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Resonance acceleration of electrons in combined strong magnetic fields and intense laser fields
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The acceleration mechanism of electrons in combined strong axial magnetic fields and circularly polarized
laser pulse fields is investigated by solving the dynamical equations for relativistic electrons both numerically
and analytically. We find that the electron acceleration depends not only on the laser intensity, but also on the
ratio between electron Larmor frequency and laser frequency. As the ratio approaches unity, a clear resonance
peak is observed, corresponding to the laser-magnetic resonance acceleration. Away from the resonance re-
gime, the strong magnetic fields still affect the electron acceleration dramatically. We derive an approximate
analytical solution of the relativistic electron energy in adiabatic limit, which provides a full understanding of
this phenomenon. Application of our theory to fast ignition of inertial confinement fusion is discussed.
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I. INTRODUCTION to analyze the direct laser acceleration of relativistic elec-

Recently, strong magnetic fields have achieved much a{_ronshin plasn?a cgaﬂnels. IFor example, S(;]hmi;[z and K”':j
tention in laser-matter interactiofl] and other physical [1°] have analyzed the LP laser system with self-generate
fields [2]. An interesting question of how strong quasistaticStat',C electric fle!d and discussed the eleqtron resonant accel-
magnetic fields influence electron acceleration has been di§ration mechanism. Even though the simple model is not
cussed extensively, e.gB-loop acceleration of Pukhov and Tully self-consistent, it can help us achieve essential insight
Meyer-ter-Vehn{3], direct electron acceleration of Tanimoto INtO the physical process of electron acceleration involved in
et al. [4]. Here, the strong magnetic fields are generated b)t/he Iaser-plas_ma Interactions. Inl this fpalper, we extend this
high electron current during short-pulse high-intense laserStudy to consider combined CP laser fields and strong mag-
plasma interactiongs], namely, spontaneous magnetic fields N€tic fields, exploiting the single test electron model to in-
[6,7]. It is observed that a linearly polariz¢dP) laser pulse vestigate the electron accelergtlon. We also d|spuss laser-
can only generate quasistatic toroidal magnetic figljg], =~ Magnetic resonance acceleratiobMRA) mechanism of
whereas a circularly polarize@P) laser pulse can generate €/€ctrons in strong laser and axial magnetic fields. In our
toroidal as well as axial magnetic field,9]. A recent ex- simulation, the laser field is a Gaussian profile. The axial

periment[10] has measured dc 3410° G magnetic field on magnetic field is considered as a constant field and a quassi-

the surface of solid target in the LP laser-plasma interactionStatic field with Gaussian profile, respectively. A fully rela-

; I 1 tivistic single particle code is developed to investigate the
Much higher magnetic field of strength up to'3@ has dynamical properties of the energetic electrons. We find a big
been found on the surface of neutron stidis

h her hand. in the fast ianit h ¢ difference between the CP laser case and the LP laser case.
_ On the other hand, in the fast ignition sched] of e Cp Jaser system there is only one resonance peak, but
inertial confinement fusiofiCF), the production of collimat-

' ) ! in the LP laser system there are two resonance peaks. More
ing electrons with moderate enerdy<2 MeV) is a key  jmportantly, at the magnetic field corresponding to the disap-

point. Therefore, how the spontaneous magnetic fields affegeared resonance peak, we find that energetic electrons can
election acceleration and electron collimation is a problem ohe successively collimated and accelerated to a moderate en-

great interest. Although experimenfd2,13 and three- ergy<2 MeV. This kind of electrons have potential applica-
dimensional (3D) particle-in-cell (PIC) simulations [14]  tjon in the fast-ignitor scheme of ICF.

clearly demonstrate that the fact of strong currents of ener- oyr paper is organized as follows. In Sec. Il, we derive
getic 10—100 MeV electrons manifest themselves in a gianthe dynamical equations describing relativistic electrons in
quasistatic magnetic field with up to 100 MG amplitude, thecombined strong axial magnetic fields and the CP laser
electrons with such high energy do not easily stop in highlyfie|ds. These equations will be solved both numerically and
compressed deuterium tritiugT) fuel core for fast igni-  apalytically. We describe LMRA in a Gaussian CP beam with
tion. To our knowledge, on these topics linearly polarizedstatic axial magnetic field. An approximately analytical solu-
short-pulse and high-intense lasers have been intensely cofion of relativistic electron energy is obtained, which gives a
sidered in theoretical and experimental studies. good explanation for our numerical simulations. This equa-
In studying the acceleration of electrons, the single tesfion also suits a Gaussian profile quasistatic axial magnetic
electron model is a Simple but effective one. It has been USGﬁje'd which is considered as a Spontaneous axial magnetic
field. Our discussion and conclusion are given in Sec. lll.

