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Abstract

We presentherethe conceptof the proposedgamma-raybeamline for the ALBA synchrotronlight
sourceto be built nearBarcelona.The gamma-raysareproducedby Comptonbackscatteringof laser
light from thering electrons.Without affecting themachineperformanceit will bepossibleto produce
high intensitybeamswith energiesupto 500MeV. Thebeamis focusednaturallyandis easilypolarized.
The beamenergy canbe definedby collimation at the lower energies andby internal taggingat high
energies. Suchgamma-raybeamscan be usedto study photo-nuclearprocessesof interestin basic
nuclearphysics,rangingfrom nuclearstructureat low energiesto sub-nucleonicdegreesof freedomat
high energies,andastrophysics.At the sametime it canbe usedto obtainnucleardatarelevant to the
fieldsof dosimetry, radiationshieldingandradiationtherapy. Otherapplicationsarethenon-destructive
inspectionof objectsandtheirelementalanalysis.



Introduction

Theconstructionof a third generationsynchrotronlight sourcein Spainhasbeenrecentlyapproved
andwill startsoonattheLaboratoriodeLuz Sincrotŕon(LLS) in thevicinity of Barcelona.Themachine,
namedALBA, will provide radiationin theenergy rangeup to soft X-raysfor researchin fieldssuchas
biology, materialsscience,chemistry, pharmacology, etc. However it is possible,anddesirablefor both
scientificandresourceoptimizationreasons,to extendtheenergy of the radiationinto the rangeof in-
termediateenergy � -rays(500MeV). Thegenerationof suchenergiesis possiblethroughtheprocessof
Comptonscatteringof laserphotonsfrom thehighly energetic electronscirculatingin the synchrotron
ring. It is analternative methodto thegenerationof � -raysthroughtheelectronbremsstrahlungprocess
andhasspecificadvantages.The characteristicsof the � -ray beam(energy, intensity, etc.) dependon
the parametersof thecolliding electronandlaserbeamsandwill be exploredin thenext section. The
availability of � -rays,sayfrom a few MeV up to some500MeV, expandstherangeof researchfieldsof
LLS into basicandappliednuclearphysics.Someexamplesof theseapplicationswill alsobepresented.
Currentlya proposalto build a � -ray beamline at ALBA is beingpreparedby a collaborationbetween
severalnationalgroups.

Gamma-ray beam characterization

Compton scattering on energetic electrons

Back in 1963,it waspointedout ([1], [2]) thepossibility to produceanenergetic andhighly polar-
izedgamma-raybeamthroughComptonscatteringof polarizedlaserlight with theelectronsaccelerated
in a high energy machine.Thefirst installationfor experimentswasbuild at Frascati[3] andpresently,
installationsof this typeexist at severalplaces(see[4] for references).

Thekinematicsof thecollision is describedby themodifiedComptonformula[5]:
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Here
� � , � � and

�"	
, arerespectively theelectron,laserphotonand � -ray energies, � � theelectron

velocity in unitsof � , and � 	 ( � � ) theangleof theoutgoing(incoming)photonwith respectto theincident
electrondirection,notnecessarilyin thesameplane.For fixed

� � and
� � , themaximumpossible� -ray

energy is obtainedfor thebackscatteredphoton( � 	1�3254
) in a head-oncollision ( � � �6254

). In Fig. 1
we representthe maximum � -ray energy obtainablefor

� � �87
GeV (the nominalenergy of ALBA)

asa function of laserwave-length. All � -ray energiesarepossiblebetweenthe minimum
� � andthe

maximum. Due to the relativistic ”boost” thescatteredgammaraysarestronglyforward focused,thus
formingabeam,ascanbededucedfrom Fig.2,whichshowstheangle� 	 asafunctionof 9 �:�"	,;<�>=@?BA	

,
theenergy of thegamma-raynormalizedto themaximumenergy. We seethat the top 90 % rangeof �
energiesis containedwithin aconeof angle0.55mrad.Thisfigureandthefollowing, hasbeencalculated
for

