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Transverse dynamics of a relativistic electron beam in an underdense
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The transverse dynamics of a relativistic electron beam in a plasma less dense than the beam is
analyzed, with particular attention to the electron-hose instability as it appears in a plasma channel
of finite radius. A comparison is made between analytic asymptotic forms, linearized “beam
break-up” simulations, and particle-in-cell simulations. The analysis provides a framework for the
interpretation of projected and time-resolved diagnostics in such a system. Examples used for
illustration correspond to parameters of an experiment in progress, employing a 30 GeV electron
beam in a 1.5 m plasma cell, with the amplification of beam-centroid offsets on the order of
10°— 10X, depending on experimental settings. 2000 American Institute of Physics.
[S1070-664X00)04907-7

I. INTRODUCTION beam, plasma oscillations, and their mutual electrostatic cou-
i i L pling. For a highly relativistic beam, the dominant beam per-
In recent times the subject of relativistic electron beamy rpations can beransverserather thanlongitudinal even

propagation in plasma has blossomed into an extensive fielg, slight deviations from a perfectly aligned round beam,
of research, much of it centered on thiasma wakefield 5.4 poth focusing and deflection may be expected.
accelerator(PWFA).! The PWFA makes use of an intense

electron beam propagating through a plasma to induce g otjine
plasma oscillation trailing the beam. The large longitudinal ) _ ) -
electric field associated with this plasma oscillation may In this work we investigate transverse stability of a short
someday power a TeV electron accelerator. As yet it is todUnch in an underdense plasma. The goal is to provide a
soon to determine whether the PWFA will live up to its formulation suitable for understanding of integrated and
promise. One reason for this iEnsverse instabilitof the ~ time-resolved diagnostics in a PWFA. We focus on quanti-
drive beam. Although this has been the subject of theoreticdying amplification of incoming beam offsets. For illustration
work,? recent experimental wofk motivates a detailed and We €mploy parameters as listed in Table |, close to those of
refined theoretical analysis, including a comprehensive surd €Xperiment in progress.
vey of the parameter space for unstable perturbations. In Sec. Il we outline an analytic description of the sys-

The PWFA in the limit of a plasma more dense than thef€m for small perturbations. A numerical solution of this lin-
beam (“overdense’) has been the subject of numerous €ar integrodifferential equatioffbeam breakup” equation
theoretical™® and experimental studi¢&-*? Some analysis is compared to analytic asymptotic forms to illustrate the
of stability in the overdense regime has also peerscalings. Parameters for the plasma and beam correspond to
performedt® One disadvantage of the overdense PWFA isTable I. In Seg. 11 we examine _the same examples, with the
the inherent nonlinearity of focusing in an overdense plasmd?€lP of a particle-in-cel(PIC) simulation, making a com-
In the limit of a plasma less dense than the bg4omder- ~ Parison between theonlineay PIC simulation and théin-
dense”), fields witnessed by the beam consist of those pro€arized beam breakup simulation. Having gained some con-
duced by a relatively motionless channel of ions superimfidence in the PIC simulation through a comparison of
posed on the transient fields associated with a p|asm§calings for the idealized equilibrium, we use the PIC simu-
electron population expelled into an annulus surrounding thdation to examine in detail the transient behavior correspond-
beam®® The uniformity of the accelerating wakefield, and ing to Table I. Section IV includes an analysis of an ideal-
the linearity of the focusing in this regime, have motivatedizeéd PWFA experiment, providing a theoretical framework
studies of longitudinal wakefields in this linf. While the 10 interpret the results, and illustrative output to indicate the
accelerating gradients achievable in the underdense PWFRhenomena accessible with beam position moni&fPM)
appear promising, this system will be vulnerable to breakupfjata for.the orbit, and l:?eam profile data_, both time resolved
of the drive beam, in particular, a transverse two-strean@nd projected. Conclusions are offered in Sec. V.
(“electron hose’) instability, that appears in any such uni-
formly focusing beam-formed channér.?°

In the present work we consider a highly relativistic B. Reai f )
short bunch, comparable to the plasma period in length;” egimes of propagation
propagating in a dilute, collisionless plasma. The dynamics It is useful to review at the outset the basic features of
of the system are governed by the betatron oscillations of theelativistic electron beam propagation in plasma. The result
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TABLE I. Nominal electron beam and plasma parameters for examples.

- - plasma e-
Quantity Symbol Nominal value
Electrons in bunch Ny 4x10'°
Bunch length o, 0.7 mm
rms, norm emittance €ny 6x10 °mrad —
€ny 1x10"°mrad
rms beam size Oxy 50 um
Beam energy mcy 30 Gev T —
Beam density Npo 1.45x 10%cm 3
rms energy spread T 3x10°3
Plasma tank length Ly 15m
Channel radius R 1 mm
Plasma density ny 3x10%cm 3

FIG. 1. The radial electric field of the relativistic electron beam expels
plasma electrons from a large volume, or “channel.” Beam electrons are
then focused by the radial electric field of the relatively immobile ions.

