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A comprehensive theory is developed to describe the nonlinear Thomson scattering of intense laser
fields from beams and plasmas. This theory is valid for linearly or circularly polarized incident laser
fields of arbitrary intensities and for electrons of arbitrary energies. Explicit expressions for the intensity
distributions of the scattered radiation are calculated and numerically evlauated. The space-charge elec-
trostatic potential, which is important in high-density plasmas and prevents the axial drift of electrons, is
included self-consistently. Various properties of the scattered radiation are examined, including the
linewidth, angular distribution, and the behavior of the radiation spectra at ultrahigh intensities.
Nonideal effects, such as electron-energy spread and beam emittance, are discussed. A laser synchrotron
source (LSS), based on nonlinear Thomson scattering, may provide a practical method for generating
tunable, near-monochromatic, well-collimated, short-pulse x rays in a compact, relatively inexpensive
source. Two examples of possible LSS configurations are presented: an electron-beam LSS generating
hard (30-keV, 0.4-A) x rays and a plasma LSS generating soft (0.3-keV, 40-A) x rays. These LSS
configurations are capable of generating ultrashort (~ 1-ps) x-ray pulses with high peak flux (X 10?!
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photons/s) and brightness [ 2 10'° photons /(s mm? mrad?), 0.1% bandwidth].

PACS number(s): 41.60.Ap, 41.75.Ht, 52.40.Nk

I. INTRODUCTION

The development of a compact source of tunable,
near-monochromatic, well-collimated, short-pulse x rays
would have profound and wide ranging applications in a
number of areas. These areas include x-ray spectroscopy,
microscopy and radiography, medical and biological im-
aging, x-ray analysis of ultrafast processes, and x-ray
holography. One method for producing such an x-ray
beam is by the nonlinear Thomas scattering of intense
laser pulses from electron beams and plasmas [1-9].
Current methods of x-ray production include third-
generation synchrotron sources, which are based on
high-energy electron storage rings and undulator magnet-
ic fields [10-17]. Alternatively, x rays can be produced
by a laser synchrotron source (LSS), based on nonlinear
Thomas scattering, in which the magnetic undulator is
replaced by ultrahigh-intensity laser pulses and the elec-
tron storage ring is replaced by a compact electron ac-
celerator of substantially lower energy or by a stationary
plasma [5-7]. The compactness of the LSS makes it an
attractive alternative, particularly at high x-ray energies
(>10 keV), where conventional synchrotrons require
very-high-energy (>5 GeV) storage rings. To generate
high peak fluxes of x rays in an LSS, ultraintense laser
pulses are necessary. Recent advances in compact, solid-
state, short-pulse lasers based on the method of chirped-
pulse amplification [18-20] provide the technology for
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generating the ultrahigh laser intensities required by an
LSS.

In the following, a comprehensive theory is developed
to describe the nonlinear Thomas scattering of intense
laser fields from beams and plasmas. This theory is valid
for linearly or circularly polarized incident laser fields of
arbitrary intensities and for electrons of arbitrary ener-
gies. Explicit expressions for the intensity distributions
of the scattered radiation are calculated and numerically
evaluated. The effects of the space-charge electrostatic
potential are included self-consistently and nonideal
effects, such as electron-energy spread and beam emit-
tance, are discussed. These results are then applied to
possible LSS configurations.

An LSS [5-7], using either an electron beam or a plas-
ma, potentially has a number of attractive features: (i)
tunable and near-monochromatic x rays can be obtained
over the entire x-ray spectrum (from ultraviolet to y
rays), (ii) the x rays can be produced in ultrashort pulses
(~1 ps), (iii) a much lower electron beam energy (~ 300
times less) is needed to produce a given photon energy
than in conventional synchrotrons, (iv) the device can be
compact and inexpensive compared to conventional syn-
chrotrons, (v) much-higher-energy photons (X 30 keV)
can be produced than in a conventional synchrotrons, (vi)
the bandwidth can be small (~1%) and is not limited by
the length of the undulator as in conventional synchro-
trons, (vii) consequently, narrow-bandwidth x rays can be
obtained with long coherence lengths, (viii) the x-ray po-
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larization is easily adjusted by changing the incident laser
polarization, and (ix) high peak photon flux and bright-
ness can be obtained using current technology. The capa-
bility of the LSS in yielding high average fluxes and
brightnesses is currently limited by the repetition rates of
high-intensity laser systems.

An important parameter in the discussion of LSS radi-
ation and Thomson scattering is the dimensionless laser
strength parameter a,, which is analogous to the undula-
tor strength parameter K, frequently used in conventional
synchrotron-radiation literature. The laser strength pa-
rameter is the normalized amplitude of the vector poten-
tial of the incident laser field a,=e A,/m,c? and is relat-
ed to the intensity I, and power P, of the incident laser
by

ay,=0.85X 10" A [um]I}2[W /cm?] (1)

and Py[GW]=21.5(agry/Ay)? where A, is the incident
laser wavelength and 7, is the spot size of the incident
laser transverse profile, assumed to be Gaussian. When
ay <<1, Thomson scattering occurs in the linear regime
and radiation is generated at the fundamental frequency
o=w,;. When ay,* 1, Thomson scattering occurs in the
nonlinear regime and radiation is generated at harmonics
in addition to the fundamental, i.e., »=w, =nw,;, where
n=1,2,3,... is the harmonic number. Compact laser
systems based on chirped-pulse amplification can deliver
modest energy ( R 10 J), ultrashort ( S 1 ps) laser pulses at
ultrahigh powers (X 10 TW), and intensities (= 108
W/cm?). For Ay~ 1 um, ay 2 1 requires I, 2 10'® W/cm?.
Hence laser systems which can be used to experimentally
explore Thomson scattering in the nonlinear regime
currently exist. Furthermore, these powers and intensi-
ties are sufficient to produce ultrashort LSS x-ray pulses
with high peak fluxes and brightnesses.

In the LSS, two avenues exist for generating short-
wavelength radiation. The first is to exploit the relativis-
tic Doppler factor which arises from backscattering laser
radiation from a counterstreaming relativistic electron
beam. In this case, the wavelength of the fundamental
(n =1) backscattered radiation along the axis is given by
A=Ay 3/[(1+By)yo]% where yo=(1—p3)"1? is the ini-
tial relativistic factor of the electron beam (prior to the
laser interaction), By=v,/c is the initial normalized elec-
tron velocity, and y,=(1+a3/2)'/2. Hence, for y,>>1
and a3 <<1, A~Ay/4y3% and extremely-short-wavelength
radiation can be generated. In practical units, the photon
energy E,=%® and wavelength A of the fundamental
backscattered radiation are given by

0.019EZ[MeV]

E [keV]= s 2
PV a2 2] 2

(1+a3/2)

A[A]1=650A,[um] EAMeV]
b

» (2b)

where E, is the electron beam energy and y3>>1 has
been assumed. For a conventional synchrotron source
[9-16] wusing a undulator magnet, A=A, /2y3,
or  E,[keV]=0.95E2[GeV]/A,[em] and  A[A]
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=13.0A,[cm]/E2[GeV], where A, is the undulator
magnet wavelength and K2 <<1 and 73>>1 have been as-
sumed. Since the laser wavelength in the LSS (Ay~1 pm)
is more than four orders of magnitude shorter than the
wavelength of a conventional undulator magnet (A, % 4
cm), a much-lower-energy electron beam (~300 times
less) can be used in the LSS to produce a given photon
energy. Hence, compared to a conventional storage-
ring-based synchrotron, the LSS can be a compact, inex-
pensive device, particularly at high photon energies
(Ep >10 keV). As an example, consider sxnchrotron
sources producing 30-keV photons (A=0.40 A), assum-
ing a3 <<1 and K*<<1. In a conventional synchrotron
using a A, =4 cm undulator period, electron beam ener-
gies of E, > 12 GeV are needed. In the LSS using a Ay=1
um laser, E; =40 MeV, which is typical of the energies
available from compact accelerators, such as rf linear ac-
celerators (linacs) or betatrons.

The second avenue to short wavelengths is to exploit
the harmonic frequency upshift factor A=A, /n, where A,
is the wavelength of the fundamental. For a}>>1,
numerous harmonics are generated. The result is a near
continuum of scattered radiation with harmonics extend-
ing out to some critical harmonic number n, ~a}, beyond
which the intensity of the scattered radiation rapidly de-
creases. Hence an ultraintense laser incident on a sta-
tionary plasma (y,=1) can generate short-wavelength ra-
diation A=Ay/n. The critical photon energy for a
plasma-based LSS is given by

E,[eV]=1.24n, /Ag[um] , (3)

where n, ~a}. Assuming laser technology limits a, < 10

and Ay~ 1 pm implies that the scattered radiation is lim-
ited to AX 10 A and E, <1 keV. Hence a plasma-based
LSS is limited by present laser technology to the soft- to
medium-x-ray regime.

Tunability of the LSS radiation can be achieved by ad-
justing either the electron energy or the laser intensity, as
indicated by Egs. (2) and (3). Neglecting thermal effects,
it can be shown that the linewidth of the scattered radia-
tion for a particular n harmonic of frequency w, is given
by Aw/w,=1/nN,, where N, is the number of laser
periods with which the electron interacts. In principle,
since N is typically large (N, R 300), narrow-linewidth x
rays can be generated. In practice, the linewidth will be
limited by thermal effects. For example, the normalized
energy spread associated with an electron beam AE /E,
limits the linewidth to Aw/w, ~2AE /E,. An additional
advantage of generating LSS radiation using an electron
beam is that the scattered radiation is well collimated
about the backscattered direction (i.e., the direction of
the electron beam). For an electron beam with y,>>1
and ay <1, the backscattered radiation with linewidth
Aw/w=1/N, is confined to a radiation cone of half-
angle 0~1/(y4V/'N,). For a plasma with a, > 1, the ra-
diation is scattered over a much larger angle. When
ay>>1, numerous harmonics are generated, and tunabili-
ty is achieved by filtering the scattered radiation. An ad-
ditional advantage in using a plasma is that very high
electron densities can be achieved in comparison to densi-
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ties obtainable in electron beams. The scattered power,
as well as photon flux and brightness, scale linearly with
density; hence the use of high electron densities is
favored.

