A LETTERS JOURNAL EXPLORING ERS
THE FRONTIERS OF PHYSICS

ecl?sciences IOP Institute of Physics

Societa Italiana
di Fisica

LETTER Related content

. - Spectral distributions of the scattere
Two-colour X-gamma ray inverse Compton back- Ohotons within 21 accepiance angie n
Thomson scattering

Scatterl ng SOU rce Wang Jun and Huang Wen-Hui

- Preliminary experimental study and
simulation of an energy-tunable quasi-
monochromatic laser-Compton X/-ray
source
Luo Wen, Xu Wang, Zhuo Hong-Bin et al.

To cite this article: I. Drebot et al 2017 EPL 120 14002

- Coherent x-ray and gamma-ray generation
A A Risbud

View the article online for updates and enhancements.

This content was downloaded from IP address 159.149.193.203 on 23/04/2018 at 14:52


https://doi.org/10.1209/0295-5075/120/14002
http://iopscience.iop.org/article/10.1088/1674-1137/35/2/019
http://iopscience.iop.org/article/10.1088/1674-1137/35/2/019
http://iopscience.iop.org/article/10.1088/1674-1137/35/2/019
http://iopscience.iop.org/article/10.1088/1674-1137/36/8/016
http://iopscience.iop.org/article/10.1088/1674-1137/36/8/016
http://iopscience.iop.org/article/10.1088/1674-1137/36/8/016
http://iopscience.iop.org/article/10.1088/1674-1137/36/8/016
http://iopscience.iop.org/article/10.1088/0022-3727/38/7/019

A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYSICS

October 2017

EPL, 120 (2017) 14002
doi: 10.1209/0295-5075/120/14002

www.epljournal.org

Two-colour X-gamma ray inverse Compton back-scattering source

. , V. < and L.
I. DreBOT!, V. PETRILLOY? and L. SERAFINI!

L INFN-Milano - Via Celoria 16 20133 Milano, Italy

2 Universita degli Studi di Milano - Via Celoria 16 20133 Milano, Italy

received 14 September 2017; accepted in final form 25 November 2017

published online 28 December 2017

PACS 41.50.+h — X-ray beams and x-ray optics
PACS 41.60.Ap — Synchrotron radiation
PACS 41.60.-m — Radiation by moving charges

Abstract — We present a simple and new scheme for producing two-colour Thomson/Compton
radiation with the possibility of controlling separately the polarization of the two different colours,
based on the interaction of one single electron beam with two light pulses that can come from
the same laser setup or from two different lasers and that collide with the electrons at different
angle. One of the most interesting cases for medical applications is to provide two X-ray pulses
across the iodine K-edge at 33.2keV. The iodine is used as contrast medium in various imaging
techniques and the availability of two spectral lines accross the K-edge allows one to produce

subtraction images with a great increase in accuracy.

Copyright © EPLA, 2017

The development of X-ray sources characterized by high
versatility, large spectral flux and tunability, opens the
way for a real breakthrough in a wide number of sci-
entific and technical fields. One of the most promising
formats in which radiation can be delivered to users con-
sists in wave packets containing two different spectral lines
with adjustable frequencies and time separation. Pairs of
coloured X-ray pulses allow one to deepen the fundamen-
tal understanding of the properties of materials and living
systems, by probing the matter on atomic scale in space
and time [1] or performing pump and probe experiments
of structural dynamics, a class of experiments designed to
monitor the ultrafast changes in atomic, electronic and
magnetic structures [2—4]. Processes as chemical reac-
tions or excitations and structural transformations in mat-
ter are excited by a first pulse and then probed with a
second one of another colour. The time scale for such
dynamics can range from 10 fs in ultrafast processes as
the dissociative ionization [5], to hundreds of femtosec-
onds for less energetic chemical mechanisms [6,7]. Another
important issue is the future colour X-ray technology.
Colour X-ray imaging will provide significant develop-
ment to screening or diagnostic radiography, because
the colour components contain extra information and al-
low to discriminate the chemical composition of the ab-
sorbing tissues [8]. Experiments on dual colour have
been recently carried on with free-electron lasers (FELs)
as radiation sources [4,9-11] and promising proposals