'Sh"?l Elcture '?If the %qu"('jt.)”ulz ort Z?(;Oth'?rdbe rt' system to plasma oscillation trails the drive beam. Here we refer to the
" We will consider an injected electron beam traveling in?/ 25 Wave NUMbdG,= (47eny) ™ The angular plasma
I 9 frequency isw,=KkpC.

the s direction, described by a Gaussian transverse profile As the beam head propagates through the plasma, it con-

with number density, tinuously expels some plasma electrons from the beam vol-
x2 oy ume. If the beam density is sufficiently high thaf,>n,
252 ﬁ)1 1) then a region near the beam axis is completely denuded of
X y plasma electrons, forming an “ion-channel.” For illustra-
where the density on axis is given by tion, consider a “round beam,” one with,= oy=o0,. One
1y(7) may estimate the radius of the ion channel by considering

nb(Xiyv T) = nbO( T)EXF< -

Npo(T) = =———, (2)  that the beam and ion electrostatic fields cancel exactly at
27m0x0,C some radiuR},, the “neutralization radius,” satisfying
with a current waveform given by 1n, o? . 1R
Qb = 2ny R 2 o?
(7= 725, O~ 257 ®
n the limt ny/ny>1, this reduces to R,
t t I he limi In>1, thi d R

The “beam coordinate’r=t—s/c, and we approximate the ~0+(2npo/Ny)*% In the limit of adiabatic current rise,
beam drift velocity byc, the speed of light, thereby neglect- K,0,>1, one may picture plasma electrons being adiabati-
ing radiative effects. The beam chargeJs, the rms bunch ~ cally expelled beyond this radius.

length iso,= ¢, and the rms beam dimensions in the trans- ~ The transverse force witnessed by a beam electron in
verse plane arer, and ay. It is convenient to refer to the this “ion-focused” regime takes the form,

beam wave numpeﬂgbz(4wqb0re)1’2, where r_e=e2./mc2 F~— Imck2r,

~2.82x10 Bcm is the classical electron radiuse is the P

electron charge, anah is the electron mass. where we make use of the approximatiogs>ny,/y?, valid
There are in general four regimes of propagation, ador an ultrarelativistic beam. In this regime the beam electric

listed in Table I, and each may be seen in Fig. 1. and magnetic field contributions to the transverse force

When the current waveform rises slowly on the scale of€arly cancel and the ion-pinch force dominates. Transverse
a plasma oscillationk,o,>1, the beam represents an adia- motion of a single electron is described by
batic perturbation to the plasma, and the four regimes listed 4
in Table Il are clearly evidenced. For the PWFA, we are, in d—syd—srﬁ— ykérl~0, (4)
general, interested in a “short” pulse, one for whikpo,
<1. In this case the plasma response is transient, and where the betatron wave number is determined by the ion

density,
Kp
TABLE Il. Four regimes of propagation for a relativistic electron beam in a kﬁ: \/— 5
plasma. 2y
Condition Regime On the othgr hand, when the plqsma is denser th_an the
beam—a condition that always applies for some portion of
2 . . .
Np<ny/y Unfocused the beam head—the beam electric field expels only a fraction
Np=No lon focused of the plasma electron charge, enough so that the resulting
np>ny, Kpoy <1 Magnetically self-focused feit of | h is ad lth | ic field of
no>ny, Koo ™1 Current neutralization surfeit of ion charge is adequate to cancel the electric field o

the beam. In this limit, the net charge density is approxi-
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mately zero, and the only field component remaining is thel. LINEARIZED DYNAMICS
magnetic field due to the beam. Transverse motion of a
single beam electron is again described by &g, at least,
for small displacements from the beam axig o, , except
that the betatron wave number in this regime is determine
by the beam density,

We consider beam centroid evolution in the limit of an
underdense plasma. The problem is analytically tractable in
ghe limit of a preformed ion channel, for in this limit the
beam and plasma constitute an equilibrium. Convenient ap-
proximations include the neglect of ion motion, large plasma

Ky skin depth, and adiabatic current variatidriThe evolution
Kg=—"=—. (6) of the beam centroidé, in beamline coordinate and beam
\/2_7’ coordinater is described by a “beam breakup” equatibh,