� � �&7,CD2
GeV and

� � � � C �$E eV (Nd:YAG laser),but will changelittle over therangeof energies
of practicalhighpower laserswhentheuniversalvariablez is used.
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Figure1: Maximum � -rayenergy asafunction
of laserphotonenergy
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Figure2: � -rayenergy asa functionof scatter-
ing angle

Thegamma-rayenergy spectrumcanbe obtainedthroughthe properintegrationof thedifferential
crosssectionangulardistribution. Theexpressioncanbewrittenasfollows [6]:LNM OL 9 � �P ��Q�SRT� U*VWV � �P ����SRT� X �
!ZY[� ��"!ZY ! \ YR]��
!#Y^� � \ Y`_R _ ��a!bYc� _ed (2)

whereR � \ � � � � ;�f _� �hg , Y �:�"	e;<� � . Again,
LNM O@; L 9 doesnotvarymuchwith

� � and
� � , andwe

representin Fig. 3 thenormalized(by
M O

) values.Thedistribution hasa saddleshape,with themaxima
at theenergy extremesbeingtwicethatin themiddle.Thetotalcrosssectionis aslowly varyingfunction
of electronandlaserenergies,andhasavalueof approximately

M O �:2`Cji
b.

If thelaserbeamis polarized,eitherlinearly or circularly, thepolarizationis transferredto theback-
wardscatteredgamma.For fully polarizedlaserphotonsthedegreeof linear k �	 or circular k O	 polar-
izationof thescattered� -ray is givenby [6]:k �	 � �U*VWV P Y _R _ ��
!#Y^� _ (3) , k O	 � ! �U*VWVml P YR]��
!#Y^� !.��n l �
!#Y>� ��"!#Y n (4)

In Fig. 4 we representthedegreeof polarizationof the � -ray asa functionof 9 �o�
	,;<�>=@?BA	
. We

observe that the sign of the circular polarizationis invertedfor thebackscatteredphoton. We alsoob-
serve that thedegreeof polarizationdecreaseswith decreasingenergy. Polarizationsin excessof 80 %
areobtainedfor thetop30 % energy range.

Characteristics of the installation

The acceleratorparametersfrom the original design[7] of the synchrotronat LLS are presently
beingreconsidered[8], with thepurposeof achieving a uniqueperformancein termsof thelight source
luminosity. Theexactcharacteristicsof the � -raybeamwill dependon thefinal machineparametersbut
its maincharacteristicscanalreadybeestimated.Wewill usefor thispurposetheparametersfrom oneof
thesynchrotronlatticestructuresunderconsideration(of thesocalledQBA type)whicharesummarized
in Table1.
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Figure3: � -ray relative intensityasa function
of energy
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Figure 4: � -ray polarizationas a function of
energy

Ring
Intensity v � 0.250A
Energy

� � 3.0GeV
Resolution

M % ( ;<� � 0.001
Horizontalemittancewyx 5.0nmrad
Verticalemittancewyz 0.05nmrad
Momentumacceptance{}| ; | V 0.015
Straight section
Length ~@���<� 5 m
Horizontalbeamenvelope

M��
0.250mm

Verticalbeamenvelope
M��

0.015mm
Horizontalslopeenvelope

M ���
0.020mrad

Verticalslopeenvelope
M � �

0.004mrad

Table1: Electronring parametersusedin thecalculations

The acceleratorcomplex includesa 100 MeV linac, theboosterwhich bringsthe energy up to the
nominalvalueof 3.0 GeV, andthe ring itself. The boosterandthe ring will sharethe sameshielding
tunnel. The ring is a four fold structurewith a circumferencelengthof about255 m. Sixteenstraight
sectionswill beavailablefor insertiondevices.In thenormaloperationmodethering is filled with about� C \m� � 2,� _ electronsgroupedin bunches20 pslong separatedby 2 ns,which canberegardedasa con-
tinuousbeamin practice.Thenominalintensityof 250mA will bemaintainedwithin � � % by frequent
re-fillings (topping-upmode). Oneof thestraightsections,about5 m long, betweenbendingmagnets
could be usedto producethe Comptonscattered� -rays. For this purposea well focusedandaligned
laserbeamwill beinjectedinto thevacuumchamberusinganadequatemirror. The � -raybeamobtained
traversesthemirror andcontinuesup to ameasuringstationwhichwill belocatedsome20-30m away.

