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3



Contents

Executive summary 10

1 Interestof the gamma-raysource 11
1.1 Studiesin NuclearPhysicsandAstrophysics. . . . . . . . . . . . . . . . . . . 12

1.1.1 NuclearStructureandAstrophysics . . . . . . . . . . . . . . . . . . . 13
1.1.2 Photo-neutroncrosssectionmeasurements. . . . . . . . . . . . . . . 15
1.1.3 Photo-fissionexperiments . . . . . . . . . . . . . . . . . . . . . . . . 15
1.1.4 Protonemissionwith polarizedphotons . . . . . . . . . . . . . . . . . 17
1.1.5 Photon-nucleonexperiments. . . . . . . . . . . . . . . . . . . . . . . 18
1.1.6 Deeply-boundpionicatoms . . . . . . . . . . . . . . . . . . . . . . . 20
1.1.7 Calibrationof gamma-rayinstrumentsfor NuclearAstrophysics . . . . 21

1.2 Applicationsin IndustryandMedicine . . . . . . . . . . . . . . . . . . . . . . 22
1.2.1 Industrialapplications . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.2.2 Medicalapplications . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2 Description of the gamma-ray source 29
2.1 Gamma-raybeamcharacteristics. . . . . . . . . . . . . . . . . . . . . . . . . 29
2.2 Comparisonwith otherfacilities . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.3 Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.4 Instrumentation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

A Low energy photo-disintegration experiments 40
A.1 Physicalmotivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
A.2 Experimentalsetup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
A.3 Beamrequirementsandtimeestimate . . . . . . . . . . . . . . . . . . . . . . 43
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

B Photo-neutron crosssectionmeasurements 46
B.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
B.2 Theexperimentalsetup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
B.3 Beamtimeestimate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

1



Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

C Photo-fissionexperiments 53
C.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
C.2 Temperaturedependenceof shelleffects . . . . . . . . . . . . . . . . . . . . . 53

C.2.1 Physicscase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
C.2.2 Experimentalsetup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
C.2.3 Beamtimeestimation . . . . . . . . . . . . . . . . . . . . . . . . . . 54

C.3 Multi-phononexcitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
C.3.1 Physicscase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
C.3.2 Experimentalsetup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
C.3.3 Beamtimeestimate. . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

C.4 Nucleardissipationin fission . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
C.4.1 Physicscase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
C.4.2 Experimentalsetup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
C.4.3 Beamtimeestimate. . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

C.5 Futurepossibilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
C.5.1 Pair breakingandeven-oddstructurein fissionfragmentyields . . . . . 57
C.5.2 Basicnucleardata . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

C.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

D Proton emissionwith polarized photons 61
D.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
D.2 Experimentalstatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
D.3 Proposedmeasurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
D.4 Experimentaldetails . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
D.5 Futuredevelopments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
D.6 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

E Photon-nucleonexperiments 71
E.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
E.2 Experimentsproposed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

E.2.1 Comptonscatteringandpion photoproductionon freeprotons:p
���
γ � γ � ,

p
���
γ � π0 � andp

���
γ � π ��� . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

E.2.2 Comptonscatteringandpionphotoproductiononnuclei . . . . . . . . 75
E.3 ExperimentalSetup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
E.4 Beamtimeestimation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

E.4.1 Furtherexperiments . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

2



F Calibration of gamma-ray instruments for Nuclear Astrophysics 83
F.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
F.2 Stepstowarda gamma-raylensfor nuclearastrophysics. . . . . . . . . . . . . 84

F.2.1 CLAIRE: aprototype. . . . . . . . . . . . . . . . . . . . . . . . . . . 85
F.2.2 MAX: a spacemission . . . . . . . . . . . . . . . . . . . . . . . . . . 85

F.3 Experimentalproposalsfor theGamma-RayLine beam . . . . . . . . . . . . . 86
F.3.1 Measurementof diffractionefficienciesin mosaiccrystals . . . . . . . 86
F.3.2 Tuningthecrystalsof theLauediffractionlens . . . . . . . . . . . . . 88
F.3.3 Othercalibrations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

F.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

G Calculation of beamparameters 92
G.1 Relevantparametersof theALBA synchrotronring . . . . . . . . . . . . . . . 92
G.2 Comptonscatteringonenergeticelectrons . . . . . . . . . . . . . . . . . . . . 95
G.3 Gamma-raybeamintensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
G.4 Gamma-raybeamenergy resolution . . . . . . . . . . . . . . . . . . . . . . . 101

G.4.1 Collimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
G.4.2 Tagging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

H Optical Parametric Oscillator light source 112
H.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
H.2 OPOin thecontext of ALBA . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
H.3 Currentstatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
H.4 Proposedprogram. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

H.4.1 High-powercw OPO . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
H.4.2 High-average-power (0.82-0.1eV) pulsedOPO . . . . . . . . . . . . . 119

H.5 Summaryandfuturedirections . . . . . . . . . . . . . . . . . . . . . . . . . . 120
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

I Silicon sensorsfor the tagging system 124
I.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
I.2 Detectordesignandspatialresolution . . . . . . . . . . . . . . . . . . . . . . 125
I.3 ReadOut . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
I.4 Radiationhardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

J Radiation shielding 134
J.1 Introductionandgeneralconsiderations . . . . . . . . . . . . . . . . . . . . . 134
J.2 Shielding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

J.2.1 Sourcesandtypesof radiation . . . . . . . . . . . . . . . . . . . . . . 136
J.2.2 Shieldinganalysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
J.2.3 Shieldingelements. . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

3



J.3 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

K Usersof the gamma-raybeamline 142

4



List of Figures

2.1 Gamma-raybeamintensitywithin the energy resolutionbin size in the range
16 � 530MeV, for a total intensityfixedto 3 	 107s
 1 . . . . . . . . . . . . . . 30

2.2 Gamma-raypolarizationin therange16 � 530MeV. . . . . . . . . . . . . . . 31
2.3 Schematiclay-outof thegamma-rayline installation,showing the laserhutch,

theshieldedcollimatorarea,themeasuringhutchandthebeamdump . . . . . 35

A.1 DetectorarraybasedonavailableDSSSDdetectors . . . . . . . . . . . . . . . 43
A.2 A singleionizationchamberrecentlydesignandbuilt by thegroupof Sevilla in

collaborationwith theETH-Zurich . . . . . . . . . . . . . . . . . . . . . . . . 44

B.1 Evaluatedphotonuclearcrosssectionfor 56Fe andexperimentaldatausedfor
theevaluation[1]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

B.2 Comparisonof the16O (γ,xn) crosssectionsmeasuredat a Bremsstrahlungfa-
cility [5] andat two differentQuasiMonochromaticAnnihilation installations
[6, 7]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

B.3 A genericsetupfor photonuclearcrosssectionmeasurementsat ALBA. . . . . 50

D.1 Angulardistributionsof the12C(
�
γ,p)11B(g.s.)(left panels)and16O(

�
γ,p)15N(g.s.)

(right panels)asymmetries.Thedashedlineshave beencalculatedin theinde-
pendentparticlemodelby usingOB currentsonly. Thedottedlinesincludethe
effectsof the SRC,the dashed-dottedlines the MEC andthe full lines all the
effects(see[13, 14] for details). . . . . . . . . . . . . . . . . . . . . . . . . . 64

D.2 Angulardistributionsof the12C(
�
γ,p)11B(g.s.)asymmetriesfor theS3 (left pan-

els)andG (right panels)correlationfunctionsandfor two photonenergies(see
[13, 14] for details).Thecurveshave thesamemeaningasin Fig. D.1. . . . . 65

D.3 Angulardistributionsof the12C(
�
γ,p)11B(g.s.)(full curves)and16O(

�
γ,p)15N(g.s.)

(dottedcurves)crosssectionsfor differentphotonenergies. Left panelsrepre-
senttheunpolarizedcrosssectionσ0, while centralandright panelscorrespond
to theσ � andσ � , respectively. Thecalculationhave beendoneby considering
OB andMEC contributionsaswell astheSRC(see[13, 14] for details). . . . 66

5



E.1 Upperpanel: Spectrumof nucleonresonanceson free protonsdependingon
theincidentphotonenergy in laboratoryframe.Weshow resonanceswith three
andfour starsin Ref. [1]. Resonancemassesaretakenfrom thepoleposition
dataof Ref. [1]. Lower panel:Spectrumof mesonproductionon freeprotons
dependingon the incidentphotonenergy in laboratoryframe. Becauseof the
largeenergy rangefor f0 we show its valuefor both maximumandminimum
masses.Thedashedline standsfor thepreliminarymaximumenergy at ALBA. 73

E.2 Real(solidsymbols)andimaginary(emptysymbols)partof someof themulti-
polesdeterminedfrom pion photonscatteringon nucleons[5]. We canseethat

for the caseof the multipole M3
 2
1 
 thereis an acceptablecoverageof photon

energies,while for theMp
1 
 onethereis a lack of databelow 360MeV. Thefit

havebeentakenfrom Ref. [4] . . . . . . . . . . . . . . . . . . . . . . . . . . 74
E.3 Availableenergy for resonanceexcitationswith differenttargetsdependingon

the incident photonenergy in the laboratoryframe. Pole massesof nucleon
resonancesaremarkedin thefigureashorizontallines. . . . . . . . . . . . . . 76

F.1 The basicdesignof a crystaldiffraction lens in Lauegeometry. Crystalsare
disposedon concentricringssuchthatγ-raysarefocusedinto a commonfocal
spotby Bragg-reflectionin Lauegeometry. . . . . . . . . . . . . . . . . . . . 85

F.2 Theexperimentalsetupof theGRL experiments.A block(Cu,W,...) to absorb
low-energy photons,afirst crystal,asecondcrystalandanHPGedetector. The
distancesbetweenfirst andsecondcrystal and the detectorare shown. Also
shown arethe verticaldisplacementof the detectorandthe secondcrystalfor
thesinglydiffractedanddoublydiffractedbeam,bothat500KeV andat1000keV. 88

G.1 DBA latticeunit andsupercell. . . . . . . . . . . . . . . . . . . . . . . . . . . 93
G.2 Beamsize,divergenceanddispersionalongtheDBA cell (superperiod). Indi-

catedin thehorizontalaxisarethepositionsof thebendingmagnets.. . . . . . 94
G.3 Maximumγ-rayenergy asa functionof laserphotonenergy for Ee � 3 GeV. . . 96
G.4 γ-rayenergy asa functionof thescatteringangle. . . . . . . . . . . . . . . . . 97
G.5 γ-ray relative intensityasa functionof energy . . . . . . . . . . . . . . . . . . 97
G.6 γ-raypolarizationasa functionof energy . . . . . . . . . . . . . . . . . . . . . 98
G.7 γ-ray intensityperWatt of laserpowerasa functionof laserwavelength . . . . 100
G.8 FWHM relative energy resolutionasa functionof γ-ray energy for two values

of theangularuncertainty. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
G.9 Collimatedγ-ray energy distributionat θcol � 0� for differentstraightsections. 103
G.10 Relationshipbetweencollimatedenergy resolutionand intensity for the long

straightsection.Eachpoint representsadifferentcollimatoropening.. . . . . . 104
G.11 Dispersionandresolution(FWHM) asa functionof taggerposition.Collisions

take placein thecentreof thelong straightsection.Indicatedarethepositions
of thefirst andsecondbendingmagnetsin thecell. . . . . . . . . . . . . . . . 107

6



G.12 Energy distributionof γ-raysfor threevaluesof thedisplacementalongthetag-
ger. Thetaggeris positionedhalfwaybetweenthebendingmagnets.Collisions
takeplacealongthelongstraightsection. . . . . . . . . . . . . . . . . . . . . 108

H.1 Thetuningrangeof (a) themostwidely establishedconventionaltunablelasers
and(b) someOPOsystemsdevelopedby ME andhis teamto date. . . . . . . 113

H.2 Survey of theoutputpowerperformanceandspectralcoverageof cw OPOsthat
havebeendevelopedto dateusingvariousnonlinearmaterials. . . . . . . . . . 115

H.3 Survey of theoutputenergyperformanceandspectralcoverageof low-repetition-
rate(1Hz-100Hz)pulsednanosecondOPOsthat have beendevelopedto date
usingvariousnonlinearmaterials. . . . . . . . . . . . . . . . . . . . . . . . . 116

H.4 Survey of theoutputenergyperformanceandspectralcoverageof high-repetition-
rate(1kHz-30kHz)pulsednanosecondOPOsthathave beendevelopedto date
usingvariousnonlinearmaterials. . . . . . . . . . . . . . . . . . . . . . . . . 117

H.5 Resonatorconfigurationfor the1.5-5µm cw OPObasedon a 100-WNd:YAG
laserasthepumpsourceandthecrystalof PPLNasthenonlineargainelement.
M1-M4 aremirrors.Thissystemwill generategamma-rayswith energiesin the
rangeEγ

�
max��� 35 � 110MeV. . . . . . . . . . . . . . . . . . . . . . . . . . 118

H.6 Resonatorconfigurationfor the1.5-12µm cascadedintracavity cw OPOusinga
100W Nd:YAG pumplaser. Theinternalradiationgeneratedby thePPLNOPO
providesthe pumpfor the ZGP OPOlocatedinternal to the first OPOcavity.
M1-M6 aremirrors.Thissystemwill generategamma-rayswith energiesin the
rangeEγ

�
max��� 15 � 110MeV. . . . . . . . . . . . . . . . . . . . . . . . . . 120

H.7 Resonatorconfigurationfor the1.5-12µm cascadedintracavity cw OPOusing
a 100 W Nd:YAG pumplaser. The internalradiationgeneratedby the PPLN
OPO provides the pump for single-passDFG in the crystal of ZGP located
internalto theOPOcavity. M1-M4 aremirrors. This systemwill alsogenerate
gamma-rayswith energiesin therangeEγ

�
max��� 15 � 110MeV. . . . . . . . 121

H.8 Resonatorconfigurationfor the 1.5-12µm cascadedexternalpulsedOPOus-
ing a 100-W average-power Nd:YAG pumplaser. The output radiationfrom
the PPLN OPO provides the pump for secondOPO basedon ZGP. M1-M4
aremirrors. This systemwill generategamma-rayswith energiesin therange
Eγ

�
max��� 15 � 110MeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

I.1 Schematicview of a silicon microstripdetector. The electricfield in the bulk
separatestheun-likesignelectronsandholesandacceleratesthem.Themove-
mentof thesechargesproducesacurrentdetectedby theelectronics.. . . . . . 124

I.2 Schematicview of theprocessingof thesignalfromasiliconsensorAC coupled
in achip: amplifyingstage,shapingandproducinganoutput. . . . . . . . . . . 127

I.3 Changein the effective doping concentrationof the silicon sensorbulk as a
function of the radiationdose. A substratewith an initial majority of donor
states(n-type)becomesa substratewith a majority of acceptordopingstates
(p-type).Thereforethereis aninversionof thebulk type. . . . . . . . . . . . . 129

7



J.1 Schematiclay-outof thegamma-rayline installation,showing the laserhutch,
theshieldedcollimatorarea,themeasuringhutchandthebeamdump . . . . . 135

J.2 Sweepmagnetlayout,(a)lateralcrosssection,(b) top crosssection.. . . . . . . 139
J.3 Beamdumplayout,lateralcrosssection.. . . . . . . . . . . . . . . . . . . . . 140

8



List of Tables

2.1 Parametersof thegamma-raybeamsat ALBA. . . . . . . . . . . . . . . . . . 31
2.2 Laserbackscatteringγ-raysources.. . . . . . . . . . . . . . . . . . . . . . . . 33
2.3 Bremsstrahlungγ-ray sources. . . . . . . . . . . . . . . . . . . . . . . . . . . 33

F.1 Bragganglesfor Ge. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

G.1 Parametersof theDBA cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
G.2 Maximumγ-rayenergiesfor severalcommerciallasers . . . . . . . . . . . . . 95

H.1 Characteristicsof thecw pumplaserandthe1.5-5µm cw OPOfor thegenera-
tion of gamma-rayswith energiesof Eγ

�
max��� 35 � 110MeV at ALBA. . . . 119

H.2 Characteristicsof thecw pumplaserandthe1.5-12µm cw OPOfor thegener-
ationof gamma-rayswith energiesof Eγ

�
max��� 15 � 110MeV at ALBA. . . 122

H.3 Characteristicsof thehigh-average-powerpulsedpumplaserandthe1.5-12µm
pulsedOPOfor thegenerationof gamma-rayswith energiesof Eγ

�
max��� 15 �

110MeV atALBA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

K.1 Experimentalphysicistsproposingmeasurementsat thebeamline. . . . . . . . 144
K.1 Experimentalphysicistsproposingmeasurementsat thebeamline (Cont.) . . . 145
K.2 Theoreticalphysicistsrelatedto theproposedexperiments. . . . . . . . . . . . 146
K.2 Theoreticalphysicistsrelatedto theproposedexperiments(Cont.) . . . . . . . 147

9



Executivesummary

Theaimof thisproposalis theconstructionof abeam-lineatALBA whichextendstherangeof
photonsourcesinto thehardgamma-rayenergy range.Sucha beamwill beusedfor research
in NuclearPhysicsandAstrophysicsandfor applications.Gamma-raysup to 530 MeV will
be producedby Comptonbackscatteringof laserphotonson the electronscirculating in the
synchrotronring. Intensitiesashigh as107 � 109 γ � s canbe achieved without affecting the
machineperformance. The beamwill have a high degree(80-100%) of linear or circular
polarizationandenergy resolutionsof 1.5 % canbeachieved. Thesebeamcharacteristicscan
beexploitedto studyphoto-nuclearprocessesof interestin basicnuclearphysics,rangingfrom
nuclearstructureat low energies to sub-nucleonicdegreesof freedomat high energies, and
astrophysics.Additionally thebeamcanbeusedto obtainnucleardatarelevantto thefieldsof
dosimetry, radiationshieldingandradiationtherapy. Otherapplicationsarethenon-destructive
inspectionof objectsandtheir elementalanalysis.

Theproposedinstallationoffersspecificadvantagesin termsof energy range,energy resolu-
tion, intensityandpolarizationoverexisting photonfacilities,of eitherbremsstrahlungor laser
backscatteringtype. In particularin Europethereis no other laserbackscatteringinstallation
working in this energy range.

Anotherbenefitof theproposedinstallationis relatedto thedevelopmentof theexperimental
nuclearphysicscommunityin Spain,which hasbeenhamperedby the lack of any installation
until now.

Thedocumentisorganizedasfollows.Thefirst chapterpresentsthephysicscase,aselection
of theproposedexperimentsandmeasurements,relatedto nuclearphysicsandastrophysics,and
the industrialandmedicalapplications.More specificdetailsof someexperimentsarefound
in theAppendicesA to F. Thesecondchapterdescribesthedesignof the installationandthe
parametersof thebeamwhichcanbeobtainedwith thepresentdesign,andthesearecompared
to otherinstallations.More specificdetailsof theinstallationarefoundin theAppendicesG to
J. Finally, AppendixK includesa list of Spanishusersof theproposedbeamline.
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Chapter 1

Inter estof the gamma-raysource

Gammaraysarepresentin Natureasaconsequenceof naturalprocesses.They areproducedon
earthin naturalor inducedradioactiveprocesses.Gammaraysarealsoproducedin astrophysi-
cal processes,reachingeventuallyenormousenergies.They constitutein factasignatureof the
processesoccurringduring theevolution of stars.Dueto their multiple applications,methods
of artificially producingγ-raybeamshavebeendeveloped.

Oneof themoreimportantcharacteristicsof high energy photonsis their high penetration
power, which is relatedto their neutralityandthenatureof theelectromagneticforce. This is
thereasonfor their usefulnessasa tool to inspectbulky materialsor industrialprocesses.This
alsoexplainswhy they mayrepresent,directlyor indirectly, ahazardto thehealthwhichhasto
beunderstoodandcontrolled.At thesametime γ-raysconstituteoneof themoreextendedand
powerful methodsof cancertherapy. New waysof producinghigh energy photonsmayleadto
improvementsof this technique.

Gammaraysmayhave their origin in atomicnuclei,asis thecaseof artificial radioactive
sourcesemployedin medicineandindustry. Ontheotherhandγ-rayscanbeusedto explorethe
nucleus.As a probeof thestructureanddynamicsof atomicnucleiandtheir constituentsthey
show many appealingproperties.Intensesourcesof energeticγ-rayshave beendevelopedand
employedto studyavarietyof phenomenaat thenuclearandsub-nucleoniclevel throwing light
on importantquestionsin basicNuclearPhysics.Gammaray inducedprocessesin nucleiplay
alsoanimportantrole in theunderstandingof stellarandexplosivescenariosin Astrophysics.

The relatively weakstrengthof their interactionwith nuclei,which is anattractive feature
becausein this way they perturblittle the systemunderstudy, makes the experimentswith
photonsdifficult. In spiteof thepastefforts, thereis still a lackof photonucleardataandmany
questionsremainopen.Thedevelopmentof new intensesourcesof high energy photonswith
improvedpropertiescancontributestronglyto theprogressin thisfield of research.

The γ-ray beamline thatwe areproposing,with its high intensity, goodenergy resolution
andhighdegreeof polarizationopensupthepossibilityto conductawiderangeof experiments
andmeasurementsin basicNuclearPhysicsandAstrophysics,someof which are described
below anddetailedin theAppendices.At thesametime the installationhasparticularcharac-
teristicswhichmakeit usefulfor IndustrialApplicationsandresearchonMedicalApplications.
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1.1 Studiesin Nuclear Physicsand Astrophysics

High energy photonsasaprobeof thestructureanddynamicsof atomicnucleihaveparticularly
interestingfeatures,consequenceof thecharacterof theelectromagneticforce.

Thestrengthof theelectromagneticinteractionis muchweakerthanthecharacteristicinten-
sity of thenuclearforce,which is responsiblefor themajorpartof thenuclearproperties.As a
consequence,it is possibleto carryoutmeasurementswithoutgreatlydisturbingthestructureof
thetargetnucleus.This constitutesa greatadvantagewith respectto hadronicprobesbecause,
in this case,it is verycomplicatedto separate,in a clearway, thereactionmechanismfrom the
propernuclearstructureanddynamics.This is obviously dueto the importantrole playedby
thestronginteractionin bothaspects.

Anothercharacteristicof thephoton-nucleusinteractionis thedetailedknowledgethatwe
haveabouttheelectromagneticinteraction.Quantumelectrodynamics,beingthebesttheorywe
haveatpresent,describesthis interactionin analmost“exact” mannerandthusonecanextract
quantitative,andnot just qualitative,informationaboutnuclearproperties.

All thesecharacteristicsarecommonto bothphotonreactionsandelectronscattering.A pri-
ori the latterappearsto bemorepowerful since,contraryto whathappensfor photon-nucleus
processes,in which the momentumtransferredto thenucleusis unequivocally determinedby
thenuclearexcitationenergy, electron-nucleusprocessespermit to vary this momentumwith-
out varying the excitation energy, andthusmappingthe nuclearresponseover a wider phase
space.On theotherhand,photonsarepurelytransverseandthenuclearresponseto themis of
transversecharacteronly. Thelongitudinalresponsespresentin electron-nucleusscatteringdo
notappearin photon-nucleusreactionsandtheinterpretationof theresultsis easier.

Over thewide rangeof photonenergiescoveredby theproposedbeamline, from few MeV
to morethan500MeV, theresponseof thenuclearsystemvariesconsiderably.

At few MeV, photonsinducethemovementof nucleonsgiving informationon thenuclear
wave function. This is alsotheenergy regimeof interestin NuclearAstrophysics,aroundthe
particle evaporationthresholdsimportant for the understandingof nuclearreactionsin stars
and explosive stellar events. MeV photonsare at the sametime a signatureof the ongoing
nucleosynthesisin theUniverse.

Around 10-15MeV, photonsinducea strongcollective motion of nucleons,the so called
Giant Dipole Resonance,which dominatesthe responseat low energies. De-excitation pro-
ceedsmainly by neutronemission,but alsoby chargedparticles. It constitutesan important
contribution to theradiationhazardataccelerators.

At higherenergiesthe photonfield couplesto individual nucleonsandalsoto the mesons
exchangedbetweennearbynucleons,carriersof thestronginteraction.The latter featureis a
preludeto thenon-nucleonicdegreesof freedomin atomicnuclei.

At still higherenergiesphotonsreveal the internalquarkstructureof thenucleons.In our
energywindow, it manifeststhroughtheexcitationof theDeltaresonance,whichthende-excites
by pionandnucleonemission.

This plethoraof interestingphenomenais reflectedin the rangeof experimentspresented
below.
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1.1.1 Nuclear Structure and Astrophysics

The availability of an intensequasi-monochromaticandhighly polarizedγ-ray sourceof few
MeV ( � 10MeV) wouldbeextremelyusefulfor thestudyof importantaspectsof nuclearstruc-
tureandastrophysics.In principlealaserbackscatteringsource,atdifferencewith abremsstrah-
lung source,is ableto provide sucha beam.Unfortunatelythepresentdesignof theproposed
beamline at ALBA doesnot allow to producemonochromaticbeamsbelow 15 MeV. This will
requirethedevelopmentof lasersourceswith variablewavelengthin therange10-100µm. The
experimentspresentedin this subsectionarenot feasibleat ALBA at present,but togetherwith
thedesirableextensionto lower energiesof otherexperiments(seeAppendixB andC) should
provideamotivationfor suchadevelopment.

Nuclearresonancefluorescenceexperiments:TheNuclearResonanceFluorescence(NRF) or
(γ,γ’) reactionon boundlevelsmapsessentiallytheelectromagneticdipoleresponseof nuclei.
A detailedknowledgeof this responseis of interestbothfrom thenuclearphysicspointof view
aswell aswith respectto astrophysics.In nuclearphysics,thestudyof dipolepropertieslead
to thediscoveryof collectivemodesof excitationsuchasthe”scissors”modeor morerecently
the ”pygmy” resonance.Of course,theNRF techniqueis not restrictedto the investigationof
collective excitationsandindeedmany recentNRF experimentsfocusedon the studyof two-
phonondipoleexcitationsandtheirdecaysto one-phononstates.

In nuclearastrophysics,nuclearsurvival ratesin hot thermalphotonbaths(for examplein
supernova explosions)arecrucial for the understandingof the processof nucleosynthesis.In
many casestheseratesdependonphotoparticleevaporationcrosssectionscloseto thethreshold
for (γ, n), (γ, p) or (γ, α) processes.Sincemostphotonuclearreactionshavedipolecharacterdue
to thelow momentumtransferof thephoton,theunderstandingof thenucleardipoleresponse,
especiallynearparticleemissionthreshold,is of crucialimportance.

Up to now, mostof theNRF studieshave beenperformedusingelectrongeneratedbrems-
strahlungbeams.Thesebeamssuffer from theseriousdrawbackthat thephotonenergy spec-
trum is continuousand moreover hasan exponentially increasingintensity with decreasing
photonenergy. A photonbeamproducedby laserbackscatteringwith collimation in the ap-
propriateenergy rangewould offer threemajor advantages[1]: i) the nearlymonochromatic
photonenergieswould allow to selectively populatethe resonantstatesof interestwith much
lessuncertaintydueto feedingfrom higher-lying states,ii) thebackgroundfrom nonresonant
scatteringwould be much lower in the energy region wherebranchesto lower-lying excited
stateswould occurandiii) theessentially100%linearpolarizationof thephotonbeamwould
leadto amuchgreatersensitivity of paritymeasurements.Thislatterpoint is themostimportant
onesinceparity informationis crucial for the interpretationof theobservedstatesandtheuse
of Comptonpolarimetersis limited to γ-raysbelow 3-4 MeV dueto theenergy dependenceof
theanalyzingpowerof theComptonscatteringprocess.

Photo-disintegration experiments:The studyof the chargedparticles(mainly protonsandα-
particles),emittedby nucleiasa resultof theabsorptionof gammarays,hasimportantimpli-
cationsin the studyof nuclearstructure,nuclearreactionsandastrophysics.We shall focus
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hereon two specificapplications(seeAppendixA for moredetails): the investigationof the
low energy continuumof weaklyboundnuclei,andtheinvestigationof reactionrateswhichare
relevantto theastrophysicalp-process.

In thelastdecade,animportantfractionof theresearchin nuclearphysicshasbeendirected
to thestudyof exotic nuclei.Thesenucleihaveanexcessof protonsor neutrons,andtherefore
areunstable.The binding energiesof the exotic nuclei areconsiderablysmallerthan that of
the stablenuclei. This makes that the continuumof break-upstatesplays a very important
role in thestructureandin thereactionsinducedby exotic nuclei. In particular, theknowledge
of the structureof the low-energy continuum(scatteringstateswhich are up to a few MeV
above thebreak-upthreshold)is essentialto understandthepropertiesof exotic nuclei[2]. The
investigationof thebreak-upstatesin exotic nuclei is donethroughnuclearreactions,in which
the observed crosssectionsare relatedto the continuumstructurethroughintricate reaction
mechanismswherecoulombandnuclearforcesplay importantroles.

Theexperimentalstudyof reactionssuchas
�
γ � p� and

�
γ � α � givedirect informationon the

structureof thecontinuum.Theseexperimentsarerelativelyclean,in thesensethatthey depend
only on theelectro-magneticinteractions,andthusthey arenot sensitive to thenuclearforces.
Presently, it is notpossiblein afacility suchasALBA to performphoto-absorptionexperiments
on exotic nuclei. However, thereis a variety of stablenuclei, which areweakly bound,such
asthedeuteron,6 � 7Li, 9Be,etc.Theinvestigationof their low-energy continuumthrough

�
γ � p�

and
�
γ � α � reactions,complementedwith their reactioncrosssections,canbeusedto reducethe

uncertaintiesin thetheoreticalmodelsusedto investigatethepropertiesof exotic nuclei.
Thestudyof proton-richnucleiheavier thaniron (p-nuclei)hasa specialrelevancefor the

astrophysicalp-process[3]. This processis responsiblefor the synthesisof neutron-deficient
nuclei that are blocked from formation by either the r or s processes[4]. The p-processis
essentiallya sequenceof

�
γ � n� , �

γ � p� or
�
γ � α � photo-disintegrationsreactions,possiblycom-

plementedby capturesof neutrons,protonsor α-particlesatenergiestypically farbelow 1 MeV
of theCoulombbarrierin thecaseof chargedparticles.

Recentexperimentshave provideddirectmeasurementsof some
�
γ � n� reactionsat the low

energiesof interestfor the p-process,i.e closeto thephoto-disintegrationthreshold.Oneof the
techniquesis basedon theconstructionof a quasi-thermalphotonspectrumfrom a superposi-
tion of bremsstrahlungspectrawith differentendpointenergies[5]. As an alternative, a laser
backscatteringγ-ray beamcouldbe employed. An importantadvantageof this approachover
thebremsstrahlungapproachis theirmoreintensepeakingin theenergy window of astrophysi-
cal interest.

Directmeasurementsof photo-disintegrationcrosssectionsconstitutethereforeanindepen-
dentsetof dataandthemoststraightforwardwayto constrainthecalculationof thecorrespond-
ing astrophysicalrate. Improving thetheoreticalpredictionsfor photo-disintegrationrateswill
put p-processnucleosynthesiscalculationson a firmer ground. As mentionedbeforethe p-
processtakes placeat very high temperaturesbut the nuclei involved are in a region of the
nuclearchartwherebasicquantitieslikemassesor β-decayratesareeitherknown or ratherreli-
ablyestimated.Experimentaldataonphoto-reactioncrosssections,evenscarce,arethereforea
verypreciousingredientto testthevalidity of Hauser-Feshbachcrosssectioncalculationsin the
nuclearregion of interest.Measurementsof

�
γ � n� reactionson many morenucleiarecertainly
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necessary, but the investigationof
�
γ � α � and

�
γ � p� reactionsin the energy rangeof interestis

still a challengingprospect.In addition,theE1 andM1 γ strengthfunctionsbelow theparticle
thresholdsshouldbe addressedin direct relation to photo-reactionson nuclearexcited states
understellarconditions.

1.1.2 Photo-neutron crosssectionmeasurements

Photonuclearreactiondataarevery importantfor understandingthestructureanddynamicsof
theatomicnucleus.Moreover, photo-inducedreactioncrosssectionsarealsoof importancefor
a varietyof currentor emerging applications[6] like: radiationshieldingdesignandradiation
transportanalysis(of particularconcernarephotoneutrons),calculationsof absorbeddosein
thehumanbody during radiotherapy, physicsandtechnologyof fissionreactors(influenceon
neutronbalance)andfusionreactors(plasmadiagnosticsandshielding),activationanalysisin-
cludingsafeguardsandinspectiontechnologiesfor identificationof materialsthroughradiation
inducedby photonuclearreactionsandnuclearwastetransmutation,amongothers.