Notice that as plasma electrons are expelled from the Jd 9
beam volume, they are also accelated backward, at the ex- (—7—+ ka;
pense of work done by the beam head. This backward com- I8
ponent of the electron motion corresponds to a return currenyhere the wakefield is
carried by the plasma electrons. A collisionless plasma will 3
oppose the current flow corresponding to an injected electron @o
beam?* This return current sheath extends radially with a ~ W(7)= z Sin(@o7), ®)
radial e-folding length ofkgl beyond the ion channel. In the _
limit k,o,>1, these plasma return currents are flowingK iS the betatron wave number, aﬁ_!épr/\/E-. _
through the bulk of the beam, as opposed to a volume much ~ With the assumption of adiabatic current rise, ilgg,
larger than the beam, and in this limit, the net magnetic field™ 1, the form of the beam breakup equation is independent of
within the beam is diminished. In this “current neutraliza- the beam current profile. At higher currents, the channel ra-
tion” regime' the net transverse force experienced by th@ﬂ]s adiabatica”y expands, dImInIShIng the electrostatic field
beam is simply its own magnetic field, diminished somewhageen by the beam. This geometrical expansion compensates
by the contribution of the plasma electrons. This regime idor the higher current, leaving the drive term in K@) in-

accessible when the beam size is large and the current is lofependent of beam current.
This integrodifferential equation defines a special func-

tion &(s, 7) for each choice of initial conditions,

&(s,1)= JOTW( r—71")&(s, 7 )d7", (7)

C. Higher-order effects , Z3

_ o(n)=&(s=0,7),  &o(m)=—-(s=0,7).
A number of higher-order effects should be noted, as S
they are accessible in principle, depending on the parametgior the sake of illustration we will consider initial conditions
range. Small angle scattering may result in emittancey the form

growth?? although for beam and plasma parameters consid- .

ered herein the effect is negligible. lonization by the beam is ~ &y(7) =&+ &7,  &)(7)=0.

of concern in determining the actual axial plasma densit . . .
profile. lonization is produced by the beam through electroﬁrhe precise evolution of the beam centroid may be deter-

impact, gas breakdown, stripping of atoms and ions in thén'ned by numerical solution, breaking the integral in Ef).

. - w " . over 7 into a discrete sum. Alternatively, the result may be
strong radial electric field at the beam “edge,” or tunneling : : .
in the presence of this fiefd:?* In addition, one may expect deterfmmedTL:]p 0 qula_drat_ure n re_rms of anblmverse Laplace
secondary electron multiplicatiofbreakdown, an effect ;[jrans orm. | el resu ting mtbelgr_a IS a”_‘erl‘.a_? 1o a steepest
scaling with E/p, the ratio of radial electric field to escents calculation, tractable in certain limiting cases.

. In the following we summarize these asymptotic results,
pressuré® In the meantime, plasma electrons are also lost 9 ymp

through recombinatiof®?” For a short, picosecond electron and a comparison with the "exact” numerical result, using

pulse and working gas pressures in the range of mtor, iOnf_or illustration a plasma density, plasma length, and beam

ization processes are relatively slow, and recombination i§ ne{%hfl;rr:ﬂ-{ 2?|ae\:\-/eak focusing and a lona bunch. with a
negligible during the beam transit. The time scale for the : 9 9 ’

massive ions to collapse inward and neutralize the beatHn'form initial offset, £,=0, one find$

charge is large compared with times of interest, and ion mo- 12

; . . . . A A T

tion can be negle.cted_. Finally, the approximation of a qol!l- &(s,7)~0.20%;—e*sin| wgr— —=— — |, 9)
sionless plasma is fair; however, in the collisionless limit, woT \/5 12

instabilities may replace collisions in dissipating the wake- )

field. The formation of the accelerating wakefield requires aVith an exponent given by

backward acceleration of plasma electrons, and this flow is 3312

subject to the two-streafBuneman instability coupling the A(s,7)= T[(kﬂs)z(on)]llsi (10
plasma electron motion to the ions. For a lithium plasma

with density as in Table I, the time scale of the damping iswhere the conditions,7>A>1 andk,L,<1 are assumed.
several plasma periods, and this effect is negligible for the In the limit of strong focusing and a short bunch, the
short drive bunch we consider. asymptotic form with a uniform initial offset 8
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S, A m ' ' ,
&(s, T)%0263A—l/28 co kBS— ﬁ + 1—2 , (11 s L /,—
I, \\ 4
where 5 N
3&2 @ﬁo 0 f7a¢\\ |
A(s,7)= T[(kBS)(a)OT)Z]lB. (12) /
Here it is assumed th&t;s> w7 and wo7<1. — imulation A\ /
For a tilted initial offset,£,=0, the asymptotic form is -5k o RN’
modified to - - -analytic
&oT Ao 0 50 100 150
f(S, T)~0341A—3/26A co kBS_ E + Z . (13) S (Cm)

