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Abstract

We presentherethe conceptof the proposedgamma-raybeamline for the ALBA synchrotronlight

sourceto be built nearBarcelona. The gamma-raysre producedoy Comptonbackscatteringf laser
light from thering electrons.Without affecting the machineperformancet will be possibleto produce
highintensitybeamswith enegiesupto 500MeV. Thebeamis focusedhaturallyandis easilypolarized.
The beamenegy canbe definedby collimation at the lower enegies and by internal taggingat high

enegies. Suchgamma-raybeamscan be usedto study photo-nucleamprocesse®f interestin basic
nuclearphysics,rangingfrom nuclearstructureat low enegiesto sub-nucleoniacegreesof freedomat

high enegies, andastrophysics At the sametime it canbe usedto obtainnucleardatarelevantto the

fields of dosimetry radiationshieldingandradiationtherapy. Otherapplicationsarethe non-destructie

inspectionof objectsandtheir elementahnalysis.



I ntroduction

The constructiorof a third generatiorsynchrotrorlight sourcein Spainhasbeenrecentlyappraed
andwill startsoonatthelLaboratoriodeLuz Sincrotdn (LLS) in thevicinity of BarcelonaThemachine,
namedALBA, will provide radiationin the enegy rangeup to soft X-raysfor researchn fieldssuchas
biology, materialsscience chemistry pharmacologyetc. Howeverit is possible anddesirablefor both
scientificandresourceoptimizationreasonsto extendthe enegy of the radiationinto the rangeof in-
termediateenepgy y-rays(500MeV). Thegeneratiorof suchenegiesis possiblethroughthe processof
Comptonscatteringof laserphotonsfrom the highly enegetic electronscirculatingin the synchrotron
ring. It is analternatve methodto the generatiorof y-raysthroughthe electronbremsstrahlungrocess
and hasspecificadvantages.The characteristic®f the y-ray beam(enegy, intensity etc.) dependon
the parametersf the colliding electronandlaserbeamsandwill be exploredin the next section. The
availability of y-rays,sayfrom afew MeV upto some500MeV, expandstherangeof researcHields of
LLS into basicandappliednuclearphysics.Someexamplesof theseapplicationswill alsobepresented.
Currentlya proposalto build a y-ray beamline at ALBA is beingpreparedy a collaborationbetween
severalnationalgroups.

Gamma-ray beam characterization
Compton scattering on energetic electrons

Backin 1963, it waspointedout ([1], [2]) the possibilityto producean enegetic andhighly polar
izedgamma-raypeamthroughComptonscatteringf polarizedaserlight with theelectronsaccelerated
in a high enegy machine.Thefirst installationfor experimentsvasbuild at Frascati[3] andpresently

installationsof thistypeexist at several places(see[4] for references).

Thekinematicsof the collisionis describedy the modifiedComptonformula[5]:
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HereE,, Er, andE,, arerespectiely the electron laserphotonand~y-ray enegies, 3. the electron
velocityin unitsof ¢, andé, (61,) theangleof theoutgoing(incoming)photonwith respecto theincident
electrondirection,not necessarilyn the sameplane.For fixed F, and E,, the maximumpossibley-ray
enegy is obtainedfor the backscattereghoton(f, = 0°) in a head-oncollision (¢, = 0°). In Fig. 1
we representhe maximum-y-ray enegy obtainablefor £, = 3 GeV (the nominalenegy of ALBA)
asa function of laserwave-length. All ~-ray enegies are possiblebetweenthe minimum E;, andthe
maximum. Due to the relatwistic "boost” the scatteredyjammaraysare stronglyforward focused thus
formingabeam ascanbededucedrom Fig. 2, whichshavstheanglef,, asafunctionof z = E, / ET'®,
the enegy of the gamma-raynormalizedto the maximumenegy. We seethatthe top 90 % rangeof v
enegiesis containedvithin aconeof angle0.55mrad. Thisfigureandthefollowing, hasbeencalculated
for E, = 3.0 GeVandE;, = 1.17 eV (Nd:YAG laser),but will changdittle over therangeof enepies
of practicalhigh power laserswvhenthe universalvariablez is used.
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The gamma-rayenegy spectrumcan be obtainedthroughthe properintegration of the differential
crosssectionangulardistribution. The expressiorcanbewritten asfollows [6]:
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wherez = 4E.E;,/m2c*, y = E,/E.. Again,do¢ /dz doesnotvary muchwith E, andEy,, andwe