Inspectionof the “Handbookon photonucleardatafor applications”[6] revealsthat pho-
tonucleardataarescarceand,in many cases,discrepant.Most of thedatais quiteold andthe
discrepanciescanin somecasesbetracedbackto inaccuraciesof theemployedtechnique[7],
in particularthe lack of truly monochromaticγ-ray beams.The InternationalAtomic Energy
Agency (IAEA) hasproposeda priority list of materials(43 elements)for which photonuclear
dataareneeded:structural,shieldingandbremsstrahlungmaterials(Be, Al, Si, Ti, V, Cr, Fe,
Co,Ni, Cu,Zn, Zr, Mo, Sn,Ta,W, Pb),biologicalmaterials(C,N, O, Na,S,P, Cl, Ca),fission-
ablematerials(Th, U, Np, Pu)andothermaterials(H, K, Ge,Sr, Nb, Pd,Ag, Cd,Sb,Te, I, Cs,
Sm,Tb).

The OECD NuclearEnergy Agency hassetup a TaskForcefor the ShieldingAspectsof
Accelerators,TargetsandIrradiationFacilities(SATIF) which betweenothercommitmentsas-
sessestheneedsof experimentaldata,andwhich in a recentmeetingin Lisboa[8] recognized
thevalueof theproposedbeamline atALBA.

Dueto thelackof electriccharge,neutronsareeasilyemittedaftertheabsorptionof photons
with energiesabove the threshold.Accordingly this processrepresentsa large fraction of the
reactioncross-sectionandits determinationis important.Weproposeto undertakeasystematic
revision of photoneutronmeasurementsaccordingto their relevance.Thecharacteristicsof the
γ-raybeamline proposedatALBA allow to measurethephotoneutroncrosssectionin therange
between15 MeV andthelargestγ-ray energy of � 500MeV. Sucha rangecoversdown to the
GiantDipole Resonance(GDR) in thelighter nuclei(up to Cu) andextendsbeyondtheregion
of excitationof theDeltanucleonresonance.It wouldbedesirableto extendthisrangeto lower
energiesin orderto cover theGDR alsofor heavier elements.This might bepossiblewith the
developmentof new lasersources.SeetheAppendixB for details.

1.1.3 Photo-fissionexperiments

Fissionconstitutesthe mostclearexampleof a large-scalecollective motion in nuclearmat-
ter whereboth, the nuclearstructureandthe dynamicsof the atomicnucleusmanifest. This
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is the reasonwhy fission is consideredas a uniquelaboratoryto investigatethe atomic nu-
cleus.However, theprobesusedto characterizethestructureandthedynamicsof thenucleus
throughfissionarevery often influencedby thereactionmechanismusedto inducefission. In
this sense,photonsrepresentthecleanestapproachsincetheexcitationenergy producedin the
reactioncorrespondsto the initial energy of the photon,only a very small amountof angular
momentumis inducedand the compositionof the target nucleusis not modified. However,
the useof photoninducedfissionhasbeenlimited by the fact that the mostcommonlyused
photonfacilities arebasedon bremsstrahlungradiation. Thesefacilities provide a continuum
spectrumof photonswith a maximumenergy, limiting theinterestof this reactionmechanism.
Thequasi-monoenergeticγ-raysproducedin a Comptonbackscatteringfacility overcomethis
limitation andjustify the experimentalprogramwe proposeto investigatedifferentaspectsof
photo-fissionthatcanbeaddressedwith thepresentdesignof theγ line of ALBA. Thisprogram
is organizedin threeexperiments(seeAppendixC for details):

Temperaturedependenceof shelleffects:Thedifferentcomponentsappearingin theyieldsand
in thekinetic-energy distributionsof thefragmentsproducedin low-energy fissionareattributed
to shell effects[9]. Importantprogresswasobtainedfew yearsagoin the investigationof the
influenceof shell effects in fissionfrom the electromagnetic-inducedfissionof morethan70
differentfissilesecondarybeams[10]. However, very few experimentsprovide informationon
theexcitationenergy dependenceof thedifferentfissionmodesassociatedto shelleffects.The
gammaray facility at ALBA could be usedfor a detailedinvestigationof the washingout of
shell effectswith excitation energy by measuringthe massor charge distributionsof fission
residuesat differentgammaenergies. Sinceshell effectsareexpectedto disappeararound50
MeV, the presentdesignof the backscatteringgammaline of ALBA will allow to cover the
rangebetween16 and60 MeV.

Multi-phonon excitations: Giant resonancesin fissile nuclei decayby the competitionbe-
tweenneutronemissionandfissionaccordingto the correspondingpartial decaywidths, Γ f

andΓxn. Sincefissionprobabilitiesincreasewith excitation energy, multi-phonongiant reso-
nancesshouldappear“enhanced”in thefissionchannelin comparisonto single-phononstates.
Thiseffectmakesmulti-phononstudiesin electromagneticfissionparticularlyattractive.

Evidencesfor multi-phonongiant resonancesin electromagneticfissionof 238U have only
beenpresentedrecently[11]. However, theseexperimentsarelimited by thereconstructionof
the primary excitation energy of the fissioningnucleus.The experimentsproposedat ALBA
canbeconsideredasanidealcasesincetheprimaryexcitationenergy of thefissioningnucleus
canbe establishedwith an accuracy betterthan10%. In additionthe high intensityof γ-rays
allows to reachvery low crosssectionprocesses.

Nucleardissipationin fission: Nowadaysit is well establishedthat fissionshouldbe consid-
eredasa diffusion processabove the nuclearenergy-potentialin the deformationcoordinate.
This processis not only governedby thenuclearpotentialbut alsoby a dissipationcoefficient
representingthecouplingbetweentheintrinsic andcollectivedegreesof freedompopulatedin
fission[12].
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Thelargepre-scissionneutronmultiplicities observedin fissioninducedin heavy ion colli-
sionshasbeeninterpretedasa signatureof thenucleardissipationin fissionat high excitation
energies [13]. Recentlya novel techniquebasedon the useof fission inducedin peripheral
heavy-ion reactionsat relativistic energieshasbeenproposed[14]. The advantageof this re-
actionmechanismis that the excited fissioningnucleusis producedwith well definedinitial
conditions. The γ line at ALBA offers the possibility to investigatephoto-fissionat high en-
ergies. The advantageof this reactionmechanismis the low amountof angularmomentum
inducedin the collision, simplifying the descriptionof the initial conditionsof the fissioning
nucleus.

1.1.4 Proton emissionwith polarized photons

In thelastyears,nucleonemissioninducedby electromagneticprobes,bothphotonsandelec-
tronsscatteredoff nuclei,hasbeenusedasa tool to investigatetheeffectsof differentphysical
processesinvolving atomicnuclei.Amongthemonecanmentionherethosedueto short-range
nucleon-nucleoncorrelations(SRC),meson-exchangecurrents(MEC) or final stateinteractions
(FSI) [15].

SRC refer to thosecontributions which are relatedto the strongrepulsionbetweentwo
nucleonsoccurringwhenthey areseparatedby ashortdistance.Thiseffect is verywell known
in freenucleon-nucleonscatteringandto acertaindegreesurvivesin atomicnuclei,beyondthe
nuclearmeanfield. Deviations from calculationsperformedin the meanfield approachwill
inform aboutthe role playedin the nuclei by thesecorrelationsdue to the nucleon-nucleon
interaction.

This interactionis usuallydescribedin termsof theexchangeof particles(mesons)between
thenucleons.Electromagneticprobesinteractwith thenuclearchargeandcurrent,whosemain
termsaredueto protonsandneutrons.However, theseprobescaninteractalsowith thecharges
andcurrentsgeneratedby the exchangedmesons.Theseareknown asMEC. In light nuclei
their effect is very well known. However in heavier nuclei it is obscuredby theuncertainties
associatedto thenuclearwave functiondescription.

FSIdescribetheinteractionsbetweentheemittednucleonsin agivenprocessandtheresid-
ual nucleus. They are very important in many situationsand in someof them they are the
dominantmechanism.

Despitethe interestof photonreactionsfor the studyof the nuclearresponse,an analysis
of theavailablelow energy experimentaldata,below thepion productionthreshold,shows that
they areold, incompleteandnot accurateenoughto disentangleinterestingeffectspredicted
by thetheory[16]. This indicatestheneedof new experimentsaswell astheoreticalefforts to
implementmodernrealisticforcesin calculationsfor nucleiwith A � 4.

Photonsfor nuclearphysicsexperimentsare producedusing bremsstrahlung [17] or by
meansof laserbackscattering[18]-[21]. Fromtheexperimentalpoint of view, oneof themain
problemswith thephotonfacilitiesis to achieveacompromisebetweengoodenergy resolution,
highdegreeof polarizationandhighphotonflux. Thisdifficulty hashamperedthedevelopment
of the experimentalprograms. However, laserbackscatteringtechniqueallows one to reach
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simultaneouslythesethreedesigninggoals[22].
In the initial phasewe proposea setof experimentsto bedoneon 12C and16O nuclei (see

AppendixD for moredetails).Theirnuclearstructurerequires,in principle,asimpledescription
andpermitsa goodcontrol of the theoreticaluncertainties.In particular, we areinterestedin
one-protonemissionprocesseswith both polarizedandunpolarizedphotonswith energies in
therange60-150MeV.

Almostall theexperimentalwork relative to one-nucleonphoto-emissionin medium-heavy
nuclei,hasbeendonewith unpolarizedphotons[15]. As farasweknow, the

���
γ � p� reactionhas

beenstudiedonly by Yokokawa et al. in 1988on the12C targetat excitationenergiesbetween
40 and70 MeV [23].

We have performeda seriesof calculationswithin a modelwhich takesinto accountSRC,
MEC andFSIsimultaneously[24] and,asaresults,wehavefoundthattheso-calledasymmetry,
whichessentiallymeasuresthedifferencebetweenthecrosssectionsfor two orientationsof the
polarizationof theincidentphotons,is particularlysensitive to MEC contributions[25]. Also a
certainsensitivity to SRCis observed.

At a laterstagewewantto extendtheexperimentalprogramto studyalso:

� one-neutronemission,in orderto elucidatethe discrepancy betweentheoryandexperi-
mentin thecrosssectionsin comparisonwith thoseof theone-protonemissionprocess.

� one-nucleonemissionwith otherpolarizationdegreesof freedom,suchasthepolarization
of thetargetnucleusor themeasuringof thepolarizationof theoutgoingnucleon.

� two-nucleonemission,which, in recentyears,hasbeeninvestigatedwith unpolarizedand
polarizedphotons,and which we have found to be sensitive to the parametrizationof
MEC chosen[13].

1.1.5 Photon-nucleonexperiments

The study of baryonexcitationsthroughpion photoproductionis of greatinterestfrom both
theoretical[26, 27, 28] andexperimental[29, 30] pointsof view. Thenew generationof high
precisionexperimentalfacilitieshave providednew insight in theproblem,permittingthe iso-
lation of eachresonantcontribution from thebackgrounddueto otherresonancesandthenon-
resonantcontributions(v.g. light mesonexchange)andproviding new data,speciallyin the
∆
�
1232� region. Becauseof its energy rangeandrelatively high intensity, theproposedbeam

line at ALBA will beanexcellenttool for this research.
In the energy rangefrom tresholdto 500 MeV, we proposethe measurementof Compton

scattering(
�
γ � γ) andpion photoproduction(

�
γ � π) on free protons,deuteron,3He, and4He (see

AppendixE for furtherdetails).
Comptonscatteringandpionphotoproductiononfreeprotonswouldconstituteafirst stepin

thedevelopmentof theexperimentalprogramme.Theideais to completetheexperimentsper-
formedover thelastyears,speciallyat LEGS[31] andMAMI [32], by increasingthedatabase
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of multipolesandpolarizationobservablesin orderto solve,for example,theimportantdiscrep-
anciesbetweenthe lastanalysisat Brookhavenandexperimentaldataobtainedat Mainz over
thelastdecade[31].

Theuseof nucleartargetsinsteadof freeprotonsreducestheenergy transferredto therecoil-
ing systemandthusincreasestheenergy availableto excite nucleonresonances.Furthermore,
the Fermi motion of nucleonsinsidenuclei widensup even more the rangeof kinematically
allowedprocesses,for a givenphotonenergy. Additionally, targetsas3He areeasilypolarized,
addingnew observablesto study. On theotherhand,therecoilingsystembeingcomplex, many
differentreactionchannelsareopen,but suitablecoincidencetechniqueswould help isolating
theparticularchannelof interest.

Experimentsonthedeuteronwouldpermitto establishtheinfluenceof ∆
�
1232� in its struc-

ture[33]. A combinationwith previousanalysison protonsallows to obtaininformationabout
theneutron.At present,theamountof experimentalinformationis reallysmallandthemajority
of theexperimentswereperformedmany yearsago[30].

As far aswe know, thereareno pion photoproductionexperimentson 3He with polarized
photonsin theenergy rangeof γ-ALBA. Nevertheless,thisprocessis of greatinterestatpresent
thanksto realistic three-bodymodels[34] developedin the last yearsandCompton[35] and
pion photoproductionmodels[28] with consistent∆

�
1232� description.In this way we would

beableto performanacceptabletheoreticalanalysisof theinfluenceof the∆
�
1232� in systems

like 3Heandfew bodysystems.
4He is a high density and highly bound nucleus,comparedto any other light nucleus.

Thus,pion photoproductionappearsasan excellentmechanismto study the pion in the nu-
clearmedium. Becauseof the 4He spin (J � 0), thecontribution of photonswith polarization
parallelto the scatteringplaneis zeroandthe asymmetryΣ � � 1 for all energies. Thereare
experimentaldatain theenergy rangeof 200 to 300MeV [36] whereno violation of Σ � � 1
wasfound. High precissionmeasurementsof possibleviolationsof this asymmetryin a broad
energy rangeseemto bea suitableway to searchfor internalstructureeffectsin 4He.

In the energy rangeexpectedfor γ-ALBA the productionof further mesonscanbe envi-
sioned.The thresholdfor two-pion productionis well below 500-600MeV. This channelhas
beenstudiedin thepast,but precisionstudieswouldbepossibleat γ-ALBA. An exotic channel
is readilyavailablethroughdouble-chargedpion productionγZ � �

Z � 2� π � π � . This isospin
I � 2 channelcannothold a molecular-type resonanceas the stronginteractionis repulsive
[37], but γ-ALBA could exclude the presenceof any intrinsic narrow state(automaticallya
tetraquark)suchas the much debatedpentaquarkin a flavor-exotic KN wave. Exotic spec-
troscopy is expectedto cometo theforefrontof researchin theupcomingyears[38].

On the contrary, the productionof I � 0 pion pairs is guaranteedto give a window into
theestablishedphysicsof theσ resonance[ f0

�
400 � 1200� ], a broadstructurein ππ scattering

andfinal statesthat is expectedto have a largemolecular-typetetraquarkcomponent[39]. The
connectionof this resonanceto theRoper[40] canalsobestudiedfor exampleby thetwo-pion
plusnucleondecayof theRoper.
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1.1.6 Deeply-boundpionic atoms

It hasbecomeincreasinglyclearin thelastfew yearsthatunderstandingthepion-nucleusinter-
actionsat thelowestenergiesis of fundamentalimportance.At theselow energiestheconnec-
tion to theunderlyingsymmetriesof hadronicinteractionsis mostdirect.

Therearetwo waysof studyingthepion-nucleusinteractionat low energies,pionscattering
andpionic-atoms.In many wayspionic-atomsprovide the cleanestinformation. Pionsarein
specificorbital angularmomentumstateswith respectto thenucleusandthestronginteraction
shiftsof thesestatesandtheirwidthsprovidedirectinformationabouttheπ � nucleusinteraction
in thoseindividual l � states.

Theproductionof deeplyboundpionicatomsnotreachablewith standardX � raytechniques
hasbeenan experimentalchallenge.It hasbeenrealizedfor several yearsnow that moreex-
perimentaldatafor deeperboundlevels in heavy nuclei is neededin order to understandthe
situation.Ideally, onewould like to beableto studythe1s,2p,2s,...levelsin heavy nuclei like
lead. Unfortunately, asmentionedearlier, onecannot hopeto populatethesedeeplybound
statesby cascade.Thepion is absorbedlong beforeit getsdown to thesestates.This problem
haspresentedtheoristsandexperimentalistswith oneof thegreatestchallengesin pion-physics.
How to populatethesestates?How to identify them?How to measuretheirwidths?

Thelist of suggestionsto producedirectly thesestates,without goingthrougha cascadeas
in theX � ray techniqueis long: resonantproductionby photonsor protons,several reactions
as

�
e� e��� , �

n � p� ,
�
π 
�� π � ),

�
γ � π � � , �

Σ 
�� Λ � , �
n � d � , �

π 
�� γ � , �
d � 3He),

�
p � 2He) (for detailssee

for instanceRef. [41] and [42] and referencestherein). The observation of suchstatesand
the precisemeasurementof the energy andwidth would provide valuableinformationon the
detailsof thepionnuclearinteraction,likethedensitydependenceor isospindependenceof the
absorptionmechanisms,thestrengthof the realpartof the repulsive s� wave partof thepion-
nucleuspotential,or on thepossibilityof partial restorationof chiral symmetryin thenuclear
medium[43].

Several experimentshave pursuedthe detectionof deeplyboundpionic statesin different
laboratories,by usingsomeof theabovesuggestions:TRIUMF [44]– [47], Jülich [48], Indiana
Cyclotron[49], LAMPF [50], RCNP[51] andGSI [42], [52]– [55].

Thereactionweproposefor thegamma-raybeamline at ALBA is [56]

γ � AZ � π � � AZπ 
b �
Sincethereactionis two-body � two body, theπ � energy is fixedfor acertainscatteringangle
in the laboratorysystemand the creationof the π 
 boundstatewill be identifiedasa peak
in dσ � dΩdE

�
π � � over a backgroundof inclusive

�
γ � π � � crosssection.Theenergy resolution

shouldbeof theorderof 0.5MeV, sinceoneis talking aboutpionic stateswith Γ � 0 � 35 MeV
andseparationbetweenlevelsof around1-1.7MeV, for themostboundstatesof heavy nuclei
in thePbregion. Thereactionis drivenby theγN∆π 
 Kroll-Rudermanterm,which is sizeable
sinceit is independentof the π 
 (bound)momentum.On theotherhand,the γ energy canbe
tunedto placethe ∆ on shell, thusmagnifyingthe signal. We have found that γ-ray energies
around450MeV arebest. Theuniquefeatureof theproposedbeamline at ALBA is thatwe
canachieve thenecessaryresolutionusingtheNd:YAG laserin the 3rd harmonic(417 MeV)
with collimation.Givenits high interest,weproposeto performthischallengingmeasurement.
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1.1.7 Calibration of gamma-ray instruments for Nuclear Astrophysics

Nuclearastrophysicsrelieson gamma-rayline astronomy, mainly in theMeV range,to testits
predictions.Someexamplesof gamma-raylinesalreadydetectedarethe511keV line, tracing
electron-positronannihilationin the interstellarmediumandin theproximity of very compact
objectssuchasblack holesor neutronstars,the 1.809MeV line, showing the galacticsites
of the radioactive decayof the 26Al isotope,or the 1.157MeV line, comingfrom 44Ti decay
in youngsupernova remnants.However, someothergamma-raylines still remainelusive, as
for instancethoseemittedduring supernova andnova explosions(i.e., 56Co lines at 847 keV
and1.238MeV, 7Be line at 478 keV or 22Na line at 1.275MeV). Their detectionis the only
way to tracethe nucleosynthesisof radioactive isotopesduring theseexplosions,andthusto
understandtheirexplosionmechanism.Sincesupernovaearethemajorsourcesof theelements
in the Universe,the knowledgeof their nucleosyntheticactivity is a really relevant topic for
astrophysics.

The reasonfor the very raredetectionsof cosmicgamma-raylines is that the MeV range
facesimportantchallengesfrom the instrumentalpoint of view. The presentgenerationof
gamma-rayinstrumentsmakesuseof geometricaloptics- shadowcastingin modulatingaper-
turesystems- or quantumoptics- Comptonscattering.This kind of instrumentsis facedwith
theproblemthatbigger doesnot necessarilymeanbetter. Thereasonfor this apparentcontra-
diction is that thecollectionareain traditionalgamma-raytelescopesshouldberoughlyequal
to thedetectionarea.Therefore,the larger thecollectionarea,the larger thedetectionvolume
and thus the higher the instrumentalbackground.This meansthat significantimprovements
in sensitivity needhugeinstruments,too expensive for spacemissions.An innovativeconcept
for detectinggamma-raysin theMeV range,which overcomesthis problemandallows for un-
precedentedsensitivitiesconsistsof focusingthegamma-raysfrom a largecollectionareaonto
asmalldetectorvolume[57]-[59].

The way to do this consistsof taking advantageof the phaseinformationof the photons.
Gamma-rayscaninteractcoherentlyinsideacrystallatticeprovidedthatanglesof incidenceare
verysmall.Dif fractionlenseshavedemonstratedtheirpotentialin laboratorymeasurementsup
to severalhundredkeV, aswell asin stratosphericballoonflights,in theframeworkof theproject
CLAIRE. This project,developedat Centre d’EtudeSpatialedesRayonnements(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
conceptproposesaspace-bornecrystaldiffractiontelescope,featuringaLauelensableto focus
in two energy bands,relevantfor nuclearastrophysics(450-540keV and800-920keV).

Lastbut not least:thereis anincreasinginterestin thehigh-energy astrophysicscommunity
in theuseof polarimetryin theMeV rangeasanimportantdiagnostictool for thenatureof the
cosmicsourcesof gamma-rays.Recentmeasurementswith theRHESSIsatellitehavedetected
polarizationin agamma-rayburst[60].

Thegammaray beamline proposedat ALBA would bevery well suitedfor thecalibration
of gamma-rayinstrumentsfor astrophysicalobservations,particularlythe γ-ray lens. It would
allow for the characterizationof the crystalsto be usedto build the lens,a necessarystepto
make thewholeprojectfeasible.Theexperimentalsetupplannedwill bebasedon thatusedat
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lowerenergiesin theAPSatArgonneNationalLaboratorysomeyearsago[61] (seeAppendixF
for details).Thereis notatpresentany otherEuropeanfacility offering this uniqueopportunity
for gettinganintense,highly collimatedandpolarizedbeamin theMeV energy range

1.2 Applications in Industry and Medicine

Apartfrom theinterestof theproposedbeamline for basicresearchin nuclearphysicsandastro-
physics,theavailability of intensecollimatedγ-ray beamsof severalMeV representsa unique
opportunityfor a numberof differentapplicationsin industryandmedicine. Theseapplica-
tions include industrial radiographyand tomography, elementidentification,defectanalysis,
radiationdamagetesting,dosimetryandcancertherapy.

At present,theseapplicationsare basedmainly on broad energy rangebremsstrahlung
beamsor radioactive sources.The appliedbremsstrahlungbeamsrangefrom the low energy
conventionalX-ray tubesto the tenthsof MeV end point energies reachedwith linear elec-
tron accelerators.The intensityprovided by this sourcesdiminishesinverselyproportionalto
theγ-ray energy andtheuseof filters providesonly a limited amountof monochromatization.
Gammarayradioactivesourcescanprovidemonochromaticbeamsbut thehighestenergy avail-
able,1.17and1.33MeV from 60Co, is rathermodest.

Using a high power (1 kW) CO2 laserat the proposedbeamline an intense( � 109s
 1)
naturallycollimated(few millimeters)beamwith an endpoint energy of 16 MeV canbe ob-
tained.Thevariationof intensitywith γ-rayenergy is atmosta factorof two, andusingsuitable
collimatorsonecanselectlow energy portionsor high energy portionsof the γ-ray spectrum,
includingaquasimonochromatic(200keV FWHM) 16MeV beamwith aspatialextendof less
thanonemillimeter.

1.2.1 Industrial applications

Theuseof γ-raysfor nondestructive inspectionandanalysisof manufacturesandmaterialsis
ratherextendednowadays.The uniquecharacteristicsof the beamgeneratedat the proposed
beamline wouldprovideenhancedperformancesandwouldallow theuseof new techniques.

Radiographicimaging: Transmissiongamma-rayradiographyandcomputedtomography(CT)
hasthe advantageover the X-ray equivalenttechniques,of the strongerpenetrationallowing
theexaminationof largerpiecesof material. Monochromaticsourcesarepreferredsincethey
providehigherimagedefinition,sothat137Csand60Coradioactivesourcesarecommonlyused.
However, it hasbeendemonstrated[62, 63] thesuperiorityof laserbackscatteringγ-ray beams
with energiesin therange10-20MeV to examinelargemetallicpiecesandcompositeswith res-
olutionsof theorderof lessthanonemillimeter. This is relatedto thefact that theattenuation
coefficient of photonsin matterhasa minimumaroundthatenergy. Thequasimonochromatic
16 MeV beamat ALBA will bevery usefulto inspectbulky metallic industrialpieces(asmo-
tors) or composites(asconcreteblocks). The usefulnessof other imaging techniquesas the
Comptonbackscatteringtomography[64] will needto beexplored. An interestingpossibility
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to considerwould be the useof positronemissiontomography[65], but insteadof usingra-
dioactive tracersutilizing the fact that for γ-raysof severalMeV theproductionof e
 e� pairs
becomesincreasinglyimportant. Thesubsequentannihilationof the positronin two 511 keV
photonscan be registeredto reconstructits position. Alternatively only one of the photons
canbedetectedwith anarrangementsimilar to thoseusedin Comptonbackscatteringtomog-
raphy[66]. This would have theadvantageof thehigherenergy andmonochromaticityof the
annihilationphotonwhich providesbetter imagedefinition. Additionally oneexpectsbetter
contrastalsosincethepair productionprocessdependson Z2 while theComptonprocessde-
pendson Z.

Elementalanalysis:Gammaray sourcesarealsothebasisfor nondestructive analyticaltech-
niquesto investigatethe elementalcompositionof bulky piecesof material. Photoninduced
X-ray fluorescencewith several MeV bremsstrahlungbeamshasbeenutilized [67] to detect
traces(200ppm)of heavy elementsin materials.With theuseof thecontinuousbeamprovided
by the proposedbeamline, detectionlimits of onepart per million canbe reached.Nuclear
resonantfluorescence,absorptionfrom a continuumandemissionof nucleusspecificgamma-
raysfrom boundstates,canbealsoemployedto studythecompositionof materials.Thehigh
intensity, nearlyflat spectrumandtheenergy rangeof theproposedbeamis ideally suitedfor
this kind of measurements.Bettersignal to backgroundratios, that is highersensitivity, can
be achieved throughthe populationof isomericstatesafter the photonabsorption[68] which
allows activationmeasurements.For γ-raysabove theparticleemissionthreshold(5-10MeV)
a new possibilityopensthroughthecreationof unstablenucleiwhich emit characteristicradi-
ation. It hasbeenshown [67] that this allows the detectionof someimportantelementswith
activationmeasurementsnot accessibleotherwise.All theseanalysistechniquesareof interest
in a varietyof fields like mining industry, geology, edafologyandenvironmentalsciences,art
andarcheometry, etc.

Defectanalysis: We mentionedabove the fact that γ-raysof several MeV generatepositrons
throughthe pair creationprocess.This opensthe possibility to employ positronannihilation
spectroscopy to studydefectsin crystals,metals,alloys andpolymers[67]. Theconventional
techniqueemploys radioactivepositronsourceswhich havea limited rangein matter, anthere-
fore is restrictedto very thin materialsor surfacestudies.Theinternalproductionof positrons
with high energy γ-rays allows to study materialsof considerablethickness. The measure-
mentof theDopplerbroadeningof the511keV annihilationradiationgivesinformationon the
momentumdistribution of the electronsin thesamplewhich is relatedto theamountof point
defects,voidsor dislocations.

1.2.2 Medical applications

Cancertherapy: Gammaray beamsareusedfor the treatmentof deep-seatedtumorswhich
are inoperablein many cases.Currently the treatmentsare basedon bremsstrahlungbeams
of tenthsof MeV endpoint energy. The useof a monochromaticbeamwith an energy in the
rangeof the bremsstrahlungendpoint energieswould have advantagesfrom a clinical point
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of view: for a similar therapy efficiency, they will depositat theentrance(skin) of thepatient
lowerdosesreducingthemorbidity of thetreatments.On theotherhand,thesmallsizeof laser
backscatteringbeamsmakesthemparticularlyinterestingto performradiosurgeryin regionsof
difficult accesssuchasthe brain. It hasbeentheoreticallyshown [69] that a monochromatic
laserbackscatteringbeam,astheonewe canobtainat theproposedbeamline, would provide
a great improvementon this type of therapy, with a performancesimilar to treatmentswith
200MeV protons.Weproposeto undertakeadetailedstudyof relatedissuesat ALBA.

Novel ideasfor therapy treatmentsbasedonhighenergy quasimonochromaticgammarays
have beenalso advanced. For example[70] the useof high Z metallic implants,for exam-
ple madeof gold, closeto the tumor will enhancethe local dosethroughthe productionof
electron-positronpairs. Additionally through(γ,n) reactionsradioactive nuclei canbe formed
with suitablecharacteristics(aswill bethecasefor gold producing196Au with T1
 2 � 6 d and
Eγ � 350 keV) to becomede facto brachyterapy sources.Another idea[71] is to exploit the
emmitedneutronsaslocal sourcesfor boroncaptureneutrontherapy. Theseandsimilar issues
canbeexploredaswell at theproposedbeamline.

Dosimetry: Dosemeasurementsduring or after photontherapy with good spatialresolution
wouldbedesirablefrom theclinical pointof view but arecurrentlynot feasible.Onepossibility
to accomplishthis goal would be the photo-activation of positronemittersduring treatment,
associatedwith high spatialresolutionPositronEmissionTomography(PET) [72]. Candidate
isotopesfor thistechniquecouldbe:a) thelonglived26Al whichhasashortlivedisomericstate
decayingby positronemission,which canbe populatedindirectly after photonabsorption,b)
therelatively long lived48Cr whichcanbeexcitedby photonsinto aprotonemittingresonance
populatingthe short-lived β � -unstable47V, andc) the relatively short lived 114Te which in a
similar mannerpopulatesthelong-livedβ � -unstable113Sn.Thefirst two canbeusedfor time-
differential on-line monitoring and the latter for post treatmentintegral dosemeasurements.
Thefeasibilityof this methodcanbeinvestigatedat theproposedγ-raybeamline.
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H. Garcilazo,andA. Valcarce,Phys.Rev. D 69, 074019(2004).

[41] J.NievesandE. Oset,Phys.Lett. B282(1992)24.

[42] H. Gilg etal., Phys.Rev. C62 (2000)025201.

[43] E.E.Kolomeitsev, N. KaiserandW. Weise,Phys.Rev. Lett. 90 (2003)092501.

[44] M. Iwasakiet al.,Phys.Rev. C43 (1991)1099.

[45] T. Yamazaki,Phys.Scrip.48 (1993)169.

[46] A. Trudel et al., TRIUMF E628 experiment,TRIUMF progressreport, 1991 (unpub-
lished);T. Yamazaki,Nucl. Phys.A553 (1993)221c.

[47] K.J.Raywoodet al.,Phys.Rev. C55 (1997)2492.

[48] H. Machner, talk at Topical Conf. on Particle productionnearthreshold(Indiana1990),
Eds.H. NannandE.J.Stephenson,AIP Conf.Proc.no.221,p.232.

[49] G.T. Emery, talk at Topical Conf. on Particle productionnearthreshold(Indiana1990),
Eds.H. NannandE.J.Stephenson,AIP Conf. Proc.no. 221, p.192.;G.T. EmeryIUCF
CoolerexperimentNo. 02.

[50] K.K. Sethet al., ResearchProposalat LAMPF, June1992(unpublished).

27



[51] N. Matsuokaet al., Phys.Lett. B359(1995)39.

[52] T. Yamazaki,R.S.Hayano,H. Toki andP. Kienle, Nucl. Instrum.MethodsA292 (1990)
619.

[53] T. Yamazakiet al.,Z. Phys.A355 (1996)219.

[54] H. Geisselet al.,Phys.Rev. Lett. 88 (2002)122301.

[55] K. Suzukiet al., Phys.Rev. Lett. 92 (2004)072302.

[56] J.NievesandE. Oset,Phys.Lett. B244(1990)368.

[57] P. vonBallmooset al. SPIEProc.5168(2004)482

[58] P. vonBallmooset al. New Astron.Rev. 48 (2004)243

[59] H. Halloin et al. SPIEProc.5168(2004)471

[60] W. Coburn andS.BoggsNature423(2003)415
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Chapter 2

Description of the gamma-raysource

The Comptonscatteringprocessof starlight on highly energetic electronswas proposedin
1948[1] in orderto explain theexistenceof highly energetic cosmicgamma-rays.Few years
later, in 1963,it waspointedout ([2], [3]) thepossibilityto produceanenergeticandhighly po-
larizedgamma-raybeamthroughComptonscatteringof polarizedlaserlight with theelectrons
acceleratedin a high energy machine.Thefirst installationfor experimentsin nuclearphysics
wasbuild atFrascati[4]. At presentseveralsuchfacilitiesexist worldwide(seeSection2.2)

2.1 Gamma-ray beamcharacteristics

Thecharacteristicsof the γ-ray beam(energy, energy resolution,intensity, ...) will dependon
thecharacteristicsof theelectronbeam.Thesearefixedby theparametersof theALBA ring
lattice. Theseparametersarecurrentlybeingoptimized[5] but at presentall indicatesthat it
will bethesocalledDBA lattice[6] (exceptfor minor final adjustments).Thevaluesgivenin
this sectionarebasedon thoseparameters.Theγ-ray beamparameterswill alsodependon the
propertiesof the laserbeam. Several lasersourceswill be employed in orderto optimizethe
γ-ray beamcharacteristics.All thedetailsof thecalculationsof theγ-ray beamparameterscan
befoundin AppendixG.

