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Executive summary

Theaim of this proposals the constructiorof abeam-lineat ALB A which extendstherangeof
photonsourcednto the hardgamma-rayenegy range.Sucha beamwill be usedfor research
in NuclearPhysicsand Astrophysicsandfor applications. Gamma-raysip to 530 MeV will
be producedby Comptonbackscatteringf laserphotonson the electronscirculatingin the
synchrotronring. Intensitiesas high as 10’ — 10° y/s can be achieved without affecting the
machineperformance. The beamwill have a high degree (80-100%) of linear or circular
polarizationandenegy resolutionsof 1.5 % canbe achieved. Thesebeamcharacteristicgan
be exploitedto studyphoto-nucleaprocessesf interestin basicnuclearphysics rangingfrom
nuclearstructureat low enegiesto sub-nucleoniadegreesof freedomat high enepies, and
astrophysicsAdditionally the beamcanbe usedto obtainnucleardatarelevantto the fields of
dosimetryradiationshieldingandradiationtherajy. Otherapplicationsarethe non-destructie
inspectionof objectsandtheir elementabnalysis.

Theproposednstallationoffersspecificadvantage$n termsof enegy range gnegy resolu-
tion, intensityandpolarizationover existing photonfacilities, of eitherbremsstrahlungr laser
backscatteringype. In particularin Europethereis no otherlaserbackscatteringnstallation
working in this enegy range.

Anotherbenefitof theproposednstallationis relatedo thedevelopmenbf theexperimental
nuclearphysicscommunityin Spain,which hasbeenhamperedy the lack of ary installation
until now.

Thedocuments organizedasfollows. Thefirst chapteipresentshephysicscaseaselection
of theproposedxperimentandmeasurementselatedto nucleamphysicsandastrophysicsand
the industrialand medicalapplications.More specificdetailsof someexperimentsarefound
in the AppendicesA to F. The secondchapterdescribeghe designof the installationandthe
parametersf the beamwhich canbeobtainedwith the presentlesign,andthesearecompared
to otherinstallations.More specificdetailsof theinstallationarefoundin the Appendicess to
J. Finally, AppendixK includesalist of Spanishusersof the proposedeamiline.
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Chapter 1

Inter estof the gamma-ray source

Gammaraysarepresenin Natureasa consequencef naturalprocessesrlhey areproducecn

earthin naturalor inducedradioactve processesGammaraysarealsoproducedn astrophysi-
cal processeggeachingeventuallyenormousnengies. They constitutein facta signatureof the

processesccurringduring the evolution of stars. Due to their multiple applicationsmethods
of artificially producingy-ray beamshave beendeveloped.

Oneof the moreimportantcharacteristic®f high enegy photonsis their high penetration
power, which is relatedto their neutralityandthe natureof the electromagnetidorce. Thisis
thereasorfor their usefulnesssatool to inspectbulky materialsor industrialprocessesThis
alsoexplainswhy they mayrepresentdirectly or indirectly, a hazardo the healthwhich hasto
beunderstoodndcontrolled.At the sametime y-raysconstituteoneof the moreextendedand
powerful methodsof cancertherapy. New waysof producinghigh enegy photonsmayleadto
improvementsf thistechnique.

Gammaraysmay have their origin in atomicnuclei, asis the caseof artificial radioactve
sourceemployedin medicineandindustry Ontheotherhandy-rayscanbeusedio explorethe
nucleus.As a probeof the structureanddynamicsof atomicnucleiandtheir constituentshey
shav mary appealingproperties.Intensesourcef enegetic y-rayshave beendevelopedand
employedto studyavarietyof phenomenatthenuclearandsub-nucleonidevel throwing light
onimportantquestionsn basicNuclearPhysics.Gammaray inducedprocesses nucleiplay
alsoanimportantrole in theunderstandingf stellarandexplosive scenariosn Astrophysics.

The relatively weak strengthof their interactionwith nuclei, which is an attractve feature
becausdn this way they perturblittle the systemunderstudy makes the experimentswith
photondifficult. In spiteof the pastefforts, thereis still alack of photonucleardataandmary
guestiongemainopen. The developmentof new intensesourcesf high enegy photonswith
improvedpropertiecancontribute stronglyto the progressn thisfield of research.

The y-ray beamline thatwe are proposing,with its high intensity goodenegy resolution
andhigh degreeof polarizationopensup the possibilityto conductawide rangeof experiments
and measurements basicNuclearPhysicsand Astrophysics,someof which are described
below anddetailedin the Appendices.At the sametime the installationhasparticularcharac-
teristicswhich make it usefulfor IndustrialApplicationsandresearcton Medical Applications.

11



1.1 Studiesin Nuclear Physicsand Astrophysics

High enepgy photonsasa probeof thestructureanddynamicsof atomicnucleihave particularly
interestingfeaturesconsequencef the characteof the electromagnetiforce.

Thestrengthof theelectromagnetimteractionis muchwealer thanthecharacteristiinten-
sity of the nuclearforce,whichis responsibldor the major partof the nuclearproperties As a
consequence, is possibleto carryoutmeasurementsithoutgreatlydisturbingthe structureof
thetargetnucleus.This constitutesa greatadvantagewith respecto hadronicprobesbecause,
in this casejt is very complicatedo separatein a clearway, thereactionmechanisnirom the
propernuclearstructureand dynamics. This is obviously dueto the importantrole playedby
thestronginteractionin bothaspects.

Anothercharacteristiof the photon-nucleusnteractionis the detailedknowledgethatwe
have aboutthe electromagnetimteraction.Quantumelectrodynamicdyeingthebesttheorywe
have at presentdescribeghis interactionin analmost‘exact” mannerandthusonecanextract
guantitatve,andnot just qualitative, informationaboutnuclearproperties.

All thesecharacteristicarecommonto bothphotonreactionsandelectronscattering A pri-
ori the latterappeargo be more powerful since,contraryto what happendor photon-nucleus
processesn which the momentumtransferredo the nucleusis unequvocally determinedoy
the nuclearexcitation enegy, electron-nucleuprocessegermitto vary this momentumwith-
out varying the excitation enegy, andthus mappingthe nuclearresponsever a wider phase
space.Ontheotherhand,photonsarepurelytrans\erseandthe nuclearresponseo themis of
trans\ersecharacteonly. Thelongitudinalresponsegresenin electron-nucleuscatteringdo
notappeatin photon-nucleuseactionsandtheinterpretatiorof theresultsis easier

Overthewide rangeof photonenegiescoveredby the proposedeamline, from few MeV
to morethan500MeV, therespons®f the nuclearsystenvariesconsiderably

At few MeV, photonsinducethe movementof nucleonsgiving informationon the nuclear
wave function. This is alsothe enepgy regime of interestin NuclearAstrophysicsaroundthe
particle evaporationthresholdsmportantfor the understandingf nuclearreactionsin stars
and explosive stellar events. MeV photonsare at the sametime a signatureof the ongoing
nucleosynthesis the Universe.

Around 10-15MeV, photonsinducea strongcollectve motion of nucleons the so called
Giant Dipole Resonancewhich dominatesthe responseat low enegies. De-excitation pro-
ceedsmainly by neutronemission,but alsoby chaged particles. It constitutesan important
contributionto theradiationhazardat accelerators.

At higherenegiesthe photonfield couplesto individual nucleonsandalsoto the mesons
exchangedetweemnearbynucleonscarriersof the stronginteraction. The latter featureis a
preludeto the non-nucleonidegreesof freedomin atomicnuclei.

