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Laser-driven electron cyclotron autoresonance accelerator with production of an optically
chopped electron beam
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Analysis is presented of the gyroresonant acceleration of electrons in a vacuum using a focused laser.
Continuous and equal acceleration is shown for electrons injected at all optical phases over an interaction
length of tens of centimeters. Beam stalling is avoided as beam energy increases. Acceleration from 50 to 178
MeV is predicted foa 4 TW,10.6.um laser focused to a waist radius of 1.0 mm; these parameters correspond
to a planned experiment. A beam stop with an off-axis hole after acceleration is shown to create a train of
optically chopped bunches with 3-fs bunch lengths and a 35-fs period.

PACS numbes): 41.75.Jv, 41.75.Lx, 96.50.Pw

Electron acceleration using intense lasers has engenderthgth, and continuous acceleration over meter-length paths
widespread attention within the accelerator research commus predicted. Furthermore, since the accelerated beam gyrates
nity, stimulated mainly by the enormous optical electricalin a transverse plane at the laser frequency, an interposed
field strength<E that can be obtained with a focused laser inbeam stop with a judiciously placed off-axis hole can be
a vacuum, i.e., of the order &=3x10"°\1 TV/m, where €mployed to produce a transmitted beam comprising a train
the intensity| is in Wicn? [1]. Since compact terawatt- Of optically chopped bunches with bunch lengths below 1

focused lasers can have 10 W/cn?, field strengths of the #M (3 f5). An example is presented of the acceleration of a
order of TV/m are possible. Of course, since this field isbeam from 50 to 178 MeV usina 4 TW, 10.6um wave-

transversely polarized, it cannot give much net energy ga“I]ength laser in a nonuniform magnetic field peaking at 81

directly to a charged patrticle, so a number of indirect meanlst; arf linear accelerator and a G@ser with these param-

. . . . eters are to be available for a proposed experiment at
have been devised to achieve cumulative acceleration. F prop P

le.in the | ke fiold lordi® it %rookhaven National Laboratofyl0].
example, in the laser wake field accelerd2}, an intense The underlying mechanism, cyclotron autoresonance ac-

laser pulse is L_Jsed to create a _strong longitudinally p°|arizegeleration(CARA), has heretofore been studied mainly as a
plasma wake field for acceleration. In the vacuum beat'WaVﬁwicrowave interaction, where theory predicts and experi-

acceleratof 3], two laser pulses of different frequencies are pents show efficiencies exceeding 95% for transforming mi-
combined to create a slow optical ponderomotive beat wavergwave energy into directed beam enerfyl]. Phase
that can exert a strong force for acceleration. Electron accepunching—but not spatial bunching—occurs in CARA, so
eration to over 100 MeV has been observed in laser wakéhat all injected electrons can be arranged to experience
field accelerator experiments, corresponding to an acceleraearly the same magnitude of accelerating fields. However, a
tion gradient of the order of 30 GeV/if4]. The energy microwave CARA is in practice only a4 doubler,” in that
spread of electrons that are accelerated in this manner the relativistic energy factop=W/mc? cannot in practice be
usually not small, since particles are acted upon throughouncreased much beyond a factor of 2 in a single stage, due to
the nonuniform plasma wake. Moreover, the acceleratiorstalling of the electron beam in the required up-tapered guide
length is limited to a few Rayleigh lengths, usually less thanmagnetic field. In this expressiolV is the electron rest en-
a few millimeters for tightly focused optical radiation. These ergymc? plus kinetic energy. It will be shown below that the
facts have led to experiments in which an optically CARA stalling limit can be circumvented when a focused
prebunched beam is created, so that injected electrons in amptical field is used in place of a guided microwave field
inverse @renkov accelerator might all enjoy nearly the samesince, in the optical case, the axial magnetic need not neces-
acceleratior]5,6]; or by exploitation of an injection mecha- sarily be continuously up-tapered. Another feature of the
nism (laser ionization and ponderomotive acceleration laser-driven CARA, hereafter dubbed LACARA, is the rela-
wherein an energetic highly directed bunched beam is bortively low level of magnetic field required for the cyclotron
within the optical focug7]. Channeling has been suggestedresonance interaction: for high beam energies, the magnetic
as a means to allow acceleration over many Rayleigh lengthfield scales roughly as 4X, where\ is the optical wave-
[8]. Progress in the wide field of laser-based accelerators iength. As a result, state-of-the-art superconducting solenoid
summarized in a recent revie\®]. magnets are suitable for a 100-MeV demonstration of
This Brief Report describes a laser-driven acceleratiorLACARA operating at\ =10.6m.
mechanism in a vacuum that does not require a prebunched Laser acceleration based on cyclotron resonance was first
beam; nevertheless, all injected electrons can enjoy nearlgnalyzed by Sprangle, Vlahos, and Tadg] using fields
the same acceleration history, regardless of their initial optiapproximating a focused Gaussian. These authors identified
cal phase. A tight laser focus is not required, so the Rayleiglthe need for a nonuniform guide magnetic field to preserve
length can be tens of centimeters for a 1Qi6-laser wave- gyroresonance, and gave an example with an acceleration
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=z+z§,/z. The coordinates(r,z) on surfaces of constant
phase, i.e., wheréy/dt=0, lead tow=k,v, ,+ kv, with
) axial and radial phase velocities, ,=dz/dt and v,
7 —= =dr/dt. The effective axial and radial wave numbers, found
€ from k,= — iyl 9z andk, = — dyl or, are

