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An intense, high-energy electron or positron beam can have focused intensities rivaling those of
today’s most powerful laser beams. For example, the Sfydswidth, half-maximum, 50 GeV

beam at the Stanford Linear Accelerator Cef&rAC) at 1 kA and focuseddta 3 micron rms spot

size gives intensities of 10°° W/cm™2 at a repetition rate of10 Hz. Unlike a ps or fs laser pulse
which interacts with the surface of a solid target, the particle beam can readily tunnel through tens
of cm of steel. However, the same particle beam can be manipulated quite effectively by a plasma
that is a million times less dense than air! This is because of the incredibly strong collective fields
induced in the plasma by the Coulomb force of the beam. The collective fields in turn react back
onto the beam leading to many clearly observable phenomena. The beam paraticles @an be:
Deflected leading to focusing, defocusing, or even steering of the b@ammndulated causing the
emission of spontaneous betatron x-ray radiation &Bdaccelerated or decelerated by the plasma
fields. Using the 28.5 GeV electron beam from the SLAC linac a series of experiments have been
carried out that demonstrate clearly many of the above mentioned effects. The results can be
compared with theoretical predictions and with two-dimensional and three-dimensional, one-to-one,
particle-in-cell code simulations. These phenomena may have practical applications in future
technologies including optical elements in particle beam lines, synchrotron light sources, and
ultrahigh gradient accelerators. 2002 American Institute of PhysicgDOI: 10.1063/1.1455003

I. INTRODUCTION trons as they impact a solid target is very different. Unlike a
fs laser pulse, which even at these ultrahigh intensities is

Historically, high energy density plasma sciencestrongly attenuated by a thin layer of plasma formed by the
(HEDPS' refers to the study of high-temperature, high- photons at the target surface, the U-REB can readily tunnel

density plasmas produced by a number of different types ofrough tens of cm of steel. On the other hand the interaction
drivers: Lasers, ion beamspinches and modestly relativis- ¢ poth an intense laser pulse and a high current electron

t'f (Z< 1?3) electlrJorFLé)gam:.lngEaPS r\]NtI:]h ?n ultiak;elatlwstlc pulse with the plasma can be qualitatively very similar when
glectron beam, - K ) has hitherto not been ex- .ttqe two propagate through a low-density plasma. In either
plored despite the fact that the energy density associated wit S .

ase a significant amount of drive beam energy can be trans-

such a driver can be comparable to that of the most powerf ) L
. . ferred to the plasma electrons making them relativistic par-
other types of drivers mentioned above that are used in

HEDPS. Table | below compares, for instance, the drivert'CUIarly in the electron blow-out reginfeln the laser beam

H 2
parameters of a 100 TW, 30 fs laser, and the existing nomic@S€ €ach electron receives energy on the onsgfc] mc?

nally 50 GeV electron beam at the Stanford Linear AcceleraWhereas in the electron beam case each electron receives
tor Center(SLAC). ~(np/ny)Y2mc? amount of energy. The symbols are defined

As can be seen from Table I, the peak intensitiesn Table Il. In this sense this is a distinctly different regime
achieved at the focus of these two drivers for HEDPS ar®f HEDPS that has not been systematically explored until
comparable. However, the interaction of photons and elecaow. The main motivation for using U-REBs in the plasmas

is the development of the beam-driven plasma wakefield ac-
apaper JR1 1, Bull. Am. Phys. Sog6, 172 (2001. celerator. The focus of this research is on demonstrating ac-
Pnvited speaker. celerating gradients on the order of 1 GeV/m over a meter of

1070-664X/2002/9(5)/1845/11/$19.00 1845 © 2002 American Institute of Physics
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TABLE |. Physical characteristics of a state-of-the-art laser and particleTABLE lll. Typical beam and plasma parameters used in the experiments.
beams.

Number ofe™ per bunch N 1.8—2x101°
100 TW laser 50 GeV electron beam Bunch energy E,y 28.5 GeV, 5.5& 10°

- Bunch radius 0y ,0%,0y 30-40um
Energy per particléeV) 15 50x 10° Bunch length o 0.7 mm
Pulse lengtHFWHM) (ps) 30x10°8 5 Beam density n; 1.5%10% cm-3
Spot size(um) > 3 Normalized emittance Enx 5X 10 ° m-rad
Energy/pulse(J) 3 150 Plasma density Eny 0.5 107° m-rad
Rep rate(Hz) 100 10-120 Plasma length L 1.4 m
Peak intensityW/cn?) 107° 107°

steering of the bean(c) periodic oscillations of the beam

plgsma. Such large fields can only be excited over this Iengtgpot'(d) emission of wiggler radiation in the x-ray rande)
using an U-REB. deceleration of the bulk of the beam, afiil acceleration of