Themaximum � -ray energieswhich canbeobtainedwith someof thecommerciallyavailablehigh
power lasersareindicatedin Fig. 1. With a CO_ laser

��=@?BA	
would be16.0MeV , with a Nd:YAG laser

it would be152.5MeV, 290.3MeV, 415.0MeV and529.3MeV in the fundamental,secondharmonic
(SH),third harmonic(TH) andfourthharmonic(FH) modesrespectively. Theuseof thehigherharmon-



ics allows oneto obtaina high degree( ��� 2 %) of polarizationin theenergy range200-530MeV (see
Fig. 4). For reasonsthatwill beexplainedlater, to cover theregion of � -ray energiesfrom 15-150MeV
we areconsideringtheuseof acontinuouslytunablelasersource,basedonanopticalparameteroscilla-
tor (OPO)[9] pumpedby theNd:YAG. In thiscasethepolarizationwouldbeessentially100%.

The intensityof the � -ray beamdependson the overlapof the colliding electronandlaserphoton
densitiesandon theComptoncross-section[6]:v 	�� P � M O���� � � � L`� (5)

The electrondensity
� � is adequatelyrepresentedby a transversegaussiandistribution in both X

andY directionswith parameters
M �

and
M �

constantalongZ. The laserphotondensity
� � will be

assumedto be that of a diffraction limited circular gaussianbeam. In this casethe RMS width hasa

minimum
M V

at thecentreof theinteractionregion anddivergeswith z [10]:
M � � M V+� �*�:�� 9 ;<� M _V � _ .

Usingtheparametersof Table1 andassuming
M V ��2`Cj�

mmfor thelaserbeam,theintensityobtainedisv 	 � \ ! � � � 2�� �5� � perWattof laserpowerandwave lengthsin therange� � ��!Z� 2�2+� m. I shouldbe
noticedthatalthoughthenumberof laserphotonsperWattis proportionalto thewavelength,thiseffect is
counterbalancedby theincreasein thedivergenceof thelaserbeam.Nd:YAG laserdeviceswith 100W
CW power are readily available, with conversionefficienciesof about40 %, 30 % and10 % for the
second,third andfourth harmonics,which would provide beamsof � 25� !�� 2�� gammarayspersecond.
Still higherpowersareavailablefor CO_ lasers,andintensitieslarger than � 2�� � � � canbeexpected.In
thecaseof theOPOsource,powersof about5 W areforeseengiving intensitiesin excessof � 25� �5� � .

Onepossiblelimit to theultimately obtainable� -ray intensityis the removal of electronsfrom the
beamin thescatteringprocess.Electronswhich loselessthan45MeV, equivalentto thering acceptance{ | ; | V (seeTable1), arekeptin thering in principle,exceptfor multiple scatteringeffectsfor veryhigh
laserpowers. For � -raysabove that energy, the electronwill eventuallyhit the vacuumchamberand
will be lost. In the topping-upmodeelectronsarereplenishedfrequentlyto compensatefor the usual
lossesof intensityin thering. Assumingarefilling timeperiodof 100sandthatthenew sourceof losses
shouldbelimited to afractionof onepercent,will imposealimit of afew times � 25� in the � -rayintensity.

As wasmentionedearlierthespectrumof � -raysarriving at themeasuringstationis ratherflat (see
Fig. 3). Mostof themeasurementsperformedwill requireadeterminationof the � -rayenergy. Thereare
two possiblemethodsto definetheenergy: collimationandtagging.

