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Coherent radiation of relativistic nonlinear Thomson scattering
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The condition for the coherent addition of the relativistic nonlinear Thomson scatteidS)
radiations from a group of electrons is derived. Numerical calculations show that under such a
condition, all the characteristics of RNTS radiation by a single electron are maintained, leading to
the generation of intense attosecond x rays. Such an attosecond x ray is produced in a specific
direction with a very narrow angular divergence. An x-ray radiatior-@0*® W/cn? with a pulse

width of 7.7 as is expected for an oblique irradiation of a 20 fs linearly polarized laser pulse of
410" W/cn? on a 7 nmthick film target. For the proof-of-principle experiment, the radiation
characteristics from a 50 nm thick film target are presented and discuss2d0® American
Institute of Physic§ DOI: 10.1063/1.1878832

I. INTRODUCTION The RNTS radiation has been investigated in analytical
o o , ways®™*® Recently, indebted to the development of the ul-
Relativistic plasma, a new regime in physics, has beenysintense laser pulse, experiments on RNTS radiation have

opened due to the development in ultraintense laser technglaan  carried  out by irradiating a laser pulse of

ogy during the past decadé.Not only the fundamental as- 1418_1®° W/cn® on gas jet target&“.‘”A numerical study
pect of relativistic plasma are attractive but also its potentia|, the case of single electron has been attempted to charac-

application seems to be significant especially in the area ofi;e the RNTS radiatidd and a subsequent study has
the generation of high energy particles such as electrongqwn that it has a potential to generate a few attosecond
lons, positrons, ang rays” The generation of x-ray radia- x-ray pulse'® Even a scheme for the generation of a zepto-
tion with a pulse width of subfemtosgcc_)nds presently drawgg-ond x-ray pulse using two counter propagating circularly
much attention because such a radiation allows one to ®Xolarized laser pulses has been propdsed.
plore ultrafast dynamics of electrons and nucleons. The main propertié% which make RNTS radiation dif-
Several schemes have been proposed and/or demopsent from Bremsstrahlung radiation are known to (g
strated to generate an ultrashort x-ray pulse: the relativistig, -oherent radiation or, linear dependence of the radiation
Doppler shift ofGa backscatte_red laser pulse by a relativistiqmensity on an electron densit{) broad and peaked spec-
electron bearﬁ,_ the harmonic frequency upshift of a laser -, and(3) strongly anisotropic angular distribution. How-
pulse by relativistic nonlinear motion of (_alectro%é, high  ever to maintain the ultrashort characteristics of RNTS by a
order harmonic generation in the interaction of intense laseingle electron, all the scattered radiations from a plasma
pulse with noble gasé. and,$°|'d§2§ and x-ray laser  gno1d be coherently superposed, that is, the radiation inten-
using inner shell atomic transmoﬁ%.. The train of a few gty should increase quadratically on electron density. This
100 as pulses has been observed in the case of laser-nolifytivation has led us to a condition for a coherent superpo-
gas interactior. ) ) . . sition of RNTS radiations from a plasma. The numerical
When a low-intensity laser pulse is irradiated on an elecjmjations on this condition have been conducted and re-
tron, the electron undergoes a harmonic oscillatory motioReaied that for an ultrathin target, the characteristics of the
and generates a dipole radiation with the same frequency g\ s radiation by single electron is indeed preserved at a

the in_cid%nt laser pulse, which is called Thomsongiecified direction and the RNTS radiation energy might ex-
scatterlngsi As the laser intensity increases, the oscillatory qqq Bremsstrahlung radiation energy.

motion of the electron becomes relativistically nonlinear,

which leads to the generation of harmonic radiations, re-

ferred to as relativistic nonlinear Thomson scattgiiRNTS) Il. A CONDITION FOR COHERENT RNTS

radiation. The motion of the electron begins to be relativistic  To maintain the ultrashort pulse width or wide harmonic

as the following normalized vector potential approaches tapectrum of a single electron radiation even in the case of a

unity: group of electrons, it is required that the radiations from
a,=8.5X 10710\, 1) different electrons should .be. cohergntly adde'd at a detector.

