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Electron Injection into Plasma Wake Fields by Colliding Laser Pulses
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An injector and accelerator is analyzed that uses three collinear laser pulses in a plasma: an
intense pump pulse, which generates a large wake fefzDb GV/m), and two counterpropagating
injection pulses. When the injection pulses collide, a slow phase velocity beat wave is generated
that injects electrons into the fast wake field for acceleration. Particle tracking simulations in 1D
with injection pulse intensities ned0'” W/cn? indicate the production of relativistic electrons with
bunch durations as short as 3 fs, energy spreads as small as 0.3%, and densities as(hfgbnas.
[S0031-9007(97)04154-9]

PACS numbers: 52.40.Nk, 41.75.Lx, 52.75.Di

Plasma-based accelerators [1] may provide a compatiiree short laser pulses: an intense pump pulse (denoted
source of high energy electrons due to their ability toby subscript 0), a forward going injection pulse (subscript
sustain ultrahigh electric fields, on the order ofE, = 1), and a backward going injection pulse (subscript 2),
cmw,/e = n(l)/z[cm%] V/cm, where w, = (47nge?/  aS shown in Fig. 1. The frequency, wave number, and

m)!/2 is the plasma frequency and, is the plasma normalized intensity are denoted by, respectivaly, k;,
density. Accelerating fields of 10-100 GM have been anda; (i = 0,1,2). Furthermorew, = wo, w2 = wo —
generated over distances of a few millimeters [2—-4] ind@® (Ao = 0), andwy > Aw > w, are assumed such
both the standard [5] and self-modulated [6,7] regimes ofhat ki = ko andk, = —ko. The pump pulse generates
the laser wake-field accelerator (LWFA). The character@ fast(v,o = c) wake field. When the injection pulses
istic scale length of the accelerating plasma wave is thollide (some distance behind the pump) they generate
plasma wavelength, = 27¢/w,, which is typically @ slow ponderomotlye beat.wav_e Wlt_h a phase .V(.E|OCIty
<100 wm. Although several recent experiments [3,4] Vpo = Aw/2ko. During the time in which the two injec-
have demonstrated the self-trapping and acceleratiohon Pulses overlap, a two-stage acceleration process can
of plasma electrons in the self-modulated LWFA, theoccur; i.e., the slow beat wave injects plasma electrons
production of electron beams with relatively low momen-into the fast wake field for acceleration to high energies.
tum spread and good pulse-to-pulse energy stability willt will be shown.that injection and acceler'atlon can oc-
require injection of ultrashort electron bunches into theCur at low densitiegA, /A ~ 100), thus allowing for high
wake field with femtosecond timing accuracy. TheseSingle-stage energy gains, with normalized injection pulse
requirements are beyond the current state-of-the-art petdtensities _Ofa1 ~a~021le, 2 orders of magnitude
formance of photocathode radio-frequency electron gunsl€ss intensity than required in Ref. [8]. Furthermore, the
Recently an all-optical method for injecting electrons incolliding pulse concept offers detailed control of the in-
a standard LWFA has been proposed [8] that utilizes twd€Ction process: The injection phase can be controlled via
laser pulses which propagate either perpendicular or paraibe position of the forward injection pulse, the beat phase
lel to one another. The first pulse (pump pulse) generates
the wake field, and the second pulse (injection pulse) in-
tersects the wake some distance behind the pump pulse.
The ponderomotive forcg, ~ Va? of the injection pulse
can accelerate a fraction of the plasma electrons such that
they become trapped in the wake field, whefe= 7 X
107 A2 [umI[W /cm?], A = 27c/w is the laser wave-
length, and is the intensity. Simulations, which were per-
formed for ultrashort pulses at high densitigg (A = 10
and E,/Ey = 0.7), indicated the production of a 10 fs,
21 MeV electron bunch with a 6% energy spread. How- —-1.0LC . - :
ever, high intensitie$/ > 10'®* W/cn?) are required in -3 -2 -1 0 1
both the pump and injection pulseés = 2). An all-optical v/2n
e_Iectron injector would be a significant step in reducing thq:IG_ 1. Profiles of the pump laser pulag, the waked, and
size and cost of a LWFA. the forwarda; injection pulse, all of which are stationary in the

In the following, a colliding pulse optical injection , — k,(z — v,ot) frame, and the backward injection pulse
scheme for a LWFA is proposed and analyzed that useshich moves to the left at2c.
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velocity viaAw, the injection energy via the pulse ampli- In the absence of the injection pulses, electron motion
tudes, and the injection time (number of trapped electrongp the wake field is described by the Hamiltonian [11]
via the backward pulse duration. H, =7v — Bpo(y> — D'/2 — ¢, where p = ¢, cosy.