FIG. 2. A comparison of the beam tail centroid versus axial displacement
The large plasma skin-depth approximation can be castrough the plasma from the numerical solution of Eg). (solid), and the

in the form kpb< 1, whereb is the plasma neutralization asym_ptotic form of Eq(11) (dashed for bunch length 0.6 mm and plasma

radius. In the adiabatic approximatiom?=a2(n,/n,),  Jensiv. beam energy, plasma length as in Table I

wherea= 20, the effective beam radius. The effect of

smaller plasma skin deptttargerk,b) on the wakefield in

Eq. (8) can be quantified as initial offset. This 3< growth is in turn reduced to approxi-
kob 2 mately 1.3< for a “tilted” offset. For plasma and beam

- ()|

(14)  density as in Table I, the wake is only slightly reduced ac-
cording to Eq.(14), by ~1.5%. This in turn causes only a

In the short-bunch, strong-focusing asymptotic limit theminor reduction in growth by approximately 6% in the ex-

growth factor in the exponential of EqL2) is reduced to ~ @mples involving this plasma density.

/
kpb)z 1/3

Wes( 7) =W

Agr=A| 1—

(15

lll. PIC SIMULATION STUDIES

The wakefield in Eq(8) is derived for an infinite plasma The linearized model for BBU, Eq7) is helpful in that
and is reduced from the effect of the finite plasma outeft provides a direct, fast means of determining growth. How-
radius. The linearized beam breakiBBU) wakefield due to  eyer, it makes a number of approximations that require fur-
an annular plasma sheath has been calcifatedd the her assessment. Given the transient and potentially nonlin-
modification to Eq.(8) can be determined for finite outer o5r pehavior of the plasma, the most accurate means of
plasma radius. Rewriting E¢8) as determining the evolution of the system is the particle-in-cell

W(7) =W, sin(wq7) (16)  simulation. While fully electromagnetic models are in dse,
they require exorbitant amounts of simulation time, limiting
their usefulness, particularly for the dipole problem. More-
over, they include too much extraneous dynamics, as the full
Maxwell's equations are not required for this magnetoinduc-
Wo) sin(wg7)cod wo7/(2a)] tive problem. In fact, in the limit of large plasma skin depth,
the problem becomes one of magnetostaties and electrostat-
ics. We discuss next a simulation code we have developed
that is appropriate for this regime, first discussed in Ref. 20.
We are particularly interested in assessing the less idealized
circumstances to be found in the experiment, transient chan-
nel formation and nonadiabatic current variation.

The PIC simulation divides the beam intN,~30
' ) ) X (wp7/27) slices, and each beam slice is modeledNby

For illustration, the result of Eq11) is compared to the  _4096_16 384 macroparticles. Each slice is initialized at
numerical solution of Eq(7) in Fig. 2 for nominal param-  _q \ith a predetermined distribution, either Gaussian or
eters. Thg numerical solution of qu) is obtained by a Kapchinskij—Vladimirskij (K-V), making use of symme-
macroparticle (MAC) code employing a fourth-order ;a4 Hammersley deviates. The K-V distribution is defined
Runge—Kutta scheme. The result indicates a tail centroid offi; Ref. 30. The beam particle motion in transverse position
set amplification on the order of six times for an initially r, and momentunp, (normalized bymc) is governed by
uniformly offset beam and a bunch length of 0.6 mm. For &, pinch gradienty,
“tilted” initial offset, the amplification is~2 times. For a
smaller plasma density of*210*cm™2 there is a reduction dr, p, dpy

in transverse growth from 6 te-3 times for a horizontal ds ps’ ds ==V

29 Jul 2000 to 134.79.136.224.Redistribution subject to AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.

and lettinga be the ratio of outer annulus radius o the
inner neutralization radius, the wake is modified to

1
+ZSIr{wOT/(2a)]COS(a)OT) ,
neglecting terms of order &f. For parameters in Table |,
a~10, and the infinite plasma wakefield in E§) is a good
(within a few percentapproximation for bunch lengths we
consider, satisfyingogr<<2r.
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and these equations are advanced iny a leapfrog algo- ‘ ‘
rithm, holding constant axial momentum (normalized by
mc), and permitting no slippage in

The pinch potentialy=A— ¢, where the axial magnetic
and electrostatic potentials are determined from the reduced
Maxwell’'s equations, expressed in terms of the beam charge i/io 0
densitypy,, the plasma—electron charge dengity, and the
fixed ion charge density; ,

