
Dmitri Toporkov, Ferrara University.Experiments with polarized deuteron target at VEPP-3 storage ring

Experiments with polarized 
deuteron

target at VEPP-3 storage ring

Dmitri ToporkovDmitri Toporkov

Budker Institute of Nuclear Budker Institute of Nuclear 
PhysicsPhysics

Novosibirsk, RussiaNovosibirsk, Russia
Ferrara University, ItalyFerrara University, Italy

October 31,2007October 31,2007



Dmitri Toporkov, Ferrara University.Experiments with polarized deuteron target at VEPP-3 storage ring

1. Introduction
2. Polarized target 
3. Elastic ed scattering
4. Detector
5. Results
6. Photodisintegration of polarized deuteron
7. Results
8. Conclusions

CONTENTS



Dmitri Toporkov, Ferrara University.Experiments with polarized deuteron target at VEPP-3 storage ring

Novosibirsk Electron-Deuteron Collaboration
L.M.Barkov, V.F.Dmitriev, M.V.Dyug, L.G.Isaeva, 

A.V.Grigoriev,B.A.Lazarenko, S.I.Mishnev, D.M.Nikolenko, I.A.Rachek, 
R.Sh.Sadykov, Yu.V.Shestakov, D.K.Toporkov and S.A.Zevakov

      BINP,  Novosibirsk, Russia
A.Yu.Loginov, A.N.Osipov, A.A.Sidorov and V.N.Stibunov

INR, Tomsk, Russia
R.Gilman

Rutgers University, Piscataway, NJ, USA
E.R.Kinney

Colorado University, Boulder, CO, USA
R.J.Holt and  D.H.Potterveld

ANL, Argonne, IL, USA
C.W.de Jager1 and H. de Vries

NIKHEF, Amsterdam, The Netherlands
S.L.Belostotsky, V.V.Nelyubin and V.V.Vikhrov

INP, St.-Petersburg, Russia
H.Arenhovel

IKP, Johanness Gutenberg-Universitat, Mainz, Germany 
1Present address: TJNAF,Newport News, VA, USA



Dmitri Toporkov, Ferrara University.Experiments with polarized deuteron target at VEPP-3 storage ring

1. Measurement of tensor analyzing powers in 
elastic e-d scattering (BINP, NIKHEF).

2. Photodisintegration of tensor polarized 
deuteron 

   (BINP).
3. Measurement of charge form factor of the 

neutron (HIKHEF).
4. Detail investigation of pp and pd interaction 

(IUCF).
5. Study of nucleon spin structure (DESY)
6. Measurement of charge form factor of the 

neutron, elastic and inelastic e-d scattering 
(MIT-BATES)

7. IKP, Juelich – first experiments will come 
soon
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VEPP-3
Energy : 2000 MeV
Lifetime : 20000 s
Av. current : 100 mA
Bunch : 0.7x0.3 mm

Novosibirsk electron-positron facility
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Polarization of sample of spin 1 particles
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Tensor polarized target allows to measure
tensor-polarization observables in e-d scattering 
even with electron beam is not polarized    
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How to get polarized atoms ?   Stern - Gerlach method

2 B

kT

   

After the sextupole magnets  only atoms in substates 1 and 2
In the weak field Pz= 0.5
Transition 1- 3 gives Pz = -1   in the strong field
Transition 2- 4 gives Pz = +1  in the strong field

αВ=1ТВ=1Т       Т=100К             10 Т=100К             10-2 -2 srsr            0.05             0.05 radrad
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Liquid nitrogen

Tensor polarization
Vector polarization

CryostatCryostat

Turbo
pump

Cryogenic Atomic Beam Source
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Superconducting sextupole magnets

Magnetic pole tip field 
of superconducting
 magnet up to 4.8 T
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ABS just before the installation at the straight sectionABS just before the installation at the straight section
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Top view of the internal target at VEPP-3 electron ring
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ABS being installed at VEPP-3
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Breit-Rabi polarimeter
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Storage cell for polarized atoms

