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Spectroscopy of laser-plasma accelerated electrons: A novel concept
based on Thomson scattering

P. Tomassini,a) M. Galimberti,b) A. Giulietti, D. Giulietti,b) L. A. Gizzi, and L. Labatec)
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~Received 14 October 2002; accepted 22 January 2003!

The spectrum of relativistic electron bunches with large energy dispersion, like the ones usually
generated with laser-plasma acceleration processes, is difficult to obtain with conventional methods.
A novel spectroscopic concept, based on the analysis of the photons generated by Thomson
scattering of a probe laser pulse by the electron bunch, is presented. The feasibility of a single-pulse
spectrometer, using an energy-calibrated charge coupled device as detector, is investigated.
Numerical simulations performed in conditions typical of a real experiment show the effectiveness
and accuracy of the new method.@DOI: 10.1063/1.1559992#
© 2003 American Institute of Physics.
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Thomson scattering of intense laser beams from char
particles has attracted a great deal of interest for a variet
research areas, including electron bunch characterizatio1–3

laser-plasma interactions,4–7 plasma fusion,8–10 x-ray
generation,11,12 and medical diagnostics.13 In this letter we
investigate the possibilty of using linear Thomson scatter
of a laser pulse impinging at arbitrary incidence angle ont
relativistic electron bunch to design a novel electron ene
spectrometer. The basic idea is to measure the spectra
angular distribution of the scattered photons and use i
infer the energy spectrum of the electrons. The concept
be in principle applied to a wide class of electron bunch
but it seems particularly attractive for the study of las
plasma accelerated electrons.

Electron spectroscopy is currently performed with ma
netic spectrometers~see, e.g., Ref. 14!, whose use is gener
ally limited to rather well-collimated electron beams, with
moderate energy spread around a roughly known m
value, with some exceptions. The magnetic electron sp
troscopy is much more difficult to apply to electron bunch
having a broad band energy spectrum and whose mean
ergy is not well predictable. Such conditions are typical,
example, of electron bunches produced by laser accelera
of plasma electrons~see, e.g., Refs. 15 and 16!. In the latter
case, when magnetic spectrometers are used, the ele
spectrum is usually obtained with several laser shots, e
one devoted to produce a portion of the whole spectru
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which results in a poor accuracy. Some of these limitatio
can be overcome by using suitable magnet configuratio
such as the so-called split-pole spectrograph.17,18 Neverthe-
less, as the research on laser acceleration of electrons is
idly growing, there is a need for a new class of spectro
eters.

Let us consider a relativistic electron bunch moving
the ‘‘Laboratory’’ frame along thez direction and a laser
pulse of Gaussian longitudinal and transverse envelope
duration T and waistw, intensity I 0 , and reduced vecto
potential of nonrelativistic amplitude a058.5
310210l@mm#AI 0@W/cm2#!1. The laser pulse propagate
in the x–z plane with angleaL with respect toz and inter-
sects the electrons trajectories, thus making them oscilla
and irradiating~linear Thomson scattering!.

The computation of the Thomson scattered photon yi
by a bunch of charged particles is based on a classical e
trodynamic approach~see, e.g., Ref. 19! and, in the case of
incoherentscattering, it can be expressed as a summa
over the single electrons spectra~as reported, e.g., in Ref
11!.

In order to obtain a closed expression of the photon yi
generated by Thomson scattering of the laser pulse by
electron bunch, we will make the following assumptions.

First, the Rayleigh length of the probe pulse is mu
longer than the bunch longitudinal size so that the bun
interacts with a plane wave laser pulse. This assump
strongly simplifies the computation of the distribution of th
scattered radiationd2N/dvdOusingle produced by a single
electron, whose general expression can be found in Refs
© 2003 American Institute of Physics
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and 21, wherev is the angular frequency of the scatter
radiation,u is the scattering angle in a spherical coordin
system, n(u,f) is the scattering direction, anddO
[d(cosu)df is the solid angle of photon detection.

