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Theoretical study of transition radiation from hot electrons
generated in the laser—solid interaction

Jian Zheng,® K. A. Tanaka,” T. Miyakoshi, Y. Kitagawa, R. Kodama, T. Kurahashi,
and T. Yamanaka
Institute of Laser Engineering, Osaka University, 2-6 Yamada-oka, Suita, Osaka 565-0871, Japan

(Received 5 February 2003; accepted 27 March 2003

Transition radiation from a beam of hot electrons generated in ultraintense laser plasma interaction
is theoretically studied. The total radiation is separated into two parts: one is incoherent transition
radiation(ITR), the other is coherent transition radiati@TR). The spectrum of ITR just depends

on the particle velocity distribution in the beam. The angular distribution of ITR varies frohd,sin

and approaches the angular distribution of the beam when the hot electron temperature increases
from the nonrelativistic limit T<mc?) to the ultrarelativistic limit T>mc?). The spectrum of

CTR is dependent on the particle configuration as well as their velocities. Any microbunching in the
beam can greatly enhance the CTR intensity at the microbunching frequency, from which the
dominant heating process can be inferred. The effects of target thickness and hot electron
temperature on CTR intensity are also calculated. The simplified model shows that the CTR
intensity decreases with the increase of the target thickness, and increases with the hot electron
temperature. The divergence of the beam can broaden the CTR spectr@®039American
Institute of Physics.[DOI: 10.1063/1.1576388

I. INTRODUCTION crobunch of hot electrons, we can definitely know the domi-

Recently, there has been an increasing interest in enep_ant heating process. Unfortunately, the methods mentioned

getic (hot) electrons generated in ultraintense laser plasmgbqve_ cannot give us ‘?UCh mfor_r_natlon._ln. this respect_, a
interactions because of their many potential applications irqadlatlon phenomenon, ie., transition radiation, can provide
various fields, such as plasma acceleratdrast igniion>4 ~ @n approach to the detailed measurement of hot electrons.
and positron—electron plasm&&Up to now, many heating Transition radlatlon is a rad!atlon phenomenon in WhIC.h
mechanisms have been proposed for the generation of the§ictromagnetic waves are emitted when a charged particle
hot electrons in laser plasma interactions: stimulated RamaffioVes across the interface between two media with different
scattering, vacuum heating, j<B heating betatron dielectric constant§’*8 Transition radiation has been exten-
acceleratiot® and many others. Hot electrons have beersively studied by using accelerators. It has been studied in
studied by various methods: directly measuring electron enthe x-ray regiort’~*'the far-infrared regiofi?**and the op-
ergy spectra by using an electron spectronfetit2or indi-  tical region?®~?*Coherent transition radiation is more attrac-
rectly by detectingk @ x-ray emissior>** or bremsstrah- tive because it can provide valuable detailed information on
lung x-ray emissiort?1° These measurements can provideélectron beams. Coherent transition radiation has been ex-
valuable information on the hot electrons, such as the elegeerimentally studied in the far-infrared regiéf?® and in
tron energy spectrum, electron number, and electron beathe optical regiort’ ~2° By detecting coherent transition ra-
divergence. Occasionally, we need more information to condiation, the characteristics of electron beams, such as their
firm which heating mechanism is the dominant process in ghree-dimensional distributions and the divergence of elec-
certain experiment. The bunch form of a beam of hot electrons in a bunch? and electron-beam microbunchiftf®2°
trons could be direct evidence of the dominant heating prohave been measured. Very recently, Batiral. reported
cess because the hot electrons acquire characteristic ntheir first measurement of coherent transition radiation from
crobunching in different heating process. For examplehot electrons generated in laser solid interactiSnislow-
electrons are accelerated once in the forward direction in ongver, hot electrons generated in laser plasma interaction have
laser circle in vacuum heatirfghut twice in one laser circle properties different from those in accelerators. Usually, the
in j X B heating? Therefore, the hot electrons generated in electrons in an accelerator are highly collimated and mono-
X B heating should have a different bunch form from thosechromatic. Hot electrons produced in laser plasma interac-
produced in vacuum heating. If we can measure the mitions have a divergence angle, and a Boltzmann energy dis-
tribution. Therefore, it is necessary to develop transition
dPresent address: Department of Modern Physics, University of Science ard@diation theory to include the case of hot electrons. We have
Technology of China, Hefei, Anhui 230027, People’s Republic of China; theoretically studied transition radiation in the condition rel-
b)eA'Iec”O”'C mail: jzheng@ustc.edu.cn o evant to hot electrons generated in ultraintense laser plasma
so at the Department of Electromagnetic Energy Engineering, Graduate . 1 .
School of Engineering, Osaka University, 2-1 Yamada-oka, Suita,'meracuon§ In that paper, we consider the case that hot
Osaka 565-0871, Japan. electrons are collimated, and move along the target normal.
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the tangential coordinate of théh electron at the timg , €
is an operator defined Byexp(—iwt)=e(w)exp(—iwt),** and
£ k €(w) is the dielectric function of the target material. Here, we
do not consider the magnetic properties of the target mate-
< g ) rial, and simply set the magnetic permeability equal to 1.
\v\. Since radiation field is transverse, and satisfies the dispersion
E % electron relationk?®= ew?/c?, wherew is the radiation frequency, the
Jo— =0 Fourier component of an radiation field can be written as

