
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/230853553

Mechanism of heating of pre-formed plasma electrons in relativistic laser-

matter interaction

Article  in  Physics of Plasmas · June 2012

DOI: 10.1063/1.4731731]

CITATIONS

12
READS

211

3 authors:

Some of the authors of this publication are also working on these related projects:

laser plasma interaction View project

Tokamaks View project

Bhooshan S Paradkar

Centre for Excellence in Basic Sciences

29 PUBLICATIONS   246 CITATIONS   

SEE PROFILE

S. I. Krasheninnikov

University of California, San Diego

310 PUBLICATIONS   5,025 CITATIONS   

SEE PROFILE

Farhat N Beg

University of California, San Diego

580 PUBLICATIONS   11,545 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Bhooshan S Paradkar on 03 June 2014.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/230853553_Mechanism_of_heating_of_pre-formed_plasma_electrons_in_relativistic_laser-matter_interaction?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/230853553_Mechanism_of_heating_of_pre-formed_plasma_electrons_in_relativistic_laser-matter_interaction?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/laser-plasma-interaction-9?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Tokamaks?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bhooshan-Paradkar?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bhooshan-Paradkar?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Centre_for_Excellence_in_Basic_Sciences?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bhooshan-Paradkar?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/S-Krasheninnikov?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/S-Krasheninnikov?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_California_San_Diego2?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/S-Krasheninnikov?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Farhat-Beg?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Farhat-Beg?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_California_San_Diego2?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Farhat-Beg?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Bhooshan-Paradkar?enrichId=rgreq-b07bec75dbd1d817f2814c255ce3d922-XXX&enrichSource=Y292ZXJQYWdlOzIzMDg1MzU1MztBUzoxMDM5NDUwMDMzMzk3OTFAMTQwMTc5MzgyODg4OQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


Mechanism of heating of pre-formed plasma electrons in relativistic
laser-matter interaction

B. S. Paradkar, S. I. Krasheninnikov, and F. N. Beg
University of California-San Diego, La Jolla, California 92093, USA
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The role of the longitudinal ambipolar electric field, present inside a pre-formed plasma, in

electron heating and beam generation is investigated by analyzing single electron motion in the

presence of one electromagnetic plane wave and “V” shaped potential well (constant electric field)

in a one dimensional slab approximation. It is shown that for the electron confined in an infinite

potential well, its motion becomes stochastic when the ratio of normalized laser electric field a0, to

normalized longitudinal electric field Ez, exceeds unity, i.e., a0=Ez& 1. For a more realistic

potential well of finite depth, present inside the pre-formed plasma, the condition for stochastic

heating of electrons gets modified to 1. a0=Ez.
ffiffiffi
L
p

, where L is the normalized length of the

potential well. The energy of electron beam leaving such a potential well and entering the solid

scales �a2
0=Ez, which can exceed the laser ponderomotive energy (�a0) in the stochastic regime.

VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4731731]

The physics of generation of intense, relativistic electron

beams in laser-solid interactions is extensively studied by the

plasma physics community due to its potentially interesting

and useful applications.1 The generated electron energy

spectrum observed in the experiments shows a distinct de-

parture from single temperature Maxwellian distribution2,3

indicating that energetic electrons are produced by various

laser absorption mechanisms. Recent experiments have

shown that the presence of a pre-formed plasma in front of a

solid target, which may be produced due to the laser pre-

pulse,4–10 plays a very important role in establishing the

energy spectrum of the beam electrons and has a trend to sig-

nificantly increase average beam energy. For example, in

experiments with planar targets,5 high-energy fast electrons

with energies much greater than the laser ponderomotive

potential were observed in the presence of a pre-formed

plasma of density scale-length of approximately 10 lm.

