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Inverse Compton scattering of laser photons by ultrarelativistic electron beam provides polarized x- to
y-ray pulses due to the Doppler blueshifting. Nonlinear electrodynamics in the relativistically intense
linearly polarized laser field changes the radiation kinetics established during the Compton interaction.
These are due to the induced figure-8 motion, which introduces an overall redshift in the radiation
spectrum, with the concomitant emission of higher order harmonics. To experimentally analyze the strong
field physics associated with the nonlinear electron-laser interaction, clear modifications to the angular and
wavelength distributions of x rays are observed. The relativistic photon wave field is provided by the ps
CO, laser of peak normalized vector potential of 0.5 < a; < 0.7, which due to the quadratic dependence of
the strength of nonlinear phenomena on a; permits sufficient effects not observed in past 2nd harmonic
study with a; = 0.3 laser [M. Babzien et al., Phys. Rev. Lett. 96, 054802 (2006)]. The angular spectral
characteristics are revealed using K-, L-edge, and high energy attenuation filters. The observation indicates
existence of the electrons’ longitudinal motion through frequency redshifting understood as the mass shift
effect. Thus, the 3rd harmonic radiation has been observed containing on-axis x-ray component that is
directly associated with the induced figure-8 motion. These are further supported by an initial evidence of
off-axis 2nd harmonic radiation produced in a circularly polarized laser wave field. Total x-ray photon
number per pulse, scattered by 65 MeV electron beam of 0.3 nC, at the interaction point is measured to be

approximately 10°.
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I. INTRODUCTION

Laser photons of angular frequency @;, when Compton
or Thomson backscattered by a highly relativistic electron
of Lorentz factor y, > 1 are Doppler blueshifted. Initial
IR-optical wavelength waves thus be scattered into the
x-ray and y-ray regime, while preserving the initial polari-
zation of the laser field. In this optical undulator, the photon
energy is boosted to

4}’02th» ( 1)

in the case of a 180 degree (head-on) collision [1], with
photon scattering assumed aligned to the initial electron
direction. This effect is known as relativistic Thomson (as
the wavelength of the scattered light is not notably changed
when the interaction is viewed in the electron’s rest frame)
or inverse Compton scattering (ICS). The emission at x to
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y-ray regime has moderately narrow spectral spread inside
a radiation cone within half opening angle <1/y,, and is
highly directed.

Through the production of subpicosecond x-ray to y-ray
pulses at photon energies extending from the keV to MeV
range and beyond, ICS opens up the class of laser
synchrotron sources (LSS) [2] that complement conven-
tional high-average-power synchrotron-light facilities, as
well as the linac-based x-ray free-electron laser (XFEL).
Pulsed ICS could be invaluable for numerous scientific
uses, and its actual application for realizing a tunable,
narrow-spectrum and polarized high energy photon source
has been vigorously examined [2-7].

Even before discussing LSS, the ICS interaction is of
high interest beyond the laboratory as a fundamental,
naturally occurring process that affects understanding
experimental measurements of astrophysics phenomena
[8]. Scientific, medical and industrial applications of
optimized ICS sources, enabled by rapid recent improve-
ments in electron and laser beam technologies, abound.
In particular, demands for compact ICS sources at hard
x-ray photon energies (10-100 keV) are increasing, with
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examples of recent applications including tomography
using phase contrast imaging in biology and medicine
[9], and subpicosecond resolved pump-probe exploration
of solid-phase transitions through lattice diffraction [10].
Further, recently these demonstrations have accelerated the
development of the high average flux systems such as
bunch train configuration [11] or CW mode operation by
using an energy recovery linac (ERL) [12].

Investigation on LSS is also motivated by the creation of
intense polarized positron sources for e -e™ colliders [13],
and by the promise owing to modern technologies of
high gradient, advanced accelerator concepts, including
precise sub-ym e-beam tuning and measurements, uniquely
enabled by employing the so-termed laser Thomson wire
scanner [14]. Finally, at the highest energies (GeV to TeV),
the concept of e-y and y-y collider will provide precious
experimental opportunities of direct matter production from
photon field [15], thus improve the measurements noise and
the energy spread and so the mass resolution.

In an intermediate photon energy scenario, which has
motivated our recent studies, directed beams of ~10 MeV y
rays are envisioned as unique components of a mobile
system for the standoff detection of nuclear materials
via photofission, photodisintegration or nuclear resonance
fluorescence (NRF). Especially, NRF application has
implications for fundamental, fine spectral investigations
of a class of nuclear levels—this newly enabled field has
been described as nuclear photonics. This demand leads
to the recent demonstrations of the Compton y-photon
production and its application [16,17].

Furthermore, MeV class inverse Compton source based
on a laser wakefield accelerator to provide the MeV-GeV
electron has been also demonstrated, with the same laser
pulse which drives the plasma accelerator used in the
Compton collisions yielding an all-optical source of y-ray
photons [18]. This approach is similar to the context of the
research presented here, which is the development of a highly
efficient—through laser pulse recirculation and multiple
electron beam trains—all-optical vacuum y-ray source in
which the ICS-driving electron beam with low emittance is
generated by the inverse free-electron laser (IFEL) accel-
eration [19]. The ICS and IFEL experiments in this joint
effort are both performed currently at the Brookhaven
National Laboratory Accelerator Test Facility (BNL ATF).

