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Abstract

Asystematic investigation of the longitudinal fields excited in a plasma by a short, dense beam of positrons is carried out
using two-dimensional, cylindrical geometry, particle-in-cell code simulations. In particular, we examine the behavior

of the accelerating and decelerating fields of the wakefield as a function of beam charge, radius, length, and plasma
density. The parameters are chosen to be consistent with those employed in current and future experiments designed to
elucidate the physics of positron beam—plasma interactions.
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1. INTRODUCTION about how intense positron beams interact with plasmas.

. . his is mainly because such an interaction is inherentl
In a future plasma-based linear collider, both electrons ana— Y Y

positrons must be accelerated and collided with center-of Onlinearand must therefore be explored through fully self-

. S : . consistent, particle-in-cellPIC) code simulations. Some
mass energies and luminosities required of a machine at the

. . aspects of this problem have been explored rec
so called energy fronti€Bagger & Barish, 2002 One way ot ZI. 2001 ano?tested experimentall@ilg ot al. ggg’f

to acc_elerate a positron beam at_ultrahlgh grad_|ents to thesﬁue et al, 2003; Hogaret al., 2003 in connection with a
energies is to create a wakefield in a plasma using a positron : . .
. - plasma-based wakefield accelerator driven by an intense
beam driver that can then accelerate a trailsecondbeam . . . .
. e . . positron beam. In this article, we document systematically
of positrons. In present proof-of-principle experimei@dsshi

etal, 2002, no trailing beam is used. Rather, the drive beamhow the longitudinal electric fields induced in a plasma by a

. : : short, dense beam of positrons scales with beam charge,
itself is used to both excite and probe the plasma wake b%lasma density, beam radius, and beam bunch length. These
analyzing the energy gain, from the accelerating fiefd E ' ' '

and energy loss from the decelerating field Bf different scalings are important for understanding 'the qutcome of
o ) recent experiments by Bl al. (2003 on positron-induced
longitudinal slices of the beam.

In comparison to the body of literature on the interactionplasma wakes in which a few picosecond lond, kA peak

of intense electron beams with plasnammer & Ros- current positron beam was used to excite this longitudinal

1996; Barovet al, 2000, there is relatively little known g

that varies both with radius and with the longitudinal posi-

_ _ tion within the bunch, which will lead to the transverse
Address correspondence and reprint requests to: Chan Joshi, 66-147G

Engineering IV, University of California Los Angeles, 405 Hilgard Ave., evolution (focu_smg _and defocusn)g)f th? be‘j"m( H.OQan
Los Angeles, CA 90095, USA. E-mail: joshi@ee.ucla.edu et al,, 2003 which will not be addressed in this article.
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2. LINEAR THEORY Herel = ct — zis the “beam coordinate,” ang ando, are

. . the radial and longitudinal root mean square beam sizes,
Although the interaction of a dengg, > n), short(c;, ~ respectively. The agbove integration resulc'zs in

Ap) positron beam with a plasma is inherently nonlinear, we
can use the linear theofKatsouleast al,, 1987 that pre- Bk oe- Kol
dicts the plasma response to either a short electron or posiéEZ =\, Ny [gf N2mkyop e e sink,(z—ct)  (eV/cm).
tron beam as a guide to interpret the PIC code results. Here N g 1+
Ny, Np, 07, andA , are the beam density, plasma density, beam ko

longitudinal characteristic length, and the wavelength of the

plasma response, respectively. The linear wakefield re- (6)
sponse of a plasma induced by a test charge moving at t

h . .
speed of light can be calculated as follows. ggveral wpportgnt scaling 'aV.VS can pe extrapolated from
this equation. First, the wakefield excited by the bunch os-

Starting with Maxwell’s equations, the equation of mo- * . . i .
tion for the plasma electrons, and the continuity equationf:IIIateS sinusoidally with a frequency determined by the

we write an equation for the evolution of the perturbed:QI‘E;ftmé1 densc;tytznd Its plhastg velocng_ tratv_els atthe slpeed |Of
plasma density as ight. Second, the accelerating gradient increases linearly

with increasing charge. This is because the increased charge
q . increases the strength of the beam space charge field, which
+win; = wgasa(r)(s(t— (—3). 1) in turn drives the plasma wave harder. Third, the fields
excited by electrons and positron beams are equal in mag-
Hereny, w,, g, ande are the perturbed plasma density, thenituple but opposite in phase. Fipally, by e>.(amining the be-
plasma frequency, the test particle charge, and the charge Bfivior of the firstand second derivatives with respeatdd
an electron respectively. Equati@h is solved by using the Eq.(6), it can be seen that the field will be maximized for a
Laplace transform. This results in an equation that describe$lue ofkyo = V2.
the response of the plasma to the test particle:

9%n,

ot?

