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Abstract

The electric field in the temporal and spectral domain of coherent diffraction-limited transition radiation is studied. An
electron bunch, with arbitrary longitudinal momentum distribution, propagating at normal incidence to a sharp
metal-vacuum boundary with finite transverse dimension is considered. A general expression for the spatiotemporal
electric field of the transition radiation is derived, and closed-form solutions for several special cases are given. The
influence of parameters such as radial boundary size, electron momentum distribution, and angle of observation on the
waveform(e.g., radiation pulse length and amplityidee discussed. For a Gaussian electron bunch, the coherent
radiation waveform is shown to have a single-cycle profile. Application to a novel THz source based on a laser-driven
accelerator is discussed.
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1. INTRODUCTION pulse energies on the order of QU per pulsgBudiarto
etal, 1996. Another method of THz-generation is based on
With wavelengths smaller than those achieved in electronioptical rectification in a nonlinear crystal by a femtosecond
circuits, but longer than generated by most optical sourcedaser pulse, generating a pulse train containing millions of
the terahertzTHz) regime occupies arelatively unexplored THz pulses per second. In these methods, higher pulse
part of the electromagnetic spectrum. This lack of scientificenergy can be achieved by reducing the repetition (latie
attention can partly be attributed to the limited number ofet al.,, 1997).
available THz sources; however, this does not make this One of the challenges for the THz community is the
frequency regime less attractive to numerous applicationsealization of bright sources, with peak electric fields that
(Mittlemanetal,, 1999; Orenstein and Mills, 2000; Ferguson exceed 1 MYcm, as well as sources with a high average
et al, 2002. For example, generation and detection of THzpower for rapid multi-dimensional imagiri§ergusoret al.,
radiation find use in medical and biological imagitfigerguson  2002. Particle-based sources are an interesting candidate
et al, 2002, as well as material characterizatidr et al,  for achieving high peak power and high average power THz
1999. More recently, applications such as semiconductosources. Radiation generation from particle beams can be
imaging(Tae-In Jeon & Grischkowski, 199,surface chem- accomplished by introducing a spatial dependent refractive
istry, and high-field condensed matter studi@®senstein & index(e.qg., transition radiation and diffraction radiatjoar
Mills, 20000 have appeared. Most applications share thentroducing an external magnetic fielé.g., synchrotron
need for a source that is externally triggered to allow pump+adiation. These various methods of THz radiation genera-
probe type of measurements. This requirement is naturallyion rely on the coherent superposition of the electric field
satisfied by sources that are triggered by a laser, or sourcésr wavelengths that are longer than the bunch length. The
that are directly produced from a laser. Biased-semiconductamitted energy scales quadratically with bunch charge for
structures have been shown to provide THz pulses witltoherent emission, making these methods attractive candi-
dates for an intense THz source. The work presented in this
paper will focus on the radiation emitted when a charged
Address correspondence and reprint requests to: J. van Tilborg, LawP@rticle passes a boundary with finite radial extent between
rence Berkeley National Laboratory, Berkeley, CA 94720. E-mail: two media with different indices of refraction. Radiation is

jvantilborg@Ibl.gov _ emitted in both the forward and backward direction. This
*This paper was delivered at the International Workshop on Laser and

PlasmaAccelerators, held at Portovenere, Italy, September 29 to October@?echamsm 'S_ r?ferrEd to in this paper as diffraction-limited
2003. transition radiatiof DLTR).

415

https://doi.org/10.1017/50263034604040078 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034604040078

