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Abstract—In the field of an intense laser, photon-electron Sections IV and V for Thomson and Compton scattering,
scattering becomes nonlinear when the oscillatory energy of the respectively. The conclusions are presented in Section VI.
electron approaches its rest mass. The electron wave function is
dressed by the field with a concomitant increase in the effective
electron mass. When the photon energy in the electron rest frame [l. NONLINEAR LASERELECTRON SCATTERING
is comparable to the electron rest mass, multiphoton Compton g jnieraction of an electron with an intense laser field is
scattering occurs. When the photon energy is significantly lower h terized by 110
than the electron rest mass, the electron acquires momentum characterized by [10]

from the photon field and emits harmonics. This paper reviews c2E2 2
nonlinear photon-electron scattering processes and results from 772 =— 1"2“152 =—— (A, AM) Q)
two recent experiments where they have been observed. mewic mac

~ Index Terms—Electromagnetic scattering, high intensity, mul- where E, s is the rms electric field strengthyy, is the laser
tiphoton. frequency, and4,, is the four-vector potential. As defined in
(1), n* has the same value for linear and circular polarization
at a given laser intensity. For counterpropagating electron and
. . . . . photon beams;? is an invariant, independent of the electron

HE interaction (scattering) of light with free electrong,qom energy in the laboratory.

is a well-known phenomenon. Thomson scattering, the, 1959 "volkov calculated the electron wave function in
scattenng _of an electromagnetic wave from an electron undgy electromagnetic wave [11]. One can interpret these wave
the condition that the photon energy is much less than g, (ions as dressed states of an electron in an electromagnetic

5 . )
electron rest masdiw < m.c”, was discovered in the latefjg|y The electron’s rest mass is dressed by the field giving
19th century [1]. Compton scattering, the scattering of &, offective massm*2 = m(1 + 72). At low intensities
photon and electron under the conditions where the phot N <« 1, 5 is equal to the ratio of the quiver velocity in the

energy in the electron rest frame is large enough that electr&qd to the speed of light, ang? /2 is the ratio of the average

recoil effects must be included, was discovered in 1923 iat0ry energy to the rest masg.is directly related to the
[2], and the kinematics were described in 1927 [3]. Thﬁonderomotive potential [12], [13]

scattering of two photons to produce an electron—positron

I. INTRODUCTION

pair was calculated by Breit and Wheeler in 1934 [4]. All o s _ M @
of these processes are linear. In Thomson scattering, the pond = w2 2 ¢
electron response to the field is harmonic. In Compton aaﬂd has the numerical value? = 3.6 x 10-1°7

Breit—Wheeler processes, the scattering rates depend Iinewch))\g (um). For 1um-wavelength lights2 approaches

on the photon fluxes. Recent advances in high-intensity-la%_e(tjls the ﬁ'ltensity approaches i n/cr? ’

systems [5], [6] have allowed the study of the nonlinear , 5 quantum mechanical picture, multiphoton—electron scat-

gnalogues to the scattering processes described above.. Qﬂhg processes can be calculated as transitions between

linear Thomson [7] and nonllnear_ Compton [8] scattering . ocsed states [14]-[16]. Many other quantum mechanical

have been observed, and an experiment is underway 10 Sty jations have been carried out. Classically, intense field

nonlinear Breit-Wheeler scattering [9]. In Section I, nonlinegpo 5 ctions with electron can be calculated as anharmonic

laser-electron scattering is described, both in the Thomsgglections to the electron trajectory, which become prominent

and Compton regimes. Nonlinear photon—photon scatterig 12 approaches 1 [17]-[20]

IS dlgscrlb?d in Slectlon 1. Experlmental measuremgr;l'ts 9'The distinction between quantum mechanical and classical

nonlinear laser-electron scattering are reviewed briefly Hbscriptions of the interactions of an electron with an intense

field is made for convenience. For example, the Volkov states

Manuscript received August 8, 1996; revised May 19, 1997. This work wgd1] include the classical electron trajectory in the calcula-

supported by the National Science Foundation and by the U.S. Departmggln of the wave function. Similarly, the distinction between
of Energy (DOE) Office of Inertial Confinement Fusion under Cooperativ.

