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Spectroscopy of laser-plasma accelerated electrons: A novel concept
based on Thomson scattering
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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 methodDOI: 10.1063/1.1559992
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Thomson scattering of intense laser beams from chargedhich results in a poor accuracy. Some of these limitations
particles has attracted a great deal of interest for a variety afan be overcome by using suitable magnet configurations,
research areas, including electron bunch characteriz&tion, such as the so-called split-pole spectrogrdpf.Neverthe-
laser-plasma interactiods! plasma fusiof1° x-ray less, as the research on laser acceleration of electrons is rap-
generatior** and medical diagnostics. In this letter we idly growing, there is a need for a new class of spectrom-
investigate the possibilty of using linear Thomson scatteringters.
of a laser pulse impinging at arbitrary incidence angle onto a | et us consider a relativistic electron bunch moving in
relativistic electron bunch to design a novel electron energyhe “| aboratory” frame along thez direction and a laser
spectrometer. The basic idea is to measure the spectral agflise of Gaussian longitudinal and transverse envelopes of
angular distribution of the scattered photons and use it tQration T and waistw, intensity 1, and reduced vector
infer the energy spectrum of the electrons. The concept Cafotential of nonrelativistic amplitude a,=8.5

be in principle applied to a wide class of electron bunches>< 10710\ wm] \/E[W/sz]<1- The laser pulse propagates
but it seems particularly attractive for the study of Iaser—in the x—z plane with anglex® with respect taz and inter-

plasma accelerated electrqns. : sects the electrons trajectories, thus making them oscillating
_Electron spectroscopy is currently performed_wnh mag-_ 4 irradiating(linear Thomson scattering
netic spectrometertsee, e.g., Ref. J4whose use is gener- The computation of the Thomson scattered photon yield

ally limited to rather well-collimated electron beams, with a . . .
moderate energy spread around a roughly known meaRy a bunch of charged particles is based on a classical elec-

value, with some exceptions. The magnetic electron Speé_rodynamm approactsee, e.g., Ref. 1%nd, in the case of
troscopy is much more difficult to apply to electron bunchescoherentscattering, it can be expressed as a summation
having a broad band energy spectrum and whose mean efYer the single electrons specifas reported, e.g., in Ref.
ergy is not well predictable. Such conditions are typical, forlD) ) _ )
example, of electron bunches produced by laser acceleration N order to obtain a closed expression of the photon yield
of plasma electronésee, e.g., Refs. 15 and )16n the latter generated by Thomson scattering of the laser pulse by the
case, when magnetic spectrometers are used, the electrgl¢ctron bunch, we will make the following assumptions.
spectrum is usually obtained with several laser shots, each First, the Rayleigh length of the probe pulse is much

one devoted to produce a portion of the whole Spectrumlyonger than the bunch |Ongitudinal size so that the bunch
interacts with a plane wave laser pulse. This assumption

AElectronic mail: tomassini@ifam.pi.cnrit strongly simplifies the computation of the distribution of the

~ N . i i 2 . i
YAlso at Dipartimento di Fisica Universiigi Pisa, UnitaNFM, Pisa, Italy. scattered radiatiord N/dwdo|smg!e produced by a_ single
9Also at Dipartimento di Fisica Universitdi Bologna, Bologna, Italy. electron, whose general expression can be found in Refs. 20
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and 21, wherew is the angular frequency of the scattered proximation of its full monochromaticity g, T— ). Next,
radiation, 6 is the scattering angle in a spherical coordinatefor each energy slice a spatial and angular integration of the
system, n(6,¢) is the scattering direction, andiO  electrons yields is performed and finally the energy integra-

=d(cosh)de¢ is the solid angle of photon detection. tion leads to
Second, during the scattering process, each electron os- 5
cillates for a very large number of cyclés,, so that the d°N

_IN o= f dy d6.0 (6N
spectrum of the radiation scattered at a certain angle by the dwdcosa(w’e)_a 8 % 7 d0e0,(0e)No( )

electron is nearly monochromatic. This assumption imposes

at least a lower limit to the laser pulse duration XF(7)
Third, the angular distribution of the bunch, character- Y 2(1= B(y)cod 6— 6,)?)

ized by a collimation angl& 6, is known. The knowledge of ~

the angular distribution of the bunch, with an accuracy de- X (0= (0= 0be.7)), @)

pending on the energy range of intereste the following,  \yhere the “resonant” scattered radiation angular frequency

is crucial for the determination of its energy distribution. z,(¢ ,) is given by

Possible experimental methods to evaluate the angular distri-

butions in the case of reproducible shots are reported in Refs. @(6,y)=Q[(1—B(y)cosa")/(1—B(y)cosh)],

