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• Initial and final state effects in Exclusive reactions


• Jefferson Lab and the CEBAF Large Acceptance 
Spectrometer


• Results on polarization observables 
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Exclusive Reactions

• Neutron targets—> Important information 
for the search of missing resonances


• Information inferred from bound neutron 
targets
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Mechanism*A* Mechanism*B*

Mechanism*C* Mechanism*D*

•  A:*Photon*beam*helicity*asymmetry.*
•  Np,*Nm:*Helicity<dependent*reac>on*yields*in*a*given*kinema>c*bin.*
•  Al:*The*self<analyzing*power*of*la,**************************.**
•  Pcirr:*Polariza>on*of*circularly*polarized*photon*beam.*
•  C:*Constant.*
•  Fp,*Fm:*The*helicity<dependent*incident*photon*flux,*and*their*value******

………….*are*the*same.*
•  Accp:*The*acceptance*of*the*detector*system.*

Our*analysis*consists*of*determining*the*beam*helicity*asymmetry,*A,*for*each*kinema>c*bin,*ploLng*it*against*cosθx*and*cosθz,*fiLng*it*by*
2<dimension*func>on,*and*then*corresponding*parameters*dividing*out*α*and*Pcir.*Preliminarily,*bins*in*Eγ*and*θΛ’*have*been*considered.*

Helicity(asymmetry:*The*analysis*strategy*for*extrac>ng*cxz*and*czz*relies*on*the*beam*helicity*asymmetry*distribu>on*which* is*derived*
using*differen>al*cross*sec>on.**

                        Measurement of the Double Polarization Observables       and   
                                      for the Final-State Interactions in    
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Experimental*Nuclear*Physics*

Mo/va/on(and(Goal(
Mo/va/on:*
1.  Building* a* comprehensive* picture* of* the* strong* interac>on* is*

the* goal* of* the* modern* nuclear* physics.* While* considerable*
progress* has* been*made* in* the* past* decades* for* the* nucleon<
nucleon* interac>on,* we* are* s>ll* far* from* a* comprehensive*
picture*of* the*hyperon<nucleon* (YN)* interac>on,*which*plays*a*
key*role*in*hypernuclear*maWer*and*neutron*stars.*

2.  One*can*access*the*dynamics*of*the*YN*interac>on*by*studying*
nuclear* reac>ons* in* which* hyperons* are* produced.* While*
performing*YN*scaWering*experiments*is*a*daun>ng*task*due*to*
the*short*life>me*of*the*hyperons,*hyperon*photoproduc>on*on*
the* deuteron* is* an* alterna>ve* nuclear* reac>on* for* tes>ng* the*
available*YN*poten>al*models.*

Jefferson(Lab(Hall(B(

Jefferson* Lab* Hall* B* is* equipped* with* an*
advanced* beam* line* to* produce* energe>c*
photon*beams*and*a*unique*detector,*the*CLAS,*
that* has* a* large* acceptance.* This* allows* the*
determina>on*of* the*charged<par>cle*momenta*
over*a*large*frac>on*of*the*full*solid*angle.**

Reac/on(Iden/fica/on(and(Yield(Extrac/on(

Summary(and(Outlook(

Par/cle(iden/fica/on(for*

Method(of(Study(

This(work(is(supported(by(the(U.S.(Na/onal(Science(Founda/on:(NSF(PHYN125782*

aluminum-stabilized NbTi/Cu conductor. Cooling
of the coils to 4:5 K is accomplished by forcing
super-critical helium through cooling tubes located
at the edge of the windings. Super-insulation and
an intermediate liquid-nitrogen-cooled heat shield
reduce the heat load. The coils are designed to be
self-protecting in case of a quench.

The individual coils are subject to strong
centering forces (maximum 1:4! 106 N) that are
transmitted from the coils via three internal warm–
cold support links to the coil cryostat. Out-of-
plane forces, arising from gravitational loads and
from magnetic forces due to asymmetries in the
coil geometry, are transmitted via six pairs of
short, fiberglass-epoxy compression struts per coil
to the cryostats. Support rings in the front and
back of CLAS determine the position of the
cryostats at the inside radius. At the outer
perimeter, the distance between neighboring cryo-
stats is set by five carbon-fiber rods with 25-mm
diameter.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters Cerenkov Counters

Large-angle Calorimeter

Electromagnetic Calorimeter

1 m

Fig. 3. A schematic top view of the CLAS detector cut along the beam line. Typical photon, electron, and proton tracks (from top to
bottom) from an interaction in the target are superimposed on the figure.
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Main Torus Coils

Mini-torus Coils
1 m

Fig. 4. Schematic view of the CLAS detector, showing a cut
perpendicular to beam. Also shown is the mini-torus used only
for electron runs.
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CEBAF:( Con/nuous( Electron( Beam(
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Goal:*
1.  This*work*aims*to*extract*the*polariza>on*observables******and*..*******************

for*final<state*interac>ons*in*the*reac>on****************************.*
2.  The*final*results*will*be*used*to*constrain*the*free*parameters*

of*theore>cal*models*for*the*hyperon<nucleon*poten>al.*
*
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Polariza/on(Observables(Cx(and(Cz 

Theore/cal(Predic/ons(

Model*Calcula>ons:*K.*Miyagawa**et*al.,*Phys.*Rev.*C*74,*034002*(2006).*

Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.

PACS: 29.30.Kv; 29.40.Mc; 29.70.Fm

Keywords: CLAS; Photon tagger; Photon beam; Scintillator hodoscope; Time-based logic

1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation

E!"E
#
!E

!
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•  The*available*sta>s>cs*is*sufficient*to*produce*meaningful*results.*

•  Re<scaWering*sample*clearly*shows*different*values*of*the*observables*than*the*

quasi<free*sample.*

•  Realis>c*simula>ons*are*in*progress*

•  Comprehensive*event*generator*developed*

•  Background*subtrac>on*

•  Acceptance*effects*

•  Results*for*other*kinema>c*variables*will*be*extracted.*

•  Systema>c*uncertain>es*will*be*analyzed.*

•  Comparing*to*theore>cal*models*will*be*used*to*interpret*our*results.*

An(example(how(we(extract(Cx(and(Cz*
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FIG. 9: Differential cross section and polarization observables Py, Cz, Cx and Σ for the

2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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Figure*from:*A.*Gasparian*et*al.,*Phys.*Rev.*C*69,*034006(2004).*

Applied* to* cross* sec>on* data*
of*************************
Extract* a* spin<averaged*
scaWering* length* of* the*
inclusive*K+*hadroproduc>on:*
*

pp ! K+X

a = �1.5± 0.15± 0.3 fm

Our*des>na>on*is*to*gain*informa>on*about*the*dynamics*of*the*Ln*
re<scaWering* by* elimina>ng* the* quasi<free* mechanism* from* data*
and*determining*observables*only*for*final<state*interac>ons.**
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ŷ

ẑ
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Cx* and*Cz* characterize* the*
transfer*of* the*polariza>on*
from* incident* photon* to*
the*produced*hyperons.  
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Eγ*=*1.3*GeV,**
pK*=*900*MeV/c,*
θK*=*17*deg**

Range:*Eγ*:*[1.1,*1.5]*GeV,*pK:*[700,*1150]*MeV/c,*θK:*[14,*27]*deg*
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!  Qualita>ve* comparison* of* general*

features*only*

!  Data:*FSI,*Model:*QF+FSI*

!  θK,Data*>*θK,Model*

!  CZ,Data*consistent*with*FSI*effects*

!  CX,Data*consistent*with*QF*predic>on*

!  In* collabora>on* with* theorists* to*

match* predic>ons* to* kinema>cs* of*

data.*
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Mechanism*A* Mechanism*B*

Mechanism*C* Mechanism*D*

•  A:*Photon*beam*helicity*asymmetry.*
•  Np,*Nm:*Helicity<dependent*reac>on*yields*in*a*given*kinema>c*bin.*
•  Al:*The*self<analyzing*power*of*la,**************************.**
•  Pcirr:*Polariza>on*of*circularly*polarized*photon*beam.*
•  C:*Constant.*
•  Fp,*Fm:*The*helicity<dependent*incident*photon*flux,*and*their*value******

………….*are*the*same.*
•  Accp:*The*acceptance*of*the*detector*system.*

Our*analysis*consists*of*determining*the*beam*helicity*asymmetry,*A,*for*each*kinema>c*bin,*ploLng*it*against*cosθx*and*cosθz,*fiLng*it*by*
2<dimension*func>on,*and*then*corresponding*parameters*dividing*out*α*and*Pcir.*Preliminarily,*bins*in*Eγ*and*θΛ’*have*been*considered.*

Helicity(asymmetry:*The*analysis*strategy*for*extrac>ng*cxz*and*czz*relies*on*the*beam*helicity*asymmetry*distribu>on*which* is*derived*
using*differen>al*cross*sec>on.**

                        Measurement of the Double Polarization Observables       and   
                                      for the Final-State Interactions in    

Tongtong*Cao***Advisor:*Yordanka*Ilieva*
Department*of*Physics*and*Astronomy*

Experimental*Nuclear*Physics*

Mo/va/on(and(Goal(
Mo/va/on:*
1.  Building* a* comprehensive* picture* of* the* strong* interac>on* is*

the* goal* of* the* modern* nuclear* physics.* While* considerable*
progress* has* been*made* in* the* past* decades* for* the* nucleon<
nucleon* interac>on,* we* are* s>ll* far* from* a* comprehensive*
picture*of* the*hyperon<nucleon* (YN)* interac>on,*which*plays*a*
key*role*in*hypernuclear*maWer*and*neutron*stars.*

2.  One*can*access*the*dynamics*of*the*YN*interac>on*by*studying*
nuclear* reac>ons* in* which* hyperons* are* produced.* While*
performing*YN*scaWering*experiments*is*a*daun>ng*task*due*to*
the*short*life>me*of*the*hyperons,*hyperon*photoproduc>on*on*
the* deuteron* is* an* alterna>ve* nuclear* reac>on* for* tes>ng* the*
available*YN*poten>al*models.*

Jefferson(Lab(Hall(B(

Jefferson* Lab* Hall* B* is* equipped* with* an*
advanced* beam* line* to* produce* energe>c*
photon*beams*and*a*unique*detector,*the*CLAS,*
that* has* a* large* acceptance.* This* allows* the*
determina>on*of* the*charged<par>cle*momenta*
over*a*large*frac>on*of*the*full*solid*angle.**

Reac/on(Iden/fica/on(and(Yield(Extrac/on(

Summary(and(Outlook(

Par/cle(iden/fica/on(for*

Method(of(Study(

This(work(is(supported(by(the(U.S.(Na/onal(Science(Founda/on:(NSF(PHYN125782*

aluminum-stabilized NbTi/Cu conductor. Cooling
of the coils to 4:5 K is accomplished by forcing
super-critical helium through cooling tubes located
at the edge of the windings. Super-insulation and
an intermediate liquid-nitrogen-cooled heat shield
reduce the heat load. The coils are designed to be
self-protecting in case of a quench.