Agreement DE-FC03-92SF19460, the University of Rochester, and the Nj\pomso_n and Compton scattering Is some_what arb'trary- The
York State Energy Research and Development Authority. kinematics of multiphoton—electron scattering can be used to
The author is with the Department of Mechanical Engineering, the Depagxp|ore the different regimes.

ment of Physics and Astronomy, and the Laboratory for Laser Energetics, . .
University of Rochester, Rochester, NY 14623 USA. An n photon—electron scattering process can represent either

Publisher Item Identifier S 0018-9197(97)07829-9. a single interaction of, photons with an electron (multiphoton

0018-9197/97$10.0Q0 1997 IEEE



1936 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 33, NO. 11, NOVEMBER 1997

Nonlinear Compton Scattering Plural Compton Scattering The scattered photon energy for a nonlinearphoton
scattering event is
. o ;sc 2(1 + B)nhwry?
o Wge hwsc =

mc?

J‘ﬂ 2v%2(1 — Bcosb) + (m—kl—f—@)(l—i—cos@'

' (6)
Equations (5) and (6) reduce to the well-known Klein—Nishina
formula [3] asn — 0 andn — 1 and to the standard Compton
formula as, in additiong — 0 and~y — 1.

One can discuss the relationship between Thomson and
Compton scattering by examining the energy change of either
the photon or electron during the scattering process. If we first
consider the scattering of a single photon from an electron at

Fig. 1. Diagrams showing multiphoton—electron scattering and plural scapst (y = 1) at low intensitiesy ~ 0, the energy change is
tering. The electrons are represented as double lines and the vertices as circles

to indicate that the scattering is taking place in the presence of a strong field hwr, 1 —cos@
and that the electron-wave function is dressed by the field. hwr — hwse = —AFE, = 3 o hwr,.
MeC* 1 — 24 (1 — cos f)
(7)

or nonlinear scattering), or a series of single photon—electr@ompton’s original scattering experiment [2] was carried out
scattering events (plural scattering), or a combination theregith Mo K-a photons with energy of approximately 17 keV
[8]. The electron kinematics of these two process are almasteracting with electrons at rest, Sav/m.c?> ~ 3% and
identical. Fig. 1 shows a representative diagram of the twioe observed frequency shifts of scattered light were of the
scattering processes. In Fig. 1, the electrons are represerdahe order of magnitude. Recoil electrons with energies of a
as double lines and the vertices as circles to indicate that fhev percent of the incident photon energy were subsequently
scattering takes place in the presence of a strong field and thlagerved.
the electron wave function is dressed by the field. A nonlinear, Thomson scattering traditionally refers to the scattering
n photon—electron scattering event can be described as a singleisible or longer-wavelength light by free electrons with
interaction v ~ 1 [21]. Under this conditionfiw/m.c? < 1, the changes
in photon and electron energy are ignored in the scattering
e +nwp — €7+ wee (3) process. Thomson scattering can be described by treating the
photons as an electromagnetic wave, determining the electron
while a plural scattering event can be described as a sequeffPOnse to the wave and the subsequent radiation [21]. This
of interactions classical picture of the electron’s response is discussed below.
Traditionally the distinction between Thomson and Comp-
e twr — €7+ we ton scattering has been that for Thomson scattering the electron
recoil and photon frequency shift can be ignored because
Yy o ; yhw/m.c?> < 1, while for Compton scattering, the photon
e twp — e+ W energy in the rest frame of the electroffiw/m.c?, is large
enough that the electron recoil and photon frequency shift
The kinematics of the two processes are almost identicate nonnegligible. While this distinction is reasonable when
and the scattered electron energies for counterpropagat§idgle-photon scattering is considered, it becomes less clear
electron and photon beams in the laboratory frame can @@en multiple-photon—electron scattering occurs. In this case,

