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The effects of beam intensity on the laser field on InverstJ,\E-y =B, =iE€*/2+cc andE = maA /e Normaliz

Bremsstrahlung Electron Acceleration are investigated. }t&l 9 spacde to ;tlk ’ tlmte t? ]I/tw' enczertgr]]y t(;)mcz, momf{‘;g,?‘
self-consistent Hamiltonian formalism that takes into aco cahc vectorpotentia e/m » the dynamics o .
count both particles and wave dynamics is developed. I(ﬁlect_ron in the beam is described by the following particle
is shown that efficient acceleration is achieved for high- amiltonian H E v 2
density beams. However, for such high densities, beam i = Vit Eapp¥i; @)
plasma effects impose a limitation on energy gain. A ¥ = {1+Pa+ [Ri+A+P2}Y2, 3)

method is proposed in order to remove the limiting effectﬁ_.'ere vi is the relativistic mass factoP; = p; — A is the

canonical momentum, witp; being the mechanical mo-
1 INTRODUCTION mentum, andEapp is the normalized applied electrostatic

Among different methods proposed for laser-particle accefi€ld in they-direction. The energy equation for the parti-
eration a promising branch is the one where particles arif iS obtained from Eg. (2) as

electromagnetic fields interact directly without the aid of H = —voiE 4
dielectrics or plasmas, because of the difficulties to control = WS @
instabilities and other damaging effects generated by theéhere the dot stands for derivative with respect tand
presence of such media. In particular, Kawatana and co; = p;/y; is the normalized (t@) particle velocity. The
workers introduced the concept of Inverse-BremsstrahlumngaIBEA scheme consists of alternating the sign of a prop-
Electron Acceleration [1], wheresamallelectrostatic field erly choserEapp at the positions where the phajssatisfies
applied perpendicular to a propagating electromagnetie= (2n+ 1)1/2, n=1,2,---. With this alternation, one
wave breaks the symmetry in the oscillatory wave-particlehows that the right-hand-side of Eq. (4) is always positive
interaction. They showed that with properly chosen valleading to continuous particle energization [2].

ues for the applied electrostatic field strength, net energy To self-consistently take into account the effects gener-
gain is obtained in one cycle of the wave. By analyzing thated by beam current on the electromagnetic fields we ap-
nonlinear equations involved in the single-particle-wave inply a formalism which is similar to that employed in Ref.
teraction, Hussein and Pato [2] demonstrated that by altgg]. A slow-time evolution equation fo is readily derived
nating the direction of the applied electrostatic field at aprom Maxwell equations as

propriate positions, the acceleration is extended for more ,

than one wave cycle, leading to high energy gain. They A — 4Tu_el</Jye—i(t’—x’)d3r/dt/ (5)
called this scheme as Nonlinear Amplification of Inverse- mevVT ’

Bremsstrahlung Electron Acceleration (NAIBEA). In thisyhere a Fourier transform over the fast (primed) variables
paper, we investigate beam current effects in the NAIBEA 55 peen performed introducing the voluxh@nd period
scheme. T and

N

2 MODEL DESCRIPTION Y= —_Z)@KUGU —ri(t)] (6)

=

We consider a beam of electrons of chargeand mass is they-component of the electron current density, which
m interacting with an applied plane electromagnetic wavbas been normalized &ck. Here,N is the total number
propagating in thex-direction and an applied electrostaticof particles in the system, amdt) is the instantaneous dis-
field pointing along the-direction. The vector potential placement of thé" particle. Using the polar representation
that describes the electromagnetic wave is written as  for the wave amplitudd = ,/p€°, Eq. (6), and the rela-

eA 1 tion vy = R,i + Ay/Yi, we can re-write Eq. (5) in the form
— =—ZAé%8 +cc, 1) [
me 2 5o 0 N [Ri—/pcosp’] o
wherec is the speed of lighin vacuq ¢ = wt — kx, with N /PN i; Vi
w being the wave frequency akd= w/c the wave num-

Sl ()

y ) N L !
ber,A is the complex wave amplitude, andt. stands for _ By ¢ [Ri— /pcosh] sing’, ®)
complex conjugate. The wave electric and magnetic fields N £ Vi
* Work supported by CAPES, Brazil and in part by U.S. Department owhere
Energy under Grant No. DE-FG02-95ER-40919. 5= wd/w, (9)
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with ooﬁ = 41e’ng/m being the beam plasma frequencycases, a low-density beam wih= 5 x 10~ and a high-
squared and, the average electron densidy,=t —x +a,  density beam witd = 10-3. In Fig. 1 we show the results
and use has been made of the conditigfs: 1 and||5yi| = obtained for the self-consistent interaction whith= 50 par-
|Eappl < 1. ticles per wavelength when one inversionEgpp is per-

An interesting point is that rescaling the wave dynamiformed at the optimal position determined by the single-
cal quantities according = 20/N andp = dp one con- particle analysis. The number of particles in the simula-
cludes that all relevant dynamical equations for both parttion is chosen to obtain convergent (independeritpfe-
cles and fields can be derived from one generalized Hamgults for the wave dynamical quantities. To compare self-
tonian given by consistent results with single-particle results, one particle
is chosen among thi particles as dag particle whose
energy is monitored during the acceleration. Tag par-
ticle is launched exactly witl(0) = 0 (which is the initial
condition used in the single-particle analysis). The figure
v = {1+ P2 + [P, — /dpcogt — x +2G/N)]?>+ P3} /2. presents thg amplitude (a) and pha§e (b) of the wave, and

the energy (in terms gf) of thetagparticle (¢) as a function
In the above Hamiltonian formalism the equations of Mogf the dimensional interaction distanse: x/k for both the

N
2

H= iiHi = iZ Yi + Eappyil, (10)

tion for the wave quantities are given by low-density case (dashed curves) and the high-density case
aH aH (solid curves).
o= ok p= 35 (11) For the low-density case with = 5 x 108 (dashed

curves) the wave is essentially unaffected by the presence

whereg andp play the role of canonically conjugated co-Of particles, withp anda keeping their values unchanged
ordinate and momentum, respectively. throughout the interaction, as seen in Figs. 1(a) and 1(b).