(front surface) (back surface)

to observer

\ A

— glr5_ 2 2 _ 212
FIG. 1. Configuration of the calculation. Er(k,w)—(’iz[z (7/97)q] (k" ew®/c%), )

wherez is the unit vector along the-axis, 5(k?*— ew?/c?) is
In this article, we extend our previous research to more rethe sfunction, and¢!, is the amplitude of the field. Follow-

alistic conditions. For the sake of simplification, however,jng the method developed in Ref. 33, we obtaihin the
some physics is not included in our calculations, such as thg@acuum ¢>0),

influences of self-generated magnetic field, and small angle
scattering of hot electrons inside the dense plasma. In Sec. I, N
we derive the formulas of transition radiation. In Secs. llI r it —iq-p;

- . ¢ = & w; ,ui)e'“t quy 3
and 1V, we discuss the spectra of incoherent and coherent —* .21 (Wi L) @
transition radiation. Finally, we draw conclusions in Sec. V.

where
Il. EQUATIONS OF TRANSITION RADIATION
We consider transition radiation from a beamNoglec- _ 4(2m)%e| n,)
trons passing through a target foil. The configuration of our i= | (7] + €[ mahu;

calculation is shown in Fig. 1. As seen in this figure, the rear

surface of the target locates at the planezefO, and the 3 (0% ewq-w; /c?) (1+] 74|/ ;)

front surface locates at the plane of —d, whered is the % 0%+ k7 — e(wlc)?

target thickness. The ambient is vacuum. Hot electrons gen- 5 5

erated at the front surface move from the left to the right. n (9"~ wq-w; /) (e+ | 1|/ Ki) @
The origin of the coordinate system of our calculation is the q+ Kiz—(w/C)Z '

point where the beam center crosses the rear surface. We

decompose the particle velocity the particle coordinate,

and the wave vectdt of the radiation into the tangential and

normal components: v=(w,u)=(vy,vy,v;), I=(p,2)

= (x.Y,2), andk=(g,7) = (Ky,ky ,k,). The particle moving m=—Vew?/—0°, 7= Vw?lc®—q?,

direction and the radiation emission direction are described )
by the two sets of the angle&®),®) and(6,¢), respectively. Kki=(w—q-w)/u; .

With these angles, the particle velocity can be writtervas
=vp(sin® cosd,sinO sin®,cosB), and the wave vector of
the radiation ak=Kk(sinf#cos¢,sinédsin¢,cosd). In what
follows, we derive the formulas of the transition radiation
into the vacuum£>0) as hot electrons pass through the rear

surface of the target. dze c N 2

We start our calculation from the set of the equatiths, dwdQ ~ 4(2m)0Sir 0 ;1 &(w;,upe'eti—iar - (6)

The energy spectrum of transition radiation into the solid
angled(} is then given by

VA € 82A_ A % 5
T2 T T eV [z=ui(t=1)] wherew=0.
We separate the spectrum of transition radiati®ninto
X olp—pi—wi(t=t)], (18 two parts: the spectrum of incoherent transition radiation
: 2 N (ITR) and the spectrum of coherent transition radiation
g<v2¢,_ ——e|= —477e2 Vo[ z—ui(t—t;)] (CTR). The former is the summation of the radiation spectra
c” ot i=1 from individual particles, and the latter is governed by the
X 8 p— pi—wi(t—t)], (1b) interference between the radiation waves from different

charges. The ITR spectrum is given by
where A and ¢ are the vector and scalar potentials of the

