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Graal Apparatus

Cross section
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BGO ball
15 x 32=480
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Ladon beams in the world
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Ladon Beams in the World

•Graal:

• Eγ = .6-1.5 GeV / W=1.4-1.9 GeV

• Region of the second and third
baryon resonances

• η, K, ω, η’ thresholds

• Complementary of HIGS, LEGS,
Graal and LEPS

η’ threshold

ω threshold

KΛ threshold

LEGS/BNL LEPS/SPRING8
σ

 (µ
b)

η threshold

GRAAL/ESRF

HIGS/FEL/Duke
Eγ (GeV)



Monday, May 26, 2008 ICTP  May 14, 2008 5

At maximum gamma-ray energy the polarization is very close to that of the
laser. Changing the laser line changes the polarization of the gamma-ray
beam at a given energy.

|  |

Green line
UV lines

Polarization of the Graal beam
97 %

Tagging 
Threshold



Monday, May 26, 2008 ICTP  May 14, 2008 6

 p   p  
0
+!+ "#

r

 p   p  +!+ "#
r

 p    p  00
+!+!"+#

r

n    p  +!+
+"#

r

Finished

n   n   
0
+!+ "#

r

n   n   +!+ "#
r

!+"+
+

    p  k#
r

0
    p  !+"+

+
k#

r

Work in progress

 p    p  
0

++!+ "#$
r

p    p  +!+ "#
r

n    d  +!+ p"
r

Graal Experimental Program



Monday, May 26, 2008 ICTP  May 14, 2008 7

Gamma-ray Energy Spectrum of Ladon Beams

Graal beam with
3 UV laser lines
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• Graal       o Yerevan

SAID-FA04 Yerevan Σ + Bonn dσ
MAID 2005  Bonn dσ + Graal Σ
Bonn 2005  πN + ηN + KΛ 
                      + KΣ + Graal Σ

Asimmetry    Σ     γ + p   p + π0
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Σ 

Eγ=830 MeV Eγ=865 MeV Eγ=900 MeV

Eγ=930 MeV Eγ=965 MeV Eγ=995 MeV

Eγ=1025 MeV Eγ=1055 MeV Eγ=1090 MeV

Comparison of asymmetry results obtained
with the Green and UV

CM

0
!

"

Different laser lines
produce gamma-ray
beams of different
intensities and polarization
at the same gamma-ray
energy.
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γ + n + (p)  π° + n + (p)   ΔθVsΔφ
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γ + n + (p)  π° + n + (p) Ecal/EmisVsMMη
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γ + p + (n)  π° + p + (n)   fp vs qfp
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γ + n + (p)  π° + n + (p)   qfn/qfp   0.70-0.96 GeV

π° asymmetries
quasi-free proton

 vs
quasi-free neutron

0.70-0.96 GeV
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γ + n + (p)  π° + n + (p)   qfn/qfp   0.99-1.23 GeV

π° asymmetries
quasi-free proton

vs
quasi-free neutron

0.99-1.23 GeV
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γ + n + (p)  π° + n + (p)   qfn/qfp   1.26-1.47 GeV

π° asymmetries
quasi-free proton

vs
quasi-free neutron

1.26-1.47 GeV
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γ + n + (p)  π° + n + (p)   quasi-free n



Monday, May 26, 2008 ICTP  May 14, 2008 17

γ + n + (p)  η + n + (p)  Δθ/Δφ
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γ + n + (p)  η + n + (p)  Eη
cal/Eη

meas
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γ + n + (p)  η + n + (p)  Coplan. + Fermi
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γ + n + (p)  η + n + (p)  Invariant Mass

Nucleon in BGO

Nucleon forward

p                          n
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γ + n + (p)  η + n + (p)  cos(2φ)

p                                          n
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γ + n + (p)  η + n + (p)  Σ(θ) fp/qfp

quasi-free proton
free proton
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γ + n + (p)  η + n + (p) Tiator
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γ + n + (p)  η + n + (p)  Σ(θ) qfn
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γ + n + (p)  η + n + (p)  Σ(θ) qfn/qfp

proton
neutron
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γ + n + (p)  η + n + (p)  Yield(Eγ)
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γ + n + (p)  η + n + (p)  Yield(W)
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γ + n + (p)  η + n + (p)  Σ(Εγ)  qfn/qfp

proton
neutron

Eγ = 1.1 GeV

n
p
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γ + p  π0 + η + p      σtot
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γ + p  π0 + η + p    IM
Eγ<1.1 GeV