For example, a photofission based system of interest for
nuclear materials detection would demand y rays having
maximum energy of 10-15 MeV, produced at a rate of
10"® photons/ sec. Given an achievable repetition rate
around 1 kHz, limited by thermal loading of optical
components of intense laser and radio frequency based
accelerator power systems, this implies a per-pulse yield
approaching 10'° photons/shot. For use of NRF study
that requires narrow band spectrum of Aw/w < 1073,
further modifications to extract on-axis, <1/y,, emission
component is required.

The ICS photon yield per shot is estimated as, assuming
approximately equal spatiotemporal dimensions of the
laser and electron beam,

NICS ~ CO'Th”LNeAtICS [phOtOl’lS/ShOt}. (2)

This yield is proportional to the Thomson scattering cross
section, oy, = 0.67 x 1072* cm?, the number density of
laser photons n;, the number of electrons per bunch N,,
and the ICS interaction time, At;cg, which is of the order of
Rayleigh range Zg, ~ 7w,?/A, divided by c,

Atics ® Zga/c. (3)

Assuming typical electron beam parameters of the BNL
ATF, and the existing picosecond pulse length ATF CO,
laser of several Joule per shot: N, = 6 x 10°, a ~nC electron
bunch; Aticg ~ a few picoseconds; n; ~ 10?° photons/cm?
obtained with laser waist of wy = 10 s um, by using a f/1
optic of 2wy ~ (f/#)(44./x), and Eq. (3) gives a corre-
sponding ICS x ray yields near 10'° photons/shot (one
photon per one electron).

The peak energy density of the laser field is approxi-
mated as

np = (EL2/4”)/ha)La (4)

where E; is the laser field’s amplitude. This photon density
corresponds to a CO, laser field, E; ~ 1 GV/cm, which
given the long wavelength (10.6 um) of the laser, produces
a significant oscillatory motion in the electrons. A useful
measure of this amplitude is the normalized vector poten-
tial, a; = eE; /m,cw;, which approaches unity in BNL’s
case. The condition a; =~ 1 indicates that the laser is intense
enough to drive transverse motion corresponding to a
momentum m,c; the oscillating and therefore radiating
electrons enter into a regime of relativistic transverse
motion thus giving a radiation redshift. Here the transverse
oscillations become nonsinusoidal, and the existence of
non-negligible effects due to the magnetic fields of the laser
induce the nonlinear figure-8 motion illustrated in Fig. 1
[20,21] and described in the following section.
Qualitatively, this motion induces three notable effects.
First, the existence of relativistic transverse momentum
indicates that the electron must on average slow its propa-
gation in z, thus giving a redshift that could be significant,

ar<<1 ac=1

x: Laser polarization

z: Electron propagation

FIG. 1. Nonlinear figure-8 motion during Compton interaction.
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given the sensitivity of the relativistic Doppler boost. Second,
the increasingly nonsinusoidal transverse motion in the
nonlinear limit (a; ~ 1 or greater) indicates that strong
harmonic components should be present in the radiated
spectrum. Finally, the directionality of the motion—the
presence of the longitudinal components that is not negligible
in respect to the average longitudinal momentum in the
oscillation—gives rise to unique signatures in the radiation
angular spectrum, particularly in the harmonics. In this paper,
experimental results describing these effects are reported.

In order to appreciate the leap forward in understanding,
in terms of both the quantum mechanical [20,21] and
classical [22] descriptions of the electrodynamics obtained
in the measurement, we should discuss briefly the previous
progress down the path. Indeed, there have been, during
recent decades with actual availability of the ultrashort
intense lasers, numerous detailed theoretical investigations
of the characteristics of laser-induced electron motion and
corresponding radiation effects [23-27]. However, only
few experimental activities were carried out in this field
[28-31]. The first foray into the nonlinear regime of ICS
reported in Refs. [32,33] displayed necessarily production
of the 2nd harmonic. This paper thus would represent a
sufficient confirmation of the essential features of the
nonlinear interaction.

These physics issues concern the fundamental electro-
dynamics aspects. They also have a practical side, as the
details of the spectrum produced greatly affect the pros-
pects for applications. At the most basic level, one must
understand the implications of redshifting and attendant
spectral broadening, as well as the generation of higher
order harmonics due to nonlinear effects when considering
applications such as nuclear fluorescence-based detection
schemes. At a more detailed level, these nonlinear issues
should be understood to aid in producing and optimizing
the modulations of the temporal and spectral characteristics
of the scattered x rays produced. This understanding may
lead to development of more sophisticated variants of the
nonlinear ICS, including schemes based on a two-laser-
frequency interaction (or mixing) at x to y-ray regime [34].

II. CLASSICAL DESCRIPTION ON RADIATION
KINETICS OF LINEARLY POLARIZED ICS

In order to provide the proper intuition to appreciate the
salient observations, it is necessary to review and simplify
the classical theory of the inverse Compton scattering
radiation process in the experimental aspect.

