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In ultra-intense laser—matter interactions, intense electric fields formed at the rear surface of a foil target may

have strong influences on the motion of energetic electrons, and thereby affect the electromagnetic emissions from the

rear surface, usually ascribed to transition radiation. Due to the electric fields, transition radiation occurs twice and

bremsstrahlung radiation also happens because the electrons will cross the rear surface twice and have large accelerations.

In the optic region, transition radiation is dominant. The radiation spectrum depends on the electric field only when

the electrons are monochromatic, and becomes independent of the electric field when the electrons have a broadband

momentum distribution. Therefore, in an actual experiment, the electric field at the rear surface of a foil could not

be studied just with the measurement of optic emissions. In the terahertz region, both bremsstrahlung and transition

radiations should be taken into account, and the radiation power could be enhanced in comparison with that without

the inclusion of bremsstrahlung radiation. The frequency at which the maximum terahertz radiation appears depends

on the electric field.
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1. Introduction

Optic emissions from rear surface of a metallic foil
irradiated with an ultra-intense laser pulse have been
extensively investigated in recent years.! =7 Energetic
electron beams generated in ultra-intense laser—matter
interactions can be characterized through the mea-
surements of the optic emissions from the rear sur-
face of a foil target. Important aspects of the beams
have been inferred, such as beam transport,!*6/ beam

(2l and beam generations,®* etc. Lower fre-

bunches,
quency radiation, i.e., terahertz emission has also been
observed from a laser-driven electron beam crossing
a plasma-vacuum boundary.l8) Nowadays, the optic
emissions from the rear surface of a metallic foil are
mainly ascribed to optic transition radiations that are
emitted when energetic electrons cross the interface
between two different media,® ie. the vacuum and
the foil. Based upon this assumption, optic emissions
from rear surface of a metallic foil and terahertz radi-
ation from plasma-vacuum boundary are also theoret-

ically investigated.!'®=12] Usually, uniformly moving
charges are assumed in calculations.

In reality, however, extreme quasi-static electric
fields can appear around the rear surface of a foil when
energetic electrons generated at the front surface prop-
agate through the target and form a dense electron
plasma sheath at the rear surface. The electric fields
in the sheath are so strong that they can ionize the
material around the rear surface of the target, and
accelerate ions up to multi-MeV energies.'3:14 The
observation of the generation of multi-MeV ions is an
evidence of the plasma sheath formed by the ener-
getic electrons.'®16 Very recently, the electric fields
in plasma sheath are directly detected with a beam of
protons that is generated by an auxiliary ultra-intense
laser pulse.l'”) From the deflection of the protons, the
electric field is estimated as high as 3 x 101°V/m.
Obviously, these electric fields can strongly affect the
motions of the energetic electrons: most of the ener-
getic electrons are drawn back to the target by the
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electric fields when they leave the rear surface. In
consequence, the intense electric fields at the rear sur-
face of a foil can affect optic emissions at least in two
aspects. The first is that transition radiations should
occur twice as an electron leaves and goes back to the
rear surface. The second is that bremsstrahlung ra-
diations should be emitted due to the accelerations
of the electrons in the intense electric field. To the
best knowledge of the authors, neither of these two
factors is considered in a theory of transition radia-
tion. Therefore, it is necessary to survey the effect of
an intense electric field on the electromagnetic emis-
sions from the rear surface of a foil target. In this
article, we present a simplified model of the electro-
magnetic radiations from the rear surface of a metallic
foil with the consideration of transition radiation and
bremsstrahlung radiation. Our calculations show that
in the optic region where bremsstrahlung radiation is
negligible the spectra of optic emissions could be in-
fluenced by the electric fields. In the lower frequency
region, i.e., terahertz region, the radiation intensity
could be enhanced due to bremsstrahlung radiation.