3. SCALING LAWS EXPLORED THROUGH PIC
S ia(r)sin[%o _ S)}U (t _ E) @ SIMULATIONS FOR A POSITRON BEAM

Although the scaling laws inferred from E@) in the pre-
Here, U(t) is the unit step function and we see that theVvious section are useful, the approximations made are often
plasma is perturbed sinusoidally at the plasma frequencfot entirely valid, as in the current experiments that are
after the beam passes. Next the wave equation for the elefeing carried out at the Stanford Linear Accelerator Center
tric field, which arises from the perturbed plasma density(SLAC). For instance, although the linear theory assumes
can be written as that the density perturbation induced by the beam is typi-
cally small, the beam density can exceed the plasma density
N z z over most of the length of the bunch in current experiments,
(V2 — K)E, = 4makga(r)U (t - E>C°S["’P<t - E)} (3 and therefore linear theory can break down. The dynamics
of the plasma electrons that are being perturbed by the space
The above equation is the Green’s Function response of theharge field of the positron beam are extremely compli-
modified Helmholtz equation in cylindrical geometry. Solv- cated. As plasma electrons from different radii outside of the
ing for the component of the electric fiel that propagates  bunch are pulled in by the space charge field of the positron

in the direction of propagation of the wave gives beam they arrive at different times at different longitudinal
locations within the beam. This mandates the use of PIC

o B g) [ ( B 5)} simulations to gain insight beyond that which was obtained
E; 20k Kolkpr)U (t ) P ! c/l @ from linear theory. The beam and plasma parameters used in

the simulations will be the nominal parameters used in the

Herek, andK, are the plasma wave number and modifieds) AC E162 experimentoshiet al, 2002 which are listed
Bessel function of the first kind. From the above equation, iti, Taple 1.

can be seen that the test particle generates a wakefield in theTne p|C code OOPI(Bruhwileret al, 2001 was used to
plasma that oscillates at the plasma frequency. Because Wtain the fields generated by the positron beamless
are interested in the electric field generated by a finite lengthytherwise stated, the parametric study reported in this arti-
bunch that has an extended spatial distribution, we integratgie \was carried out by changing only one parameter in
the impulse response over a Gaussian distribution that i$ap|e 1 while holding other parameters constaDOPIC is

given by a fully explicit, electromagnetic, two-dimensional, cylindri-
, cal geometry code. Typical simulation parameters were ra-
ny(r.¢) = g p<_r_ ¢ ) ) dial and longitudinal grid sizesr = Az= 20 um, time step
(2m)¥?0la, o? 207 At = 14 fs, 20 beam particles per cell, 12 plasma particles
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Table 1. Nominal beam parameters _ 150 i i i 100
E . . e

Nominal experimental parameter Value 3 ElreCtlont,Of /’ ' KE+

ropagation .

Positron beam energy 28.5 GeV \E./ 100 — %// V[ — 80

Number of beam particles 12100e" ©

Beam r.m.s. radius; 40 um @ o

Beam r.m.s. lengthr, 730um L c

Plasma density, 1.8x 10 e /cm? 8 3

Peak beam densityy, 6.5x 10 e*/cm® B CDD
Ko =
w >
T =
£

per cell, and a simulation box with conducting boundaries 8

1 mm wide and 8 mm long. The singly ionized lithium ions "c:,', ) .

. . o wgn / N ’

were immobile and the initial plasma was cold. The wake- § ; Ui~ o

field was measured after the beam fully propagated into the — 100 H"{afj/ | ‘ | E ‘\ N Ta” 0