— MAC

-5 L ——-Analytic -
) ame el T
Vig=— mCZ(Pb+pe+Pi)a ‘ .
0 50 100 150
s (cm)
5 41e
VJ_A: - pr- FIG. 3. A comparison of the PIC, MAC, and asymptotic form, for a short-

pulse, strong-focusing example, with a top-hat current profile, K-V beam
profile, a uniform offset, in an equilibrated channel. The bunch length is
These are solved by a fast Fourier transfornx endy, with l,=0.6 mm, and the initial offset is 10 x a, wherea is the effective beam
periodic boundary conditions. Charge allocation and field intadius.
terpolation are performed by area weightingxiriy.
As for the plasma electrons, one “slice” oM 42 2
~65536-131072 plasma macropatrticles is initialized for ﬂijzU :3 17)
each step irs, and passed through the beam from the head to ~ ds?  # * ¢3'
the tail. The plasma initialization loadé/2 pairs &,y) uni- - . . .
formly within the unit circle, by rejection, and quiets the a’;‘is'r;‘"f”y fzpry. Thel quantltye_x |s”the rmhs ebmlttanqe, and
loading by reflection through the origin. Plasma particle mo-‘TX_<X )~ {x)". To solve numerically fo.r.t € beam sizé, one
menta were initialized to zero. The plasma advance is a Iea‘p_eeds only the beam spot size specifiedsald, together

frog in the beam coordinate governed solely by the elec- with t_h_e initial T.W'SS pqrgmeters_@_and a=—f'/2. These
trostatic potential quantities then fix the initial conditions on the envelopg,

= &By and oy = — ayoy ! By.
d d As we will see, the figures of Table | do not correspond
r Py )
—=p,, _d:Vi¢' to a matched beam, as emittances &E0x smaller than
cdar necessary for matching to the plasma channel for these initial

e . beam dimensions. In the following we will consider two
The sensitivity of results to numerical parameters WaSinds of examples, one as in Table I, and the other

gagg?d by varying the.sllze o;‘]th_e mesh., the_ number.Ofse?]%atched” with emittance larger than in Table I. The latter
and plasma macroparticles, the integration time step in ot examples facilitate a direct comparison with the linearized

and 7, the distance between the plasma and the boundar¥nodel (which does not take account of scalloping
and an offset of the plasma center with respect to the mesh

center. As a means to further validate the PIC simulation, i
is worthwhile to consider beam propagation in an equili-
brated plasma channel. This limiting case can allow for a  In this section we compare the PIC, linearized model,
direct comparison between the PIC results and the numericaind analytic results for the strong-focusing, short-bunch re-
solutions of Eq(7). Where an equilibrated plasma channel isgime in an equilibrated plasma channel. Figure 3 shows
employed, the initial quasineutral equilibrium is achieved bytransverse displacement of the beam tail centroid versus dis-
adiabatic relaxation of the initially uniform plasma in the tance though the plasma, as calculated for a uniformly offset
potential of an undisplaced beam. Typical beam displacebunch by the analytic form, MAC, and PIC. Parameters are
ments are 10°—10 * beam radii, small enough to observe as in Fig. 2, and the emittance is matched to the channel to
saturation prior to nonlinearity, and large enough to avoidgallow a comparison with the linearized MAC code. The ini-
roundoff error. tial offset is given in terms of the effective beam radays
where for a Gaussian beam we set \/20, . Figure 4 com-
pares the asymptotic result of EG.3) with MAC and PIC

The first and dominant feature of PIC studies is the entesults for a tilted initial offset, with parameters as in Fig. 3.
velope evolution of the beam. In general, focusing forces ar€or both tilted and uniform initial offset, we observe good
transient, varying with the beam coordinatelIn the first agreement between the MAC, PIC, and analytic results. The
approximation, however, one may attempt to gauge the beMAC and analytic results for an equilibrated channel are
havior to be expected considering the steady-state results. formulated for a top-hat profile electron bunch. In order to
this case, the optics are described by &), with ks given  roughly apply MAC or analytic scaling results to a Gaussian
by Eq.(5). To describe the beam evolution in this limit, one electron bunch, a provision must be made to translate the
may employ single-particle tracking, as in a thick lens, orGaussian longitudinal distribution into an effective top-hat
one may employ the envelope equation, bunch length. The actual Gaussian pulse indicated in Table |

E. Equilibrated plasma

A. Zeroth-order optics

29 Jul 2000 to 134.79.136.224.Redistribution subject to AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.



3436 Phys. Plasmas, Vol. 7, No.

8, August 2000

A. A. Geraci and D. H. Whittum

T T II}_I S e I I
——MAC ~ ~PIC G (eq)
27 ---Analytic / ; PIC G (non) i
- 10 —PIC K-% (eq) = s
PIC PIC K-V (imon) -, . 1
— - MAL S i
10! = 4 ] i
/ 4 g
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FIG. 4. A comparison of the PIC, MAC, and asymptotic form, for the

example of Fig. 3, but with a “tilted” initial offset. FIG. 6. (Color A comparison of the PIC, MAC for a longer-bunch, strong-

focusing example, with a “tilted” initial offset, and an equilibrated channel.
The three curves are almost indistinguishable. Also shown is the PIC result

o for the same parameters, and a uniform plasma channel.
corresponds to a bunch length longer thgs 0.6 mm, indi-