416 J. van Tilborg et al.

During the last decade, several research groups in theampling, the polarization of an optical probe beam,
particle acceleratde.g., cyclotron, synchrotron, and linac co-propagating with the THz waveform, experiences linear
community have demonstrated the generation of §eob-p$  rotation proportional to the averaged THz electric field
electron bunches and applied the characterization of transispon interaction with the nonlinear crystal. The resolution
tion radiation as a diagnostic for these buncti@snget al, of such measurements is equal to the pulse length of the
1994; Leemans, 1997; Catravetsal,, 1999; Ricci & Smith,  optical probe pulséwhich is typically on the order of tens
2000; Lumpkinet al,, 2001). Such short relativistic electron of fs). Not only can the power spectrum be derived from the
beams have relatively small energy spr¢dB/E < 107%)  field profile, but also the spectral phase, allowing determi-
and due to space charge effects the charge per bunch igtion of the real and complex components of the dielectric
limited to the sub-nC regime. However, for ultra-relativistic function of the sample of interest. Electro-optic sampling
electron beamé&E > 1 GeV), the space charge limitation on has been applied to diffraction-limited near-field transition
charge density is reduced and short bunches containingadiation(Yanet al,, 2000, although a theoretical model of
charge on the order of several nC can be achi€¢@ednac- the temporal field profile has not been reported.
chiaet al, 2002). Previous work on detection of transition ~ This paper will address such an analysis and include the
radiation by these accelerator generated electron beams heffects of the electron longitudinal momentum distribution
primarily focused on deduction of bunch characteristicson the temporal waveform. The model is based on electron
such as bunch length, bunch shape, and beam divergenbenches that propagate at normal incidence through a sharp
(Kung et al, 1994; Shibateet al, 1994; LeSageet al, metal-vacuum boundary. The interface is considered to
1999. Diffraction was typically not a limitation in these have a finite transverse extent. Electron energies ranging
experiments because of the short radiation wavelengthsom non-relativistic to ultra-relativistic are considered, with
(e.g., optical and the large transverse size of the opticsan arbitrary momentum distribution function. Effects of the
(diameter on the order of several tm bunch length, transverse size of the boundary, and angle of

Recent experiments at the Lawrence Berkeley Nationabbservation on the field amplitude and radiation pulse wave-
Laboratory (Leemanset al, 2003 have demonstrated a form are investigated.
novel method for the generation of DLTR, namely by a The paper is organized as follows. Section 2 introduces
laser-driven plasma-wakefield accelerator. In these experithe general formalism of coherent diffraction-limited tran-
ments, an ultra-short intense laser pulse interacts with aition radiation. Expressions for the angular and spectral
plasma and sets up a density oscillation in which backenergy distribution are presented, as well as the temporal
ground plasma electrons can be trapped and accelerated. fisld profile. In Section 3, closed-form solutions for mono-
the bunch exits the plasma, the change in index of refractioenergetic bunches in different regimes are presented, as well
produces transition radiation, with the transverse plasmas the general solution for bunches with mono-energetic,
size as the diffraction-limiting effect. This method has theGaussian, and Boltzmann momentum distributions. A sum-
advantages that the plasma environment provides shieldingary and discussion is presented in Section 4.
for space charge effects in the dense electron bkebp-
ing the charge concentrat)emhd 'Fhat synchronization of the > GENERAL FORMALISM
electron beam with the fs drive pulse occurs naturally.

. . . AND ASSUMPTIONS
Electron beams in these laser wakefield accelerator experi-
ments can contain up to several nC of charge, while th&he theory of transition radiation produce by a single elec-
electron energy distribution is typically described as a 100%ron was first studied by Ginzburg and Fra(l946, and
energy spread Boltzmann distribution, with temperatures otater extensively treated in the monograph by Ter-Mikaelian
the order of 3—-30 MeVLeemanst al, 2003. Althoughthe  (1972. The Coulomb field of a moving charged particle
bunch charge is high, the fact that the transverse plasma sizeduces a transient polarization at the boundary, and radia-
is on the order of 100-50@m imposes a severe limitation tion is emitted by the transient polarization current. Con-
on the intensity of the radiation. Theoretical work on thesider a sharinfinite) boundary between medium(& = €,
radiation characteristics of this THz source was reported byor z < 0) and medium 2e = 1 for z= 0), wheree is the
Schroedeket al. (2004). dielectric constant. The Maxwell equations for linear dielec-

Most THz detectors or detection schemes for pulsedric media can be combined and written as the following
sources are either sensitive to total pulse energy or to theave equatioriJackson, 1975
spectral energy distribution; however, two recent tech-
nigues(Zhanget al, 1990; Bromageet al, 1999 have
proven capable of mapping out the temporal electric field
using an optical probe pulse. The mechanism behind these
detection schemes is the interaction of the THz pulse with awith E the electric field,J, the current of the electron beam,
optical probe pulse onto a semiconductor surf®®mage andw the frequency of the radiation. The radiation fields can
et al, 1999 or in a nonlinear crystalelectro-optic sam- be calculated by solving for the wave equation in both
pling) (Zhanget al, 1990. In the case of electro-optic media, and applying continuity in the normal electric dis-