2 and 15, while in nonreproducible bunch configurations a ) . ,
suitable collimator should be introduced. ) being the pulsation of laser pulse. The envelope functions

Fourth, each population of electrons having the samdt: K take into acc_:ount the_spatial integration_of the s_ingle
energy has a known density distribution characterized byF/€ctron photon yield and in the case Gaussian spatial
(energy dependentongitudinal and transversal bunch sizes distributions’ can be expressed as
o071, respectively, and position of the center of the spatial

_ _ 2
(H(y)e K(y)(AT ﬂﬂ(v)))

2 T2 2.2
distribution at the time&=0 denoted with. We stress, how- 92— 1+2‘7_;) ( 1 T_2 Ty C2°§ 5)
ever, thatthe knowledge of the spatial distribution is not w T w
needed in the special case of backscattefing=7) of a =~ 5
. ; . . T assint s
probe pulse with suitable spatial parameteas shown in the X| 142 = _ ) . (@
following. T2 W2+29%02 (T?IT)%cog 6
The fifth and last assumption is that the distribution
function of the electron bunch is “frozen” during the inter- T2 (yBc cosb)?
action with the pulse and can be parametrized @sp,t) ’CZZF w2+2(‘~r2/T2)(y20f co 5+ U$ Sir? 8)

=F(y)®,(0)n,(r— Bct), whereF(y) is the energy distri-

bution function,®, andn, describe the angular and spatial with coss=sina"/y(1—Bcosa") and T=Ny/Q=T-w/(w?
distribution of electrons having relativistic factgt respec- +(yB coss cT)?)Y2 Expressing the Dirac function in Eq.
tively. This assumption is essential if we need that the elec(a) in terms of the relativisticy factor of the scattering elec-
tron bunch should not be modifidsy the phase of probing  tron(s), we obtain a closed expressiavhich links the scat-

and it strongly simplifies the computation of the scatteredered photon yield spectrum to the energy distribution func-
radiation distribution. In order for assumption to be fulfilled, tjon of the electron bunch @&):

the effects of the bunch divergence, space—charge, and pon-

deromotive forces must be negligible during the interaction d?N 2w o
of the bunch with the probe pulse, i.e., the following condi-  geudcosg 9~ “TaOJ’ d0e03(8e)No(¥)F(7)
tions must hold:

YH(7) e KAAT-d(BGe)?

on~cTB, (V. n)<n,
Av.m) 2 Q(coq 6— 6,) —cosat) ®)
8(By)~CTNgr /(o ,01)*<(BY), )
being
S(By)=cTIv(Vag)<(B), )
) o ~ (wcog 60— 6,)—Qcosar)
n being the electron bunch density distribution &vd and (6)

Y= L\2 2
B, are the component of the spatial derivative and speed in V(w cog =) —Q cosa')*— (w—0Q)

a direction perpendicular to the bunch propagatiprespec-

. . e the relativistic factor of the electr¢s) which generates the
tively. Equation(1) implies that

scattered photds).
AfCT/or <1, (Ne/y)[cTro/min(o ,07)?]<1, We are now able to build up the formula to be used for

the energy spectrometer. Let
(a3/y?)[cT/min(cT,w)]<1, 2)
] ] ) ] S(E,B)s(dN/dEdcose)lexper
ro being the electron classical radius andhe probe waist

size. be the detected spectrum of the photon yield corrected by the

To evaluate the scattered photon yield with the abovedetection efficiencyn(E), E and @ being the energy and
reported assumptions, we start considering the scattered diseattering angle. The energy spectrum of the electron bunch
tribution produced by a single electron and making the apF(y) can be retrieved fron$(E, 6) as
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F(y)=[8/\V2maadNo(y)]E®*{1—cosa")
X [eK(y)(AT—{/(B(y)C)Z/ YH(Y)1D(S,0, ), (7)

where D(S,0,y) means thedeconvolutionof S(E, §) with
the known angular distribution function®,(6.), E 3y