In the last decade, considerable progress has been made

in understanding the physics of fast electron generation in

relativistic laser-solid interactions; however, the underlying

physics of effect of a pre-formed plasma on the fast electrons

heating has still not been clearly identified. At relativistic

intensities, collisionless heating of electrons by laser radia-

tion takes place via several heating mechanisms such as reso-

nance heating,11,12 vacuum heating (Brunel absorption),13

anomalous skin effect,14,15 sheath inverse-bremsstrahlung

absorption,16 relativistic J � B heating,17 and stochastic

heating by counter propagating electromagnetic (EM)

waves.18–20 Electrons can also get accelerated beyond the

laser ponderomotive energy by other mechanisms such as

the presence of stochastic fields in the transverse direction21

and betatron resonance.22 In addition to these mechanisms,

in our recent work,23 we have shown that the synergistic

effects of a large electrostatic potential well formed inside a

pre-formed plasma and relativistic laser radiation are respon-

sible for the generation of energetic electrons with energies

well beyond the value predicted by the ponderomotive scal-

ing.3 This longitudinal ambipolar electric field, also reported

in recent numerical simulations,24,25 is formed inside a pre-

formed plasma in order to balance increased electron pres-

sure due to laser heating. However, the fundamental physics

of such stochastic heating leading to the electron beam ener-

gies greater than the laser ponderomotive energy was not

clearly understood.

In this Letter, we give proof-of-principle demonstration

of stochastic heating of electrons present inside such a poten-

tial well with laser radiation and discuss the energy scaling

for electron beam entering into a solid. We show that such

heating can occur even with the presence of single electro-

magnetic wave. This heating resembles the “Fermi accelera-

tion mechanism.”26,27 Here, we have investigated this

process of electron heating by analyzing, both analytically

and numerically, the dynamics of a single electron in the

presence of a longitudinal electrostatic potential well and lin-

early polarized relativistic laser radiation. The electron

motion is first analyzed inside a “V” shaped infinite potential

well (Fig. 1(a)) to demonstrate how a longitudinal electric

field influences the stochastic heating of an electron. By

“infinite potential well,” we mean that the potential well is

deep enough that the electron inside such potential well can

never escape. Since in practice the electric field almost van-

ishes beyond the relativistic critical density surface, we

extend our results to the finite depth potential well (Fig.

1(b)) to make quantitative estimates of kinetic energy for

electrons leaving out of such potential well and entering the

solid as a relativistic electron beam. We would like to point

out that the actual shape of the potential well inside the pre-

formed plasma23,24 may be different from the “V” shape con-

sidered here. But as far as the physics of stochastic heating

due to phase-randomization is concerned, such a potential

well captures all the important aspects of this heating mecha-

nism while treating the problem analytically.

First, we consider the relativistic electron dynamics in

the presence of a plane laser wave with vector potential
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a(t,z), propagating along the z-direction and longitudinal

electric field Ez. The z-momentum and energy equation can

be written as (in normalized units)

dðcVzÞ
dt

¼ �1

2c
@a2

@z
� Ez; (1)

dc
dt
¼ 1

2c
@a2

@t
� EzVz; (2)

where Vz is the electron velocity component along z direc-

tion and the relativistic factor c is defined as c ¼ cAcz with

cA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ aðt; zÞ2

q
and cz ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� V2

z

p
.

For one propagating plane wave of the form

a(t,z)¼ a(t–z), from Eqs. (1) and (2), we find

d

dt
½cAczð1� VzÞ� ¼ Ezð1� VzÞ: (3)

For constant electric field, Eq. (3) can be integrated and we

have

cAczð1� VzÞ ¼ d0 þ Ezðt� t0 � zÞ; (4)

where t0 is the time at which the electron crosses the bound-

ary z¼ 0 and d0 ¼ cAczð1� VzÞjt¼t0
. Note that for the highly

relativistic case, d0 ’ cA

2cz
. For simplicity, we consider a “V”-

shaped normalized electrostatic potential U(z) (see Fig. 1(a))

which is characterized by a constant electric field, Ez for z > 0

and “potential wall” at z ¼ 0, where the electron is just

reflected back preserving its energy.

The trajectory of the electron, z(t) at positive z can be

found by introducing a local time s ¼ t� z and using Vz

from Eq. (4) as (in normalized units)

dz

ds
¼ f 2ðsÞ � 1

2
; (5)

where f ðsÞ ¼ cAðt0 þ sÞ=ðd0 þ EzsÞ.
Using the above equation, the dynamics of the electron

in the presence of a “V”-shaped electrostatic potential and

one plane EM wave can be studied. The consecutive times t0

and t1 at which the electron crosses the boundary z¼ 0 are

related by the following equation:ðt1�t0

0

½cAðt0 þ sÞ�2

ðd0 þ EzsÞ2
ds ¼ t1 � t0; (6)

and the corresponding parameter d1 ¼ cAczð1� VzÞjt¼t1
can

be expressed as following:

d1 ¼
½cAðt1Þ�2

d0 þ Ezðt1 � t0Þ
: (7)

Note that, we have used a perfectly reflecting potential wall

at z¼ 0, i.e., Vzðt1 þ 0Þ ¼ �Vzðt1 � 0Þ. For the case of a lin-

early polarized wave, aðt; zÞ ¼ a0 cosðt� zÞ and d0 � 1

(which corresponds to very large energy) the integral in Eq.

