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Abstract

We introduce and analyze the concept of a wakeless triple soliton accelerator in a plasma
fiber. Under appropriate conditions the triple soliton with two electromagnetic and one
electrostatic waves in the beat-wave resonance Iﬁropégat_es with velbéity c leaving no plasina

wake behind, while the phase velocity of tHe"electrbstatic\_Wave is made also c in the fiber.




The pump power depletion in"the,‘lﬂtra-high energy accelerator is a severe prob-
lem. Its severity may be appreciated by considering the desired luminesity L. Since the |
- »relevant ucross—.section-o- decreases inlfersely pi'epbrtional.to ~the."sqi1are of the-center-of-mass
| wenergy Eem,. the Juminosity £-has to«increase as £ oc. B2, ,:(e.g., L = 10%4cm™2seclat. - ¢ -
. lOTe;V:.efl'.e".)l,:in.,order«to keep. the-‘.number-of:.relevanth events .constant.in.a given time,
ﬁ_._‘_* *V?ﬂhandﬁthusw.thew necessanyépowerfsuppliedwtofangaccelerator P E—ff—ﬂAln—ther.-rbeat—ﬁva—ve—a——v#»H———a———r—
accelerator,? h'owever? the pﬁmp depletion problem is uniquely important and posslb‘ly
quite damaging. This is because the accelerating electrobstatic beat wave propagates with |
greup' velocity close to. zero, i.e., 3(v./c)v, with v, being the electron thermal velocity,
while the laser beams propagate approximately with the speed of light c¢. Thus the laser

beams that enter the fresh plasma expend the1r energy in creatmg the plasma wave that

is left out in the laboratory (plasma rest frame) behind the pump beams. Thus the beat
- wave accelerator would suffer greatly»from this heavy pump depletion in addition to the
already severe pump power requlrement |
| In this Letter we mtroduce the 1dea of Wakeless triple soliton acceleratlen in or—‘ _
der to overcome this difficulty, and analyze this idea for its plaus1b1l1ty_ as an accelexjator
| co11.cept. The essence of our idea is to use the Aself—.indﬁced transparellcy due to l;lle plasma
nonlinearity and deliberately shaped optical beams, to drive a tl'iple: soliton accelerating
structure without a wake. A phenomenon similar to this was discovered in nonlinear
crystals.® A triple soliton is a “vector soliton” composed of two transverse electromagnetic
potentials and ene electrostatic potential, while the conventional plaema soliton is a “scalar
soliton” composed of one electrostatic po‘cen'tial.4 |

The coupled three-wave equations for the beat wave excitation are given by
(m+%a)% Bobith, B
8 * . |
5 T Vo 8 ¢1 = —P1dod}, | (2
0 o . 3 . :
l‘a _l"vgp% —1Aw — Ewplépl_z] Gp = —ﬁpqﬁogb,lk, (3)
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where By = wf, /2w, B1 = ""Z [2w1, Bp = wp/2, a;id vg; 1s the group velocities of electro-
magnetic and electrostatic waves. The frequency mismatch is A(b.o»‘z wo — wy — - Wp- Note
...that the fourth term on.the left- hand side.of. Eq (3)-is.the. nonlinear frequency shift associ-

: ‘,-&\;ated with the. electron. relat1v1stlcmmass correction® which: hmlts the-amplitude-of the ideal

. plasma-wave growth -..to eE, /mw, = (16/3)Y/3(dob;)/3. .The»vzmode-x coup]jng equations (1)-

B —(8)-conserve-two ~action—~integ.~rals~ and- thef-intgract-ionAH amiltonian.® This integrable system
contains soliton solutions.”

In Egs. (1)-(3) the complex amplitudes ¢;(z,t)’s are slowly varying functions of

z and t such that eE;/mecw; = v;/c = 14;(z,t) expli(kjz — wjt)] + c.c. (5 = 0,1, or p).