Thetaggingtechniquerequiresthedeterminationof theenergy of theelectrondispersedin thecol-
lision in coincidencewith the � -ray or its reactionproducts. Given the energies involved, it implies
the useof magneticanalysisfor the electron. For costreasonsit would be convenientto make useof
the ring itself for this purpose.In thesocalledinternaltaggingoneplacesa positionsensitive counter
at the exit of the next bendingmagnetafter the laser-electroninteractionregion, to measurethe elec-
tron energy loss. Si-microstripdetectorshave beensuccessfullyemployed for this purpose[11]. The
energy resolutionwhich could be obtaineddependson the ring optics[12] (dispersionandmagnifica-
tion). Given theuncertaintyin the ring parameterswe cannot evaluateat presentthe resolutionwhich
canbe expectedat ALBA. In a studymadefor the original ring designwe have shown [13] that res-
olutions(FWHM) of the orderof 4 MeV or 7 MeV (independentof � -ray energy) could be obtained
dependingon theconfiguration.Thetaggingtechniqueis anothersourceof limitation for theachievable� -ray intensity[14]. At high ratesbothpile-upsignalsin the taggerandrandomcoincidenceswith the
measuringdetectorsintroducespuriouseventswhichneedto becorrectedfor. Themaximumadmissible



ratedependsonthetimeresolutionandalsoonthetypeof experimentbut is of theorderof � 2 � !¡� 2 � � � � .
Thereis a minimum � -ray energy which canbetagged,relatedto thesynchrotronring dispersionat

thepositionof thedetector, andthedistanceof closestpossibleapproachof thedetectorto theelectron
beamenvelope.Giventheuncertaintyin thering parameterswecanonly give a roughestimateof about
150MeV for theminimumtaggedenergy. For energiesbelow this limit thealternative methodof col-
limation, which exploits theangle-energy relationof thescatteredphotons(seeFig. 2), canbe usedto
definethe � -ray energy. Obviously, smalleropeninganglesprocurebetterenergy resolutionat thecost
of intensity, so a balancebetweenthe two mustbe reachedfor actualexperiments.In addition,since
theangulardefinitionalsodependson thedirectionsof thecolliding electronandphotonandtheposi-
tion of their interaction,thereis a minimumenergy resolutionwhich canbeobtaineddependingon the
electronandlaserbeamparametersandthecollimationgeometry. It is possibleto obtainanestimateof
theuncertaintyin the � -ray energy dueto theuncertaintyin theanglesandenergies,applyingtheerror
propagationformulato Eq.1. It canbededucedin thisway, thatthecollimationmethodgivestoo rough
anenergy resolutionexceptwhenthecollimator is placedat zerodegrees.In this casea variationof the� -ray energy requiresa variationof the electronenergy (not feasibleat ALBA) or of the laserphoton
energy. As wasmentionedearlierwe planto useanOPOsourcewith wavelengthrange� � �¢!£� P � m
to cover theenergy range

�
	¤� � � !�� �+2 MeV. We arealsoconsideringthepossibilityof usinga Free
ElectronLaser(FEL) to extendthecollimatedenergy rangeto lowerenergies[15].

An accurateestimationof theresolutionandintensitythatcouldbeobtainedin thiscaserequiresthe
properconsiderationof the possiblevariationsof theparametersin Eq. 1. We have chosenthe Monte
Carlo methodfor this purpose.The electronand laserphotonbeamspatialdistributions aremodeled
in thesameway aswasexplainedbefore. In additiononeneedsto modelthemomentumdistributions.
For electrons,they areadequatelyrepresentedby gaussiandistributionsof the slopesin both X andY
directionswith parameters