represenin Fig. 3 thenormalized(by o) values.Thedistribution hasa saddleshapewith the maxima

attheenepgy extremesbeingtwice thatin themiddle. Thetotal crosssectionis aslowly varyingfunction
of electronandlaserenegies,andhasa valueof approximatelyoc = 0.6 b.

)

If thelaserbeamis polarized eitherlinearly or circularly, the polarizationis transferredo the back-
ward scatteredgamma.For fully polarizedlaserphotonsthe degreeof linear P,YL or circular P$ polar
ization of the scatteredy-ray is givenby [6]:
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In Fig. 4 we representhe degreeof polarizationof the y-ray asafunctionof » = E,/ET** . We
obsere thatthe sign of the circular polarizationis invertedfor the backscattereghoton. We alsoob-
sene thatthe degreeof polarizationdecreasewith decreasingnegy. Polarizationsn excessof 80 %
areobtainedfor thetop 30 % enegy range.

Characteristics of the installation

The acceleratoparametergrom the original design[7] of the synchrotronat LLS are presently
beingreconsidere@], with the purposeof achiezing a uniqueperformancen termsof thelight source
luminosity Theexactcharacteristicef they-ray beamwill dependon thefinal machineparametersut
its maincharacteristicsanalreadybeestimatedWewill usefor thispurposaheparameterrom oneof
thesynchrotrorattice structuresinderconsideratiorfof thesocalledQBA type)which aresummarized
in Tablel.
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Ring
Intensity I, 0.250A
Enegy E. 3.0GeV
Resolutiono g, / E, 0.001
Horizontalemittance:,, 5.0nmrad
Verticalemittance, 0.05nmrad

Momentumacceptancép/p, | 0.015
Sraight section

LengthL;,; 5m
Horizontalbeamenvelopeox | 0.250mm
Verticalbeamervelopeoy 0.015mm
Horizontalslopeervelopeox: | 0.020mrad
Verticalslopeervelopeoy: 0.004mrad

Tablel: Electronring parametersisedin the calculations

The acceleratocomple includesa 100 MeV linac, the boosterwhich bringsthe enegy up to the
nominalvalue of 3.0 GeV, andthering itself. The boosterandthe ring will sharethe sameshielding
tunnel. Thering is a four fold structurewith a circumferencdengthof about255m. Sixteenstraight
sectionswill beavailablefor insertiondevices. In thenormaloperationmodethering is filled with about
1.4 x 10" electronggroupedin bunche<20 pslong separatedby 2 ns,which canbe regardedasa con-
tinuousbeamin practice.Thenominalintensityof 250mA will bemaintainedwithin ~ 1 % by frequent
re-fillings (topping-upmode). One of the straightsectionsabout5 m long, betweenbendingmagnets
could be usedto producethe Comptonscatteredy-rays. For this purposea well focusedandaligned
laserbeamwill beinjectedinto thevacuumchambeusinganadequatenirror. The~y-ray beamobtained
traverseghe mirror andcontinuesup to a measuringstationwhich will belocatedsome20-30m away.

The maximum-y-ray enegieswhich canbe obtainedwith someof the commerciallyavailable high
power lasersareindicatedin Fig. 1. With a CO, laserE*** would be 16.0MeV , with aNd:YAG laser
it would be 152.5MeV, 290.3MeV, 415.0MeV and529.3MeV in the fundamentalseconcharmonic
(SH), third harmonic(TH) andfourth harmonic(FH) modesrespectirely. Theuseof the higherharmon-



ics allows oneto obtaina high degree(> 80 %) of polarizationin the enegy range200-530MeV (see
Fig. 4). For reasonghatwill beexplainedlater, to cover theregion of y-ray enegiesfrom 15-150MeV

we areconsideringhe useof a continuouslytunablelasersource pasedn anopticalparametepscilla-
tor (OPO)[9] pumpedby the Nd:YAG. In this casethe polarizationwould be essentiallyl00%.