electromagnetic fieldsj(- - -) is the &-function, c is the light ) N
speedyt; is the time when theth electron crosses the rear d“Err _ c z & (w; ,up)|? @)
surface,v;= (w; ,u;) is the velocity of theith electron,p; is dwdQ  4(2m)°sinF /sy
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and the CTR spectrum is given by Equation (4) becomes rather lengthy after substituting
a2 c N Eq. (5) into it. This equation can be simplified if the target is
CTR_ o > e(w Ui EF (W, U)) made of good conductor like aluminum and silver. In this
dod  4(2m)°si ei('ijjﬁ case, we havée|>1 in the optical and lower frequency re-
w g oti—t)=ia-(p—p) (8)  gion. Letting|e[—<, Eq.(4) is simplified,
|
6o 4(2m)%ep, sin# cos®;[sing— B; sinfcog ¢p—D))] ©
I

c [(1—B;sindsin®; cog ¢—D;))°— B2 cos O cos B;]’

where 8;=v;/c is the normalized particle velocity, an®(,®;) is the particle moving direction. In the limit df|—ce,
transition radiation can be considered as the radiation due to the créatioihilatior) of an electric dipole consisting of the
electron and its image charge when an electron lefivgsacts the conductor surface.

Before the discussions of transition radiation from an electron beam, we briefly discuss it from single particle. For a single

electron, the transition radiation spectrum is given by
dEgingle €° B?cog O[sind— Bsin® cog ¢p— D)]?
dodQ 72 [(1—Bsindsin® cod ¢—D))2—pZcof Hcod 0%

(10

If the electron just moves in the plane perpendicular to theenergies, whose moving angle i® (®)=(20°,180°). As
z-axis, i.e.,0=90°, transition radiation vanishes. This result seen in this figure, the radiation vanishes near the angle of
is natural because the electron does not cross the interfaceé=20°. And as the electron energy increases, the angles of
The intensity of transition radiation becomes zero at thehe two maxima move towards 20°. In the nonrelativistic
emission angle, case, we approximately have

,=arcsiri 8 sin® cog ¢p—P)]. d2& e? _

° P o Sndle_ B2 co O sir? 6.
When ¢=®, we havedy=arcsin@sin®). In the ultrarela- dedQ)  7°C
tivistic case, this angle approach®s In the cross plane of The radiation energy is proportional to the electron kinetic
¢=, the intensity of transition radiation has two maxima energy, and its angular distribution is described by gin
around the angl#,, which are located at This results is the same with the radiation from an electric

0= arcsin Bsin® = \(B— 1/8)2+ (1— B9 coL 0). dipole in the nonrelativistic case. .
In the following two sections, we discuss the spectra of

When g—1, we also havef—0. Therefore, transition |TR and CTR based on Eqé7), (8), and(9).
radiation is emitted within a small angle along the direction
of the moving charge in the ultrarelativistic case. In Fig. 2,

we plot in the cross plane ab=® the angular distribution ||| |INCOHERENT TRANSITION RADIATION
of transition radiation from a single electron with various

The ITR spectrum is the summation of radiation spectra
from individual electrons. It depends only on the velocities
of the electrons of concern. Since the number of hot elec-
trons generated in ultraintense laser plasma interactions is
usually very large, we can describe the hot electrons quite
well with a velocity distribution function, which is defined as
the average of the exact velocity distribution,

l N
fv<v>=<—__21 5<v—vi>>, (11)

where the averagé --) is taken over physical infinitesimal
volume in velocity space that still contains many electrons.
The average in Eq(l1) can also be considered as an en-
semble averag¥. In this case, we image that an infinite se-
ries of N-electron beams is created under identical condi-
FIG. 2. Angular distribution of transition radiation in the cross planebof tions. X . i . . .

= from single electron with different energies, where the moving direc-  With the aid of the velocity distribution function, we can
tion of the electron is®,d)=(20°,180°). replace the summation in E¢7) with the integral,

1.2

intensity (a.u.)
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dwdQ  4(2m)°sir? 6
Substituting Eq(9) into Eq.(12), the ITR spectrum is now given by

d*€Err eZNJ B?cog B[sing— Bsin® cog p—D)]%f,(V)

dwdQ w°c V[(l—ﬁsin&sin@ cog p—P))2— B?cos fcos O]
As seen in Eq(13), the frequency spectrum of ITR is independent of the radiation frequency. This result means that the ITR
spectrum is flat when the conditiga|>1 is satisfied.