In remainder of this paper, the above-mentioned
laser amplitude parameter, a;, is redefined as the peak
vector potential of the laser, normalized to the electron’s

rest mass [21],
\/ _ezA”Aﬂ - eEL'()(AL/Zﬂ') (5)

ap = aL.O, cak —
P I’)’lec2 mecz

where A, is the peak vector potential, E; , is the peak
electric field amplitude of a laser that is assumed linearly
polarized in the x direction, and 4; is the laser wavelength.
This definition describes that, when a; approaches unity,
the transverse motion of the electron takes on relativistic
character, since an electron obtains the equivalent energy
of its rest mass in one optical cycle. Further, it is clear that
if one wishes to experimentally induce strong transverse
motion, in the sense of large a;, it is advantageous to use
a long wavelength 1; laser to obtain a larger acceleration
path. This corresponds to increase of the photon number
density n; and thus the scattered flux, at the expense of a
proportionately lower ICS photon energy.

The most intuitive effects of a strong laser field on the
emitted ICS radiation is that, as noted above, the funda-
mental spectrum acquires a frequency redshift [21],

47020)L
1 + aTLZ + }’0262 ’

(6)

w1Cs, 15t ~

where pursuant to the previous use y, is defined by
ultrarelativistic electron beam energy by &, = yom,c>.
Here the limit that ® < 1/y is the observation angle relative
to the initial electron beam propagation axis is taken. The
on-axis redshift, with ® = 0, is understood as the decrease
in the longitudinal electron velocity due to its redirection
into transverse oscillation, or alternatively as an effective
mass increase; the electron is “dressed” by the vector
potential, and obtains oscillatory transverse momentum
prx = €A./c. This point of view is expressed as an
effective mass increase as [21]

2 2
me,eff2 = me2 + (%) = me2{1 + (%) }a (7)

resulting in reduction of effective Lorenz factor,

m

Veff = Yo- (8)

e.eff

In the nonlinear limit, viewed classically, the nonsinusoidal
deflection of the electron trajectory by the action of the
laser field approaches or exceeds 1/y,, and the radiation
kinetics becomes complex. This results in notable changes
in the angular spectrum of the radiation. The nonsinusoidal
electron motion due to the v, X B acceleration is induced,
and thus a phase delay between electron motion and the
purely sinusoidal colliding laser wave as a photon source is
initiated. This nonlinear electrodynamics scenario in turn
induces, as noted above, classical production of harmonic
radiation; in quantum mechanical terms, these processes
are viewed as due to multiphoton absorption in dense
photon field, and subsequent reemission of one photon of
higher photon energy. Each harmonic has a characteristic
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angular radiation pattern keeping the axial symmetry in
oscillating laser wave field.

In the case of a linearly polarized laser field, the electron
oscillation displays the figure 8 shape (Fig. 1) as viewed
in the electron beam’s nominal rest frame. Indeed, the
components of the motion in the longitudinal (along the
beam propagation) direction are represented in the Galilean
frame moving with the electron beam, in the small angle
approximation as

2
v, = vycosf vo{l -3 (?()") },

_ ; €A,
v, = vy sin @ = Vo g

©)

where 6 = (1) is the propagation angle of the oscillating
electron written as

pL,x
P

&
sin @ = <1, p. =22, (10)
c

with vy an initial ultrarelativistic electron’s velocity, as

expressed to the second order in y,~!,

1
vc|ll——=]. 11
0 ( 2}’02> ( )

In the nominal Galilean frame of the electron, the laser
vector potential is A, = A cos(w, ; 1), having angular fre-
quency @, ; = 2w; by counter collision. Here, v, is the
longitudinal velocity and v, is the transverse velocity in the
lab flame. In this analysis, small angle approximation is
utilized as our experimental interest is in the vicinity of the
relativistic threshold with a; < 1.

The radiation dynamics occurring during the ICS laser-
electron interaction may be understood by viewing the
electron as a radiator stimulated most effectively by
the incident photon when its motion is directed toward
the observer, through a relativistic boost. This conclusion is
reached by examining the classical far-field Lienard-
Wiechert (LW) potential, as it is seen along the observation
direction n. For w5 < ¢/r,, the LW potential yields the
field [35]

eELW = m,— < . (12)

Here w is the acceleration vector. For small angles between
the velocity and observation vector, A®, and under the ass-
umption of the ultrarelativistic condition, A® < 1/y, <1,
Eq. (12) is approximately reduced to the following field,
with, n — (A®, 0, 1), which is proportional to the polari-
zation vector X,

w1 = %) — w(80 - )

C

(1-A0%—%)3

(13)

ELWoc—

The retarded field of Eq. (13) has strong maxima when
A® — 0 and the longitudinal velocity, v.(f), becomes
comparable to the speed of light during the relativistic
figure-8 motion.