At still higherenepiesphotonsreveal the internalquarkstructureof the nucleons.In our
enegy window, it manifestghroughtheexcitationof theDeltaresonanceyxhichthende-ecites
by pionandnucleonemission.

This plethoraof interestingphenomenas reflectedin the rangeof experimentspresented
below.

12



1.1.1 Nuclear Structur e and Astrophysics

The availability of anintensequasi-monochromatiand highly polarizedy-ray sourceof few
MeV (< 10MeV) would beextremelyusefulfor thestudyof importantaspect®f nuclearstruc-
tureandastrophysicsln principlealaserbackscatteringource atdifferencewith abremsstrah-
lung source|is ableto provide sucha beam.Unfortunatelythe presentdesignof the proposed
beamline at ALBA doesnotallow to producemonochromatibeamsbelowv 15 MeV. This will
requirethedevelopmenbf lasersourceswith variablewavelengthin therangel0-100um. The
experimentgresentedhn this subsectiorarenotfeasibleat ALBA at presentput togethemwith
the desirableextensionto lower enegiesof otherexperimentgseeAppendixB andC) should
provide a motivationfor sucha development.

Nuclearresonancdluorescencexperiments:The NuclearResonancé&luorescencéNRF) or
(y,y) reactionon boundlevels mapsessentiallythe electromagnetidipole responsef nuclei.
A detailedknowledgeof thisresponsés of interestbothfrom the nuclearphysicspoint of view
aswell aswith respecto astrophysicsin nuclearphysics,the studyof dipole propertiedead
to thediscovery of collectve modesof excitationsuchasthe”scissors’modeor morerecently
the’pygmy” resonanceOf course the NRF techniqueis not restrictedto the investigationof
collective excitationsandindeedmary recentNRF experimentsfocusedon the study of two-
phonondipole excitationsandtheir decayso one-phonorstates.

In nuclearastrophysicsnuclearsurvival ratesin hot thermalphotonbaths(for examplein
supern@a explosions)are crucial for the understandin@f the processof nucleosynthesisin
mary casegheseatesdependn photoparticlesvaporatiorcrosssectionloseto thethreshold
for (y, n), (y, p) or (y, a) processesSincemostphotonucleareactionhave dipolecharactedue
to thelow momentuntransferof the photon,the understandingf the nucleardipole response,
especiallynearparticleemissionthresholdjs of crucialimportance.

Up to now, mostof the NRF studieshave beenperformedusingelectrongeneratedrems-
strahlungbeams.Thesebeamssuffer from the seriousdravbackthatthe photonenegy spec-
trum is continuousand moreover has an exponentially increasingintensity with decreasing
photonenegy. A photonbeamproducedby laserbackscatteringvith collimationin the ap-
propriateenegy rangewould offer threemajor advantageq1]: i) the nearlymonochromatic
photonenepgieswould allow to selectvely populatethe resonanstatesof interestwith much
lessuncertaintydueto feedingfrom higherlying statesji) the backgroundrom nonresonant
scatteringwould be muchlower in the enegy region wherebranchego lower-lying excited
stateswould occurandiii) the essentiallyl00%linear polarizationof the photonbeamwould
leadto amuchgreatersensitvity of parity measurementghislatterpointis themostimportant
onesinceparity informationis crucialfor the interpretationof the obsered statesandthe use
of Comptonpolarimeterss limited to y-raysbelov 3-4 MeV dueto the enegy dependencef
theanalyzingpower of the Comptonscatteringorocess.

Photo-disintgration experiments:The study of the chaged particles(mainly protonsanda-

particles),emittedby nucleiasa resultof the absorptionof gammarays, hasimportantimpli-
cationsin the study of nuclearstructure,nuclearreactionsand astrophysics.We shall focus
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hereon two specificapplications(seeAppendixA for more details): the investigationof the
low enepgy continuumof weaklyboundnuclei,andtheinvestigatiorof reactionrateswhich are
relevantto theastrophysicap-process.

In thelastdecadeanimportantfractionof theresearchn nucleamphysicshasbeendirected
to the studyof exotic nuclei. Thesenucleihave anexcessof protonsor neutronsandtherefore
areunstable. The binding enegies of the exotic nuclei are considerablysmallerthan that of
the stablenuclei. This makesthat the continuumof break-upstatesplays a very important
role in the structureandin the reactionanducedby exotic nuclei. In particular the knowledge
of the structureof the low-enegy continuum(scatteringstateswhich are up to a few MeV
above thebreak-upthreshold)s essentiato understandhe propertiesof exotic nuclei[2]. The
investigationof the break-upstatesn exotic nucleiis donethroughnuclearreactionsjn which
the obsened crosssectionsare relatedto the continuumstructurethroughintricate reaction
mechanismsvherecoulombandnuclearforcesplay importantroles.

The experimentalstudyof reactionssuchas(y, p) and(y, a) give directinformationon the
structureof thecontinuum.Thesesxperimentsarerelatively clean,in thesenseahatthey depend
only on the electro-magnetimteractionsandthusthey arenot sensitve to the nuclearforces.
Presentlyit is notpossiblein afacility suchasALBA to performphoto-absorptioexperiments
on exotic nuclei. However, thereis a variety of stablenuclei, which are weakly bound,such
asthedeuteron®’Li, °Be, etc. Theinvestigatiorof their low-enegy continuumthrough(y, p)
and(y,a) reactionscomplementeavith their reactioncrosssectionscanbeusedto reducethe
uncertaintiesn thetheoreticamodelsusedto investigatehe propertiesof exotic nuclei.

The studyof proton-richnucleiheavier thaniron (p-nuclei) hasa specialrelevancefor the
astrophysicap-procesq3]. This procesds responsibldor the synthesisof neutron-deficient
nuclei that are blocked from formation by eitherther or s processe$4]. The p-processs
essentiallya sequencef (y,n), (y,p) or (y,a) photo-disintgrationsreactions possiblycom-
plementedy captureof neutronsprotonsor a-particlesatenepiestypically farbelov 1 MeV
of the Coulombbarrierin the caseof chagedpatrticles.

Recentexperimentshave provided direct measurementsf some(y, n) reactionsat the low
enegiesof interestfor the p-processi.e closeto the photo-disintgrationthreshold Oneof the
techniquess basedon the constructionof a quasi-thermaphotonspectrunmfrom a superposi-
tion of bremsstrahlungpectrawith differentendpointenepgies[5]. As analternatve, a laser
backscattering-ray beamcould be employed. An importantadvantageof this approachover
thebremsstrahlungpproachs their moreintensepeakingin theenegy window of astrophysi-
calinterest.

Direct measurementsf photo-disintgrationcrosssectionsonstitutethereforeanindepen-
dentsetof dataandthe moststraightfornardway to constrairthe calculationof thecorrespond-
ing astrophysicatate. Improving the theoreticalpredictionsfor photo-disintgrationrateswill
put p-processnucleosynthesisalculationson a firmer ground. As mentionedbeforethe p-
processtakes placeat very high temperaturesut the nuclei involved arein a region of the
nuclearchartwherebasicquantitiedik e masse®r 3-decayratesareeitherknown or ratherreli-
ably estimated Experimentablataon photo-reactiorcrosssectionsgvenscarcearethereforea
very preciousngredientto testthevalidity of HausetFeshbacltrosssectioncalculationsn the
nuclearregion of interest.Measurementsf (y,n) reactionson mary morenucleiarecertainly
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necessarybut the investigationof (y,a) and (y, p) reactionsin the enegy rangeof interestis

still a challengingprospect.n addition,the E1 andM1 y strengthfunctionsbelow the particle
thresholdsshouldbe addressedh directrelationto photo-reaction®n nuclearexcited states
understellarconditions.