Beam flux of polarized deuterium atoms 8.2x1016 at/sec
The measured target thickness 8x1013 at/cm2
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The efficiency of the RF units 

The polarization of the injected atoms into the storage cell 
was found to be high enough. 
The average polarization of the atoms along the cell should
be measured additionally ( LQ polarimeter )
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Elastic e-d scattering

A – longitudinal and B – 
transversal structure function

2 2/ 4 dQ M 
Q - momentum transfer
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Suggestion to measure the quadrupole form factor of deuteron 
was stimulated discussion with D.P.Grechukhin 
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Elastic scattering by tensor polarized deuteron
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Layout of the detector system, side view
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1- 1- hodoscope of three layers ofhodoscope of three layers of
plastic scintillatorsplastic scintillators

2,3 – 2,3 – drift chambersdrift chambers

4 – 4 – compensating magnetcompensating magnet

5 – 5 – quadrupole lensesquadrupole lenses

6 – 6 – storage cellstorage cell

7 – 7 – vacuum chambervacuum chamber

8 – 8 – detector of low momentumdetector of low momentum
transfertransfer

9 – 9 – crystals of CsIcrystals of CsI

10 – trigger’s scintillator10 – trigger’s scintillator

11 – 11 – crystals of NaIcrystals of NaI

А – А – tungsten convertortungsten convertor
В – В – bodybody
С – С – scintillator fibersscintillator fibers
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LQ polarimeter features

The measure of asymmetry in elastic ed scattering at
 small momentum transfer, centered at 
     = 9.3,      Q = 0.105 (GeV/C)○ 2 2

At small momentum transfers
T  ≈ -√2/3 Q   Q
Q   = 0.2859 fm  - deuteron static quadrupole moment
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At Q = 0.105 (GeV/C)   all 'reasonable' theoretical 
predictions for T   coincide within  ±5% range

2 2

An absolute measurement of T   performed at 
NIKHEF, further restricts the models
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Layout of the detector system, side view
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Beam life-time in the VEPP-3 ring during the experiment
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τ =8000sec
target

τ =20000sec
notarget



Dmitri Toporkov, Ferrara University.Experiments with polarized deuteron target at VEPP-3 storage ring

16 30e o o

30 ,30e  o o

120
H

 o

16 30e o o

30 ,30e  o o

120
H

 o

The measurement of polarization of the target
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Averaged over the time of Averaged over the time of 
experiment polarization of the experiment polarization of the 
targettarget

0.397 0.013 0.018 0.012ZZP
 

The dominant contributions to the The dominant contributions to the 
systematic error were given by systematic error were given by 
uncertainties of detector geometry anduncertainties of detector geometry and
holding magnetic field directionholding magnetic field direction
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Selection of the events of elastic              scattering    
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1.1. (e-d) polar angles correlation(e-d) polar angles correlation
2.2. (e-d) azimuthal angles correlation(e-d) azimuthal angles correlation
3.3. Electron scattering angle – deuteron energy correlationElectron scattering angle – deuteron energy correlation
4.4. AnalisysAnalisys                          in hadron arm of the detectorin hadron arm of the detector
5.5. Time of flight analisys in hadron arm of the detectorTime of flight analisys in hadron arm of the detector
                                                                                                                                                        The background was find to beThe background was find to be::
                                                                                                                                                        for high for high   QQ22                    3.0+/-1.5%3.0+/-1.5%
                                                                                                                                                        for smallfor small  QQ22                   8+/-2%  8+/-2% 

e D

E E 



Dmitri Toporkov, Ferrara University.Experiments with polarized deuteron target at VEPP-3 storage ring