€ +wp — "+ Wl 4)

written the more relevant parametersiw/m.c?. In the Thomson
regime, with yhw/m.c* < 1, sufficiently large numbers
E. = ymc® + nhwr, of photons can participate in the interaction to make the
2(1 + B)ynhwry? electron recoil and photon frequency shift nonnegligible. For
292(1 — Beosb) + (thuz;'y + 11—2@)(1 + cos 6) an electron initially _at r_est, the s_cattered-electron energy for
me / (5) an n-photon scattering is approximately
I I
AE, o 2L L 8)
whereym.c? is the initial electron energy with a correspond- mect 1+ 07k

. ; B 5 L _ N
Ing vqucny paramet_erﬁfy = v7?—1.The |n_C|dent photon Thus, if sufficiently large numbers of photons are scattered,
energy ishwz, andd is the laboratory scattering angle of th‘:‘[he electron can gain an energy comparable to its rest mass.

photon, where_e =0 corresponds to backscattering of theI'his becomes possible ag approaches 1. Equation (8) is
photon. Equation (5) describes the scattered electron ene ally valid for nonlinear and plural scattering

for a nonlinear;n-photon scattering event and is a reasonabeIn the traditionally Compton regime, the probability of
approximation forn-photon plural scattering. The Scatteredfnultiphoton or nonlinear, Compton scattering
electron energy can be greater or less than the initial electron ' ’

energy depending on the experimental conditions. e+ nw— ¢ 4 wee 9)
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scales approximately aB, o n?" [16]. As > becomes large is [34]
enough to cause significant scattering, the dressing (shift) of
the electron rest mass by the electromagnetic field, =

Fr = ymefL = “LA(t) - A(0)]

mo+/ 1+ n?, cannot be ignored. The scattered-photon energy pp = ymefy = me(y — 1) (13)
can be related to the incident photon energy for photons 1 &2 . .
colliding with electrons with energyymoc?. The maximum yme? = mc? + 5—2[A(t) — A(0))?

mc

backscattered photon energy for head-on collisions is [10]
wheres = #/c and A(0) is the initial vector potential. In this

dnhwr~? case, the parallel direction is that of thevector of the laser,
hwse = 4nyhw (10)  and the perpendicular direction is in the plane of polarization
Ly ey perpe i the plane of p -
Mee The mass shift of the electron in the field is given by the

. L time average of the equation fgimc?. For linearly polarized
which corresponds to a minimum scattered-electron energyqer light with, for exampleff(t) — Agsinwtd, (13) yields
) ) a trajectory that includes anharmonic motion of the electron
B = Mec (1+77) (11) in the field and a forward drift. The anharmonic motion is a
14 % + 7?2 figure-8 motion in the plane made by the laser polarization and
‘ k vector for linear polarization [18], [20], [34]. The nonlinear

when the photon energy in the laboratory frame is mudRotion leads to the radiation of harmonics from the laser [17],

less than the electron rest energy. Thy,enters both in [19]: [20], while the forward motion leads to a wavelength
ift of the harmonics as shown in the quantum mechanical

Thomson-scattering process, both cross-
ics, is recovered as the low-energy limit of the Comptor‘1
scattering cross section [10].

When the photon energy in the electron rest frame is mul

In circular polarization, the trajectory is circular in the plane
f, polarization with an angular frequenay;, and radius

less than the electron rest mass, the laser can be treated R n__ < (14)
as an electromagnetic field and the laser-electron interaction V1+n?2wr

can be described classically. When the photon energy in the L

electron rest frame is comparable to the electron rest mas§€ €lectron also undergoes a drift in thedirection of the

the interaction must be treated quantum mechanically and tger. Harmonics of the laser light are observed due to the

photon nature of the field must be considered. modulation of the distance from the radiating electron to the
The transition to multiphoton—electron scattering in a higtoserver [20]. .

