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Abstract
An injector and accelerator is a.nalyzgd that uses three collinear laser pulses il} a
plasma: an inteﬁse pump pulse, which generates a large wakefield (> 15 GV/m), and
two counterpropagating injéction pulses. When the injéction puls;:s collide, a siow phase
velocity ponderomotive wave is generated that injects electrons into the fast wakefield fo;
acceleration. For injection pulse intensities of 5 x 10* W/cm? and wakt‘;ﬁeld amplitudes

of én/n =~ 0.6, the production of ultrashort (< 20 fs) relativistic electron bunches with

energy spreads < 20% and densities > 10?7 cm™3 appears possible.



Plasma-based accelerators [1] may provide a compact source of high energy elec-
trons due to their ability to sustain ultrahigh accelerating fields E,; on the order of
Eo = cmewp/e ~ nz/ >[em™3] V/cm, where wp = (4wnge? /m.)'/? is the plasma frequency
and ng is the plasma density. Accelerating fields of 10-100 GV/m have been generated
over distances of a few mm [2-4] in both the standard [5] and self-modulated [6,7] regi(mes
of the laser wakefield accelerator (LWFA). The characteristic scalelength of the acceler-
ating plasma wave is the plasma wax;elength Ap = 2mc/wp, which is typically <100 pm.
Although several recent experiments [3,4] have demonstrated the self-tra.pping and ac-
celeration of plasma electrons in the self-modulated LWFA, the production of electron
beams with relatively low momentum spread and good pulse-to-pulse energy stability will
require injection of ultrashort electron bunches into the wakefield with femtosecond tim-
ing accuracy. These requirements are beyond the current staf.e-of-the-art performance of

photo-cathode radio-frequency electron guns.

Recently an all-optical method for injecting electrons in a standard LWFA has been
proposed [8]. This method (referred to as LILAC) utilizes two laser pulses which propagate
either perpendicular or parallel to one another. Tile first pulse (the pump pulse) generates
the wakefield, and the second pﬂse (the injectidn pulse) intersects the wakefield some
distance behind the pump pulse. The ponderomotive force F, ~ Va? of the injection pulse
can accelerate a fraction of the plasma. electrons such that they become trapped in the
wakefield, where a? >~ 7 x 107**A?[um]I[W/ cm’], A = 21rc/d is; the laser wavelength, and
I the intensity. Simulations, which were performed for ultrashort pulses at high densities
(Ap/A =10 and E,/Ey = 0.7), indicated the production of a 10 fs, 21 MeV electron bunch
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with a 6% energy spread. However, high intensities (I > 10'® W/cm?) are required in
both the pump and injection pulses (a ~ 2). An all optical electron injector would bea

significant step in reducing the size and cost of a LWFA.

In the following, a colliding pulse optic;.l injection scheme for a LWFA is pfoposed
and analyzed which makes use of a two-stage acceleratioz; proéess. Three short las;:r fulses
afe employed: an intense pump pulse (denoted by subscript 0), a forward going injection
‘pulse (subscript 1)‘, and a backward going injection pulse (subscripi; 2), as shown in Fig.
1l. The frequency, wavenumb.er, and normalized intensity are denoted by w;, k;, a.nd a;
(z =0,1,2). Furthefmore, w1 = Wy, w2 = wg — Aw (Aw > 0), and wo > Aw»>> wp will
be assumed sucil .tha.t k1 = ko, al;d ky ~ —ko; Thé pump pulse generates a fast (v;o ~
c) wakefield. When the injection pulses éollide (some distance béhind the pump) they
generate a slow ponderomotive beat wave with a phase velocity vy > Aw /2kq. During the
time in which the two injection pulses overlap, a two-stag;: acceleration process can occur,
i.e., the sl’qw beat wave can inject plasma electrons into the fast wakefield for acceleration
to high energies. It will be shown that injection and accelgration can occur at low densities
(Ap/A ~ 100), thus allowing for high single-stage el;ergy gains, with normalized injection
pulse intensities of a; ~ a; ~ 0.2, i.e., two orders of magnitude less intensity than i'equired

by the LILAC scheme.

A somewhat analogous two-stage acceleration process can lead to self-trapping in

the self-modulated LWFA due to the interaction of the Raman backscatter (RBS) waves
with the wakefield [4,9,10]. In the self-modulated LWFA [6,7], the plasma density ng is
‘sufficiently high (Ap/X ~ 10) such that L > ),, where L is the laser pulse length\;'\Since
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L > X,, RBS readily occurs, which involves the decay of the pump laser light (w, k) into
backward light (w — wp, —k) and a plasma wave (wp,2k) [1]. The slow (v, = w,/2k) RBS
plasma wave can preheat the plasma such that a fraction of the electrons are accelerated
to high energies in the fast (v, ~ c) wakefield [4,9,10]. Dephasing limits the electron
energy gain to W, ~ 4mec2A;E,/ A2Ey ~ ng?, which is relatively low (W3 ~ 100 MeV)
at high densities [1]. Higher single-stage energy gains can be obtained at lower plasma
densities as in the standard LWFA [5], in which L ~ A, (A;/A ~ 100). Since L =~ A,, -
Raman instabilities will be suppressed and self-trapping of plasma electrons is unlikely.
Acceleration in the standard LWFA requires an additional injection mechanism.