In Eq. (13), v, = constant with w, = 0, corresponds to
the linear Thomson scattering of a head-on energetic
electron-photon collision. In this case E;y becomes a
function only of w, for the observation angle A® = 0.
On the other hand, for the nonlinear case, with
v,(t) # constant, the effect of both longitudinal and trans-
verse acceleration components induced by the figure-8
motion should be examined. In this way, it can be seen that
near-axis harmonic radiation (A® = 0) associated with
figure-8 motion is induced by the oscillatory behavior in
v,. This component produces, due to the symmetry of the
field oscillation, only odd harmonic radiation. On the other
hand, off-axis harmonic radiation with A® # 0 is function
of both v,(¢) and v,(¢), thus permits other symmetries
in the kinetics, to induce both odd and even harmonics.
These results have been noted in the related phenomena in
high strength magnetostatic undulators in FELs, general
synchrotron light sources.

A. Remarks on ICS x-ray angular spectrum

Fourier transformation of the Lienard-Wiechert field
yields the frequency spectrum by integrating the acceler-
ation terms in Eq. (12), and extracting the number of
emitted photon modes per unit dw, dN,, = 4zp*dp/h’ =
o*dw/2c37%, as [36,37],

2

dl
ah  (14)

E = deCﬂ'

1 o0 ) )
iw(1—1L)
nx (nxve dt
V 2w /—oo ( )

where a is the fine structure constant. Using the Eq. (9) of
figure-8 motion an electron’s position is integrated within
the colliding laser cycle to give

1 2 25in?2 t
Z‘:/ﬂ#ﬁ%l@ IR e 0 I P (e e 2 A
' 4 \ 7o 4 \ 7o 2w, 1

(1 1+aL2/2>t c(aL)zsinZweLt
el ———5 5 )r—— () =/,
2r0° 4 \70 20,1

(15)

apsinw, t

ay sinw, ;t
x—/vxdtgvo—L—e’Lgc (16)

Yo @eL Yo @

Here the peak normalized vector potential is approximated
as a; = eA/m,c? and high order terms of a;/y, are
neglected. The retarded term exp @ (1 —n-r/c) in the
LW spectrum of Eq. (14) is rewritten by
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iw(t—") io(t—:—A0%)

e = e

2
5 . .
. 1+ 2 . sin2w, gt . sinw, 1t
'w(—sz/ ) i (%(—iﬁ) o ”L'L) i (AGiﬁ ”L'L)
—¢ 70 e e, e e.

(17)

In addition, the expression nx (n xv) in Eq. (14)
is reduced to (—v,+ ABv,)X — ABO(—v, + ABv,)Z =
—0,% = ciERe(e iw..1) &, with the ultrarelativistic condition

AO < 1/ yO < 1 assumed. Further, by an expansion utiliz-
ing a Bessel functlon of the first kind, e*"°=%"J, (b)e™,

k 2k+n
J.(b) =32, sz k,”k J:n),, the double differential spectrum

for the nonlinear ICS radiation is resolved as
d’1 eza)2 a,\?
da)dQ 4r%c

2 .
© 1(aL ® in 2w, t
XX Z ,=—00 JZ,nZ [4 (70) 2(1)8_Li| ¢ ‘
oo a, o in,w,t
X0 don, (802 ) e

(18)

Here the indices n, and n, are associated with the
harmonics of the transverse and longitudinal motion
respectively. The angular frequency of ICS photon o is
evaluated through the condition

1+ay?/2
pi(1+2n, +nX)the (T) ot = 1. (19)
Here angular frequency is reverted back to examine the
experimental observable, the laser’s angular frequency in
the lab frame, that is w, ; = 2w;,. For small values of their
arguments, the first three Bessel functions of first kind are
approximated by

b2
Jo(b) = S, (1) i~ 1 =B < 1,
2k+1 3
Ji(0) = 320 (1) gt © 5 — 16 < 0.6, (20)
D2 (b) = 280 (—1)* sy # § — 6 < 05.

1. Fundamental harmonic radiation

The radiation pattern of the first harmonic is given by
Bessel function of the first kind at order n, = n, = 0, with
the resulting double differential spectrum observed:

.(1+a,‘2/2)wt 2

: i
e”"€~L’e 2702
aL o
70 @e,L

xJ .0 [% (%) ’ 2(3,.,}1 0 (AG

dQIlst 2
x W
dwdS)

(21)

In Eq. (21) the factor J,oJ,(, may be further approxi-
mated as, neglecting higher orders of a; /y, in the case of
low ay,

1 1
JZ,O(bz)Jx,O(bx)‘z ~1— _b22 - bez- (22)

2

Thus Eq. (21) has on-axis maxima at A® =0 when
J.0(0) = 1. An increase of a; results in decreases of
both the J,o, and J,, components, so that radiation
energy is converted to the higher order harmonics. The
frequency redshift due to the electron’s longitudinal
position is indicated in the exponential term explicitly,

expli (H"L 2\, as anticipated in the undulator equation

expression in Eq. (6).

