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Formation of Duct and Self-Focusing in Plasma by High Power Microwave
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The optical guiding of an intense electromagnetic wave is demonstrated with the use of high power
microwaves in a preformed plasma density channel. The high power microwaves make a duct into the
overdense area by the ponderomotive force in a preformed density channel and are guided along the
duct to remain within it. The parametric dependencies are investigated to be compared with the results
obtained from numerical calculation, showing fairly good coincidence. [S0031-9007(96)00433-4]

PACS numbers: 52.40.Db, 52.25.Sw

One of the most interesting current topics is to develop In this Letter, we present the first experimental results
high energy particle accelerators based on plasmas withf ducting of EMW using high power microwaves instead
short pulse lasers. A number of ways to excite plasmaf an intense laser. We demonstrate that the microwave
waves having gradients as high as several tens of/@eV expands the preformed density channel with the pondero-
have been proposed so far for plasma based laser driven anetive force so that the EMW remains trapped in the chan-
celerators. The laser wakefield accelerator (LWFA) [1,2]nel and propagates along it in an overdense area. These
is one of the most sophisticated ones, and the maximum acesults show the formation of ducting of the microwave
celeration gradients of 30 GegYh have recently been ob- in a plasma. We use a simple propagation model with
served [3]. The LWFA, however, has the fault that thethe refractive index distribution similar to that of the opti-
acceleration distance is severely limited to the diffractioncal fiber and compare with experimental results, showing
length, or Rayleigh length. The self-focusing [4] and thefairly good agreement.
self-guiding (optical guiding) [2] of an intense electromag- The experimental arrangement used in the present stud-
netic wave (EMW) in a plasma have been proposed tades is shown in Fig. 1 [13]. The typical plasma parameters,
overcome this limitation. The phenomena are particularlynmeasured by both a cylindrical probe with a tip of 1 mm
interesting for processes requiring long interaction lengthgength by 0.25 mm diameter and a plane probe with an
such as x-ray lasers [5], high harmonic generation [6], andirea of1 X 1 mn?, are the electron density < 2.0 X
laser-driven accelerators. More recently theoretical workg0'? cm™3, electron temperatuf®, ~ 3-5 eV inan argon
and experimental results on optical guiding [7—10] havegas pressur@® = (3-4) X 1073 Torr. The typical den-
been presented. sity gradient scale length in the axial direction Has=

One approach to the guiding of an intense EMW in a(d Inn/dz)~! = 100-120 cm and in the radial direction,
plasma depends on self-induced modulations of the plasmia. = 50-100 cm near the axis.
refractive index. There are two types of optical guiding
mechanisms. One is self-optical guiding due to the pon-
deromotive force of an intense EMW and the other is
optical guiding due to the relativistic effect. The for- -|

mer utilizes the dependence of the refractive indi¥x, 6 | %‘

on the plasma densityy = /1 — (@,/wo)?, where w ﬂ]:”. ﬁT:E:T

is the incident-wave frequencyy, = (4mn,le|?/m,)/? Magnstron . L
is the plasma frequency with popular notations. With the P ——— =
preformed density channel along the passage of EMW, it - Bk r[
propagates in this channel over distances exceeding the M'f?::“ ~— Pmate |
Rayleigh length. The experimental demonstration of this _ [ ... =& ;E r"ﬁl
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phenomenon results from the increase of the refractive &
index due to the relativistic quiver motion of electrons.
Because the refractive index has the largest peak on the

axis where the intensity of EMW is maximum, the refrac-  “" 7% 5, """

tive index distribution is the same as that of an OptlcaIFlG. 1. Experimental apparatus used in the present studies.