The physical mechanisms are quite different in the lasegome beam particles in the tail of the beam. Some of these
and the beam cases but the experimentally observable effeigects have been studied using lower energy relativisic elec-
are similar. For instance, the laser pulse interacts with thg.on peams propagating through plasiidhut a systematic
plasma electrons via the ponderomotive force which is PrOstudy of all these effects under the same experimental con-
portional to the gradient of the intensity, whereas the U-REByjitions has never been carried out to date using an U-REB.
plasma interaction is via the space charge eIect_ric fieI_d of thgpere is hope that phenomena being studied here will lead to
electron beam. In the so-called “blow-out” regifhévhich  the development of new plasma technologies including new
for laser pulses occurs wheny/c>1 andkyor<1 and for  types of lenses and kickers for future high-energy particle
an electron pulse occurs when>n, andkyo,<1) both  peam lines, plasma wigglers and undulators for the next gen-
drivers €>l<pel all the Plasma electrofsn a time scale of eration of synchrotron light sources, an entirely new para-
eitherw,, ~ laser orw, = (beam] and create an ion channel. gigm for building high-gradient accelerators and a new class
The effect of the ion channel on the photons is relativelyyf free electron lasers.
weak arising from the modified index of refraction of the
plasma. However, that is not the case for a U-REB. Tth EXPERIMENTAL CONDITIONS
space-charge force of the ion channel can influence the elec- . ) ) ] ]
tron bunch in profound ways depending on certain initial "€ experimental work discussed in this review paper
conditions. In a general sense one can observe all the saj@S carried at SLAC as part of two experimental investiga-
effects as one would when a charged particle interacts witHons, E157 and E162, using the U-REB at the Final Focus
an electric field: Deflection, acceleration, and radiation. In'eSt BeamFFTB) facility. The beam parameters are shown
the case of an electron beam these effects can be observedisable lll. These do not include the effect of foils and

(a) focusing of the beam outside the plasitiz,deflection or pellicles used in the experimehtUnless explicitly men-
tioned otherwise, these parameters were used in the various

experiments.

The experimental set-up has been described in detail in
Ref. 7. We will describe the apparatus briefly in this article
so that the experimental data presented later can be under-

TABLE IlI. Definition of parameters used in text. All other symbols are as
defined in the NRL Plasma FormulafiRef. 10.

Physical parameter

Symbol/formula

. stood easily.

Total number of beam particles N Figure 1 shows the schematic of the experimental set-up.
Initial position of the electron ro . .

s . The SLAC beam with the above mentioned parameters was
Longitudinal r.m.s. size of beam T, e
Transverse r.m.s. size of the beam OOy, focused near the entrance of a lithium plasma produced by
Beam (plasma density Np(Nyp) photo-ionization of a 1.4 meter long lithium vapor column
Laser frequencyfield) w,E by an ArF lasef. The beam sized, ,0y), 1 m upstream and
'C‘Ofm_f"'g,ed Ie'f‘:t;"_” ;_’el'gc'ty B:lé’ c 1 m downstream of the plasma was recorded by imaging the

ongitudinal electric Tie e . s .. 9

Lorentz factor of the beam y=(1—p2)- 12 optical transition radiatiofOTR),” produced by the beam,

Electron beam density
Electron plasma frequency
Beam plasma frequency
Collisionless skin-depth
Plasma wave number
Normalized emittance of the beam
Focusing beta of the beam
Effective wiggler strength
Betatron frequency
Betatron wave number
Matched beam radius
Wake amplitude

Electron oscillatory velocity

onto 16 bit charge coupled devi¢ECD) cameras. The elec-

wp=(n,e%eom)*? tron beam exiting the plasma was bent or dispersed in the

wp=(Npoe*/eom) vertical ory-plane using a 5.2 m long dipole bending magnet
clwy placed 3 m from the plasma exit.

kp=wp/c=2m/k, The dipole magnet provided a net dispersion of 300

Bbe:r::=7‘i/:;2/8N MeV/mm & a 1 mmthick aerogel Cherenkov radiator placed

Npo=N/(27) 3’20'50'1

a= kg, 12 m from the plasma. The Cherenkov light was split using a
wg=wp/(27)? beam-splitter and sent to a 16 bit CCD camera to record the
kg=wglC time integrated beam profile or to a streak camera where it

Fom= (en/7kp) "2
n,/n=eE/moyc
vo/c=eE_/mwc

was time resolved in both plangs,vs 7) and(y vs 7), with
an ~2 ps resolution, here is the time measured from the
center of the bunch. The forward emitted x-ray radiation
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e et lonizing Cherenkov CCD

Laser Puise Streak Camera
Plasma . .
XA FIG. 1. The experimental set-up for studying beam-
0O Diag'nzﬁc plasma interaction effects with a 28.5 GeV electron or
x y Bending positron beam that was used in most of the experiments
Optical Transition Quadrupoles Magnet Cherenkov described in the text. The detection set-up for x-rays in

Radiators Radiator ~ Dump the forward direction is not shown.
Imaging Spectrometer —»

from the plasma was reflected using d130) crystal and  Forny,>n,, plasma electrons are blown out from a region
recorded using two surface barrier detectors. The electroaf plasma that is much wider than the beam spot size.
beam position downstream of the plasma was measured by a There are now a number of physical effects that ensue as
series of stripline beam position monitqiBPMs). the ion channel exerts a focusing force on the electron beam.
The radial electrostatic field of this ibhchannel is given by