The intensity of the v-ray beamdependon the overlap of the colliding electronandlaserphoton
densitiesandon the Comptoncross-sectiof6]:

I, = 2c0(;/nenLdV (%)

The electrondensityn, is adequatelyrepresentedby a transersegaussiardistribution in both X
andY directionswith parametersrx andoy constantalong Z. The laserphotondensityny will be
assumedo be that of a diffraction limited circular gaussiarbeam. In this casethe RMS width hasa

minimumoy atthe centreof theinteractionregion anddivergeswith z [10]: o, = 094/1 + (Az/ma})2.

Usingthe parametersf Tablel andassumingry = 0.5 mm for thelaserbeam theintensityobtaineds

I, = 4—5x10%s~! perWattof laserpower andwave lengthsin therangex = 1 — 100zm. | shouldbe
noticedthatalthoughthenumberof laserphotongperWattis proportionalto thewavelength this effectis

counterbalancedy theincreasan thedivergenceof thelaserbeam.Nd:YAG laserdeviceswith 100W

CW power are readily available, with conversion efficienciesof about40 %, 30 % and 10 % for the
secondthird andfourth harmonicswhich would provide beamsof 107 — 102 gammaraysper second.
Still higherpowersareavailablefor CO, lasers,andintensitieslargerthan10°s~! canbe expected.In

the caseof the OPOsource powersof about5 W areforeseergiving intensitiesin excessof 1075~ 1.

Onepossiblelimit to the ultimately obtainabley-ray intensityis the removal of electronsfrom the
beamin the scatteringorocessElectronswvhichloselessthan45 MeV, equivalentto thering acceptance
Ap/po (seeTablel), arekeptin thering in principle,exceptfor multiple scatteringeffectsfor very high
laserpowers. For y-rays above that enegy, the electronwill eventually hit the vacuumchamberand
will belost. In the topping-upmodeelectronsare replenishedrequentlyto compensatéor the usual
lossesof intensityin thering. Assumingarefilling time periodof 100s andthatthe new sourceof losses
shouldbelimited to afractionof onepercentwill imposealimit of afew times10” in they-rayintensity

As wasmentionedearlierthe spectrumof y-raysarriving at the measuringstationis ratherflat (see
Fig. 3). Mostof themeasurementserformedwill requireadeterminatiorof they-ray enegy. Thereare
two possiblemethodgo definetheenegy: collimationandtagging.

Thetaggingtechniquerequiresthe determinatiorof the enegy of the electrondispersedn the col-
lision in coincidencewith the -ray or its reactionproducts. Given the enegiesinvolved, it implies
the useof magneticanalysisfor the electron. For costreasonst would be corvenientto make useof
the ring itself for this purpose.In the so calledinternaltaggingone placesa positionsensitve counter
at the exit of the next bendingmagnetafter the laserelectroninteractionregion, to measurehe elec-
tron enegy loss. Si-microstripdetectorshave beensuccessfullyemployed for this purpose{11]. The
enegy resolutionwhich could be obtaineddependwn the ring optics[12] (dispersionand magnifica-
tion). Giventhe uncertaintyin thering parametersve cannot evaluateat presenthe resolutionwhich
canbe expectedat ALBA. In a study madefor the original ring designwe have shavn [13] that res-
olutions (FWHM) of the orderof 4 MeV or 7 MeV (independentf «-ray enegy) could be obtained
dependingnthe configuration.Thetaggingtechniquas anothersourceof limitation for theachiesable
~-ray intensity[14]. At high ratesboth pile-up signalsin the taggerandrandomcoincidencesvith the
measuringletectorsntroducespuriouseventswhich needto becorrectedor. Themaximumadmissible



ratedepend®nthetime resolutionandalsoon thetypeof experimentout is of theorderof 107 — 1085~ 1.