1.1< Eγ<1.2

1.2< Eγ<1.3

 

1.3< Eγ<1.4

1.4< Eγ<1.5

         Three-body phase space
               γ + p → η + Δ
                           Δ → π° + p
        γ + p → π° + S11

                          S11→ η + p
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γ + p  π0 + η + p    Σ
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K - Λ   e   K - Σ

European Physic Journal A31, 79 (2007)
Graal    closed circles
CLAS   open squares
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γ + p  K + Λ      Ox

Angular distributions of the beam
recoil observable Ox.
Data are compared with the
predictions of two models:
solid line BCC (Bonn Coupled
Channel - A. V. Anisovich et al.
Eur. Phys. J. A 25, 427 (2005), A.
V. Sarantsev et al. Eur. Phys. J. A
25, 441(2005));
dotted line GRPR (Ghent Regge
Plus Resonance - T. Corthals, J.
Ryckerbush and T. Van Cauteren,
Phys. Rev. C 73, 045207 (2006)).
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γ + p  K + Λ      Oz

Angular distributions of the
beam recoil observable Oz.
Data are compared with the
predictions of the BCC (solid
line) and GRPR (dotted line)
models.
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γ + p  K + Λ      Graal vs CLAS

Angular distributions of the
quantity
(1+T2-Σ2-Ox

2 -Oz
2)1/2 =

=(P2+Cx
2+Cz

2)1/2.
This quantity should be ≤ 1.
Comparison to the values
(P2+Cx

2+Cz
2)1/2 published by

the CLAS collaboration (open
squares - energy in
parentheses).
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γ + p  K + Λ      T
Angular distributions of the
target asymmetry T.
Data are compared with the
predictions of the BCC (solid
line) and GRPR (dotted line)
models.
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γ + p  K + Λ      T
Angular distributions of the
target asymmetry T.
Data are compared with the
predictions of the BCC (solid
line) and GRPR (dotted line)
models.
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γ + p  K + Λ      Graal and CLAS
Angular distributions of the quantity
Cz Ox - Cx Oz - T + P Σ.
It is calculated using the Cx and Cz
results published by the CLAS
collaboration (energy in
parentheses)
combined with our Ox and Oz data
converted to have the same z' axis
convention and with our Σ, P and T
measurements. The used CLAS
data are those corresponding to
the angles cos(θcm)=0.85,
mean(0.65,0.45), mean(0.25,0.05),
-0.15, mean(-0.35,-0.55) and -0.75.
We should have the equality
Cz Ox - Cx Oz - T + P Σ = 0
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γ + d  p +n     Σ(90°)

 

● ♦ Graal data
▼ V. G. Gorbenko, Yu. V.

Zhebrovskji et al., Nucl.Phys.
A381 (1982)  330-342

 ■  F. V. Adamian et al., JETP
Lett. 39, 239 (1984)

 ■  F. V. Adamian et al., Eur
Phys J. A 8, 423-428 (2000)
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γ + d  p +n     Σ

Graal data analyzed
in different ways
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LEGS at BNL - Summary
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LEGS at BNL: Spring 05 Neutron Detection
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LEGS at BNL: Target Polarization

Figure 1. Polarizations of H (blue) and D (green-vector and red-tensor) nuclei in HD during the two
data collection periods.  Mid-way through each, the H polarization was flipped using an RF transition.

H
H

DV

DV DTDT
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LEGS at BNL: H/D(γ,π0/±)
Differences between 2-body
kinematics and the measured
energy for πo (top panels) and
π± (bottom panels), in the cases
of parallel (left panels) and
anti-parallel (right panels) beam
and target spin alignments.
The simulated energy
differences are shown as the
solid curves.

PRELIMINARY
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LEGS at BNL: D(γ,π0/+)
Unpolarized cross sections
(solid circles) for D(γ,π0)X, left
panel, and D(γ,π±)X, right
panel, at Eγ = 304 MeV,
deduced by subtracting SAID
predictions[8] for p(γ,π) from the
fitted results for HD.
For the π0 channel, LEGS data
from a liquid D2 target are
shown as open circles, while
crosses and hatched-boxes are
TAPS data from [18] and [17].
For the π± channel, open boxes
are constructed from π-pp [19]
and the π-/π+ ratio data of [20].
The curves are calculations
from Fix and Arenhövel [12].