Note that the off-axis intensity drop in the fundamental
harmonic component is partially due, noting the off-axis
redshift effect, to decrease of photonic mode density
dN, x w*. As seen by the noted behavior of J.o, the
intensity drop along the radiation angle A® along the
laser’s polarization direction is more notable for a higher
a;, and thus the radiation pattern becomes elliptical,
having a narrower opening angle in laser polarization
direction. This effect results in conversion of off-axis
radiation energy into the higher order harmonics due to
nonlinear motion described by the Bessel terms. Note that
for the case of a; > 1, where this small angle approxi-
mation is not valid, radiation distribution shows two
lobes described by antenna type dipole Lorentz boost.

2. Second harmonic radiation

The 2nd harmonic radiation spectral distribution is
represented by n, = 0, n, = 1 component in Eq. (18),

tag2/2 2
i(FeL /)wt

i2(1)ethe ( 202
aL_o_
70 We,L

eali () ] s (20

Since J,; has a maximum value J;(2) = 0.6, the angle of
peak intensity for a; ~ 1 is in the vicinity of

Iy

2
daod0 <7

(23)

a_LMzzeA@zi'

A®
Y0 @D L, 2y

(24)

The radiation pattern in the 2nd harmonic is formed by
two crescent shaped lobes. The spectral intensity is again
proportional to the density of photonic modes, dN,, x ®?,
neglecting higher order terms of a; /y,. This results in
decrease of the opening angle less than the value 1/(2y)
of Eq. (24).

The relative intensity of 2nd harmonic with respect to
fundamental grows at off-axis observation angles. The
J.o0J o term in Eq. (22) in this case reduces to
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1

1
Wo0(b )T o(by)? ~ 1 _bez -1 —EGLZ- (25)

This is straightforwardly obtained by taking AG® —
1/(2y0) and @ =~ 1 x 2yy’w, ;. While, under these con-

ditions, the 2nd harmonic intensity is approximately
proportional to

b, 2 1
JZ.O(bz)Jx,l (bx)‘z ~ T - 4aL2- (26)

The reduction of J,  is largely opposed by the behavior
of the J, | term. As long as a; < 1, in which case the 2nd
harmonic intensity dominates that of the higher order
harmonics, the intensity lost in fundamental radiation band
is largely due to the radiation energy emitted in the
2nd harmonic. To guide intuition in the understanding
the present experimental implementation herein, the value
of the Bessel function product is roughly evaluated to
be 0.9 for a; ~# 0.6 case, and approximately ~10% of
total ICS radiation intensity is expected to be appear in
the 2nd harmonic component. For higher values of a;, this
approach to estimation should not be valid due to signifi-
cant increase of higher order harmonics.

3. Third harmonic radiation

The on-axis component of the 3rd harmonic noted is
attributed to the longitudinal velocity modulation term

v,(t) given by

l+aL2/2) .
613(”‘““6 2702

2
el () ] o 20

d213rd,0n—axis 2
— X
dwd)

a_w
Yo (”e,L)
(27)

The radiation’s opening angle is estimated by expanding
the Bessel function, J, , and setting the frequency appro-
priately to  ~ 3 x 2y,’w, ;, to yield

a w L, 5
A®— ~1l—-b =~1—(AB3 . 28
Tea (809 ) w1 =12 1 - (2030, (25)

This term vanishes for the angle A® =~ 1/3yya;. For
a; ~ 1, radiation is confined within

A® ~ 1/(3y,). (29)

The mode density factor dN, decreases this angle
further. This aspect is generally advantageous in a directed
light source based on an odd order higher harmonic. The
ratio of on-axis, A® = 0, intensity of the 3rd harmonic to
the peak off-axis intensity of 2nd harmonic component is
roughly approximated as

&Iy,
dec;S% ~ (3a)e.L>2 Jz.l(bz,3rd) x1 |
% 2a)e.L Jz,O (bZ,an) x 0.6
b, b3’ )2 b3 )2
9 1 2%rd féd 9 1 3rd A
s =aloet] e
for a; < 1, where the limiting relation,
3,
b3 — ZaL ) (31)

is utilized to yield intuitive approximations relevant to the
experiment. This ratio reaches ~10% for the a; ~ 0.6 case,
and is experimentally observable, as is clarified by the
experimental data. In the experiment reported in
Refs. [32,33] that the ratio is ~2.5%, and the 3rd harmonic,
with absolute value of the radiation flux ~64 times smaller,
could not be examined.

The off-axis components of the 3rd harmonic are
composed of two lobes and is expressed by

€i3w“~t€

xJ 0 [411 (;_g) 2 ﬁ} Iz (A®

2
d” I3, off—axis 5

dwd) a L)
Yo @e L

(32)

Here, J,,(b,) has maximum value J,(3)
radiation opening angle of

~ 0.5, to give a

3 % 2w, 170 1
AQIULI X WLl 3 @~  (33)
Y0 We, L 279

B. Numerical illustrations based on E} w of Eq. (12)

Figure 2 shows the angular patterns of the photon
number density distributions, |Eyw|*/hw®, of the ICS
x rays for the fundamental, 2nd and 3rd harmonic energy
bands, respectively, for interaction parameters relevant to
the experiment. The numerical calculations are based on
the LW fields of Eq. (12),

'/ELW

+ ‘/ ELW’X(CO)Ei(mdt

|[Ep w(@ eltdt

, (34)

under the momentum-energy 4-vector amplitude conserva-
tion and the Lorentz force equation,

pﬂpﬂ = mecz’
} (35)

d"—eEL—i-e() x H.
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FIG. 2. Numerically calculated normalized photon number density distributions having x and z linearly polarized components,
~|Epw|?/ho, for 1st 0 < hw < 7.6 keV (a), 2nd 7.6 < hw < 15.2 keV (b), and 3rd 15.2 < hw < 22.8 keV (c) harmonics in
16 x 16 mrad square where a; = 0.6 and £, = 65 MeV. The direction of the laser’s polarization is along the x axis.