1.1.2 Photo-neutron crosssectionmeasurements

Photonucleareactiondataarevery importantfor understandinghe structureanddynamicsof
theatomicnucleus.Moreover, photo-inducedeactioncrosssectionsarealsoof importancefor
avariety of currentor emeging applicationg6] like: radiationshieldingdesignandradiation
transportanalysis(of particularconcernare photoneutrons)c¢alculationsof absorbedlosein
the humanbody during radiotherap, physicsandtechnologyof fissionreactorginfluenceon
neutronbalanceandfusionreactorqplasmadiagnosticandshielding),activationanalysisin-
cludingsafegguardsandinspectiontechnologiedor identificationof materialshroughradiation
inducedby photonucleareactionsandnuclearwastetransmutationamongothers.

Inspectionof the “Handbookon photonucleadatafor applications”[6] revealsthat pho-
tonucleardataarescarceand,in mary casesdiscrepantMost of the datais quite old andthe
discrepanciesanin somecasede tracedbackto inaccuracie®f the employedtechniqud7],
in particularthe lack of truly monochromatio/-ray beams. The InternationalAtomic Enegy
Agengy (IAEA) hasproposeda priority list of materials(43 elementsfor which photonuclear
dataare needed:structural,shieldingand bremsstrahlungnaterials(Be, Al, Si, Ti, V, Cr, Fe,
Co,Ni, Cu, Zn, Zr, Mo, Sn,Ta, W, Pb),biologicalmaterials(CN, O, Na, S, P, Cl, Ca),fission-
ablematerialg(Th, U, Np, Pu)andothermaterialsH, K, Ge,Sr, Nb, Pd,Ag, Cd, Sb, Te, I, Cs,
Sm,Th).

The OECD NuclearEnegy Ageng/ hassetup a Task Forcefor the ShieldingAspectsof
AcceleratorsTamgetsandlirradiationFacilities (SATIF) which betweermothercommitmentsas-
sesseshe needsf experimentaldata,andwhich in a recentmeetingin Lisboa[8] recognized
thevalueof the proposedeamline at ALBA.

Dueto thelack of electricchage,neutronsareeasilyemittedaftertheabsorptiorof photons
with enegiesabove the threshold. Accordingly this processepresents large fraction of the
reactioncross-sectiomndits determinations important.We proposeo undertale a systematic
revision of photoneutrormeasurementaccordingto their relevance.The characteristicef the
y-ray beamline proposedat ALB A allow to measurehephotoneutrorcrosssectionin therange
betweenl5 MeV andthe largesty-ray enegy of ~ 500 MeV. Sucharangecoversdown to the
GiantDipole Resonanc€GDR) in thelighter nuclei(up to Cu) andextendsbeyondtheregion
of excitationof the Deltanucleonresonancelt would bedesirableto extendthis rangeto lower
enegiesin orderto coverthe GDR alsofor heavier elements.This might be possiblewith the
developmentf new lasersourcesSeethe AppendixB for details.

1.1.3 Photo-fissionexperiments

Fissionconstituteshe most clearexampleof a large-scalecollective motion in nuclearmat-
ter whereboth, the nuclearstructureand the dynamicsof the atomic nucleusmanifest. This
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is the reasonwhy fissionis consideredas a unique laboratoryto investigatethe atomic nu-
cleus. However, the probesusedto characterizehe structureandthe dynamicsof the nucleus
throughfissionarevery ofteninfluencedby the reactionmechanisnusedto inducefission. In
this sensephotonsrepresenthe cleanestapproachsincethe excitationenegy producedn the
reactioncorrespondso the initial enegy of the photon,only a very small amountof angular
momentumis inducedand the compositionof the target nucleusis not modified. However,
the useof photoninducedfission hasbeenlimited by the fact that the mostcommonlyused
photonfacilities are basedon bremsstrahlungadiation. Thesefacilities provide a continuum
spectrumof photonswith a maximumenenpy, limiting theinterestof this reactionmechanism.
The quasi-monoeneggetic y-raysproducedn a Comptonbackscatteringacility overcomethis
limitation andjustify the experimentalprogramwe proposeto investigatedifferentaspectsf
photo-fissiorthatcanbeaddressewith the presentlesignof they line of ALBA. Thisprogram
is organizedn threeexperimentgseeAppendixC for details):

Tempeature dependencef shelleffects: The differentcomponentappearingn theyieldsand
in thekinetic-enegy distributionsof thefragmentgproducedn low-enengy fissionareattributed
to shelleffects[9]. Importantprogressvasobtainedfew yearsagoin the investigationof the
influenceof shell effectsin fissionfrom the electromagnetic-inducefission of morethan70
differentfissile secondarypeamq10]. However, very few experimentgrovide informationon
the excitationenegy dependencef thedifferentfissionmodesassociatedo shelleffects. The
gammaray facility at ALBA could be usedfor a detailedinvestigationof the washingout of
shell effects with excitation enegy by measuringthe massor chage distributions of fission
residuesat differentgammaenepgies. Sinceshell effectsare expectedto disappeaaround50
MeV, the presentdesignof the backscatteringgammaline of ALBA will allow to cover the
rangebetweenl6 and60 MeV.

Multi-phonon excitations: Giant resonancesn fissile nuclei decayby the competitionbe-
tweenneutronemissionand fission accordingto the correspondingpartial decaywidths, I ¢
andrl y,. Sincefissionprobabilitiesincreasewith excitation enegy, multi-phonongiantreso-
nanceshouldappear’enhanced’in thefissionchanneln comparisorto single-phonorstates.
This effect makesmulti-phononstudiesin electromagnetifissionparticularlyattractve.

Evidencegor multi-phonongiantresonance® electromagnetiissionof 238U have only
beenpresentedecently[11]. However, theseexperimentsarelimited by the reconstructiorof
the primary excitation enepgy of the fissioningnucleus. The experimentsproposedat ALBA
canbeconsideredsanideal casesincethe primaryexcitationenegy of thefissioningnucleus
canbe establishedvith an accurag betterthan10%. In additionthe high intensity of y-rays
allowsto reachverylow crosssectionprocesses.

Nucleardissipationin fission: Nowadaysit is well establishedhat fission shouldbe consid-
eredasa diffusion processabove the nuclearenegy-potentialin the deformationcoordinate.
This processs not only governedby the nuclearpotentialbut alsoby a dissipationcoeficient
representinghe couplingbetweerthe intrinsic andcollective degreesof freedompopulatedn

fission[12].
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Thelarge pre-scissiomeutronmultiplicities obsenedin fissioninducedin heavy ion colli-
sionshasbeeninterpretedasa signatureof the nucleardissipationin fissionat high excitation
enepgies[13]. Recentlya novel techniquebasedon the useof fissioninducedin peripheral
heary-ion reactionsat relativistic enegieshasbeenproposed14]. The advantageof this re-
action mechanismis that the excited fissioningnucleusis producedwith well definedinitial
conditions. They line at ALBA offers the possibility to investigatephoto-fissionat high en-
ergies. The advantageof this reactionmechanisnis the low amountof angularmomentum
inducedin the collision, simplifying the descriptionof the initial conditionsof the fissioning
nucleus.

