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IHEORETICAL WORK ON PLASMA ACCELERAIURS AT UCLA

T Katsoulgas, ] M Dawson, W B Mord, J 7 Sy, and § Wilks
University of California, Los Angeles, UA, USA

ABSIRACT

Theorgtical research on plasma based accelerators perfurmed at HULA since 1985
is spmmarized This includes theory and computer simulations of the best wave
aceeleraton, plasma wakefield accelerator, and of plasma lens concepts

I INIRODUCTION

This report briefly summarizes the theoretical progress made at UULA on plasma based accelerators over the
fast two years  As muoch of this work has recently been published, many of the major wilestones wme merely
stated here for compleieness, with seferences given (o the appropriate publications.  These milestones and
references are Hsted In Table | Wik that is new since the Madison conference is indicated by an asterisk in the
fable and is deseyibed in this report
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Fig | Test particle aceeleration in a PIC simulation of plasma wakefield acceleration from 75 MeV 10 |
GeV  The use of a new simulation code which moves with the beam and test paiticles made this run

possible with 3 hows of CRAY computer time  The old (non moving) plasma codes would have reqguired
000 bours
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1able |
Summary of themetical progress since 1985

Topic References

Beat Wave Physics:

Calculations specific to UCT A experiment Madison, WI Proceedings®; C Joshi, et al
in these proceedings

Non linear frequency shift of plasma wave Madison Proc ; W B Mot in Ref 2
Resolution of contioversy between
Bulgrian and Lagrangian fluid descriptions
Beat wave excitation inchuding effects of W B Muwoiin Ref 3
plasma drifts, harmonics, pump tise time,
frequency mismatch, damping, plasma
inhomogenelties and two dimensions
Plasma wakefield Accelerator Physies:

Mechanism for phase locking particles to Ref, 4
plasma wave

Bevelopment of simulation code muving Madison Proceedings’; Fig |
with beam; modeling of test particle
aceeleration to 1 GeV

Diriving beam instabilities and stabilization P} Su, T Katsouleas, ] Dawson, P Chen,
M Jones, R Kelnigs, in Ref 3,

Methods of avercoming the fundamental
wakefield theorem

Plasma Wave Propgtics:

Relativistic wavebieaking amplitude in 2 Ref. §
thermal plasma ™

Beam loading in plasma waves Ref 6and & Wilks in Ref 3
Plasma Lenses:

2 1y PUT Simulations P Chen, T} S, 't Katsouleas, 8, Wilks,
I M Dawson in Ref 3, Ref |

. . %
Pure jon lens
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2 MEIHOUDS OF OVERCUMING 'THE FUNDAMENIAL WAKEFIELD THEOREM

In the plasma wakefield accelerator,” the plasma sets as a tansformer o convert the energy of a low voltage
{hut seill relativistie} diiving (particle) beam o a bailing beam of fewer particles that e sceelerated fo high
voltage (energy)  Natwally, a primary requisite for such a scheme is that i provide a reasonably large
tsansformes 3atio (defined as the ratio of the energy gain of the nailing beam to the energy of the diiving beam)
A Chao, et al b showed that symmetric driving bunches produce transformer 1atios no larger than two This has
been called the fundamental wakefield theorem  Although asymmetiie bunches which are slowly ramped vver N
plasma wavelengths and sharply truncated can produce transfsmen ratios up 1o 2aN (see Fig 2),°4 the shaping
of these bunches poses & major technological burdie fur realizing a plasma wakefield experiment  Here we
present two aliemnaiives thet enable 2 lnge transformer 1atio with little o po pre shaping of the diiving bunh
These are self sharpening of the bunch tail within the plasma and the use of non linear wakes
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Fig 2 Numetical solutions of the cold plasma wakefield equations showing the longitudinal fields within and
behind diiving bunches of various shapes (from Ref 4) Note that the accelerating wakefield behind
the hunch is significantly smaller if the sail of the bunch is cut off in a distance (fime) longer than

a few clty, (op')

21 Self sharpening,

Figwre 2 fllustrates that asymmefric bunches excite lage aceelerating wakefields behind the bunches It
also shows the (retarding) wakefield acting on (he pardicles within the bunch  Due to the inertia of the plasma
electrons the retarding field can vary o1 even change signs within the bunch as in Fig 2(c) and ) Particles to
the rght of the anow in Fig ¢}, for example, will sxperience an accelerating field which fends to make them
catch up o the patticles in the front of the bunch  This will sharpen the il of the bunch, lucieasing the
aveelerating wakefield and the fransformer ratio  This is illustiated in the self consistent PIC simudation below
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Fig 3 PIC simulation of selfl sharpining of a driving bunch and the increasing longitudinal wakefield excited by
the bunch The initial bunch shape corresponds 1o Fig 2(c); gaussian rise [exp  (x#/2¢%)] with
¢ = 7 citoy and gaussian fall with o = 3c/toy,; the beam energy conresponded 0 vy = 3