4
(C2V2 + ew?)E = lw—z [C2V(V-dy) + w2edy], (6]
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placement as well as in the tangential electric field acros®y applying Kirchhoff diffraction theoryJackson, 19730

the boundary. The complete solution to Equatidh will the incident particle fieldgEq. (3)], whereR? = x2 + z2 =
yield both the particular solutiofparticle fieldE,) as well ~ x? + y? + z? is the observation distance. The total electric
as the homogeneous solutigradiation fieldE,), or E = field of the diffraction-limited transition radiation By g =

E, + Ej, where the homogeneous solution can be rewritterErg — Epg, Or
asEn(w,k) = E'(w,k)8(k?c? — w?), with k the wave-
vector of the radiation. By Fourier space-decomposingHq.

4mre [ 2,2 2
. . . _ ) — 1z\/w?/c“—k{
and substituting the Fourier-transformed beam current Boure(@,k,,2) =1 w secde

N N
Jo(w,k) = —e >, cB;2md(w — kyv;)e 'k, 2 X 2 E(0,u)D(0,0,u)e” Ve, (6)
j=1 i=1
the particular solution is found, namely where(Schroedeet al, 2004
N [ ck wp; b2
Ep(w,k) =14mec® 3| — k.Bj— — D(b,using) = 1— Jy(busing) [ bK,(b) + — Kq(b)
j=1 WE7 C 2
278 (w — Kyv;) | b2

e 'k (3) iy Ko(b)J,(busing). (7)

c%k? — €, w2 '

with »; = (0,0,0;) = ¢B; andr; the velocity and positionat=  Here J,, and K,, are them™ order regular and modified
0 of thej ™ particle, respectively. Electron beam divergenceBessel functions, respectively, and the dimensionless impact
as well as oblique incidence onto the interface are ignoregharameteb is given byb = kp /u. In the following sections,
(all particles are assumed to move normal to the 0  the subscript DLTR will be omitted.
plang. Furthermore, only a radially symmetric electron
beam will be considered.

In the far-field (kR > 1), and in the limite; > 1, the
homogeneous solution in the regiar= 0 is found to be

(Schroedeet al, 2004 Using the expression for the electric field for the diffraction-
N £6.) limited case Eq(6), one can derive an expression for the
4me Uj 2,2 .2 i i : _
En (k. 2) =1 4me j e*"lﬁe'zmeb @) coherent differential energy spectrum. By applying Pa_rse
o 5 cosf val’'s theorem one can express the total energy radiated
through az = z4 plane in the far-field as

2.1. Spectral and angular distribution of coherent
diffraction-limited transition radiation

with

o TF Psing - f (2 )2 (K-2)E*(0,k,,2)-E(w, k., 2),
£0u) = 1+ u?sin?g ’ ®

)
and¥, = Kk, -r, j + or,;/v;. The unit vectore, is directed _ ] ) _
perpend|cular to the vector of observatido in the k-2 With Egivenby Eq(6). By introducingdk,dk, = 27k, dk, =
plane, with2 = (0,0,1). The ratiok,/|k| is expressed as k*c0sfdQ it can be shown that

cosd, andu; = y; B with y; = 1/4/1— g2 = \/1+ u?.

The above model can be extended to dielectrics with a d’W _ w?cos’d E*(w.k..2)-E(w,k,2)
finite transverse boundary. To estimate the effect of diffrac- dodQ  (27)%c B B
tion owing to the transverse dielectric boundary, itis assumed s N N
that the beam is propagating through the center of the _ 9_2 S S € D, Dyye! ), @)

circular boundary of radiug, with o, < p (whereg, is the

characteristic transverse extent of the electron distribution

Babinet's principlgJackson, 1975elates the electric field The coherent contribution to the energy are those summa-
of the radiation produced by the finite transverse dielectridion terms wherg # m. For N¥2 > 1 (the ratio of the

to the electric field of an electron bunch passing through artoherent to incoherent field amplitudesne can introduce
infinite boundary(transition radiationE+g = E;,, minusthe an electron beam distributioh(r,u) and a momentum
electric field of an electron bunch passing through an aperdistribution g(u) = [fd3rf(r,u), with normalization
ture with radiusp (diffraction radiation Epg. The diffrac-  [d3rduf(r,u) = 1. The coherent differential energy spec-
tionradiation in the far-fieldR > r, sind may be determined trum can then be written as
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dw_ e N2|(¢DF)|2 10 E(x,®) 2en
= X,w) =
dodQ 7% i W (10 WN27X,
where the angular brackets indicate an average over momen- I/4f°° e
. (1\k“—kfz+ 1k, x;)
tum distributiong(u), D is given by Eq(7), and the spatial X [e . dk G(k,)e

