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Abstract

The electromagnetic field structures and transport properties of laser produced relativistic beam electrons propagating
through Au+25, Cu+20, Al+10, and C+5 plasma foils are investigated. Simulations show that high plasma resistivity as
well as high collision rate of the beam electrons with gold and copper plasmas can hinder the forward motion of the
beam electrons inside the targets. However, the beam electrons can propagate for a relatively long distance in
aluminum and carbon plasma targets. They are well collimated by the strong self-generated resistive magnetic field,
resulting in higher sheath electric fields behind the target. The use of low-Z target material is therefore more efficient
for collimating beam electrons as well as generating higher-energy ions.
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INTRODUCTION

Generation and transport of relativistic electrons driven by
intense short-pulse lasers are of special interest to many
applications in high energy density physics (Cai et al.,
2009; Gibbon, 2005; Hoffmann, 2008; Hora, 1988, 2009;
Malka et al., 2008; Tahair & Hoffmann, 2009; Sadighi-
Bonabi et al., 2010; Wang et al., 2009; Wilks & Kruer,
2000; Wu et al, 2009; Yu et al., 2003, 2009; Zhou et al.,
2008, 2011), including astrophysics, radiography, medicine,
material science, electron and proton acceleration, fast
ignition in inertial confinement fusion, etc. Experiments
and simulations on the transport of hot electrons in solid-
density metallic and plastic targets (Borghesi et al., 1999;
Storm et al., 2009) found that the transport and heating
properties of hot electrons depend strongly on the electrical
resistivity of the plasma materials. Early experiments
employing multi-terawatt lasers suggest the use of low-Z
targets for better collimation of the fast electrons. Simu-
lations (Pukhov & Mayer-ter-Vehn, 1997; Ruhl et al.
1999) showed that the magnetic fields formed at the edge
of the electron beam in the target tend to collimate the
beam electrons. However, recent experiments and

simulations found that laser-driven fast electrons in high-Z
plasmas are not well collimated. Optical imaging, shadow-
graphy, and Kα imaging (Lancaster et al., 2007; Robinson
& Sherlock, 2007; Green et al., 2008; Zhou et al., 2009,
2010a; Wu et al., 2010) showed 30° to 60° beam divergence
at laser intensities of 1018 to 1021 W/cm2. Since the electric
current of relativistic electrons driven by an intense laser
pulse can reach 1 GA, the electron streams are subject to two-
stream, Weibel, and filamentation, etc. instabilities.
Particle-in-cell (PIC) simulations (Birdsall & Langdon,
1985; Silva et al., 2002; Zhou et al., 2009; Wu et al.,
2010) indicate that the electron divergence is due to deflection
of electrons by the magnetic field associated with filamenta-
tion of the electron beam as it propagates through the target.

Collective interaction (Hora, 2009; Storm et al., 2009) of a
relativistic electron beam with plasmas of different material
can lead to very different dynamic behavior. Theoretically,
the self-generated edge magnetic field of the beam formed
inside the high-Z target is larger than that inside the low-Z
foil. Large edge magnetic fields would be more efficient to
collimate the beam electrons. However, there are other mech-
anisms affecting the propagation of the beam electrons in
overdense plasmas. In this work, we present a comparison
of the transport property and electromagnetic field structure
of laser produced relativistic beam electrons propagating
in gold, copper, aluminum, and carbon plasma foils.
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We show clearly that high collision rate of the beam electrons
with the background plasma and the large space-charged
field appearing inside the high-Z target can scatter and pre-
vent the forward propagation of beam electrons.