16 30e o o

30 ,30e  o o

120
H

 o

16 30e o o

30 ,30e  o o

120
H

 o

16 30e o o

30 ,30e  o o

120
H

 o

16 30e o o

30 ,30e  o o

120
H

 o

16 30e o o

30 ,30e  o o

120
H

 o

e D
E E 

Selection of the events of elastic              scattering with   
                                                    method  
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The results on ТТ2020    andand  ТТ2121 measurement
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The upper errors ofThe upper errors of Т Т20  20  andand Т Т21 21 is statisticalis statistical, , the lower one is systematicthe lower one is systematic
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M.Lacombe et al. Non-Relativistic Impulse ApproximationM.Lacombe et al. Non-Relativistic Impulse Approximation
R.B.Wiringa et al. Argonne-V18 full: NRIA + RC + MECR.B.Wiringa et al. Argonne-V18 full: NRIA + RC + MEC
H.Arenhovel et al. BONN: NRIA + RC + MECH.Arenhovel et al. BONN: NRIA + RC + MEC
D.R.Phyllips: Current-Covariant Description of Relativistic Bound States +MECD.R.Phyllips: Current-Covariant Description of Relativistic Bound States +MEC
A.Krutov and V. Troitsky: RIA in Instant Form of the Relativistic Hamilton Dinamics A.Krutov and V. Troitsky: RIA in Instant Form of the Relativistic Hamilton Dinamics 

The measurement of T20 in elastic e-d scattering at VEPP-3 storage 
                ring                                      Phys. Rev. Lett. 90(2003)072501



Dmitri Toporkov, Ferrara University.Experiments with polarized deuteron target at VEPP-3 storage ring

16 30e o o

30 ,30e  o o

120
H

 o

16 30e o o

30 ,30e  o o

120
H

 o

16 30e o o

30 ,30e  o o

120
H

 o

16 30e o o

30 ,30e  o o

120
H

 o

16 30e o o

30 ,30e  o o

120
H

 o

16 30e o o

30 ,30e  o o

120
H

 o

16 30e o o

30 ,30e  o o

120
H

 o

16 30e o o

30 ,30e  o o

120
H

 o

The measurement of T21 in elastic e-d scattering at VEPP-3 
storage  ring
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Experimental results and theoretical predictions for
monopole GC and quadrupole GQ form factors of deuteron
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The node position from our data was found at QQ22=16.9 =16.9               fmfm-2-2

and from all data and this experiment at QQ22=17.41  =17.41      0.320.32  fmfm-2-2
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•     The  tensor analyzing power components ТТ2020  and ТТ2121        

                  have been measured at momentum transfer 8.4 –    
       21.6 fm-2  with the use of tensor polarized target.
•     The results don’t contradict the previous measurements.
•      In the region 8-12 fm-2 new results significantly improve    
        the accuracy for ТТ2020 and ТТ2121. .   
•                Charge form factors   GGC C and GQ are extracted from the 

                      obtained data and A and B data in important range of 
        momentum transfer where the first node of monopole    
        form factor is located.
•        Comparison with several theoretical predictions shows
       some advantage of relativistic calculations in general.

  

Conclusions
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Photodisintegration of polarized deuteron
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Scattering angle is small, therefore q2 close to zero and
photon is almost real. 
Process is photodisintegration
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Definition of kinematic variables for the  reaction (   d,  pn) in the center of 
mass frame


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The layout of the detector system, side view  

A - tangstem convertor
B - brass base
C - scintillation fibers

200x200x1000 mm

120x400x1000 mm



Dmitri Toporkov, Ferrara University.Experiments with polarized deuteron target at VEPP-3 storage ring

LQP

The average degree of target
polarization during the run was

              found to be

P+
zz=  0.341+-0.025+-0.011

P-
zz =- 0.580+-0.042+-0.019
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Charge accumulation during the experiment
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Proton: ΤΟF, ∆E/E Neutron: ΤΟF, charge veto 

Kinematic correlations:
p-n energy
p-n polar angle

p-n azimuthal angle 
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Comparison of previous data [Phys.Lett. B 302, 23 (1993)] (open circles) and this
 work (filled circles). Only the part of the new data which corresponds to the kinematic 
conditions of the previous measurement is shown. Theoretical curve is the full 
calculation from [F. Ritz, H. Arenh¨ovel, and T. Wilbois, Few-Body Syst. 24, 123 
(1998)]

Phys. Rev. Lett. 98, 182303 (2007)
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Vertical bars are statistical uncertainties; horizontal bars indicate the bin size. Shaded 
bands show systematic uncertainties. Theoretical predictions are from Arenh¨ovel  
”N+MEC” (blue long-dashed line), ”N+MEC+IC” (blue dash-dotted line), and 
”N+MEC+IC+RC”(solid line) models, from Levchuk [Few-Body Syst. 19,77(1995)] 
(magenta dotted line), and from Schwamb [Hab. Thises,2006] (black short-dashed 
line).

