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Abstract

The laser radiative cooling of electron beams via Thomson scattering is discussed,
analyzed, and simulated. As a beam radiates via Thomson scattering, it is subsequently
cooled, i.e., the mean energy, normalized energy spread, and normalized emittance are
reduced in a similar manner. An analytical expression is derived fof the damping distance,
and this is found to agree well with electron beam transport simulations. Although laser
cboling can occur rapidlyv (on ps time scales), it does not o_écur indefinitely, due to the
effects of quantum excitation from discrete photon emission. Quantum excitation places
serious limitations on the mirﬁr_num energy spread and normalized emittance that can be

obtain by laser cooling.



I. INTRODUCTION

The interaction of inténge laser pulses with electron beams has received considerable
attention due to the possibility of producing short pulse x-rays by Thomson scattering
[1-8]. In the laser synchrotron source [1,2], an intense laser pulse isrba;ckscattered from a
relativistic electx;on beam to produce x-rays of frequency w ~ 473910, where wy is the laser
freqﬁency and 7o is the relativistic factor of the electrons. In the backscatter geometry,
the x-ray pulse duration is approximately the eiectron bunch duration, which can»be oﬁ
the order of a ps. if obtained from a photocathode RF gun. In the 90° scattering geometry
[3—51, tﬁe x-ray pulse duration can be very short, approximately 77, + 2ry/c, where 11 is
the laser pulse duration and ry the electron beam radius. In i;he 90° geometry, the x-ray
frequency is reduced w =~ 27%wy as is the x-ray flux due to a decreased interaction time.
The generation of sﬁb-ps x-ray pulses from 90° Thomson scattering has been demonstrated

by W.P. Leemans et al. [6,7]. More recently, Thomson backscattered x;rays have been

observed by several groups [8].

One consequence of Thomson scattering is the laser radiative cooling of the electron
beam. Laser radiative cooling was first proposed and analyzed by Sprangle and Esérey [9-
11], and more recently by Telnov [12], as well as and Huang and Ruth [13]‘. As an electron
radiates, it loses eﬁergy. The total energy radiated by a single electron scales as the square
of the electron energy (ymc?)?. Hence, an electron with a higher energy‘ r;idiates more than
- one with a lower energy. Consequently the energy spread of an electron beam is r_educed as
it radiates (see Fig. 1). In fact, the electron beam mean energy (y), the normalized energy
spread o / (), and the normalized emittance €, are all reduced in a similar manner. This
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cooling can not occur indefinitely, however, due to quantum fluctuations. Since photqns
- are emitted in discrete quantum, the electrons receive discrete momentum kicks. This
leads to 5 finite growth in both the electron beam energy spread and normalized emittance
and-ultimately limits the cooling procéss. The limits imposed by quantum fluctuations can
be significant, since the energy of the emitted photonsv, and consequently. the momentum
recoil, can be relatively large.

In the following, laser cooling of electron bearms is analyzed for the case of Thomson
backscattering. The incident laser field is assumed to be a circularly polarized, 1D plane
| .wave, 1.e., the laser radius is assumed to be large compared td t}}e electron beam radius.
The cooling process is analyzed in the classical limit of Thomson scattering [2], wh-ich
assumes that the scattered photon energy is small compared to the eleétfop energy, i.e.,
hw < yome? or 19 < Ao /4Ac, where Mg = 2mc/wy is the laser wavelength and Ac = h/mc =
2.43 x 10‘_10 cm is the Compton wavelength. Fér an laser wavelength on the order A\ ~
1 pm, this implies 7o < 10°, i.e., electron energies less than 50 GeV. Quantum mechanical

arguments will be invoked to determine limitations imposed by quantum fluctuations.