form factorF is given by

1 + e—|7r/4f dle(kL)e('sz_kfz_'kixi/R)}ei,
F=——0 fdzrle"ki"ifdze"m/”f(r,u). 11 e
g(u)
(16)
For a single electro(N = 1), incident on a boundary with

infinite radial extent, it follows thab = F =1, and Eq(10) ~ with G(k,) = H(k,)y/k, secd(EDF), whereH(k,) is the
reduces to the well-known resuifbinzburg & Frank, 1946; Heaviside functiorfi.e., H(x) = 1 for x = 1 and zero for

Ter-Mikaelian, 1972 x < 0].
Since the imaginary part of the exponent in the first
d2Ww, e2 u2(1+ u?)sin? 6 integral of Eq(16) has a maximum value &t = kx, /R, the
dod) 7% (14 WSy (12 method of stationary phag&landel & Wolf, 1995 can be

applied. This method approximates the integral by evaluat-
ing the integrand arounki = k; (such thak|/k = sing =

X, /R). Since the imaginary part of the exponent in the
second integral of Eq(16) peaks atkj = —kx, /R, the
contribution of this integral can be neglected. Applying
the method of stationary phase, the integral in @6) can

be evaluated in the far-field limitkR > 1), and has the
solution

Although the above analysis is valid for an arbitrary
distributionf (r, u), the remainder of this paper will consider
an uncorrelated Gaussian distribution, such fi{atu) =
f(r.,z,u) = /(2 f/(r,)g(u), wheref,(z) andf/(r,) are
longitudinal and transverse Gaussian distributiaisrac-
terized by root-mean squafems) length and radiusr, and
o, respectively. For this special case, the form factor is

Fe = exp—(wo,/v)%/2 — (w0, sin6/c)?%/2] E(x,w) = —%l(8(0,U)D(w,u,0,p)F(w,u,0))e'kReL. 17

= exp—(wo,/v)%2], (13

The temporal electric field for any given electron momen-
provided thatr, sing < o, where typically < 1. tum _d|str|but|on in the far-field is given by the inverse
Fourier-transform integral

2.2. Temporal electric field profile of coherent eN KR
diffraction limited transition radiation Ex)=-—1 eijdk<5(0’“)D(k’“’0’p)F(k' u,6))e ’

The inverse spatial Fourier transform of E6), substituting
the summation with an integral over the distribution func-
tionf(r,u), yields

18

wherek = w/c. For a Gaussian form factdf = Fg =
exp—(wo,/v)%/2],

E _ Lmell f o’k £(6,u)D 0,p)F 6
(X,(D) - (277)20) COSG< ( ,U) ((U,U, 1,0) (a),U, )> B R 2 .
( ”,\ZI >E(x,r) - <,35(e,u)f d cos(nr)
% elz\/szkar 'Xi‘kiel, (14) € ™ 0
wherek, = (w/c)sind. Integrating overp, wheredk, dk, = X D(nv,USinﬁ)eXp(—nz/Z)>,

k, dk, d¢, Eq.(14) reduces to
(19
< dk 72
E(X,0) = |2eNeLf — tanf(EDF)e'* VK 35 (k, x,). (15) . o
0o @ with the normalizations' = Bp/(uo,), 7 = B(ct — R)/o,
andn = ko,/B. The parameter can be interpreted as the
In the far-field, where, -k, > 1, the Bessel function can be ratio of the long wavelength cut-off in the spectrum due to
approximated using the asymptotic expansigtk, x,) = diffraction (~Bp/u) to the short wavelength cut-off due to
(2/7k, x, )2 cod1k, x, — 17/4) and the electric field becomes coherence effects~o).
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3. RADIATION TEMPORAL WAVEFORMS (Lawson, 1979; Palmer, 1980which states that any elec-