Thomson scattering theory is a classical description
which is valid provided the scattered photon energy is
small compared to the electron energy, i.e.,
fiw <<yom,c?. For a plasma, this implies photon ener-
gies less than 500 keV. For an electron beam with
¥0>>1, Ay=1 um, and a, <1, this implies y,< 10, i.e.,
electron beam energies less than 50 GeV. Nonlinear
Thomson scattering of intense radiation from a single
electron initially at rest was examined analytically in con-
siderable detail in the classic work of Sarachik and
Schappert [1]. (This work was recently reexamined by
Castillo-Herrera and Johnston [9].) However, the impor-
tant effects of the space-charge potential [2,21], which
arises in high-density plasmas, was neglected and scatter-
ing from electron beams was not discussed. Waltz and
Manley [2] also discussed Thomson scattering from plas-
mas and pointed out that the space-charge potential was
important in preventing the drift of electrons in the direc-
tion of the incident laser. However, explicit expressions
for the scattered intensity distribution for arbitrary a,
were not calculated and scattering from electron beams
was not considered. Many authors [10-17] have ana-
lyzed the production of synchrotron radiation in the in-
teraction of relativistic electron beams with static mag-
netic undulator and wiggler fields, a process which is
somewhat similar to Thomson scattering. These analyses
require that K /y,<<1 (analogous to a,/yy<<1), an as-
sumption which need not be made in the analysis of non-
linear Thomson scattering. In this paper, nonlinear
Thomson scattering of intense laser fields from electron
beams and from plasmas is examined analytically and nu-
merically. This analysis is valid for linearly and circular-
ly polarized incident laser fields of arbitrary intensities
and for electron beams of arbitrary energies (up to the
limits of classical theory). The effects of the space-charge
potential are included self-consistently and various
nonideal effects, such as electron energy spread, are dis-
cussed.

The remainder of this paper is organized as follows. In
Sec. II, the orbits of electrons in intense laser fields, both
linearly and circularly polarized, are calculated including
the effects of the self-consistent electrostatic potential.
Explicit expressions for the scattered intensity distribu-
tions are derived in Sec. III. These are general expres-
sions, valid for electron beams and plasmas and for arbi-
trary laser intensities. Properties of the scattered radia-
tion are examined in Sec. IV, including a calculation of
the total power radiated from an electron beam or a plas-
ma, an examination of the resonance function, and the
behavior of the radiation spectra in the ultraintense re-
gime, i.e., a(z, >>1. Various nonideal effects are discussed
in Sec. V, including the effects of electron-energy spread,
electron-beam energy loss, ponderomotive density de-
pletion, and plasma dispersion. These results are applied
to possible LSS configurations in Sec. VI, and specific ex-
amples of an electron-beam LSS and a plasma LSS are
presented. Section VII is the conclusion.
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II. ELECTRON MOTION
IN INTENSE LASER FIELDS

The laser field and space-charge field of the electrons
can be represented using the normalized vector and sca-
lar potentials a=e A /m,c? and @=e®/mecz, respec-
tively, where m, is the electron mass and e is the magni-
tude of the electron charge. In the Coulomb gauge,
V-a=0 implies a,=0 in one dimension (1D). Then, a,
represents the laser field and @ represents the space-
charge field of the plasma. The normalized vector poten-
tial of a laser of arbitrary polarization is represented by

a=(ay/V2)[(1+8,)!*cosk,ne,
+(1-8,)"*sink e, ], 4)

where k,=2m /A, is the wave number of the laser field,
1=z +ct, §,=1 for linear polarization, and §, =0 for cir-
cular polarization. Using this representation, (a?2);
=a(2,/2 for both linear and circular polarizations, where
the subscript s signifies the slow component (an averaging
over the laser wavelength). Hence the average laser
power P0~(a2)s is constant for a given value of
ay, independent of polarization, ie., Py[GW]
=21.5(ayry/Ay)% assuming a Gaussian transverse profile
of the form |a|~exp(—r?/r3). In the following, the
laser field is assumed to be moving to the left ( —z direc-
tion) and the electrons are initially (prior to the interac-
tion with the laser field) moving to the right (+z direc-
tion) with an initial axial velocity v, =v, (see Fig. 1).

The electron motion in the fields a and ® is governed
by the relativistic Lorentz equation, which may be writ-
ten in the form

1d _os, 10
. dtu—V<I>+ . aza BX(VXa), (5)
where B=v/c is the normalized electron velocity,

u=p/m,c=yp is the normalized electron momentum,
and y=(1+u?)""2=(1—p% 172 is the relativistic factor.
Assuming that the laser field a; and hence the quantities
(/15, B, u, and 7y, are functions only of the variable
n=z +ct, Eq. (5) implies the existence of two constants of
the motion [21,22]

d
E(ul_al)=0 , (6a)

X Scattered Field Wp

Electron

l Z
|
y Incident Field Wy

FIG. 1. Schematic diagram showing the Thomson scattering
of an intense laser field from a free electron.
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d ~

—d—;( +u,—P)=0. (6b)
Equation (6a) is conservation of canonical transverse
momentum in 1D, and Eq. (6b) can be interpreted as con-
servation of energy in the wave frame. Equations (6a)
and (6b) can be integrated to give [21,22]

u =a,, (7a)
y4u,— D=y (1+8,) , (7b)

where, prior to the laser interaction (a,=0), ui=</f)=0,
Y=%0 and u, =y B; have been assumed. The two con-
stants of the motion, Egs. (7a) and (7b), completely de-
scribe the nonlinear motion of electrons in the potentials
a and . They allow the electron motion to be specified
solely in terms of the fields, i.e.,

hi—(1+a?)
=——, (8a)
hi+(1+a?)
y=(hi+1+a%/2h,, (8b)
Bi=a /v, (8¢c)

where hy=7y,(1+,)+®.

The self-consistent space-charge potential of the elec-
trons ® can be determined using the continuity equation
and Poisson’s equation,

19

?EnE-FV-(neB):O , (9a)
V&=kXn,/n,—1) , (9b)
where n, is the electron density, =, /C, w,

=(4me’ny/m,)'’? is the plasma frequency, and n, is the

ambient density. Equation (9b) assumes that the initial
equilibrium (prior to the laser pulse) space-charge poten-
tial B is negligible. For a plasma, a neutralizing back-
ground of stationary ions is assumed, i.e., ®9=0. For a
long, uniform electron beam of radius r,
& sk2r2/4=v,, where v, =1, /I,q is the Budker pa-
rameter, I, is the beam current, and I,,[kA]=1783,.
Since v, << 1 for beams of interest, ®® can be neglected.
Assuming n, =n,(7), Eq. (9a) implies [21,22]

d _— .

hence n,=ny(1+pB,)/(1+B,). Substituting this result
into Eq. (9b) and using Eq. (8a) give [21,22]

72
d? g%
dn? 2

(1+a?)
(1+w)?

where W= /y (14 B,) and k, =k, /v 2(1+ By).
Equation (11) describes the self-consistent electrostatic
potential induced by the interaction of the laser field.
The solution for W is, in general, highly nonlinear. Sim-
ple solutions can be obtained in two limits in which the
characteristic temporal variation of the laser envelope 7,
(typically the laser rise time) is compared to an effective
plasma period (cllc\p )"l In the short-pulse limit

> (11
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7, <<(ck,)”', Eq. (11) implies |¥|<<1 provided
ay<2/ctpk,, where a, is the amplitude of the laser
pulse, e.g., a=agcoskyn. In the long-pulse limit
TL >>(cfc\p )~L the left-hand side of Eq. (11) can be
neglected and it can be shown that W~(1+g2)!2—1,
where the subscript s signifies the slow part. Throughout
the following, the quantity (1+a2)!"2~(1+a3/2)!/? will
be approximated as nearly constant, i.e., |d(a?),/dn|
<<kg(a?),, which implies that L, >>A,, where Lo=c7,
is the length of the laser envelope.

For applications which utilize intense lasers with pulse
lengths 7; ~ 1 ps, the short-pulse limit is relevant to in-
teractions with electron beams as long as the beam densi-
ty is sufficiently low, n,/73<<10® cm™3. On the other
hand, the long-pulse limit is relevant to interactions with
stationary (y,=1) plasmas as long as the density is
sufficiently high, n,>>10' cm™3. Under these condi-
tions, the parameter h,=7v(1+5,)(1+W¥) is given by

Yol1+By) ,
07 |(14a2/2)'7?, plasma (long pulse) .

e beam (short pulse)
(12)

Notice that in the limit of a low-density plasma with
ny<<10', |®| <<1 and hy~1. This corresponds to the
single-particle limit considered in Ref. [1].

The electron orbits r(n)=xe, +ye, +ze, can be calcu-
lated as a function of 7 using Egs. (8a)—(8c) and the rela-
tion

1 dr dr

¢ dr B (1+[3’Z)dn , (13)
which gives dr/dn=u/h,. For a linearly polarized laser
of the form given by Eq. (4) with 8, =1, the electron or-
bits are given by

u, =agycoskym , (14a)

u,=0, (14b)

u,=[h§—(1+adcos’kyn)]/2h, . (14¢)
Hence

x(n)=xqy+rsinkym , (15a)

ym=yo, (15b)

z(n)=zy+Bm~+zsin2kym , (15¢)

where additional terms of order Ay/L have been neglect-
ed and

ri=ag/hokg , (16a)
z,=—a}/8hik, , (16b)
pi=1—1/My)/2, (16c)
with My=h3/(14+a3/2),i.e.,
731 +By)?/(1+ad /2) , e beam
o 1, plasma. (17)
Similarly, for a circular polarized laser (8,=0), the

»
electron orbits are given by
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u,=(ay/V2)coskym , (18a)

u, =(ay/V2)sinky7 , (18b)

u,=[h3{—(1+a3/2)]/2h, . (18¢c)
Hence

x(n)=xq+(r, /V2)sinkyyn , (19a)

y(m)=ypo—(r,/V2)coskyn , (19b)

z(n)=zy+Bm , (19¢)

where, again, additional terms of order Ay/L, have been
neglected. In the above equations, (xy,yq,z) are related
to the initial position of the electron.