The individual coils are subject to strong
centering forces (maximum 1:4! 106 N) that are
transmitted from the coils via three internal warm–
cold support links to the coil cryostat. Out-of-
plane forces, arising from gravitational loads and
from magnetic forces due to asymmetries in the
coil geometry, are transmitted via six pairs of
short, fiberglass-epoxy compression struts per coil
to the cryostats. Support rings in the front and
back of CLAS determine the position of the
cryostats at the inside radius. At the outer
perimeter, the distance between neighboring cryo-
stats is set by five carbon-fiber rods with 25-mm
diameter.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters Cerenkov Counters

Large-angle Calorimeter

Electromagnetic Calorimeter

1 m

Fig. 3. A schematic top view of the CLAS detector cut along the beam line. Typical photon, electron, and proton tracks (from top to
bottom) from an interaction in the target are superimposed on the figure.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters

Main Torus Coils

Mini-torus Coils
1 m

Fig. 4. Schematic view of the CLAS detector, showing a cut
perpendicular to beam. Also shown is the mini-torus used only
for electron runs.
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Goal:*
1.  This*work*aims*to*extract*the*polariza>on*observables******and*..*******************

for*final<state*interac>ons*in*the*reac>on****************************.*
2.  The*final*results*will*be*used*to*constrain*the*free*parameters*

of*theore>cal*models*for*the*hyperon<nucleon*poten>al.*
*

C
x

Cz�!� d ! K+�!⇤n

Polariza/on(Observables(Cx(and(Cz 

Theore/cal(Predic/ons(

Model*Calcula>ons:*K.*Miyagawa**et*al.,*Phys.*Rev.*C*74,*034002*(2006).*

Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.

PACS: 29.30.Kv; 29.40.Mc; 29.70.Fm

Keywords: CLAS; Photon tagger; Photon beam; Scintillator hodoscope; Time-based logic

1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation

E!"E
#
!E

!
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•  The*available*sta>s>cs*is*sufficient*to*produce*meaningful*results.*

•  Re<scaWering*sample*clearly*shows*different*values*of*the*observables*than*the*

quasi<free*sample.*

•  Realis>c*simula>ons*are*in*progress*

•  Comprehensive*event*generator*developed*

•  Background*subtrac>on*

•  Acceptance*effects*

•  Results*for*other*kinema>c*variables*will*be*extracted.*

•  Systema>c*uncertain>es*will*be*analyzed.*

•  Comparing*to*theore>cal*models*will*be*used*to*interpret*our*results.*
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FIG. 9: Differential cross section and polarization observables Py, Cz, Cx and Σ for the

2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically

16

Figure*from:*A.*Gasparian*et*al.,*Phys.*Rev.*C*69,*034006(2004).*
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Extract* a* spin<averaged*
scaWering* length* of* the*
inclusive*K+*hadroproduc>on:*
*
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a = �1.5± 0.15± 0.3 fm

Our*des>na>on*is*to*gain*informa>on*about*the*dynamics*of*the*Ln*
re<scaWering* by* elimina>ng* the* quasi<free* mechanism* from* data*
and*determining*observables*only*for*final<state*interac>ons.**
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Cx* and*Cz* characterize* the*
transfer*of* the*polariza>on*
from* incident* photon* to*
the*produced*hyperons.  
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Mechanism*A* Mechanism*B*

Mechanism*C* Mechanism*D*

•  A:*Photon*beam*helicity*asymmetry.*
•  Np,*Nm:*Helicity<dependent*reac>on*yields*in*a*given*kinema>c*bin.*
•  Al:*The*self<analyzing*power*of*la,**************************.**
•  Pcirr:*Polariza>on*of*circularly*polarized*photon*beam.*
•  C:*Constant.*
•  Fp,*Fm:*The*helicity<dependent*incident*photon*flux,*and*their*value******

………….*are*the*same.*
•  Accp:*The*acceptance*of*the*detector*system.*

Our*analysis*consists*of*determining*the*beam*helicity*asymmetry,*A,*for*each*kinema>c*bin,*ploLng*it*against*cosθx*and*cosθz,*fiLng*it*by*
2<dimension*func>on,*and*then*corresponding*parameters*dividing*out*α*and*Pcir.*Preliminarily,*bins*in*Eγ*and*θΛ’*have*been*considered.*

Helicity(asymmetry:*The*analysis*strategy*for*extrac>ng*cxz*and*czz*relies*on*the*beam*helicity*asymmetry*distribu>on*which* is*derived*
using*differen>al*cross*sec>on.**

                        Measurement of the Double Polarization Observables       and   
                                      for the Final-State Interactions in    

Tongtong*Cao***Advisor:*Yordanka*Ilieva*
Department*of*Physics*and*Astronomy*

Experimental*Nuclear*Physics*

Mo/va/on(and(Goal(
Mo/va/on:*
1.  Building* a* comprehensive* picture* of* the* strong* interac>on* is*

the* goal* of* the* modern* nuclear* physics.* While* considerable*
progress* has* been*made* in* the* past* decades* for* the* nucleon<
nucleon* interac>on,* we* are* s>ll* far* from* a* comprehensive*
picture*of* the*hyperon<nucleon* (YN)* interac>on,*which*plays*a*
key*role*in*hypernuclear*maWer*and*neutron*stars.*

2.  One*can*access*the*dynamics*of*the*YN*interac>on*by*studying*
nuclear* reac>ons* in* which* hyperons* are* produced.* While*
performing*YN*scaWering*experiments*is*a*daun>ng*task*due*to*
the*short*life>me*of*the*hyperons,*hyperon*photoproduc>on*on*
the* deuteron* is* an* alterna>ve* nuclear* reac>on* for* tes>ng* the*
available*YN*poten>al*models.*

Jefferson(Lab(Hall(B(

Jefferson* Lab* Hall* B* is* equipped* with* an*
advanced* beam* line* to* produce* energe>c*
photon*beams*and*a*unique*detector,*the*CLAS,*
that* has* a* large* acceptance.* This* allows* the*
determina>on*of* the*charged<par>cle*momenta*
over*a*large*frac>on*of*the*full*solid*angle.**

Reac/on(Iden/fica/on(and(Yield(Extrac/on(

Summary(and(Outlook(

Par/cle(iden/fica/on(for*

Method(of(Study(

This(work(is(supported(by(the(U.S.(Na/onal(Science(Founda/on:(NSF(PHYN125782*

aluminum-stabilized NbTi/Cu conductor. Cooling
of the coils to 4:5 K is accomplished by forcing
super-critical helium through cooling tubes located
at the edge of the windings. Super-insulation and
an intermediate liquid-nitrogen-cooled heat shield
reduce the heat load. The coils are designed to be
self-protecting in case of a quench.

The individual coils are subject to strong
centering forces (maximum 1:4! 106 N) that are
transmitted from the coils via three internal warm–
cold support links to the coil cryostat. Out-of-
plane forces, arising from gravitational loads and
from magnetic forces due to asymmetries in the
coil geometry, are transmitted via six pairs of
short, fiberglass-epoxy compression struts per coil
to the cryostats. Support rings in the front and
back of CLAS determine the position of the
cryostats at the inside radius. At the outer
perimeter, the distance between neighboring cryo-
stats is set by five carbon-fiber rods with 25-mm
diameter.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters Cerenkov Counters

Large-angle Calorimeter

Electromagnetic Calorimeter

1 m

Fig. 3. A schematic top view of the CLAS detector cut along the beam line. Typical photon, electron, and proton tracks (from top to
bottom) from an interaction in the target are superimposed on the figure.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters

Main Torus Coils

Mini-torus Coils
1 m

Fig. 4. Schematic view of the CLAS detector, showing a cut
perpendicular to beam. Also shown is the mini-torus used only
for electron runs.
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Goal:*
1.  This*work*aims*to*extract*the*polariza>on*observables******and*..*******************

for*final<state*interac>ons*in*the*reac>on****************************.*
2.  The*final*results*will*be*used*to*constrain*the*free*parameters*

of*theore>cal*models*for*the*hyperon<nucleon*poten>al.*
*

C
x

Cz�!� d ! K+�!⇤n

Polariza/on(Observables(Cx(and(Cz 

Theore/cal(Predic/ons(

Model*Calcula>ons:*K.*Miyagawa**et*al.,*Phys.*Rev.*C*74,*034002*(2006).*

Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.

PACS: 29.30.Kv; 29.40.Mc; 29.70.Fm

Keywords: CLAS; Photon tagger; Photon beam; Scintillator hodoscope; Time-based logic

1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation

E!"E
#
!E

!
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•  The*available*sta>s>cs*is*sufficient*to*produce*meaningful*results.*

•  Re<scaWering*sample*clearly*shows*different*values*of*the*observables*than*the*

quasi<free*sample.*

•  Realis>c*simula>ons*are*in*progress*

•  Comprehensive*event*generator*developed*

•  Background*subtrac>on*

•  Acceptance*effects*

•  Results*for*other*kinema>c*variables*will*be*extracted.*

•  Systema>c*uncertain>es*will*be*analyzed.*

•  Comparing*to*theore>cal*models*will*be*used*to*interpret*our*results.*
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FIG. 9: Differential cross section and polarization observables Py, Cz, Cx and Σ for the

2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically

16

Figure*from:*A.*Gasparian*et*al.,*Phys.*Rev.*C*69,*034006(2004).*
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of*************************
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Our*des>na>on*is*to*gain*informa>on*about*the*dynamics*of*the*Ln*
re<scaWering* by* elimina>ng* the* quasi<free* mechanism* from* data*
and*determining*observables*only*for*final<state*interac>ons.**
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Cx* and*Cz* characterize* the*
transfer*of* the*polariza>on*
from* incident* photon* to*
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Mechanism*A* Mechanism*B*

Mechanism*C* Mechanism*D*

•  A:*Photon*beam*helicity*asymmetry.*
•  Np,*Nm:*Helicity<dependent*reac>on*yields*in*a*given*kinema>c*bin.*
•  Al:*The*self<analyzing*power*of*la,**************************.**
•  Pcirr:*Polariza>on*of*circularly*polarized*photon*beam.*
•  C:*Constant.*
•  Fp,*Fm:*The*helicity<dependent*incident*photon*flux,*and*their*value******

………….*are*the*same.*
•  Accp:*The*acceptance*of*the*detector*system.*

Our*analysis*consists*of*determining*the*beam*helicity*asymmetry,*A,*for*each*kinema>c*bin,*ploLng*it*against*cosθx*and*cosθz,*fiLng*it*by*
2<dimension*func>on,*and*then*corresponding*parameters*dividing*out*α*and*Pcir.*Preliminarily,*bins*in*Eγ*and*θΛ’*have*been*considered.*

