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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 p
microwaves in a preformed plasma density channel. The high power microwaves make a duct int
overdense area by the ponderomotive force in a preformed density channel and are guided alon
duct to remain within it. The parametric dependencies are investigated to be compared with the re
obtained from numerical calculation, showing fairly good coincidence. [S0031-9007(96)00433-4]

PACS numbers: 52.40.Db, 52.25.Sw
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One of the most interesting current topics is to deve
high energy particle accelerators based on plasmas
short pulse lasers. A number of ways to excite plas
waves having gradients as high as several tens of Geym
have been proposed so far for plasma based laser drive
celerators. The laser wakefield accelerator (LWFA) [1
is one of the most sophisticated ones, and the maximum
celeration gradients of 30 GeVym have recently been ob
served [3]. The LWFA, however, has the fault that t
acceleration distance is severely limited to the diffract
length, or Rayleigh length. The self-focusing [4] and t
self-guiding (optical guiding) [2] of an intense electroma
netic wave (EMW) in a plasma have been proposed
overcome this limitation. The phenomena are particula
interesting for processes requiring long interaction leng
such as x-ray lasers [5], high harmonic generation [6],
laser-driven accelerators. More recently theoretical wo
and experimental results on optical guiding [7–10] ha
been presented.

One approach to the guiding of an intense EMW in
plasma depends on self-induced modulations of the pla
refractive index. There are two types of optical guidi
mechanisms. One is self-optical guiding due to the p
deromotive force of an intense EMW and the other
optical guiding due to the relativistic effect. The fo
mer utilizes the dependence of the refractive index,N ,
on the plasma density,N 

p
1 2 svpyv0d2, wherev0

is the incident-wave frequency,vp  s4pnejej2ymed1y2

is the plasma frequency with popular notations. With
preformed density channel along the passage of EMW
propagates in this channel over distances exceeding
Rayleigh length. The experimental demonstration of t
phenomenon has been reported recently [9]. The sec
phenomenon results from the increase of the refrac
index due to the relativistic quiver motion of electron
Because the refractive index has the largest peak on
axis where the intensity of EMW is maximum, the refra
tive index distribution is the same as that of an opti
fiber. Such relativistic self-focusing and self-guiding o
cur when the incident-wave powerP exceeds the critica
powerPc  16.2svyvpd2 GW [11,12].
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In this Letter, we present the first experimental resu
of ducting of EMW using high power microwaves inste
of an intense laser. We demonstrate that the microw
expands the preformed density channel with the pond
motive force so that the EMW remains trapped in the ch
nel and propagates along it in an overdense area. T
results show the formation of ducting of the microwa
in a plasma. We use a simple propagation model w
the refractive index distribution similar to that of the op
cal fiber and compare with experimental results, show
fairly good agreement.

The experimental arrangement used in the present s
ies is shown in Fig. 1 [13]. The typical plasma paramete
measured by both a cylindrical probe with a tip of 1 m
length by 0.25 mm diameter and a plane probe with
area of1 3 1 mm2, are the electron densityn # 2.0 3

1012 cm23, electron temperatureTe ø 3 5 eV in an argon
gas pressureP  s3 4d 3 1023 Torr. The typical den-
sity gradient scale length in the axial direction hasLz 
s≠ lnny≠zd21 ø 100 120 cm and in the radial direction
Lr ø 50 100 cm near the axis.
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FIG. 1. Experimental apparatus used in the present stu
The inset shows the radial plasma density profile observe
an ion saturation current. Open circles and solid circles
without polyimide sheet and with the sheet, respectively.
© 1996 The American Physical Society
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The pulsed microwave, a frequency off0  9 GHz,
maximum power of 250 kW, and pulse duration
1 msec, in full width at half maximum is irradiate
from the rectangular horn antenna with a metal le
The antenna is located at the lower end of the plas
density. The metal lens makes the ray trace of the incid
microwave parallel along the propagation direction. Th
the microwave is considered to be a plane wave, wh
has been confirmed in air without plasma. The ratio of
electric field energy to the plasma energy is estimate
be h ; ´0E2

0y4n0kBTe ø 0.5, whereE0 is the maximum
electric field intensity of the incident microwave measu
at the outlet of the horn antenna,n0 is the electron density
there, andkB is Boltzmann’s constant.

The density channel is formed by inserting a polyim
film sheet with 240 mm length by 15 mm width an
125 mm thickness at the center of the chamber alo
the plasma axis. In the present experiments, the s
is inserted from the higher density side up to 15 cm fr
the edge of the metal lens. An example of the spa
distribution of the density channel is shown in the in
of Fig. 1, which shows that the plasma density is unifo
in a radial direction without the sheet, while the dens
channel is formed with the sheet. We estimate that
width of the density channel perpendicular to the elec
field, Ey , is less than about 1 cm, which is small enou
compared with the cutoff wavelength of the fundamen
TE mode of the standard waveguide.