The axial drift velocity of the electrons B, can be writ-
ten in terms of the parameter ;. Since =z +ct, Eq.
(19¢) implies that z=(zy+B,ct)/(1—f3,). Hence

B,=B,/(1—B)=(My—1)/(My+1) (20)

is the average normalized velocity of the electrons in the
axial direction. Notice that in the dense-plasma (long-
pulse) limit, M,=1, and 8, =0. For a low-density plasma
in the single-particle limit =(14+a3/2)"! and
B,=—(a3/2)/(2+a3/2). Hence, in the single-particle
limit, a single electron initially at rest receives a finite
average drift velocity due to the ponderomotive force as-
sociated with the rise of the incident laser pulse, as point-
ed out in Ref. [1]. For an electron in a dense plasma
(long-pulse limit), B,=0 and there is no average axial
motion of the electrons [2,21,22]. Physically, 5,=0 is
achieved through a balance between the ponderomotive
force and the space-charge force set up during the rise of
the laser pulse.

The self-consistent electron density in the presence of
the laser field can be calculated using the constant of
motion n,(1+B,)=n,(1+B,). This can be written in
terms of the parameter 4 as

n,=no(1+By)h3+1+a?) /2h} . 1)

Of particular interest is the slow part (7 averaged) of the
density n,. For a tenuous electron beam (short-pulse
limit), hAo=yo(1+B, and assuming A3
>>(1+a3/2). For a dense plasma (long-pulse limit),
ho=(14a3/2)"? and n,,=n,. However, this is not the
case for a plasma in the single-particle regime. For a
tenuous plasma in the short-pulse limit, A;=1 and
n,=ny(1+a3/4). In this regime, the plasma density is
enhanced due the ponderomotive force associated with
the rise of the laser pulse and the resulting finite axial
drift motion of the electrons f3,.

The above results have assumed the 1D limit, which is
valid when ry >>A, and when the quiver motion is much
greater than the ponderomotive motion. In three dimen-
sions (3D), the ponderomotive motion du=u—a is given
[23] by 9du/dn=V(¢—y). The quasistatic approxima-
tion implies that the quantity y +u, —¢—a, is a constant
of the motion, which is the 3D generalization of Eq. (7b).
For a plasma, it follows that |8u|/|a| S A »30/705 whereas
for a relativistic electron beam, |8u I/'al SLoay/Yoro-

Nes =Ny,
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The ponderomotive motion can be neglected when
|8u|/|a| << 1, which is true in the cases discussed below.

III. SCATTERED RADIATION

The energy spectrum of the radiation emitted by a sin-
gle electron in an arbitrary orbit r(z) and B(¢) can be cal-
culated from the Lienard-Wiechert potentials [24],

d’l _ &%’
dodQ

T/2
i fﬁT dt[nX(nXp)]

Xexplio(t—n-r/c)]| , (22)

where d*I /dw dQ is the energy radiated per frequency o
per solid angle Q during the interaction time 7 and n is a
unit vector pointing in the direction of observation. In-
troducing the spherical coordinates (7,60,¢) and unit vec-
tors (e,,eg,e¢), where x =rsinfcosp, y=r sinfsingd,
z=r cosf, and

e, =sinf cosde, +sinf singe, +cosbe, , (23a)
ep=cos0 cospe, +cosb singe, —sinbe, , (23b)
e,= —singe, +cosge, , (23¢)

and by identifying e, =n, give

n X (nXB)=—(B,cosb cos¢p +B,cost sing —f3,sinb)e
+(B,sing —B,cosd)e, , (24a)
n-r=x sinf cos¢ +y sinf sing +z cosb . (24b)

The scattered radiation will be polarized in the direction
of nX(nXp). Hence I =Iy4+1,, where I, and I, are the
energies radiated with polarizations in the e, and e,
directions, respectively. In terms of the independent
variable n=z +ct,

d*1 7

Tw dQQ = 4e7rco (:70 é%cos@ cos¢+ 70080 sing
2
——disine exp(i) | , (25a)
dn
d?I 2.2 m 2
¢ _ e o dx _dy
dodQ a3 7% dn —=sin¢ 77cosd) exp(iy) |,
(25b)
where

Pp=k[n—z(1+cosf)—x sinf cos¢p —y sinfsing] , (26)

k=w/c, n9=Ly/2, L, is the laser-pulse length, and
Ly>>Ay=2mw/k, has been assumed. In deriving the
above expressions, the relation cBdt=(dr/dn)dn was
used, where r=r(7) is given by Eqgs. (15) and (19).

A. Linear polarization

The electron orbit for a linearly polarized incident
laser field of the form given by Eq. (4) with §, =1 is given
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by Eq. (15). The phase ¥ can be written as
Y=1,+[1—B,(1+cosb)]kn— (krsinf cos¢)sink,n

—[kz,(1+cosB)]sin2ky7 , (27a)
o= —k[zy(1+cos8)+x(sinb cosp +y,sinf sing ] .
(27b)
Using the Bessel identity
exp(ibsind)= 3 J, (blexp(ino), (28)

h=—o0

where J, are Bessel functions, allows the phase factor
exp[i(¢¥+1kym)] to be written as

expliW+lkom)]= S T @y _am s 1(E)
Xexpli(o+kn)], (29)
where
k=k[1—B,(1+cosB)]—nk, , (30a)
&,=kz(1+cos0) , (30b)
&, =kr sinf cose . (30c)

In order to evaluate Egs. (25a) and (25b), it is necessary
to evaluate the integrals

2 —_ o d(X,y,Z)
I(x,y,z)_f_nodn d”fl

Using the orbits, Eq. (15), along with the identities in
Egs. (28) and (29),

exp(iy) . (31)

To=kgrie™ > |21 ;4
mn=—o k
X[J —2m—1(&x)+Jn~2m+l(&x)] ’
(32a)
B=2." » [Snk1 ;s )
m,n=-—oc k
X{ﬁlJn—Zm({x\z)
thozi [Ty —am —2(E)
+Jn~2m +2((x\x)]} 4 (32b)
and fy =0, where
’ly_ _ e’ |7, coso 7,sin6|? 33
dodQ a2} cosO cos¢ —I,sinb|* , (33a)
d’ly__ %o’ |7, sing | (33b)
dodQ  agtcd el

The frequency width of the radiation spectrum for a
given harmonic is determined by the resonance function
R(k,nkg), where

sinkm, |2

R(k,nky)= (34)

kg

This function is sharply peaked about the resonant fre-
quency o, given by k=0,

LAON

On = B (1 +o0s0) ° (33)

The width of the spectrum Aw about w, is given by
Aw/w,=1/nN,, where Ny=L,/A, is the number of
periods of the laser field with which the electron in-
teracts.

Since the frequency spectra for two different harmonics
n and n’ are sufficiently well separated, the summations
in Egs. (32a) and (32b) may be simplified to yield
.- 2
sink 7,

k
X [C2(1—sin%6 cos?¢p)

+C2Zsin’0—C, C,sin20 cosd ] , (36)

I _ & e*k?
dwd() =1 477-2(;

where
Cx: 2 (.—l)mkorl']m(az)
X[Jn—lm—l(ax)—'_JnAZm +1(ax)] > (37a)
C,= 3 (—1)"™2J,(a,)
X{BlJn—Zm(ax)
tkoz [Ty —am -2l )+, o 12l )]}
(37b)
and
na3(1+cosb)
a, = 2 ’ (383)
8h5[1—pB,(1+cosb)]
na,siné cos
a,= 0 9 (38b)

* " ho[1—B,(1+cosB)]

In deriving the above expressions, the approximation
o=@, was made in the arguments of the Bessel functions
a, and a,.

Plots of the normalized amplitude of the scattered in-
tensity d*I /d wd Q versus normalized frequency /4y 2w,
and normalized observation angle y,0 are shown in Figs.
2(a) and 2(b) for the case of a linearly polarized laser
(No=17) interacting with a counterpropagating relativis-
tic electron (y,=>5). The intensity is shown in the plane
of electron motion ¢ =0, i.e., 0 is the “horizontal” obser-
vation angle (6=0 is along the z axis, the axis of propaga-
tion). Figure 2(a) shows the intensity in the first two har-
monics for a;=0.5. Significant radiation occurs only at
the fundamental (n =1). The intensity of the fundamen-
tal peaks on axis with a frequency shifted slightly from
the low-intensity Thomas backscattered value of 433w,
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FIG. 2. The normalized intensity, as a function of normal-
ized frequency w/4yw, and angle y,0 in the ¢=0 plane, of the
radiation scattered by a relativistic electron (y,=35) from a
counterpropagating, linearly polarized laser pulse (No=7). (a)
shows the first two harmonics for a;=0.5 and (b) shows the first
three harmonics for a,=1.0.

and is confined to an angle 6 <1/y, Figure 2(b) shows
the intensity in the first three harmonics for a,=1.0.
Significant radiation now occurs in the harmonics as well
as the fundamental. Only the odd harmonics are finite
along the axis (6=0) and the frequency shift due to finite
a, is more apparent. The angular distribution of the
higher harmonics is more extensive than the fundamen-
tal. The nth harmonic exhibits (n +1)/2, for n odd, or
n /2, for n even, intensity maxima as a function of 6. For
larger values of a,, the harmonics dominate the spec-
trum.