intensity laser focus occurs when the oscillatory energy of aConservation of momentum and energy during the photon-

free electron in the laser field approaches the electron ré§gttering process can be used to derive the relationship

energy. Under these conditions, the electron recoil due R§tween the perpendicular and parallel momenta in (13) [28],

the laser field momentum can no longer be ignored, and fr#d], [35]. If the electron gains an energyE. from the photon

electrons acquire momentum in the direction of the wavevecti#!d, it also gains a longitudinalk( direction) momentum

of the laser. This momentum was predicted from both quantuiiy; = AEe. Thus, if an electron, initially at rest, gains an

mechanical [22]-[26] and classical considerations [19], [20] BNETIYAE, = (v — 1)m.c?, its final parallel momentum will

the 1960’s and in a series of later calculations [27]-[33]. Pe related to its perpendicular momentum by [28], [29], [35]
In the Thomson regim¢aw < m.c?), where the photon P

energy is much less than the electron rest energy, harmonic by = 2Mmoc’ (15)

emission and a mass shift of the electrons are also governed o ] _

by 72 [22]-[26]. Under these conditions, the mass shift cafyhen the e_Iectron is in the Iaser_flel_d, the _perpend|cular

be thought of as a Doppler shift associated with the forwafBomentum is due to oscillatory motion in the field.

momentum of the electrons in the field [25]. The forward, 'n @ Igser focus,_ the electron feels a ponderor_nonve force

momentum arises from conservation of energy and momentdm = —V Ppond; Which causes the electron to be ejected from

during the dressing of the electron. the laser focus with a directed kinetic energy equal to its
An electron in a plane wave is accelerated by the LorergsCillatory energy in the field [12]. The angle of the ejected
force electron relative to the wavevector of the lagéy depends on

the final electron energymc? as [28], [29], [35]

(12) tan 6 = Ui. (16)
v—-1

Thus, for low intensities, the electron is ejected with an energy
The Lorentz-force equation can be solved by separating it intauch less than its rest mass nearly perpendicular tokthe
an equation in the plane of polarization and ﬂﬁé) direction. direction. In ultrarelativistic conditions > 1, the electron
The solution of these equations, for an electron initially at redéaves the laser focus almost parallel to thdirection.

104 px(V x A
04  px(V x 4)

dp
c Ot ~yme

dt

—Cc
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When an electron is incident on the focus of a laser, it can be
scattered by the ponderomotive potential [12]. This effect was
observed with low-energy electrons by Bucksbaeiral. [36]. \T/
In an intense field, the interaction of the laser pulse with free Quiver
electrons yields shifted harmonics of the laser frequency. This
is true in both the Compton and Thomson regimes, though  Qvv¥ /.
in the Compton regime, the scattered-photon energy can be Fig&rm:n plus longitudinal momentum
much higher in the laboratory frame than in the rest frame of

the electron [10]. T

In 1983, Englert and Reinhart [37] reported a preliminary. i . , , .
. . S .Fig. 2. Schematic figure of the experimental interaction region where the
observation of second-harmonic emission from the Scatte“gl&ttering of low-energy electrons born by ionization in a laser focus by an

of a moderate-intensity, multimode laser from a low-energytense laser is observed. Electrons are observed with forward momentum due
electron beam. They observed second-harmonic photons wiftfonservation of photon momentum.

the expected Doppler shift associated with the electron beam.

The observed rates were extremely low but appeared to ¢slision of a high-energy photow; with an intense laser,

TPondermotive
force

consistent with predictions [17], [20]. the field strength in the center of momentum frame is
Results from two recent multiphoton—electron scattering ex- w1
periments(n? ~ 1) have been reported. In one experiment, the Eeom =4/ EEL' (20)

electrons are initially at rest in the laboratory frame [7], while ) ]

in the other, 50-GeV electrons produced at the Stanford LineHfus nonlinear photon—photon scattering may be observed
Accelerator Center collide with a counterpropagating las@Hring the scattering of an intense laser with energetic elec-
beam [8]. In both cases, nonlinear photon—electron scatterfighs in @ two-step process [9], [39]. High-energy gammas

has been observed. These experiments are briefly describeBrpfuced by Compton scattering can subsequently interact
Sections IV and V. with the laser field, leading to the production of electron

positron pairs. The ratio of the laser field in the rest frame
of the electron is to the QED critical field has been given the

