500 !m [26], the strong heating of individual
clusters ensures an axially uniform rate of radial plasma
expansion, and a much-reduced waveguide-entrance taper.

Delayed probe pulses were injected into and guided by
these channels, and exit modes of the probe were relay
imaged to a CCD camera. Figure 2(c) shows the exit mode
of the laser pulse at the optimum delay (1.3 ns), for a 25 mJ
pump, and a 40 mJ injected probe. The guided mode is
quite stable on a shot-to-shot basis, and this image is a 50-
shot average. The coupling efficiency and channeled in-
tensity of the guided pulse were determined using such
images. The highest transmitted intensity is 3!
1017 W cm#2 at 1.3 ns delay, with 50% coupling efficiency.
At shorter delays, the energy transmitted is lower, and at
longer delays, the mode becomes larger.

The pump pulse is intense enough to ionize argon atoms
in the clusters to Ar8$ [23]; further ionization by the probe
would require >1018 W cm#2 intensity. The probe pulse is
therefore not expected to further ionize the channel. To
verify this, the spectrum of the guided pulse was measured
using an imaging spectrometer. Figure 2(e) shows the mea-
sured input and output spectra of the probe pulse when
guiding was optimum. The absence of an ionization-in-
duced blueshift indicates that the intense guided probe
does not cause significant additional ionization of the
waveguide.

In order to avoid ionization due to even higher intensity
pulses than guided here, it is desirable to form the wave-
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FIG. 2. (a),(b) Electron density profiles from 8 mm long plasma channels, with the argon gas jet at 193 K and 27 bar, and 113 K and
20 bar, respectively. (c) Laser mode at the exit of the waveguide (173 K, 40 bar, 1.3 ns delay). (d) Electron density profile at the
waveguide entrance (150 K, 13 bar jet). Note the "100 !m length scale over which the waveguide develops from the edge of the gas
jet. (e) Guided pulse spectrum at optimum delay (193 K, 27 bar). The spectrum shows negligible additional ionization by the guided
pulse in the waveguide.
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Capillary discharge waveguides
> Plasma ignition by high-voltage discharge 
> After t ~ 80 ns plasma is in quasi-equilibrium: 

Ohmic heating is balanced by conduction of heat to wall 
> Ablation rate small: cap. lasts for >106 shots 
> ne ≈ 1017 - 1019 cm-3

Original work 
D. J. Spence & S.M. Hooker, Phys. Rev. E 63, 015401 (2000)


A. Butler et al., Phys. Rev. Lett. 89, 185003 (2002)

N.A. Bobrova et al., Phys. Rev. E 65, 016407 (2002)
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Capillary discharge waveguides
> Plasma ignition by high-voltage discharge 
> After t ~ 80 ns plasma is in quasi-equilibrium: 

Ohmic heating is balanced by conduction of heat to wall 
> Ablation rate small: cap. lasts for >106 shots 
> ne ≈ 1017 - 1019 cm-3

Density gradient by thermal conduction to wall

Original work 
D. J. Spence & S.M. Hooker, Phys. Rev. E 63, 015401 (2000)


A. Butler et al., Phys. Rev. Lett. 89, 185003 (2002)
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Capillary discharge waveguides
> Plasma ignition by high-voltage discharge 
> After t ~ 80 ns plasma is in quasi-equilibrium: 

Ohmic heating is balanced by conduction of heat to wall 
> Ablation rate small: cap. lasts for >106 shots 
> ne ≈ 1017 - 1019 cm-3

Density gradient by thermal conduction to wall

Original work 
D. J. Spence & S.M. Hooker, Phys. Rev. E 63, 015401 (2000)


A. Butler et al., Phys. Rev. Lett. 89, 185003 (2002)

N.A. Bobrova et al., Phys. Rev. E 65, 016407 (2002)

ZR = 2 mm, guiding over 16 mm, guiding efficiency > 90 %

from Karsch et al., 
New J. Phys. 9, 415 (2007)
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Capillary discharge waveguides
> Path to highest LWFA electron energies Capillary diameter	 312 um


Input laser power	 40 TW

Input intensity	 > 1018 W cm-2


Plasma 	 4.3 × 1018 cm-3

E = (1.0 +/- 0.06) GeV

ΔE = 2.5% RMS

Δθ = 1.6 mrad RMS

Q = 30 pC

W. P. Leemans et al., 
Nature Physics 2, 696 (2006)
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Advanced capillary discharge waveguides
- Combination of gas jet and capillary for controlled injection 
- Beam energy controlled by adjusting position of laser focus 
- ΔERMS = 1.9%, ΔQRMS = 45%, ΔθRMS = 0.57 mrad

A.J. Gonsalves et al., Nat. Phys. 7, 862 (2011)
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Open-geometry discharge plasma channel Courtesy Nelson Lopes 
IST, Lisbon

2 - 4 cm

2.5 mm  φ = 300 µm

mm to 21 mm since we increase the spacing between dielectric apertures to 3mm based. The gas 

injection was also changed: we added two new independent gas injection lines to the end cells so a 

discharge through the gas feeding system becomes less probable as well as to make the device 

compatible with future experiments in preparation. Finally a completely new design of the device was 

performed in order to solve some vacuum sealing problems as well as reduce the cost of the 

construction of the gas cell main body by about 1/2 (now costing about 600"). 

The design of the gas cell main body was made using one of the most advanced CAD systems in 

order to provide advanced training to the students in our team. The prototypes were produced by 

high-resolution stereolithography by a Portuguese company. The resin body received precision laser 

machined ceramic plates with the dielectric apertures aligned on axis by a straight tungsten wire of 

matching diameter. The development of refractory tungsten electrodes was not carried out due to 

insufficient funding and new cooper electrodes with 150 micron diameter holes where developed 

based on the previous design (this option limits the device lifetime to about 100000 shots due to 

cooper evaporation).

In Fig. 1 we can see a picture of the new device partially installed on the test facility at Laboratório de 

Lasers Intensos.

figure 1: Gas cell device partially installed at test facility for vacuum and DC discharge initial tests

POCI/FP/81925/2007 - Final Scientific Report
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R. Bendoyro et al., IEEE Trans. Plasma Science 36, 1729 (2008)
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Summary of Plasma Sources II

Plasma source ne (cm-3) Length Trans. diag. 
access

Matched spot 
(μm)

Gas cell 1015 - 1019 2 - 500 mm ✔ (+ restricted) NA

Gas jet 1017 - 1020 1 - 10 mm ✔ NA

Vapour oven 1014 - 1017 300 - 104 mm ✘ (+ restricted) NA

Grazing-
incidence 0 - 1019 5 - 1000 mm restricted 15 - 150

Capillary 
discharge 1017 - 1019 7 - 100 mm restricted 30 - 50

Hydrodynamic 
expan. 1018 - 1019 ≲ 30 mm ✔ 10 - 30

Open-
discharge ~ 1017 20 - 40 mm ✔ 60 - 70

Warning! All figures 
approximate!



Summary of Plasma Sources II

> Many factors must be considered when choosing a source type 
> Wide range of solutions have been developed for different scenarios 

> Future challenges 
- Operation at lower densities and over longer lengths 
- Operation at high repetition rates/high average power 
- Long operating life, 24/7 in user facilities