cated in the examples of Figs. 3 and 4. The effective bunch
length suitable for a comparison of top-hat and Gaussianp” to blow out the plasma electrons in the uniform case. It
current profiles may be determined roughly from the condi-appears that for this particular example the former effect is
tion n,o=n,, the threshold for the ion-focused regime. This greater.
corresponds an effective bunch lenggh= (8\)*?0,, where Examples were considered for both Gaussian and K-V
N =In[ny(0)/ny]. This results in a figurd,=2.67mm for transverse beam profiles, and emittance is taken as in Fig. 5.
Table |, parameters. Results for this longer pulse example arEhere is no remarkable dependence of tail centroid trajectory
seen in Fig. 5, showing good agreement between the MA®nN the transverse beam profile in the equilibrated case. This
and PIC codes. Other parameters remain as in Figs. 3, 4& understandable, since the preformed equilibrated channel
Since growth increases by nearly two orders of magnituddias plasma electrons expelled radially beyond the beam vol-
for this longer bunch example, the initial offset was reduceduime, and the interaction of the beam and plasma electrons
from 10 %—10 ° beam radii to avoid nonlinearity. takes place from a distance. In the uniform case, there is
~1.5X less growth for the Gaussian spatial distribution than
for the K—V. We attribute this to the fact that the tails of the
) Gaussian distribution can extend into regions beyond the ion
For the longer bunch example,2.67mm), a “tilted”  channel and cause phase mixing that may result in reduced
initial profile, and a uniform plasma not equilibrated to the%rowth as compared with the K-V example.
beam, results are seen in Fig. 6. Agreement is fair, althoug

the PIC indi_cated more growth for_ the unif<_)rm case. Thisp Gaussian current waveform

may be attributed to the fact that in the uniform case, the o )

beam witnesses plasma electrons at closer proximity for a /AS @ more realistic means to gauge the transient behav-
longer duration, contributing to enhanced wakefields. AlOT associated with beam propagation through uniform

competing effect is that the head of the beam has to be “use@l@Ma, a Gaussian current waveform, E3), was substi--
tuted for the previously considered step bunch of effective

lengthly, . Figure 7 shows the centroid offséiversus beam

C. Uniform plasma

103 . .
102 // \\ . N f'\' \
L / . 8 K I
23 / ‘.\( i \\ i‘i
. 10! // \\ ‘ i N ,1
C.s/&.'O ) // \\ ﬁ\i
10° &y o = —— A
‘ N
v
10-! - 6=035mm 6 =07mm :
--"MAC e )
.23 b G -
10-2 . : -—I/ly I/1
0 50 100 150 0 0 ; ;
s (cm) 0 0.07 0.14 0.21 0.28 0.35 0.42
ct(cm)

FIG. 5. A comparison of the PIC, MAC for a long-bunch, strong-focusing
example, with a top-hat current profile, a uniform initial offset, and an FIG. 7. The PIC result for a centroid offset versus beam coordinate imme-
equilibrated channel. Pulse lendih=2.67 mm. diately downstream of plasma.
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0 0.07 0.14 0.21 0.28 0.35 0.42
cT(cm)

FIG. 8. The PIC result for a centroid exit angle versus beam coordinate
immediately downstream of plasma.

FIG. 9. (Color Incoming beam profile with head—tail “tilt.” The vertical

coordinater at the exit of the plasma for the Gaussian cur-4mension is 1.5 mm; the horizontal 4.2 mm.

rent profile case with a tilted offset for two bunch lengths.
Beam current versus is shown for reference. Emittance is
taken as in Table I. The initial offset of thes3 tail is nor-
malized to unity on the vertical axis. The3o, beam head
is defined as zero offset. A case is shown for initial,3ail
offset of 0.3<a, where the beam radius= \/on,y. Cases

period. As Fig. 11 indicates, the effect of the electron-hose
instability is reduced. The beam tail passes through the
plasma before the plasma electrons blown out by the head of
the beam can collapse inward and the strong defocusing and
deflection observed in Fig. 10 are absent. The condition for

fr?lfutlﬁted fOrr small/er qffsetls Ofl'o.hltl and Olom 'ng'ca:ﬁ the beam tail to avoid the plasma channel collapse as ob-
at the scaling of/£, is only slightly nonlinear. For the served in theric simulation can be cast roughly in the form

nominal parameters in Table |, the beam tail undergoes sigK— “1

ificant distortion and amplification of tail centroid offset is pTz>" Co o . .
n ) In practice, it is difficult to obtain beams with, as
in the range of 25—4R. By reducing the bunch length by a

fact £ that f head to tail the bunch lenath i small as indicated in Fig. 11. Alternatively, transverse
actor ot 2, so that from head fo tail the bunch fengt '_S_growth can be controlled by reducing the plasma density at
approximately equal to one plasma period, we see a signif

7 _ N fixed o,. For plasma density one-fourth its value in Table |
cant reduction in centroid-offset amplification.