Ill. HIGH ENERGY DENSITY PLASMA SCIENCE 1nge
(HEDPS) IN BEAM—PLASMA INTERACTION E,=5—r, 5)

The electron beam has a Gaussian profile in both trans- o , -
verse and longitudinal directions given by which varies linearly withr. Substitutingr = o, leads to

X220} - yPI20 g~ 2207 (1) E,=9%x10 *n,[cm 3] o, [ um] MV/m. (6)

Np(X,Y,2) =Npoe™

where for a round beam the total number of beam particles i$his radial electric field has profound transverse and longi-

given by tudinal effects on the beam which we will discuss. Of par-
" " ticular interest is the case whédqgo,~0(1), for which a
N= f f np(X,y,z)27rdrdz, (2)  strong longitudinal electric field is excited behind the head of
z=-=Jr=0 the beam.
from which we obtain the peak beam density as A. Beam focusing or underdense plasma lensing
N 3) It can be seen from Eq5) that in the underdense re-

Npo="—3—>—- . . . .
b0 (277)3’20502 gime, the ion column exerts a focusing force that increases
with r and, therefore, a section of plasma acting as a focusing
: ans has, in principle, no spherical aberrations. However such

charge force and the self-magnetic force counter and cance . oo i :
a lens still has longitudinal and chromatic aberrations.

each other to the order 9.1 Thus an initially collimated : . X
: . . Spherical aberrations are caused by the time dependence of
U-REB propagates in vacuum with an expanding envelope . : .
, T ) ion channel formation whereas the chromatic aberrations
due mainly to its intrinsic emittance.

When such a beam is injected into a plasma, the plasmarlse from the energy variations within the beam. The effec-

electrons begin to be expelled from a region surrounding the "© focusing gradient can be found from Hd) as

begm in order to preserve the charge neutrality of the plasma. B,/r=3x 10—9np [cm~3] Glcm. )

This in turn perturbs the belance between the self-forces of

the beam mentioned above. What then happens to the beadm the thin lens approximation the electron beam after tra-

depends on the relative beam and plasma parametens. If versing a lengthL of an ion column with density, will

>n, andk,o, <1, the beam is self-pinched by its own mag- focus at®

netic field*? On the other hand if,>n,, known as the

underdense plasma condition, the beam electrons blow out f ZLC_;, 6 101

the plasma electrons leaving behind an ion coldfifhe ion " e

column in turn exerts a focusing force on the beam. It is this

latter regime of propagation, known as the ion focused reAs an example, using Eqé7) and (8) a 10 cm long, 18

gime that is of interest to this work. cm 2 density plasma lens will have a focusing gradient of 3
The formation of the ion channel and the action of theMG/cm and will focus a 50 GeV SLAC beam in just 8.6 cm.

ion channel back on the beam are both transient effects for Consider the case of a beam of emittaadecused to a

beams that are both narrovk,o,<1, and shortk,o,  Spot sizesy at a distances, away. The initial beang is

~0(1). Nevertheless, the radius of the ion channel that igelated to the beam beta at the waigf & o/c) by

formed can be estimated by equating the space-charge field

It is well-known that for a relativistic beam the radial space

2 y

L(cmny(cm 3)°

®

2
of the beam and the electrostatic field of the ion column at B=p%| 1+ i ©)
this radius* leading to 0 w2
1/2
r=o (@ (4) When the beam traverses a thick lens of lengtiL <sg)
b ng and densityn,, the beam beta at the lens exit is given by
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TABLE IV. Plasma lens characteristics for three incident spot sizes.

Final spot size Focal length
Initial spot size o ay fy fy
of (um) N/ (um) M) (um) (em) (g,
50 4 6 15 24.4 24.7 0.24
40 6.5 7.4 1.9 23.8 24.7 0.19
30 11 9.6 25 222 246 0.14
P I PP v
L= co
2 2Kﬁg 2 2KBE
——— sin(2VKL), (10)

2\/—,30

Joshi et al.

(a) Blovesit plasma_» = (b
region boundary| -

+ + _

beam F
R v/
Ton channel plasma ion blowout| » 4 7 -

gas channel + =

plasma

FIG. 3. Physical mechanism for collective “refraction” of a relativistic elec-
tron beam traversing a plasma/neutral gas bounda)ySide view andb)
front view of beam and plasma illustrating how asymmetric blowout creates
a net deflection forcé.

m 3 L=10 cm. The beam parameters wehe=2x 10
electronso,=1 mm, ey,=60 mm-mrad, anéy,=15 mm-
mrad. Asoy is decreased, they, /n,, ratio increases causing
the blow-out to be reached earlier in the bunch. The longitu-

whereK = w2/2yc The beam beta at the new waist is given dinal aberrations are thereby reduced. Howeverggsis

by17

Bs
1+K(Bo—B*)B5

and the new waist is located at a distarscBom the lens
entrance given by

s=(B*(BL—B* N (12

The demagnification ratio defined ag;/o* =(B5/8*)Y?
can be maximized with respect i , n,, andL. Table IV
illustrates the effect of varying the initial spot siag on the
final spot sizec*. Plasma parameters weng;=1.2x 10"