In the case of RNTS radiation, which contains many har-
whereN is the laser wavelength imm andl the laser inten- monic wavelengths, such a requirement can be satisfied only
sity in W/cn?. if all the differences in the optical paths of the radiations
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from electrons to a detector be almost zero. The above con-

dition can be practically restated: all the time intervals that Coherent
scattered radiations from different electrons take to a detector radiation
should be comparable with or less than the attosecond pulse ~ Laser pulse
width of a single electron radiation.

Scattered radiations by individual electrons are calcu-
lated using the relativistic Newton’s equation of motion and
the formula for the radiation field by a moving charged
particle!? and then all the scattered radiation fields from a
plasma should be evaluated at a detector. An analytic ap-
proach for this is hardly possible. However, the time inter- A
vals that radiations take to a detector can be readily obtained
with the following assumptions as the first-order approxima-F'G' 1. Sc_he_matic diagram of the target and the laser pulse for the coherent
. . . RNTS radiation.
tion: (1) plane wave of a laser field2) no Coulomb inter-
action between charged particles, thus neglecting ions, and
(3) neglect of initial thermal velocity distribution of electrons ) _ S
during the laser pulse. of eleiztrons without ions. The radiation field by tik elec-

The quivering amplitude of an electron is about iré  tron, fi(t) at an initial position off;j=(x,y;,z), due to irra-
for the laser intensity of %10 W/cn?. Considering a diation of an ultraintense laser pulse propagatiaglitection
typical focal size of a laser pulse as fifh, the transverse can be calculated from that of an electron initially at origin
variation of a laser intensity can then be neglected during th@nd just considering the time intervals between the electrons
motion of each electron. But the transverse intensity variaAt;,
tion of a laser pulse could affect the total scattered radiation
from electrons at different transverse positions, which willbe At = At/ -
discussed at the end of Sec. Ill. For a 20 fs FWHII
width at half maximunm pulse width with a laser intensity of where At/ =z/c is the time which the laser pulse takes to
4x 10" W/cn?, an electron propagates about 2@ in the  arrive at theith electron from origin and the unit vector of
direction of the laser propagation during the laser pulsejhe radiation directionf;(t)=f,(t-At;), where f,(t) is the
which is comparable to a typical depth of focus of about 10agiation field from an electron initially at origin which is
um. The inclusion of the paraxial propagation of the laserca|cylated by the formulas described in Ref. 12. Then all the
pulse would make electrons feel more rapid decrease of thg,gjation fields from different electrons are summed on a

laser f|gld during the long longitudinal motion due to the detector to obtain a total radiation fielﬁ(t) as
defocusing of the laser pulse. Thus the plane wave approxi-

mation might affect the intgnsity of the ;cgttered radiatign.by ﬁ(t) => fo(t - At). (3)
a small factor but the main characteristics of the radiation i
would be maintained. " o
) . . The condition for a coherent superpositionxiz plane

With respect to Coulomb interaction between charged .

. e . : .~ can now be formulated by setting E@) to be less or equal
particles, a critical density has been estimated, below which . . o

. Co to the pulse width of single electron radiatiaxt?,,,,, as
the influence of ion field on electrons could be negle&fed. follows (see Fig. I
For a finite thickness target, the mean free path would be a g
good parameter to estimate the effect of ion fields. Using the
electron-ion collisional tim&! in which the velocity of elec-
trons driven by the laser pulse is used instead of a thermal . )
velocity, for an electron density of #cm 3, the mean free  Where¢=6/2. For a polar angleh, ¢=0° is inserted into Eq.
path ranges from 1@m to 10 cm for the electron velocity (2), because the maximum harmonic radiation appears at this
0.1c—c, wherec is the speed of light. This justifies the ne- direction in the case of a linearly polarized laser pulse and is
glect of Coulomb interaction for the target thickness of sub-Symmetric in the case of a circularly polarized one. Equation
micrometers. (4) manifests that RNTS radiations are coherently added to

Without any prepulse, the target material would be ion-the specular direction of an incident laser pulse off the target,
ized through optical field ionization in the rising phase of anif the target thicknessT is restricted to
ultrashort laser pulse, thus producing a plasma. Considering AtS