) ) _ symbol upsilon,Y = Eest/Fer.
The rate of electron—positron pair production by pho-

ton—photon scattering was calculated by Breit and Wheeler IV. NONLINEAR LASERELECTRON

in 1934 [4]. For pair production with counterpropagating SCATTERING IN THE THOMSON REGIME

photons, the product of the photon energies must be greater o
than the pair mass squareBw;fiws > m2ct. When the When electrons are born at rest through field ionization in a
—_— € .

laser field E;, approaches the QED critical field [38F..i:, high—intensity—le_lser focus, they_acql_Jire energy gnd mqmentum
nonlinear photon—photon scattering from the Igser field through their quiver energy |n.the.f|eld and
conservation of momentum. As the electron’s kinetic energy
wi +nwy — e +et (17) approaches its rest energy, the absorption of momentum from
. the field cannot be ignored and the electrons gain forward
becqmes possible [.10]’ [15]3 [16], [39]' The photon-ener%omemum_ In [7] the experimental observation of electron
requirement for nonlinear pair production becomes recoil during high-intensity-laser-electron scattering (Compton
Rwinhws > mi2ct (18) scattering) in the Thomson regime with photon energy much
less than the electron rest ma#s; < m.c?, was described.
wherem is the electron mass dressed by the field. The QER particularly simple relationship between perpendicular and
critical field [38] corresponds to the electric-field strengttharallel momentum derived from conservation of energy and
where an electron gains an energy equal to its rest massyiBmentum in the field was shown in (15). In this low-electron-
a Compton wavelength energy experiment, electrons were injected into the field at
E D\ = 2 rest during the ionization of Ne and Kr atoms and ions by a
CLicy AC = M C (19) . . . .
high-intensity laser [7], [40]. The electrons gained both energy
and is equal toE., = m2c?/ch = 1.3 x 10' V/icm. The and longitudinal momentum from the field. They were subse-
QED critical field corresponds also to binding electric fielduently accelerated out of the focus by the ponderomotive
of the ground state of a hydrogenic ion with nuclear charderce, retaining their longitudinal momentum. A schematic of
equal to 137. the experimental interaction is shown in Fig. 2. Electrons born
The QED critical field corresponds to a laser intensity dfy field ionization undergo oscillatory motion plus a drift in the
4 x 10*® w/cn?, well beyond the reach of current laser direction. The ponderomotive force connects the oscillatory
technology [6]. This field strength can be reached, however,énergy to directed kinetic energy and the electrons escape the
the rest frame of an energetic electron because the laser fieldus with both practical and longitudinal momentum.
transforms askest = v(1 + )L, for counterpropagating A magnetic spectrometer was used to measure the energy
electron and laser beams. The QED critical-field strength cand angular (relative t@) distributions of electrons emitted
also be reached in the center of momentum frame associatiexin a high-intensity-laser focus [41]. The spectrometer con-
with the collisions of photons of different energies. For aists of an energy-resolving magnet and a detector consisting

I1l. N ONLINEAR PHOTON-PHOTON SCATTERING
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of a scintillator coupled to a photomultiplier tube (PMT). 90—

The magnet lies in a plane above the focus with an energy- ',\jfj: O Experiment ]

angular resolving gap. The central axis of the spectrometer is ~ g5 | X Relativistic ]

perpendicular to thé-direction of the laser and passes through  » _ Monte Carlo simulation | |

the laser focus. The angular distribution of electrons relative & 8o [ | —tan2e= 2 ]

to the Iaserl?(&) is measured by rotating the spectrometer £ : Ne i ]

about its central axi§p). The energy is resolved by varying 8 75[

the magnetic field in the gap. The energy window of the g r Ne7+

spectrometer was varied by changing the magnetic field inﬁ 70

the gap of the steering magnet and was calibrated using ano r ;

electron gun placed at the laser focus and aimed toward the< g5 | / 3

gap in the steering magnet. The calibration showed an energy i Kri1® ]

window of AE/E ~ 0.3 FWHM. 6oLl ]
The angular distribution of electrons i (relative to E) 0 40 80 120 160 200

is measured by rotating the entire spectrometer about the Energy of electrons (keV)