Second, during the scattering process, each electron
cillates for a very large number of cyclesN0 , so that the
spectrum of the radiation scattered at a certain angle by
electron is nearly monochromatic. This assumption impo
at least a lower limit to the laser pulse durationT.

Third, the angular distribution of the bunch, charact
ized by a collimation angleDue is known. The knowledge o
the angular distribution of the bunch, with an accuracy
pending on the energy range of interest~see the following!,
is crucial for the determination of its energy distributio
Possible experimental methods to evaluate the angular d
butions in the case of reproducible shots are reported in R
2 and 15, while in nonreproducible bunch configuration
suitable collimator should be introduced.

Fourth, each population of electrons having the sa
energy has a known density distribution characterized
~energy dependent! longitudinal and transversal bunch siz
sL ,sT , respectively, and position of the center of the spa
distribution at the timet50 denoted withz. We stress, how-
ever, thatthe knowledge of the spatial distribution is n
needed in the special case of backscattering(aL5p) of a
probe pulse with suitable spatial parameters, as shown in the
following.

The fifth and last assumption is that the distributi
function of the electron bunch is ‘‘frozen’’ during the inte
action with the pulse and can be parametrized asf (x,p,t)
[F(g)Qg(u)ng(r2bct), whereF(g) is the energy distri-
bution function,Qg andng describe the angular and spati
distribution of electrons having relativistic factorg, respec-
tively. This assumption is essential if we need that the e
tron bunch should not be modifiedby the phase of probing
and it strongly simplifies the computation of the scatte
radiation distribution. In order for assumption to be fulfille
the effects of the bunch divergence, space–charge, and
deromotive forces must be negligible during the interact
of the bunch with the probe pulse, i.e., the following con
tions must hold:

dn'cTb'~“'n!!n,
~1!

d~bg!'cTNer 0 /~sL ,sT!2!~bg!,

d~bg!'cT/g~“a0
2!!~bg!,

n being the electron bunch density distribution and“' and
b' are the component of the spatial derivative and spee
a direction perpendicular to the bunch propagationz, respec-
tively. Equation~1! implies that

DuecT/sT !1, ~Ne/g!@cTr0/min~sL ,sT!2#!1,

~a0
2/g2!@cT/min~cT,w!#!1, ~2!

r 0 being the electron classical radius andw the probe waist
size.

To evaluate the scattered photon yield with the abo
reported assumptions, we start considering the scattered
tribution produced by a single electron and making the
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proximation of its full monochromaticity (v0T→`). Next,
for each energy slice a spatial and angular integration of
electrons yields is performed and finally the energy integ
tion leads to

d2N

dvd cosu
~v,u!5a

A2p

8
a0

2E dg dueQg~ue!N0~g!

3F~g!
~H~g!e2K~g!~DT2z/b~g!!2

!

g2~12b~g!cos~u2ue!
2!

3d~v2ṽ~u2ue ,g!!, ~3!

where the ‘‘resonant’’ scattered radiation angular frequen
ṽ(u,g) is given by

ṽ~u,g!5V@~12b~g!cosaL!/~12b~g!cosu!#,

V being the pulsation of laser pulse. The envelope functi
H, K take into account the spatial integration of the sing
electron photon yield and in the case ofGaussian spatial
distributions2 can be expressed as

H 225S 112
sT

2

w2D S 112
T̃2

T2

sL
2g2 cos2 d

w2 D
3S 112

T̃2

T2

sT
2 sin2 d

w212g2sL
2 ~ T̃2/T!2 cos2 d

D , ~4!

K52
T̃2

T2

~gbc cosd!2

w212~ T̃2/T2!~g2sL
2 cos2 d1sT

2 sin2 d!
,

with cosd5sinaL/g(12b cosaL) and T̃[N0 /V5T•w/(w2

1(gb cosd cT)2)1/2. Expressing the Dirac function in Eq
~3! in terms of the relativisticg factor of the scattering elec
tron~s!, we obtain a closed expressionwhich links the scat-
tered photon yield spectrum to the energy distribution fu
tion of the electron bunch F(g):

d2N

dvd cosu
~v,u!5a

A2p

8
a0

2E dueQg̃~ue!N0~ g̃ !F~ g̃ !