B*= (11)

Spol Size X
— w00 Si2R Y
= #= = Beam densty (Mormalized)
Time Resclved Spotl Size (n=1.2e14)
r o
40 =
a5
— P
=
=]
-
< 25 E
= ]
= :
ey 20 | 1
+ H;I :
b 15 | 4
i ]
Pl
5 10 =
i i Back
= 5 L
=N C
W [ —_— = ]
D B SRR S S S R PR [ PR B
0 500 1000 1500 2000 2500 3000

Position (um)

FIG. 2. (Color) Simulation results from codeuickric showing time depen-

decreased the minimum spot size increases because of the
beam emittance contribution ®* in these examples. Note
that the focal length of the lens is relatively independent of
oy, and that the values of* are different in thex andy
planes becausey,# eyy -

The predictions of the analytical theory have been tested
using the 3D quasi-state, particle-in-celPIC) code
Quickpic.® The initial beam and plasma parameters are
those of theo; =50 um case in Table IV. Figure 2 shows
that the spot sizes at the beam waist located 25 cm down-
stream of the lens exit are; =5 um andoy =2 um, re-
spectively. These values are in excellent agreement with
those obtained from the analytical moddlable V). The
choice of n, and o, in this example is such that,o,
= /2, therefore, the plasma electrons thus rush back on axis
in the back of the electron bunch. They create a defocusing
force that causesy ,, to blow up in the back of the bunch
(position>2300 um on Fig. 3.

0.3 SR e =
!- Be< 1/sind

0 (mrad)

Ot -

_° BPM data
o3l v oo . Impulse Model
3 4 0 4 8
0 (mrad)

FIG. 4. (Color) A plot of beam deflection anglé@ measured with a beam
position monitor versus angle between the ionizing laser and the Beatn

dent focusing for a 28.5 GeV beam after traversing a 10 cm long, 1.2s also the angle between the beam and the plasma. For incident @ngles

X 10" cm™2 plasma at 25 cm from the plasma exit in batandy transverse
directions. The beam waist is placed at the plasma entrance.

less than 1.2 mrad the beam appears to be internally reflected. The solid line
is the prediction of the simple impulse model described in the text.
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In the above examples the demagnification factors are=0 degrees. For incident angles up to 1.2 mrad the deflection
between 10 and 25. Plasma lenses with large demagnificatida seen to be proportional to 1/sinas predicted. However,
factors will be highly desirable for increasing the luminosity for $<<1.2 mrad the beam appears to be totally internally
in future linear colliders. However, the penalty for doing soreflected, i.e.fx ¢, again in good agreement with the theo-
may be a significant synchrotron energy loss resulting irretical model. It is remarkable that a 28.5 GeV beam that is

background problems at the detector. able to tunnel through several centimeters of steel is totally
internally reflected, by collective fields of plasma that is
B. Collective refraction of the beam roughly million times less dense than air.

If the electron beam is propagated at an anglevith
respect to the axis of the plasma column such that it eNCOUNs oo oscillations of the beam envelope
ters a plasma—vacuum or a plasma-—neutral gas boundary, it P
can experience a deflection which can be thought of as a If the density length product of the plasma is large
collective refraction effect. Under certain conditions theenough, the electron beam can focus within the plasma itself.
beam is not only refracted away from the normal it can ac-As the plasma density is further increased the electron beam
tually be totally internally reflected as a photon beam wouldcan undergo multiple betatron oscillations inside the
do in an optical fiber. As discussed above, when the beam iglasm&’® The behavior of the electron beam with a normal-
fully inside the plasma, the head of the beam expels thézed emittances\ is described by the beam envelope equa-
plasma electrons out to a radius As the beam approaches tion
the plasma-gas boundary the ion channel becomes asymmet-
ric as shown in Figs. (@) and 3b). This causes the beam to ol(z)+ Z_T
be deflected towards the plasma. ¥ o (2)
The magnitude of this deflection has been estimated usyhere K=w,/(2y)"% is the restoring constant of the

ing an impulse modef! As the beam approaches the plasma or equivalently the betatron wave numkgr The
plasma—neutral gas boundary at an angl¢he force onthe peam is said to be matched to the plasmaBiif..,= 1/K
beam due to the ion channel of radiyss given by Gauss's =g . In this case the beam radius remains constant as
law as the beam propagates through the plasma. This matched beam

F= —2npe2ri. radiusr, is follljznd by Ie_tti_n_ga”(z)=0 in_Eq._(lZ) giving

) ) rom=(en/vKp) ™% If the initial beam radius is larger than

The beam spends roughlyridc sing amount of time near | then the beanenvelopeoscillates with a spatial period
the edge. The impulse on the beam is thus the Coulomb forcg/k which is equal to half the individual particles’ betatron

multiplied by the time that the beam resides within the ionwavelength. The beam particles exit the plasma with a well
channel. Dividing by the beam’s parallel momentwmc  yefined deflection angle

gives a scaling law for the deflection angle valid for ¢

2

K2— o,(2)=0, (14)