1.1.4 Proton emissionwith polarized photons

In the lastyears,nucleonemissioninducedby electromagnetiprobes both photonsandelec-
tronsscattereff nuclei,hasbeenusedasatool to investigatehe effectsof differentphysical
processesvolving atomicnuclei. Amongthemonecanmentionherethosedueto short-range
nucleon-nucleororrelationg SRC),meson-&changecurrenty MEC) or final stateinteractions
(FSI)[15].

SRC refer to thosecontributions which are relatedto the strongrepulsionbetweentwo
nucleonsoccurringwhenthey areseparatedby a shortdistance . This effectis very well known
in freenucleon-nucleoscatteringandto a certaindegreesurvivesin atomicnuclei,beyondthe
nuclearmeanfield. Deviationsfrom calculationsperformedin the meanfield approachwill
inform aboutthe role playedin the nuclei by thesecorrelationsdue to the nucleon-nucleon
interaction.

Thisinteractionis usuallydescribedn termsof theexchangeof particles(mesonspetween
thenucleons Electromagnetiprobesnteractwith the nuclearchage andcurrent,whosemain
termsaredueto protonsandneutrons However, theseprobescaninteractalsowith thechages
and currentsgeneratedy the exchangednesons.Theseare known asMEC. In light nuclei
their effectis very well known. However in heavier nucleiit is obscureddy the uncertainties
associatedo the nuclearwave functiondescription.

FSldescribeheinteractiondetweertheemittednucleonsn agivenprocessandtheresid-
ual nucleus. They arevery importantin mary situationsandin someof themthey are the
dominantmechanism.

Despitethe interestof photonreactionsfor the study of the nuclearresponsean analysis
of the availablelow enegy experimentaldata,belov the pion productionthreshold showvs that
they areold, incompleteand not accurateenoughto disentangldanterestingeffects predicted
by thetheory[16]. This indicatesthe needof new experimentsaswell astheoreticalefforts to
implementmodernrealisticforcesin calculationdor nucleiwith A > 4.

Photonsfor nuclearphysicsexperimentsare producedusing bremsstahlung [17] or by
meansof laserbackscattering18]-[21]. Fromthe experimentalpoint of view, oneof themain
problemswith the photonfacilitiesis to achieze acompromisébetweergoodenegy resolution,
high degreeof polarizationandhigh photonflux. Thisdifficulty hashamperedhedevelopment
of the experimentalprograms. However, laserbackscatteringechniqueallows oneto reach
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simultaneouslyhesethreedesigninggoals[22].

In theinitial phasewe proposea setof experimentsto be doneon 12C and%0 nuclei(see
AppendixD for moredetails).Theirnuclearstructurerequiresjn principle,asimpledescription
andpermitsa good control of the theoreticaluncertainties.In particular we areinterestedn
one-protonemissionprocessesvith both polarizedand unpolarizedphotonswith enegiesin
therange60-150MeV.

Almost all the experimentalwork relative to one-nucleorphoto-emissiofn medium-heay
nuclei,hasbeendonewith unpolarizedphotong15]. As faraswe know, the (Y, p) reactionhas
beenstudiedonly by Yokokawa etal. in 19880n the 12C tametat excitation enegiesbetween
40and70MeV [23].

We have performeda seriesof calculationswithin a modelwhich takesinto accountSRC,
MEC andFSIsimultaneously24] and,asaresults we have foundthattheso-calledcasymmetry
which essentiallymeasurethedifferencebetweerthe crosssectiondor two orientationsof the
polarizationof theincidentphotonsjs particularlysensitve to MEC contributions[25]. Also a
certainsensitvity to SRCis obsened.

At alaterstagewe wantto extendthe experimentalprogramto studyalso:

e one-neutroremission,in orderto elucidatethe discrepang betweentheoryand experi-
mentin the crosssectiondn comparisorwith thoseof the one-protoremissionprocess.

e one-nucleoremissiornwith otherpolarizationdegreesof freedom suchasthepolarization
of thetamgetnucleusor the measuringf the polarizationof the outgoingnucleon.

e two-nucleoremissionwhich, in recentyears hasbeeninvestigatedvith unpolarizedand
polarizedphotons,and which we have found to be sensitve to the parametrizatiorof
MEC choser13].

1.1.5 Photon-nucleonexperiments

The study of baryonexcitationsthrough pion photoproductionis of greatinterestfrom both
theoretical[26, 27, 28] andexperimental[29, 30] pointsof view. The new generatiorof high
precisionexperimentalfacilities have provided new insightin the problem,permittingtheiso-
lation of eachresonantontribution from the backgrounddueto otherresonanceandthe non-
resonantcontributions (v.g. light mesonexchange)and providing new data,speciallyin the
A(1232) region. Becauseof its enegy rangeandrelatively high intensity the proposedeam
line at ALBA will beanexcellenttool for this research.

In the enegy rangefrom tresholdto 500 MeV, we proposethe measurememf Compton
scattering(y,y) and pion photoproductior(y, ) on free protons,deuteron®He, and*He (see
AppendixE for furtherdetails).

Comptonscatteringandpion photoproductioron free protonswould constituteafirst stepin
the developmentof the experimentalprogramme Theideais to completethe experimentper
formedoverthelastyears,speciallyat LEGS[31] andMAMI [32], by increasinghe database
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of multipolesandpolarizationobsenablesin orderto solve,for example theimportantdiscrep-
anciesbetweenthe last analysisat Brookhasen and experimentaldataobtainedat Mainz over
thelastdecadd31].

Theuseof nucleartargetsinsteadf freeprotonsreducesheenepgy transferredo therecoil-
ing systemandthusincreaseshe enegy availableto excite nucleonresonances-urthermore,
the Fermi motion of nucleonsinside nuclei widensup even more the rangeof kinematically
allowed processedpr a givenphotonenegy. Additionally, tamgetsas®He areeasilypolarized,
addingnew obsenablesto study Ontheotherhand,therecoilingsystenmbeingcomplex, mary
differentreactionchannelsare open,but suitablecoincidencetechniquesvould helpisolating
the particularchannelbf interest.

Experimentonthedeuterorwould permitto establisttheinfluenceof A(1232) in its struc-
ture[33]. A combinationwith previousanalysison protonsallows to obtaininformationabout
theneutron.At presenttheamountof experimentainformationis really smallandthemajority
of the experimentsnvereperformedmary yearsago[30].

As far aswe know, thereareno pion photoproductiorexperimentson 3He with polarized
photonsn theenegy rangeof y-ALB A. Neverthelessthis processs of greatinterestat present
thanksto realisticthree-bodymodels[34] developedin the last yearsand Compton[35] and
pion photoproductiormodels[28] with consisten?A(1232) description.In this way we would
beableto performanacceptableheoreticabinalysisof theinfluenceof theA(1232) in systems
like ®He andfew body systems.

“He is a high density and highly bound nucleus,comparedto ary other light nucleus.
Thus, pion photoproductiorappearsas an excellent mechanisnto study the pion in the nu-
clearmedium. Becausef the “He spin (J = 0), the contrikution of photonswith polarization
parallelto the scatteringplaneis zeroandthe asymmetryz = —1 for all enegies. Thereare
experimentaldatain the enegy rangeof 200to 300 MeV [36] whereno violationof Z = -1
wasfound. High precissiormeasurementsf possibleviolationsof this asymmetryin a broad
enegy rangeseemto be a suitableway to searcHor internalstructureeffectsin “He.