The potential applications in fast ignition scheme of ICF are
*Email address: Liuhong_cc@yahoo.com.cn also discussed.
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Il. GAUSSIAN CP LASER PULSE MODEL
b
In this section, we use 3D test electron model to simulate

electron acceleration in plasma channel, i.e., a cylindrically
symmetric plasma with a uniform charge densityand a
uniform current density along thez axis. Here, we assume
that the electrons have been partially expelled from the chan

1.2+

1.0

nel by the ponderomotive force. The focused laser pulse with 08
frequency w propagates in positivg direction along the 0.6
channel with a phase velocity,, The corresponding elec- ;
tromagnetic fieldsE=-V®-gA/c and B=V XA are de- 047
rived from potentialsb andA by 02
e(D 0.0
EZ - %kE(kr)z, (l) 0.2 - T T T T T T T T
0 100 200 300 400 500 600
1
eA 4 ..
— =a=kg(Xy - ¥x), ) FIG. 1. The profile of a rough spontaneous quasistatic magnetic

mc

wherem denotes the electron mass the electron charge,
the light velocity, andk=w/c, r=\x?+y?. The model con-
tains three dimensionless parameters,

n lil
ke=——, kg=—", 3
E72en’ ° 2enc @
a=age Y Roe (k2= 0L cog ot — k)R
+ 8 sin(wt - k2§
=a,+ da,, (4)

where the critical density,.=mw?/(4me?), the plasma fre-
guency equals the light frequency, dn@ndR, are the pulse

field (units=100 MG as a function of timgin the units ofw™)
generated by a left-hand Gaussian profile CP |gz@pagation is in
positive Z direction).

larization(8=-1), the self-generated magnetic fiddglis ori-
ented along the laser propagation direction. Obviously, for
the LP laser beanié=0) there is no spontaneous magnetic
field along the axial direction. Horovitet al. [16] and Na-
jmudin et al. [17] have measured the axial magnetic fibld

for the intense CP lasers. They found that, in underdense
helium plasma the maximum strength of the magnetic field is
of the order 10 kG for the laser intensity#810" W/cn?,

and of the order 7 MG for the laser intensity'1Qv/cn?,
respectively. For near-overdense plasma, the peak value of
the self-generated magnetic field is around hundreds of MG

width and minimum spot size, respectively. The two from the theoretical analysig]. The spatial distribution of

components of the laser amplitudea take the
2
form  a=age IR (k- L cog wt-kz)]  and ay
2 . .
= age O IRog ke O FIL sin( wt—k2)], respectively.

the axial magnetic fielth, takes the same Gaussian shape as
a?, as plotted in Fig. 1. For convenience, we first consider the
simplest case of the constant magnetic field, ite5kg
=const The case with Gaussian profile bf will be dis-

For the irradiance of the femtosecond laser pulses, thgyssed later for comparison.
plasma ions have no time to respond to the laser and there- Tq discuss the acceleration of electrons in the channel, we

fore can be assumed to be immobiteequals 0, 1, and -1,

consider the dynamical equations,

corresponding to linear, right-hand, and left-hand circular po-

larization, respectively. For simplicity, in the following dis-
cussions we assume that the phase velocity of the laser pulse

equals the light velocity, i.ey,,=c. The main results ob-
tained can be readily extended to the case pf c.

To describe an axial spontaneous quasistatic magnetic
field that exists in the relativistic CP laser-plasma interaction 1

systemg7,9], we use following approximate expression:

(5

bZ: - 5b20|a|22,

areelevgyee)
—=-elE+-vXB], 6
dt CV ®
with the relativistic momentum,
p=ymv, vy= (7)

V1-v%c?