tromagnetic pulse in vacuum must satigf§_ E(x,t) dt=

In this section, Eq(18) is examined to determine the result- 0.Th hysical ¢ " it of th bounded
ing temporal waveforms in various parameter regimes. In’ ese unphysical wavetorms are the resuft otthe unbounde

particular, the dependence of the temporal shape on thtée:nsverse eTtenErc])fthte df}eltlalct(wegoé. This absentcg Otfh
normalized momentun, observation anglé, transverse a long wavelengtn cut-oft aflows a Dt.-component In the

dielectric sizep, and longitudinal electron beam momentum Zg;fectrgm. Afo sf;own b.elolwaforﬂzlnlttp (e, [I) # 1 ?nd
distribution are discussed. iffraction effects are includgd the temporal waveform

becomes single-cycle with”_ E(x,t) dt= 0. Although the
o spectrum of Eq(21) has a DC-component, in the large
3.1. Infinite transverse boundary transverse boundary limh > 1, Eq.(21) well approxi-

The simplest parameter regime is the case of a single ele®t€s the transition radiatiofjwith an error of order
tron(N = 1) passing a boundary with infinite extet — oo~~~ €XP(—b)].

such thabD =1). Since there are no bunch effects considered

(o, = 0), the form factor reduces t6 = 1. With F =1 and 3.2. Finite transverse boundary and

D =1, it can be shown that E¢18) yields ultra-relativistic beam
2e{ u\N1+ uZsing In the limitb = kp/u < 1 (e.g., an ultra-relativistic electron
EO = -\ T zame )2 ROE. (200 peam withu > 1), the diffraction functiorD can be approx-

imated asD = (2 + u?sin?6)b?/4. In this limit (b < 1),
Although the spectrum of this delta function solution con-integrating Eq(18) yields
tains all frequencies, any physical system will have a long

wavelength cut-off due to the physical dimensions of the [ —4,R B uV1+ uZsing
o - ot —= |E(r) = _ 2+ uZsin® )
system, and, for sufficiently high frequency radiation, the eN V87 \ 1+ u?sin?e
assumption of a perfectly conducting dielectric will no
longer be valid, providing a short wavelength cut-off. ) ) ,
The above single-electron case can be extended to con- Xv*(l—r%)exp(-7 /2)>em (22)

sider an electron bunch of finite duration. For the case of a

qu;sian charge distributiég crossing a dielectric with an where a Gaussian bunch distributid®s) is assumed. As can
infinite transverse boundar()p —® such thaD = 1) the been seen from Equatid22), for a mono-energetic beam,
expression for the electric field is the length of the wavefornii.e., the rms radiation pulse
s . length is not a function op in this limit. Eq.(22) predicts a
< —aZR> E(r) = \/z<ﬁ (“—‘MS'”(’> exp(—r2/2)> e,  single-cycle pulse and satisfi¢&, E(x,t) dt=0.
o

eN 1+ u?sin®6

(21) 3.3. Waveform for mono-energetic electron beams

with 7 = B(ct — R)/o,. In this case, the form-factdfg In this section, the general solution to E@.8) for the
introduces a high frequency cut-off. electric field of a mono-energetic electron beam is exam-

It is interesting to note that Eq$20) and (21) are sub- ined numerically. Figures(d) and 1(b) show the electric
cycle pulses and are therefore unphysical. One consequenfield in both the time domain and frequency domain, respec-
is the violation of the Lawson-Woodward-Palmer Theoremtively, for the parameters = 10 andé = 0.1 rad. Here the

R <
= Z
o) 0]
I I
5 B
3] =]

=B (ct-R) /0.

Fig. 1. Normalized electric field in time-domaii@) and frequency domaitb) for the parametens= 10,6 = 0.1, andp /o, = 12(solid
curve, 4 (dashed curve and 1(dotted curve
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2. 7 (b)

3 w6
E 1 < 5
= =

3 9 4
y 1

— - 3
—_— 0' —_—

= s 2
3} H 1

-0. L2
0 0.1 0.2 0.3 0.4 0.5
=B (ct-R) /0. o.f/c

Fig. 2. Normalized electric field in time-domai@) and frequency domai¢b) for the parameters = Bp/(uo;) = 3,u= 10, andd =
0.04(solid curve, 0.2 (dashed curve and 0.3(dotted curve.