. o CAtEwHM

this as an initial state of the plasma, the thermal temperature T=<——_,
might be in the order of a few eV which is negligibly small
compared with the kinetic energies of relativistic electronsSince the incident angle of the laser pulse can be set arbi-
driven by the intense part of the laser field during whichtrarily, one can sed to the direction of the maximum radia-
RNTS radiation is emitted. Hence the neglect of thermal distion of a single electrong,,. For a linearly polarized laser of
tribution of electrons or the frozen electron moéelectrons 4 10 W/cn? and 20 fs FWHM, the calculation in the
initially at res) is justified. case of a single electroffFig. 2) shows thatAtg,,,,,=5 as,

With these assumptions, a plasma is modeled as a growand 6, =27°. Equation(5) then indicates that the target
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3x10"— . — 0.2 r . . . - . o f
- L 7 = FIG. 2. RNT. a single electron for
E (a) T 0.20+ (®0) E a linearly polariied Iager pulse of 4
2 2x10™ X 10 W/cm? and 20 fs FWHM.(a)
5, i Angular harmonic spectrum antb)

g angular power at the direction of
% o =27° and ¢#=0°. The inset of(b)
= X107 shows the enlarged central double
B L J peaks. It is shown that the radiation
: 55.51 55.52 55.53 contains energy spectrum from a few
[o s | . tens to 200 eV with a pulse width of 5
10° 10° 100 as FWHM.

40 60
E [eV] t [fs]

thickness should be less than 7 nm. This target thickness snd 132 cm™ used here were chosen for the convenience of
hardly realized in near future. However to an extent, thethe calculation because as will be discussed later, it is found
above restriction in thickness can be relaxed to demonstratethat the densityor the total number of electronaffects only
coherent RNTS radiation. A proof-of-principle experimentthe intensity of the scattered radiation, but not its harmonic
with a commercially available 50 nm thick film target is spectral and temporal shape. The conditi#h corresponds
proposed at the end of Sec. Ill to demonstrate our coherend the condition for coherent RNTS radiatifqg. (4)], while

condition for RNTS radiation. the condition(B) can be considered similar to the recent
experimental condition with gas taré@in the sense of its
1. NUMERICAL CALCULATIONS AND DISCUSSIONS incoherent radiation as will be seen later. The calculated har-

For the demonstration of the derived condition for theMonic spectrum and power to a direction @27° and ¢
coherent RNTS radiation, numerical simulations have beeff0° are plotted in Fig. 3 for the conditiort8) and(B). The
conducted with the assumptions presented in the precedirf§jrection is the specular direction of the incident laser pulse
section. For a laser pulse, the parameters of a typical Ti:sap? the case of conditioA). For the coherent target configu-
phire laser having a Gaussian temporal shape were adopte@tion [condition (A)], one can find that the harmonic spec-
800 nm for wavelength, % 10'° W/cn? (a,=4.3 for inten-  trum and powefFigs. 3a and 3b)] have almost the same
sity and 20 fs FWHM for pulse width with the laser propa- structure as those from a single-electron radiatfeigs. 2a)
gating along the direction and the electric field of the laser and 2Zb)] in terms of high-energy photon spectrum and ul-
pulse being at the direction (Fig. 1). trashort pulse width. As expected from the analysis in the

The features of the scattered radiations of two differenforeceding section, the shorter delays between radiations from
configurations of target were compare@) oblique inci-  different electrons than the pulse width of single-electron
dence on an ultrathin target of 7 nm in thicknesqynd in  radiation makes the radiations superposed coherently repro-
width, 20 um in length, 18% cm™2 in electron density, and ducing the radiation by a single electron except for much
£=13.5° and(B) normal incidence on the base of a thick increased intensity. On the other hand, in the case of the
cylindrical target of 1um in thickness and radius, and condition (B), the radiation characteristid$-igs. 3c) and
108 cmi 2 in electron density. The electron densities of®10 3(d)] are completely different due to an incoherent summa-