We assume that the trajectory of a test electron stang at

whereb,q is a parameter, its value can be fitted by numericak0. Equation(1) and(2) yield

simulations or practical experiments.

We first consider a static axial magnetic field and then
extend our conclusion to a Gaussian profile quasistatic axial

magnetic field. The above explicit expression clearly indi-

cates that the self-generated magnetic fiejdis oriented

along the negative laser propagation direction for the right-

hand circular polarizatioié=1). For left-hand circular po-

d Jda Jda Ja
d Ja Jda
% = (Uz_ :I.)5_aZ "'Ux(5;(X - 07yX> + vxbz_ kEy- (9)
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FIG. 2. The electron energy
201 201 in units of m& as a function of
15 15, time in the units ofw™ of the CP
laser. (@) and (c) The numerical
1.0 1.0 solutions by the Eq¥8)—(10). (b)
(@) G 100 200 300 400 500 600 () 0 100 200 300 400 500 600 and (d) The analytical solutions
by Eqg. (19. The parameters
6=-1, ag=4, kg=0, ry=0.1 (in
2.4 241 the units of k™), vo=0, for the
2.24 2.24 static case b,=kg=0.9 (corre-
2.0 2.0- sponding taB,=90 MG) shown in
1.8] 18] (a and(b), for the Gaussian pro-
161 16] file caseB, (|bg ma=1.6 corre-
1'4 1'4 sponding to B, =160 MG
] ] shown in(c) and (d).
1.2 1.2
1.0 1.0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
() (d t
dp, day da, small quantity after careful analysis. Then, approximately
dt =- U g, vyd 97' (10) analytical solutions of Eq$8)—(11) in adiabatic limit can be
obtained after settingz=0.
We first consider the right-hand CP laser. From the phase
dy  Jda Jay of the laser pulse, we have the equation,
at UXE — vy PE Kexvy = Kgyvy, (11
dzy _
where we have used the dimensionless variables dt o(1-vy), (13
a= iz P = ﬂz b= i, V= E, where n=wt-kz. Then, from Eqgs(10) and (11), we can
MeC MeC MeCw c easily arrive at the second useful relation under the initial
conditionvy=0 att=0,
p:L:W t=wt, r=kr. (12
m.C ' ' yw,=y-1. (14

Using Eqs.(8)—<10), we choose different initial positions
to investigate the electron dynamics for a Gaussian profil
laser pulse. We first neglect the static electric field for sim-
plicity. Because initial velocity can be transformed to initial Y= 1+(wy )%+ (yvy)2+ (y,)?. (15)
position in our single test electron case, we keep the initial
velocity at rest and change the ini_tial positions of the testrhe solution of the electron momentum has symmetry. In
electrons. We assume that the trajectory of a test electrofgiapatic limit and under the initial condition of zero velocity

starts fromvo=0 andz,=4 L att=0, while the center of laser g|actron, we find the solutions of Eq8) and(9) taking the
pulse locates ar=0, then the classical trajectory is fully form,

determined by Eq98)—(10). Now we choose following pa-
rameters that are available in present experiments, Li.e.,
=10\, Ry=5\ (A\=1.06 um), 6=-1, ay=4 (corresponding to wpy =~ b, codwt —k2), (16)
=2x 10 W/cn?), ke=0, ro=0.1. We then trace the tem-

oral evolution of electron energy, i.ey~t, and plot the ,
I;)esults in Fig. 2. e P Py = b, sin(wt - k2). 1

Obtaining an exactly analytical solution of Eq8)—(11)

is impossible because of their nonlinearity. However, we noSubstituting Eqs(16) and (17) into Eg. (8), and using Eqgs.
tice that the second term on the left side of E@.and(9)  (13)«15), we obtain an equation having a resonance point
possesses symmetric form, which is found to be a negligiblysingularity) at a positiveb,(=w),

ginally, the energy-momentum equation yields
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FIG. 3. The transverse mo-

mentum p, in units of mc as a
function of time in the units of

100 200 300 400 500 600

w1 of the CP laser. The initial di-
mensionless parametevg=0, X
=0.1, yo=0, and the dimension-
less field parameter@) ay=4, b,
=kg=0, (b) ag=4, b,=1.6, k=0,
(c) ag=4, b,=0, ke=0.01, (d) ay
=4,b,=1.6,ke=0.01.
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The same steps can be repeated for the left-hand CP laser,
solution with a resonance point in the negathgis then
obtained,

(18)

2

1
1+——b>2.