Cy“ndrlcal axis that passes throth the laser focus &t 9Pig. 3. Comparison of observed (with errors) and relativistic Monte Carlo

to the laser axis. The gap in the magnet is offset from thgiculations (X) of the energy and ejection angle for electrons born during
central axis of the spectrometer and is always aligned so thabeproduction of various charge states of Ne and Kr. Equation (15) is plotted

clear line of sight can be traced from anywhere on this centf] comparison. (From [40])
axis through the gap in the magnet. The angular resolution

is £1.5°. The experiments were conducted with a 1.058; o
1-ps laser using chirped-pulse amplification (CPA) [42]. The
laser is focused withf /3 optics producing a %m (1/¢~2 104 |-
radius) focal spot and a peak laser intensity of approximately

‘wzo.seev

10'® W/cn¥ into neon and krypton at a pressure of #Qorr g
with circular polarization. &

In experiments by Mooret al. [7], the angular and energy = 105¢
distributions of electrons injected into the field during the §'
field ionization [43] of Ne and Kr were measured. Electrons ES
associated with N& emerged from the circularly polarized g 106 L

focus with an energy of 885 keV and at an angle of

75+ 1.5 from the laser axisR direction). These results

were extended to the observation of electrons injected during 16.5 GeV n=4

the production of K+ and Kf'* [40]. The energy and 107 | 125 GeV

angular spectra are in good agreement with the predictions , ol

of calculations that include the relativistic mass shift. Fig. 1018 . 1017

3 shows the observed energy and angular distribution for Laser intensity (W/cm?)

Ne*t-Ne*t and K%, and Kttt (from [7] and [40]). Fig. 4. The normalized yield of scattered electrons as a function of laser

In all cases, the observations are in good agreement wiitensity for a variety of electron energies corresponding te two-, three-,

the relativistic calculations, with the energies predicted Wd four-photon nonlinear Compton scattering. The shaded areas are the
. . L . eoretical predictions for the electron spectra determined by simulating the

classical field ionization [43] and subsequent ejection frofikeraction using the rates from [10], [15], [16]. (From [8]).

the focus by ponderomotive and canonical momentum effects.

The solid curve is that predicted by (16). The energy and _ ) N

angular spectra were in good agreement with the predictions ofl "€ €lectron beam interacts with a 0.5-Hz-repetition-rate,

calculations that include the relativistic mass shift [7], [40]. Fok-#M, 1-ps, terawatt, CPA laser system using a flashlamp-

electrons from the highest charge states from Kr, differencBdmped, Nd:glass, zigzag slab amplifier [44]. The laser pro-

in the energy and angular distribution due to the electron ma#idces infrared pulses with energies greater than 2 J with an
shift in the field were observed [40]. average power in excess of 1 W and 1.4-times-diffraction-

limited focusing. Frequency doubling of these pulses is ac-
complished with up to 55% efficiency. The laser has been
V. NONLINEAR LASERELECTRON synchronized with a 47-GeV electron beam at the Stanford
SCATTERING IN THE COMPTON LIMIT Linear Accelerator with a temporal jitter of = 2 ps between
Nonlinear Compton scattering of two to four laser photorie two beams [45].
has been reported during the interaction of a high-intensityln the experiment, the scattered electrons are observed by
laser ¢ ~ 10" W/cm?) counterpropagating with 47-GeV passing them through a magnetic spectrometer and detecting
electrons at the Stanford Linear Accelerator Center [8]. them with segmented silicon calorimeters [8], [9]. The number
this case, the photon energy in the electron rest frame of scattered electrons as a function of scattered energy is
comparable to the electron rest maséwy /m.c* ~ 1). measured. The energy of the electrons undergoing multiphoton
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