1x10"—; . — 19
~ : e (b)
‘o 8x10™% 1
S - 8 4x10°
D6x10'% s _
=2 = FIG. 3. RNTS for two different target
g ax10'% g o conditions described in the text as con-
% %2x10 - 1 dition (A) and(B). (a) and(b) are an-
12 gular harmonic spectra and angular
& lar h i d |
o 2x10°T & 50 5552 55 iti
; "lss ’ | power for condition(A) at #=27° and
. " I ¢=0°, respectively, an¢t) and(d) for
10° 0 20 i 6 100 condition (B). (@) and (b) shows al-
10° E [eV] , 8x10" . . lis] . . most the same structure as Fig$a)2
----- °, 4=0° and 2b). The enlarged central double
(d) peaks in the inset ofb) show 7.7 as
6x10% 1 FWHM. The spectrum t@#=0° direc-
a tion is shown in(a) and (c) for com-
o 10™ k) q parison. The intensity of the funda-
o 4x10 BT )
= ) mental radiation in(a) is as large as
o 3x10 1 J/(eVrad).
10

10' E[eV] 10
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8x10™ 5x10°
— (a) | (b)
5 —ax10% 1
8 6x10 1% FIG. 4. (a) Angular harmonic spec-
3 = 3x103 trum and(b) angular power at the di-
= ax10” ] E- rection #=30° and ¢=0°, which are
g Qox10? et LA 4 completely different from those for the
u ) E §5.5 56.0 56.5 57.0 condition(A) in Figs. 3a) and 3b) in
.% 2x10 1 7 1x103 i terms of spectral, power shape, and
N H “l intensity.
S PUSDW S P L ..lu n.l..
10° 10 107 10° 0 20 40 60 80 100

E [eV] t[fs]

tion of the radiations, which will be analyzed later. In the variable in Eq.(6), leads to the following equation:

spectrum by a single electron, the intensity at 100 eV region N (92
is much higher but for a normal irradiation on a thick cylin- F(t) = —f f(n)dy, (7)
der target, the intensities of low-energy photons increase TJiqr

more than_ thosg of high-energy photon;. _Espemally, hereN is the total number of electrons in the volunTethe
maximum intensity of the fundamental radiation is seven Oltarget thickness, an@=2T sin /c. Considering the proper-

ders of magnitude larger than those of the harmonic radiat"|es of the field function in the inset of Fig. 5 such as odd

tions, while for the case of the conditi@A), the maximum symmetry and larger peak-to-peak inten(a],) than the

intensity of the fundamental radiation is only four times = s :

. . L . idth of each peaKAt , At the pulse width of
higher than those of harmonic radiations. The comparison cﬁ\;(mz) can bep aprro;Vivnlil\zAi)tely Fgﬁgirged for Wo extreme
the temporal shapes of the radiations at the directiom of ses:

=27° and¢=0° shows that there is no attosecond pulse for
S
{Q for Q < Atgyw
top— Attwnw for Q>3

the condition(B). It should be mentioned that with a single
electron and a thin target, the direction of the radiation peak Atrwrm =
is #=27° and ¢=0° but with a thick cylinder target, the
radiation peak appears 6t 0°, because the dipole or funda- This indicates that the pulse width increases with thickness
mental radiation becomes most intense. and then becomes saturated. The increase of the pulse width

Since the coherent superposition condition is matched &2 the target thickness can be easily understood considering
a specified direction, the radiation to a slightly different di- the superposition of the peaks radiated from different elec-
rection, e.g.,#=30°, shows completely different characteris- {rons with slight shift in time. The saturation of the pulse
tics as shown in Figs.(d) and 4b): stronger in low-energy width in the case of a linearly polarized laser pulse is caused
spectrum, power reduction by four orders of magnitude, and@y the double peaks having opposite phases. As the thickness
complicated pulse shape. This direction-matching conditiodncreases more, the radiation peaks having opposite phases
for the coherent superposition leads to a very narrow angulémong different electrons begin to be destructively interfered
divergence. This property would be useful in an actual app"causing the pulse width saturated. However in the case of a
cation since the spatial selection of the most intense part diircularly polarized laser pulse, due to the single peak nature
the radiation would guarantee an attosecond pulse, which i€ pulse width keeps increasing as the thickness increases.
difficult to measure in a time domain. This has been also manifested in numerical simulations