Looking for a stationary structure ¢;(£ = z — At) traveling with speed ), we have

e -~ww¢—wm»-~g~r%% ~Bodpadpy e e e e () e
€¢1 =gty I )
(jf L +2A) 451, Bp¢0¢;{a-' | ' | - (6)

where A = (3wp/16)[65]? /(A — vgp), féj = ﬁj/(x“ vg;) (=0,1or p).and Ao =Aw/(A—

vgp)-

When the relativistic nonlinear frequency shift A is neglected and A& = 0, the '.
exact solutions to Egs. (4)-(6) are ¢2 = a?sn? [— .ﬁﬁpg,a/b} , 2 = b — ¢Z and qﬁg =
(Bp/,é) a®[1— ¢§/a’2]. Here, we approximated B = B, = 3 and vgo = vg1 = vy for

wo > wp. When a=b, we have the triple soliton solution,

do = —atanh g(z — M) = (M
¢1=a sech q(z — At) | ) B (8)
pmapehgle—r) ()

‘where ¢ = \/,é»,é:[,a and
A= o v ) [ 1= (G/Bed). (0
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Note that the electromagnetic and"electrostaﬁ;_ic envelopes have the same characteristic

wavenumber ¢ and the phase velocity ), hence the name of the triple soliton. The speed

-+ A-of the triple. soliton is a.function of a-and. B, Whlch can.be:tuned to be the speed of

. light when —:i (
a

Wp

i

Wo

- (¢o#T) = 0.in z-> At (the pulse:front) and-the amplitude of.the higher. frequency pulse . .

decreasesin time-as~the lower side-bands ¢i and-¢, are excited through (5)-and(6).

Around the pulse center (z > At) the phase of the pump wave ¢y jumps by 7 and thus the
inverse decay process begins. Namely, ¢g increases and the energy in ¢, is restored back

to ¢o as shown in Fig. 1(a).

Generalizations of the trisoliton solutions (7)-(10) are possible. First, we ﬁnd;that

“¢p(x,t) = Ofor |z| — coie;no Wa.ke is'created, 1f/ o .f)qbl( )d€ vanishes. When there DR

is a substantial relat1v1st1c detuning, this effect may be compensated for by a dehberate
choice of Aw. Suppose for simplicity ¢0(£)¢’f(§) = Ffor 0 < ¢ < L and —F for ~—L <

¢ < 0. The wake amplitude is evaluated as |¢,(z,00)|? = const. sin? [(AJJ + Aav) L/ 2]7

L .
where A,y = / Ad¢/2L. The wakeless condltlon is achieved when Aw = —3w, ]¢P| / 16,

where |, %, = / Ldg|¢p(g);2/2z;. |

To investigate the robustneés of -tvhi's:f-rii)l'é éélitén- acceleration rhechanism,..\.r{(c'.é'a;rry
out two kinds of numerical experiments. The first is d_ifect nu.mel;ical integration of Eqs(l)—
(3). The second is selvf-‘c(‘)n.sistent»velectfofnagnetic particle simulation. Figures 1(b)-(d)
~ show the direct vi‘ntegra_m-ti;m of Egs. ‘(1)—(3) with initialization Egs. (7)-(9). Because of the
reldtiviétic detuﬁing in (b) and the ffequency mismatch in (d) there is no annihilation of the
wake. Large amplitude wakes are emitted from the trisoliton initial condition in Figs. 1(b)
- and (d). In Fig. '1(6)',’howéver,‘ when the frequency mismatch is choSenga‘pprbp‘riaftely to
cancel the relativistic detuniﬁg, we observe the wakeless tfiéoli’ton propagate very stably.
In this case, |¢p|§v of the wakeless condition-is féund to be 04 times the peak iﬁtensity.

Overall, we find the relativistic trisoliton can propagate stably in spite of the relativistic
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nonlinearity.

