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Limitations to the laser-plasma interaction length
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Diffraction limits the interaction
length to the order of the Rayleigh
range:
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Example: Wy =10 pm; A =1 pm

=75 =0.3 mm

For partially ionized plasmas
refraction further limits the interaction
length
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Hollow capillaries: Multimode guiding
S. Jackel et al. Opt. Lett. 20 1086 (1995).

2m/ visible light Light Baam
imaging optics shield splitter

S-axls M.D. CCD
micropositionar filter camera

N (B

TW focusing l*‘=]=1
l&ns
X-ray Collecting Calo-
diode @S rimetor
Microcapillary Vacuum Aperture
v s Issues

« Complex transverse intensity

» Capillaries 100 um diameter, orofile

30 mm long

input intensity of ~2 x 1017 W * Modal dispersion (temporal
cm=2 (~ 20 ym input spot) distortion)

e T=16% * Low group velocity



Hollow capillaries: Single-mode guiding

Dorchies et al. Phys. Rev. Lett. 82, 4655 (1999).
Courtois et al. J. Opt. Soc. Am. B-Opt. Phys. 17, 864 (2000).

* In order to excite only the lowest-order (EH,,) mode, the spot size of the
input beam must be adjusted to give maximum overlap with that mode.
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Hollow capillaries: Single-mode guiding

Dorchies et al. Phys. Rev. Lett. 82, 4655 (1999).
Courtois et al. J. Opt. Soc. Am. B-Opt. Phys. 17, 864 (2000).

Laser:
* pulse duration 120 fs

* peak intensity 5 x 10" W cm

0 2 4 6 8 10
Length (cm)
Issues:
» Addition of gas increases both coupling and propagation losses.
— e.g. factor of 6 reduction in transmission for 20 mbar He.

* Unwanted structure on laser can damage capillaries in only a few
shots



Gradient refractive index guiding

For non-relativistic intensities the
refractive index of a plasma may be
written:
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Hence a parabolic electron density
profile:

Ng(r)=Ng(0)+ AN, (r /1y )

supports matched guiding of Gaussian
beams with a constant spot size:

- Plasma waveguides
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Plasma waveguides: Hydrodynamic expansion

C. G. Durfee et al. Phys. Rev. Lett. 71 2409 (1993)

An axicon lens is used to produce an
extended longitudinal focus in a gas (Ar, N,

etc).

Focused pulse has intensity of ~ 10" W cm-
and duration of ~ 100 ps so as to ionize and

heat the gas
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Hydrodynamic expansion of resulting
cylindrical plasma column produces
guiding channel
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Plasma waveguides: Hydrodynamic expansion

Issues
« Plasma channel only partially ionized (Ar8*)

« Difficult to achieve avalanche breakdown in gases such as H or He

Improvements

* Ignitor-heater method: Use intense fs laser pulse to produce seed
electrons by optical field ionization

— Volfbeyn et al. Phys. Plasmas 6 2269 (1999)
» Use a discharge to provide seed electrons
— Gaul et al. Appl. Phys. Lett. 77 4112 (2000).



Plasma waveguides: Hydrodynamic expansion
Gaul et al. Appl. Phys. Lett. 77 4112 (2000).
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Issues
* Low density possible?

« Require one or more auxiliary laser systems to form plasma channel

* Energy of auxiliary laser scales with length of channel



Plasma waveguides: Hydrodynamic contraction
T. Hosokai et al. Opt. Lett. 25 (2000)
B. M. Luther et al. 8" International Conference on X-Ray Lasers (2002)

Zoim

Fast-rising current pulse in risappnie. Prooiods 1 proto dod
capillary discharge causes collapse 5 L , 4 Felescope
of plasma by z-pinch. | ek j L )
: . 1 Ny
- Capillary ~ 4 mm diameter SR | | s N r.l_:.g_m
“ /00 _| \l ..I BN tlier
 Peak current ~ 5 - 20 kA || Sl e e
WP T‘!I}r.l'.rl'l.‘;' TS s 4:'_:‘.
* Rise-time 10 - 50 ns T L T
nF x4 W Yoo e
Typicnl Elex :::r: Dengity Frofile