3
g̃H~ g̃ !e2K(g̃)(DT2z/(b(g̃c)))2

V~cos~u2ue!2cosaL!
, ~5!

being

g̃[
~v cos~u2ue!2V cosaL!

A~v cos~u2ue!2V cosaL!22~v2V!2
~6!

the relativistic factor of the electron~s! which generates the
scattered photon~s!.

We are now able to build up the formula to be used
the energy spectrometer. Let

S~E,u![~dN/dEdcosu!uexper

be the detected spectrum of the photon yield corrected by
detection efficiencyh(E), E and u being the energy and
scattering angle. The energy spectrum of the electron bu
F(g) can be retrieved fromS(E,u) as
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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F~g!5@8/A2paa0
2N0~g!#Elaser~12cosaL!

3@eK(g)(DT2z/(b(g)c)2
/gH~g!#D~S,Q,g!, ~7!

whereD(S,Q,g) means thedeconvolutionof S(E,u) with
the known angular distribution functionQg(ue), E
5Elaser(12b(g)cosa)/(12b(g)cos(u2ue)) and Elaser5\V
is the energy of the incoming photons. The expression~7! is
the basic equation of the spectrometer.

Formulas~4!–~7! strongly simplify in the case of back
scattering of a probe pulse whose waistw satisfies the con-
dition w@sT , i.e., when the laser spot is much larger th
the electron bunch transverse size. In this case the laser p
contains the whole electron bunch provided that the lengt
the bunchsL does not exceed the probe Reyleigh leng
ZR'pw2/l, so the envelope functionsH, K do not depend
on the actual shape of the spatial distribution, as conside
earlier, and reduce to

H→1, K→0. ~8!

In this case the electron spectrum can be derived from
photon spectrum using the simple relations:

F~g!52.431022~w2Elaser/El!D~S~E!,Q,g!,
~9!

E52Elaser@1/~12b~g!cos~u2ue!!# ,

where E is the energy delivered by the probe pulse~in
Joules!, w and l are in microns,Elaser is in electron volts,
and we have assumedu!1 andg@1.

In order to present a full simulation of a possible expe
mental setup, we will focus on the measure of the spect
of a relativistic electron bunch produced by laser-plasma
celeration~say laser wake field acceleration, LWFA, or se
modulated-LWFA, see for example Refs. 16 and 22!. In this
framework, an ultraintense laser pulse inpinges onto
plasma and the strong electric fields of the wake accelera
large number of electrons at energies exceeding tens of m
electron volts.15

To face with a realistic electron bunch, we simulat
Ne563108 electrons with Gaussian angular distributio
Qg(ue) ~as reported in Ref. 15! having divergence ranging
from 20 mrad at low energies to 10 mrad at large energ
The spatial distribution has transverse and longitudinal s
sT520 mm, sL550 mm, respectively. Finally, the energ
distributionF(g) is composed both by an exponentially d
creasing component, such as that found in a r
experiment15 and a few mega electron volts full width at ha
maximum Gaussian peak, taking into account the portion
the bunch~possibly! generated with controlled trapping.2,23

The probe pulse, which propagates against the simul
electron bunch (aL5p), is 0.5 ps long and has waveleng
l51.053mm, energyE50.1 J, and waist sizew550 mm
(a0'0.05!1). Incidentally, we note that these paramet
enable us to fulfill the assumptions concerning the pulse
ration as well as the constraint on the Rayleigh length w
respect to the bunch longitudinal size (ZR'1 cm). Also we
stress here the fact that both the bunch and the probe pa
eters fit the requirements for a frozen dynamics of the bu
~for g.5) during its interaction with the probe@see Eq.~2!#:
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DuecT/sT'531022!1, ~Ne/g!~cTr0/sT
2! '0.1!1,

~a0
2/g2!~cT/w!'1024!1.