M �*�
and

M � �
, constantalongZ, andby a gaussiandistribution in theenergy

with parameter
M % ( . For laserphotonswe assumea well definedenergy in a directionperpendicularto

the laserwave-front, characterizedby the radius[10]: ¥ � � 9 � �¦�� � M _V ; � 9 �B_ . For eachscattering
event thedifferentialangularComptoncrosssectionis sampledto obtainthe � -ray momentum,andthe
energy of thosetraversingthecollimatoropeningis accumulated.
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Figure5: Collimated� -rayenergy distribution
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Figure6: Collimatedintensityandresolution

Fig. 5 shows the result of the Monte Carlo simulationfor a laserphotonenergy
� � � � C �$E eV



(Nd:YAG laser)when a collimator of radius ®$¯�°�± �²2`Cj�
mm is placedat � ¯�°�± �³254

and a distanceL ¯�°�± � P �
m from thecentreof the5 m long interactionregion. As canbe observed theenergy distri-

bution is characterizedby a low energy tail comingfrom the distribution of angles,mostof the effect
beingdueto thehorizontaldivergenceof theelectronbeam(

M �*� � P 2+�
rad) in this case.Theelectron

energy resolutionhasasmallsmearingeffect. TheFWHM resolutionamountsto { � 	 ;<� 	 � � C E % and
thecollimatedintensityis E Cj7 � � 2 g � � � perWattof laserpower (uncollimatedintensity: \ CD2 � � 2 � � � � ).
Thesimulationswererepeatedfor severalcollimatoropeningsandlaserphotonenergies. Fig. 5 shows
the relationbetween� -ray energy resolutionandintensity for two different laserphotonenergies, for
collimator radii: 0.25,0.35,0.50,0.75and1.0 mm. Thechosenlaserphotonenergies

� � � � C �$E eV
(Nd:YAG laser)and

� � �´2`C ���$E eV (CO_ laser)would provide � -ray energies of
�
	�� � � P MeV

and
�"	m� � i MeV respectively. As canbeobserved, the relationintensity-resolutionis approximately

linearexceptwhentheintrinsic resolutionlimit is approached.For a givencollimatorradiustheenergy
resolutionis nearlyindependentof the laserphotonenergy. Giventheforeseen5 W power of theOPO
source,intensitiesin excessof � 2�µ �5� � canbe expectedfor a beamcollimatedto an energy resolution{ �
	,;<�"	�� � Cj� % in theenergy range� � !¶� �+2 MeV.

Applications

The availability of intensehighly polarizedphotonbeamsin the rangeof a few MeV to 500 MeV
at LLS opensthe possibility for a broadrangeof studiesin basicor appliednuclearphysics. We are
currentlyworking on thedefinitionof anexperimentalprogrammeandwe will only give somegeneral
ideashere.

Studies in basic nuclear physics: Low energy and highly polarizedgammarays can be usedto
studythestructureof boundnuclearstatesandto mapthedipoleelectromagneticstrength,usingthenu-
clearresonancefluorescence(NRF) technique.At higherenergiesthephotoninducedparticleemission
will give importantinformationon thestructureanddampingof thecollective GiantDipole Resonance
(GDR). Reactionsof this typearealsoof interestin nuclearastrophysics,eitherdirectly sincethey are
responsiblefor thenucleosynthesisof protonrich nuclei,or indirectly, for exampleto determinethecross
sectionof the inversecapturereactionwhich is otherwisevery difficult to measurein the laboratory, or
to getinformationon neutrinoinducedreactionsgovernedby similar operators.At still higherenergies,
reactionsof theoneor two nucleonemissiontypegive importantinformationon theshortrangecorre-
lationsandmesonexchangecurrentsin nuclei. Theelasticscatteringof photonson nucleonswill give
informationon their internalstructure.On theotherhandphotoninducedfissioncanbeusedto investi-
gatetheevolution of fissionbarriersandtheviscosityof nuclearmatter. Thestudyof theproductionof
pionsnearthe thresholdgivesinsight into thesubnucleonicstructure.Pionicatomscouldbeproduced
in orderto studytherelevantpion-nucleusinteraction.Furtherup in energy, theDeltaresonancewill be
excitedandits interactionin thenuclearmediumcanbestudied.