‘Thus it may be possible to appropristely shape a (reawly) gaussian buuch by choosing the plasma density
properly. For a gaussian rise of the form ¢ x*ilo? the plasma density should be chosen such that iy = Teia o
ne = 14 x 10'% em 3 x 0,2, where o, is expressed in millimeters

Since the distance requited for the bunch to shaipen scales as ¥, it may be desirable to use this scheme to
shape a low v beam, then accelerate the beam to the drivisg energy  1his possibility and the modeling of other
initial bunch shapes are the subjects of continuing investigation

22 Non linear wakefields.

By using very dense driving beams (ny = ng/2) it is possible o excite very non linear wakefields  Since
the principle of linear superposition assumed in the derivation of the fundamental wakefield theorem no longer is
valid, high transformer ratios become possible  Solving the cold non lineas plasma fluid equations’® numerically
we obtain the non-linear wake solutions fo 4 symmetric gaussian beam in Fig. 4 In this case a vansformer ratio
{peak sccelerating field divided by peak of retarding field) of 4 is obtained Note that the beam need not he shoit
{or sharp) compared to e/, in order to excite a fage wake Lhis enables the use of denser plasmas for a given
bunch length and consequently gives higher aceeleration gradients
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Fig. 4 Numerical solutions of the non linear wake excited by the gaussian bunch shown

A physical Bterpretation of the non linear excitation mechanism is the following  As the plasma motion
becomes very non linear, the plasma frequency undergoes a large non linear frequency shift to lower frequency
‘Thus, the tail of the bunch appears to the plasma o be short {(ie, in units of inveise plasma periods)  As
measured in plasma periods, the bunch seems to be asymmetric so that 4 lmge wake is excited in anslogy w the
linew asymmenic cases {(Fig 2)

3 RELATIVISTIC WAVEBREAKING AMPLITUDE IN A WARM PLASMA

A question fundamental to plasma accelerators, and in patticular the non linear scheme of the previous seetion,
is how large the plasma wave field can be The most often quoted limit is the cold non relativistic wavebreaking
field due 1o Dawson! ! (1959):

eE {
m Wpe
‘This is the same estimate one obains from Poisson’s equation by estimating the maximum density perfurhation
associated with 3 plasma wave as the background plasma density (e g, as in a 100% rarefaction) A relativistic
cold plasma treatment gives a significantly laiger wavebreaking field for high phase velocity ( v&waves* z

b
m wpe

Huwever, the density compressions beeome so laige that the plasma pressure
becomes important even for fairtly low temperature plasmas  Thas, it becomes necessary to include thermal terms
in the non linear plasma field equations

=, 0",

where Ty = {1 vg{cz} 2

"The details of the velativistic wavebreaking calculation for a warm plasma are given in the iuternal report
cited in Ref 5. ln the limit rhat vy = ¢ an analytic solution is possible  The result is
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where o= kB‘i?maz 4 1, and T is the plasma empersture This is plotted in Fig 5 Fu v, % ¢, the
wavebreaking field can be found numedeally.  As an example congider o = 100 and kg‘!‘ = 30 ¢V lhen the
cold wavebreaking field would be eE/m wpe ~ 14, but the thermal comrections 1educe this to eB/m wpe = 2 2.
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Fig 3 Noumalized wavebreaking field vs B for Vg = ¢

4 BEAM LOADING IN PLASMAS

Beam Joading in plasma waves is analyzed in Refs 6, 3, and 1 Here we briefly summarize the main results
These were obtained by considering the linear superposition of the field of a plasma wave and the wakefields
produced by a beam lvad

The theoretical maximum number of particles that can be loaded into a plasma wave is given by

NMAX 5 o 08 Vi, Aeff €,

where 1, is the plasma density in cm %, £ is the noumalized plasma wave amplitude eFim ape=nfn < 1 (for
linear waves), and Aggr is the effective area of the beam in cm®  Apgr equals the actual beam cross section for
beam radius 1 > ¢l and Aefp ¢ fmy? for < chay

If the beam load can be properly shaped, it is possible in principle to eliminate energy spread of the
accelerated beam'® (neglecting phase slippage) 'Ihis is illustrated in Fig 6 which shows a uniform aceelerating
field on the heam
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Fig 6 Numerical solution of the total field (plasma wave plus beam wake) for the indicated beam shape  In this

case N = | NMAX the accelerating gradient is half the wave amplitude, and the eneigy extiaction
efficiency 8 75%

