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Abstract is determined by the driver profile. In contrast, the fields

Th ke field duced b int hort | Iin a hollow channel are electromagnetic with the acceler-
€ wake fields produced by an intense, short faser pu ﬁ(ﬁng gradient being transversely unifoindependenof

propagatmg ina plasma channel with an arb|t.rary dens%e transverse profile of the driver and to lowest order, the
profile are investigated. Plasma channels, viewed as g¢-

lerati fruct h desirable feat that cusing fields are weak and linear. Since the original ex-
celerating structures, have many desirable 1eatures that 88 ment work by Milchberg [3] numerous results in chan-
not shared by a homogeneous plasma. Moreover, they

: . ) &ls have been reported by many labs worldwide. Now that
becoming experimentally realizable. As part of an overa

¢ | | h | lerati ¢ e experimental techniques for the controlled creation of
program 1o analyze plasma channeis as accelerating sty js emerging, it is timely to begin systematic stud-
tures, a new fluid simulation code has been developed WI}

. . s of the accelerating characteristics of plasma channels.
the primary purpose of producw_lg fa.St too!s tq explore pa- A consequence of the central advantage of a plasma ac-
rameter space for both theoretical mves'Flgatlon of a.cceJ:- lerating structure, namely the ability to support gradi-
erator. performange as well as thg modelmg and design ts that would result in electrical breakdown in a metallic
experiments. This code has flexible physics content, f

le. the | ither be full ved t I tructure, is that the “wall” of the structure can exhibit a
example, the 1aser can etner be 1Ully resolved tempora %mplex dynamics that must be faithfully modeled in order

or treated as ponderom(_)tlve fqrce. An |mportant feat_u_r% determine the electrical properties of the structure.
from the accelerator design point of view, is the capability

to study beam propagation dynamics. We present prelim-
inary results consisting of a detailed analysis of the trans- 2 CHARACTERIZING PLASMA
verse structure of the wake for a wide range of channel pro- CHANNELS

files.

An optimized design of a plasma based accelerating struc-

ture requires the investigation of a considerable parameter
1 INTRODUCTION space. By characterizing the structures in terms of various

figures-of-merit, one can explore this parameter space in a
As accelerating structures, plasmas have the desirable alg{stematic and controlled way using these characteristics
ity to support extremely large gradients without experiencas guide-posts. Here we outline the beginnings of such a
ing the electrical breakdown which limits the gradient insearch. For preliminary studies, we have found two quan-
conventional structures. Since this concept was first intrjtative characteristics to be quite informative [4, B]:and
duced, numerous configurations for particle acceleration iR /]. Parameterizing the time dependence of the accel-

plasmas with uniform density have been proposed. (Segating field asZ, ~ exp [~ (iw + 7)(t — z/c)], we define
Esareyet al.[1] for a comprehensive review of plasma ac-+the quality factor of the cavityQ, by

celerators concepts.) In the case of laser driven plasma ac-
celerators, the usable accelerating length is determined by Q= Rl (2)
the distance over which the laser pulse maintains a high in- 2y
tensity. That is, the efficient use of the laser energy is limyhich determines the number of electron bunches that can
ited by diffraction of the drive pulse. At very high intensi- he accelerated. This is of interest for both reasons of effi-
ties, relativistic optical guiding and self-channeling serve tejency as well for constraints imposed by applicatiang (
limit diffraction and thereby extend the interaction lengthnteraction region physics issues in a collider).
of the device. However, these mechanisms are inherentlyFollowing conventional resonator theory, we define the
nonlinear; one would prefer not to rely on nonlinear profigure of merit{R/Q] as
cesses for device operation.

Guiding in a pre-formed density channel gives the op- {E} _ E.(0)? ~ k7 )
tion to operate in a linear regime since such guiding is pe

Q

not dependent on the laser intensity. The original theo- . . . .

retical investigation of guiding in channels, which considy\/he.re E.(0) is the peak acce!eratmg gradient on axis,
1S the mode frequencyy,, is the mode energy per

ered the case of parabolic channels, is due to Sprangle aft

co-workers[2]. The field structure in a parabolic channelTInlt length, &, is the plasma wavenumber, adg is the
is similar to that in a homogeneous plasira the fields impedance of free space. (The last relation follows from

have electrostatic character and the transverse field profﬂﬁmensmr_\al analysis.) For the fgndamental M|
characterizes the energy spread imparted to the accelerated

* Supported by the U. S. DoE under grant No. PDDEFG-03-95ERbe?-m1 wherea; for th'e. higher'order modéy/Q] Ch?-rac'
40936. terizes beams instabilities [5]. In more pragmatic terms,
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[R/Q] can be viewed as a measure of the gradient achieved 4 HOLLOW CHANNELS

(E.(0)) for the for the energy invested in the modé,). In the ideal hollow channel where

0 <b,
3 THE BASIC MODEL () = {w ren (10)
We model the plasma as relativistic, cold, fluid electrons re

with a neutralizing, immobile ionic background. Fromit is possible, in the context of linear theory, to obtain an
here, we make the following approximations: analytical expression for the wake field [6]. In this case,
one finds that the channel mode has infirteand oscil-
Jates at a frequency.n, which is less thamw,,. For the
non-ideal casd,e. where the channel walls are not infinity
e the higher frequency elements of the laser-plasma isteep, matters are more complicated. The dielectric func-
teraction are modeled ponderomotively; tion,e = 1 — wg(x)/w2 is evidently spatially dependent
and everyw < wp, is resonant with the local plasma fre-
guency at some location in the wall. This resonant layer
Given these approximations, the fluid momentum balandeads to absorption of the wake resulting in a I@w This

e quasi-static approximation where all field quantitie
are assumed to depend only ugosa t — z/c;

e slab geometry.