A somewhat analogous two-stage acceleration procesthe boundary between trapped and untrapped orbits is
can lead to self-trapping in the self-modulated LWFA duegiven by the separatri¥, (y, ) = H,(ypo, ), Where
to the interaction of the Raman backscatter (RBS) waveg ,, = (1 — ,320)—1/2_ The minimum momentum of an
with the wake field [4,9,10]. In the self-modulated LWFA electron on the separatrix iBni, = (1/A¢p — A¢)/2,
[6,7], the plasma density, is sufficiently high(A,/A ~  whereA¢ = ¢o(1 + cosy), assumingy,oA¢ > 1 and
10) such thatL > A,, whereL is the laser pulse length. g,, = 1. In particular atyr = 0, umin = 0 for ¢y =
Since L > A,, RBS readily occurs, which involves the 1 \hich means that an electron that is at rest at the
decay of the pump laser lightw,k) into backward phasey = 0 will be trapped. The background plasma
light (@ — w,,—k) and a plasma wavéw,,2k) [1].  electrons, however, are untrapped and are undergoing

The slow(v, = w,/2k) RBS plasma wave can preheat 5 fluid oscillation with a momentun; = —p(P? <
the plasma such that a fraction of the electrons arg) Hence, aty = 0, the plasma electrons are moving
accelerated to high energies in the f&s}, = c) wake  packward withu, = — ¢, which is far from trapping.

field [4,9,10]. Dephasing Iimit§1the e!ectrpn energy gain  The beat wave leads to formation of phase space
t0 Wg = 4mc>A\,E./NEg ~ ny -, which is relatively pyckets (separatrices) of widthr/Ak = Ag/2, which
low (W4 ~ 100 MeV) at high densities [1]. Higher are much shorter than those of the wake field), thus
single-state energy gains can be obtained at lower plasmglowing for a separation of time scales. In particular,
densities as in the standard LWFA [5], in whidh=" it can be shown that both the transit tiner /Aw of
Ap (Ap/A ~100). Since L = A,, Raman instabilities an untrapped electron through a beat wave bucket and
will be suppressed and self-trapping of plasma electrong,e synchrotron (bounce) time/(a,4,)"/?w, of a deeply
is unlikely. Acceleration in the standard LWFA requires trapped electron in a beat wave bucket are much shorter
an additional injection mechanism. _ . than a plasma wave peridir/w,. Hence, on the time
The colliding pulse injection mechanism will be ana- scale in which an electron interacts with a beat wave
lyzed in 1D with the plasma wave and laser fieldspycket, the wake field can be approximated as static.
represented by the normalized scaar= e®/mc* and In the combined fields, the electron motion can be
vectora = eA | /mc? potentials, respectively. The axial analyzed in the local vicinity of a single period of the beat
component of the normalized electron momentum=  wave by assuming that the wake-field electric figld=

pz/mc = vy B obeys —k;land)/&z = E,y is constant. The Hamiltonian
du, Er) 1 942 ) associated with Eq. (3) is given by
det 9z 2y o4z’ Hy =y = Buly> = viW)]'? + ey, (4)

where y = y.y., vi. =0 +d»)"? and y. = (1 — wheree = Ek./EaAki 2 _ a2
172 , 2 € = Eok,/EoAk is constantang| =1 + aj +
5) Zt)he Wallzletﬁrerrdzogze(phfse Oft)'[hE eleiclzgr?sn with respecta% + 2aa; cosy,. When e = 0, the phase space or-
p& = Vpol), EG. bits are symmetric withx points at B8, = B,,, ¢ =

dy (1 -B)ap L(i 4 Bzi>a2 +27j ando points atB, = By, by = 7 = 2mj (j =
2\ 92 or

dr? v 02 v 2 (2) 0,1,2,...). Whene # 0, the separatrix distorts into fish-
_ _ . e shaped islands. Whea < 0 (¢ > 0), the “fish tail” of
wherek, = wy/c, vpo = cfBpo is the wake-field phase the separatrix opens to the right (left). In terms of the ax-

velocity, 2 = k,z, 7 = w,t, andB, = dy/dt + B,0. . . - i
The effects of three waves will be considered: a plasméal momentum, the maximum and minimum points on the
SeparatriXuy),,, obtained from Eq. (4), are