. i . . (plasma frequency reduced by one-halfid the fullo,, we
The transverse centroid exit angle corresponding to Flgmaintain the condition that front 3o, the bunch length is

! Versus bear? cc:jortdnlﬁte _|s.t<_j||s%lgy(7d n F'g't&?' The V?rttr']ca?!\pproximately one plasma period. In this case the down-
axis 1S normaiized fo the inftial displacement in €M Ot € g0 4y result is shown in Fig. 12. Focusing is reduced due to

30, be_am tail. For example, Fh_e flgure_ indicates @, 2ail lower plasma density, and distortion of the beam tail is ab-
deflection of~0.6 cm after drifting a distance of 10 m. In sent

conktr?stl, a;trf]l's glasm?tgenslty,datpt':reg bftatnlzcr;ho;smg ¢ The effect of reducing bunch charge by one-half is
wakete O). etiection of the head-—tall otiset could, al most, gy, 4 i Fig. 13. In contrast, the transverse growth is now
deflect this section of the ta#0.1 cm at the same distance.

Figure 9 shows a time-resolved beam projection for pa-
rameters as in Table I, with head—tail tilt as in Fig. 7. The
horizontal and vertical scales are 4.2 and 1.5 mm, respec-
tively. This head—tail tilt is distorted and amplified by the 1.5
m plasma, as evidenced in Fig. 10. As Fig. 10 indicates, the
head of the beanffrom ~0 to 1 mm) undergoes scalloping
as an ion channel is formed. The portion of the beam from 1
to 3 mm experiences a channel absent plasma electrons, ang
is subject to the electron-hose instability. The latter portion
of the bunch, after approximately 3 mm, witnesses the col- '
lapse of the ion channel and the plasma electron density on
axis reaching approximately four times its initial value, caus-
ing strong deflection and defocusing.

This wakefield amplification can be significantly reduced
by decreasing the bunch length, as indicated by(Eg). We
consider an example with peak beam current density and
other parameters as in Table |, exceptis reduced to one-

half its original vglue. With these pa_rameters the buncheg. 10. (Colon The same beam as in Fig. 9, immediately downstream of
length from =30, is reduced to approximately one plasmathe 1.5 m plasma. The color scale shown as in Fig. 9.
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FIG. 11. (Colon) The same beam as in Fig. 9, with half its value in Table  F|G. 13. (Color) The same beam as in Fig. 9, with, half its value in Table
I, immediately downstream of the 1.5 m plasma. Horizontal and vertical|, immediately downstream of the 1.5 m plasma. Horizontal and vertical
dimensions are 2.1 and 1.5 mm, respectively. dimensions are 4.2 and 1.5 mm, respectively.

only slighly reduced, as compared with Fig. 10. The transto wakefield-induced kicks of the beam tail. Transverse
verse effects are less senstive to beam charge than to bunglakefields in the plasma amplify and distort incoming beam
length and plasma frequency for ranges of parameters closead—tail offsets, leading to beam breakup and deflection.
to those of Table I.

IV. INTEGRATED AND TIME-RESOLVED A. Orbit simulations

DIAGNOSTICS In general, absent beam—plasma interaction, the electron

In this section we provide a survey and analysis of arPeam orb_it_ as obsgrve_d with the h_elp of BPMS’ Wi"_ fit to &
illustrative PWFA experimental setup, to indicate the pri_su.perposmon of sine-like, cosme-llke_, a|_'1d d|§p9r5|v§ rays.
mary considerations involved, and to translate the foregoind"/th Plasma turned on, the beam orbit will exhibit a discon-
analysis into the observational features of transverse beaH!Uity across the plasma chamber, and based on optics char-
dynamics. The general beamline layout is shown in Fig. 142Cterization absent plasma, a deflection angle may be in-
The dispersion produced in the bending magnet ideally alferrgd. Thus, the' first useful result of theoretical Wakefleld
lows measurement of beam energy variations induced in thgtudies is to provide some estimate of angular deflection ver-
plasma. The drive beam exits the linear accelerator witFuS INcoming beam head—tail tilt. To make a comparison
some nominal variation in beam centroid transverse displacd2€Ween theory and observation we form the charge-
ment (dipole perturbationslongitudinally along the beam. weighted average,

Such head-tail offset is typical for linear acceleratbriie

f _if+xd I f
< >S_Qb 700 T b(T) (S!T)l

where quantitie$ of interest includeg, £, as well as second
moments.

For experimentally accessible parameters, we expect
amplification of beam-tail jitter by=1—-100%. For a current-
weighted centroid, the amplification is significantly less. Fig-
ure 15 shows the evolution of the current-weighted centroid
as the PIC simulation indicates for parameters in Table II.