II. ELECTRON MOTION IN INTENSE LASER FIELDS

The laser field and space charge field of the electrons caﬁ be represented using the
normalized vector and scalar potentials, a = eA/mc? and $ = ed /mc?, respectively. In
the Coulomb gauge, V - a = 0 implies a, = 0 in 1D. Then, ay represents the laser field
and & represents the space-charge field. The normalized .vector potential of a circularly
polarized laser is

a = ap(cos kon e, +sinkgn ey), (1)

.



where ky = 27/} is the wavenumber of the laser field and n = z + ct. Here, the laser

strength parameter ag is related to the laser intensity I by
a2 ~ 3.66 x 107 A2 [um]I[W /cm®]. , (2)

In the following, the laser field is assumed to be moving to the left (—z direction) and the
electrons are initially (prior to the interaction with the laser field) moving to the right (+z
direction) with an initial axial velocity v, = v = cfo.

The electron motion in the fields a and & is governed by the relativistic Lorentz

equation, which may be written in the form

1d - 10 '
—C-Eu_VQ—l—z—c,ﬁa-—ﬂx(Vx?), (3)

where 8 = v/c is the normalized electron velocity, u = p/mc = v is -the normalized

electron momentum, and v = (14+u?2)1/2 = (1—?)~1/2 is the relativistic factor. Assuming
that the laser field, ay, and hence the quantities &, 8, u, and ~, are functions only of the
variable n = z + ct, Eq. (2) implies the existence of two constants of the motion [2):

d(uy —ay)/dp =0 and d(y + u, — ®)/dn = 0. These can be integrated to give
uy =ay, ) (4)

v4u, —@ = 7(1+ Bo), ' (5)

where, prior to the laser interaction (ay = 0), uy = & = 0, v = 7 and u, = 7060
have been assumed. Equation (4) is conservation of canonical transverse momentum in
1D, and Eq. (5) can be interpreted as conservation of energy in the wave frame. Theses
two constants of the motion completely describe the nonlinear motion of electrons in the
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potentials a and &, They allow the electron motion to be specified solely in terms of the

fields [2],
_M-(+e) ~ ~
b - gl | (©)
v = (hg +1+a%)/2ho, (7
:3_!_ = a.L/’Ya : (8)

‘where hg = 'yd(l + Bo) + ®. For an electron beam interacting with a laser with pulse
length 71, it can be shown [2] that the épace charge potential ® can be neglected provided

71 < (ck,)™!, where k, = kp/7§/2(1 + Bo), kp = (4nnye? /mc?)}/?, and ny is the electron

beam density. For laser pulse lengths 77, ~ 1 ps, this implies ng /8 < 10*® cm™3.

I1I. SCATTERED RADIATION

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 [14]

p=2yp [(-j—‘t‘)z _ (%}ﬂ - | (9)

Assuming the electron orbit is a function of only the variable n = z + ¢t implies

Po= 2oy 4w {(%)2 - (g—)?] . o)

Using the orbits described in Sec. II, the power radiated by an electron in the presence of

a circularly polarized laser field is given by (2]

| 2
P ~ 5620(1 + Bo)* 2k al. _ (11)

)



This expression is valid for arbitrary values of ag. Notice that P, ~ 42, i.e., electrons with
a higher energy radiate more power.
The frequency of the scattered photons is given by (2]

" npdyawo |
(1+ag +736%)’

(12)

assuming vz > (1 + a2) and 6% < 1, where  is the scattering angle with respect to the
electron beam axis. Here, n, is the harmonic number [2]. In the low intensity 1i£nit at <« 1,
radiation is scattered only at the fundamental nn, = 1. In the nonlinear limit a2 > 1,
nurrierous harmonics are generated. This results in a near continuum of scattered radiation
with harmonics extending out to a crit'ical harmonic number n., = 3a3, beyond Which
the intensity of the scattered radiation rapidly decreases. Moreover, the intensity of the
scattered radiation is'pea,ked about a cone angle of § = 6y ~ v, /~p, where y; = (1 +a§)1/ 2,
It iuseful to define the critical frequency w,, given by Eq. (12) evaluated at n, = n. and

0 = 6y. Hence,

Wer = acr47gw07 (13)

where a.r ~ 1 for a? < 1 and a,r ~ 3ag/2 for a2 > 1. When a% > 1, half the energy is
radiated at frequencies w < w¢r/2 and half at w > w,,/2 with the peak intensity occurring

at w >~ we,.