aimed to generate two-colour X-ray emission in Comp-
ton sources [12,13] have been investigated. Thomson and
Compton sources, even though less brilliant than FELs,
produce radiation with short wavelength, high power, ul-
trashort time duration, large transverse coherence and
tunability, full polarization control, ensuring limited costs
of construction and maintenance and dimensions compat-
ible with the space that can be allocated in hospitals and
medical centres. Existing Thomson sources [14-21] are im-
portant tools for generating tunable quasimonochromatic
X/gamma rays suitable for applications in crystallography,
plasma, high energy, matter physics and nuclear photon-
ics and in the advanced biomedical imaging as demon-
strated by the wide number of experiments on phase
contrast imaging [18,22], microtomography [22], K-edge
techniques [13,23] on biological and human samples. In
this paper we present a simple and new scheme for pro-
ducing two-colour Thomson/Compton radiation with the
possibility of controlling independently the polarization of
the two beamlets. It is based on the interaction of one sin-
gle electron beam with two light pulses that can come from
the same laser setup or from two different lasers colliding
with the electrons at different angle. One of the most in-
teresting cases for medical applications is to provide two
X-ray pulses across the iodine K-edge at 33.2keV. The
iodine is used as contrast medium in various imaging tech-
niques and the availability of two spectral lines below and
beyond the K-edge allows to produce subtraction images
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Fig. 1: (Colour online) Kinematic of the Compton back
scattering.

Fig. 2: (Colour online) Scheme of the use of a split laser sent
to the interaction point at two different interaction angle.
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Fig. 3: (Colour online) Dependence of the maximal energy of
the scattered photons from the initial scattering angle oo for
v =284, 40 =1.2€V.

with a great increase in accuracy. The application to this
range of X-rays is presented and discussed.

The Thomson or inverse Compton scattering is the
process occurring when an electron belonging to a high-
brightness electron beam collides with the photons of a
laser pulse, generating X or gamma radiation. The geom-
etry of the scattering is represented in fig. 1, where ay is
the interaction angle of the scattering.

The radiation energy is upshifted with respect to the
lasers’s one by the relation

4y%¢r, cos

I =
aym EL 2 g
dy—Lycos® P +1

2 oo
2

~ 4v%¢y cos® %, (1)

where €7, is the laser photon energy, « the electron Lorentz
factor and €, the emitted photon energy and the electron
recoil term can be disregarded. The scheme we are propos-
ing for producing two-colour radiation is based on the in-
teraction of the electron beam with two light pulses that
can come from the same laser setup or from two differ-
ent lasers and that collide with the electrons at different

Table 1: Parameters of electron beam and laser system.

Electron beam parameters
Electrons mean energy (Mev) 43.2
Bunch charge (nC) 1
Bunch length rms (pum) 103
Nominal normalized €, €,, (mm - mrad) | 0.99, 0.98
Nominal relative energy spread o, (%) 0.5
Focal spot size o,,0, (um) 15, 15
Laser parameters 1
Laser pulse energy (J) 0.15
Laser pulse length (ps) 1
Laser focal spot size w0 RMS (pm) 60
Collision angle (deg) 0
STOKES parameters (0, 0, —1)
Laser parameters 2
Laser pulse energy (J) 0.15
Laser pulse length (ps) 1
Laser focal spot size wO RMS (um) 24
Collision angle (deg) 30
STOKES parameters (0, 0, +1)
5 x10°
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Fig. 4: (Colour online) Spectra of the scattered radiations for
different initial angles for the second laser apa.

angle, as shown in fig. 2. If the first scattering is head-
on, the angle of the second one is chosen in order to fix
the relative separation between the two radiation pulses
Ac/e = sin®(ag/2). Figure 3 shows the dependence of
the scattered photon energy on the angle, for typical val-
ues of a Thomson source (see table 1) such as the STAR
Project [24].

Figure 4 presents the evaluation of the spectrum of the
scattered photons for different values of the angle of the
second laser ays collimated into the fixed acceptance angle
performed with the Monte Carlo code CAIN [25].

As can be seen, the radiation energy for cg = 0 is about
FE, = 34keV, above the iodine K-edge. A separation
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Fig. 5: (Colour online) Energy angular distribution of the scat-
tered radiation for ape = 30deg.
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Fig. 6: (Colour online) Relative spectrum of the scattered ra-
diation for ap2 = 30deg.