=E"e{1— B(y)cosa)/(1—B(y)cos@—6,) and E=¢=#0) X
is the energy of the incoming photons. The expres§ris 52\"
the basic equation of the spectrometer. w
Formulas(4)—(7) strongly simplify in the case of back- 7
scattering of a probe pulse whose waissatisfies the con- o 0
dition w> o1, i.e., when the laser spot is much larger than 9>
the electron bunch transverse size. In this case the laser puls10
contains the whole electron bunch provided that the length of ; 45 o (mrad)
the buncho does not exceed the probe Reyleigh length Photon Energy‘?,(ev) gt
Zr~mW?/\, so the envelope functiorld, K do not depend 10
on the actual shape of the spatial distribution, as ConSiderQQG. 1. Numerical simulation of the scattered photon yield integrated onto
earlier, and reduce to the azimuthal anglep.
f=1, k=0 ® AGCT/or~5X10"2<1, (No/y)(cTry/o?) ~0.1<1,
In this case the electron spectrum can be derived from the _ .
photon spectrum using the simple relations: (ag/ ¥ (cT/w)~10 "<1.
F(y)=2.4x<10 2(W?E™®1EN)D(S(E), 0, ), The simulation of the detected photon yield is performed
9) with a Monte Carlo method by using E(B), assuming an
E=2E"®T1/(1— B(y)cod 6— 6,))], acceptance angle of the photon deted¢®ICCD, or charge

) ) ) coupled device, camera, see belaf 30 mrad and a detec-
where £ is the energy d.ellveredlaskg?/' the probe pulée o efficiency in the range 0.2-28 The angular and spectral
Jouleg, w and \ are in microns E**"is in electron volts, gistribution of the~10° detected photons is shown in Fig. 1.
and we have assumeti<1 andy>1. The data yield is organized in about one thousand channels

In order to present a full simulation of a possible experi-(4ne hundred channels in energy and ten in azimuthal angle
mental setup, we will focus on the measure of the Spec”“%sulting in a mean of10° counts per channel.

of a rellativistic electron bur)ch produced.by laser-plasma ac-  he probe and bunch parameters enable the simplified
celeration(say laser wake field acceleration, LWFA, or_self— equations(8) and (9) to be used; the result of the analysis,

modulated-LWFA, see for example Refs. 16 and. 22 this  1)5ying assumed a detailed knowledge of the angular distri-
framework, an ultraintense laser pulse inpinges onto gtion, is shown in Fig. 2. It is worthwhile to point out that

plasma and the strong electric fields of the wake accelerate @g estimated energy spectrum well reproduces the simulated
large number of electrons at energies exceeding tens of mega . aiso at large energies, where the effect of the bunch
electron volts.” divergence is significant. We also note that the results of the

To face with a realistic electron bunch, we simulated,naysis of the simulated data clearly show that the electron
Ne.=6x10 electrons with Gaussian angular distribution

0,(6e) (as reported in Ref. 15having divergence ranging : ; . . : f .
from 20 mrad at low energies to 10 mrad at large energies o 1 o Thomson Spectrometer |
The spatial distribution has transverse and longitudinal size 107k .| — Real spectrum -
or=20 um, o =50 um, respectively. Finally, the energy - ' :
distribution F () is composed both by an exponentially de- i .
creasing component, such as that found in a rea|§ SO NS NN, SO0 SN RSN SUUNUITS. S S
experiment and a few mega electron volts full width at half g 108k
maximum Gaussian peak, taking into account the portion ofe
the bunch(possibly generated with controlled trappiig® &
The probe pulse, which propagates against the simulate(
electron bunch ¢“=), is 0.5 ps long and has wavelength &5

y

c
3

A=1.053um, energyé=0.1J, and waist siz&v=50 um @
(ap=~0.05<1). Incidentally, we note that these parameters
enable us to fulfill the assumptions concerning the pulse du- ;
ration as well as the constraint on the Rayleigh length with 10* ; : : : ; ; :
respect to the bunch longitudinal sizBg~1 cm). Also we 20 40 60 80 100 120 140
stress here the fact that both the bunch and the probe paran.- Electran Lorentz factory

eters fit the requirements for a frozen dynamics of the bunclg. 2. comparison between the bunch energy spectrum estimated with the

(for y>5) during its interaction with the proljsee Eq(2)]: Thomson spectrometer and the simulated spectfuthline).
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Collimator: Filter Mirror Detector To summarize, we have shown that linear Thomson scat-
tering of a laser beam onto a relativistic electron bunch can

Laser actually be used to retrieve the energy distribution of the
— . electron bunch by the angular resolved spectrum of the scat-
plasma ¢ tered photons. In the case of backscattering and when the
\ , probe waist size is much higher than the transverse size of

Off-axis S / Toar Bt the electron beam, the derivation of the electron spectrum
parabola i strongly simplifies and a very accurate spectrometer can be

¢ implemented, which enables single-shot spectra of broad-
FIG. 3. Example of a possible experimental setup. The probe pulse is fod@nd electron bunches to be retrieved. Calibrated CCD cam-

cused onto the electron bunch with an off-axis parabola and the scatteregras operating in single-photon regime seems to be the ideal
photons are detected with an ADC-calibrated CCD camera. photon detector for such a spectrometer.
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