plasma ~100,). At this point in the plasma, the wakefields 10 5 0 5 10

are more or less fully excited and do not change shape or
magnitudgin the beam frameas the drive beam propagates
further into the plasma, although parts of the beam itself cafig. 1. Longitudinal wakefield excited on axis by a positron beaimshed
dramatically focus and defocus in the transverse direction ifine) propagating from right to left after 1 ctdotted ling and 14 crrsolid
response to the wakefieldsloganet al,, 2003. In the lon- Ii_ne) in a plasma. The notations used in Figures 2-10 are depicted in this
gitudinal direction, there is energy gain or loss by positrondi9ure:
located at different phases of the beam, but at an initial
energy of 28.5 GeV, the beam is “stiff” and the positrons do
not physically move in the longitudinal direction. As the again monotonically with increasing charge. As the charge
plasma electrons are attracted and pulled into the beam, thg increased, the ratio of beam density to plasma density is
peak electron density within the bunch can exceed the beafficreased. The subsequentincrease in the space-charge field
density even though, > n,, thus neutralizing the beam’s of the positron beam causes the plasma electrons to be pulled
space charge and setting up strong transverse and longitudito the bunch sooner, thus leading to the location of the
nal wakefields. As mentioned in the introduction, we will peak decelerating field moving forward.
discuss the scaling of the longitudinal field only in this Figure 3 shows how the peak accelerating figld (tri-
article as a function of different beam and plasma paramangleg varies with charge. As before, the number of posi-
eters. As can be seen in Figure 1, for these beam parametef&ns is varied betweenx110° and 3x 10'°. Consistent with
approximately the front half of the beam sees a retarding or
decelerating fieldE ~ whereas the back half of the beam sees
an accelerating fiel&E*. Consequently, the peak voltage 0
transformer ratidR = E*/E~ is approximately one as the
front half of the beam losses energy to the wakefield and the
back half of the beam extracts energy from the wakefield.
The energy extraction efficiency can be quite high, as seen
from the second accelerating peak that is left behind the
drive bunch. This peak has half the amplitude of the first
peak which in one dimension would mean that approxi-
mately 75% of the energy has been extracted from the wake
by the accelerating particles. As mentioned earlier, wake-
fields produced after the beam has propagated ldotied
line) and 14 cm(solid line) are almost identical. v N
Figure 2 shows how the peak decelerating figld (tri- 2.5
angles varies with charge of the positron beam as the num- V. . I
ber of positrons, charge, is varied betweenx 10° and 3% 150 | | | | [ 3
10'° The field increases monotonically with increasing 0 05 1 15 2 25 3
charge. This is close to the prediction of the linear theory
where the field strength would increase linearly with charge. Charge (x1E10)/q
In addition, the temporal location of the peak field is ShownFig. 2. peak decelerating fieldriangles and its temporal location in the
(squares The location moves towards the head of the bunctbunch(squaresversus charge.
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Fig. 4. Peak decelerating fielttriangles and its temporal location in the
Fig. 3. Peak accelerating fieletriangleg and its temporal location inthe  punch(squaresversus plasma density.

bunch(squaresversus charge. The linear theory prediction for the peak
accelerating field is shown as a solid line.

location of the field(squaresmoves from the back of the
the decelerating field, the peak accelerating field is also seebunch towards the head of the bunch as the density in in-
toincrease with increasing charge; however, the field strengtbreased. This latter behavior is expected because the plasma
increases linearly up to a chaygeof 1 X 10%°, but then it  wavelength is decreasing as the plasma density is increasing.
begins to saturate with increasing charge. Whereas linear Figure 5 depicts the peak accelerating fild (triangles
theory (solid line) predicted a linear growth of the field as a function of plasma density. The strength of the field
strength, it did not predict the saturation predicted by therapidly increases up to a peak value of 103 Miat a
PIC code. This saturation is due to the phase mixing of thalensity of 9x 10'* cm~3. This value of density is close to
plasma electrons pulled in by the beam as they oscillatéhat which is predicted by linear theofgolid line). Al-
about the beam axis. Furthermore, linear theory underesti-
mates the field strength because of the greater role of the
radial fields of the beam. The temporal location of the peak

accelerating fieldsquareschanges less than0.5 ps with — 120 ! ! 9
increasing charge, in contrastiEo , which moves forward g M

in the beam as mentioned earlier. It is important to note that E 100 \ ““ﬂ‘h‘ 18
for an electron beam driver, as one transitions from the — b A" ‘u] N

linear (n, < ny) to the highly nonlineatn, > n,) regime, % 80 N A 7
the accelerating field rapidly increases as the beam density T

(or the drive beam charge for a given spot $isencreased,
because the plasma electrons that are blown out by the beam
head return within a narrow range of arrival times, which
forms a densityand therefore electric fie)dspike on axis

(Joshiet al, 2002. In contrast, there is a broad range of
arrival times of the plasma electrons pulled in by the posi-
tron beam, and therefore, there is no sharp spike in the peaké

ting

Accelera
(sd) piai4 jo uoneoo]

accelerating fieldE* as seen in Figure 1. o}

Figure 4 shows how the peak decelerating fiEld (tri- o 0 | | | | | 5
a??riesfy?éigs with increaiijrlwg plasmt_zil densitky. T?e:;zngth 0 05 1 15 2 25 3
of the field increases rapidly up until a peak valu .