Ae/e =~ 6.5% between the energies of the two pulses
means, for instance, to operate with one head-on colli-
sion and the other one at about 30°. In this case, the
second line will be at Fy = 32keV. Furthermore, the num-
ber of scattered photons N in a Thomson/Compton scat-
tering at a generic angle o collimated in an acceptance
angle ¥ = v0,,,; can be obtained on the basis of the
luminosity as

NY =

v a
fNeNLf d\IIIdd\I,/

2 2 2 2 2 2 2 (ag
2’”\/0—%8 + Uy,L\/o—ﬂ?,e + Jm,L + (02,8 + UZ,L) tan ( 2 )

b

(2)
where f v dw’ (fq‘f, is the Compton cross-section as a func-
tion of the acceptance angle ¥ [26], N, Ny, are the num-
ber of interacting electrons and laser photons, o, (04,1.)
and oy (0, 1) are the rms electron (laser) transverse di-
mensions at waist, o, (0, 1) is the electron (laser) beam
length and 6,4, is the maximum acceptance angle. If the
two radiation pulses are required to have comparable pho-
ton numbers, the lengths o, (0., 1) should be as short as
possible and the two laser pulses should be focused in a

different way, in particular the first laser beam was focused
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Fig. 7: (Colour online) Spectra of the scattered radiations for
different collimation angles 6.
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Fig. 8: (Colour online) Spectra of the scattered radiations for
different collimation angles 6. Colours represent different po-
larisations.

at w0r; = 60 um and the other one at wOry = 24 um as
shown in table 1. In fig. 5 the total photon phase space is
reported, for a; = 0 and as = 30°. Figure 6 presents the
spectrum of the radiation collimated within an acceptance
angle § = 1mrad, with a good balance between the two
spectral peaks. Another quantity that has to be controlled
for separating the two spectral lines is the acceptance an-
gle. Figure 7 presents the spectrum of scattered radiations
as a function # and shows that only for acceptance angles
lower than (F2 — E1)/FE the two spectral lines present a
reasonable separation.

For producing two radiation pulses of different polarisa-
tion [27,28] we can propose to insert a polarization rotator
along the trajectory of one of the lasers, thus providing the
possibility to get two colours also with different polarisa-
tions. In fig. 8 we present the spectrum of the scattered
photons from two lasers with different polarisations.

In this work we present a new scheme to produce two-
colour X-rays based on compact Compton sources. This
scheme consists in the use of two laser pulses impinging
on the same electron beam at two different angles, with
frequencies given by formula (1). The potentialities of
scattered radiations can be improved by using a different
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polarisation of the initial laser pulses. This scheme can be
extended to the production of a sequence of two X-ray
pulses with different colours separated also in time. In
fact, it is possible to change and adjust at will the temporal
delay between two laser pulses, which, in turn, equals the
time separation between two successive electron bunches.
This is of paramount importance for adjusting the time
needed by the detectors to record and load the two images
at two different colours, which is mandatory for digital
subtraction This technique is thought for devices based
on electron-laser scattering in free space, with optimized
single-shot parameters and relatively low repetition rate,
such as for instance the source STAR. The application
in cavity, in fact, would be much more complicated to
implement and deserves further analysis. The two-colour
imaging by Monte Carlo technique simulation through a
phantom will be analysed in future works.

REFERENCES

[1] GunTHER C. M., PraU B., MITZNER R., SIEMER B.,
RoLING S., ZacHARIAS H., Kutz O., RuporpH I.,
SCHONDELMAIER D., TREUSCH R. and EISEBITT S., Nat.
Photon., 5 (2011) 99.

[2] TAVELLA F., StosaNovic N., GELONI G. and GENSCH
M., Nat. Photon., 5 (2011) 162.

[3] DING Y., DECKER F.-J., EmMmMA P., FENG C., FIELD
C., Friscu J., HuaNG Z., Krzywinskl J., Loos H.,
WELCH J., Wu J. and ZHou F., Phys. Rev. Lett., 109
(2012) 254802.

[4] ArLaria  E.,  BEeNCIVENGA F.,  BORrRGHES R.,
CapoTONDI F., CASTRONOVO D., CHARALAMBOUS
P., CINQUEGRANA P., DanaiLov M. B., DE NINNO
G., DeEmibovicH A., D1 Mitri S., Diviacco B.,
Favusti D., FAwWLEY W. M., FERRARI E., FROEHLICH
L., GAUTHIER D., GESSINI A., GIANNESSI L., IvANOV
R., Kiskinova M., Kurbpr G., MAHIEU B., MAHNE
N., Nikorov I., MaAscioveccHIO C., PEDERSOLI E.,
PENcO G., RamvonDI L., SErricO C., SIGALOTTI P.,
SPAMPINATI S., SPEzZzZANI C., SVETINA C., TROVO M.
and ZANGRANDO M., Nat. Commun., 4 (2013) 2476.