In Eq. (12), the ITR spectrum is written as a functional of the velocity distribution function of hot electrons. However,
what we can measure in actual experiment is the energy distribution furittitsing the relation between particle velocity
and energy, Eq(13) can be written as

d*€rr €N B?sin® cos O[sind— Bsin® cog p—D)]*f (¢,0,D)

dwdQ ~ a2 | 4edOdP [(1— Bsindsin® cog¢p—D))2— BZcod hcog O]

f dvf,(v)|&(w,u)|? (12

(13

(14)

wheres = (1— 8% ~Y?—1 is the electron kinetic energy nor- close to the light speed. Equati¢hé) is then dominated by
malized with mc®>. Both simulation$ and experiment$  the term proportional to [if1+B)/(1—p)]. Letting =1 in
show that hot electrons generated in ultraintense laser plasntzy. (16), and noticing that I{1+8)/(1—B)]=2In2(1+¢)
interactions have approximately a Boltzmann energy distriwhen 8— 1, we approximately have

bution, i.e.,

d’crr  3€2N (=
f1(0,0,0)e, s~ 2777 J 3¢ & eIIN(2(L e coS
here T is the hot electron t t lized with
wnere IS € Nnot electron temperature normalized wi OCC032 0. (18)

mc?. Usually, the angular distribution of hot electrons is
complicated. Here, for the purpose of analytical calculationve can see that whefis>1 the angular distribution of ITR
we assume that hot electron beam is symmetric about thgpproaches cd#, the same with that of the electron beam.
z-axis, and diverges as ca®. Under these assumptions, the This result is quite understandable. We know from the single

functionf,(e,0,®) is given by particle theory that transition radiation from a single charge
3 is emitted within a small angle around the charge moving
fs(e,(ﬁ),tb):me‘s” cos 0. (15 direction when the charge is ultrarelativistic. As a conse-

quence, the angular distribution of ITR is close to that of
Substituting the distribution functiofl5) into Eqg.(14), and  particle beam because the ITR spectrum is the summation of
integrating ovel® and®, we obtain the angular distribution transition radiation spectra from individual particles.
of ITR spectrum, In the nonrelativistic case, most electrons have velocities
far slower than the light speed, i.8<1. We expand the
2 2 o _
d"érr _ SN f s exp(—&/T) integrand in Eq(16) in a power series o8, and just keep the

dodQ  47°Tc Jo B lowest order term. We obtain
1 9 1+ d’e 3e’N (=
X138 =1)+| 5 - Eﬁz)cosz blinT—g Jod0 " 5-7Tc fo de exp(— &/T) B2 sir? 6csin? 6.
(19
+ E(ls+ 16B%cos §—12B3°—33 cog 9)]
3 : The angular distribution of ITR becomes %i#) independent
(16) of that of the hot electron beam when the beam energy is
nonrelativistic.
We further integrate Eq16) over the solid angleQ) in the The above discussions show that the angular distribution
forward half space, and then obtain the ITR energy in theof ITR from a beam of electrons described by the distribu-
frequency intervatlow, tion function(15) varies from sif 6 to co 6 as the tempera-

2 - _ ture increases fronT<1 to T>1. It is straightforward to
déirr = 3e'N J' £ X 38/T) imagine that the angular distribution could become flat when
do  27TCJo B the temperature is appropriate. Figure 3 shows the angular
3 7\ 1+8 B 20 distribution of the ITR from a beam of hot electrons with
Eﬁz— E)InTJr—(?—?BZ”. (17)  various temperatures. As seen from this figure, when the
temperature is very low, or extremely high, the angular dis-

The angular distribution of ITR depends on the hot elec4ribution approaches sim or co€ 6, respectively, as we pre-
tron temperaturd’, as seen from Eq.16). When the tem- dict. In the temperature range from 2 MeV to 4 MeV, the
perature is extremely high, most electrons have velocitieangular distribution of the ITR is nearly flat.

X
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FIG. 4. Dependence of the energy of incoherent transition radiation on the
FIG. 3. Angular distribution of incoherent transition radiation from a beam hot electron temperature, where the hot electrons are described by the dis-
of hot electrons with various temperatures, where the distribution functiortribution function(15).
of hot electrons is given by Eq15).
bandpass filter centering at 700 nm. This means that about
5% 10° hot electrons can generate one photon in the wave-
The ITR energy increases with the increase of the temlength range of detection. The yield of ITR is very low.
peratureT. When the electron is nonrelativistic, the radiation Hence it could be difficult to measure ITR in an experiment
energy from a single particle is proportional to its kinetic because other radiation process, like blackbody radiation
energy. Hence, the total radiation energy is proportional tdrom the heated target, may have a similar level in the wave-
the hot electron temperatur€ after averaging over the length of interest.
Boltzmann energy distribution. When the electrons are ul-
trarelativistic, the radiation energy from a single particle is alV- COHERENT TRANSITION RADIATION
logarithm function of its energy, see EL8). Hence the The spectrum of CTR is more complex in comparison
radiation energy increases slowly with the increase of hotvith that of ITR. It depends not only on the particle veloci-
electron temperature in the very high temperature regiorties but also on the particle configuration. As we did in Sec.
Presented in Fig. 4 is the variation of the quantitylll, we introduce a new distribution functiori (7,p,v),
d&rr/Ndw with the temperatur&. When the temperature is which is defined by
1 MeV, this quantity is about 8 10 *° erg s. Hence the av- f (r.pV)
erage radiation energy from one electron into the solid angle™ """’
AQ and the frequency intervalw is roughly given by