Thereis aminimum-y-ray enegy which canbetagged relatedto the synchrotrorring dispersiorat
the positionof the detectorandthe distanceof closestpossibleapproachof the detectorto the electron
beamervelope.Giventhe uncertaintyin thering parametersve canonly give aroughestimateof about
150 MeV for the minimumtaggedenegy. For enegiesbelow this limit the alternatve methodof col-
limation, which exploits the angle-eneagy relation of the scatteregphotons(seeFig. 2), canbe usedto
definethey-ray enegy. Olviously, smalleropeninganglesprocurebetterenegy resolutionat the cost
of intensity so a balancebetweenthe two mustbe reachedor actualexperiments.In addition, since
the angulardefinition alsodependsn the directionsof the colliding electronandphotonandthe posi-
tion of their interaction,thereis a minimum enegy resolutionwhich canbe obtaineddependingn the
electronandlaserbeamparametersindthe collimationgeometry It is possibleto obtainan estimateof
the uncertaintyin the y-ray enegy dueto the uncertaintyin the anglesandenegies, applyingthe error
propagatiorformulato Eqg. 1. It canbe deducedn this way, thatthe collimationmethodgivestoo rough
anenepy resolutionexceptwhenthe collimatoris placedat zerodegrees.In this casea variationof the
~-ray enegy requiresa variation of the electronenegy (not feasibleat ALBA) or of the laserphoton
enegy. As wasmentionedearlierwe planto usean OPOsourcewith wavelengthrangeA = 1 — 12um
to cover theenegy rangeE, = 15 — 150 MeV. We arealsoconsideringhe possibility of usinga Free
ElectronLaser(FEL) to extendthe collimatedenegy rangeto lower enegies[15].

An accurateestimationof theresolutionandintensitythatcouldbe obtainedn this caserequireshe
properconsideratiorof the possiblevariationsof the parametersn Eq. 1. We have chosenthe Monte
Carlo methodfor this purpose. The electronand laserphotonbeamspatialdistributions are modeled
in the sameway aswasexplainedbefore. In additiononeneedso modelthe momentundistributions.
For electronsthey areadequatelyepresentedy gaussiardistributions of the slopesin both X andY
directionswith parameters x» andoy, constantalongZ, andby a gaussiardistribution in the enegy
with parameter g, . For laserphotonswe assumeawell definedenegy in adirectionperpendiculato

the laserwave-front, characterizedby the radius[10]: Ry = z,/1+ (w03 /Az)?. For eachscattering
eventthe differentialangularComptoncrosssectionis sampledo obtainthey-ray momentumandthe
enegy of thosetraversingthe collimatoropeningis accumulated.
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Figure5: Collimatedy-ray enegy distribution Figure6: Collimatedintensityandresolution

Fig. 5 shaws the result of the Monte Carlo simulationfor a laserphotonenegy Er, = 1.17 eV



(Nd:YAG laser)when a collimator of radiusr.,; = 0.5 mm is placedat 8.,, = 0° and a distance
d.,; = 25 m from the centreof the 5 m long interactionregion. As canbe obsered the enegy distri-

bution is characterizedby a low enegy tail comingfrom the distribution of angles,mostof the effect

beingdueto the horizontaldivergenceof the electronbeam(ox: = 20urad)in this case.The electron
enegy resolutionhasasmallsmearingeffect. The FWHM resolutionamountso AE,, /E,, = 1.7 % and
the collimatedintensityis 7.3 x 10*s~! perWatt of laserpower (uncollimatedntensity:4.0 x 105s—1).

The simulationswererepeatedor seseral collimator openingsandlaserphotonenegies. Fig. 5 shavs

the relationbetweerny-ray enegy resolutionandintensity for two differentlaserphotonenegies, for

collimator radii: 0.25,0.35,0.50,0.75and1.0 mm. The chosenlaserphotonenegies E;, = 1.17 eV

(Nd:YAG laser)and E;, = 0.117 eV (CO, laser)would provide y-ray enegiesof £, = 152 MeV

andE, = 16 MeV respectrely. As canbe obsered, therelationintensity-resolutions approximately
linear exceptwhentheintrinsic resolutionlimit is approachedFor a given collimator radiusthe enegy

resolutionis nearlyindependenbf the laserphotonenegy. Giventheforeseerb W power of the OPO
source,intensitiesin excessof 105s~! canbe expectedfor a beamcollimatedto an enegy resolution
AE,/E, = 1.5 %in theenegy rangel5 — 150 MeV.