>0 as o7 = okg|sinkgz]. (15
8 aNr The phase advance experienced by the beam envelope in a
0=— —e (13 plasma of densityr, and lengthL is
T \2myo,Sing .
whereeN/\/27o, is the charge per unit length of the beam \I,L(np)zf Kdz=K(np)L & n}?. (16)
and « is a numerical factor which is<2 for beams that are 0
longer than,, . It is clear that wheneve¥ (n,) =ma radian the beam size

The impulse model breaks down at small angles of inci-at the exit of the plasma will be the same as the beam size at
dence¢ such that the deflection angfeis on the order ofp.  the entrance of the plasma. At these values of phase advance
In this case the beam can be totally internally reflected. Thishe exit angle is zero for a beam that is focused to a waist at
is a collective refraction effect whose magnitude in a rathethe plasma entrance, and therefore, the beam is transparent to
dilute plasma of density- 10 cm 2 (typically ¢<1 mrad the plasma. On the other hand, whenevr (np) =(m
as will be seen latercan be orders of magnitude greater than+ 1)/2 radian the beam exits the plasma at a focus and with

that expected from single electron considerations. a maximum divergence angle which scalekgor \/n—p
We have experimentally demonstrated this “refraction” The above discussion is strictly valid for the steady state

effect by deliberately propagating the electron beam at apropagation of a beam in a preformed ion channel. If the ion
angle ¢ with respect to the plama column. Figur@¥shows channel is induced by the beam itself which has a finite rise-
the actual electron—beam deflecti@mircles measured using time, different longitudinal slices of the beam can undergo
a BPM and the theoretical deflectidsolid line) as a func- different number of betatron oscillations in a plasma with a
tion of ¢. ¢=0 degrees means that the U-REB and thegiven productn,L. However, ifn,s>n, most of the beam
ionizing laser are exactly co-propagating. By varying thecan be affected by the ion channel that is fully denuded of
angle the laser makes with respect to the electrons, the eleplasma electrons. Thus, the envelope equation can be used to
tron beam can be made to exit from either side of the plasmaompare experiments with theory. In the experiment the
column. When the angle of deflectighis plotted against the beam spot size cannot be measured inside the plasma. It is
incident angle¢, this gives to a symmetric curve aboét usually measured at some distance outside of the plasma as
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400 ¢ 047 &
g A
z 3001 g/ 0.3t
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3 3
8200} M 0.2
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& 100§ %ﬂ 0.14
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0 . ! ! > 84 . vi o A .
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. 14 -3
(a)  Plasma Density (10" cm™) Plasma Density (10" cm™)
FIG. 6. Exit angle of a 28.5 GeV beam after traversing a 1.4 m long plasma
400 whose density is being increased. The solid curve is the prediction of the

theory, Eq.(15). The peaks angles increaselkasor \/n—p as shown by the
solid parabola.

the beamcan also oscillate about the ion channel axis but at
half the frequency of the envelope oscillation frequency.
These centroid oscillations occur because the U-REB from a

Displacement (um)
)

-2007 linear accelerator typically has a head-to-tail transverse tilt.
- The axis of the ion channel is defined by the head of the

400 . . . beam. This means that the bulk of the beam charge has an
0 2 4 6 initial transverse offset with respect to the axis of the ion

(b)  Plasma Density (10" cm™) channel. This causes the beam centroid to oscillate about the

. I . . axis at the betatron frequency. This oscillation can be quan-

FIG. 5. (a) Multiple oscillations of the spot-size due to betatron motion of a ... . .. .

28.5 GeV electron beam in a 1.4 m long lithium plasma as the plasm:yf'ed by measuring the p95|t|on of the be_am cen_tr0|d down-

density is increased. The solid line is a theory fit to the measured data usingtream of the plasma using the OTR diagnostic. We have

tcf;evbeelim enveb|0pe equation,dE(Q-‘l)_- (b)hCegtroid Oscillatic(;?; %f a 285 clearly observed these oscillations in our experimgree

eV electron beam measured using the downstream etector as H H : — :

function of plasma density. Solid line is the prediction of the envelopeﬁg' Sb)] Aggln, the simple theorjEq. (14)] with ,8’\‘ 01is

equation, Eq(14) with & =0. able to predict the values of the plasma density where the
beam returns to its original undeflected position as well as
the actual magnitude of the deflection fairly well.

the plasma density, and therefor¥, is varied. The mea- We have also plotted the exit angié of the beam as a

sured spot size can thus be compared as a functioir,of function of plasma density measured from the beam trajec-

using Eq.(14). tory using 3 BPMs placed downstream of the plasma. This is

In recent experimentéwith beam parameters given in shown in Fig. 6. One can see that the magnitude of the maxi-