2(1+_Z

w
Equationg(18) and(19) are approximately analytical energy
solutions of Eqs(8)—«11). For the left-hand CP laser, the
analytic results ofy~t from Eq.(19) are shown in Fig. @)
for b,=kg=0.9, and in Fig. &) for |b,y mad=1.6 (Gaussian
profile). From the above analytic solutions and our numerical

y= (19

calculations, we find that the strong self-generated magnetic

fields reduce the maximum energy gain and produce a loc
minimum in y~t curves, which can be clearly seen by com-
paring Figs. 2a) and 2b) with Figs. 2¢) and 2d).

In order to get an analytical expression of electron energ
v at the exact resonance poit=w), we plug following the
approximate solutions into the dynamical equations:

wpy = c(t)sin(wt — k2, (20)

wpy = c(t)cogwt - k2), (21)

wherec(t) is a coefficient to be fitted. Careful analysis gives
the solution at — o in the following approximate expression
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It indicates that the resonance between the laser fields and

gnetic fields will drive the energy of electrons to infinity
with a 2/3 power law in time. But in actual experimental
conditions, Eq(22) is hard to occur.

When the self-generated static electric field is considered,
the resonant acceleration of electron can occur as well. This
has been analyzed by Schmitz and K[b]. In order to
compare it with our LMRA mechanism, we plot the numeri-
cal solutions in Figs. 3-5 faf@) CP laser field(b) CP laser
field and quasistatib,, (c) CP laser field and static electric
field, (d) CP laser field, quasistatib,, and static electric
field. Figure 3 shows the temporal evolution of the transverse
momentump,(t). The initial conditionsvy=0, x;=0.1, yq
=0, and the field parameters ai@ ag=4, b,=kg=0, (b) a,

4, b,=1.6, k=0, (c) ag=4, b,=0, ke=0.01, (d) ay=4, b,
1.6, ke=0.01. Figure 4 shows the evolution of the energy
(t). Figure 5 shows the 3D trajectories of the electrons.

It is well known, in off-resonance regime, e.g., around
b,=0, a Gaussian-wave pulse can accelerate electrons and
he accelerated electron has a large scattering aride

his is the so-called ponderomotive scattering, as shown in
Figs. 3-%a). We like to emphasize that at relativistic inten-
sities laser(l >10® W/cn?) the electron drift velocity is
very slow but not slow enough. In fact, fag=2 the drift
velocity is the same order as the quiver velocity. Wlagn
=4,p, =a, p,=a?/2 from y=\1+p? +pZ, then y,,=9. The
nonlinear_ponderomotive scattering angie vacuun) 6
=arctan/2/(y—1)=28°. Such large scattering angles will be
unfavorable to the fast ignition of the high compressed fuel.

When a strong self-generated axial magnetic field exists,
from analytic solutions Eqg18) and(19), the magnetic field
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will reduce the longitudinal and transverse momentum of the Figures 3—-&d) show the dominating effects of LMRA

electrons, as shown in Figs. 383 The electrons that ini- where the static electric field and self-generated axial mag-

tially locate on the center axis of the laser beam will movenetic field coexist. Here, because the dimensionless self-

aroundz axis. The maximum electron ener¢y2 MeV) can  generated axial magnetic field, ,,,,=1.6) is much larger

be calculated from Eq$18) and(19) and can also be found than the static electric fieldkz=0.01), the effects of the

from y~t curve in Fig. 4b). From the above discussions we static electric field can be ignored.

