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Tubular plasma generation with a high-power hollow Bessel beam
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A high power, hollow Bessel beandd) is generated using an axicon and a phase plate in combination. The
optical breakdown of a gas target and generation of a tubular plasma fiber with such a beam is realized.
Hydrodynamic simulations of the hollow beam-plasma breakdown and heating are in reasonable agreement
with interferometric measurements of the plasma time evolution.

PACS numbd(is): 52.40.Nk, 52.50.Jm

Hollow optical beams, those with maximum intensity lo-  There are two main methods for generating hollow Bessel
cated radially away from the optical axis, have attracted rebeamd9,10]. The most straightforward method uses a phase
cent interest. Such beams have been used to guide and traissrew followed by an axicon. The phase screw is an optical
port atoms using the polarization gradient for¢é], plate whose thickness is constant with radius but increases
pondermotively trap high energy electrofiz], and have linearly with azimuthal anglep about the optical axis. A
been proposed for inducing cylindrical compression of fasPlanar phase front passing through a phase screw picks up an
ions induced by radially directed ponderomotive forfgs ~ @zimuthally dependent phas@(¢)=k(n,—1)(d/2m)e

In this Rapid Communication, we use an intense hollow=S®, Wherek is the wave number in the medium outside the
laser beam to break down a gas to form a tubular plasm@hase screwd is the maximum thickness of the scremy, is
with maximum electron density initially located radially the refractive index of the screw plate material, anis
away from the optical axis. Since the index of refraction ofca‘".eFj th_e phase Screw parameterstm, wherem is a :
such a tubular plasma decreases with radius from the opticgps't've mteggr, then this parameter plays the role of an azi-
axis, it can be used as a waveguide for high intensity lase uthal model index. An axicon Is a cclme shape;]j Iensﬁ W.h'c.h
pulses. Such waveguides have applications to Iaser-bas%ﬂnvirts a’pane wave '(;‘.to a %onlca geﬁm, Wi erle t 1€ ncl-
electron acceleratiof¥] or x-ray generatio5]. In our pre- enr ean:js rays aredrz fwecte_ t]? ward t eF0[|)|t|ca_1 axL']s atan
vious work, laser-produced plasma waveguides have be angley and an extended focus is formgtl]. Following the

. . . ase screw plate by an axicon adds a radial phase shift, so
generated using zero order Bessel beadg} With aninten- y5; the total transverse phase factor imposed on the beam

sity maximum on axis, which produces a plasma with anmmediately after these elements is e@4p whered (p, o)
initial electron. density maximum on axis. Subsequent ;hock: —K, axico? + S¢, Wherep is the radial coordinate with re-
wave generation at the radially expanding plasma periphenypect to optical axisk, akico=Ksiny, y=sin"X(n,sina)
results in a hollow density profils]. The time scale for the  — is the angle between the focused axicon rays and the
initial generation of the shock wave is100 ps, consistent gptical axis,« is the axicon cone base angle, amgis the
with the time over which ion-ion collisions can cause a radialrefractive index of the axicon material. A hollow Bessel
mass density buildup in a subatmospheric density gas targaieam of ordem(J,;,), for s=m, results from propagating
A hollow density profile sufficiently deep for strongly bound this beam to the focal region of the axicon, as will be dis-
optical guiding develops several nanoseconds after the laseussed below.
pulse, as the shock propagates radially outwérd]. In the second method, a discrete approximation of the
In the present experiment, the plasma is generated with siansverse phasé, combining the functions of both the
fifth order Bessel beamJ{), which has an intensity maxi- phase screw and axicon, can be attained by using a transpar-
mum radially off-axis. We measure prompt generation ofent plate with an etched surface microrelj@0]. For use
electron density in the high intensity locations of the beamwith high power laser pulses, the discrete phase plate was
at times before significant ion mass motion can occur. Thigasier to fabricate than the continuous phase screw, so this
makes possible the generation of plasma waveguides witiethod was used in the experiments described here. Here,
much smaller effective core diameters than those produceidhe plate consisted dfi XN radial and azimuthal segments
through shock expansion. The results shown here constituf¢=1,... N andj=1,... N, whereN=3000). For 2mn
the smallest core diameter plasma waveguides produced t6 =K, pawij + Mejj<2mn+mr, the depth of the microrelief
date by this method. Earlier work by some of us uslhg features was set to gived;=0, and for 2rn+m
beams produced with 5 ns pulses resulted in plasmas i =K, pae0ij + Mejj<27n+2, it was set to gived;;
which it was difficult to observe hollow electron density pro- =7 (where n is a positive or negative integerHere
files [8]. For such long pump pulses, plasma hydrodynamic; pjae= K Sinypjae, Where ypa is the angle of the rays
evolution ensures that the on-axis density depression will nowith respect to the optical axis focused by the discrete phase
survive beyond the earliest times in the pulse. plate. The hollow Bessel beam was formed by the phase
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plate(with m=5, andyp.e=1°) closely followed by an axi- m=>5 phase plate  to interferometer
con (with @=30°), giving an effective y=19°. Since ™