The electron’s nonlinear motion is solved for an ideal
sinusoidal wave field, E; = E; sin(kz-wt) and the obser-
vation plane is taken to be at unit length R(7) ~ 1 m, which
is well past the radiation formation length and thus into the
far field. For relevance to the subsequent discussions, the
parameters used for the laser and electron beams in this
numerical calculation are for this experimental condition of
laser normalized vector potential of a; = 0.6 and e-beam
initial energy of £, = 65 MeV.

III. EXPERIMENTAL SETUP

An initial observation of nonlinear effects in the ICS
interaction, in the form of evidence for 2nd harmonic
x rays, was achieved in single-shot measurements at the
BNL ATF using an infrared CO, laser [32,33] with
estimated normalized vector potential of a; ~ 0.3. In this
paper, with the availability of 4 times the laser intensity, the
laser vector potential has been doubled to approximately
ay = 0.6 [38]. The concomitant quadrupling of the strength
the coupling to relevant nonlinear phenomena has permit-
ted us to approach the relativistic threshold a; = 1—
redshifting and higher harmonic production. This fourfold
increase in nonlinear interaction strength permits the robust
characterization of the angular distribution of the ICS x ray.
In this experiment, a 6 & 3 ps, 0.3 nC total charge, &) =
65 MeV electron beam derived from a rf photoinjector and
linac is collided with a ~5 ps FWHM [38] CO, laser pulse
having 2—4 J average energy. This laser thus has approximately
~0.4 TW peak power, and with 2w, = 100 ym, thus nor-
malized vector potentials of a; =~ 0.6 is expected. As illus-
trated in Fig. 3, the CO, laser optics inside the vacuum

Filters with Be window
(Or Si-detector: $20 mm)

f/1 focusing Cu parabola:
064 mm, with ¢1.6 mm hole

electron-beam line consist of two Cu mirrors, a 45° deflector,
and an off-axis parabola used for f/1 laser focusing. Off-axis
parabola has 1.6 mm-diameter (25 mrad > 2/y) axial holes
for transmitting the electron and ICS x-ray beams. The spot
size of the incident CO, laser at the 45° deflecting mirror is
~40 mm, and the measured beam waist at the IP is indeed
wy = 40 um with Zp, = 0.5 mm at the oscillator signal level.
To detect the far-field angular pattern of radiation, an x-ray-
optimized potassium bromide-coated microchannel plate sys-
tem (PHOTONIS MCP 40/12/10/8 1 60:1 EDR KBR 6” FM
P46) with a ~25 mm diameter (the minimum diameter of the
system is restricted by the presence of vacuum pipe boundaries
and related concerns), in combination with a phosphor
screen and a 12-bit CCD camera (Basler, scA1400-17 gm),
is employed. The distance from the IP to the MCP is 1.85 m,
giving a collection angle of 13.5 mrad (>1/y =~ 8 mrad). The
total x-ray flux is measured by use of a Si diode detector
(Canberra, A300, with use of 0.5, 2.2 or 10 nF capacitors.)
that had been calibrated at the photon energies of 6, 12, and
18 keV, respectively, on BNL NSLS X15A beam line.

The features of the radiation characteristics have been
resolved through the use of a MCP in tandem with
judiciously chosen x-ray filters. These filters exploit K-
and L- edge attenuation in metallic foils [39] to obtain
wavelength-angular spectral information following the
method studied in Ref. [40]. These foils act as low-pass
or band-pass filters (as illustrated in Fig. 4), depending on
the material and thickness selected. For narrow band
spectral discrimination, thin foils composed of Fe and
Au were utilized, having absorption edges (K- and L-) at
energies of 7.2 and 12.1 keV, respectively, in combination

45’ deflecting Cu mirror:
76 mm with $6.4 mm hole

|

A

r ICS X-ray ’ P
MCP system: X

\ z e-beam:

gzg . 3 A\, 65 MeV, 0.3 nC, 6~3 ps,
= mra Vacuurh:  Air path:  |E " Vacuum 1/y= 8 mrad
20 cm 50 2 S =
om om | / _§ g T CO: laserz/\
N 1.85m ~5 ps FWHM, 0.3-0.4 GW, wo ~ 40 im
(Incident spot size at Cu mirror = ¢p40 mm)
FIG. 3. Schematic layout of nonlinear ICS experiment at the BNL ATF.
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FIG. 4. Spectral transmission of filters used in the experiment,
per Ref. [39]. Absorption along the 0.5 m air path and the
2 x 250 um thick Be vacuum windows is included.
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FIG. 5. Angular-frequency spectral distributions of the funda-

mental, 2nd and 3rd harmonics, numerically calculated for ICS
emission with a; = 0.1 (left) and a; = 0.6 (right), based on a
Lienard-Wiechert field potential.