These numerical results described in the above welWhose results are shown in Fig. 6. Figure 6 shows the de-
demonstrate the condition for the coherent RNTS radiatioPendence of pulse width on target thickness for a linearly
derived in the previous section. For a circularly polarizedFig. 6@] and a circularly{Fig. 6(b)] polarized laser in the
laser pulse, similar calculations have been conducted, whicBPecular direction of the incident laser pulse. The simulation
showed the same results as those for a linearly p0|arizeﬂasults in Fig. 6 are obtained for different thicknesses at a
laser pulse.

The dependence of the pulse width on target thickness

(8

has been analyzed considering the temporal profile of the 150
radiation field by a single electron. In the case of a linearly z 1000
polarized laser pulse, one component of the radiation field L sop
from a single electronf(t) is plotted in Fig. 5, in which the § ' l |
inset shows the enlarged central peak. The total field from a 2 |
uniformly distributed electrong;(t) can be obtained by in- & -500- /\ } | 1
tegratingf(t) over the volume as -1000t
-1500L587 56,8 ) ]
Fity=p j f(t,r)dr, (6) 0 40 60 80
t [fs]

wherep is the number density of the electron. The usage ot g, 5. Thex component of the radiation field towart: 30° andg=0° for
the relations between electrofigqg. (2)], with a change of Fig. 2.
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30

@ | (b) .
25p-; Simuaiion ..~ P 4 300 FIG. 6. The dependence of a pulse width on target
- j}:;'xf;a / I P thickness is plotted for different laser polarizatidn)
320 1 §, linear and(b) circular. The data are obtained for the
z } 200 target parameters: electron density?*1€m3; width, 5
_515 1 o um; length, 10um. The&'s are 15°(#=30° and¢=0°)
< 100 and 17°(6=34° and¢=0°) for the linear and the cir-
10 .f cular polarization, respectively. The approximated pulse
[ ] widths in extreme cases of ultrathin and thick target
5 e . 0 m— . thicknesg Eqg. (8)] are also plotted irfa)
10° 107 10" 10°  10° 107 10 10° 4 P '
Thickness [um] Thickness [um]

given target parameters of @m 3 for electron density, 5 on the target thickness and but also on the other target pa-
um for target width, and 1@m for target length. The laser rameters. To understand this behavior, the enhancement fac-
pulses irradiate a target witfr15° andé=17° for the linear  tor is analyzed using Eq7). Rewriting Eq.(9) for a with the

and the circular polarization, respectively. For a linearly po-help of Eq.(7) yields

larized laser, the pulse width indeed increases with thickness B

and becomes saturated at large thicknefSies 6(a)]. How- a=2-—. (10)

ever, for a thick target, another complication sets in due to logN

the interference between adjacent peaks_. This interfer_enq@ow the coefficienB depends only on the thickness as
strongly alters the pulse shape. For a circularly polarized

laser pulse, the single peak natdfer even symmetry of the B=2| ( f_*)
field profile makes the pulse width keep increasing as the - QG* '
target thickness increases as shown in Fi).6A series of . ) ) .
simulations has been performed also for different electrofhereG is the integral in Eq(7) without N/T. The super-
densities, target thicknesses, and target lengths. The resufi§fiPt, * for each variable indicates its peak value in time.
reveal that while the thickness dramatically varies the puls&duation(10) shows the weak dependence of the enhance-
width or shape, other target parameters such as width, lengtf1€nt factor on the total number of electrdNsas shown in