ErrIN~3X10 A w(AQ/27T).

As an example, the radiation energy per hot electron is aboBubstituting Eq(9) into Eq. (8), and replacing the summa-
6x10 ®erg into an f/5 detection system with a 10-nm tion with an integral, the CTR spectrum is now given by

1 N
= ﬁi; 5(T—ti)5(p—pi)5(w—wi)5(u—ui)>. (20)

2

d?Ecrr €N(N—-1) B cosO[sinf—Bsin® cog p—P)] o
= f(r,p,v)e' 9P

dedQ 7% Udepdv[(l—,Bsinasin@) cog¢p—P))>— B?cos #cos O]

(21)

Generally, the integral in Eq21) is too complicated to cal- wherefi(w,q) is the Fourier transformation of the function
culate analytically. In the follows, we will discuss it with n(r,p),
some assumptions for simplification.

A. A simple model ﬁ(w,q)=J depn(T,p)eim—iq-p_ (24)
If the distribution functionf (7,p,v) can be written as

the product of two independent parts, ) )
P P P We can see from Eq23) that the intensity of CTR could be

much stronger than that of ITR in the frequency region
where(w,q) is notably different from zero because the
electron numbemN is usually very large. Therefore, CTR
could be easily measured in an experiment.

) Since d25rr/dwdQ is independent of radiation fre-
d°Eirr 23) qguency under our assumption, E@®3) indicates that the
dwdQ’ profile of CTR spectrum is fully determined by the function

f(r.pv)=n(7,p)f(V), (22
the CTR spectruni21) can be written as

d*Ecrr
dwd()

=(N-1)[f(w,q)|?
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Ti(w,q). The angular distribution of CTR also depends ononly on the generation of hot electrons in laser plasma inter-
Ti(w,q) because of the relation=(w/c)sind. As an ex- action, but also on the propagation of hot electrons in the
ample, we take target. To study the evolution of this function, we introduce a

new distribution function defined as
(1+ A coswqgT)

n( TuP) = N
V27m7g[1+ A expl — wir2/2) ] 1
) f(t,r,v)= N; S(r—r)s(v—v;) ). (28)
xXe~ 72/27'3 5 efpzl232 (25)
2ma Following the Klimontovich procedure, we can see that this

WherEwo is the microbunching frequency in the beaﬁ]is distribution function should Satisfy a kinetic equation with a
the microbunching amp“tude-,o is the duration of electron collision tel’m?s Genera"y, the collision term in this kinetic
pulse, anda is the beam radius. The Fourier transformationequation is extremely complicated because numerous scatter-

of Eq. (25) is ing processes can happen when energetic electrons propa-
_ _ ~ gates in target. Extreme electromagnetic fields can be driven
A(w,q)=N,(w)N (), when intense electron beam propagates in dense plasma.
whereTi,(w) andfi, (q) are given by These self-generated fields can profoundly affect the propa-
2 2 gation of the beam, and henceforth, the spectrum of coherent
Tig(w)= 1 - {ex;{ @ 70) transition radiation. However, the inclusion of these effects
1+A exp— wyTo/2) 2 will make analytical calculation impossible. As the zeroth
5 2 order approximation, we just neglect any interactions be-
N éexp( _ (w—wq) To)} (26) tween hot electrons and target matter. In this limit, the hot
2 2 electrons move freely in the target. The distribution function
and f(t,r,v) then satisfies the kinetic equation,
o 22 w?a® of  of
fi, (q)=exp —g%a?/2)=ex —Wsmza . (27 TV 5 =0. (29)

As seen from Eq(26), transition radiation is always coherent \nan an yitrashort laser pulse interacts with a solid target,

. 71 . .

n thg low frequency range thaé=r, - Thg mtensny of ot electrons are generated in a very thin layer around the
CTR is also gfea“Y enhanced near the microbunching freg.,n g rface of the targétThe hot electrons propagate a
quency wo. It is this property of the CTR spectrum that distance which is equal to the target thickness, and then cross

provides us a way to infer microbunching in hot electronyq oo surface. Assuming thattat0 a slike electron pulse
beam; a sharp spike in the CTR spectrum should correspor]g generated at the front surface, i.e

to one microbunching frequency in the hot electron beam.