In the enegy rangeexpectedfor y-ALBA the productionof further mesonscan be ervi-
sioned. The thresholdfor two-pion productionis well belov 500-600MeV. This channelhas
beenstudiedin the past,but precisionstudieswvould be possibleaty-ALBA. An exotic channel
is readily available throughdouble-chagedpion productionyZ — (Z — 2)ttrt™. Thisisospin
| = 2 channelcannothold a moleculaftype resonanceas the stronginteractionis repulsve
[37], but y-ALBA could exclude the presenceof ary intrinsic narrov state(automaticallya
tetraquark)suchas the much debatedpentaquarkin a flavor-exotic KN wave. Exotic spec-
troscopy is expectedto cometo theforefrontof researchn theupcomingyears[38].

On the contrary the productionof | = 0 pion pairsis guaranteedo give a window into
the establishegbhysicsof the o resonancéfo(400— 1200)], a broadstructurein Tt scattering
andfinal stateghatis expectedto have alarge moleculartypetetraquarkcomponen{39]. The
connectiorof thisresonancéo the Roper[40] canalsobe studiedfor exampleby the two-pion
plusnucleondecayof the Roper
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1.1.6 Deeply-boundpionic atoms

It hasbecomancreasinglyclearin thelastfew yearsthatunderstandinghe pion-nucleusnter-
actionsat thelowestenepiesis of fundamentaimportance At theselow enegiesthe connec-
tion to the underlyingsymmetrief hadronicinteractionss mostdirect.

Therearetwo waysof studyingthe pion-nucleusnteractionatlow enepgies,pion scattering
andpionic-atoms.In mary wayspionic-atomsprovide the cleanesinformation. Pionsarein
specificorbital angularmomentunstateswith respecto the nucleusandthe stronginteraction
shiftsof thesestatesandtheirwidthsprovide directinformationaboutthe —nucleusnteraction
in thoseindividual | —states.

Theproductionof deeplyboundpionicatomsnotreachablevith standardX —raytechniques
hasbeenan experimentalchallenge.It hasbeenrealizedfor several yearsnow that more ex-
perimentaldatafor deeperboundlevelsin heary nucleiis neededn orderto understandhe
situation. Ideally, onewould like to be ableto studythe 1s,2p,2s,..levelsin heary nucleilike
lead. Unfortunately as mentionedearlier one cannot hopeto populatethesedeeplybound
stateshy cascadeThe pionis absorbedong beforeit getsdown to thesestates.This problem
haspresentedheoristsandexperimentalistsvith oneof thegreatesthallengesn pion-physics.
How to populatethesestates™How to identify them?How to measuregheir widths?

Thelist of suggestionso producedirectly thesestateswithout goingthrougha cascades
in the X—ray techniqueis long: resonanproductionby photonsor protons,several reactions
as(e,€), (n,p) , (1,1, (y,7), (Z,A), (n,d), (r,y), (d,3He), (p,2He) (for detailssee
for instanceRef. [41] and [42] and referencegherein). The obsenation of suchstatesand
the precisemeasuremenf the enegy andwidth would provide valuableinformationon the
detailsof the pion nuclearinteraction ik e thedensitydependencer isospindependencef the
absorptiormechanismsthe strengthof the real part of the repulsive s—wave part of the pion-
nucleuspotential,or on the possibility of partial restorationof chiral symmetryin the nuclear
medium[43].

Several experimentshave pursuedthe detectionof deeplyboundpionic statesin different
laboratoriesby usingsomeof theabove suggestionsTRIUMF [44]—[47], Julich [48], Indiana
Cyclotron[49], LAMPF [50], RCNP[51] andGSI[42], [52]- [55].

Thereactionwe proposegor thegamma-raypeamline at ALBA is [56]

y+AZ — i (Azm)
Sincethereactionis two-body— two body, thet™ enegy is fixedfor a certainscatteringangle
in the laboratorysystemand the creationof the T~ boundstatewill be identifiedasa peak
in do/dQdE (") over a backgroundf inclusive (y, t") crosssection. The enegy resolution
shouldbe of the orderof 0.5 MeV, sinceoneis talking aboutpionic stateswith I' &~ 0.35MeV
andseparatiorbetweenevelsof aroundl1-1.7 MeV, for the mostboundstatesof heary nuclei
in the Pbregion. Thereactionis drivenby the yNATT Kroll-Rudermanterm,whichis sizeable
sinceit is independenbf the = (bound)momentum.On the otherhand,they enegy canbe
tunedto placethe A on shell, thus magnifyingthe signal. We have found that y-ray enegies
around450 MeV arebest. The uniquefeatureof the proposedoeamline at ALBA is thatwe
canachieve the necessaryesolutionusingthe Nd: YAG laserin the 3rd harmonic(417 MeV)
with collimation. Givenits highinterestwe proposeo performthis challengingneasurement.
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1.1.7 Calibration of gamma-rayinstruments for Nuclear Astrophysics

Nuclearastrophysicselieson gamma-rayline astronomymainly in the MeV range to testits
predictions.Someexamplesof gamma-rayines alreadydetectecarethe 511keV line, tracing
electron-positrorannihilationin the interstellarmediumandin the proximity of very compact
objectssuchasblack holesor neutronstars,the 1.809MeV line, shaving the galacticsites
of the radioactve decayof the 2°Al isotope,or the 1.157MeV line, comingfrom #4Ti decay
in youngsupernea remnants.However, someothergamma-raylines still remainelusve, as
for instancethoseemittedduring supernoa and nova explosions(i.e., °6Co lines at 847 keV
and1.238MeV, Be line at 478 keV or 2?Na line at 1.275MeV). Their detectionis the only
way to tracethe nucleosynthesisf radioactve isotopesduring theseexplosions,andthusto
understandheir explosionmechanismSincesupernvaearethe majorsourceof theelements
in the Universe,the knowledgeof their nucleosyntheti@ctvity is a really relevant topic for
astrophysics.

The reasonfor the very rare detectionsof cosmicgamma-raylinesis thatthe MeV range
facesimportantchallengesrom the instrumentalpoint of view. The presentgenerationof
gamma-rayinstrumentsmakesuseof geometricabptics- shadevcastingin modulatingaper
ture systems or quantumoptics- Comptonscattering.This kind of instrumentds facedwith
the problemthatbigger doesnot necessarilymeanbetter The reasorfor this apparentontra-
diction is thatthe collectionareain traditionalgamma-raytelescopeshouldbe roughly equal
to the detectionarea. Therefore the larger the collectionarea,the larger the detectionvolume
andthusthe higherthe instrumentalbackground. This meansthat significantimprovements
in sensitvity needhugeinstrumentstoo expensve for spacemissions.An innovative concept
for detectinggamma-raysn the MeV range which overcomesghis problemandallows for un-
precedentedensitvities consistf focusingthe gamma-ray$rom alarge collectionareaonto
asmalldetectorvolume[57]-[59].

The way to do this consistsof taking advantageof the phaseinformation of the photons.
Gamma-raysaninteractcoherentlyinsideacrystallattice providedthatanglesof incidenceare
very small. Diffractionlenseshave demonstratetheir potentialin laboratorymeasurementsp
to severalhundredkeV, aswell asin stratospheriballoonflights,in theframework of theproject
CLAIRE. This project,developedat Centie d’Etude SpatialedesRayonnement&CESR),was
born to prove the principle of a Laue diffraction lens for nuclearastrophysics.The natural
continuationis a projectfor a spacemissionnamedMAX (for Max von Laue). This mission
concepfproposes space-bornerystaldiffractiontelescopefeaturinga Lauelensableto focus
in two enegy bandsyelevantfor nuclearastrophysic$450-540keV and800-920keV).