Helicity(asymmetry:*The*analysis*strategy*for*extrac>ng*cxz*and*czz*relies*on*the*beam*helicity*asymmetry*distribu>on*which* is*derived*
using*differen>al*cross*sec>on.**

                        Measurement of the Double Polarization Observables       and   
                                      for the Final-State Interactions in    
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Mo/va/on(and(Goal(
Mo/va/on:*
1.  Building* a* comprehensive* picture* of* the* strong* interac>on* is*

the* goal* of* the* modern* nuclear* physics.* While* considerable*
progress* has* been*made* in* the* past* decades* for* the* nucleon<
nucleon* interac>on,* we* are* s>ll* far* from* a* comprehensive*
picture*of* the*hyperon<nucleon* (YN)* interac>on,*which*plays*a*
key*role*in*hypernuclear*maWer*and*neutron*stars.*

2.  One*can*access*the*dynamics*of*the*YN*interac>on*by*studying*
nuclear* reac>ons* in* which* hyperons* are* produced.* While*
performing*YN*scaWering*experiments*is*a*daun>ng*task*due*to*
the*short*life>me*of*the*hyperons,*hyperon*photoproduc>on*on*
the* deuteron* is* an* alterna>ve* nuclear* reac>on* for* tes>ng* the*
available*YN*poten>al*models.*

Jefferson(Lab(Hall(B(

Jefferson* Lab* Hall* B* is* equipped* with* an*
advanced* beam* line* to* produce* energe>c*
photon*beams*and*a*unique*detector,*the*CLAS,*
that* has* a* large* acceptance.* This* allows* the*
determina>on*of* the*charged<par>cle*momenta*
over*a*large*frac>on*of*the*full*solid*angle.**

Reac/on(Iden/fica/on(and(Yield(Extrac/on(

Summary(and(Outlook(

Par/cle(iden/fica/on(for*

Method(of(Study(

This(work(is(supported(by(the(U.S.(Na/onal(Science(Founda/on:(NSF(PHYN125782*

aluminum-stabilized NbTi/Cu conductor. Cooling
of the coils to 4:5 K is accomplished by forcing
super-critical helium through cooling tubes located
at the edge of the windings. Super-insulation and
an intermediate liquid-nitrogen-cooled heat shield
reduce the heat load. The coils are designed to be
self-protecting in case of a quench.

The individual coils are subject to strong
centering forces (maximum 1:4! 106 N) that are
transmitted from the coils via three internal warm–
cold support links to the coil cryostat. Out-of-
plane forces, arising from gravitational loads and
from magnetic forces due to asymmetries in the
coil geometry, are transmitted via six pairs of
short, fiberglass-epoxy compression struts per coil
to the cryostats. Support rings in the front and
back of CLAS determine the position of the
cryostats at the inside radius. At the outer
perimeter, the distance between neighboring cryo-
stats is set by five carbon-fiber rods with 25-mm
diameter.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters Cerenkov Counters

Large-angle Calorimeter

Electromagnetic Calorimeter

1 m

Fig. 3. A schematic top view of the CLAS detector cut along the beam line. Typical photon, electron, and proton tracks (from top to
bottom) from an interaction in the target are superimposed on the figure.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters

Main Torus Coils

Mini-torus Coils
1 m

Fig. 4. Schematic view of the CLAS detector, showing a cut
perpendicular to beam. Also shown is the mini-torus used only
for electron runs.
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Goal:*
1.  This*work*aims*to*extract*the*polariza>on*observables******and*..*******************

for*final<state*interac>ons*in*the*reac>on****************************.*
2.  The*final*results*will*be*used*to*constrain*the*free*parameters*

of*theore>cal*models*for*the*hyperon<nucleon*poten>al.*
*

C
x

Cz�!� d ! K+�!⇤n

Polariza/on(Observables(Cx(and(Cz 

Theore/cal(Predic/ons(

Model*Calcula>ons:*K.*Miyagawa**et*al.,*Phys.*Rev.*C*74,*034002*(2006).*

Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.

PACS: 29.30.Kv; 29.40.Mc; 29.70.Fm

Keywords: CLAS; Photon tagger; Photon beam; Scintillator hodoscope; Time-based logic

1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation

E!"E
#
!E

!
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•  The*available*sta>s>cs*is*sufficient*to*produce*meaningful*results.*

•  Re<scaWering*sample*clearly*shows*different*values*of*the*observables*than*the*

quasi<free*sample.*

•  Realis>c*simula>ons*are*in*progress*

•  Comprehensive*event*generator*developed*

•  Background*subtrac>on*

•  Acceptance*effects*

•  Results*for*other*kinema>c*variables*will*be*extracted.*

•  Systema>c*uncertain>es*will*be*analyzed.*

•  Comparing*to*theore>cal*models*will*be*used*to*interpret*our*results.*
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FIG. 9: Differential cross section and polarization observables Py, Cz, Cx and Σ for the

2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically

16

Figure*from:*A.*Gasparian*et*al.,*Phys.*Rev.*C*69,*034006(2004).*

Applied* to* cross* sec>on* data*
of*************************
Extract* a* spin<averaged*
scaWering* length* of* the*
inclusive*K+*hadroproduc>on:*
*

pp ! K+X

a = �1.5± 0.15± 0.3 fm

Our*des>na>on*is*to*gain*informa>on*about*the*dynamics*of*the*Ln*
re<scaWering* by* elimina>ng* the* quasi<free* mechanism* from* data*
and*determining*observables*only*for*final<state*interac>ons.**
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Mechanism*A* Mechanism*B*

Mechanism*C* Mechanism*D*

•  A:*Photon*beam*helicity*asymmetry.*
•  Np,*Nm:*Helicity<dependent*reac>on*yields*in*a*given*kinema>c*bin.*
•  Al:*The*self<analyzing*power*of*la,**************************.**
•  Pcirr:*Polariza>on*of*circularly*polarized*photon*beam.*
•  C:*Constant.*
•  Fp,*Fm:*The*helicity<dependent*incident*photon*flux,*and*their*value******

………….*are*the*same.*
•  Accp:*The*acceptance*of*the*detector*system.*

Our*analysis*consists*of*determining*the*beam*helicity*asymmetry,*A,*for*each*kinema>c*bin,*ploLng*it*against*cosθx*and*cosθz,*fiLng*it*by*
2<dimension*func>on,*and*then*corresponding*parameters*dividing*out*α*and*Pcir.*Preliminarily,*bins*in*Eγ*and*θΛ’*have*been*considered.*

Helicity(asymmetry:*The*analysis*strategy*for*extrac>ng*cxz*and*czz*relies*on*the*beam*helicity*asymmetry*distribu>on*which* is*derived*
using*differen>al*cross*sec>on.**

                        Measurement of the Double Polarization Observables       and   
                                      for the Final-State Interactions in    

Tongtong*Cao***Advisor:*Yordanka*Ilieva*
Department*of*Physics*and*Astronomy*

Experimental*Nuclear*Physics*

Mo/va/on(and(Goal(
Mo/va/on:*
1.  Building* a* comprehensive* picture* of* the* strong* interac>on* is*

the* goal* of* the* modern* nuclear* physics.* While* considerable*
progress* has* been*made* in* the* past* decades* for* the* nucleon<
nucleon* interac>on,* we* are* s>ll* far* from* a* comprehensive*
picture*of* the*hyperon<nucleon* (YN)* interac>on,*which*plays*a*
key*role*in*hypernuclear*maWer*and*neutron*stars.*

2.  One*can*access*the*dynamics*of*the*YN*interac>on*by*studying*
nuclear* reac>ons* in* which* hyperons* are* produced.* While*
performing*YN*scaWering*experiments*is*a*daun>ng*task*due*to*
the*short*life>me*of*the*hyperons,*hyperon*photoproduc>on*on*
the* deuteron* is* an* alterna>ve* nuclear* reac>on* for* tes>ng* the*
available*YN*poten>al*models.*

Jefferson(Lab(Hall(B(

Jefferson* Lab* Hall* B* is* equipped* with* an*
advanced* beam* line* to* produce* energe>c*
photon*beams*and*a*unique*detector,*the*CLAS,*
that* has* a* large* acceptance.* This* allows* the*
determina>on*of* the*charged<par>cle*momenta*
over*a*large*frac>on*of*the*full*solid*angle.**

Reac/on(Iden/fica/on(and(Yield(Extrac/on(

Summary(and(Outlook(

Par/cle(iden/fica/on(for*

Method(of(Study(

This(work(is(supported(by(the(U.S.(Na/onal(Science(Founda/on:(NSF(PHYN125782*

aluminum-stabilized NbTi/Cu conductor. Cooling
of the coils to 4:5 K is accomplished by forcing
super-critical helium through cooling tubes located
at the edge of the windings. Super-insulation and
an intermediate liquid-nitrogen-cooled heat shield
reduce the heat load. The coils are designed to be
self-protecting in case of a quench.

The individual coils are subject to strong
centering forces (maximum 1:4! 106 N) that are
transmitted from the coils via three internal warm–
cold support links to the coil cryostat. Out-of-
plane forces, arising from gravitational loads and
from magnetic forces due to asymmetries in the
coil geometry, are transmitted via six pairs of
short, fiberglass-epoxy compression struts per coil
to the cryostats. Support rings in the front and
back of CLAS determine the position of the
cryostats at the inside radius. At the outer
perimeter, the distance between neighboring cryo-
stats is set by five carbon-fiber rods with 25-mm
diameter.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters Cerenkov Counters

Large-angle Calorimeter

Electromagnetic Calorimeter

1 m

Fig. 3. A schematic top view of the CLAS detector cut along the beam line. Typical photon, electron, and proton tracks (from top to
bottom) from an interaction in the target are superimposed on the figure.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters

Main Torus Coils

Mini-torus Coils
1 m

Fig. 4. Schematic view of the CLAS detector, showing a cut
perpendicular to beam. Also shown is the mini-torus used only
for electron runs.
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Goal:*
1.  This*work*aims*to*extract*the*polariza>on*observables******and*..*******************

for*final<state*interac>ons*in*the*reac>on****************************.*
2.  The*final*results*will*be*used*to*constrain*the*free*parameters*

of*theore>cal*models*for*the*hyperon<nucleon*poten>al.*
*

C
x

Cz�!� d ! K+�!⇤n

Polariza/on(Observables(Cx(and(Cz 

Theore/cal(Predic/ons(

Model*Calcula>ons:*K.*Miyagawa**et*al.,*Phys.*Rev.*C*74,*034002*(2006).*

Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.