In theComptoncollisionprocessbetweenthelaserphotonsandthering electronsthemax-
imum achievablegammaray energy is a function solely of the laserphotonenergy and the
electronenergy. For a given laserphotonwavelengththe spectrumof energiesextendsfrom
zeroto this maximum. The intensitydistribution with gamma-rayenergy hasa saddleshape
beingtwice at theenergy extremesthanin the middle. For (linearor circular)polarizedlaser
photons,thegammaraysarealsopolarizedbeingthepolarizationtransfermaximumat thetop
of the energy range. Most of the gamma-raysareemittedin a very narrow cone,providing
a naturallycollimatedbeam. The total gamma-rayintensitydependson the overlapof laser
andelectrondensitydistributionsand the Comptoncross-section,that is on the storagering
intensity, the laserpower andthebeamsizevariationsalongthecollision path. Theselection
of a gamma-rayenergy from thecontinuumcanbe achieved in to ways: usingcollimation at
zerodegrees,which requiresa lasersourcewith variablewavelengthin orderto havea varying
gamma-rayenergy, or thetaggingtechnique,which requiresthedeterminationof thescattered
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electronenergy in coincidence.Themomentumof thescatteredelectroncanbeobtainedfrom
its deviation from the centraltrajectoryafter the next bendingmagnet.Theability to discern
closemomentais relatedto theopticsof thesynchrotronring. Thereis a minimumdeviation
which canbemeasuredwithout disturbingthebeam.Below theequivalentgamma-rayenergy
only the collimation techniquecanbe employed. In both casesthe achievableenergy resolu-
tion dependson thepositionandmomentumdistributionsof thecolliding beams.On theother
hand,themaximumobtainableintensityis limited by a seriesof factors:1) electronbeamde-
pletionrate,2) maximumlaserpower, and3) countingratelimitation of thecoincidencetagging
technique
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Figure2.1: Gamma-raybeamintensitywithin theenergy resolutionbin sizein therange16 �
530MeV, for a total intensityfixedto 3 	 107s
 1

Using detailedMonte Carlo simulationsthe gamma-raybeamcharacteristicshave been
studiedandoptimized.In Fig. 2.1,Fig. 2.2andTable2.1wepresentasummaryof thegamma-
raybeampropertieswhichcanbeobtainedat theproposedinstallationfor ALBA. Thegamma-
ray energy rangeup to 16 MeV will becoveredusinga 1 kW CO2 laserwith which we expect
to reachintegratedintensitiesof 109s
 1. No energy determinationis foreseenexceptfor the
maximumenergy with collimation. The collimation techniquewill be usedin the rangeof
16 � 110MeV with a10W OPOsource(seeAppendixH), pumpedwith aNd:YAG laser, with
which we expect to reachintegratedintensitiesof 5 	 107s
 1 limited essentiallyby the laser
power. Therangefrom thelimit for thetaggingtechnique(120 � 160MeV) to 530MeV will be
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Energy Laser Energy Energy Intensity Polarization
(MeV) Source Determination Resolution (s
 1MeV 
 1) (%)

0 � 5 � 16 CO2 - - 3 	 108 L: 0-100
(10� 6 µm) C: 0-100

16 � 110 OPO collimation ∆Eγ
Eγ � 1 � 5 % 4 	 106 � 4 	 105 L: 100

(1 � 5 � 12µm) C: 100
� 110 � 153 Nd:YAG 2 	 105 L: 85-100

(1.06µm) C: 75-100
153 � 290 Nd:YAG 1 	 105 L: 50-100

(0.530µm) tagging ∆Eγ � 7 MeV C: 0-100
290 � 417 Nd:YAG 7 	 104 L: 80-99

(0.353µm) C: 60-100
417 � 531 Nd:YAG 5 	 104 L: 90-98

(0.265µm) C: 80-100

Table2.1: Parametersof thegamma-raybeamsatALBA.
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coveredwith a 100W Nd:YAG laserworking up to thefourth harmonic.Integratedintensities
of 3 	 107s
 1 will be reached,in this caselimited by the electronbeamdepletionraterather
thanby thetaggingtechniqueitself.

2.2 Comparisonwith other facilities

Thesourcesof γ-rayspresentlyavailableworldwidein theenergy rangeof few MeV to500MeV
areof two kinds:bremsstrahlungsourcesandlaserbackscatteringsources.Thelatterarein gen-
eral associatedto synchrotronlight sourcesandnot dedicatedmachines.Therearea number
of differencesbetweenthe beamsproducedat both typesof facilities. Laserbackscattering
sourcesproducea nearlyflat energy spectrumwhile bremsstrahlungsourceshave a 1� E spec-
trum shape,which in generalis a disadvantageof thelatter. Energy definitioncanbeachieved
at bothtypesof facilitiesthroughtagging,while at laserbackscatteringinstallationsalsocolli-
mationcanbeused.Theenergy resolutionwith taggingis givenby theelectronspectrometer
andit is conditionedat laserbackscatteringfacilitiesby theelectronstoragering optics. As a
consequenceworserresolutionsareachievedat the latter. On theotherhandwith collimation
comparableresolutionscanbereached.Theγ-raybeamintensityis limited by thetaggingtech-
niquein bothtypesof installations,sodifferencesbetweenbothtypesof installationsarerather
dueto differencesin the implementationof the technique.Additionally, in the laserbackscat-
tering installations,both with collimation or tagging,the intensity is limited by the available
laserpoweror theelectronbeamlifetime. Productionof polarizedγ-ray beams,eitherlinearor
circular, is simplerat laserbackscatteringsources,andin generala largerdegreeof polarization
canbeachieved.

Thefirst laserbackscatteringsourcefor nuclearphysicsexperimentswasbuilt atFrascati[4]
in thelate70’s but hasdiscontinuedoperationfew yearsago.Thepresentexisting sourcesare
collectedin Table2.2 togetherwith their main characteristics.To our knowledge,thereare
also ideasto build similar installationsat two otherplaces: the AdvancedPhotonSourceat
Argonne[7] andthePohangAcceleratorLaboratoryin Korea[8].

Thesourceproposedat Barcelonacombinestheenergy rangesof HIGSandLEGSatUSA,
andwould be complementaryto the GRAAL facility in Europe. At low energies intensities
andenergy resolutionscomparableto HIGS canbe obtained,althoughit is expectedto reach
muchhigherintensitiesatHIGSaftertheupgrade.Ontheotherhandweexpectto reachhigher
intensitiesthanLEGS.

A list of bremsstrahlungfacilitiesfunctioningat presentis givenin Table2.3. Not included
are the low energy facilities without energy definition at Stuttgart[16], Darmstadt[17] and
Rossendorf[18] (underconstruction).

In therangefrom 15-110MeV it canbecomparedto theupgradedMAX-Lab, whichwould
havecomparableenergy resolutionandintensities,but lowerdegreeof polarization.In therange
150-530MeV it canbe comparedto MAMI, which hasbetterenergy resolution,comparable
intensitiesandagainlowerpolarizationdegree.
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Name Ref. Energy Intensity Resolution Method Polarization
(MeV) (s
 1MeV 
 1) FWHM

ETL-LCS [9] 1-40 106 � 104 2.5-7% collimation L: 1
Tsukuba

NewSUBARU [10] 1-40 104 - collimation L: 1
Himeiji
HIGS [11] 1-20 5 	 107 1 % collimation L: 1

Durham (upgr.) (1-220) (107)
LEGS [12] 110-330 2 	 104 6 MeV tagging L: 0.7-1

Brookhaven
ROKK [13] 100-1600 103 1-3 % tagging L: � 1

Novosibirsk
GRAAL [14] 400-1500 1 � 5 	 103 16MeV tagging L: 0.2-0.96
Grenoble

LEPS [15] 1500-3500 2 � 5 	 103 35MeV tagging L: 0.5-0.95
Harima

Table2.2: Laserbackscatteringγ-raysources.

Name Ref. Energy Intensity Resolution Polarization
(MeV) (s
 1MeV 
 1) FWHM

MAX-Lab [19] 20-225 � 106 0.1-0.5MeV L: 0.4-0.6
Lund

MAMI [20] 50-800 8 	 105 � 4 	 104 2 MeV L: 0.4-0.7
Mainz C: 0.5-0.75
ELSA [21] 340-3100 4 	 104 � 5 	 103 0.2-0.6% C: � 0 � 6
Bonn

HallB-JLAB [22] 1200-5700 5 	 103 � 1 	 103 0.1% no
NewportNews

Table2.3: Bremsstrahlungγ-raysources.

33



2.3 Installation

The γ-ray beamline shouldbe installedemploying oneof the straightsectionsof the storage
ring. Accordingto thepresentspecificationsof theparametersof theDBA latticethisshouldbe
oneof thefour longstraightsections(seeAppendixG). Alternatively it couldbesituatedin the
shortstraightsectionsexistingbetweenthebendingmagnetsof aDBA cell (wherenormallyno
insertiondevicesareplaced).

A schematiclayout of the beamline installationcanbe seenin Fig. 2.3. The dimensions
in thefigureareapproximatebut realistic. Theaspectsrelatedwith theradiationshieldingare
discussedin AppendixJ.

In orderto extractthegamma-raysahighvacuumtubeshouldbecoupledto thesynchrotron
vacuumpipe. For safetypurposesa remotecontrolled(interlocked)beamshuttercouldbe in-
stalled in the tube at the inner side of the acceleratorshieldingwall. The transportof the
gamma-raybeamundervacuumminimizesthebackgroundfor themeasurementsandreduces
the dispersedradiationto non hazardouslevels. The sametubewill be usedfor the injection
of the laserbeamthroughanoptical window locatedoutsidetheshieldingwall. A controlled
mirror installedinsidethevacuumpipewill provide thenecessaryalignmentof thebeam.The
lasersourceswill beinstalledin thesocalledlaserhutchonopticalbencheswith thenecessary
opticalelementsto provide theadequatefocusingposition(at thecenterof the interactionre-
gion)andwaist.Themirror will beasourceof scatteredradiationandappropriateshieldinghas
to beprovidedlocally and/orto thelaserhutch.

Thenext elementin thebeamline would be thecollimator (madeof leadandothermate-
rials) which will be employed in part of the measurements.Sinceit will have to stopa large
fraction of the beam( � 90 %) it will becomea strongsourceof radiation,in particularneu-
trons.Concreteshieldingwill berequired.In orderto facilitatethemanipulation(positioning,
alignment,aperture)of thecollimator, asmallshieldedroomis requiredratherthanembedding
thecollimator in theshielding.After thecollimatora cleaningmagnetwill beplacedin order
to deviatethechargedparticlescreatedin thecollimatoritself andin previouselements(mirror,
windows, ...). In this roomit will bealsoplacedthemonochromatorcrystalrequiredfor some
of theastrophysicsinstrumentationstudies.Thevacuumtubecouldbe interruptedbeforethe
collimatorwhenit is in useor alternatively an in-vacuumcollimatorcouldbeused,but in any
caseit will continueafterwardup to themeasuringstation.

Thesampleunderstudyandthedifferentdetectionsystemswill belocatedin themeasuring
hutch. For someof the measurements,the samplewill be in air andthe beamtubewill end
shortly before. For someothermeasurements,sampleanddetectorsmight be locatedunder
vacuum. Someof the measuringdetectorsusingthe time of flight techniquewill needto be
locatedrelatively far away from thesample.Thesampleandthevacuumwindowsarea source
of radiationandappropriateshieldinghasto beprovidedto themeasuringhutch.

The last item in thebeamline will be thebeamdumpsituatedimmediatelyafter themea-
suringhutch.Thebeamdumpconsistsin a metallicbeamstopper(iron, lead)surroundedby a
thick concreteshielding.

Theinstallationof thetaggingsystemwill requireamodificationof thestoragering vacuum
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pipeat asuitablelocationafterthenext bendingmagnetfollowing thestraightsection,in order
to installthetaggingdetector. If thelongstraightsectionin theDBA latticeis chosen,it couldbe
locatedbetweenthefirst sextupoleandthesecondquadrupole.Thetaggingdetector, consisting
in a Si micro-stripdetector, a setof plasticscintillatorsandtheassociatedelectronics,should
be installedin a retractablearm in order to remove the systeminto an isolatedandradiation
shieldedvacuumchamberfor servicingandprotectionfrom directirradiationwith theelectron
beamduring synchrotronadjustments.Eventuallyan horizontalenlargementof the vacuum
pipeprecedingthe taggingdetectorwill beneededin orderto accommodatethe lower energy
electrons.

2.4 Instrumentation

Thegamma-raybeamline hasto beequippedwith a seriesof instruments,someof which are
commonto all or mostof theexperiments,while othersareexperimentspecific.Commonto all
themeasurementsare:

Lasersource: A key elementof thegamma-raybeamline is theassociatedlasersource.Weplan
to useseveralsourcesin orderto optimizethepropertiesof thebeamproduced.Two commer-
cial laserdevicesarerequired:a high power (1 kW) CO2 laserwhich will beusedto generate
an intensebeamup to 16 MeV, anda high power (100 W) Nd:YAG laserwhich will be used
both to cover therange120 � 530MeV employing up to its fourth harmonic,andaspumping
systemof theOPOdevice. TheOPOdevice will allow to cover therange16 � 110MeV. The
OPOitself will be developedat the Institut de CiènciesFotòniques(ICFO) in Barcelona(see
AppendixH).

Tagger: Theexperimentswith beamenergieshigherthanabout120MeV will requiretheuseof
thetaggingtechniquein general.Thepositionsensitivedetectorof thetaggingsystemwill con-
sistin aSi micro-stripdetector(seeAppendixI) of about1 cm height,5 cm lengthand300µm
thickness,with a strip pitch of about100µm. Theuseof a pair of suchdetectorswill provide
the redundancy requiredto minimize the effect of malfunctioningchannels.The Si detector
will bebackedby asetof 10 � 20 fastthin (5 mm)plasticscintillatorpadswith photomultiplier
readout,for triggeringpurposes.Highly radiationresistantSi waferscanbebuilt at theCentro
Nacionalde Microelectŕonica(CNM) in Barcelona.The developmentof the dedicatedelec-
tronicsrequiredto handlethelargenumberof channelsandtheassemblyof thedetectorwill be
doneat theInstitutodeFı́sicaCorpuscular(IFIC) in Valencia.

Beammonitors: The monitoringsystemwill provide the necessaryinformationon beamen-
ergy, intensityandpolarization.Thechangesin beamintensitywill becontrolledby a stackof
few thin plasticscintillatorsplaceddirectlyonthebeamafterthecollimatorandbeforethesam-
ple, with a very thin metallicconverterin-between.A secondunit couldbeplacedjust before
thebeamdump. Theabsolutevaluesof the intensitywill beobtainedby comparisonwith the
countsregisteredin ahighefficiency detectorplaceddirectlyon thebeamat themeasuringsta-
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tion duringnormalizationruns.Two suchdetectorsarerequired:aGedetectorsurroundedby a
segmentedBGO scintillationdetectorservingasComptonSuppressionShieldor alternatively
asPair Spectrometerfor the lower energies,anda largevolume � 50cm 	 50cmNaI(Tl) scin-
tillation detectorfor thehigherenergies.Thesedetectorswill serve alsoto monitor theenergy
distribution of the beam. The beamprofile canbe determinedusinga thin sheetof inorganic
scintillatorviewedby aCCDcamera.Thepolarizationof thebeamwill becontrolledmy mea-
suringthelaserbeampolarizationwith asuitableopticalpolarimeter.

Data acquisitionsystem:The dataacquisitionsystemhasto collect the informationfrom the
differentdetectionandmonitorsystems,for theon-linesupervisionof themeasurementandits
recordingin thepermanentstoragemediafor theoff-line analysis.Thedifferentmeasurements
andexperimentsmight have very differentrequirementsin termsof thenumberof parameters,
transferrateanddeadtime,but ageneralstandardsystemfor thesmallerscaleexperiments(up
to � 50parameters)with adequateflexibility shouldbeinstalled.Suchasystemcouldbebased
on the availability of several commercialelectronicmodules(ADCs, TDCs,memorybuffers,
histogrammingunits,...) basedon theCAMAC standardenhancedwith theFERA busfor fast
datatransfers.The systemwill be driven andcontrolledwith softwarerunningon PC under
theLinux operatingsystem,similar to theonedevelopedat theInstitutodeFı́sicaCorpuscular
(IFIC) in Valencia.

The dedicatedinstrumentationrequiredfor the experiments,dependson the type of mea-
surements,but still it is possibleto identify several itemswhich canbe utilized for different
experiments.Thelist of detectorswill includelargevolumeNaI(Tl) detectors,high efficiency
Gedetectors,positionsensitiveSi detectors,moderationtypeneutrondetectors,liquid andplas-
tic scintillatorsfor time of flight measurements,positionsensitive ionizationchambers,fission
detectors,etc.
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Appendix A

Low energy photo-disintegration
experiments

Theexperimentsproposedin this sectionrequiretheuseof monochromaticγ-ray beamsin the
range5-15 MeV, which arenot feasiblewithin the presentdesignof the γ-ray beamline. To
cover this energy rangethe extensionof the OPOsourceinto the wavelengthregion of 12 -
30 µm will be required,or alternatively, the developmentof a new type of light sourcewith
variablewavelengthsin this rangeandwith enoughlaserpower. Theproposedmeasurements
togetherwith otherinterestingapplicationsin this energy rangeshouldprovide motivationfor
suchdevelopment.

A.1 Physicalmotivation

Thestudyof the interactionof monochromaticγ-rayswith differentnuclei hasmany applica-
tions in the studyof nuclearstructure,nuclearreactionsandastrophysics.In particular, the
studyof the chargedparticles(mainly protonsandα-particles),emittedby nuclei asa result
of theabsorptionof gammarays,hasimportantimplicationsrelatedto thecurrentresearchof
differentSpanishgroups.We shall focushereon two specificapplications:theinvestigationof
thelow energy continuumof weaklyboundnuclei,andtheinvestigationof reactionrateswhich
arerelevantto theastrophysicalp-process.

In thelastdecade,animportantfractionof theresearchin nuclearphysicshasbeendirected
to thestudyof exotic nuclei.Thesenucleihaveanexcessof protonsor neutrons,andtherefore
areunstable.The binding energiesof the exotic nuclei areconsiderablysmallerthan that of
the stablenuclei. This makes that the continuumof break-upstatesplays a very important
role in thestructureandin thereactionsinducedby exotic nuclei. In particular, theknowledge
of the structureof the low-energy continuum(scatteringstateswhich are up to a few MeV
above thebreak-upthreshold)is essentialto understandthepropertiesof exotic nuclei[1]. The
investigationof thebreak-upstatesin exotic nuclei is donethroughnuclearreactions,in which
the observed crosssectionsare relatedto the continuumstructurethroughintricate reaction
mechanismswherecoulombandnuclearforcesplay importantroles.
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Theexperimentalstudyof reactionssuchas
�
γ � p� and

�
γ � α � givedirect informationon the

structureof thecontinuum.Theseexperimentsarerelativelyclean,in thesensethatthey depend
only on theelectro-magneticinteractions,andthusthey arenot sensitive to thenuclearforces.
Presently, it is notpossiblein afacility suchasALBA to performphoto-absorptionexperiments
on exotic nuclei. However, thereis a variety of stablenuclei, which areweakly bound,such
asthedeuteron,6 � 7Li, 9Be,etc.Theinvestigationof their low-energy continuumthrough

�
γ � p�

and
�
γ � α � reactions,complementedwith their reactioncrosssections,canbeusedto reducethe

uncertaintiesin thetheoreticalmodelsusedto investigatethepropertiesof exotic nuclei.
Thestudyof proton-richnucleiheavier thaniron (p-nuclei)hasa specialrelevancefor the

astrophysicalp-process[2]. This processis responsiblefor the synthesisof neutron-deficient
nuclei that are blocked from formation by either the r or s processes[3]. The p-processis
essentiallya sequenceof

�
γ � n� , �

γ � p� or
�
γ � α � photo-disintegrationsreactions,possiblycom-

plementedby capturesof neutrons,protonsor α-particlesatenergiestypically farbelow 1 MeV
of theCoulombbarrierin thecaseof chargedparticles.

Recentexperimentshave provideddirectmeasurementsof some
�
γ � n� reactionsat the low

energiesof interestfor the p-process,i.e closeto thephoto-disintegrationthreshold.Oneof the
techniquesis basedon theconstructionof a quasi-thermalphotonspectrumfrom a superposi-
tion of Bremsstrahlungspectrawith differentendpointenergies[4]. As analternative, a Laser
InverseCompton(LIC) γ-ray sourceusesa realphotonbeamin theMeV region producedby
head-oncollisionsof laserphotonsonrelativistic electronsandproducesquasi-monochromatic
γ-rays in the energy range1 to 40 MeV [4]. An importantadvantageof the LIC γ-raysover
theBremsstrahlungapproachis their moreintensepeakingin theenergy window of astrophys-
ical interestin additionto their betterquasi-monochromaticity. The BremsstrahlungandLIC
techniqueshavebeenusedsofar to measuretheratesof a few

�
γ � n� reactions.In particular, the

latterexperimentalapproachhasprovidedcrosssectionsto thegroundandisomericstatefor the
181Ta

�
γ � n� 180Tareaction,whichis of specialinterestin p-processmodels.Thesemeasurements

have to becomplimentedby thedeterminationof the180Tam �
γ � n� 179Ta reactionrate. Another

prime interestin p-processstudiesis the synthesisof the rareodd-oddp-nuclide138La. This
requiresthemeasurementsof the139La

�
γ � n� 138La and138La

�
γ � n� 137La rates.

Direct determinationsof reactionratesfor the p-processsuffer from two major limitations.
The first is the fact that the p-processinvolvesthousandsof photo-reactions(not to speakof
thesecondaryβ � , electroncaptures,and

�
n � γ � reactions)andthatmostof the involvednuclei

areunstable,which meansthat only a tiny fraction of thosereactionscanbe measuredin the
laboratory. The secondlimitation is that in a gasat high temperature,excited levels of the
target nuclei are populatedaccordingto the Boltzmannstatistics,so that photo-reactionson
excitedlevelsmustbetakeninto account.This thermalizationeffect is speciallyimportanthere
becauseof thehigh temperaturesinvolved in the p-processandbecausephoto-disintegrations
arespeciallysensitive to thresholdeffects. If thedirectdeterminationof astrophysicalratesat
work in thep-processis clearlyoutof reach,experimentalstudiesof photo-disintegrationcross
sectionsin therelevantenergy rangeandfor nucleiascloseaspossibleto theneutrondeficient
sideof thevalley of stability areof crucial importanceto testthenuclearreactionmodelsused
to calculatetherates.Valuablepiecesof informationarealsoobtained,moretraditionally, by
themeasurementof crosssectionsin thereverse,radiativecapturechannel.They canindeedbe
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usedto constrainthe calculationof the ratesin the photo-reactionchannelvia the reciprocity
theorem.Onemustkeepin mind, however, thatsuchmeasurementsarebut a fragmentof the
informationneededfor the calculationof the reverserate. To be correct,sucha calculation
requirestheknowledgeof all non-negligible crosssectionsfrom any excitedstateof thetarget
nucleusto any stateof theresidualone.

Directmeasurementsof photo-disintegrationcrosssectionsconstitutethereforeanindepen-
dentsetof dataandthemoststraightforwardwayto constrainthecalculationof thecorrespond-
ing astrophysicalrate. Improving thetheoreticalpredictionsfor photo-disintegrationrateswill
put p-processnucleosynthesiscalculationson a firmer ground. As mentionedbeforethe p-
processtakes placeat very high temperaturesbut the nuclei involved are in a region of the
nuclearchartwherebasicquantitieslikemassesor β-decayratesareeitherknown or ratherreli-
ablyestimated.Experimentaldataonphoto-reactioncrosssections,evenscarce,arethereforea
verypreciousingredientto testthevalidity of Hauser-Feshbachcrosssectioncalculationsin the
nuclearregion of interest.Measurementsof

�
γ � n� reactionson many morenucleiarecertainly

necessary(seeAppendixB), but the investigationof
�
γ � α � and

�
γ � p� reactionsin the energy

rangeof interestis still a challengingprospect.In addition,theE1 andM1 γ strengthfunctions
below particlethresholdsshouldbe addressedin direct relationto photo-reactionson nuclear
excitedstatesunderstellarconditions.

A.2 Experimental setup

A simplesetupto measure
�
γ � p� and

�
γ � α � reactionsconsistsin having anarrayof siliconbased

telescopessurroundingthetarget,in orderto detectandidentify any chargedparticle(specially
protonsand α-particles),that are produceddue to the absorptionof γ-rays. For a beamof
polarizedphotons,theproductionof chargedparticleswould bemaximumalongthedirection
of the electric field, which will be perpendicularto the beamdirection. So, a simplesetup,
shown in FigureA.1, consistsin two DoubleSidedSilicon Strip Detectors(DSSSD),which
would beplacedperpendicularto thebeam,anda targetthatwouldbetilted 45 degrees.These
DSSSDdetectorsareavailablefrom theSpanishgroupswhich form theDINEX collaboration
(CSIC-Madrid,HuelvaandSevilla). Thesizeof thisdetectorsetupshouldnotexceedacubeof
20 	 20 	 20cm3.

A moreadequatesetupfor the γ-ray line at ALBA would consistin the useof specially
designedionizationchambers.Thesehave theadvantagethatthey areinsensitive to theγ-rays.
Thedesignof thechambercanbeoptimizedto differentiateprotonsandα-particles,andto give
the total energy of the particles,consideringthat protonsof up to 10 MeV canbe produced.
Onedesignwould consistin having eight individual ionizationchambers,astheoneshown in
FigureA.2, placedin acubicgeometryin ascatteringchamberthatcontainsthetarget.Another
possibledesignconsistsin awired ionizationchamber, containingthetarget,whichwouldgive
informationof theenergy, thedirectionandthechargeof theparticlesproducedin thetarget.

It would be interestingto designa detectorarray that combinesthe detectionof charged
particles,envisagedhere,with the detectionof neutronsandgammaparticlesproducedasa
resultof theinteractionwith thetarget.
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FigureA.1: DetectorarraybasedonavailableDSSSDdetectors

A.3 Beamrequirementsand time estimate

Themostimportantbeamrequirementto performthe
�
γ � p� and

�
γ � α � measurementsis thatthe

γ shouldhave the adequateenergy to extract a protonor an α-particle,that hasa low energy,
but sufficient to escapefrom the targetandproducea signalin thedetectorarray. This would
requirea rangeof energy between8 and15 MeV for the γ-ray. The energy resolutionof the
beamshouldbesufficientto allow for particleidentification.Probably, 1 MeV couldbeenough.
Consideringtheelectronenergy atALBA, to produceγ-raysin this rangeof energiesby photon
backscattering,onewill requirelaserswith wavelengthbetween10 and20nm.

To estimatethenumberof events,wewill assumethatthephotonsource,aftercollimation,
produces107 photons/s,in theadequateenergy range.As anorderof magnitudeestimate,we
take thatthe

�
γ � p� and

�
γ � α � crosssectionswill beof theorderof 10 mb. Thetarget thickness

will beabout10mg/cm2. Thisthickness(about10-20µm),shouldnotstopthechargedparticles
comingout,andfor a materialwith A ? 100,correspondto about6 	 1019 particlespercm2 in
thetarget.Thisestimatewill giveabout6 chargedparticleeventspersecond.Theefficiency of
thedetectormaybebetween50%and10%,dependingon thepolarizationof thebeamandthe
energy of theoutgoingparticles.Thatgivesa reasonablecountingrate,which shouldallow to
performexperimentsin thetimescaleof a few days.
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FigureA.2: A singleionizationchamberrecentlydesignandbuilt by the groupof Sevilla in
collaborationwith theETH-Zurich
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Appendix B

Photo-neutron crosssectionmeasurements

B.1 Intr oduction

Photonuclearreactiondataare very importantfor understandingthe structureand dynamics
of the atomicnucleusand the nuclearreactionmechanisms.Moreover, photo-inducedreac-
tion crosssectionsarealsoof importancefor a varietyof currentor emerging applications[1].
Amongthemare:

- Radiationshieldingdesignand radiationtransportanalysis. Of particularconcernare
photoneutronsproducedby photonswith energiesabove theneutronseparationenergy -
typically above8 MeV.

- Calculationsof thedoseabsorbedin thehumanbodyduringradiotherapy.

- Physicsandtechnologyof fissionreactors(influenceof photo-reactionson the neutron
balance)andfusionreactors(plasmadiagnosticsandshielding).

- Activationanalysis,safeguardsandinspectiontechnologiesfor identificationof materi-
als throughradiationinducedby photonuclearreactionsusingportablebremsstrahlung
devices.

- Nuclearwastetransmutation.

- Astrophysicalnucleosynthesis.

Themostimportantincidentγ-ray energy rangeis up to 25 MeV, theupperenergy of most
electron/photonaccelerators,which alsocorrespondsto the energy rangeof photo-absorption
primarily via thegiantdipoleresonance.Photonucleardataup to energiesof approximately50
MeV areusefulfor somemedicalacceleratortechnologiesunderdevelopmentthatutilize higher
energy photons.Additionally, it is alsodesirableto have photonucleardataup to incidenten-
ergy of approximately150MeV dueto their usein emerging accelerator-driventransmutation
technologies,to complementtheneutronandprotonhigh-energy librariesthatarebeingimple-
mentedin fully-coupledneutron,photon,chargedparticleradiationtransportsimulations[2].
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The IAEA hasproposeda priority list of materials(43 elements)for which photonuclear
dataareneeded.The list is summarizedbelow andstartswith structuralmaterials,shielding
andbremsstrahlungtargetmaterials,followedby biologicalandfissionablematerials.

1. Structural,shieldingandbremsstrahlungmaterials:Be,Al, Si, Ti, V, Cr, Fe,Co, Ni, Cu,
Zn, Zr, Mo, Sn,Ta,W, Pb

2. Biologicalmaterials:C, N, O, Na,S,P, Cl, Ca

3. Fissionablematerials:Th, U, Np, Pu

4. Othermaterials:H, K, Ge,Sr, Nb, Pd,Ag, Cd,Sb,Te,I, Cs,Sm,Tb

The scarcenessof availablephotonucleardatais bestillustratedby an example: 56Fe is a
standardpart in thecompositionof structuralmaterials(steelalloys) andshieldingfor charged
particlesandhigh energy neutrons,amongothers.Thus,it would bemorethanreasonableto
assumethat the photonuclearcrosssectionof 56Fe hasbeenmeasuredin detail, which is far
away from therealsituation.

Fig. B.1 shows the evaluatedcrosssectionsfrom the JENDL photonucleardatafile [3] as
foundin theHandbookonphotonucleardatafor applications[1] andtheavailableexperimental
dataon which theevaluationis based.The largestdatasetcorrespondsto the(γ,1xn) channel
andcoversonly theGiantDipoleResonance(GDR)energy rangebetween12MeV and24MeV.
No dataare availableabove and, in addition, the experimentalvaluesdeviate systematically
from the evaluatedcrosssectionabove 21 MeV. The (γ,abs)channelhasbeenevaluatedin
absenceof experimentalinformationabove 10 MeV, andthereis no dataneitherfor the(γ,xn)
nor for the(γ,2nx)channels.

Suchasituationis notanexceptionbut thecommonrule for theavailability of photonuclear
data.TheLaserCompton-backscatteringfacility atALBA would representaclearstepforward
in theright direction.

It is not only the scarcenessof the experimentaldatabut alsoits accuracy which is under
discussion.Most of the dataavailablehave beenmeasuredat Bremsstrahlungγ-ray sources
(BR) andalsoat QuasiMonochromaticAnnihilation (QMA) facilities.

At a BR facility, the γ-ray energy spectrumis a continuumandthereforeno reactioncross
sectionbut thereactionyield foldedwith thephotonenergy distribution is measured.Thereac-
tion crosssectionis obtainedaftersolvingtheinverseproblemdefinedby therelationbetween
the yield Y

�
E � , the γ-ray energy distribution D

�
E � k � andthe photonuclearcrosssectionσ

�
k �

shown in Eq.B.1

Y
�
E � �

@
D
�
E � k � σ �

k � dk (B.1)

Alternatively, theγ-rayenergy spectrumataQMA facility is assumedto bemoremonochro-
matic, thus making the analysislesscomplicateda priori. As shown in Eq.B.2, at a QMA
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FigureB.1: Evaluatedphotonuclearcrosssectionfor 56Feandexperimentaldatausedfor the
evaluation[1].

γ-sourcethe crosssectionis obtainedby subtractingthe contribution of the positronbrems-
strahlungspectrum,alwayspresentin theannihilationspectrumYe6 � E � of thepositronbeam,
by an independentmeasurementof thepurebremsstrahlungbackgroundYe7 � E � donewith an
electronbeamandby assumingthatit is identicalto theonedueto thepositronbeam.