11

and density do not affect the pulse shape. Fig. 7(@). The symbols other than the open circle in Figa)7
The degree of coherence is analyzed by introducing théePresent the simulation results for the different total number
following enhancement facta defined as of electrons but with the same thickness. On the other hand,
as plotted in Fig. (), the coefficienB depends only on the
p’;\l = p’;Na, 9) target thickness for the same condition as in Fi@).7This

coefficient, once obtained, is very useful to estimate the in-
whereP), andP; are the peak radiation power from a plasmatensities of the radiation for different densities or target sizes
with N electrons and from a single electron, respectively. Thevithout an actual simulation. This provides the justification
dependence of the enhancement factor on target thickness ftirat the simulation at reduced densities would be still useful
a linear polarization is plotted in Fig(d for the same target for the understanding in the case of high densities as was in
parametergopen circlegas Fig. §a). One can notice that as Fig. 2.
the target gets thinnek approaches 2, meaning that the The dependence of the angular structure of scattered ra-
radiation becomes coherent. On the contrary, as the targéfations on target thickness and length are plotted in Figs.
gets thicker, it becomes incoherent as observed in rece®(a) and &b), respectively. For a better comparison, each line
experimenté.ﬁ’17 The enhancement factor not only dependsis normalized to its peak. As the thickness increases, the

820 : o 5010 10" s :
§1 sl (a) Qt% » 2 020310"] (b) 4 FIG. 7. (a) The enhancement facter and (b) coeffi-
8 v 022010™ : o cient B defined by Egs(10) and(11), respectively, are
w 16 o ¢ 100310" ™ 4 ' ° plotted in the case of a linearly polarized laser. The
E UOB 2 1.01.010" & : parameters shown in the legend (af represent width
E14 > 5020 10"} '@ : (um), length(um), and electron densitecm™>) in order
2 o2 : > for each symbol. The target parameters for open circles
242 o a 9 od) are the same as in Fig(d. It is noticed that while the
& & : enhancement factor depends not only on thickness but

1.0 4 0 A ciﬁ@ also on the total number of electrons, the coefficiBnt

10° 10? 10" 10° 10° 10° 10" 10° depends only on target thickness.
Thickness {um] Thickness [um]
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.0 T T 1.
\ —o c pa—
§ v(a) oo 2 j(b) ! ozom
e 0. U LS oosum {4 8 Q. 'l' ----- 10.0 um
S v —oeo2sm | g % FIG. 8. The dependence of the angular
s 0 kY 1g o6& n distributions on(a) target thickness
8 , N o and (b) target length is plotted for an
s 0. " 1 g 04 23 electron density of 14 cm™3, a width
E S 5 ] of 5 um, andé=15°. The length fota)
z° 0. - Y 1< 0.2+ :; is fixed at 10um and the thickness for
......... J i (b) at 2.5 nm.
0.0===cooopoo 0.0kl o oo - WA
0 20 60 [} 20 40 60
0 [degree] o [degree]

fundamental radiation is enhanced much more than highef RNTS radiation. Considering the long collision length of
order harmonics, which makes the radiationfat0° more  an electron under such an intense laser pulse, the majority of
intense[Fig. 8@)]. As the length increases, more radiatorselectrons might escape the target without any collision with
within a volume make the radiation enhanced more in thaions and Bremsstrahlung radiation might be then even
direction and the angular width narrower as shown in Figweaker than estimated. The experimental geometry sug-
8(b). However the structures of the harmonic spectrum andjested in this study will lead to a clean observation of RNTS
the power at the matched direction are not affected. Thesediation.
angular characteristics are much different from the recent The extreme condition for a target thickness such as 7
experimental data with a helium gas target irradiated by fm makes the demonstration of such an ultrashort pulse
X 10 W/cn? intensity lasef! Our calculational results hardly possible in the near future. Even though the 7 nm
suggest that their observation may include significant contrithickness of a target is critical to achieve a few attosecond
butions from other physical processes. x-ray pulse, such a restriction can be relaxed to an extent that
From the simulation results for the conditid®), the  subfemtosecond radiations in a few 10 eV range can be gen-
peak intensity of the radiation 10 cm away from the source i®rated. Thus the authors propose a proof-of-principle experi-
estimated to be-10' W/cn? taking the angular divergence ment with a film target of 50 nm thickness, which is com-
of 0.1° and a solid density of #dcm™. The total energy of mercially available. The calculated harmonic spectrum and
the RNTS radiation is also estimated to be more thani00 angular distributions are plotted in Figs@d and 9b), re-
With a laser energy of 260 mJ, 60% of which being within aspectively. The pulse width is estimated to be 20 as or so
focal spot of 5um in diameter, the conversion efficiency of [Fig. 6(a)], which is still attractive as an attosecond radiation
the laser energy to all the high-order harmonic radiation issource. The estimated energy of the RNTS radiation is about
estimated to be more thanx410™*. This conversion effi- 60 pJ, which still exceeds the Bremsstrahlung radiation of a
ciency is a few hundred times higher than that in the case diew microjoules. Hence the modulated harmonic spectrum
high harmonic generation with Xe ddsand glass targét. and the sharp angular distribution are expected to be mea-
RNTS radiation is emitted during the interaction of a sured. Since the thickness is a very important factor in this
laser pulse with electrons and Bremsstrahlung radiation beanalysis, to prevent the plasma from being expanded much
gins to be significant afterwards. Even though two differentbefore a main pulse, a very high contrast ratio in 1(J&°
radiations are separated in time, it is difficult to distinguishor highe) of an ultraintense drive laser is requir?fd".3
them in real experimental situations. Thus in order for RNTS It is important to address the effect of the nonuniform
radiation to be measured with a certainty, Bremsstrahlungntensity distribution of a laser pulse in a focal area on the
radiation should be negligible compared with RNTS radia-phases of the scattered radiations. The coherent condition
tion. The total energy of Bremsstrahlung radiation for the[Eq. (4)] is derived by comparing the pulse width of single
case of this study is estimated to be abouti. According to  electron’s radiationAt?,,, With delay in the arrivals of the
the formula described in Ref. 31 for an electron temperatureadiations from different electrons. The delay is determined
of 100 eV, an electron density of 20cm™ and a duration of by geometrical factors but the pulse width of a single elec-
10 ns. This is significantly smaller than the estimated energyron’s radiation has been found to be scaled on the laser