2. Model, calculations and dis-

cussions

Our calculations are based on a simplified model.
As shown in Fig.1, there exists a uniform static elec-
tric field E along the normal of a plate target which

is made from a perfect conductor. The target normal
is parallel to the z-axis. An electron —e leaves the
target surface with a momentum of p, and backs to
the target under the action of the electric field. For
simplicity, the electron is assumed to move just along

the z-axis.
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Fig.1. The model of the calculations.

Before leaving or after going back to the surface,
the electric fields together with the electrons disap-
pear because of the screening of the perfect conduc-
tor. When the electron moves in the vacuum, the
effect of the interface between the target and vacuum
can be taken into account by including so-called im-
age charge. The image charge has an opposite charge
number, and has a velocity anti-parallel to the elec-
tron. With this model, the vector potentials A+ of
the electron and its image charge in the wave zone
can then be respectively written as

ev(t')
— , 0 <t <2,
A_(R,t) = cR(1—n-v(t')/c) (1a)
0, <0 or t >27;
ev(t")
— , 0 <t <27,
A (R,t) = cR(1+n-v(t")/ec) (1b)
0, t" <0 or t">2T.

Here R is the observation point in the wave zone,
n = R/R is the radiation direction, v(t') is the elec-
tron velocity, and ¢’ and ¢ are the retardation times
determined by

¥ — o) =t—RJe, (2a)
C

t" + ln -r(t")y=t—R/c, (2b)
C

and 7(t') is the trajectory of the electron. Here we

assume that at ¢ = 0 the electron leaves the target
surface, and at ¢ = 27 the electron returns the target
surface. The spectral intensity of the radiation can
then be obtained

Fen |7
ddw 723 |/,

xne'“! cos [wn - r(t)/c] dt|2 . (3)
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In Eq.(3), the lower and upper limits of the integral
are finite, and the charge velocity v(t) is also finite at
the limits of the integral. It is easy to demonstrate
that the integral in Eq.(3) is not zero even though
the charge velocity is constant. This is due to tran-
sition radiation that occurs when the charge leaves
and goes back to the target surface. When the charge
is accelerated, its velocity is no longer a constant.
Hence bremsstrahlung radiation is naturally included
in Eq.(3).

The motion of an electron in a uniform electric
field can be easily calculated. The electron velocity
and trajectory are given by

d2E e*w?r?

= in%0
dwd 2 m2e s

1 .
/ dgeleE
-1

3011
v=c (p/mec)(l - t/T) e 4a
VI+p/mee)? (L —t/7)2 " .

r= WZCEC [ L+ (p/mec)?
—V/1+ (p/mec)2(1 — t/T)Q} e,  (4b)

where m, is the electron mass, p is the momentum of
the electron at t = 0, 7 = p/eF is the time when the
electron velocity becomes zero, and e, is the unit vec-
tor along the z-axis. Substituting Eq.(4) into Eq.(3)
and performing some basic calculations, the spectral
intensity of the radiation can be written as,

(p/mcc)g
1+ (p/mec)?E?

2

wT
X COS
p/Mmec

p? p*&?
\/14—@—\/14-”’%62 COSH

, ()

where 6 is the angle between the target normal and the wave vector of the radiation. Introducing a function

G(w, p,0) which is defined as

1
i 23
G(w,p,0 :w/ dgevt ——= ¢
( ) -1 V14 p2E2

the spectral intensity (5) can be simplified as

d2& e?

os{ [\/1+p2—\/1+p2§2] 6059}2, (6)

w
p

= —sin? 0 |G(wT, p/mec, 0)*. (7)
c

dwd? 72

Hence the spectral intensity depends on the electron
momentum and the electric field through function G.
We then give a brief discussion on the property of the
function G.