Lastbut notleast:thereis anincreasingnterestin the high-enegy astrophysiceommunity
in theuseof polarimetryin the MeV rangeasanimportantdiagnostictool for the natureof the
cosmicsourcef gamma-raysRecenimeasurementsith the RHESSIsatellitehave detected
polarizationin agamma-rayourst[60].

The gammaray beamline proposecdat ALBA would be very well suitedfor the calibration
of gamma-rayinstrumentdor astrophysicabbsenations,particularlythe y-ray lens. It would
allow for the characterizatiorof the crystalsto be usedto build the lens,a necessargtepto
malke the whole projectfeasible. The experimentalketupplannedwill be basedon thatusedat
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lowerenepiesin theAPSat ArgonneNationalLaboratorysomeyearsago[61] (seeAppendixF
for details).Thereis not at presentary otherEuropearfacility offering this uniqueopportunity
for gettinganintense highly collimatedandpolarizedoeamin the MeV enegy range

1.2 Applicationsin Industry and Medicine

Apartfrom theinterestof theproposedeamline for basicresearctin nucleamphysicsandastro-
physics.the availability of intensecollimatedy-ray beamsof severalMeV represents unique
opportunityfor a numberof differentapplicationsin industry and medicine. Theseapplica-
tions include industrial radiographyand tomography elementidentification, defectanalysis,
radiationdamagdesting,dosimetryandcancertherayy.

At present,theseapplicationsare basedmainly on broad enegy range bremsstrahlung
beamsor radioactve sources.The appliedbremsstrahlundgpeamsrangefrom the low enegy
conventional X-ray tubesto the tenthsof MeV end point enegies reachedwith linear elec-
tron acceleratorsThe intensity provided by this sourcesdiminishesinverselyproportionalto
they-ray enegy andthe useof filters providesonly a limited amountof monochromatization.
Gammaay radioactve sourcesanprovide monochromatibeamsut thehighestenepgy avail-
able,1.17and1.33MeV from %°Co, is rathermodest.

Using a high power (1 kW) CO, laserat the proposedbeamline an intense(> 10°s 1)
naturally collimated(few millimeters) beamwith an endpoint enegy of 16 MeV canbe ob-
tained.Thevariationof intensitywith y-ray enegy is at mostafactorof two, andusingsuitable
collimatorsone canselectlow enegy portionsor high enegy portionsof the y-ray spectrum,
includingaquasimonochromati¢200keV FWHM) 16 MeV beamwith a spatialextendof less
thanonemillimeter.

1.2.1 Industrial applications

The useof y-raysfor nondestructve inspectionandanalysisof manuacturesandmaterialsis
ratherextendednowadays. The uniquecharacteristice®f the beamgeneratedt the proposed
beamline would provide enhancegerformanceandwould allow the useof new techniques.

Radigyraphicimaging: Transmissiogamma-rayadiographyandcomputedomography(CT)
hasthe advantageover the X-ray equivalenttechniquespf the strongerpenetratiorallowing
the examinationof larger piecesof material. Monochromaticsourcesare preferredsincethey
provide higherimagedefinition,sothat3’Csand®°Co radioactve sourcesarecommonlyused.
However, it hasbeendemonstrate{62, 63] the superiorityof laserbackscattering-ray beams
with enegiesin therangel0-20MeV to examinelargemetallicpiecesandcompositesvith res-
olutionsof the orderof lessthanonemillimeter. Thisis relatedto the factthatthe attenuation
coeficient of photonsin matterhasa minimumaroundthatenegy. The quasimonochromatic
16 MeV beamat ALBA will bevery usefulto inspectbulky metallicindustrialpieces(asmo-
tors) or compositegas concreteblocks). The usefulnesf otherimagingtechniquesasthe
Comptonbackscatteringomography[64] will needto be explored. An interestingpossibility
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to considerwould be the useof positronemissiontomography{65], but insteadof usingra-
dioactie tracersutilizing the factthatfor y-raysof severalMeV the productionof e e™ pairs
becomesncreasinglyimportant. The subsequenannihilationof the positronin two 511 keV
photonscan be registeredto reconstructts position. Alternatively only one of the photons
canbe detectedvith anarrangemensimilar to thoseusedin Comptonbackscatteringomog-
raphy[66]. This would have the advantageof the higherenegy andmonochromaticityof the
annihilationphotonwhich provides betterimagedefinition. Additionally one expectsbetter
contrastalsosincethe pair productionprocessiependn Z2 while the Comptonprocesgle-
pendsonZ.

Elementalanalysis: Gammaray sourcesarealsothe basisfor non destructve analyticaltech-
niquesto investigatethe elementalcompositionof bulky piecesof material. Photoninduced
X-ray fluorescencavith several MeV bremsstrahlundpeamshasbeenutilized [67] to detect
traceq200ppm)of heary elementsn materials.With the useof the continuousheamprovided
by the proposedoeamline, detectionlimits of one part per million canbe reached.Nuclear
resonanfluorescenceabsorptionfrom a continuumandemissionof nucleusspecificgamma-
raysfrom boundstatescanbe alsoemployedto studythe compositionof materials.The high

intensity nearlyflat spectrumandthe enegy rangeof the proposedbeamis ideally suitedfor

this kind of measurementsBetter signalto backgroundatios, that is higher sensitvity, can
be achieved throughthe populationof isomericstatesafter the photonabsorption[68] which

allows activation measurementdg-or y-raysabove the particleemissionthreshold(5-10 MeV)

anew possibility opensthroughthe creationof unstablenucleiwhich emit characteristicadi-

ation. It hasbeenshown [67] thatthis allows the detectionof someimportantelementswith

activationmeasurementsot accessibl@therwise.All theseanalysistechniquesareof interest
in avariety of fieldslike mining industry geology edafologyandernvironmentalsciencesart

andarcheometryetc.

Defectanalysis: We mentionedabove the fact that y-rays of several MeV generatepositrons
throughthe pair creationprocess. This opensthe possibility to employ positronannihilation

spectroscop to studydefectsin crystals,metals,alloys andpolymers[67]. The corventional

techniqueemploys radioactve positronsourceshich have alimited rangein matter anthere-

fore is restrictedto very thin materialsor surfacestudies.Theinternalproductionof positrons
with high enegy y-rays allows to study materialsof considerablghickness. The measure-
mentof the Dopplerbroadeningf the 511 keV annihilationradiationgivesinformationon the

momentumdistribution of the electronsin the samplewhich is relatedto the amountof point

defectsyoidsor dislocations.

1.2.2 Medical applications

Cancertherapy: Gammaray beamsare usedfor the treatmentof deep-seatetlmorswhich
are inoperablein mary cases. Currently the treatmentsare basedon bremsstrahlundpeams
of tenthsof MeV endpoint enegy. The useof a monochromatiddeamwith anenegy in the
rangeof the bremsstrahlungnd point enegies would have advantagedrom a clinical point
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of view: for a similar theragy efficiency, they will depositat the entrancgskin) of the patient
lower dosegeducingthe morbidity of thetreatmentsOn the otherhand the smallsizeof laser
backscatterinpeamamakesthemparticularlyinterestingto performradiosugeryin regionsof
difficult accessuchasthe brain. It hasbeentheoreticallyshavn [69] thata monochromatic
laserbackscatterindpeam,asthe onewe canobtainat the proposedeamline, would provide
a greatimprovementon this type of therapy, with a performancesimilar to treatmentswith
200MeV protons.We proposeo undertale a detailedstudyof relatedissuesat ALBA.