fiber. Such re_‘lat_'V'St'C self-focusing and self-gwdl_ng OC-The inset shows the radial plasma density profile observed in
cur when the incident-wave poweéY exceeds the critical an jon saturation current. Open circles and solid circles are

powerP, = 16.2(w/w,)* GW [11,12]. without polyimide sheet and with the sheet, respectively.
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The pulsed microwave, a frequency @ = 9 GHz,  structure has been formed with peak separation typically
maximum power of 250 kW, and pulse duration of 1.6 cm, and the phenomena are clearly different from those
1 wsec, in full width at half maximum is irradiated of @ ~ vy peaks. On the other hand, these peaks disappear
from the rectangular horn antenna with a metal lensoutside of the channel. In the low enough power case
The antenna is located at the lower end of the plasmaithout the sheet, there is a cutoff layer on the axis at
density. The metal lens makes the ray trace of the inciderit6 cm, while with the sheet the cutoff layer exists around
microwave parallel along the propagation direction. Thusz = 17 cm outside of the channel [see Fig. 2(b)]. Thus,
the microwave is considered to be a plane wave, whiclwwe can say that the electric field is confined around the
has been confirmed in air without plasma. The ratio of theaxis as the microwave pulse penetrates along the channel
electric field energy to the plasma energy is estimated top to a certain area wherg becomes so small that the
ben = 80E§/4n0kBTe ~ 0.5, whereE, is the maximum wave is cut off, because the pump wave is depleted and
electric field intensity of the incident microwave measuredthe ponderomotive force becomes weaker not to expand
at the outlet of the horn antenna, is the electron density the plasma any more, resulting in the wave reflection at
there, andcp is Boltzmann’s constant. z = 20 cm, not to go through into the overdense area. It

The density channel is formed by inserting a polyimideis well known that the wavelengtii{) of the fundamental
film sheet with 240 mm length by 15 mm width and TE mode in the standard waveguideAs = 4.8 cm. If
125 wm thickness at the center of the chamber alongve assume that the microwave pulse in the density channel
the plasma axis. In the present experiments, the she&t the fundamental TE mode, the standing wave structure
is inserted from the higher density side up to 15 cm fromwith spatial separation of about 2.2 cm is formed in the
the edge of the metal lens. An example of the spatiatiensity channel.
distribution of the density channel is shown in the inset Figure 3 shows typical examples of the density deple-
of Fig. 1, which shows that the plasma density is uniformtion during the microwave pulse irradiation. As seen in
in a radial direction without the sheet, while the densityFig. 3(a), the density decreases to about 0.57 from 0.72;
channel is formed with the sheet. We estimate that théhe initial value, when the microwave power is small,
width of the density channel perpendicular to the electriavhile in Fig. 3(b), decreases to about 0.3; 40% of the
field, Ey, is less than about 1 cm, which is small enoughinitial value, and the phase relation between density
compared with the cutoff wavelength of the fundamentaland the electric fieldE|?, becomes almost out of phase.
TE mode of the standard waveguide. After shutting off the microwave pulse, density increases

When the microwave pulse is injected into this densityslightly in the longer pulse operation, but not all the time.
channel, it makes a hole by expanding the plasma vidhis may come from a small amount of ionization of the
the ponderomotive force and propagates into the highdvackground neutral gases. The effect from the ionization
density side. A typical example is shown in Fig. 2, whichis not serious at all for the present channeling effect, al-
represents an axial profile of the electric field pattern takethough additional power depletion by the ionization may
along the direction of the propagation (lirection) as a result.
parameter of an incident power with the density profile. Figure 4 shows the transverse profile of the microwave
In Fig. 2(a) observed on the axis, you may recognize threéield strength observed at= 17 and19 cm, respectively.
peaksa, B, v) with the spatial separation of about 2.2 cm. As the microwave power increases, the propagation area
These peaks disappear in the lower incident power, thougshrinks to the axis, and the wave propagates farther into
we do not show the results in Fig. 2. Note that withoutthe overdense area. Here, the experimental values are
plasma in the present chamber the strong standing wavermalized at = 0 cm.
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FIG. 2. Profiles of the time averag¢H|> and density profile without microwave as a function of the axial distance measured at
radial positions (a) = 0 cm and (b)r = 4 cm.
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FIG. 3. Examples of electron density perturbation and electric r/a r/a

field atz = 20 cm. Incident powers are (& = 50 kW and

! FIG. 4. Normalized radial field profiles as a parameter of the
(b) P = 250 kW, respectively.

incident microwave power. Solid and dashed curves represent
numerical results. The parameters are channel radiuas

4 cm, refractive indexV, = 0, and N; = 0.5 for dashed line
andN; = 1 for solid line. Axial positions are (a3 = 17 cm
(lower density) and (b} = 19 cm (higher density).