We further investigate kinetic effects on the trisoliton. In Fig. 2 we show the

. results of ‘a particle simulatio’n-» In-contrast. to. the: first -numerical integration, ‘we.start - -
"o with Eqgs. (7) -and: (8)-for-electromagnetic -waves but-with-¢, 0- [not Eq. (9)], beca.use of

_ the nature of the- partlcle simulation:- The structure at-early-time ¢t = 12. 5w—1 -after the .. -

two tailored laser beams are 1nJected resembles the anticipated profiles Eqgs. (7)-(10). Note
also the substantial electron forward momentum created by the accelerating electrostatic
field [Fig. 2(d)]. At this time the electron plasma wave is localized around z = 100A. At
t = 50w, 1. the plasma wave is around = = 500A as seen in Flg 2. This 'correspends to

the velocity of the electrostatic wave of ~ 0.9¢, much faster than the group velocity of

the plasma wave. However, in this simulation the plasma wavepacket speed is still slightly o

less than c; thus the wake creation is much reduced but remains. The difference of the

simulation result from the ideal case Eq. (9) may be due to the effective dissipation of the )
' plasma wave from the acceleration of the thermal electrons shown in Fig. 2(e). In addition, .

it may be the phase mismatch occurring from the accelerated electrons, or the non-ideal

start of the electrostatic wave amplitude, ¢,, which does not satisfy Eq. (9).

If we insist on the exact Wakeless condltlon at A=c, according to Eq. (10) the‘

accelerating: electnc field E, is (w,/wo)?/ ZE'O In order £6 mamtam a large acceleratmg

field, we want to keep wp/wo not too small. On the other hand the energy & of the trapped

electron in the electrostatic wave scales® in the beat-wave accelerator as e ~ 2mc (wo / wp) )
which is in conflict with the above relation. In order to overcome this d;lerpma, it is
important to control the phase veloeity of the accelerating electrostatic field E,. However,
_if one can make the phase velocity v, — ¢, this restricfion of e oc.(wo Jwp)? disappears.and
- an indefinite aceeleration appears pessible‘excepr: as 1irr1ited by pump depletion and beam
loading. This condition v,=c can be realizedjin‘ a i)la,ema fiber, in which the plasma derlsity

is low in the middle for laser propagation and high toward the edge. The plasma fiber at

the same time acts to trap the laser beams within it so that the pump field does not spread
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out. Consider a two-dimensional rectangular conﬁguration in which the plasma. density,n
inside the fiber is constant width d aﬁd the outside deﬁsity i's n'(> n). We find that the

- »- phase. velocity- of the-accelerating: plasmaA«wave cén ‘e made to be the speed of light ‘c if | ‘
';..f.,",-,s;'an»-ﬂ:appropr:iate;éizé-.«ofl the fiber width iS" chosen.. We can ses. this.as follows. We -démand :

..the frequency: matching- among-the two: laser beams and:the plasma wave wg — w; = wp,.

of light (wo — w1)/(kjo — ky1) = ¢, where ky; = [wi/c® —w2/c® — (m¢;/d) 211/2 where ¢;
is the number of transverse mode in the fiber. If we choose £y = 43 + 1, £; = 1, and
wo/wp >> 1, we arrive at the condition for the fiber width for the indefinite acceleration

7rcw1/2' .
d\/— (0)

Wp \Wp

~——-——-————ag hefore:-Further; we require the parallel- phase Veloc1ty of-the-plasma-wave- be the speed———

_Figure 3 shows the test of this idea by the self-consistent fully relativistic electro- . . . .

magnetic particle simulation. We allow plasma particles outside of the fiber initially 10

times as dense as that in the fiber which runs in the y-direction parallel to the laser irijec— -

tion direction. Figure 3 is the case with E, plane polarlzed laser electric fields Wlth a flat

wave amplitude. The electrostatm potential of the beat plasma wave is shown in Flg 3(a)“
after _tlme twpe=8. The electrostatlc potential structure represents the beat-wave c;eated_ »
by the ponderomotive force as previously discussed.2 The laser lights have remain.e‘d‘f con-
fined in the fiber. The .initial. duct width is indicated by the two marks on the = axis. Th'e. :
contours of the electrostétic potential show the structure of the beat-wave which ".(:Iearvlly}"
has the difference wavenumber, k;eat =kg—ky =27 X .7/ 128A. The phase veloéity of the