Table 11l) multiple, betatron oscillations of the beam inside MUM exit angle scales as; or vy, Eq. (15 as manifested
the plasma are clearly inferred from oscillations of the spofy Sloshing of the bulk of the electrons in the ion channel.
size of the beam as obsed/& m downstream of the plasma
by imaging the optical transition radiati¢g®TR)?° produced
by the electron beam as it traverses a 28 thick titanium
radiator placed at 45° with respect to the beam axis. Typical The transverse effects discussed so far are all zeroth or-
experimental data are shown in Fig. 5 where the plasma demter effects. Even though the electron beam is typically a few
sity is increased from 0 toX810'* cm™3. The spot size of the c/w, long, there is one transverse instability that is of con-
beam is seen to oscillate at approximately twice the betatronern to the stable propagation of the electron beam: the elec-
frequency as expected. The beam envelope equésioiid  tron hosing instability! The electron housing instability can
line in Fig. 5 predicts the densities where the spot sizelead to the growth of transverse perturbations on the beam
minima and the spot size maxima occur up to a density oflue to the nonlinear coupling of the beam electrons to the
~3x 10" cm 3. Beyond this, the beam is too longdo, plasma electrons at the edge of the ion channel through
<.2) andny, becomes comparable tg,. Therefore, the which the beam propagatés.2As a result of this coupling
beam behavior is not well described by the envelope equahese perturbations can grow nonlinearly leading to, in the
tion [Eq. (14)] where the focusing force is due to a pure ionworst scenario, the transverse break-up of the beam.
channel. The differential equations that describe the coupling be-
In addition to the multiple oscillations of the overall tween the centroid offset of the beam sliggand the cen-
beam envelope which occurs when an unmatched beam tsoid offset of the preformed ion channe] at a positioné
sent into a plasma, the beam centr@id center-of-mass of within the beam are

D. The electron hosing instability
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(92X +k2X :k2X , 25 Fr T T T .
b TATbTRpTe Beam .
X+ 03X = WX, (17) 20 Front s .
X ) ]
where §=z/c—t, s=z and w0=wp/\/§. These equations - - / ]
can be numerically solved to calculate the growth of a par- E 15 - ; '
ticular beam slice af after it has traversed a distane the ;ég s oh | : ]
plasma. However, in the asymptotic limit, the displacement ok anne ! \ -
Xp(s,€) of the longitudinal slice of the beam with an initial Formed . Slice 1
linear head-to-tail tilix, is given by? X fatsps]
SF \ -
- \ o
Xo(£) A w F ‘o]
Xb(S,f)=0.341—§7A e’ co k,BS__+1_2 s (18) T L N L S T U T T T MY T T S Y it =
V3 -10 -5 0 5
where the factor (ps)
3/2 T T T v T
A= - [(kgS) (wo8) 1", (19 006k Theory ]
I, \\
For beam parameters given in Table |, E§8) predicts . Slice at 5 ps \
that there can be a factor 6 growth of a slice placed at 7 0.04F ,
=5 ps as it propagates through a meter long, 12 cm 2 £ Center Slice
density plasma. b s .
The above estimates raise a serious issue about the abil 0.02¢ Channel Axis
ity to propagate U-REB over long distances in dense plas-
mas. However, it should be noted that the theory assumes
that a pre-formed channel with a constant radius exists 0.00 5
whereas in many experimental situations the dynamically L

formed ion channel has a longitudinally varying radius. The
theory also neglects longitudinal dynamisee later of the
plasma electrons and nonideal experimental factors such
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. 7. (a) The longitudinal shape of the beam used in the OSIRIS simula-

asymmetric beams and longitudinal density gradients. Alkions of electron housing. The axis of the ion channel is defined by

these factors tend to suppress the hosing growth.
Using osIrRIS
code simulations to study hosing when an U-REB propagat
through long dense plasm#&sThe physical dimensions of
the system were (17X64X4)c/w, at a density of 1.7
X 10" cm 3. The beam had a Gaussian shape with
=0.63 mm,o, =40 um, en=15 mm-mradQ= 3.4 nC, and

y=6x10*. These parameters are very close to the experiE:- Emission of betatron radiation
There is a very important, observable consequence of

mental beam parameters of Table Ill. The initial tilt on the
beam was modeled using experimental &fats shown in

7=—5 ps.(b) Results on growth of the transverse displacement of two slices
we have carried out 3D. one-to-one PIC of the beam due to the electron-hosing instability as the beam propagates
' through a 1.X10 cm ™3, 1.4 m long plasma using the 3D, PIC code
eéSIRIS. Also shown is the theoretically expected growth (dteted ling

for the 7=5 ps slice using Eq(18).

betatron motion of electrons in a long ion column. It is the

Fig. 7(a). Figure 7b) shows oscillations of two slices of the emission of betatron radiation in a narrow cone angle in the
beam inside the plasma. The dotted line is the transversrward direction. This can be understood easily in the fol-
motion of a 0.1 ps wide slice at the center of the beam. Thgowing way: Consider the motion of a single electron with an

bold line is the oscillation of a second 0.1 ps wide slice 5 psnitial transverse displacemen, from the axis of the ion
behind the center slice. The dashed line is the behavior of thehannel

same slice obtained from numerical integration of ELy)

which predicts a growth factor of about 5 after 1.2 m propa- r=ryCcos¢,
gation through the plasma. There appears to be some ampli-
fication of the offset of the slice at 5 ps as the beam propa-  B,= —r¢kgsiné, (20

gates through the plasma. However, the amplification factor
is about half of the theoreically predicted growtiashed
line).