σ
�
E ��� Y

�
E � � Ye6 � E � � Ye7 � E � (B.2)

A recentwork [4] hasshown thatthereexistsasystematicdifferencebetweenphotonuclear
datameasuredatBR andQMA facilities.Thedifferencesarebothin theintegralcrosssections,
which canbeaslargeas30%on averagebetweendatasets,andin theresolution.As shown in
Fig. B.2 for thecaseof 16O , theresolutionachievedin the(γ,xn) crosssectionafteranalyzing
the bremsstrahlungdata[5] is surprisinglybetterthan for the QMA datafrom two different
experiments[6, 7].

Such differencesare attributed to the non monochromaticityof the QMA γ-ray beams
and the necessarybremsstrahlungbackgroundsubtractionperformedduring the dataanaly-
sis. Datafrom LaserCompton-backscatteringfacilitieslike theoneproposedat ALBA present
clearlylowersystematicuncertaintiesassociatedto theanalysistechniques,thanksto thebetter
monochromaticityof theγ-ray beam.Indeed,thecorrectnessof theBR datais assessedin [4]
by comparisonto a third datasetfrom amonochromaticγ-ray source[8].
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FigureB.2: Comparisonof the16O (γ,xn) crosssectionsmeasuredat a Bremsstrahlungfacility
[5] andat two differentQuasiMonochromaticAnnihilation installations[6, 7].

B.2 The experimental setup

The characteristicsof the γ-ray beamline proposedat ALBA definethe photonuclearcross
sectionmeasurementsthat can be performed. With its initial design,it will be possibleto
measurethe photonuclearcrosssectionin the rangebetween15 MeV and the largestγ-ray
energy of � 500MeV. Sucha rangecoverstheGiantDipole Resonance(GDR) region for the
lighternuclei(below Cu).

� For γ-ray energies15 MeV � Eγ � 110 MeV, monochromaticbeamswill be available
with collimation. Thus, point wise crosssectionmeasurementswill be performedby
tuningthelaser(OPOdevice)wavelength.

� For γ-ray energiesEγ � 150 MeV the scatteredelectronescapingfrom the synchrotron
will bedetectedandusedasa taggingfor determiningtheincidentEγ. Thecrosssections
will bemeasuredwith a white γ-rayspectrum.

It shouldbe kept in mind aswell that in 5 yearsfrom now, a moreadvancedOPOdevice
could be availableandextendthe rangeof the monochromaticbeamsto lower energies,thus
allowing to cover theGDR for heavier nuclei. At a longerterm,thedevelopmentof a compact
FreeElectronLaser(FEL) with theappropriatewavelengthrangewouldbealsoavery interest-
ing possibility.

The generallayout of the experimentalsetupat ALBA is shown in Fig. B.3. The γ-ray
beamintensitywill bemonitoredbeforeandafter thephotonucleardetectionsetupwith a low
interactionmonitor (suchasa thin ionizationchamber)anda high efficiency monitor(suchas
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FigureB.3: A genericsetupfor photonuclearcrosssectionmeasurementsat ALBA.

plasticor aninorganicscintillator),respectively. Theneutrondetectorswill beplacedbetween
the monitors. As indicatedin Fig. B.3, a 6m long 	 4m wide countingroom would be large
enoughfor the setup,althougha larger longitudinaldimension(i.e. larger distancebetween
detectorsandmonitors)will bealwayspreferred.

For the 15 MeV � Eγ � 110 energy range,a detectorsimilar to the Berlin NeutronBall
[9] couldbeused.It consistsof a large tankof Gd dopedliquid scintillator, with an inner ra-
dius of 20 cm anda thicknessof 50 cm, viewed by several photomultipliertubes. Neutrons
aremoderatedin the scintillator andfinally capturedin Gd producinga γ-ray cascadewhich
is detected.Efficienciesrangefrom 70 % below 10 MeV to 10 % at 100MeV. A similar but
smallerdetector, GARANDO [10], hasbeenusedat theETL LaserCompton-backscatteredfa-
cility [11], to measureneutronsin thelow energy range.A differentdesignis definedby theuse
of a massivemoderatorblockssurroundingthesamples.Insidethemoderator, a seriesof posi-
tion sensitive proportionalcountersloadedwith neutronconverters(like 3He, BF3) is inserted
at differentdistancesfrom thesample,thusallowing to measuretheneutronmultiplicities and
theneutronenergiesaftertakinginto accountthedistanceof thedetectorfiring to thesamples.
Suchdetectionsystemshave someclearadvantagesover the liquid scintillators: they areless
sensitive to theγ-ray background(aninterestingfeatureat a γ-ray facility), andrelatively high
intrinsicefficienciescanbeachievedupto highneutronenergies(tensof MeV). An exampleof
adetectorof thecharacteristicsmentionedis NERO[12] at MSU.

For measurementsat high energiesa complementaryarrayof plasticand liquid (NE213)
scintillatorsplacedat a convenientdistanceÐ 1 m from thesamplescanbeusedfor detecting
neutronsby meansof its Time Of Flight (TOF).TOF systemsareconsideredto bethebestfor
neutronspectrometryanddifferentialandtotal crosssectionmeasurements.However, thetyp-
ical detectionefficienciesarelower thanfor themoderationbasedsystemsdueto thesmaller
solid anglecoverageandcanonly beappliedif thetime of γ-ray causingthereactionis known
with good precision. At ALBA this will be possiblefor Eγ � 150 MeV, wherethe tagging
techniqueis available. Alternatively, thedetectionof γ-raysemittedin thefinal nucleuscould
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provide thestartsignalaswell asproviding improvedneutronenergy resolution[13].

The moderationbaseddetectorsmay requirealsothe useof a time startsignalin orderto
reducetheintrinsicbackgroundlevel. ThiscanbeachievedatALBA in aworkingmodewhere
the electronring is partially filled anda pulsedlaseris used. For example,onefourth of the
synchrotroncircumferenceoccupiedwouldproduce� 250nsγ-raypulses.

B.3 Beamtime estimate

In the first phasewe want to usemoderationbasedsystems.The meanmoderationtime of a
neutronis of theorderof 10 � 100µs. Thus,a reactionrateof Ñ 103 reactions/sis acceptable
sinceit allows to resolveeventsspacedin timeby 1 msonaverage.Assumingthecaseof 27Al,
thiswould imply to dealwith sampleswith theunrealisticthicknessn � 10at/b � 1 � 7 m of 27Al
asshown in EquationB.3

n27Al � w
σIγ

� 103 s
 1

105γs
 1 10
 3 b
� 10at/b (B.3)

whereIγ � 105γs
 1 is theexpectedcollimatedγ-ray beamintensityanda typical photonu-
clearcrosssectionof σ � 10
 3 b outsidetheGDR resonanceregion hasbeenadopted.Soone
shouldnotexpectpileupproblemsfor this typeof detectors

Accordingto theseestimates,a typical measurementwith anaverage20%efficiency mod-
erationbaseddetectoranda n � 0 � 1 at/bsamplewould require1 hour to measureoneenergy
point with 1 % statisticalaccuracy (104 counts)anda few dayswould be requiredto measure
thefull energy rangeup to 100MeV with a reasonablebinning.
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Appendix C

Photo-fissionexperiments

C.1 Intr oduction

Fissionconstitutesthemostclearexampleof a large-scalecollective motion in nuclearmatter
whereboth, the nuclearstructureand the dynamicsof the atomicnucleusmanifest. This is
the reasonwhy fissionis consideredasa uniquelaboratoryto investigatethe atomicnucleus.
However, theprobesusedto characterizethestructureandthedynamicsof thenucleusthrough
fissionareveryofteninfluencedby thereactionmechanismusedto inducefission.In thissense,
photonsrepresentthe cleanestapproachsincethe excitation energy producedin the reaction
correspondsto theinitial energy of thephoton,only averysmallamountof angularmomentum
is inducedandthecompositionof thetargetnucleusis notmodified.However, theuseof photon
inducedfissionhasbeenlimited by thelackof dedicatedfacilities.

Thepossibilityto producequasi-monoenergeticγ-raysin aComptonbackscatteringfacility
opensnew opportunitiesto investigatefissionundervery cleanandwell definedconditions.In
addition, the large energy rangethat canbe coveredusing laserswith differentwavelengths,
offer the possibility to investigatephenomenathat manifestat differentenergy domains.For
exampleit is well known that pairing and shell effects disappearwith the excitation energy
of thenucleus.However, multi-phononexcitationsaswell astherole of nuclearviscosityare
expectedto manifestmainly athigherexcitationenergies.

Herewepresenta physicsprogramto investigatedifferentaspectsof photo-fissionthatcan
beaddressedwith thepresentdesignof theγ-raybeamline for ALBA. In addition,wewill also
proposesomefuturepossibilitiesconcerningphoto-fissioninvestigationsbelow 16MeV.

C.2 Temperaturedependenceof shell effects

C.2.1 Physicscase

Thedifferentcomponentsappearingin theyieldsandin thekinetic-energy distributionsof the
fragmentsproducedin low-energy fissionareattributedto shelleffects[1]. At low energies,all
nucleiwith massnumbersfrom 230to about256predominantlysplit into aheavier andalighter
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fragmentwhile symmetricsplitsarestronglysuppressed.Over this wholerange,thegrossbe-
haviour of the fission processis governedby the constantposition of the heavy component
aroundmassnumber138 [2]. Threedifferentfissioncomponentshave beenidentifiedto ex-
plain themeasuredyieldsandkinetic-energy distributions,two asymmetricones,theStandard
I andtheStandardII andonesymmetric,theSuperlong.TheStandardI modeis characterized
by a sphericalheavy fragmentaroundmassnumber134anda deformedlight fragment.Stan-
dard II is characterizedby a deformedheavy fragmentnearmassnumber145 anda slightly
deformedor sphericallight fragment.Finally, in theSuperlongcomponentbothfragmentsare
stronglydeformed.This lattercomponentbecomesmoreimportantin fissionat higherexcita-
tion energies.

Importantprogresswasobtainedfew yearsagofrom anexperimentwherethecharge dis-
tributionsandkinetic-energy distributionsof fissionfragmentsproducedin theelectromagnetic
inducedfissionof morethan70 differentfissilesecondarybeamswereinvestigated[3]. How-
ever, very few experimentsprovide information on the excitation energy dependenceof the
differentfissionmodesassociatedto shelleffects.Oncemore,thegammaray facility at ALBA
could be usedfor a detailedinvestigationof the washingout of shell effectswith excitation
energy by measuringthe massor charge distributionsof fission residuesat differentgamma
energies. SinceShell effectsareexpectedto disappeararound50 MeV, the presentdesignof
thebackscatteringγ-ray line of ALBA will allow to cover therangebetween16 and60 MeV.

From an experimentalpoint of view this experimentrequiresthe isotopicidentificationof
thefissionresiduesproducedin thesereactions.However, thisrequirementrepresentsnowadays
arealchallenge.Anotherpossibilityis to restrictourselvesto themassdistributionof thefission
residues.

C.2.2 Experimental setup

We proposeto determinethe massof the fission residuesusing time-of-flight techniques.A
possiblesetupwould consiston a two-arm time-of-flight spectrometerto detectboth fission
residues.Thestartdetectorcouldbeamicro-channelplatewhile wecanusemicro-stripsilicon
detectorsfor thestop. Thesimplestconfigurationwould be to use5x5 cm2 DSSSDplacedat
1 m from thetarget. Thesmallsolid anglecoveredby this setupcouldbeovercomeby longer
beamtimes.

C.2.3 Beamtime estimation

At thepresentmomentis very difficult to have a realisticestimateof thebeamtime. Someof
theparametersthatdifficult thisestimationarethefinal designof theexperimentalsetupandthe
numberof fissilespeciesthatcanbeinvestigatedat ALBA. With respectto this laterpoint one
shouldrememberthatnatureprovidesusonly with five stablefissilenuclides.Thepossibility
to useradioactivesamplesatALBA would increaseour experimentalpossibilities.

A very preliminary estimatewould be sometwo weeksbeamper target plus somefour
weeksto setupandtesttheexperiment.A full experimentalprogramincludingthemeasurement
of 4 targetswould require3 monthsbeamtime.
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C.3 Multi-phonon excitations

C.3.1 Physicscase

In heavy nuclei, giant resonancesdecayby neutronemissionsincechargedparticleemission
is suppressedby the Coulombbarrier. In the caseof fissile nuclei, fission decaycompetes
with (multiple) neutronemissionaccordingto thecorrespondingpartialdecaywidths,Γ f and
Γxn. Sincefissionprobabilitiesincreasewith excitationenergy, multi-phonongiantresonances
shouldappear“enhanced”in the fissionchannelin comparisonto single-phononstates.This
effectmakesmulti-phononstudiesin electromagneticfissionparticularlyattractive.

Evidencesfor multi-phonongiant resonancesin electromagneticfissionof 238U have only
beenpresentedrecently[4]. In this case,electromagneticdissociationof nuclei in peripheral
heavy ion collisionsat relativistic energies throughsingle-andmulti-phononexcitationshas
beenused.Althoughthis techniqueallowsto investigatesecondaryradioactivebeams,themain
experimentallimitation arisesin reconstructingtheprimaryexcitationenergy of thefissioning
nucleus.Sincethefissionfragmentsarehighly excitedandemit a multiplicity of particlesand
γ rays,a completeandprecisecalorimetrywould berequired.In thecitedwork theproblemis
overcomeby exploiting the known linear relationshipbetweenprimary excitation energy and
thepromptneutronmultiplicity accompanying thefissionprocess.

The experimentsproposedat ALBA canbe consideredasan ideal casesincethe primary
excitationenergy of thefissioningnucleuscanbeestablishedwith anaccuracy betterthan10%.
In additionthehigh intensityof γ raysallow to reachvery low crosssectionprocesses.Herethe
limitation comesfrom thefactthatonly stablenucleicanbeinvestigated,namely238U.

Fromanexperimentalpoint of view suchaninvestigationjust requiresthemeasurementof
thetotalfissioncrosssectionasafunctionof theincidentenergy of theγ raysin anenergy range
between15MeV andsome60 or 70 MeV.

C.3.2 Experimental setup

Totalfissioncrosssectionscanbemeasuredusingparallelplatechambers(PPAC) placedaround
the target. A similar setuphasbeenusedsuccessfullyat the n ToF facility. Additional infor-
mationcouldbeobtainedby measuringin coincidencethemultiplicity of emittedneutrons.In
this latercase,we couldusetheneutrondetectorproposedfor otherexperimentsat theALBA
γ-ray line. Froma technicalpoint of view parallelplatechambersarebasedon a well known
andrelatively cheaptechnology. In additionwe aretalking abouta very reducednumberof
electronicchannels.

Theonly specificrequirementfor this setupis a gassystem.Thenthedesignof the infras-
tructuresaroundtheγ-ray line facility at ALBA shouldincludeagashandlingsystem.

C.3.3 Beamtime estimate

In this casewe areconsideringonly the photo-fissionof 238U. Consequently, the beamtime
shouldnot exceedsometwo to threeweeks. However someadditionalbeamtime would be
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requiredto testtheexperimentalsetup.In totalwecouldconsidersometwo monthsbeamtime
program.

C.4 Nuclear dissipation in fission

C.4.1 Physicscase

Thesuccessof thestatisticalmodelof BohrandWheeler[5] to describethefissionprocesswas
questionedby Kramers[6] soonafter. Accordingto this laterwork,fissionshouldbeconsidered
asa diffusionprocessabove thenuclearenergy-potentialin thedeformationcoordinate.Such
a processcanbe describedby the correspondingFokker-Planckor Langevin equationwhere
the diffusion processis not only governedby the nuclearpotentialbut alsoby a dissipation
coefficient. Thiscoefficient representsthecouplingbetweentheintrinsicandcollectivedegrees
of freedompopulatedin fission.

In thepioneeringwork of Kramers,only thestationarysolutionof theFokker-Planckequa-
tion describingfissiondynamicswasproposed.The completetime-dependentsolutionof the
Fokker-Planckequationwasnot introducedtill theeightiesby Granǵeandcollaborators[7]. In
thisnew work, theauthorshaveshown thatthefissionflux acrossthebarrierneedstimeto reach
its asymptoticvaluedefinedby thestationarysolutionof theFokker-Planckequationproposed
by Kramers.Themainconsequenceof this work is that thehindranceof thestatisticalfission
width is not only dueto stationarybut also to transienteffects. In fact, during this transient
timeuntil thestationaryregimeof thefissionwidth is reached,otherde-excitationchannelsare
favored. Consequentlythe nuclearsystemcoolsdown reducingagainthe fissionprobability
with respectto theseotherchannels.

The work of Granǵe andcollaboratorswas triggeredby the experimentalobservation of
anomalousenhancedpre-scissionneutronmultiplicities in fissioninducedin heavy-ion colli-
sions[8]. The large pre-scissionneutronmultiplicities wereinterpretedasa signatureof the
delayof fissionat high excitation energies. Meanwhile,otherevidencesfor the hindranceof
fissioninducedby dissipationandtransienteffectswereobtainedfrom theanalysisof gamma-
raysemittedduringthede-excitationof theGDR[9] or directlymeasuringthefissiontimeusing
crystalblockingtechniques[10].

Recentlya novel techniquebasedon the useof fission inducedin peripheralheavy-ion
reactionsat relativistic energies hasbeenproposed[11, 12]. The advantageof this reaction
mechanismis thattheexcitedfissioningnucleusis producedwith well definedinitial conditions
that canbe easilydescribedusingthe Serbermodel [13]. In addition,thesereactionsleadto
almostundeformednucleicoveringalargerangein excitationenergy. In theseworks,thefission
crosssections,thecharge distribution [12] or the isotopicdistribution [11] of fissionresidues
havebeenusedassignaturesof thefissiondynamics.

The γ-ray line at ALBA offers thepossibility to investigatephoto-fissionat high energies.
Theadvantageof this reactionmechanismis thelow amountof angularmomentuminducedin
thecollision,simplifying thedescriptionof theinitial conditionsof thefissioningnucleus.

Dif ferentobservablescanbe usedto investigatethis process.The simplestwould be the
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evolution of the total fission crosssectionwith the energy of the incoming γ ray. A more
completedetectionset up would requirethe measurementof the charge of the final fission
fragmentsandthepossibilityto detectneutrons.

C.4.2 Experimental setup

Thisexperimentcouldbenefitfrom thetwo experimentalsetupsproposedin thepreviousexper-
iments.A realchallengewould beto developa new ionizationchamberwith dedicateddigital
electronicsproviding boththemassandchargeof thefissionproducts.

C.4.3 Beamtime estimate

Whengoingup in energy thefissioncrosssectionsgoesdown andthebeamtimeswill become
longer. If we considerto investigatethefissionof 238U at energiesbetween50 and530MeV a
roughestimatefor abeamtimewouldbesomefour weeks.

C.5 Futur epossibilities

If in thefutureamethodis successfullydevelopedto extendtherangeof monochromaticγ-rays
to lowerenergiesthereis anumberof additionalinterestingaspectswhichcouldbeinvestigated.
Someexamplesarementionedbelow.

C.5.1 Pair breaking and even-oddstructur e in fissionfragment yields

The enhancedproductionof even elementsand the appearanceof asymmetricsplittings are
typical examplesof structuraleffectsin low-energy fission. The observed even-oddstructure
in thefinal fissionresiduesis relatedto thesurvival probabilityagainstpair breakingfrom the
superfluidconfigurationat saddledown to thescissionpoint. Thesemeasurementsarerelevant
to characterizethe viscosityof cold nuclearmatterandthenthe couplingbetweencollective
motionandintrinsicsingle-particledegreesof freedom[14].

The first systematicoverview on even-oddstructurein a continuousregion of fissioning
nuclei wasobtainedonly a few yearsagoby studyingelectromagnetic-inducedfission from
excitationenergiesaround11 MeV, usingsecondarybeams[3]. This experimentshowedthat
even-Zfissioningsystemsleadto anenhancedproductionof evenfissionresidueswith an in-
creaseof the local even-oddeffect for asymmetriccharge splits. At the sametime, odd-Z
fissioningsystemsleadto a positiveeven-oddeffect for thelight fissionresidueanda negative
even-oddeffectfor theheavy fissionpartners.Theseresultscouldbeinterpretedwith theoretical
considerationsbasedon thestatisticalmodel.Thelocaleven-oddeffectof theodd-Zfissioning
systemsandan essentialpart of the variationof the even-oddeffect of the even-Z fissioning
nuclei have beenattributedto the larger single-particlephasespaceavailablefor theunpaired
nucleonsin theheavier fragment.Oncethis effect wasconsidered,theenhancedproductionof
fissionfragmentswith evenneutronor evenprotonnumberwasquantitatively explainedby the
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numberof excited stateswith a completelypairedconfigurationof the protonor the neutron
subsystemat thescissionpoint [15]. I wasshown that thesubsystemof onekind of nucleons
(e.g.protons)mayremainin theground-stateconfigurationwith acertainprobability, while the
energy is storedin quasi-particleexcitationsof theotherkind of nucleons(e.g.neutrons),even
if theexcitationenergy exceedsthepairinggap.

However, verylittle is knownabouttheexcitation-energydependenceof protoneven-oddef-
fectsin fission-fragmentyields.Someresultswereobtainedfew yearsagousingfissioninduced
by bremsstrahlungradiationand reconstructingthe fission yields with gamma-spectroscopic
methods[16]. Theoreticalpredictionsandsomemeasurementsindicatethatthetransitionfrom
asuperfluidphaseto aFermiliquid takesplaceat excitationenergiesaround10MeV [17].

The gammafacility at ALBA offers the possibility to carefully investigatethe evolution
of the even-oddstructurein the final yields of fissionresiduesasa function of the excitation
energy. Suchan experimentwould requireat leastthe full charge identificationof thefission
residues.This is a realchallengesincesuchameasurementhasonly beendoneatLohengrinat
ILL [18] combiningmagneticandenergy lossanalysis.Otherpossibilitiesarebasedonthefull
digitizationof thesignalsinducedby bothfissionfragmentsin anionizationchamber. Thefinal
alternative is theuseof gamma-spectroscopictechniques.

C.5.2 Basicnuclear data

Photo-fissionis consideredasan optimumnon-destructive probefor the survey of fissile ma-
terial throughthe detectionof beta-delayedneutronsemittedby the fission fragments. This
techniqueis valid to detectsmallquantitiesof any fissilenuclei in any kind of containersince
both gammasandneutronsaredeeplypenetratingradiations.This methodcanbe appliedto
determinetheamountof radioactive materialin thecontainersusedfor nuclearwastedisposal
or to control theproliferationof nuclearmaterialby installingdetectionsystemsbasedon this
principlein portsor airportsterminals.

To detectthefissilematerialonejustneedto detectthedelayed-neutronemission.However,
theidentificationof thatmaterialrequiresa preciseknowledgeof all fissionresiduesproduced
in photo-fissionreactionsandto characterizedthedelayed-neutronemission.Nowadays,very
few dataon photo-fissioncanbe found in the databases.A detailedexperimentalprogram
shouldbeperformedto obtainedall thedatarequiredfor theseapplications.Oncemorethe γ
ray facility atALBA with anextendedenergy rangeoffersuniquepossibilitiesfor theseapplied
investigations.

C.6 Conclusion

Fissioninducedby quasi-monoenergetic γ raysoffers several possibilitiesfor experimentsin
which theexcitationenergy dependenceof structuraleffectsthatmanifestin fissionlikepairing
or shell effectscanbe investigated.However, the mostpromisingexperimentsarerelatedto
the searchof evidencesfor multi-phononexcitationsor to the characterizationof the fission
dynamicsat high excitationenergy. In addition,basicnucleardatathatcouldbeusedin some
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applicationsrelatedto thedetectionof fissile materialcouldbeaccuratelymeasured.Theex-
perimentaltechniquesusedin mostof theseexperimentsarewell known andonly theprecise
determinationof themassandchargeof thefissionfragmentsseemsto bea realchallenge.
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Appendix D

Proton emissionwith polarized photons

D.1 Intr oduction

In thelastyears,nucleonemissioninducedby electromagneticprobes,bothphotonsandelec-
trons,hasbeenusedasa tool to investigatetheeffectsof differentphysicalprocessesinvolving
atomicnuclei. Among themonecanmentionherethosedueto short-rangenucleon-nucleon
correlations(SRC),meson-exchangecurrents(MEC) or final stateinteractions(FSI) [1].

SRC refer to thosecontributions which are relatedto the strongrepulsionbetweentwo
nucleonsoccurringwhenthey areseparatedby ashortdistance.Thiseffect is verywell known
in freenucleon-nucleonscatteringandto acertaindegreesurvivesin atomicnuclei,beyondthe
nuclearmeanfield. Deviations from calculationsperformedin the meanfield approachwill
inform aboutthe role playedin the nuclei by thesecorrelationsdue to the nucleon-nucleon
interaction.

This interactionis usuallydescribedin termsof theexchangeof particles(mesons)between
thenucleons.Electromagneticprobesinteractwith thenuclearchargeandcurrent,whosemain
termsaredueto protonsandneutrons.However, theseprobescanalsointeractwith thecharges
andcurrentsgeneratedby the exchangedmesons.Theseareknown asMEC. In light nuclei
their effect is very well known. However in heavier nuclei it is obscuredby theuncertainties
associatedto thenuclearwave functiondescription.

FSIdescribetheinteractionsbetweentheemittednucleonsin agivenprocessandtheresid-
ual nucleus. They are very important in many situationsand in someof them they are the
dominantmechanism.

Theproposalof building a line of backscatteredlaserphotonsfor nuclearphysicsandap-
plicationsat the synchrotronALBA underconstructionin Barcelona,opensthe possibility to
performnew photon-nucleusexperiments.

Fromtheexperimentalpoint of view, oneof themainproblemswith thephotonfacilitiesis
to achieveacompromisebetweengoodenergy resolution,highdegreeof polarizationandhigh
photonflux. Thisdifficulty hashamperedthedevelopmentof theexperimentalprograms.How-
ever, laserbackscatteringtechniqueallows oneto gathersimultaneouslythesethreedesigning
goals[2].

Theproposedline is expectedto providephotonsup to 500MeV. Up to about110MeV the
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energy selectionis madeby directcollimationin thebackwarddirection.In thiscasea1.5%of
relativeenergy resolutionis expected.For moreenergeticphotons,theenergy selectionis done
by electrontagging,andtheresolutionis expectedto beof about7 MeV.

An analysisof theavailablelow energy experimentaldata,below thepionproductionthresh-
old, shows that they are old, incompleteand not accurateenoughto disentangleinteresting
effectspredictedby thetheory[3]. This indicatestheneedof new experimentsaswell astheo-
reticalefforts to implementmodernrealisticforcesin calculationsfor nucleiwith A � 4. In this
appendixwediscusstheopportunitiesofferedby experimentswith bothpolarizedandunpolar-
ized photonsup to 110MeV, in light-mediumnuclei, to investigatetheeffectsof MEC, SRC
andFSI.

D.2 Experimental status

Onemethodto producephotonsfor nuclearphysicsexperimentsis to usebremsstrahlung, as
it is doneat MAMI (MAinz MIcrotron) in Mainz [4]. Another establishedtechniqueis the
laserbackscattering,asit hasbeenproposedfor theline atALBA. Thelattertechniqueis much
moresuitablefor polarizationmeasurements.In theworld, thereis anumberof facilitiesof this
type,for exampleLEGS(LaserElectronGamma-raySource)[5], whichproducesphotonsupto
470MeV, andHIGS (High IntensityGammaSource)[6], with photonenergiesbetween2 and
200MeV. Higherenergiescanbeachievedin GRAAL (GRenobleAnneauAccelerateurLaser)
[7], whereresonancesbeyondthe∆

�
1232� region,andmesonproduction,canbestudiedwithin

the operationrangebetween550 and1500 MeV. The LEPS facility (LaserElectronPhoton
Experimentat SPring-8)[8] hasevena largerhighenergy limit (2400MeV).

Almost all theexperimentalwork relative to one-nucleonphoto-emissionin light-medium
nuclei,hasbeendonewith unpolarizedphotons[1]. As far aswe know, the

���
γ � p� reactionhas

beenstudiedonly by Yokokawa et al. in 1988on the12C targetat excitationenergiesbetween
40 and70 MeV [9].

D.3 Proposedmeasurements

In this sectionwe proposea set of experimentsto be doneon 12C, and 16O nuclei. Their
nuclearstructurerequiresa simple descriptionand permitsa goodcontrol of the theoretical
uncertainties.

Calculationshave beenperformedin theframework of a modelwhich permitsto take into
account,in additionto theone-body(OB) contributions,theSRCandMEC in electromagnetic
processesinvolving nucleiwith A � 4, in suchawaythatdifferentprocesses,likeinclusiveelec-
tron scattering,one-andtwo-nucleonemissioninducedby electronscatteringandrealphoton
scattering,canbedescribedby usingthesamemethodology. Theideawasto havea consistent
view of the differentprocesses.The modelhasbeenappliedto processesinvolving electron
[10] andphoton[11, 12] scattering.

Here our interestis focusedon one-nucleonemissionexperimentsinducedby polarized
photons.In particularwe areinterestedin theprotonemissionprocess.As previously stated,
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themeasurementsof this kind arescarce[9]. This situationopensinterestingpossibilitiesfor
thenuclearphysicsphotonline at ALBA.

For linearlypolarizedphotons,thecrosssectionis givenby

dσ
dΩ � σ0

�
1 � Σcos2φ � �

whereσ0 is theunpolarizedcrosssection,φ is theanglebetweenthephotonpolarizationand
thereactionplaneandΣ is theasymmetry. Thisquantityis definedas

Σ � WTT

WT
� σ � � σ �

σ � � σ �
whereWT andWTT arethe transverseandtransverse-transverseresponsesandσ � andσ � are
thecrosssectionsmeasuredwith thelinearphotonpolarizationparallelandperpendicularto the
reactionplane,respectively.

In Fig.D.1,theresultsobtainedfor theasymmetrycalculatedfor theprocesses12C(
�
γ,p)11B(g.s.)

(left panels)and16O(
�
γ,p)15N(g.s.)(right panels)areshown for variousvaluesof thephotonen-

ergy ω. The OB (dashedlines), OB+SRC(dottedlines) andOB+MEC (dashed-dottedlines)
resultsandthoseincluding all the effects(full lines) areplotted(see[13, 14] for detailscon-
cerningtheSRCfunctionandtheMEC operatorsconsidered).

In thefiguretheimportanceof MEC effectsis evidentatanglesabove90o. Theeffectis non-
negligible evenat low energiesfor thetwo nucleistudiedandgrows with thephotonenergy in
12C. In thisnucleusthemodificationof Σ is considerablylargerthanfor 16O for agivenphoton
energy.

In addition,wehavefound[13, 14] thatif oneusesdifferentcorrelationfunctions,theinter-
ferencebetweentheSRCandtheMEC behavesdifferently, provoking importantmodifications
of theasymmetryobtainedwhenonly theMEC aretakeninto account.Thiscanbeseenin Fig.
D.2 wheretheprevious result(left panels),obtainedwith theS3correlationfunction, is com-
paredto theso-calledgaussian(G) correlationfunction(right panels).Thelattergivesrise,first,
to a non-negligible effect with respectto thebareOB calculation(dashedcurve wit respectto
thedottedcurve) and,second,to anappreciableinterferencewith theMEC effects(full versus
dashed-dottedcurves).

To determinethe experimentaldetailsnecessaryto performthis kind of experiments,the
crosssectionsareneeded.Theseareshown in Fig. D.3 for the 12C(

�
γ,p)11B(g.s.) (full curves)

and16O(γ,p)15N(g.s.) (dottedcurves)processes.The calculationshave beendoneby includ-
ing OB currents,SRCandMEC. The left, centralandright panelsshow σ0 [11], σ � andσ � ,
respectively. Threephotonenergiesω havebeenconsidered.

In general,12C shows larger crosssectionsthan16O what makesit a bettercandidatefor
theseexperiments.On theotherhandwe have found[11] thatthecrosssectionsobtainedwith
OB currentsonly have a sharpdecreasefor largevaluesof thenucleonemissionangle.In this
region, SRCproducecrosssectionswhich areoneorderof magnitudelarger. However, this
effect cannotbedisentangledbecausein thesecrosssectionstheMEC play an importantrole,
moreimportantthanthatof theSRC.Thereforetheeffectof SRCis overwhelmedby thatof the
MEC.
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FigureD.1: Angular distributionsof the 12C(ðγ,p)11B(g.s.) (left panels)and16O(ðγ,p)15N(g.s.)
(right panels)asymmetries.Thedashedlineshave beencalculatedin the independentparticle
modelby usingOB currentsonly. Thedottedlinesincludetheeffectsof theSRC,thedashed-
dottedlinestheMEC andthefull linesall theeffects(see[13, 14] for details).
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FigureD.2: Angulardistributionsof the12C(ðγ,p)11B(g.s.) asymmetriesfor theS3 (left panels)
andG (right panels)correlationfunctionsandfor two photonenergies(see[13, 14] for details).
Thecurveshave thesamemeaningasin Fig. D.1.
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FigureD.3: Angulardistributionsof the 12C(ðγ,p)11B(g.s.) (full curves)and16O(ðγ,p)15N(g.s.)
(dottedcurves)crosssectionsfor differentphotonenergies. Left panelsrepresenttheunpolar-
izedcrosssectionσ0, while centralandright panelscorrespondto theσ X andσ Y , respectively.
Thecalculationhavebeendoneby consideringOB andMEC contributionsaswell astheSRC
(see[13, 14] for details).
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D.4 Experimental details

We needto determinetheasymmetryof theprotonemission,in thedirectionsparallelandper-
pendicularto the γ-ray polarizationplane,asa function of azimuthalanglefor someselected
gammaray energies. Experimentallythe challengeis to achieve enoughenergy resolutionto
separatethegroundstateandtheexcitedstatesin thefinal nucleus,andachieveenoughstatistics
to determinethe asymmetrieswith enoughprecision. The energy resolutionis severely com-
promisedby the energy lost by the protonbeforeleaving the sample,which limits the useful
targetthicknessandthusthestatistics.