The colliding pulse injection mechanism will be analyzed in one-dimension .(l-D) with
the plasma wave and laser fields represented by the normalized scalar ¢ = e®/m.c? and
vector a = eA ) /m.c? potentials, respectively. The axial component of the normalized

electron momentum u, = p;/m.c = 40, obeys

du, 08¢ 1 8a?

prialy vk vy (1)

where v = 7,71, 71 = (1 + a®)*/?, and 7; = (1 — B2)7Y/2. In terms of the phase of the

electron with respect to the wakefield ¥ = kp(z — vpot), Eq. (1) can be written as

Py _(-pos_ 1[0 . 0\&
arz =~ 'a'g—jy‘z‘(a. +ﬁza1_) X (2)

where k, = wy/c, vpo = cfpo is the wakefield phase velocity, 2 = kyz, 7 = wyt, and
B: = dy/dr + Bpo-
The effects of three waves will be considered: a plasma wakefield ¢ = <$(1[:) cos P,

and a forward and a backward injection laser pulse, both of the form a; = a;(z —

4




vgit) (sin 6;e; + cosb;ey). Here, 6; = k;z — w;t and the amplitudes @; and J) are as-
sumed to be slowly varying compared to the phases 6; and 3. Also, k; and w; satisfy

ki = owi(l — w?/w?)'/?, where 03 = 1 and 0, = —1, which implies a group velocity

.

2

2 _ A
—‘al

vgi = cBgi = *kifw; (vpo = Vg0 = vg1). Furthermore, a + @2 + 2@, az cos vy,
where ¥ = 60, — 0, = Ak(z — vpt) is the beat phase, vy, = cfpy = Aw/Ak, and

Ak = ky — k = 2ky. To leading order, Eq. (2) becomes
d*p/dr? ~ bydsinyp + by(Ak/k,)a; &, sin s, o (3)

where by = —y T} (1=B.)*/2, by = 772 (1—B2)(1=Bpef), and s = [(Byo—Bpw)T+ V) AR/ by

The ponderomotive force of the injection laser pulses c;.n also lead to the generation
of space charge fields via (8%/0t* 4+ w?)$, = wZa®/2. The beat wave term 2a;d; cos ¥
will generate a space charge wave with an amplitude |¢,| < (wp/ Aw)?@;d;. The force
arising from ¢, is smaller than that of the beat wave by at least (wp/Aw)? < 1 and will
be neglected in the following.

In the absence of the injection pulses, electron motion in the wakefield is describred
by the Hamiltonian [11] Hy, = v — Bpo(7? — 1)!/2 — ¢, where ¢ = $ocosyp. In (7,9)
phase space, unstable fixed points (:f-points) occur at v = 7,0 and ¢ = x+ 27§ and
‘ st;ble fixed points (6-points) ;)ccur at v = qpo and ¥ = £275 (j =.0,1,2...), where .
Y0 = (1 ~ B3 )‘_1/ 2. The boundary between trapped and uhfra.pped orbits is given by
the separatrix H,(v,%) = Ho(vpo, ). The minimum momentum of an electron on the
separétrix is given by um;'n ~ (1/A¢ — Ag)/2, where Ad = ¢o(1 + cosp), assuming
YpoAp > 1 »and Bpo ~ 1. In particular at ¥ = 0, wmin =0 for} do=1 / 2, which means that
an electron that is ;dt rest at the phase ¥ = 0 will be trapped. The background plasma
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- electron, however, are untrapped and are undergoing a fluid oscillation with a momentum
us ~ —¢ (¢* < 1).' Hence, at ¥ = 0, the plasma electrons are moving backward with
uf ™ —¢o, which is far from the trapping threshold (see Fig. 2).

The beat wave leads to formation of phase space buckets (separé.trices) of width
2m/Ak ~ Xo/2, which are much shorter than those of the wakefield ((Ap)» thus allow-
ing_for a separation of time scales. In particular, it can be shown that both the transit
time 27 /Aw of an untrapped electron through a beat wave bucket and the synchrotron
(bounce) time /(@1 @z)*/2wo of a deeply trapped electron in a beat wave bucket are much
shorter than a plasma wave period 27/w,. Hence, on the time scale in which an electron
interacts with a single beat wave bucket, the wakefield electric field can be approximated
as static.