Measurements are currently underway to check if this
reduced growth rate seen in simulations indeed helps stabks a result of this periodic acceleration the electron radiates
propagation of the electron beam in practice. These will béetatron(synchrotron radiation. The total radiation power is
reported elsewhere. given by®

de

,Brz —rokgwgcosg  with rn
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L B S A S A A B S B electron loses energy due to radiation is sim{#y/c. Sub-
stituting for P, and averaging over one betatron period one
¥ () . " obtains
LI |
1 * . ] (Py 1
W|OSS:T = grem Cz’yzkf.}alz. (23

We have observed x-ray emission due to this betatron motion
in our experiments where the beam excuses 1.5 betatron os-
] cillations or 3 oscillations of its envelopé.Figure §a)
shows the total radiated x-ray energy in the 5-30 keV range

] measured in a cone angle of roughly fQ-adian in the for-
ward direction approximately 40 meters from the exit of the
plasma. One can see that the total energy increase§ s
reasonable agreement with theory. Figutl) 8hows visible

light image produced on a fluorescent paper by the x-rays
emitted by the betatron motidircle at the top as well by

the bending magnet that is used to separate the electron beam
from the x-ray photonsthe rectangular strjp From the size

of the image(~4 mm FWHM) one can deduce the diver-
gence angle of the betatron x-rays to-b&0 * radian. From

the absolute number of x-ray photons at 14.2 KeV measured
by precisely tuning the reflecting &iL1) crystal at the Bragg
e angle we have determined the brightness to be close to 8
X-Rays | : X 10 photons/s/mrfisr/0.1% bandwidth.

Integrated X-ray Power (ALl

(=]

i

| F. Acceleration and deceleration of beam particles
© Bending Magnet | Now we come to the longitudinal phenomena. In expel-
Radiatipn ling the plasma electrons to form an ion channel, the beam
' electrons do work and, therefore, must lose energy. If the
beam is about half a plasma wavelength long the expelled
electrons rush back in and set-up a plasma oscillation which

has a longitudinal electric field given By

mm 7k20-2
prz
FIG. 8. (Color (a) The estimatedtriangles and the measure@ots x-ray eE=yn (eV/m) X V 7K UZ l/kza sin kp(z ct).
energy in the 5-30 keV range as a function of plasma density. The solid line P o4
is a quadratic fit to the datéb) Processed image produced on a fluorescent ( )

screen as record_ed by a3CCI?3car_nera showing the betatro_n x-rays produch)r kpUZE \/5, an optimum wake field is excited. The above
by the plasma'lp—2><101 cm ° (circle at the top and a vertical stripe of

remnant synchrotron radiation produced by a dipole bend magnet. expression can be SImpIIfled in the limit Wh@E/mpr

<1 to
N )(0.6 mm)2 05
4% 101 T .

This is the so-called linear thedf*! result which predicts
whereP, = ymcg, . Substituting fors, one can see that the that the longitudinal peak accelerating field scales a$ bf
total radiated power is proportional K)B which scales as the beam current divided by the bunch length.

. The radiation is emitted in a narrow cone angle in the  Whenn,> n,, the linear theory is no longer valid and
d|rect|on of the propagation of the beam. This anglei8/y  one has to resort to particle-in-céR1C) code simulations to
where a is the effective wiggler strength given bw  determine the exact shape and magnitude of the nonlinear
= yKgr o which for U-REB can be>1. The spectrum of this  wake induced by short, high-current bunches in a plaSma.

2e242 . 282’)/2|.:’2 (€E)jinea= 240 MeV/m)
P(t)z 273[P2—m202’}/2]5 chsr, (21)

betatron radiation has resonance frequeritias Figure 9 shows an example of such a wake using the code
OSIRIS for as,=100 um beam containing 2 10 elec-
0= 2my e (22)  trons focused to a 2@um spot size in a 5810 cm 3
T a2 (Y )7 P '

plasma. For these parameters theE) .o Should be 4.32
where m is the harmonic number anfi<1is the typical GeV/m. Since in the linear theory, the transformer ratio, de-
observation angle from the beam axis. In an electron beanfined as the ratio of the accelerating field to the decelerating
each electron has a differenf and, thereforeq which leads field, is always 2 for a symmetric bunch, the drive bunch
to broadening of the spectrum. The rate at which a singlslows down at a rate 2.16 GeV/m. The simulations show that
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. 6 100
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% < E .
9 (Decelerating field) | 3 75]
w -10r (Acelerating field) < g
i 14 GeV/m z
096 098 1 102 104 106 1.08 =
z (cm) E 50 | |
®
s
6 8 25
d° w® = g *
Bunch Bunch |°= x °
81 . Back Front 5 0 -
s 4= 0.02 0.12 0.22 032 042 052 062 0.72
S 4 2 bunch length ¢, (mm)
£ 3 o2
% ; E FIG. 10. The peak accelerating field vs the bunch length from PIC simula-
g e tions and a 142 fit to the simulations.
| €
° - 13
0.5 -
T T T o T oo bunches that are as short as 30ds=< 10 wm) within a year.
relative position [om] Such short bunches lead to extremely high gradients and