Plots of the normalized amplitude of the scattered in-
tensity d*I /d wd Q versus observation angle 6 are shown
in Figs. 3(a)-3(c) for the case of a linearly polarized laser
(Ny=7) interacting with a dense plasma electron. The
intensity is shown in the plane of electron motion ¢ =0,
i.e., @ is the horizontal observation angle. Figure 3(a)
shows the intensity in the first three harmonics for
a,=0.5, Fig. 3(b) shows the intensity in first six harmon-
ics for ag=1.0, and Fig. 3(c) shows the intensity in first
twelve harmonics for a,=2.0. For a dense plasma, there
is no average axial drift of the electrons; hence harmonic
radiation is scattered over large angles and the frequency
is not shifted, i.e., w, =nw,. (For convenience, the inten-
sity is plotted only at the resonant frequencies w=w,.)
Only the odd harmonics are finite along the axis (6=0)

3009
(a)
T
— \\
o= — 0=n/2
6 _— i
=0 0=m/2

FIG. 3. The normalized intensity at the harmonic resonances
®/wy=n, as a function of angle 6 in the ¢ =0 plane, of the radi-
ation scattered by a dense plasma electron from a linearly polar-
ized laser pulse (Ny=7). (a) shows the first three harmonics for
a,=0.5, (b) shows the first six harmonics for ¢, =1.0, and (c)
shows the first twelve harmonics for ¢, =2.0.

and the intensity is maximum off axis for all harmonics
with n > 1. The nth harmonic exhibits (n+1)/2, for n
odd, or n /2, for n even, intensity maxima as a function of
6 within the region 06 =1 /2.

Backscattered radiation. Of particular interest is the
radiation backscattered along the axis. In the backscat-
tered direction 6=0, only the odd harmonics are finite,
i.e., the even harmonics vanish. Setting 6=0 in the above
expressions gives, for the nth odd harmonic,

dI,

-2 2
s e*koNoM2F,(ay)G, () , (39)

6=0

where
Fn(ao):nan[‘](n—l)/2(an)—J(n+l)/2(an)]2 (40)

is the harmonic amplitude function, a,=naj/4(1
+ad/2),

R(k,nk
G, (o= omko) _ 1

sin(w—nMyw,)T |*

Aw Aw

(41)

(0—nMywy)T

is the frequency spectrum function, and T=L,/2cM,.
The function G,(w) is a resonance function sharply
peaked about the resonant frequency w, =nMyw,, with a
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FIG. 4. The harmonic amplitude function F,(a,), as a func-
tion of (a3/4)/(1+a3/2), for the first ten odd harmonics,
n=1,3,5,...,19.

width given by Aw/w,=1/nN,, where the frequency
multiplication factor M, is given by Eq. (17). Further-
more, G, >8(w—w, ) as No— 0.

The energy radiated in the nth backscattered harmonic
depends on the function F,(a,), Eq. (40). For high har-
monics n >>1, F, becomes significant when a3 >>1. For
modest power lasers for which a§ <<1, only the funda-
mental n=1 is significant. A plot of the function F,
versus the parameter (a3 /4)/(1+a$/2) is shown in Fig.
4.

B. Circular polarization

To calculate the scattered radiation from a circularly
polarized incident laser field (8, =0), the orbits given by
Egs. (18) and (19) are used in Egs. (25a) and (25b). The
intensity distribution can be written as

d, o202 o kor,
dodQ  an2ed |4 - V3 cosf cos(kon—¢)
2
—pB;sinf |exp(iy)| , (42a)
dZI 2.2 7, k.r
4 _ ew 0 o1 . _
dwdQ 4772C3 —nodn { ‘/5 SIn(kon ¢)]
2
Xexp(ip) (42b)
The phase ¢ is given by
=1 +[1—B,(1+cos8) ]k
—(kry/V2)sin@sin(kon—¢) , (43)

where 1), is given by Eq. (27b). Using the Bessel identity,
Eq. (28), gives
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exp{i[¢+I1(kon—¢)]}

= 3 explitdothkn+nd)l, (@), 44)
where &=(kr,/V2)sinf and where k is given by Eq.
(30a). This allows the calculation of the integrals in Egs.
(42a) and (42b). In particular,

A 7
f,= f:;odn expl(iy))

d sink 7,
= 3 explilytne)] — 2J,(&) , (45a)
o~ Mo
Il=f_ndncos(kon—gb)exp(itﬁ)
0
® sink
= S explildptnd)] E”" 2y (@), (s
n=—oc a
A U/
12=f_‘1’7 dnsin(kon—)explith)
0
® sink 7 R
= ¥ explil¢ytne)] ————E 2iJ, (&) . (45¢)

As indicated by Eq. (34), the above expressions imply a
frequency spectrum centered about w=w,, where w, is
given by Eq. (35), of width Aw/w,=1/nN,. Since the
frequency spectra of two different harmonics » and n’ are
well separated, the summations in Egs. (42a) and (42b)
can be simplified. Using Egs. (42) and (45), the radiation
spectrum can be written as

2

d’I 2 ek? | sinky
dodQ =, 7% K
cos@—B;(1+cosh)]?
X |[ 1 > ] JHa)
sin“@
k2r?
+%J,;2(a)] ) (46)

where kor;=aq/h, and the approximation w~w, has
been made in the arguments of the Bessel functions, i.e.,
n(ay/V'2)siné

@ hol1—B(1+cos8)] * “n

In the above expression, the terms proportional to J,(a)
are the contributions from I, and the terms proportional
to J, (a) are the contributions from 1.

Using the identities [1]

© 22 )
4+2z°)
n%ﬁ(,@):L___ )
El " 16(1—22)772
(48)
S 5 e (44387
n“J (ng)=————-,
,21 16(1—22%)372

the summation in Eq. (46) can be carried out and an ex-
pression for dI /d ) can be found. After integrating over
frequency, one finds
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dl _ (e?/c)Nywoad /h
dQ  32(1—2%7?[1—B,(1+cos6)]?
l [cos®—B;(1+cosh)]?

A2
)
[1—B,(1+cos)]?

+(4+322)(1—22)’ , (49)

where Z=a /n.

Plots of the normalized amplitude of the scattered in-
tensity d*I /d wd Q) versus normalized frequency a)/4‘y(2)w0
and normalized observation angle y,0 are shown in Figs.
5 and 6 for the case of a circularly polarized laser (a,=1,
N,=7). Because of the symmetry of the electron orbit,
the intensity distribution is independent of ¢. Figure 5
shows the scattered intensity from a counterpropagating
relativistic electron (y,=35) for the first three harmonics.
Only the fundamental (n =1) is nonzero on axis, where
its intensity is maximum, and its frequency is shifted
from the low-intensity Thomson backscattered value of
4ylw,. The intensity of the higher harmonics peak off
axis and is confined to angles 6 S2/M (1,/ 2, as discussed in
Sec. IV C below. Figure 6 shows the scattered intensity
from an electron in a dense plasma for the first six har-
monics. For a dense plasma, there is no average axial
drift of the electrons and the frequency is not shifted, i.e.,
®,=nwy Only the fundamental is nonzero on axis,
where its intensity is maximum. For higher harmonics,
the intensity is maximum in the transverse direction
6=m/2. As the intensity of the laser pulse increases,
more radiation is scattered into the higher harmonics.

Backscattered radiation. In the backscattered direc-
tion, only the fundamental » =1 is nonzero. In the limit
0—0,Ji(a)—>1/2 and J,(a)—a/2. Hence

di,
dodQ

_e*koNoMiaj
o=0 H1+a3/2)

G (o), (50)

where G (w) is given by Eq. (41) with n =1.

4yio,

FIG. 5. The normalized intensity, as a function of normal-
ized frequency w/4y3w, and angle y,0, of the radiation scat-
tered by a relativistic electron (y,=35) from a counterpropagat-
ing, circularly polarized laser pulse (Ny=7, a;=1.0) for the
first three harmonics.

3011

0=m/2

FIG. 6. The normalized intensity at the harmonic resonances
w/wy=n, as a function of angle 6, of the radiation scattered by
a dense plasma electron from a circularly polarized laser pulse
(No=17, ap=1.0) for the first six harmonics.

IV. RADIATION PROPERTIES

A. Radiated power

The power radiated by a single electron P; undergoing
relativistic quiver motion in an intense laser field can be
calculated from the relativistic Larmor formula [24]

2 2
du
dt

— 292 2
¥ 3¢

dy

ar (51)

Assuming the electron orbit is a function of only the vari-
able n=z+ct,

2 2

du
dn

dy

dn (52)

P,=2e%c(y+u,)?

Using the orbits described in Sec. II, the power radiated
by an electron in the presence of a circularly or linearly
polarized radiation field is given by

1, circular

P ~2e’chlk3al X [ (53)

sin’kyn , linear ,
where h is given by Eq. (12). Averaging the above ex-
pression over a laser period, the ratio of the radiated
power to the incident laser power P, /P, can be written
as

P, /Py=16r2h3/3r , (54)

where r,=e?/m,c? is the classical electron radius.

The total power radiated by a laser pulse passing
through a uniform distribution of electrons with a con-
stant density n, is given by Py=N,P,, where
N,=nyLyo is the total number of electrons interacting
with the laser pulse at a given time, Ly=c7, is the laser
pulse length, and o, is the effective cross-section. As-
suming a Gaussian laser pulse, @ =(ayry /7. Jexp(—r2/
r}), where r; is the laser-pulse spot size and r, is the
minimum spot size, the effective cross section o; can be
found by letting a,—@ in Eq. (54) and integrating P, over
r. One finds

wrd 1, e beam
UL—“Z“‘X fp» plasma, (55)
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where fp=(1+a(2,/4)/(1+a(2)/2). In Eq. (55), the top
expression holds in the short-pulse (electron beam) limit,
i.e., ho=v,(1+pBy), and the bottom expression holds in
the long-pulse (plasma) limit, i.e., ho=(1+a3/2)!%
Hence the total scattered power by a uniform electron
density n is given by

Pr/Py=(8m/3)rZLonof,h} . (56)

As example, a n,=10%" cm ™ plasma interacting with a
1-ps laser pulse with ay=5 gives Pr/Py=1.4X107°.
The ratio of the total scattered energy to the laser pulse
energy is approximately P;L /P,L,, where L is the total
length over which the laser pulse interacts with the elec-
trons.