Novel ideasfor therapy treatmentdasedon high enegy quasimonochromatigammarays
have beenalso advanced. For example[70] the useof high Z metallic implants,for exam-
ple madeof gold, closeto the tumor will enhancehe local dosethroughthe productionof
electron-positrorpairs. Additionally through(y,n) reactionsradioactve nuclei canbe formed
with suitablecharacteristic§aswill bethe casefor gold producing'®Au with Ty ~6dand
Ey ~ 350 keV) to becomede facto brachyterap sources.Anotheridea[71] is to exploit the
emmitedneutronsaslocal sourcedor boroncaptureneutrontheray. Theseandsimilarissues
canbeexploredaswell atthe proposedeamline.

Dosimetry: Dose measurementduring or after photontheragy with good spatialresolution
would bedesirablerom theclinical point of view but arecurrentlynotfeasible.Onepossibility
to accomplishthis goal would be the photo-actvation of positronemittersduring treatment,
associateavith high spatialresolutionPositronEmissionTomography(PET) [72]. Candidate
isotopedor thistechniquecouldbe: a)thelong lived?®Al which hasa shortlivedisomericstate
decayingby positronemission,which canbe populatedndirectly after photonabsorptionb)
therelatively long lived*8Cr which canbe excited by photonsinto a protonemittingresonance
populatingthe short-lived B*-unstable*’V, and c) the relatively shortlived 114Te which in a
similar mannerpopulateghe long-lived B+ -unstablet3sn. Thefirst two canbe usedfor time-
differential on-line monitoring and the latter for posttreatmentintegral dosemeasurements.
Thefeasibility of this methodcanbeinvestigatedt the proposed/-ray beamline.
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Chapter 2

Description of the gamma-ray source

The Comptonscatteringprocessof starlight on highly enegetic electronswas proposedin

1948([1] in orderto explain the existenceof highly enegetic cosmicgamma-raysFew years
later, in 1963,it waspointedout([2], [3]) the possibilityto produceanenegeticandhighly po-

larizedgamma-raypeamthroughComptonscatteringof polarizedlaserlight with theelectrons
acceleratedh a high enegy machine.Thefirst installationfor experimentsn nuclearphysics
washbuild at Frascati4]. At presensereralsuchfacilitiesexist worldwide (seeSection2.2)

2.1 Gamma-ray beamcharacteristics

The characteristic®f the y-ray beam(enepgy, enegy resolution,intensity ...) will dependon
the characteristic®f the electronbeam. Thesearefixed by the parametersf the ALBA ring
lattice. Theseparametersre currently beingoptimized([5] but at presentall indicatesthat it
will bethesocalledDBA lattice[6] (exceptfor minor final adjustments)The valuesgivenin
this sectionarebasedon thoseparametersThey-ray beamparametersvill alsodependonthe
propertiesof the laserbeam. Several lasersourceswill be employedin orderto optimizethe
y-ray beamcharacteristicsAll the detailsof the calculationsof the y-ray beamparametergsan
befoundin AppendixG.

In the Comptoncollision procesdetweerthelaserphotonsandthering electronghe max-
imum achiezable gammaray enegy is a function solely of the laserphotonenegy andthe
electronenegy. For a givenlaserphotonwavelengththe spectrumof enegies extendsfrom
zeroto this maximum. The intensity distribution with gamma-rayenegy hasa saddleshape
beingtwice at the enegy extremesthanin the middle. For (linear or circular) polarizedlaser
photonsthe gammaraysarealsopolarizedbeingthe polarizationtransfermaximumat thetop
of the enegy range. Most of the gamma-raysare emittedin a very narrov cone, providing
a naturally collimatedbeam. The total gamma-rayintensity dependson the overlap of laser
and electrondensitydistributions and the Comptoncross-sectionthat is on the storagering
intensity the laserpower andthe beamsizevariationsalongthe collision path. The selection
of a gamma-rayenegy from the continuumcanbe achieved in to ways: usingcollimation at
zerodegreeswhichrequiresalasersourcewith variablewavelengthin orderto have avarying
gamma-rayeneny, or the taggingtechniquewhich requiresthe determinatiorof the scattered
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electronenegy in coincidence.The momentunof the scatteredlectroncanbe obtainedfrom
its deviation from the centraltrajectoryafter the next bendingmagnet.Theability to discern
closemomentals relatedto the opticsof the synchrotrorring. Thereis a minimum deviation
which canbe measuredavithout disturbingthe beam.Below the equivalentgamma-rayenegy
only the collimation techniguecanbe employed. In both caseghe achiezable enegy resolu-
tion depend®n the positionandmomentundistributionsof the colliding beams.On the other
hand,the maximumobtainablentensityis limited by a seriesof factors:1) electronbeamde-
pletionrate,2) maximumlaserpower, and3) countingratelimitation of the coincidencdagging
technique
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Figure2.1: Gamma-raypeamintensitywithin the enegy resolutionbin sizein therangel6—
530MeV, for atotal intensityfixedto 3 x 10’s™1

Using detailedMonte Carlo simulationsthe gamma-raybeamcharacteristichave been
studiedandoptimized.In Fig. 2.1,Fig. 2.2 andTable2.1 we presenta summaryof thegamma-
ray beampropertiesvhich canbe obtainedat the proposednstallationfor ALBA. Thegamma-
ray enegy rangeup to 16 MeV will be coveredusinga 1 kW CO, laserwith which we expect
to reachintegratedintensitiesof 10°s~1. No enegy determinations foreseerexceptfor the
maximumenegy with collimation. The collimation techniquewill be usedin the rangeof
16— 110MeV with a10 W OPOsource(seeAppendixH), pumpedwith aNd: YAG laser with
which we expectto reachintegratedintensitiesof 5 x 10’s™! limited essentiallyby the laser
power. Therangefrom thelimit for thetaggingtechniqug120— 160MeV) to 530MeV will be
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Figure2.2: Gamma-raypolarizationin therangel6— 530 MeV.

Enegy Laser Enegy Enegy Intensity Polarization
(MeV) Source | Determination| Resolution (s IMeV) (%)
0.5-16 CO, - - 3x10° L: 0-100
(10.6 pm) C:0-100
16— 110 OPO collimation | EY=15% |4x10P—4x10°| L:100
(1.5—12um) C:100
~110-153| Nd:YAG 2x10° L: 85-100
(2.06um) C:75-100
153—290 Nd:YAG 1x10° L: 50-100
(0.530um) tagging AE, =7 MeV C.0-100
290-417 Nd:YAG 7x10% L: 80-99
(0.353um) C:60-100
417—-531 Nd:YAG 5x 10% L: 90-98
(0.265um) C:80-100

Table2.1: Parametersf thegamma-rajpeamsat ALBA.
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coveredwith a 100W Nd:YAG laserworking up to the fourth harmonic.Integratedintensities
of 3x 10’s~! will bereachedijn this caselimited by the electronbeamdepletionrate rather
thanby thetaggingtechniquatself.