Figure 5(a) shows the experimental results of the hal
width at half maximum (HWHM) of the radial field inten-
sity profile Ar as a function of the axial distance and the
incident microwave power. The half-widthr changes
along the channel to be minimum around= 20 cm as index are very important to take into account in the theo-
seen in Fig. 5(a), while the field amplitude becomes maxiretical analysis.
mum on the axis [see Fig. 2(a)]. The increase of the mi- In order to interpret the observed behavior, a transverse
crowave power make&r smaller. From these results, we profile of the microwave field strength is calculated in the
can say that the microwave pulse is focusegd at 20 cm,  density channel, after assuming that the microwave pulse
even though the incident microwave has almost parallels so weak that the relativistic effect can be neglected,
ray trace. Figure 5(b) shows HWHM measured at eactand the plasma is modeled using nonrelativistic cold fluid
axial position as a function of the incident power. If the equations. Here, one can employ a propagation model
refractive index did not vary along the channel even if theapproximated in an optical fiber with refractive indexés
incident power changed, the half-width should remain coninside andV, outside. Because the microwave field can
stant. However, it is evident from Fig. 5(b) that the half- be assumed to be axially symmetric, the fundamental TE
width tends to decrease with the increase of the incidermnode solution of Maxwell's equations is looked for. In
power. Thus, the effects from the variation of refractiYesIab geometry, this solution [14] is given by

(Ix| = a),

E, = {Eo cogk,x) exp(— jkz) o (1)

Eg codkya) exd —p(lx| — a)lexp(—jkz)

where k2 = Nfk§ — k%, p? = k* — N3k§, and ko =  cal result ofN; = 0.5 than that ofN; = 1, while at the
wo/c, c is the speed of light, and is the channel radius, higher density [Fig. 4(b)] the experiments are closer to the
which is a function ofz. Applying the continuity condi- N; = 1 case. These results can be understood as follows.
tion of magnetic fieldd, in two regimes §/; andN,), one
obtains the characteristic equations

3 3
p=ktaka),  p ki =kKNT - N). 2 asf oo | 25f A\

Equation (2) can be solved numerically for at a certain 2t 7 Z x i :;ZOKSN 2f 8 z1Tom
constant position of as a function of the refractive index ’5‘15 L gt é Tist

N1, N>, and the channel radius The channel radius is ;_1’ N x < x ‘;' N3 18cm
assumed to be = 1 cm atz = 20 cm from the experi- 564 B M
mental result. Because the plasma density outside of th °°F I 200m
channel is overdense, we may pMi = 0. The calcu- (S S S ) S N T T
lated results for the above-mentioned conditions are plot " " 182(1;“)20 oz 0 %0 ‘°°P1(5:W§°° 20 300

ted in Fig. 4. Here, the solid line and the dashed line

are obtained for the case &f; = 1 (in vacuum) and FIG. 5. Half width at half maximum of radial field profil&r,

Ni = 0.5, respectively. Herey, = 0.5 is estimated from as a function of the axial distance in (a) and as a function of the

a density decrease due to the insertion of the sheet. Ycﬂggﬁg tﬁ'?tggetro":h(eb)éxieorli'r%wésétn:( %)569&35%? kthiozrgt'cal

may see that the experimental results at the lower dengt ; = 17 cm, 21 atz = 18 cm, 10 atz = 19 cm, and 8 at
sity [Fig. 4(a)] show better agreement with the numeri-z = 20 cm, respectively.
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As the microwave propagates along the plasma charcertain location and the standing wave structure is formed
nel, the electric field in the channel is maximum aroundwithin the channel. The comparisons of the half-width

z = 20 cm. The refractive index of the channel changesAr of the experimental observations with the theoretical
gradually toN; — 1 along the plasma channel; i.e., the calculations show fairly good agreement for both the

channeling rate varies along the pulse propagation, sindeansverse profile of the electric field and its dependence
electrons in the channel are pushed out of the channein the incident power. The experimental results can be
by the enhanced ponderomotive force. This consideratioaxplained by the concept of “optical guiding.”
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