The angular distribution of CTR is described Moy (q). 1 -
From Eq.(27), it is easy to see that CTR is mainly within the fOrv)=5—zdz+d)e? 2% (v), (30
angle,
\ the distribution functiorf(t,r,v) is then given by
[
o= 2ma’ 1 25,2
= _ —(p—wt)“/2a

where =2mc/w is the the radiation wavelength. If the ra- f(t.z,p.v) 2 ra’ S(z+d—utje P ¥ fulv). (31

diation wavelength is much smaller than the beam radius,
this angle is very small. Unlike the angular distribution of Noticing the relation betweef.(,p,v) andf(t,z,p,v),
ITR, which depends on the hot electron temperature, the an-

gular distribution function is mainly determined by the Fou-  fAmpv)dr=1(7,2,p,v)|,—¢dz,

rier transformation of the transverse profile of the hot elec-
tron beam. A measurement of CTR angular distribution could"
give an estimate of hot electron radius.

e obtain

1
fAmpV)= 5 0(7— diuye (P-wD*22% () (32)
B. A more realistic model ma

In general, the distribution functiof. cannot be simply  Substituting Eq.(32) into Eq. (21), and integrating ovep,
written as the form of Eq(22). This function depends not we obtain

d*€crr €°N(N-1
dwdQ m’c

B cos@[sind—Bsin® cog ¢—D)] 2

) _ 2a2
e’ [(1—Bsindsin® cog ¢p—P))°—B%cos fcos O] |

Jdeve“w*q'W)fa(T—d/u)fv(v)
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A series of electron micropulses can be generated within-7,_; could be a constant if only one heating process takes
the duration of a laser pulse. For example, when vacuureffect. Obviously, this time interval is determined by the
heating takes effect, forward hot electrons are generated onteating mechanism. In the examples mentioned above,
in a laser circlé when jxB heating dominates, energetic =\/c in the vacuum heating, and=X\,/2c in j X B heat-
electrons can be accelerated twice in a laser cirdleere-  ing, where), is the incident laser wavelength. Assuming
fore, it is reasonable to make the assumption that a series tiat the properties of hot electroiaumber, temperature,
electron micropulses is generatedtatr;,7,,.... Thetime  etc) in every micropulse are the same, and summating the
interval between two adjacent electron micropulses7,  contributions from all these electron micropulses, we have

A

d2& e’N; . .
R Pe 0 fdrdve'(“’_q""’”z (7= o= dIU)f (V)& "
a=1

dodQ 7% ©

B cosO[sing— B sin® cog ¢p—P)] 2

X[(1—Bsinfsin® cod ¢—d))2— BZcod Hcod O] | *

(33

whereN,=N/A is the electron number in an electron micro- wheret,=d/c. We again assume that hot electrons have a
pulse,A = 74/ o is the total number of micropulses, anglis  Boltzmann energy distribution. The velocity distribution

the duration of the laser pulse. function is given by
1. One-dimensional case T
As a first step, we consider the condition that all elec- fW(B)= T(1—L32)332e ' (35
trons move along the-direction. In this case, Eq33) be-
comes Substituting Eq(35) into Eqg. (32), and integrating ovep,
A6y €NZ o _ we obtain
dod0 - e sir? ge" 92| | drdge'“”
w 7TC dZECTR_ eZNg

2
5 Sir? He‘qzazJ'dre“‘”g(r,a,T,d) ,

A 2 T 2~T2
Bf(B) dodQ 7Tt
Xgl o(17— Ta—to/ﬂ)m , (36)
(34  where the functiorg(7,0,T,d) is defined as
|
A
(to/(7— 7))  exd — (UN1—(to/(7—7,))*~1)/T]
90T )= 2 (o H (77,17 008 O1— (o7 7 7 7
The CTR spectrum is determined by the Fourier transforma- 10"
tion of the functiong(r, 6,T,d), see Eq(36). Denoting 1
r
. — 109 I
'Q(w)=j dre'“7g(7,6,T,d), (39 ] 1
© r
T 10°%k
we can rewrite Eq(36), % :
c r
d?Cerm - €Np 2.2 L 10
= i —g°a’|5 2 c
Joda chthgsmz 0e T G(w,0,T,d)[2 (39 £
10° L L L L