When the microwave pulse is injected into this dens
channel, it makes a hole by expanding the plasma
the ponderomotive force and propagates into the hig
density side. A typical example is shown in Fig. 2, whi
represents an axial profile of the electric field pattern ta
along the direction of the propagation (z direction) as a
parameter of an incident power with the density profi
In Fig. 2(a) observed on the axis, you may recognize th
peakssa, b, gd with the spatial separation of about 2.2 c
These peaks disappear in the lower incident power, tho
we do not show the results in Fig. 2. Note that witho
plasma in the present chamber the strong standing w
f
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structure has been formed with peak separation typic
1.6 cm, and the phenomena are clearly different from th
of a , g peaks. On the other hand, these peaks disapp
outside of the channel. In the low enough power ca
without the sheet, there is a cutoff layer on the axis atz 
16 cm, while with the sheet the cutoff layer exists arou
z  17 cm outside of the channel [see Fig. 2(b)]. Thu
we can say that the electric field is confined around
axis as the microwave pulse penetrates along the cha
up to a certain area whereh becomes so small that th
wave is cut off, because the pump wave is depleted
the ponderomotive force becomes weaker not to exp
the plasma any more, resulting in the wave reflection
z . 20 cm, not to go through into the overdense area.
is well known that the wavelength (lg) of the fundamental
TE mode in the standard waveguide islg . 4.8 cm. If
we assume that the microwave pulse in the density chan
is the fundamental TE mode, the standing wave struct
with spatial separation of about 2.2 cm is formed in t
density channel.

Figure 3 shows typical examples of the density dep
tion during the microwave pulse irradiation. As seen
Fig. 3(a), the density decreases to about 0.57 from 0
the initial value, when the microwave power is sma
while in Fig. 3(b), decreases to about 0.3; 40% of t
initial value, and the phase relation between densityn
and the electric fieldjEj2, becomes almost out of phas
After shutting off the microwave pulse, density increas
slightly in the longer pulse operation, but not all the tim
This may come from a small amount of ionization of th
background neutral gases. The effect from the ionizat
is not serious at all for the present channeling effect,
though additional power depletion by the ionization m
result.

Figure 4 shows the transverse profile of the microwa
field strength observed atz  17 and19 cm, respectively.
As the microwave power increases, the propagation a
shrinks to the axis, and the wave propagates farther
the overdense area. Here, the experimental values
normalized atr  0 cm.
ed at
FIG. 2. Profiles of the time averagedjEj2 and density profile without microwave as a function of the axial distance measur
radial positions (a)r  0 cm and (b)r  4 cm.
4541
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FIG. 3. Examples of electron density perturbation and elec
field at z  20 cm. Incident powers are (a)P  50 kW and
(b) P  250 kW, respectively.

Figure 5(a) shows the experimental results of the h
width at half maximum (HWHM) of the radial field inten
sity profile Dr as a function of the axial distance and th
incident microwave power. The half-widthDr changes
along the channel to be minimum aroundz . 20 cm as
seen in Fig. 5(a), while the field amplitude becomes ma
mum on the axis [see Fig. 2(a)]. The increase of the m
crowave power makesDr smaller. From these results, w
can say that the microwave pulse is focused atz . 20 cm,
even though the incident microwave has almost para
ray trace. Figure 5(b) shows HWHM measured at ea
axial position as a function of the incident power. If th
refractive index did not vary along the channel even if t
incident power changed, the half-width should remain co
stant. However, it is evident from Fig. 5(b) that the ha
width tends to decrease with the increase of the incid
power. Thus, the effects from the variation of refracti
,
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FIG. 4. Normalized radial field profiles as a parameter of t
incident microwave power. Solid and dashed curves repre
numerical results. The parameters are channel radiusa 
1 cm, refractive indexN2  0, and N1  0.5 for dashed line
and N1  1 for solid line. Axial positions are (a)z  17 cm
(lower density) and (b)z  19 cm (higher density).

index are very important to take into account in the the
retical analysis.