wake field$ = ¢ (i) cosy, and a forward and a back-
wart)d(iqje;tion Iasergpuli,e, |b_|oth m;the ;{or:m = a;(z —d (up)m = Bpp(yo — wylz,hlel) * 241y pb

v,it) (Sinf;e, + cosh;e,). Here, 0, = kiz — w;t an _ A2N1/2

thge amplitudes;; and ¢ gre assumed to be slowly varying (1= myolel/2a)77, ®)
compared to the phas#s andy. Also, k; andw; sat-  where yo =y, (1 +4aD)"%, v, = (1 — Boy) "'/,
isfy k; = oiw;(1 — w3/w})"/?, whereo; = lando, =  myolel/2ai < 1,anda; = a, are assumed.

—1, which implies a group velocity,; = c¢B = c’k;/ A scenario by which the beat wave leads to trapping
wi (Vpo = vgo = v,1). Furthermorea? = al+ad+ in Fhe plasma wave is the following. In the phgse
24,4, cosyy, where g, = 6, — 0, = Ak(z — v,p1) is region—m/2 < ¢ < 0, the plasma electrons are ro_vvmg
the beat phases,, = cB8,, = Aw/Ak, andAk = k; — .backward,uf = —¢ocosy <0, and the electric field
k, = 2ko. To leading order, Eq. (2) becomes is acceleratingE./Ey = ¢osing < 0. Heree < 0 and

2 2 A N the beat wave buckets open to the right. Consider an
d*/d1" = bo¢ sing + bi(Ak/kp)ardasingy . (3)  glectron that is initially flowing backward and resides

where by = —y1'(1 = B.)¥%, by = y1*(1 — B3)(1 — below the beat wave separatrix. Since the separatrix
BpyBz), andy, = [(Bpo — Bpp)T + W1Ak/k,. opens to the right, there exist open orbits which can take
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an electron from below to above the beat wave separatrix. w 15 ' i
Such an electron, after interacting with one or more beat = / /100 ]
wave periods, can acquire a sufficiently large positive = 10t te ]
velocity to allow trapping and acceleration in the plasma S - i .
wave. These open phase space orbits, which provide the < 0.5¢ 7
necessary path for electron acceleration, can exist when ° 0.0 /\a;
the beat wave resides within7 /2 <  * 277j < 0. % ’ .

The threshold for injection into the wake field can be g€ _os5L oL ]
estimated by considering the effects of the wake field and 5 (;,
the beat wave individually and by requiring that (i) the Z -1.0 . s . .

maximum energy of the beat wave separatrix exceeds the
minimum energy of the wake-field separatfix,)m.x =
(Ap~! — A¢)/2 and (i) the minimum momentum of

-3.0 -2.8 -26 -24 -22 -2.0

¥/2m

. G. 2. Trapped electron phase spaceversusys at 7 = 300
the beat wave separatrix be less than the plasma electrgu - 2 <imuiation withw;/w, = 100, wy/w, = 90, ¢ =

fluid momentum (up)min = —¢, where (up)max, (Up)min 0.6, ay, = ar, = 0.3, andL; = L, = A,/8. Also shown are
are given by Eq. (5) withe = 0. These two conditions the injection pulse, (solid curve) and wake (dashed curve).
imply that the beat wave separatrix overlaps both the
wake-field separatrix and the plasma fluid oscillation, thus

providing a phase space path for plasma electrons tBeat wave that become trapped. Trapping is observed
become trapped in the wake field. For a given wakefor ain > 0.17, somewhat higher than the analytical pre-

field amplitude ¢y, conditions (i) and (ii) imply the
optimal phase locatiofgycosy = 32 — 2 — 28,

and threshold amplitudéa; > 3'/2 — 2¢g + B, of

the injection pulse, where)jcos ¢ < 1, a7 < 1, and
,B,Z,h <« 1 were assumed. For example, = 0.6 and
By = 0.05imply y = —1.3-27j anda; > 0.11.