The integral on the right hand side of Eq.(6) is
rather complicated. We only discuss the function G
in several cases of interest. When 6 = 7/2, the func-
tion G defined with Eq.(6) can be greatly simplified,

1
~ j23
G(w,p,0 =7m/2) = w/ dge* ——=—— . (8)
-1 V1 +p2E?
In the high frequency limit, i.e., w > 1, the asymp-
totic expansion of G(w,p, 8 = 7/2) is given by,

G(w,p,0 =m/2) =1 cosw+O(w™h).  (9)

2p
V14 p?
This result shows that G(w,p,0 = 7/2) is an oscillat-
ing function of w in the high frequency limit. In the

low frequency limit, i.e. w < 1, we have

G(w,p,0 =7/2)
2 2
— oVt Hngva +2) o). (10)

p

We see that the function G(w,p,8 = 7/2) decreases
to zero very quickly when the normalized frequency
w approaches zero. We numerically integrate Eq.(6),
and plot the function |G(w,p,)|? versus w in Fig.2
at p = 1.7 and 0 = 7/2. As shown in Fig.2, |G|? is
indeed an oscillating function, and becomes 0 when
w = 0. The first maximum is significantly larger than
others. When w > 1, the amplitudes of the oscilla-

tions approach to the value predicted by Eq.(9).
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Fig.2. The function G(w,p,0) versus w when p = 1.7
and 0 = /2.

The physics hinted at in Fig.2 is quite under-
standable. In the high frequency region of wr > 1,
bremsstrahlung radiation is negligible.['8 Thus the ra-
diation in this region is mainly due to transition radi-
ation. In our model, transition radiation occurs twice
when the electron leaves and goes back to the surface.
There is a phase difference of 2wr between the radi-
ation fields. An interference term |1 + exp(i2w7)|? o
cos?(wT) then arises in the spectral intensity. This is

the physical reason for the asymptotic expansion of

N
d2¢ e2w?

dwd?

m2c3

=1

Eq.(9).
imum of the spectral intensity has the highest am-

In the low-frequency region, the first max-

plitude, as shown in Fig.2. It has been known that
bremsstrahlung radiation becomes significant in the
low-frequency region of wr < 1 in the case of our
interest.'8] Therefore, the radiation becomes more in-
tense in low-frequency region because both transition
radiation and bremsstrahlung radiation contribute to
radiation energies.

Since the spectral intensity is nearly proportional
to the factor cos?wr in the high-frequency region,
which is an oscillating function, the electric field could
be inferred if the modulation frequency of the radia-
tion spectrum is measured in case that the initial mo-
mentum of the charge is known,

Aw=——. (11)

In principle, Eq.(11) provides us a method of the mea-
surement of the electric field.

When a beam of N electrons leaves and goes back
to the target, the spectral intensity of the radiation is
now given by

2

Ti+2pi/eE ) )
/ v;i(t) X ne"*Pi cosk - 7;(t)]etdt| |

where k = wn/c is the wave vector of the radiation, 7; is the time when the i-th electron leaves the surface,

r;(t) = p; + x;(t)e, is the trajectory of the i-th electron, and p; is the coordinate where the i-th electron is

emitted. The particle velocity and trajectory are given by

(pi/mec)[1 — (t —7:)/(pi/eE)]

vU; (t) =
pi/eE

VIF pi/medP L=t — )/ (pie D)

X

ri(t) =pi+c

Z/ [\/1 + pz/me

Introducing the distribution function

F(r,p,p)=

T

? V1T pi/mecP L= (t = 7). eE)P e

5(p — pﬂﬂp—pﬁ>, (12)

where (---) denotes ensemble average, we rewrite the spectral intensity as
e _ - NS s1n29/d d?pdpF( ) |G(wp/eE, p/mec, 0)]?
1od0 . 7d*pdpF (7, p, p p/eE, p/mec,
+N(N — 1)% sin? @ ’/ drd?pdpF (1, p,p)G(wp/eE, p/mec, §)ew(THP/eE)g=ikp| (13)

The first term on the right hand side of Eq.(13) is proportional to the total number of the electrons in the

beam. This term, usually called incoherent term also depends on the momentum distribution of the electrons.