K, plate/ K1 axicon<1, the phase plate acted mainly as an azi- Nd-YAG P
muthal phase screw, with most of the radial phase shift pro- Titdms v
vided by the axicon. 100 ps
Consider a linearly polarized laser be&i{p)X normally
incident on anm=5 phase plate followed by an axicon, |
whereX is the polarization unit vectop is the radial coor- synchronization axicon
dinate in the incident beam, and the unit ve&as along the |
optical axis. Applying Kirchhoff's integral to the source am-
plitude and phase distribution just beyond the axicon, Ti:Sapphire 4
Ei(p)exp(®P)X, and using the stationary phase approxima- ﬁ%%“g /
tion, gives the following squared magnitudes of the field
components in the paraxial region<z siny, kr><z) of the

FIG. 1. Experimental arrangement, showing synchronization of

focus: Nd:YAG and Ti:sapphire laser systems, hollow beam optics, and
- kzsir? y 2 interferometer setup.
[Ex(r.2)]?= . . E2(p)
32 cosy—sinytana coga+y) was little distortion of the focal image when translating the
1 microscope~1 cm along the optical axis, and this was used
x{ (1+cosy)Js(x)+ 5(1—0037) as a test of the optical alignment accuracy. The peak inten-
sity in the first ring was~2.5x 10'2W/cn?, more than an
2 order of magnitude weaker than the peak intensity from the
X[J7(X)+33(X)]] : (1) axicon without the phase plate. This results from the large
area of the first ring compared to the central maximum of a
T kzsinty 2 Jo beam.
|E,(r,2)|2== _ + The plasma generated by the hollow beam w#&s8 cm
32 cosy—sinytana coga+y) long and uniform along the axis, with some tapering ovér

2 2 mm at the ends. This was determined by scanning the inter-
XEH(p)[3400 = Js(0 " ferometer viewing field along the full length of the plasma.
To measure the time evolution of the plasma, a 100 fs, 800
nm, 1 mJ interferometer probe pulse was obtained from a
separate Ti:sapphire laser synchronized to the Nd:YAG sys-
incident beam are directed to axial locatiangiven by p tem With Igss than 10 ps of jitter. This synchronization is
=ztany/(1—tanatanvy). Forr=0, the intensity is zero so gg;g;?gglg/ ﬁneefglgz]og T;Z_ Ft);ib;og uljliewﬂisrse}esdpg;ot%g&:n
tmh:;i;Er(')r:k?(\;vngtehazgnzlzof(olrr—nte;nth(()a\ r:]gy)t/r::n?y?t\';ﬁgf‘ex’i (?;/er apeak of the 1064 nm pump pulsand was directed trans-
the incident beam radius. For $ip<1 and (1- cosy)<1, as
is the case herdE,(r,z)|~0 and the focal intensity distri-
bution is approximately

Herer is the radius in the focal plane, adg(x) is themth
order Bessel function, whepe=kr sinvy. If z=0 is located
at the vertex of the axicon, then radial locatiomf the

b

2

T kzsir? y lo(p)
olp

\(r.2)= 32 cosy—sinytana

* coga+y)
X[(1+cosy)Is(X)]?, )

Y axis (Lm)

wherel y(p) is the radial intensity distribution of the incident
laser beam. The first maximum d§(x) occurs atx~6.43,
giving r=6.43k siny as the radius of the hollow beam. For
A=1064 nm andy=19°r,~3.3um

The experimental setup is shown in Fig. 1. Pul§&80
mJ, 100 ps, 1064 nmfrom a 10 Hz neodynium-doped
yttrium aluminum garnet(Nd:YAG) laser system[12]
were directed to then=5 phase plate and axicon combina-
tion to generate a plasma in an ambient gas of 700 tort 2
argon. A focal plane image of the hollow beam and a cen- 20 0 0 10
tered lineout is shown in Fig. (8, taken at low energy X axis (Lm)
using a 60X microscope objective. The measured radius
for the first maximum is~4 um, somewhat larger than FIG. 2. (a) Image and lineout of focal region afi=5 phase
in the|J5|2 theoretical result, for which an image and lineout plate and axicon combination far=1064 nm;(b) Theoretical plot
is shown in Fig. 2b) for A=1064 nm andy=19°. There and lineout for|Js|? for y=19° and\=1064 nm.
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FIG. 3. Electron density profiles determined from interferom-  FIG. 4. Electron density profiles from simulation. The time
etry. Pump pulsen=1064 nm, 100 ps, peak intensity 2.5 =0 is set from the appearance of a peak electron density of 5
X 10" W/cr?. The timet=0 corresponds to a peak electron den- X 10t cm ™3,
sity of 5x 10 cm™3, representing the minimum detectable phase
shift. The vertical bars represent the statistical standard deviation ghe refractive index iSSpjasmd [, @)= —E+iévlw, whereé
profiles derived from individual phase lineouts. =(1+ ,,2/w2)*lNe/NC“ No(r) is the electron densityl,,