parameterr = Bp/(uo,) is varied, whileusing is kept o, =1.45,2.01,and 2.46, ang = 0.175, 0.134, and 0.123,
constant. The solid curve represents1.2(p/o,=12),the  for the solid, dashed, and dotted curves, respectively. For
dashed curve = 0.4 (p /o, = 4), and the dotted curve = larger observation angles, diffraction effects decrease the
0.1(p/o,=1). One can calculate the normalized rms pulsewidth of the spectral distribution and the pulse length increases.
length(o, = Bcoy /o, whereoy is the radiation pulse dura- One can see in Figure 3 the effects of a variation in the
tion) and the normalized frequency bandwiditt = o, 0% /c, mono-energetic beam momentum. The curves represent fixed
whereoy is the spectral bandwidthFor the radiation pulses parameters,, p, andd (and thereforeusiné is constant,
shown in Figure 1p, = 2.59, 1.75, and 1.24, ang; = but with » andusiné varying: (v,using) = (3, 2) for the
0.122, 0.146, and 0.213, for the solid, dashed, and dottesolid curve (6, 1) for the dashed curve, ariii2, 0.5 for the
curves, respectively. As the ratjg/o, decreases, low fre- dotted curve. For sifl = 0.1, the three cases referde= 30
guency components in the spectrum are reduced and tHer the solid curvey = 10 for the dashed curve, and-= 5 for
spectral distribution changes its shape, resulting in an increaske dotted curve. The normalized rms pulse lerigth and
of spectral bandwidth. Therefore, one can observe a reducdtle normalized frequency bandwidit) are calculated for
normalized pulse length for smallgyo,. each case, yielding, = 2.09, 2.00, and 2.21, angr =
Figure 2 shows the electric field in time and frequency0.132, 0.134, and 0.126, for the solid, dashed, and dotted
domains for the parameteris= 3 andu = 10. Here the curves, respectively. For each choice of the ratia,, there
parameterg andu are fixed, while the observation angle is specificunyay for which the spectral bandwidth is maxi-
is varied. The solid curve represerits= 0.04, the dashed mized, resulting in the shortest pulse. For the parameters of
curve 6 = 0.2, and the dotted curveé = 0.3. Since the Figure 3, this value is found to hg,.,= 15. Therefore, for
angular distribution has a maximum at a specific amglg, both theu =5 and thau = 30 case, a small increase in pulse
one can see a lower electric field for both the= 0.04 as  length is observed compared to the more optimized10
well as thed = 0.3 case. For a relativistic electron bunch case.
passing through an infinite boundary, this specific angle is
given byHma‘X = 1/u, but for f|n_|te boundaries this angle is 3.4. Waveform for various momentum distributions
also a function of boundary size. The root-mean square for
the normalized pulse lengttv.) and the normalized fre- To demonstrate the effect of electron momentum distri-
guency bandwidtkioy) for the pulses shown in Figure 2 are bution on the electric field waveform, three distributions

6 17.5
- 5 — 15
mu 4 ™
o) Di12.5
= 3 =
= S 10
12 !
— — 7.5
1 —
3 o 3 5
=] @ 2.5

1
[uy

=B (ct-R) /0.

Fig. 3. Normalized electric field in time-domaifa) and frequency domaitb) for fixed vusind = (Bp sin#)/o, with u = 30 (solid
curve, 10 (dashed curve and 5(dotted curve
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are considered in this section. Figure 4 displays the wavea typical bunch containd = 10'° electrong1.6 nQ), with a

forms for a Boltzmann momentum distributiog(u) =  mean momenturn = 10 and a bunch length of, =10 um.
(1/Utemp) €XP(—U/Utemp) With temperaturesm, = 10 (solid  Since the boundary size is on the order of 200 (v = 5,)
curve, a Gaussian momentum distributigiiy) =exp—(u—  the peak electric field, observed at an angl# ef 0.1 and

Umean) Uz ns]/(Ums\V7T) With meanupmea,= 10 and spread R =15 cm from the source, is found to be on the order of 30
Ums = 3 (dashed curve and a mono-energetic momentum kV/cm. Calculation of the root-mean squareof the wave-
distribution,g(u) = 6(u — u,,) atu,, = 10 (dotted curve form yieldso, = 63 fs. Future experimental research on this
One can see that the pulse shape is fairly insensitive to thiaser-plasma driven radiation source is planned.

type of momentum distribution. Furthermore, the amplitude

of the electric field is weakly influenced by the various
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