B. Resonance function

Several properties of the radiation spectra can be ascer-
tained by examining the resonance function R(k,nk)
given by Eq. (34). The function R(k,nk,) is sharply
peaked about the resonant harmonic frequencies ,
defined by k =0, which can be written as

_ nM,w,
" [1+MyBi(1—cosB)] ’

1o} (57)

where 7 is the harmonic number and M, is the relativis-
tic Doppler upshift factor. For a plasma, ;=0 and
M,=1, which gives w, =nw,, independent of 6. For a
relativistic electron beam with M, >>1, the radiation is
primarily backscattered into small angles 6% <<1. Hence
w, =~nMyw,/(1+M,6?/4), which indicates a maximum
frequency in the backscattered direction along the axis
6=0. The change in frequency Aw with respect to a
change in angle Af is given by

lAw|  |M(0A6+A6/2)|
0,  (2+M,6%/2)

, (58)

assuming M, >>1. Alternatively, Eq. (58) can be solved
to give the angular spread A9 about 6 over which a given
bandwidth Aw about @, may occupy. For a relativistic
electron beam with M, >>1, two angles are of particular
interest. It is shown below that for a linearly polarized
laser field, the radiation intensity for the higher harmon-
ics n >>1 is centered about 6=0, whereas for circular po-
larization, the intensity is centered about 6,=2/M}/%.
For these two angles, Eq. (58) implies

v, |(Aw/e,)'* for 6=0

Aezy—ox (Aw/w,) for 6=6,, (59)

where M, ~4y3/y? has been used.

The intrinsic (i.e., associated with the radiation from a
single electron) frequency width Aw, of the radiation
about a resonant frequency o, can be found by letting
o=, +8w and integrating the function R (k,nk,) over
8w, which gives

Awn=f%°° d(8w)R(k,ky)=w, /nNy . (60)

Hence Aw, /w,=1/nN,, where No=L/A, is the num-
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ber of wavelengths in the laser pulse. Furthermore,
R(k,nky)—>Aw,0(o—w,) as Ny— . The angular
width A6, within which can be found radiation with fre-
quencies in Aw, about w,, for a single harmonic n, is
given by inserting Eq. (60) in Eq. (59),

(1/nNy)'"? for 6=0
AD. ~ 71 0

"= |(1/nN,) for 6=6, . 61)
Alternatively, similar expressions can be obtained by let-
ting 6=6'+ 60 and integrating R[k,(6"),k,] over 80. It
should be pointed out that Eqgs. (59) and (61) apply to rel-
ativistic electron beams with M, >>1. For plasmas, the
angular width occupied by a given Aw about w, must be
determined by considering the full functional form of the
radiation spectrum, Egs. (36) and (46), not just the reso-
nance function R (k,nk).

C. Ultraintense behavior

For values of a, <<1, the scattered radiation will be
narrowly peaked about the fundamental resonant fre-
quency o;=wy/[1—B;(1+cosb)]. As a, approaches uni-
ty, scattered radiation will appear at harmonics of the
resonant frequency as well, w,=nw;. When ay>>1,
high-harmonic (n >>1) radiation is generated and the re-
sulting synchrotron radiation spectrum consists of many
closely spaced harmonics. Finite electron-energy-spread
effects can broaden the linewidth causing the radiation
from the various harmonics to overlap. For example, a
finite thermal axial velocity spread will lead to overlap
when (Aw/w, )y, R 1/n, where (Aw/w, )y, is given below
by Eq. (77). Hence, in the ultraintense limit, i.e., ¢ >>1,
the gross spectrum appears broadband and a continuum
of radiation is generated which extends out to a critical
frequency w, beyond which the radiation intensity dimin-
ishes. The critical frequency can be written as w, =n_ o,
where n, is the critical harmonic number. It is possible
to calculate n, by examining the radiation spectrum, Egs.
(36) and (46), in the ultraintense limit @, >>1.

Asymptotic properties of the radiation spectrum for
large harmonic numbers n >>1 can be analyzed using the
relationships [25]

91/2

J,(n2)= (1—2%) 714K, 5(nR) ,

‘/x\‘/z 2\1/4 2 (62)
N (1_/2\ ) K2/3(nx) )

where |2] <1 and is a function of a, and 6,
2=In[1+(1—2%)12]~In2 —(1—2%)1/2, (63)

and K, 3, K, 3 are modified Bessel functions. In particu-
lar, for nX >>1,

K1/3’>—’K2/32(#/2n5c\)exp(—n/x\) ) (64)

and hence only harmonic radiation with nX <1 will con-
tribute significantly to the spectrum. The critical har-
monic number is defined as n.X;, =1, i.e., n,=1/% .,
where X, is the minimum value of Eq. (63). Further-
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more, dX /d’z‘<0 and the mlmmum of X occurs at 2,,,.
Typically, for a3 >>1, 1—22  <<1 and Eq (63) Can be
expanded to yield, to leading order, % ;, ~+(1—22,, )%
The critical harmonic number is given by the inverse of
this expression.

1. Circular polarization
For a circularly polarized incident laser field, 2=a/n,
where «a is given by Eq. (47), i.e.,
(ag/V2)sind

T o [1—B,(14cosd)] 65

For a fixed value of a3 >>1, the maximum value of 2 is
given by 2., =(a,/V'2)/(1+a3/2)"/? and occurs at an
angle 6, given by

cosOy=(My—1)/(My+1) . (66)

Insertmg this value of 2, into Eq. (63) gives, for a3 >>1,
R min =2V'2/3a} and hence

n.~3a}/2v2 . (67)

Furthermore, radiation at the harmonic n, will be scat-
tered in the direction 6=20,, where 6, is given by Eq. (66).
The frequency of the radiation scattered in the direction
6=0, is given by

0(0=0,)=nwy(My+1)/2 . (68)

For a plasma, M,=1 and 6,==*w/2, i.e., the high har-
monic radiation will be scattered perpendicular to the in-
cident laser field. For a relativistic electron beam with
My>>1, 6,~2/M}’? and the high harmonic radiation is
nearly backscattered. Physically, 6, is related to the
pitch  angle of the electron orbit, |u,|/|u,]
~2V2/M}/?~a, /v, assuming a3 >>1 and M, >>1.

The asymptotic properties (n >>1) of the radiation
spectra can be readily obtained from Egs. (46) and (62).
In the ultrarelativistic limit a(z) >>1, the radiation is
confined to small angles 86 about the optimum angle 8,
ie., 0=6,+80, where 88*<<1. Assuming n>>1,
a}>>1, and 86? << 1, Egs. (46) and (62) give

d2I ~N E ,;/252-2
dodQ % 7% (1+72%56%)

2 2
Y80 g2 (O+Kis©)|, (69

(1+9%86°)
where
E=-2 (1+y2%62)92, (70a)
(My+1)
W =n,————0q (70b)
_ ay(My+1)
= _____—2( 24,72 (70c)

Equation (69) holds for arbitrary values of M, i.e., elec-
tron beams of arbitrary energies as well as stationary
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plasmas. In Eq. (70a), n, =3a3/2V2 and the factor
(My,+1)/2 is the relativistic Doppler upshift for radia-
tion scattered at the optimum angle 6, as indicated by
Eq. (68). The expression for y follows from Eq. (8b) as-
suming a3 >>1. In deriving Eq. (69), Eq. (62) was used
and the summation was approximated by an integral, i.e.,
> .R(k,nky)=1/N, and hence nX —&.

Notice in the limit 80=0, d*I/dwdQ~E*K?2 5(£),
where £=w/w,. A plot of the function Y (&) §2K2/3 &)
is shown in Fig. 7. The function Y (&) is maximum at

=1 and decreases rapidly for £>1. Half the total
power is radiated at frequencies w<w,/2 and half at
®>w, /2. This can be shown by integrating dI /dw dQ
over frequency and angle [10], i.e., integrating the expres-
sion given below by Eq. (71b) over frequency.

Equation (69) is N, times the standard result [24] for
the synchrotron radiation spectrum emitted from an elec-
tron moving in an instantaneously circular orbit in the
ultra-relativistic limit with a radius of curvature
p=3y%c/w,. Several well-known properties [24] follow
from Eq. (69), for example,

dr_ 7e* _ Now.y’ 5 y%e (71a)
dQ  48¢c (1472662)"> 7 (1+y%6%) |’

dr

o 2\/3—N07f—f2 Jo, d§Ks,5(8) . (71b)

The peak intensity is of the order Nye2y /c and the total
radiated energy is of the order Nye?yw, /c. The peak in-
tensity occurs at the optimum angle 6y, i.e., 86=0, at ap-
proximately the critical frequency w=~w,., ie., n=n,
=3a3 /2V2. For harmonics below 7, (0 <<®,), the radi-
ation intensity increases as (w/w,)?’, and above n,
(w>>w,), the radiation intensity decreases exponentially,
ie.,

100 ¢ e e

107! £

Y(6) 1072 L

107 . T . P VR
107! 10° 10!

€ =w/we

FIG. 7. The function Y(&)=£2K%,5(€) vs E=w/w,.
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di 3e? )
~ == T(2)1%92 )
deQ $560=0 No'n'zc[ (3)]7/ 2(1)c
o<<w, (72a)
d?I 3¢? L, | w
~No— — -, >, .
dow 6 80=0 027TC7/ (O °xp ¢ @ De
(72b)

Furthermore, for o <<w,, the scattered radiation at a
fixed frequency is confined to an angular spread
AdO=(w, /w)1/3/7/ about 60, whereas for ow>w,
A86=(w,/3»)""*/y. The average angular spread for the
frequency integrated spectrum is (86%)12~1/y.

As an example, the peak intensity in the transverse
direction (6=1/2) of each harmonic w =nw, is shown in
Fig. 8 for the case of a high-intensity circularly polarized
laser pulse encountering an electron in a dense plasma.
Plots for two different intensities are shown, a;=4 and 6.
The arrows indicate the approximate critical harmonic
number n,~a} for each case. Asymptotically, ao>>1,
this curve approaches the form Y(£)=£2K3 ;(£), shown
in Fig. 7.