equations become in turn means a large spread in frequency space ahqut
exciting much of the wall. To explore the effects of chan-
Pz \Opz | Pz Opz : . ) )
— + = nel width and wall slope, we parameterize the ion density
yme) 9¢  ym Oz as shown in Fig. 1 and assume ponderomotive driver of the
2 0
q|l Ex — P B, — mc2 L 3 from
yme oz ) ) )
Pz \ Op: | ps Op. a’(x, &) = ad exp —ole exp (Sl . (11)
1- + = w? w?
yme) 96 ym Ox z ¢

B4+ P p o mcgal (4) As an additional simplification we used the linearized form
7\ == yme Y oc )’ of the fluid equations. (Nonlinear results will be presented

) ) ) elsewhere [7].) As an example of the effects of the reso-
whereyy (z,§) = V1 +a? anda(w, §) is the dimension- a0y apsorption, consider a a channel with = 2 and

less ve(;tor pqtenual of the |nC|d9nt laser defined in terms _ 170 The resulting wake field, shown in Fig. 2, has
of the dimensionful vector potential by

@Q = 7. Resonant absorption transfers energy from the
me? wake field to particle kinetic energy in the region of the
AL = \/57 a(z, €) cos(wo &) () channel wall. The velocity fields (currents) are organized
in such a way that the corresponding electromagnetic fields
3re also spatially localized. This process results in the de-
velopment of fine-scale spatial structure in the velocity and
electric fields which requires high numerical resolution in

The electromagnetic fields are determined by Maxwell’
equations coupled to the fluid current densiptv) and
charge densitygf.) viz.

0B, OE, OE, the simulations.
J — — =0 6
¢ e “or ’ © o
Density Profile
oE, - 0B, = 4mq neps —0, )

o€ 8—§ me v
oFE, OBy | 4mq nep.

o “bz " me ol =0, ®)
OE, 10E,

wheren, is the fixed background ion density. Note that
through Ampere’s law, Poisson’s equation and the conti-
nuity equation are equivalent and thus only one of the latFigure 1: Density and transverse ponderomotive profiles.
ter is required. Computationally, it is advantageous to use

Poisson’s equation in place of the continuity equation. We In practice, since the laser driver extends into the bulk
solve (3), (4), and (6)—(9) numerically using the Crank-splasma, an electrostatic bulk mode will be excited in ad-
Nicholson method. Although this method is implicit, it hasdition to the electromagnetic channel mode. Furthermore,
three significant advantages: it is (linearly) unconditionit is not a simple matter to separate these modes; thus it
ally stable, exhibits no amplitude dissipation and is seconds both convenient and reasonable to define an effective
order in bothz and&. These characteristics allow for a[R/Q] as

large ratio of thet to « step sizes keeping execution time R _ E.(0)2 12
down even for runs with fine spatial resolution. [ LH (12)

Q
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Figure 2: Longitudinal wake field on axis for a channel tana

with kpb = 2, a = 17°, wp, & = 4, andwp,we = 1.5.
Figure 4: The effect of the wall inclination o and

wherelfr is thetotal energy in the plasma. As a result [/ Qo With optimal driver width.

of replacing4,, with Ur, the energy spent exciting the

unwanted bulk mode will be reflected in a reduction irtion of a plasma based accelerating structures. Our results
[R/Q)].s- This effect can be seen in Fig. 3, where we plogre clearly preliminary; we have considered only some of
[R/Q)].¢ versudriver width,w,, keepinga3 andk, b con-  the relevant parameters. In particular we have ignored the
stant. (We normalizeR/Q)] ¢ to k2 Zo.) constraint on the driver width imposed by the guiding con-
dition which is surely to require an operating point that dif-
fers from the optimal width determined frofR/Q]. Addi-
tionally, laboratory channels are unlikely to be completely
hollow. In such channels, the base density supports an elec-
trostatic mode in addition to the electromagnetic mode al-
tering the desirable beam transport properties of the hollow
channel and also limitingvia wave breaking) the accel-
erating gradient that can be supported. This suggests that
transverse pulse shapinige( a higher-order gaussian spa-
tial mode) may prove important in the design of successful
hollow channel accelerating structures.

b=2.0,tana = 0.3

3 obrrn—r—r —
2 3 4

Wy,

1
Figure 3: Effect of transverse driver width upaR/ Q) ;- W
The optimal value ofv,, is denoted byw,.

The physical interpretation of this result is straightfor—[z]
ward. The channel mode is supported by surface currents
in the channel walls so a very narrow driver excites th%]
wall only a small amount, yielding a low,(0). Con-
versely, a wide driver excites the wall significantly but thﬁ 4]
exponential “wings” also excite a large bulk mode whic
contributes td/y but notE, (0). Hence there is a optimal
driver width, w,, which balances these competing effectd?
The effect of the slope of the channel walls which is shown
in Fig. 4. Clearly,Q is strongly dependent on this slope.

As the walls are made ever less steep, the size of the rrilg]

onant region grows allowing faster transfer of energy fro
the wake into the wall region, yielding a lowéx.

5 CONCLUSIONS ]

We have begun the systematic study of the accelerating
properties of plasma channels by conside@irand[R/ Q).
These figures-of-merit allow for a well defined optimiza-
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