find that strong axial magnetic fields will influence the elec- To give a clear picture of the difference in performance

tron motion and change the distribution in the three velocitybetween the CP laser and the LP laser, we plet,, i.e., the

components of the electrons. The existence of dc axial magiormalized energyunits of mc) with respect to the normal-

netic field changes the scattering angle of accelerated elezed magnetic fieldunit=100 MG with different laser in-

tron dramatically. It provides a guiding center for the accel-tensity, for the case of the plane wave lasers and a constant

erated electrons, and finally can collimate the electrons.  axial magnetic field, in Fig. 6, where the analytic work is
Figures 3—fc) show the resonant acceleration in presencegiven by Salamin and Faisfl9]. Figures 6a) and gb) are

of a static electric fieldkg=0.01). The electron energy in- for the CP laser case. If we assume the constant magnetic

creases and its trajectory keeps aroundzthris. This can be field is parallel to the laser propagation direction, then

explained by the fact that the electron rides on the laser field- b, is shown in Fig. €a) for the right-hand CP, in Fig.(6)

with the help of static electric field in the proper phase andor the left-hand CP, and in Fig.(§ for the LP laser. An

gains substantial energy, traveling with the driving laserobvious resonance behavior can be observed near the reso-

pulse. nance point, i.e., the dimensionless magnetic field

FIG. 5. The 3D electron trajec-
tories(in the units ofk™1) with the
same parameters of  Figs.
2(a)—-2(d), respectively.

0
(C) y -10 -10 X (d) y -10 -10 X
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field corresponding to the disappeared resonance peak of the
LP laser case, we find that energetic electrons can be succes-
sively collimated and accelerated to a moderate energy
<2 MeV. This kind of energetic electrons are suitable for the
fast-ignitor ICF scheme.

IIl. DISCUSSIONS AND CONCLUSIONS

Using a single test electron model, we investigate the ac-
celeration mechanism of energetic electrons in combined
strong axial magnetic fields and circularly polarized laser
fields. The axial magnetic field is considered as a constant
field and a quasistatic axial magnetic field with Gaussian
profile, respectively. An analytic solution of electron energy
is obtained, showing a good agreement with numerical simu-
lations for the physical parameters available for laboratory
experiments. We find that the electron acceleration depends
not only on the laser intensity, known as the pondermotive
acceleration, but also on the ratio between electron classical
Larmor frequency and the laser frequency. As the ratio ap-
proaches unity, a clear resonance peak is observed, that is,
the LMRA. Away from the resonance regime, the strong
magnetic fields still affect electron acceleration dramatically.

In contrast to the resonance acceleration described in Ref.
[15] which dominates static electric field, our LMRA mecha-
nism dominates in the case of strong quasistatic magnetic
fields. In fast-ignitor scheme, there exists a high self-
generated axial magnetic field if the CP laser is used. This
fact provides an opportunity to acquire electrons with suit-
able energy.

To illustrate the difference between the CP laser and the
LP laser, we plot the plane wave LP and CP laser of normal-
ized electron energy with respect to the normalized static
magnetic field, respectively. In the CP laser system there is
only one resonance peak, whereas in the LP laser case there
are two apparent resonance peaks. Obviously the electron
energy gain increases with the intensity of the laser. In the
CP laser system, the maximum energy will be higher than in
LP case by about 20%. So the efficiency of energy transfer
will be higher than in LP case.

In summary, the resonance acceleration mechanism of
electrons in combined intense laser fields and strong mag-
netic fields(LMRA) is discussed in this paper. In absence of
magnetic fields(b,=0), the electrons gain energy through
usual ponderomotive acceleration that has been discussed ex-
tensively. In this case the laser polarization is not important,
because the ponderomotive potential makes transverse mo-
mentum of energetic electrons equalxiaxis andy-axis di-
rection. For this reason, the LP laser has been discussed thor-
oughly in recent years whereas the CP laser is relatively
seldom mentioned. However, the fast ignition scheme re-
quires the electrons with energy less than 2 MeV to match

b,(=eB,/mcw) equals the classical Larmor frequency the stopping distance in compressed DT fuel core, which

Q (=eB,/m.) of electron. The electron gains energy effi-

ciently near the resonance poiif2 =b,). The resonance re-
gimes can be typically classified into three regim@sexact

resonance(b) off-resonancéb,=0), (c) far away from reso-
nance(only for CP laser. In the regimeg(c), at the magnetic

seems not easily satisfied by the LP laser system. In the
present paper we turn to investigate the CP laser combined
with strong quasistatic magnetic fields. We find that in the

CP laser system there is only one resonance peak, while in
the LP laser system there are two resonance peaks. More
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