0 1 2 3

When the time interval between two adjacent electron micro-
frequency (w/w )

pulses is a constamt, we can expect that the CTR spectrum
should present _Splkes at _the frequenmestcmj, Wher? @o FIG. 5. Spectrum of coherent transition radiation calculated with BB3.
= 27/ o is the m|crqbunch|ng frequency, ahe 1,2,... ISa@n  and (38), whereT=1MeV, #=10°, d=50 um, Ao=1.053um, and A
integer. We numerically calculatf(w)|?, and plot it in =142,
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Fig. 5, in which we taked=10°, T=1 MeV, d=50 um, decrease more rapidly because of the factor expg?) in
Ao=1.053um, ando=X\,/c. As we expect, the CTR spec- EQ.(39).

trum reaches sharp maxima at the harmonics of the fre- The CTR spectrum also depends other parameters,
qguencywg. Since transition radiation is always coherent inlike the temperaturd and the target thickness, as seen
the low frequency limit, the spectrum also has a maximum ain Eq. (37). Because of the finite temperature, hot electrons
»=0. From Fig. 5, we can see that the intensity of the hardisperse in velocity space. The shape of electron micro-
monics decreases very rapidly with the increase of the ordgsulses would be broadened in configuration space due to
[, even though we assumelike electron micropulses are the velocity dispersion. Therefore, the microbunching ampli-
generated at the front surface. For exam{#é2w,)|? is just  tude decreases as the beam propagates in the target. This can
about 8% of[g(wo)|?. With the inclusion of the angular be seen more clearly from the functidi{ ), which defined
distribution, the intensity of high order harmonics shouldas

N & (to/(7— 7)) 3 exd — (UN1—(to/(7— 7,))°—1)IT]
N(T):Nj dpdeT( T,p,V)= ﬁaz:l. to[l—(tO/(T— Ta))z]g/z . (40)

N(7) is nothing but the number of electrons crossing the reathickness and the temperature. As seen in this figure, the
surface in unit time. In Figs.(&), 6(b), and &c) we plot this  CTR decreases very rapidly with the increasing of the target
function ford=50, 100, and 20Q:m in the condition ofT thickness. When the temperature becomes higher, the inten-
=1.0 MeV. As seen in this figure, the microbunching ampli- Sity is also higher, and the decreasing more slowly with the
tude in the electron beam decreases with the increase of tfiarget thickness.
target thickness. When the hot electron temperature is higher, In the above discussion, we do not consider any interac-
the microbunching amplitude should also be larger if thetions between the hot electrons and the target material. In
beam propagates the same distance. This can be seen in Fiffit, electrons lose their energies, and change their moving
6(d), 6(e), and &f), in which we plot the functiolN(r) for directions when they interact with the target material. Low
d=50, 100, and 200um, but in the condition ofT energy electrons are even stopped inside the target, and do
=2.0 MeV. The reason for this result is simple: since par-not cross the rear surface. With inclusion of these effects, the
ticle velocity cannot exceed the light speed, the electron vedecreasing rate of CTR intensity with target thickness should
locity dispersion becomes smaller when the temperature bé€ larger than that shown in Fig. 7, especially when the tem-
comes higher. Because of these characteristics of theerature is low. In the calculation, we also neglect the influ-
functionN(7), it is straightforward to conclude that the CTR ence of the front surface. When the target is extremely thin,
intensity would have the similar properties. Shown in Fig. 7the influence of the front surface should be considered. The
is the variation of CTR intensity ab=w, with the target finite thickness effect is relevant to the so-called formation