2.2 Comparisonwith other facilities

Thesource®f y-rayspresentlyavailableworldwidein theenepgy rangeof few MeV to 500MeV
areof two kinds: bremsstrahlungourcesandlaserbackscatteringourcesThelatterarein gen-
eralassociatedo synchrotronight sourcesandnot dedicatedmachines.Therearea number
of differencesbetweenthe beamsproducedat both typesof facilities. Laserbackscattering
sourcegproducea nearlyflat enegy spectrumwhile bremsstrahlungourceshave a 1/E spec-
trum shapewhichin generals a disadwantageof the latter Enegy definition canbe achieved
at bothtypesof facilitiesthroughtagging,while at laserbackscatteringnstallationsalsocolli-
mationcanbe used. The enepgy resolutionwith taggingis given by the electronspectrometer
andit is conditionedat laserbackscatterindacilities by the electronstoragering optics. As a
consequencworserresolutionsare achieved at the latter. On the otherhandwith collimation
comparableesolutionanbereachedThey-ray beamintensityis limited by thetaggingtech-
niquein bothtypesof installations sodifferencedetweerbothtypesof installationsarerather
dueto differencesn theimplementatiorof the technique.Additionally, in the laserbackscat-
tering installations,both with collimation or tagging,the intensityis limited by the available
laserpower or the electronbeamlifetime. Productionof polarizedy-ray beamsegitherlinearor
circular, is simpleratlaserbackscatteringourcesandin generaklargerdegreeof polarization
canbeachiered.

Thefirstlaserbackscatteringourcefor nucleamphysicsexperimentsvasbuilt atFrascat{4]
in thelate 70’s but hasdiscontinuedperationfew yearsago. The presengxisting sourcesare
collectedin Table 2.2 togetherwith their main characteristics.To our knowledge,thereare
alsoideasto build similar installationsat two other places: the AdvancedPhotonSourceat
Argonne[7] andthe PohangAcceleratorLaboratoryin Korea[8].

The sourceproposedat Barcelonacombinegheenegy rangesof HIGS andLEGS at USA,
andwould be complementaryo the GRAAL facility in Europe. At low enepiesintensities
andenegy resolutionscomparabldgo HIGS canbe obtained,althoughit is expectedto reach
muchhigherintensitiesat HIGS aftertheupgrade Onthe otherhandwe expectto reachhigher
intensitieshanLEGS.

A list of bremsstrahlunéacilities functioningat presentis givenin Table2.3. Not included
are the low enegy facilities without enegy definition at Stuttgart[16], Darmstadi{17] and
Rossendorf18] (underconstruction).

In therangefrom 15-110MeV it canbecomparedo theupgradedMAX-Lab, whichwould
have comparablenegy resolutionandintensitiesput lowerdegreeof polarization.In therange
150-530MeV it canbe comparedo MAMI, which hasbetterenegy resolution,comparable
intensitiesandagainlower polarizationdegree.
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Name Ref. Enegy Intensity | Resolution| Method | Polarization
(MeV) | (s *MeV—1) | FWHM
ETL-LCS [9] 1-40 10°—10° 2.5-7% | collimation L:1
Tsukuba
NewSUBARU | [10] 1-40 10 - collimation L: 1
Himeiji
HIGS [11] 1-20 5x 107 1% collimation L: 1
Durham | (upgr) | (1-220) (10")
LEGS [12] 110-330 2x 10 6 MeV tagging L: 0.7-1
Brookhaven
ROKK [13] | 100-1600 10° 1-3% tagging L:<1
Novosibirsk
GRAAL [14] | 400-1500| 1.5x10° 16 MeV tagging | L: 0.2-0.96
Grenoble
LEPS [15] | 1500-3500 2.5x 10° 35MeV tagging | L: 0.5-0.95
Harima

Table2.2: Laserbackscattering-ray sources.

Name Ref. Enegy Intensity Resolution Polarization\
(MeV) | (s IMeV~1) FWHM
MAX-Lab [19] 20-225 < 1P 0.1-0.5MeV | L:0.4-0.6

Lund

MAMI [20] 50-800 |8x10°—4x 10 2 MeV L: 0.4-0.7
Mainz C:0.5-0.75
ELSA [21] 340-3100 | 4x10°—5x10°| 0.2-0.6% C:~ 0.6
Bonn

HallB-JLAB | [22] | 1200-5700 | 5x 10°—1x 10° 0.1% no
Newport News

Table2.3: Bremsstrahlung-ray sources.
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2.3 Installation

The y-ray beamline shouldbe installedemplgying one of the straightsectionsof the storage
ring. Accordingto the presenspecification®f theparametersf the DBA latticethis shouldbe
oneof thefour long straightsectiongseeAppendixG). Alternatively it couldbesituatedn the
shortstraightsectionsxisting betweerthe bendingmagnetof a DBA cell (wherenormallyno
insertiondevicesareplaced).

A schematidayout of the beamline installationcanbe seenin Fig. 2.3. The dimensions
in thefigure areapproximatebut realistic. The aspectselatedwith the radiationshieldingare
discussedn AppendixJ.

In orderto extractthegamma-rays high vacuumtubeshouldbecoupledto thesynchrotron
vacuumpipe. For safetypurposes remotecontrolled(interlocked) beamshuttercould be in-
stalledin the tube at the inner side of the acceleratorshieldingwall. The transportof the
gamma-raypeamundervacuumminimizesthe backgroundor the measurementandreduces
the dispersedadiationto non hazardoudevels. The sametubewill be usedfor the injection
of the laserbeamthroughan optical window locatedoutsidethe shieldingwall. A controlled
mirror installedinsidethe vacuumpipewill provide the necessaralignmentof thebeam.The
lasersourcewill beinstalledin the socalledlaserhutchon opticalbenchesvith thenecessary
optical elementgo provide the adequatdocusingposition (at the centerof the interactionre-
gion) andwaist. Themirror will beasourceof scatteredadiationandappropriateshieldinghas
to be providedlocally and/orto thelaserhutch.

The next elementin the beamline would be the collimator (madeof leadandothermate-
rials) which will be employedin part of the measurementsSinceit will have to stopa large
fraction of the beam(> 90 %) it will becomea strongsourceof radiation,in particularneu-
trons. Concreteshieldingwill berequired.In orderto facilitatethe manipulation(positioning,
alignmentaperturepf thecollimator, asmallshieldedroomis requiredratherthanembedding
the collimatorin the shielding. After the collimator a cleaningmagnetwill be placedin order
to deviatethechagedparticlescreatedn the collimatoritself andin previouselementgmirror,
windows, ...). In thisroomit will bealsoplacedthe monochromatocrystalrequiredfor some
of the astrophysicsnstrumentatiorstudies. The vacuumtube could be interruptedbeforethe
collimatorwhenit is in useor alternatvely anin-vacuumcollimator could be used,but in any
caset will continueafterwardup to the measuringstation.

Thesampleunderstudyandthedifferentdetectionsystemswill belocatedin themeasuring
hutch. For someof the measurementshe samplewill bein air andthe beamtube will end
shortly before. For someother measurementsampleand detectoramight be locatedunder
vacuum. Someof the measuringdetectorausingthe time of flight techniquewill needto be
locatedrelatively far awvay from the sample.The sampleandthe vacuumwindows area source
of radiationandappropriateshieldinghasto be providedto themeasuringhutch.

Thelastitem in the beamline will be the beamdump situatedimmediatelyafterthe mea-
suringhutch. The beamdumpconsistan a metallicbeamstopper(iron, lead)surroundedy a
thick concreteshielding.

Theinstallationof thetaggingsystenmwill requirea modificationof thestorageing vacuum
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Figure2.3: Schematiday-out of the gamma-rayline installation,shaving the laserhutch, the
shieldedcollimatorareathe measuringhutchandthe beamdump