In order to interpret the observed behavior, a transve
profile of the microwave field strength is calculated in t
density channel, after assuming that the microwave pu
is so weak that the relativistic effect can be neglect
and the plasma is modeled using nonrelativistic cold flu
equations. Here, one can employ a propagation mo
approximated in an optical fiber with refractive indexesN1

inside andN2 outside. Because the microwave field c
be assumed to be axially symmetric, the fundamental
mode solution of Maxwell’s equations is looked for. I
slab geometry, this solution [14] is given by
Ey 

Ω
E0 cosskxxd exps2jkzd sjxj # ad ,
E0 cosskxad expf2psjxj 2 adg exps2jkzd sjxj . ad , (1)
the
ws.

the
cal
where k2
x  N2

1 k2
0 2 k2, p2  k2 2 N2

2 k2
0 , and k0 

v0yc, c is the speed of light, anda is the channel radius
which is a function ofz. Applying the continuity condi-
tion of magnetic fieldHx in two regimes (N1 andN2), one
obtains the characteristic equations

p  kx tanskxad, p2 1 k2
x  k2

0sN2
1 2 N2

2 d . (2)

Equation (2) can be solved numerically forkx at a certain
constant position ofz as a function of the refractive inde
N1, N2, and the channel radiusa. The channel radius i
assumed to bea  1 cm at z  20 cm from the experi-
mental result. Because the plasma density outside o
channel is overdense, we may putN2  0. The calcu-
lated results for the above-mentioned conditions are p
ted in Fig. 4. Here, the solid line and the dashed l
are obtained for the case ofN1  1 (in vacuum) and
N1  0.5, respectively. Here,N1  0.5 is estimated from
a density decrease due to the insertion of the sheet.
may see that the experimental results at the lower d
sity [Fig. 4(a)] show better agreement with the nume
e

t-

u
n-
-

cal result ofN1  0.5 than that ofN1  1, while at the
higher density [Fig. 4(b)] the experiments are closer to
N1  1 case. These results can be understood as follo

FIG. 5. Half width at half maximum of radial field profileDr,
as a function of the axial distance in (a) and as a function of
incident power in (b). Solid lines in (b) represent theoreti
results fitted to the experiments atP  150 kW for k  26
at z  17 cm, 21 atz  18 cm, 10 atz  19 cm, and 8 at
z  20 cm, respectively.
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As the microwave propagates along the plasma ch
nel, the electric field in the channel is maximum arou
z  20 cm. The refractive index of the channel chang
gradually toN1 ! 1 along the plasma channel; i.e., th
channeling rate varies along the pulse propagation, s
electrons in the channel are pushed out of the chan
by the enhanced ponderomotive force. This considera
has been confirmed by experiments in which density d
due to the ponderomotive force appear just when the
crowave pulse is irradiated. Considering that the den
decreases to about 75% atz  20 cm due to the inser-
tion of the sheet and then that the microwave pulse w
the incident powerP  250 kW makes a further decreas
to (30–40)% of the original density with digging a ho
on the axis by the additional ponderomotive force (s
Fig. 3), we can estimate that the refractive index of
channel isN1  s1 2 v2

pyv2d1y2 . 0.8. This estima-
tion demonstrates that the experimental results are in
preted by the theoretical calculation of the case ofN1  1
as the microwave propagates farther into the chan
Thus, the results indicate the existence of ducting of
microwave along the preformed density channel.

The half-width of the radial field profile is estimated
be Dr . 1ykx. Equation (2) leads tokxy cosfkxaszdg 
N1k0. It can be approximated that the transverse w
numberkx is directly proportional to the refractive inde
N1, since cosskxad varies little during the microwave
propagation into the channel. Therefore, the half-wid
is approximated byDr . 1ykx , 1yN1. The channel
refractive index is given byN1  s1 2 nyncd1y2 
sdnyncd1y2, wheren  nc 2 dn. Using the momentum
and continuity equations and takingP  SjEj2yZp at
a certain location into account, one can show that
refractive indexN1 is directly proportional toP1y3, where
S is a cross section of the channel,Zp  Z0yN1 is a char-
acteristic impedance of the microwave inside the chan
andZ0 is the characteristic impedance in vacuum. Th
the half-width is given by

Dr  KyP1y3, (3)

with some constantK that depends mainly on the intera
tion duration and the wavelength of the electromagne
wave. This result is plotted in Fig. 5(b) by solid line
after fitting the numerical results to the experiments
P  150 kW with a differentK value for each location
The results show fairly good agreement.

In conclusion, we have demonstrated that the duct
of the microwave is formed and the microwave pu
remains trapped and guided in the plasma channel a
fundamental TE mode. However, as the ponderomo
force is not strong enough, the wave is reflected back
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certain location and the standing wave structure is form
within the channel. The comparisons of the half-wid
Dr of the experimental observations with the theoretic
calculations show fairly good agreement for both t
transverse profile of the electric field and its depende
on the incident power. The experimental results can
explained by the concept of “optical guiding.”
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