2. Linear polarization

For a linearly polarized incident laser field in the limit
ay <<1, upshifted radiation at the fundamental frequency
is generated in a narrow cone about the backscattered
direction Q=~2762, where 6,~1/h,. However, in the
limit @, >>1, a near continuum of high-harmonic radia-
tion is generated and the emission cone about backscat-
tered direction widens [10]. In particular, in the vertical
direction ¢=1/2 (the direction normal to the x-z plane
which contains the electron orbit), emission is confined to
the vertical angle 6, ~1/h,. In the horizontal direction
¢=0 (in the plane of the electron orbit), the emission an-
gle widens and is confined to the horizontal angle
0, ~ay/hg, which is determined by the deflection angle

di1
dedQ|,_»
2

.
50 100 150 200 250
w/ay,

FIG. 8. The peak intensity of each harmonic in the trans-
verse direction (=1 /2) versus normalized frequency /o, for
a circularly polarized laser pulse scattering from a dense plasma
electron. The cases a;=4 and 6 are shown. The arrows indi-

cate the approximate critical harmonic number n. ~a3.
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of the electron in the x-z plane [10]. The asymptotic
properties of the radiation spectrum can be analyzed us-
ing Eqgs. (36) and (62). Letting 6 represent the observa-
tion angle in the vertical direction, i.e., ¢ =m/2, then in
the limits ay>>1 and n >>1, 6% <<1 and the coefficients
C, and C, occurring in Eq. (36) are given by C2~JXI2)
and C2=~(a,/h,)*J[X(I2), where additional terms of or-
der 1/a, have been neglected and n =2/+1>>1. Here,
for linear polarization,

(73)

The asymptotic spectrum near the axis can be found by
using the asymptotic properties of the Bessel functions,
Eq. (62). Notice that for =0, X, ~8/3a3. Hence
l,.=1/% .., and the critical harmonic number n,~2/_ is
given by

n,~3a}/4 . (74)

Using Egs. (36) and (62), the asymptotic spectrum is
given by

di . 122 9%
dodQ 0 wc (1+9%6")
A2n2
(lj/_—;zez)K%/s(g)"”K%/‘a(g) , (75)
where
(=, TP, (76a)
@ =ncMowo , (76b)
¥=ho/2. (76c)

In deriving Eq. (75), 3,R(k,nky)—1/N, and IXx —¢.
Several subsequent properties of the asymptotic spectrum
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FIG. 9. The peak intensity of the odd harmonics on axis
(6=0) versus normalized frequency w/4y3w, for a linearly po-
larized laser pulse scattering from a counterstreaming relativis-
tic electron (y,=>5). The cases a;=4 and 6 are shown. The ar-
rows indicate the approximate critical harmonic number
n.=~3ad /4.
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follow from Eq. (75). As was the case for circular polar-
ization, Egs. (71) and (72) apply, with Ny—4N,, 66— 6,
¥ —7, and where w, is given by Eq. (76b). In particular,
radiation with w=~w, is confined to a vertical angle
6,~1/9. In the horizontal direction, emission is
confined to the angle 8, ~a, /7, i.e., 6, ~ay/y, for an
electron beam and 8, ~ 7 /2 for a plasma.

As an example, the peak intensity on axis (§=0) of the
odd harmonics o =nM,w, is shown in Fig. 9 for the case
of a high-intensity linearly polarized laser pulse en-
countering a counterstreaming relativistic electron
(yo=5). Plots for two different intensities are shown,
a,=4 and 6. The arrows indicate the approximate criti-
cal harmonic number n,~3a} /4 for each case. Note
that the harmonic intensity is plotted versus the normal-
ized frequency /4y3w,=~1.5a,. Asymptotically,
a, >>1, this curve approaches the form Y(£)=£2K?2 5(&),
shown in Fig. 7.

V. NONIDEAL EFFECTS

A. Electron-energy spread

The above analysis has assumed ideal electron distribu-
tions, i.e., thermal and energy spread effects have been
neglected. These effects are important in determining the
frequency line width of the scattered radiation [10]. For
example, the resonance function R (k,nk,) indicates that
if a thermal axial velocity spread Avy, is introduced, i.e.,
B,=Bo+ ABy,, where AB,,=Avy /c, then the scattered
radiation along the axis will be shifted in frequency away
from w, by Aw,,, where

(Aw/w,)n=2730By, - (77)

For a plasma, A, is related to the initial plasma thermal
energy E, by ABy=(2E, /m,c?)'/%. For an electron
beam, Af,, is related to the initial normalized energy
spread Ay /vy, by ABL=Ay/vaBo- As an example, a
plasma with a temperature of 100 eV would produced a
thermal bandwidth of (Aw/w, )y, ~4%.

In actual electron beams, the electrons may have an
average angular spread as well as an average energy
spread, represented by emittance and intrinsic energy
spread, respectively. The normalized beam emittance is
given by €,=vyyr,0,, where r, is the average electron
beam radius and 6, is the average electron angular
spread. The fractional longitudinal beam energy spread
due to emittance is (AE /E,) . =€% /2rZ, where E,, is the
initial beam energy. Electron beams may also have an in-
trinsic energy spread (AE /E,); due to various reasons,
such as voltage variation, finite pulse length effects, etc.
The total spectral width of the radiation about the har-
monic w,, is

(Aw/w,)r=[(Ao/0,);+ (Ao /0,)2+(Aw/w,)?]V?,
(78)

where (Aw/w, )y=1/nN, is the finite-interaction-length
spectral-width contribution, (Aw/w,).=€2/r? is the
emittance-broadened spectral width, and (Aw/w,);
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=2(AE/E,); is the intrinsic energy spread broadening
contribution. The radiation with total spectral width
(Aw/w, ) is confined to the angle 8;~(Aw/w,)Y¥*/y,.
This consequently reduces the spectral intensity
d*I /dwdQ of the scattered radiation from an electron
beam for a particular harmonic by approximately 63/63..

If a particular application requires a bandwidth
(Aw/w,)g =1, this radiation can be found within the an-
gle 65, where

03~0:+0%=[(Aw/w,)s+(Aw/0,))]/vs . (19)

If a bandwidth (Aw/w,)s > (Aw/w,)r is required, all
the radiation within a cone of half-angle 65=0q
=(Aw/w,)y?/v, can be used. To obtain a bandwidth
(Aw/w,)s <<(Aw/w,)r, the radiation within the cone
0s~0r=(Aw/w,)¥*/y, must be filtered using a mono-
chromator. As an illustration, for an rf linac electron
beam with €,~5 mmmrad, r,=50 pum, and y,=100,
(AE/E,).~0.5% and (Aw/w,).=1%. Since the intrin-
sic energy spread is typically ~1% and N, R 300, the to-
tal spectral width of the unfiltered LSS radiation is typi-
cally (Aw/w,)7=1% and is confined to the angle 8,1
mrad.

An additional source of bandwidth arises due to varia-
tions in the laser-pulse intensity when scattering from an
electron beam [26]. Since the frequency of the fundamen-
tal backscattered radiation is given by o=&/(1+a3/2),
where @ ~4y3w,, radiation scattered at lower intensities
will be of higher frequency. Equation (50) indicates that
for a circularly polarized laser, the backscattered intensi-
ty at  is proportional to W,=a3/(1+a}/2)’ for fixed
ay. The effect of the axial laser pulse profile can be es-
timated as follows by letting a3—a3(n), where
a%(n)=a%(0)exp(—n2/a,27) and o,~L, is a measure of
the laser-pulse length. Using W, as a weight function,
then the mean and variance of the frequency are
given by () and o,=({w?)—{(®)?)'"?, where
(@)= [dnQW,/ [dn W, for a quantity Q. In the lim-
itag<1,{w)/@=1—Vv2a%(0)/4 and o, /@=0.14a3(0).
The resulting bandwidth can be estimated by
(Aw/w),~0,/®. Laser-intensity variations are not ex-
pected to produce additional bandwidth when scattering
from a plasma, since the resonant frequency is indepen-
dent of a3.

B. Electron-beam-energy loss

As the electron beam radiates via nonlinear Thomas
scattering, the electron beam will lose energy. The rate
of loss of electron-beam energy is equal to the scattered
power m,c2dy /dt = —P,, where P, is given by Eq. (54).
Assuming h,~4y2, the electron-beam energy will
evolve [5] according to y=y,/(1+¢t/7g), where ¢
is the electron-beam—laser interaction time and
TR =3/(4cr,k3ady,), where a linearly polarized laser
field has been assumed. In practical units, this can be
written as

Tr[Ps]=1.6 X 1022E, '[MeV]I; ' [W/cm?].  (80)
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One consequence of the loss of electron-beam energy is
the introduction of an additional source of enhanced
bandwidth (Aw/w,)g =2(yo—7¥)/vo Where yo—v
=yt /7Tg. For typical values of laser pulse lengths and
intensities of interest, ¢ /7 <<1, and this effect is small.
As an example, a 2-ps (¢ =1 ps) laser pulse with intensity
I,=2.6X10'7 W/cm? (a,=0.43) interacting with a
E, =40 MeV (y,=79) electron beam gives
(Aw/w, )g ~0.13%.

C. Ponderomotive density depletion

In a high-density plasma, the transverse ponderomo-
tive force from the radial gradients in the laser-pulse can
displace the plasma electrons leading to a density depres-
sion on axis. In the long-pulse limit, the density depres-
sion can be calculated by equating the electrostatic force
with the ponderomotive force V,¢=V y,, which is the
adiabatic response of the plasma electrons to the trans-
verse ponderomotive force [23,27]. This gives an equilib-
rium density profile of

n,/ng=1+k, 2Vi(1+a?/2)!"*, (81)

where n,/n, =0 has been assumed. Assuming a Gauss-
ian transverse profile of the form |a|~exp(—r2/r3), Eq.
(81) indicates that the density along the axis is given by
—-1/2

’ (82)

ag

n,(r=0) —— a(z))»}z,
2

ng 27r2r(2,

where A, =2m/k,. As an example, a high-density plasma
with ro=15 pym, A,=5 pm, and a,=7 gives a density
depression along the axis of An,/ny=5%. This density
depression reduces the total number of electrons scatter-
ing radiation; hence the total scattered power P, ~n, will
be reduced. Furthermore, in a high-density plasma, the
effects of relativistic self-focusing, which occurs for pump
laser powers above a critical power P.[GW]
=17(A,/ Ao)% along with the effects of a density de-
pletion on axis, can provide optical guiding and
significantly extend the laser-plasma interaction distance
[5,22,23,27,28]. For a relativistic electron beam in the
short-pulse limit 7, << yg/wp, the magnitude of the elec-
tron density perturbation An, due to the ponderomotive
force is given by |An,/ng| S(Loag/yore)? <<1, con-
sistent with the discussion at the end of Sec. II.