It readily follows from the generalized Hamiltonian in HeNce, the acceleration shown in Fig. 1(c) agrees with that

Eq. (10) that the energy exchange between particles afynd in the single-particle analysis where a maximum en-

electromagnetic wave obeys a conservation law of the for§l9Y corresponding tg = 850 is attained as= 96.0 cm.
Despite the large particle energization, it should be pointed

Np N out that the acceleration process for low densities is clearly
> + _Zl(\ﬁ + Eappyi) = const (12)  inefficient since little energy is transferred from the wave
= to the particle beam.

_ . . . _ 3 .
Note thatm@(NP/2) = UwaveVy is the total electromag- ~ FOr the high-density case with=10"* (solid curves),
netic energy stored in the wave, whexgye= |E |2/8Tis however, the acceleration process is dramatically affected

the wave energy density abg =V /k® is the dimensional _by the wave dynamics._ Eigure 1(a) _shows that_ the wave
volume. is severely damped as it interacts with the particle beam,
transferring up to 70% of its initial energy to the beam. As
a result of wave depletion, the instantaneous rate of energy
3 RESULTS OF THE ANALYSIS change given by Eq. (4) is reduced, and the maximum en-
In order to analyze the self-consistent interaction in &gy obtained by théag particle is decreased = 350
NAIBEA scheme, we numerically integrate the set of equasee Fig. 1(c)]. Although the final energy in the high-
tions derived from the Hamiltonian in Eq. (10). We modepensity case is much lower than that in the low-density
the interaction considering a cold beamMbElectrons per case, it still represents a good acceleration with gradients
wavelength of the laser field, homogeneously distribute@n the order of hundreds of MeV/m.
along thex-direction. We consider a specific example dis- By examining the high-density case in more detail, one
cussed in previous papers [1,2], namely, apb® wave- readily finds another reason for the limited particle accel-
length laser with electric field amplitude | = 1.636x 10°  eration, besides the wave depletion. Figure 1(b) shows
V/ecm, which corresponds to an intensity of53< 10 that beam plasma effects cause the wave phase velocity
Wi/cnm?. The strength of the applied electrostatic field ig¢o increase, which is indicated by a nearly monotonic in-
|Eappl = 4.28x 10°|E|. The electrons are injected with crease iro. Because phase synchronous is required in the
an energy correspondingye= 106.8 at an angle of 808°  NAIBEA scheme, even small changesdrtan drive parti-
with respect to the-axis. For this case, the single-particlecles and wave out of phase, eventually changing the sign of
(not self-consistent) analysis, based on Eq. (2), revealswiEy in Eq. (4) and ceasing the acceleration process.
that an electron initially ak(0) = O attain a final energy ~ To overcome the limitation on particle acceleration im-
corresponding ty = 850 after 96 cm of interaction when posed by the beam-plasma-induced phase shift, we notice,
one inversion in the sign dEapp is performed. The opti- from the generalized Hamiltonian in Eq. (10), that the ef-
mal position for the electrostatic field reversion (i.e., wheffiective wave phase seen by the particle¢’is- ¢ + 20/N
¢ = 3m/2) is found to be 32.8 cm from the injection point. instead ofp. Thus, by changing the sign &k pp according
Now we investigate what happens when the wave dye ¢’ = (2n+1)1/2,n=1,2,---, we can compensate self-
namics is taken into account. We consider two distinatonsistent variations of the wave phase, thereby prolonging
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the acceleration process. 4 CONCLUSION
To_test the ‘?ﬁ'cacy O_f the compensation procedur_e, Wie have investigated the effects of beam intensity on the
consider the high-density beam example presented in F%.

1 Int ting th If istent set of " ser field on the NAIBEA scheme. In particular, a self-
- negrating the Ser-consistent Set o .equzjl 10NS, We r€alonsistent Hamiltonian formalism that takes into account
ily obtain the interaction distancefor which ¢’ = 3m/2 is

satisfied: s— 280 cm. In Fig. 2, the wave amplitude both particles and wave dynamics has been developed. It

lid d the il dashed was found that high particle gain and efficient energy ex-
(solid curve) an ag particie energy (dashe curye) change between wave and particles can be achieved simul-
are shown as a function af for the case wher&app is

changed at the optimized positisn- 28,0 cm. Compar- taneously for high-density beams if beam plasma effects

. : ! - are judiciously taken into account.
ing these results with the previous results in Figs. 1(a) anof : y

1(c), solid curves, one observes apparent improvements in
the acceleration process with a 20% increase in the total 5> REFERENCES
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Figure 1: Results for low (dashed curves) and high (soliffigure 2: Results obtained when the inversiorEip, is
curves) beam densities. performed at the optimized position.
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