PACS: 29.30.Kv; 29.40.Mc; 29.70.Fm

Keywords: CLAS; Photon tagger; Photon beam; Scintillator hodoscope; Time-based logic

1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation

E!"E
#
!E

!
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•  The*available*sta>s>cs*is*sufficient*to*produce*meaningful*results.*

•  Re<scaWering*sample*clearly*shows*different*values*of*the*observables*than*the*

quasi<free*sample.*

•  Realis>c*simula>ons*are*in*progress*

•  Comprehensive*event*generator*developed*

•  Background*subtrac>on*

•  Acceptance*effects*

•  Results*for*other*kinema>c*variables*will*be*extracted.*

•  Systema>c*uncertain>es*will*be*analyzed.*

•  Comparing*to*theore>cal*models*will*be*used*to*interpret*our*results.*
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FIG. 9: Differential cross section and polarization observables Py, Cz, Cx and Σ for the

2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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Figure*from:*A.*Gasparian*et*al.,*Phys.*Rev.*C*69,*034006(2004).*

Applied* to* cross* sec>on* data*
of*************************
Extract* a* spin<averaged*
scaWering* length* of* the*
inclusive*K+*hadroproduc>on:*
*

pp ! K+X

a = �1.5± 0.15± 0.3 fm

Our*des>na>on*is*to*gain*informa>on*about*the*dynamics*of*the*Ln*
re<scaWering* by* elimina>ng* the* quasi<free* mechanism* from* data*
and*determining*observables*only*for*final<state*interac>ons.**

⇤n

d�

d⌦
=

d�

d⌦ |unpol
[1� P

lin

⌃ cos 2'+ ↵ cos ✓
x

(�P
lin

O
x

sin 2'+ P
cir

C
x

)

�↵ cos ✓
y

(�P
y

+ P
lin

T cos 2')� ↵ cos ✓
z

(P
lin

O
z

sin 2'� P
cir

C
z

)],

General* polarized* differen>al* cross* sec>on* for* hyperon*
photoproduc>on*off*the*nucleon:*

�!�

�!
⇤

K+

x̂

ŷ
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Quasi-Free 

Final -State interactions

• Final State Interaction—> Important 
information for the Hyperon nucleon 
interaction


Polarization observables allows us to reduce model dependence on the 
interpretation of QF and FSI results



Motivation
• Final State Effects:


Study Hyperon-Nucleon Interaction

The understanding of both nucleon-nucleon (NN) and hyperon-
nucleon (YN) potentials is necessary in order to have a 
comprehensive picture of the strong interaction 
• Understand the composition of neutron stars 
• Understand hyper-nuclear structure and hyperon matter 
• Extend NN to a more unified picture of the baryon-baryon interaction   

HOW? 
• Elastic YN Scattering 
 poor database 

• Final State Interactions (FSI) in Hyperon Production



QF and FSI in Exclusive Λ 
Photoproduction off the deuteron
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Mechanism*A* Mechanism*B*

Mechanism*C* Mechanism*D*

•  A:*Photon*beam*helicity*asymmetry.*
•  Np,*Nm:*Helicity<dependent*reac>on*yields*in*a*given*kinema>c*bin.*
•  Al:*The*self<analyzing*power*of*la,**************************.**
•  Pcirr:*Polariza>on*of*circularly*polarized*photon*beam.*
•  C:*Constant.*
•  Fp,*Fm:*The*helicity<dependent*incident*photon*flux,*and*their*value******

………….*are*the*same.*
•  Accp:*The*acceptance*of*the*detector*system.*

Our*analysis*consists*of*determining*the*beam*helicity*asymmetry,*A,*for*each*kinema>c*bin,*ploLng*it*against*cosθx*and*cosθz,*fiLng*it*by*
2<dimension*func>on,*and*then*corresponding*parameters*dividing*out*α*and*Pcir.*Preliminarily,*bins*in*Eγ*and*θΛ’*have*been*considered.*

Helicity(asymmetry:*The*analysis*strategy*for*extrac>ng*cxz*and*czz*relies*on*the*beam*helicity*asymmetry*distribu>on*which* is*derived*
using*differen>al*cross*sec>on.**
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                                      for the Final-State Interactions in    
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Mo/va/on(and(Goal(
Mo/va/on:*
1.  Building* a* comprehensive* picture* of* the* strong* interac>on* is*

the* goal* of* the* modern* nuclear* physics.* While* considerable*
progress* has* been*made* in* the* past* decades* for* the* nucleon<
nucleon* interac>on,* we* are* s>ll* far* from* a* comprehensive*
picture*of* the*hyperon<nucleon* (YN)* interac>on,*which*plays*a*
key*role*in*hypernuclear*maWer*and*neutron*stars.*

2.  One*can*access*the*dynamics*of*the*YN*interac>on*by*studying*
nuclear* reac>ons* in* which* hyperons* are* produced.* While*
performing*YN*scaWering*experiments*is*a*daun>ng*task*due*to*
the*short*life>me*of*the*hyperons,*hyperon*photoproduc>on*on*
the* deuteron* is* an* alterna>ve* nuclear* reac>on* for* tes>ng* the*
available*YN*poten>al*models.*

Jefferson(Lab(Hall(B(

Jefferson* Lab* Hall* B* is* equipped* with* an*
advanced* beam* line* to* produce* energe>c*
photon*beams*and*a*unique*detector,*the*CLAS,*
that* has* a* large* acceptance.* This* allows* the*
determina>on*of* the*charged<par>cle*momenta*
over*a*large*frac>on*of*the*full*solid*angle.**

Reac/on(Iden/fica/on(and(Yield(Extrac/on(

Summary(and(Outlook(

Par/cle(iden/fica/on(for*

Method(of(Study(

This(work(is(supported(by(the(U.S.(Na/onal(Science(Founda/on:(NSF(PHYN125782*

aluminum-stabilized NbTi/Cu conductor. Cooling
of the coils to 4:5 K is accomplished by forcing
super-critical helium through cooling tubes located
at the edge of the windings. Super-insulation and
an intermediate liquid-nitrogen-cooled heat shield
reduce the heat load. The coils are designed to be
self-protecting in case of a quench.

The individual coils are subject to strong
centering forces (maximum 1:4! 106 N) that are
transmitted from the coils via three internal warm–
cold support links to the coil cryostat. Out-of-
plane forces, arising from gravitational loads and
from magnetic forces due to asymmetries in the
coil geometry, are transmitted via six pairs of
short, fiberglass-epoxy compression struts per coil
to the cryostats. Support rings in the front and
back of CLAS determine the position of the
cryostats at the inside radius. At the outer
perimeter, the distance between neighboring cryo-
stats is set by five carbon-fiber rods with 25-mm
diameter.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters Cerenkov Counters

Large-angle Calorimeter

Electromagnetic Calorimeter

1 m

Fig. 3. A schematic top view of the CLAS detector cut along the beam line. Typical photon, electron, and proton tracks (from top to
bottom) from an interaction in the target are superimposed on the figure.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters

Main Torus Coils

Mini-torus Coils
1 m

Fig. 4. Schematic view of the CLAS detector, showing a cut
perpendicular to beam. Also shown is the mini-torus used only
for electron runs.
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Goal:*
1.  This*work*aims*to*extract*the*polariza>on*observables******and*..*******************

for*final<state*interac>ons*in*the*reac>on****************************.*
2.  The*final*results*will*be*used*to*constrain*the*free*parameters*

of*theore>cal*models*for*the*hyperon<nucleon*poten>al.*
*

C
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Polariza/on(Observables(Cx(and(Cz 

Theore/cal(Predic/ons(

Model*Calcula>ons:*K.*Miyagawa**et*al.,*Phys.*Rev.*C*74,*034002*(2006).*

Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.

PACS: 29.30.Kv; 29.40.Mc; 29.70.Fm

Keywords: CLAS; Photon tagger; Photon beam; Scintillator hodoscope; Time-based logic

1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation

E!"E
#
!E

!
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•  The*available*sta>s>cs*is*sufficient*to*produce*meaningful*results.*

•  Re<scaWering*sample*clearly*shows*different*values*of*the*observables*than*the*

quasi<free*sample.*

•  Realis>c*simula>ons*are*in*progress*

•  Comprehensive*event*generator*developed*

•  Background*subtrac>on*

•  Acceptance*effects*

•  Results*for*other*kinema>c*variables*will*be*extracted.*

•  Systema>c*uncertain>es*will*be*analyzed.*

•  Comparing*to*theore>cal*models*will*be*used*to*interpret*our*results.*
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FIG. 9: Differential cross section and polarization observables Py, Cz, Cx and Σ for the

2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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Figure*from:*A.*Gasparian*et*al.,*Phys.*Rev.*C*69,*034006(2004).*

Applied* to* cross* sec>on* data*
of*************************
Extract* a* spin<averaged*
scaWering* length* of* the*
inclusive*K+*hadroproduc>on:*
*

pp ! K+X

a = �1.5± 0.15± 0.3 fm

Our*des>na>on*is*to*gain*informa>on*about*the*dynamics*of*the*Ln*
re<scaWering* by* elimina>ng* the* quasi<free* mechanism* from* data*
and*determining*observables*only*for*final<state*interac>ons.**
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Cx* and*Cz* characterize* the*
transfer*of* the*polariza>on*
from* incident* photon* to*
the*produced*hyperons.  
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Mechanism*A* Mechanism*B*

Mechanism*C* Mechanism*D*

•  A:*Photon*beam*helicity*asymmetry.*
•  Np,*Nm:*Helicity<dependent*reac>on*yields*in*a*given*kinema>c*bin.*
•  Al:*The*self<analyzing*power*of*la,**************************.**
•  Pcirr:*Polariza>on*of*circularly*polarized*photon*beam.*
•  C:*Constant.*
•  Fp,*Fm:*The*helicity<dependent*incident*photon*flux,*and*their*value******

………….*are*the*same.*
•  Accp:*The*acceptance*of*the*detector*system.*

Our*analysis*consists*of*determining*the*beam*helicity*asymmetry,*A,*for*each*kinema>c*bin,*ploLng*it*against*cosθx*and*cosθz,*fiLng*it*by*
2<dimension*func>on,*and*then*corresponding*parameters*dividing*out*α*and*Pcir.*Preliminarily,*bins*in*Eγ*and*θΛ’*have*been*considered.*

Helicity(asymmetry:*The*analysis*strategy*for*extrac>ng*cxz*and*czz*relies*on*the*beam*helicity*asymmetry*distribu>on*which* is*derived*
using*differen>al*cross*sec>on.**
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Mo/va/on(and(Goal(
Mo/va/on:*
1.  Building* a* comprehensive* picture* of* the* strong* interac>on* is*

the* goal* of* the* modern* nuclear* physics.* While* considerable*
progress* has* been*made* in* the* past* decades* for* the* nucleon<
nucleon* interac>on,* we* are* s>ll* far* from* a* comprehensive*
picture*of* the*hyperon<nucleon* (YN)* interac>on,*which*plays*a*
key*role*in*hypernuclear*maWer*and*neutron*stars.*

2.  One*can*access*the*dynamics*of*the*YN*interac>on*by*studying*
nuclear* reac>ons* in* which* hyperons* are* produced.* While*
performing*YN*scaWering*experiments*is*a*daun>ng*task*due*to*
the*short*life>me*of*the*hyperons,*hyperon*photoproduc>on*on*
the* deuteron* is* an* alterna>ve* nuclear* reac>on* for* tes>ng* the*
available*YN*poten>al*models.*

Jefferson(Lab(Hall(B(

Jefferson* Lab* Hall* B* is* equipped* with* an*
advanced* beam* line* to* produce* energe>c*
photon*beams*and*a*unique*detector,*the*CLAS,*
that* has* a* large* acceptance.* This* allows* the*
determina>on*of* the*charged<par>cle*momenta*
over*a*large*frac>on*of*the*full*solid*angle.**
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aluminum-stabilized NbTi/Cu conductor. Cooling
of the coils to 4:5 K is accomplished by forcing
super-critical helium through cooling tubes located
at the edge of the windings. Super-insulation and
an intermediate liquid-nitrogen-cooled heat shield
reduce the heat load. The coils are designed to be
self-protecting in case of a quench.