Finite width plasma waves have laige radial electric fields which can lead to unacceptable emittance growth
Pwo ways to beam load efficiently while preserving a low emittance ate (a) to use wide plasma waves (> clog)
with uniform radial profiles and conrespondingly wide beam leads, or (b) to use very narrow (€ ciwy) beam loads
in waves of order clmp wide ‘The latter option is illustrated in Fig 7 Hee the beam can be seen 1o ahsob
more than S0% of the wave energy even though it represents only 1% of the cross sectional area of the wave
‘This is because the beam’s wakefields extend to a distance of order choy tegardless of how nartow is the beam
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Fig 7 Numerical solution of totl longitudinal electric field produced by a driving beam ¢/, wide and a beam

lvad O | c/uy wide placed on the third peak of the wave Absorption of the wave energy behind the beam
load is apparent
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A non optimized example of beam loading that is consistent with the very small emitiance (e g, 10 '*
em rad) desived for future colliders is as follows. We assume for the plasma density and wave ng = 1078 cm #,
efiim Wy {8, wave radiug = el = SOp We assume 2 beam to be shaped as in Fig 6 over 2 length of 253,
Now if the matched beam emittance is to be below 10 * % om 1ad, we find that the accelerated beam radius should
be less than U 21 The remaining quantities follow from the above assumptions: gradient 2.5 GeVim, number
of accelerated particles = 3x10%, energy spread = 10% (due to radial vasiation of accelerating field on the bunchj,
and beam loading efficiency = 20%

S SIABILITY OF WAKEFIELD DRIVERS

"the stability of the wakefield driving beam in the plasma has been analyzed by 1 1 Su, et al,, in Ref 3
the sample simulation below shows the stabilization of the Weibel (filamentation) instability by introducing a
small amount of nansverse thermal engrgy on the driving beam (25 keV, independent of 7).
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Fig 8 Real space plots of cold (left) and warm diiving beams 'Lhe Weibel instability manifests itself in the

formation of filaments (left), but can be stabilized by perpendiculas teruperature {right) o1 by an axial
magnetic field

6 PLASMA LENSES

In the plasma lens concept a beam of particles traversing a plasma experiences a 1adial focusing force due to
the wakefields of the beam itself (for beams long compared 1o chuy), or the wakeficlds excited by a precursor
pulse (heat wave or particle beam), or a combination of the two The wakefield analysis of the process' has
now been verified with 2 ) PIC simulations in Ref, 15,
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‘The plasma lens is promising for providing very strong focusing gradients (Fot = Zropet = 100 Mtiem,
whese ny, is the beam density)  However, two limitations are that for long beams the focusing siength vaties with
the beam densily zlong the beam and that the beam focuses to its own axis of symmeny rather than o any
externally alignable lens axis Both problems could be circumvented by using a non neutzal plasiua lens (e g, 8
pure jon plasma lens'®)

A refativistic electron beam passing through a short column of pwre jons of density ny will experience a
focusing force {by Uauss’ law) Fy = Junje®t, independent of the beam’s density  'This is illustrated in Fig 9
The beain is focused o the axis of the jon column  [hus the final focus alignment is governed by the method of

ion eolumn creation
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Fig 9 PIC simulation of the focusing of electron beams by a preformed thin jon disk (from Ref 1) In {a) np
= 0008 nj and in (b) ny = U8 nj; v = 30 and the disk thickness is 1 ¢/my, where mgz = 4nnje’ m

Ome possible method of fon chanuel creation I8 to use an intense laser to jonize a peutral gas within
conducting walls  1f the pondenmotive force of the laser is large enough to blow the elections o the walls, an jon
channel will remain for the shott thime required for an electron beam o pass through it and be focused  This is
similar fo the jon focusing deseribed by R Briggs (see Ref 3) in which the lon column is formed by a chaiging
electron beam sather than a laser  For typical ion column densities of $x10° cm 2, the focusing gradient would
be of order 100 kG/em  Thus the appeal of fon column focusing would be geatly incieased i methods of
producing denser fon colums and negative fon columns (for position focusing) can be found
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SUMMARY

R Bt o0

Recent progress at UCLA on plasma aceelerator theory has been outlined  Since 1985, analytic models of beat

wave excitation and non-linear plasma waves have been refined o include many effects expected in real plasmas
including wemperature, inhomogeneity, and damping  Work on wakefield acceleration and plasma lenses has
produced a numbes of new ideas 'The ability to realistically model these and other plasma accelerator schemes has
been enhanced by the development of a new simulation code that moves with the accelerating particles and driving
pulses. Theoretical work continues on three fronts - direet support of experiment, assessment of issues impotiant to
realization of a plasma accelerator, and exploration for improved concepts

Work supported by USDOE, NSF and ONR
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Discussion
Y. Amaldi, CERN

T remember that in theory Van der Meer was worried because in the scheme with a whole
bunch, the trailing transversely small bunth was focused too strongly, This is a3 woryying
affect, and [ would Yike to know if there are hopes on how o cwe it

Reply

[ believe that yowr comcern stems from a CERN report of aboul two years ago in which
synchratron losses were caloulated arising from the fouusing wake produced hy a narrow
driving beam. Fortunately, thal calculabion was mot correct because it made use of a
Tinear plasma wakefield expression where b does not apply Ramely, the expressio used
fur the iransverse force blows up as the beam radius goes Lo zevu  However, when the beam
shr inks to the point that the hean density is yrealer than the plasma densily, the actual

forusing force asymptoles to a constant valye  In this case, the fowusing Force does nol
appear to be too strong