No. 10 Effect of sheath potential on electromagnetic radiation emitted from the rear surface of ... 3013

The momentum distribution function of the electrons in the beam is given by

Fy(p) = /d7d2pF(T,p,p)- (14)
With the momentum distribution function F,(p), the incoherent term of the spectral intensity (13) can be
written as
d2(€[ 62 . 2
a0 = NE sin? H/dpr(p) |G(wp/eE, p/mec,0)|” . (15)

The second term on the right-hand side of Eq.(13) is proportional to the square of the electron number when
N > 1. This term, called coherent term, comes from the interferences of the radiations emitted by different
electrons. It is a functional of the bunch form of the beam, and can be written as

d2 § 3 i i
dwj?z = N(N = 1) sin ‘/ dpF (w, k1, p)G(wp/e B, p/mec, )¢/ F | (16)

where ﬁ'(w, k,,p) is the Fourier component of the distribution function,

F(w,ky,p) = /deQPF(Ta p,p)eTIRLp, (17)

We first discuss the coherent term in the optic region because coherent radiation is much more intense than
incoherent radiation, and is more easily detected in experiments.l*3 For an experiment of interest, we take
E =3 x10°V/m and p/mec = 1.7. Then we have p/eE = 9.7 x 10~ *s. In the optic region, say around the
wavelength of 0.532 um, the frequency w is about 3.5 x 10'® Hz. Then we have wp/eE > 1. In this case, the
coherent term (16) can be approximately written as

2

> p/mec iwp/eE
dpF(w, k1 ,p)——— cos (wp/eE) e/ . 18
/ pF( 1,D) 1+ (p/mec)? (wp/eE) (18)

d2gc 62 . 9
od0 ~4N(N—1)Esm 0

If the electron beam is monochromatic, i.e. F(w,ki,p) = n(w,ki)d(p — po), where n(w,k,) is the Fourier
component of the beam bunch form, then we have
d%Ec e? p3

~4AN(N —1)

o~ 5 sin? 0 cos” (wpo/eE) [n(w, k1)|*. (19)

E mgc2 + po
In this case, the spectral intensity not only depends on the bunch form of the beam through the factor |n(w, k J_)|2
but also depends on the electric field through the factor cos? (wpp/eE). If the beam has a Gaussian bunch form,
the spectral intensity of the radiation then has a Gaussian envelope modulated with the factor cos? (wpg/eE).
We can then infer the electric field from the radiation spectrum using Eq.(11). Monochromatic electrons

are usually generated with gas jet target.19—21]

In laser-solid interaction, energetic electrons usually have a
Boltzmann energy distribution.[*?? The momentum distribution function of the electrons is broadband. In this

case, the integration over the fast oscillating factor becomes negligible. Then we have approximately

2
p/Mmec

1+ (p/mec)2

d2gc 62 )
dwdQNN(N_l)Esm 0

/dpF(w, ki,p)

The coherent term is now independent of the electric ~ and (20). However, the modulation of the radiation
field. In an actual experiment, the spectral intensity of  spectrum should be very small so as not to be visi-
the radiation in the optic region should lie between the  ble. Hence it seems impossible that the electric field
two limiting cases described respectively by Eqgs.(19) could be derived from the spectra intensity of the optic
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emissions.
The temperature of energetic electrons can
also affect the In the
case that ﬁ'(w,ku_,p) is separable, F(w,kj_,p) =
n(w, k1) exp[—(m2c* + p?>c®)'/2/T], where T is the
temperature of the hot electrons, we have
d*éc ~ (N_l)iT_z
dwd 2 m2em2ct

radiation intensity.

sin? 0|n(w, k1 )[2.