The individual coils are subject to strong
centering forces (maximum 1:4! 106 N) that are
transmitted from the coils via three internal warm–
cold support links to the coil cryostat. Out-of-
plane forces, arising from gravitational loads and
from magnetic forces due to asymmetries in the
coil geometry, are transmitted via six pairs of
short, fiberglass-epoxy compression struts per coil
to the cryostats. Support rings in the front and
back of CLAS determine the position of the
cryostats at the inside radius. At the outer
perimeter, the distance between neighboring cryo-
stats is set by five carbon-fiber rods with 25-mm
diameter.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters Cerenkov Counters

Large-angle Calorimeter

Electromagnetic Calorimeter

1 m

Fig. 3. A schematic top view of the CLAS detector cut along the beam line. Typical photon, electron, and proton tracks (from top to
bottom) from an interaction in the target are superimposed on the figure.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters

Main Torus Coils

Mini-torus Coils
1 m

Fig. 4. Schematic view of the CLAS detector, showing a cut
perpendicular to beam. Also shown is the mini-torus used only
for electron runs.
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Goal:*
1.  This*work*aims*to*extract*the*polariza>on*observables******and*..*******************

for*final<state*interac>ons*in*the*reac>on****************************.*
2.  The*final*results*will*be*used*to*constrain*the*free*parameters*

of*theore>cal*models*for*the*hyperon<nucleon*poten>al.*
*

C
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Polariza/on(Observables(Cx(and(Cz 

Theore/cal(Predic/ons(

Model*Calcula>ons:*K.*Miyagawa**et*al.,*Phys.*Rev.*C*74,*034002*(2006).*

Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.

PACS: 29.30.Kv; 29.40.Mc; 29.70.Fm

Keywords: CLAS; Photon tagger; Photon beam; Scintillator hodoscope; Time-based logic

1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation

E!"E
#
!E

!
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•  The*available*sta>s>cs*is*sufficient*to*produce*meaningful*results.*

•  Re<scaWering*sample*clearly*shows*different*values*of*the*observables*than*the*

quasi<free*sample.*

•  Realis>c*simula>ons*are*in*progress*

•  Comprehensive*event*generator*developed*

•  Background*subtrac>on*

•  Acceptance*effects*

•  Results*for*other*kinema>c*variables*will*be*extracted.*

•  Systema>c*uncertain>es*will*be*analyzed.*

•  Comparing*to*theore>cal*models*will*be*used*to*interpret*our*results.*
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FIG. 9: Differential cross section and polarization observables Py, Cz, Cx and Σ for the

2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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Figure*from:*A.*Gasparian*et*al.,*Phys.*Rev.*C*69,*034006(2004).*
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Our*des>na>on*is*to*gain*informa>on*about*the*dynamics*of*the*Ln*
re<scaWering* by* elimina>ng* the* quasi<free* mechanism* from* data*
and*determining*observables*only*for*final<state*interac>ons.**
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•  A:*Photon*beam*helicity*asymmetry.*
•  Np,*Nm:*Helicity<dependent*reac>on*yields*in*a*given*kinema>c*bin.*
•  Al:*The*self<analyzing*power*of*la,**************************.**
•  Pcirr:*Polariza>on*of*circularly*polarized*photon*beam.*
•  C:*Constant.*
•  Fp,*Fm:*The*helicity<dependent*incident*photon*flux,*and*their*value******
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•  Accp:*The*acceptance*of*the*detector*system.*
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1.  Building* a* comprehensive* picture* of* the* strong* interac>on* is*

the* goal* of* the* modern* nuclear* physics.* While* considerable*
progress* has* been*made* in* the* past* decades* for* the* nucleon<
nucleon* interac>on,* we* are* s>ll* far* from* a* comprehensive*
picture*of* the*hyperon<nucleon* (YN)* interac>on,*which*plays*a*
key*role*in*hypernuclear*maWer*and*neutron*stars.*

2.  One*can*access*the*dynamics*of*the*YN*interac>on*by*studying*
nuclear* reac>ons* in* which* hyperons* are* produced.* While*
performing*YN*scaWering*experiments*is*a*daun>ng*task*due*to*
the*short*life>me*of*the*hyperons,*hyperon*photoproduc>on*on*
the* deuteron* is* an* alterna>ve* nuclear* reac>on* for* tes>ng* the*
available*YN*poten>al*models.*

Jefferson(Lab(Hall(B(

Jefferson* Lab* Hall* B* is* equipped* with* an*
advanced* beam* line* to* produce* energe>c*
photon*beams*and*a*unique*detector,*the*CLAS,*
that* has* a* large* acceptance.* This* allows* the*
determina>on*of* the*charged<par>cle*momenta*
over*a*large*frac>on*of*the*full*solid*angle.**
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aluminum-stabilized NbTi/Cu conductor. Cooling
of the coils to 4:5 K is accomplished by forcing
super-critical helium through cooling tubes located
at the edge of the windings. Super-insulation and
an intermediate liquid-nitrogen-cooled heat shield
reduce the heat load. The coils are designed to be
self-protecting in case of a quench.

The individual coils are subject to strong
centering forces (maximum 1:4! 106 N) that are
transmitted from the coils via three internal warm–
cold support links to the coil cryostat. Out-of-
plane forces, arising from gravitational loads and
from magnetic forces due to asymmetries in the
coil geometry, are transmitted via six pairs of
short, fiberglass-epoxy compression struts per coil
to the cryostats. Support rings in the front and
back of CLAS determine the position of the
cryostats at the inside radius. At the outer
perimeter, the distance between neighboring cryo-
stats is set by five carbon-fiber rods with 25-mm
diameter.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters Cerenkov Counters

Large-angle Calorimeter

Electromagnetic Calorimeter

1 m

Fig. 3. A schematic top view of the CLAS detector cut along the beam line. Typical photon, electron, and proton tracks (from top to
bottom) from an interaction in the target are superimposed on the figure.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters

Main Torus Coils

Mini-torus Coils
1 m

Fig. 4. Schematic view of the CLAS detector, showing a cut
perpendicular to beam. Also shown is the mini-torus used only
for electron runs.
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Goal:*
1.  This*work*aims*to*extract*the*polariza>on*observables******and*..*******************

for*final<state*interac>ons*in*the*reac>on****************************.*
2.  The*final*results*will*be*used*to*constrain*the*free*parameters*

of*theore>cal*models*for*the*hyperon<nucleon*poten>al.*
*
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Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.

PACS: 29.30.Kv; 29.40.Mc; 29.70.Fm

Keywords: CLAS; Photon tagger; Photon beam; Scintillator hodoscope; Time-based logic

1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation

E!"E
#
!E

!
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•  The*available*sta>s>cs*is*sufficient*to*produce*meaningful*results.*

•  Re<scaWering*sample*clearly*shows*different*values*of*the*observables*than*the*

quasi<free*sample.*

•  Realis>c*simula>ons*are*in*progress*

•  Comprehensive*event*generator*developed*

•  Background*subtrac>on*

•  Acceptance*effects*

•  Results*for*other*kinema>c*variables*will*be*extracted.*

•  Systema>c*uncertain>es*will*be*analyzed.*

•  Comparing*to*theore>cal*models*will*be*used*to*interpret*our*results.*
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2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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Figure*from:*A.*Gasparian*et*al.,*Phys.*Rev.*C*69,*034006(2004).*
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Our*des>na>on*is*to*gain*informa>on*about*the*dynamics*of*the*Ln*
re<scaWering* by* elimina>ng* the* quasi<free* mechanism* from* data*
and*determining*observables*only*for*final<state*interac>ons.**

⇤n

d�

d⌦
=

d�

d⌦ |unpol
[1� P

lin

⌃ cos 2'+ ↵ cos ✓
x

(�P
lin

O
x

sin 2'+ P
cir

C
x

)

�↵ cos ✓
y

(�P
y

+ P
lin

T cos 2')� ↵ cos ✓
z

(P
lin

O
z

sin 2'� P
cir

C
z

)],

General* polarized* differen>al* cross* sec>on* for* hyperon*
photoproduc>on*off*the*nucleon:*

�!�

�!
⇤

K+

x̂

ŷ
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Mechanism*A* Mechanism*B*

Mechanism*C* Mechanism*D*

•  A:*Photon*beam*helicity*asymmetry.*
•  Np,*Nm:*Helicity<dependent*reac>on*yields*in*a*given*kinema>c*bin.*
•  Al:*The*self<analyzing*power*of*la,**************************.**
•  Pcirr:*Polariza>on*of*circularly*polarized*photon*beam.*
•  C:*Constant.*
•  Fp,*Fm:*The*helicity<dependent*incident*photon*flux,*and*their*value******

………….*are*the*same.*
•  Accp:*The*acceptance*of*the*detector*system.*

Our*analysis*consists*of*determining*the*beam*helicity*asymmetry,*A,*for*each*kinema>c*bin,*ploLng*it*against*cosθx*and*cosθz,*fiLng*it*by*
2<dimension*func>on,*and*then*corresponding*parameters*dividing*out*α*and*Pcir.*Preliminarily,*bins*in*Eγ*and*θΛ’*have*been*considered.*

Helicity(asymmetry:*The*analysis*strategy*for*extrac>ng*cxz*and*czz*relies*on*the*beam*helicity*asymmetry*distribu>on*which* is*derived*
using*differen>al*cross*sec>on.**
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nuclear* reac>ons* in* which* hyperons* are* produced.* While*
performing*YN*scaWering*experiments*is*a*daun>ng*task*due*to*
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Jefferson(Lab(Hall(B(

Jefferson* Lab* Hall* B* is* equipped* with* an*
advanced* beam* line* to* produce* energe>c*
photon*beams*and*a*unique*detector,*the*CLAS,*
that* has* a* large* acceptance.* This* allows* the*
determina>on*of* the*charged<par>cle*momenta*
over*a*large*frac>on*of*the*full*solid*angle.**
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aluminum-stabilized NbTi/Cu conductor. Cooling
of the coils to 4:5 K is accomplished by forcing
super-critical helium through cooling tubes located
at the edge of the windings. Super-insulation and
an intermediate liquid-nitrogen-cooled heat shield
reduce the heat load. The coils are designed to be
self-protecting in case of a quench.