Zr k (Z3—2%)r? kzr
- += . k= .
z5+7° 2 (z53+72°)? "za+ 72

k,=k 5

FIG. 1. Schematic diagram of LACARA. The incoming Gauss-
ian CG, laser beam is focused by the left mirror, travels with the Laser powerP, is related to the electric-field amplituds,
accelerating electron beam, and is deflected out of the beam path lgw PL=1m /80/#OE§W3/2_ Some prior analysefl3,14 of
the right mirror. Gyratic_ms _of the beam orbit are too small to begyroresonant acceleration consider uniform optical fields,
seen on the scale of this diagram. thereby neglecting both diffraction and axial components.

) The condition to be met for gyroresonance between elec-
gradient of 31 MeV/m for aA=10.6.um, 1=1  trons and the electromagnetic wave is given by the relation
X 10**W/cn? laser. More recently, other authors have ana-—k_.u,— ),/ y=0, wherev, is the axial component of the
lyzed acceleration that is _base_d on cycI(_)tron re_sonéh’&e electron velocity,k,,=k,(z,r=0), and where the gyrofre-
15]. However, none of this prior analysis considered accelquency on the axis i§)y(z) =eBy/m with Bo=B,(z,r =0)
eration into and beyond a laser focus, and thus failed to shoye axially symmetric static magnetic field. The on-axis field
thereby avoiding stalling so that no upper limit to accelerayagial excursions are much smaller than both the Rayleigh
tion Is |mpose_d. ) ) ~ length and the scale lengthIn B,/or| L. Clearly, resonance

The analysis presented below is for a traveling Gaussiagan pe maintained along the orbit for an accelerated electron
laser beam focused by a parabolic mirror, as shown in Fig. Jif the magnetic field is tailored in space to track the varia-

The second mirror is solely to direct the spent laser beanjons in y andv,. An equivalent way to write the resonance

away from the beam axis. The electron beam is taken to bggndition is Qo= yw(1—ng,), where 8,=v,/c and n(z)
injected and extracted through holes in each mirror. An axi— .y /., = 1-w2/2zR(2) are the normalized axial velocity
symmetric nonuniform magnetic field is imposed on the sys- 20 0

. , , and effective index of refraction, respectively. When en-
tem, as provided by a system of surrounding coils not Show’%embles of particles with narrow vari
in the figure. The form of this magnetic field is determined
self-consistently by requiring that gyroresonance be main
tained along the particle orbits. The electromagnetic fields i
cylindrical coordinatesr, 6, z) for the lowest-order Gaussian
mode in such a configuration excited with circular polariza-

tion are given byf3]

the resonance condition can be approximated(hd w
=(y)(1-n{B,)), where the angle brackets indicate en-
Lemble average values.

The above field equations, Eq4)—(4) together with the
relativistic equation of motion for the electrons,

d e
E,=c|39:Eo%exp(—rz/wz)cosw— 0, (O qtv= TR (BB, ©

allow solutions to be found for single-particle orbits. In the
results of computations, to be shown below, iterative solu-
tions for the position, velocity, and energy of the particles
are found at each computational stage by specifying the
change in guide magnetic-field value necessary to maintain