*

y
linac I——»—ﬂ—‘ plasma |—||——| bend }-_\<>“
2 3

T

z

FIG. 12. (Color) The same beam as in Fig. 9, with half its value in Table 1
I, immediately downstream of the 1.5 m plasma. Horizontal and vertical
dimensions are 4.2 and 1.5 mm, respectively. FIG. 14. lllustration of a PWFA experimental setup.
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' ’ plasma density, for example, with a random incoming distri-

——<x>-betatron , 7N S . \
2 b - —<x>pic , \ i bution in head—tail offset parametg&}.

B. Lensing

A second generic set of diagnostics consists of beam
profile monitors, either wire type, or radiator tyfreln the
following we indicate effects one may expect to observe in
N such images.

For a fixed length plasma cell, in the absence of wake-
; , field effects, one expects the beam waist upon exit to un-
0 50 100 150 dergo oscillations as a function of plasma density due to the

s (cm) betatron focusing of the ion channel. PIC results for param-

FIG. 15. PIC current-weighted centroid evolution. Betatron oscillation of aneters as in Table | dlffer_due to scallopl_ng oceurring at the_
equilibrated channel, absent hosing, shown for reference. beam head and defocusing and deflection at the beam tail.
For instance, for the plasma density in Table I, PIC simula-

tion indicates a reduction i, by 8% at the exit of the

plasma tank, compared with the 89% expected assuming a

For reference, the figure also includes betatron OSCi”atiO”Spure-betatron focusing channel. Also, the PIC calculated
as would be expected in an equilibrated ion-channel abseRfyiation of beam spot size with plasma density is less rapid
electron-hose instability. _ _than for the pure betatron channel. Experimentally, changes

Due to the strong focusing witnessed by the beam in, the peam spot size can be measured by imaging the optical
plasma, we expect the beam trajectory upon leaving thgansition radiation both upstream and downstream of the
plasma cell to be largely independent of initial transversejasma. These focusing effects, along with deflection effects,

centroid angle¢’) and primarily dependent upon initial off- 41y with plasma density and can be compared with the PIC
set(¢). Thus one is, in general, interested in plots of angleregylts.

versus offset. For an ideal infinite plasma channel that has

equilibrated to the begm we e>_<p(_act jitter in beam “head—t_a|lcl Transient diagnostics

offset” &= &y to provide a variation of beam trajectory exit _ ) )

angles¢’ from the plasma tank. The width in this distribution A third category of diagnostic corresponds to those of

of angles is, in turn, a function of plasma density, and can b€ Previous section, but observed via a streak camera to

calculated using the MAC and PIC simulations. provide resolution along the very short time scale of a single
For illustration, the linearized MAC code is used to Punch. In this section we discuss a particular interest in this

simulate the effect of initial head—tail offset on a final cen-diagnostic, namely distinguishing of betatron focusing versus

troid trajectory angle for a variety of plasma densities usingVakefield amplification. The betatron focusing property of

other beam and plasma parameters as in Table I. Figure 15 ion channel formed by the beam head can, in principle,

shows the kick strength/x, as a function of plasma den- Produce a deflection of the beam centroid much akin to a

sity. Experimentally one may compare the measured width ifvakefield effect. The following experimental signatures, as

exit-angle distribution with the calculated dependence orfvidenced in a time-resolved streak camera image, can dis-
tinguish this betatron focusing effect from the transverse

wakefield growth. First, for a given incident beam profile,
greater deflection of the beam centroid can occur with wake-

0.2 o . — . field amplification than with purely betatron deflection. Sec-
ET | ond, beam “hosing” is expected with wakefield amplifica-
0F 8 tion and is not possible with purely betatron focusing.
I ; Hosing occurs when different longitudinal sections of the
02r / ] beam oscillate at different frequencies, leading to amplifica-
£ oal b tion and distortion of incoming dipole perturbations. In con-
§ trast, pure betatron focusing should result in all particles in
L o6l ] the beam oscillating at a single betatron frequency.
v ] It is not possible using projected transverse images to
-0.8 ] distinguish linear head—tail offset from increased spot size
i ] for a Gaussian beam. Therefore, as a more direct means to
-1 1 experimentally observe wakefield amplification and deflec-
, : tion, a streak camera set on a radiator immediately upstream
R E—— PR . of the plasma providing resolution along the bunch can be

used to diagnose initial head—tail offset. This image can then
be compared to time-resolved streaked images downstream
FIG. 16. MAC result for transverse average beam-centroid exit angle versusf the pl_asma. T'me'resowed centroid Sh'_fts can be me_asured
plasma density. and weighed against PIC results. Variation of deflection of

Plasma Density ( 10'4 cm-3)
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