with low-energy attenuating Al foils of 250 ym and 1 mm
thickness, respectively [39]. The 250 ym Al filter has
transmittance of ~0.25 and ~0.75 for 12 and 18 keV,
respectively. In the case of the 1 mm Al filters, the
transmittance is near 0 and ~0.25 for these two energies,
respectively. Figure 5 illustrates how spectral filtering
serves to unveil characteristic changes in the radiation
pattern for ideal sinusoidal wave field. Here, the spectral
and angular distributions of the lowest harmonic compo-
nents, calculated for a; = 0.1 (left) and 0.6 (right), are
overlaid upon the respective transmission windows.

IV. EXPERIMENTAL RESULTS

For the 65 MeV electron beam used in the experiments,
the highest energy emitted photon in the linear regime is
7.6 keV, just above the relatively narrow Fe K-edge
transmission window [Fig. 6 (upper)]. A Fe foil placed
in the x-ray beam’s path to the MCP detector thus absorbs
the near-axis portion of the x-ray spectrum that exceeds the
K-edge energy. This effect generates a characteristic annu-
lar pattern on the MCP screen, as discussed in Ref. [40]. By
increasing the laser intensity to attain strong nonlinear
effects at a; ~ 0.6, the highest energy emitted (on-axis)
for the fundamental component of the ICS spectrum is
displaced downward to below 6.7 keV via the relativistic

2z

&

Q —

B E

3 =z

=€

< <

ET [ \

5

Z 8 6 4 2 0 2 4 6 8
x [mrad]

2

&

Q —

£ 2

g =

N o

=l

ES

S 8 -6 4 2 0 2 4 6 8

x [mrad]

FIG. 6. Demonstration of redshifting in the ICS fundamental
frequency using a Fe K-edge filter. Single-shot x-ray-intensity
distributions were observed on the MCP screen with an upstream
50 um Fe foil (7.2 keV K-edge) in 10 mrad square: (upper)
ay < 0.25 case when the fundamental high-energy edge is near
7.6 keV; and (lower) 0.5 < a; < 0.7 case when this edge drops
into the K-edge transmission window. The contrast is adjusted
for these color-rendered MCP images. Lineout profiles corre-
spond to the line y =0, giving the intensity distributions
measured by the MCP.

redshift mechanism, a mass shift effect. The peak on-axis
energy is then well within the Fe K-edge transmission
window, and therefore the on-axis portion of the x-ray beam
is transmitted to the screen (Fig. 6 (lower)). This observa-
tion serves as direct evidence for the relativistic redshift in
the ICS spectrum. From the observed redshift, the estimated
normalized vector potential given by Eq. (6) is determined
to lay within the range 0.5 < a; < 0.7, in agreement with
the expected laser parameters.

With the relativistic redshift in this nonlinear interaction
established, the observation of harmonics in the ICS
radiation is now described. Figure 7(a) shows the passband
extraction of the 2nd harmonic, produced at photon
energies in the range of ~10-12 keV, by use of the
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FIG. 7.

Observed ICS 2nd and 3rd harmonics at MCP with the laser parameter 0.5 < a; < 0.7 with: (a) narrow-band transmission

through 20 ym Au foil giving the characteristic shape of the ICS 2nd harmonic; (b) transmission through 250 ym Al foil showing the
superposition of 2nd and 3rd harmonics; and (c) 1000 um Al foil effectively transmitting only 3rd and higher harmonics. Contrast has
adjusted for the rendered color MCP image. Lineout profiles correspond to the line y = 0, giving the normalized intensity distributions

measured.

Au foil filter. This measurement distinguishes two narrow
crescent-shaped lobes having individual thickness of
~2 mrad, separated by a half opening angle of
~2 mrad < 1/(2y,), values that are estimated numerically
as shown in Fig. 5 (right) at 10-12 keV. These crescent
shaped lobes are, as reviewed in Sec. I, a signature of the
electrons’ figure-8 electron motion in the nonlinear regime.
In addition to the details of angular distribution, L-edge
filtering verifies the predicted photon energy range of ICS
2nd harmonic [32,33], including the significant frequency
redshift encountered in this case.

To investigate the existence of harmonics at order >2, Al
filters of 250 um and 1 mm thicknesses were employed.
The 250 ym Al filter allows one to access a relatively
broader spectral range that includes the 2nd as well as
anticipated higher orders. The resulting radiation patterns
observed at the MCP are shown in Figs. 7(b) and 7(c), for
the 250 yum and 1 mm filters, respectively. Figure 7(b)
shows how the gap between two characteristic lobes of the
2nd harmonic component fills in noticeably, due to the
angular pattern of the contribution from the 3rd harmonic.
The Lienard-Wiechert model indicates that the on-axis
component of the 3rd harmonic should be concentrated
within an opening angle of <1/(3y,) mrad [Figs. 2(c)
and 5 (right)]. This harmonic component is mainly induced
by longitudinal motion along the strong figure-8 motion.