plasma wave is measured in Fig. 3(b): vph(meas_ured) = 2.942w,,A. This is very closé to

the speed of light ¢ = 2Q909QPOA, in agreement With' the idea presented here. The phase
velocity measured Withbuf the fiber structure was such that (v_;,h —c)/ c' ~0.0670, which
.. .approximately corr»esPOnds' to %(wp /w)2 as éx_pected.__‘ Qn‘the other ha'rld; with the fiber
e _ vpn|/c = 0.01, which is within the measurement ¢rfor of vpp —c | |

' With_tile wakeless tripie soliton in a plasrﬁa fiber undér the appropriate conditions

discussed above we have achieved: (1) the phase velocity of the accelerating plasma wave is
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¢ with laser beafné 'ft:r'appe.d.in the ﬁb‘er; (1;) the entire envglopé-»stNCtufe of the two laser .
beams and the beat plasma Wa&e forms a wakeless triple soliton Wilose propagation velocity

: is again ¢. ;..The‘.latt‘e_‘r;ﬂ-...ve.locityﬂmay: be -called the effective. velocity .of the 'drivén.plasma | '
"~:.-’~Wave.séliton.a‘.sf]:.‘hu_s_,: our;:concéi)t iea]izés »:bo.th.thea phase—':velocity»aﬁd the: e.ﬂ'ekcbt»ive velocity :

i of.the structure of the accelerating plasma-wave profile to become close to.the accelerated

particle-velocity-under-the-appropriate-conditions:— Hasegawa-has considered an-optical
fiber soliton,® a single soliton, not a triple soliton. Althdugh the acceleration lengt.h of our

concept is theoretically infinite, the practical iength is limited by beam loading.®
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Figure Captions

Fig. 1: Numencal 1ntegrat10n results Amphtude profiles of two electromagnetlc

- waves (thlck solid lines; wo [wp = 6.0, broken 11nes, wy/wp = 5. 0) and the beat electron

plasma wave (thln solid 11nes). The initial soliton amplitude is a = v /c = 1.0, a, =.

-6np/no. The laser pulse length is finite (~ éc/wp) " (a) Initial profiles at t=0 the pump |

wave amplitude is zero in the region far from the soliton. (b),(c) and (d) are the profiles
at t=88w, 1 for Aw Jwp = 0, —0.4Apax and —1.0Ap,.x respectively, Where Amax is the
relativistic frequency shift at the maximum amplitude.

Fig. 2: Particle simulation results. Typical parameters of the simulations are

system length L, = 20584, ¢ = 10w,A, wo/wp = 6.3, wy/wp = 5.3, Aw =20, a=1v/c=

0.6, v = 0.6w,A, which would make A close to & (a) Schematic trisoliton, The laser is”

immersed in a plasma at =0 for the phase jump at z=0 ‘(‘prepaga‘tingv toward +z direetioﬁ).
(b) and (c) at t=12.50>1, (d), () and (f) at #=50w>1. (b) and () The plasmia electric
field amplitude vs. z. (c) and (f) The 1a.se; field amplitude vs. @, (d) the electron phase
space p, Vs. . | |

Fig. 3: Beat-wave in the plasmé fiber. - The density preﬁle has a duct width,

d = 22. 05A and n'/n = 10, the orlgmal wavenumbers are kg = 2w X 22/ 128A and k1 =

271'4/5/ 128A the speed of light c=2. 909wp0A the quiver velocity of the hght waves

vesj = 0.6¢(y = 0 and 1) and v, = O.BwPOA, where wpo is the plasma frequency in the
duct and- A is the grid spaeing. (a) Electrostatic potential contour profile: stratified wave
fronts appear within the fiber -(8'(»;01). (b) Phase progression of the beat plasma wave in

time. The solid line indicates y=ct.
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