              Tensor analyzing powers vs. photon energy.
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     Tensor analyzing powers vs. proton emission angle

Theoretical predictions are from Arenh¨ovel [7] ”N+MEC” (blue long-dashed line), 
”N+MEC+IC” (blue dash-dotted line), and ”N+MEC+IC+RC” (solid line) models, from 
Levchuk [8] (magenta dotted line), and from Schwamb [10] (black short-dashed line).
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     Tensor analyzing powers vs. proton emission angle

Theoretical predictions are from Arenh¨ovel  ”N+MEC” (blue long-dashed line), 
”N+MEC+IC” (blue dash-dotted line), and ”N+MEC+IC+RC” (solid line) models, from 
Levchuk  (magenta dotted line), and from Schwamb  (black short-dashed line).
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                                        Summary
• A new measurement of tensor analyzing powers T20, T21 and 
T22 in deuteron photodisintegration, substantially
enhancing the quality and kinematic span of the existing
experimental data, has been performed.
• Theoretical calculations provide an excellent description of 
these polarization data below pion production threshold, while 
above pion production threshold a very good description of T20 
and T22 is demonstrated by a novel approach incorporating   
-MEC retardation mechanism.
• The remaining discrepancies could reflect the theoretical
uncertainties or some missing or poorly modeled underlying
dynamics.




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EG can be defined by measuring cross sections at different initial and MG

electron energies and scattering angles while keeping Q the same. 

Two photon exchange contribution in elastic e-p scattering
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 Form factors measurements through 
polarization transfer experiments

A.I.Akhiezer et al.,
JETP v.33(1957)765,
in Russian

  In the mid-nineties, it became possible to use polarization transfer 
  experiments to study nucleon electromagnetic form factors. 
  In this case the ratio of proton form factors can be extracted by: 

( )
tan ,

2 2
t

l

E

M

P E EG

G P M

 

EandE - electron energy before and after scattering, tP lPand -
  transverse and longitudinal polarization of recoil protons from elastic
  scattering of longitudinally polarized electrons.

The results of polarization transfer experiments were unexpected, 
indicating the ratio of form factors depends strongly on Q2.  



Dmitri Toporkov, Ferrara University.Experiments with polarized deuteron target at VEPP-3 storage ring



],

EandE
tP lPand -

Figure: comparison of form factors ratio, obtained by Rosenbluth technique 
(hollow squares) with data of polarized measurements (full circles). 
  

J.Arrington et al.,
Phys. Rev. C68 (2003);
arXiv:nucl-ex/0305009

At present there are two
physical reasons why 
these two methods would
give different results:

 - radiative corrections;

 - two photons exchange 
    contributions.

Yu.M.Bystritskiy et al., arXiv:hep-ph/0603132:“the results of numerical estimations show that the
present calculation of radiative corrections can bring into agreement the conflicting experimental 
results on proton form factors and that the two photon contribution is very small”.
The another group of theorists said that it’s not a correct to use the one photon approximation in 
Rosenbluth technique and contribution of two photon exchange is considerable. (J.Arrington, Phys.
Rev. C69(2004)032201;P.G.Blundend et al., Phys.Rev.Lett. 91(2003)142304;Y.Chen, arXiv:hep-ph/0403058)

Data and possible explanations for different results for values GE/GM
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tP lPand -The Born amplitude is proportional to the lepton charge, e, while the two photon exchange

(TPE) amplitude is proportional to e2. The Born cross section is proportional to e2, while the
interference term to the cross section goes like e3. Hence the interference term, which is the
dominant part of the TPE contribution (since the TPE amplitude is small compared to the 
Born amplitude) changes sign with respect to the Born cross section and can therefore be 
Determined by comparing electron-proton and positron-proton scattering.    