In the combined fields, the electron motion can be analyzed in the local vicinity
of a single period of the beat wave by assuming that the wakefield electric field E, =

—k;1Ey8¢/0z =~ E.q is constant. The Hamiltonian associated with Eq. (3) is given by
2 2 1/2
Hy =~ Bps [v* = 71(%s)] " + ey, (4)

where € = E okp/EoAk is constant and 7_21_ = 1+ @ + a2 + 2a,a, cosyp,. When € = 0,
the phase space orbits are symmetric with x-points at 8, = Bps, ¥» = +27j and o-points
at f: =Bpp, Yo =7 i:21rj . When € # 0, the separatrix distorts into fished-shape islands
(see Fig. 2). When € < 0 (e > 0), the “fish tail” of the separatrix opens to the right (left).
In terms of the norl;la.]ized axial momentum, the maximum and minimum points on the

~

separatrix, wpm,, obtained from Eq. (4), are given by

n 0~211/2
Wom = Bpb(0 — TyZ4lel) £ 28295 (1 — wyolel/282)%, (8)
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where 70 = Ysp(1 +462)Y/2, 755 = (1 —B%)712, wyolel/2d% < 1, and &, = &; are assumed.

A scenario by which the beat wave leads to trapping in the plasma wave is ‘the fol-
lowiﬁg. In the .phase region —7r/2- < 9% < 0, the plasma electrons are flowing backward,
vy = —docosyp < 0, and the electric field is accelerating, E./Ey = ¢gsintp < 0. Here
€ < 0 and the beét wave buckets open to the right (see Fig. 2). Consider an electron that is
initiaily flowing bé.ckwa.rd and resides below the beat wave separatrix. Since the separatrix
opens to the right, fhere exists open orbits which can take an electron from below to above
the beat wave separatr;x. Su.ch an eiectron can acquire a suﬁicienﬂy large positive veiocity
to allow trapping and accelera.tiqn in the plasma wave. These open phase space orbits,
- which provide the necessary path for electron acceleration, can exist when the beat wave

resides within —7/2 < < 0.

An estimate for the threshold for injection into the wakefield can be obtained by con-
sidering the effects of the wakefield and the beat wave individually and by requiring (i) the
maximum energy of the beat wave separatrix exceed the minimum energy of the wakefield
separatrix, Upmaz > (Ap™1 — A¢) / 2, and (ii) the minimum momentum of the beat wave
sgpa.ratrix be less than the plasma electron fluid f:nofnentum, Upmin < —¢, where Upmaz,
ﬁbm;n are given by Eq. (5) with € = 0. These two conditions (ilustrated schematically
in Fig. 2) imply that the ubeat wav§ _sepa%atrix overlaps both the wakefield separatrix and
the plasma fluid oscillation, thus providing a phase-space path for plasma electrons to be-
come frapped in the wakefield. For a given wakefield a.mp]itudé ¢o, conditions (i) and (ii)
ignply the optimal phase location 30 ;:os'qb ~ 31/2 _ 2§bo — 20,5 and threshold amplitude
6a; > 3'1./ 2 — 2¢0 + Bps of the injection pulse, where ¢Z cos? ¥ < 1, @2 « 1, and B <1
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were assumed. For example, ¢o = 0.6 and G, = 0.05 imply ¥ = —1.3 —2nj and a; > 0.11.

To further evaluate the colliding laser injection method, the motion of test particles
in the combined wake and laser fields was simulated by numerically solving Eq. (2). At
T = 0, the forward (backward) pulse profile &, (éz) is a half-period of a sine wave with
maximum amplitude a1, (azm), centered at % = $; < 0 (; > 0), with length Ly (Ls)-
Test particles are loaded uniformly from % = 0 to ¥ = ¥mq= With dip/dT = —Fp0 (initially
at rest) and pushed from 7 = 0 to 7 = Tma-. In the simulations, w /w;, = 100, w2 /w, =90,
and ¢¢ = 0.6, which for A = 27w¢c/w; = 1 um implies ng ~ 10'" cm™3 and E; = 0.6 Ey ~ 19

GV/m. Also, ¢ = ¢ [1 — exp(—9?/n?)] for ¢ < 0.