MV/m at a density of 1.X 104 cm™3, This density satisfies Plasma Density (x1E14 cm-3)

thekpa'z = \[E condition from linear theory for peak field. Fig. 5. Peak accelerating fieltriangles and its temporal location in the

As the density is further in_Creasedy the strength of the fielthynch(squaresversus plasma density. The linear theory prediction for the
slowly decreases as predicted from E@). The temporal peak accelerating field is shown as a solid line.
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though the functional dependence of the peak accelerating 110 ‘ ‘ ‘ ‘ ‘ 1.210°
field on plasma density predicted by linear theory is similar = N p—D’U >
to the results obtained using PIC simulations, it underesti- < 100 - ™ , g C
mates the strength of the field. As the density is further < ‘xﬂﬂ -110 g_
increased beyond the optimal value, the peak field decreases; 90 - AA T @
as predicted by E(6). The temporal locatiofsquaresof o) A JE A 218 108 o
this peak field moves from the back of the pulse toward the iL 80 7 7 ” ;‘
head of the bunch as the density is increased, as the pIasmag) i 1,] + g Q
wavelength is decreasing. = /0 3‘ r -610 a
Figure 6 shows the width of the accelerating budkat g ; ﬂm @
cles versus plasma density. The accelerating bucket is de- g 60 i of da10® 2
fined as the length of the field where the sign of the fieldis & 50 3‘ ; 8
positive. According to linear theory developed in the previ- < B ; 4 g O
ous section, the wake has awavelength,of c/f,. Because S a0l “ 210 g_
the plasma wavelength scales #s/h, it will decrease with S_J A7 o
increasing plasma density. The accelerating bucket would 30 L | | | \ \ 3

then have a width given by,/2. The half wavelength is

shown as the solid line in the plot. The simulations show that
at low densities, the wavelength is close to the value that is

0
0 05 1 15 2 25 3
Plasma Density (x1E14 cm-3)

predicted by linear theory; however, at higher plasma denrig. 7. peak accelerating fielétriangles and accelerated charge in the
sities the accelerating buckets are longer than that predictedps peak field birisquaresversus plasma density.

by linear theory.

Figure 7 shows how the number of accelerated particles
increases as plasma density is increased. As was shown in
Figure 5, the temporal location of the peak field movesa 10% reduction in the peak field. At the optimum density
from the tail towards the centroid of the bunch as theof 9 X 102 cm™3, almost 3% of the total number of parti-
plasma density is increased. Therefore, because the pulskes are within a picosecond wide slice situated about the
shape is Gaussian, more and more particles will be accepeak accelerated field. In experiments in which a single
erated(squares The number of accelerated particles isbunch is used to both excite and witness the plasma wake-
calculated by taking the number of particles in a 1-ps binfield, this number of accelerated particles is important.
centered at the temporal location of the peak field. ForThis is due to the need to have sufficient signal strength
instance, five times more particles are accelerated at éaccelerated positropsn order to overcome the noise in

density of 2x 10 cm™2 than at 9x 10 cm™2 with only
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Fig. 6. Accelerating bucket widtHcircles versus plasma density. The

the diagnosticgusually photoelectrons on a streak cam-
era; Blueet al,, 2003.

Figure 8 shows how the peak decelerating field (tri-
angles changes as the radius of the beam is varied. As seen
in the figure, the field decreases as the radius is increased.
For instance, when the radius is increased fronu#0(the
typical value in the experimenby a factor of 4 to 16Qwm,
the field is decreased by a factor of 2. According to linear
theory, as long as the bunch radius is much less than the
collisionless skin depth, the decelerating field within the
bunch should be independent of the beam radius. Because
the radii used in the simulations are much less ttyas, =
400 um, this decrease is due to the changes in the beam
charge density, which, in turn, affects the radial distribution
of the plasma electrons pulled in by the beam and therefore
the work the beam does on the these electrons. Also shown
in Figure 8 is how the peak accelerating figlshjuares
changes as the bunch radius is varied. As expected from the
behavior of the decelerating field, as the radius is increased,
the accelerating field strength is also decreased. As dis-
cussed earlier, the change in the field magnitude is due to
both a change in the beam charge density and to the dynam-

linear theory prediction of half a plasma wavelength is shown as a solidCS Of the plasma electrons being pulled in from different

line.