We proposeto perform experimentsin two phases. In the first phasethin samples( Z
100 mg[ cm2) will be usedand a set of four proton detectorswill be placedsymmetrically
around60\ and120\ (wherethe sensitivity to the searchedeffects is maximum). The detec-
torsareof the∆E-E type,to allow for protonidentification,consistingin a thin (2 mm) plastic
scintillatoranda 4 ] 4 ] 4 cm3 CsI(Tl) scintillatorwith photodioderead-outwhich canreach
resolutionsof 1 % [15], sufficient for our purposes.Eachdetectorsubtendsa solid angleof
100msrwhenplacedat10cmfrom thesample.Assumingacollimatedintensityof 4 ] 105 ŝ 1

for a beamenergy of 80 MeV with a 1.5 % resolution,it would require2 daysof measuring
time to determineanasymmetryof Σ _ 0 ` 5 at 120\ with a precisionof 10 % in a 12C sample,
accordingto thecrosssectionestimates.For the16O sample2 weeksmeasuringtimewouldbe
necessary.

A moreambitioussetupcanbe usedin a secondphase,to measureeven lower crosssec-
tions. To overcomethe samplethicknesslimitation one could usethe methodemployed in
Ref.[16]. Takingadvantageof thegoodcollimationof theγ-raybeamanelongated(wire-type)
thin samplecould be employed. To reconstructthe angleof protonemission,positionsensi-
tivedetectorsshouldbeemployed. This couldbeachievedwith two DSSSD(DoubleSidedSi
StripDetectors)pertelescopeactingas∆E detectors,similar to thosedevelopedby theHuelva-
Sevilla-Madrid collaboration(seeAppendixA). It couldalsobeachievedwith asingleDSSSD
anda positionsensitive E-detector, which couldbea CsI(Tl) crystalreadout with anarrayof
APDs(AvalanchePhotoDiodes),or evenaDoubleSidedStripGeDetectorastheonewhich is
beingconsideredby theMadrid-Valenciacollaborationfor thefutureFAIR-Darmstadtfacility.
Therealchallengewill be thedevelopmentof a 4π arraywhich couldallow themeasurement
of correlationsin two-protonemissionwith polarizedγ-rays.

D.5 Futur edevelopments

In the previous sectionswe have discussedthoseexperimentswhich canbe donein a rather
straightforwardway. Nevertheless,thereis a numberof experimentswhich canbeproposedat
a laterstageandwhich wouldcompletetheexperimentalprogramin this areaof interest.

One-neutronemissionexperimentsare the obvious complementto the (γ,p) experiments
describedabove. In this senseit is importantto notethatthereis muchcontroversyconcerning
thediscrepancy betweentheoryandexperimentin thecrosssectionsof the(γ,n) experimentsin
comparisonwith thoseof theone-protonemissionprocess.In additiontherearevery few data
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for bothkind of experiments[17].
In thiscasetheproblemwouldbetheneutrondetectionandthedeterminationof its energy.

Onepossibilityis to useadetectorbasedontheprotonrecoilafterthecollisionwith thedetected
neutron.A betteralternative is theuseof time-of-flight techniques.Due to the time structure
of the electronbeamandthe way of generatingthe photonbeam,the trigger for the process
cannotbebasedon timesignalsprovidedby thesynchrotronor thelaser. Howeveronecanuse
thedetectionin coincidenceof photonscomingfrom thedecayof theexcitedresidualnucleus.
Thisprocedurewouldbealsovalid for protonemission.

One-nucleonemissionprocessescanbeinvestigatedin deepby consideringotherpolariza-
tion degreesof freedomapartfrom the polarizationof the incidentphotons. For example,it
is possibleto considernucleartargetswith non-zeroangularmomentumandto polarizethem.
In this case,additionalnuclearresponsesareaccessibleandnew informationcanbeobtained.
The complex apparatusinvolvesa refrigerator(low temperature),pumpingsystem(vacuum),
magnetsandothercomplementarysystemssuchas,for example,nuclearmagneticresonance
to measurethe polarizationvalue. Thoughmore complicated,thereis alreadyconsiderable
experienceat differentexperimentalfacilities[18].

Measuringthe polarizationof the outgoingnucleonpermitsto accessto new information
aboutthenuclearstructure.The polarizationof theemittedprotoncanbe measuredby using
a polarimeterbasedon elasticproton-proton-scattering[19]. For neutronsmoresophisticated
polarimetersareneeded[20].

Finally, two-nucleonemissioncanalsobe consideredasa possibility for future develop-
ments.In recentyears,two-nucleonemissionhavebeeninvestigatedwith unpolarizedphotons
[21]. 9Be,12C and16O havebeenusedastargetsandphotonenergiesabove100MeV havebeen
considered.Experimentsperformedwith polarizedphotons[22] have dealtwith both aXðγ b ppc
and aXðγ b pnc for energiesrangingbetween160and350MeV in 12C and16O.

In a recentcalculation[13] we have foundthat the(γ,pp)crosssectionsaresensitive to the
MEC parametrizationchosenandthisputsfurtherinterestin this kind of processes.Theexper-
imentshouldrequirea4π detectorsetupwith enoughresolutionandchargedparticleidentifica-
tion capability. Thiswouldallow to measuretwo-protonor neutron-protonemission,aswell as
protonknockout with pion production.Thesekind of detectorshave beenemployedat MAMI
[23].

D.6 Conclusions

Polarizedphotonswith energiesup to 110 MeV appearto be a usefultool to make high pre-
cisionnuclearphysics.By choosingthekinematics,thecontributionsof thedifferentphysical
mechanismscanbe enhancedor reducedandthis permitsto investigatesubtleeffectssuchas
thoseproducedby the SRCand the MEC. In this respect,the proposednuclearphysicsline
at the ALBA synchrotronis a very interestingfacility becauseof the estimatedhigh energy
resolutionandthepossibilityto obtainphotonswith almost100%polarization.Thewidespec-
trumof experimentalwork to bedevelopedwith this facility wouldcoveranalmostcompletely
unexploredareasincenucleonemissiondataobtainedwith polarizedphotonsareveryscarce.
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Appendix E

Photon-nucleonexperiments

E.1 Intr oduction

Appartfrom photonuclearexperimentsto studythestructureof theatomicnucleus,it is possible
to resolve the nucleoninterior structurethroughthe interactionwith photonsif the energy is
above150MeV. Theseexperimentsbelongto therealmof IntermediateEnergy Physics(IEP),
that is, the particle/nuclearphysicsareawhich studiesthe structureof the matter, nuclei and
particlesat scalesof theorderof 0.1up to 2 GeV.

At presentthis is oneof therichestfieldsin physicsasit involvestheproductionof thelight-
estmesonsthroughtheexcitationof nucleonresonances,which constitutesthemostimportant
sourceof informationonchiraleffectiveLagrangiansandthebehavior of QCDat low energies,
fixing theparametersinvolvedin thetheoreticaldescriptions.

In this Appendixwe proposeexperimentsof productionof mesons,excitation of nucleon
resonancesandComptonscatteringof photonsat intermediateenergies.In figureE.1themeson
andbaryonspectrathatcanbestudiedwith photon-nucleonreactionsat intermediateenergies
aredisplayed.

We will give moredetail on the studiesthat canbe achieved with the presentdesigngoal
of 530 MeV maximumphotonenergy, but we shouldkeepin mind that this limit represents
just the stateof the art of lasertechnology. This areaof researchis quickly evolving andwe
cannotclosetheissueof theactualmaximumenergy of theincidentphotonswithout takinginto
accounttheimprovementsthat,for sure,lasertechnologieswill experimentin thenext years.

Amongthedifferentmesonproductionexperiments,researchonbaryonexcitationsthrough
pionphotoproductionis of greatinterest– from boththeoretical[2, 3, 4] andexperimental[5, 6]
pointsof view – dueto new availabledata,speciallyin the∆ a 1232c region. Themaindifficulty
is the isolation of eachresonantcontribution from the backgrounddue to other resonances
andthe non-resonantcontributions(v.g. light mesonexchange).The new generationof high
precisionexperimentalfacilities areof greatimportancein this researcharea. Becauseof its
energy rangeand relatively high intensity, the proposedbeamline will be an excellent tool
to study∆ a 1232c andpossiblythe RoperN(1440)nucleonresonancesby meansof Compton
scatteringandpionphotoproductionon freeprotonsandlight nuclei.

Accordingto thedesignparameters(seeTable2.1of Chapter2), wecancompareALBA to
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LEGS[7], thatis thefacility thatmostcloselyresemblesit, andto MAMI-A2 [8], abremsstrah-
lungγ-raysourceatMainzfor asimilarenergy range.Wecanobservealsothattheenergy range
spannedby theproposedbeamline is theregion lesswell coveredby backscatteringfacilities
andthis is the main reasonwhy therearealmostno measurementsof the photonasymmetry
in aXðγ b pc , andjust a few cross-sectionsareavailablein the literaturefor energiesbetween150
and300MeV (seefor instanceFig. E.2). This γ-ray energy rangeis neitherwell coveredby
bremsstrahlungfacilities. Among them,only MAMI-A2 andMAX-Lab (Lund) [9] facilities
spanasimilarenergy rangewith aphotonintensitycomparableto theproposedbeamline, but a
lower degreeof photonpolarization.Furthermore,comparedto bremsstrahlungsources,laser-
backscatteringfacilities like ALBA producea photonbeamthat is virtually freefrom edfe ê
background.This backgroundhasbeenfoundresponsiblefor systematicerror in themeasure-
mentof pionproductioncross-sectionat MAMI [10].

The Spanishintermediateenergy physicscommunityis very active andpresentin several
universitiesandlaboratories.At presentthereareno–andhaveneverbeen–intermediateenergy
physicsfacilitiesin Spain,of any kind. To finishthisintroductionwewouldliketo stressthatthe
proposedgammaray beamline representsthemostcost-effectivesinglemeasurethatcanhave
thehighestimpactin a field of physicsin our country. Having theopportunityof performing
experimentsat sucha facility is thedreamof any intermediateenergy physicist,andhaving it
in Spainis undoubtedlythebestopportunitythattheIEPcommunityof Spainhasever faced.

E.2 Experimentsproposed

In theenergy rangefrom 150to 500MeV, weproposethemeasurementof Comptonscattering
(ðγ b γ) andpionphotoproduction(ðγ b π) onfreeprotons,deuteron,3He,and4Heandmorecomplex
nuclei.Onemustnoticethatfor freenucleons,with thesamesetupandin thesameexperiment
onecanmeasureComptonscatteringandpion production.For nucleartargetsadditionallyin
thesameexperimentonewouldalsomeasuresingleprotonknockout.

In what follows we review theparticularitiesof theobservablesandthenwe will describe
theexperimentalequipmentneeded.

E.2.1 Comptonscatteringandpion photoproductionon fr eeprotons: p gihγ j γ k ,
p gihγ j π0 k and p gihγ j π lmk

This kind of experimentsconstitutea first stepin the developmentof an experimentalpion
photoproductionprogramme.We suggestto repeatthe experimentsperformedover the last
years,speciallyat LEGS [10] andMAMI [11], andto completethe experimentalanalysisby
increasingthedatabaseof multipolesandpolarizationobservablesin orderto solve discrepan-
ciesamongresultsof differentlaboratories.It hasto besaidthatthereareimportantdiscrepan-
ciesbetweenthelastanalysisat Brookhavenandexperimentaldataobtainedat Mainz over the
lastdecade1. Takinginto accountthelargerintensityof ALBA, repeatingtheexperimentswith
similar statisticsastheoneachievedat LEGScanbedonein 3-4 months.

1A detailedcomparisonamongdifferentexperimentaldatacanbefoundin Ref. [10]
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FigureE.1: Upperpanel: Spectrumof nucleonresonanceson free protonsdependingon the
incidentphotonenergy in laboratoryframe. We show resonanceswith threeandfour starsin
Ref. [1]. Resonancemassesaretaken from the pole positiondataof Ref. [1]. Lower panel:
Spectrumof mesonproductionon free protonsdependingon the incident photonenergy in
laboratoryframe.Becauseof thelargeenergy rangefor f0 weshow its valuefor bothmaximum
andminimummasses.Thedashedline standsfor thepreliminarymaximumenergy atALBA.
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Detailedexperimentalstudyof multipolesis critical. The E3n 2
1d multipole is dramatically

affectedby final stateinteractionsbetweentheoutgoingpion andthe proton. Therearelarge
uncertaintiesin this multipole and a lack of experimentalknowledgebetween300 and 400
MeV, that the last experimentat LEGShasstartedto fill in [10]. It would beof greatinterest
to increasetheexperimentaldatabasefor severalmultipolesin thelow energy region (v.g. Ep

0d ,

Ep
1d andMp

1d below 200MeV, Mp
2 ^ below 400 MeV andMp

1 ^ andM3n 2
2 ^ in thewholeenergy

rangeof the synchrotron). New experimentaltechniqueswould be neededto achieve these
measurements.

The latesttheoreticalanalysisof Comptonscattering[12] doesnot agreewith thoseper-
formed for pion photoproduction[3], specially with regardsto the E2/M1 ratio (EMR) of
∆ a 1232c and helicity amplitudes. Theseobservablesare of importancebecausetheoretical
modelspredictvaluesbetweene 0 ` 5% and e 6% dependingon the existenceof a pion cloud
aroundthe nucleon. Experimentsperformedin the last yearsfavor modelswith the pionic
cloud,althoughtheEMR is notquitewell known, EMR _�e 2 ` 5 o 0 ` 5%in Ref. [1] andEMR _e 3 ` 07 o 0 ` 26a stat `	p syst `qcro 0 ` 24a model c % in Ref. [10]. The solution of the theoretical-
experimentalpuzzleaboutthe ∆ a 1232c is oneof the aimsof this proposal.If enoughphoton
energy is availablealsotheRoperresonancecouldbestudied.TheRoperresonanceis of great
interestfor MEC descriptionsandits structureandpropertiesarenotclear. Therecentclaimsof
a pentaquarkantidecupletwould seemto requireanN a 1650c to satisfytheGell-Mann-Okubo
rule with the known Σ a 1770c and the reportedΘ a 1540c , Ξ a 1860c . This resonancehasbeen
identifiedwith theN a 1710c mixedwith theN a 1440c andsplit by level repulsion.If idealmix-
ing is supposed,thelightestresonance(theRoper)hasasignificantpentaquarkcomponentwith
no hiddenstrangeness,that is, it canbe viewed as largely a baryonwith an additionallight
quark-antiquarkpair. TheN a 1710c , carryingthehiddenstrangeness,would remainout of the
reachof theproposedbeamline.

E.2.2 Compton scatteringand pion photoproduction on nuclei

Theuseof nucleartargetsinsteadof freeprotonsreducestheenergy transferredto therecoiling
systemandthusincreasesthe energy availableto excite nucleonresonances(seefor instance
Fig. E.3. Furthermore,the Fermi motion of nucleonsinsidenuclei widensup even morethe
rangeof kinematicallyallowed processes,for a givenphotonenergy. Additionally, targetsas
3He areeasilypolarized,whataddsnew observablesto study. On theotherhand,therecoiling
systembeingcomplex, many differentreactionchannelscanhappen,but suitablecoincidence
techniqueswouldhelpisolatingtheparticularchannelof interest.

Compton scattering and pion photoproduction on deuteron: d a3ðγ b γ c , d a3ðγ b π0 c , d aXðγ b π dsc and
d aXðγ b π ^�c
Theaim is to usedeuteronasafirst stepto studypionphotoproductionon light nuclei[13] and
to establishthe influenceof ∆ a 1232c in its structure.Combinationwith previous analysison
protonsallow to obtaininformationabouttheneutron.Weneedto measuredifferentialandtotal
crosssectionsaswell aspolarizationobservables.Theamountof experimentalinformationis

75



1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

0 100 200 300 400 500 600 700 800 900 1000

M
*  (

G
eV

)t

Eγ
lab (MeV)

∆(1232)

N(1440)

N(1535)
N(1520)

∆(1600) ∆(1620)
N(1650) N(1675) ∆(1700)

N(1680) N(1700) N(1720)
N(1710)

208Pb
40Ca

12C
4He

1H

FigureE.3: Availableenergy for resonanceexcitationswith differenttargetsdependingon the
incidentphotonenergy in thelaboratoryframe.Polemassesof nucleonresonancesaremarked
in thefigureashorizontallines.

76



really smallandthemajority of theexperimentswereperformedmany yearsago[6]. Thus,a
large reductionof theerrorbar for theobservablesis expected.The role of otherresonances,
suchastheRoper, is alsoof greatinterest.

Compton scattering and pion photoproduction on 3He: 3He aXðγ b γ c , 3He a3ðγ b π0 c , 3He a3ðγ b π d c
and 3He aXðγ b π ^uc
As far aswe know, thereareno pion photoproductionexperimentson 3He with polarizedpho-
tonsin theenergy rangeof theproposedbeamline. Nevertheless,thisprocessis of greatinterest
at presentthanksto realisticthree-bodymodels[14] developedin the lastyearsandCompton
[12] andpion photoproductionmodels[4] with consistent∆ a 1232c description.In this waywe
would beableto performanacceptabletheoreticalanalysisof the influenceof the∆ a 1232c in
systemslike 3He andfew body systems.In addition,availability of polarized3He andpolar-
ized photonbeamsallow the determinationof many helicity asymmetrieswhich canprovide
informationaboutmodels.

Compton scattering and pion photoproduction on 4He: 4He aXðγ b γ c , 4He a3ðγ b π0 c , 4He a3ðγ b π dsc
and 4He aXðγ b π ^uc
4He is a high densityandhighly boundnucleus,comparedto any otherlight nuclei. With only
four nucleons,4Heis stronglyboundedandtheroleof thepion is emphasized.Thus,pionpho-
toproductionappearsasanexcellentmechanismto studythepion in thenuclearmedium.The
roleof the∆ a 1232c andfinal stateinteractionsmaybealsoimportant,beingof greatinterestfor
physicistwho aredevelopingfew bodymodels.Becauseof 4He spin(J _ 0), thecontribution
of photonswith polarizationparallelto thescatteringplaneis zeroandtheasymmetryΣ _ve 1
for any energy. Thereareexperimentaldatain theenergy rangeof 200to 300MeV [15] where
no violation of Σ _we 1 wasfound. High precisionmeasurementsof possibleviolationsof this
asymmetryin a broadenergy rangeseemsto be a suitablemechanismto searchfor internal
structureeffectsin 4He.

E.3 Experimental Setup

We will survey briefly the basicequipmentrequired. It sharesmany commonelementswith
otherproposals.For instance,the recoil detectorcanbe thesameasdescribedin thenucleon
knockout proposal(seeAppendixD), andtheToF spectrometercanbeastheonedescribedin
thephoton-neutronexperiments(seeAppendixB).

1. A relatively economicalsetupto detectparticles,nucleons,pionsandphotons,would be
asetof two largeNaI(Tl) detectors(circa48 ] 48cm)alongwith several3-4smallerones
(24 ] 36 cm,13 ] 15,24 ] 25,8 ] 13) asemployedat LEGS.CooledCsI canbeusedwith
resolutionadvantages,aswell ascooledpureNaI, but resolutionhereis notanimportant
constrain.Also segmentationis not needed,but probablyit would be lessexpensive to
build thelargescintillatorsfrom smallerblocks.LargesegmentedNaI(Tl) detectorswith
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associatedvetoarebeingemployedto detectγ-raysof up to 800MeV with animpressive
1 MeV resolutionatMAMI-A2 andMAX-Lab.

2. Recoildetectors.Theseareto beplacednearthetargetin orderto detectandstoptherela-
tively lessenergeticparticlesknockedoutmoreor lesstransverselyto thebeamdirection.
A combinationof plastic (veto) and inorganic scintillatorsand multiwire proportional
chamberscanbeused,asin LEGS.

3. ToF spectrometerscanbeutilized to detectenergeticparticlesmorein theforwardbeam
direction,recoiling protonsandothers. In its simplestform, it canbe madeout of 2 to
3 meterlong 150 ] 15 mm2 cross-sectionplasticbarsplus drift chambersandtracking
detectorsnearthe target (several small 100 ] 100 mm2 wire chambers).This can be
alsousedasa partof a neutronToF spectrometerwith goodefficiency. Note thata high
efficiency neutronToF detectorplus calorimeterat intermediateenergies is beingbuilt
at JLAB for the e02013experimentwith involvementof an Spanishgroup[16]. Parti-
cle identificationwould be obtainedwith ∆E [ E measurementsin the trackingandToF
detector.

4. Cell of liquid H2 (LH2) for theprotontarget.

With a basicsetupsimilar to the one just above described,many goodexperimentswere
performedat LEGS.Themostdifficult discriminationof Compton a γ b γ c andneutralpion pro-
ductioneventswould be achievedby comparingthe γ-ray energy depositedin a large ’γ only
vetoed’NaIdetectornearthetargetwith therecoilingprotonToFto thebararray[10]. Asanim-
provementof thissetup,thatwould increasethecountingrate,4π configurationsaresuggested.
They areavailableatseveralγ-ray facilities.DAPHNE,for instance,formerlyatMAMI-A2 can
achievefull 4π coveragewith 3 e 4 MeV resolutionin theenergy rangeof 100to 800MeV [17].
It hasbeenreplacedby theBNL CrystalBall [18], with evenbetterperformance(1 MeV reso-
lution). Thesedetectorsarerelatively expensivebut they canbesharedamongseveralfacilities
duringtheir nonoverlappingexperimentalseasons.

A moremodernsetupwouldusehighresolutionthin siliconstripsfor trackingand∆E layer
of the telescope.Thereareseveralgroupsin Spainwith experiencein theuseandproduction
of suchdevices.

Alternatively, if a low densitytarget is employed, like the gasjet of hydrogenproposed
for the FAIR/EXL facility, tracking of the recoiling nuclearsystemwould allow for a very
precisekinematicsdetermination.This would alsobe achieved with an active target system
(gaschamber).

With around107 photonsper second,taking into accountthe modestvaluesof the cross-
sectionandthat the targetswill not be too thick, the demandson the electronicsfor counting
rate are not too high. A few kHz of eventsare expectedat most, for the most demanding
measurementsif a 4π recoil detectorsetupis chosen.The time resolutiondemandsput at the
coincidenceandToFsetupswouldbemoderate.Timeresolutionsof theorderof 0.5nsandless
aretodayroutinelyachievedandshouldbeenoughfor theexperimentsproposedin thischapter.
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E.4 Beamtime estimation

To haveanideaof relativeyield of differentprocesses,cross-sectionsfor photonsin the150to
530MeV rangeareapproximatelyasfollows:

1. Photoabsorptiononsingleprotons:a few hundredsof µbarns.

2. Pionphotoproductionon singleprotons:a few tenthsof µbarn/sr.

3. Comptonscatteringonprotons:a few hundredsof nbarn/sr.

4. Single-nucleonknockout: 100nbarn/sr(at200MeV).

With anusual100mg/cm2 targetthickness(liquid hydrogentargetLH2), beamtimeneeded
to achieve 10% statisticaluncertaintyfor Comptonscatteringon protons,the lessfavoured
case,with theexpectedintensityfor the150to 530MeV rangewouldbejustafew weeks.Note
that during that sameperiodandduring the sameexperiment,dataon all the otherprocesses
mentionedwouldalsobetakensimultaneously. If goodtrackingnearthetargetcanbeobtained,
vertex reconstructiontechniquesarepossibleandmultiple thin targetscanbeused,increasing
thecountingrateby thenumberof layersof targetsemployed.

E.4.1 Further experiments

Further mesonproduction: In the energy rangeexpectedfor the proposedbeamline the
productionof furthermesonscanbeenvisioned.By looking at figureE.1 we observe that the
thresholdfor two-pionproductionis well below 500-600MeV. Thischannelhasbeenstudiedin
thepast,but precisionstudieswouldbepossibleatALBA. An exotic channelis readilyavailable
throughdouble-chargedpionproductionγZ xya Z e 2c π d π d . This isospinI _ 2 channelcannot
hold a molecular-type resonanceasthe stronginteractionis repulsive [19], but at ALBA we
couldexcludethepresenceof any intrinsicnarrow state(automaticallya tetraquark)suchasthe
muchdebatedpentaquarkin aflavor-exotic KN wave. Exoticspectroscopy is expectedto come
to theforefrontof researchin theupcomingyears[20].

On thecontrary, theproductionof I _ 0 pion pairsis guaranteedto givea window into the
establishedphysicsof the σ resonance2 [ f0 a 400 e 1200c ], a broadstructurein ππ scattering
andfinal statesthat is expectedto have a largemolecular-typetetraquarkcomponent[21]. The
connectionof this resonanceto theRoper[22] canalsobestudiedfor exampleby thetwo-pion
plusnucleondecayof theRoper.

Finally, studyof higherresonancesandproductionof heavier mesonscannotbediscarded,
astheimprovementsin lasertechnologiescomefastthesedays.For instance,althoughphoto-
productionof η a 547c requiressome700MeV on ahydrogentarget,its thresholdis loweredon
heavier nuclei andcanbewithin reachof ALBA dependingon its final energy range.Again,
precisionstudiesof SU a 3c Lagrangianarenow possible,andtopicslike hiddenstrangenessor
SU a 3c breakingcouldpotentiallybeaddressed.Therole of this mesoninsidenucleicouldalso

2Currentestimatesput it at 500MeV
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bestudiedfrom its characteristictwo-photondecay. It alsoprovidesthree-pionfinal stateswith
verywell definedenergy.

Pentaquark: Sincethefirstexperimentaltracesof itsexistence[23], thepentaquark,Θ d a 1540c
is undoubtedlyoneof thehottesttopicsin intermediateenergy physics.Dueto this interestof
thescientificcommunityit shouldbestudiedwhethertheALBA facility givesany possibilityto
contributeto researchonthenon-threequarkbaryonsandmesonsstates.A pentaquarkproduc-
tion experimenton freenucleonsrequiresanamountof energy thatis faraway from theALBA
facility, but thereareotherpossibilitiesthatshouldbeconsidered.For thesamereasonsasin
subsectionE.2.2the thresholdenergy of pentaquarkproductionis reducedon nuclei. Theen-
ergy reductionfrom thefreecaseis considerableandit wouldbepossibleto exciteapentaquark
with only 800MeV on a 12C target. If thesekind of experimentscouldbecarriedout, ALBA
wouldbecomeoneof thefirst facilitiesof theworld to startanexperimentalprogrammeonpen-
taquarkexcitationin nuclei,beginningthestudyof its propertiesandeffectsin nuclearmedium.
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551(1994).W. Glöckle,H. Witala,D. Hüber, H. Kamada,andJ.Golack,Phys.Rept.274,
107 (1996).E. Garrido,D.V. Fedorov, andA.S. Jensen,Phys.Rev. C 55, 1327(1997).
E. Nielsen,D.V. Fedorov, A.S. Jensen,andE. Garrido,Phys.Rept.347, 373(2001).

[15] V. Bellini et al., Nucl. Phys.A 646, 55 (1999).

[16] http://www.jlab.org/exp prog/CEBAF EXP/E02013.html

[17] G. Audit et al., Nucl. Instr. Meth.A301 (1991)473.

[18] http://www.gwu.edu/ndl/r esearch5e.htm

[19] J.E.F.T. Ribeiro,Z. Phys.C 5, 27 (1980).

[20] F. J.Llanes-Estrada,eConfC0309101, FRWP011(2003).arXi v:hep-ph/0311235
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Appendix F

Calibration of gamma-ray instruments for
Nuclear Astrophysics

F.1 Intr oduction

Nuclearastrophysicsrelieson gamma-rayline astronomy, mainly in theMeV range,to testits
predictions.Someexamplesof gamma-raylinesalreadydetectedarethe511keV line, tracing
electron-positronannihilationin the interstellarmediumandin theproximity of very compact
objectssuchasblackholesorneutronstars,the1.809MeV line,showing thegalacticsitesof the
radioactivedecayof the26Al isotope,or the1.157MeV line, comingfrom 44Ti decayin young
supernovaremnants.However, someothergamma-raylinesstill remainelusive,asfor instance
thoseemittedduringsupernovaandnovaexplosions(i.e.,56Colinesat847keV and1.238MeV,
7Be line at 478 keV or 22Na line at 1.275MeV). Their detectionis the only way to tracethe
nucleosynthesisof radioactive isotopesduring theseexplosions,and thusto understandtheir
explosionmechanism.Sincesupernovaearethemajorsourcesof theelementsin theUniverse,
theknowledgeof theirnucleosyntheticactivity is a really relevanttopic for astrophysics.Other
scientificobjectivesfor MeV gamma-rayastronomyincludethesun,galacticcompactobjects,
activegalacticnuclei,gamma-raybursts,andcosmicgamma-raybackground.

The reasonfor the very raredetectionsof cosmicgamma-raylines is that the MeV range
facesimportantchallengesfrom the instrumentalpoint of view. In additionto thegeneraldif-
ficulties of gamma-raydetection(few signalphotonshave to be extractedfrom very intense
backgrounds),the MeV rangeis speciallydifficult, sinceit correspondsto the energy range
whereComptonscattering(with small crosssections)is dominant,making it harderto han-
dle thanphotoelectricabsorptionor pair formation,at lower andlarger energies,respectively.
Actually, the presentgenerationof gamma-rayinstrumentsmakesuseof geometricaloptics-
shadowcastingin modulatingaperturesystems- or quantumoptics- Comptonscattering.This
kind of instrumentsis facedwith theproblemthatbigger doesnotnecessarilymeanbetter. The
reasonfor this apparentcontradictionis that thecollectionareain traditionalgamma-raytele-
scopesshouldberoughlyequalto thedetectionarea.Therefore,thelarger thecollectionarea,
the larger thedetectionvolumeandthusthehigherthe instrumentalbackground.This means
thatsignificantimprovementsin sensitivity needhugeinstruments,tooexpensivefor spacemis-
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sions. An innovative conceptfor detectinggamma-raysin the MeV range,which overcomes
this problemandallows for unprecedentedsensitivities consistsof focusingthe gamma-rays
from a largecollectionareaontoasmalldetector.

Lastbut not least:thereis anincreasinginterestin thehigh-energy astrophysicscommunity
in the useof polarimetryin the MeV rangeasan importantdiagnostictool for the natureof
thecosmicsourcesof gamma-rays.In a recentworkshopheldin Stanford(USA), a largenum-
berof studiesrelatedto this topic werepresented(see[1]), showing thepotentialrelevanceof
polarizationmeasurementsandsomewaysto make it technicallyfeasible.In fact,recentmea-
surementswith theRHESSIsatellitehave shown that this is thecase(see[2] for thedetection
of polarizationin agamma-rayburst).

A gamma-raybeamline at the future spanishsynchrotronALBA, basedon the inverse
Comptonscatteringof laserphotonswith highly-relativisticelectronsfromthesynchrotronring,
would beextremelyusefulfor theanalysisof theperformanceof a gamma-raylensandother
plannedinstrumentsin the MeV domain. Thereis not at presentany othereuropeanfacility
offering thisuniqueopportunityfor gettinganintense,highly collimatedandpolarizedbeamin
theMeV energy range.

F.2 Stepstoward a gamma-ray lensfor nuclear astrophysics

Gamma-rayscaninteractcoherentlyinsideacrystallatticeprovidedthattheanglesof incidence
are very small. As a consequenceof the small scatter-anglesBragg diffraction in the Laue
geometryis moreconvenient:photonspropagatethroughtheentirecrystal,usingall thecrystal
thicknessfor diffraction.

In a crystal diffraction lens, crystalsare arrangedin concentricrings suchthat they will
diffracttheincidentradiationof aparticularenergy ontoacommonfocalspotwherethedetector
is placed(Fig. F.1).

In orderto bediffracted,anincominggamma-raymustsatisfytheBragg-relation:

2 d z hkl { sinθ _ n
hc
E
b (F.1)

whered z hkl | is the crystalplanespacing,θ the incidentangleof the photon,n the reflection
order, andE theγ-ray energy. Thecrystalplanespacingis givenby the latticeconstantof the
material,a, andtheMiller indexes, } hkl | , accordingto theexpression:

d z hkl { _ a~
h2 p k2 p l2

` (F.2)

A crystalat a distancer from theopticalaxisis orientedsothattheanglebetweentheincident
beamandthecrystallineplaneis theBraggangleθ. All crystalsarrangedin thesameconcentric
ring usethesamecrystallineplanes( } hkl | ) to diffract theincominggamma-ray.