(6) can be solved analytically with the required accuracy of

Oðd0Þ � 1. Hence, introducing a parameter Ĝi ¼
½cAðtiÞ�2=ðEzdiÞ where i¼ 0, 1, 2., Eqs. (6) and (7) simplify

to the following recurrence relations:

bGi ¼ Ĝi�1 �
a0

Ez

� �2
(

p
2

cosð2ti�1Þ

þ ln
Ĝi�1E2

z

2ðcAðti�1ÞÞ2

 !
� C

" #
sinð2ti�1Þ

)
; (8)

ti ¼ ti�1 þ Ĝi ; (9)

where C is the Euler-Mascheroni constant. Note that in the

limit d0 � 1, Ĝ is proportional to the non-dimensional

electron kinetic energy, e ¼ cAcz � 1. The mapping (Eqs.

(8) and (9)) is rather similar to the “Chirikov Standard

Map.”28 Comparing this mapping with the “standard map,”

we get a0=Ez as the parameter governing the degree of sto-

chasticity. In particular, the motion becomes stochastic when

a0&Ez. This can be clearly seen by substituting cz ¼ 1 and

Vz ¼ 0 in Eq. (4) to estimate the phase slip sstop at which the

electron stops and gets reflected back. This gives sstop ’ cA=
Ez ’ a0=Ez. Thus, for a0=Ez ’ 1, the electron bounce fre-

quency inside the potential well becomes comparable with

the laser frequency thereby resulting in a transition to sto-

chastic motion. Also, note that the maximum energy step-

size can be estimated from Eq. (8) as � ða2
0=EzÞln Ez

2d0

� �
. This

can be seen by observing that inside the potential well, the

change in the electron energy, DeðsÞ is given by De ¼
cAðsÞczðsÞ þ EzzðsÞ � cAð0Þczð0Þ which simplifies into

Deðs1 � s0Þ ¼
1

2

ðs1�s0

0

dðcAðt0 þ sÞÞ2=ds
ðd0 þ EzsÞ

ds � a2
0

Ez
: (10)

Thus, the above equation shows that, depending upon the ini-

tial phase t0 of the wave at z¼ 0, the electron will gain or

lose energy. Also, for a highly relativistic electron (d0 � 1),

most of the energy is gained when s� 1, i.e., within the first

cycle of the wave.

The analytical predictions discussed above are verified

numerically by solving the electron equation of motion for an

ensemble of test electrons randomly placed inside the

FIG. 1. Electrostatic potential well chosen for the analysis of electron

motion. (a) Represents infinite potential well, whereas the finite potential

well shown in (b) is used to analyze electron spectrum entering the solid. A

perfectly reflecting “potential wall” is assumed at z¼ 0.
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potential well. Fig. 2 shows the comparison of the Poincare

map in ðc;/Þ space through z¼ 0 obtained numerically with

the analytical mapping given by Eqs. (8) and (9). Here, the

phase / is defined as /i ¼ ti � p½ti=p�, where [x] is the inte-

ger part of x.

This agreement shows that mapping Eqs. (8) and (9)

correctly describe the electron dynamics for large energies.

The mapping given by Eqs. (8) and (9) (refer Fig. 3) demon-

strates the transition from regular (Figs. 3(a) and 3(b)) to sto-

chastic (Fig. 3(d)) motion, with increasing a0=Ez ratio.