2.0x10™ . : . 1.0 . . —

"E @) 5 0.8 (b) ——B10eV FIG. 9. For a target thickness of 50
~1.5x10™ 1% [ nm (a) angular harmonic spectrum and
E ° (b) angular power at§=30° and ¢
) 13 8 06¢ =0° are plotted for 18 cm 2 in elec-
g 1.0x10 ] g tron density, 5um in target width, 10
u 5 04r um in target length, ang=15°. In(b),
< 5.0x10™ 1€ _.[. the dotted line is the intensity inte-
® ‘|\_ z° 0.2¢ "\\ L 1 grated over the whole spectrum and
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intensity | as Atgypu™ 11413 This leads to the following radiation(0.1uJ) by three orders of magnitude, which makes
relation between the variations of a laser intensity and pulsé possible to detect the RNTS radiation without a time-
width: resolved experiment.
s The conversion efficiency from an optical laser to har-
5(AtFWHM) 5' . . . . - 4 . .
—— T = 14—, (12)  monic radiations is also estimated to be& 407, which is
Atewm | much higher than the other harmonic generation schemes. It

where § indicates the variation. Then within a FWHM focal Should be pointed that the geometrical condition for the co-
area,81/1=0.5, the pulse width of each electron’s radiation Nerent RNTSZgad|at|on is very similar to the moving plasma
varies up to 70%. Moreover the angular power of the scatMirror model;” even though that the physical mechanisms

tered radiation varies on the laser intensity to the power ofi'® completely different. _
4.723 Thus radiations by the electrons out of a focal area or The derived condition and the calculational results show

a coherent region can be neglected, leaving the total RNT&1at RNTS radiation with a normal film or a gas target does

radiation coherent. This steep dependence of the radiatidhPt Produce attosecond pulse and makes the fundamental

power on the laser intensity could reduce the total radiatiodiPole) radiation prevail over high-order harmonic radia-

power, which is estimated to be less than in the case ofons: o _ . _

uniform laser intensity by a factor of 3 around. A proof-of-principle experiment is proposed with a re-
Another important factor to be considered is plasma dy_laxed targ_et co_ndlt_lon: a target thickness o_f 50_ nm. It is still

namics including the propagation of a laser pulse through afXPected in this situation that the RNTS is highly angular

overdense plasma, especially in the case of the 50 nm thick"d stronger than Bremsstrahlung.

target experiment. The relativistic critical plasma density is
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