LASER-DRIVEN BEAM-ELECTRONS
PROPAGATING IN FOUR PLASMA TARGETS

In order to enhance the materials effect, we shall consider
four plasma targets, namely Au+25 (case I), Cu+20 (case
II), Al+10 (case III), and C+5 (case IV). The initial tempera-
ture of the plasma electrons and ions is 100 eV. The plasma
electron number densities for the four cases are ne [cm

−3]=
1.5 × 1024, 1.2 × 1024, 6 × 1023, 3 × 1023, respectively. The
laser-produced electrons are assumed to satisfy relativistic
Maxwellian distribution with an average temperature of
1.5 MeV in the x direction (Solodov et al., 2009; Zhou
et al., 2010b). The electron beam with radius 15 μm is in-
jected into the plasma along the z direction with an initial
angular spread of 30° at (z, x)= (20,0) μm. The injected cur-
rent rises to its maximum value in 20 fs and then remains
constant. The maximum current density is 1013 A/cm2.
To simulate the transport of fast electrons in overdense

plasmas, we use hybrid simulation techniques (Welch
et al., 2001; Honrubia et al., 2005; Davies, 2003; Evans,
2006; Zhou et al., 2009) with PIC beam electrons and fluid
background plasmas. The hybrid scheme relaxes the usual
PIC restrictions on the temporal and spatial resolutions.
The simulation box (z, x) is 100 μm × 100 μm. The mesh
contains 500 × 500 uniform cells, with four injected beam
electrons and up to four hundred plasma particles in each

Fig. 1. (Color online) The normalized electric and magnetic energies for
four plasma materials (Au+25, Cu+20, Al+10, and C+5). The peak structures
of the electric field energy for the four target materials correspond to t≈ 237,
232, 224, and 220 fs, respectively.

Fig. 2. (Color online) Snapshots of the beam-electron behavior and the magnetic field at t= 267 fs. (a)–(d) The phase-space trajectories of
the injected beam electrons. (e)–(h) The intensity distribution vz of the beam electrons. (i)–(l) The beam-current density (in A/cm2).
(m)–(p) The magnetic field component By (in gauss). The dashed line in all subplots gives the rear surface of the target. The solid
line in (a)–(d) shows the Ez profile at x= 0, where its value is scaled by 1.5 × 109 V/m. The first to fourth columns correspond to
cases I–IV, respectively.
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cell. The temporal resolution is δt= δz/2c (c is the speed of
light in vacuum). The initially uniform plasma slab is located
in 20≤ z[μm]≤ 80. The vacuum regions are 20 μm both in
front of and behind the foil.
The simulation results are summarized in Figures 1–4.

Figures 2a, 2e, 2i, and 2m show the injected beam electrons
propagating into the gold plasma at t= 267 fs. When the
beam electrons are injected to the right at (z= 20 μm), as
can be seen in the phase-space trajectories shown in Figure 2a
of the injected beam electrons and their intensity distribution
vz (Fig. 2e), some of the energetic electrons are scattered back
from the front surface into the vacuum region. A surface elec-
tric field (not shown) is induced to restore neutrality. As the
fast electrons enter the gold plasma they set up a charge sep-
aration field E= η jr≈−η jf, where η is the plasma resis-
tivity, jf and jr are the fast-electron and return currents,
respectively. Figure 2a shows that the electric field in the
gold plasma can be larger than 109 V/m. In fact, Figure 2a
shows that the positive space-charge field can reach 7 ×
1010 V/m at z≈ 60 μm, which decelerates the propagation
of the beam electrons. As shown in Figure 2i, the beam
current density in the gold plasma can be larger than
1013 A/cm2. Thus, the beam current far exceeds the Alfvén
current and beam transport is possible only if sufficient
current neutralization is affected by a return current of

background plasma electrons. Further, the Weibel instability
leads to break up of the fast electron beam into small beam-
lets (Weibel, 1995). As shown in Figures 2i and 2m, the
beamlets can also coalesce on a longer time scale. The
beam electrons deposit their energy to the background
plasma through the return current, which can be described
by the fluid-electron energy equation (Glinsky, 1995)
∂Te/∂t≈ 2Jr

2/3σne, where σ is the electrical conductivity.
Furthermore, non-uniform electric fields can give rise to a
large magnetic field By> 10 MG. Figures 2m and 3a illus-
trate that By component of the magnetic field can reach sev-
eral tens megagauss. An exponential reduction of the electric
field and growth of the magnetic field can be seen in Figure 1,
and the fields then saturate before the beam electrons reach
the rear surface of the gold target and enter the vacuum. At
the rear surface of the target, they generate a strong sheath
electric field at z≈ 80 μm, as shown in Figure 4a. Once
again, the electric field energy can then exponentially
increase, as seen in Figure 1.