. o . o make feasible an energy doubfeexperiment using a 50
FIG. 9. (8 On axis longitudinal accelerating—decelerating field induced byG vV dri h by the drive b hi v depleted of it
a 0,=0.1 mm long electron bunch containingx20' particles, y e ”YerW ereby the drive unC_ 'S. nearly depleted orits
=60 000 in a 5.6 10 cm 2 plasmas =50 mm-mrad andr,=20 um.  €Nergy in a column of plasma that is just a few meters long
(b) The energy change of the different longitudinal 4 long slices of the  while a trailing bunch is accelerated to about twice the drive

electron beanta) after traversing a 30 cm length of the plasma. The Iargestbunch energy. The issues of emittance preservation and en-
average energy gain is 1.75 GeV, but some particles gained up to 4.4 GeV.

Both (a) and (b) are from 3D, OSIRIS, PIC simulations. ergy spread are being addressed through calcu_latlon§ and
simulations for such an “afterburner” for a conventional lin-
ear collider.

S . . . . It should be remarked that wakes generated by an elec-
the wake is highly nonlinear with the longitudinal field hav- tron beam can also be used to accelerate posith |

ing a large accelerating spike on axis where the plasma ele?ﬁuons @' ). Similarly, the wakes themselves can be
trons that are expelled by the beam all rush back in to set-u N L )

large density spike. The decelerating field is 1.8 GeV/mBrOduced using positively charged particles although the

T . physics of wake excitation is qualitatively different. As an
whereas the pe;ak accelerating f'el.d>'$4 GeV’m gving a example consider positron beam induced wakes. When a
transformer ratio of>7. In the nonlinear regime the wave-

. ositron beam enters a quasi-neutral plasma, it attracts
length of the plasma wake is reduced and consequently t}ga d b

; L ) asma electrons from a region that+sc/ w, wide instead
optimum plasma density is higher than that predicted by th f expelling them as an electron drive f)unch would do.
linear theory.

Ei gb) sh th h that to dif There is a spread in the arrival time of these electrons that
igure shows the energy change that occurs to dit-, o being “pulled-in” on axis since they originate at different

ferent longitudinal slices of the beam after traversing just 30radii. This phase mixing leads to a lower longitudinal field

imatelv 600 MeV h th prieing excited in the case of a positron driver compared to
proximately eV energy whereas the average energy,, ., an electron bunch is used. Figure 11 compares positron

gain of a beam slice approximately 1.2 ps behind the centeénd electron beam excited wakes for identical drive beam

of the bunch is 1.75 GeV with some particles gaining as ; :
A . . rameters which demonstr his effect. It h n -
much as 4.4 GeV. This simulation shows the potential forpa ameters ch demonstrates this effect. It has been sug

achieving extraordinarily high gradients in beam-drivengeSted that a positron beam propagating in a hollow channel

. . . that is roughlyc/ w,, in diameter would lead to an increase in
wake field acceleratiofknown as the plasma wake field ac- ghiyerep
celeration scheméPWFA)] that were previously thought
only possible using intense laser beams interacting with a

= 05

dense plasma. As we have shown, because it is possible to § 0 f’ﬁ\ ; @

propagate electron bunches over meter long distances, pros- O s \ "/¥

pects for obtaining large energy gains using an U-REB driver e ’ ‘

are extremely likely. In fact, beam and plasma parameters L5 16 %'Zcm)‘"g 1.9

used in the above simulation form the basis of a recently 0.

approved PWFA experiment at SLAC known as E164. 01 ' (b)
Interestingly, even the peak accelerating gradient in this 0.0 \ \

highly nonlinear regime still seems to follow theo®/scal- -0.1 / \ ﬁ

ing law. In Fig. 10 for instance, the 3D PIC simulation result 5 16 .7 18 1.9

for a ,=40 um bunch shows a peak gradient of greater Z(cm)

o 0 i
than 40 GeV/m. Such short bunches Contalnmgﬂ)l elec FJG. 11. Comparison of the electr@a) and positronb) wakes produced in
trons have recently bgpome reahzabl_e. In fact, the proposegpiasman=2x10", o,—0.4 mm,o, =75 um, n,=4.3x 104 cm™>. The
Ultrashort Bunch Facility at SLA& will generate electron beams are propagating from the left to the right.
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200w e SRR : acceleration and deceleration of the beam particles them-
ST SRR S : : selves. These phenomena can be theoretically predicted and
2 ; are seen in full-scale PIC code simulations. There is a good
Q00 A st agreement seen between experimental results and theory and
s S A e & : simulations. There is promise that HEDPS with U-REBs will
% Front . : affect future accelerator and light source technologies.
) SRR R 420
<
w : : :
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