Wo .
E,= —cBr=E0Wexp(—r2/w2)sm(w— 6), 2

Wq I
E,~— EOWV WO WGXK —r?/w?) resonance. This insures that the solutions are internally con-
sistent.
_ z An example of predicted LACARA performance is shown
X|sin(y—0)+ ——cosy—0) |, () in Fig. 2 for an incident 10.6sm CO, laser power of 4 TW,
R an initial electron-beam energy of 50 MeV, a current of 1 A,
and an initial normalized beam rms emittance of
Eo 2 wg
S~ — — exp(—r2/w?) . s 5
c kww w Enx=— \/('y _1)(<X ><X, >_<XX,> )Igny

X

cos - 0)_£Sin(¢_ 0)}, @ = V("= D(y*Ny'?) —(yy')*)=2.0mmmrad

[10]. In the computation, a total of 904 computational par-
where the waist radius/, in the focal plane £=0) and the ticles were injected, uniformly distributed in the optical
Rayleigh lengthzy are related bywo=(Azg/7)Y? with A phase and transverse phase spaces within emittance ellipses
=2/k the radiation wavelength. The radius of the radiationhaving major and minor axas, and 8, may, with the beam
pattern forz#0 is w(z) =wo[1+(z/zg)?]*? the phase is radiusrp=0.1mm andg, ;a,—=max \/,83+,8y2. The waist
(2,1 1) = wt—kz+tan {z/z5)—kr?/2R, and the radius of radiusw, was chosen to be 1.0 mm, or approximately 100
the curvature of the rays’ normal surfaces is givenR{y) optical wavelengths. This leads to a Rayleigh length
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FIG. 2. (a) Average normalized transverse velocitg, ) and
normalized axial velocity, plotted as-1(3,); (b) average relativ-
istic energy factoKy) and axial magnetic fiel®,; (a) and (b) as
functions of axial coordinate in LACARA. For this example, the
initial beam energy is 50 MeV, beam current is 1 A, Rayleigh
length zz=29.64 cm, laser-beam waisty=1.0 mm, interaction
length 5zg=148.2 cm, and laser pow&; =4.0 TW. The accelera-
tion gradient az="75cm is 147 MeV/m.

FIG. 3. (a) Phase plot for two optical cycles in thet plane at
z=223=59.3cm for an ensemble of beam particles with initial
normalized rms emittance,,,=2.0 mmmrad after acceleration
from 50 to 110 MeV. Horizontal dashed lines show limitsxirof
the aperture in the beam stop. A similar plot, shifted one quarter-
cycle in phase, depicts thet phase spacdb) Current transmitted
through the 0.08-mm radius tunnel in a 2-cm beam stop. Incident
currentis 1.0 A. Microbunches in this example have FWHM widths
of 3 fs, with an interbunch spacing of 35 fs. See text for detalils.
=29.64 cm. A mirror separation ofZg=148.2 cm was cho-
sen, with a mirror radius of 85.95 cm. Figur&Rshows the ergy; that energy gain is approximately independent of waist
computed mean axial and transverse normalized velocitiesadius when the overall interaction length is held constant;
1-(B,) and(B,) as functions of distance along the axis, and that the average acceleration gradient increases as waist
showing that the transverse momentum never exceeds 0.63f&dius decreases, provided the overall acceleration length
of the axial momentum; this insures that the motion remaingontains a constant number of Rayleigh lengths. For ex-
well within the 2-mm-diam optical waist. Furthermore, ample, withP, =4.0 TW, wy=0.60 mm,L=5zg=53.4cm,
> B3, throughout the interaction. The electrons execute abouind an initial beam energy of 50 MeV, one finds an energy
five gyrations in traversing the 148-cm intermirror distance,gain of 65.6 MeV and an average acceleration gradient of
reflecting the strong Doppler down-shifted laser frequencyl23 MeV/m. ForP, = 1.0 TW, with the other parameters un-
experienced by the electrons, due to the small value of thanged, the average acceleration gradient falls to 46.9
—n{fB,). Figure Zb) shows both the mean relativistic energy MeV/m. For P, =4.0 TW, with the initial beam energy in-
factor (y) and the magnetic-field strengBy(z) versus axial creased to 80 MeV and other parameters unchanged, the av-
distance. It is seen that the mean beam energy is predicted &vage acceleration gradient falls to 42.5 MeV/m. In yet an-
rise monotonically from 50 to 178 MeV in a distance of 148 other example, acceleration from 0.50 to 1.50 GeV is
cm, corresponding to a maximum acceleration gradiemt at predicted for a 4.0-PW, 10.6m laser with a waist of 0.30
=75cm of 147 MeV/m and an average acceleration gradientm over a distance ofZy=16 m, for an average acceleration
of 86.6 MeV/m. The resonance magnetic field required risegradient of 64.4 MeV/m. The magnetic field for this example
from 52 to about 81 kG near the laser focus, and then fallwaries from 6 kG up to about 24 kG, then down to 13 kG.
back to about 60 kG. It is the fall in magnetic field beyond An accelerated beam emerges from LACARA with elec-
the focus that allows acceleration to continue without stall4rons on helical orbits. The number of gyrations executed by
ing; this fall in magnetic field can be traced to the fall in a single electron during the interaction is few, but the gyra-
(1—n) beyond the focus. This example demonstrates thation phases for orbits of successive electrons advance rap-
LACARA is not limited to being ay doubler. In fact, indefi- idly, i.e., at the laser frequency. Thus if a beam stop with an
nite acceleration beyond the focus is possible—albeit with amff-axis hole is interposed after acceleration, the transmitted
ever-diminishing acceleration gradient. beam will be chopped at a frequency equal to the laser fre-