Here we can see that the radiation energy is propor-
tional to the square of the hot electron temperature.
Radiation in terahertz region can also be emit-
ted as the electron beam cross the rear surface of
the target. Powerful terahertz radiation has been ob-
served from a laser-driven electron bunch crossing a
plasma-vacuum boundary by using a gas target.®]
However, the effect of electric fields is not included in

[12] As clearly shown in Fig.2, the ra-

the calculations.
diation could be strongly affected by the electric field.
Especially, the radiation intensity could be enhanced
due to the contribution of bremsstrahlung. For an ex-
periment of interest, we take £ = 3x 10 V/m['" and
p/mec = 1.7.3] As shown in Fig.2, the first maximum
of the radiation appears at the normalized frequency
of wp/eE ~ 3, i.e., w ~ 3 x 1013 Hz, which is just in
terahertz region. This result shows that electric fields
may play a significant role in terahertz emission from
laser-driven electron beam crossing the rear surface of
a foil. On the other hand, the electric field may be in-
ferred from terahertz radiation. Since the maximum
radiation appears around wp/eF ~ 3, the electric field
may be obtained from the frequency corresponding to

the maximum terahertz intensity.

3. Summary

In summary, based upon a simplified model, we
have investigated the effect of the electric field in a po-
tential sheath on the electromagnetic radiation emit-
ted from the rear surface of a foil. Due to the intense
electric field, most energetic electrons generated at the
front surface cannot leave the target. They are at-
tracted by the electric field, and back to the target. As
the electrons leave and go back to the rear surface of
the target, both bremsstrahlung and transition radia-
tions are emitted. In the optic region, transition radi-
ation is dominant. The spectral intensity of coherent
transition radiation is hardly affected by the presence
of electric field except in the case that the energetic
electrons are monochromatic. Hence the strength of
electric field cannot be inferred from the optic spec-
trum emitted from the rear surface of the target. The
radiation in the terahertz region is strongly affected
by the presence of the electric field. Terahertz radia-
tion may be enhanced due to the electric field. And
the electric field may be inferred from the frequency
at which the maximum terahertz radiation appears. It
should be pointed out that our model is only suitable
for an experiment with metallic foil. For a transpar-
ent target experiment, Cherenkov radiation from the
energetic electrons becomes dominant, which has been
investigated both in experiment!! and theory.[??!

References

(1] Santos J J, Amiranoff F, Baton S D, Gremillet L, Koenig
M, Martinolli E, Rabec Le Gloahec M, Rousseaux C,
Batani D, Bernardinello A, Greison G and Hall T 2002
Phys. Rev. Lett. 89 025001

[2] Baton S D, Santos J J, Amiranoff F, Popescu H, Gremil-
let L, Koenig M, Martinolli E, Guilbaud O, Rousseaux C,
Rabec Le Gloahec M, Hall T, Batani D, Perelli E, Scianitti
F and Cowan T E 2003 Phys. Rev. Lett. 91 105001

[3] Zheng J, Tanaka K A, Sato T, Yabuuchi T, Kurahashi
T, Kitagawa Y, Kodama R and Yamanaka T 2004 Phys.
Rev. Lett. 92 165001

[4] Popescu H, Baton S D, Amiranoff F, Rousseaux C, Rabec
Le Gloahec M, Santos J J, Gremillet L, Koenig M, Marti-
nolli E, Hall T, Adam, J C, Heron A and Batani D 2005
Phys. Plasmas 12 063106

[6] Wang G C, Zheng Z J, Yang X D, Gu Y Q, Liu H J, Wen
TS, Ge F F, Jiao CY, Zhou W M, Zhang S G and Wang
X X 2005 Acta Phys. Sin. 54 4803 (in Chinese)