Lauediffraction lenseshave demonstratedtheir potentialin laboratorymeasurements([4],
[5], [6], [7]).

TheCLAIRE project,developedatCESR,wasbornto provetheprincipleof aLauediffrac-
tion lensfor nuclearastrophysics.Its naturalcontinuationis aprojectfor aspacemissionnamed
MAX (for Max vonLaue).
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FigureF.1: Thebasicdesignof acrystaldiffractionlensin Lauegeometry. Crystalsaredisposed
on concentricringssuchthatγ-raysarefocusedinto a commonfocal spotby Bragg-reflection
in Lauegeometry

F.2.1 CLAIRE: a prototype

CLAIRE is aballoon-bornetelescopededicatedto validatingtheconceptof acrystaldiffraction
lensfor nuclearastrophysics(see[3]). CLAIRE’s lensconsistsof 556Ge-Simosaiccrystals,
focusing170keV γ-ray photonsontoa 3x3 matrix of Gedetectorsplacedat its focus. In June
2001,theinstrumentwasflown on a stratosphericballoonby theFrenchSpaceAgency CNES
(see[8]). CLAIRE wasalsotestedona longopticalbenchthatwassetupatanaerodromenear
Figueres,Spain(see[9]). Bothexperimentssuccessfullydemonstratedtheworkingprincipleof
theγ-ray lens.For moreinformationaboutCLAIRE, pleasereferto [10] and[11].

F.2.2 MAX: a spacemission

TheMAX missionconceptproposesa space-bornecrystaldiffraction telescope[12, 13], fea-
turingaLauelensableto focusin two energy bands,relevantfor nuclearastrophysics(450-540
keV and800-920keV). Two ringsassemblies(anouterring with Gecrystalsandaninnerone
with Cu crystals)would focusthephotonsinto a smalldetectorplacedin a spacecraftflying in
formationwith thelensspacecraft.
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F.3 Experimental proposalsfor the Gamma-RayLine beam

We proposethreetypesof measurements:diffraction efficienciesof mosaiccrystals, whole
lenstuning (shorttermmeasurements)andother calibrations (long termmeasurements).We
detailbelow just thefirst mostimmediateexperimentalproposal.

F.3.1 Measurementof diffraction efficienciesin mosaiccrystals

The precisemeasurementof the diffractionefficiency of mosaiccrystalsis essentialto deter-
minethemainpropertiesof thegamma-raylenstelescope,i.e.,effectivearea,field of view and
energy bandpass.

Measurementstatus

The first measurementsof diffraction efficienciesof Ge mosaiccrystals(10 mm ] 10 mm
size)in theenergy rangefrom 200to 500keV weremadeat theAdvancedPhotonSourcesyn-
chrotron(APS)at ArgonneNationalLaboratory[14]. Thesemeasurementsallowedto perform
a detailedstudyaboutdiffractionefficiency in the [111] and[220] crystallineplanes.Second
andthird orderdiffractionefficiencies([440] and[333] planes)werealsomeasured,aswell as
the dependency of diffraction efficiency on mosaicwidth (asdefinedin the Darwin modelof
mosaiccrystals).A MonteCarlosimulationray-tracingprogrambasedontheDarwinmodelof
themosaiccrystalswaswritten in orderto modeltheseresults.Generalagreementwasfound
betweenthe modeland the experimentalmeasurements;therefore,the first determinationof
γ-ray lensperformancewerepossible.

The gamma-raybeamline (GRL) would allow to repeatthe measurementsperformedat
theAdvancedPhotonSourcesynchrotronin otherenergy ranges(0.5 to 1 MeV)andwith other
crystals(Cu or Si). Both themeasurementsin otherenergy rangesandwith othercrystalsare
anessentialstepfor thedevelopmentof thefutureprojectMAX.

Experimental setup

Theexperimentalsetup,similar to theAPSexperiment[14], is shown in Fig. F.2. Theexperi-
mentconsistsof ablock(Cu,W,...) to absorblow-energyphotons,afirst crystal,asecondcrystal
andanHPGedetector. Thefirst andsecondcrystalsform adouble-crystalmonochromator. The
distancebetweenthemwill be long (around500cm)dueto thesmallBraggangleat high en-
ergy. TableF.1 shows theseanglesfor Ge(a=5̀ 65Ȧ). In thecaseof Cu(a=3 ` 61Ȧ), theseangles
will belargersincethe latticeconstantis smaller(seeequations(F.1) & (F.2)).

Usingthecoordinatesystemshown in Fig. F.2, boththefirst andthesecondcrystalshould
beableto betranslatedalongthex- andy-axis.TheHPGedetectorshouldbetranslatedin three
directionsusinga translationstage.If we defineθ astherotationangleaboutthex-axis,φ as
therotationangleaboutthey-axis,andχ astherotationangleaboutthez-axis,thefirst crystal
shouldbeableto rotatein φ, whereasthesecondcrystalmustrotatein φ, θ andχ. Theφ rotation
will be usedto adjustthe Braggangle,whereasthe χ andθ rotationsareneededto align the
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reflectionplane Braggangle Energy
(hkl) (degree) (keV)
111 0.218 500
311 0.417 500
111 0.109 1000
311 0.208 1000

TableF.1: Bragganglesfor Ge.

secondcrystalperpendicularto thebeamdirection. Thereforetwo stagesableto rotatein φ, θ
andχ anglesareneededfor thecrystals.

A HPGe-detectorat 10m from the first crystalwill be usedto measurethe diffractedand
transmittedflux of thecrystals.Theenergy spectrumwill bemeasuredusingthedetectoranda
multichannelanalyzer(MCA).

To measurethediffractionefficiency asafunctionof energy, thefirst crystalwill beadjusted
in theBraggangleto selecta narrow bandof energies.After accumulatingtheMCA spectrum
of the singly diffractedbeam,the secondcrystal will be centeredon the diffractedbeamof
thefirst crystal. A rockingcurve (curve of the intensityversusangle)of thesecondcrystalat
the Bragganglewill be measured.Finally, an MCA spectrumof the doubly diffractedbeam
with thesecondcrystaladjustedto thepeakof the rockingcurve will be accumulated.These
measurementswill be repeatedat severalenergiesfrom 200 to 1000keV. Theratio of doubly
diffractedto singly diffractedflux is thenameasureof thediffractionefficiency.

Experimental devicesand beamtime

Crystalswill beprovidedby researchinstitutesbelongingto theMAX-CLAIRE collaboration.
TheHPGedetectorusedin theCLAIRE project(andin thelong distancetestin Ordis)aswell
astheelectronicsandthedataacquisitionsystemcouldbeusedto make themeasurementsin
thegammaraybeamline.

In order to make the measurementsin the GRL it is essentialto have a pointing system
thatallows to centerthegamma-raybeamon thecrystal. Also, we musthave stablesupports
(opticalbenchor similar) in orderto placethecrystalsanddetectors.In addition,thecrystals
mustbe mountedon devicesthat allows to control their displacementandtheir rotationwith
highaccuracy.

From the flux obtainedwith theCO2 lasersystem[15], andthe datafrom the APS mea-
surements[14], we canestimatethe beamtime necessaryfor eachmeasurement,i.e. the ac-
cumulationtime of theMCA spectrumof a singly diffractedbeam,necessaryto measurement
the diffraction efficiencies(seeabove). Thesetimeswill be arounda few minutesandcould
besmallerthana minuteif thegamma-beamabsorptionis reduced.Thecharacterizationof a
singlecrystal(measurementof thediffractionefficienciesfor a givendiffractionplane)would
typically involve around2800of suchexposures.In orderto make this estimationwe suppose
thattheenergy stepsin therangefrom 300keV to 1000keV is 10keV; andalsoweadmitthat40
exposuresareenoughto obtaintherockingcurve of thesecondcrystal. This roughestimation
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FigureF.2: Theexperimentalsetupof theGRL experiments.A block(Cu,W,...) to absorblow-
energy photons,a first crystal,a secondcrystalandanHPGedetector. Thedistancesbetween
first andsecondcrystalandthedetectorareshown. Also shown aretheverticaldisplacementof
thedetectorandthesecondcrystalfor thesingly diffractedanddoublydiffractedbeam,bothat
500KeV andat 1000keV.

of thenumberof exposuresandthetime perexposureallows usto considerthat thetotal time
necessaryto makethemeasurementsof diffractionefficienciesin thecrystalsrelevantto MAX,
is aroundonemonth.

F.3.2 Tuning the crystals of the Laue diffraction lens

Tuningthelensmeansthaneachcrystalof thelensshouldbeorientedsothattheanglebetween
the incidentbeamandthecrystallineplaneis theBraggangle.This orientationof thecrystals
allows to definethelensfocusandthecorrespondingfocal distance,from theBraggangleand
the distanceof eachcrystal to the optical axis. Therefore,the focal distancedependson the
diffractedenergy, becausetheBraggdiffractionangledependson it (seeEq. (F.1)).

The focal distanceof the CLAIRE lens is 279 cm for 170 KeV, whereasfocal distances
around100 m areenvisionedfor MAX. It is clearthat any type of lensableto focusgamma
rayshasextremelylong focal distances,muchlarger thantypical lab sizes.Incidentally, there
is anothertype of gamma-raylensunderstudyat CESR,the Fresnellens,which hastypical
focal distancesof 106 km, thusneedingdistancesaround500m at leastto performthescaled
testsneededto validatethe functioning principle of the lens [16]. In the caseof the Laue
lensCLAIRE, the long distancetestperformedin Ordis andthe CNESstratosphericballoon
flight proved that the tuning of the lenscanbe performedat a distanceshorterthanthe focal
lengthprovided that the energy of the photonsis scaledaccordingly(seeabove, section2.1).
An alternative way to reducethe focal length without reducingthe diffractedenergy would
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be to usesecondandthird diffractionorders. Despitethe decreasingdiffraction efficiency as
reflectionorderincreases,a largeincomingflux asexpectedin theGRL wouldpermitsuchtype
of measurements.This would allow for the tuning of the whole lens,a very importantstep
indeed,to guaranteetheperformanceof thelens.

F.3.3 Other calibrations

Another importantapplicationof the GRL would be the calibrationof detectors.The GRL
would provide anexcellentphotonsourcethatwould make possibleto measurethecapability
to detectpolarization,in additionto thestandardsensitivity of thedetector.

There is a previous experienceof a GRL usedto calibratean instrument,basedon the
Comptonscatteringtechniqueto detectgamma-raysin the MeV energy range. This wasthe
MediumEnergy Gamma-rayAstronomy(MEGA) instrument,in the400KeV - 50MeV range,
successfullycalibratedatHIGS (High IntensityGamma-raySource),in Durham,USA [17].

F.4 Summary

The GRL would be very well suitedfor the calibrationof gamma-rayinstrumentsfor astro-
physicalobservations,particularlytheγ-ray lens.It would allow for thecharacterizationof the
crystalsto be usedto build the lens,a necessarystepto make the whole project feasible. In
additionit wouldbea really timely facility, alreadyin thecommissioningphase,sinceit would
be operatingat the epochwhentestingof the crystalsfor the spacemissionMAX shouldbe
performed.
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[14] A. Köhnle et al., Measurementof diffraction efficienciesrelevant to crystal lens tele-
scopes,Nucl. Instr. Meth.A416 (1998)493-504
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Appendix G

Calculation of beamparameters

Thegenerationof energetic γ-raysat ALBA is possiblethroughtheprocessof Comptonscat-
teringof laserphotonsfrom thehighly energeticelectronscirculatingin thesynchrotronring.
It is analternativemethodto thegenerationof γ-raysthroughtheelectronbremsstrahlungpro-
cessandhasspecificadvantages.Thecharacteristicsof theγ-ray beam(energy, intensity, etc.)
dependon theparametersof thecolliding electronandlaserbeamsandwill beexploredin the
next sections.

G.1 Relevant parametersof the ALB A synchrotron ring

Theacceleratorparametersfrom theoriginaldesign[1] of thesynchrotronatLLS arepresently
beingreconsidered[2], with theaim to achieve improvedperformances.Theexactcharacteris-
tics of theγ-ray beamwill dependon theparametersof thelatticefinally chosenbut at present
all indicatesthat it will bethesocalledDBA latticeandits parameters(exceptfor minor final
adjustments)canbeconsideredrepresentative.

Theacceleratorcomplex includesa100MeV linac, theboosterwhichbringstheenergy up
to thenominalvalueof 3.0GeV, andthering itself. Theboosterandthering will sharethesame
shieldingtunnel.Thering hasa circumferencelengthof about266m. In thenormaloperation
modethering is filled with about1 ` 4 ] 1012 electronsgroupedin 20 ps long (r.m.s.) bunches
separatedby 2 ns. Electronsarerefilled in a time interval of about100s in orderto keepthe
intensitywithin 1 % of its nominalvalue(250mA).

ThebasicDBA cell includestwounits,eachoneconsistingof abendingmagnetplusaseries
of quadrupoleandsextupolemagnets(seeFig. G.1). Four cellsaregroupedinto a symmetric
unit (superperiod)which is repeatedfour timesin orderto completethering. Apart from the
electronring energy Ee andintensityIe, relevantquantitiesfor thecalculationof theγ-raybeam
parametersarethehorizontalandverticalbeamsizesanddivergencesalongthestraightsections
betweenbendingmagnets,wherethe collision betweenlaserphotonsandelectronscan take
place. The r.m.s. envelopesσX (horizontal)andσY (vertical),andthe r.m.s. slopeenvelopes
σX � , σY � canbecalculatedfrom thebeamemittancesεX, εY andthesocalledbetatronfunctions
βX, βY andtheir derivatives(seefor example[3]). Thebeamenergy resolutioncontributesto
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FigureG.1: DBA latticeunit andsupercell.

thehorizontalsizesandslopesthroughthehorizontalmomentumdispersionηX andtheangular
momentumdispersionηX � functions,which alsodeterminethe trajectoriesof electronsaway
from the nominal ring energy. The dynamicapertureor momentumacceptanceof the ring
∆p[ p0 determinethemaximumadmissibledeviation from thecentraltrajectory.

Therelevantparametersfor theDBA cell aresummarizedin TableG.1.

Ring
IntensityIe 0.250A
Energy Ee 3.0GeV
ResolutionσEe [ Ee 0.001
Horizontalemittanceεx 3.6nmrad
Verticalemittanceεy 0.036nmrad
Momentumacceptance∆p[ p0 0.03

Straightsections
1 2 3 4

InteractionlengthLint (m) 13.2 8.6 8.6 3.9
HorizontalbeamenvelopeσX (µm) 228 113 131 280
VerticalbeamenvelopeσY (µm) 14 6.5 6.5 17
HorizontalslopeenvelopeσX � (µrad) 21 66 41 20
VerticalslopeenvelopeσY � (µrad) 2.6 5.5 5.5 2.1

TableG.1: Parametersof theDBA cell

Besidesthethreedistinct long straightsectionswhich will beconsideredusuallyfor inser-
tion devices(labelled1, 2, 3 in Fig. G.1 andG.2) in the symmetricDBA super-cell, we also
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considerthestraightsectionbetweenthebendingmagnetsof theDBA doublet(labelled4) as
candidatefor the interactionwith the laserbeam.It shouldbenoticedthat thevalueof the in-
teractionlengthLint quotedin thetablecorrespondsto thedistancebetweenbendingmagnets,
wheretheinteractionof laserandelectronbeamwill take place.This is largerthantheusually
quotedvalue,which is theavailablespacefor insertiondevices. In the tablethevaluesof the
electronbeamsizeanddivergencearegivenat themiddleof thestraightsections.Theevolution
of thebeamsizeanddivergenceandof thedispersionalongthecell is shown in Fig. G.2.These
electronbeamparametershavebeencalculatedfrom theDBA latticeopticalfunctions[4].

G.2 Compton scattering on energeticelectrons

Back in 1963, it waspointedout ([5], [6]) the possibility to producean energetic andhighly
polarizedγ-ray beamthroughComptonscatteringof polarizedlaserlight with the electrons
acceleratedin ahigh energy machine.

Thekinematicsof thecollision is describedby themodifiedComptonformula[7]:

-e�e�E

γ�E
-rayγ�

LE
laser

L
�θ�

γ�θ� Eγ � �
1 p βecosθL � EL

1 � βecosθγ p EL
Ee � 1 p cos

�
θγ p θL �W�

(G.1)

HereEe, EL andEγ, arerespectively the electron,laserphotonandγ-ray energies,βe the
electronvelocity in units of c, andθγ (θL) the angleof the outgoing(incoming)photonwith
respectto the incidentelectrondirection,not necessarilyin the sameplane. For fixedEe and
EL, themaximumpossibleγ-ray energy is obtainedfor thebackscatteredphoton(θγ � 0� ) in a
head-oncollision (θL � 0� ).

Laser CO2 Nd:YAG Nd:YAG(SH) Nd:YAG(TH) Nd:YAG(FH)
EL (eV) 0.117 1.17 2.34 3.51 4.68

Emax
γ (MeV) 16.0 153.1 291.3 416.7 531.0

TableG.2: Maximumγ-rayenergiesfor severalcommerciallasers

In Fig.G.3werepresentthemaximumγ-rayenergy obtainablefor Ee � 3 GeV(thenominal
energy of ALBA) asafunctionof laserwave-length.Indicatedin thefigureandin TableG.2are
the maximumγ-ray energieswhich canbe obtainedwith someof the commerciallyavailable
high power lasers.All γ-ray energiesarepossiblebetweentheminimum( � EL) andthemax-
imum. Due to therelativistic ”boost” thescatteredgammaraysarestronglyforward focused,
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FigureG.3: Maximumγ-ray energy asa functionof laserphotonenergy for Ee � 3 GeV.

thusforming a beam,ascanbededucedfrom Fig. G.4,which shows theangleθγ asa function
of z � Eγ � Emax

γ , the energy of the γ-ray normalizedto the maximumenergy. We seethat the
top 90 % rangeof γ-ray energies is containedwithin a coneof angle0.55 mrad. This figure
andthefollowing, hasbeencalculatedfor Ee � 3 � 0 GeV andEL � 1 � 17 eV (Nd:YAG laserin
its fundamentalmode),but will changelittle over therangeof energiesof practicalhigh power
laserswhentherelativeenergy variablez is used.

Theγ-rayenergy spectrumcanbeobtainedthroughtheproperintegrationof thedifferential
crosssectionangulardistribution. Theexpressioncanbewrittenasfollows [8]:

dσC

dz � 1
2
�
1 p x� C00 � 1

2
�
1 p x� � 1 � y p 1

1 � y
� 4y

x
�
1 � y� p 4y2

x2
�
1 � y� 2 � (G.2)

wherex � 4EeEL � m2
ec4, y � Eγ � Ee. Again,dσC � dzdoesnotvarymuchwith Ee andEL, and

we representin Fig. G.5 the normalized(by σC) values. The distribution hasa saddleshape,
with themaximaat theenergy extremesbeingtwice thanin themiddle.Thetotal crosssection
is a slowly varying function of electronandlaserenergies,andhasa valueof approximately
σC � 0 � 6 b.
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If thelaserbeamis polarized,eitherlinearly or circularly, thepolarizationis transferredto
the backward scatteredgamma. For fully polarizedlaserphotonsthe degreeof linear PL

γ or
circularPC

γ polarizationof thescatteredγ-ray is givenby [8]:

PL
γ � 1

C00

2y2

x2
�
1 � y� 2 (G.3)

,
PC

γ � � 1
C00 ¢ 2y

x
�
1 � y� � 1£ ¢ 1 � y ¤ 1

1 � y
£ (G.4)

In Fig. G.6werepresentthedegreeof polarizationof theγ-rayasafunctionof z � Eγ � Emax
γ

. We observe that thesignof thecircularpolarizationis invertedfor thebackscatteredphoton.
Wealsoobservethatthedegreeof polarizationdecreaseswith decreasingenergy. Polarizations
in excessof 80% areobtainedfor thetop 30% energy range.
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G.3 Gamma-ray beamintensity

Theintensityof theγ-raybeamdependsontheoverlapof thecolliding electronandlaserphoton
densitiesandon theComptonscatteringcross-section[8]:

Iγ � 2cσC § nenLdV (G.5)
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Theelectrondensitydistributioncanbeadequatelyrepresentedby gaussiandistributions[3]
of their positionin bothX (horizontal)andY (vertical)transversedirections,andby a uniform
distribution in the longitudinal direction Z (ignoring the beamspatialstructure). The latter
is justified sincethe temporalstructureof the beamis smearedout by the transit time along
the straightsectionrangingfrom 13 ns to 44 ns dependingon its length. The parametersof
the transversegaussiandistributionsaretheRMS spatialenvelopes:σX andσY. Theelectron
velocity distribution canbe adequatelyrepresentedby gaussiandistributionsof the transverse
(horizontaland vertical) slopesand by a gaussiandistribution of the energy.The parameters
of the transversegaussiandistributionsarethe RMS slopeenvelopes:σX ¨ andσY ¨ , while the
energy distributionparameteris theRMSenergy resolutionσEe:

ne � 1
c

Ie
e

1�
2π � 5© 2σXσYσX ¨ σY ¨ σEe

exp
� � x2

2σ2
X

� y2

2σ2
Y

� xª 2
2σ2

X ¨ � yª 2
2σ2

Y ¨ � E2
e

2σ2
Ee

� (G.6)

The laserbeam,with well definedwavelength,is assumedto have the focusingcharacter-
istics of the diffraction limited fundamentaltransversemodeTEM00. The laserintensitydis-
tribution follows [9] a transversecirculargaussiandistribution with a waistat thecentreof the
interactionlengthLint . TheRMSwidth parametervarieswith longitudinaldistancez (measured
from thatpoint) as:

σL � σ0 1 ¤ ¢ λz

πσ2
0

£ 2

(G.7)

The photondirectionis assumedto be perpendicularto the laserwave front whoseradius
varieswith distanceas:

RL � z 1 ¤ ¢ πσ2
0

λz
£ 2

(G.8)

Thelaserphotondensitydistributioncanbeexpressedin theform:

nL � 1
c

PL

EL

1

2πσ2
L

exp
� � x2 ¤ y2

2σ2
L
� (G.9)

The integral over the momentumvariablesof both beamscan be readily performeddue
to the small dependenceof the total Comptoncross-sectionwith the energy (aswasalready
assumedin orderto write down Eq.G.5),andthespatialoverlapcanbecalculatednumerically
for a givenstraightsectionandlaserbeamparameters.Representative numbersareshown in
Fig. G.7 andhave beencalculatedassuminganelectronbeamof constantσX � 0 � 25 mm and
σY � 0 � 015 mm, a laserbeamwith σ0 � 0 � 5 mm and an interactionlength of Lint � 5 m.
As canbe observed intensitiesIγ � 2 � 5 « 106 s¬ 1 areobtainedper Watt of laserpower and
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wave lengthsin therangeλ � 0 � 25 � 100µm. It shouldbenoticedthatalthoughthenumberof
laserphotonsperWatt is proportionalto thewavelength,this effect is counterbalancedby the
increasein thedivergenceof thelaserbeamwith wavelength,imposedby thediffractionlimit.
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FigureG.7: γ-ray intensityperWattof laserpowerasa functionof laserwavelength

Nd:YAG laserdevices with 100 W CW power are readily available, with conversionef-
ficienciesof about45 %, 25 % and10 % for the second,third andfourth harmonics,which
would provide beamsof 107 ° 108 gammaraysper second.Still higherpowersareavailable
for CO2 lasers,and intensitieslarger than109 s¬ 1 canbe expected. In the caseof the OPO
source(λ � 1 ± 5 ° 12µm, seebelow), powersof about10 W areforeseengiving intensitiesin
excessof 107 s¬ 1. Onepossiblelimit to theultimatelyobtainableγ-ray intensityis theremoval
of electronsfrom thebeamin thescatteringprocess.Electronswhich looselessthan90 MeV,
equivalentto thering acceptance∆p² p0 (seeTableG.1),arekeptin thering in principle,except
for multiple scatteringeffectsfor very high laserpowers. In this situationthe γ-ray intensity
will be limited ratherby the availablelaserpower. For γ-raysabove thatenergy, the electron
will eventuallyhit thevacuumchamberandwill be lost. In thetopping-upmodeelectronsare
replenishedfrequentlyto compensatefor theusuallossesof intensityin thering. Assuminga
refilling timeperiodof 100sandthatthenew sourceof lossesshouldbelimited to afractionof
onepercent,say0.2%, will imposealimit of about3 « 107 s¬ 1 in theγ-ray intensityobtainable
from theinstallation.
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G.4 Gamma-ray beamenergy resolution

As wasmentionedearlier, dueto the strongbackward focusingmostof the γ-raysproduced
(betweena fractionandthemaximumvalueof theγ-ray energy) arearriving at themeasuring
stationwithin a radiusof few millimeters. On theotherhand,mostof themeasurementsper-
formedwill requirea determinationof the γ-ray energy in generalwith goodprecision.There
aretwo possiblemethodsto definetheenergy ataninstallationof thistype:collimationandtag-
ging. Thetaggingtechniquerequiresthedeterminationof theenergy of theelectrondispersed
in thecollision in coincidencewith the γ-ray or its reactionproducts.Sincethe techniquere-
quiresthe detectionof the dispersedelectronthereis a minimum γ-ray energy which canbe
tagged,relatedto thesynchrotronring dispersionandthedistanceof closestpossibleapproach
to theelectronbeamenvelope.As will beexplainedlater, thisminimumtaggedenergy is about
150MeV. Thecollimationmethodexploits theangle-energy relationof thescatteredphotons.
It is theonly methodavailablefor γ-rayswith energy below thelimit for thetaggingtechnique.

G.4.1 Collimation

Therelationbetweentheenergy of theoutgoingγ-ray andits angleis givenby Eq. G.1 andit
is shown in Fig. G.4 for a representativecase.It shouldbenotedthesmallvaluesof theangles
involvedandthestrongsensitivity of theenergy to theangle.It will bethuspossibleto define
the γ-ray energy by definingtheir anglewith a collimator. Obviously, smalleropeningangles
procurebetterenergy resolutionat thecostof intensity, soa balancebetweenthe two mustbe
reachedfor actualexperiments.In addition,sincethe angulardefinition alsodependson the
directionsof the colliding electronandphotonandthe positionof their interaction,thereis a
minimum energy resolutionwhich canbe obtaineddependingon the electronandlaserbeam
angularspreadandthe collimation geometry. It is possibleto obtaina roughestimateof the
uncertaintyin the γ-ray energy dueto theuncertaintyin theanglesandenergies,applyingthe
errorpropagationformulato Eq.G.1. Fig. G.8showsresultsobtainedby this methodfor some
typical valuesof theangularuncertaintiesin thestraightsectionsof theDBA lattice.

It canbededucedfrom this figure thatcollimationasa way of definingtheenergy is only
meaningfulwhenplacingthecollimatorat zerodegrees,that is at themaximumpossiblevalue
of the energy. In this casea variationof the γ-ray energy requiresa variationof the electron
energy (not feasibleat ALBA) or of the laserphotonenergy. An advantageof themethodof
collimationatzerodegreesis thatonecanobtaincloseto 100% polarizedbeams(seeFig. G.6).

An accurateestimationof theresolutionandintensitythatcouldbeobtainedwhenplacinga
givencollimatoratagivendistance,requirestheproperconsiderationof thepossiblevariations
of theparametersin Eq. G.1. We have chosentheMonteCarlomethodfor this purpose.The
electronand laserphotonbeamdistributionsaremodeledin the sameway aswasexplained
before. The parametersof the electronbeamvary along the straightsectionsas is shown in
Fig. G.2. A computercodehasbeenwritten to samplethesedistributions. For eachcollision
eventthescatteredelectronandγ-raymomentaaresampledfrom theappropriateComptondif-
ferentialcrosssectiondistributionandweightedby thetotalcrosssection.For practicalreasons
we follow theapproachin [10]: first, the laserphotonmomentumis Lorentztransformedinto
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theincomingelectronrestframe,second,thewell known Klein-Nishinaformulafor Compton
scatteringis sampled[11] to calculatethescatteredelectronandphotonmomentum,andthird,
thesemomentaaretransformedbackto thelaboratoryframe.
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¹
FWHM = 2.5 MeV

 : L1
 : L2
 : L3
 : L4

FigureG.9: Collimatedγ-rayenergy distributionatθcol � 0º for differentstraightsections

Fig. G.9 shows the result of the Monte Carlo simulationfor a laserphotonenergy EL �
1 ± 17eV (Nd:YAG laser)whenacollimatorof radiusrcol � 0 ± 5 mm is placedatθcol � 0º anda
distancedcol � 25m fromthecentreof differentstraightsections.Ascanbeobservedtheenergy
distributionis characterizedby alow energy tail comingfrom thedistributionof angles,mostof
theeffectbeingdueto thehorizontaldivergenceof theelectronbeamin thiscase.Theelectron
energy resolutionhasasmallsmearingeffect. Thelow energy tail for straightsectionslabelled
2 and3 in TableG.1 andFig. G.1 andG.2 is unacceptablylarge, andthereforeonly straight
section1 (thelong one)or 4 (in-betweenthemagnetdoublet)areconsideredascandidatesfor
theγ-raybeamline. TheFWHM resolutionamountsto ∆Eγ ² Eγ � 1 ± 7 % for bothsections.The
collimatedintensity is 8 ± 3 « 104 s¬ 1W ¬ 1 (uncollimatedintensity: 4 ± 6 « 106 s¬ 1W ¬ 1) for the
long sectionand5 ± 7 « 104 s¬ 1W ¬ 1 (3 ± 7 « 106 s¬ 1W ¬ 1) for theshortone,in spiteof thefactor
3 in lengthbetweenbothsections.This reflectsagaintheeffect of thedefocussingof thelaser
beamwith longitudinaldistanceimposedby thediffractionlimit.

Thesimulationswererepeatedfor severalcollimatoropeningsandlaserphotonenergiesfor
the long straightsection(labelled1). Fig. G.10shows the relationshipbetweenγ-ray energy
resolutionandintensityfor two differentlaserphotonenergies,for collimatorradii: 0.25,0.35,
0.50,0.75and1.0 mm. The chosenlaserphotonenergiesEL � 1 ± 17 eV (Nd:YAG laser)and
EL � 0 ± 117eV (CO2 laser)would provide γ-ray energiesof Eγ � 152MeV andEγ � 16 MeV
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respectively. As canbeobserved,therelationintensity-resolutionis approximatelylinear. For
a givencollimatorradiustheenergy resolutionandintensitydependslittle on the laserphoton
energy. The latter is againconsequenceof thewavelengthdependentdefocussingof the laser
beam.

From this discussionit can be concludedthat the availability of γ-ray beamswith good
energy resolution( ¼ 2 %) andhigh intensities( ½ 105 s¬ 1) with energiesbellow thelimit of the
taggingtechnique(150MeV) requirestheuseof laserswith variablewave lengthin therange
1 ° 100µm andpowersof few Watts.Recentadvancesin thefield of OPO(OpticalParametric
Oscillators)devices make it feasibleto have photonsourceswith wavelengths1 ± 5 ° 12 µm
andaveragepowersof 10 W. We foreseeto useOPOdevices(seeAppendixH) pumpedby a
100WCW Nd:YAG laserandthecollimationtechniqueto produceγ-raybeamsin therangeof
energies15-110MeV with resolutionsof about1.5 % andcollimatedintensitiesof few times
105 s¬ 1. Wealsoforeseetheuseof a1 kW CO2 laserto produceanintense(107 s¬ 1) andquasi
monochromatic16 MeV γ-ray beamfor industrialandmedicalapplications.