PRELIMINARY
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LEGS at BNL: H(γ,π0/+)
Figure 4. Angular dependence of the [dσ(P) -dσ(A)]
spin-difference cross section for polarized H at
beam energies near the Δ peak. The full data from
Fall’04 and Spring’05 are shown as solid circles.
Unpolarized limits (solid squares) at 0o and 180o are
the mean of SAID[8] and MAID[9]. Open diamonds
are results from Mainz [21] at 310 MeV (left) and at
330 MeV (right). Predictions from SAID and MAID
are shown as dotted and dashed curves,
respectively. The solid curves in the top panels are a
Legendre fit to the new data.

PRELIMINARY
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2.   The maximum energy lost by the electrons after an elastic scattering with a
laser photon is given by the maximum energy acquired by the photon:

This energy loss is measured by the displacement d of the scattered electrons
from the primary electron beam after the first magnetic dipole. For the ESRF
electron energy of 6.03 GeV and a UV laser line of 3.53 eV, the energy loss is
1.487 GeV and corresponds to an electron displacement at the position of the
Graal tagging detector: d ≈ 52.3 mm.

The microstrips of the Graal tagging detector measure the displacement d of the
scattered electrons from the main orbit and therefore the energy lost by the
electrons (and acquired by the gamma-rays):
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3.  From the relativistic kinematics of Compton scattering:

and in general from relativistic kinematics:

since at the ESRF:

we have:

The error in β is reduced by eight orders of magnitude with respect to the relative
error in d (the displacement of the scattered electrons from the main orbit).

Compton Scattering Kinematics
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Schematic description of the tagging detector in more details.
Vertical cut: the electrons fly out of the screen.

Graal Tagging Microstrips

from the external
surface of the SS box to
the center of the
electron beam ≈ 10 mm

electron beam
profile: the
electrons fly
out of the page

Stainless Steel vacuum box

Tungsten shield

microstripsguard ring

silicon semiconductor

10 mm

NOT IN SCALE

Typical counting rate of the microstrips
        Compton Edge

from Compton Edge to the end 
of the Silicon wafer ≈ 38 mm

from the end of the
Silicon wafer to the
external surface of the
SS box ≈ 5 mm

≈ 53 mm
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Distribution of Graal Data

Distribution of Graal Data
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Experimental data plotted as a function of (solar) hour, showing their daily variation. The
dispersion of data around the average, taken arbitrarily at zero, is expressed in fractions of
microstrip (300 micrometers width or about 7 MeV for one microstrip).

Daily Compton Edges Distributions



Monday, May 26, 2008 ICTP  May 14, 2008 52

Averaged Daily CE Distributions

Same as the previous figure, but each point is the average over one hour. The dotted lines
show the refill time of the machine corresponding to a possible change in the temperature of
the tagging detector or the position of the beam. The average is expressed in microstrip
fractions (0.01 = 3µm).

Hours

2.10-4
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Graal Beam Orientation on the Earth

Earth rotation around its axis:    ω= 7.3 · 10-5 rad s-1

Earth rotation around the sun:   ω= 2 · 10-7 rad s-1

230.6°

≈S-W
(225°)

The Graal beam
points
approximately
to the S-W
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CMB  (97° / NS Axis)

Graal Rotations and the CMB

GRAAL beam line
approximately to the S-W

North
Earth rotation around its axis:
ω= 7.3 · 10-5 rad s-1

Earth rotation around the sun:
ω= 2 · 10-7 rad s-1

mappamondo estense 1450
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Compton Edge Positions vs CMB Dipole

Experimental data plotted as a function of the azimuth (above); below, the variation of the
angle between the beam and the CMB dipole decomposed to azimuth (dotted) and declination
(dashed) angles is shown.
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Assuming an error of
2 · 10-4

in our determination of the position of the Compton Edge, we could arrive
to an estimated upper limit on the asymmetry of the velocity of light of:

Considering that we have analyzed old data and we have not been able
to reconstruct completely the status of the system - accelerator + tagging
detector - during our runs we have published the more conservative
number:

3 · 10-12

Preliminary Result
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In conclusion if optimistically we assume a systematic error of
2.5 µm in the distance between the position of the Compton
Edge and the electron beam, we have:

and we can hope to be able to verify the isotropy of the
velocity of light with respect to some absolute reference frame
with a precision of:

An Optimistic View of the Future
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