Figure 1 shows that the first strong peak appears approxi-
mately at t≈ 237, 232, 224, and 220 fs for the cases I–IV,
respectively. It is obvious that hot-electrons propagating in
high-Z material targets are slower than in low-Z targets.
There are two effects to influence the propagation of beam
electrons inside the target. On one hand, the Spitzer

Fig. 3. (Color online) Enlargements of the magnetic field By (in Gauss) at t= 267 fs for Au+20 and C+5 plasmas, respectively. (a) and (b)
correspond to Au+20. (c) and (d) correspond to C+5. The solid lines in the subplots give By at z= 30 μm (a), (c), and 60 μm (b), (d),
respectively.
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resistivity η≈ 10−2 Z ln ΛT−3/2 (where ln Λ is the Coulomb
logarithm) says that the electric field inside high-Z plasma
targets by E= η j is higher than in low-Z targets, as shown
in Figures 2a–2d by the solid line. The large space-charged
field appearing inside the high-Z target tend to prevent the
forward propagation of beam electrons, as given in Figures
2e–2h. On the other hand, the electron-plasma collision
behavior in high-Z cases I and II by ne,i= 4 × 1014 Z2 (Te/
100 eV)3/2 [s−1] can also significantly scatter hot electrons
when ne> 1024 cm−3. High collision rate of the beam elec-
tron with background plasmas for high-Z cases further
slows down the forward propagation of beam electrons.
Such stopping/scattering behavior of beam electrons by
both electric fields and collision effects can be clearly ob-
served in Figures 2i–2j for corresponding current densities.
The resistive filamentation instabilities associated with the

return current of electron beams and/or the self-generated
magnetic fields can be seen in Figures 2i–2p. Comparing
Figures 2a–2d with 2m–2p, it is seen that the hot-electron
beam is sufficiently well collimated in the low-Z foil target
(for example, cases III and IV) by the self-generated resistive
magnetic field. Inside the target, the magnetic field is mainly

generated by the density and resistivity gradients, etc. These
two mechanisms can be seen in the magnetic field growth
rate (Robinson et al., 2008; Zhou et al., 2011) ∂B/∂t≈
η∇ × j+∇η × j. The observed large magnetic field at the
edge of the electron beam or inside the filamentation beam
can be associated with the term η∇ × j due to these electron
density and/or velocity fluctuations. In order to compare the
difference of resistive magnetic fields for different material
plasmas, we in Figure 3 give a comparison of the enhanced
magnetic field for the gold (case I) and carbon (case IV) plas-
mas. At the same initial plasma temperature, we have ηAu>
ηc. The edge magnetic field in an early stage formed inside
the gold target is larger than that inside the carbon foil,
which is clearly observed in Figures 3a and 3c. The large
edge magnetic field then focuses the beam electrons. With in-
creasing the propagation distance, the edge magnetic field in
case I becomes smaller and smaller (see Fig. 3b) and cannot
bend all beam electrons. As shown in Figure 2a, parts of the
injected electrons can escape or be scattered into the region
|x|> 15 μm. However, the edge magnetic field for case IV
is still large enough (>10 MG, as seen in Fig. 3d) to
narrow the beam divergence. Figures 3a–3b further illustrate

Fig. 4. (Color online) Snapshots of the electric field Ez (in V/m) at t= 267 fs. (a)–(d) The electric field structures of near the rear surface
correspond to cases I–IV, respectively. (e) The electric field profile Ez (z) with fixed x= 0, and (f) Ez (x) with fixed z= 80 μm.
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that the filamentation structure can be destroyed by the
electron-plasma collision effect inside high-Z targets. For
case of low-Z plasma materials, Figures 3c–3d show that
regular filamentation beams can be kept for a relatively
long distance.
When the beam electrons propagate through the target and

enter the rear vacuum, they generate sheath electric field ac-
cording to the ampere law ∂E/∂t=−J. The sheath electric
fields at the rear target surface can be used to diagnose (Rid-
gers et al., 2011) the distribution of the beam electrons using
the relation nb≈−∂E/ec∂t. In other words, the peak value of
the longitudinal sheath electric field (Ez