D. Plasma dispersion

The frequency of the scattered radiation can be
affected by the dispersion properties of electromagnetic
radiation in a plasma. In the long-pulse limit, the non-
linear dispersion relation for radiation of frequency w and
wave number k is given [5] by w’~c’k*+w} /y,. Notice
that the dispersion relation is different for radiation
within the region of the pump laser pulse 7,
=(14+a3/2)!? and for radiation propagating in the plas-
ma outside of the pump laser pulse y,=1. In particular,
for backscattered radiation, the radiation will transit a

ERIC ESAREY, SALLY K. RIDE, AND PHILLIP SPRANGLE 48

counterstreaming boundary region at the trailing edge of
the pump laser pulse. As the backscattered radiation
transits this boundary region, counterstreaming at the
group velocity of the pump laser pulse v, the frequency
and wave number of the scattered radiation will be shift-
ed [29]. Hence the detected frequency w, of the back-
scattered radiation will be shifted from the frequency at
which it is scattered @ within the laser pulse. The detect-
ed frequency w, is related to the scattered frequency w by
requiring the phase of the scattered radiation to be con-
tinuous across the boundary at the trailing edge of the
laser pulse [29], otv k=w,;+v.k,, where
v, =c(1 —wf, /y,0*)"? and a square laser-pulse profile
has been assumed for simplicity. Using the dispersion re-
lation to solve for k and k, in terms of w and w,, respec-
tively, and assuming o /o’ << 1, implies

2
(J)d [9)
_214___&’_2_
w 40

oL

Y1

. (83)

Hence, for backscattered radiation, the detected frequen-
cy will be upshifted from the scattered frequency. Fur-
thermore, depletion of the electron plasma density within
the region of the laser pulse by the transverse pondero-
motive force will produce an additional upshift for simi-
lar reasons. This effect can be approximated by replacing
1/y, with n, /v n, in Eq. (83), where n,/n, is given by
Eq. (82). The maximum frequency upshift for the back-
scattered radiation can be estimated by Aw, /@ :wf, /40?,
which is typically small. Radiation scattered in the trans-
verse or forward directions will not experience a frequen-
cy shift by these mechanisms.

VI. LASER SYNCHROTRON SOURCES

Nonlinear Thomson scattering can be used as a mecha-
nism for generating x-ray radiation [1-9]. In such a laser
synchrotron source, intense laser pulses are backscattered
from a counterstreaming relativistic electron beam or
from a dense plasma [5-7]. The LSS has the potential
for providing a compact source of tunable, short-pulse ra-
diation, in the soft- to hard-x-ray regime. Two examples
of LSS configurations will be discussed, one using a rela-
tivistic electron beam to generate hard x-rays (30 keV, 0.4
A) and the other using a dense plasma to generate soft x
rays (300 eV, 40 A). In the electron-beam LSS, short
wavelengths are generated by exploiting relativistic
Doppler factor, i.e., A=2A,/4y3, assuming y3>>1 and
aj<<1. In the plasma LSS, short wavelengths are gen-
erated by exploiting the nonlinear harmonic factor, i.e.,
A=MAy/n,, where n.,~ad>>1 is assumed. Both
configurations will utilize the recently developed solid-
state laser technology based on chirped-pulse
amplification (CPA) [18—-20]. Lasers based on CPA are
relatively compact systems capable of delivering ul-
trahigh powers (210 TW) and intensities (2 10'®
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W/cm?) in ultrashort pulses ( S 1 ps). Currently, the re-
petition rates of TW CPA systems are limited to <10 Hz
[19,20]. A summary of the current state of the art in
CPA laser technology can be found in Ref. [20].

A. Electron-beam LSS

An electron-beam LSS configuration consists of back-
scattering a linearly polarized laser pulse from a counter-
streaming relativistic electron beam. Two important
quantities characterizing the resulting synchrotron radia-
tion are the photon flux F, defined as the number of pho-
tons per second within a specified bandwidth, and the
photon brightness B, defined as the phase-space density
of the photon flux. The intensity distribution for back-
scattered 6=0 radiation at the fundamental » =1 in the
limit a§ <<1and y,>>1 (i.e., 0~ =4y2%w,) is given by
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d*(0) _ e2w? 5
dodQ - gﬂcz)kON()aOGl(a)) ’
N, | sin[m(0—a)N, /@] |?
G (w)="2 [ /0] 1" (84)
@ mw—®)Ny /&

as indicated by Eq. (39). The angular density of the flux
dF/d (), i.e., the peak number of photons in a specified
frequency range w; <w =< w, emitted per second per unit
solid angle by the micropulse in the forward direction,
can be determined from Eq. (84) by integrating over the
frequency range Awg=w;—w,, multiplying by the elec-
tron flux interacting with the laser N, and by dividing by
the energy per photon #®. The electron flux interacting
with the laser field is given by N, = fI, /e, where I, is the
peak micropulse current and f is the filling factor, i.e.,
f=0o4/0, for oy4<o, and f=1 for o,=0,, where
0,0, are the cross-section areas of the laser and electron
beam, respectively. The angular density of the flux is
given by

dFo X _— No(Aw/E)S for (AC&)/CT))S <<1/N0

aq ~NoNsaoYoX 1y or (Aw/m)s s> 1/, (85)
where a,= - and F,, denotes the spectral flux for an photons
ideal electron beam, i.e., zero emittance and energy B s—mmz mrad?
spread. For an ideal electron beam, the spectral flux with
SP;Ctra;ZWid;? i ggo@ )s is given by Fy~270%(dF,/dQ), =8.1X10°f(L /Zx )I,[A]/r}[mm])
where 03 = ,1.e.,

ROTOTTS , (Ao /®)s/(1438)
BN ol OV T O ot (Bava)y |
Fo~2ma,;NoN,a}(Aw/a); , (86) CrelsTRerelr
(87b)

which is valid for all values of (Aw/@)g =1. For a realis-
tic electron beam with finite emittance and energy spread,
the photon flux F is identical to the ideal case, i.e.,
F=F,. The angular density of the flux dF /d ), however,
is reduced, since the photons are now spread out over a
larger radiation angle 65, where 05 is given by Eq. (79),
i, dF/dQ~F,/2m03%.

The spectral brightness is the phase space density of F.
Hence B=F/(27)*(R0s)?, where (R0s)* is the phase
space area of the photon beam. The quantity R is the to-
tal effective size of the radiation source and is given by
R2~r2+(65.L /47)?, where 0%=0%+6% 0,=(Aw/
@)}?/y0, and r, is the smaller of r, and r,/2. Here L is
the laser-electron interaction distance. The spectral flux
and brightness for a nonideal electron beam, in terms of
practical units, are given by

photons
s

F =8.4X 10" f(L /Zp)I,[A]

XPo[GW](Aw/B)s , (87a)

where §=(0x.L /4mr,)? is typically <<1. The interaction
length is the smaller of twice the Rayleigh length
(Zp=mr} /Ay or one-half the laser pulse length, i.e.,
L =min[2Zy,L,/2], unless it is further limited by the
specific geometry of the experiment.

As an examople, consider an electron beam LSS which
generates 0.4-A (30-keV) x rays. For a A;=1 pum incident
laser, A=1,/4y2=0.4 A implies that Yo=179 (E,=40
MeV), assuming a3 <<1. A CPA laser will be assumed
with 70=2 ps, P,=10 TW, and r,=50 pm, which im-
plies that 7,=2.6X10" W/cm?, a,=0.43, and Z =7.9
mm. An electron beam from an rf linac will be assumed
with peak current I, =200 A, micropulse duration
L,/c=1 ps, beam radius r,=50 um, energy spread
(AE/E;)=0.5%, and normalized emittance ¢€,=5
mm mrad. The interaction length is one-half the laser-
pulse length L =300 pm and the x-ray pulse duration is
the micropulse duration 7, =1 ps. The effective band-
width is (Aw/@);=~1.4% (assuming a flat-top laser
profile) and this radiation is confined to a cone angle of
0,~=1.5 mrad. The total flux with (Aw/@)g~1 within
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the cone 6, ~1/y,~ 12 mrad is F =6.4X 10! photons/s.
The peak brightness with (Aw/®)3=0.1% is B=2.9
X 10" photons/s mm? mrad?). The parameters for this
electron beam LSS are summarized in Table I.

For simplicity, a counterstreaming laser—electron-
beam geometry has been assumed in which the x-ray
pulse length is approximately the electron micropulse
length. Shorter x-ray-pulse lengths can be obtained by ei-
ther reducing the laser Rayleigh length or changing the
laser—electron-beam intersection angle [6,8]. (Kim,
Chattopadhyay, and Shank [8] have suggested scattering
at 90° to obtain ultrashort x-ray pulses.) In principle,
both these methods may lead to the production of ul-
trashort x-ray pulses, with pulse durations on the order of
the laser pulse duration.