In general, computations for a range of laser power levelsgquency. A phase plot that illustrates this possibility is shown
waist radii, and acceleration lengths show that energy gaim Fig. 3(a), where two cycles of th&— wt coordinates are
increases as laser power increases, but more slowly than liplotted for an ensemble of 18 080 electrons after acceleration
early; that energy gain falls with increasing initial beam en-through an interaction length ofzg=59.28 cm, with other
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parameters the same as in the example shown in Fig. 2. Thieresonance is maintained along the electron trajectory. For
correlation between coordinate and time is evident, so that i€urrently achievable CQOaser power levels in the multi-TW

an aperture limits beam transmissionxdnthen a temporally  range, acceleration gradients of over 100 MeV/m and overall
chopped beam will emerge. Similar considerations apply irRcceleration in 150 cm of a 50-MeV beam to 178 MeV have

y. A computed example of such an optically chopped beam i%)een sho_vvn to be achievable for a mild laser focus with a
shown in Fig. 80), which shows the two cycles of beam eam waist of 1.0 mm. The parameters selected for the ex-

current after transmission through a 0.08-mm radius hole in amples presented correspond to those soon to be available
. . for a proposed experimeft0]. This laser-based accelerator

2-cm-thick tungsten beam stop. In this example, the beam ige a5 a)l electrons in a bunch nearly identically, providing
accelerated from 50 to 110 Meiorresponding to an aver-  the |aser pulse width exceeds the bunch width. The accelera-
age acceleration gradient of 100 MeVW/while the reso- tion occurs in a vacuum, without any proximate material
nance magnetic field varies between 54 and 67 kG. The emmedium—except for a mirror to focus the laser. Experience
trance aperture in the beam stop is centeredxat  with the microwave CARA where high efficiendy-95%)
—0.32mm,y=0; the exit is centered at=—0.305 mm,y for the transfer of rf power to beam power has been observed
= —0.11mm; so the beam channel is inclined at an angle of11], suggests that the laser-driven version of LACARA
0.32° with respect to the axis. These limits ok are shown could be similarly efficient. It has also been shown that if a

— ; [ ; beam stop with a small slightly inclined beam tunnel is in-
Fig. 3. A Fig. h k . . .
:2 OI.QG i(oitlso?eaenn ilrrn]cic;lgrEtB)i.tO e/)\?r?aa E:Zinnsrg;tt??-?sc[?urlrlem terspersed after acceleration with LACARA, then an opti-

width at half maximum(EWHM)] bunches with a period of cally chopped beam can be produced that consists of a train

. of femtosecond bunches spaced by the laser period. This
35 fs, or equivalently 0.9m bunches spaced by 10Mn.  gimhje idea is, to the author's knowledge, the only mecha-

Such an optically chopped beam could find an application a8ism yet proposed for production of a beam fully chopped on
an injector for other laser-based accelerators in a harmonig,, optical time scale.

generator of optical radiation, in the generation of femtosec-

ond x-ray pulses, or in studies of excitation and lifetimes in  Constructive discussions with B. Hafizi, T. C. Marshall,

electron-induced nuclear reactions. M. A. LaPointe, and V. L. Bratman are acknowledged. This
This Brief Report has presented computed predictions foresearch was supported by the U.S. Department of Energy

the acceleration of electrons in a circularly polarized, fo-under SBIR Grant No. DE-FG02-99ER82846 to Omega-P,

cused CQ Gaussian laser beam, under conditions where gyinc.
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