For the highly stochastic regime, i.e., a0 � Ez, electron

heating can be described by diffusion28 in energy space e,
ðc� 1Þ. For this case, the elementary step-size in energy

space dc, and time dt, can be estimated as dc � ða2
0KÞ=Ez

and dt � c=Ez, where K � constant is a slowly varying loga-

rithmic function on the right hand side of Eq. (8). As a result,

the energy diffusion coefficient can be estimated as

Dc � ðdcÞ2=dt � ða2
0KÞ

2=ðcEzÞ. With such a diffusion coeffi-

cient, the asymptotic time evolution of the averaged electron

energy hei, and the electron distribution function, f ðe; tÞ, is

given by the following expressions:

hei � hci � ðDctÞ1=3; (11)

f ðe; tÞ � t�1=3exp
�e3

9Dct

� �
: (12)

The analytic estimates for this regime which correspond to

the case of a large scale-length pre-formed plasma are veri-

fied numerically. The temporal dependance of the average

energy of the test electrons, placed inside an infinite potential

well, is plotted in Fig. 4 which is in agreement with Eq. (11).

To address the issue of the energy of electrons generated

in the pre-formed plasma23 and entering the solid target, we

need to consider the potential well of finite depth (see Fig.

1(b)) and analyze the energy distribution of electrons coming

out of the well. In this case, when the energy gain ðdc �
a2

0=EzÞ exceeds the “depth” of the potential well,

Umax ¼ EzL, the electron would escape from the potential

well and can no longer be stochastically heated inside the

potential well. This means the electron will be stochasti-

cally heated when a2
0=Ez.EzL, i.e., a0=Ez.

ffiffiffi
L
p

. There-

fore, the condition for the finite potential well, the

condition for stochasticity gets modified into 1. a0=
Ez.

ffiffiffi
L
p

.

Now, consider an ensemble of electrons at the bottom of fi-

nite depth potential well such that the “depth” of the potential

well, Umax ¼ EzL, is larger than the energy space diffusion step-

size, i.e., Umax > dc � a2
0=Ez. The electron inside this potential

well will get heated up since it satisfies the stochasticity condi-

tion described above. Therefore, such an electron will climb up

(in energy space) in the potential well while performing a

“random walk” in energy space until it is thrown out of the well.

The energy gained by the electron during the last transit from

z¼ 0 can be estimated from Eq. (10). Thus, the total energy of

the electron beam leaving the potential well can be estimated as

c ¼ 1þ aða2
0=EzÞK, where a � 1 is a numerical factor and K is

the logarithmic function described before. In our model, the

escaping electron has both perpendicular (cA � a0) and parallel

(cz � a0=Ez) energy components. In reality, beyond the relativis-

tic critical density (z¼L), the laser field quickly goes to zero

which in the 1D case results in conversion of perpendicular

energy into parallel energy. This process causes additional pon-

deromotive acceleration with the energy gain ’ ba0. b is a nu-

merical factor �1. Thus, the electron beam enters the solid with

only the parallel energy given by cbeam ¼ 1 þ aða2
0=EzÞKþ

ba0 which in highly stochastic regime can be much greater than

the laser ponderomotive energy cponder ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2

0

p
in agree-

ment with experimental and numerical results.5,23 Note that

beam energy cannot exceed Umax. Numerical calculations for

a finite potential well confirm these predictions. The distribu-

tion of the electrons at the end of the potential well for

FIG. 2. Comparison of Poincare maps obtained from numerical calculations

and analytical results obtained from Eqs. (8) and (9).

FIG. 3. Poincare map in (c;/) space for different values of a0=Ez. Transi-

tion from strictly periodic motion ((a) and (b)) to stochastic motion (d) with

increasing values of a0=Ez is clearly demonstrated here.

FIG. 4. Average energy of electrons inside the potential well vs time (nu-

merical calculations) confirming t1=3 dependance predicted by Eq. (11).
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different values of a0;Ez, and L, but keeping dc �a2
0=Ez

constant show that the maximum c and cz at z¼L scales

proportional to a2
0=Ez and a0=Ez, respectively (see Fig. 5).

Thus, the presence of longitudinal potential well inside

pre-formed plasma can result in stochastic heating of elec-

trons. But this potential well itself is formed due to the

increased pressure by electron heating, i.e., Ez � �rPe=ne.

Here Pe and ne are electron pressure and density, respec-

tively. This results in a positive feedback mechanism where

the plasma heating and potential well evolve self-

consistently. Therefore, in general Ez is a function of a0, L,
and time, i.e., Ez � Ezða0; L; tÞ. For example, for large scale-

length pre-formed plasma, Ez should be smaller since Ez /
1=L as can be seen from pressure balance equation described

above. Therefore, the electrons will enter into the solid with

increased temperature (�a2
0=Ez) consistent with the numeri-

cal simulations and experiments described earlier.