The individual coils are subject to strong
centering forces (maximum 1:4! 106 N) that are
transmitted from the coils via three internal warm–
cold support links to the coil cryostat. Out-of-
plane forces, arising from gravitational loads and
from magnetic forces due to asymmetries in the
coil geometry, are transmitted via six pairs of
short, fiberglass-epoxy compression struts per coil
to the cryostats. Support rings in the front and
back of CLAS determine the position of the
cryostats at the inside radius. At the outer
perimeter, the distance between neighboring cryo-
stats is set by five carbon-fiber rods with 25-mm
diameter.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters Cerenkov Counters

Large-angle Calorimeter

Electromagnetic Calorimeter

1 m

Fig. 3. A schematic top view of the CLAS detector cut along the beam line. Typical photon, electron, and proton tracks (from top to
bottom) from an interaction in the target are superimposed on the figure.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters

Main Torus Coils

Mini-torus Coils
1 m

Fig. 4. Schematic view of the CLAS detector, showing a cut
perpendicular to beam. Also shown is the mini-torus used only
for electron runs.

B.A. Mecking et al. / Nuclear Instruments and Methods in Physics Research A 503 (2003) 513–553 519

CEBAF:( Con/nuous( Electron( Beam(
Accelerator(Facility(

�!� d ! K+�!⇤n
C

x

Cz

Goal:*
1.  This*work*aims*to*extract*the*polariza>on*observables******and*..*******************

for*final<state*interac>ons*in*the*reac>on****************************.*
2.  The*final*results*will*be*used*to*constrain*the*free*parameters*

of*theore>cal*models*for*the*hyperon<nucleon*poten>al.*
*

C
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Polariza/on(Observables(Cx(and(Cz 

Theore/cal(Predic/ons(

Model*Calcula>ons:*K.*Miyagawa**et*al.,*Phys.*Rev.*C*74,*034002*(2006).*

Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.

PACS: 29.30.Kv; 29.40.Mc; 29.70.Fm

Keywords: CLAS; Photon tagger; Photon beam; Scintillator hodoscope; Time-based logic

1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation

E!"E
#
!E

!
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•  The*available*sta>s>cs*is*sufficient*to*produce*meaningful*results.*

•  Re<scaWering*sample*clearly*shows*different*values*of*the*observables*than*the*

quasi<free*sample.*

•  Realis>c*simula>ons*are*in*progress*

•  Comprehensive*event*generator*developed*

•  Background*subtrac>on*

•  Acceptance*effects*

•  Results*for*other*kinema>c*variables*will*be*extracted.*

•  Systema>c*uncertain>es*will*be*analyzed.*

•  Comparing*to*theore>cal*models*will*be*used*to*interpret*our*results.*
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FIG. 9: Differential cross section and polarization observables Py, Cz, Cx and Σ for the

2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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Figure*from:*A.*Gasparian*et*al.,*Phys.*Rev.*C*69,*034006(2004).*

Applied* to* cross* sec>on* data*
of*************************
Extract* a* spin<averaged*
scaWering* length* of* the*
inclusive*K+*hadroproduc>on:*
*

pp ! K+X

a = �1.5± 0.15± 0.3 fm

Our*des>na>on*is*to*gain*informa>on*about*the*dynamics*of*the*Ln*
re<scaWering* by* elimina>ng* the* quasi<free* mechanism* from* data*
and*determining*observables*only*for*final<state*interac>ons.**
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Mechanism*A* Mechanism*B*

Mechanism*C* Mechanism*D*

•  A:*Photon*beam*helicity*asymmetry.*
•  Np,*Nm:*Helicity<dependent*reac>on*yields*in*a*given*kinema>c*bin.*
•  Al:*The*self<analyzing*power*of*la,**************************.**
•  Pcirr:*Polariza>on*of*circularly*polarized*photon*beam.*
•  C:*Constant.*
•  Fp,*Fm:*The*helicity<dependent*incident*photon*flux,*and*their*value******

………….*are*the*same.*
•  Accp:*The*acceptance*of*the*detector*system.*

Our*analysis*consists*of*determining*the*beam*helicity*asymmetry,*A,*for*each*kinema>c*bin,*ploLng*it*against*cosθx*and*cosθz,*fiLng*it*by*
2<dimension*func>on,*and*then*corresponding*parameters*dividing*out*α*and*Pcir.*Preliminarily,*bins*in*Eγ*and*θΛ’*have*been*considered.*

Helicity(asymmetry:*The*analysis*strategy*for*extrac>ng*cxz*and*czz*relies*on*the*beam*helicity*asymmetry*distribu>on*which* is*derived*
using*differen>al*cross*sec>on.**

                        Measurement of the Double Polarization Observables       and   
                                      for the Final-State Interactions in    

Tongtong*Cao***Advisor:*Yordanka*Ilieva*
Department*of*Physics*and*Astronomy*

Experimental*Nuclear*Physics*

Mo/va/on(and(Goal(
Mo/va/on:*
1.  Building* a* comprehensive* picture* of* the* strong* interac>on* is*

the* goal* of* the* modern* nuclear* physics.* While* considerable*
progress* has* been*made* in* the* past* decades* for* the* nucleon<
nucleon* interac>on,* we* are* s>ll* far* from* a* comprehensive*
picture*of* the*hyperon<nucleon* (YN)* interac>on,*which*plays*a*
key*role*in*hypernuclear*maWer*and*neutron*stars.*

2.  One*can*access*the*dynamics*of*the*YN*interac>on*by*studying*
nuclear* reac>ons* in* which* hyperons* are* produced.* While*
performing*YN*scaWering*experiments*is*a*daun>ng*task*due*to*
the*short*life>me*of*the*hyperons,*hyperon*photoproduc>on*on*
the* deuteron* is* an* alterna>ve* nuclear* reac>on* for* tes>ng* the*
available*YN*poten>al*models.*

Jefferson(Lab(Hall(B(

Jefferson* Lab* Hall* B* is* equipped* with* an*
advanced* beam* line* to* produce* energe>c*
photon*beams*and*a*unique*detector,*the*CLAS,*
that* has* a* large* acceptance.* This* allows* the*
determina>on*of* the*charged<par>cle*momenta*
over*a*large*frac>on*of*the*full*solid*angle.**
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aluminum-stabilized NbTi/Cu conductor. Cooling
of the coils to 4:5 K is accomplished by forcing
super-critical helium through cooling tubes located
at the edge of the windings. Super-insulation and
an intermediate liquid-nitrogen-cooled heat shield
reduce the heat load. The coils are designed to be
self-protecting in case of a quench.

The individual coils are subject to strong
centering forces (maximum 1:4! 106 N) that are
transmitted from the coils via three internal warm–
cold support links to the coil cryostat. Out-of-
plane forces, arising from gravitational loads and
from magnetic forces due to asymmetries in the
coil geometry, are transmitted via six pairs of
short, fiberglass-epoxy compression struts per coil
to the cryostats. Support rings in the front and
back of CLAS determine the position of the
cryostats at the inside radius. At the outer
perimeter, the distance between neighboring cryo-
stats is set by five carbon-fiber rods with 25-mm
diameter.
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Large-angle Calorimeter

Electromagnetic Calorimeter

1 m

Fig. 3. A schematic top view of the CLAS detector cut along the beam line. Typical photon, electron, and proton tracks (from top to
bottom) from an interaction in the target are superimposed on the figure.
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Fig. 4. Schematic view of the CLAS detector, showing a cut
perpendicular to beam. Also shown is the mini-torus used only
for electron runs.
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1.  This*work*aims*to*extract*the*polariza>on*observables******and*..*******************

for*final<state*interac>ons*in*the*reac>on****************************.*
2.  The*final*results*will*be*used*to*constrain*the*free*parameters*

of*theore>cal*models*for*the*hyperon<nucleon*poten>al.*
*
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Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.

PACS: 29.30.Kv; 29.40.Mc; 29.70.Fm
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1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation
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#
!E

!
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•  The*available*sta>s>cs*is*sufficient*to*produce*meaningful*results.*

•  Re<scaWering*sample*clearly*shows*different*values*of*the*observables*than*the*

quasi<free*sample.*

•  Realis>c*simula>ons*are*in*progress*

•  Comprehensive*event*generator*developed*

•  Background*subtrac>on*

•  Acceptance*effects*

•  Results*for*other*kinema>c*variables*will*be*extracted.*

•  Systema>c*uncertain>es*will*be*analyzed.*

•  Comparing*to*theore>cal*models*will*be*used*to*interpret*our*results.*
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FIG. 9: Differential cross section and polarization observables Py, Cz, Cx and Σ for the

2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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Figure*from:*A.*Gasparian*et*al.,*Phys.*Rev.*C*69,*034006(2004).*
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Extract* a* spin<averaged*
scaWering* length* of* the*
inclusive*K+*hadroproduc>on:*
*

pp ! K+X

a = �1.5± 0.15± 0.3 fm

Our*des>na>on*is*to*gain*informa>on*about*the*dynamics*of*the*Ln*
re<scaWering* by* elimina>ng* the* quasi<free* mechanism* from* data*
and*determining*observables*only*for*final<state*interac>ons.**
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Cx* and*Cz* characterize* the*
transfer*of* the*polariza>on*
from* incident* photon* to*
the*produced*hyperons.  
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Mechanism*A* Mechanism*B*

Mechanism*C* Mechanism*D*

•  A:*Photon*beam*helicity*asymmetry.*
•  Np,*Nm:*Helicity<dependent*reac>on*yields*in*a*given*kinema>c*bin.*
•  Al:*The*self<analyzing*power*of*la,**************************.**
•  Pcirr:*Polariza>on*of*circularly*polarized*photon*beam.*
•  C:*Constant.*
•  Fp,*Fm:*The*helicity<dependent*incident*photon*flux,*and*their*value******

………….*are*the*same.*
•  Accp:*The*acceptance*of*the*detector*system.*

Our*analysis*consists*of*determining*the*beam*helicity*asymmetry,*A,*for*each*kinema>c*bin,*ploLng*it*against*cosθx*and*cosθz,*fiLng*it*by*
2<dimension*func>on,*and*then*corresponding*parameters*dividing*out*α*and*Pcir.*Preliminarily,*bins*in*Eγ*and*θΛ’*have*been*considered.*