zone, which was pointed out by Garibi#tWhen the forma-

tion zone is longer than the target thickness, transition radia-

o tion from back surface is also influenced by the front surface,

4.0x10% 4.0x10% and the radiation energy is suppressed. Theoretical calcula-
2.0x10% 2.0x10*
d=50 pm d=50 pum
%0 xi0® 40x10™ ™ 4.0x10™
.0X OX .0x .0X 1 .
< 4.0x10% (b) 23| (€) 10§ A -A— T=2.0 MeV
T 40x10 4.0x10 A —&—T=1.0 MeV
2 » N  n A —8—T=0.75 MeV
2L 20x10 2.0x10 - [ o A .
= d=100 pm d=100 pm =] R N \A
= o0 i i 0.0 i i c 10fF ¢ TTT——a
4.0x10™ 6.0x10™ 4.0x10™° 6.0x10™ ~ \ \.
a0a0”t soae”t = ] .\ e
g, . r .\ \.\
2.0x10% 2.0x10% 10K g
=200 pm =200 pm (0] .
0.0 " 0.0 E r \.
8.0x10™ 1.0x10™ 8.0x10™ 1.0x10™ i \
time (sec) 10° L ' ' e
0 100 200 300 400
FIG. 6. Number of hot electrons across the rear surface of the target in unit target thickness (um)
time, whereN=10', A=80, andT=1MeV in the left column andrl
=2 MeV in the right column, respectively. FIG. 7. Intensity of CTR atv, vs the target thickness.
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tion shows that as the target thickness approaches zero tide factor exptw?#sir? 6T,/4) in this equation now
transition radiation vanishéd.The effect of formation zone clearly indicates that the CTR spectrum is broadened due to
on transition radiation has been observed in experirffent. the beam divergence. The frequency broaderingdue to
The formation zone in a medium with a dielectric constant this factor is about

s given by Sw~ T, sinfo. 43)
- B\ When a series of micropulses is produced at the front sur-
27|1— B(e— esirf 0)1’2|’ face, the sharp spectral spikes shown in Fig. 5 should be-

] o . ) come broader if the beam divergence cannot be neglected.
Whgre)\ is. the radiation wavelength. S|nFje|>l in the Although the resul43) is dependent of the assumpti6t®),
optical region for a conductor, the formation zone is muchie conclusion that the beam divergence can broaden the
less _thar_l the _radiation wavelength. In this meaning, our calcTr spectrum does not depend on this assumption. Noticing
culation is valid wherd>\. that T, is roughly the mean value af? under the assump-
tion (42), it is reasonable to rewrite E43) in a more gen-
eral form,

Generally, hot electron beams produced in ultraintense o .

laser plasma interactions are not highly collimated, and Sw~\(W?) sinfo,
present rather large divergence angles. The phase factahere(w?) is the mean value of/?.
i(w—q-w)7in Eq.(21) clearly shows that the main effect of
beam divergence on CTR spectrum is the Doppler frequency coNCLUSIONS
shift because of the tangential velocity The CTR spectrum
can be broadened due to the beam divergence. We assume We have discussed transition radiation from hot elec-

that the tangential velocities of hot electrons are very slow irffons generated in laser plasma interactions. The total radia-
comparison with their longitudinal velocities. Denoting ~ tion from a hot electron beam has been separated into two

= Bsin®, andu= B cos®, we expand the integrand in Eg. Parts: incoherent transition radiatiéiTR) and coherent tran-

2. Two-dimensional case

(44)

(21) in a power series ofy, sition radiation(CTR). The ITR spectrum just depends on
the electron velocities. The CTR spectrum is dependent of
B cosO[sind— Bsin® cof p—D)] the charge configurations as well as their velocities. In gen-
[(1— Bsindsin® cog ¢—P))2— BZcod G cos O] eral, the formulas of the spectra of ITR and CTR are very

complicated. For the sake of analytical calculation and sim-

_ . plification, some reasonable assumptions are made in the dis-
1-u%cog 6 sing+w cussions. We find that the angular distribution of ITR can be
i rather flat in the hot electron temperature range of interest,
X cog ¢p— D) #_ 1” (42) and approaches that of the hot electron beam when the tem-
1-u®cos ¢ peratureT is extremely high. The yield of ITR photons is

\{ery low. It may be impossible to obtain any useful informa-
Rlon from incoherent transition radiation because other radia-
tion process could overwhelm it. The CTR intensity can be
many orders of magnitude higher than the ITR intensity in
exp(—w?/T,)f(u), (42 particular wavelength region. Hence it is easier to measure

For the sake of analytical calculation, we further assume th
the velocity distribution is given by

fu(v)=

2mT, CTR spectrum in an experiment. The spectrum of CTR is
whereT, <1. Substituting the expansiq@d) into Eq.(21),  determined by microbunching in the hot electron beam, from
and using the formula which we can infer the dominant heating process in the laser
plasma interaction. The simplified model shows that the in-
* ' tensity of CTR decreases with the increase of target thick-

exp(—ig-wr)= kZW (=) I(wrwsing)e =), ness, and increases with the increase of hot electron tempera-

ture. Finite beam divergence can broaden the CTR spectrum.
and integrating Eq(21) over ® andw, we obtain
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