G.4.2 Tagging

Thetaggingtechniquerequiresthedeterminationof theenergy of theelectrondispersedin the
collision in coincidencewith the γ-ray or its reactionproducts.Fromtheenergy conservation
principle the energy of the γ-ray is equal to the energy lost by the electronin the collision
(plus the negligible laserphotonenergy). Given the energies involved, the determinationof
thescatteredelectronenergy with goodprecisionrequirestheuseof magneticanalysisfor the
electronmomentum,thereforea magneticspectrometerwould berequired.Electronswith less
thanthenominalenergy enteringthenext bendingmagnetafterthecollisionpointwill describe
an orbit with a smallerradiusdeviating from the centraltrajectorytowardsthe centreof the
ring. If theelectronsdeviateenough(thatis if theenergy lossis highenough)they will separate
enoughfrom thebeamat theexit of thebendingmagnetandcouldbecollectedby thefirst stage
of amagneticspectrometer, whichwouldhaveto beplacedinsidethering. Thissolutioncannot
berealizedat ALBA sincetheboosterring will beplacedinsidethemainring, concentricwith
it andat a smalldistance(about2 m) leaving no spacefor theinstallationof a bulky magnetic
spectrometer. The only possibility will be to placea positionsensitive counterat the exit of
the bendingmagnetto detectthe positionof the electron(proportionalto its momentum),or
in anotherwordsto usethis sectionof thering asa magneticspectrometer. A clearadvantage
of this so calledinternaltaggingis the very reducedcost, limited to the taggingdetector. Of
coursethefeasibilityof thissolutiondependsontheresolvingpowerwhichcanbeattained.The
energy resolutionof thespectrometerdependsonthering latticeoptics,whichdefinehorizontal
beamsize(σXD) andmomentumdispersion(DX) at the electrondetectorposition. The γ-ray
energy resolutionwhichequalsthedetectedelectronenergy resolution[12] is givenby:

σEγ � σXD

DX
Ee � 1

DX ¾ εXβXDE2
e ¤ η2

XD
σ2

Ee
(G.10)

wherethe subscriptD on the synchrotronfunctionsindicatethat they areevaluatedat the
detectorposition. The dispersionDX distinct from the dispersionfunction ηX, representthe
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dispersionfrom the collision point (in the straightsection)to the detectorposition (after the
bendingmagnet).This dispersioncanbeestimatedfrom thesynchrotronfunctionsthroughthe
relations:

DX � ηXD
° r11ηXI

° r12ηXÏ
(G.11)

r11 � βXD

βXI

�
cos
�
µXD
° µXI ¿ ¤ αXI sin

�
µXD
° µXI ¿@¿ (G.12)

r12 � ¾ βXDβXI sin
�
µXD
° µXI ¿ (G.13)

wherethenew optical functionsα ( À ° β ª ² 2) andµ (phase)have beenintroduced(seefor
example[3]). The subscriptI refersto the interactionor collision point. Theserelationscan
be obtainedfrom the matrix equationsfor the transportof the dispersionfunction. Using the
opticalfunctionsfor theDBA cell, thedispersion,beamsizeandresolutionhavebeencalculated
assumingcollisions at the centreof the interactionlength for the different straightsections.
In Fig. G.11 thesequantitiesareshown for the long straightsection(labelled1). As canbe
observeddispersionsof aboutDX � 0 ± 37 m arereachedin thecentralregion betweenthetwo
bendingmagnetsof thedoublet. This givesresolutionsFWHM ( À 2 ± 35σEγ) of 5.4 MeV. The
resolutionsobtainedfor the other straightsectionsare comparable.It hasto be noticedthe
contribution of the electronbeamresolution(σEe � 3 MeV) to the γ-ray energy resolution,
coming throughthe secondterm in the squareroot of Eq. G.10. Better energy resolutions
would requirea modificationof the lattice optics in orderto minimize (or zero) the valueof
thedispersionfunctionat thedetectorpositionηXD (to cancelthecontribution from this term),
to decreasethebetatronfunctionat thedetectorpositionβXD, and/orto increasethedispersion
from theinteractionto thedetectionpoint DX.

The valuecalculatedin this way representsa first approximationto the resolutionwhich
would beobtained.Theoptical functionsutilized correspondto thefirst orderor linearoptics
of the lattice. In generalhigherordertermscorrespondingto the higherorderoptical aberra-
tionsshouldbeconsidered.Also, properconsiderationhasto begivento thefactthatcollisions
take placealongthe wholestraightsectionso that thescatteredelectronsseedifferentoptical
elementsin theirway. Sincestandardbeamtransportor ray-tracingcodesasTRANSPORT [13]
or TURTLE [14] cannotcopewith thelatterproblema computercodewaswritten to simulate
thetransportof scatteredelectronsto thedetectionpoint. Themomentumof thescatteredelec-
tronsis MonteCarlogeneratedfrom theelectronandlaserbeamparametersin themannerthat
wasexplainedearlier. Theeffect of theopticalelements(quadrupoles,sextupoles,dipoles)is
representedby first andsecondorderbeamtransportmatrices[15]. Theresultof thesimulation
performedfor thelongstraightsection(labelled1) is shown in Fig. G.12.Thetaggingdetector
is placedhalfwaybetweenthebendingmagnetsof theDBA doubletandassumedperpendicular
to thecentraltrajectory. Theenergy distribution is shown for differentdisplacementsalongthe
taggerdetector. For comparisonthefirst orderresultis alsoshown. Theeffectof thedistribution
of thecollisionsalongthefull straightsectionis to worsentheresolutionto avalueof 6.8MeV
(FWHM). The secondorderaberrationsintroducea further deteriorationof the resolutionto
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valuesof about7.4MeV.
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For a valueof the dispersionof DX � 0 ± 37 m asobtainedin this case,the maximumdis-
placementof the scatteredelectronscorrespondingto the γ-ray energy of Eγ � 530MeV will
be 6.5 cm.Theminimum taggedenergy would correspondto thedistanceof closestapproach
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which we expectto be in the rangeof 1.5-2cm giving 120-160MeV. This togetherwith the
beamsizeσX � 0 ± 28 mm, σY � 0 ± 017 mm would set the requirementon taggerdetectordi-
mensionsandpositionresolution.We foresee(seeAppendixI) theuseof 300µm thick Silicon
micro-stripdetectorsfor this purpose,of about5 « 1 cm with a strip pitch of 100µm giving a
positionresolutionof 25µm. TheSi detectorwill bebackedby thin fastplasticscintillatorpads
whichprovide thetriggersignalfor thereadout.

Thetaggingtechniqueis anothersourceof limitation for theachievableγ-ray intensity[10].
At high ratesboth pile-up signalsin the taggerandrandomcoincidenceswith the measuring
detectorsintroducespuriouseventswhich needto be correctedfor and worsenthe peakto
backgroundratio. The maximumadmissibleratedependson the time resolutionandalsoon
thetypeof experiment.In any casea fastdetectorwith goodtime resolutionis neededfor the
tagger, asit is thecasefor theproposeddetector. We estimatethatthemaximumratesthatcan
behandledareon theorderof few times107 s¬ 1
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Appendix H

Optical Parametric Oscillator light source

H.1 Intr oduction

Thegenerationof gamma-rayradiationby laserbackscatteringof high-energy electronsin ac-
celeratorfacilities is a well known technique.A vital componentof this techniqueis the laser
system,which mustprovide anoptical beamwith the requiredcharacteristicsin termsof fre-
quency (wavelength,photonenergy), optical power, spatialbeamquality, aswell ascompact
andpracticaldesignfor integrationwith theelectronstoragerings.

So far, the lasersourcesfor the few suchfacilitiesworldwidehave beenbasedon conven-
tional Nd:YAG lasersor argon-ionsystems.Suchlasersoperateat a fixed frequency, so they
offer no freedomto vary the energy of the optical photons. The ability to freely control the
photonenergy canoffer several advantagesandopensup new possibilitiesfor conductinga
wide rangeof novel moderate-to high-energy gamma-rayexperimentsin acceleratorfacilities.
Herewe proposeto develop a novel frequency-versatileoptical sourcefor the generationof
gamma-rayswith variable(moderateto high) energiesat ALBA. The optical sourceis based
on anopticalparametricoscillator(OPO)systemoperatingat wavelengthsfrom 1.5 µm (0.82
eV) up to 12µm (0.1eV) in themid-IR, whichwill providegamma-rayenergiesin therangeof
Eγ
�
max¿uÐ 15 ° 110MeV.

Conventional Lasers.Sincetheinventionof thelaserin 1960,therehavebeenmajoradvances
in the developmentof a wide variety of lasersystems.However, after morethanforty years,
the vast majority of suchconventionalsystemscan operateonly at fixed frequencies,hence
alsoproviding photonsof fixedenergy. Examplesof suchlasersincludethewidely established
Nd:YAG, argon-ion,excimer, He-Ne,semiconductor, andmany othertypesof crystallineand
gaslasers.

On theotherhand,therehasalsobeensignificantprogressin thedevelopmentof conven-
tional lasersthataretunable-that is, whosefrequency (wavelength)canbe varied. Examples
of themostestablishedtunablelasers,with theircorrespondingwavelengthrange,areshown in
Fig. H.1a. However, ascanbeseenfrom thefigure, the tuning rangeavailableto suchlasers
is restrictedto a limited bandof a few hundrednanometersat best! In addition, the spectral
coverageof thesesystemsis limited mainly to thevisibleandnear-IR. Thismeansthatsubstan-
tial portionsof theopticalspectrumin theUV, visibleandmid-IR cannotbeaccessed,evenby
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conventionaltunablelasersystems.To overcomethis importantobstacle,it is vital to deploy
alternative technologiesfor thegenerationof tunableoptical radiationin new spectralregions,
particularlythemid-IR wheremany applicationscanbenefit.
Optical Parametric Oscillators. A key technologycapableof overcomingthe limitations of
conventionallasersis the OPO.Thesearenovel optical instrumentsthat canprovide tunable
radiationover an exceptionallywide frequency rangefrom a singledevice [1]-[5]. They can
be configuredin compact,portable,andfully solid-stateformats,areeasyto operateandcan
deliver high outputenergies,powers,andefficiencies.Typical conversionefficiencies ½ 50%
areregularly obtainedin a varietyof device configurations,which is substantiallyhigherthan
conventionallasers(suchasthe Ti:sapphirelaser). Another importantadvantageof OPOsis
that they arefar lesssusceptibleto thermaleffectsat high pumppowers,sincethe operating
principleis notbasedonabsorptionof pumplight, asin a laser, but its transmissionthroughthe
nonlineargainmaterial.

FigureH.1: Thetuningrangeof (a) themostwidely establishedconventionaltunablelasersand
(b) someOPOsystemsdevelopedby ME andhis teamto date.

TheabovepropertiesmakeOPOsof greatinterestandutility for awiderangeof applications
requiringvariableoptical frequency andphotonenergy. Fig. H.1b shows the tuning rangeof
threeOPOsystemsdevelopedby M. Ebrahim-Zadeh(ME) andhis researchteam,whichcanbe
comparedwith thetuningrangeof existingconventionaltunablelasersin Fig. H.1a.

H.2 OPO in the contextof ALB A

The uniquepropertiesof the OPO highlightedabove make it a highly attractive alternative
to conventionalNd:YAG or argon-ionlasersfor gamma-raygenerationin electronaccelerator
facilities. In the context of ALBA, the developmentof an OPOsystemwill be an important
breakthroughbecause:
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Ñ It will enablethegenerationof gamma-raysthroughlaserbackscatteringat ALBA, with
tunabilitycontrolof theγ-rayenergy. Thiswill openupnew possibilitiesfor novelnuclear
physicsexperimentsby scientistsfrom bothwithin andoutsideSpain.Ñ The OPOwill be ableto deliver large optical powers(several watts). Therefore,under
similaroperatingparameters(σc, Ie, L, S), theOPOwill beableto providehighergamma-
ray intensitiesthroughhigheropticalpowers.Ñ The OPOwill deliver an excellentspatialquality in a diffraction-limitedoptical beam
with minimumdivergenceandsuitablecross-section,enablingcollimation,manipulation,
andpropagationover long distanceswith standardoptical elements.The all-solid-state
designof theOPOwill alsoensureexcellentoutputbeamstability, with minimumvaria-
tionsin opticalpower, spatialbeamquality, temporalstability, beamsizeandshape,and
beampositioningover long distances.The compact,rugged,andpracticaldesignwill
alsoensureconvenientintegrationwith theelectronbeam-linewherelimited spacewill
beavailable.Ñ TheOPOrepresenta new opticalinstrument,which hasnot beenpreviously deployedin
any otheracceleratorfacilitiesthroughouttheworld. Therefore,in additionto itsusability,
it will representa world-first addition to sucha facility, which will also enablenovel
scientificadvancesin high-energy acceleratorphysics.Ñ TheOPOsystemwill bedevelopedby indigenousexpertisein Spain.

H.3 Curr ent status

In the currentstateof technology, OPO devices can cover spectralregions from 400 nm in
the visible to 12 µm in the mid-IR in a variety of device configurationsandoutput temporal
formats[1]-[5]. Becauseof the instantaneousnatureof electronicsusceptibility, the origin of
parametricamplification,OPOsarealsohighly flexible with regardto temporaloutputandcan
operatein all time domains.By a suitablechoiceof pumpsource,OPOdevicescanprovide
optical radiationfrom the continuous-wave (cw) to pulsed(nanosecond,microsecond),down
to ultrafast(picosecondandfemtosecond)time-scales.This is not possiblewith lasers,where
the time dependenceof the output is strictly determinedby the fundamentalproperties(e.g.
upper-statelifetime, fluorescencebandwidth)of theparticularlasermaterial.

In thecontext of ALBA, themostimportantoperatingrequirementsare:Ñ Wavelengthtunablerange: this must producegamma-rayswith energies Eγ
�
max¿ ¼

150MeV.Ñ Optical outputpower (cw or averagepower): this mustbe ashigh aspossible-several
watts.

Thesetwo importantrequirementsimmediatelylimit thechoiceof OPOdevice configura-
tion to two:
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Ñ High-powercw OPOsÑ High-average-power, pulsed(nanosecond)OPOs

In Fig. H.2, we summarizethecurrentstatusof OPOtechnologyin cw device format. As
evident,optical outputpowersof up to 4 W have so far beengeneratedfrom cw OPOs.This
device waspumpedby a 13.5W pumplaser[6]. By exploiting the currentpumplasertech-
nology(wherecw pumppowersof 100W thatarenow available),it shouldbereadilypossible
to generatesubstantiallyhigheroptical powersof at least10 W from suchcw OPOs. It can
alsobe seenin Fig. H.2 that the spectralcoverageof cw OPOsis currently limited to 5 µm
in themid-IR, with thelongestwavelengthsofar generatedby ME andco-workers[7]. These
systemshave beenbasedpredominantlyon PPLN(periodically-poledLiNbO3) asthenonlin-
earmaterial. Spectralextensionof cw OPOsto wavelengthsbeyond 5 µm hasnot yet been
demonstrated.However, we areconfidentthat this will be readily possibleby using innova-
tivepumpingtechniquesor difference-frequency-generationschemes.A particularlyimportant
approach,proposedby ME, is the useof cascadedpumpingusinga two-stagesystem,where
theoutputof thefirst PPLNOPOsystemactsasthepumpfor thesecondOPOsystemor for a
differencefrequency generator(DFG)basedonZGP(zincgermaniumphosphate)or alternative
IR materials.Internalpumpingwill beusedto maximizegeneratedmid-IR outputpower and
efficiency [8]. In thisway, spectralextensionto at least12µm will becomepossiblein cw OPO
systems.

FigureH.2: Survey of the outputpower performanceandspectralcoverageof cw OPOsthat
havebeendevelopedto dateusingvariousnonlinearmaterials.

In Figs. H.3 and H.4, we summarizethe current statusof OPO technologyin pulsed
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(nanosecond)device format. Fig. H.3 shows the spectralcoverageandpulseenergy of low-
repetition-rate(1 Hz to 100 Hz) devices, while Fig. H.4 containsthe performanceof high-
repetition-rate(1 kHz to 30 kHz) systems.It is clearthat tuning to 12 µm hasbeenachieved
in low-repetition-ratedevice formatsandaverageoptical powersashigh as10 W have been
obtainedfrom high-repetition-ratesystemsup to 8.5 µm. Suchsystemshave usedZGPasthe
nonlinearmaterial[9, 10]. The combinationof the high-repetition-ratepumplaserdeployed
in [10] with theZGPgeometryusedin [9] will allow thegenerationof optical radiationat an
averagepowerof at least10W andspectralcoverageto at least12 µm in themid-IR.

FigureH.3: Survey of theoutputenergy performanceandspectralcoverageof low-repetition-
rate (1Hz-100Hz)pulsednanosecondOPOsthat have beendevelopedto dateusing various
nonlinearmaterials.

H.4 Proposedprogram

Basedon the currentstatusof OPO technologydiscussedabove, we proposetwo different
approachesfor thedevelopmentof theopticalsourcefor ALBA:

1. A high-power cw OPO,with no time structurein the outputanda steadystateflow of
opticalphotonsin time.

2. A high-average-power, high-repetition-ratepulsedOPO,with a nanosecondtime struc-
turein theoutputopticalradiation.
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FigureH.4: Survey of theoutputenergy performanceandspectralcoverageof high-repetition-
rate(1kHz-30kHz)pulsednanosecondOPOsthat have beendevelopedto dateusingvarious
nonlinearmaterials.

Usingeitherapproach,we will provide a practicalsourceof coherentvariable-energy pho-
tonswith therequiredopticalpower andphotonenergy to meettherequirementsat ALBA. In
eithercase,thesystemwill beastate-of-the-artinstrumentoperatingin the1.5 to 12 µm wave-
lengthrangein the mid-IR, whereno otherconventionallasersourceswith similar operating
characteristicsareavailable.TheOPOwill, therefore,becapableof providing opticalphotons
with controllableenergiesin therangeof 0.82to 0.10eV to generategamma-rayswith energies
in therangeEγ

�
max¿GÐ 15 ° 110MeV atALBA. Theopticalbeamwill beof thehighestspatial

quality (M2 Ð 1), with minimum divergence.This will allow diffraction-limitedpropagation
over longdistanceswithoutsignificantbeamspreading,andwill permitcollimationandmanip-
ulationof theopticalbeamto thedesiredcharacteristicswithoutdifficulty. Theintensityprofile
will beGaussian(TEM00) andthebeamdiameterattheexit of theOPOinstrumentwill beφ Ð 2
to 5 mm (1² e2 intensitypoints),dependingon theexact focusingandresonatorconfiguration.
The instrumentwill bedesignedin a compact,ruggedandfully solid-statedesign,which will
becapableof beingconvenientlyintegratedwith theelectronbeamline at ALBA.

To achievetherequiredperformanceparameters,wewill usethenonlinearcrystalsof PPLN
astheprimaryopticalgainelement.For cw operation,it will benecessaryto usea high-power
cw Nd:YAG laser, whereasfor pulsedoperationthe OPOwill usea high-average-power Q-
switchedNd:YAG laseras the pump source. Both laserswill operateat a wavelengthnear
1.064µm. By suitabledesignof thephase-matchgratingon thePPLNcrystal,we will beable
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to achieve wavelengthtuningover the1.5-5µm rangefrom eitherOPOsystem,but to achieve
wavelengthextensionabove 5 µm andup to 12 µm, we will useZGP a second-stageOPOor
DFG crystal. In order to obtain the high spatialquality in the outputbeam,the OPOcavity
in eithersystemwill bedesignedin a stableresonator. The outputbeamwill alsobe linearly
polarized.TheOPOsystemswill be“user-friendly”, requiringsomebasictrainingof personnel
for day-to-dayoperation.

H.4.1 High-power cw OPO

1.5-5µm (0.82-0.25eV) cw OPO

As highlightedin Sect.3, andevidentfrom Fig. H.2, in thecurrentstatusof cw OPOtechnol-
ogy, deviceswith opticalpowersof up to 4 W andwavelengthtuningup to 5 µm have already
beendemonstrated.Therefore,the implementationof sucha cw OPOcanbereadilyachieved
usingexistingtechnologies.However, wewill beableto substantiallyimprovetheperformance
of suchsystemsin termsof opticalpowerby deploying highpower laserpumpsourcesthatare
now commerciallyavailable[11]. Specifically, with the useof a 100 W all-solid-statepump
laser(ELS,Germany), wewill beableto generatecw OPOopticaloutputpowers ½ 10W over
the samewavelengthrangeof 1.5-5 µm. Sucha programcanbe viewed asa Development
Project,wheremuchof theresearchhasalreadybeenperformedanda comprehensive knowl-
edgebasealreadyexists. A schematicof thecavity configurationfor theproposedhigh-power
cw OPO,which is basedon PPLN asthe nonlinearmaterial,is shown in Fig. H.5. The pre-
dictedperformancecharacteristicsof the 1.5-5 µm cw OPOsystemaresummarizedin Table
H.1. With suchanOPOsystem,gamma-rayenergiesin therangeof Eγ

�
max¿ÒÐ 35 ° 110MeV

will begenerated.

FigureH.5: Resonatorconfigurationfor the1.5-5µm cw OPObasedona100-WNd:YAG laser
asthepumpsourceandthecrystalof PPLNasthenonlineargainelement.M1-M4 aremirrors.
Thissystemwill generategamma-rayswith energiesin therangeEγ

�
max¿uÐ 35 ° 110MeV.
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PumpLaser Nd:YAG (cw)
Wavelength 1.064µm
OutputPower 100W
OPODesign SinglyResonant(PPLN)
WavelengthCoverage 1.5-5µm
PhotonEnergy 0.82-0.25eV
OutputPower 10 W
SpatialQuality M2 Ð 1
SpatialProfile Gaussian(TEM00)
Polarization ½ 99%Linear
TotalFootprint 100 Ó 150cm

TableH.1: Characteristicsof thecw pumplaserandthe1.5-5µm cw OPOfor thegenerationof
gamma-rayswith energiesof Eγ

�
max¿uÐ 35 ° 110MeV at ALBA.

1.5-12µm (0.82-0.1eV) cw OPO

On the otherhand,extensionof spectralrangeof cw OPOsto wavelengths½ 5 µm hasnot
yet beendemonstrated.However, asnotedearlier, we believe that suchan extensionwill be
possiblewith theuseof novel cascadedinternalpumpingschemes,wheretheradiationfrom a
first PPLNOPOis usedasthepumpsourcefor a secondOPObasedon ZGP. A schematicof
thepossiblecavity configurationis shown in Fig. H.6. An alternativeapproachwouldbeto use
thegeneratedradiationfrom thefirst OPOto achieveDFGin ZGPwithin thesameOPOcavity,
asillustratedin Fig. H.7.

Usingahigh-power, 100W cw laserpumpsourceandeitherof thetwo approaches,wewill
beableto generatecw optical radiationat power levelsof up to 10 W in the1.5-12µm wave-
lengthrangein themid-IR. Sucha programfor spectralextensionof cw OPOsto wavelengths½ 5 µm shouldbeviewedasaResearchProject,becausewhile suchsystemshavealreadybeen
demonstratedin pulsedOPOs,they havenot sofar beenappliedto cw OPOs.

Thedesignandpredictedperformancecharacteristicsof the1.5-12µm cw OPOsystemare
summarizedin TableH.2. With suchanOPOsystem,gamma-rayswith energiesin therange
Eγ
�
max¿uÐ 15 ° 110MeV will begenerated.

H.4.2 High-average-power (0.82-0.1eV) pulsedOPO

As notedin Sect. 3, andevident from Figs. H.3 andH.4, in thecurrentstatusof pulsedOPO
technology, deviceswith opticalpowersof up to 10W andwavelengthtuningupto 12µm have
alreadybeendemonstrated.Therefore,the implementationof sucha cw OPOcanbe readily
achievedusingtechnologiescurrentlyavailable. Again, sucha programin thecontext of this
proposalshouldbeconsideredasaDevelopmentProject,asmostof thedesignandperformance
parametersarealreadywell established.

Themosteffectiveandpracticalapproachfor theimplementationof sucha device is to use
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FigureH.6: Resonatorconfigurationfor the 1.5-12µm cascadedintracavity cw OPOusinga
100W Nd:YAG pumplaser. The internalradiationgeneratedby thePPLNOPOprovidesthe
pump for the ZGP OPOlocatedinternal to the first OPOcavity. M1-M6 aremirrors. This
systemwill generategamma-rayswith energiesin therangeEγ

�
max¿uÐ 15 ° 110MeV.

cascadedtwo-stagepumping,wheretheoutputof thefirst OPOis usedasthepumpfor asecond
OPO.A high-average-power, Q-switchedNd:YAG laserwill beusedto pumpa PPLNOPOto
providetunableradiationin the1.5-3.8µm. Thiswill thenbeusedto pumpasecondOPObased
onZGP[10] to generatetunablecoherentradiationin the1.5-12µm range.Becauseof thehigh
intensitiesavailablewith pulsedpumping,it will not be necessaryto useinternalpumpingas
in cw OPOs(seeFig. H.5), andsoexternalpumpingcanbereadilyused.A schematicof the
experimentalconfigurationfor suchasystemis shown in Fig. H.8andthecorrespondingdesign
parametersandperformancecharacteristicsaresummarizedin TableH.3. With suchanOPO
system,gamma-rayswith energiesin therangeof Eγ

�
max¿�Ð 15 ° 110MeV will begenerated.

H.5 Summary and futur edir ections

This projectis uniquein that thecoherentoptical sourcewill bedevelopedwith theexpertise
availablein Spain,with ME having a well-establishedinternationaltrackrecordin thefield. It
is fully expectedthatthedevelopmentof anOPOsystemfor ALBA will bring aboutanadded
capability to this facility and, in the long term, will have a major impacton a wide rangeof
nuclearphysicsapplications,notonly in Spain,but alsoat theEuropeanandinternationallevel.

It is also importantto note that while the proposeddesignrelatesto the developmentof
OPOsystemsoperatingin themid-IR, alternative designscanalsobeimplementedto provide
continuoustuningat longerwavelengths.In particular, spectralregionsup to 20 µm (0.06eV)
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FigureH.7: Resonatorconfigurationfor the 1.5-12µm cascadedintracavity cw OPOusinga
100W Nd:YAG pumplaser. The internalradiationgeneratedby thePPLNOPOprovidesthe
pumpfor single-passDFG in the crystalof ZGP locatedinternalto the OPOcavity. M1-M4
aremirrors. This systemwill alsogenerategamma-rayswith energiesin therangeEγ

�
max¿ÒÐ

15 ° 110MeV.

canbe accessedusingparametricgenerationtechniques[12]. The spectralextensionof OPO
sourcesto suchlong wavelengthscould, therefore,be an importantsubjectof future research
anddevelopment,which will alsoprovide furthercapabilitiesfor gamma-raygenerationat en-
ergiesEγ

�
max¿ ¼ 10 MeV at ALBA. Moreover, alternative designscanalsobe implemented

andintegratedinto theproposedOPOsystemsto provide tuning in shortwavelengthregions,
particularly from 400 nm in the visible to 1.5 µm in the near-IR, which canalsoprovide for
gamma-raysat energiesin therangeEγ

�
max¿uÐ 110 ° 400MeV at ALBA.

FigureH.8: Resonatorconfigurationfor the 1.5-12µm cascadedexternalpulsedOPOusing
a 100-Waverage-power Nd:YAG pumplaser. Theoutputradiationfrom thePPLNOPOpro-
videsthepumpfor secondOPObasedon ZGP. M1-M4 aremirrors. This systemwill generate
gamma-rayswith energiesin therangeEγ

�
max¿uÐ 15 ° 110MeV.
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PumpLaser Nd:YAG (cw)
Wavelength 1.064µm
OutputPower 100W
OPODesign SinglyResonant(PPLN+ZGP)
WavelengthCoverage 1.5-12µm
PhotonEnergy 0.82-0.10eV
OutputPower 10W
SpatialQuality M2 Ð 1
SpatialProfile Gaussian(TEM00)
Polarization ½ 99%Linear
TotalFootprint 150 Ó 150cm

TableH.2: Characteristicsof thecw pumplaserandthe1.5-12µm cw OPOfor thegeneration
of gamma-rayswith energiesof Eγ

�
max¿�Ð 15 ° 110MeV at ALBA.

PumpLaser Nd:YAG (Q-switched)
Wavelength 1.064µm
AveragePower 100W
PulseDuration 50-100ns
RepetitionRate 100Hz
OPODesign SinglyResonant(PPLN+ZGP)
WavelengthCoverage 1.5-12µm
PhotonEnergy 0.82-0.10eV
AveragePower 10W
PulseDuration 50-100ns
RepetitionRate 100Hz
SpatialQuality M2 Ð 1
SpatialProfile Gaussian(TEM00)
Polarization ½ 99%Linear
TotalFootprint 150 Ó 150cm

Table H.3: Characteristicsof the high-average-power pulsedpump laserand the 1.5-12µm
pulsedOPOfor the generationof gamma-rayswith energiesof Eγ

�
max¿IÐ 15 ° 110 MeV at

ALBA.
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Appendix I

Silicon sensorsfor the taggingsystem

I.1 Intr oduction

Semiconductorsensorsarewidely usedin ParticleandNuclearPhysicsexperimentsastracking
devices. Chargedparticlesloseenergy by ionizationprocesseswhile crossingthesensorbulk.
Thatenergy is usedto generatepairsof electronsandholesinsidethesemiconductor. Electrons
andholeshavedifferentchargesignthereforethey areseparatedby anelectricfield whichalso
acceleratesthem.Themovementof thoseelectricchargesproducesanelectricalcurrentwhich
canbedetectedandproducesthedetector’ssignal[1] (seeFig. I.1).

FigureI.1: Schematicview of a silicon microstripdetector. Theelectricfield in thebulk sepa-
ratestheun-likesignelectronsandholesandacceleratesthem.Themovementof thesecharges
producesacurrentdetectedby theelectronics.

Thereexist severalsemiconductormaterialswhich canbeusedin particledetectorsassil-
icon, diamondandGaAs. Silicon sensorsare the most in useby far, becauseof their good
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sensingproperties,well known anddevelopedtechnologyandaffordability. Thecurrentparti-
clephysicsexperiments([2]-[7]) areequippedwith up to hundredsof squaredmetersof silicon
sensors,while the very first experimentshad just a few squaredcentimeters[8]. This gives
an ideaof the impressive developmentof the silicon sensortechniqueandthat its associated
technologyis well known.

One of the main advantagesof the silicon sensorsis that they have a very good spatial
resolution. Of course,the spatial resolutiondependson the geometricconfigurationof the
sensors.Thereexist designswheretheactive areasarestripsanddesignswith active areasin
pixels. The spatialresolutionof microstripssensorsdependsdirectly on the strip pitch, but
it canbe betterthan20 microns. The spatialresolutionof individual sensorscanbe further
improvedin a trackingsystemby combiningseverallayersof sensors.

Silicon sensorsaremanufacturedasplatesof severalcentimeterswide andlargebut just of
theorderof 300micronsthick. Thechargecollectingtime is of theorderof few nanoseconds.
Thereforesilicon sensorsarean appropriatetype of sensorsto be usedin experimentswith a
veryhightriggerandreadoutrate.In fact,thesensorsandtheirassociatedelectronicsdeveloped
duringthe1990’s for theCERNLargeHadronCollider experimentsdo work at a 40 MHz rate
with atypicalsignalto noiseratioof 12-15with ashapingtimeof 25ns.Onecanobtainamuch
bettersignalto noiseratio whenusinglargershapingtimesfor thesignals.

Oneof theadvantagesof usingthin sensorlayers(asfor silicon) is a minimizationof the
multiple scatteringeffects. Of courseit alsodependson the incidentparticle type andon its
energy but usinglayersof 300micron-thickdetectorshasthebenefitof having asmallradiation
length.

In recentyearstherehasbeenalsoa large developmentof radiationhardsilicon sensors.
This developmenthasbeenmotivatedspeciallybecauseof the LHC experiments,wherethe
silicon sensorwill operateunderextremeradiationlevels. The radiationdamagein termsof
the signaleffectsarequantifiedin a signal lossandan increaseof the noise. In termsof the
operation,the irradiationcausesa changein theeffective dopingconcentration,changein the
depletionvoltage,anda changein the leakagecurrent,which in its turn producesmorepower
consumption,heatdissipationandshutnoise[13]. Theability of anirradiatedsensorto perform
its duty hasto bemeasuredin termsof its signalto noise.Nowadaysthereexist silicon sensors
ableto operateproviding a signalto noiseof 10 evenafterhaving beenirradiatedwith a dose
of 1015 1-MeV-neutrons/cm2.

All theseaspectsconcerningthepropertiesandoperationof the silicon sensorsaredevel-
opedin thefollowing sections.

I.2 Detectordesignand spatial resolution

As alreadystated,thereareseveraldesignsof siliconsensorsavailable.They canbegroupedin
two maincategories:pixelsandstrips.

Pixelsallow to measurethecrossingpointsof chargedparticleswith agood3D spacepoint
spatialresolution,while microstripsjust provide a good2D spacepoint. 3D spacepointscan
bemeasuredby usingdoublesidedsilicon sensors,but this optionhasto bediscardedbecause
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of the problemsinducedby the radiationdamage.Therefore3D resolutionwith singlesided
silicon sensorsmustbe gainedby combiningseveral layersof microstripsensorsorientedat
differentangles.

In principlethespatialresolutionof microstripsensorsis just thestrippitchdividedby Ô 12.
Sofor a typical sensorwith astrippitchof 75micronsonejust getsa resolutionof 20 microns.
It canbefurtherimprovedby usingananaloguereadout.With ananaloguereadoutit is possible
to give a relative weight to all channelsgiving signalaccordingto theheightof thepulse,and
thencomputethegravity center, thusproducingamoreaccuratespatialpoint. But for doingso,
thechargemustbesharedamongseveralchannels.Sofor a detector5 cm wide instrumented
with 512 channelsone just needsa 100 micronsstrip pitch, which givesa spatialresolution
betterthan30 microns.

It is possibleto usemicrostripdetectorswith a pitch strip down to 50 microns. Detectors
with a thinnerpitchstrip arealsopossible,but someproblemsariseasfor instance,theelectric
field amongstripsincreasesandsodoestheprobabilityof micro-discharges.This problemcan
becircumventedby usingsomespecificdesignandmanufacturingprocess,of theimplantation
of the dopantsin the strip and of the aluminium implant. An immediateconsequenceof a
thinnerpitch strip is a considerableincreaseof thenumberof readoutchannels,which in turn
requiresmoreelectronics,morepower consumptionandheatdissipation.Of courseall these
effectshaveanimpacton thefinal cost.

A disadvantageof thepixel systemis thattheelectronicsmustbelocatedontopof theactive
sensor. This meansthat the electronicswill receive the sameradiationdoseas the sensors.
Besides,theadditionalmaterialincreasesthemultiple scattering,which it maybenot anissue
in this case,but any specificstudyhasto considerit.