Applications

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

Sudies in basic nuclear physics. Low enegy and highly polarizedgammarays can be usedto
studythestructureof boundnuclearstatesandto mapthedipole electromagnetistrength usingthe nu-
clearresonancdéluorescencéNRF) technique At higherenegiesthe photoninducedparticleemission
will give importantinformationon the structureanddampingof the collectve GiantDipole Resonance
(GDR). Reactionf this type arealsoof interestin nuclearastrophysicseitherdirectly sincethey are
responsibldor thenucleosynthesisf protonrich nuclei,or indirectly, for exampleto determinghecross
sectionof the inversecapturereactionwhich is otherwisevery difficult to measuren the laboratory or
to getinformationon neutrinoinducedreactionggovernedby similar operatorsAt still higherenepgies,
reactionsof the oneor two nucleonemissiontype give importantinformationon the shortrangecorre-
lationsand mesonexchangecurrentsin nuclei. The elasticscatteringof photonson nucleonswill give
informationon their internalstructure.On the otherhandphotoninducedfissioncanbe usedto investi-
gatethe evolution of fissionbarriersandthe viscosityof nuclearmatter The studyof the productionof
pionsnearthe thresholdgivesinsightinto the subnucleonistructure.Pionic atomscould be produced
in orderto studytherelevantpion-nucleusnteraction.Furtherup in enegy, the Deltaresonancevill be
excitedandits interactionin the nuclearmediumcanbe studied.

Nuclear data for applications. Besideghe morebasicinteresthucleardatais alsorelevantfor fields
like nucleartechnologytherayy, dosimetryandradiationshielding.In this respecit will beimportantto
fill in themissinginformationin the photo-nucleadatabases.

Industrial applications. Intensecollimatedbeamsof about10 MeV would be an importanttool
for the non-destructie inspectionof objectsusingradiographicatechniquesuchasgammagraphwpnd
Computerizedfomography(CT). White intensebeamsof up to about10 MeV canbe usedfor nonde-
structive elementabnalysisusingthe NRF technique.



Instrumentation: Photonbeamsof this type and quality canbe usedfor precisecalibrationof spe-
cializeddetectorsuchasdosimetersgammaray lensesgtc.

Conclusions

We have shawn thatit will be possibleto produceat LLS, without affectingthe synchrotrorperfor
mance;-ray beamswith intensitiesn excessof 107s~! andenegiesupto 500MeV. For enegiesbelow
45 MeV muchlarger (x 10?) intensitieswould be possible.In therangeof 15 — 150 MeV collimation
could be usedto obtaina resolutionof 1.5 % or better essentiallyl00 % polarizationandintensities
largerthan10®s . Above theseenegiesinternaltaggingcanbe usedto obtainresolutionsof the order
of 5 MeV, ahigh degree(> 80 %) of polarizationandintensitiedargerthan10®s—! in a5 MeV enegy
bin. If we comparesuchaninstallationwith existing backscatterindgacilities[4], the LEGSfacility [14]
comescloserin thetaggedenegy range(110-450MeV) andhasan orderof magnitudeessintensity
In theenegy rangeFE,, < 220 MeV, theHIGS facility [15], basedbn a dedicatedsynchrotrorandusing
collimation,is foreseerno have comparabléntensityatthe higherend,andoneorderof magnituddarger
intensityat the lower endof the rangewhencompleted.In comparisorwith a bremsstrahlungnstalla-
tion abackscatteringnstallationwould have areducedow enegy backgroundandaneasilychangeable
andpotentiallyhigherpolarizationdegree. No backscatteringnstallationcovering the proposecenegy
rangeexistsin Europe.At present proposals beingpreparedy severalnationalgroups.International
collaborationrwould bewelcome.
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