radii.
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120 — T T T T T -30 dependence by taking the field @t = 1000 um point as a
/E\ - .y reference pointsolid line 9. As inferred from the plot, the
S v -40 8 field strength does have an inverse quadratic dependence up
S 100 e ~ to a bunch length of 30am. For bunches shorter than this,
_\g mE e 1 50 g the peak decelerating field seen in the simulations increases
o v 8 much more rapidly than what was predicted by linear theory.
iC 8ol | " m o) Figure 9 also shows the dependence of the peak acceler-
o u L -1 -60 o ating field(squareson the bunch length. The field strength
-,% v m %’ increases as the bunch length is decreased. According to the
g 60 |- v -1-70 @ linear theory(solid line @ developed in the preceding sec-
@ v :—g! tion, the field strengtle™ seen in the simulations also in-
8 v V/ 180 & creases as/tr? (solid line b, but its magnitude is larger
< v = than that predicted by the linear theory. Note that for bunch
5 o | 90 5 lengths shorter than 30@m, while the decelerating field
51_) § actually increases faster thario®, the accelerating field

~ saturates.
20 ‘ ‘ ‘ -100

0 40 80 120 160
Bunch Radius (um) 4. OPTIMIZED PLASMA WAKEFIELD

ACCELERATION OF POSITRONS

Fig. 8. Peak acceleratingquaresand deceleratin¢friangles fields ver- th di ti l | d | di
sus bunch radius. The linear theory prediction for the peak acceleratinén . e pre_:ce Ing section, scaling laws were eve_ ope _'n
field is shown as a solid line. which a single beam or plasma parameter was varied while

the others were held constant. Two important results were
thatthe accelerating field increased quadratically as the bunch
. length was decreasddrig. 9) and that each bunch length

. : _ aliNha a corresponding plasma density that maximized the
field (triangles on the bunch length. The field strength in- accelerating fieldFig. 5. Therefore, we have tried a two-

lc.reaset.; as thg_bunch :jengtt?] IS decreda_lsed. Ac;_cordiﬂg :f.) It& rameter optimization of the peak accelerating field by
Ineéar theory discussed in the preceding section, the fie imultaneously reducing the bunch length and increasing

strength increases agd?. The data was fitted with a/ar? the plasma density using the linear theory relationkhip =
V2. The results for the peak accelerating figfiangles are
shown in Figure 10a. The solid curve shows the optimized
0 plasma density from the linear theory. Now tgy= 50-um-
long bunches, peak accelerating fields of 2.7 @e¢an be
obtained from a 4Q:m round beam with 1.X 10%° posi-
trons in a 2< 10'® cm™2 plasma. The longitudinal wakefield
at this density is relatively sinusoidal as opposed to the
electron beam case, where it is highly nonlindageet al,,
2000. In Figure 10b, we plot the peak decelerating field
(circles that accompanied the accelerating field as well as
the transformer ratidR = E*/E~ for different values of
bunch lengths used in Figure 10a. As the bunch length is
shortened, the transformer ratio increases froferiergy
loss equals energy gaito a value of 1.6 with a 5@sm-long
bunch. This means as bunch length is decreased, one ben-
efits from both an increased acceleration field as well as a
higher energy gain to energy loss ratio.
Further increase in the accelerating field can result from
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0 ‘ ‘ -1000 propagating the positron beam in a hollow channel as has
0 200 400 600 800 1000 been shown in other PIC simulatiofiseeet al.,, 2001), and
Bunch Length (um) higher transformer ratios could result from using tailored

shapes for the drive beam instead of a symmetric Gaussian
. i _pulse. These issues are currently being explored. The stabil-
sus bunch length. The linear theory prediction for the peak acceleratin . . .
field (a) is shown as a solid line. The inverse quadratic dependence for th y Of the drive beam against transverse beam .bl‘eaktL.Jp "_1'
peak accelerating fielth) and the peak decelerating fielld) are shownas ~ Stabilities, such as the transverse two-stream instability, is
solid lines. also a critical issue that needs further work.

Fig. 9. Peak acceleratin@gquaresand deceleratingriangles fields ver-
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Fig. 10. Peak accelerating fieltriangles, decelerating fieldcircles, and transformer rati¢squares versus bunch length. The
matched plasma density for the peak accelerating field is shown as a solid line.
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