The sensordesignfor the LHCb experimentconsistsin two typesof geometries,andthe
sensorshaveahalf-diskshape[5]. Therearesensorsthataredevotedto measuretheazimuthal
angle,thereforehave stripsin a radialconfiguration,while thesecondtypeof sensorsis meant
to measuretheradialdistance,thereforethestripsaresegmentsof circles.Both configurations
includealsoavaryingstrippitch in orderto achieveabettergranularityin theregionwherethe
densityof particlesis supposedto behigher. Socomplicatedstrip geometrieswhich matchthe
physicsrequirementsarealsopossible.

In brief, onemustsaythat20 micronsspatialresolutioncanbeachievedwithout too much
hassle.Betterspacepoint resolutioncanbealsoachievedat somecostin thedetectordesign,
but alsoconsideringtheelectricalinsulationamongstrips.

Onecanforeseeasystemwith multi layersof siliconsensorsasit will providearedundancy
in thesystem.Thisredundancy will bemuchappreciatedin caseof accidentsor problemsin one
of the layers,asthesystemcouldbestill operatedandthedetectionof thescatteredelectrons
will not beperturbed.Thereforea systemwith a doublelayerseparatedby a few centimeters
canprovideaverygoodandreliabletrackingsystem.

In conclusiona multilayersystemof singlesidedmicrostripdetectors(of variablepitch if
needed)with theelectronicslocatedin theoutermostpartis averygoodoptionfor thetracking
system.
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I.3 ReadOut

Anotherimportantaspectis the readoutelectronics.This requiresto usea hybrid boardwith
multipurposefunctions. The first is to connectthe sensorto the bias voltage,the secondto
supportthefront endelectronicsandtheconnectionwith thedataacquisitionsystem,plussome
mechanicalsupport,coolingsystemandpitchadapter.

In whatconcernsthereadoutelectronics,thesensorshave to beAC coupledto theASICs,
which countwith a front endamplifier, shaperandpulseanalyzer(discriminator, ADC). The
latestagecanbeperformedin many waysdependingon theevent rate,occupancy andon the
available time to integratethe signal. As statedabove the LHC systemscan operateup to
40MHz with shapingtimesof 25 ns[9]. This givesenoughtime betweencollisionsto collect
the whole signalbut the noisedueto the shortshapingtime is alsoquite important. In LHC
the shapingtime must be kept short becauseof the high densityof particlesper event. A
larger shapingtime will reducethenoise,leadingto a betterspatialresolution,reducednoise
occupancy andfake hits. In figure I.2 onecanseeanschematicview of theprocessingof the
signalfrom a siliconsensorwithin achip.

Detector

Amplifier
Shaper Discr.

Output
AC 

coupling

FigureI.2: Schematicview of theprocessingof thesignalfrom a silicon sensorAC coupledin
achip: amplifyingstage,shapingandproducinganoutput.

For trackingsystemswith alargenumberof channelsit is convenientto useabinaryreadout
system.Thatmeans,afterthefront endamplifierandthepulseshapertheASICscanintegrate
a digital part wherea thresholdcanbe set in orderto transferonly the channelidentification
of thosechannelsproviding signal. However for systemswith a small numberof channels
it is convenientto usean analoguesystem. That means,the pulseheightof all channelsare
transferedto the dataacquisitionsystem.The event sizecanfurther be reducedby including
somemeansof zero suppressionor DPS (Dynamic PedestalSubtraction). But keepingthe
analogueinformationmayhelp tremendouslyin anoff-line analysis.It mayhelpto determine
thecenterof gravity whenaclusterof channelsis formed,thusimproving thespatialresolution.
Mattersas commonnoiseare ratherbetter treatedoff-line than on-line whereone can aim
for a bettergroundingschemeandan optimal cableandpipe routing which canbe sourceof
commonnoise. Maskingnoisy or deadchannelscanbe doneeitherway, on-line or off-line.
Gain recalibrationcanbe easilymonitoredin an off-line systemandthe channel-by-channel
effectscanbetakeninto account.
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As theelectronsmayarriveatany time,andin orderto keeptheacquisitionrunningall time,
onemustconsiderthepossibilityof runningthesystemin acontinuousmode.Thesignalfrom
a channelis first amplifiedandthenshaped.Consideringa 10 MHz triggeringrate,anda low
occupancy level per channel,onemayusea large shapingtime, of theorderof 100ns.There
exist alreadymanufacturedchipsthatcanbesuitablefor thisapplication[10] andevensomeof
themareradiationhard[11]. A largeshapingtime hastheadvantageof keepingthenoiselow,
but hasthedisadvantagethatpile-upmayoccur. So,asfar astheoccupancy level perchannel
is low, usinga long shapingtime is appropriate.Thenthe discriminatoroutputcanbe stored
eitherin a pipe-line, in orderto bereadwhena triggeroccurs,or storedin a FIFO buffer, that
maybefilled with two informations:a) thechannelidentifierandb) thetimeatwhichthesignal
occurred.

Thereis also the possibility of splitting the channeloutput in two andoneof the signals
usedthenfor triggering.This featurealreadyexists in somecommercialchips.This offersthe
opportunityof having a self triggeringsystem,but if onehasto considermany channels(e.g.
512)andtriggeringthereadoutjust if oneof thechannelstriggersthefake trigger ratecanbe
toohigh. Therearemethodsto keepit low suchasusingahighlevel for discrimination,with the
disadvantageof maybecuttingout genuinesignals,or makingcoincidenceswith a scintillator
system.

Nowadayssubmicronchip technologyprovidesat affordablepricesa radiationhardtech-
nology. Althoughin this systemthereadoutchipscanbelocatedfurtheraway from thebeams
thuskeepingradiationdamageaslow aspossible.

In whatconcernsthedatatransmission,optical link providesnowadaysa reliablemeansof
datatransmission,at a low costandwith verysmall impactin thematerialbudget.

I.4 Radiation hardness

Silicon sensorsoperatingin a high radiationenvironmentsuffer from radiationdamage.The
basiceffectsof the radiationis a changein the effective dopingconcentration(seeFig. I.3),
which in turnaffectsthebiasvoltage,anincreasein theleakagecurrentandthereforethenoise,
thepowerconsumptionandtheheatdissipation,andtheintroductionof chargetrappingcenters,
thusreducingthesignal[12].

The above arethe macroscopicmanifestationsof the microscopiceffectsof the radiation
damage.The radiationdamageappearswhenan incidentparticle transfersto a silicon atom
enoughenergy in order to vacateits position in the silicon lattice. The binding energy of a
silicon atomis 25 eV. So for a fixed energy, heavier particlesasprotonsandneutronscreate
moreradiationdamagethanlight particleaselectrons.Thestudiesof theradiationdamageare
basedin theNIEL hypothesis(Non Ionizing Energy Loss).Thatmeansthat thedamageto the
silicon latticeis dueto thenonionizing energy lost by incidentparticleswhich do not inducea
signalbut movessilicon atomsfrom their latticelocations.

As mentionedabove whena silicon atomis removedfrom its positionin thesilicon lattice
it leavesa vacantpositionbehind. As that vacancy canbe filled by a neighbouringatomjust
by thermalexcitation,thevacancy movesandthereforethedefectsin thelatticearemobile.As
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FigureI.3: Changein theeffectivedopingconcentrationof thesiliconsensorbulk asafunction
of the radiationdose. A substratewith an initial majority of donorstates(n-type)becomesa
substratewith a majority of acceptordopingstates(p-type). Thereforethereis aninversionof
thebulk type.

defectsmove around,they canmeetandgeneratemorecomplex defects. The vacanciescan
reactwith interstitials,impurity atomsandothervacancies.A particularlyharmful stateis a
divacancy, formedwhentwo vacanciesmeet.Thedivacancy or V2 stateis quitestable.As V2

actsasacceptorstate,theFermilevel is movedtowardthelowersideof thebandgapmodifying
theeffectivedopingconcentrationandthereforeaffectingthebiasvoltageneededto operatethe
detector. It is alsopossibleto invert thebulk type,from aninitial majorityof donors(n-type)to
amajority of acceptorstates(p-type).

Not only V2 statesareformed.Thephenomenologyof defectsis quitecomplex [13]. There
is alsothepossibilityof thevacanciesto reactwith impuritiesandcreatemorecomplex struc-
tures,asfor instanceoxygenatomsandcreateVO or V2O. Thereappearalsoregionswherethe
latticestructureis severelydamaged.All thesedefectsmayactaseffective dopingor trapping
centers.

Theradiationdamagehasbeena matterof concernfor thesilicon trackingdetectorsof the
LHC experiments(namelyATLAS, CMS,LHCb andALICE). Thereforeduringthepastyears
therehasbeena largedevelopmentin this area[14][15][16]. It hasbeenseenthatthediffusion
of oxygenin thesilicon bulk improvestheradiationtolerance,andthatothersilicon materials,
like Czoralskisilicon arealsomoreradiationhard.TheLHC experimentshave studiedmainly
theeffectof theprotonandneutronirradiation,insidewhatwascalledtheROSEcollaboration,
anspecificR&D CERNproject,whichnowadayshasits continuationin RD50.

Studiesof the radiationdamagedueto electronshave beencarriedout insideRD50. The
irradiationhasbeenperformedusinglow (15MeV) andhighenergy (900MeV, fromtheLINAC
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injectoratElettrain Trieste)electrons.Thosestudiesperformedwith radiationdosesupto 1015

e/cm2 show that the charge collection efficiency is reducedjust by 1-2% for Czoralskiand
epitaxialsilicon andsomewhatmorefor FZ (FloatZone)andDOFZ (Diffusionof Oxygenin
FloatZone).

The annealingof the irradiatedsamples,either at room or at high temperatureshows a
slight improvementof the macroscopicpropertiesof the irradiatedsamples.This is seenin a
reductionof the effective dopingconcentration,thus the depletionvoltage,a decreaseof the
leakagecurrentandaslight increaseof thechargecollectionefficiency.

Thedefectsin thesurfaceof thesilicondetectorsremainto bestudied,althoughit seemsthat
they arelessimportantthanthebulk defects.However thepresenceof a chargeaccumulation
layer in the interfacebetweensilicon andthe passivatedlayer hasto be taken into accountin
thedesign.

A lastword mustbesaidon whatsortof bulk (n-typeor p-type)maybeused.It is known
that then-type-bulk detectorsaremoreradiationtolerant.This is dueto thefact that in n-on-n
silicon thesignalis carriedby electrons,whichhavea largermobility ratherthantheholes(the
signalproducersin thep-on-ntypesensors).On theotherhand,singlesidedn-on-ndetectors
needa doublesideprocessingin orderto preventshortcircuits in thebacksidewhenthebulk
type inversionoccurs,thereforethey aremoreexpensive thanp-on-ndetectors.The ATLAS
studieshave shown that irradiatedp-on-n type detectorscanbe usedin the real experiment.
Moreover theCNM (CentroNacionaldeMicroelectronica)in Barcelonahasrecentlyproduced
silicon sensorsfrom a p-typebulk [17]. This presentssomeoperationaladvantagesasthebulk
typewill not invert duringirradiation.Irradiationstudieswith this sortof sensorsarecurrently
beingperformed.

It mustbealsosaid,thatif theradiationdamageis too largeonecanconsiderto replacethe
trackingsystem.This is thesolutionadoptedby theLHCb experimentfor its VELO (VErtex
LOcator)system. During the detectorphasedesignof the LHCb VELO, it hasalwaysbeen
assumedthat the radiationdamagewill beso importantthat thesystemwill last just a couple
of years.The VELO systemwill be locatedjust a coupleof centimetersaway from theLHC
beamaxis, thereforetheexpecteddoseis to reach1016 protons/cm2 in a coupleof years.The
VELO systemhasthereadoutchipslocatedin theoutermostpartof thesensors,just wherethe
radiationdosewill besmaller.

Anothersolutioncanbeadopted.As theincidentelectronsareexpectedto beregisteredin
anarrow bandof lessthan100µm width, theirradiationwill beconcentratedin thatarea,while
therestof thedetectorwill bekeptalmostbrandnew. This problemis similar to whathappens
on the LHCb detectorswhich aredisposedtransversalto the beam. Thereforethe irradiation
doseis anisotropic.Thecurrentstudiesperformedwith LHCb sensorprototypesirradiatedwith
non-uniformdosesshow thatthenonirradiatedareashave theexpectedproperties.Soonecan
envisagea systemof 5 Ó 5 cm2 which canbe slideddownwardsor upwardsandoffer a non
irradiatedactive areawhenthedamageto theonein useis too high. A sideeffect mayappear
astheelectricfield mayhave a transversecomponentdueto a gradientin theeffective doping
concentrationas:

∇2V � ° ρ
ε0εSi

(I.1)
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being ρ the charge density in the detectorsbulk, which may be non-uniformdue to a non-
uniform irradiationdose.ε0 andεSi arethedielectricconstantof thevacuumandthefactorfor
thedielectricconstantof thesilicon ( Õ 11).
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Appendix J

Radiation shielding

J.1 Intr oduction and generalconsiderations

Thepreliminarytechnicaldesignof theSpanishSynchrotronLight SourceALBA, describedin
the ”LLS DetailedDesignReport” [1], containsa descriptionof the shieldinganda personal
safetysystemfor this facility. Themainsourcesof ionizingradiation,takeninto accountin Ref.
[1], arethe synchrotronlight itself anddifferentgroupsof secondaryradiationwhich include
thegasbremsstrahlung,mediumenergy neutrons(with energiesupto 10MeV) andhighenergy
neutrons(with energiesup to a few hundredMeV).

Theconstructionof thebeamline for theproductionof gammaraysof intermediateenergies
(up to 530 MeV) and intensitiesup to 109 photons/sat the storagering of ALBA requiresa
specialscenariofor shieldingwhich is different from standardX-ray beamlines andwhich,
therefore,hasnotbeenenvisagedin thepreliminarydesignof thefacility.

Thegenerallayoutof thegammaraybeamline is givenin Fig. J.1.It consistsof twohutches
housingtheequipmentplusadditionalshieldingstructures.Theupstreamhutch,adjacentto the
front endof thefacility storagering, containsthelaserandtheopticalequipmentandavacuum
tubefor theγ-ray beamtransport.Thetarget,detectorsandotherexperimentalinstrumentation
are situatedin the downstreamhutch. In the middle part a collimator, a sweepmagnetand
shieldingfor reducingthebackgroundof neutronsareinstalled. At the very endof the beam
line, the beamdumpwill be situated.On its way from the front endto the detectorthe γ-ray
beamtravelsapartof thetrajectoryinsideavacuumtubeandtherestof thepathin theair.

All considerationson theradiationsafetyexposedin Sect.6.3.1andSect.6.3.2of [1] are
applicableto the γ-ray beamline. In particular, in accordancewith the RadiationStandards
Directive , 96/29/EURATOM of May 13 of 1996,which hasbeenintroducedin Spainby the
RealDecreto 783/2001,theannualeffective doselimit for thegeneralpublic is 1 mSv, while
for employers of the facility over 18 yearsold the limit is set to 100 mSv in a period of 5
consecutiveyears,with amaximumdoseperyearof 50 mSv.

To satisfy thesedoselimits we will apply the local shieldingschemecomplementedwith
the shieldingprovided by the hutchwall. In the framework of this approachthe γ-ray beam
line will beequippedwith necessaryelementsfor local shieldingwhich includea collimator, a
sweepmagnet,abeamdump(beamstop),a localshieldingmoduleand,asanoption,aneutron
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FigureJ.1: Schematiclay-outof thegamma-rayline installation,showing the laserhutch,the
shieldedcollimatorarea,themeasuringhutchandthebeamdump
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absorbingscreen.Wewould like to pointout thatin thisproposalweconsideronly theionising
radiationassociatedwith the presenceof the primary γ-ray beam. The descriptionandsome
generalspecificationsof the shieldingelementsandof the hutcharegiven below. Provided
that theseelementsarecorrectlydesigned(this will have to be certifiedby appropriatesafety
inspectorsduringthebeamline commissioning)thelevel of radiationin theareasaccessibleto
personnelwhenthebeamline is in operationshouldbebelow thedoselimits indicatedabove.
Nevertheless,in accordancewith the radiationsafetymodeladoptedin the designreport [1],
weproposethatcontinuousmonitoringof radiationlevel is carriedout. Thesemeasuresshould
becompletedwith alarms,interlocksystems,areasaccessrulesandemergency shutdown rules,
elaboratedfor this particularbeamline, in thesamewayasit is envisagedin Ref. [1].

Sometypesof experimentsplannedat the γ-ray beamline requireextremely low back-
ground.So,apartfrom theradiationprotectionof thepersonnel,theshieldingelementsshould
provide anessentialreductionof theflux of neutrons,electronsandpositronsproducedby the
primaryγ-ray beaminteractingwith theelementsof thebeamline which canentertheexperi-
mentalzone.For mostof thecasesthelocal shieldingmentionedabove will besufficient. For
the caseswhenthe neutronbackgroundis still above the acceptedlimit additionalremovable
screenabsorbingneutronswill beinstalled.

J.2 Shielding

J.2.1 Sourcesand typesof radiation

As it canbe seenin Fig. J.1, after going throughthe laserbeamdeflectingmirror the γ-ray
photonswill successively passthroughthefollowing elements:

- γ-raybeamvacuumtransporttube

- Collimator

- Sweepmagnet

- Vacuumwindow

- Target

- Detectors

- Beamdump

Thesecondaryradiationdueto theinteractionof theprimaryγ-raybeamwith theseelements
canbedividedin thefollowing groups:í Electromagneticcascadeproducedinsidethefront endwindow, lasermirror andflangeof the

vacuumpipe.Theseparticlesaremainlycollimatedin theforwarddirectionandmayhave
energiesup to 265MeV. Partof themwill passthroughthecollimatorchannelandcreate
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ahighenoughbackgroundwhichmaybeaproblemfor certainexperiments.To eliminate
theelectron-positronbackgroundweproposeto install asweepmagnetequippedwith an
absorbingshield. The chargedparticlesdeviatedby the magnethit a shieldwherethey
areabsorbed.Themagnetmustbeinstalledasfaraspossiblefrom thetarget.í Theelectromagneticcascadeconsistingof electrons,positronsandelectromagneticradiation
producedinsidethecollimator. Resultsof conservative estimatesof thedosedueto this
groupof radiationaredescribedbelow. Its intensityis stronglyreducedinsidethecolli-
matoritself sothatthewalls of thehutchwill besufficient to reducethedoseoutsidethe
hutchbelow theminimumpermittedlevel.í Neutronsproducedby theprimary γ-ray beaminsidethecollimator. Someestimatesof the
correspondingdosearepresentedin the next subsection.The neutronintensitywill be
reducedby a local shieldingandthehutchwall in orderto achieve thepermittedneutron
doselevel outsidethehutch.To reducetheneutronbackgroundin theexperimentalzone
to a requiredlevel, anabsorbingscreencanbeinstalled.í Theelectromagneticcascade(electrons,positronsandphotons)andneutronsproducedin the
coreof thebeamdump.This radiationwill beabsorbedby thevariouslayersof thebeam
dump.

J.2.2 Shielding analysis

Theparametersof thecollimator, thebeamdumpcoreandthesweepmagnetwill bechosenin
accordancewith theshieldingrecommendationsgivenin Ref. [2]. They wereconfirmedwith
preliminarystudiesusingthePENELOPEcode[3] for numericalsimulationof thedevelopment
of theelectromagneticcascade.

As far as neutronradiation is concerned,a preliminary estimateshows that the neutron
annualeffective doseat the distanced � 2 m from the collimator is of the order of 1 mSv.
Therefore,it is necessaryto further reducethe neutronflux by a local shieldingmodulesur-
roundingthecollimatorandthesweepmagnet(seeFig. J.1).This localshieldingwill alsohelp
to meetthestrict limits on thebackgroundlevel imposedby theexperiments.

We alsotook into accountthat,sincethevacuumtransportpipeendsafter the lasermirror
andbeforethecollimator, theprimaryphotonsfly a partof their pathbetweenthetubeflange
andthetarget in theair. Theinteractionof thebeamwith theair maydispersethephotonsand
bea sourceof radiation.Studiescarriedin Ref. [2] andour estimatesshow thatthedispersion
andattenuationof the γ-ray beamintensitydue to the passagethroughthe air arenegligible
and,therefore,thissourceof radiationdoesnotpresentany problemfrom aradiationprotection
point of view. Nevertheless,the effect of this interactionon the γ-ray beamquality hasto be
investigated.

We seethat the local shieldingelementssuchasthe shieldingmodule,the sweepmagnet
with its electron-positronshield, the collimator itself and the beamdumpshouldbe enough
to reducethe dosebelow the acceptablelevel. The hutchwalls will further reducethe dose
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substantially. As anadditionaloptiona neutronabsorbingscreenmaybeinstalledto decrease
theneutronbackground,ameasurewhichmaybenecessaryfor sometypesof experiments.

J.2.3 Shielding elements

As it hasbeenalreadystatedin Sect. J.1 in theshieldingdesigntwo aspectshave beentaken
into account:

1. safedoseoutsidethehutch

2. reductionof thebackgroundin theexperimentalarea.

To satisfy the doselimits indicatedabove the γ-ray beamline will be equippedwith the
necessaryelementsfor local shieldinginsidethehutch.Theseincludethecollimatorshielding,
thesweepmagnetwith electron-positronshieldingandthebeamdump. Theseelementsmake
possiblethe hutchdesignproposedin Fig. J.1. In what follows a shortdescriptionandmain
parametersof theseshieldingelementsgeneralfor thebeamline will begiven.

Thedesignof shieldingelementsis basedontheanalysisdescribedaboveandonthedesign
parametersof similar beamlines, in particularNSLS [4], SPring-8[5] andAPS [2, 6], with
correspondingmodificationsdueto thedifferencein intensitiesandenergies.Of course,for the
technicaldesignof thebeamline amoredetailedstudy, supportedbycalculationsandnumerical
simulations,hasto becarriedout.

For the hutch designwe proposeto constructits walls out of steellined with 2 cm thick
leadpanels.This is thetypeof hutchusedat theSPring-8facility [7]. Sinceat thelaserelectron
beamline of SPring-8photonsof energiesrangingfrom 1.5 GeV to 3.5 GeV areproduced,it
is clear that our proposalis conservative andprudentenough. In fact, it will be sufficient to
constructwalls of suchlead thicknessonly at certainsectorsof the hutch,wherethe flux of
secondaryphotonsandneutrons,accordingto moredetailedcalculationswhichareto bedone,
is moreintense.

Thecollimator is acylinderof radiusof î 5 cmandof lengthof î 30cmmadeoutof lead.
Thecollimatingchannel,coaxialwith thecylinder axis, is of variablediametersmallerthan3
mm. Thecollimatorcanalsobemanufacturedof rectangularcrosssection.In any caseit must
have theshieldingthicknessat least5 cm in thedirectionorthogonalto thebeamandof 30 cm
in thelongitudinaldirection.Thisis enoughto reduceconsiderablytheelectromagneticcascade
in transversaldirectionsandto practicallysuppressit in theforwarddirection.If necessary, the
collimatorcanbeequippedwith two collars,anupstreamcollarandadownstreamone,in order
to reducethe effect of beammisssteeringandhitting the upstreamor downstreamedge(see
Ref. [2]). Thedecisionconcerningthecollarsandtheir sizeswill dependon theresultsof the
detailedstudyof theradiationproduction.

The main function of the sweepmagnet is to protectthe target from convertedelectrons
andpositronswhichpassthroughthecollimatorchannel.Its layoutis presentedin Fig. J.2.The
particlesaredeviatedvertically by themagneticfield andareabsorbedby anelectron-positron
shield.Thelayoutis similarto theoneusedattheSPring-8facility (seeRef. [5]). Weproposeto
useamagneticfield which canbevariedfrom aminimumvalueof 0.1kGaussup to 4 kGauss.
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With this rangeof thefield andthelengthof themagnetof 50 cm,asit is indicatedin Fig. J.2,
all electronsandpositronswith energiesbetween1 MeV and265 MeV will hit the electron-
positronshieldandwill not passthroughits aperture.Thevalueof thefield is supposedto be
chosenin an optimalway for eachexperiment,dependingon theenergy of the primary γ-ray
beam.The magnetcollimator andtheelectron-positronshieldaremadeout of leadandhave
dimensionsindicatedin Fig. J.2.ï*ð:ñ
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FigureJ.2:Sweepmagnetlayout,(a)lateralcrosssection,(b) topcrosssection.

The collimatorandthe sweepmagnetaresurroundedby a shielding module. Its approx-
imatedimensionsareshown in Fig. J.1. As it wasexplainedabove, its main function is to
reduce/absorbthe neutronsflux producedin the collimator andpossiblyin the sweepmagnet
collimator. The walls of the moduleare proposedto be madeout of concrete. Additional
screensof a hydrogenatedmaterialwith a low Z neutronabsorber, like boratedpolyethylene,
canbeplacedinside.

Thebeamdump layout,its dimensionsandthematerialsusedareshown in Fig. J.3.Here
werelayon thedesignsproposedfor otherfacilities,in particularfor theSPring-8.
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FigureJ.3:Beamdumplayout,lateralcrosssection.

J.3 Conclusions

Our conclusionis that the doselimits adoptedfor the technicaldesignof the facility ALBA
(seeSect.6.3.1of Ref. [1]) andcitedin Sect.J.1canbesatisfiedwith theproposeddesignof
the hutchandlocal shieldingelements,namelythe shieldingmodule,the sweepmagnetwith
its electron-positronshield, the collimator and the beamdump. The proposedelementsare
sufficient to reducethedosebelow thesafelevel outsidethehutchduring theoperationmode
of thebeamline. As anadditionaloptionaneutronabsorbingscreenmaybeinstalledto further
reducetheneutronbackgroundfor sometypesof experiments.

This conclusionis basedon our analysis,describedin Sect. J.2.2,and on the shielding
designsolutionsat similarexistingbeamlines.

As wehavealreadystressedin differentoccasion,adetaileddesignstudyis neededin order
to specifythefinal parametersof theshieldingelements.

140



Bibliography

[1] ”LLS DetailedDesignReport”,LLS, 1997;availableat http://www.cells.es

[2] P.K. Job, D.R. Haeffner and D. Shu, ”BremsstrahlungScatteringCalculationsfor the
BeamStopsandCollimatorsin theAPSInsertion-DeviceBeamlines”,ANL/APS/TB-20.
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Appendix K

Usersof the gamma-raybeamline

Theconstructionof thegamma-raybeamline at ALBA representstheopportunityto have the
first installationdedicatedto experimentalnuclearphysicsactivities in Spain.

Historically, the developmentof acceleratorsfacilities traditionally associatedto nuclear
physicsresearchin Europeandtherestof theworld, never took placein Spain,hamperingthe
developmentof experimentalnuclearphysicsandits numerousapplications.

The developmentof experimentalnuclearphysicsin Spainduring the last 18 yearshas
beenassociatedto theuseof several installationsmainly in Europebut alsoin theU.S.A.Dur-
ing this time thecommunityhasgrown from a marginal representationto thepresentsituation
with groupsatUPCBarcelona,U. Huelva,CIEMAT Madrid,IEM (CSIC)Madrid,U. Autnoma
Madrid,U. ComplutenseMadrid,U. SantiagodeCompostela,U. Sevilla andIFIC (CSIC-U.Va-
lencia),with severalcollaborationsestablishedbetweenthem. This internationallyrecognized
communityis actively participatingin the researchprogramof ISOLDE andnTOF at CERN,
G.S.I-Darmstadt,LNL-INFN Legnaro,CRC Louvain-la-Neuve, amongothers,as is reflected
in thelist of few selectedpublicationsincludedat theend.Theconstructionof thegamma-ray
beamline will help to strengthenthe collaborationbetweenthe groups,at the nationallevel.
It will alsoreinforcetheir weight in theinternationalcontext, throughthedevelopmentof new
specificknow-how andtheestablishmentof new collaborations.Not only these,it will stimu-
latethegrowth of thegroupsandthecreationof new ones.To this respect,it shouldbepointed
out herethat thereexist a sizeablenumber(around35) of excellentyoungresearcherswhich
have beenformedin therecentyears,within theSpanishgroupsor evenindependentlywithin
foreigngroups,or arejustconductingtheirPhDwork outsideof Spainwhichcouldbeattracted
by thenew opportunitiesthattheinstallationwill offer. Thesebenefitsarenotrestrictedaloneto
thebasicnuclearphysicscommunitybut will extendalsoto its applicationsand,asis thecase
here,to partof theastrophysicscommunity. In TableK.1 wegivealist of theseniorresearchers
whichareproposingto conductexperimentsat thegamma-raybeamline. To this list weshould
addapproximatelytwice thenumberof postdocsandstudents.Therole of theoreticalnuclear
physicistsis particularlyimportantto thesuccessfulplanningandinterpretationof theexperi-
ments.As it happens,theSpanishcommunityworking in nucleartheoryin general,andin the
physicswith electromagneticprobesin particular, is well reputedinternationally. A list of the
theoreticiansdirectly interestedin theexperimentsis givenin TableK.2 andabrief selectionof
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theirpublicationsis alsoincludedin thelist at theend.Last,but not least,theproposedgamma-
ray beamline hastheconditionsto attracttheinterestof foreignusersin particularEuropeans,
to performexperimentscomplementaryto thosefeasibleatotherfacilities.
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TableK.1: Experimentalphysicistsproposingmeasurementsat thebeamline.

Name Position Center
M. Amor Duch Investigador InstitutodeTécnicasEnergéticas

Univ. PolitecnicaCatalunya,Barcelona
J.Benlliure ProfesorTitular DepartamentodeFı́sicadePart́ıculas

Univ. deSantiagodeCompostela
M.J.G.Borge InvestigadorCSIC InstitutodeEstructuradela Materia

C.S.I.C.,Madrid
F. Calviño ProfesorTitular DepartamentdeFı́sicai EnginyeriaNuclear

Univ. PolitecnicaCatalunya,Barcelona
D. Cano-Ott InvestigadorCIEMAT DepartamentodeFisiónNuclear

CIEMAT, Madrid
D. Cortina InvestigadorRyC DepartamentodeFı́sicadePart́ıculas

Univ. deSantiagodeCompostela
I. Durán Catedŕatico DepartamentodeFı́sicadePart́ıculas

Univ. deSantiagodeCompostela
J.M.Espino ProfesorTitular DepartamentodeFı́sicaAtómica,Molecular

y Nuclear, Univ. deSevilla
L.M. Fraile ProfesorContratadoDoctor DepartamentodeFı́sicaAtómica,Molecular

y Nuclear, Univ. ComplutenseMadrid
J.E.Garćıa-Ramos ProfesorTitular DepartamentodeFı́sicaAplicada

Univ. deHuelva
J.Gómez-Camacho ProfesorTitular Dpto. deFı́sicaAtómica,Molecular

y Nuclear, Univ. Sevilla
M. Gómez-Santamarı́a ProfesorContratadoDoctor DepartamentodeFı́sicaAplicada

Univ. deHuelva
E. Gonźalez-Romero InvestigadorCIEMAT DepartamentoFisión Nuclear

CIEMAT, Madrid
D. Guirado Facultativo HospitalClı́nicoUniv. “SanCecilio”

Granada
M. Hernanz InvestigadorCSIC Institutd’EstudisEspacials

deCatalunya,Barcelona
J. Isern ProfesorInvestigacíonCSIC Institutd’EstudisEspacials

deCatalunya,Barcelona
A. Jungclaus InvestigadorRyC DepartamentodeFı́sicaTeórica

Univ. AutónomadeMadrid
Yu. Kubyshin ProfesorAgregat InstitutodeTécnicasEnergéticas

Univ. PolitecnicaCatalunya,Barcelona
I. Martel ProfesorTitular DepartamentodeFı́sicaAplicada

Univ. deHuelva
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TableK.1: Experimentalphysicistsproposingmeasurementsat thebeamline (Cont.)

Name Position Center
T. Mart́ınez InvestigadorCIEMAT DepartamentoFisión Nuclear

CIEMAT, Madrid
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J.L.Táın Cient́ıfico Titular CSIC InstitutodeFı́sicaCorpuscular

C.S.I.C.-Univ.Valencia
O. Tengblad InvestigadorCSIC InstitutodeEstructuradela Materia

C.S.I.C.,Madrid
J.M.Ud́ıas ProfesorTitular E.U. Dpto. deFı́sicaAtómica,Moleculary Nuclear
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TableK.2: Theoreticalphysicistsrelatedto theproposedexperiments.

Name Position Center
J.E.Amaro ProfesorTitular DepartamentodeFı́sicaModerna

Univ. Granada
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M. Centelles ProfesorTitular Dept.d’Estructurai Constituents
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Univ. Salamanca
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Univ. Granada
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y Nuclear, Univ. Sevilla
A. Ramos ProfesorTitular Dept.d’Estructurai Constituents
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TableK.2: Theoreticalphysicistsrelatedto theproposedexperiments(Cont.)

Name Position Center
A. Valcarce ProfesorTitular DepartamentodeFı́sica

Univ. Salamanca
X. Viñas Catedŕatico Dept.d’Estructurai Constituents
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