6

Manclossi M, Santos J J, Batani D, Faure J, Debayle A,
Tikhonchuk V T and Malka V 2006 Phys. Rev. Lett. 96
125002
Yuan X H, Li Y T, Xu M H, Yu Q Z, Wang S J, Zhang J,
Zhao W, Wang G C, Wen X L, Jiao CY, He Y L, Zhang S
G, Wang X X, Huang W Z and Gu Y Q 2006 Acta Phys.
Sin. 55 5362 (in Chinese)
Leemans W P, Geddes C G R, Faure J, Téth Cs, van
Tilborg J, Schroeder C B, Esarey E, Fubiani G, Auerbach
D, Marcelis B, Carnahan M A, Kaindl R A, Byrd J and
Martin M C 2003 Phys. Rev. Lett. 91 074802
Landau L D and Lifshitz E M 1984 Electrodynamics of
Continuous Media (Oxford: Pergamon) 2nd Edition §116
[10] Zheng J, Tanaka K A, Miyakoshi T, Kitagawa Y, Kodama
R, Kurahashi T and Yamanaka T 2002 Phys. Plasmas 9
3610
[11] Zheng J, Tanaka K A, Miyakoshi T, Kitagawa Y, Kodama
R, Kurahashi T and Yamanaka T 2003 Phys. Plasmas 10
2994

(7

B

[9



No. 10

Effect of sheath potential on electromagnetic radiation emitted from the rear surface of ...

3015

[12]

[13]

[14]
[15]

Schroeder C B, Esarey E, van Tilborg J and Leemans W
P 2004 Phys. Rev. E 69 016501

Wilks S C, Langdon A B, Cowan T E, Roth M, Singh M,
Hatchett S, Key M H, Pennington D, MacKinnon A and
Snavely R A 2001 Phys. Plasmas 8 542

Mora P 2003 Phys. Rev. Lett. 90 185002

Snavely R A, Key M H, Hatchett S P, Cowan T E, Roth
M, Phillips T W, Stoyer M A, Henry E A, Sangster T
C, Singh M S, Wilks S C, MacKinnon A, Offenberger A,
Pennington D M, Yasuike K, Langdon A B, Lasinski B
F, Johnson J, Perry M D and Campbell E M 2000 Phys.
Rev. Lett. 85 2945

Hatchett S P, Brown C G, Cowan T E, Henry E A, John-
son J S, Key M H, Koch J A, Langdon A B, Lasinski B F,
Lee R W, Mackinnon A J, Pennington D M, Perry M D,
Phillips T W, Roth M, Sangster T C, Singh M S, Snavely
R A, Stoyer M A, Wilks S C and Yasuike K 2000 Phys.
Plasmas 7 2076

Romagnani L, Fuchs J, Borghesi M, Antici P, Audebert
P, Ceccherini F, Cowan T, Grismayer T, Kar S, Macchi

(18]

19]

20]

(21]

(22]

23]

A, Mora P, Pretzler G, Schiavi A, Toncian T and Willi O
2005 Phys. Rev. Lett. 95 195001

Landau L D and Lifshitz E M 1975 The Classical Theory
of Fields (Oxford: Pergamon Press) 4th Edition
Mangles S P D, Murphy C D, Najmudin Z, Thomas A G
R, Collier J L, Dangor A E, Divall E J, Foster P S, Gal-
lacher J G, Hooker C J, Jaroszynski D A, Langley A J,
Mori W B, Norreys P A, Tsung F S, Viskup R, Walton B
R and Krushelnick K 2004 Nature (London) 431 535
Geddes C G R, Toth Cs, van Tilborg J, Esarey E,
Schroeder C B, Bruhwiler D, Nieter C, Cary J and Lee-
mans W P 2004 Nature (London) 431 538

Faure J, Glinec Y, Pukhov A, Kiselev S, Gordienko S,
Lefebvre E, Rousseau J P, Burgy F and Malka V 2004
Nature (London) 431 541

Wilks S C, Kruer W L, Tabak M and Langdon A B 1992
Phys. Rev. Lett. 69 1383

Zheng J, Yu C X, Zheng Z J and Tanaka K A 2005 Phys.
Plasmas 12, 093105 (2005)