peak(z)) can give a de-
scription of beam electrons passing through the target rear
surface, and the distribution of the transverse electric field
(Ez(x)) shall show the divergent properties of the injected-
electron beam. Figure 4 gives a comparison of the electric
field Ez(x, y) for our four cases. In cases I and II, the peak
value Ez

peak(x, y) of the sheath electric field is lower that
6 × 1011 V/m. In cases III and IV, the peak value can reach
3 × 1012 V/m. Figures 4e and 4f gives Ez,C

peak/Ez,Au
peak> 5. On

the other hand, Figures 4a–4d and 4f clearly show that the
transverse electric fields Ez(x) for our four cases are comple-
tely different. Because large edge magnetic fields of the
beam in case IV can almost control the beam propagation
in the target with an initial radius 15 μm, thus the beam elec-
trons can be concentrated in the rear surface to form a super-
Gaussian distribution of the transverse electric field, as
shown in Figure 4f. However, in cases I and II, the beam be-
comes divergent in the target, resulting in the appearance of
widen transverse electric field structures. Since sheath field is
responsible for proton acceleration from the rear surface, the
present results indicate that higher accelerated-proton energy
and lower proton emission should occur for the large-scaled
carbon target.

CONCLUSIONS

In conclusion, we have used a two-dimensional hybrid code
to investigate the transport and electromagnetic field struc-
tures of Au+25, Cu+20, Al+10, and C+5 plasma foil targets
by relativistic electron beams driven by intense laser
pulses. When the relativistic electrons propagate in the tar-
gets, the large space-charged field forming inside the
highly resistive gold and copper (high-Z ) targets can greatly
hinder the forward propagation of beam electrons, compared
to that for the aluminum and carbon (low-Z ) plasmas. High
collision rate of the beam electrons with background plasmas
in the high-Z cases can significantly scatter hot electrons, re-
sulting in the destruction of the regular resistive filamentation
structure. For low-Z cases, the observed large magnetic field
at the edge of the electron beam can bend and collimate most
of the beam electrons propagating through the target. By
comparing the sheath electric field structure behind the rear
surface for different plasma materials, it is found that
higher (over five times) sheath electric fields can be gener-
ated in the carbon foil than in the gold foil target. The present

results clearly suggest that low-Z targets are more favorable
for generating higher-energy lower-emission ions (protons)
by the target-normal-sheath acceleration mechanism.

ACKNOWLEDGMENTS

We would like to thank Prof. M. Y. Yu for his useful discussions on
this investigation. This work is supported by the National Natural
Science Foundation of China, Grant Nos. 10974022 and
10835003, the National Basic Research Program of China (Grant
No. 2007CB815101), and the National 863 High-Tech Committee.

REFERENCES

BIRDSALL, C.K. & LANGDON, A.B. (1985). Plasma Physics via
Computer Simulation. New York: McGraw-Hill.

BORGHESI, M., MACKINNON, A.J. BELL, A.R., MALKA, G., VICKERS,
C., WILLI, O., DAVIES, J.R. PUKHOV, A. & MAYER-TER-VEHN, J.
(1999). Observations of collimated ionization channels in
aluminum-coated glass targets irradiated by ultraintense laser
pulses. Phys. Rev. Lett. 83, 4309–4312.

CAI, H.B., MIMA, K., ZHOU, W.M., JOZAKI, T., NAGATOMO, H., SUNA-
HARA, A. & MASON, R.J. (2009). Enhancing the number of high-
energy electrons deposited to a compressed pellet via double
cones in fast ignition. Phys. Rev. Lett. 102, 245001 1–4.

DAVIES, J.R. (2003). Electric and magnetic field generation and
target heating by laser-generated fast electrons. Phys. Rev.
E68, 056404–056410.

EVANS, R.G. (2006). Modelling short pulse, high intensity laser
plasma interactions. High Energy Density Phys. 2, 35–47.