In summary, we analyze the heating mechanism of pre-

formed plasma electrons due to relativistic laser radiation and

a longitudinal electric field with a “V” shaped potential well.

Based on our theoretical results and numerical simulations,

we conclude that: (i) For a0=Ez& 1, the electron motion in

the laser and longitudinal electrostatic field becomes stochas-

tic for a deep potential well. (ii) For finite potential depth, in

the highly stochastic regime ð1. a0 =Ez.
ffiffiffi
L
p
Þ, the electron

undergoes energy space diffusion with the characteristic step-

size �a2
0=Ez and the energy of the electron beam entering

the solid is estimated as cbeam ¼ 1þ aða2
0=EzÞKþ ba0

which is much larger than the ponderomotive energy.

This work is supported by U.S. Department of Energy

under Contract Nos. DE-FC02-04ER54789 (Fusion Science

Center) and DE-FG-02-05ER54834 (ACE).
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Zhang, and J. Meyer-ter-Vehn, Phys. Rev. Lett. 88, 055004 (2002).
20A. Bourdier, D. Patin, and E. Lefebvre, Laser Part. Beams 25, 169

(2007).
21J. Meyer-ter-Vehn and Z. M. Sheng, Phys. Plasmas 6, 641 (1999).
22A. Pukhov, Z. M. Sheng, and J. Meyer-ter-Vehn, Phys. Plasmas 6, 2847

(1999).
23B. S. Paradkar, M. S. Wei, T. Yabuuchi, R. B. Stephens, M. G. Haines, S.

I. Krasheninnikov, and F. N. Beg, Phys. Rev. E 83, 046401 (2011).
24A. J. Kemp, Y. Sentoku, and M. Tabak, Phys. Rev. E 79, 066406 (2009).
25M. Sherlock, Phys. Plasmas 16, 103101 (2009).
26E. Fermi, Phys. Rev. 75, 1169 (1949).
27A. J. Lichtenberg and M. A. Lieberman, Regular and Stochastic Motion

(Springer-Verlag, New York, 1992).
28B. V. Chirikov, Phys. Rep. 52, 263 (1979).

FIG. 5. Energy distribution functions for total

energy (a) and parallel energy (b) of electrons

escaping the finite depth potential well for different

a0 values such that the elementary energy-step size,

a2
0=Ez is constant.

060703-4 Paradkar, Krasheninnikov, and Beg Phys. Plasmas 19, 060703 (2012)

View publication statsView publication stats

http://dx.doi.org/10.1063/1.872103
http://dx.doi.org/10.1063/1.872103
http://dx.doi.org/10.1103/PhysRevLett.69.1383
http://dx.doi.org/10.1103/PhysRevE.64.025401
http://dx.doi.org/10.1063/1.3447878
http://dx.doi.org/10.1063/1.3447878
http://dx.doi.org/10.1103/PhysRevLett.104.055002
http://dx.doi.org/10.1103/PhysRevLett.104.055002
http://dx.doi.org/10.1063/1.2903054
http://dx.doi.org/10.1063/1.2903054
http://dx.doi.org/10.1063/1.2890124
http://dx.doi.org/10.1063/1.2721066
http://dx.doi.org/10.1103/PhysRevLett.93.045003
http://dx.doi.org/10.1103/PhysRevLett.59.52
http://dx.doi.org/10.1063/1.1762185
http://dx.doi.org/10.1063/1.861930
http://dx.doi.org/10.1063/1.865171
http://dx.doi.org/10.1103/PhysRevA.28.3592
http://dx.doi.org/10.1103/PhysRevLett.88.055004
http://dx.doi.org/10.1017/S026303460707022X
http://dx.doi.org/10.1063/1.873347
http://dx.doi.org/10.1063/1.873242
http://dx.doi.org/10.1103/PhysRevE.83.046401
http://dx.doi.org/10.1103/PhysRevE.79.066406
http://dx.doi.org/10.1063/1.3240341
http://dx.doi.org/10.1103/PhysRev.75.1169
http://dx.doi.org/10.1016/0370-1573(79)90023-1
https://www.researchgate.net/publication/230853553

	d1
	d2
	d3
	d4
	d5
	d6
	d7
	d8
	d9
	d10
	f1a
	f1b
	f1
	d11
	d12
	f2
	f3a
	f3b
	f3d
	f3
	f4
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	f5