[5] BocHAROVA 1. A.; ALNASER A. S., THUMM U., NIEDER-
HAUSEN T., RAy D., Cockk C. L. and LITVINYUK I. V.,
Phys. Rev. A, 83 (2011) 013417.

[6] Tao H., Arnison T. K., WrigHT T. W., STOOKE
A. M., KnurMi C., VAN TILBORG J., Liu Y., FALCONE
R. W., BELKACEM A. and MARTINEZ T. J., J. Chem.
Phys., 134 (2011) 244306.

[7] AruisoN T. K., Tao H., GLOVER W. J., WRIGHT T. W,
STOOKE A. M., KHurMI C., VAN TILBORG J., LiUu Y.,
FaLcoNE R. W., MARTINEZ T. J. and BELKACEM A.,
J. Chem. Phys., 136 (2012) 124317.

[8] DIERICKX B., YAO Q., WITVROUWEN N., UWAERTS D.,
VANDEWIELE S. and GAO P., Sensors, 16 (2016) 764.

[9] MARINELLI A., RATNER D., LuTMAN A. A., TURNER
J., WELCH J., DECKER F. J., Loos H., BEHRENS C.,
GILEVICH S., MIAHNAHRI A. A., VETTER S., MAXWELL
T. J., DinG Y., COFFEE R., WAKATSUKI S. and HUANG
Z., Nat. Commun., 6 (2015) 6369.

[10] LutmaN A. A., CorrEE R., DING Y., HUANG Z., KrRZY-
WINSKI J., MAXWELL T., MESSERSCHMIDT M. and NUHN
H.-D., Phys. Rev. Lett., 110 (2013) 134801.

PETRILLO V., ANANIA M. P., ArrioLt M., Bacct A.,
BELLAVEGLIA M., CHIADRONI E., CiancHI A., Cioccl
F., Darrort G., D1 GIOVENALE D., D1 PIRrO G., FER-
RARIO M., GATTI G., GIANNESSI L., MostAaccr A.,
MusumMECt P., PETRALIA A., PomPILI R., QUATTRO-
MINT M., RAau J. V., RoNsIVALLE C., Rosst A. R., SABIA
E., VAccarezza C. and VILLA F., Phys. Rev. Lett., 111
(2013) 114802.

PETRILLO V., Baccr A., CurRATOLO C., FERRARIO M.,
GATTI G., MAROLI C., RAU J. V., RONSIVALLE C., SER-
AFINI L., VACCAREZzZA C. and VENTURELLI M., Phys.
Rev. ST Accel. Beams, 17 (2014) 020706.

HwanGc Y., Barry C.; GiBsoN D., MArsSH R. and
Taismma T., FElectron Beam Diagnosis Using K-edge
Absorption of Laser-Compton Photons, in Proceedings
of the International Particle Accelerator Conference
(IPAC’17), Copenhagen, Denmark, 14-19 May, 2017,
No. 8 (JACoW, Geneva, Switzerland) 2017, pp. 473-476,
https://doi.org/10.18429/JACoW-IPAC2017-MOPAB146,
http://jacow.org/ipac2017/papers/mopabl46.pdf.
SAKAI Y., GADJEV 1., HOANG P., MAJERNIK N., NAUSE
A., Fukasawa A., WiLLiaMS O., FEDURIN M., MAL-
ONE B., SwinsoN C., KuscHE K., PoLYANSKIY M.,
BABZIEN M., MONTEMAGNO M., ZHONG Z., SIDDONS P.,
POGORELSKY 1., YAKIMENKO V., KumiTA T., KAMIYA
Y. and ROSENZWEIG J. B., Phys. Rev. Accel. Beams, 20
(2017) 060701.

AcHTERHOLD K., BECH M., SCHLEEDE S., POTDEVIN
G., RutH R., LOEWEN R. and PFEIFFER F., Sci. Rep.,
3 (2013) 1313.

EccL E., MECcHLEM K., BrAIG E., KULPE S., DIEROLF
M., GUNTHER B., ACHTERHOLD K., HERZEN J., GLE-
icH B., RuMMENY E., NoiL P. B., PFEIFFER F. and
MUENZEL D., Sci. Rep., 7 (2017) 42211.