GREEN, J.S., OVCHINNIKOV, V.M., EVANS, R.G., AKLI, K.U., AZECHI,
H., BEG, F.N., BELLEI, C., FREEMAN, R.R., HABARA, H., HEATH-

COTE, R., KEY, M.H., KING, J.A., LANCASTER, K.L., LOPES, N.C.,
MA, T., MACKINNON, A.J., MARKEY, K., MCPHEE, A., NAJMUDIN,
Z., NILSON, P., ONOFREI, R., STEPHENS, R., TAKEDA, K., TANAKA,
K.A., THEOBALD, W., TANIMOTO, T., WAUGH, J., WAN WOERKOM,
L., WOOLSEY, N.C., ZEPF, M., DAVIES, J.R. & NORREYS, P.A.
(2008). Effect of laser intensity on fast-electron-beam divergence
in solid-density plasmas. Phys. Rev. Lett. 100, 015003 1–4.

GIBBON, P. (2005). Short Pulse Laser Interactions with Matter – An
Introduction. London: Imperial College Press.

GLINSKY, M. (1995). Regimes of suprathemal electron transport.
Phys. Plasmas 2, 2796–2806.

HOFFMANN, H.H. (2008). Laser interaction with matter and heavy ion
fusion. Laser Part. Beams 26, 509–510.

HORA, H. (1988). Particle acceleration by superposition of
frequency-controlled laser pulses. Nature 333, 337–338.

HORA, H. (2009). Laser fusion with nonlinear force driven plasma
blocks: thresholds and dielectric effects. Laser Part. Beams
27, 207–222.

HONRUBIA, J.J., KALUZA, M., SCHREIBER, J., TSAKIRIS, D. &
MEYER-TER-VEHN, J. (2005). Laser-driven fast-electron transport
in preheated foil targets. Phys. Plasmas 12, 052708–052716.

LANCASTER, K.L., GREEN, J.S., HEY, D.S., AKLI, K.U., DAVIES, J.R.,
CLARKE, R.J., FREEMAN, R.R., HABARA, H., KEY, M.H., KODAMA,
R., KRUSHELNICK, K., MURPHY, C.D., NAKATSUTSUMI, M., SIMP-

SON, P., STEPHENS, R., STOECKL, C., YABUUCHI, T., ZEPF, M. &
NORREYS, P.A. (2007). Measurements of energy transport pat-
terns in solid density laser plasma interactions at intensities of
5 × 1020W cm−2. Phys. Rev. Lett. 98, 125002 1–4.

Effect of plasma material on intense laser-driven beam electrons in solid foils 115

https://doi.org/10.1017/S0263034611000747 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034611000747


MALKA, V., FAURE, J., GAUDUEL, Y.A., LEFEBVRE, E., ROUSSE, A. &
PHUOC, K.T. (2008). Principles and applications of compact
laser-plasma accelerators. Nat. Phys. 4, 447–453.

PUKHOV, A. & MAYER-TER-VEHN, J. (1997). Laser hole boring into
over dense plasma and relativistic electron currents for fast
ignition of ICF targets. Phys. Rev. Lett. 79, 2686–2689.

RIDGERS, C.P., SHERLOCK, M., EVANS, R.G., ROBINSON, A.P., & KING-

HAM, R.J. (2011). Superluminal sheath-field expansion and
fast-electron-beam divergence measurements in laser-solid inter-
actions. Phys. Rev. E 83, 036404 1–10.

ROBINSON, A.P.L. & SHERLOCK, M. (2007). Magnetic collimation of
fast electrons produced by ultraintense laser irradiation by struc-
turing the target composition. Phys. Plasmas 14, 083105 1–7.

RUHL, H., MACCHI, A., MULSER, P., CORNOLTI & HAIN, S. (1999).
Collective Dynamics and Enhancement of Absorption in De-
formed Targets. Phys. Rev. Lett. 82, 2095 1–4.

SADIGHI-BONABI, B., HORA, H., RIAZI, E., YAZDANI, E. & SADIGHI,
S.K. (2010). Generation of plasma blocks accelerated by non-
linear foces from ultraviolet KrF laser pulses for fast ignition.
Laser Part. Beams 28, 101–107.

SILVA, L.O., FONSECA, R.A., TONGE, J.W., MORI, W.B. & DAWSON,
J.M. (2002). On the role of the purely transverse Weibel instabil-
ity in fast igniter scenarios. Phys. Plasmas 9, 2458–2461.