IV. RADIATION REACTION FORCE

As an electron radiates, its motion will be altered, which in the classical limit is
described by the radiation reaction force Fr. The relativistic equation of motion is given
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by medu/dt = F, + Fg, where Fp/mc? is given by the right side of Eq. (3) and [14]

N |

with Tp = 2e?/3mc® = 2r./3c, where r, = e?/mc? = 2.82 X 10—13. cm is the classical
electron radius. Using the independent variable = z + ct along with the approximation
(d'y/dt)2 ~ (du,/dt)* gives
d’u duy\®

Fr ~ mcdrp(l + B.)%y { —u (%) } ) (15)
where terms of order vo(1 + a2)re/crr < 1 and of order 70 kore < 1 have been neglected
and v > (1 + ao)l/ ? has been assumed. Notmg that uy ~ ay, the fast (on the laser
frequency time sca.le denoted by the subscript f) and slow (averaged over the fast laser
frequency, denoted by the subscript s) components of the radiation reaction force are given

by
Frs ~ —mc*tr(1 + 8.) k3 (1 + ag)al.b (16)
Frs > —mc*rr(1l + ,Bz)z’)’koc;ousa (17)
assuming k2a? > 1 / c TL
Adding Fr/mc? onto the right of Eq. (3) allows the electron motion to be studied

in the presence of radiation damping. For example, on the fast time scale the transverse

momentum is given by u; = a, + duy, where
duy ~ ’I:CTRkO’)’(l + ﬂz)(l + a%)al_. V (18)

Hence |fuy/ai| < 1 provided (4/3)korev(1 + a2) < 1 and the approximation uy =~ ay
holds on the fast time scale in the presence of radiation damping.
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V. LASER COOLING

Using Eq. (3) including the radiation reaction force, the quantity v + u, evolves via
d(y +u.)/dy ~ —cTrkya2B.(v + us)’. (19)

" In the absence of radiation damping v + u, is a constant. For highly relativistic beams,

v > (1 4+ a2)/ 2, the electron energy decreases according to {9,10]

~ Yo | , A
LA ey o | (20)

where the radiation damping length is given by
Lg = (4ctpyokial)™?, - : : (21)

which is valid for arbitrary values of ag. This result can also be obtained by setting
the rate of energy loss equal to the total power radiated via Thomson scattering, i.e.,
mc?dy/dt = —P,, where P, is given by Eq. (11). In practical units,

33703{pm] 4.71 x 1020

8lem] 2 , (22)
ago I[W/cm”| Ep[MeV]

Lg[cm] ~

where Eyo ~ yome? is the initial electron beam energy. The radiation damping length can
be very short, e.g., Lr =~ 300 um (Lg/c ~ 1 ps) for an initial beam energy of 200 MeV
(70 = 400) and a A\g = 1 pm laser of intensity I = 7.7 x 10'° VV/cm2 (ap = 5.3). In
practice, for a single laser pulse, the interaction length will be limited to the smaller of Zg
or ¢7r/2, where Zg = wr2 /g is the Rayleigh (diffraction) length and rq is the spot size
at the laser focus.

The electron beam energy spread can be estimated by assuming Eq. (20) holds for
each electron in the beam, i.e., v = 7 /(1 + cojoz), ‘where co = (voLg)™! and 70 is the
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initial energy for a particular electron. Letting 7o = (7o) + 670, expanding about (¥,),
and averaging over an ensemble of electrons (the angular brackets denotes an ensemble

average) indicates that

)  alnk () B
N T el | Gt eolmo)e)? w]’ (23)

i.e., the mean energy decreases as (v) =~ (y0)/(1+ 2/Lr), assuming the initial energy
spread is small, (6§42)/{v0)? < 1. Furthermore, the energy spread of the beam is given by

(673)1/*

S 1/2
Oy = ((72) "(7)2) =~ (1 +C()<’)/0)Z)2 . (24)
Hence, the normalized beam energy spread decreases as [9,10]
a1/ (7) = (00/(70))/(L + 2/LR). (25)

The electron beam envelope behavior can be studied via the equation of motion for the
time-averaged (averaged over the fast laser frequency) transverse electron orbit Z, which
in the highly relativistic regime, v 3> (1 + a2)*/2, is given by