Nuclear data for applications: Besidesthemorebasicinterest,nucleardatais alsorelevantfor fields
likenucleartechnology, therapy, dosimetryandradiationshielding.In this respectit will beimportantto
fill in themissinginformationin thephoto-nucleardatabases.

Industrial applications: Intensecollimatedbeamsof about10 MeV would be an importanttool
for thenon-destructive inspectionof objectsusingradiographicaltechniquessuchasgammagraphyand
ComputerizedTomography(CT). White intensebeamsof up to about10 MeV canbeusedfor nonde-
structive elementalanalysisusingtheNRFtechnique.



Instrumentation: Photonbeamsof this typeandquality canbe usedfor precisecalibrationof spe-
cializeddetectorssuchasdosimeters,gammaray lenses,etc.

Conclusions

We have shown that it will bepossibleto produceat LLS, without affectingthesynchrotronperfor-
mance,� -raybeamswith intensitiesin excessof � 2 � � � � andenergiesupto 500MeV. For energiesbelow
45 MeV muchlarger ( � � 2 _ ) intensitieswould bepossible.In therangeof � � !�� �+2 MeV collimation
could be usedto obtaina resolutionof 1.5 % or better, essentially100 % polarizationandintensities
larger than � 2�µ �5� � . Above theseenergiesinternaltaggingcanbeusedto obtainresolutionsof theorder
of 5 MeV, a high degree( ��� 2 %) of polarizationandintensitieslarger than � 2�µ ��� � in a 5 MeV energy
bin. If wecomparesuchaninstallationwith existingbackscatteringfacilities[4], theLEGSfacility [14]
comescloserin the taggedenergy range(110-450MeV) andhasan orderof magnitudelessintensity.
In theenergy range

�"	¡· P�P 2
MeV, theHIGS facility [15], basedon a dedicatedsynchrotronandusing

collimation,is foreseento havecomparableintensityat thehigherend,andoneorderof magnitudelarger
intensityat the lower endof the rangewhencompleted.In comparisonwith a bremsstrahlunginstalla-
tion abackscatteringinstallationwouldhaveareducedlow energy backgroundandaneasilychangeable
andpotentiallyhigherpolarizationdegree.No backscatteringinstallationcoveringtheproposedenergy
rangeexistsin Europe.At presentaproposalis beingpreparedby severalnationalgroups.International
collaborationwouldbewelcome.

REFERENCES

[1] Milburn,R.H., “ElectronScatteringby anIntensePolarizedPhotonField”, Phys.Rev. Lett. 10,75
(1963).

[2] Arutyunian,F.R. andV.A. Tumanian,“The ComptonEffect on Relativistic ElectronsandthePos-
sibility of ObtainingHigh Energy Beams”,Phys.Lett. 4, 176(1963).

[3] Federici,I., et al., “BackwardComptonScatteringof LaserLight againstHigh-Energy Electrons:
theLADON PhotonBeamatFrascati”,Nuovo Cim. 59B,247(1980).

[4] D’Angelo, A., et al., “Generationof ComptonBackscattering� -rayBeams”,Nucl. Instr. andMeth.
A455,1 (2000).

[5] Feenberg, E.andH. Primakoff, “Interactionof Cosmic-RayPrimarieswith SunlightandStarlight”,
Phys.Rev. 73,449(1948).

[6] Ginzburg, I.F., et al., “Colliding �T¸ and � � BeamsBasedon the Single-Pass ¸�¹�¸ � Colliders
(VLEPP Type)”, Nucl. Instr. andMeth. 205, 47 (1983);Ginzburg, I.F., et al., “Colliding �T¸ and��� BeamsBasedon Single-Pasş$¹]¸ � Accelerators.II. PolarizationEffects.Monochromatization
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