Complications arising in the calculation of
the two photon exchange corrections are 
connected with difficulties in accounting 
for proton excitations in the intermediate
state.  

J.Arrington, V.F.Dmitriev, R.J.Holt, D.M.Nikolenko
I.A.Rachek,  Yu.V.Shestakov, V.N.Stibunov, D.K.Toporkov,
H. de Vries
Proposal for a comparison of electron-proton and 
positron-proton scattering at VEPP-3.
E-print: nucl-ex/0408020

Two photon exchange contribution in elastic e-p scattering
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Figure: theoretical predictions (square points and curves) and
experimental data (circles) for the ratio                               as 
a function of 

Existed data on e+- - p elastic scattering

K.Joo et al., Letter of Intent
to PAC 25, TJNAF, 2004 

Attempts to measure the TPE 
contribution were made in the
1960s, but either the accuracy
of the measurements was 
insufficient:                   were 
                       ,or scattering 
angles were too small and 
therefore        - where most
theories predict R=1 (see Fig.) 

/ 5%R R :
( ) / ( )R e e  



( ) / ( )R e e  
.

We performed a first attempt to measure of R at the VEPP-3 storage ring at an energy of
electron/positron beams of 1.6 GeV and at electron/positron scattering angles approximately
250, 650 (corresponding to )     = 0.90, 0.45 and Q2 = 0.3, 1.5 GeV2/c2). 
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New unpolarized H2 target was used the same storage cell: having elliptical 
cross section 13x24 mm, length 400 mm, cooled by cryocooler.
Hydrogen flux directed to the cell is going to be 1018 at/sec, providing a target thickness of about
1015 at/cm2. 
The luminosity (defined by positrons) will be:
L=I*t=0.009*6*1018*1015=5*1031 , t – target thickness, I – average positron current. 
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Side view of the detector for experiment

The detector for the measurement of (e+p) and
(e-p) elastic scattering is builded on the basis
of the detector used in the previous experiment. 
Scattered electron and recoil proton are 
detected in coincidence, which allows to use 
kinematical correlations between their 
emission angles and energies. This is important
for separation of the events from the process
under the study from those of various 
background processes.    

The detector consists of two identical systems
placed symmetrically in median plan of the 
storage ring. Azimuthal angle acceptance of 
each system is 600. Regarding the polar angles 
– electron/positron scattered at angles close to 
120, 250, 650 will be detected. Application of 
two detector systems not only increases the 
detecting solid angle but also allows to 
suppress systematic errors related to instability
of the electron/positron beam position
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R =   (e+) /   (e-),  N- = 2 N+

e o

2 2( / )Q GeV c

N events

/R R
           

10 –12     0.98 0.08–0.11     8.7.106       ----

19 – 27    0.91
   

 0.26–0.47     3.1.106
     0.7

60 – 80    0.40  1.40–1.76     1.5.104   1.00

                Q2(GeV/c)2 N+ events       R/R %

                                                   Systematic errors
•Different energy of e+, e- beams (            for three intervals 0.1, 0.2, 0.2 % / MeV)

•Different position of beams (              for three intervals 5.0, 1.4, 0.9 % / mm)
•Drift of the efficiency over the time of experiment (~ 1% during one time cycle)

•Drift of the target thickness during the experiment (                        )
•Difference of the radiation corrections for electrons and positrons
•The total systematical error for the largest Q2 is expected to be  

Ds/s
Ds/s

/ 0.1%R RV

/ 0.3%R RV :

e  

 
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tP lPand -Figure: Projected uncertainty (combined statistical and systematic) 

for the proposed measurement (blue circles), compared to previous
data (red “x” – J.Arington, Phys.Rev. C69, 2004). Note that the 
previous measurements have an average Q2 value of approximately
0.5 GeV2 for the data below     = 0.5, and thus should have a smaller 
TPE contribution than the proposed measurement.



Expected results of the measurement
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