&'+ Kji=—(y'[v+vi)E, (26)
where di/dct = f,d%/dz = fB; is the transverse electron velocity, the prime denotes d/dz,
and Kp is the betatron wavenumber due to any external linear focusing forces. Also, v
is from the time-averaged (slow) radiation reaction force Frsy = —vimc’uy, i.e.,

vy o~ derpkialy. ' (27)

A similar equation applies for the orbit §. An equation for evolution of the electron beam
radius ry = (£% + §2)1/2 can be obtained by averaging over an ensemble of particles [15]

vy + (Y7 + L)y + Ky = (e + 7 Loy Ty - (28)
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where €2 = y2rZ(663%) is the normalized beam emittance, L, = (£'§ — Z§') is the average

angular momentum, and 68, = B, — (8,), ie., B, = (ri/ro)er + (Ler/ri)eq + 68, .

Furthermore, the normalized emittance and average angular momentum evolve via [15]

€n = €np €XD (— /0 zdzv L) : ' ©(29)
Le = (v0/7)Leo exp <_ /0 zdm) , (30)

where the subscript zero refers to the initial (z = 0) value. Using the definition of v; and

the result v = vo(1 + z/Lr) where L' ~ v 70/ indicates [9,10]

T /) .

and L ~ L.o. Note that in the absence of focusing (Kp = 0) and for an emittance domi-

nated beam with €2 > vy2L?, the electron beam radius increases ry = ryo(1+2292/€24)1/2.

VI. QUANTUM EXCITATION

The above results for laser cdoling are based on a purely classical analysis and néglect
effects arising from the discrete nature of the photon emission process. When a photon
is emitted, an electron receives a discreté change in moméntum and energy. The effect of
quantum ﬁuctﬁatiohs on the beam energy spread can be estimated as folléws [10,12,13,16].
The change in the electron energy &7 after emitting a photon is §y ~ (hw/ymc?)y. After
emitting N, photons, the total change in the electron energy spread o, is given by Ac? ~
N, (69?), where (§92) =~ (hwer/mc?)? and hwer = (472 hwo') is the critical photon énergy.
For a radiati;»re electron energy loss of Aymc?, the number of photons emitted is N, =~
Aymc? [hw,,. Hence,

AO’% o~ hwer Ay /mc?. (32)
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On the other hand, the rate of energy spread reduction by radiative cooling is given by
Eq. (24), i.e., Ao2 ~ 402Av/[v. Balancing the increase due to quantum excitation with

the decrease due to radiative cooling gives the minimum energy spread
(04/V)min = (aerAcr/20) 2, (33)

where A\c = h/mec.

The effect of quantum excitation on the normalized beam emittance can be estimated
as follows [10,12,13,16].v The change in the electron angle 6% is related to the photon
scattering angle 6 by 6¢p ~ fuw/ ymc?. After N, photon emissions, the total.change in the
electron angle is A(y?) ~ N, (6v?), where (61/)2) ~ (hwer /yme?)?(62), Ny ~ Avmcé/hwcr,
and the average scattering angle is (62) ~ (v, /,),)2 /2. Using the definition of normalized
emittance €, =~ vB*(p2) /4, where B* is the beta-function of the beam, the change in |

normalized emittance due quantum excitation from an emission of A~ in energy is

acr/\CA’Y 2 nx ' (34)

Ae,, =~
6' 2/\0’)’ 7L

| Balancing this against the change in normalized emittance due to radiative losses, Eq.

(31), ie., Ae, ~ (en/7)AY, gives a minimum normalized emittance of
€n,min 2' acr')’_zLﬂ*/\C/z’\O- , (35)

For a rapid laser cooling time of Lg/c = 1 ps with vy = 400, Ao = 1 um, and ag = 5.3, the
limits imposed by quantum fluctuations are (o/7)min =~ 0.09 and € min ~ 3 mm-mrad

(assuming §* = 1 cm).
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VII. SIMULATION