Helicity(asymmetry:*The*analysis*strategy*for*extrac>ng*cxz*and*czz*relies*on*the*beam*helicity*asymmetry*distribu>on*which* is*derived*
using*differen>al*cross*sec>on.**

                        Measurement of the Double Polarization Observables       and   
                                      for the Final-State Interactions in    
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Department*of*Physics*and*Astronomy*

Experimental*Nuclear*Physics*

Mo/va/on(and(Goal(
Mo/va/on:*
1.  Building* a* comprehensive* picture* of* the* strong* interac>on* is*

the* goal* of* the* modern* nuclear* physics.* While* considerable*
progress* has* been*made* in* the* past* decades* for* the* nucleon<
nucleon* interac>on,* we* are* s>ll* far* from* a* comprehensive*
picture*of* the*hyperon<nucleon* (YN)* interac>on,*which*plays*a*
key*role*in*hypernuclear*maWer*and*neutron*stars.*

2.  One*can*access*the*dynamics*of*the*YN*interac>on*by*studying*
nuclear* reac>ons* in* which* hyperons* are* produced.* While*
performing*YN*scaWering*experiments*is*a*daun>ng*task*due*to*
the*short*life>me*of*the*hyperons,*hyperon*photoproduc>on*on*
the* deuteron* is* an* alterna>ve* nuclear* reac>on* for* tes>ng* the*
available*YN*poten>al*models.*

Jefferson(Lab(Hall(B(

Jefferson* Lab* Hall* B* is* equipped* with* an*
advanced* beam* line* to* produce* energe>c*
photon*beams*and*a*unique*detector,*the*CLAS,*
that* has* a* large* acceptance.* This* allows* the*
determina>on*of* the*charged<par>cle*momenta*
over*a*large*frac>on*of*the*full*solid*angle.**
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aluminum-stabilized NbTi/Cu conductor. Cooling
of the coils to 4:5 K is accomplished by forcing
super-critical helium through cooling tubes located
at the edge of the windings. Super-insulation and
an intermediate liquid-nitrogen-cooled heat shield
reduce the heat load. The coils are designed to be
self-protecting in case of a quench.

The individual coils are subject to strong
centering forces (maximum 1:4! 106 N) that are
transmitted from the coils via three internal warm–
cold support links to the coil cryostat. Out-of-
plane forces, arising from gravitational loads and
from magnetic forces due to asymmetries in the
coil geometry, are transmitted via six pairs of
short, fiberglass-epoxy compression struts per coil
to the cryostats. Support rings in the front and
back of CLAS determine the position of the
cryostats at the inside radius. At the outer
perimeter, the distance between neighboring cryo-
stats is set by five carbon-fiber rods with 25-mm
diameter.

Drift Chambers
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Region 3

TOF Counters Cerenkov Counters

Large-angle Calorimeter

Electromagnetic Calorimeter

1 m

Fig. 3. A schematic top view of the CLAS detector cut along the beam line. Typical photon, electron, and proton tracks (from top to
bottom) from an interaction in the target are superimposed on the figure.
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Region 3

TOF Counters

Main Torus Coils

Mini-torus Coils
1 m

Fig. 4. Schematic view of the CLAS detector, showing a cut
perpendicular to beam. Also shown is the mini-torus used only
for electron runs.
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Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.

PACS: 29.30.Kv; 29.40.Mc; 29.70.Fm

Keywords: CLAS; Photon tagger; Photon beam; Scintillator hodoscope; Time-based logic

1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation

E!"E
#
!E

!
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•  The*available*sta>s>cs*is*sufficient*to*produce*meaningful*results.*

•  Re<scaWering*sample*clearly*shows*different*values*of*the*observables*than*the*

quasi<free*sample.*

•  Realis>c*simula>ons*are*in*progress*

•  Comprehensive*event*generator*developed*

•  Background*subtrac>on*

•  Acceptance*effects*

•  Results*for*other*kinema>c*variables*will*be*extracted.*

•  Systema>c*uncertain>es*will*be*analyzed.*

•  Comparing*to*theore>cal*models*will*be*used*to*interpret*our*results.*
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at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically

16

Different*YN*poten>als*make*different*predic>ons*for*observables.*

✓
0

⇤ (deg) ✓
0

⇤ (deg) 

The*main*mechanisms*of*the*reac>on*are*quasi*free*scaWering,*kao*
rescaWering,*lam*rescaWering*and*pion*mediated*rescaWering.*⇤n

Kn

C
F+
� F�

�

Accp

dσ / (dpK dΩK dΩΛ)   [nb c /(MeV sr
2
)]

10
2

10
1

10
0

10
-1

10
-2

10
-3

0 10 20 30 40 50

1.0

0.5

0.0

-1.0

-0.5

0 10 20 30 40 50

Py

Cz

1.0

0.5

0.0

-1.0

-0.5

0 10 20 30 40 50

Cx

1.0

0.5

0.0

-1.0

-0.5

0 10 20 30 40 50

θΛ
’
  (deg)1.0

0.5

0.0

-1.0

-0.5

0 10 20 30 40 50

Σ

θΛ
’
  (deg)

pK = 870  MeV / c

θK = 1 deg

NSC97f

NSC89 

PWIA  

2
H ( γ , K +Λ ) n

FIG. 9: Differential cross section and polarization observables Py, Cz, Cx and Σ for the

2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,
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ŷ

ẑ
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Mechanism*A* Mechanism*B*

Mechanism*C* Mechanism*D*

•  A:*Photon*beam*helicity*asymmetry.*
•  Np,*Nm:*Helicity<dependent*reac>on*yields*in*a*given*kinema>c*bin.*
•  Al:*The*self<analyzing*power*of*la,**************************.**
•  Pcirr:*Polariza>on*of*circularly*polarized*photon*beam.*
•  C:*Constant.*
•  Fp,*Fm:*The*helicity<dependent*incident*photon*flux,*and*their*value******

………….*are*the*same.*
•  Accp:*The*acceptance*of*the*detector*system.*

Our*analysis*consists*of*determining*the*beam*helicity*asymmetry,*A,*for*each*kinema>c*bin,*ploLng*it*against*cosθx*and*cosθz,*fiLng*it*by*
2<dimension*func>on,*and*then*corresponding*parameters*dividing*out*α*and*Pcir.*Preliminarily,*bins*in*Eγ*and*θΛ’*have*been*considered.*

Helicity(asymmetry:*The*analysis*strategy*for*extrac>ng*cxz*and*czz*relies*on*the*beam*helicity*asymmetry*distribu>on*which* is*derived*
using*differen>al*cross*sec>on.**

                        Measurement of the Double Polarization Observables       and   
                                      for the Final-State Interactions in    

Tongtong*Cao***Advisor:*Yordanka*Ilieva*
Department*of*Physics*and*Astronomy*

Experimental*Nuclear*Physics*

Mo/va/on(and(Goal(
Mo/va/on:*
1.  Building* a* comprehensive* picture* of* the* strong* interac>on* is*

the* goal* of* the* modern* nuclear* physics.* While* considerable*
progress* has* been*made* in* the* past* decades* for* the* nucleon<
nucleon* interac>on,* we* are* s>ll* far* from* a* comprehensive*
picture*of* the*hyperon<nucleon* (YN)* interac>on,*which*plays*a*
key*role*in*hypernuclear*maWer*and*neutron*stars.*

2.  One*can*access*the*dynamics*of*the*YN*interac>on*by*studying*
nuclear* reac>ons* in* which* hyperons* are* produced.* While*
performing*YN*scaWering*experiments*is*a*daun>ng*task*due*to*
the*short*life>me*of*the*hyperons,*hyperon*photoproduc>on*on*
the* deuteron* is* an* alterna>ve* nuclear* reac>on* for* tes>ng* the*
available*YN*poten>al*models.*

Jefferson(Lab(Hall(B(

Jefferson* Lab* Hall* B* is* equipped* with* an*
advanced* beam* line* to* produce* energe>c*
photon*beams*and*a*unique*detector,*the*CLAS,*
that* has* a* large* acceptance.* This* allows* the*
determina>on*of* the*charged<par>cle*momenta*
over*a*large*frac>on*of*the*full*solid*angle.**

Reac/on(Iden/fica/on(and(Yield(Extrac/on(

Summary(and(Outlook(

Par/cle(iden/fica/on(for*

Method(of(Study(

This(work(is(supported(by(the(U.S.(Na/onal(Science(Founda/on:(NSF(PHYN125782*

aluminum-stabilized NbTi/Cu conductor. Cooling
of the coils to 4:5 K is accomplished by forcing
super-critical helium through cooling tubes located
at the edge of the windings. Super-insulation and
an intermediate liquid-nitrogen-cooled heat shield
reduce the heat load. The coils are designed to be
self-protecting in case of a quench.

The individual coils are subject to strong
centering forces (maximum 1:4! 106 N) that are
transmitted from the coils via three internal warm–
cold support links to the coil cryostat. Out-of-
plane forces, arising from gravitational loads and
from magnetic forces due to asymmetries in the
coil geometry, are transmitted via six pairs of
short, fiberglass-epoxy compression struts per coil
to the cryostats. Support rings in the front and
back of CLAS determine the position of the
cryostats at the inside radius. At the outer
perimeter, the distance between neighboring cryo-
stats is set by five carbon-fiber rods with 25-mm
diameter.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters Cerenkov Counters

Large-angle Calorimeter

Electromagnetic Calorimeter

1 m

Fig. 3. A schematic top view of the CLAS detector cut along the beam line. Typical photon, electron, and proton tracks (from top to
bottom) from an interaction in the target are superimposed on the figure.

Drift Chambers
Region 1
Region 2
Region 3

TOF Counters

Main Torus Coils

Mini-torus Coils
1 m

Fig. 4. Schematic view of the CLAS detector, showing a cut
perpendicular to beam. Also shown is the mini-torus used only
for electron runs.
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2.  The*final*results*will*be*used*to*constrain*the*free*parameters*
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Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicala
electron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.
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1. Introduction

We report the design, construction, and commis-
sioning of the photon-tagging system now in use in
Hall B at the Thomas Je!erson National Acceler-
ator Facility (JLab) for the investigation of real-
photon-induced reactions. The tagger was initially
designed to be used in conjunction with the
CEBAF (Continuous Electron Beam Accelerator
Facility) Large Acceptance Spectrometer (CLAS)
[1], and has subsequently also been used in two
additional experiments which do not make use of
CLAS. While the descriptions in this paper make
frequent reference to correlations of tagger in-
formation with the CLAS detector, it is intended
that the reader understand that all such discussions
have equivalent application to any other
downstream detector system for photon-induced
interactions.