SOLODOV, A.A., ANDERSON, K.S., BETTI, R., GOTCHEVA, V., MYATT, J.,
DELETTREZ, J.A., SKUPSKY, S., THEOBALD, W. & STOECKL, C.
(2009). Integrated simulations of implosion, electron transport,
and heating for direct-drive fast-ignition targets. Phys. Plasmas
16, 056309.

STORM, M., SOLODOV, A.A., MYATT, J.F., MEYERHOFR, D.D.,
STOECKL, C., MILEHAM, C., BETTI, R., NILSON, P.M., SANGSTER,
T.C., TEHEOBALD, W. & GUO, C. (2009). High-current, relativistic
electron-beam transport in metals and the role of magnetic colli-
mation. Phys. Rev. Lett. 102, 235004 1–4.

TAHAIR, N. A&HOFFMANN, D.H.H. (2009). Development of advanced
fuel inertial fusion targets. Laser Part. Beams 15, 575–587.

WANG, W.M., SHENG, Z.M. & ZHANG, J. (2009). Electron injection
into laser wakefields by colliding circularly-polarized laser
pulses. Laser Part. Beams 27, 3–7.

WEIBEL, E.S. (1995). Spontaneously growing transverse waves in a
plasma due to an anisotropic velocity distribution. Phys. Rev.
Lett. 2, 83–86.

WELCH, D.R., ROSE, D.V., OLIVER, B.V. & CLARK, R.E. (2001).
Simulation techniques for heavy ion fusion chamber transport.
Nucl. Instrum. Meth. Res. A464, 134–139.

WILKS, S.C. & KRUER, W.L. (2000). Absorption of ultrashort, ultra-
intense laser light by solids and overdense plasmas. IEEE
J. Quan. Elec. 33, 1954–1969.

WU, S.Z., ZHOU, C.T. HE, X.T. & ZHU, S.P. (2009). Generation of
strong magnetic fields from laser interaction with two-layer tar-
gets. Laser Part. Beams 27, 471–474.

WU, S.Z., ZHOU, C.T. & ZHU, S.P. (2010). Effect of density profile
on beam control of intense laser-generated fast electrons. Phys.
Plasmas 17, 063103 1–7.

YU, M.Y., YU, W., CHEN, Z.Y. ZHANG, J., YIN, Y., CAO, L.H., LU,
P.X. & XU, Z.Z. (2003). Electron acceleration by an intense
short-pulse laser in underdense plasma. Phys. Plasmas 10,
2468–2474.

YU, W., CAO, L., YU, M.Y., CAI, H., XU, H., YANG, X., LEI, A.,
TANAKA, K.A. & KODAMA, R. (2009). Plasma channeling by mul-
tiple short-pulse lasers. Laser Part. Beams 27, 109–114.

ZHOU, C.T., HE, X.T. & YU, M.Y. (2008). Laser-produced energetic
electron transport in overdense plasmas by wire guiding. Appl.
Phys. Lett. 92, 151502 1–3.

ZHOU, C.T., HE, X.T., CAO, J.M., WANG, X.G. & WU, S.Z. (2009).
Reducing current loss of laser-driven fast electron beams propa-
gating in solid-density plasmas. J. Appl. Phys. 105, 105,
0833111–7.

ZHOU, C.T., WANG, X.G., WU, S.Z., CAI, H.B., WANG, F. & HE, X.T.
(2010a). Density effect on relativistic electron beams in a plasma
fiber. Appl. Phys. Lett. 97, 051502 1–3.

ZHOU, C.T., WU, S.Z., CAI, H.B., CHEN, M., CAO, L.H., CHEW, L.Y.
& HE, X.T. (2010b). Hot electron transport and heating in dense
plasma core by hollow guiding. Laser Part. Beams 28, 563–570.

ZHOU, C.T., HE, X.T. & CHEW, L.Y. (2011). Intense short-pulse
lasers irradiating wire and hollow plasma fibers. Opt. Lett. 36,
924–926.

C.T. Zhou et al.116

https://doi.org/10.1017/S0263034611000747 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034611000747