11



Plasma waveguides: Hydrodynamic contraction

T. Hosokai et al. Opt. Lett. 25 (2000)
B. M. Luther et al. 8t International Conference on X-Ray Lasers (2002)

* Capillary 3.2 mm dia., 110 mm long

» Discharge 15 - 20 kA, rise-time ~ 60 ns

Electron Density
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Plasma waveguides: Hydrodynamic contraction

T. Hosokai et al. Opt. Lett. 25 (2000)
B. M. Luther et al. 8t International Conference on X-Ray Lasers

 Guiding of ~ 10" W cm over
110 mm long channels

» Plasma density on axis ~ 2 x
10'7 cm3

Issues

* Plasma fully ionized?
» Rapid collapse of plasma column requires v. low timing jitter < 1 ns

 Relatively complex driving circuit
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Plasma waveguides: Discharge-ablated capillary
waveguides

Y. Ehrlich et al. Phys. Rev. Lett. 77 4186 (1996)
D. Kaganovich et al. Phys. Rev. E 59 R4769 (1999). 1 -4cm

L L

% Mam ::ap:ﬂarj; g Ancda
‘i -*—,..-::_r_i .-_""' -.— *Hot cathode

ol o+ elechona

Discharge through evacuated capillary
forms plasma

« Peak current 100 — 200 A e §
o © ATt

» Rise-time ~ 100 ns Oy
Plasma channel formed by radial Trigger Electrodes
thermal conduction + pulse

o 0.1 uF
Guiding of 10" W cm over 20 mm = : HHLV.S
with T = 75%.
Issues

« Ablation of capillary wall leads to short lifetime

* Plasma channel is only partially ionized

14



Plasma waveguides: Gas-filled capillary discharge
waveguide H, H,
,l high voltage lead |

S —

alumina cathode
capillary

to vacuum jih (lL@» to vacuum

system T ] g\system
earth / earth
electrode | gas injection slots electrode

\ " n
I Al can (earthed) plastic housing I

« 300 ym diameter alumina

, « Gas flowed continuously or
capillary

pulsed for~2 s

* Gas injection points « Peak current 100 - 500 A
comprise 4, 600 x 75 ym

slots * Rise-time ~ 50 — 100 ns
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Plasma waveguides: Gas-filled capillary discharge

waveguide
Bobrova et al. Phys. Rev. E 65 016407 (2001)
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Plasma waveguides: Gas-filled capillary discharge

Wa\/eguide D. J. Spence et al. J. Phys. B 34 4103 (2001)
1 A. Butler et al. Phys. Rev. Lett. 89 185003 (2002)
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Relativistic guiding

x

Hence the refractive index is of the
form:

n=1y+ml
This leads to self-focusing for

beams above a critical power given
by:
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N, =10 cm=3, A = 800 nm

P_=8TW
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Ponderomotive channelling
]

The ponderomotive force
expels electrons from the axial

region forming a plasma
channel.

* laser power 4.3 TW

» focused to ~ 10 um spot (vac)

* N, ~4 x 10" cm-3

Sarkisov et al. Phys. Rev. E 59 7042
(1999)
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_ Density | Length | Intensity

Technique 3 Issues
(cm-) (mm) | (W cm-)
Monomode + 0-10"72 | 100 107 | Short capillary lifetime
capillary
Hydro- Auxiliary laser
dynamic . 1018 - 1019 15 1017 | required
expansion Low density possible?
Hydro- == Plasma fully ionized?
dynamic ) = 1017 100 1017 Complex circuit
compression Timing jitter
Discharge- E:? e 3 Partially ionized
ablated 0oL | 10%e-10t) 20 1077 | plasma
capillaries et Low capillary lifetime
Gag-flllgd 1018 - 1019 50 1017 Able to scale to low
capillaries densities?
Relativist Beam break-up
elativistic

guiding 10™ ~ 9 10" | Inefficient at guiding

short pulses
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