Figure 7(c), with its stronger attenuation of the 2nd
harmonic component due to use of the 1 mm thick Al filter,
corresponds indeed to photons having contributions that
arise mainly from the 3rd harmonic. The radiation pattern
displayed shows the pair of side lobes surrounding a central
peak having a half opening angle of <4 mrad =~ 1/(2y,), as
seen in Figs. 2(c) and 5 (right). The observed central peak

is particularly intense in the measurement, while the side
lobes are off-axis redshifted and thus suffer partial attenu-
ation. As a result, sufficient proof required to firmly
establish the existence of the oscillatory longitudinal
motion associated with the figure-8 motion in strong laser
field has been convincingly obtained through the geometric
features of the distribution by the on-axis 3rd harmonic ICS
radiation. Along with the verification of the redshifting,
sufficient condition that validates the LW potential-based
physics model is clarified.

By use of a Si-diode detector, the total x-ray photon
number produced in this linearly polarized ICS interaction
case is measured to be ~10® at the detector, and with the
estimated losses, by air path and Be vacuum windows, this
translates to ~10° photons at the IP. As a consequent, by
employing the Si detector in conjunction with the Al high
energy attenuation filters, the ratios of 1st, 2nd, and 3 rd
harmonics of the ICS radiation was measured to be
approximately 1:1/25:1/125. These ratios are reasonable

FIG. 8. Observed distribution of 2nd harmonic ICS radiation
from a circular polarized laser field, with spectral band isolated
using a 250 ym Al filter. The annular shape of the radiation
distribution implies existence of a strong transverse helical
motion.
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numbers based on the LW model for the Gaussian laser
pulse with peak intensity of expected 0.5 < a; < 0.7.

Through use of a quarter-wave plate between the
regenerative amplifier and the final amplifier of the CO,
laser system chain, the ICS radiation distribution obtained
by scattering a circularly polarized laser in the nonlinear
regime is elucidated. The resulting ICS photon distribution,
which is also circularly polarized, displays an off-axis 2nd
harmonic component, which was selected by an 250 um
thick Al filter. The results of this measurement are
displayed in Fig. 8. In this case, the polarization symmetry
should yield an angular distribution that takes on an annular
shape, an effect that is indeed observed. With circular
polarization, the nonlinear harmonic effects are not created
by the existence of harmonics in the electron oscillatory
motion, as there is no figure-8 motion induced—there is
instead strong rotational helical motion. The measured 2nd
harmonic component arises instead from angular asymme-
tries in the helical transverse motion.

V. CONCLUSION

For the first time, direct observation of the nonlinear
redshift in the ICS scattered photon spectrum has been
accomplished in a single-shot experiment. This observed
frequency redshift [21] is viewed as due to the increase
in effective mass of the electron oscillating in a linearly
polarized laser field. This effect, which indicates an
entrance into the clearly observable nonlinear regime,
has been shown through K-edge filter angularly resolved
measurements, to be consistent with an estimated normal-
ized vector potential 0.5 < a; < 0.7. With the value of a;,
approaching to unity, this nonlinear effect is accompanied
by the extension of higher harmonic emission up to 3rd
order. These 2nd and 3rd order harmonics were verified in
the expected spectral bands. The spectral-angular distribu-
tions observed directly indicates the existence of the figure-
8 motion induced to the electron’s oscillatory longitudinal
momentum in a relativistically intense, linearly polarized
laser field.

The exploration of two notable nonlinear effects in ICS
has permitted the qualitative validation of the electrody-
namics model of the radiation production. This observation
opens the door to further experimental investigation which
exploits the control of the relativistic radiation kinetics
in the x-, y-ray regimes using nonlinearities. One may, for
example, wish to either enhance or suppress harmonics
in the emitted spectrum, or realize harmonics mixing with
arbitrary polarizations [34]. In regards to the related interest
of time encoded spectrum modulation that occurs during
ps CO, laser pulse, applications of nonlinear ICS pulses
to pump probe experiments as initial proof of principle
experiments are under consideration at BNL ATF. This
development takes place in the context of the UCLA project
to create an all-optical, quasimonochromatic ICS/IFEL
y-ray source. These following steps would serve to help

optimize tunable, ps-to-fs ICS photon production as uti-
lized in a wide variety of emerging applications, at higher
photon energy, and clarify experimental understanding of
strong field laser-electron interaction physics.

The results obtained here are general, and are relevant to
all Compton sources that operate in the Thomson limit,
where the recoil of the electron in its nominal rest frame is
negligible. The results would be applied to the applications
discussed in the Introduction, up to MeV or higher photon
energy. Further studies that deepen the understanding of the
basic electrodynamics will arise from future experiments
with a range of collision scenarios, such as variations in
laser polarization and incidence angle, and use of higher
energy electron beams.
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