Axacr T., KosuGE A., ARAKI S., HAaJyimA R., HONDA
Y., MivasiMA T., Mort M., NAGAT R., NAKAMURA N.,
SHIMADA M., SHIZUMA T., TERUNUMA N. and URAKAWA
J., Phys. Rev. Accel. Beams, 19 (2016) 114701.

KurobpAa R., Tovokawa H., YAsumMmOTO M., IKEURA-
SEKIGUCHI H., KOIKE M., YAMADA K., YANAGIDA T.,
Nakajyo T., Sakal F. and Mori K., Nucl. Instrum.
Methods Phys. Res. Sec. A, 637 (2011) S183.

BrowN W. J., ANDERSON S. G., BArty C. P. J., BETTS
S. M., BoorH R., CraNE J. K., Cross R. R., Fir-
TINGHOFF D. N., GiBson D. J., HARTEMANN F. V.,
Harrount E. P., KuBA J., LE SAGE G. P., SLAUGHTER
D. R., TREMAINE A. M., WoOTTON A. J., SPRINGER
P. T. and ROSENZWEIG J. B., Phys. Rev. ST Accel.
Beams, 7 (2004) 060702.

VaccariEzzA C., ALESINI D., ANANIA M. P., Baccr
A., Biaciont A., Bisesto F., BELLAVEGLIA M., CAR-
DARELLI P., CARDELLI F., CIANCHI A., CHIADRONI E.,
Croia M., Curcio A., DELoGU P., D1 GIOVENALE D.,
D1 DomENICO G., DI PIRRO G., DREBOT I., FERRARIO
M., Fiuippi F., GALLO A., GALLETTI M., GAMBACCINI
M., GIrRiIBONO A., Gorosio B., Lt W., MosTAccr A.,
OvrivAa P., PALMER D., PETRILLO V., PETRARCA M., P1-
oLI S., PIERSANTI L., PomPILI R., ROMEO S., RossI A.
R., Sciro J.; SERAFINI L., SULIMAN G. and VILLA F.,

[11]

[14]

[15]

[16]

[17]

[20]

14002-p4


https://doi.org/10.18429/JACoW-IPAC2017-MOPAB146
http://jacow.org/ipac2017/papers/mopab146.pdf
http://jacow.org/ipac2017/papers/mopab146.pdf

Two-colour X-gamma ray

(21]

(22]

23]

24]

Nucl. Instrum. Methods Phys. Res. Sect. A, 829 (2016)
237.

Du Y., YaAN L., Hua J., Du Q., ZuaNG Z., L1 R.,
QiaN H., HuanGg W., CHEN H. and TaNG C., Rev. Sci.
Instrum., 84 (2013) 053301.

Becun M., Bunk O., Davib C., RurH R., RIFKIN
J., LOEWEN R., FEIDENHANS’'L R. and PFEIFFER F.,
J. Synchrotr. Radiat., 16 (2009) 43.

Govrosio B., Enprizzi M., OrivA P., DeELocu P.,
CARPINELLI M., POGORELSKY I. and YAKIMENKO V.,
Appl. Phys. Lett., 100 (2012) 164104.

Baccr A. et al., The Star Project, in Proceedings of the
5th International Particle Accelerator Conference (IPAC

[25]
[26]

[27]

14002-p5

2014): Dresden, Germany, June 15-20, 2014, 2014,
p. WEPRO115, http://jacow.org/IPAC2014/papers/
weprol15.pdf.
Yokovya K.,
(2009).
CuUrRATOLO C., DREBOT I., PETRILLO V. and SERAFINI
L., Phys. Rev. Accel. Beams, 20 (2017) 080701.
PETRILLO V., Bacct A., CuratorLo C., DREBOT I.,
GIRIBONO A., Marorr C., Rosst A. R., SERAFINI L.,
ToMASSINI P.; VACCAREZZA C. and VARIOLA A., Phys.
Rev. ST Accel. Beams, 18 (2015) 110701.

DREBOT I., KARNAUKHOV I. and ZELINSKY A., Vopr. At.
Nauki Tekh. Yad-fiz. issled., 42 (2004) 137.

User Manual of CAIN, wversion 2.40


http://jacow.org/IPAC2014/papers/wepro115.pdf
http://jacow.org/IPAC2014/papers/wepro115.pdf