Figure 3(a) shows a phase space plot (u versus ¢) of the trapped electrons at Tpmaz =
300 (0.48 cm) for a1, = G2 = 0.3 (1.2 x 107 W/cm?), L, = L, = X,/8 (42 fs),
1 = —13.6 and 9, = 21.4 (chosen so the beat wave and test particles overlap). The
trapped electrons have an average momentum (x,) = 116 (59 MeV), with a standard
deviation spread §u./(u:) = 0.21; however, 60% of the electrons are contained within 66
MeV £8%, as evident from Fig. 3(b). The electrons are centered at 1 = —14.97 with a
standard deviation §3 = 0.199, which gives a bunch length Ly = 6.3 pm (21 fs). Note that
the electrons have a time-correlated energy spread (chirp), as can be the case in Ref. [8];

hence, compression techniques can be used to further shorten the bunch length.

Simula.tions indicate that trapping occurs when the center of the L; = ),/8 pulse is
located from —14.2 < 7; < —13.5. This implies that the forward pulse must be synchro-
nized to the wakefield with an accuracy < 37 fs, which is not a serious constraint and can
be rela.xea somewhat by using a longer forward pulse. Furthermore, simulations show that
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(u:) and éu./(u.) are relatively insensitive to variations in L 2, e.g., L1 = Ls = A, /2 give
results similar to thqse of Fig. 3. This is the case whé\n @1m is well above threshold (as
in Fig. 3). The observed momentum spread can be traced to the half-sine pulse profiles,
which implies that different electrons encounter different beat wave amplitudes and are

injected into the wakefield with different energies.

Figure 4 summarizes simulations in which the injection pulse amplitudes a1, = azm
were varied. Parameters are the same as in Fig. 3 excépt that ¢ = —13.8 and ¥, =
21.5. This v; value was carefully optimized and agrees well with the analytical prediction.
Plotted as functions of a;,, are the maximum .., a.vera.g'e (¢z), and spread du/(u;) in |
the momenta, and the fraction fi, of those particles which encounter the bea;t wave that
become trapped. Trapping is observed for a3, > 0.17, but the beam energy and trapping

fraction improve substantially as a;,, is raised above 0.25. The simulation threshold for

a1m is somewhat higher than the analytical prediction (0.11).

The bunch density is ny ~ finoLl,/Ls, where L, ~ (L; + L2)/2 is the length of
plasma that encounters the overlalﬁping pulses. Assuming that the 1-D results hold for a
pump laser of radius ¢ implies a total number of trapped electrons Ny ~ fy,no L 712, e.g.,
ng =~ 1017 cm™3 and Ny ~ 10° for Fig. 3 with 7o = 40 um. Note that N can be increased
by increasing nq, -ro, aim (via fe¢r) and, in particular, L, by increasing the duration of
the backward pulse L,. The ratio of N; to the theoretical beam loading limit No [12]
is Ny/Ny = vft,.kaon /E., which can easily approach unity. For N, near Ny, however,

space-charge effects become important and a self-consistent simulation is required.

In summary, a method has been proposed and analyzed for injecting plasma electrons
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into a large (> 10 GeV/m) wakefield using two colliding laser pulses: a forward injection
pulse and a backward injection pulse of lower frequency. When the injection pulses collide,
a slow (vpp < ¢) ponderomotive wave is generated that injects plasma electrons into the
fast (vpo = c) wakefield for acceleration to high energy. The optimal phase location and
threshold amplitude of the injection pulse were determined, e.g., injection pulse intensities
of 5 x10'® W/cm? for a wakefield amplitude of én/n = 0.6. Simulations of test electrons in
érescribed 1-D fields indicate that short (< 20 fs), high density (> 107 cm™3), relativistic
(= 50 MeV) electron bﬁnches can be obtained with energy spreads < 20%.

The authors acknowledge useful conversations with T. Antonsen, J.L. Bobin, T. Kat-
souleas, P.B. Lee, W.B. Mori, C. Schroeder, G. Shvets, and D. Umstadter. This work was

supported by the Department of Energy and the Office of Naval Research.
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Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Figure Captions

Profiles of the pump laser pulse aq, the wakefield ¢, and the forward a; injection pulse,
all of which are stationary in the 9 = ky(z — vp0t) frame, and the backward injection

pulse a;, which moves to the left at ~ 2¢.

Schematic of phasé space, u; versus 9, showing the wakefield separatrix %5, the
electron motion in the wakefield us, and a single beat wave separatrix.u; (the width

greatly exaggerated).

Trapped electrons from a simulation with w;/w, = 100, wz/w, = 90, ¢o = 0.6,
1m = @am = 0.3, and L, = L, = A, /8: (a) phase space, u, = p,/m.c versus ¥,
with the injection pulse (solid curve) and wakefield (dashed curve) profiles; and (b)

electron distribution f(E) per 2 MeV energy bin.

The maximum v, average (u.), and spread §u,/(u,) in the momenta, and the
fraction f;, of trapped electrons as functions of aj;m = @z, for the parameters of Fig.

3 with %; = —13.8.
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