To simulate the cléssical effects of laser cooling, a particle-in-cell electron beam trans-
rpo.rt code was used [10,11]. In this simulation, the laser fields were specified analytically.
and the radiation reaction force was included via Eq. (14). The parameters used in the
‘simulation were an initial beam energy of 200 MeV (o = 400), a beam current of 200 A,
an initial beam radius of 50 ym, an initial normalized emittance of €,0 = 6 mm-mrad, a
laser wavelength of A\¢ = 1 um, a laser pulse duration of 7, = 2 ps, and a peak intensity.
of I =7.7x10" W/cm? (ao = 5.3). For these parameters the theoretical damping length

is Lr ~ 300 pm (Lr/c ~ 1 ps). Figure 2 shows the transverse phase space (p,z) of the

A
N

electrons, (a) initially at 2 =0 and (b) after propagating z = 300 pm. N_oté that the
momentum p, width of the distribution has diminished (due to v decreasing), whereas
the z width has remained unchanged. Figﬁre 3 shows (a) the mean elec’éron energy ¥ and
(b) the normalized emittance as a function of propagation distance. These curves are in

excellent agreement with the theoretically predicted decrease (14 z/Lg)™".

VIII. DISCUSSION

As a beam radiates via Thomson scattering, it is subsequently cooled, l.e., the mean
energy, energy spread, and normalized emittance are reduced. Physically, cooling is the
result of the fact that the total power radiated by a single electron scales as 72. Hence,
higher energy electrons radiate more than lower energy electréns .a.nd the energy distri-
bution is narrowed. In the classical limit,' these effects can be analyzed by including the
radiation reaction force into the relativistic equation of motion. I£ is found that the mean
. energy v, normalized energy spread ¢ /7, and normalized emittance €y all decrease alge-
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braically via (1+2/Lg)™!, where Lg ~ (y0a2)™! is given by Egs. (21) and (22). For high
beam energies 7o and/or high laser intensities a2, this cooling can be very rapid, i.e., én
the order of piqoseconds for ag '::‘5 and g ':‘4-00. |
Quantum fluctuation impose serious limitations to the laser cooling process. The
fact that photons are emitted in discrete quanta limit the minimum energy spread and
normalized emittance that can be achieved, the va.lueé of which are given by Eqgs. (33) and
(35), respectively. Noticeé that (o /¥)min and Cﬁ',min scale as (ac.,.')//)\o')?/z and (acryL/Mo),
respectively. Hence, these limits are greatér at. high intensity a2 > 1 where a.r ~ 3a/2
and v; ~ ag. Mo;e irhportantly, these limits are greater at shorter laser wavelengths
Ao. Whereas short wavelengths are beneficial to generating short wavelength x-rays via
| Thomson scattering, i.e., A = \o/47?, they are detrimental to laser coolihg. Since short
laser wavelengths lead to véry high energy x-ray generation, the momentum kick given to
the electron upon bhoton emission is also relatively high, which leads to correspondingly
high limits on the minimum obtainable beam energy spread and normalized emittance.
For a rapid laser cooling time of Lr/c =1 pé with v = 4(')0, Ao =1 pm, and ag = 5.3, the
limits imposed by quantum fluctuations are (0.y/7)min =~ 0.09 and €, min ~ 3 mm-mrad
(assuming f* = 1 cm).

This work was supported by the U.S. Department of Energy.
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FIGURE CAPTIONS

'FIG. 1: Schematics of (a) Thomson scattering, (b) laser radiative cooling of the energy
distribution, and (c) reduction of transverse phase space (the outer circle is the initial
phase space, the middle ellipse is final phase space, and the inner Elise is the limit due to

- quantum fluctuations).

FIG. 2: Transverse phase space, p; (normalized to mc) versus z (cm), of the electrons (a)
initially at z = 0 and (b) after propagating z = 300 pm from a simulation with o = 400,
a beam current of 200 A, a beam radius of 50 pm, €50 = 6 mm-mrad, g =1 pm, 7L = 2

ps, and ao = 5.3. The theoretical damping length is Lg =~ 300 pum (Lgr/c ~ 1 ps).

FIG. 3: (a) Mean electron energy ¥ and (b) normalized emittance as a function of propa-

gation distance for the parameters of Fig. 2. These curves are in excellent agreement with

the theoretically predicted decrease (1 +2/Lg)™ .
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