The bremsstrahlung tagging technique for direct
measurement of incident photon energy in photo-
nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-
GeV energy range to combine high resolution
(&10!"E

#
) with a broad tagging range (20}95%

of E
#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,
with additional, more detailed views in Figs. 2 and
3. Electrons from the CEBAF accelerator strike
a thin target (the `radiatora) just upstream from
a magnetic spectrometer (the `taggera). The system
is based upon the electron bremsstrahlung reaction
in which an electron of incident energy E

#
is `decel-

erateda (scattered) by the electromagnetic "eld of
a nucleus, and in the process emits an energetic
photon (gamma ray). The energy transferred to the
nucleus is negligibly small, so the reaction obeys the
energy conservation relation

E!"E
#
!E

!
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•  Comprehensive*event*generator*developed*
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An(example(how(we(extract(Cx(and(Cz*

�!� d ! K+�!⇤n

E� = E � E
0

p⇡�

Invariant(Mass((IM)(cut*

Preliminary(Results(

Missing(Momentum((PX)(cut*

Pcir

↵
N+ N�
A

0.642± 0.013⇤

Preliminary*Results:*Cx,z(Eγ) *
dσ / (dpK dΩK dΩΛ)   [nb c /(MeV sr

2
)]

10
2

10
1

10
0

10
-1

10
-2

10
-3

0 10 20 30 40 50

1.0

0.5

0.0

-1.0

-0.5

0 10 20 30 40 50

Py

Cz

1.0

0.5

0.0

-1.0

-0.5

0 10 20 30 40 50

Cx

1.0

0.5

0.0

-1.0

-0.5

0 10 20 30 40 50

θΛ
’
  (deg)1.0

0.5

0.0

-1.0

-0.5

0 10 20 30 40 50

Σ

θΛ
’
  (deg)

pK = 870  MeV / c

θK = 1 deg

NSC97f

NSC89 

PWIA  

2
H ( γ , K +Λ ) n

FIG. 9: Differential cross section and polarization observables Py, Cz, Cx and Σ for the

2H(γ,K+Λ)n process as functions of Λ angle θ′Λ. The kaon lab momentum and angle are fixed

at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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at pk = 870 MeV/c and θK = 1◦. The results by the Y N interactions NSC97f and NSC89 are

compared with that by PWIA.

shows some effects above θ′Λ = 30◦. The NSC97f and NSC89 interactions give almost the

same effects except for Cz.

Next, the results of 2H(γ, K+Λ)n for pK=870 MeV/c and θK = 1◦ which is very close

to the ΣN threshold are shown in Figs. 9 and 10. Figure 10 exhibits the dominant partial

wave contributions in NSC97f. Because of the closeness to the threshold, the differential

cross sections show a rather flat behavior and FSI effects are significant. In particular,

the double polarization Cz with FSI deviates from PWIA even at θ′Λ = 0◦ and drastically
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Fig. 1. Overall geometry of tagging system. Important details referenced in the text include the shape of the magnet pole, the
straight-ahead photon path through the magnet yoke, and the relative locations of the hodoscope E- and ¹-planes. Also shows `typicalaelectron trajectories labeled according to the fraction of the incident energy that was transferred to the photon.
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1. Introduction

We report the design, construction, and commis-sioning of the photon-tagging system now in use inHall B at the Thomas Je!erson National Acceler-ator Facility (JLab) for the investigation of real-photon-induced reactions. The tagger was initiallydesigned to be used in conjunction with theCEBAF (Continuous Electron Beam AcceleratorFacility) Large Acceptance Spectrometer (CLAS)[1], and has subsequently also been used in twoadditional experiments which do not make use ofCLAS. While the descriptions in this paper makefrequent reference to correlations of tagger in-formation with the CLAS detector, it is intendedthat the reader understand that all such discussionshave equivalent application to any otherdownstream detector system for photon-inducedinteractions.
The bremsstrahlung tagging technique for directmeasurement of incident photon energy in photo-nuclear interactions is well established [2}4]. The

JLab system is the "rst photon tagger in the multi-GeV energy range to combine high resolution(&10!"E
#
) with a broad tagging range (20}95%of E

#
).

2. Background and general description

The geometry of our system is sketched in Fig. 1,with additional, more detailed views in Figs. 2 and3. Electrons from the CEBAF accelerator strikea thin target (the `radiatora) just upstream froma magnetic spectrometer (the `taggera). The systemis based upon the electron bremsstrahlung reactionin which an electron of incident energy E
#

is `decel-erateda (scattered) by the electromagnetic "eld ofa nucleus, and in the process emits an energeticphoton (gamma ray). The energy transferred to thenucleus is negligibly small, so the reaction obeys theenergy conservation relation

E!"E
#
!E

!
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E06-103 Experiment
• Liquid Deuterium Target (40 cm long) 
• Tagged photon beam (linearly and circularly polarized) 
• Collected data over a large fraction of the 
   full solid angle using CLAS (2007)

• Current 10 nA 
• Eight e-beam energies between 3.30 

and 5.16 GeV 
• ~2 mm collimator 
• Two orientations of linear polarization 

(Para & Perp) 
• Data obtained at photon energies 

between 1.1 and 2.3 GeV 
• ~30 billion events collected 

• Current 40 nA 
• Two e-beam energies (1.99 and 2.66 

GeV) 
• Two orientation of circular polarization  

(+/-  helicities) 
• Data obtained at photon energies between 

0.4 and 2.6 GeV 
• ~20 billion events collected

CHAPTER 4. CEBAF, CLAS, AND THE G13 EXPERIMENT 66

Figure 4.12 : The data and Monte-Carlo-simulated photon energy distributions produced from an
electron beam incident on a diamond radiator, after removing the 1/E⇥ bremsstrahlung energy-
dependence [89].

Figure 4.13 : Conical liquid-deuterium target used for the g13 experiment [92]. It was 40 cm long,
and 4 cm in diameter at its widest point. The beamline ran through the center of the target.

P e = 80% ! P circ = 32%� 80%



Analysis
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Initial State Effects



Initial State Effects
Free Proton target 

Bound Proton Target



Final State Interactions 
Study of the YN Interaction
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Final State Interactions 
Study of the YN Interaction



Summary and Outlook
• Determination of observables in high-statistic exclusive 

reactions of bound nucleons allows us to obtain more 
accurate estimates for scattering off free nucleons by 
studying the evolution of the observable with the 
momentum of the spectator nucleon. 


• Polarization observables play a crucial role in identifying 
the kinematics for specific mechanisms of interest in Final 
State Interactions; allowing us to study/access reaction 
processes that are otherwise difficult to perfom 
experimentally. 



Thank you



Final State Interactions 
Study of the YN Interaction
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Final State Interactions 
Study of the YN Interaction

• Adequate	statistics	for	extracting	
2-fold	and	3-fold	

differential	

• Goal	is	to	better	tune	the	free	
parameters	of	YN	potentials

• Work	with	theorists	to	interpret	the	
data



Theoretical Studies

 4 

parameterize the elementary process in an effective Lagrangian approach. 

The model of Salam et al.xvii, considers contributions from the following mechanisms to the 

exclusive γd→KYN: quasi-free scattering, YN  rescattering, KN rescattering, and pion mediated 

rescattering. The corresponding diagrams are shown in Figure 1. The production operator is written as 

€ 

Tλ
γK

= t
γK

+ t
YN

γK
+ t

KN

γK
+ t

Kπ

γK
, 

where the terms on right-hand side denote the operators for the considered mechanisms. The YN 

scattering operator obeys the Lipmann-Schwinger equation 

 

€ 

t
YN

=V
YN

+V
YN
G
YN
t
YN

, 

where VYN denotes the YN potential operator and 

GYN denotes the free YN propagator.  Figure 2 

shows five observables predicted by this model, 

with and without ΛN rescattering, and for two 

different YN potentials, NSC89ii and NSC97f.iii 

The observables show significant sensitivity to 

ΛN rescattering. Variations predicted by the 

different potentials are of the order of 10% and 

are more pronounced at larger hyperon angles.  

The sensitivity of observables to various YN 

potentials varies significantly between different 

models. For example, the model of Li and 

Wrightxiv predicts variations in the differential 

cross sections of up to 50%, and in the Λ recoil 

polarization of up to a factor of three for specific 

kinematics. We will extract not only the 

observables discussed in the models above, but 

will determine three additional ones, and for 

both of the reactions 
  

€ 

 
γ d→K

+
 
Λ n  and 

  

€ 

 
γ d→K

0
 
Λ p . Thus, our extensive data set will 

constrain significantly the models and will have 

a large impact on the detailed understanding of 

the hyperon-nucleon interaction. 

A formalism which relates the scattering 

length for elastic ΛN scattering directly to the 

differential cross section of Λ hadro- and photo-

production reactions has been developed by 

Gasparian et al.xxi In this approach, a dispersion 

integral is derived that allows to relate ΛN 

invariant-mass spectra to the scattering length. 

The method has been successfully applied to 

hadroproduction data from the reaction 

pp→Κ+Λp where a scattering length of 

(−1.5±0.15±0.3) fm was extracted. Recently, the 

application of the formalism specifically to 

γd→K+Λn was investigated.xx It was shown that 

one could extract the scattering length from data 

below the ΣN threshold with theoretical 

uncertainty of ~0.3 fm which is comparable to the uncertainty obtained in the study of hadroproduction 

data. Contributions from baryon resonances could increase the uncertainty to ~0.5 fm but only 

experimental data will show how large the resonance influence is in the area where the ΛN scattering is 

Figure 2 Differential cross-section and polarization 

observables Py, Cz, Cx, and Σ for the 
  

€ 

 
γ d→K

+
 
Λ n  

reaction as a function of the hyperon lab angle θΛ.
xv 

The kaon lab momentum is fixed at pK=870 

MeV/c, and the kaon lab angle is fixed at θK=17 

deg. The results obtained from two YN potentials 

(NSC89 and NSC97f) are compared with the 

results from a Plain Wave Impulse 

Approximation.xv  

19
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• Existing YN models allow the calculation of single 
and double polarization observables 

• Two YN potentials (NSC97F and NSC89) give the 
correct hypetrition binding energy 

• NSC97F and NSC89 lead to very different 
predictions of polarization observables at some 
kinematics

Polarization observables are sensitive to      and  pK+✓0⇤
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How can we study the YN 
interaction?

• Extending NN to YN potentials using SU(3) symmetry 
 free parameters remain 

• Elastic YN Scattering 
 poor database 

• Study of Hypernuclei 
 no direct access on bare YN interaction 

• Final State Interactions (FSI) in Hyperon 
Production 

 simple target  
 sufficient counting rates in modern accelerators 
 model-dependent data interpretation

~�d ! K+~⇤(n)