To further evaluate the colliding laser injection method,

diction (0.11). Additional simulations indicate that trap-
ping occurs when the center of the = 1,/8, a;,, = 0.3
pulse is located within-14.2 = ; = —13.5. This im-
plies that the forward pulse must be synchronized to the
wake with an accuracy<37 fs, which is not a serious
constraint and can be relaxed somewhat by using a longer
forward pulse. Furthermore, simulations show that)

the motion of test particles in the combined wakeand du./(u.) are relatively insensitive to variations in
and laser fields was simulated by numerically solvingl12- The observed momentum spread can be traced to
Eq. (2). Atr = 0, the forward (backward) pulse profile the half-sine pulse profiles, which implies that different

a1 (a) is a half-period of a sine wave with maximum
amplitudeay,, (az,), centered aiy = ¢; < 0 (¢, > 0),
with length L, (L,). Test particles are loaded uni-
formly within 0 = ¢ = max With dip/dT = — B0
(initially at rest) and pushed fromr = 0 t0 7 = Thyux.

In Figs.2 and 3,w;/w, = 100, wy/w, = 90, and
¢o = 0.6, which for A, = 27c/w; = 1 um implies
no = 107 cm™3 and E. = 0.6E; = 19 GV/m. Also,

¢ = ¢oll — exp(—y?/m?)]for ¢ = 0.

To validate the analytical predictions for the trapping

electrons encounter different beat wave amplitudes and
are injected into the wake with different energies.
Important 3D beam dynamics issues—in particular,
the effect of the radial electric wake fiell,—have
been addressed with the 1D simulation model. The wake
potential for a pump laser pulse with a Gaussian radial
profile is ¢ = ¢oexp(—2r2/rd) cosy, where ry is the
laser spot size. This implies that the radial electric field
acting upon the trapped electrons will be focusing for

thresholds, a “near threshold” case was simulated with

aim = azm = 0.3(1.2 X 107 W/cm?), Ly = L, = A,/
8 (42 fs), ¢y = —13.6 and ¢, = 21.4 (chosen so the
beat wave and test particles overlap).
a phase space plouf versusy) of the trapped elec-
trons atr,.x = 300 (0.48 cm). The trapped bunch length
is L, = 6.3 um (21 fs) and 60% of the electrons are
contained within66 MeV *8%. Figure 3 summarizes
simulations in which the injection pulse amplitudgs, =
a,, were varied. Parameters are the same as in Fig.
except thaty; = —13.8 and ¢, = 21.5. This ¢, value
was carefully chosen so as to minimize the value:gf
required for injection and agrees well with the analyti-
cal prediction(¢y = —1.3-27j = —13.87 for j = 2).
Plotted as functions ofi;,, are the maximumu,,,, av-
erageu,), and spreadSu,/{u,), in the momenta, and
the fraction f,, of those particles which encounter the
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FIG. 3. The maximum u,,, average {(u.), and spread
Su,/(u;) in the momenta, and the fractiofi;,, of trapped
electrons as functions of,,, = a,,, for the parameters of
Fig. 2 with ¢, = —13.8.
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40 : ‘ T @ is np, = 1.8 X 10" cm™3. It should be noted that the
0 electron slippage seen in Fig. 2 can be compensated by a
ot - slight decrease in the ambient density as a function. of

An appropriate reduction iny(z) can increase the plasma
wavelength such that the trapped electrons remain in the

s 0r R focusing region of the wake.
The bunch density is, = f;noL,/L,, whereL, =
-2 . (L1 + Lj)/2 is the length of plasma that encounters the
overlapping pulses. Assuming that the 1D results hold for
-4 . . ) a pump laser of radiug, implies a total number of trapped
-2.6 electronsN, = f,,noL.7r§, €.9., N, = 7.7 X 10° for

Fig. 4 withry = 40 um. Note thatN, can be increased
by increasingny, ro, a1, (via f;) and, in particular,L,

»  1.0f by increasing the duration of the backward pulke
= i The ratio of N, to the theoretical beam loading limit
*é 0.5 No [12] is Ny/No = fik,L.Eo/E,, which can easily
3 approach unity. FolN, nearN,, however, space-charge
:' 0.0 effects become important and a self-consistent simulation
0 is required.
5 [ The authors acknowledge useful conversations with
g 05 C. Clayton, T. Antonsen, J.L. Bobin, T. Katsouleas,
5 I P.B. Lee, W.B. Mori, C. Schroeder, G. Shvets, and D.
Z —1.0t . : ' Umstadter. This work was supported by the Department
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FIG. 4. Electron phase space versus ¢ (a) during the
collision 7 =21 and (b) after the collisionr = 100 from

a simulation with w,/w, = 100, w;/w, = 85, ¢¢ = 0.7,
aym = ayn = 0.5, andL; = L,/4 = A,/4. Shown in (b) are
the trapped electron bunch (located by arrow), the injectio
pulsea; (solid curve), and wakeb (dashed curve) profiles.
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