The simulation of the detected photon yield is perform
with a Monte Carlo method by using Eq.~3!, assuming an
acceptance angle of the photon detector~a CCD, or charge
coupled device, camera, see below! of 30 mrad and a detec
tion efficiency in the range 0.2–1.26 The angular and spectra
distribution of the'106 detected photons is shown in Fig.
The data yield is organized in about one thousand chan
~one hundred channels in energy and ten in azimuthal ang!,
resulting in a mean of'103 counts per channel.

The probe and bunch parameters enable the simpli
equations~8! and ~9! to be used; the result of the analysi
having assumed a detailed knowledge of the angular di
bution, is shown in Fig. 2. It is worthwhile to point out tha
the estimated energy spectrum well reproduces the simul
one also at large energies, where the effect of the bu
divergence is significant. We also note that the results of
analysis of the simulated data clearly show that the elec

FIG. 1. Numerical simulation of the scattered photon yield integrated o
the azimuthal anglef.

FIG. 2. Comparison between the bunch energy spectrum estimated wit
Thomson spectrometer and the simulated spectrum~full line!.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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spectrometer is capable of measuring, in a single shot,
very wide energy spectrum with a resolution which is go
enough to detect a narrow peak.

A possible experimental setup of the spectrometer
shown in Fig. 3. The probe pulse is focused with an off-a
parabola and directed with a mirror toward the electr
bunch. If the electron bunches have angular distributi
varying from shot to shot, a way to control the angular
vergence of the beam could be the introduction of a suita
collimator, whose apertureucoll depends on the maximum
detected energy. Sincedg/g'1/8(gucoll)

2 at large energies
the aperture of the collimator should be limited toucoll

,gmax. With our setup, with a maximum energyEmax

51/2gmax'75 MeV to be detected, a collimator of apertu
ucoll55 mrad would limit the uncertainty on the energy d
tribution at high energies up to 10%. The Thomson scatte
radiation is detected with an energy calibrated CCD cam
working in a single-photon regime.24,25 In the case of laser
plasma produced electrons, nonlinear Thomson scatterin
the main pulse with adimensionalized amplitudea0

main'10
and the plasma produces radiation having an energy ext
ing up to'1 keV.20 In this case, an aluminum plate 10mm
thick, which filters out the radiation without modifying th
ultrarelativistic component of the electron bunch (E
.2 MeV), can be inserted. In order to ensure the acquisi
of a large number of photons for each shot, the CCD cam
should have both a large number of pixels and a reason
high quantum efficiency at large energies~as, for example, in
Ref. 26!. Finally, the electron bunch must be deviated, e
with a bending magnet~a few cm, 1 T magnet, should b
sufficient with the energies considered!, to avoid the appear
ance of noise produced by the electrons impinging onto
CCD.

The study of the uncertainty on the bunch energy sp
trum which can be obtained by using such a spectromete
encouraging, especially in the case of backscattering, w
the errors onH andK could be made negligible. In this cas
with reasonable values of uncertainty on the detected p
tons energydE and bunch divergenced(Due) of 100 eV and
1 mrad with reproducible bunches,2,15 we obtain an estima
tion of the energy spectrum with uncertainty of a few perc
in the very wide energy band 5–500 MeV, provided that
statistics of the photon counts is rich enough~as in the
present case!.

FIG. 3. Example of a possible experimental setup. The probe pulse is
cused onto the electron bunch with an off-axis parabola and the scat
photons are detected with an ADC-calibrated CCD camera.
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To summarize, we have shown that linear Thomson s
tering of a laser beam onto a relativistic electron bunch
actually be used to retrieve the energy distribution of
electron bunch by the angular resolved spectrum of the s
tered photons. In the case of backscattering and when
probe waist size is much higher than the transverse siz
the electron beam, the derivation of the electron spectr
strongly simplifies and a very accurate spectrometer can
implemented, which enables single-shot spectra of bro
band electron bunches to be retrieved. Calibrated CCD c
eras operating in single-photon regime seems to be the i
photon detector for such a spectrometer.
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