B. Plasma LSS

To produce x rays with a A;~1 pum laser beam and a
stationary plasma, it is necessary to use ultrahigh intensi-
ties a3 >>1. Nonlinear Thomson scattering will then
occur in the asymptotic limit, in which a near continuum
is produced with harmonics extending out to the critical
harmonic number n,~a}, as discussed in Sec. IV. Con-
sider a linearly polarized laser field with a3 >>1 interact-
ing with a dense plasma. In the near backscattered direc-
tion, the radiation spectrum scattered by a single electron
is given by

d*1(0) 3e*

dodQ o 27T2Ca0Y(§) ’ ®8)

as indicated by Eq. (75), where Y=§K},(&),
E=w/w,,0,=n,0y and n,=3ay /4. For a collection of
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electrons in a plasma, the total energy radiated is given
by Er=N,I(0), where N,=n,o0L, is the total number
of electrons with which the laser interacts, n, is the plas-
ma electron density, 00=7rr(2) /2 is the laser cross section,
and L, is the laser-plasma interaction distance. Typical-
ly, L,=2Zp =27r3 /Ay, assuming vacuum diffraction.
The effects of relativistic optical guiding, however, could
substantially  increase the interaction  distance
[5,22,23,27,28]. Geometric arguments indicated that the
x-ray pulse length in the backscattered direction is given
by L, ~2L,(1+L§/4L})'*~2L,, where L, is the laser
pulse length and L6/4L; << 1 has been assumed. The to-
tal power in the backscattered direction is P,=cE; /L,
and the photon flux is F =P /#fiw. Hence the flux inten-
sity, defined to be dF /d(}, for photons in the frequency
range Aw, about w in the near backscattered direction, is
given by

dF /dQ=~(3asc /8m)Nyn,riai(Ao/0)sY(0/0,) . (89)

Recall that the solid angle over which the photons with
frequencies near o, are scattered is relatively large, i.e.,
0,~2V'2/a, in the vertical direction and 6, ~ /2 in the
horizontal direction. The total photon flux F can be es-
timated by multiplying Eq. (89) by the appropriate solid
angle over which the photons are to be collected. The
brightness B of the backscattered photons can be estimat-
ed by B=~(dF /dQ)/nr}. In practical units, the photon
flux intensity and brightness are given by

dF
dQ

h _
photons | 3.65X 10 *7[ps]Ao[umn,[cm 3]

smrad?

XPo[TW](Aw/w)gY(w/w,), (90a)

TABLE I. Parameters for an electron-beam LSS.

Incident laser parameters

Wavelength A,

Pulse length L,/c
Peak power P,
Intensity I,

Strength parameter a,
Spot size r,

Rayleigh length Zj

1 pm

2 ps

10 TW

2.6X 10" W/cm?
0.43

50 um

7.9 mm

Electron pulse parameters

Beam energy E,

Beam current I,

Beam pulse length L, /c
Beam radius r,

Beam energy spread (AE/E,);
beam emittance €,

41 MeV
200 A

1 ps

50 um
0.5%

5 mm mrad

X-ray pulse parameters

Photon energy E,

Photon pulse length L, /c

Peak photon flux* F

Photons/pulse® FL, /c

Peak brightness (0.1% bandwidth) B
Angular spread 6, ~1/y

30 keV

1 ps

6.4X 10! photons/s

6.4%X10° photons/pulse

2.9X 10" photons/(s mm? mrad?)
12 mrad

“Includes all photons within the ~1/y angle, implying ~ 100% bandwidth.
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photons

2

B 2
s mm* mrad

~1.80X 10" Vry[psAolum]n,[cm 31, [W /cm?]

X(Aw/w)sY(w/w,) . (90b)

As an example, consider a plasma LSS which generates
40-A x rays. For a Ag=1 pm, 7,=1 ps incident laser
pulse, A=A,/n.=40 A implies n,=250 and a,=6.9,
which corresponds to a laser intensity of I,=6.6X 10"
W/cm?. Assuming a laser spot size of r,=15 um gives a
laser power of Py;=230 TW and a laser-plasma interac-
tion of length of L,~2Zz=1.4 mm. The x-ray pulse
duration is 7,=2L,/c=9.4 ps. A plasma density of
n,=10® cm™3 implies a flux intensity of
dF /dQ~2.1X10"(Aw/w)s photons/(smrad®) and a
brightness of B=2.9X10*(Aw/w)gs  photons/
(smm?mrad?). The parameters for this plasma LSS are
summarized in Table II.

For simplicity, the generation of backscattered (6=0)
x rays from the interaction of a linearly polarized laser
and a plasma has been considered. For this case, the x-
ray pulse length is of the order of a few Rayleigh lengths.
However, Egs. (36) and (46) indicate that somewhat
larger fluxes of x rays are emitted in the transverse direc-
tion (0=1m/2) for both circularly and linearly polarized
lasers incident on a plasma. Hence, by collimating the
transverse emission from a plasma, ultrashort x-ray
pulses can be obtained with durations, in principle, on the
order of the laser-pulse duration.

VII. CONCLUSION

A comprehensive theory describing the nonlinear
Thomson scattering of intense laser fields from beams
and plasmas has been presented. This theory is valid for
linearly or circularly polarized incident laser fields of ar-

3019

bitrary intensities and for electrons of arbitrary energies.
Explicit expressions for the intensity distributions of the
scattered radiation were calculated analytically and eval-
vated numerically. The space-charge electrostatic poten-
tial, which is important in high-density plasmas and
prevents the axial drift of electrons, was included self-
consistently. Various properties of the scattered radia-
tion were examined, including the linewidth, angular dis-
tribution, and the behavior of the radiation spectra at ul-
trahigh intensities (a(z)>>l). Nonideal effects, such as
electron-energy spread and beam emittance, which can
broaden the linewidth and angular distribution of the
scattered radiation, were discussed. These results were
then applied to possible LSS configurations.

The general formula for the frequency of the Thomson
backscattered (6=0) radiation is given by w,=nM o,
where n is the harmonic number and M|, is the Doppler
multiplication factor, given by Eq. (17). For a linearly
polarized laser, only odd harmonics exist in the backscat-
tered direction, whereas for circular polarization, only
the fundamental is nonzero in the backscattered direc-
tion. Both odd and even harmonics can exist at off-axis
angles. General expressions for the scattered intensity
distributions are given by Eqgs. (36) and (46). Generation
of x rays at short wavelengths require M, >>1 and/or
n >>1. The intrinsic linewidth (i.e., for a cold-electron
distribution) of a particular harmonic is given by
Aw/w,=1/nN,, where N is the number of laser periods
with which the electrons interact. Since N, R 300, small
linewidths can be achieved. Nonideal effects, such as en-
ergy spread and beam emittance, can broaden the
linewidth, as indicated by Eq. (78). When a3 << 1, radia-
tion is scattered only at the fundamental. When a3 >>1,
a multitude of harmonics are produced, which results in a
near continuum of scattered radiation extending out to a
critical harmonic number n,~a}, beyond which the in-
tensity of the radiation rapidly diminishes. Expressions

TABLE II. Parameters for a plasma LSS.

Incident laser parameters

Wavelength A,

Pulse duration 7,
Peak power P,

Peak intensity I,
Strength parameter a,
Spot size rg

Rayleigh length Z,

1 pm

1 ps

230 TW

6.6X 10" W/cm?
6.9

15 pm

710 pm

Plasma parameters

Electron density n,
Interaction length 2Z,

10® ¢m™?
1.4 mm

X-ray pulse parameters

Wavelength A,

Photon energy E,

Photon pulse length 7,

Flux intensity (0.1% bandwidth) dF/dQ
Brightness (0.1% bandwidth) B

Photon flux® (100% bandwidth) F

40 A

310 eV

9.4 ps

2.1X10' photons/(s mrad?)
2.9X 10" photons/(s mm? mrad?)
6.5X10?! photons/s

Includes photons with (Aw/w)s~ 1 within a solid angle d Q ~ 76 with 8= 10 mrad.
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for the scattered-intensity distributions in the ultraintense
limit are given by Egs. (69) and (75). The polarization of
the scattered radiation can be adjusted by changing the
polarization of the incident laser. Scattering from an
electron beam has the additional advantage of well-
collimated radiation. For y,>>1 and a3 <<1, the up-
shifted radiation is confined to a cone about the backscat-
tered direction of half-angle 8~(Aw/®)'/?/y,. Scatter-
ing from a plasma has the advantage in the attainability
of high electron densities, the photon flux and brightness
scaling linearly with density.

An LSS, based on the nonlinear Thomson scattering of
intense lasers from electron beams or plasmas, may pro-
vide a practical method for producing x-ray radiation.
The LSS has a number of potentially unique and attrac-
tive features which may serve a variety of x-ray spectro-
scopic and imaging applications. These features include
compactness, relatively low cost, tunability, narrow band-
width, short-pulse structure, high-photon-energy opera-
tion, well-collimated photon beams, polarization control,
and high levels of photon flux and brightness. Specific
examples of an electron-beam LSS and a plasma LSS
were given, as summarized in Tables I and II. An
electron-beam LSS, designed to generate 30-keV (0.4-A)
photons with a A;=1 um laser beam with a, < 1, requires
a 40-MeV electron beam (approximately 300 times
lower-energy electrons than required by a conventional,
storage-ring synchrotron). This electron-beam LSS gen-
erates 1-ps x-ray pulses with a high peak flux (% 10*!
photons/s) and  brightness [210'  photons/
(smm?mrad?), 0.1% bandwidth]. A plasma LSS,
designed to generated 40-A (0.3-keV) photons with a
Ao=1 pm laser, requires a,=6.9 (I,=6.6X 10" W/cm?).
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This plasma LSS generates < 10-ps x-ray pulses with a
high peak flux ( 2 10?! photons/s, 10> mrad?) and bright-
ness [210!° photons/(s mm? mrad?), 0.1% bandwidth].
These peak values of flux and brightness compare favor-
ably to those obtained in conventional synchrotrons.
High levels of average flux and brightness are presently
limited by laser technology. The recent advances in com-
pact, solid-state lasers, based on chirped-pulse
amplification, are capable of generating the ultrahigh in-
tensities (a, R 1) needed to experimentally explore Thom-
son scattering and LSS x-ray generation in the nonlinear
regime.

This paper has been restricted to the discussion and
analysis of x-ray generation by the Thomson (incoherent)
scattering of intense laser pulses from beams and plas-
mas. However, for sufficiently cold-electron distribu-
tions, it is also possible to generate short-wavelength ra-
diation by the stimulated (coherent) backscattering of in-
tense lasers from beams and plasmas [5,21,30,31]. Stimu-
lated backscattered harmonic generation may provide a
method for producing coherent x rays via a laser-pumped
free-electron laser (LPFEL). Advances in CPA lasers and
in high-brightness electron beams may soon provide the
necessary technology to realize compact sources of both
incoherent (LSS) and coherent (LPFEL) x rays.
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