=mw?/4me? is the critical density, ana(r) is the collision
versely across the plasma into an imaging Michelson interfrequency, whiley(r, ) is the linear susceptibility of bound
ferometer. The interferogram phase was extracted using @lectrons in neutral atoms and ions. The calculation includes
fast Fourier transform technique and the electron density wafseld ionization[15], collisional ionization, thermal conduc-
determined through Abel inversidf]. Electron density pro- tion (both gradient-based and flux limitecand a collisional
files from the central region of the plasma column for a num+adiative model for the ionization dynamics. Starting with
ber of delays are shown in Fig. 3. The zero time referencaéeutral gas, at each time step the above radial wave equation
was assigned by the first appearance of a phase disturbanisesolved using the plasma density profile of the previous
in the interferogram, at an electron density threshold-&  time step, and the resulting electric field ionizes and heats
x 10" cm™3. Each profile was obtained from averaging thethe plasma, driving the hydrodynami¢$he theoretical pro-
extracted interferogram phase fo200 um along the optical file of Fig. 2(b) was calculated by solving the radial wave
axis, which was the extent of the field of view. It is seen thatequation for the vacuum case fg=19°] Figure 4 shows
a hollow electron density profile clearly appears by 20 psthe electron density evolution calculated for the interaction
The off-axis peak electron density continues to rise until itwith 700 torr of argon of a pulse with peak intensity of 2.5
saturates by 170 ps at a level 6f3x10°cm™3, at which X 102W/cn?, A=1064 nm, pulsewidth 100 ps, amd=5.
point the pump pulse is well past its peak. From saturatiorAn approach angle ofy=15° rather than 19° was used so
out to 350 ps, the central part of the profile changes littlethat in vacuum the first ring would be positioned to agree
except for a slight increase in the central density and a slighwith the measurement of Fig.(&. The timet=0 was set
broadening at the radial periphery. Although we have not yeby appearance of a peak density ot 50" cm™3. By 20 ps
attempted to inject pulses into this waveguide, we calculata hollow profile with peak electron density of-5
numerically [7] that the fundamental mode@vhich are  x10"¥cm 2 has developed, and by 70 ps the peak off-
wavelength independeritc]) are strongly bound with a axis density has saturated at3x10*cm 3. At 700 torr,
nearly constant full width at half maximuiin intensity) of  the ionization proceeds primarily through collisiofava-
3.1 um for the electron density profiles between 95 and 350anchs.
ps. Compared to plasma waveguides generated willy a There are several differences between the measurements
Bessel beam, where the earliest time for very leaky quasiand the simulation. While the peak saturated densities and
bound guiding is~120 ps after the channel peak density isthe central densities are in agreement, the saturation occurs
generated7,14], the waveguide generated withJg Bessel faster in the simulation. This cannot be explained by a maxi-
beam can guide strongly bound modes at earlier times and atum probe pulse jitter of 10 ps, and at present we have no
much smaller mode diameters. explanation. In addition, the simulation profiles are narrower

The hollow Bessel beam-plasma interaction wasin outer extent, and the location of the density peak remains
simulated self-consistentlyf14] by coupling the radial almost stationary compared to the experimental profiles. This
wave equation for the hollow beam electric field, is likely a result of the wider main ring and the broader radial
d?E/dr?+ (1ir)dE/dr+[«?(r)—m?/r?] E=0, to a one- distribution of energy in the subsidiary rings of the experi-
dimensional Lagrangian hydrocode, wher&r)=k?[si’y  mental hollow beanjcompare Figs. @ and 2b)], which
+ Soasmd @) +4mx(r,w)] is the effective transverse wave would heat the outer region of the density profile to a higher
number k= w/c is the vacuum wave number, an{=5) is  temperature. The simulation predicts a peak temperature at
the azimuthal mode index. Here the plasma contribution tdhe ring location of~5 eV and a peak ionization at=1.
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This explains the long time persistence of the central hole irelongated, tubular plasmas using a high order Bessel beam.
the density profile, which fills in at about800 ps in the Some applications of this channel, such as guiding for laser-
simulation. The temperature is too low for radially inward Plasma accelerators, might be complicated by the remaining
thermal conduction to quickly raise the ionization yield of Neutral gas on-axis, while others, such as harmonic genera-
the weakly ionized gas on axis or for rapid outward expanion, might benefit from its presence. In any case, the prompt
sion of the channel. Even though the breakdown is in th@€neration of hollow, deep electron density profiles, with-
avalanche regime, the low temperature and slow hydrody2ut the need for hydrodynamic evolution to establish them,
namics is made possible by the modest peak intensity anake _p055|ble the guiding of intense pulses of very small
2.5% 10" W/cn? of the 100 ps pulse. A similar result could SPOt S17&-

be obtained using ultrashort pulses at much higher intensity This work is supported by the U.S. Department of Energy
in the field ionization regimg&l5], where the electron density (Grant No. DEF G0297 ER 41039the National Science
would be strongly localized at the first ring and the residualFoundation (Grant No. PHY-9515509 and the Civilian
electron temperature would be Idd6]. Research and Development Foundati@RDF Grant No.

In conclusion, we have demonstrated the generation oRP2-130.
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